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Abstract

Leishmania donovani is known to induce myelopoiesis and to dramatically increase extrame-
dullary myelopoiesis. This results in splenomegaly, which is then accompanied by disruption
of the splenic microarchitecture, a chronic inflammatory environment, and immunosuppres-
sion. Chronically inflamed tissues are typically hypoxic. The role of hypoxia on myeloid cell
functions during visceral leishmaniasis has not yet been studied. Here we show that L. dono-
vani promotes the output from the bone marrow of monocytes with a regulatory phenotype
that function as safe targets for the parasite. We also demonstrate that splenic myeloid cells
acquire MDSC-like function in a HIF-1 .-dependent manner. HIF-1 . is also involved in driving
the polarization towards M2-like macrophages and rendering intermediate stage monocytes
more susceptible to L. donovaniinfection. Our results suggest that HIF-1 . is a major player in
the establishment of chronic Leishmania infection and is crucial for enhancing immunosup-
pressive functions and lowering leishmanicidal capacity of myeloid cells.

Author summary

Theprotozoanparasite causeshronicinfectionin the spleenwhichis
accompaniedby achronicinflammatoryenvironment,anenlargemenbf the organ,and
immunosuppressionT he environmentof chronicallyinflamedtissuess characterizedhy
low oxygenlevelsandtissuedisruption, which inducethe expressiorof the transcriptionfac-
tor HIF-1 in all cells.Thekineticsof monocyteproductionanddifferentiationin thebone
marrowandthe spleenandtherole of hypoxiain myeloidcellfunctionsduring visceral
leishmaniasitiavenot yetbeenstudied.Hereweshowthat . promotesthe output
from the bonemarrow of monocyteswith aregulatoryphenotypehat function assafetar-
getsfor the parasiteWe alsodemonstrateghat HIF-1 potentiatesnhibitory functionsof
myeloidcellsandisinvolvedin driving the polarizationtowardsM2-like macrophageand
renderingthemmore susceptibl¢o . infection.Our resultssuggesthatHIF-1 is
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amajor playerin the establishmenof chronic infectionandis crucialfor
enhancingmmunosuppressivinctionsandloweringleishmanicidatapacityof myeloid
cells.

Introduction

Elimination of intracellularpathogensequiresthe induction of pro-inflammatorycytokines
andcytotoxicmoleculesecretionUnfortunately,this processlsoleadso localtissuedisrup-
tion andinflammation. Inflamedtissuesepresent challengingnicroenvironment,charac-
terizedby hypoxia,acidosisand hypoglycemiaT his microenvironment typicallycauseshe
stabilizationof the transcriptionfactorHIF-1 , themasterregulatorof the responseo hypoxia
[1,2]. HIF-1 haspleiotropicfunctionsaimedat protectingtissuegrom injury andhelping
cellsto adaptto adifficult microenvironment.However stabilizationof HIF-1 in somecells
of theimmune systemsuchasmyeloidcells mayalsohaveunwantedconsequencegor
instanceHIF-1 isresponsibldor the polarizationtowardsthe M2-like phenotypeof tumor-
associatethacrophageéT AM) [3], promoting thereforetumor growth.HIF-1 wasalso
shownto enhancdunction anddifferentiationof myeloidderivedsuppressocells(MDSC)in
thetumor microenvironment4]. Moreover,we havereportedthat HIF-1  stabilizationin
dendritic cellsinhibited their function and consequentlyimited the expansiorof protective
CD8T cellresponseduring experimentalisceraleishmaniasigVL) [5].

TheHIF-pathwayis alsoexploitedby somepathogendor their replicationand/or survival
insidethe host'scell[6£9]. Oneexampleof sucha pathogeris . Theprotozoanpar-
asite isthe causativagentof leishmaniasisa diseasavith multiple clinical mani-
festationgangingfrom self-healingutaneousand mucocutaneoutesiongo potentiallylethal
viscerainfections.The promastigotgorm of the parasitds transmittedto the hostby asandfly
vector.Onceinsidethe host,promastigotesransforminto amastigoteMacrophagearethe
main targetcellsof the parasiteHowever to surviveinsidemacrophages, needgo
attenuateheir microbicidalpotential[10]. Oneof the manystrategiess the stabilizationof
HIF-1 [11], whichappeardo beessentiafor the survivalof the promastigotdorm insidethe
cell[6,11].HIF-1 stabilizationcanoccurfollowing massivenfiltration by pro-inflammatory
cellsin thetissueand/or asa consequencef pathogerinvasion.Thesegwo phenomenaare
associatewvith increasedxygenconsumptionwhich causeslocalhypoxicenvironment
[12]. During visceraleishmaniasigiIF-1 stabilizationis alsoinducedin uninfectedcellsby
theinflammatoryenvironmentandappeardo hamperDC functions[5]. To date therole of
HIF-1 in othermyeloidcellsduring in vivo infectionshasnot yetbeenexplored.

Dendritic cellsand neutrophilshavebeenextensivelstudiedin variousmodelsof leish-
maniasishoweverthe contribution of monocyteso susceptibilityand/or resistancéo
infectionis still unclear.Theearlyliteratureproposesa possiblerole of 2undifferentiated
macrophage-granulocytea3safetargetsfor , contributing thereforeto disease
susceptibility{13]. Passostal.[14] demonstratghatintermediatemonocytesareinvolved
in mediatingimmunopathologyin patientsinfectedwith . . Anotherstudy
reportsthe upregulationof A,g adenosinegeceptorson humanmonocytesandtheassocia-
tion of this upregulationwith pathogenicityin patientsexposedo . [15]. In con-
trast,monocyte-derivedC appeaito beessentiafor priming protectiveThlresponsem

infectedmice[16] andclassicamonocytesarethoughtto beableto kill .
[17]and . viareactiveoxygenspecie$18].
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In this study,wewantedto investigateherole of HIF-1 stabilizationin myeloidcells par-
ticularly monocytesduring experimentathronic VL. We found that myeloidcellsareincreas-
ingly recruitedto the spleerduring chronicinfection. SplenicmyeloidcellsupregulateHIF-1
anddisplayHIF-1 -dependeninhibitory function on protectiveThl responsesvioreover,
HIF-1 limits their leishmanicidafunctionsandregulateshe differentiationand output of
inflammatorymonocytedrom the bonemarrow.

Results

Myeloid cells, particularly Ly6C" and Ly6 monocytes, accumulate
in the spleen of L. donovani infected mice over the course of infection

Clollnt

Theliteratureaboutthe role of monocytesiuring experimentalisceraleishmaniasigs scarce.
Hence wewantedto haveafull picture of the monocytesandneutrophilsrecruitmentkinetics
to the spleeroverthe courseof experimental. infection,beforeassessintherole of
HIF-1 in splenicmyeloidcells We first monitoredthe frequencyof CD118" Ly6G" neutro-
phils.Asshownin Fig 1A, the percentagef neutrophilspresenin the spleengradually
increasedliuring thefirst 4 weekof infection. Similarlyto neutrophils,Ly6C" monocytes
wereincreasinglyrecruitedto the spleeroverthe courseof infection (Fig 1B).In contrastthe
frequencyof Ly6C®™ monocytedid not vary substantiallyasdiseas@rogressedrig 1B).
Interestingly the two monocytepopulationswverelesseasilydistinguishableluring the chronic
phaseof infection.

We nextexaminedwvhethersplenicmyeloidcellsexpresse@€D11cat varioustime points of
infection. At d14p.i. about55%of all CD11b" cellsin the spleerexpresse@D11c;the per-
centagef CD11¢ cellsincreaseaverthe courseof infection and at d35p.i.80%of the splenic
CD11b cellswerealsoCD11¢ (Fig 1C).Asexpectedall Ly6C" monocytesvereCD11¢ and
about85%of the Ly6C*™ monocytesxpresse€D11c(Fig 1D).

BecauskysM-specifiHIF-1 -deficientmicearenot agoodmodelto studytherole of
HIF-1 in monocytes/macrophagés the spleer{19] andthe vastmajority of splenicCD11k"
cellsduring VL wereCD11¢", wedecidedto useCD11c-specifitdlF-1  deficientmice[5] to
investigateherole of HIF-1 in myeloidcellsparticularlymonocytesduring chronicVL. To
note,neutrophilsdid not expres<CD11c hencetheyareHIF-sufficientin both groupsof mice.

HIF-1 .- deficient mice in CD11c" cells show increased frequency and
numbers of inflammatory monocytes in the spleen

We havepreviouslyreportedthat * micearehighlyresistanto .
infection ([5] and S1AFig).During the acutephaseof infection,HIF-1 impairsdendritic
cellfunctionsandlimits CD8T cellexpansiori5]. At this stageof diseaseparasiteclearancen
thesamiceis mainly CD8T cell-dependent5]; howeverijt is still unclearhowthesemicecon-
trol . growthduring chronicVL, whenCD8T cellsareexhausted20]. CD8" den-
dritic cellsarethoughtto beresponsibldor CD8T cellcross-priming[21]. TheseDC
subpopulationunlike CD4" DCs,mainly expresseBNGR1(S1BFig) andthusdirectly
descendfrom DC precursorgatherthanbeingmonocyte-derived22]. Hence we decidedo
extendour investigationon therole of HIF-1 to othermyeloidcells particularlymonocytes
andmonocytes-derivedells Becausenonocytescontributeto parasiteclearancén other
modelsof leishmaniasi§l 6+18],wefirst comparedherecruitmentof monocytedo the spleen
in + mice(HIF-1 -deficient)andtheir littermates(HIF-1 -suffi-
cient) atvarioustime pointsof infection. Before though,wemonitoredHIF-1 expressiorin
purified CD116" cellsfrom both mousegroupsto confirm thatHIF-1 wasindeeddeletedn
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Fig 1. Myeloid cells, particular ly Ly6C™ and Ly6C'®™ monocyt es, accumula te in the spleen of L. donovan i infected mice over the
cours e of infection. Mice were infected with L. donovani and sacrificed at various time points after infection. Neutrophils were excluded from all
analysis involving monocytes. (A) Representative FACS plots depicting the gating strategy used to identify neutrophils (left) and percentage of
neutrophils in the spleen of infected mice (right).(B) Gating strategy used to identify Ly6C* monocytes (left) and percentage of splenic Ly6C™
(upper graph) and Ly6C'®™ (lower graph) monocytes. (C) Percentage of CD11c” myeloid cells. (D) Percentage of CD11c” Ly6C™ (left histogram
raw and upper graph) and Ly6C'™ (right histogram raw and lower graph) monocytes. All data represent mean “ SEM of one of 4 independent

experiments, n = 4.

https:/Hoi.org/10.137/ournal.ppat.006616.g001
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+ myeloidcells(S2Aand S2BFig). Asobservedn C57BL/6émice,thefre-

quencyandthe numberof Ly6C" monocytesncreasedverthe courseof infectionin the

and group(Fig 2A and 2B).However asignificantlyhighernumberof inflammatory
monocytesvaspresentin thespleerof ~ mice.Non-classicaly6C®™ monocytegFig 2A
and2C)andneutrophils(Fig 2D and S3AFig) displayedsimilar frequenciesn both mouse
groups but cellnumberswerehigherin mice,reflectingaslightlymore pronounced
splenomegalin HIF-1 conditionalknockouts Similarresultswereobtainedwhenweexam-
ined F4/80expressiorin myeloidcells(Fig 2Eand S3BFig).

Next,wefurther characterizedplenicmonocytedy monitoring the expressiorof CCR2
andF4/80,andMHCII on Ly6C°™ andLy6C" cells. 85%of Ly6C" monocyteso-expressed
CCR2andF4/80atd14and21p.i.;thefrequencythendecreasetb 50%at latertime points of
infection (Fig 2Fand S4AFig).No differencesvereobservedetweerHIF-1 -sufficientand
deficientmonocytesThefrequencyof CCRZF4/80 Ly6C™ monocytessteadilyincreased
overthe courseof infectionto reacha plateauof about70%at d21p.i.(Fig 2Fand S4BFig)in
both groupsof mice.Thesemonocytegossiblyrepresenanintermediatestagan the differen-
tiation procesgowardsmacrophages.

Surprisingly50%o0f  Ly6C" monocytesverepositivefor MHCII; by d21p.i. thefre-
guencyof MHCII " inflammatorymonocytesncreasedo 80+90%andwasmaintainedat this
levelduring chronicinfection (Fig 2G and S4CFig). The percentagef MHCII * Ly6C" mono-
cyteswasslightlyhigherin HIF-1 -deficientmiceatd14,d28,andd35p.i.Recently| y6C"
monocyteswith aregulatoryphenotypehavebeendescribed23]. Thesemonocytesare
inducedbyIFN in thebonemarrowandexpressMHCIl and Sca-1Hence weassessefica-1
expression monocytesFromd21p.i. on, the majority of the Ly6C" monocytesxpressed
Sca-1suggestinghatinflammatorymonocytesnayalsodisplaya regulatoryphenotypedur-
ing chronicVL (Fig 2H).

Basedn our surfacemarkeranalysissplenicmonocytegesemblednonocyticmyeloid-
derivedsuppressocells(M-MDSC) [24] and/or monocytewith aregulatoryphenotypg23].
The otherknown subsebf MDSC originatesfrom polymorphonucleatedells(PMN-MDSC)
andis characterizedy the co-expressionf Ly6Gand Ly6C(Ly6G'Ly6C®) [24]. Todetermine
whetherPMN-MDSCwerealsopresentin the spleerof . infectedmice,wemoni-
toredthe surfaceexpressiomf Ly6Con CD118"Ly6G" neutrophils.100%of the neutrophils
wereLy6C" alreadyatd14p.i.(Fig 2| and SADFig); Ly6Cexpressionvasmaintainedduring
the chronicphaseThis suggestthat neutrophilsexpressimilar markersto PMN-MDSCand
could potentiallyexhibitimmune suppressiveroperties.

HIF-1 . induces an M2-like phenotype and limits leishmanicidal capacity
in myeloid cells

In the following, wesoughtto characterizenyeloidcellfunction. To thisend,CD11b cells
werepurified from the spleerof infected and miceat varioustime pointsof infec-
tion; the expressiornf severabenesvasassessdaly qPCR Interestingly CD116" cellsfrom

+ miceshowedalowerexpressiorof TNF (Fig 3A), arginas€Fig 3B),
Fizz1(Fig 3C),Mgl1,andMgl2 (Fig 3D and 3E);in contrasttheyexpressetligheriNOS
MRNA levelgFig 3F).Hence HIF-1 seemdo sustainthe differentiationtowardsthe M2-like
macrophageubtype.

Betweerd14and21p.i., splenicstromalcellsarekilled by excessiv@NF production[25];
consequentlythe splenicmicroarchitecturds altered[26]. Disruption of the microarchitec-
ture istypicallyaccompaniedby the progressivéossof B cell GerminalCenterd27]. Interest-
ingly, the splenicmicroarchitecturdn infected miceappearedo bemoreintactthanin
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Fig 2. HIF-1 .- deficient mice in CD11c" cells show increased frequency and number s of inflammato ry monocyt es in
the spleen. Hif"™/™°*.Cd11c-Cre* and Cre” mice were infected with L. donovani and sacrificed at various time point of infection.
Neutrophils were excluded from all analysis involving monocytes. (A) Representative FACS plots depicting L6C* monocytes in
Cre” (upper graphs) and Cre* (lower graphs) mice over the course of infection. (B-F) Percentage (upper graph) and absolute
numbers (lower graph) of splenic Ly6C™ monocytes (B), Ly6C'®™ monocytes (C), Ly6G*neutrophils (D), F4/80*cells (E),
CCR2'F4/80" Ly6C" monocytes (F). (G) Percentage of splenic MHCII* Ly6C™ monocytes. (H) Percentage of splenic Sca-1*
Ly6C" monocytes. (1) Percentage of splenic Ly6C* Ly6G* neutrophils. All data represent mean “ SEM of one of 4 independent
experiments, n=4. denotesp 0.05.

https://da.org/10.1371¢urnal.ppal006616y002

the controlsatd28p.i. (Fig 3G). Thismaybeaconsequencef thelower TNF production
by myeloidcells(Fig 3A). Notably,myeloidcells(Fig 3G, blue)wereincreasinglypresentn
thesplenicred pulp of infectedmiceafterd14p.i.

HIF-1 hasbeenreportedto promoteiNOSexpression28+30].Hence weweresur-
prisedto observeanincreasan iNOSmMRNA levelsn myeloidcellsfrom infected
mice(Fig 3F).To verify our in vivo observationweinfectedHIF-1 -sufficientand defi-
cientbonemarrow-derivedmacrophageéBMM) with . amastigoteandana-
lyzediNOS productionby flow cytometry.CD38wasusedasan M1 marker.Asexpected,
stimulationof BMM with IFN increasedhe percentag®ef CD38" cells(Fig4A and4B)
andtheproductionof iINOS (Fig 4A and4C),whichwasslightlyhigherin HIF-1 -defi-
cientcells.In contrasttreatmentwith IL-4 failedto promoteiNOS(Fig 4C)andreduced
the frequencyof CD38" cells(Fig 4B),independentlyfrom the presencer absencef
HIF-1 . HoweverwhenweinfectedBMM with . amastigotesadramatic
increasen iINOSproductionwasobservedn HIF-1 deficientBMM but notin HIF-1
sufficientcells(Fig 4A and4C),confirming our in vivo observation(Fig 3F).We alsoana-
lyzedthe expressiomf M2 markersArg-1 (Fig4D), Fizz-1(Fig 4E),andIL-10 (Fig4F).A
slightdecreasé thelevelsof Arg-1 andFizz-1mRNA wasdetectedn comparedo

cellsmoreover|L-10 mRNAwasnot upregulatedn HIF-1 deficientBMM follow-
ing infectionwith . . To besurethatHIF-1 wasindeeddeletedn BMM from
conditionalknockouts weassessetthe expressiorof HIF-1 andtwo HIF-1 downstream
targetsPgk-landGlut-1in cytokine-treatedandinfectedBMM. HIF-1 (Fig4G),Pgk-1
(Fig4H) andGlut-1 (Fig 41) werenot inducedin HIF-1 deficientBMM following .
infection or cytokinetreatment,suggestinghat recombinationoccurredin
BMM from mice.

BecauséllF-1 isknownto regulatecellmetabolismwenextmeasuredntracellularlac-
tate(Fig 5A) andglucosdevelqFig 5B).Interestingly HIF-1 -sufficientmyeloidcellshada
higherintracellularlactateconcentrationcomparedo HIF-1 -deficientcells(Fig 5A), reflect-
ing the metabolicswitchtowardsanaerobiglycolysi§31, 32]. cellsalsodisplayeda
slightlyhigherintracellularglucoseconcentration(Fig 5B).We alsoassessettie production of
reactiveoxygenspecie$ROS) which aretypicallynot generatedy M2 macrophagef32].
HIF-1 +deficientsplenocyteexpressetiigherlevelsof ROS(Fig 5Cand S5AFig). Neutro-
phils (Fig 5D and S5BFig) andinflammatorymonocytegFig 5SEand S5CFig) lackingHIF-1
contributedto this difference.

To rule out the possibilitythat myeloidcellsacquiredan M2-like phenotypebecausef
higherlevelsof IFN presentin the environment,weassesseithe expressiorof the INF
receptorby FACS As shownin Fig 5F,thefrequencyof CD11B"Ly6C" cellsexpressingFN R
wassimilarin both groupsof mice,with exceptionof d21p.i.,whenthe expressiomnwaslower

in mice.
TakentogethertheseresultssuggesthatHIF-1 maybeinvolvedin the differentiation
towardsmacrophagewith an M2-like phenotypewhichis unableto Kill [31,33].
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Fig 3. HIF-1 . induces an M2-like phenotype and limits leishmanic idal capacity in myeloid cells. Hif"®/"°*.Cd11c-Cre* and Cre” mice
were infected with L. donovani and sacrificed at various time point of infection. (ADF) Real-time PCR analysis of mMRNA expression levels in
splenic CD11b" cells purified from infected mice at various time points after infection for (A) Tnf, (B) Argl, (C) Fizz1, (D) Mgl1, (E) Mgl2, and
(F) INOS. (G) Immonohistochemical analysis of splenic sections from na wvand infected mice at d14 and 28 p.i.; CD169 (red), B220 (green),
CD11b (blue); magnification: 10x.

https://doiorg/10.1371§urnal.ppal006616.g003

HIF-1 . enhances the inhibitory functions of myeloid cells during chronic

VL
We nextinvestigatedheinhibitory potentialof splenicmyeloidcells.CD11b" cellswerepuri-
fied from the spleerof . infectedmiceatd14and28p.i.andco-culturedatal:1

ratio with na veCDA4 T cellsstimulatedwith plate-boundanti-CD3andwith anti-CD28and
riL-12. Myeloid cellspurified from infected miceatd14p.i. only slightlyinhibited the dif-
ferentiationtowardsIFN -producingCD4 T cells(Fig 6A and6B);asimilarresultwas
obtainedwith HIF-1 -deficientmyeloidcellspurified atthe sameime. Remarkablyd28p.i.
CD11b' cellsfrom infectedHIF-1 sufficientmicestronglyinhibited Th1 differentiation(Fig
6A and6B);asignificantlylowerdegreeof inhibition wasobservedn samplesontainingd28
p.i. HIF-1 -deficientmyeloidcells.

Takentogetherour resultssuggesthat myeloidcellspurified during chronicinfection
inhibit T cellresponsesmplying thatthesecellsarephenotypicallyandfunctionallysimilar to
MDSC.Thisinhibitory function requiresHIF-1 . Thus,this transcriptionfactoris not only
involvedin attenuatingthe leishmanicidatapacityof myeloidcells but alsoin enhancing
their inhibitory function.

HIF-1 . deficient intermediate stage monocytes are more resistantto L.
donovani infection under hypoxic conditions

To determinewhetherHIF-1 -deficientmonocytesveremoreresistanto infectionby .

, weinfectedbonemarrow-derivedmnonocytesn vitro with fluorescentlyabelled
amastigoteand monitoredtheinfectionfor 24hby FACSandImageStreamMonocyteswvere
eitheractivatedor not with IFN  2h prior to infection;cellswerekeptunder hypoxiccondi-
tionsatall time to mimic thebonemarrow[34] andthe splenicenvironment(S6AFig). We
first confirmedthat cellshadareducedHIF-1 expressiofS6BFig). About 25+30%0f
HIF-1 +sufficientLy6C"™ monocyteontainedparasitesifter 12hof infection; at 24h,40+
45%o0f the cellsharboredparasitegFig 7A). Interestingly whenmonocytesvereexposedo
IFN prior to infection, the percentagef parasitizeccellsdramaticallyincreasedo 60%at
12hand80%at 24hof infection (Fig 7A and S6CFig). Thisis probablydueto the factthat
IFN inducesregulatoryLy6C""™ monocyteg23] andthatthesemaybemore permissiveor

amastigotedn contrastHIF-1 -deficientinflammatorymonocytesveresignifi-
cantlylesspara5|t|zecht 12and24hin theabsencef IFN (Fig 7A and S6CFig);asfor their
HIF-1 -sufficientcounterpartsthe additionof IFN dramaticallyincreasedherateof infec-
tion (Fig 6A), suggestinghat HIF-1 isnot involvedin inducing regulatorymonocytesNev-
erthelessiFN -pulsedHIF-1 -deficientLy6C""™ monocytesvereslightlymoreresistanto
infectionthanwild typeinflammatorymonocytesSimilarresultswereobtainedwhenweana-
lyzedthe degreeof infection of Ly6C° monocytegFig 7Band S6DFig). We nextdetermined
whetherthe numberof parasiteper cellwasequalin both groupsof miceusingthe Image-
Streamtechnology(example®f analysisaredepictedon Fig 7C).As shownin Fig 7D and 7E,
no major differencesvereobservedn the percentagef cellsharboringvariousnumbersof
parasitebetweerHIF-1 -deficientandHIF-1 -sufficientmonocytes.
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Fig 4. L. donova ni amastigo tes strongly induce iNOS product ion in HIF-1 .-deficient BMM. Macrophages were derived for six days
from the bone marrow of na wvelif™®/1°*.Cd11c-Cre* and Cre” mice. Cells were then activated with IFN o IL-4, or infected L. donovani.
Polarization and infection were monitored for 24h. (A) Representative FACS plot for macrophages expressing CD38" (left panels) and
iINOS* (right panels) in Hif-1 .1o1*Ccd11c-cre” (WT) and Cre* (KO) mice. Frequency of (B) CD38" and (C) iNOS™ in different polarization
conditions and following infection. (DBPI) Real-time PCR analysis of mMRNA expression levels in in vitro polarized and infected BMM. (D)
Argl, (E) Fizz1, (F) lI10, (G) Hif1 ., (H) Pgkl and (I) Glutl. All data representmean “SEM,n=3. denotesp 0.05, denotesp 0.01,
and denotesp 0.001.

https://da.org/10.1371durnal.ppal006616004

BecauseéllF-1 isupregulatediuring thedifferentiationof monocyteso macrophages
[35], wewereintrigued to knowwhetherHIF-1 would playarolein resistance/susceptibility
to infectionif wekeptM-CSFin the mediumduring infectionwith . to allowdiffer-
entiationinto macrophagesSurprisingly weobserved highly significantreductionin the
percentagef Ly6C" cellsharboringparasitesn HIF-1 -deficientmonocytegFig 7FandS7A
Fig),independentlywhethertheywerepulsedor not with IFN . Similarresultswereobtained
whenweanalyzedherateof infectionin Ly6C®™ monocyteqFig 7G and S7BFig).Because

amastigotesurvivalin macrophages not impairedin theabsencef HIF-1 [5,
36],thissuggestthatHIF-1 mainlyincreaseshe susceptibilityto infection of transitional
formsof monocytes/macrophages.

CD11c-specific HIF-1 .-knockout mice produce more monocyte's
progenitors and display enhanced output of inflammatory monocytes in
the bone marrow

We previouslyshowedhat . inducesthe proliferation of myeloid-biasedemato-
poieticstemprogenitorcell(HSPCs)n the bonemarrow,andthatthisinfection-induced
changen hematopoiesisould promoteparasiteexpansior{37]. Furthermore our myeloid
cellsresembledDSCandMDSCarederivedfrom the myeloidlineageandarearesultof
alteredhematopoiesiduring canceror chronicinfections.We thereforeinvestigatedhe state

Fig 5. HIF-1 . govern s glucose metabolism in L. donovan i infected splenocyt es. Hif"®/1°*.Cd11c-Cre*
and Cre” mice were infected with L. donovani and sacrificed at various time point of infection. (A) Intracellular
lactate concentration and (B) intracellular glucose concentration in splenocytes from infected mice at various
time points of infection. (C) Mean fluorescence intensity of ROS expression in splenocytes from infected mice
over the course of infection. (D) Percentage of ROS* neutrophils. (E) Percentage of ROS* Ly6C™ monocytes.
(F) Frequency of CD11b"Ly6C* splenocytes expressing IFN R. All data represent mean “SEM of one of 4
independent experiments, n=4. denotesp 0.05, denotesp 0.01, and denotesp 0.001

https://cbi.org/10.1371durnal.ppal0066163005
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Fig 6. HIF-1 . enhances the inhibito ry functions of myeloid cells during chronic VL. Nawv€DA4 T cells
were stimulated with plate bound .CD3 and .CD28 in the presence of rIL-12. (A) Representative FACS plots
showing IFN production by CD4 T cells co-incubated or not with CD11b" cells purified from the spleen of L.
donovani infected mice. (B) Percentage of inhibition of IFN production calculated as described in the material
and methods section. All data represent mean “ SEM of one of 3 independent experiments, n=3. denotes

p 0.05and denotesp 0.01.

https://cbi.org/10.1371durnal.ppal0066163006

of myeloid progenitorsin the bonemarrowof . and mice.Steadystatebone
marrow myeloidprogenitorsweregatedasnegativeor all lineagemarkers positivefor c-kit and
negativefor Sca-1theywerethensubdividedaccordingto the expressiorof CD41,CD150,
CD16/32to definegranulocyte-monocytprogenitors{GMP) asCD16/32" CD150 cells(Fig 8A,
left panels)interestingly alongwith theincreasen HSPCsexpansionyedetectedashiftin Sca-1
expression HSPCqFig 8A, right panels)in orderto includeemergencysMPs known asSca-
1" GMPs[38], GMPswereidentified asSca-1"Lin-c-Kit "*CD16/32"CD150 CDAT (Fig 8A, right
panels)ln agreementvith our observationén the spleenHIF-1  conditionalknockoutmice
hadahigherfrequencyand numbersof GMPs(Fig 8B)atday28and35p.i. Thiswasparalleled
by asignificantlyenhancedutput of granulocytesit d35p.i. (Fig 8C) and Ly6C" monocytegFig
8D) atday28and35p.i. No differencesvereobservedor the Ly6C° monocytegFig 8E).It is
important to notethat the granulocyteand monocyteoutput doesnot increasaluring thefirst 3
weekof . infection, suggestinghat the bonemarrow, like the spleendoesnot majorly
reactto theinfection during the acutephaseFurthermore the absencef differencen thebone
marrowwasexpectedisthe progenitorcellswereHIF-1  sufficient(no CD11cexpression).

To assespossibldifferencesn the capacityto exitthe bonemarrowbetweermonocytes
from - and mice,wemonitored CCR2and CXCR4expressionNo
differencesverefound betweerboth groupsof mice (Fig 8Fand 8G). Whenwemonitoredthe
surfaceexpressiomf Sca-lJand MHCII, wecouldfind asignificantdifferencen termsof per-
centagef Sca-lexpressioratd28p.i. in infected comparedo mice (Fig 8H). A simi-
lar resultwasobtainedwhenweassessedHCII expressiorfFig 8l), suggestinghatthe
inflammatorystimuli receivecby Ly6C" monocyteswveresimilarin both groupsof mice.To
note,Sca-lexpressiofincreasedtd21p.i. to peakat d28p.i.andgraduallydecreasethereafter
(Fig 8H), showinga differentexpressiorkineticsthan on splenicLy6C" monocytegFig 2H).

HIF-1 . expressionin CD11c" cells exacerbates infection in the bone
marrow

HIF-1 CD211c-conditionaknockoutsarehighlyresistanto . infectionin the
spleen[5] and S1Fig),but the hepaticparasitesiumberdoesnot significantlydiffer from
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Fig 7. HIF-1 . deficient intermediat e stage monocyt es are more resistant to L. donov ani infection under hypoxic conditions. Monocytes
were derived for three days from the bone marrow of na wvelif*®"°*.Cd11c-Cre* and Cre™ as described in the material and method section. M-CSF
was then removed from the medium and cells were then infected with fluorescently-labelled L. donovani amastigotes prior to activation or not with
IFN . The infection was monitored for 24h. (A-B) Percentage of infected Ly6C™ (A) and Ly6C'®™ (B) monocytes. (C) Examples of ImageStream
analysis; pictures illustrate: nucleus (purple), parasites (green), Ly6C (red). (D-E) ImageStream analysis of numbers of parasites per cells in Ly6C™
(D) and Ly6C'™™™ (E) monocytes at 1h (left graph), 12h (middle graph) and 24h (right graph). (F-G) Monocytes were treated as described above, but
M-CSF was left in the medium. (F) Percentage of Ly6C™ and (G) Ly6C'®™™ monocytes infected with L. donovani. All data represent mean “SEM of
one of 2 independent experiments, n=3. denotesp 0.05, denotesp 0.01, and denotesp 0.001

https://dbi.org/10.137 1durnal.ppal006616y007

that of the control mice[5]. Hence wewerecuriousto assesthe parasiteburdenin thebone

marrowofour HIF-1 conditionalknockouts.ln agreementvith the literature[39], we

observeddramaticincreasen the numberof parasiteafter3 weekwof infectionin the

control group(Fig 9). The parasiteburdenpeakedatd28p.i. in miceaswell,butto a

lesseextent.Indeed,weobservednorethan50%reductionin conditionalknockoutmice,

suggestinghatHIF-1 expressiorin CD11¢ cellsis detrimentalto the outcomeof .
infectionin thebonemarrowaswell.

Discussion

Thehematopoietisystenrapidly increasesnyeloidcelloutputto fight pathogensEmer-
gencymyelopoiesislsooccursduring visceraleishmaniasi$37]. Our studyshowsthat
emergencynyelopiesisn the contextof VL resultsin the generationof regulatorymono-
cytesthataremore permissiveo parasitesMoreover,myeloidcellsacquirean
MDSC-likephenotypen the spleeranddisplayHIF-1 -dependentT cellinhibitory func-
tions.HIF-1 alsodrovethe polarizationtowardsM2-like macrophageandrenderedin-
termediatestagemonocytesnoresusceptibléo . infection.Our resultssuggest
thatHIF-1 largelycontributesto the establishmenof chronic infectionby
enhancingmmunosuppressivunctionsandloweringleishmanicidakapacityof myeloid
cells.

During experimentaVL, myeloidcellgeneratioris enhancedn the bonemarrowby apar-
asite-inducedboostin GM-CSFproduction[40]; extramedullarymyelopoiesién the spleeris
alsodramaticallyincreased39]. We observed significantincreasen GMPsin thebonemar-
row, which mainly resultedin aselectivenhancedutput of Ly6C" monocytegseealso[37]).
Interestingly inflammatorymonocytesstartedupregulatingSca-landMHCII, two markers
associatewvith regulatorymonocyteg23], atday21afterinfection.In . infected
mice,CD4" Thiresponsesypicallypeakbetweerday21and28of infection.Hence;t is pos-
siblethat Th1 cellsprime Ly6C" monocytedor regulatoryfunctionsin the bonemarrow. It is
not surprising,thus,thatIFN -primed monocytesaremore permissiveo in vitro .
infection. Acquisition of regulatoryfunctionswasnot dependenbn HIF-1 , since +

“monocyteshowedasimilar infectionrateto cells.HIF-dependeninhibitory
functionswerefirst acquiredduring differentiationinto macrophagesdaptationto hypoxia
in humanmonocytesvasshownto begovernedoy NF [Blandnot HIF-1 [41]. However,
during the differentiationtowardsmacrophagediIF-1 translocatefrom the cytosolto the
nucleuschangingthereforethe adaptatiormechanisnto hypoxicconditions[41]. Thismay
alsoapplyto IFN -primed mousemonocytesHence, inducesanincreasedutput
of inflammatorymonocytesn the bonemarrowthatacquireHIF-1 -independentregulatory
functionsprior to egresaindrepresentherefore?safetargets¥or the parasiteaspostulatedy
anearlystudyby Mirkovich etal.[13].
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Fig 8. CD11c-specific HIF-1 .-knoc kout mice produce more monocyt e's progenit ors and display enhanced output of inflamma tory
monocyt es in the bone marrow. Hif""°*.Cd11c-Cre* and Cre” mice were infected with L. donovani and sacrificed at various time point of
infection. (A) Gating strategy to identify GMPs in the bone marrow of L.donovani infected mice. (B) Frequency (left graph) and absolute numbers
(right graph) of GMPs in the bone marrow of mice over the course of infection. (C-E) Frequency (upper graph) and absolute numbers (lower
graph) of granulocytes (C), Ly6C™ monocytes(D), Ly6C'®™ monocytes (E) in the bone marrow of infected mice. (F-G) Percentage of CCR2" (F)
and CXCR4" (G) Ly6C" monocytes in the bone marrow. (H) Percentage of Sca-1* Ly6C™ monocytes in the bone marrow. (I) Percentage of
MHCII* Ly6C™ monocytes in the bone marrow. All data represent mean “SEM of one of 4 independent experiments, n=4. denotesp 0.05.

https://da.org/10.1371durnal.ppal006616008

Increasedateof medullaryor extramedullarymyelopoiesisftenleadso the induction of
MDSC.MDSCareaheterogeneougopulationof variousintermediatestage®f myeloidcell
differentiationthat arebestdefinedby their characteristid cell-inhibitory activity.Basedn
the currentclassificatiorj24], the majority of our splenicCD11b" cellswerephenotypically
similarto Mo-MDSC and PMN-MDSCfor the Ly6G"Ly6C" neutrophils.Mo-MDSC-like
markerswereexpressetly mostof the Ly6C" andLy6C°'"™ monocytessuggestinghatthese
two splenicpopulationsrepresenamixture of variousintermediatedifferentiationstages.
MDSChavebeenbeststudiedin the contextof cancerwheretheyareknownto inhibit T cell
proliferationand/orfunction [24,42,43]. Recentiterature,howeverhighlightstheir role in

parasiticdiseaseaswell [44]. ,  forinstancejnducesMDSCcapable
of suppressing h2 cellproliferationandIL-4 secretionpromoting thereforechronicinfection
[45]. In contrastduring experimental. infection, MDSCappeaito berequiredfor pro-

tectiveimmunity evenif theyinhibit Th1 cellproliferation[46]; surprisingly,in this model,
MDSCeffectorfunctionsseemnto bemouse-strairspecifig47]. Our resultsindicatethat

Fig 9. HIF-1 . expressio n in CD11c" cells exacerbat es infection in the bone marrow. Hif"1°*.cd11c-

Cre" and Cre” mice were infected with L. donovani and sacrificed at various time point of infection. Graph

shows the number of parasites present in one tibia and one femur of each infected mouse over the course of

infection. All data represent mean “ SEM of one of 4 independent experiments, n=4. denotesp 0.05 and
denotesp 0.01.

https://cbi.org/10.1371durnal.ppal0066163009
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myeloidcellspurified from . infectedmiceatday28postinfectionareratherinhibi-
tory. Indeed theyareableto significantlyreducelFN productionof anti CD3/CD28-stimu-
latedCDA4 T cells.Interestingly cellspurified at day14 postinfection,beforetheyacquirea
MDSC-likephenotypedidn't displayanysuppressiveffectAt thistime point of infection,
micehavenot yetdevelopedevereplenomegalythe splenicarchitecturds still intact [48],
andHIF-1 expressiorin myeloidcellis verylow (S2Aand S2BFig). This suggestthatthe
splenicenvironmentfurther shapesnyeloidcell'sfunction to acquireinhibitory competence
during the chronic phaseof infection.

Suppressiof Thl cellswasdependenuponHIF-1 expressionin fact,HIF-1 -deficient
MDSConly displayedminor inhibitory functionsevenwhenpurified from chronically
infectedmice.HIF-1 isknownto enhanceMDSCdifferentiationandeffectorfunctionsin
tumor immunology[4, 49]. MDSCmediatesuppressionthrough variousmechanismssuchas
upregulationof PD-L1,induction of IL-10, secretionof NO or ROS or increasedrginase
activity[24]. In our model,wedo not know whatis responsibldor suppressing hlresponses.
NO hasbeenreportedto inhibit T cellproliferationduring . and . infec-
tions.In our caseHIF-1 -deficientMDSC-likecellsexpressedligher mRNA levelghan
HIF-1 -sufficient,yettheir inhibitory functionsaresignificantlyattenuatedMoreover,we
didn't seeasubstantiatifferencein IL-10 expressioetween  and cells,suggesting
thatlL-10 maynot playamajor role. However arginasexpressiomwasdownregulatedn
HIF-1 -deficientmyeloidcellscomparedo their HIF-1 -sufficientcounterpartin human
cutaneoudeishmaniasisgncreasedrginaseactivity hasbeenassociatetb chronicinfections
[50,51];in thesestudiesneutrophilswerethe enzyme'snain source Moreover parasite-
derivedarginasevasreportedto contributeto theregulationof CD4 T cellexhaustiorduring
experimental. infection[52]. It isthuspossiblehatarginasenayplayarolein our
modelaswell. Furtherinvestigationsareneededo characterize¢he mechanisnof suppression
of MDSC-likemyeloidcellsin experimentaVL.

Myeloid cellsduring . infection not only possesmhibitory capacitieshut have
alsoapropensityto bemore permissiveo . infection.Indeed ,wefound elevated
MRNA leveldor markerstypicallyassociatewith the M2 macrophagehenotypewhichis
unableto kill the parasitd33]. Interestingly HIF-1 conditionalknockoutsexpressedignifi-
cantlylowermRNA for M2-like markersduring chronicexperimentaVL, suggestinghat
HIF-1 playsamajorrolein theinduction of aM2-like phenotypeln aLewislung carcinoma
model,polarizationof tumor associatethacrophage®wardsan M2-like phenotypevas
dependenbn HIF-1 inducedbytumor-derivedlacticacid,aby-productof glycolysig3]. In
our model,splenocytefrom infected - " miceshowedsignificantlyhigher
intracellularlactateconcentrationscomparedo mice.lt isthuspossiblehatlactatecon-
tributesto HIF-1 stabilizationin our modelaswell. We alsonoticedalower glucoseconcen-
trationin HIF-1 -deficientsplenocyteslhis mayreflectahighermetabolicactivity or a
decreasedapacityto import glucosento thecell,sinceHIF-1 inducestheglucosdrans-
porter Glut-1expressiofb3].

Althoughour resultsarein agreementwith Colegioetal [3], othergroupshaveshownthat
HIF-1 promotesNOS2in myeloidcells[28+30,36] andis associate@ith M1-like macro-
phagesThisdiscrepancynaybeareflectionof the environmentandthe stimuli responsible
for the stabilizationof HIF-1  within the cells.In someinfectionmodelsor in vitro experi-
mentsHIF-1 appeardo bemainly expressetly M1-like macrophageandto promotepath-
ogenclearancg?8, 30,36,54]; while in modelsof chronicinflammation,HIF-1 hasamore
immunosuppressiveole [3, 49]. Under normoxic conditions,this transcriptionfactorcanbe
inducedby inflammatorycytokines,TLR agonistspr directly by pathogen$55,56][8, 29,57,
58].In contrastchronicallyinflamedtissuesaregenerallyhypoxic,acidic,hypoglycemicand
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full of freeoxygenradicalgd59, 60]. Thus,dependingon themodel,HIF-1 stabilizationoccurs
throughverydifferentpathwaysandthis couldleadto differentoutcomesin our model,ex-
vivo purified myeloidcellsexpressetligheriNOSmRNA levelsn theabsencef HIF-1 .
Thiswasnot dueto acompensatoryipregulationof HIF-2 , whichwasonly transiently
higheratd14p.i.in HIF-1 -deficientmyeloidcells(S8Fig). Theseresultswereconfirmed
usingin vitro infectionof BMM. Indeed, . stronglyinducediNOSin HIF-1 defi-
cientBMM, suggestinghat this enzyme'segulationin BMM maybe manipulatedcby the par-
asiteandthatHIF-1 is somehowinvolved.However the interpretationof theseresultscould
betaintedby the factthat somecellsmayescapeecombinationandthattheinteractionof
HIF-1 *andHIF-1 ~cellsmayplayarolein thetotaliNOSinduction. Furtherinvestigations
aredefinitelywarrantedto betterunderstandNOSregulationin . infectedmono-
cytes/macrophagesdtherole HIF-1 mayhavein this process.

DespitethefactthatHIF-1 isinvolvedin promoting endotheliakcell proliferation[61] and
Ly6C" monocytescontributeto red pulp vasculatureemodelling[62], this transcriptionfac-
tor doesn'tseento bethe major playerin tissueneovascularizatioand splenomegalin
experimentaVL. Indeed,CD11c-HIF-1 conditionalknockoutandHIF-sufficientanimals
developedimilar levelsof splenomegalgnd myeloidcellsfrom both group of miceexpressed
similarlevelsof vasculaendothelialgrowthfactor (VGEF)mRNA.

To conclude pur resultsdemonstratehat emergencynyelopoiesigollowing .
infectionresultsin the output of monocytegprimedin thebonemarrowto acquireregulatory
functionsin aHIF-1 -independentmanner.Oncemonocyteseachthe spleerandstartdiffer-
entiatinginto macrophageer dendritic cells the chronicallyinflamedsplenicenvironment
inducesthe stabilizationof HIF-1 , whichisthentaking control overtheir functions.HIF-1
isresponsibldor the acquisitionof MDSC-likefunctionsby myeloidcells,andfor lowering
their leishmanicidatapacityBecausenyeloidcellcanalsobeproducedocallyin the spleen,
it would beinterestingto comparethe function of bonemarrowand splenic-derivednono-
cytesFinally,our studydemonstratesiow . exploitsa physiologicatesponseo
hypoxiato establistpersisteninfection.

Material and methods
Mice and parasites

C57BL/6- 1" #$%& ¢ micewerepurchasedrom TheJacksorLaboratory Condi-
tional knock-outin CD11¢ cellsweregeneratedispreviouslydescribed5]. All mice
werehousedat the INRSanimalfacility underspecificpathogen-freeonditionsand usedat
6+10weekf age.

(strainLV/9) wasmaintainedby serialpassagi B6.129S7-$ ¢
mice,andamastigotesvereisolatedrom the spleenf infectedanimals.
miceandtheir littermates floxfiox_ wereinfectedby injecting2 107 amastigotes
intravenouslyiathe lateraltail vein. Splenigparasitdourdensweredeterminedby examining
methanol-fixed Giemsastainedtissueimpressionsmearg5]. Bonemarrow parasiteburden
werecalculatedy limiting dilutions[5]. Dataarepresentecaisnumberof parasitepresentn
thebonemarrow of onefemurandonetibia or asLeishmanDonovanUnits (LDU).

Ethics statement

Experimentsverecarriedout under protocolsapproveddy the Comitéinstitutionel de Protec-
tion desAnimaux of the INRS-InstitutArmand-Frappier(1602+021510+02)Theseprotocols
respecprocedure®n goodanimalpracticeprovidedby the CanadianCouncilon animal
care.
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Flow cytometry

Myeloid cellresponsem infectedmicewereanalyzedy flow cytometry.Fcreceptorsvere
blockedby addingsupernatanbf 2.4G2+producindnybridomasfor 5 min at4EQto blockto
thehomogenizedplenocyteCellswerethenwashedvith FACSbufferandstainedwith the
following antibodiesanti-MHCII FITC conjugatedanti-CD11c-APQBD Biosciencesanti-
CD11bPacificBlue(PB),anti-Ly6C-Percpanti-Ly6G-PEBiolegend)anti-F4/80-PE-Cy7
(eBioscienceqnti-IFN R(eBioscienceandanti-CCR2-Alexdluor 700(R&D Systems)The
bonemarrow (BM) washarvestedy flushingtibiasandfemursfrom the hind limbsin phos-
phate-bufferedaline(PBS) Cellswerepassedhrough 25-gaugeeedledo obtainsinglecell
suspensionsSinglecellsuspensiong/erepreparedn PBScontaining0.1%bovineserumalbu-
min (BSA)and0.5mMethylene-diamine-teti-aceticacid(EDTA). To analyzeadultBM pro-
genitorcellpopulations piotin-conjugatedanti-lineagemAbsanti-CD3e(145-2C11)anti-
CD11b(M1/70),anti-CD45/B22qRA3-6B2) anti-Gr1 (RB6-8C5)andanti-Ter119wereused
asthelineagemix. For secondarygletectionstreptavidinconjugatedo Brilliant Violet-500was
used.Thehematopoieticstemprogenitorcell (HSPC)populationwasanalyzedy staining
with PEanti-CD117(c-Kit, 2B8;BD-Biosciencesind PE-Cy7anti-Sca-{Ly6A/E,D7;
BD-Biosciencedh additionto thelineagemix. Granulocyte-monocyterogenitorGMPs,
weredeterminedby stainingwith PEanti-CD41(eBioscienceRerCP-Cy5.anti-CD16-32
(BiolegendlandAlexa-Fluor647anti-CD150(TC15,BD Biosciences300,00@&ventsvere
acquiredon aBD LSRFortessd' cellanalyzei(BectonDickinson);analysisvasperformed
usingthe FlowJoand/or FACSDivasoftware.

Theexpressiorof Total ReactiveOxygenSpecie$ROS)from infectedmicewasassessed
usingthe (ROS)AssayKit 520nm kit (eBiosciencedpllowing manufacturer'snstructions
(cataloguenumber,88-5930-74)In orderto characteriz&OSproductionin myeloidcellsub-
populationsthe antibodiespreviouslydescribedvereaddedafterfixation with 2%parafor-
maldehydgPFA).Cellswereacquiredwith aBD LSRFortessa' cellanalyze(Becton
Dickinson).

Detectionof hypoxiain the spleerof infectedand na vemicewasperformedusingthe
Hypoxyprobe-RedAP@it (Hypoxyprobelnc., Burlington, MA) following manufacturer's
instructions.Cellswereacquiredwith aBD LSRFortessa' cellanalyze(BectonDickinson).

Real-time PCR analysis

Real-timePCR(Stratagenenx3005pRealtime PCRSystemyasusedto analyzdranscripts
levelsof HIF-1 , HPRTI[5], TNF[63], Argl, Fizz1,Mgl1,Mgl2 [3], andiNOS[64]. Total RNA
wasisolatedusingRNeasyQiagen)to performreal-timeRT-PCR.cDNA waspreparedusing
500ng of total RNA usingHigh capacitycDNA Reversdranscriptionkit (Bio Rad).Realtime
PCRwasperformedusingstandardcycleof amplification.Primersusedto determinetherela-
tive genefold expressiorby quantitativePCR(gPCR)areshownin Tablel.

In vitro bone marrow derived macrophage polarization and L. donovani
infection

Macrophagesverederivedfrom the bonemarrow of na vemicein IMEM medium(Life
Technologiesyupplementedvith 10%FBS pen/streptL-glutamine,and 15%L929cell-con-
ditioned mediumasa sourceof colony-stimulatingfactor-1(CSF-1) Cellswerethenleft for

6 daysat 37EQn a5%CO, incubator.For onesetof experimentsBMM werewashedand
resuspendeih supplementedMEM. CellswereclassicallyctivatedM1) with 20ng/ml of
murine IFN  (Peprotec)alternativelyactivatedM2) with 20ng/ml of murine IL-4 (Peprotec),
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Table 1. Primer sequence s used in gPCR.

Primers
Hprt

Hif-1 .
Tnf
Inos
Arg-1
Fizz-1
Mgl-1
Hif-2 .
Glut-1

IL-10

https://da.org/10.1371durnal.ppal006616.t01

Sequence

FP, 52GTTGGATACAGGCCAGACTTTGTTG-3°
RP, 52GATTCAACCTTGCGCTCATCTTAGGC-3°

FP, 5.TCACCTGCTGCTATACATTCAC-3°
RP, 52TCACCTGCTGCTATACATTCAC-3°

FP, 52AGGGATGAGAAGTTCCCAAATG-3°
RP, 5CGGCTTGTCACTCGAATTTTGAGA-3°

FP, 5°CGAAACGCTTCACTTCCAA-3°
RP, 52 TGAGCCTATATTGCTGTGGCT-3°

FP, 5%CCACAGTCTGGCAGTTGGAAG-3°
RP, 52GGTTGTCAGGGGAGTGTTGATG-3°

FP, 5°CCTGCTGGGATGACTGCTA-3°
RP, 52TGGGTTCTCCACCTCTTCAT-3°

FP, 5°CAGAATCGCTT AGCCAATGTGG-3°
RP, 5TCCCAGTCCGTGTCCGAAC-3°

FP, 5>GGGAACACTACACCCAGTGC-3°
RP, 52TCTTCAAGGGATTCTCCAAGG-3°

FP, 52CGTGCTTATGGGTTTCTCCAAA-3°
RP, 52GACACCTCCCCCACATACATG-3°

FP, 5°AGGGTTACTTGGGTTGCCAA-3°
RP, 52CACAGGGGAGAAATCGATGA-3°

or infectedwith . amastigoteataMOI of 1:10.BMM werethenincubatedfor 24h
andstainedwith anti-CD11b-BV421iNOS-APC(Biolegend)and CD38-BV711(eBioscience)
or processedbr qPCRanalysisSamplesvereacquiredon aBD LSRFortesseellanalyzer
(BectonDickinson).

Determination of lactate and glucose concentration

A million splenocytefrom infectedmicewerewashedvith PBSandlysedwith RIPA buffer
(SigmacataloguenumberR0278-50)Intracellularlactateand glucoseconcentrationsvere
measuredisingrespectively LactateAssayKit and GlucoseAssayKit (BioVision) asper
manufacturer'snstructions.Samplesverepreparedastriplicatesfor the colorimetriclactate
assayTheabsorbancevasmeasuredt570nm usinganxMark™ microplateabsorbance
spectrophotometefBioRad)immediatelyafterpreparation.

CDA4" T cells inhibition test

SplenicCD4" T cellswereenrichedfrom na vemiceusingmagneticcellsorting(MACS)fol-
lowing manufacturer'snstructions(Miltenyi Biotec).The purity comprisedbetweerf0+95%.
CD11K cellswerepurified usingMACSfrom spleen®f infectedandna vemice previously
digestedvith collagenasB; the purity of the samplesvas80+90%Microtest96well plates
(Sarstedtverecoatedwith/without 200 | of PBScontainingl g/ml anti-mouseCD3 (eBio-
sienceshndincubatedfor 90min at37ECPlatesverethenwashedwicewith PBSandequili-
bratedfor 15min at37EGwith 100 | perwell of RPMI-1640medium (Life technologies),
supplementedvith 10%fetalbovineserum(FBS) pen/strepandL-glutamine.Th1 polariza-
tion wasinducedasfollows:CD4" T cellswereseededt2 1C/wellin anti-CD3-coated
96-wellplateswith anti-CD28(2 g/ml), rIL-12 (30ng/ml), andrhIL2 (0.5 g/ml) (eBios-
ciences)CD11b cellsenrichedasdescribecabovewereaddedor not to the cultureatal:1
ratio. Cellswerethenincubatedat 37EQn a5%CO, incubatorand5 dayslater stimulated
with phorbol 12-myristatel 3-acetat¢PMA)/ionomycin in the presencef BrefeldinA (BD
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BiosciencesProductionof IFN wasanalyzedy FACSusinganti-CD4-FITC,anti-CD3-PB,
andanti-IFNy-APC (BD-Bioscience)s0,00@ventsvereacquiredon aBD LSRFortesseell
analyzemandanalyzedisingthe FlowJosoftware.

Monocyte differentiation and in vitro L. donovani infection

Monocyteswverederivedfrom the bonemarrow of na vemice underhypoxia(2%)in IMEM
medium (Life Technologies(upplementedvith 10%FBS pen/streptL-glutamine,and 15%
L929cell-conditionedmediumasasourceof colony-stimulatingfactor-1(CSF-1) Cellswere
thenleftfor 3 daysat37EQn ahypoxiachamber For onesetof experimentsglifferentiated
monocytesverewashedandresuspendeih supplementedMEM without CSF-1prior to a
2h-activationwith 100U/ml murine IFN (Peprotec)for anothersetof experimentsCSF-1
wasleftin the culturefor the entireduration of thetest. . amastigotesverestained
with PKH67 (Sigma)following manufacturer'snstructionsandaddedataMOI of 1:10for 1-
24hunderhypoxiccondition. Cellswerethen stainedwith anti-CD11b-PBLy6C-PerCpand
CD11c-APCacquiredon aBD LSRFortesseellanalyzeBectonDickinson)andImage
stream(Amnis).

Western blot analysis

Total cellprotein extractsof CD11k" cellspurified by MACSfrom infectedand naivemice
werepooledandlysedin RIPA buffer (sigmaAldrich, Germany). and bonemarrow-
derivedmonocytesnfectedwith . amastigotesverelysedasdescribecabove Equal
amountsof protein (15 g) werefractionatedby 10%SDS-PAGEMonoclonalanti-HIF-1
antibodyHif-1 67 (NovusBiologicalsLittleton, CO,USA)wasusedfor imnmunoblot assays.
Blotswerestrippedandreprobedwith apolyclonalantibodyagainst -actinto confirm equal
proteinloading[65]. Densitometricanalysisvasperformedby spotdensitometryusing
Alphalmager3400imagingsoftware(AlphalnnotechCorporation)and normalizedto G-actin
control. Valuesarepresentedasfold induction comparedo thelevelin naivemice.

Image stream flow cytometry

Monocytesneredifferentiated freated and stainedasdescribedabove After fixation with 2%
PFAnNucleuswerestainedwith 4',6-diamidino-2-phaylindole (DAPI) andwashedwith PBS.
Samplesverethenacquiredon the ImageStreamXarkll imagingcytometerfAmnis). The
analysisvasperformedusingthe IDEAS software(Amnis).

Immunohistochemistry

Freshlyharvestedpleensveresnapfrozenin OCT (ElectronMicrosopySciencedlartfield,
PA,USA)andstoredat 80EC.Immunohistochemistrywasperformedon 8- m frozen
sections.

Tissuesectionswverefixedin 75%acetoneand 25%ethanol(v/v) for 10min at-20ECrehy-
dratedin PBSfor 10min atroom temperatureandincubatedfor 1 hour with 5%-BSAn PBS
supplementedvith 2.4G2supernatant1:100) Slidesverethenincubatedovernight at4EC
with anti-CD11b-BV42XBD Bioscience]:300) anti-B220-FITCBioLegend1:500) and
anti-CD169-A594Biolegend]1:500) Tissuesectionsverethenwashedn PBSmounted
with Fluoromount-G(ElectronMicroscopySciencedatfield, PA, USA),andanalyzedising
aLSM780confocalmicoscopdCarl Zeiss OberkochenGermany).
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Statistical analysis

Statisticahnalysisvasperformedusingamulti-way ANOVA or Student's-test(only Figs5
and6), with p<0.05 consideredsignificant.All experimentavereconductedndependenthyat
leastthreetimes.

Supporting information

S1Fig. - and micewereinfectedwith . amastigotes
and sacrificedat varioustime points of infection. (A) Graphrepresentshe splenicparasite
burdenexpressedsLeishmanDonovanUnits (LDU). (B) DNGR1expressiotby conven-
tional CD11¢" splenicCD4" (upperpanel)andCD8" (lowerpanel)DCsatd14p.i. All data
represenmean SEMof oneof 4independenexperimentsn = 4.

(TIF)

S2Fig. Mice wereinfectedwith 2x10" LV9 amastigotesntravenously.(A) Graphrepresents
real-timePCRanalysiof HIF-1 mRNAand(B) HIF-1 protein expressiornn splenic

CD11¢ cellspurified from - and miceatvarioustime pointsafter
infection.
(TIF)
S3Fig. Mice wereinfected with 2x10’ LV9 amastigotesntravenously. RepresentativEACS
plot for Ly6G" neutrophils(A) andF4/80" cells(B) in (left panels)
and mice(right panels).
(TIF)
SA4Fig. Mice wereinfectedwith 2x10” LV9 amastigotesntravenously. RepresentativEACS
plot for CCRZ F4/80 Ly6C" (A) andLy6C°"'™ (B) monocytesn (left
panelsand mice (right panels)(C) RepresentativEACSplot for Ly6C"
monocyteexpressing/HCII * in (left panels)and

mice(right panels)(D) RepresentativEACSplot for surfaceexpressiorof Ly6Con
CD118" Ly6G" neutrophilsin (left panelsand
mice(right panels).
(TIF)

S5Fig. Mice wereinfectedwith 2x10’ LV9 amastigotesntravenously.(A) Representativiis-
togramsfor total ROSproductionat varioustime pointsof infectionin _
andC  mice.(B-C) RepresentativEACSplotsfor ROSexpressionn Ly6G" neutrophils(B)

andLy6C" monocytegC) from (left panels)and
mice (right panels).
(TIF)
S6Fig. (A) Splenocytefom na veand . infectedmice (d28p.i.) werestainedwith

hypoxyprobeandanalyzedy FACS (B) WesternBlot analysiof HIF-1  expressionin
infectedbonemarrow-derivedmonocytesMonocytesverederivedunderhypoxiafor three
daysfrom thebonemarrowof na ve - and .M-CSFwasthenremoved
from the mediumandcellswereinfectedwith fluorescently-labelled amastigotes
prior to activationor not with IFN . (Theinfectionwasmonitoredfor 1h,12hand24h.(A)
RepresentativEACSplotsfor LV9'Ly6C" (C) andLV9* Ly6C°"'" moncoytegD).

(TIF)

S7Fig. Monocyteswerederived under hypoxiafor three daysfrom the bonemarrow of
nave - and . Cellsweretheninfectedwith fluorescently-labelled
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amastigoteprior to activationor notwith IFN ; M-CSFwaskeptin themedium.
Theinfectionwasmonitoredfor 12and24h.RepresentativEACSplotsfor LV9'Ly6C" (A)
andLV9" Ly6C°"" moncoyteqB).

(TIF)

S8Fig. Real-time PCRanalysisof mMRNA expressiorievels in splenicCD11c" cells
purified from infected - and mice at varioustime points after
infection.

(TIF)
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