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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. donovani infection. 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���������� 	
�
���� causeschronicinfectionin thespleen,whichis
accompaniedbyachronicinflammatoryenvironment,anenlargementof theorgan,and
immunosuppression.Theenvironmentof chronicallyinflamedtissuesischaracterizedby
low oxygenlevelsandtissuedisruption,whichinducetheexpressionof thetranscriptionfac-
tor HIF-1�� in all cells.Thekineticsof monocyteproductionanddifferentiationin thebone
marrowandthespleen,andtheroleof hypoxiain myeloidcellfunctionsduring visceral
leishmaniasishavenot yetbeenstudied.Hereweshowthat �. 	
�
���� promotestheoutput
from thebonemarrowof monocyteswith aregulatoryphenotypethat function assafetar-
getsfor theparasite.WealsodemonstratethatHIF-1�� potentiatesinhibitory functionsof
myeloidcellsandis involvedin driving thepolarizationtowardsM2-like macrophagesand
renderingthemmoresusceptibleto �. 	
�
���� infection.Our resultssuggestthatHIF-1�� is
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amajorplayerin theestablishmentof chronic���������� infectionandiscrucialfor
enhancingimmunosuppressivefunctionsandloweringleishmanicidalcapacityof myeloid
cells.

Introduction
Eliminationof intracellularpathogensrequirestheinduction of pro-inflammatorycytokines
andcytotoxicmoleculessecretion.Unfortunately,thisprocessalsoleadsto localtissuedisrup-
tion andinflammation.Inflamedtissuesrepresentachallengingmicroenvironment,charac-
terizedbyhypoxia,acidosisandhypoglycemia.Thismicroenvironment typicallycausesthe
stabilizationof thetranscriptionfactorHIF-1��, themasterregulatorof theresponseto hypoxia
[1, 2]. HIF-1�� haspleiotropicfunctionsaimedatprotectingtissuesfrom injury andhelping
cellsto adaptto adifficult microenvironment.However,stabilizationof HIF-1�� in somecells
of theimmunesystem,suchasmyeloidcells,mayalsohaveunwantedconsequences.For
instance,HIF-1�� is responsiblefor thepolarizationtowardstheM2-like phenotypeof tumor-
associatedmacrophages(TAM) [3], promotingthereforetumor growth.HIF-1�� wasalso
shownto enhancefunction anddifferentiationof myeloidderivedsuppressorcells(MDSC)in
thetumor microenvironment[4]. Moreover,wehavereportedthatHIF-1�� stabilizationin
dendriticcellsinhibited their function andconsequentlylimited theexpansionof protective
CD8T cellresponsesduring experimentalvisceralleishmaniasis(VL) [5].

TheHIF-pathwayisalsoexploitedbysomepathogensfor their replicationand/orsurvival
insidethehost'scell[6±9].Oneexampleof suchapathogenis ����������. Theprotozoanpar-
asite���������� is thecausativeagentof leishmaniasis,adiseasewith multiple clinicalmani-
festationsrangingfrom self-healingcutaneousandmucocutaneouslesionsto potentiallylethal
visceralinfections.Thepromastigoteform of theparasiteis transmittedto thehostbyasandfly
vector.Onceinsidethehost,promastigotestransforminto amastigotes.Macrophagesarethe
main targetcellsof theparasite.However,to surviveinsidemacrophages,���������� needsto
attenuatetheir microbicidalpotential[10]. Oneof themanystrategiesis thestabilizationof
HIF-1�� [11], whichappearsto beessentialfor thesurvivalof thepromastigoteform insidethe
cell[6, 11].HIF-1�� stabilizationcanoccurfollowingmassiveinfiltration bypro-inflammatory
cellsin thetissueand/orasaconsequenceof pathogeninvasion.Thesetwo phenomenaare
associatedwith increasedoxygenconsumption,whichcausesalocalhypoxicenvironment
[12]. During visceralleishmaniasis,HIF-1�� stabilizationisalsoinducedin uninfectedcellsby
theinflammatoryenvironmentandappearsto hamperDC functions[5]. To date,theroleof
HIF-1�� in othermyeloidcellsduring in vivo ���������� infectionshasnot yetbeenexplored.

Dendritic cellsandneutrophilshavebeenextensivelystudiedin variousmodelsof leish-
maniasis;however,thecontribution of monocytesto susceptibilityand/or resistanceto
infection is still unclear.Theearlyliteratureproposesapossibleroleof ªundifferentiated
macrophage-granulocytesºassafetargetsfor ����������, contributing thereforeto disease
susceptibility[13]. Passosetal. [14] demonstratethat intermediatemonocytesareinvolved
in mediatingimmunopathologyin patientsinfectedwith �. �
����������. Anotherstudy
reportstheupregulationof A2Badenosinereceptorson humanmonocytesandtheassocia-
tion of this upregulationwith pathogenicityin patientsexposedto �. 	
�
���� [15]. In con-
trast,monocyte-derivedDC appearto beessentialfor priming protectiveTh1 responsesin
�. ���

 infectedmice[16] andclassicalmonocytesarethoughtto beableto kill �. ���


[17] and�. �
���������� via reactiveoxygenspecies[18].
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In thisstudy,wewantedto investigatetheroleof HIF-1�� stabilizationin myeloidcells,par-
ticularlymonocytes,during experimentalchronicVL. Wefound thatmyeloidcellsareincreas-
ingly recruitedto thespleenduring chronicinfection.SplenicmyeloidcellsupregulateHIF-1��
anddisplayHIF-1��-dependentinhibitory function on protectiveTh1responses.Moreover,
HIF-1�� limits their leishmanicidalfunctionsandregulatesthedifferentiationandoutputof
inflammatorymonocytesfrom thebonemarrow.

Results

Myeloid cells, particularly Ly6Chi and Ly6Clo/int monocytes, accumulate
in the spleen of L. donovani infected mice over the course of infection
Theliteratureabouttheroleof monocytesduring experimentalvisceralleishmaniasisisscarce.
Hence,wewantedto haveafull pictureof themonocytesandneutrophilsrecruitmentkinetics
to thespleenoverthecourseof experimental�. 	
�
���� infection,beforeassessingtheroleof
HIF-1�� in splenicmyeloidcells.Wefirst monitoredthefrequencyof CD11bhi Ly6Ghi neutro-
phils.Asshownin Fig1A, thepercentageof neutrophilspresentin thespleengradually
increasedduring thefirst 4weeksof infection.Similarlyto neutrophils,Ly6Chi monocytes
wereincreasinglyrecruitedto thespleenoverthecourseof infection(Fig1B).In contrast,the
frequencyof Ly6Clo/int monocytesdid not varysubstantiallyasdiseaseprogressed(Fig1B).
Interestingly,thetwo monocytepopulationswerelesseasilydistinguishableduring thechronic
phaseof infection.

WenextexaminedwhethersplenicmyeloidcellsexpressedCD11catvarioustime pointsof
infection.At d14p.i. about55%of all CD11b+ cellsin thespleenexpressedCD11c;theper-
centageof CD11c+ cellsincreasedoverthecourseof infectionandatd35p.i.80%of thesplenic
CD11b+ cellswerealsoCD11c+ (Fig1C).Asexpected,all Ly6Chi monocyteswereCD11c+ and
about85%of theLy6Clo/int monocytesexpressedCD11c(Fig1D).

BecauseLysM-specificHIF-1��-deficientmicearenot agoodmodelto studytheroleof
HIF-1�� in monocytes/macrophagesin thespleen[19] andthevastmajority of splenicCD11b+

cellsduring VL wereCD11c+, wedecidedto useCD11c-specificHIF-1�� deficientmice[5] to
investigatetheroleof HIF-1�� in myeloidcells,particularlymonocytes,during chronicVL. To
note,neutrophilsdid not expressCD11c,hencetheyareHIF-sufficientin bothgroupsof mice.

HIF-1�.- deficient mice in CD11c+ cells show increased frequency and
numbers of inflammatory monocytes in the spleen
Wehavepreviouslyreportedthat ��� ��
����
� ±�	�����
� � micearehighly resistantto �. 	
�
�
���� infection([5] andS1AFig).During theacutephaseof infection,HIF-1�� impairsdendritic
cellfunctionsandlimits CD8T cellexpansion[5]. At thisstageof disease,parasiteclearancein
thesemiceismainlyCD8T cell-dependent[5]; however,it isstill unclearhowthesemicecon-
trol �. 	
�
���� growthduring chronicVL, whenCD8T cellsareexhausted[20]. CD8+ den-
dritic cellsarethoughtto beresponsiblefor CD8T cellcross-priming[21]. TheseDC
subpopulation,unlike CD4+ DCs,mainlyexpressesDNGR1(S1BFig)andthusdirectly
descendsfrom DC precursorsratherthanbeingmonocyte-derived[22]. Hence,wedecidedto
extendour investigationon theroleof HIF-1�� to othermyeloidcells,particularlymonocytes
andmonocytes-derivedcells.Becausemonocytescontributeto parasiteclearancein other
modelsof leishmaniasis[16±18],wefirst comparedtherecruitmentof monocytesto thespleen
in ��� ��
����
� ±�	�����
� � mice(HIF-1��-deficient)andtheir �
� � littermates(HIF-1��-suffi-
cient)atvarioustime pointsof infection.Before,though,wemonitoredHIF-1�� expressionin
purified CD11b+ cellsfrom bothmousegroupsto confirm thatHIF-1�� wasindeeddeletedin
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Fig 1. Myeloid cells, particular ly Ly6Chi and Ly6Clo/int 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 Ly6Chi

(upper graph) and Ly6Clo/int (lower graph) monocytes. (C) Percentage of CD11c+ myeloid cells. (D) Percentage of CD11c+ Ly6C+ (left histogram
raw and upper graph) and Ly6Clo/int (right histogram raw and lower graph) monocytes. All data represent mean �“ SEM of one of 4 independent
experiments, n = 4.

https://doi.org/10.1371/journal.ppat.1006616.g001
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��� ��
����
� ±�	�����
� � myeloidcells(S2AandS2BFig).Asobservedin C57BL/6mice,thefre-
quencyandthenumberof Ly6Chi monocytesincreasedoverthecourseof infectionin the
�
� �and�
� � group(Fig2A and2B).However,asignificantlyhighernumberof inflammatory
monocyteswaspresentin thespleenof �
� � mice.Non-classicalLy6Clo/int monocytes(Fig2A
and2C)andneutrophils(Fig2D andS3AFig)displayedsimilar frequenciesin bothmouse
groups,but cellnumberswerehigherin �
� � mice,reflectingaslightlymorepronounced
splenomegalyin HIF-1�� conditionalknockouts.Similarresultswereobtainedwhenweexam-
inedF4/80expressionin myeloidcells(Fig2EandS3BFig).

Next,wefurther characterizedsplenicmonocytesbymonitoring theexpressionof CCR2
andF4/80,andMHCII on Ly6Clo/int andLy6Chi cells.85%of Ly6Chi monocytesco-expressed
CCR2andF4/80atd14and21p.i.;thefrequencythendecreasedto 50%at latertime pointsof
infection(Fig2FandS4AFig).No differenceswereobservedbetweenHIF-1��-sufficientand
deficientmonocytes.Thefrequencyof CCR2+F4/80+ Ly6Clo/int monocytessteadilyincreased
overthecourseof infectionto reachaplateauof about70%atd21p.i.(Fig2FandS4BFig) in
bothgroupsof mice.Thesemonocytespossiblyrepresentanintermediatestagein thedifferen-
tiation processtowardsmacrophages.

Surprisingly,50%of �
� � Ly6Chi monocyteswerepositivefor MHCII; byd21p.i.,thefre-
quencyof MHCII + inflammatorymonocytesincreasedto 80±90%andwasmaintainedat this
levelduring chronicinfection(Fig2GandS4CFig).Thepercentageof MHCII + Ly6Chi mono-
cyteswasslightlyhigherin HIF-1��-deficientmiceatd14,d28,andd35p.i.Recently,Ly6Chi

monocyteswith aregulatoryphenotypehavebeendescribed[23]. Thesemonocytesare
inducedby IFN�
 in thebonemarrowandexpressMHCII andSca-1.Hence,weassessedSca-1
expressionon monocytes.Fromd21p.i. on, themajority of theLy6Chi monocytesexpressed
Sca-1,suggestingthat inflammatorymonocytesmayalsodisplayaregulatoryphenotypedur-
ing chronicVL (Fig2H).

Basedon our surfacemarkeranalysis,splenicmonocytesresembledmonocyticmyeloid-
derivedsuppressorcells(M-MDSC) [24] and/ormonocytewith aregulatoryphenotype[23].
Theotherknownsubsetof MDSCoriginatesfrom polymorphonucleatedcells(PMN-MDSC)
andischaracterizedby theco-expressionof Ly6GandLy6C(Ly6G+Ly6Clo) [24].Todetermine
whetherPMN-MDSCwerealsopresentin thespleenof �. 	
�
���� infectedmice,wemoni-
toredthesurfaceexpressionof Ly6Con CD11bhiLy6Ghi neutrophils.100%of theneutrophils
wereLy6C+ alreadyatd14p.i.(Fig2I andS4DFig);Ly6Cexpressionwasmaintainedduring
thechronicphase.Thissuggeststhatneutrophilsexpresssimilarmarkersto PMN-MDSCand
couldpotentiallyexhibit immunesuppressiveproperties.

HIF-1�. induces an M2-like phenotype and limits leishmanicidal capacity
in myeloid cells
In thefollowing,wesoughtto characterizemyeloidcellfunction.To thisend,CD11b+ cells
werepurified from thespleenof infected�
� � and�
� � miceatvarioustime pointsof infec-
tion; theexpressionof severalgeneswasassessedbyqPCR.Interestingly,CD11b+ cellsfrom
��� ��
����
� ±�	�����
� � miceshowedalowerexpressionof TNF (Fig3A),arginase(Fig3B),
Fizz1(Fig3C),Mgl1,andMgl2 (Fig3D and3E);in contrast,theyexpressedhigheriNOS
mRNA levels(Fig3F).Hence,HIF-1�� seemsto sustainthedifferentiationtowardstheM2-like
macrophagesubtype.

Betweend14and21p.i.,splenicstromalcellsarekilled byexcessiveTNF production[25];
consequently,thesplenicmicroarchitectureisaltered[26]. Disruption of themicroarchitec-
ture is typicallyaccompaniedby theprogressivelossof BcellGerminalCenters[27]. Interest-
ingly, thesplenicmicroarchitecturein infected�
� � miceappearedto bemoreintact thanin
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the�
�� controlsatd28p.i. (Fig3G).Thismaybeaconsequenceof thelowerTNF production
bymyeloidcells(Fig3A).Notably,myeloidcells(Fig3G,blue)wereincreasinglypresentin
thesplenicredpulp of infectedmiceafterd14p.i.

HIF-1�� hasbeenreportedto promoteiNOSexpression[28±30].Hence,weweresur-
prisedto observeanincreasein iNOSmRNA levelsin myeloidcellsfrom infected�
� �

mice(Fig3F).To verifyour in vivo observation,weinfectedHIF-1��-sufficientanddefi-
cientbonemarrow-derivedmacrophages(BMM) with �. 	
�
���� amastigotesandana-
lyzediNOSproductionby flow cytometry.CD38wasusedasanM1 marker.Asexpected,
stimulationof BMM with IFN�
 increasedthepercentageof CD38+ cells(Fig4A and4B)
andtheproductionof iNOS(Fig4A and4C),whichwasslightlyhigherin HIF-1��-defi-
cientcells.In contrast,treatmentwith IL-4 failedto promoteiNOS(Fig4C)andreduced
thefrequencyof CD38+ cells(Fig4B),independentlyfrom thepresenceor absenceof
HIF-1��. However,whenweinfectedBMM with �. 	
�
���� amastigotes,adramatic
increasein iNOSproductionwasobservedin HIF-1�� deficientBMM but not in HIF-1��
sufficientcells(Fig4A and4C),confirming our in vivo observation(Fig3F).Wealsoana-
lyzedtheexpressionof M2 markersArg-1 (Fig4D), Fizz-1(Fig4E),andIL-10 (Fig4F).A
slightdecreasein thelevelsof Arg-1 andFizz-1mRNA wasdetectedin �
� � comparedto
�
� � cells;moreover,IL-10 mRNA wasnot upregulatedin HIF-1�� deficientBMM follow-
ing infectionwith �. 	
�
����. To besurethat HIF-1�� wasindeeddeletedin BMM from
conditionalknockouts,weassessedtheexpressionof HIF-1�� andtwo HIF-1�� downstream
targets,Pgk-1andGlut-1 in cytokine-treatedandinfectedBMM. HIF-1�� (Fig4G),Pgk-1
(Fig4H) andGlut-1 (Fig4I) werenot inducedin HIF-1�� deficientBMM following �.
	
�
���� infectionor cytokinetreatment,suggestingthat recombinationoccurredin
BMM from �
� � mice.

BecauseHIF-1�� isknown to regulatecellmetabolism,wenextmeasuredintracellularlac-
tate(Fig5A) andglucoselevels(Fig5B).Interestingly,HIF-1��-sufficientmyeloidcellshada
higherintracellularlactateconcentrationcomparedto HIF-1��-deficientcells(Fig5A), reflect-
ing themetabolicswitchtowardsanaerobicglycolysis[31,32].�
� � cellsalsodisplayeda
slightlyhigherintracellularglucoseconcentration(Fig5B).Wealsoassessedtheproductionof
reactiveoxygenspecies(ROS),whicharetypicallynot generatedbyM2 macrophages[32].
HIF-1��±deficientsplenocytesexpressedhigherlevelsof ROS(Fig5CandS5AFig).Neutro-
phils(Fig5D andS5BFig)andinflammatorymonocytes(Fig5EandS5CFig) lackingHIF-1��
contributedto thisdifference.

To ruleout thepossibilitythatmyeloidcellsacquiredanM2-like phenotypebecauseof
higherlevelsof IFN�
 presentin theenvironment,weassessedtheexpressionof theINF�

receptorbyFACS.Asshownin Fig5F,thefrequencyof CD11bhiLy6C+ cellsexpressingIFN�
R
wassimilar in bothgroupsof mice,with exceptionof d21p.i.,whentheexpressionwaslower
in �
� � mice.

Takentogether,theseresultssuggestthatHIF-1�� maybeinvolvedin thedifferentiation
towardsmacrophageswith anM2-like phenotype,whichisunableto kill ���������� [31,33].

Fig 2. HIF-1�.- deficient mice in CD11c+ cells show increased frequency and number s of inflammato ry monocyt es in
the spleen. Hifflox/flox-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 Ly6Chi monocytes (B), Ly6Clo/int monocytes (C), Ly6G+neutrophils (D), F4/80+cells (E),
CCR2+F4/80+ Ly6Chi monocytes (F). (G) Percentage of splenic MHCII+ Ly6Chi monocytes. (H) Percentage of splenic Sca-1+

Ly6Chi monocytes. (I) Percentage of splenic Ly6C+ Ly6G+ neutrophils. All data represent mean �“ SEM of one of 4 independent
experiments, n = 4. � denotes p��0.05.

https://doi.org/10.1371/journal.ppat.1006616.g002
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HIF-1�. enhances the inhibitory functions of myeloid cells during chronic
VL
Wenextinvestigatedtheinhibitory potentialof splenicmyeloidcells.CD11b+ cellswerepuri-
fied from thespleenof �. 	
�
���� infectedmiceatd14and28p.i. andco-culturedata1:1
ratio with na�veCD4T cellsstimulatedwith plate-boundanti-CD3andwith anti-CD28and
rIL-12.Myeloidcellspurified from infected�
� � miceatd14p.i. only slightlyinhibited thedif-
ferentiationtowardsIFN�
-producingCD4T cells(Fig6A and6B);asimilar resultwas
obtainedwith HIF-1��-deficientmyeloidcellspurified at thesametime.Remarkably,d28p.i.
CD11b+ cellsfrom infectedHIF-1�� sufficientmicestronglyinhibited Th1differentiation(Fig
6A and6B);asignificantlylowerdegreeof inhibition wasobservedin samplescontainingd28
p.i.HIF-1��-deficientmyeloidcells.

Takentogether,our resultssuggestthatmyeloidcellspurified during chronicinfection
inhibit T cellresponses,implying that thesecellsarephenotypicallyandfunctionallysimilar to
MDSC.This inhibitory function requiresHIF-1��. Thus,this transcriptionfactorisnot only
involvedin attenuatingtheleishmanicidalcapacityof myeloidcells,but alsoin enhancing
their inhibitory function.

HIF-1�. deficient intermediate stage monocytes are more resistant to L.
donovani infection under hypoxic conditions
To determinewhetherHIF-1��-deficientmonocytesweremoreresistantto infectionby �.
	
�
����, weinfectedbonemarrow-derivedmonocytesin vitro with fluorescentlylabelled
amastigotesandmonitoredtheinfectionfor 24hbyFACSandImageStream.Monocyteswere
eitheractivatedor not with IFN�
 2hprior to infection;cellswerekeptunderhypoxiccondi-
tionsatall time to mimic thebonemarrow[34] andthesplenicenvironment(S6AFig).We
first confirmedthat �
� � cellshadareducedHIF-1�� expression(S6BFig).About 25±30%of
HIF-1��±sufficientLy6Chi/int monocytescontainedparasitesafter12hof infection;at24h,40±
45%of thecellsharboredparasites(Fig7A). Interestingly,whenmonocyteswereexposedto
IFN�
 prior to infection,thepercentageof parasitizedcellsdramaticallyincreasedto 60%at
12hand80%at24hof infection(Fig7A andS6CFig).This isprobablydueto thefactthat
IFN�
 inducesregulatoryLy6Chi/int monocytes[23] andthat thesemaybemorepermissivefor
�. 	
�
���� amastigotes.In contrast,HIF-1��-deficientinflammatorymonocytesweresignifi-
cantlylessparasitizedat12and24hin theabsenceof IFN�
 (Fig7A andS6CFig);asfor their
HIF-1��-sufficientcounterparts,theadditionof IFN�
 dramaticallyincreasedtherateof infec-
tion (Fig6A),suggestingthatHIF-1�� isnot involvedin inducingregulatorymonocytes.Nev-
ertheless,IFN�
-pulsedHIF-1��-deficientLy6Chi/int monocyteswereslightlymoreresistantto
infectionthanwild typeinflammatorymonocytes.Similarresultswereobtainedwhenweana-
lyzedthedegreeof infectionof Ly6Clo monocytes(Fig7BandS6DFig).Wenextdetermined
whetherthenumberof parasitespercellwasequalin bothgroupsof miceusingtheImage-
Streamtechnology(examplesof analysisaredepictedon Fig7C).Asshownin Fig7D and7E,
no majordifferenceswereobservedin thepercentageof cellsharboringvariousnumbersof
parasitesbetweenHIF-1��-deficientandHIF-1��-sufficientmonocytes.

Fig 3. HIF-1�. induces an M2-like phenotype and limits leishmanic idal capacity in myeloid cells. Hifflox/flox-Cd11c-Cre+ and Cre- mice
were infected with L. donovani and sacrificed at various time point of infection. (AÐF) Real-time PCR analysis of mRNA expression levels in
splenic CD11b+ cells purified from infected mice at various time points after infection for (A) Tnf, (B) Arg1, (C) Fizz1, (D) Mgl1, (E) Mgl2, and
(F) iNOS. (G) Immonohistochemical analysis of splenic sections from na�wveand infected mice at d14 and 28 p.i.; CD169 (red), B220 (green),
CD11b (blue); magnification: 10x.

https://doi.org/10.1371/journal.ppat.1006616.g003
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BecauseHIF-1�� isupregulatedduring thedifferentiationof monocytesto macrophages
[35], wewereintriguedto knowwhetherHIF-1�� wouldplayarole in resistance/susceptibility
to infectionif wekeptM-CSFin themediumduring infectionwith �. 	
�
���� to allowdiffer-
entiationinto macrophages.Surprisingly,weobservedahighlysignificantreductionin the
percentageof Ly6Chi cellsharboringparasitesin HIF-1��-deficientmonocytes(Fig7FandS7A
Fig),independentlywhethertheywerepulsedor not with IFN�
.Similarresultswereobtained
whenweanalyzedtherateof infectionin Ly6Clo/int monocytes(Fig7GandS7BFig).Because
���������� amastigotessurvivalin macrophagesisnot impairedin theabsenceof HIF-1�� [5,
36],thissuggeststhatHIF-1�� mainly increasesthesusceptibilityto infectionof 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
Wepreviouslyshowedthat �. 	
�
���� inducestheproliferationof myeloid-biasedhemato-
poieticstemprogenitorcell(HSPCs)in thebonemarrow,andthat this infection-induced
changein hematopoiesiscouldpromoteparasiteexpansion[37]. Furthermore,our myeloid
cellsresembledMDSCandMDSCarederivedfrom themyeloidlineageandarearesultof
alteredhematopoiesisduring canceror chronicinfections.Wethereforeinvestigatedthestate

Fig 4. L. donova ni amastigo tes strongly induce iNOS product ion in HIF-1�.-def icient BMM. Macrophages were derived for six days
from the bone marrow of na�wveHifflox/flox-Cd11c-Cre+ and Cre- mice. Cells were then activated with IFN�� or IL-4, or infected L. donovani.
Polarization and infection were monitored for 24h. (A) Representative FACS plot for macrophages expressing CD38+ (left panels) and
iNOS+ (right panels) in Hif-1�.flox/floxCd11c-cre- (WT) and Cre+ (KO) mice. Frequency of (B) CD38+ and (C) iNOS+ in different polarization
conditions and following infection. (DÐI) Real-time PCR analysis of mRNA expression levels in in vitro polarized and infected BMM. (D)
Arg1, (E) Fizz1, (F) Il10, (G) Hif1�., (H) Pgk1 and (I) Glut1. All data represent mean �“ SEM, n = 3. � denotes p��0.05, �� denotes p��0.01,
and ��� denotes p��0.001.

https://doi.org/10.1371/journal.ppat.1006616.g004

Fig 5. HIF-1�. govern s glucose metabolism in L. donovan i infected splenocyt es. Hifflox/flox-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+ Ly6Chi monocytes.
(F) Frequency of CD11bhiLy6C+ splenocytes expressing IFN��R. All data represent mean �“ SEM of one of 4
independent experiments, n = 4. � denotes p��0.05, �� denotes p��0.01, and ��� denotes p��0.001

https://doi.org/10.1371/journal.ppat.1006616.g005
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of myeloidprogenitorsin thebonemarrowof �. 	
�
���� �
� � and�
� � mice.Steadystatebone
marrowmyeloidprogenitorsweregatedasnegativefor all lineagemarkers,positivefor c-kit and
negativefor Sca-1;theywerethensubdividedaccordingto theexpressionof CD41,CD150,
CD16/32to definegranulocyte-monocyteprogenitors(GMP)asCD16/32hi CD150- cells(Fig8A,
left panels).Interestingly,alongwith theincreasein HSPCsexpansion,wedetectedashift in Sca-1
expressionon HSPCs(Fig8A,right panels).In orderto includeemergencyGMPs,knownasSca-
1+ GMPs[38],GMPswereidentifiedasSca-1+/-Lin-c-Kit+CD16/32hiCD150- CD41- (Fig8A,right
panels).In agreementwith our observationsin thespleen,HIF-1�� conditionalknockoutmice
hadahigherfrequencyandnumbersof GMPs(Fig8B)atday28and35p.i.Thiswasparalleled
byasignificantlyenhancedoutputof granulocytesatd35p.i. (Fig8C)andLy6Chi monocytes(Fig
8D) atday28and35p.i.No differenceswereobservedfor theLy6Clo/- monocytes(Fig8E).It is
important to notethat thegranulocyteandmonocyteoutputdoesnot increaseduring thefirst 3
weeksof �. 	
�
���� infection,suggestingthat thebonemarrow,like thespleen,doesnot majorly
reactto theinfectionduring theacutephase.Furthermore,theabsenceof differencein thebone
marrowwasexpectedastheprogenitorcellswereHIF-1�� sufficient(no CD11cexpression).

To assesspossibledifferencesin thecapacityto exit thebonemarrowbetweenmonocytes
from ��� ��
����
� -�	�����
� � and�
� � mice,wemonitoredCCR2andCXCR4expression.No
differenceswerefoundbetweenbothgroupsof mice(Fig8Fand8G).Whenwemonitoredthe
surfaceexpressionof Sca-1andMHCII, wecouldfind asignificantdifferencein termsof per-
centageof Sca-1expressionatd28p.i. in infected�
� � comparedto �
� � mice(Fig8H). A simi-
lar resultwasobtainedwhenweassessedMHCII expression(Fig8I), suggestingthat the
inflammatorystimuli receivedbyLy6Chi monocytesweresimilar in bothgroupsof mice.To
note,Sca-1expressionincreasedatd21p.i. to peakatd28p.i.andgraduallydecreasedthereafter
(Fig8H), showingadifferentexpressionkineticsthanon splenicLy6Chi monocytes(Fig2H).

HIF-1�. expression in CD11c+ cells exacerbates infection in the bone
marrow
HIF-1�� CD11c-conditionalknockoutsarehighly resistantto �. 	
�
���� infectionin the
spleen([5] andS1Fig),but thehepaticparasitesnumberdoesnot significantlydiffer from

Fig 6. HIF-1�. enhances the inhibito ry functions of myeloid cells during chronic VL. Na�wveCD4 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��0.05 and �� denotes p��0.01.

https://doi.org/10.1371/journal.ppat.1006616.g006
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thatof thecontrol mice[5]. Hence,wewerecuriousto assesstheparasiteburdenin thebone
marrowof our HIF-1�� conditionalknockouts.In agreementwith theliterature[39], we
observedadramaticincreasein thenumberof parasiteafter3 weeksof infectionin the�
� �

control group(Fig9).Theparasiteburdenpeakedatd28p.i. in �
� � miceaswell,but to a
lesserextent.Indeed,weobservedmorethan50%reductionin conditionalknockoutmice,
suggestingthatHIF-1�� expressionin CD11c+ cellsisdetrimentalto theoutcomeof �. 	
�
�
���� infectionin thebonemarrowaswell.

Discussion
Thehematopoieticsystemrapidly increasesmyeloidcelloutput to fight pathogens.Emer-
gencymyelopoiesisalsooccursduring visceralleishmaniasis[37]. Our studyshowsthat
emergencymyelopiesisin thecontextof VL resultsin thegenerationof regulatorymono-
cytesthataremorepermissiveto ���������� parasites.Moreover,myeloidcellsacquirean
MDSC-likephenotypein thespleenanddisplayHIF-1��-dependentT cell inhibitory func-
tions.HIF-1�� alsodrovethepolarizationtowardsM2-like macrophagesandrenderedin-
termediatestagemonocytesmoresusceptibleto �. 	
�
���� infection.Our resultssuggest
thatHIF-1�� largelycontributesto theestablishmentof chronic���������� infectionby
enhancingimmunosuppressivefunctionsandloweringleishmanicidalcapacityof myeloid
cells.

During experimentalVL, myeloidcellgenerationisenhancedin thebonemarrowbyapar-
asite-inducedboostin GM-CSFproduction[40]; extramedullarymyelopoiesisin thespleenis
alsodramaticallyincreased[39]. Weobservedasignificantincreasein GMPsin thebonemar-
row,whichmainly resultedin aselectiveenhancedoutputof Ly6Chi monocytes(seealso[37]).
Interestingly,inflammatorymonocytesstartedupregulatingSca-1andMHCII, two markers
associatedwith regulatorymonocytes[23], atday21afterinfection.In �. 	
�
���� infected
mice,CD4+ Th1responsestypicallypeakbetweenday21and28of infection.Hence,it ispos-
siblethatTh1cellsprimeLy6Chi monocytesfor regulatoryfunctionsin thebonemarrow.It is
not surprising,thus,that IFN�
-primedmonocytesaremorepermissiveto in vitro �. 	
�
����
infection.Acquisitionof regulatoryfunctionswasnot dependenton HIF-1��, since��� ��
����
� ±
�������
� - monocytesshowedasimilar infectionrateto �
� � cells.HIF-dependentinhibitory
functionswerefirst acquiredduring differentiationinto macrophages.Adaptationto hypoxia
in humanmonocyteswasshownto begovernedbyNF�[B1andnot HIF-1�� [41]. However,
during thedifferentiationtowardsmacrophages,HIF-1�� translocatesfrom thecytosolto the
nucleus,changingthereforetheadaptationmechanismto hypoxicconditions[41]. Thismay
alsoapplyto IFN�
-primedmousemonocytes.Hence,���������� inducesanincreasedoutput
of inflammatorymonocytesin thebonemarrowthatacquireHIF-1��-independentregulatory
functionsprior to egressandrepresentthereforeªsafetargetsºfor theparasite,aspostulatedby
anearlystudybyMirkovich etal.[13].

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�wveHifflox/flox-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 Ly6Chi (A) and Ly6Clo/int (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 Ly6Chi

(D) and Ly6Clo/int (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 Ly6Chi and (G) Ly6Clo/int monocytes infected with L. donovani. All data represent mean �“ SEM of
one of 2 independent experiments, n = 3. � denotes p��0.05, �� denotes p��0.01, and ��� denotes p��0.001

https://doi.org/10.1371/journal.ppat.1006616.g007
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Increasedrateof medullaryor extramedullarymyelopoiesisoftenleadsto theinduction of
MDSC.MDSCareaheterogeneouspopulationof variousintermediatestagesof myeloidcell
differentiationthatarebestdefinedby their characteristicT cell-inhibitory activity.Basedon
thecurrentclassification[24], themajority of our splenicCD11b+ cellswerephenotypically
similar to Mo-MDSCandPMN-MDSCfor theLy6GhiLy6C+ neutrophils.Mo-MDSC-like
markerswereexpressedbymostof theLy6Chi andLy6Clo/int monocytes,suggestingthat these
two splenicpopulationsrepresentamixtureof variousintermediatedifferentiationstages.
MDSChavebeenbeststudiedin thecontextof cancer,wheretheyareknownto inhibit T cell
proliferationand/or function [24,42,43].Recentliterature,however,highlightstheir role in
parasiticdiseasesaswell [44]. ������
�
�
�	�� �
����
��, for instance,inducesMDSCcapable
of suppressingTh2cellproliferationandIL-4 secretion,promotingthereforechronicinfection
[45]. In contrast,during experimental�. ���

 infection,MDSCappearto berequiredfor pro-
tectiveimmunity evenif theyinhibit Th1cellproliferation[46]; surprisingly,in thismodel,
MDSCeffectorfunctionsseemto bemouse-strainspecific[47]. Our resultsindicatethat

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. Hifflox/flox-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), Ly6Chi monocytes(D), Ly6Clo/int monocytes (E) in the bone marrow of infected mice. (F-G) Percentage of CCR2+ (F)
and CXCR4+ (G) Ly6Chi monocytes in the bone marrow. (H) Percentage of Sca-1+ Ly6Chi monocytes in the bone marrow. (I) Percentage of
MHCII+ Ly6Chi monocytes in the bone marrow. All data represent mean �“ SEM of one of 4 independent experiments, n = 4. � denotes p��0.05.

https://doi.org/10.1371/journal.ppat.1006616.g008

Fig 9. HIF-1�. expressio n in CD11c+ cells exacerbat es infection in the bone marrow. Hifflox/flox-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. � denotes p��0.05 and
�� denotes p��0.01.

https://doi.org/10.1371/journal.ppat.1006616.g009
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myeloidcellspurified from �. 	
�
���� infectedmiceatday28postinfectionareratherinhibi-
tory. Indeed,theyareableto significantlyreduceIFN�
 productionof anti CD3/CD28-stimu-
latedCD4T cells.Interestingly,cellspurified atday14postinfection,beforetheyacquirea
MDSC-likephenotype,didn't displayanysuppressiveeffect.At this time point of infection,
micehavenot yetdevelopedseveresplenomegaly,thesplenicarchitectureisstill intact [48],
andHIF-1�� expressionin myeloidcellis verylow (S2AandS2BFig).Thissuggeststhat the
splenicenvironmentfurther shapesmyeloidcell'sfunction to acquireinhibitory competence
during thechronicphaseof infection.

Suppressionof Th1cellswasdependentuponHIF-1�� expression.In fact,HIF-1��-deficient
MDSConly displayedminor inhibitory functionsevenwhenpurified from chronically
infectedmice.HIF-1�� isknown to enhanceMDSCdifferentiationandeffectorfunctionsin
tumor immunology[4, 49].MDSCmediatesuppressionthroughvariousmechanisms,suchas
upregulationof PD-L1,induction of IL-10,secretionof NO or ROS,or increasedarginase
activity[24]. In our model,wedo not knowwhatis responsiblefor suppressingTh1responses.
NO hasbeenreportedto inhibit T cellproliferationduring �. ���

 and�. �
����
�� infec-
tions.In our case,HIF-1��-deficientMDSC-likecellsexpressedhigher��
� mRNA levelsthan
HIF-1��-sufficient,yettheir inhibitory functionsaresignificantlyattenuated.Moreover,we
didn't seeasubstantialdifferencein IL-10expressionbetween�
� � and�
� � cells,suggesting
that IL-10 maynot playamajor role.However,arginaseexpressionwasdownregulatedin
HIF-1��-deficientmyeloidcellscomparedto their HIF-1��-sufficientcounterpart.In human
cutaneousleishmaniasis,increasedarginaseactivityhasbeenassociatedto chronicinfections
[50,51];in thesestudies,neutrophilsweretheenzyme'smainsource.Moreover,parasite-
derivedarginasewasreportedto contributeto theregulationof CD4T cellexhaustionduring
experimental�. ���

 infection[52]. It is thuspossiblethatarginasemayplayarole in our
modelaswell.Furtherinvestigationsareneededto characterizethemechanismof suppression
of MDSC-likemyeloidcellsin experimentalVL.

Myeloidcellsduring �. 	
�
���� infectionnot only possessinhibitory capacities,but have
alsoapropensityto bemorepermissiveto �. 	
�
���� infection.Indeed,wefoundelevated
mRNA levelsfor markerstypicallyassociatedwith theM2 macrophagephenotype,which is
unableto kill theparasite[33]. Interestingly,HIF-1�� conditionalknockoutsexpressedsignifi-
cantlylowermRNA for M2-like markersduring chronicexperimentalVL, suggestingthat
HIF-1�� playsamajor role in theinduction of aM2-like phenotype.In aLewislungcarcinoma
model,polarizationof tumor associatedmacrophagestowardsanM2-like phenotypewas
dependenton HIF-1�� inducedby tumor-derivedlacticacid,aby-productof glycolysis[3]. In
our model,splenocytesfrom infected��� ��
����
� -�	�����
� - miceshowedsignificantlyhigher
intracellularlactateconcentrationscomparedto �
� � mice.It is thuspossiblethat lactatecon-
tributesto HIF-1�� stabilizationin our modelaswell.Wealsonoticedalowerglucoseconcen-
tration in HIF-1��-deficientsplenocytes.Thismayreflectahighermetabolicactivityor a
decreasedcapacityto import glucoseinto thecell,sinceHIF-1�� inducestheglucosetrans-
porterGlut-1expression[53].

Althoughour resultsarein agreementwith Colegioetal [3], othergroupshaveshownthat
HIF-1�� promotesNOS2in myeloidcells[28±30,36]andisassociatedwith M1-like macro-
phages.Thisdiscrepancymaybeareflectionof theenvironmentandthestimuli responsible
for thestabilizationof HIF-1�� within thecells.In someinfectionmodelsor in vitro experi-
ments,HIF-1�� appearsto bemainlyexpressedbyM1-like macrophagesandto promotepath-
ogenclearance[28,30,36,54];while in modelsof chronicinflammation,HIF-1�� hasamore
immunosuppressiverole [3, 49].Undernormoxicconditions,this transcriptionfactorcanbe
inducedby inflammatorycytokines,TLRagonists,or directlybypathogens[55,56] [8, 29,57,
58].In contrast,chronicallyinflamedtissuesaregenerallyhypoxic,acidic,hypoglycemic,and
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full of freeoxygenradicals[59,60].Thus,dependingon themodel,HIF-1�� stabilizationoccurs
throughverydifferentpathwaysandthiscouldleadto differentoutcomes.In our model,ex-
vivopurified myeloidcellsexpressedhigheriNOSmRNA levelsin theabsenceof HIF-1��.
Thiswasnot dueto acompensatoryupregulationof HIF-2��, whichwasonly transiently
higheratd14p.i. in HIF-1��-deficientmyeloidcells(S8Fig).Theseresultswereconfirmed
usingin vitro infectionof BMM. Indeed,�. 	
�
���� stronglyinducediNOSin HIF-1�� defi-
cientBMM, suggestingthat thisenzyme'sregulationin BMM maybemanipulatedby thepar-
asiteandthatHIF-1�� issomehowinvolved.However,theinterpretationof theseresultscould
betaintedby thefactthatsomecellsmayescaperecombinationandthat theinteractionof
HIF-1�� + andHIF-1��- cellsmayplayarole in thetotal iNOSinduction.Furtherinvestigations
aredefinitelywarrantedto betterunderstandiNOSregulationin �. 	
�
���� infectedmono-
cytes/macrophagesandtheroleHIF-1�� mayhavein thisprocess.

DespitethefactthatHIF-1�� is involvedin promotingendothelialcellproliferation[61] and
Ly6Chi monocytescontributeto redpulp vasculatureremodelling[62], this transcriptionfac-
tor doesn'tseemto bethemajorplayerin tissueneovascularizationandsplenomegalyin
experimentalVL. Indeed,CD11c-HIF-1��conditionalknockoutandHIF-sufficientanimals
developedsimilar levelsof splenomegalyandmyeloidcellsfrom bothgroupof miceexpressed
similar levelsof vascularendothelialgrowthfactor(VGEF)mRNA.

To conclude,our resultsdemonstratethatemergencymyelopoiesisfollowing �. 	
�
����
infectionresultsin theoutputof monocytesprimedin thebonemarrowto acquireregulatory
functionsin aHIF-1��-independentmanner.Oncemonocytesreachthespleenandstartdiffer-
entiatinginto macrophagesor dendriticcells,thechronicallyinflamedsplenicenvironment
inducesthestabilizationof HIF-1��, which is thentakingcontrol overtheir functions.HIF-1��
is responsiblefor theacquisitionof MDSC-likefunctionsbymyeloidcells,andfor lowering
their leishmanicidalcapacity.Becausemyeloidcellcanalsobeproducedlocallyin thespleen,
it wouldbeinterestingto comparethefunction of bonemarrowandsplenic-derivedmono-
cytes.Finally,our studydemonstrateshow�. 	
�
���� exploitsaphysiologicalresponseto
hypoxiato establishpersistentinfection.

Material and methods

Mice and parasites
C57BL/6- �!" ��#�$%&� '��(
� micewerepurchasedfrom TheJacksonLaboratory.Condi-
tional ������� knock-outin CD11c+ cellsweregeneratedaspreviouslydescribed[5]. All mice
werehousedat theINRSanimalfacility underspecificpathogen-freeconditionsandusedat
6±10weeksof age.

���������� 	
�
���� (strainLV9) wasmaintainedbyserialpassagein B6.129S7-$���'��(
�

mice,andamastigoteswereisolatedfrom thespleensof infectedanimals.������� �	�����
� �

miceandtheir littermates������ flox/flox-�	�����
� � wereinfectedby injecting2�107 amastigotes
intravenouslyviathelateraltail vein.Splenicparasiteburdensweredeterminedbyexamining
methanol-fixed,Giemsastainedtissueimpressionsmears[5]. Bonemarrowparasiteburden
werecalculatedby limiting dilutions [5]. Dataarepresentedasnumberof parasitespresentin
thebonemarrowof onefemurandonetibia or asLeishmanDonovanUnits (LDU).

Ethics statement
Experimentswerecarriedout underprotocolsapprovedby theComiteÂInstitutioneldeProtec-
tion desAnimauxof theINRS-InstitutArmand-Frappier(1602±02,1510±02).Theseprotocols
respectprocedureson goodanimalpracticeprovidedby theCanadianCouncilon animal
care.
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Flow cytometry
Myeloidcellresponsesin infectedmicewereanalyzedby flow cytometry.Fcreceptorswere
blockedbyaddingsupernatantof 2.4G2±producinghybridomasfor 5 min at4ÊCto blockto
thehomogenizedsplenocytes.Cellswerethenwashedwith FACSbufferandstainedwith the
followingantibodies:anti-MHCII FITC conjugated,anti-CD11c-APC(BD Biosciences),anti-
CD11bPacificBlue(PB),anti-Ly6C-Percp,anti-Ly6G-PE(Biolegend),anti-F4/80-PE-Cy7
(eBioscience),anti-IFN�
R(eBioscience),andanti-CCR2-AlexaFluor700(R&D Systems).The
bonemarrow(BM) washarvestedby flushingtibiasandfemursfrom thehind limbsin phos-
phate-bufferedsaline(PBS).Cellswerepassedthrough25-gaugeneedlesto obtainsinglecell
suspensions.Singlecellsuspensionswerepreparedin PBScontaining0.1%bovineserumalbu-
min (BSA)and0.5mMethylene-diamine-tetra-aceticacid(EDTA). To analyzeadultBM pro-
genitorcellpopulations,biotin-conjugatedanti-lineagemAbsanti-CD3e(145-2C11),anti-
CD11b(M1/70),anti-CD45/B220(RA3-6B2),anti-Gr1(RB6-8C5),andanti-Ter119wereused
asthelineagemix. Forsecondarydetectionstreptavidinconjugatedto Brilliant Violet-500was
used.Thehematopoieticstemprogenitorcell(HSPC)populationwasanalyzedbystaining
with PEanti-CD117(c-Kit, 2B8;BD-Biosciences)andPE-Cy7anti-Sca-1(Ly6A/E,D7;
BD-Biosciences)in addition to thelineagemix. Granulocyte-monocyteprogenitorGMPs,
weredeterminedbystainingwith PEanti-CD41(eBioscience),PerCP-Cy5.5anti-CD16-32
(Biolegend)andAlexa-Fluor647anti-CD150(TC15,BD Biosciences.300,000eventswere
acquiredon aBD LSRFortessaTM cellanalyzer(BectonDickinson);analysiswasperformed
usingtheFlowJoand/orFACSDivasoftware.

Theexpressionof TotalReactiveOxygenSpecies(ROS)from infectedmicewasassessed
usingthe(ROS)AssayKit 520nm kit (eBiosciences)followingmanufacturer'sinstructions
(cataloguenumber,88-5930-74).In orderto characterizeROSproductionin myeloidcellsub-
populations,theantibodiespreviouslydescribedwereaddedafterfixation with 2%parafor-
maldehyde(PFA).Cellswereacquiredwith aBD LSRFortessaTM cellanalyzer(Becton
Dickinson).

Detectionof hypoxiain thespleenof infectedandna�vemicewasperformedusingthe
Hypoxyprobe-RedAPCkit (HypoxyprobeInc.,Burlington,MA) followingmanufacturer's
instructions.Cellswereacquiredwith aBD LSRFortessaTM cellanalyzer(BectonDickinson).

Real-time PCR analysis
Real-timePCR(Stratagenemx3005pRealtime PCRSystem)wasusedto analyzetranscripts
levelsof HIF-1��, HPRT[5], TNF [63], Arg1,Fizz1,Mgl1,Mgl2 [3], andiNOS[64]. TotalRNA
wasisolatedusingRNeasy(Qiagen)to performreal-timeRT-PCR.cDNA waspreparedusing
500ngof totalRNA usingHigh capacitycDNA ReverseTranscriptionkit (Bio Rad).Realtime
PCRwasperformedusingstandardcycleof amplification.Primersusedto determinetherela-
tivegenefold expressionbyquantitativePCR(qPCR)areshownin Table1.

In vitro bone marrow derived macrophage polarization and L. donovani
infection
Macrophageswerederivedfrom thebonemarrowof na�vemicein IMEM medium(Life
Technologies)supplementedwith 10%FBS,pen/strept,L-glutamine,and15%L929cell-con-
ditionedmediumasasourceof colony-stimulatingfactor-1(CSF-1).Cellswerethenleft for
6daysat37ÊCin a5%CO2 incubator.Foronesetof experiments,BMM werewashedand
resuspendedin supplementedDMEM. Cellswereclassicallyactivated(M1) with 20ng/ml of
murine IFN�
 (Peprotec),alternativelyactivated(M2) with 20ng/ml of murine IL-4 (Peprotec),
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or infectedwith �. 	
�
���� amastigotesataMOI of 1:10.BMM werethenincubatedfor 24h
andstainedwith anti-CD11b-BV421,iNOS-APC(Biolegend),andCD38-BV711(eBioscience)
or processedfor qPCRanalysis.Sampleswereacquiredon aBD LSRFortessacellanalyzer
(BectonDickinson).

Determination of lactate and glucose concentration
A million splenocytesfrom infectedmicewerewashedwith PBSandlysedwith RIPAbuffer
(Sigma,cataloguenumberR0278-50).Intracellularlactateandglucoseconcentrationswere
measuredusingrespectivelyaLactateAssayKit andGlucoseAssayKit (BioVision)asper
manufacturer'sinstructions.Sampleswerepreparedastriplicatesfor thecolorimetriclactate
assay.Theabsorbancewasmeasuredat570nm usinganxMarkTM microplateabsorbance
spectrophotometer(BioRad)immediatelyafterpreparation.

CD4+ T cells inhibition test
SplenicCD4+ T cellswereenrichedfrom na�vemiceusingmagneticcellsorting(MACS)fol-
lowingmanufacturer'sinstructions(Miltenyi Biotec).Thepurity comprisedbetween90±95%.
CD11b+ cellswerepurified usingMACSfrom spleensof infectedandna�vemicepreviously
digestedwith collagenaseD; thepurity of thesampleswas80±90%.Microtest96wellplates
(Sarstedt)werecoatedwith/without 200�l of PBScontaining1 �g/ml anti-mouseCD3(eBio-
siences)andincubatedfor 90min at37ÊC.Plateswerethenwashedtwicewith PBSandequili-
bratedfor 15min at37ÊCwith 100�l perwellof RPMI-1640medium(Life technologies),
supplementedwith 10%fetalbovineserum(FBS),pen/strepandL-glutamine.Th1polariza-
tion wasinducedasfollows:CD4+ T cellswereseededat2 � 105/well in anti-CD3-coated
96-wellplateswith anti-CD28(2 �g/ml), rIL-12 (30ng/ml), andrhIL2 (0.5�g/ml) (eBios-
ciences).CD11b+ cellsenrichedasdescribedabovewereaddedor not to thecultureata1:1
ratio.Cellswerethenincubatedat37ÊCin a5%CO2 incubatorand5 dayslaterstimulated
with phorbol12-myristate13-acetate(PMA)/ionomycin in thepresenceof BrefeldinA (BD

Table 1. Primer sequence s used in qPCR.

Primers Sequen ce

Hprt FP, 50-GTTGGATACAGGCCAGACTTTGTTG-30

RP, 50-GATTCAACCTTGCGCTCATCTTAGGC-30

Hif-1�. FP, 50-TCACCTGCTGCTATACATTCAC-30

RP, 50-TCACCTGCTGCTATACATTCAC-30

Tnf FP, 50-AGGGATGAGAAGTTCCCAAATG-30

RP, 50-GGCTTGTCACTCGAATTTTGAGA-30

Inos FP, 50-CGAAACGCTTCACTTCCAA-30

RP, 50-TGAGCCTATATTGCTGTGGCT-30

Arg-1 FP, 50-CCACAGTCTGGCAGTTGGAAG-30

RP, 50-GGTTGTCAGGGGAGTGTTGATG-30

Fizz-1 FP, 50-CCTGCTGGGATGACTGCTA-30

RP, 50-TGGGTTCTCCACCTCTTCAT-30

Mgl-1 FP, 50-CAGAATCGCTT AGCCAATGTGG-30

RP, 50-TCCCAGTCCGTGTCCGAAC-30

Hif-2�. FP, 50-GGGAACACTACACCCAGTGC-30

RP, 50-TCTTCAAGGGATTCTCCAAGG-30

Glut-1 FP, 50-CGTGCTTATGGGTTTCTCCAAA-30

RP, 50-GACACCTCCCCCACATACATG-30

IL-10 FP, 50-AGGGTTACTTGGGTTGCCAA-30

RP, 50-CACAGGGGAGAAATCGATGA-30

https://doi.org/10.1371/journal.ppat.1006616.t001
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Biosciences).Productionof IFN�
 wasanalyzedbyFACSusinganti-CD4-FITC,anti-CD3-PB,
andanti-IFNU-APC(BD-Bioscience).50,000eventswereacquiredon aBD LSRFortessacell
analyzerandanalyzedusingtheFlowJosoftware.

Monocyte differentiation and in vitro L. donovani infection
Monocyteswerederivedfrom thebonemarrowof na�vemiceunderhypoxia(2%)in IMEM
medium(Life Technologies)supplementedwith 10%FBS,pen/strept,L-glutamine,and15%
L929cell-conditionedmediumasasourceof colony-stimulatingfactor-1(CSF-1).Cellswere
thenleft for 3daysat37ÊCin ahypoxiachamber.Foronesetof experiments,differentiated
monocyteswerewashedandresuspendedin supplementedDMEM without CSF-1prior to a
2h-activationwith 100U/ml murine IFN�
 (Peprotec);for anothersetof experiments,CSF-1
wasleft in theculturefor theentiredurationof thetest.�. 	
�
���� amastigoteswerestained
with PKH67(Sigma)followingmanufacturer'sinstructionsandaddedataMOI of 1:10for 1-
24hunderhypoxiccondition.Cellswerethenstainedwith anti-CD11b-PB,Ly6C-PerCp,and
CD11c-APCacquiredon aBD LSRFortessacellanalyzer(BectonDickinson)andImage
stream(Amnis).

Western blot analysis
Totalcellproteinextractsof CD11b+ cellspurified byMACSfrom infectedandnaivemice
werepooledandlysedin RIPAbuffer(sigmaAldrich, Germany).�
� � and�
� � bonemarrow-
derivedmonocytesinfectedwith �. 	
�
���� amastigoteswerelysedasdescribedabove.Equal
amountsof protein (15�g) werefractionatedby10%SDS-PAGE.Monoclonalanti-HIF-1��
antibodyHif-1��67 (NovusBiologicals,Littleton,CO,USA)wasusedfor immunoblot assays.
Blotswerestrippedandreprobedwith apolyclonalantibodyagainst��-actin to confirm equal
protein loading[65]. Densitometricanalysiswasperformedbyspotdensitometryusing
AlphaImager3400imagingsoftware(AlphaInnotechCorporation)andnormalizedto û-actin
control.Valuesarepresentedasfold induction comparedto thelevelin naivemice.

Image stream flow cytometry
Monocytesweredifferentiated,treated,andstainedasdescribedabove.After fixation with 2%
PFAnucleuswerestainedwith 4',6-diamidino-2-pheÂnylindole(DAPI) andwashedwith PBS.
Sampleswerethenacquiredon theImageStreamXMarkII imagingcytometer(Amnis).The
analysiswasperformedusingtheIDEASsoftware(Amnis).

Immunohistochemistry
Freshlyharvestedspleensweresnapfrozenin OCT(ElectronMicrosopySciences,Hartfield,
PA,USA)andstoredat �80ÊC.Immunohistochemistrywasperformedon 8-�m frozen
sections.

Tissuesectionswerefixedin 75%acetoneand25%ethanol(v/v) for 10min at -20ÊC,rehy-
dratedin PBSfor 10min at room temperature,andincubatedfor 1 hour with 5%-BSAin PBS
supplementedwith 2.4G2supernatant(1:100).Slideswerethenincubatedovernight at4ÊC
with anti-CD11b-BV421(BD Bioscience,1:300),anti-B220-FITC(BioLegend,1:500),and
anti-CD169-A594(BioLegend,1:500).Tissuesectionswerethenwashedin PBS,mounted
with Fluoromount-G(ElectronMicroscopySciences,Hatfield,PA,USA),andanalyzedusing
aLSM780confocalmicoscope(CarlZeiss,Oberkochen,Germany).
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Statistical analysis
Statisticalanalysiswasperformedusingamulti-wayANOVA or Student'st-test(only Figs5
and6),with p<0.05consideredsignificant.All experimentswereconductedindependentlyat
leastthreetimes.

Supporting information
S1Fig. ��� ��������� -�	

���
� � and �
� � micewereinfectedwith �. 	������� amastigotes
andsacrificedat varioustime points of infection. (A) Graphrepresentsthesplenicparasite
burdenexpressedasLeishmanDonovanUnits (LDU). (B) DNGR1expressionbyconven-
tional CD11chi splenicCD4+ (upperpanel)andCD8+ (lowerpanel)DCsatd14p.i.All data
representmean� SEMof oneof 4 independentexperiments,n = 4.
(TIF)

S2Fig.Mice wereinfectedwith 2x107 LV9 amastigotesintravenously.(A) Graphrepresents
real-timePCRanalysisof HIF-1�� mRNA and(B) HIF-1�� proteinexpressionin splenic
CD11c+ cellspurified from ��� ��
����
� -�	�����
� � and�
� � miceatvarioustime pointsafter
infection.
(TIF)

S3Fig.Mice wereinfectedwith 2x107 LV9 amastigotesintravenously.RepresentativeFACS
plot for Ly6Ghi neutrophils(A) andF4/80+ cells(B) in ������� ��
����
� �	�����
� � (left panels)
and������� ��
����
� �	�����
� � mice(right panels).
(TIF)

S4Fig.Mice wereinfectedwith 2x107 LV9 amastigotesintravenously.RepresentativeFACS
plot for CCR2+ F4/80+ Ly6Chi (A) andLy6Clow/int (B) monocytesin ������� ��
����
� �	�����
� � (left
panels)and������� ��
����
� �	�����
� � mice(right panels).(C) RepresentativeFACSplot for Ly6Chi

monocyteexpressingMHCII + in ������� ��
����
� �	�����
� � (left panels)and������� ��
����
� �	����
�
� � mice(right panels).(D) RepresentativeFACSplot for surfaceexpressionof Ly6Con
CD11bhi Ly6Ghi neutrophilsin ������� ��
����
� �	�����
� � (left panels)and������� ��
����
� �	�����
� �

mice(right panels).
(TIF)

S5Fig.Micewereinfectedwith 2x107 LV9 amastigotesintravenously.(A) Representativehis-
togramsfor totalROSproductionatvarioustime pointsof infectionin ������� ��
����
� �	�����
� �

andC
� � mice.(B-C) RepresentativeFACSplotsfor ROSexpressionin Ly6Ghi neutrophils(B)
andLy6Chi monocytes(C) from ������� ��
����
� �	�����
� � (left panels)and������� ��
����
� �	����
�
� � mice(right panels).
(TIF)

S6Fig. (A) Splenocytesfrom na�veand�. 	
�
���� infectedmice(d28p.i.) werestainedwith
hypoxyprobeandanalyzedbyFACS.(B) WesternBlot analysisof HIF-1�� expressionin
infectedbonemarrow-derivedmonocytes.Monocyteswerederivedunderhypoxiafor three
daysfrom thebonemarrowof na�ve��� ��
����
� -�	�����
� � and�
� �. M-CSFwasthenremoved
from themediumandcellswereinfectedwith fluorescently-labelled�. 	
�
���� amastigotes
prior to activationor not with IFN�
. (Theinfectionwasmonitoredfor 1h,12hand24h.(A)
RepresentativeFACSplotsfor LV9+Ly6Chi (C) andLV9+ Ly6Clow/int moncoytes(D).
(TIF)

S7Fig.Monocyteswerederivedunder hypoxiafor threedaysfrom the bonemarrow of
na�ve��� ��������� -�	

���
� � and �
� �. Cellsweretheninfectedwith fluorescently-labelled�.
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�
���� amastigotesprior to activationor not with IFN�
;M-CSFwaskeptin themedium.
Theinfectionwasmonitoredfor 12and24h.RepresentativeFACSplotsfor LV9+Ly6Chi (A)
andLV9+ Ly6Clow/int moncoytes(B).
(TIF)

S8Fig.Real-timePCRanalysisof mRNA expressionlevels������ in splenicCD11c+ cells
purified from infected��� ��������� -�	

���
� � and �
� � miceat varioustime points after
infection.
(TIF)

Acknowledgmen ts
WethankDr. CathyVaillancourtfor assistancewith thehypoxiachambersandDr. Albert
Descoteauxfor critical readingof themanuscript.

Author Contributions
Conceptualization:Akil Hammami,BelmaMeldaAbidin, KristaM. Heinonen,Simona

StaÈger.

Data curation: Akil Hammami,BelmaMeldaAbidin, TaniaCharpentier,KristaM. Heino-
nen,SimonaStaÈger.

Formal analysis:Akil Hammami,BelmaMeldaAbidin, TaniaCharpentier,AymericFabieÂ,
Annie-PierDuguay.

Funding acquisition:KristaM. Heinonen,SimonaStaÈger.

Investigation:Akil Hammami,BelmaMeldaAbidin, TaniaCharpentier,AymericFabieÂ,
Annie-PierDuguay.

Methodology:Akil Hammami,BelmaMeldaAbidin, TaniaCharpentier,KristaM. Heinonen,
SimonaStaÈger.

Projectadministration: SimonaStaÈger.

Resources:KristaM. Heinonen,SimonaStaÈger.

Supervision:SimonaStaÈger.

Writing ± original draft: SimonaStaÈger.

Writing ± review& editing: Akil Hammami,KristaM. Heinonen.

References
1. Semenza GL. Hypoxia-inducible factor 1: master regulator of O2 homeostasis. Current opinion in genet-

ics & development. 1998; 8(5):588±94. Epub 1998/10/31. PMID: 9794818.

2. Semenza GL. Regulation of mammalian O2 homeostasis by hypoxia-inducible factor 1. Annual review
of cell and developmental biology. 1999; 15:551±78. Epub 1999/12/28. https://doi.org/10.1146/
annurev.cellbio.15.1.551 PMID: 10611972.

3. Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. Functional polarization of
tumour-associated macrophages by tumour-derived lactic acid. Nature. 2014; 513(7519):559±63. Epub
2014/07/22. https://doi.org/10.1038/nature13490 PMID: 25043024; PubMed Central PMCID:
PMC4301845.

4. Corzo CA, Condamine T, Lu L, Cotter MJ, Youn JI, Cheng P, et al. HIF-1alpha regulates function and
differentiation of myeloid-derived suppressor cells in the tumor microenvironment. J Exp Med. 2010;
207(11):2439±53. Epub 2010/09/30. https://doi.org/10.1084/jem.20100587 PMID: 20876310; PubMed
Central PMCID: PMC2964584.

HIF-1�. exacerbates MDSC-like inhibitory functions during infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006616 September 11, 2017 23 / 27



5. Hammami A, Charpentier T, Smans M, Stager S. IRF-5-Mediated Inflammation Limits CD8+ T Cell
Expansion by Inducing HIF-1alpha and Impairing Dendritic Cell Functions during Leishmania Infection.
PLoS Pathog. 2015; 11(6):e1004938. Epub 2015/06/06. https://doi.org/10.1371/journal.ppat.1004938
PMID: 26046638; PubMed Central PMCID: PMC4457842.

6. Degrossoli A, Arrais-Silva WW, Colhone MC, Gadelha FR, Joazeiro PP, Giorgio S. The influence of low
oxygen on macrophage response to Leishmania infection. Scand J Immunol. 2011; 74(2):165±75.
Epub 2011/04/27. https://doi.org/10.1111/j.1365-3083.2011.02566.x PMID: 21517930.

7. Mazzon M, Peters NE, Loenarz C, Krysztofinska EM, Ember SW, Ferguson BJ, et al. A mechanism for
induction of a hypoxic response by vaccinia virus. Proc Natl Acad Sci U S A. 2013; 110(30):12444±9.
Epub 2013/07/10. https://doi.org/10.1073/pnas.1302140110 PMID: 23836663; PubMed Central
PMCID: PMC3725076.

8. Spear W, Chan D, Coppens I, Johnson RS, Giaccia A, Blader IJ. The host cell transcription factor hyp-
oxia-inducible factor 1 is required for Toxoplasma gondii growth and survival at physiological oxygen
levels. Cell Microbiol. 2006; 8(2):339±52. Epub 2006/01/31. https://doi.org/10.1111/j.1462-5822.2005.
00628.x PMID: 16441443.

9. Ng S, March S, Galstian A, Hanson K, Carvalho T, Mota MM, et al. Hypoxia promotes liver-stage
malaria infection in primary human hepatocytes in vitro. Disease models & mechanisms. 2014; 7
(2):215±24. Epub 2013/12/03. https://doi.org/10.1242/dmm.013490 PMID: 24291761; PubMed Central
PMCID: PMC3917242.

10. Arango Duque G, Descoteaux A. Leishmania survival in the macrophage: where the ends justify the
means. Current opinion in microbiology. 2015; 26:32±40. Epub 2015/05/20. https://doi.org/10.1016/j.
mib.2015.04.007 PMID: 25988701.

11. Singh AK, Mukhopadhyay C, Biswas S, Singh VK, Mukhopadhyay CK. Intracellular pathogen Leish-
mania donovani activates hypoxia inducible factor-1 by dual mechanism for survival advantage within
macrophage. PLoS One. 2012; 7(6):e38489. Epub 2012/06/16. https://doi.org/10.1371/journal.pone.
0038489 PMID: 22701652; PubMed Central PMCID: PMC3373497.

12. Arena ET, Tinevez JY, Nigro G, Sansonetti PJ, Marteyn BS. The infectious hypoxia: occurrence and
causes during Shigella infection. Microbes Infect. 2017; 19(3):157±65. https://doi.org/10.1016/j.micinf.
2016.10.011 PMID: 27884799.

13. Mirkovich AM, Galelli A, Allison AC, Modabber FZ. Increased myelopoiesis during Leishmania major
infection in mice: generation of 'safe targets', a possible way to evade the effector immune mechanism.
Clinical and experimental immunology. 1986; 64(1):1±7. Epub 1986/04/01. PMID: 3488146; PubMed
Central PMCID: PMC1542165.

14. Passos S, Carvalho LP, Costa RS, Campos TM, Novais FO, Magalhaes A, et al. Intermediate mono-
cytes contribute to pathologic immune response in Leishmania braziliensis infections. The Journal of
infectious diseases. 2015; 211(2):274±82. Epub 2014/08/21. https://doi.org/10.1093/infdis/jiu439
PMID: 25139016; PubMed Central PMCID: PMC4334833.

15. Vijayamahantesh, Amit A, Kumar S, Dikhit MR, Jha PK, Singh AK, et al. Up regulation of A2B adenosine
receptor on monocytes are crucially required for immune pathogenicity in Indian patients exposed to
Leishmania donovani. Cytokine. 2016; 79:38±44. Epub 2016/01/10. https://doi.org/10.1016/j.cyto.2015.
12.016 PMID: 26748211.

16. Leon B, Lopez-Bravo M, Ardavin C. Monocyte-derived dendritic cells formed at the infection site control
the induction of protective T helper 1 responses against Leishmania. Immunity. 2007; 26(4):519±31.
Epub 2007/04/07. https://doi.org/10.1016/j.immuni.2007.01.017 PMID: 17412618.

17. Goncalves R, Zhang X, Cohen H, Debrabant A, Mosser DM. Platelet activation attracts a subpopulation
of effector monocytes to sites of Leishmania major infection. J Exp Med. 2011; 208(6):1253±65. Epub
2011/05/25. https://doi.org/10.1084/jem.20101751 PMID: 21606505; PubMed Central PMCID:
PMC3173254.

18. Novais FO, Nguyen BT, Beiting DP, Carvalho LP, Glennie ND, Passos S, et al. Human classical mono-
cytes control the intracellular stage of Leishmania braziliensis by reactive oxygen species. The Journal
of infectious diseases. 2014; 209(8):1288±96. Epub 2014/01/10. https://doi.org/10.1093/infdis/jiu013
PMID: 24403561; PubMed Central PMCID: PMC3969552.

19. Abram CL, Roberge GL, Hu Y, Lowell CA. Comparative analysis of the efficiency and specificity of mye-
loid-Cre deleting strains using ROSA-EYFP reporter mice. Journal of immunological methods. 2014;
408:89±100. https://doi.org/10.1016/j.jim.2014.05.009 PMID: 24857755; PubMed Central PMCID:
PMCPMC4105345.

20. Joshi T, Rodriguez S, Perovic V, Cockburn IA, Stager S. B7-H1 blockade increases survival of dysfunc-
tional CD8(+) T cells and confers protection against Leishmania donovani infections. PLoS Pathog.
2009; 5(5):e1000431. https://doi.org/10.1371/journal.ppat.1000431 PMID: 19436710.

HIF-1�. exacerbates MDSC-like inhibitory functions during infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006616 September 11, 2017 24 / 27



21. den Haan JM, Lehar SM, Bevan MJ. CD8(+) but not CD8(-) dendritic cells cross-prime cytotoxic T cells
in vivo. J Exp Med. 2000; 192(12):1685±96. PMID: 11120766; PubMed Central PMCID:
PMCPMC2213493.

22. Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton SE, et al. Genetic tracing via
DNGR-1 expression history defines dendritic cells as a hematopoietic lineage. Cell. 2013; 154(4):843±
58. https://doi.org/10.1016/j.cell.2013.07.014 PMID: 23953115.

23. Askenase MH, Han SJ, Byrd AL, Morais da Fonseca D, Bouladoux N, Wilhelm C, et al. Bone-Marrow-
Resident NK Cells Prime Monocytes for Regulatory Function during Infection. Immunity. 2015; 42
(6):1130±42. Epub 2015/06/14. https://doi.org/10.1016/j.immuni.2015.05.011 PMID: 26070484;
PubMed Central PMCID: PMC4472558.

24. Bronte V, Brandau S, Chen SH, Colombo MP, Frey AB, Greten TF, et al. Recommendations for mye-
loid-derived suppressor cell nomenclature and characterization standards. Nature communications.
2016; 7:12150. Epub 2016/07/07. https://doi.org/10.1038/ncomms12150 PMID: 27381735; PubMed
Central PMCID: PMC4935811.

25. Engwerda CR, Ato M, Cotterell SE, Mynott TL, Tschannerl A, Gorak-Stolinska PM, et al. A role for
tumor necrosis factor-alpha in remodeling the splenic marginal zone during Leishmania donovani infec-
tion. Am J Pathol. 2002; 161(2):429±37. Epub 2002/08/07. PMID: 12163368; PubMed Central PMCID:
PMC1850733.

26. Engwerda CR, Ato M, Kaye PM. Macrophages, pathology and parasite persistence in experimental vis-
ceral leishmaniasis. Trends in parasitology. 2004; 20(11):524±30. https://doi.org/10.1016/j.pt.2004.08.
009 PMID: 15471704.

27. Smelt SC, Engwerda CR, McCrossen M, Kaye PM. Destruction of follicular dendritic cells during chronic
visceral leishmaniasis. J Immunol. 1997; 158(8):3813±21. Epub 1997/04/15. PMID: 9103448.

28. Braverman J, Sogi KM, Benjamin D, Nomura DK, Stanley SA. HIF-1alpha Is an Essential Mediator of
IFN-gamma-Dependent Immunity to Mycobacterium tuberculosis. J Immunol. 2016; 197(4):1287±97.
https://doi.org/10.4049/jimmunol.1600266 PMID: 27430718; PubMed Central PMCID:
PMCPMC4976004.

29. Peyssonnaux C, Datta V, Cramer T, Doedens A, Theodorakis EA, Gallo RL, et al. HIF-1alpha expres-
sion regulates the bactericidal capacity of phagocytes. The Journal of clinical investigation. 2005; 115
(7):1806±15. Epub 2005/07/12. https://doi.org/10.1172/JCI23865 PMID: 16007254; PubMed Central
PMCID: PMC1159132.

30. Takeda N, O'Dea EL, Doedens A, Kim JW, Weidemann A, Stockmann C, et al. Differential activation
and antagonistic function of HIF-{alpha} isoforms in macrophages are essential for NO homeostasis.
Genes & development. 2010; 24(5):491±501. https://doi.org/10.1101/gad.1881410 PMID: 20194441;
PubMed Central PMCID: PMCPMC2827844.

31. Galvan-Pena S, O'Neill LA. Metabolic reprograming in macrophage polarization. Frontiers in immunol-
ogy. 2014; 5:420. Epub 2014/09/18. https://doi.org/10.3389/fimmu.2014.00420 PMID: 25228902;
PubMed Central PMCID: PMC4151090.

32. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and quiescence. Immunity. 2013;
38(4):633±43. Epub 2013/04/23. https://doi.org/10.1016/j.immuni.2013.04.005 PMID: 23601682;
PubMed Central PMCID: PMC3654249.

33. Holscher C, Arendse B, Schwegmann A, Myburgh E, Brombacher F. Impairment of alternative macro-
phage activation delays cutaneous leishmaniasis in nonhealing BALB/c mice. J Immunol. 2006; 176
(2):1115±21. Epub 2006/01/06. PMID: 16394000.

34. Spencer JA, Ferraro F, Roussakis E, Klein A, Wu J, Runnels JM, et al. Direct measurement of local oxy-
gen concentration in the bone marrow of live animals. Nature. 2014; 508(7495):269±73. Epub 2014/03/
05. https://doi.org/10.1038/nature13034 PMID: 24590072; PubMed Central PMCID: PMC3984353.

35. Oda T, Hirota K, Nishi K, Takabuchi S, Oda S, Yamada H, et al. Activation of hypoxia-inducible factor 1
during macrophage differentiation. American journal of physiology Cell physiology. 2006; 291(1):C104±
13. Epub 2006/02/17. https://doi.org/10.1152/ajpcell.00614.2005 PMID: 16481368.

36. Schatz V, Strussmann Y, Mahnke A, Schley G, Waldner M, Ritter U, et al. Myeloid Cell-Derived HIF-
1alpha Promotes Control of Leishmania major. J Immunol. 2016; 197(10):4034±41. https://doi.org/10.
4049/jimmunol.1601080 PMID: 27798163.

37. Abidin BM, Hammami A, Stager S, Heinonen KM. Infection-adapted emergency hematopoiesis pro-
motes visceral leishmaniasis. PLoS Pathog. 2017; 13(8):e1006422. https://doi.org/10.1371/journal.
ppat.1006422 PMID: 28787450.

38. Buechler MB, Teal TH, Elkon KB, Hamerman JA. Cutting edge: Type I IFN drives emergency myelopoi-
esis and peripheral myeloid expansion during chronic TLR7 signaling. J Immunol. 2013; 190(3):886±
91. Epub 2013/01/11. https://doi.org/10.4049/jimmunol.1202739 PMID: 23303674; PubMed Central
PMCID: PMC3552021.

HIF-1�. exacerbates MDSC-like inhibitory functions during infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006616 September 11, 2017 25 / 27



39. Cotterell SE, Engwerda CR, Kaye PM. Enhanced hematopoietic activity accompanies parasite expan-
sion in the spleen and bone marrow of mice infected with Leishmania donovani. Infect Immun. 2000; 68
(4):1840±8. Epub 2000/03/18. PMID: 10722572; PubMed Central PMCID: PMC97356.

40. Cotterell SE, Engwerda CR, Kaye PM. Leishmania donovani infection of bone marrow stromal macro-
phages selectively enhances myelopoiesis, by a mechanism involving GM-CSF and TNF-alpha. Blood.
2000; 95(5):1642±51. Epub 2000/02/26. PMID: 10688819.

41. Fangradt M, Hahne M, Gaber T, Strehl C, Rauch R, Hoff P, et al. Human monocytes and macrophages
differ in their mechanisms of adaptation to hypoxia. Arthritis research & therapy. 2012; 14(4):R181.
Epub 2012/08/09. https://doi.org/10.1186/ar4011 PMID: 22870988; PubMed Central PMCID:
PMC3580576.

42. Parker KH, Beury DW, Ostrand-Rosenberg S. Myeloid-Derived Suppressor Cells: Critical Cells Driving
Immune Suppression in the Tumor Microenvironment. Advances in cancer research. 2015; 128:95±
139. Epub 2015/07/29. https://doi.org/10.1016/bs.acr.2015.04.002 PMID: 26216631; PubMed Central
PMCID: PMC4662416.

43. Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in the tumor microenvironment: expect the
unexpected. The Journal of clinical investigation. 2015; 125(9):3356±64. Epub 2015/07/15. https://doi.
org/10.1172/JCI80005 PMID: 26168215; PubMed Central PMCID: PMC4588239.

44. Van Ginderachter JA, Beschin A, De Baetselier P, Raes G. Myeloid-derived suppressor cells in parasitic
infections. Eur J Immunol. 2010; 40(11):2976±85. Epub 2010/11/10. https://doi.org/10.1002/eji.
201040911 PMID: 21061431.

45. Valanparambil RM, Tam M, Jardim A, Geary TG, Stevenson MM. Primary Heligmosomoides polygyrus
bakeri infection induces myeloid-derived suppressor cells that suppress CD4+ Th2 responses and pro-
mote chronic infection. Mucosal immunology. 2016. Epub 2016/04/14. https://doi.org/10.1038/mi.2016.
36 PMID: 27072608.

46. Pereira WF, Ribeiro-Gomes FL, Guillermo LV, Vellozo NS, Montalvao F, Dosreis GA, et al. Myeloid-
derived suppressor cells help protective immunity to Leishmania major infection despite suppressed T
cell responses. J Leukoc Biol. 2011; 90(6):1191±7. Epub 2011/09/22. https://doi.org/10.1189/jlb.
1110608 PMID: 21934068.

47. Schmid M, Zimara N, Wege AK, Ritter U. Myeloid-derived suppressor cell functionality and interaction
with Leishmania major parasites differ in C57BL/6 and BALB/c mice. Eur J Immunol. 2014; 44
(11):3295±306. Epub 2014/08/22. https://doi.org/10.1002/eji.201344335 PMID: 25142017.

48. Kaye PM, Svensson M, Ato M, Maroof A, Polley R, Stager S, et al. The immunopathology of experimen-
tal visceral leishmaniasis. Immunol Rev. 2004; 201:239±53. Epub 2004/09/14. https://doi.org/10.1111/j.
0105-2896.2004.00188.x PMID: 15361245.

49. Doedens AL, Stockmann C, Rubinstein MP, Liao D, Zhang N, DeNardo DG, et al. Macrophage expres-
sion of hypoxia-inducible factor-1 alpha suppresses T-cell function and promotes tumor progression.
Cancer research. 2010; 70(19):7465±75. Epub 2010/09/16. https://doi.org/10.1158/0008-5472.CAN-
10-1439 PMID: 20841473; PubMed Central PMCID: PMC2948598.

50. Abebe T, Hailu A, Woldeyes M, Mekonen W, Bilcha K, Cloke T, et al. Local increase of arginase activity
in lesions of patients with cutaneous leishmaniasis in Ethiopia. PLoS neglected tropical diseases. 2012;
6(6):e1684. Epub 2012/06/22. https://doi.org/10.1371/journal.pntd.0001684 PMID: 22720104; PubMed
Central PMCID: PMC3373636.

51. Mortazavi H, Sadeghipour P, Taslimi Y, Habibzadeh S, Zali F, Zahedifard F, et al. Comparing acute and
chronic human cutaneous leishmaniasis caused by Leishmania major and Leishmania tropica focusing
on arginase activity. Journal of the European Academy of Dermatology and Venereology: JEADV.
2016. Epub 2016/07/22. https://doi.org/10.1111/jdv.13838 PMID: 27439742.

52. Mou Z, Muleme HM, Liu D, Jia P, Okwor IB, Kuriakose SM, et al. Parasite-derived arginase influences
secondary anti-Leishmania immunity by regulating programmed cell death-1-mediated CD4+ T cell
exhaustion. J Immunol. 2013; 190(7):3380±9. Epub 2013/03/06. https://doi.org/10.4049/jimmunol.
1202537 PMID: 23460745; PubMed Central PMCID: PMC3737427.

53. Chen C, Pore N, Behrooz A, Ismail-Beigi F, Maity A. Regulation of glut1 mRNA by hypoxia-inducible
factor-1. Interaction between H-ras and hypoxia. The Journal of biological chemistry. 2001; 276
(12):9519±25. Epub 2000/12/30. https://doi.org/10.1074/jbc.M010144200 PMID: 11120745.

54. Werno C, Menrad H, Weigert A, Dehne N, Goerdt S, Schledzewski K, et al. Knockout of HIF-1alpha in
tumor-associated macrophages enhances M2 polarization and attenuates their pro-angiogenic
responses. Carcinogenesis. 2010; 31(10):1863±72. https://doi.org/10.1093/carcin/bgq088 PMID:
20427344.

55. Kilani MM, Mohammed KA, Nasreen N, Tepper RS, Antony VB. RSV causes HIF-1alpha stabilization
via NO release in primary bronchial epithelial cells. Inflammation. 2004; 28(5):245±51. https://doi.org/
10.1007/s10753-004-6047-y PMID: 16133997.

HIF-1�. exacerbates MDSC-like inhibitory functions during infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006616 September 11, 2017 26 / 27



56. Nizet V, Johnson RS. Interdependence of hypoxic and innate immune responses. Nat Rev Immunol.
2009; 9(9):609±17. Epub 2009/08/26. https://doi.org/10.1038/nri2607 PMID: 19704417; PubMed Cen-
tral PMCID: PMC4343208.

57. Degrossoli A, Bosetto MC, Lima CB, Giorgio S. Expression of hypoxia-inducible factor 1alpha in mono-
nuclear phagocytes infected with Leishmania amazonensis. Immunology letters. 2007; 114(2):119±25.
Epub 2007/11/07. https://doi.org/10.1016/j.imlet.2007.09.009 PMID: 17983667.

58. Brown KM, Suvorova E, Farrell A, McLain A, Dittmar A, Wiley GB, et al. Forward genetic screening iden-
tifies a small molecule that blocks Toxoplasma gondii growth by inhibiting both host- and parasite-
encoded kinases. PLoS Pathog. 2014; 10(6):e1004180. Epub 2014/06/20. https://doi.org/10.1371/
journal.ppat.1004180 PMID: 24945800; PubMed Central PMCID: PMC4055737.

59. Semenza GL. Hypoxia-inducible factor 1: oxygen homeostasis and disease pathophysiology. Trends in
molecular medicine. 2001; 7(8):345±50. PMID: 11516994.

60. Schor H, Vaday GG, Lider O. Modulation of leukocyte behavior by an inflamed extracellular matrix. Dev
Immunol. 2000; 7(2±4):227±38. https://doi.org/10.1155/2000/51902 PMID: 11097214; PubMed Central
PMCID: PMCPMC2276059.

61. Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor 1 is a basic-helix-loop-helix-PAS
heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A. 1995; 92(12):5510±4. Epub
1995/06/06. PMID: 7539918; PubMed Central PMCID: PMC41725.

62. Yurdakul P, Dalton J, Beattie L, Brown N, Erguven S, Maroof A, et al. Compartment-specific remodeling
of splenic micro-architecture during experimental visceral leishmaniasis. Am J Pathol. 2011; 179(1):23±
9. Epub 2011/06/28. https://doi.org/10.1016/j.ajpath.2011.03.009 PMID: 21703391; PubMed Central
PMCID: PMC3123882.

63. Paun A, Bankoti R, Joshi T, Pitha PM, Stager S. Critical role of IRF-5 in the development of T helper 1
responses to Leishmania donovani infection. PLoS Pathog. 2011; 7(1):e1001246. Epub 2011/01/22.
https://doi.org/10.1371/journal.ppat.1001246 PMID: 21253574; PubMed Central PMCID:
PMC3017120.

64. Bonfa G, Benevides L, Souza Mdo C, Fonseca DM, Mineo TW, Rossi MA, et al. CCR5 controls immune
and metabolic functions during Toxoplasma gondii infection. PLoS One. 2014; 9(8):e104736. Epub
2014/08/15. https://doi.org/10.1371/journal.pone.0104736 PMID: 25119429; PubMed Central PMCID:
PMC4132074.

65. Sarkar K, Cai Z, Gupta R, Parajuli N, Fox-Talbot K, Darshan MS, et al. Hypoxia-inducible factor 1 tran-
scriptional activity in endothelial cells is required for acute phase cardioprotection induced by ischemic
preconditioning. Proc Natl Acad Sci U S A. 2012; 109(26):10504±9. Epub 2012/06/16. https://doi.org/
10.1073/pnas.1208314109 PMID: 22699503; PubMed Central PMCID: PMC3387090.

HIF-1�. exacerbates MDSC-like inhibitory functions during infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006616 September 11, 2017 27 / 27


