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IHHEPIAHYH

Ewsoyoyn

H povkoppidxmon amoteiel po cofapn Aoipwén mov cvvodeveton and apkeTd
VYnAn OvntoTa Kot wpokaAgitol amd poknteg ¢ taéng tov Mucorales. H
LOVKOPUOK®MOT TPOGPAALEL KOTE KUPLO AOYO OVOCOKOTECTOAUEVOLS 0GOEVELS
KaBmg emiong kot acbeveic pe petaforikés drotapoyéc mov exnpedlovv ) pvOo
T0v cwNpov. Tnv televtaio dexkaetion Exel KoTaypagel onuUovTiK) avénomn e
EMMTOONG TNG LOVKOPUOKMOTC, KADIGTMOVTOG TNV TAEOV TN OEVTEPT] CUOVTIKOTEPT)
dmOntum  Aolpwén  omd  veoudknteg  peTd MV aomepyillwon - o€
0LVOCOKOTOGTAALEVOVS aoBEVEIC.

Ol yvooelg pog oxetikd pe tv mofoeuotodoyio TG LOVKOPUOK®GNG eivat Alyec.
Meléteg éxouvv odeilel mmwg 1660 Ta omdplo 660 kol ol veEg tv Mucorales
avBictavtor otn Bovatmon and o oyoKOLTTAPN, YEYOVOS TOL ATOJIOETUL OPEVOS
otV Wwitepn oVVOEST TOL KLTTAPIKOV TOVLG TOUYMUATOS, TOL TOVS KAOIGTA
e€apeTikd avOEKTIKOVE, KOl OPETEPOV OTNV UN KOVOTOINTIKY (POYOKVTTAP®GY)|
TOVG, GLVETEID TOV PEYAAOL pHeYEOOLE TV CTOPLOV TOVE, YWPIG OU®S Vo EXOVV
peret el mepantépm o1 vrevHBVVOL UNYaVIGHOL.

21010¢ MG moapovcoac dwTpifng  elvor M KaToOvoOnon TOV  UNYOVICU®V
aAANAETTIOpaoNC TOV QayokVTTAp®V pe o poknto Rhizopus oryzae g tédéng tov
Mucorales pe éueacn ot 610d01K0Gio. OPIHLOVENG TOL PAYOCHUOTOC KOTO TNV
POYOKLTTAP®GN TOL ad Ta pLokpo@dya. ITapaiinia, avalntiOnkay ot cutioloyikol
TOPBEYOVTEG KO O1 UNYAVIGHOL 1OV Kaf1oToHV TO LOKNTO avOEKTIKO G dpdioT TV

HoKpOPAy®mV, kaBmdg Kot 0 poOAOG TV TEAELTOI®V otV TadoPuoioloyio Tng

AoipméEng.



Yika ko MEOooor

e Oha to mepauato ypnoiporombnkay avocoerapkn black 6 (B6), diayovidiokd
GFP-LC3 kot CD11c-DTR movrtikia nAkiog 8-12 gfdouddmv. Oreg ot dradikacieg
TPOYLOTOTOONKAY GOUPMVO, LLE TO, VYNAOTEPA TPOTLTTO, PPOVTIONG KOl OLOLYEIPIONG
LoV, &ovtag AdPel TNV oYeTikn £ykpion and Vv appddle Kmmviatpikn Yanpeoio.
Ta ex Vvivo mepduato Tpoyuatortomdnkoy o€ SlopopoTOmUEVE  LAKPOPAyQ
TPoePYOUEVO amd TOV ULELD TV 00T®V TV moviikev (bone marrow derived
macrophages — BMDMs). Tw v pupeAétn tov db@opov otodimv g
eayoxkvttdpwong pe avosopfopicud 1o BMDMSs poAbvOnkav e cuykexpyéva
ypovikd dtotiuota pe Loviava omopio Mucorales kot Aspergillus fumigatus (oc
uaptvpac-control) kot efetdobnkav oe ovveotiokd pikpookomo (Confocal
microscopy).

[Mo v peAéT] TOV UNYOVIGUOV QOYOKLTTAPMONG € KLWEAIOIKA LOKPOPAYQ
(alveolar macrophages — AMs ) ypnowwonombnkav GFP-LC3 movtikia to omoio
HoAvvVONKav evdotpaystaxd pe 5*10° Lovrava omdpro. Mucorales kon Aspergillus
fumigatus xot agod Ovoidotnkav petd amd 2, 4 wxou 24 dpsc, €ANEON
Bpoyyoxkvyerdikd Ekmivua (BAL). Ta amopovobévio kdTTOpo LovipomomOnkoy
KOl 0T CUVEYELD AKOAOVONGE 1) GNUAVGT] TOV SOPOP®Y LOPIOV-TPOTEWVAOV UE TO
Tp®TOKOALA avoco@Bopiono. Ta onupacuéva kottapo e€etdcbniav oto confocal.
o ta in vivo wepduata ypnoiporombnkay ovocoenapkn black 6 (B6),
dayovidrokd GFP-LC3 kot CD11¢-DTR movrikio, ta omoio QavatmOnkov oe
dadoyIKa ypovikad dtactiuota. Ot Tvevpoveg agopédnkay, pLovipomombnkay pe
Tapoapivn Ko eneCepyactnkoy UE SIUPOPES YPADCELS, KAOMG Kol 1GTOYNUIKE. X
SOPOPETIKE TEPAUOTA OTOUOVOONKAY 01 O1POPETIKOT KuTTOPIKOl LITOTANBVLGLOT
TOV PAYOKLTTAP®OV TOV TVELLOVA G€ d1apopa. 6TAd10 TG AoiumEng (1 ko 5 nuépeg)
pe wvttapouetpion pong (sorting) kot ovoAVONKOV HE GLVEGTIOKN WKPOGKOTIO

Melavivn Tov KuttapikoD Totydpotoc (oviavov oropiov Rhizopus, arnopovabnke
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pHe ymuikég uebodovg, avaivBnke JSopkd pe  QoouoTopeTpion  palog Kot
YPNOYOTOONKE GE €X VIVO TEPAUATO POYOKVTTAPWOTC.

BMDMs amo B6 avocognapkn movtikia polvvinkav pe (ovtava oroplo Mucorales
0€ GLYKEKPIUEVO YPOVIKE OICTILOTA. TN GUVEXELN OTOLOVOONKE GOUPMVO, LE TIG
oonyiec Tov katackevaoty RNA, 1660 amo ta pokpo@dyo 6Go Kot amo To 6oL
TOV POKNTOL. Me TV TEXVIKT TOL VPPISIGHOV aKOAOVONGE TOGOTIKN aVAAVGT TOV
amopovmbévtog RNA kot kotodmy BlomAnpo@opikny avaAvcon g EKQpocns Tov

YOVIdimV.

AToTerEoUUTA

Apywd, o avtiBeon pe v emkpoTovsa dmowyrn, 0Tl T0 peydro péyeboc twv
onopiwv Mucorales (pe ddpetpo péxpt kor 10uMmM) GUVETAYETOL TNV OVETOPKN
(QOYOKVTTAP®GY] TOVG, OMIOTOGAUE 0Tt HoAvvovtoag to. BMDMSs pe {ovtoava
ondpla Mucorales, o poxknTog 0yt LOVO PAYOKLTTOPOVETOL EXLAPKDC OAAG O PLOUOG
™G eayokvttdpmong (phagocytic rate — PR) kvuaivetot ota vynAdtepa eninedo o
ovykpion pe tov A. fumigatus, mov ypnopomombnke wg control.

[Mapdiinio emPePaivoape twg eved 1o BMDMs Bavatovovv ta omopla tov A.
fumigatus, advvatovv vo KotaoTtpéyouvy To. omdpio Mucorales, mov mapapEvouy
Covtova, akouo kot 6 ®peg UETE TN QoyoKLTTApmon Ttovg omd Tt BMDMs,
KOTOOEIKVOOVTOG LLE TOV TPOTO ALTO TNV AVOEKTIKOTNTO TOV GUYKEKPIULEVOL LOKNTO.
Eniong, dwamotooape v rocipdtta tov BMDMs petd ) poAvveon pe toug dvo
HOKNTEC, OTOKAEIOVTOG TO EVOEYOUEVO TNG ETAYOUEVNC OO TN LOALVOT] ATOTTOGNG
tov BMDMs, amodeikvbovtag pe TOv TPOTO OVTO OTL M TOPOTNPOVLEVN
avBektiKdtTTo TOV omoplwv Mucorales amotelel eyyevi) 1010TNTOL TOV LOKNTO. ZTHV
ovvéyela, e€etdoape TV IN VItr0 omoTEAEGLOTIKOTNTA TOV OEEWOMTIKOV Kol [N
0EEBOTIKOV UNYOVICUOV TOV LoKpopaywv, etmdlovtag to. omdpla Mucorales pe

H20; kot amopovembévia Avccocopata aviictorya. And ta TEPAUATO TPOEKVLYE

10



TG 01 0EEOMTIKOL KOl L1 UNYaVIo o1 TOV Lakpo@dywv gtvat tkavoi va Bavoatdcsovv
TOL OTLOPLAL TOL POKNTO. MEAETOVTOC TEPALTEP® UE X VIVO TEPAUTA TO LOVOTATL
™G QUYOKVLTTAP®ONG, OlmoTOoaUE Tog To omdplo Mucorales mpoxoaiovv
EVEPYNTIKN OVOOTOAN NG dtadikaciog, non amod o apyka g otadwo (Rabs, LC3),
LE OMTEPO OTTOTEAECLO. TNV OVOGTOANG TNG POYOAVGOGMUIKNG Evmonc. Avth
avakaivym emiPefordOnie oe dtdpopa 10N paxpopdywv (BMDMs, AMS) toco ex
ViVO 660 ko o€ In VIVO wepauato pe peténerta aroudvoon AMS oe d10popeTikd
SlOGTALOTO LETE OO TNV EVOOTPOYEINKT AoTUmEN.

2NV GUVEKELD, EXOVTOS YOPOKTNPIGEL TN GLUTEPIPOPE (TPOTIGUO) TOV HOKNTO Y10
TO. LOKPOQAYQ, UEAETNOUUE TOVC VTOKEIUEVOUE VTEVOLVOLE UNYOVIGUOVS TTOV
GUVIEAODV otV HoKpoxpovia « gvdokvttdplo Aabpofiowony twv omopiov.
I'vopilovpe Mo moc ta ondpa tov A. fumigatus, agod @ayoxvitapmOovv,
voiotavtal e€oidnon (swelling). Erakolovbwc, n omopdkpouvern g Helavivig Tov
KLTTOPIKOD TOVLG TOLYMOUATOS 0dNYel 6e amokdivyn NG P-yAvkavng, mov UEGH
ovvdeonc ¢ ue v dectin-1, odnyel og evepyomoinon tov povoratiov g NADPH
oxidase kot teAka v mopaymyn pitov o&vydvov (ROS), mov tehikd cuvtelobv
oV Bavatmon tov ortoplov (Ewdva 1).

2N GLVEYELN, OVOAVONKE 1 oNUacio TG LOKPOYPOVIOS EVOOKVTTAPLOG EMPIOoNG
tov omopiwv Mucorales ot @uown e£éMEn ™ Aoipuméng. XpnoomoimvTog
(PULGLOAOYIKA LOVTEAD TVELUOVIKNG AoTUmENG oe melpapatolma amodeiape Tmg To
novtikia mopépevay {ovtovld HETO TNV EVOOTPOYEWKY] AOIHMEN HE omOPLO
Mucorales. ITapdAinia, a@ov to (do Bvcidomkay 5 nuépeg uetd v Aoinwén,
Bpnkape g Ta ondpla Tov poKnTa Tapapévouy (oviava péoa ota pokpoedya. To
noparaveo evpnuo emPefoarmdnke kol o woronaboroyikn aviivon Broyiodv amod

acOevn] LLE LOVKOPUVK®OGT.
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/7~ melanin
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Ewodva 1. Moprakoi punyavicpoi Bavatwong tov poknta A.fumigatus and ta eayoxdtrapa (1).

‘Enetta, agob emPeforvdcape v mapovsio LeAavivig 6To KUTTOPIKO TOiYOU TV
onmopiwv Mucorales, dwatvadcoue Vv gpguvnTiky vwodbdeon OtL M peAavivn
dadpapatilel KaTaAVTIKO POAO GTNV OVAGTOAN TNG (POYOAVGOCMOMUKNG EVMOOTC.
[Mopdiinio peletioope €X VIVo tnv petofoir tov peyébove TtV omopudv
Mucorales 1 wpa kot 24 dpeg peTd@ TV QoyokvTtapwon tove omo BMDMSs ce
oVvykpilon pe ta omdpla A.fumigatus kon mapatnproaue Tog ta ondpro. Mucorales
dev vokevTal o€ evookvTTApPLa ££01dNGM. 26 €K TOVTOL GLVAYETAL TO GLUTEPOUGLLOL
TOG 1 OVAGTOAN TNG OPUAVONG TOV POYOCOUATOS OQEIAETAL GTO YEYOVOS OTL M|
LeAaVivN TaPOUEVEL AVETOPT GTO KVTTAPIKO Tolymua tov oropidv Mucorales petd
MV eUYoKVLTTAP®ON ToVvG, o€ avtifeon ue ta ondpla A. fumigatus. v covéyeia
ypnoonowwvtag omopto. Mucorales omd to omoio eixe agoaipebel ymuikd n
uelavivn, peretioope v cvuykévipmon tav mpotevav LC3 kot Rab5 (deiktec
TPOYOV EVOOCOUATOV KOl AVCOCOUAT®OV OVTIGTOUY0) GTO QOYOCMUATO KO
TOPUTNPNOOUE TG omokabictoton 1 evepyomoinon TS  oPIHaveng Tov
(POYOGAOUOTOG, YEYOVOS TTOV AmOOEIKVOEL TOV KOBOPIoTIKO pOLO NG pHelavivng 6To

GUYKEKPIUEVO LOVOTTATL.

12



Mehetoviag mepoutépm TNV QUOIKN €EEMEN TNG TVELHOVIKNG HOLVKOPUUK®OGNG,
avalNTNOOUE TNV KATNyopio GayoKLTTAP®Y TOL S10OPUUATICEL TOV CIUOVTIKOTEPO
polo otnv maboyeveon g Aoluwén. ‘Emerta amd evootpayeiokn poAvvon B6
movtikKiov pe omoplo. Mucorales, mapbnke Ppoyyoxkvyerdikd éxkmivpo (BAL).
Xpnowomotwvtog kuttapopetpia pong (FACS) kot amopovmon apydv KuTTopik®y
TANOVGUOV SLPOPOV PAYOKVTTAP®Y TOL TVELLLOVO, (SOrting) mopatnpoapE TMG TO
onopioe Mucorales @ayokvttop®vovTal Kupimg amd To KLWEMOIKG UaKpOPaya
(AMs) (CD45+/CD11c+/MHC-1I-low/F4/80+). Xtnv cvvéyela akoiovdncav in
VIVO TElpAUoTo, 0oL HOAVDVOUE EVOOTPOUYENKA avocoemapkn B6 movtikio e
onopi Mucorales kou A.fumigatus kot to Bvoidoaue 5 muépeg apyotepa.
Amopovodnkav ot mvedpoveg kot tOco pe koiMépysiec (CFUS) 6co kot pe
OVOGOIGTOYNWKES XPDCEC Tapotnpnoaue Tog To ondploe Mucorales mapéuevav
Covtovo péoo ota AMS, oe avtifeon pe to omdpro. A.fumigatus, mov eiyav
OovatmOel. v ovvéyewn, poAdvoviag evdotpoyelakd pe omodpio Mucorales
dayovidrokd CD11c-DTR movtikia, ota omoio puKpEC GVYKEVIPMOGELS TOEIVIG TG
dPOepiTIdNg TPOGOEVOVTOL EKAEKTIKA GTO KLYEAOIKE LOKPOPAYO TPOKOADVTOS TNV
Bovatmon Tovg, PPKOLE TOC OTIC S NUEPES LETA TV uOAVVEN pe omdpto. Mucorales
ola too CD11c-DTR movrikio anefiocav, evd ta avocoemopky B6 movtikia-
paptopeg moapéuevoy Lovtovd Kol VY], KOTAOEKVOVTIOS €tol mtw¢ ta AMS
AmOTELOVV TOV aKpoy®viaio ABo TG QUGIKNG OvVOGiag OmMEVAVTL GTO. GTEAEYN
Mucorales.

Té\oc, TpoomabNcapE VO GLGYETIGOVUE TNV AVOGOAOYIKT] OTAVINGT LLE TNV XPT|OM
TOV GLO1POV, TOL MG YVAOGTOV OOTEAEL CNUAVTIKO GTOLXELO Yo TNV TaB0YEVEST TNG
hotpwéne. TN'o to mepdpoatd pog ypnowonomocopne BMDMs andé GFP-LC3
movtikia, to omoia poAvvape vy 30 Aemtd ko 18 wpeg pe (oviavd omdpla
Mucorales. To Opertikd VA6 eumlovtiotnke pe tprobevr oionpo (FeCls),
dePePOEaLivn (G1OMPOOEGUEVTIKT TPOTEIVI) 1 TOV GLVIVOGUO TOVC. X115 18 dpec
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napoatnpnoape pe to confocal pikpookdmio tmwg, evd oto control detypo (BMDMs
- ondpia. Mucorales - standard Opentikd vAko ) to omwodpro. Mucorales mapéusvoy
néca ota BMDMs yopic va €xet aAldEel 1o péyeddc toug, oTo EUTAOVTICUEVA LE
Tprobevi 6idnpo kot depepoapivn deiypata ta oropio Mucorales eiyav e&o1om0el
(swollen) kol oe MOAAEC TTEPUTTOGELS lyav TPOKAAEGEL ADGT TOV KLTTAP®V KO
eEorkuTTaplo. AvATTLEN VE®V. Q¢ €K TOVTOV, KOATOPEPOLE YO TPMOTN POPA Vo
amooeiEove TG N EVOOKVLTTAPLN GTEPNOT GLONPOL dadpapaTilel KATAAVTIKO pOAO
OTNV OVOGTOAN AVATTUENG TOV LUK TA 0tO TO pakpo@dyo. Ta amotelécpata autd
emPeforndnkov mepartépm pe RNAseq avaivon, 6mov BpriKape mog PETE TV
poyokvttdpwon omopiwv Mucorales and too BMDMs, otov pev Eeviom
gvepyomomOnkav to yoviduw mov oyetiCovionl UE OUOIOGTATIKOVS UINYOVIGLOUG
EVOOKLTTAPLOG GTEPNONG CLONPOV, EVAO TAPAAANAN GTOV pOKNTO ovENONKe 1

EKQpaon TOV YOVIOlwV oyeTIilOpEVOV e TPOGANYN G1O1POV.

Xvintnon

To oamoteAéopoto TG UEAETNG PlYVOLV @GOG OTOVS UNYOVIGUOVS HOPLOKNG
aAnieniopaon tov pokntov Mucorales pe to pOKpOQAyd pHE OMNUOVTIKEG
TPOEKTACELS 6TV TaBoYEVEST TNG VOGOU.

Avo TOAD oNUOVTIKA gVPNUATO 6TV TOBOYEVEGT TG VOGOV TPOKVTTOVY OO 1N
ueAétn pag. Ipmtov, og avtifeon pe 6Aovg Tovg GAlovg vpouvkntec ot Mucorales
Tapovcldlovy  pokpoypdvia evookvTTaplo Aabpofimon ota HOKPOEAyo TOL
TVELIOVA PLGIOAOYIKOV (Un avocokatacTaAuéveoy) (owv. H woavoétta avtn
emPePardvetan Kot o€ petayevéotepn perétn oe zebrafish (2). Avti n avokaivymn
GUVETAYETOL OTL, EVOEYOUEVAS T LLOKPOPAYO VO AELITOVPYOVV GV dOVPELOG 1MmOC
NG AOTHMENG KO GE TEPIMTOGT] AVOGOKOTAGTOANG 1 AOTHUMOEN VO ETEPYETAL OTTO TNV
EVOOKVLTTAPIOL OVATTTLEN TOL poknto. EmummAéov avtd pmopel va eényel v

avalomOpwon TG AOIHMENG GE OVOGOKOTAGTOAY, YEYOVOS OV TTPOKVTTEL GUYVA
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oTNV KAWIKTN TPAEN, OTME GTNV TEPIMTOST TOv acBevi| g ueréng pog. A&ilel va
avaeepOel 0Tl mEPAUOTIKE HOVTEAD avalOTOP®ONG HOVKOPUOKMOONG HETA Omd
0LVOGOKOATOGTOAN VILdpyovv Non amod tn dekoaetio Tov 1960 ywpic wotdco va eivat
YVOOTOC 0 unyaviopog e AabpoPinon. TELog, Ta svprpata avTd icmg e&nyovv v
a&loonueimtn avroyn tov Mucorales oty vTapyovo POPUUKEVTIKT OY®YT, ETELON
EVOEYOUEVMG UECH GTO QPUYOCMOUO Vo, UV €lval dvvarr 1 ekkpilowon Tov oropiov
LE TIg vITapyovces Bepameiec.

H pelétmn pog emiong avadekviel Tov onuovtikd poio g avocoloyiog 0péyng ot
(PLGLOAOYIKT] GULVA TOV LOKPOPAY®V KAl KATO GUVETELD TOV OLUTOAPOYDV TNG GTNV
naboyéveon g Aoluméng. Lto onueio avtd avoiyel €va vEo KEPOAOLO GTNV
avocOoTOHOYEVEST] OVTOV TOV AOIUOEEMV TTOV APOPE TNV ENIOPACT TOV GLONPOL
1660 otV avdntuén Tov Tafoydvov 060 Kol 6ToV HETOPOMGUO Kol 6T AgtTovpyia
TOV LoKpopaymv. Ot poplakol punyaviopoti g pbouiong g duvvag omd 1o oidnpo
elvar ehdylota PEAETNUEVOL KOL 1 KOTOVONGT TOLG Oar 0dNYNGEL GE GNUOVTIKEG
OepamevTIKEG EQUPLOYEC.

To mopandve gvpruata, mTOL TPOTH EOPE TeEPLypagovial otnv Pirloypapio
oxetik@ pe tov poknta  Mucorales, piyoov o@wg omv waboyéveon NG
LOVKOPUOKMOTC, TOV TO TEAEVTAI YPOVIOL EYEL AVOOELYDEL GE CNUOVTIKT ATEIAT TOV
OLVOGOKOTECTAAUEVOV acOeVAV, Kol avolyouv Tov dpOUo Yo TV avolInon vémv
OepamEVTIKOV HEGOV.

Metovéktnpa g HeEAETNG Hag etvan 0Tt Oev amodei&ape T0 pOLO NG OOTOPOYNS TNG
avocoloyiog Opéyng oty avalomipmon TG AoIU®ENS In VIVo 6€ TTEPAUATOLmOA.
EmimAéov, 1o 011 1 avalomipmon ¢ AoipnwEng Eekvd amd evooKLTTAPLN GTTOPLOL
mopapével akopa vrdbeon. Télog m Aettovpyia mOAADV amd To pOploL 7OV
avadeiynkav otnv yovidlopatikn ovaivon Oo mpémer vo emPePorwbodv pe

TEPOALOTO EKAEKTIKNG YOVIOLOKTNG OTAAOIPNG OE LOKPOPAYQL.
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ABSTRACT

Introduction

Mucormycosis is an emerging fungal disease among immunocompromised patients
with hematological malignancies, undergoing transplantations or chronic steroid
treatment, associated with high mortality, which can reach up tp 90% in
disseminated disease. Unlike other filamentous fungi Mucorales can infect patents
with uncontrolled hyperglycemia, diabetic ketoacidosis and iron overload, as well
as immunocompetent individuals suffering from severe burns or trauma. The
epidemiology of mucormycosis is attributed to Mucorales unique virulent traits,
regarding spores size, iron acquisition and angioinvasion. Several studies have
shown that Mucorales is resistant to killing by phagocytes, without revealing the
related mechanisms. The aim of this dissertation was to shed light in the mechanisms
regarding the interaction of macrophages with Mucorales spores and address the role

of iron in the pathogenesis of mucormycosis.

Materials and Methods
All animal studies were performed with GFP-LC3, C57BL/6 (B6) or CD11cDTR

mice were maintained in grouped cages in a high-efficiency particulate air-filtered

environmentally controlled virus-free facility.

Aspergillus fumigatus ATCC46645 and Rhizopus strains used (WT R.oryzae
ATCC55796932; WT strain R. delemar 99-880) were grown on Yeast extract agar
glucose agar plates. In addition, Rhizopus FTR1 and FOB1/2 mutants were delivered
from the aforementioned R.delemar strain. Fungal melanin was extracted from A.
fumigatus and R. oryzae conidia, which were treated with a combination of

proteolytic and glycohydrolytic enzymes, denaturing guanidine thiocyanate, and hot
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concentrated HCI. Rhizopus melanin was further characterized with liquid
chromatography - mass spectrometry and electron paramagnetic resonance.

Bone marrow derived macrophages (BMDMs) were generated by culturing bone
marrow cells obtained from 8- to 12-week-old female mice in culture medium
supplemented with L929 cell-conditioned medium. For immunofluorescence
experiments, BMDMSs were stimulated with conidia of Rhizopus or A. fumigatus for
the indicated time points. After infection, cells were fixed on the coverslips, which
were then incubated with the indicated primary antibody (Ab), washed twice in PBS-
BSA, then counterstained with the appropriate secondary Alexa Fluor secondary Ab.
Images were acquired using a laser-scanning spectral confocal microscope (TCS
SP2; Leica), LCS Lite software (Leica), and a x40 Apochromat 1.25 NA oil
objective using identical gain settings.

For the killing assays, 10° BMDMs were infected with either R.oryzae or A.
fumigatus conidia, at an MOI of 1:1. At the indicated time point of infection (2 or 6
hours), BMDMSs were lysed by sonication, centrifuged and the pellet containing
intracellular conidia was resuspended in sterile PBS. Aspergillus fumigatus killing
was assessed with confocal microscopy using propidium iodide staining, whereas
Killing of R. oryzae was assessed by photonic microscopy evaluating the germination
of intracellular Rhizopus conidia.

For virulence studies, 8- to 12-week-old female mice were intratracheally infected
with a standard dose of A. fumigatus or Rhizopus conidia and euthanized at the
indicated time point. The lungs were homogenized, and CFU counts were assessed.
For alveolar macrophages depletion studies, mice received by intratracheal
administration 100 ul of clodronate liposomes or control liposomes. For CD11c cell
depletion, CD11c-DTR mice received by intratracheal administration 20 ng/kg of
diphtheria toxin (DT). The efficiency of cell depletion was assessed by
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Immunohistochemistry for CD11c and flow cytometry analysis of bronchoalveolar
lavage.

For the histopathological studies, lungs were fixed in 10% formalin, paraffin
embedded, cut in 4-um sections, and stained with hematoxylin and eosin. For
iImmunohistochemistry studies, the anti-CD11lc Abs and anti-CD68 primary
antibodies were used for detection of CD11c and CD68 in tissue.

RNA was isolated both from BMDMs and R.oryzae spores. Briefly, obtained from
12-week-old female C57BL/6 mice were infected with R. delemar. At the indicated
time point of infection (1, 4, and 18 hours), BMDMs were lysed using the RNeasy
Plant Mini Kit (Qiagen). Afterwards, isolation of RNAs was performed according

to the manufacturer’s instructions.

Results

In this study we showed that the alveolar macrophages play a predominant role
during the host-Rhizopus interplay. Rhizopus conidia are phagocytosed by the
alveolar macrophages of immunocompetent mice and establish prolonged
intracellular dormancy, despite their in vitro vulnerability to the oxidative and non-
oxidative killing mechanisms of the macrophages. Mechanistically, the resistance in
killing is attributed to the melanin-induced phagosome maturation arrest. The
alveolar macrophages selective depletion was associated with increased mortality
and fungal burden in vivo experiments in immunocompetent mice, proving the
essential role of macrophages on the natural course of mucormycosis. Furthermore,
we discovered that inhibition of Rhizopus growth inside macrophages is a central
host defense mechanism that depends on nutritional immunity via iron starvation.
Finally, dual RNA sequencing (RNA-seq) and functional studies identify critical
host and fungal modulators of iron homeostasis inside macrophages that promote

invasive fungal growth.
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Discussion

In this dissertation, we showed the essential role of macrophages for the outcome of
mucormycosis. Furthermore, our experiments introduce the prolonged intracellular
survival of the fungus inside these immune cells as a central pathogenetic event in
development of the infection. In addition, we dissect the molecular mechanisms that
allow Rhizopus to persist inside macrophages via melanin-induced phagosome
maturation arrest. Finally, we identify nutritional immunity via iron restriction inside
the phagosome as an important host defense mechanism during pulmonary
mucormycosis. These findings lead to a novel pathogenetic model of mucormycosis
that links abnormalities in iron metabolism with nutritional immunity inside
macrophages, paving the way for important future therapeutic implications in the

management of this devastating disease.
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ABBREVIATIONS

AIDS
APCs
ATGs
BAL
BCS
BHB
BM
BMDMs
CFU
CGD
CORVET
DCs
DFO
DHN
DKA
DMEM
DT
EEA1L
EEA1l
EPR
FCS
FcyRs
FITC
FTR1

Acquired immunodeficiency syndrome
Antigen presenting cells
Autophagy-related genes
Bronchoalveolar lavage
B-Citrylglutamate

B-hydroxy butyrate

Bone marrow

Bone marrow derived macrophages
Colony-forming unit

Chronic granulomatous disease

class C core vacuole/endosome tether complex
Dentritic cells

Deferoxamine
Dihydroxynaphthalene

Diabetic ketoacidosis

Dulbecco's modified Eagle's medium
Diphtheria toxin

Early endosomal antigen 1

Early endosome antigen 1

Electron paramagnetic resonance
Fetal calf serum

Fcgamma receptors

Fluorescein isothiocyanate-labeled

High affinity iron permease gene
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GM-CSF
GRP78
HPLC
IACUC
IFN-y
IL-12
IL-2

IMs
iINOS

IR
LAMP-1
LAMP-1
LAMP-2
LAP
LAPosome
LC3
LC-MS
I-dopa
MHC |
MOI
NADPH oxidase
NETSs
NK cells
PAMPs
PBS

PE

Granulocyte-macrophage colony stimulating factor
Endothelial cell glucose-regulated protein 78

High Performance Liquid Chromatography
Institutional Animal Care and Use Committee
Interferon-y

Interkeukin-12

Interkeukin-2

Interstitial macrophages

Inducible nitric oxide synthase

Infrared spectroscopy

Lysosome-associated membrane protein 1
Lysosome-associated membrane proteins 1
Lysosome-associated membrane protein 2

L C3-assosiated phagocytosis

LC3+ phagosome

Microtubule-associated protein 1A/1B-light chain 3
Liquid chromatography with mass spectrometry
I-3,4-dihydroxyphenylalanine

Major histocompatibility complex |

Multiple of infection

Nicotinamide adenine dinucleotide phosphate oxidase
Neutrophil extracellular traps

Natural killer cells

Pathogen-associated molecular patterns
Phosphate-buffered saline

Phosphatidyl ethanolamine
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PE Phosphatidylethanolamine

PI(3)K Phosphatidylinositol (P1) 3-kinases
Pl Propidium iodide

PI3P Phosphatidylinositol-3-phosphate
P—L fusion Phagolysosomal fusion

PMNs Polymorphonuclear neutrophils
PRRs Pattern recognition receptors
RBCs Red blood cells

RNA Ribonucleic acid

RNAI RNA interference

ROS Reactive oxygen species

ROS Reactive oxygen species

SCB Sodium cacodylate buffer

SD Synthetic defined medium

SDS Sodium dodecyl sulfate

Syk Spleen tyrosine kinase

TCRs T-cell receptors

TGF-B Tumor growth factor- 3

Thl T-helper 1 cells

Th17 T-helper 17

Th2 T-helper 2

TLR Toll-like receptor ligands

TNF Tumor necrosis factor

Treg T-regulatory cells

ULK Unc-51-like kinase

ULK Unc-51-like kinase
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uv
v-ATPase
Vps34
WT

XTT

YNB

Ultraviolet

Vacuolar ATPase

Vacuolar protein-sorting 34

Wild type

(2,3)-bis (2-methoxy 4-nitro 5-sulfenyl)-2H-tetrazolium
carboxanilide

Yeast nitrogen base
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A. INTRODUCTION

Al. The Tree of Life

A fundamental breakthrough in Evolutionary Biology and Science in general

occurred in 1977, with the work of Woese and Fox containing a single table with the

first gene sequence-based quantitative assessment of phylogenetic relationships

between representatives of the major known kinds of organisms (3). Based on

analyses of genes coding for the production of ribosomal RNA, it was shown that all

cellular life is categorized into three large groups: eukaryotes (cells with a nuclear

envelope), eubacteria and archaebacteria (Figure 1).

Bacteria Archaea Eukaryota

Green
Filamentous

; i Slime :
Spirochetes bacteria Entamoebae molds Animals

Gram Methanosarcina Fungi
_\ Positives|  pothanobacterium Halophiles
Prote obacteria Plants
i Methanococcus
Cyanobacteria Ciliates
Planctomyces Thermoproteus Flagellates

Pyrodicticum
Bacteroides
Cytophaga

Thermotoga

Trichomonads

Microsporidia

. Diplomonads
Aquifex

Figure 1: The phylogenetic Tree of Life (credit: modification of work by Eric Gaba)

The animals, plants and fungi, which are placed on the top of the Eucarya Domain,

Is believed to have diverged at approximately the same period, around half a billion
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years ago. Based on fossils it is estimated that the first fungal species are dated in
the Ordovician period, between 460 and 455 million years ago (4). Since then a
major expansion and diversification has occurred, so that today about 90000 fungal
species have been described and due to the increasing use of molecular techniques
circa 1,800 new species are found per year, with the total number of fungal species
estimated at 3.8 million (5) (6).

A2. The fungi

The fungi are eukaryotic organisms, which can be found in the ground, the air and
the water, growing as a parasite of another living organism, as a pathogen causing
disease to the host (termed mycosis), as a symbiont in association with another
organism and finally as a saprophyte on nonliving materials. Their nutrition depends
on pre-formed organic compounds; therefore they are included to the heterotrophic
organisms.

Numerous fungi are adapted to grow as parasites of many different hosts, including
plants, insects (entomopathogens), nematodes (nematophagous fungi) and other
fungi (mycoparasites). The tissues of the host serve as the nutrient tank, from which
the fungi obtain the necessary nutrients, without killing the host organism. It is
reported that some fungi can infect only one type of host, and the association is
occasionally so specific that they can grow only in the host tissues and not in
laboratory cultures, making their study even more difficult. The most typical
representatives of this kind of fungi are the rust fungi, the powdery mildew fungi
and the plasmodiophorids (4).

The number of fungi that cause disease to plants, animals and humans is much
smaller. Among humans the most common and relatively benign infection is caused

by the dermatophytic fungi, impairing the skin, nails, and hair. The situation changes
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dramatically among immunocompromised patients (with AIDS, transplant
recipients, patients with hematological malignancies or sold tumors, patients with
uncontrolled Diabetes mellitus or under prolonged corticosteroid treatment), who
are endangered of life-threatening fungal infections, from fungal species, that to are
no threat to healthy individuals (2).

As far as the symbiotic associations of fungi is concerned, the most common
examples are two types of plants, lichens and mycorrhizas. Despite the differences
between these two plant types, there is a common rule; the fungus supports and
protects the photosynthetic plant cells, absorbing mineral nutrients from the
environment, while the plant serves as a source of carbon nutrients for the fungus.
Lichens and mycorrhizas are not the only examples of symbiosis. Additionally, the
fungi are associated with the activations of plant genes responsible for the defense
against insects and environmental toxins (2).

Fungi play also an important role as saprophytes, since they are capable to produce
a wide range of degrading enzymes against complex polymers such as cellulose (the
most abundant natural polymer on Earth and the main plant cell wall component)
proteins, chitin, keratin and even large scale materials such wood. Each species has
different decomposer capabilities and it is not unusual to find many fungal
saprotrophs growing on a single plant or material.

Moreover, the fungal metabolites are the cornerstone in the production process of
many foods, beverages and alcoholic drinks. Their pharmaceutical applications are
of most importance, since their secondary metabolites are the basis of numerous of
medications. The most characteristic example is the discovery of penicillin,
produced by Penicillium chrysogenum, discovered in 1928 by the Scottish scientist

Alexander Fleming, changing the route of human history (2).
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Figure 2. The fungal Tree of Life [Adopted from Ref. (7)]

According to a recent publication, the classification of the kingdom Fungi recognizes
eight phyla (Figure 2), defined by morphological traits, reproduction forms and the

results from the latest sequencing analysis using molecular and genome technologies

(7).

Fungi reproduce sexually and asexually. There are several forms of asexual
reproduction. The most common is the spore production through mitosis and cell

division. Depending on the specific way of spore formation, numerous types have

27



been reported; arthrospores (produced from splitting of hyphae), chlamydospores
(spores enclosed in a thick wall before separation), sporangiospores (spores are
found in a sac at a hyphal tip), conidiospores (spores formed at the hyphal tips or
sides) and blastospores (produced by budding from a mother cell) (Figure 3). The
sexual reproduction involves the fusion of two compatible sex cells or gametes of

opposite or same-sex mating types.
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Figure 3: Types of asexual reproduction in the fungi (a) Transverse fission (b) Arthrospores (c)
Chlamydospores (d) Sporangiospores in asporangium (e) Conidiospores at the end of a conidiophor (f)
Blastospores [Adopted from Ref. (8)]

The fungus species may be homothallic or heterothallic, using gametes from the
same or different (but sexually compatible) mycelium respectively. Three phases are

reported; plasmogamy (in which a cell with two separated nuclei is formed, called
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dikaryon), karyogamy (when the nuclei fusion occurs) and meiosis, with the final
production of genetically different spores. Fungal spores are of outmost importance
not only for the fungal survival against environmental stresses but also for the fungal
dissemination, since they are able to spread through the air and adhere on various
surfaces and bodies, surviving in a dormant state for long period of time (8).
Fungal cell wall is a unique form, consisting of a cross-linked network of
components, which including chitin and glucans (polymers of glucose with
predominantly -1,3 and -1,6 linkages), other polysaccharides, and glycoproteins.
A great cell variability in the composition of the cell wall has been reported between
different fungal species, mainly regulated by the environmental changes. This
characteristic in combination with the great chemical adaptation serves as an
important defense mechanism against the host immune system (9). Moreover, the
fungal cell wall possesses various important roles in fungal viability and
pathogenesis, including the maintenance of the morphology and integrity of
developing fungal cells; a rapid generation and shape adaption in order to support
the penetration of the environment and the protection against environmental stresses
(10).

The body of a fungus is called a thallus, which has a great variety among the fungal
species concerning its complexity and size, ranging from the mono- to multicellular
fungi, macroscopic puffballs and mushrooms.

The majority of fungi are molds. Their thallus is a long apical filament, which is
called hypha and contains a full spectrum of organelles, that are also found in many
eukaryotic cells (e.g. mitochondria, endoplasmic reticulum, Golgi apparatus,
endosomal vacuoles, vesicles). The hyphae usually gather together forming a mass,
called mycelium. Moreover, the majority of hyphae is multinucleate, producing
septa (cross walls), that facilitate cytoplasmic streaming. Different types of hyphae

present distinct combinations of behavioral, structural and functional characteristics,
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but in general this fungal type is characterized by an exceptional plasticity and
flexibility, allowing them to form colonies, invade to the environment or host,
defend against the host immune system by a rapid and massive production of
enzymes and communicate through a long-distance signaling (8, 10).

Yeasts are typically a uninucleate single cells, principally larger than bacteria, with
a wide range of size. They reproduce either asexually by budding or by binary fission
or sexually resulting to spore formation. Despite the limited plasticity and adaptation
capability compared to hyphae, they have the ability to reproduce rapid in nutrient-
rich and aqueous environments, being a major threat for severe bloodstream
infections in immunocompromised hosts. Many important fungal pathogens such as
Candida, Cryptococcus and Histoplasma can produce yeast cells (8, 10).

It is to mention that numerous fungal species, especially the pathogenic ones, are
dimorphic. Depending on the environmental conditions and nutritional adequacy
these fungi are capable of changing from the yeast form in the animal to the mold or
mycelial form in the external environment (8).

Many fungi have evolved a selective advantage to release their spores into the air
for dispersal (Table 1) (11, 12). The last decades, the great progress on the treatment
of hematological and solid tumors, as well as the increase of transplantations and the
broad use of potent immunosuppressive therapy in many different patient groups led
to a significantly higher number of immunosuppressed patients. The airborne fungi
have become a great threat for those individuals, causing opportunistic infections
with a high morbidity and mortality (13). Historically, Aspergillus spp. and Candida
spp. collectively account for the majority of deeply invasive and life-threatening
fungal infections (14). However, during the last decades an epidemiological shift
towards infections by Aspergillus spp., nonalbicans Candida spp., as well as
previously uncommon opportunistic fungi, such as Trichosporon beigelii, Fusarium

spp. Mucorales and Penicillium mamefei is reported (15). The incidence of fungal
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infections in patients with hematological malignancies is increasing. Moreover, due
to the low sensitivity of microbiological culture techniques and the low specificity
of radiological procedures, particularly in neutropenic patients, the diagnosis of the
invasive opportunistic fungal infections remains challenging, a fact confirmed by a
recent study with retrospective autopsy data, which showed that approximately 75%
of such infections are not diagnosed prior to death (16, 17). The late diagnosis as
wells as the limited therapeutic options contributed to the high mortality rates.
However, the pathogenic mechanisms leading to these life-threatening infections

remain relatively unexplored.

Absidia corymbifera
Alternaria citri
Aspergllus candidus
A. flavus

A. fumigatus

. niger

. ochraceus

. Testrictus

. sydowii

. terreus

. versicolor

> > > > > > >

. wentii

Cladosporium cladosporioides
Cladosporium sphaerospermum
Ewrotium® amstelodami
Ewrotium chevalieri
Emericella® nidulans

Fusarium moniliforme
Geomyces pannorum

Mucor circinelloides

M. plumbeus

Paecilomyces variotii
Penicillium brevicompactum
P. chrysogenum

P. citrinum

P. corylophilum

P. expansum

P. frequentans

P. griseofulvum

P. spinulosum

Phoma herbarum

Rhizopus microsporus

R. stolonifer

R. oryzae

Scopulariopsis brevicaulis
Sistotrema brinkmannii
Stachybotrys chartarum
Syncephalastrum racemosum
Trichoderma harzanum
Wallemia sebi

Ulocladium chartarum

U. consortiale

Table 1. List of the most common airborne fungi {adapted from (12) and modified}
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A2.1. Zygomycetes

Zygomycetes is one of the two classes of the phylum formerly described as
Zygomycota, further distributed over nine orders. Based on gene sequencing
analysis and well preserved fossils the estimated divergence time of the zygomycetes
on Earth is placed in the Precambrian era, ~ 1200-1400 million years ago, being an
essential component of the ancient ecosystems. Since then, they managed to adapt
prompt, adopting all types of nutrition, from saprophytic to parasitic end endophytic
in plants, ultimately evolving to an important group of opportunistic and usually life-
threatening human pathogens (18, 19). They possess four general characteristics;
their cell walls are made of a mixture of chitin, chitosan and polyglucuronic acid;
the hyphae are typically aseptate (without cross walls), also called coenocytic; they
can reproduce either sexually forming a thick-walled resting spore, called zygospore,
or asexually, that result to the production of spores by cytoplasmic cleavage within

a sporangium,; they have an haploid genome (4).

A2.2. Mucorales species

Mucorales have been recently reclassified into the subphylum Mucoromycotina of
the Glomeromycota phylum of the Fungal Kingdom (20). Many Mucorales species
account for some of the first appeared on Earth and most widespread terrestrial
fungal lineages. They are can be found everywhere in nature and they grow rapid
within 24-48 hours in an agar plate. They distinguish with their aseptate hyaline
hyphae, the sexual formation of zygospores and the asexual reproduction with
nonmotile sporangiospores, on which the dissemination is based, since the asexual

reproduction of Mucorales occurs very fast (Figure 4) (4). The thalli of the
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Mucorales consist of substrate mycelium, which develops rapidly to grow aerial
hyphae, which is their main transmission way. Sporangia form at the pear — shaped
sporangiophore apex a visible, well-shaped columella, which is the trademark of the
Mucorales as a monophyletic order (18).

Mucorales embraces various species, which are potentially pathogenic to humans,
causing an infection called mucormycosis, affecting primarily immunocompromised
individuals. The last decades an increased incidence of mucormycosis is reported,
being the third most common invasive fungal infection after candidiasis and
aspergillosis (21). The predisposing factors for mucormycosis are hematological
malignancies, chronic high-dose corticosteroid treatment, hemopoietic stem cells
and solid organ transplantations, uncontrolled hyperglycemia, diabetic ketoacidosis
and iron overload (due to multiple blood products transfusions in patients with
thalassemias or leukemic states and patients under hemodialysis) (22). Nevertheless,
because Mucorales can be found anywhere and also in decaying organic substrates,
many causes of mucormycosis are reported, even in immunocompetent adults, after
major natural disasters; from wound to pulmonary infections, caused also from
unusual species (23, 24). The most common among them are the species of Rhizopus,
Lichtheimia, Mucor, Rhizomucor, Apophysomyces, Saksenaea, Syncephalastrum

and Cunninghamella (19).
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(2) Sexual reproduction

Zygospore

(1) Asexual reproduction

Suspensor

Sporangium

Gametangia
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Figure 4. The life cycle Mucorales. (1) Asexual reproduction. The somatic growth of hyphae is followed
by the production of aerial branches (sporangiophores). After that a thin-walled sporangium is formed at
the pear-shaped tip and the sporangial contents split in order to produce many darkly pigmented uninucleate
spores (sporangiospores). The released spores are wind-dispersed after the collapse of the thin sporangial
wall. The species’ trademark, columella, remains after the spores’ dispersal. (2) Sexual reproduction. Under
ideal culture conditions compatible mating aerial branches, termed zygophores, grow towards one another
to form progametangia. Soon after a complete septum is developed by the latter, separating each
gametangium from the subtending hypha. A thick-walled zygospore is then formed from the fusion of
gametangia. After a small period of dormancy, the zygospores eventually germinate to produce a

sporangium, releasing haploid spores. [Adopted from Ref. (4) and modified]
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A2.3. Rhizopus spp. and their unique virulent factors

The predominant human pathogen of the Mucorales is R. oryzae, responsible for
approximately 70% of all cases of mucormycosis (25). Rhizopus delemar and
Rhizopus stolonifer are less common Rhizopus species, also causing opportunistic
infections. R. oryzae is also found as R. arrhizus in the medical literature. It is
characterized by a rapid growth, ideal at around 37°C, on standard media, producing
dark brown or gray colonies. Microscopically, R. oryzae is identified by the presence
of broad nonseptate root-like hyphae having four to eight branches, called rhizoids.
Sporangiophores can be seen solitary or in clusters, with a length ranging from 750
to 2,000 um (generally 1,500 um) and they are usually unbranched. At the tip of the
sporangiophores are found round, grayish black sporangia measuring 40 to 350 um
in diameter. The columella of R. oryzae is lightly pigmented gray and ellipsoidal to
hemispherical in shape. Typically, a great amount of sporangiospores is produced,
which are round to ovoid in shape, dark in color and their length is up to 8 um. The
zygospores, which are produced heterothallically range from 80 to 100 pm and are
also dark in colour (26-28). Dormant spores are able to endure extreme climate
conditions, as proved from the viable spores found both in arctic and desert climates.
The transmission of R. oryzae is primarily airborne, causing opportunistic
rhinocerebral and pulmonary mucormycosis in immunocompromised patients
suffering from hematological malignancies, uncontrolled Diabetes mellitus,
transplant recipients or patients long treated with corticosteroids. Due to the rapid
fungal proliferation the mortality rate can reach up to 100% in disseminated disease.
A highly suspicion is the key to a quick diagnosis. The cornerstone of treatment is
the control of precipitating factors, surgical debridement and appropriate antifungal
therapy (21, 25, 29). As far as the antifungal treatment is concerned, our

armamentarium is limited, since only Amphotericin B and two triazoles,
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posaconazole and isavuconzole, are approved for the management of mucormycosis
(23). Less common transmission routes through the disruption of the mucocutaneous
barrier are the percutaneous, gastrointestinal and oral, causing infections even in
Immunocompetent individuals (21, 26).

R. oryzae has some unique characteristics, that attribute as virulence factors in the
process of host invasion and penetration, overcome of the host’s immune system,
leading ultimately to his survival and reproduction. In contrast to other molds like
Aspergillus spp., it was early observed that patients with iron overload (such as
patients under dialysis or need of frequent blood transfusions), treated with an iron
chelator called deferoxamine, were much more susceptible to mucormycosis (30,
31). In addition, the importance of iron metabolism in the pathogenesis of R.oryzae
was highlighted in vitro experiments in the papers of Diamond et al (32, 33).
Therefore, it is no surprise that R.oryzae possesses various receptors related to iron
accumulation (34). A high-affinity iron permease (FTR1), encoded especially iron-
depleted environments, plays an important role in iron uptake and transport. A
reduced virulence and iron accumulation after the knock-down of FTR1 has been
reported (35). It is of interest that passive immunization of infected mice with
diabetic ketoacidosis (DKA) with anti-FTR1protein reduced the mortality rate,
setting the basis for new therapeutic perspectives (36). Fobl and Fob2 are two
highly preserved receptors on the surface of the Mucorales, necessary for the binding
of ferrioxamine. After the binding of the ferrioxamine/iron complex, iron is detached
and transported into the fungal cell, without internalizing the siderophore (37).
Besides iron accumulation, the ability of R.oryzae to invade vessels and endothelia
is of outmost importance for the fungal pathogenicity. The angioinvasion is mediated
through the binding of the spore coat (CotH) proteins to the endothelial cell glucose-

regulated protein 78 (GRP78), which partially explains the susceptibility of patients
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with DKA, who overexpress GRP78. In addition R.oryzae mutants with reduced
CotH expression were less virulent in mouse models with DKA (38).

The discovery of rhixotoxin, a plant mycotoxin produced by bacterial endosymbiont
(Burkholderia) from environmental isolates of Rhizopus, which let to plant
destruction by inhibition of mitosis and cell cycle arrest, thought to be a new virulent
factor from Rhizopus. However, following studies showed that the virulence of

Rhizopus was independent from the bacterial endosymbionts (39-41).

A2.4. The pathogenesis of pulmonary mucormycosis

Mucormycosis is the second most common fungal infection, after candidiasis and
aspergillosis, among immunocompromised patients. Initially mucormycosis has
been described mostly in diabetic patients, but the last decades, due to the
tremendous improvement in the diagnosis and treatment of hematological
malignancies and autoimmune diseases, as well as the increase of transplantations
(both from hemopoioetic stem cells and solid organs), the incidence of the infection
Is steadily rising, estimated approximately in 1.7 cases per 1000 000 inhabitants per
year (21, 29). Pulmonary mucormycosis accounts for 20% of the total mucormycosis
cases with the overall mortality reaching the 51% of the patients, according to a
recently published meta-analysis (42). The infection is caused after the inhalation of
airborne spores by patients with predisposing factors, as mentioned above. As the
spores reach the lungs, they meet the first line of defense, the phagocytes. In healthy
individuals, macrophages and polymorphonuclear neutrophils (PMNSs) eliminate the
Mucorales spores through oxidative and non-oxidative mechanisms, preventing the
infection. In patients with severe neutropenia, hyperglycemia or undergoing

corticosteroid treatment, the acquisition of phagocytes as well as their major killing
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mechanisms are severely impaired, so that the proliferation of Mucorales cannot be
restrained. The spores find themselves in an abundance of nutritional substances and
the proliferate forming hyphae.

Fungal proliferation

enhanced with
iron overload

o8, 1 :
o8, . : :
. 9 = b / G
€2 9
inhaled spores are trapped in sinuses  macrophages and undetected Progressing extensive necrosis
or reach distal airspace PMN block replication  fungal proliferation, fungal invasion, limits drug delivery
'|' angioinvasion, hemorrhage and immune response .
necrosis and necrosis dissemination
Impaired in neutropenic detectable by
patients, or with corticosteroid, CT scan

moAb therapy of
graft vs. host disease or
hyperglycemia

Figure 5. The pathogenesis of mucormycosis. Neutropenia, hyperglycemia and corticosteroids lead to
impaired chemotaxis, phagocytosis and oxidative burst. The additional iron abundance in serum induces
the Mucorales proliferation and subsequent endothelial damage and angioinvasion. The extensive vessel
necrosis further restricts the immune responses and drug delivery, resulting to a disseminated infection with
remarkably high mortality [Adopted from Ref. (22)]

The high concentration of iron in serum, as observed in DKA, since the acidic pH
results to dissociation of free iron from bound proteins enhances the fungal
pathogenicity. The hyphae adhere to the endothelial cells, causing a critical
endothelial damage, which leads to angioinvasion, vessel thrombosis, consecutive
tissue necrosis and ultimately to disseminated mucormycosis (22, 25, 29, 43, 44). A

schematic figure of the pathogenesis of mucormycosis is shown on figure 5.
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A3. An overview of the immune response to infections

The immune system is responsible for the prevention and management of infections.
It is divided into two big categories, the innate and adaptive immunity. The innate
immunity is the first line of defence, with circulating and scattered tissue cells, that
recognize the invaders. Through a signalling cascade the adaptive immunity is
activated. The adaptive immunity is the sophisticated branch of the immune system,
pledged with the coordination and expansion of specific cells, that produce
pathogen-specific proteins, called antibodies, that recognize unique proteins of each
pathogen, leading to its death and ultimately to the restriction of the infection.
Furthermore, the adaptive immune response is followed by the production of
pathogen — specific memory cells, that guarantee the rapid reaction of the immune
system in case of a future reinfection.

The immune responses are mediated by leukocytes, which differ from the majority
of other cells, since they are motile, interact with pathogens and cellular debris and
coordinate the inflammation. The leukocytes derive from a multipotent
haemopoietic stem cells in the bone marrow. The innate leukocytes encompass the
natural Killer cells (NK cells), the mast cells, the eosinophils, the basophils and the
phagocytic cells, which are the monocytes, the macrophages, the dendritic cells and
the neutrophils (45). The NK cells are responsible for the recognition and destruction
of compromised host cells, typically tumor cells and virus/infected cells, that lack
the normal amount major histocompatibility complex I (MHC 1) on their cell
membrane. The mast cells are found in connective tissue and in the mucous
membranes, mostly associated with allergy by releasing histamine. The basophils
and eosinophils are granulocytes, which play a central role in the management of

parasitic infection and allergic reactions (45).
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The professional phagocytes orchestrate the pathogen recognition, phagocytosis,
antigen-presentation and - through a signaling cascade — activation of the adaptive
immunity. In addition, they maintain a key role to wound healing and tissue
development, by removing the apoptotic cells or the pathogen-infected cells from
the affected sites. The aforementioned functions are mediated through receptors,
named pattern recognition receptors (PRRs), which recognize molecules typical for
pathogens but absent on the host cells, referred to as pathogen-associated molecular
patterns (PAMPs). As soon as a PRR recognizes a PAMP, inflammation mediators
are released. As soon as phagocytosis occurs, the engulfed pathogen is enclosed in
a phagosome and through a signaling cascade inside the cell, it is finally fused with
lysosomes, organelles that excrete lytic enzymes, causing the pathogen degradation
(46).

Monocytes circulate in the bloodstream for about 28 to 72 hours, equipped with
chemokine receptors and PRRs. They produce inflammatory cytokines, such as
tumor necrosis factor (TNF) and inducible nitric oxide synthase (iNOS), and upon
inflammation, they migrate into the tissues, where they differentiate into
macrophages and dendritic cells (45, 47). Dendritic cells lurk in peripheral tissues
as immature phagocytes. Upon infection they ingest pathogens, present antigens on
their surface and them they migrate to the draining lymph nodes, where they activate
the adaptive immunity, stimulating the T-cells (48).

Neutrophils, which are also known as polymorphonuclear leukocytes due to their
distinctive lobed nuclei, are of paramount importance for the inflammatory response.
Every day approximately 10% cells are produced in the bone marrow and then enter
the circulation. Upon threat recognition they migrate to tissues to kill the invading
pathogens. Their main functions are phagocytosis, degranulation, and the release of
nuclear material in the form of neutrophil extracellular traps (NETS), which serve

not only the microcode but also contribute to the pathogenesis of autoimmune
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diseases, cancer and atherosclerosis. Upon phagocytosis neutrophils undergo
respiratory burst producing reactive oxygen intermediates (ROIs), including
hydrogen peroxide, free oxygen radicals and hypochlorite, which is the main
mechanism for killing the phagocytosed pathogens. Additionally, neutrophils
orchestrate the immune response by producing various cytokines such as TNF and
interferon-vy, leading to attraction of monocytes and DCs inflammatory sites as well
as differentiation of macrophages to a pro- or anti-inflammatory state. Additionally,
neutrophils play an important role on proliferation and activation of B- an T-cells,
as well as suppression of T-cells, which are of great importance for the pathogenesis
of cancer (49, 50).

The adaptive immunity consists of two big cellular subsets, the T lymphocytes,
which mediate the immune responses and the B lymphocytes, which produce
pathogen- and cell-specific antibodies. Both T- and B- cells are produced in the bone
marrow from a common progenitor stem cell and until their activation are
morphologically indistinguishable. Lymphocytes are mobile and migrate from the
primary lymphoid organs (thymus and bone marrow) to the secondary ones (lymph
nodes and the spleen), where they are activated either from the antigen presenting
cells (APCs) or the innate immune stimuli (51).

Mature T-cells are divided into two subgroups, CD8+ (cytotoxic) and CD4+ (T-
helper) cells. They are activated upon interaction of their T-cell receptors (TCRs)
with antigenic peptides bond with MHC class | and 1l respectively. CD4+ cells are
divides into four categories; T-helper 1(Th1), T-helper 2 (Th2), T-helper 17 (Th17)
and T-regulatory (Treg) cells, depending on cytokine production and function. Thl
cells facilitate the host defense against intracellular pathogens and fungi, by mainly
producing IFNy, lymphotoxin o, interkeukin-2 (IL-2) and interkeukin-12 (IL-12).
The IFNy secretion by Thl cells lead to M1 macrophage activation, thus IL-12 has

a key role for the immune responses against fungi. In addition, Th1 cells activation
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and uncontrolled activity is related with the pathogenesis of various autoimmune
diseases, including rheumatoid arthritis and multiple sclerosis. The immune
response against extracellular parasites is mediated by Th2 cells, which produce
various interleukins (IL-4, IL-5, IL-9, IL-10, IL-13, IL-25), and amphiregulin.
Furthermore, Th2 cells through IL-4 secretion and the consequent IgE class
switching in B cells are the cornerstone in the pathogenesis of asthma and allergic
diseases. Among others, they favor the M2 macrophage polarization. Th17 cells
mediate immune responses against extracellular bacteria and fungi, producing IL-
17a, IL-17f, IL-21, and IL-22, that leads to stimulation of CD8 T cells, B cells, NK
and dendritic cells, as well as PMNs activation. Treg cells guarantee the
homeostasis, since they are responsible for the regulation and suppression of the
Immune responses, though the production of tumor growth factor- g (TGF-B), IL-
10, and IL-35 (51-53).

The B-cells mediate the humoral immunity. Responding to cytokines from T-cells
and APCs, B-cells are activated and either mature into plasma cells, producing
antibodies or transform into memory cells, for a rapid immune response when the
host has to encounter the same pathogen in the future. Many B-cells subsets are
described, depending on their surface marker expression and their developmental
stage. Furthermore, B-cells produce cytokines, like IL-2, TNF and IFN-y, promoting
the responses of memory Th2 and Thl respectively. The production of IL-10 or
IL-35 leads to negative regulation of immune responses in many bacterial infections
and autoimmune diseases, mediated by Thl, Th2 and Thl17 cells, such as
experimental autoimmune encephalitis, systemic lupus erythematosus, ulcerative

colitis and infection from Listeria monocytogenes (51, 54).
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A3.1. Immune responses against fungal infections

The key phagocytes that mediate fungal killing are neutrophils and macrophages.
The increased incidence of fungal infections among patients with neutropenia or
impaired monocyte function (like those suffering from chronic granulomatous
disease) indicates the outmost importance of these immune cells. Phagocytic
clearance of fungal pathogens is mediated through the recognition of cell-wall
fungal-specific PAMPs by PRRs of phagocytes, including Toll-like receptors
(TLRs), C-type lectin receptors (CLRs) and NOD-like receptors (NLRs). This
recognition leads to the engulfment of fungal cells and the subsequent degradation
of the engulfed fungal cells within maturing phagosomal compartments. Moreover,
the production of pro-inflammatory chemokines and cytokines by neutrophils and
macrophages, leads to the stimulation of other phagocytic cells, antigen uptake and
presentation, and ultimately, activation of adaptive immune responses. In addition
to phagocytes, fungal pathogens also interact with phagocytic dendritic cells, which
leads to the activation of TH;; and Treg cells (53, 55).

The fungal cell wall plays pivotal role, since it contains polysaccharide and lipid
moieties that activate immune responses. Principally, the cell wall is arranged in
layers: the innermost layer typically consists of chitin, an N-acetylglucosamine
polymer and the adjacent external layer is formed by immunoreactive 3-(1,3) and -
(1,6) glucans, over which other cell wall polysaccharides and glycoproteins are
attached. [-1,3-glucan, which is the strongest fungal recognition signal, is
recognized by dectin-1 (also known as CLEC7A), a C-type lectin receptor of the
neutrophils and macrophages. This interaction leads to engulf of the fungal spores,
phagosome maturation and ultimately fungal degradation via activation of
downstream Syk kinase signaling and subsequent production of ROS. Since the

exposure (unmasking) of -1,3-glucan is required for initiation of phagosome
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Figure 6. Overview of the immune responses and their regulation in fungal infections. As soon as the

fungus overcomes the mucosal barrier, the endothelial cells through chemotactic signals orchestrate the
gathering of the antigen presenting cells (APCs) - neutrophils, macrophages and dendritic cells - at the site
of the infection within a few hours. The APCs through their PRRs recognize and subsequently engulf the
fungal cells. They produce a panel of cytokines attracting more cells and keeping the infection under
control. The mature dendritic cells migrate to the lymph nodes, where through the interactions of their MHC
with TCRs leads to T-cell activation and differentiation. CD4+ T-cells differentiate Th1, Th2 and Th17cells,
which produce various cytokines providing positive and negative feedback signals to effector phagocytes.

All together activate the B-cells, which mature into plasma cells, producing pathogen-specific antibodies,
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and to memory cells. Treg are responsible for the downregulation of the immune responses and contribute
to the development of memory T-cells. Solid and broken lines refer to positive and negative signals,
respectively. IFN-y, interferon-vy; IL, interleukin; TCR, T-cell receptor; TGF-p, transforming growth factor-
B; TNF, tumor-necrosis factor; PRRs, pattern recognition receptors. [Adopted from Ref. (53)]

maturation, the cell wall immunoinert polysaccharides and glycoproteins prevent the
phagosome activation (9).

Beside the fungal spores killing via ROS production, the neutrophils have other
killing mechanisms. Fungal hyphae of A. fumigatus and pseudohyphae and C.
albicans induce NADPH oxidase—dependent NETs formation, which contain
extracellular nucleic acids, histones, and granular proteins, including calprotectin
and PTX3. In vitro experiments have shown that fungal hyphae, which are too large
to be phagocytosed, are trapped in NETs and destroyed (55, 56). An overview of the

immune responses in fungal infections is shown in figure 6.

A3.2. Macrophages

The macrophages are large phagocytic cells, that take part in almost all of procedures
of the human body, from homeostasis, tissue repair and of course immune responses.
They migrate through the capillary walls to place themselves in the tissues, where
they differentiate to different phenotypes (for example alveolar macrophages in the
lungs, Kuppfer cells in the liver etc.). Since the macrophages possess a great
spectrum of functions, they are highly adaptive in order to recognise the
environmental changes and rapidly react to them. Their upregulation or uncontrolled
activity is associated with the development of cancer and various inflammatory
diseases, such as atherosclerosis, asthma, inflammatory bowel disease, rheumatoid
arthritis, and fibrosis (57). Focusing on their role for the immune defence, as soon

as the macrophages recognize a pathogen, they engulf and destroy it through
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oxidative and non-oxidative mechanisms, facilitated by ROS and the lysosomal
enzymes respectively. Additionally, the macrophages produce cytokines, initiating
the cascade of immune response. Depending on the inflammatory state,
macrophages are classified into two groups, M1, stimulated by Toll-like receptor
(TLR) ligands and Interferon-y (IFN-y), and M2, stimulated by IL-4/IL-13. The
M1/M2 polarization corresponds to the Th1—Th2 polarization of T cells (Figure 7).
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Figure 7. The macrophages polarization and the related functions [Adopted from (58)]

The expression of proinflammatory cytokines, such as IL-12, IL-23 and TNF, as
well as the production of reactive nitrogen and oxygen species are the distinguish

characteristics of M1 phenotype, which is associated with microcidal function and
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tumor inhibition. On the other hand, M2 macrophages are considered to have
iImmunoregulatory and anti-inflammatory functions, down-regulating the expression
of TLR2 and IL-12, and their main characteristics are the enhanced phagocytic
activity, the expression of mannose and galactose receptors and the production of
ornithine and polyamines. The have a key role on the control of the parasitic
infections, tissue remodeling and tumor progression. The M1/M2 switch is a control
mechanism for the regulation of immune responses, deterring the unrestrained
inflammation and consequent tissue damage. Nevertheless, some pathogens, like
Coxiela burneti, Yersinia enterocolitica and Mycobacterium tuberculosis, exploit
the M1/M2 switch for their favor, overcoming the M1- microcidal activity (59-62).
The alveolar macrophages (AMs) are considered to be at the first line of immune
defense against airborne fungi (63). Although neutrophils are the main immune cells
responsible for phagocytosis and killing of the A.fumigatus, AMs play also an
important role. A. fumigatus conidia are endocytosed with pseudopods in an actin-
dependent manner. The endosomes fuse with phagosomes, while the cell wall of the
conidia swells exposing B-1,3, glucan on the fungal cell surface, resulting in
phagolysosomal fusion and killing of A.fumigatus via a NADPH-oxidase ROS
production (64, 65). Furthermore, the interaction of dectin-1 on AMs with -1,3,
glucan stimulates the production of proinflammatory cytokines TNFa, IL-6, and IL-
18 (66). On the other hand, the role of AMs in infection with C. neoformans is
crucial. Experiments in CD11c-DTR mice, were AMs and DCs are selectively
depleted, showed enhanced mortality with severe lung inflammation and neutrophil
infiltration (67). Moreover, other studies suggest that C. neoformans stays dormant
inside the AMs. When an immunosuppressive state is induced, such as during
advanced HIV infection, C. neoformans escapes from the AMs, which leads to a
rekindling of the infection (68). The importance of AMs in mucormycosis remains

to be explored.
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A3.3. The phagosome maturation

The recognition of the pathogen is followed by its engulfment in an intracellular
vacuole with a single membrane bilayer, termed phagosome. Intracellularly the
binding of signaling proteins on the phagosome membrane leads to phagosome
maturation by the interaction with various vacuoles, the endosomes. This interplay
has been characterized as a ‘kiss and run’ mechanism, since the different organelles
exchange molecules and they rarely fuse completely (69). The ultimate goal is the
fusion of the phagosome with lysosomes, to form the phagolysosome, in order the
pathogen to be degraded (58, 70).

The first step of the phagosome maturation is mediated by Rab5 protein, a GTPase,
which induces the fusion of phagosome with early endosomes and recruits the class
I11 phosphoinositide 3-kinase complex (PI3K) with its subunit vacuolar protein-
sorting 34 (Vps34). Then phosphatidylinositol-3-phosphate (PI3P) is accumulated,
mediating the acquisition of early endosomal antigen 1 (EEA1) and the class C core
vacuole/endosome tether (CORVET) complex to the phagosomal membrane. The
shift from early to late phagosome occurs with the replacement of Rab5 with Rab7
and the subsequent acquisition of lysosome-associated membrane proteins 1 and 2
(LAMP-1 and LAMP-2), which are essential for phagolysosomal fusion. Upon the
formation of phagolysosome, its degradative and killing activity is enhanced through
the accumulation of hydrolytic enzymes, such as cathepsins (71).

A crucial step of the phagosome maturation is the gradual acidification, which
begins shortly after the pathogen engulfment. In M2 macrophages, the pH values
tend to be very low, reaching 4.5-5.0. On the other hand, in neutrophils and M1
macrophages the phagolysosomal environment is more neutral or even slightly
alkaline, due to the vast ROS production (71). Necessary component of the

acidification is the v-ATPase, which pumps protons from the cytoplasm to the
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phagosomal lumen and is accumulated shortly after the formation of early
endosomes (72). The respiratory burst with the production of ROS is of outmost
Importance for the microbicidal activity of the phagocytes and it is mediated by the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and particularly,
by its catalytic, membrane-bound NOX2, which transfers electrons from the cytosol
to luminal O, generating superoxide, a major killing effector (73).

In 2007 another form of phagocytosis was described, which is termed LC3-
associated phagocytosis (LAP). LAP is a noncanonical autophagy pathway linking
classical phagocytosis with pattern recognition receptor (PRR) signaling. (74). Many
proteins from the autophagy machinery participate in the formation LC3 I1-positive
phagosomes (LAPosomes), composed of a single membrane instead of the double
lipid membrane of the autophagosomes (75). The recognition of pathogens via TLRS
or Fcgamma receptors (FcyRs) triggers the recruitment of Beclin-1- PI3K complex,
which is a major difference in contrast to canonical autophagy, since there is no need
of a pre-initiation complex, known as Unc-51-like kinase (ULK) complex (76). Up
next, the production of PI3P by Vps34, leads to the accumulation of two ubiquitin-
like conjugation systems, Ub-1 and Ub-11, formed by the autophagy proteins ATG5-
ATG12-ATG16L1, and ATGS8 (LC3 II). Rubicon, a LAP-specific protein, is crucial
for this step and also for the recruitment and stabilization of NADPH oxidase NOX2,
for the subsequent production of ROS (77, 78). In addition, Rubicon, which is
regulated from the interaction of intracellular calcium and calmodulin (79), inhibits
the canonical autophagy and promotes the accumulation of LC3-1 on the phagosome
membrane and its lipidation to LC3-11 by phosphatidyl ethanolamine (PE). The last
step is vital for the recruitment of LAMP-1 and the subsequent phagolysosomal
fusion (77, 80).

A number of studies from our group and others highlighted the role of LAP against

fungal infections. In particular, we have previously demonstrated that Dectin-1, a C-
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type lectin receptor on the surface of macrophages, recognizes B-1,3-glucan in
Aspergillus cell wall and triggers LAP. In macrophages a spleen tyrosine kinase
(Syk) is required for Dectin-1 activation and LC3 is recruited to the phagosome in a
NADPH oxidase- and Atg5-dependant manner (81, 82). Polymorphisms leading to
a functionally impaired dectin-1 are associated with increased susceptibility in
Invasive aspergillosis in immunocompromised patients, addressing the pivotal role
of dectin-1 in host defense (83).

Furthermore, corticosteroids have proved to also block the LC3 Il recruitment in A.
fumigatus phagosomes, by inhibiting the phosphorylation Syk kinase—dependent
ROS production (84). Additionally, the proteins of the autophagy machinery are of
outmost importance, since the conditional inactivation of Atg5 leads to attenuated
phagolysosomal fusion and killing of A. fumigatus spores (84). A following study
showed that cell wall melanin of A. fumigatus conidia, which covers the
immunostimulatory B-glucan, inhibits the NADPH oxidase-dependent activation of
LAP by selectively blockade of p22phox subunit from the phagosome membrane.
In vivo, the pigmentless A.fumigatus mutant was significant less virulent compared
to the wild-type in cyclophosphamide-immunosuppressed control mice, whereas its
virulence was restored upon infection of cyclophosphamide-immunosuppressed
Atg5 conditional knock-out mice, addressing the importance of the autophagy
machinery (1). The LAP pathway against Aspergillus fumigatus is summarised in
Figure 8.

LAP is also associated with Candida infections. In vitro, upon infection of
macrophages with C.albicans, LC3 is recruited in phagosomes, after a Dectin-1/Syk
signaling cascade. In addition, LAP modulates the production of proinflammatory
cytokines (TNF-a, IL-6, and IL-1B ) by macrophages, promoting their fungicidal
activity (85). Conditional knock-out of Atg5 in vitro leads to decreased phagocytosis

in J774.16 macrophage cell line, whereas in vivo a significant decrease in survival
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rate among conditional knock-out of Atg5 mice was observed upon intravenous
infection with C.albicans (86). More studies are needed to enlighten the role of LAP
and autophagic machinery in C. albicans infections, since the current data imply that
the mechanisms may be strain-specific (76).

Furthermore, the microbicidal activity mediated by LAP is also of great interest.
Listeria monocytogenes relies its virulence on escaping from macrophages using
them as a proliferative niche. Nevertheless, in 20-25% of L. monocytogenes-
containing phagosomes LC3 is recruited. LAP is initiated by the surface receptor
Mac-1, which mediates ROS production by Nox2 and subsequent LC3 recruitment.
The rapid phagolysosomal fusion results to Kkilling and degradation of L.
monocytogenes. In contrast to A.fumigatus, NOX2 and ROS do not have a listericidal
role but they are crucial for the lysosomal recruitment and the subsequent killing of
L.monocytogenes by the lysosomal hydrolases (87). Mycobacterium. tuberculosis
has also evolved to overcome the killing properties of macrophages, by producing
the virulence factor CpsA to prevent NOX2 recruitment to the phagosome and, as a
result, induction of LAP and phagosome maturation. Unlike the wildtype M.
tuberculosis, CpsA-deficient M. tuberculosis are able to reverse the blockade of
NOX2 recruitment and induce LC3 recruitment to the phagosomes. Phagolysosomal

fusion occurs successfully resulting in killing of the pathogen (88).
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Figure 8. The LAP pathway upon Aspergillus fumigatus infection. 1) Swelling of the Aspergillus
fumigatus spores leads to removal of hydrophobic rodlet proteins and melanin from the cell wall, revealing
the immunostimmulatory B-glucan. 2) Engulfment of A. fumigatus spores after recognition from PRRs
(Dectin-1 and TLRs) on phagocytes. Upon phagocytosis Dectin-1/Syk kinase complex is triggered. 3) LAP
does not require the pre-initiation ULK complex, in contrast to canonical autophagy. 4) The class 111 PI3K
complex (green) is recruited, generating P1(3)P that associates with the to the single-membrane phagosome.
5) PI(3)P and Rubicon stabilize the NADPH oxidase complex. Complete assembly of the NOX2 NADPH
oxidase complex is essential for the optimal ROS production. Melanin inhibits NADPH oxidase-dependent
ROS production, by blocking the phosphorylation of p22 subunit. 6) Formation of PI(3)P and ROS leads
to the recruitment autophagy proteins (purple),which conjugate LC3I to PE to form LC3II. 7) Deposition
of LC3II on the single-membrane phagosome enhances the phagosomal maturation. 8) Fusion with LAMP-
1 lysosome and formation of the phagolysosome with subsequent degradation of A. fumigatus. 9) LAP is
also a link between innate and adaptive immunity, since it facilitates the adaptive immune response by
enhancing major histocompatibility complex Il antigen presentation. Red and blue arrows represent the

negative and positive regulation respectively. LAP: LC3-assosiated phagocytosis, PRRs: Pattern
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recognition receptors, TLRs: Toll-like receptors, ULK: Unc-51-like kinase, PE: phosphatidylethanolamine,
PI(3)P: Phosphatidylinositol 3-phosphate, PI(3)K: Phosphatidylinositol (PI) 3-kinases, NADPH oxidase:
Nicotinamide adenine dinucleotide phosphate oxidase, ROS: Reactive oxygen species, LAMP-1:
Lysosome-associated membrane proteins 1, LC3: Microtubule-associated protein 1A/1B-light chain 3,
ATGs: Autophagy-related genes [Adopted from (89) and modified]

A4. Host defense mechanisms against Mucorales

The studies of Diamond et al. shed light to the pathogenic mechanisms of
mucormycosis. The investigators showed that neutrophils are recruited and they
capable of attaching on A.fumigatus und R.oryzae hyphae, resulting to pronounced
hyphae damage and eventually hyphal killing (32). They proved that R.oryzae
hyphae are susceptible to the oxidative and non-oxidative killing mechanisms of the
neutrophils, and, interestingly, significantly more than A.fumigatus hyphae (90).
Exploring the interaction of the innate immune system with Mucorales, the
researchers showed that, like neutrophils, monocytes attached to and damaged
R.oryzae hyphae by a serum-independent manner. The monocyte-mediated damage
depended mostly on oxidative mechanisms (91). By this time, the profound
susceptibility of diabetic patients to mucormycosis was well described (92). Since
only rarely PMNs were observed in the histopathological pulmonary lesions of
diabetic patients suffering from mucormycosis, the writers tried to elucidate the role
of alveolar macrophages (AM) against R.oryzae spores and hyphae in a diabetic
mouse model. Intranasal infection of diabetic mice with R.oryzae spores was
associated with increased mortality. In addition, the pulmonary lesions contained
irregularly branching hyphal filaments, massive hemorrhage and tissue necrosis.
Infection of the diabetic mice with A.fumigatus spores did not affect their survival.

Moreover, in ex vivo experiments with AMs from bronchoalveolar lavage (BAL) of
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diabetic mice a significant germination of R.oryzae spores was observed, although
the viability and number of AMs were the same as in the normal mice. The
macrophage-mediated hyphal damage was comparable with the one caused from
PMNs and monocytes as described above. Of interest, in vitro, no differences were
found regarding the germination of Rhizopus spores lavaged from diabetic and
normal mice. In addition, both spores were not easily killed, despite the intact
oxidative killing mechanisms of the AMs, so that 10 days after the intranasal
infection viable Rhizopus spores were recovered from the lungs of normal mice (33).
The same group published another study showing that AMs from normal, diabetic
and cortisone-treated mice were unable to kill R.oryzae spores in vivo, in contrast to
A.fumigatus spores, which showed a profound resistance in killing only in the
cortisone-treated group. Moreover, the resistance of R.orzyae spores in killing was
confirmed again, since viable spores were obtained from normal murine lungs 10
days after the intranasal infection, unlike the A.fumigatus spores, which seemed to
be killed shortly after the infection (93). These results implied that the inhibition of
Rhizopus germination is the key point for the prevention of pulmonary
mucormycosis, whereas for Aspergillus an early killing seemed to be more important
for the prevention of aspergillosis. On the other hand, the aforementioned results
showed that although the germination is restricted, the phagocytes still fail to kill the
Rhizopus spores. Another aspect elucidated by the Diamond group is that although
the resting spores of both A.fumigatus and R.oryzae are resistant in killing upon
incubation with neutrophilic cationic peptides, the spores pretreated in culture
medium, which become swollen and metabolically active are highly susceptible to
non-oxidative Killing mechanisms in vitro. It was intriguing, that the greater the
swelling of spores, the greater the killing efficacy of macrophage activity. In

addition, swollen A.fumigatus spores were found significantly susceptible upon
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incubation with rabbit AMs, suggesting that the morphological cell wall change
upon swelling favors the host defense mechanisms against the fungus (94).

All the previously stated observations do not explain why the phagocytic cells fail
to eliminate Mucorales. It is known that hyperglycemia and acidosis impair
chemotaxis and the killing activity of neutrophils against R.oryzae by impairing
oxidative and non-oxidative mechanisms (95). Similarly, corticosteroids hinder
migration, phagocytosis and phagolysosome fusion in human macrophages. Despite
that, the mechanisms related to attenuated phagocytosis and phagolysosomal fusion
are poorly studied. It is of interest that unlike Aspergillus patients with CGD are
rarely susceptible to Mucorales and the role of NADPH-oxidase and ROS
production in the pathogenesis of the infection is unclear (91, 96). Taking into
consideration that ca 60% of CGD patients never develop invasive aspergillosis,
despite the daily exposure to airborne conidia, a study discovered a novel
Aspergillus killing mechanism, non-oxidative burst-dependent, mediated via iron
sequestration by lactoferrin, found within neutrophil secondary granules. Based on
these findings, non-oxidative mechanisms could be also involved in host defense
against Mucorales (97).

Drosophila melanogaster, or fruit fly, is simple genetically amenable minihost with
well characterized innate immune responses, mediated by induction of the
evolutionarily conserved Toll pathway. Schneider 2 (S2) embryonic phagocytic
cells of D.melanogaster have many common characteristics with mammalian
phagocytic cells, placing D.melanogaster as a very useful model for the study of
bacterial and fungal infections (98). A study showed that R.oryzae infects and kills
D. melanogaster wild type (WT) flies despite the prompt activation of
the Toll pathway, with both spores and hyphae being resistant to killing from
phagocytes. Upon infection of S2 phagocytes, the phagocytosis rate of R.oryzae

spores was significantly lower that the A.fumigatus ones. The authors posited that
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the considerable bigger size of Mucorales spores could be the reason. In addition,
WT flies infected with R. oryzae and A.fumigatus spores showed higher mortality
rates, impaired phagocytosis and decreased hyphal damage compared to control flies
(99).

The exposure of human neutrophils to R.oryzae hyphae in vitro was associated with
robust expression of proinflammatory cytokines, upregulation in TLR2 mRNA,
induction of NF-kappaB pathway-related genes and induced intracellular and
extracellular production of superoxide anion (O2-), despite the impaired hyphal
damage from the neutrophils (100).

Little is known regarding the interactions of Mucorales with the DCs and the
adaptive immunity. An in vitro study showed that Rhizopus spores do activate
human DCs, unlike Rhizopus hyphae. Upon germination, the p-glucan exposure
triggers the dectin-1-signaling in human DCs, which leads to IL-23 production and
subsequent induction of Tp-17 responses. Moreover, DCs upon interaction with
Rhizopus hyphae release TNF-a, triggering Ty-1 responses (101).

Another study showed that the coincubating anti—R. oryzae T cells with autologous
R. oryzae—loaded APCs led to a significant production of IFN-y and TNF-a upon
restimulation, indicating that the T cells differentiated to a Th1 population, although
the reaction was less profound compared to stimulation with A.fumigatus and
C.albicans. Additionally, a small but significant fraction of T cells producing IL-17
was also found. Interestingly, granulocytes cultured in the supernatant of anti-R.
oryzae T cells coincubated with R. oryzae— loaded APCs had a significantly higher
oxidative burst activity compared to controls. The observed decreased alloreactivity
of anti-R. oryzae T cells can lead to new immunotherapeutic strategies in
hematopoietic stem cell transplant recipients due to much milder graft- versus-host
reactions (102).

56



Angioinvasion is a hallmark for the dissemination of mucormycosis.
Histopathological studies on lung biopsies from patients with pulmonary
mucormycosis showed significantly more extensive angioinvasion among
neutropenic patients compared to those with normal neutrophil counts (103),
suggesting that a attenuated inflammatory response favors the angioinvasion, the
subsequent vessel thrombosis and ultimately tissue necrosis. R.oryzae spores and
hyphae found to be able to adhere and damage human umbilical vein endothelial
cells (HUVECS) in vitro. Presupposition for the endothelial cell damage was the
direct contact of the spores with the cells and their subsequent phagocytosis (104).
Of interest, the viability of R.oryzae was irrelevant for the endothelial damage,
suggesting that a toxin substance of R.oryzae could mediate the adherence to
endothelial cells (104). Recently, the importance of the interactions of endothelia
cells with Mucorales was elucidated through the discovery of GRP78 (105). The
latter is a required receptor of the endothelia cells, member of the Hsp70 chaperone
family, which can specifically recognize Mucorales and but not other fungal
pathogens like A. fumigatus and C.albicans. Elevated glucose and iron levels,
stimulating the conditions of DKA, upregulate GRP78 expression, mediating the
invasion and damage of endothelia cells by R.oryzae. Interestingly, GRP78-specific
Immune serum protected mice with DKA from mucormycosis (105),

CotH proteins, which are also a unique characteristic of Mucorales, bind to GRP78
during invasion of endothelial cells. R. oryzae mutants with attenuated expression of
CotH proteins fail to invade endothelial cells and are significantly less virulent in a
DKA mouse model of mucormycosis (96). Similarly to GRP78, another study
showed that the expression of R. oryzae CotH was increased upon incubation with
DKA-associated concentrations of B-hydroxy butyrate (BHB), glucose, and iron,
enhancing the ability of R. oryzae to damage endothelial cells in vitro (106).

Furthermore, the BHB related acidosis positively affected the expression of both
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GRP78 and CotH (106). These unique virulent traits can partially explain why
patients with DKA are so specifically susceptible to mucormycosis and not to other

fungal infections.

A5. Fungal cell wall: Immune responses and virulence

The cell wall of the fungi is an important element not only for their survival and
growth but also for their pathogenicity. It protects the fungal cell from environmental
stress and toxic molecules, whereas it helps the fungi invade the host tissues and
escape from phagocytosis. It is organized similarly among the different species.
Principally, the cell wall is arranged in layers: the innermost layer typically consists
of chitin, an N-acetylglucosamine polymer and the adjacent external layer is formed
by immunoreactive B-(1,3) and B-(1,6) glucans, over which other cell wall
polysaccharides and glycoproteins are attached (107, 108). The fungal cell wall is
also a target of choice for antifungal drugs, such as echinocandins which act by
inhibiting beta-(1,3)-D-glucan synthase, destabilizing the cell wall (109).

As far as the filamentous fungi are concerned, the cell wall of Aspergillus fumigatus
Is the most studied. It consists of an outer layer of polysaccharides, which are bound
in a complex composed of a branched B-(1,3)-glucan found in the inner layer of
chitin, galactomannan, and -(1,4)-glucans. Other polysaccharides, such as a-(1,3)-
glucan and galactosaminogalactan, are filling the pores between fibrillar
polysaccharides. A.fumigatus conidia have a supplementary outer layer composed of
melanin, which is covered by a RodA hydrophobin rodlet protein layer that confers
hydrophobic properties (107, 110). Moreover, the rodlet layer covers -(1,3)-glucan
and other immunostimulatory cell wall polysaccharides, making the dormant conidia

of A. fumigatus immunologically inert (111). After phagocytosis, an
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intraphagolysosomal swelling of the conidium occurs and the rodlets as wells as the
melanin layer are degraded, exposing the immunostimulatory [B-(1,3)-glucan.
Melanins are negatively charged hydrophobic pigments of high molecular weight
that are composed of polymerized phenolic or/and indolic compounds. Based on
their biochemical precursors, pathways and components melanins are categorized in
several types. The two main types of melanin of the fungal cell wall are the DHN-
melanin of Aspergillus species and black fungal pathogens such as W. dermatitidis
or Sporothrix schenckii and the 3,4-dihydroxyphenylalamine (DOPA)-melanin
found in C. neoformans, called eumelanin (108). Catechol-melanin, pyomelanin and
paminophenol (PAP)-melanin as well as the heterogeneous melanins are also
described (112). Melanin is an essential virulent component for A.fumigatus, since
it inhibits conidial killing with two mechanisms: 1) blocking of phagosome
biogenesis and acidification of phagolysosomes and 2) inhibition of phagocyte
apoptosis by activation of the PI3K/Akt survival signaling pathway (110).
Mechanistically, melanin blocks LAP by masking B-(1,3)-glucan, preventing the
binding with dectin-1 on the neutrophils, an essential step for NADPH-oxidase
dependent ROS production and subsequent killing of A. fumigatus conidia (1, 113).
Regarding the cell wall of Mucorales little is known (114). Diamond et al. observed
that in contrast to resting Rhizopus conidia, that are resistant to killing by
phagocytes, the swollen ones are ultimately killed upon incubation with cationic
peptides, assuming that the cell wall would need to become permeable to
macrophage microbicidal products and/or the conidia become metabolically active
inside the phagosome (94). A study from 1968 showed that the spore cell wall of M.
ramannianus is composed of two layers: an outer electron-dense layer and an inner
thicker layer composed of microfibrils containing glucans (115). The presence of 8-
glucan was confirmed in another study, where b-glucan exposure in the cell wall of
R.oryzae proved to be essential for the induction of IL-23/T(H)-17 axis (101).
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Moreover, glucan was found to be the major component of the spore cell wall in M.
circinelloides in association with melanin, glucosamine, mannans, and proteins
(116). Based on the studies of A.fumigatus rodlet layer and its significance on
Immune response, investigators using high-resolution scanning electron
microscopy found no morphologic correlate of a rodlet layer in resting spores of R.
oryzae, C. bertholletiae, and R. pusillus. Moreover, treatment of R. oryzae spores
with hydrofluoric acid did not lead to a significantly altered morphology in the
outermost cell wall layer, whereas the A. fumigatus spores lost their typical rodlet
surface pattern. These data showed that cell wall of Mucorales lacks the
immunoprotective rodlet hydrophobic outer layer (117). In contrast to Aspergillus
spp. a morphological and chemical characterization of melanin as well as its

significance on the virulence of Mucorales remains to be explored.

A6. Role of iron in immune response and in mucormycosis

Iron metabolism and the immune response are intimately linked, since the iron
availability is crucial not only for the efficacy of antimicrobial immune pathways
but also for the pathogen proliferation. The macrophages play an important role in
iron sequestration, since they act as cellular guardians. Through their scavenger
receptors, they engulf the aged or damaged red blood cells, which are the main
source of iron (118). After the intracellular hemoglobin catabolism, iron is released
and stored by binding to ferritin, in order to avoid an oxidative damage (119). Upon
infection, pro-inflammatory cytokines (IL-1 and IL-6) and nuclear factor-xB (NF-
kB) stimulate ferritin production (120). This mechanism limits the availability of
this essential nutrient for circulating pathogens, a host defense strategy known as

‘nutritional immunity’. Macrophages have also the ability to adjust the iron
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availability according to the different types of microorganisms. Infections with
extracellular bacteria such as Staphylococcus aureus, Streptococcus, Klebsiella or
Yersinia stimulate the expression of the iron-regulatory hormone hepcidin which
targets the cellular iron-exporter ferroportin-1 causing its internalization.
Consequently, iron remains intracellularly, keeping the infection under control. The
hypoferraemia of the acute phase response subsequently results in the development
of anemia of inflammation (118, 121-124). Regarding intracellular pathogens, such
as Chlamydia, Mycobacterium tuberculosis, Listeria monocytogenes or Salmonella
Typhimurium, ferroportin-1-mediated iron export is turned on for the removal of iron
from infected cells, leading to reduced iron availability for intra-macrophage
pathogens (125-128). This mechanism inhibits the pathogens’ growth and in the
same time strengthens antimicrobial effector pathways of macrophages including
the formation of inducible nitric oxide synthase and tumour necrosis factor (118).
The fungi acquire iron mainly by two mechanisms. By producing iron reductases,
they manage to covert ferric iron to ferrous iron, a non-toxic iron form which can be
stored. Under conditions of iron starvation, fungi produce low-molecular-weight
ferric iron chelators known as siderophores. Most of the latter are hydroxamates,
whereas the zygomycetes form polycarboxylates (129). Already in the early 80s,
Acrtis al. showed that the attenuated iron binding capacity of transferrin in the serum
of patients suffering from DKA due to its excessive glycosylation led to excessed
R.oryzae growth (130). Their findings elucidated the outmost importance of iron
acquisition in the pathogenesis of mucormycosis, paving the way for the further
study of the related mechanisms.

It is well established that patients with increased risk of iron overload (for example
patients under renal replacement therapy or patients undergoing multiple blood
transfusions) are susceptible to mucormycosis and therefore were treated with

deferoxamine (DFO), an iron chelator (22, 23, 43, 96, 131). Ferrioxamine is a
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xenosiderophore and iron-rich form of DFO, which binds with the specific
Mucorales cell surface receptors FOB1 and FOB2. Through an energy dependent
reductive step ferrous iron is released and transported across the fungal cell
membrane without deferoxamine internalization (37, 132) . Interestingly, DFO-
mediated growth was not observed among Aspergillus and Candida spp., which
proves that iron acquisition through DFO is a unique virulent trait of Mucorales
(133). DFO treatment and subsequent infection with R.oryzae in a Drosophila
melanogaster model led to rapidly disseminated infections with higher fungal
burdens and a significantly higher mortality rate (99). In contrast to DFO,
deferiprone and deferasirox, modern iron chelators that Rhizopus is unable to use as
xenosiderophores, act protectively against mucormycosis. Deferiprone was as
effective as liposomal Amphotericin B at improving survival and decreasing brain
fungal burden in DKA mice after an intravenous infection with R.oryzae (134).
Although, a recent clinical trial failed to find a therapeutic benefit (135), indicating
that more light has to be shed to the iron related pathogenesis of mucormycosis.
The key role of iron utilization in pathogenesis of mucormycosis is further illustrated
by the fact that Mucorales express a high affinity iron permease gene (FTR1), which
Is essential for the iron transport upon iron starvation. Conditional inactivation
of FTR1 resulted to impaired in vivo virulence of R.oryzae through attenuated iron
uptake (36).

AT7. Aim of the study

The recent therapeutic advances of hematological malignancies and hematopoietic
stem cell transplantations led to increased survival of immunocompromised patients.

As a result, the respiratory fungal infections caused by opportunistic filamentous
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fungi, like Aspergillus and Mucorales, present the last decades an increased
incidence among those patients. Mucormycosis is related with high mortality rate,
which can reach up to 90% in disseminated disease. Unlike the other filamentous
fungi, such Aspergillus, Mucorales frequently cause lethal infections not only in
iImmunocompromised patients but also in patients suffering from metabolic
disorders, such as diabetic ketoacidosis, and also immunocompetent individuals
after extensive trauma and burns. These unique epidemiological characteristics made
the researchers wonder what makes Mucorales so different. The initial studies
revealed that Mucorales grow rapidly in culture medium and serum from patients
with DKA. Besides, Mucorales spores are found to be highly resistant to killing from
neutrophils and macrophages. The last decade studies highlighted the importance of
iron acquisition for the pathogenicity of mucormycosis.

Despite the progress, at the molecular level little is known about the mechanisms of
intracellular killing of Mucorales conidia inside phagocytes. The aim of the present
study was to shed light on the virulence mechanisms that protect Mucorales conidia
from Killing by phagocytes, not only from the pathogen- but also from the host
perspective. Based on previous studies from the literature and our laboratory, we
focused on the intracellular events of phagolysosomal fusion, searching for a
possible blockade that could explain the remarkable resistance of killing Mucorales
by phagocytes. Furthermore, we intended to elucidate the physiological immune
response of pulmonary mucormycosis and the role of macrophages. In addition, we
aimed to explore the role of iron homeostasis upon infection of macrophages with
Mucorales. We intended to identify a mechanistic link between iron starvation and
intracellular growth of Mucorales, as well as to address possible host and fungal

modulators of iron homeostasis that promote invasive fungal growth.
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C. Materials and Methods

C1. Microorganisms and culture conditions

For the experiments all the fungal strains used were obtained from University of
Texas Health Science Center at San Antonio. Aspergillus fumigatus ATCC22, WT
Rhizopus oryzae ATCC55796932 and a brain isolate WT strain R. delemar 99- 880,
which had its genome sequenced (36, 37). The aforementioned strains were grown
on Yeast extract agar glucose agar plates for 3 days at 37 °C. For a final volume of
500ml, were used 2.5gr Yeast Extract, 7,5gr Agar, 5gr Dextrose 0,5ml Trace
elements (Na,B,07:10H,0, CuSO4:5H,0, Ferric Citrate, MnSO,: H,O, NaMo0Q,:2
H20, ZnS04:7 H,0) 1ml Vitamin Mix (p-Aminobenzoic acid, Niacin, Pyridoxine
HCI, Riboflavin, Thiamine HCI, Choline HCI and d-Biotin) and 5ml MgSO4 (1M).
The plates were filled with 25-30ml autoclaved medium and kept at room
temperature in the dark before experimental use.

Rhizopus delemar M16 is a pyrf-null mutant that is derived from Rhizopus delemar
99-880 and is unable to synthesize its own uracil (136), and was grown on YPD
medium (MP Biomedicals) supplemented with 100 pg/ml uracil. Rhizopus delemar
with reduced FTR1 copy number, and Rhizopus delemar transformed with RNA
interference (RNAI) targeting FTR1 expression were all derived from strain M169.
In experiments including RNAI mutants, a chemically defined synthetic medium
containing yeast nitrogen base (YNB) supplemented with complete supplemental
mixture without uracil (CSM-URA) (MP Biomedicals) (i.e., YNB + CSM-URA).
The culture medium per liter consisted of 17 g YNB without amino acids, 20 g
dextrose, and 7.7 g complete supplemental mixture minus uracil. These strains were

grown for 3 days in 37 °C.
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Fungal conidia (spores) were harvested by gentle shaking in the presence of sterile
0.1% Tween-20 in phosphate-buffered saline (PBS), washed twice with PBS,
filtered through a 40 pm pore size cell strainer (Falcon) to separate conidia from
contaminating mycelium, counted by a hemocytometer, and suspended at a
concentration of 107 and 10® spores/ml for Rhizopus and Aspergillus strains,
respectively.

Inactivation of Rhizopus conidia was done by exposure to Ultraviolet (UV)
irradiation, suspended in PBS in a 6-well plate for 1 hour in room temperature. To
achieve synchronized swelling of Rhizopus conidia, 10%/ml dormant conidia were
incubated at 28 °C in a 6-well plate with RPMI-MOPS [3-(N-
morpholino)propanesulfonic acid] (ThermoFischer Scientific and Gibco BRL
Products, Life Technology, Gaithersburg, Md. respectively) supplemented with 2%
glucose for 4 hours. The synchronized swelling was evaluated under optical
microscopy.

For fluorescence labeling of Rhizopus, 10° conidia were stained in 100 pl PBS
containing 100 pg/ml Fluorescent Brightener 28 (Sigma-Aldrich, #475300) and
0.1M NaHCO3 for 30 min protected from light in a bench-top rotator. Afterwards,
conidia were washed three times with PBS and the concentration was adjusted to 107

or 108 conidia/ml.

C2. Melanin extraction and characterization

C2.1. Fungal melanin extraction

A. fumigatus and R. oryzae were collected by centrifugation at 3000 rpm for 30 min,
washed with PBS, and suspended in 1.0 M sorbitol-0.1 M sodium citrate in pH 5.5.

Glycohydrolytic enzymes (Glucanex; Novo), which contain protease, cellulase and
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chitinase, were added at 1 mg/ml and the suspension was incubated overnight at
30°C to generate melanin particles. They were then collected by centrifugation,
washed with PBS and incubated in 4.0 M guanidine thiocyanate for 12 hours at room
temperature with frequent vortexing. The suspension consisting of melanin and
cellular debris was collected by centrifugation and washed with PBS. The particulate
was then treated with 1.0 mg/ml Proteinase K in a reaction buffer with 10.0 mM
Tris, 1.0 mM CacCl and 0.5% Sodium dodecyl sulfate (SDS) at pH 7.5 for 4 h at 37°C
overnight. After washing with PBS, the suspension was boiled in 6.0 M HCI for 1.5
hour to hydrolyze cellular debris, which may still be associated with the melanin.
Melanin particles were collected by centrifugation, washed thoroughly with PBS,
re-suspended in PBS and kept in 4°C. This treatment resulted in an electron-dense
layer similar in size and shape to the original conidial melanin layer without
underlying cell components, for which reason these electron-dense materials were

called melanin ghosts.

C2.2. Chemical characterization of Rhizopus oryzae melanin

Rhizopus conidia of 1.6 g was ground with mortar and pestle under liquid nitrogen
into very fine powder. The black fine powder was extracted by boiling with 5% KOH
under reflux for 1 h followed by filtration. The black colored filtrate was left to cool
at room temperature and then precipitated with 1 N HCI. The black precipitate was
collected by filtration using filter paper. The black precipitate was left to dry on the
filter paper followed by washing several times with 1 N HCI, then 3 N HCI, water,
and methanol. The remaining black/brown precipitate was dried at room temperature
and used for further analysis. The solubility of the black pigment was tested in
distilled deionized water, 0.1 N HCI, 1 N HCI, 3 N HCI, 1 N KOH, methanol,
ethanol, acetone, chloroform, benzene, and dimethyl sulfoxide (DMSO). Reactions
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with oxidizing agents such as 6% sodium hypochlorite and 30% H,O, were
determined by measuring solubility of the pigments in these reagents. The
precipitation of the pigments with FeCI3 which reacts to polyphenols was also
tested.

C2.3. UV absorbance and infrared (IR) spectroscopy analysis of Rhizopus
melanin

The melanin extract in 1 N KOH was measured at 200-700 nm with the use of a
SPECTRO UV-VIS spectrophotometer. One normal KOH was used as blank. For
IR measurement, melanin powder was mixed with KBr and used to measure IR

absorbance using a Bruker machine with KBr disc used as a blank.

C2.4. Melanin alkaline H>O- oxidation

To identify the production of various pyrrole acids (PTCA, PDCA, isoPTCA, and
PTeCA) from melanin samples by liquid chromatography-mass spectrometry (LC-
MS), alkaline H,O, degradation was performed. The extracted Rhizopus melanin
was taken in a 5-ml screw-capped conical test tube, to which 500 pul of 1 mol/L
K2COs3 and 50 pl of 30% H20; in a final concentration of 1.5% were added. The
mixture was vigorously mixed and then kept on a shaker at 25 °C for 20 h. The
residual H,O, was decomposed by adding 100 ul 10% Na,SO3 and the mixture was
then acidified with the addition of 200 ul of 6M HCI. The reaction mixture was
centrifuged at 4000 x g for 5 min and then subjected to thin linear chromatography
(TLC) along with total KOH extract. The TLC developing system comprised of
water:1M HCl:chloroform:methanol (0.5:0.5:1:6).
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C2.5. LC-MS of melanin hydrolyses product

The combination of liquid chromatography (LS) with mass spectrometry (MS) was
a great challenge due to the totally opposite properties of the two methods.
Therefore, their combination, which was established on early 70s, was a
breakthrough in clinical biochemistry for the characterization and detection of
various molecules. LS separates mixtures with multiple components, while MS
provides structural identity of the individual components with high molecular
specificity and detection sensitivity (137). LS-MS analyses were carried out in
negative ion mode by electrospray ionization on (Waters) ACQUITY UPLC triple
Quadrupole (Xevo TQD) instrument equipped with the MassLynx software, at a
flow rate of 0.3 ml/min, run time of 5 min, and the use of a solvent system containing
85% methanol, 15% water, and 0.1% formic acid. All solvents and reagents were
High Performance Liquid Chromatography (HPLC) grade and used without further

purification.

C2.6. Electron paramagnetic resonance (EPR) studies

EPR spectra were recorded at room temperature on an ELEXSYS Bruker
spectrometer equipped with a Super High Q Sensitivity resonator operating at X-
band (9.9 GHz). Microwave power was 1 mW for synthetic melanin and 0.1 mW for
A. fumigatus or R. oryzae. Magnetic field modulation amplitude and frequency

were, respectively, set to 0.2 mT and 100 kHz.

C3. Virulence studies in mice

GFP-LC3 (obtained from RIKEN BioResource Center) and C57BL/6 (B6) mice

were maintained in grouped cages in a high-efficiency particulate air-filtered
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environmentally controlled virus-free facility (24 °C, 12/12-h light/dark cycle), and
fed by standard chow diet and water ad libitum. All experiments were approved by
the local ethics committee of the University of Crete Medical School, Greece in line
with the corresponding National and European Union legislation. Animal studies on
virulence of albino Rhizopus were approved by the Institutional Animal Care and
Use Committee (IACUC) of the Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center, according to the National Institute of Health
guidelines for animal housing and care.

For virulence studies, 8- to 12-week-old female C57BL/6 (B6) mice were challenged
by intratracheal installation with A. fumigatus or Rhizopus conidia, 107 and 5 x 10°
conidia/mouse respectively. Mice were euthanized 48 hours later, lungs were
homogenized, plated on potato dextrose agar + 0.1% Triton plates and incubated at
37 °C. Colony-forming unit (CFU) counts were assessed after 24 hours.

For AM depletion studies, mice received by intratracheal administration 100 ul of
clodronate liposomes (containing 500 ug of clodronate;
http://www.clodronateliposomes.org) or control (empty) liposomes. Each group
consisted of 10 and 5 mice respectively. After 48 hours they were challenged with
107 Rhizopus conidia and the survival rate was observed.

For CD11c cell depletion, CD11c-DTR mice received by intratracheal
administration 20 ng/kg of diphtheria toxin (DT). The efficiency of cell depletion
was assessed by immunohistochemistry for CD11c and flow cytometry analysis of
BAL. 48 hours later, three groups of 5 CD11c-DTR mice each, were challenged
either with 5 x 108 conidia of R. delemar, or PBS or plain DT. The last two groups
were the control ones.

Immunocompetent CD-1 male mice were infected with 10° spores of R. delemar
strain 99-880 grown in two different condition: on synthetic defined (SD) medium

complete plates and on SD complete plates + 1mM of the copper chelator, -
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Citrylglutamate (BCS). Sporulation on plates with BCS was subjected to copper
deprivation and thus conidia appeared pigmentless (referred to in experiments as
albino). Infection was carried out intratracheally, with 9 mice per group. Lungs were
collected at three different time points: 4 h post infection, at day +1, and at day +3.
At each time point, three mice per group were sacrificed. Right after infection, two
mice have been sacrificed for inoculum verification. After collection, the samples
were plated on potato dextrose agar + 0.1% Triton plates and incubated at 37 °C. For
lung samples, after homogenization in 2ml of PBS, 200 ul were plated directly from

the concentrated samples and also from serial dilutions to facilitate counting.

C4. Generation, isolation and stimulation of murine BMDMSs

L929 cell line has the ability to produce Granulocyte-macrophage colony stimulating
factor (GM-CSF), which is required to induce hematopoietic cell differentiation into
macrophages. L929 are cultured in complete Dulbecco's modified Eagle's medium
(DMEM), i.e. DMEM supplemented with 10% fetal calf serum (FCS), 2 mM
glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin, at 37 °C, 5% CO, within
175cm? flasks for 10 days. The supernatants are then collected, pooled and
centrifuge at 1300 rpm for 5 min. The cell pellets were discarded and the
supernatants were stored in 15 ml tubes at -20 °C.

For the generation of BMDMs 8-12 weeks old mouse was sacrificed by cervical
dislocation. After the skin disinfection with 70% alcohol, using sterile surgical
blades the skin und muscles from every hind leg were removed. The bones were
placed in a sterile Petri dish containing sterile, ice-cold PBS. The bone marrow (BM)
from tibias and femurs was then flushed using a 20g syringe needle with ca 10ml
complete DMEM under sterile conditions. The obtained BM cells were thoroughly

flushed through a 18G syringe needle to lyse the red blood cells. Finally, the
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remaining BM cells were cultured in DMEM complete with L929 cell-conditioned
medium (30%) for 7 days to generate BMDMs. The cell growth was checked
periodically with light microscopy. To harvest the BMDMs, supernatants were
removed and the cells were washed with complete DMEM, that has been warmed to
37 °C. Then 5 ml of warm complete DMEM were added to the flasks and BMDMs
were detached by gently scraping with a rubber policeman. The collected BMDMSs
were centrifuged at 1500 rpm for 5 min. The cells pellets were gently dissociated in
complete DMEM. BMDMs were counted a Biirker counting chamber in the presence
of trypan blue, to check their viability, which was always > 90%. They were finally
resuspended in complete DMEM and their number was adjusted to 10%/ml. The
resulting cultures consisted of macrophages (>95% purity), as determined by
staining for F4/80 and flow cytometry.

For immunofluorescence experiments, a total of 1 x 10° BMDMs per condition in a
final volume of 100 ul were allowed to adhere to polylysine-treated glass coverslips
(@ 12 mm) for 1 h followed by stimulation with conidia of Rhizopus or A. fumigatus
at a multiplicity of infection (MOI) of 2:1 and 5:1, respectively, at 37 °C in a 5%
CO; incubator for the indicated time point. After infection, cells were washed twice
with PBS to remove medium and non-phagocytosed spores and cells were fixed on
the coverslips for 15 min in 4% paraformaldehyde, followed by 10 min fixation with
100% ice-cold methanol and then stored in PBS at 4°C until immunofluorescence

staining.

C5. Immunofluorescence staining

For immunofluorescence imaging, cells were seeded on coverslips pretreated with
polylysine, fixed with 4% paraformaldehyde for 15 min at room temperature, and

followed by 10 min of fixation with ice-cold methanol at —20 °C. Next, the
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coverslips were washed twice with PBS, permeabilized by using 0.1% saponin
(Sigma-Aldrich) prior to blocking for 30 min in PBS-BSA (PBS + 2% Bovine serum
albumin - BSA). The coverslips were then incubated for 1 hour with the indicated
primary antibody (Ab), washed twice in PBS-BSA, then counterstained with the
appropriate secondary Alexa Fluor secondary Ab (Molecular Probes), and followed
by DNA staining with 10 uM TOPRO-3 iodide (642/661; Invitrogen). After
extensive washing, slides were mounted in Prolong Gold antifade media (Molecular
Probes). The following antibodies and reagents were used for ex vivo studies in
BMDMs: anti-GFP polyclonal Ab (Minotech, #721-1, dilution 1:500), Cathepsin D
(Santa Cruz, #sc-377299, dilution 1:100), Rab5B (clone A20, Santa Cruz, # sc-598,
dilution 1:100), Alexa 555 (Life Technologies, #A21425, dilution 1:1000) and Alexa
488 (CF488A, Biotium, #20012-1, dilution 1:1000).

Images were acquired using a laser-scanning spectral confocal microscope (TCS
SP2; Leica), LCS Lite software (Leica), and a x40 Apochromat 1.25 NA oil
objective using identical gain settings. A low fluorescence immersion oil (11513859;
Leica) was used, and imaging was performed at room temperature. Serial confocal
sections at 0.5 um steps within a z-stack spanning a total thickness of 10 to 12 um
of the cell were taken and 3D images were generated using the LCS Lite software to
assess for internalized conidia contained within phagosomes. Unless otherwise
stated, mean projections of image stacks were obtained using the LCS Lite software
and processed with Adobe Photoshop CS2. Phagosomes surrounded by a rim of

fluorescence of the indicated protein marker were scored as positive.

C6. FITC-dextran experiments

FITC-dextran (Sigma, #46945) was diluted in sterile Water for Injection (WFI) for
a stock of 2mg/ml. BMDMs were collected as left to adhere on polylysine treated
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coverslips in 24-well plates as described above. FITC-dextran was added to the cells
in a final concentration of 0.5mg/ml and left to be accumulated from the BMDMs
for 16 hours. Then the cells were gently washed with warm 1x PBS, left to rest for
2 hours and followed by stimulation with conidia of Rhizopus or A. fumigatus at
MOI of 2:1 and 5:1, respectively, at 37 °C in a 5% CO, incubator for 4 hours. After
infection, cells were washed very gently twice with PBS to remove the remaining
FITC-dextran, medium and non-phagocytosed spores. The cells were then fixed on
the coverslips for 15 min in 4% paraformaldehyde. The slides were mounted in
Prolong Gold antifade media and the image analysis with confocal microscopy, as

described above, was performed the same day.

C7. Lysosomal extracts

C7.1. Lysosomal extract preparation

Crude BMDM lysosomal extracts were obtained using the lysosome isolation kit
instructions (Thermo Scientific, Boston, MA, USA). At least 3 x 108 freshly
collected BMDMs were counted, centrifuged at 400 x g for 5 min at 4 °C and then
washed twice with cold 1xPBS. The supernatant was removed, the pellet was
resuspended with reagent A and 1% (v/v) protease inhibitor, and then incubated in
ice for exactly 2 min. Next, the cells were mildly sonicated on ice for 10 s and
checked under a microscope with Tryptan blue solution staining to verify lysis of
BMDMs. Subsequently, reagent B with 1% (v/v) protease inhibitor was added and
the tube was inverted several times to mix the solution, which was then centrifuged
at 500 x g for 10 min at 4 °C. The supernatant was collected and gradient dilution

buffer was added. The solution was centrifuged at 18000 x g for 30 min at 4 °C and
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the pellet was dissolved in 250 pl gradient dilution buffer. Two rounds of sonication

for 10 s each were performed, resulting in the generation of crude lysosome extract.

C7.2. In vitro studies with crude lysosomal extracts

Crude lysosomal extracts were added to a 96-well plate in increasing concentration
of 10%, 25%, and 50% with culture medium (DMEM-Glutamax supplemented with
10% FBS and 1% streptomycin) at pH 5.5. R.oryzae and A. fumigatus conidia were
counted and added at a number of 5 x 10%/well, reaching a total volume of 100 pl in
each well. Culture medium at pH 5.5 was added to control wells. Plates were
incubated for 24 h at 37°C in a 5% CO2 incubator. The fungal metabolic activity
was assessed with XTT ((2,3)-bis (2-methoxy 4-nitro 5-sulfenyl)-2H-tetrazolium
carboxanilide; Sigma-Aldrich) reduction assay. One hundred microliters of
tetrazolium salt XTT and menadione was added to each well at a final concentration
of 0.25 mg/ml and 25 uM, respectively, and the plate was incubated for an additional
1 h. The absorbance of formazan, the XTT reduction product, was read at 450 and
655 nm on a Bio-Rad 680 microplate spectrophotometer. The percentage of the
metabolic activity was determined as follows: % metabolic activity = 100% x
(OD450 — OD655) experiment/(OD450 — OD655) control. Fungal killing was
evaluated by plating on a Sabouraud agar plate a 100-fold dilution of each well in
sterile PBS.

C8. Electron microscopy studies

BMDMs were collected, counted, and inoculated in DMEM-Glutamax, 10% FBS,
1% streptomycin in 6-well plates. BMDMs were infected with conidia of either R.

oryzae or A. fumigatus and cells were removed at the indicated time point of
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infection. Accordingly, infected BMDMs were fixed for 30 min at 4 °C with 2%
glutaraldehyde in cold sodium cacodylate buffer (SCB) (0.1M sodium cacodylate,
0.25M sucrose, pH 7.4), and washed again with SCB. This was followed by two 30-
min incubations in acid phosphatase reaction buffer (0.1M sodium acetate, 1 mM
glycerophosphate, and 2 mM CeCl3), pH 5.2, at 37 °C. The cells were then rinsed
three times with acid phosphatase reaction buffer, and re-fixed in 3% glutaraldehyde
in SCB for 1 h at 4 ° C. After two more washes in SCB, the obtained monolayers
were post-fixed in cacodylate-buffered 1% OsO4 for 2 h, dehydrated, and embedded
in Epon 812 (Merck, Darmstadt, Germany). An ultratome (Leica, Reichert Ultracuts,
Wien, Austria) was used to cut ultrathin sections, which were contrasted with 4%
uranyl acetate for 45 min and lead citrate for 4 min at room temperature. Finally, the
sections were examined using a Jeol 1200 EX2 electron microscope (JEOL, Tokyo,

Japan).

C9. Phagocytosis and killing assays in BMDMs and PMNs

For the killing assays, 5x10° and 10° BMDMs were left to adhere in 6-well plates
for 1 h in 2 ml of DMEM complete media at 37 °C in a 5% CO2 incubator, and
subsequently infected with R. oryzae and FITC stained A. fumigatus conidia, at an
MOI of 1:1 respectively. BMDMSs were washed three times with warm 1xPBS 30
minutes after the infection to remove non-phagocytosed conidia. At the indicated
time point of infection (2 or 6 h), BMDMSs were harvested by scraping, placed in
Eppendorf tubes, lysed by sonication (three times for 10 s and once for 5 s for A.
fumigatus-infected and R. oryzae-infected BMDMs, respectively), centrifuged at
1000 rpm for 10 min at 4 °C, and the pellet containing intracellular conidia was

resuspended in 200 pl sterile PBS.
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A. fumigatus killing was assessed using propidium iodide (PI) (Sigma, #P4170)
staining, which binds and labels DNA. In each Eppendorf containing the
intracellular A.fumigatus conidia 2.5ul P1 were added for 10 minutes in a dark room.
The conidia were centrifuged twice at 1000rpm for 10 minutes at 4 °C. The pellet
was mounted on slides mixed with Prolong Gold antifade media and the killing,
indicated by PIl-positiv conidia, was assessed by confocal microscopy. FITC labeled
live A. fumigatus conidia served as controls for Pl staining

For the evaluation of killing of Rhizopus conidia by BMDMs a differend approach
was followed, since live Rhizopus conidia tend to absorb PI. Intracellular conidia
recovered after BMDM lysis were incubated at 37 °C in a 5% CO2 incubator with
DMEM complete medium for ~4 h, until germination was microscopically observed.
Killing of R. oryzae was assessed using a Blrker counting chamber based on the
percentage of germinating conidia. Germination of intracellular Rhizopus conidia by
BMDMs was always normalized to the germination of control R. oryzae conidia
following sonication (5 s) and cultured in DMEM complete medium for ~4 h in the
absence of BMDMs, which was typically always >95%. In representative
experiments, killing of A. fumigatus was also assessed based on the germination
assay.

For phagocytosis assay, BMDMs and PMNs from GFP-LC3 mice were stimulated
with R. oryzae and A. fumigatus conidia at a multiple of infection (MOI) of 2:1 at 37
°C in a 5% CO; incubator for different time points. Cells were then fixed and stained
for confocal microscopy as previously mentioned. Phagocytic index was expressed
with the following formula: (total number of engulfed cells/total number of counted
macrophages) x (number of macrophages containing engulfed cells/total number of

counted macrophages) x 100.
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C10. Murine PMN isolation

Murine PMNs were isolated using a Percoll (Sigma) double gradient density
centrifugation technique. Bone marrow from two immunocompetent GFP-LC3 mice
was collected and flushed in room temperature in a sterile solution of PBS/EDTA.
The cells were centrifuged at room temperature for 10 min at 350 x g and
resuspended in 2ml PBS/EDTA. The cells were carefully placed on top of 2ml of
three different Percoll concentrations (75%, 67%, and 52%) in a 15ml Falcon tube.
The solution was centrifuged at room temperature for 30 min at 1100 x g, resulting
in three zones, peripheral blood mononuclear cells, PMNs, and red blood cells
(RBCs), from the top to the bottom, respectively. PMNs were collected and
centrifuged in 4 °C for 10 min at 350 x g. The pellet was collected and resuspended
in 0.5 ml water for 25 s to lyse the remaining RBCs. Subsequently, 0.5 ml of 1.8%
NaCl was added and the cells were centrifuged in 4 °C for 10 min at 350 x g, washed
with 2ml HEPES buffer, and centrifuged again in 4 °C for 10 min at 350 x g. Finally,
the pellet was re-diluted in Iml DMEM complete. The viability of PMNs, checked
with trypan blue dye, was over 98% and purity of PMNs (identified as
CD11b+/Ly6G+ cells) was >90% by flow cytometry.

C11. FACS sorting and flow cytometry studies

To obtain single lung cell suspensions, lungs were perfused with 20 ml PBS through
the right ventricle, cut into small pieces, and digested for 1 h at 37 °C in 1 mg/mi
collagenase A (Roche) and 0.05 mg/ ml DNase | (Roche) in Hank's balanced salt
solution. For flow cytometric analysis, single lung cells were stained with the
following antibodies: anti-CD45-APC (Clone 30-F11, BioLegend, #103111, 1:200
dilution), anti-MHCII-FITC (Clone M5/ 114.15.2, BiolLegend, #107605, 1:100
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dilution), anti-F4/80-PE (Clone BM8, Bio- Legend, #123109, 1:100 dilution), anti-
CD11c-PerCP-Cy5.5 (Clone N418, BiolLegend, #117328, 1:100 dilution), anti-
CD11b-PE-Cy7 (Clone M1/70, BioLegend, #101215, 1:200 dilution), anti-Ly6G-
PE (Clone 1A8, BiolLegend, #127607, 1:200 dilution), and anti-Ly6C-FITC (Clone
HK1.4, BioLegend, #128005, 1:200 dilution). Flow cytometric data were collected
on a MoFloT High-Performance Cell Sorter and were analyzed with FlowJo, version
8.7.1 (Treestar). AMs and interstitial macrophages (IMs) were sorted by flow
cytometry based on their differential F4/80/CD11c/MHCII expression [IMs
(F4/80+CD11c—/ MHC-I1-high), AMs (F4/80+CD11c+/ MHC-II-low), both CD68
positive] (138). PMNs were sorted as MHCII—/CD11b+/Ly6G+ cells. Isolated cells
were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum, 2mM
L-glutamine, 1mM sodium pyruvate, 0.1mM nonessential amino acids, 50 uM -
mercaptoethanol, 50 pg/ml streptomycin, and 50 IU/ml penicillin (all from
Invitrogen), fixed and stained for confocal imaging. Flow cytometric data were
collected on a MoFloT High-Performance Cell Sorter and were analyzed with
FlowJo, version 8.7.1 (Treestar).

For FACS analysis in CD11c-DTR mice, the following antibodies were used: anti-
CD45-APC-Cy7 (Clone 30-F11, BioLegend, #103116, 1:200), anti-CD11c-PerCP-
Cy5.5 (Clone N418, BiolLegend, #117328, 1:200), anti-I-A/I-E-PE-Cy7
(M5/114.15.2, BiolLegend, #107630, 1:200), and anti-Singlec-F Alexa Fluor® 647
(E50-2440, BD Pharmingen, #562680, 1:200). Cells were acquired in a FACS Aria
Ilu (BD Biosciences) and data were analyzed with the FACSDIVA software (BD
Biosciences).
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C12. Histopathological and immunohistochemistry studies

Lungs were fixed in 10% formalin, paraffin embedded, cut in 4-um sections, and
stained with hematoxylin and eosin. For immunohistochemistry studies, the anti-
CD11c Abs (HL3; BD Biosciences, 1:200 dilution) and anti-CD68 (FA-11, 137001,
BioLegend, 1:200 dilution) primary antibodies were used for detection of CD11c
and CD68 in tissue. The slide-mounted sections were baked for 10 min at 60 °C,
deparaffinized with two xylene washes, rehydrated through a series of graded
alcohol washes, rinsed in water, and washed with 0.1M PBS (pH 7.4) containing
0.01% Tween-20. Heatinduced antigen retrieval was performed in a steamer using
target retrieval solution (Dako S1700). Endogenous peroxidase was blocked with
3% H,0, for 10 min. The slides were then incubated in blocking solution, i.e. serum-
free protein block, Dako X0909, for 20 min to block nonspecific binding. The
primary antibodies were added to the slides and incubated overnight in a humidified
chamber at 40 °C. Detection was accomplished using an Envision_Horseradish
Peroxidase Kit (Dako KO0679). Immunostaining was revealed using 3,3'-
diaminobenzidine. The slides were lightly counterstained with hematoxylin,
progressively dehydrated through graded alcohols and xylene, and finally covered
with a coverslip after mounting in distyrene, plasticiser (tricresyl phosphate), and
xylene (DPX) mounting medium. Slides were examined under an Olympus light
microscope that was equipped with a x40 objective. In certain experiments fungal

conidia were counterstained with periodic acid-Schiff (PAS).

C13. RNA isolation from Rhizopus-infected BMDMs

BMDMs, 2 x 10° per condition, obtained following 6 days of differentiation of BM

cells of 12-week-old female C57BL/6 mice, were seeded in 12-well plates and left
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overnight at 37 °C in DMEM media. Next, BMDMs were washed twice with DMEM
complete, infected at an MOI of 1:2 (macrophage:fungal conidia) with R. delemar
(strain 99-880), and 1 hour later washed five times to remove extracellular conidia.
At the indicated time point of infection (1, 4, and 18 h), BMDMs were removed by
scraping, centrifuged at 400 x g, and lysed with 450 ul of RLT buffer plus -
mercaptoethanol using the RNeasy Plant Mini Kit (Qiagen). As a negative control,
1 x 107 R. delemar conidia were added to the tissue culture plates containing medium
alone without host cells and processed in parallel. Another control included RNA
extracted from uninfected BMDMSs. Then, each sample was sonicated using a
sonication probe on ice 20 x 1 s (set 40). Afterwards, isolation of RNAs was
performed according to the manufacturer’s instructions. More specifically, the
lysates were transferred to a QlIAshredder spin column, placed in a 2 ml collection
tube, and centrifuge for 2 minures at full speed. The supernatant was gently
transferred to a new microcentrifuge tube, while the cell-debris pellet in the
collection tube remained intact. In the supernatant 0.5 volume of ethanol (96—100%)
was added. The sample, including any precipitate that may have formed, was then
transferred to an RNeasy spin column, placed in a 2 ml collection tube and
centrifuged for 15 seconds at 8000 x g. The flow-through was discarded, 700 pl
Buffer RW1 were added to the RNeasy spin column and re-centrifuge at the same
conditions. The pellet was suspended with 500 pl Buffer RPE and centrifuged as
stated above. Lastly, 500 ul Buffer RPE were added to the RNeasy spin column and
the sample was centrifuged for 2 minutes at 8000 x g. The RNeasy spin column was
placed in a new 1.5 ml collection tube, 30-50 pul RNase-free water was added
directly to the spin column membrane. Centrifuge for 1 minute at 8000 x g followed
to elute the RNA.
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C14. RNA-seq analysis

All RNA-seq libraries (strand-specific, paired-end) were prepared with the TruSeq
RNA Sample Prep Kit (Illumina). The total RNA samples were subjected to poly
(A) enrichment as part of the TruSeq protocol. One hundred and fifty nucleotide
sequences were determined from both ends of each complementary DNA fragment
using the HiSeq platform (lllumina) as per the manufacturer’s protocol. Sequencing
reads were annotated and aligned to the University of California Santa Cruz (UCSC)
mouse reference genome (mm210, GRCm38.75) as well as the R. delemar (strain 99-
880) genome using TopHat2, a splice junction mapper for RNA-Seq reads. TopHat
2 aligns RNA-Seq reads to mammalian-sized genomes using the latest sequencing
technologies, and then analyzes the mapping results to identify splice junctions
between exons (139). The alignment files from TopHat2 were used to generate read
counts for each gene and a statistical analysis of differential gene expression was
performed using the DE-seq package from the open source biostatistical software
Bioconductor (140). A gene was considered differentially expressed if the P value
for differential expression was <0.05 and the absolute log (base 2) fold change,

relative to single organism control, was >1.

C15. Human studies

Approval for the collection of clinical information and tissue samples from the
patient with mucormycosis was obtained and the Ethics Committee of the University
Hospital of Heraklion, Crete, Greece (5159/2014). The patient provided written
informed consent in accordance with the Declaration of Helsinki.
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C16. Statistical analysis

The data were expressed as mean + SEM. Statistical significance of differences was
determined by two-sided nonparametric Mann—-Whitney test and one-way analysis
of variance with the indicated post hoc test for multiple comparisons (P < 0.05 was
considered statistically significant). Survival analysis was performed by log-rank
(Mantel-Cox) test. Analysis was performed using the GraphPad Prism software
(version V). All in vitro experiments were performed at least in triplicate and

replicated at least twice.
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D. Results

D1. Rhizopus conidia persist inside alveolar macrophages of immunocompetent

mice

To begin with, we tried to understand general aspects of the physiological immune
response against Mucorales. Therefore, we performed an intratracheal infection of
immunocompetent B6 mice with 5x10° conidia of either Aspergillus fumigatus or
two clinical isolates of Rhizopus (Rhizopus oryzae and Rhizopus delemar). Fungal

clearance was compared by CFU counts. In addition, at different time points of
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Figure 9. Rhizopus conidia are resistant to killing and remain dormant inside lung phagocytes.

A. Fungal loads in lungs of immunocompetent C57BL/6 (B6) mice (n = 3 per group) infected via
intratracheal administration of a standardized inoculum (5 x 106 conidia per mice) of A. fumigatus, R.
oryzae, or R. delemar. ***P < 0.0001, Mann-Whitney test. B. Survival of immunocompetent C57BL/6
(B6) mice (n =8 per group) infected as in A, with either A. fumigatus, R. oryzae, or R.delemar. C.

Representative photomicrographs of the lungs from mice infected as in B with either A. fumigatus or R.
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oryzae and sacrificed on day 5. Histopathological sections were stained with Grocott methenamine silver
(GMS; left panels) or hematoxylin and eosin (H&E; right panels). Excessive tissue oedema and neutrophil
infiltration are found in the lungs of mice infected with R.oryzae. The presence of R. oryzae conidia (black
color) in the lungs is shown by GME stain, which remained dormant inside the lung phagocytes. Original

magnification x400.

infection (0, 2, 5, and 10 days) the infected mice were sacrificed and
histopathological studies of total lung homogenates were conducted. We found that
opposite to A. fumigatus conidia, a significant proportion of each Rhizopus isolate
conidia remained viable in the lungs of immunocompetent mice as late as 10 days
post infection (Fig. 9A), whereas none of the infected animals died (Fig. 9B).
Histopathology of lung tissue sections collected on day 5 post infecting
Immunocompetent mice with R. oryzae confirmed the presence of abundant conidia
in the lungs, which resulted in considerable tissue edema and neutrophil infiltration
(Fig. 9C). Interestingly, there was no apparent evidence of R. oryzae germination in
infected lungs (Fig. 9C).

Up next, we tried to figure out which type of cells are predominantly responsible for
the host defence against Mucorales upon pulmonary infection.
Immunohistochemistry studies revealed that R. oryzae conidia predominantly
resided inside CD11c+/CD68+cells, which are consistent with AMs. There was also
evidence of extracellular conidia associated with areas of intensive neutrophil
infiltration (Fig. 10). For a specific characterization of these cells, we obtained BAL
1 and 5 days after infection of immunocompetent B6 mice with fluorescence-labeled
conidia of R. oryzae and assessed kinetics of recruitment as well as degree of

association of myeloid cells using FACS.
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Figure 10. Rhizopus conidia reside inside AMs. Representative photomicrographs of the lungs from
C57BL/6 (B6) mice (n = 3 per group) infected via intratracheal administration of a standardized inoculum
(5 x 10° conidia per mice) of A. fumigatus, R. oryzae, or R. delemar, sacrificed on day 5. Lungs were stained
by IHC for CD68 or CD11 and counterstained with hematoxylin and PAS. There is evidence of extracellular

R. oryzae conidia surrounded by neutrophils (A), and intracellular R. oryzae conidia inside AMs (B and C).

Although we found a significant influx of neutrophils (identified as
CD45+/CD11b+/Ly6G+/Ly6C— cells; Fig. 11A) and Ly6Chigh inflammatory
monocytes (identified as CD45+/CD11b+/Ly6G—/CD11c—/Ly6C+ cells; Fig. 11B)
in the lungs on days 1 and 5 of infection (Fig. 11C), most R. oryzae conidia were
associated with AMs (identified as CD45+/F4/80+/CD11c+/MHCII low cells),
interstitial macrophages (IMs; identified as CD45+/F4/80+/CD11¢c—/MHCII+), and
DCs (identified as CD45+/F4/80—/CD11c¢ +/MHCII+) in the lungs of
immunocompetent mice (Fig. 11D). To distinguish which cell type was associated
with R.oryzae phagocytosis, neutrophils, AMs, and IMs on day 5 post infection were
sorted, stained with Cathepsin D (a cytoplasmic staining) and finally assessed with
confocal microscopy. Our results confirmed that R. oryzae conidia were
predominantly phagocytosed by AMs (Fig. 11 E,F) and not neutrophils.
Collectively, these studies demonstrate that AMs are the cornerstone of host defense
upon pulmonary Mucormycosis. Moreover, we proved that a significant proportion
of Rhizopus conidia remain viable inside AMs for several days following infection

of immunocompetent mice.
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Figure 11. Selective tropism and prolonged intracellular persistence of Rhizopus conidia inside AMs.
A-B. FACS analysis of lung professional phagocytes following infection of C57BL/6 (B6) mice with R.
oryzae. Gating strategy for identification of professional phagocytic cells in the lung following R. oryzae
infection by FACS analysis. (A). Identification of AMs, IMs, and DCs based on CD11c and F4/80
expression of CD45+ cells. Association of fluorescent Brightener 28; CW-labeled R. oryzae conidia with
each cell population is shown. (B). Identification of Neutrophils, monocyte-derived DCs (mo-DCs) and
Ly6Chimonocytes based on expression of CD11b, Ly6G, Ly6C, and CD11c of CD45+ cells. C. FACS
analysis of total number of professional phagocytes in the lungs of C57BL/6 (B6) mice immunocompetent
mice (n = 3 per group) infected via intratracheal administration of a standardized inoculum (5 x 10° conidia
per mice) with R. oryzae assessed on days 1 and 5. D. FACS analysis of association of labeled (Fluorescent
Brightener 28; CW) conidia of R. oryzae with professional phagocytes of mice infected as in C, assessed
on days 1 and 5. E. In vivo phagocytosis rates of R. oryzae conidia on day 5 of infection of mice infected
as in C. ***P < 0.0001 Mann-Whitney test. F. Representative confocal image of sorted AM from mice
infected as in a with fluorescent-labeled, live conidia of R. oryzae (day 1), fixed and stained with Cathepsin
Cross-section analysis was performed to discriminate intracellular conidia from conidia associated/bound

to the cell surface of AM.
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D2. Rhizopus conidia are resistant to killing by macrophages

In order to shed light on the mechanisms of intracellular persistence of Rhizopus, we
studied interactions of BMDMs and neutrophils with conidia of A. fumigatus or R.
oryzae. Hypothesizing that the relative big size of R. oryzae conidia is associated
with impaired phagocytosis, we performed ex vivo experiments using BMDMs and
neutrophils from GFP-LC3 mice. Both were infected with 10° A. fumigatus or R.
oryzae dormant conidia at MOI 1:2 (effector cells: fungi), the cells were fixed with
4% PFA. Phagocytosis was assessed in different time points over 2 hours with
confocal microscopy. As expected, A. fumigatus conidia were comparably
phagocytosed by BMDMs and neutrophils. On the contrary, R. oryzae were almost
exclusively phagocytosed by BMDMs and, despite their larger size, at a significantly
higher index rate than A. fumigatus conidia (Fig. 12A-C).
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Figure 12. Rhizopus conidia are phagocytosed by BMDMs. Comparative studies on phagocytosis of A.
fumigatus and R. oryzae conidia by (A) neutrophils (PMNs) and (B,C) BMDMs, assessed by confocal
imaging. Data on quantification of phagocytosis are presented as mean + SEM of five independent

experiments ***P < 0.0001, **P < 0.001, Mann—Whitney test.
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Next, we compared
Killing rates of A.
fumigatus VS.
different strains of
Rhizopus conidia by
BMDMs ex vivo.
BMDMs were
infected with the
indicated  Rhizopus
and A. fumigatus
strains (5x10° and 10°
conidia respectively)
at a MOI of 1:1 and
unbound conidia
were removed by
extensive  washing.
Cells were lysed 2 or
6 hours post-infection
and the assessment of
percentage of Killing
of conidia  was

counted based on
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Figure 13. Mucorales is resistant to killing by BMDMs. A-B.
Intracellular killing of (A) A. fumigatus and (B) R. oryzae conidia by
BMDMs. Symbols connected with a line represent time points of the
same independent experiment (n = 9 per group). ***P < 0.0001, Mann-
Whitney test. C. Intracellular killing of different Rhizopus clinical
isolates compared to A.fumigatus. Data on quantification of killing are
presented as mean + SEM of three independent experiments. *** P<
0.0001. unpaired Student’s t test

viability intracellular conidia. We found that unlike A. fumigatus, different clinical

isolates of Rhizopus were resistant to killing by BMDMs (Fig.13).
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D2.1. Comparable in vitro susceptibility of Rhizopus and A. fumigatus conidia

to oxidative and non-oxidative immune effector mechanisms of macrophages.

Since the phagocytosis of Rhizopus conidia proved to be intact, the mechanisms of
Rhizopus persistence inside macrophages remained unclear. Therefore, we tested
whether fungal conidia are resistant to damage by phagocyte effector mechanisms.
We compared susceptibility of A. fumigatus vs. R. oryzae conidia to (i) oxidative
damage induced by hydrogen peroxide (H,O;) and (ii) non-oxidative damage
mediated by lysosomal hydrolases. 5x10* conidia from each fungus were incubated
for 24 hours either with increasing concentrations of H,O, or crude lysosomal
extracts in RPMI-MOPS-2% Glucose medium with pH 5.5. The fungal metabolic
activity was assessed with XTT colorometric assay. In addition, fungal viability was
further estimated with plating in triton X plates and CFUs. Conidia of both fungi
displayed comparable degree of susceptibility to killing by increasing concentrations
of either H,O, (Fig. 14C) or crude lysosomal extracts (Fig. 14 A,B,D). Therefore,
the inability of BMDMs to kill Rhizopus could not be explained by resistance to
oxidative or non-oxidative damage. Next, we investigated if A. fumigatus and R.
oryzae vary in their ability to induce host cell apoptosis or necrosis, as a survival
strategy that allows the fungus to escape host defense. BMDMSs were infected with
A. fumigatus and R. oryzae dormant conidia at MOI 3:1 (effector: fungal cells). 30
minutes after the infection the wells were washed to remove the non-phagocytosed
spores. After 6 hours the BMDMs were collected, stained with Annexin-Pl and their
viability was assessed with FACS. We found no difference between the two fungi
in induction of either form of host cell death during interaction with murine BMDMs
(Fig. 15)
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Figure 14. Rhizopus conidia are susceptible to phagocyte effector mechanisms. Assessment of in vitro
susceptibility of A. fumigatus and R. oryzae conidia to (A) damage induced by enzymatic activity of
increasing concentrations of lysosomal extracts of BMDMs or to (C) oxidative damage induced by
increasing concentrations of H.O, assessed by measurement of fungal metabolic activity using the XTT
assay at 24 hours. B. In vitro fungicidal activity of increasing concentrations of lysosomal extracts against
conidia of A. fumigatus or R. oryzae assessed by CFU plating. D. Lack of CFUs formation after plating

A.fumigatus and R.oryzae incubated for 24 hours with 50% crude lysosomal extracts.
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Figure 15. BMDMs remain viable upon infection with Rhizopus conidia. A. Induction of apoptosis in
unstimulated BMDMs or BMDM s infected with A. fumigatus or R. oryzae for 6 h. B. Apoptotic BMDMs
were assessed by FACS analysis following Annexin V/PI staining. Data are representative of one out of

three independent experiments. NS not significant

Collectively, these data demonstrate that Mucorales is satisfactory phagocytosed by
macrophages, can be killed by their effector mechanisms but yet it survives inside

macrophages by avoiding phagocyte-mediated Killing.

D3. Rhizopus conidia induce phagosome maturation arrest via targeting LAP

To understand the mechanism of establishment of Rhizopus intracellular persistence,
we performed comparative phagosome biogenesis studies following phagocytosis of
A. fumigatus or R. oryzae by BMDMs. As previously described, LC3-associated
phagocytosis (LAP) is a major antifungal pathway regulating early events in
biogenesis of A. fumigatus phagosome. Nevertheless, there is lacking knowledge
concerning LAP and Rhizopus phagosome. We initially analyzed LC3+ phagosome
(LAPosome) formation at different time points of infection by confocal imaging.
BMDMs from GFP-LC3 mice were infected with live A.fumigatus and R.oryzae
conidia at MOI 1:5 and 1:2 respectively (effector: fungal cells). In sharp contrast to
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the robust activation of LAP pathway upon infection with A. fumigatus, we found
no evidence of LAPosome formation during infection of BMDMs with R. oryzae
(Fig. 16 A,B).
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Figure 16. Rhizopus actively blocks LAP. BMDMs from GFP-LC3 mice were infected at different time

A. fumigatus
5 YRS 3%

LC3* phagosomes

R. oryzae

points with live conidia of A. fumigatus or R. oryzae. At the indicated time point, cells were fixed and
analyzed by confocal microscopy.A. Representative fluorescence images. Bar, 5 um. B. Data on
guantification of LC3+ phagosomes are presented as mean = SEM of five independent experiments. ***P
< 0.0001, Mann-Whitney test. Bar 5um

As described above, the accumulation of Rab5, an early phagosomal marker, was
evaluated. Similarly, Rab5 recruitment to the phagosome selectively and transiently
occurred at early time points of BMDM infection with A. fumigatus, while there was

no evidence of Rab5 localization in R. oryzae-containing phagosomes (Fig. 17).
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Figure 17. Rabb5 is not recruited in Rhizopus containing phagosomes. A. BMDMs were infected with
conidia of Rhizopus or A. fumigatus conidia, fixed at 10 min of infection, stained for Rab5 and assessed by
confocal imaging. Representative fluorescence images taken from an experiment out of three are shown.
Rab5 recruitment is evident only in A. fumigatus phagosomes (inset). Bar, 5 um. B. Data on quantification
of Rab5+ phagosomes are presented as mean £ SEM of three independent experiments. ***P < 0.0001,

Mann-Whitney test. Bar 5um

Next, we monitored phagolysosomal (P—L) fusion upon BMDMs infection with A.
fumigatus vs. R. oryzae with the use of fluorescein isothiocyanate-labeled dextran
(FITC-Dextran) assay. FITC-Dextran has the ability to be phagocytosed and reside
inside lysosomes, being an exceptional marker for the P-L fusion. BMDMs were
pre-loaded for 16 hours with FITC-Dextran for labeling of lysosomes and P—L fusion
upon fungal infection was assessed based on accumulation of FITC-Dextran in the

phagosomes with confocal imaging. BMDMSs were infected with live A.fumigatus
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and R.oryzae conidia at MOI 1:5 and 1:2 respectively (effector: fungal cells). Of
interest, in contrast to the accumulation of FITC-Dextran in A. fumigatus containing
phagosomes over time (Fig. 18 A,B), there was no evidence of FITC-Dextran
recruitment in R.oryzae phagosomes. Concordant with these results, recruitment of
Cathepsin D, a lysosomal hydrolase, in phagosomes was significantly impaired at 4
hours of BMDM infection with R. oryzae as compared to A. fumigatus (Fig. 18 C,D).
Further, these findings were confirmed by electron microscopy studies on fusion of
acid phosphatase-stained lysosomes with A. fumigatus vs. R. oryzae phagosomes.
Notably, while P—L fusion was evidenced as intense acid phosphatase staining in A.
fumigatus phagosomes at 4 hours of infection, there was no lysosomal association
with R. oryzae phagosomes (Fig. 18E). These results were supported by in vivo
studies in AMs of immunocompetent mice. GFP-LC3 or B6 mice were
intratracheally infected with 5 x 10° conidia of either live R. oryzae or A. fumigatus
conidia. AMs were obtained by BAL 2 and 4 hours post-infection, fixed, stained
with anti-GFP or Cathepsin D antibodies respectively, and assessed by confocal
Imaging. The absence of LC3 and Cathespin D recruitment in Rhizopus containing
phagosomes revealed the ability of Mucorales conidia to block P-L fusion by
inhibiting LAP (Fig. 19A-D). Collectively, these studies confirm that Rhizopus
conidia block LAP and induce phagosome maturation arrest to establish intracellular

persistence inside the macrophage.
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Figure 18. Mucorales conidia to block phagolysosomal fusion by inhibiting LAP. A, B. BMDMs were
pre-loaded with FITCDextran, infected with live A.fumigatus and R.oryzae conidia (at MOI 1:5 and 1:2
respectively) and phagolysosomal fusion was assessed at 4 hours post-infection based on acquisition of
FITC-Dextran in the phagosome. Representative fluorescence images are shown in A. Bar, 5 um. Data on
guantification of FITC-Dextran+ phagosomes are presented in B as mean £ SEM of three independent
experiments. C, D. BMDMs were stimulated as in a, cells were fixed and stained for the lysosomal protein
marker Cathepsin D. Data on quantification of Cathepsin D+ phagosomes are presented as mean + SEM of
three independent experiments in C, while representative fluorescence images are shown in D. Bar, 5 pm.
E. Representative electron microscopy of acid phosphatase, a lysosomal enzyme marker of phagolysosomal

fusion (shown as dark color on the phagosome membrane) in 15 min and 4 h phagosomes containing A.
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fumigatus or R. oryzae conidia. ***P < 0.0001, **P < 0.01, Mann—Whitney test. Bar, left upper and lower

panels, 1 um; right upper panel, 0.5 um; right lower panel, 2 pm
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Figure 19. Rhizopus inhibits phagosome biogenesis in AMs during in vivo infection. GFP-LC3 (A, B)
or C57BL/6 (B6) (C, D) mice were infected intratracheally with either R. oryzae or A. fumigatus. AMs were
obtained by BAL at the indicated time point, fixed, stained with anti-GFP or Cathepsin D antibodies, and
assessed by confocal imaging. Representative fluorescence images are shown (A, C). Data on quantification
of GFP-LC3+ (B) and Cathepsin D+ (D) phagosomes are presented as mean + SEM of three independent
experiments. ***P < 0.0001, **P < 0.001 Mann—Whitney test. Scale bar, 5 um
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D4. Mucorales cell wall melanin induces phagosome maturation arrest

Recent work from our lab showed that cell wall melanin on dormant conidia of A.
fumigatus blocks LAP to inhibit phagosome biogenesis and promote fungal
pathogenicity. In addition, we revealed that removal of melanin during intracellular
swelling of A. fumigatus conidia is a fundamental requirement for activation of LAP
and efficient killing of the fungus by monocytes/macrophages (1). Thus, we assessed
whether a similar mechanism is responsible for the phagosome maturation arrest
seen with R. oryzae conidia. GFP-LC3 BMDMs were infected at 1 or 24 hours with
live conidia of A. fumigatus or R. oryzae at an MOI 1:1. Cells were fixed and the
conidial diameters of intracellular conidia were measured by confocal microscopy.
Intriguingly, unlike A. fumigatus conidia, Rhizopus conidia remained dormant
without evidence of cell wall swelling at 24 hours of infection in BMDMs (Fig. 20
A, B).
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Figure 20. Rhizopus conidia remain dormant inside BMDMs. A. GFP-LC3 BMDMs were infected at 1
or 24 h with live conidia of A. fumigatus or R. oryzae. The conidial diameters of intracellular conidia were

measured by confocal microscopy. Data on quantification of conidial diameter are presented from one out
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of three independent experiments. Each symbol represents the value of maximum diameter of individual
fungal cell and horizontal bars represent the mean diameter. ***P < 0.0001, Mann-Whitney test. B.

Representative DIC images from A are shown. Scale bar, 10 pum

These results were confirmed in vivo, after intratracheal infection of GFP-LC3
immunocompetent mice with 5 X 108 conidia of either A. fumigatus or R. oryzae.
AMs were obtained by BAL at 2 and 24 hours of infection. At the indicated time
point cells were fixed, stained with anti-GFP and the conidial diameters of
intracellular conidia was measured by confocal microscopy. As shown in Figure 21
(A, B) in sharp contrast to A.fumigatus, R.oryzae conidia remained dormant inside
AMs.
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Figure 21. In vivo assessment of the size of conidia of A. fumigatusvs. Mucorales inside AMs.

A. Representative DIC images from B are shown. B. Data on quantification of conidial diameter are
presented from one out of three independent experiments. Each symbol represents the value of maximum
diameter of individual fungal cell and horizontal bars represent the mean diameter. *** P < 0.0001, Mann

Whitney test. Scale bar, 10 um
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This finding corroborates the lack of apparent
germination of R. oryzae conidia in the lungs of
iImmunocompetent mice. Therefore, in all
likelihood, lack of cell wall remodeling in
Mucorales conidia results in surface retention
of cell wall inhibitory molecule(s) to block
establish

this

phagosome responses  and

intracellular  persistence. To  test
hypothesis, we infected BMDMs preloaded
overnight with FITC-dextran with live conidia
or ultraviolet (UV) killed conidia of Rhizopus
or A. fumigatus conidia at a MOI of 2:1. Cells
were fixed at 4h of infection and assessed by
that UV-

inactivated conidia of Mucorales induce

confocal imaging. We found
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Figure 22. UV Kkilled conidia of Rhizopus
retain the ability to block phagosome
maturation. Data on quantification of
FITC-Dextran+ phagosomes are presented
as mean + SEM of three independent
experiments. *** P < (0.0001, one-way
ANOVA  and

Dunnett’s  multiple

comparisons post-hoc test.

similar degree of live conidia (Fig. 22), implying the presence of an inhibitory

molecule on the fungal cell wall surface.

Despite the differences in cell wall composition of filamentous fungi, melanin is a

common cell wall molecule in conidia of many filamentous fungi including

Aspergillus (107, 141). Therefore, we purified melanin from conidial cell wall of

Rhizopus spp. and performed comparative characterization with A. fumigatus 1, 8-

dihydroxynaphthalene (DHN) melanin. Notably, we found that Rhizopus melanin

exhibited all the classic characteristics of melanin pigments (Table 2). However, UV
spectrophotometry (Fig. 23A), EPR (Fig. 23B), IR spectroscopy (Fig. 23C), and

chemical degradation followed by LC- MS studies of the degradation
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Experiment Result

Solubility in water Insoluble

Solubility in organic solvents Insoluble
(chloroform, methanol, ether,
acetone, ethyl acetate and DMSQO)

Color Blackish brown
Solubility in 1 N (5%) KOH Soluble
Precipitation i 0.1 -4N HCL precipitated

Reaction for polyphenols with FeCl; | Brown flocculent precipitate
test

Table 2. Solubility of R. delemar pigment in different solvents.

products (Fig. 23 D, E) revealed that Rhizopus melanin is different than DHN
melanin of A. fumigatus. In particular, Rhizopus melanin has chemical composition
consistent of eumelanin, and requires a biosynthetic pathway, which likely involves
activity of a copper-dependent tyrosinase/ laccase. Indeed, growth in copper-free
media resulted in the production of albino conidia of Rhizopus.

To shed light into the importance of cell wall melanin regarding the phagosome
maturation arrest, BMDMs were pre-loaded with FITC-Dextran for 16 hours,
stimulated with conidia of A. fumigatus or R. oryzae or purified melanin particles
(melanin ghosts) obtained from conidia of the indicated A. fumigatus or R. oryzae
strains at an MOI of 1:5 and 1:2 (effector:fungal conidia) respectively. Cells were
removed at 4 h and assessed by confocal imaging. Our results demonstrated that both

types of melanin induced complete phagosome maturation arrest (Fig. 24A).
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Figure 23. Characterization of Rhizopus melanin. A. UV absorbance of extracted pigment in 5% KOH.
Two major peaks at 215 and 205 nm indicative of melanin pigment-like substance. B. X-band room
temperature EPR spectra of purified melanin obtained from A. fumigatus, R. oryzae, or synthetic melanin
are shown. C. IR spectroscopy of the pigment in KBrdisc. The signals in the 3600-2800 cm™ area are
attributed to the stretching vibrations of (O-H and N-H) of the carboxylic acid. Phenolic and aromatic amino
functions present in the indolicand pyrrolic systems. 1750 and 1550 cm™ the bending vibrations of the C=0

double bond (COOH) can be found as well as the ones of the carbon-carbon double bond, the carbon-
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nitrogen bond of the aromatic system and of the carbon-oxygen double bond of those carboxylic functions
that are interested in the bond formation with the metal ions. The OH bending of the phenolic and carboxylic
groups were present in the 1400-1300 cmarea. The out-of-plane bending of the aromatic carbon hydrogen
bond can be found in the 700-600 cm™area. D-E. LC-MS analysis of the alkaline hydrolyses product. (D)
LC-MS scan for major peaks of the pigment hydrolyses products. (E) Mass fragmentation pattern of the
M/Z 198 peak.

As a further proof of the melanin-dependent induction of phagosome maturation
arrest by intracellular conidia of Rhizopus, we assessed LAPosome formation and
Cathepsin D recruitment upon chemical degradation of Rhizopus melanin via H,0,
bleaching, as described in (142). Briefly, 5x10° Rhizopus conidia were incubated
with 1ml H,0, 10% for 1 hour in 65°C. Macroscopically after the treatment the
conidia were depigmented. The chemical removal of melanin from conidia of
Rhizopus resulted in reversal of phagosome maturation arrest as evidenced by the
significant increase in recruitment of LC3 Il (Fig. 24B, D) and Cathepsin D (Fig.
24C, E) to the phagosomes containing melanin-deficient (albino) Rhizopus. To
further support of the ex vivo experiments, immunocompetent B6 mice were
infected intratracheally with 10° conidia of either R. delemar grown in regular media
(WT Rhizopus) or under conditions of copper starvation to inhibit melanization
(albino Rhizopus) (Fig. 24F). The albino Rhizopus conidia were rapidly cleared from
the lungs, when compared to infection with WT (control) melanized Rhizopus
conidia (Fig. 24G). Collectively, these findings demonstrate that surface retention of
melanin in dormant conidia of Rhizopus inside macrophages is the mechanism that

accounts for prolonged intracellular persistence.
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Figure 24. Melanin removal from conidia of Rhizopus resulted in reversal of phagosome maturation
arrest. A. BMDMs pre-loaded with FITC-Dextran were stimulated with conidia of A. fumigatus or R.
oryzae or melanin ghosts (purified melanin particles) obtained from conidia of the indicated A. fumigatus
or R. oryzae strains at an MOI of 1:5 and 1:2 (effector: fungal conidia) respectively. Cells were removed at
4 hours and assessed by confocal imaging. Data on quantification of FITC-Dextran+ phagosomes are
presented as mean £ SEM of three independent experiments. B-E. BMDMs from GFP-LC3 (B, D) or
C57BL/6 (B6) (C, E) mice were infected with R. oryzae conidia (WT conidia) or R. oryzae conidia
following chemical degradation of melanin with H.O, bleaching (albino conidia) at an MOI of 1:2 (effector:
fungal cells). Cells were removed at 1 hour of infection, fixed, stained, and analyzed by confocal imaging.
Data on quantification of GFP-LC3+ (D) or Cathepsin D+ (E) phagosomes are presented as mean = SEM
of three independent experiments. B, C. Representative fluorescent images from experiments on D and E
are shown. F, G. Fungal loads from lungs of immunocompetent mice (n = 9 per experimental group)

infected with 10° conidia of R. delemar grown in regular media (WT Rhizopus) or under conditions of
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copper starvation to inhibit melanization (albino Rhizopus) (F). Mice (n = 3 per condition) were sacrificed
at the indicated time points (4, 24 and 72 hours), lungs were homogenized, and fungal loads were assessed
by CFU plating (G). ***P < 0.0001, **P < 0.001 Mann-Whitney test. Scale bar, 10 um

D5. Non-redundant role of macrophages in lung host defense against Mucorales

Despite the inability of macrophages to kill Rhizopus, inhibition of growth of
phagocytosed conidia could be an important host defense mechanism. To test this
hypothesis, we initially assessed differences in phagocytosis of dormant vs.
germinating (swollen) conidia. To achieve a synchronized growth 10%/ml Rhizopus
conidia were incubated in 4ml RPMI-MOPS-2% Glucose, pH=7.2 for 4 hours at
28°C in 6-well plates. Notably, we found a significant =5-fold reduction in
phagocytosis of swollen as compared to dormant conidia by macrophages (Fig.
25A). Then, we infected immunocompetent mice via intratracheal administration of
the same inoculum of dormant vs. swollen conidia of Rhizopus (5 x 10°
conidia/mice), and assessed differences in the infection outcome. Surprisingly, while
all mice recovered from infection with dormant Rhizopus conidia, infection of
immunocompetent mice with swollen conidia of Rhizopus resulted in 100%
mortality within 4 days (Fig. 25B). Histopathological examination of the lungs at 16
hours of infection with swollen Rhizopus conidia revealed dense neutrophil
infiltrates along with extensive tissue necrosis and angioinvasive fungal growth (Fig.
25 C, D). Notably, we found no evidence of Rhizopus inside AMs or other
phagocytes following infection of mice with swollen conidia (Fig. 25 C, D), a

finding consistent with the results of ex vivo studies.
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Figure 25. Swollen Rhizopus conidia are not sufficiently phagocytosed and cause fatal pulmonary
infection. A. GFP-LC3 BMDMs were infected with dormant or swollen conidia of R. oryzae at an MOI of
1:2 (effector:fungal cells) and phagocytosis was assessed at 4 hours. Data on quantification of phagocytosis
of Rhizopus conidia are presented as mean + SEM of three independent experiments. ***P < 0.0001, Mann—
Whitney test. B. Survival of immunocompetent C57BL/6 (B6) mice (n = 8 per group) infected via
intratracheal administration of a standardized inoculum (5 x 10° conidia per mice) of dormant or swollen
conidia of R. oryzae. C. Representative photomicrographs of the lungs from mice infected with 5 x 10°
swollen conidia of R. oryzae at 24 hours of infection. Lungs were stained by H&E or IHC for CD11 and
counterstaining with hematoxylin and PAS. D. Representative photomicrographs of the lungs from
C57BL/6 (B6) mice infected intratracheally with 5 x 10 dormant or swollen conidia (incubated in media
for 4 hours) of R. oryzae at 0 hour at 24 hours of infection. Lungs were removed, fixed and stained by H&E.
The size of swollen as compared to dormant conidia at the time of infection (Oh) is shown in insets. At 24h
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of infection there is evidence of extensive R. oryzae hyphal growth in the lungs of the mice infected only
with swollen conidia. Notably, there is no evidence of germination of dormant conidia, which
predominately reside inside lung macrophages. Original magnification x400. Arrows indicate fungal cells.
***p < (0.0001, Mann—Whitney test

In order to directly evaluate the role of macrophages in physiological immune
response to Mucorales, we performed AM depletion via intratracheal administration
of clodronate liposomes. Liposomes are artificially prepared lipid vesicles,
consisting of concentric phospholipid bilayers entrapping aqueous compartments.
Clodronate are non-toxic bisphosphonate hydropihilic molecules, strongly solved in
agueous solutions, which at a certain intracellular concentration have the ability to
induce apoptosis of the macrophages. Due to their strong hydrophilic properties,
upon interaction with liposomes, they are rapidly encapsulated by them. After
injection, liposomes are used as Trojan horses; they will be ingested and digested by
macrophages followed by intracellular release and accumulation of clodronate,
inducing apoptosis of the macrophages. In our experiments, 3 days after the
intratracheal administration of clodronate liposomes the mice were infected with
Rhizopus dormant conidia. Interestingly, survival, histopathology, and fungal load
experiments demonstrate that liposome depletion resulted in significant increase in
susceptibility of mice to mucormycosis as compared to treatment with control
liposomes (Fig. 26A-C). In order to further validate the role of AMSs in
mucormycosis, we depleted CD11c transgenic mice with the intranasal
administration of diphtheria toxin (DT). Firstly, via FACS analysis, we verified the
successful selective depletion of CD11c+ cells (Fig. 26 D, Fig. 27). Then we
assessed the effect on survival following Rhizopus infection. Importantly, we found
a dramatic increase in susceptibility of CD11c-depleted mice to mucormycosis with

100% mortality at 5 days of infection (Fig. 26E). Collectively, these findings
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demonstrate a nonredundant role of CD11c+ cells in the lungs, including AMs and

DCs, in antifungal immunity against Rhizopus.
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Figure 26. AMs have a non-redundant role in immunity against Rhizopus. A. Representative
histopathology from lungs of C57BL/6 (B6) mice following intratracheal administration of 100 ul of
clodronate liposomes or control liposomes and 48 hours later infection with 107 R. oryzae conidia. Invasive

hyphal growth is present in the lungs of clodronate liposome group of mice. Original magnification x400.
B. Survival of C57BL/6 (B6) mice treated with clodronate liposomes (n = 10) or control liposomes (n = 15)
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and infected as in A. C. Fungal loads in the lungs of C57BL/6 (B6) mice treated with clodronate liposomes
or control liposomes and infected as in A. Lungs were removed on day 2 of infection and fungal loads were
assessed by CFU plating. **P < 0.001, Mann-Whitney test. D. CD11c-DTR mice were intranasally
inoculated with 40 pl PBS or with 20 ng/g of body weight of diphtheria toxin in 40 ul PBS and analyzed
for the presence of CD11c+ cells (AMs and DCs) at 24 hours. Results represent two to three experiments
with two to three mice per group per experiment. E. Survival of CD11c-DTR mice (n = 5 per group) treated
with DT (20 ng/kg of mice) or PBS (control) and infected 48 h later with 5 x 10° conidia of R. delemar.
The nonparametric log-rank test was used to determine differences in survival times.
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Figure 27. Histopathology of lungs from CD11c-DTR mice. Representative photomicrographs of the
lungs from CD11c-DTR+mice intranasally inoculated with 40 pL. PBS or 20 ng/g bwt of diphtheria toxin
(DT) in 40 puL PBS and 48 hours after infected with 5 x 10° swollen conidia of R. oryzae or treated with
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PBS at 24 hours of infection. Lungs were stained by H&E or PAS or IHC for CD11c. There is evidence of
extensive R. oryzae hyphal growth with angioinvasion, intense neutrophil infiltration and necrosis,
consistent with fungal pneumonia in the lungs of mice following CD11c+ cell depletion. White arrowheads:
spores; Black arrows: hyphae; H&E: eosin and hematoxylin stain; PAS: Periodic-acid Shift stain;

hematoxylin as counterstain; original magnifications X200, X400

D6. Iron starvation governs Rhizopus—macrophages interplay

Because of the blockade in P-L fusion induced by Rhizopus, we reasoned that
nutritional immunity is the main effector mechanism to inhibit fungal growth inside
macrophages. In view of the central role of iron in Mucorales growth, we performed
transcriptomic analysis of host and pathogen genes to explore whether an iron
restriction mechanism accounts for inhibition of conidial growth inside
macrophages. Specifically, we performed RNA-seq on poly(A)-enriched RNA
isolated from BMDMs infected with R. delemar (strain 99- 880) at different time
points (1, 4, or 18 hours). The RNA preparations contained a mixture of messenger
RNAs (mMRNAs) expressed by the Rhizopus spp., as well as by the host cells. To
ensure that the observed fungal gene expression changes were due to the interaction
with the host cell and not simply a response to the medium, we performed RNA-seq
on control Rhizopus conidia incubated for 5 minutes in culture medium in the
absence of host cells. Similarly, we performed RNA-seq on control, uninfected
BMDMs.

From the pathogen perspective, the majority of genes previously implicated in iron
acquisition were regulated during infections (Fig. 28A). In particular, we identified
Fet3 and Ftrl as the most highly upregulated genes during intracellular persistence
of R.delemar inside BMDMs. Notably, Fet3, a multicopper ferroxidase required for

ferrous iron uptake and its interacting partner, the high affinity iron permease Ftrlp,

109



A B

hpi:0 1 418
hpi: Oh 1h 4h 18h [ Ptgis
RO3G_03472| FET3 capafad
RO3G_03471| FTR1 Myc
RO3G_04617 | ferric reductase Lrp3
RO3G_12627 | siderophore permease Heph
RO3G_11564 | iron-sulfur protein 5B Steap1
RO3G_05990 | siderophore permease =i Ptgs2
- RO3G_13316 | Heme oxygenase Cyp1b1
RO3G_12849| NFU1 iron-sulfur cluster scaffold Steap2
RO3G_07828| Protein CIAX1 [ | Rsad2
RO3G_11000| FOB2 — Fxn
RO3G_10304 | siderophore permease I B Aox12
RO3G_05460 | ferric reductase Hmox1
RO3G_00075 | siderophore permease i Sfn5
~ |RO3G_16758| siderophore permease | Alas1
RO3G_10468 | ferric reductase = Hp
RO3G_03821 | siderophore permease Suox
RO3G_11434 | siderophore permease Egin3
| I RO3G_06637 | copper oxidase Cyp27at
l RO3G_02337 | siderophore permease Hif1a
RO3G_02798 | siderophore permease Hfe
. RO3G_07290 | copper oxidase Alox5
== [ | lRO3G_09431 | siderophore permease Len2
RO3G_05087 | FOB1 1 Ltf
Log, Normalized RPKM Haao
| |
3.0 0 3.0 Cyp4f18
] Nos2
Mpo
[ Steap4
Log, Normalized RPKM
|

-2.0 0 2.0

Figure 28. Global analysis of differential gene expression during infection. RNA-seg-based expression
analysis of iron-related A R. delemar genes and B mouse genes following in vitro infection of BMDMs. A.
Each column represents an individual sample (biological triplicates of four different conditions; n =12).
Logtrans formed absolute expression normalized across all samples. Red indicates high gene expression.
Blue indicates low gene expression. For the 0 h column, R. delemar was incubated in tissue culture media
without BMDMs for 1 min. B. Values are presented as in A and represent the average of three biological
replicates for each condition. For the 0 h columns, BMDMSs were incubated in culture media in the absence
of R. delemar spores for 1 hr.

comprise the major iron assimilation pathway of Rhizopus that is induced under iron-
limited conditions and has a major pathogenetic role during in vivo infection.
In BMDMs, a significant number of iron metabolism-related genes identified in

previous transcriptomic studies were differentially expressed over the course of
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Rhizopus infection, with an expression pattern consistent with activation of an M2-
alternative program (Fig. 28B). Specifically, there was evidence of downregulation
of typical M1-related genes (Nos2, Mpo, Hifla, EgIin3) and upregulation of M2-
related genes (Myc, fxn, Cyplbl, Alasl). Additionally, several genes directly linked
to trafficking and intracellular distribution of iron inside macrophages (heph, fxn,
bdh2, hfe, Itf, Icn2, Steap 1, Steap 2, Steap 4) were differentially expressed during
Mucorales infection. On the other hand, Rhizopus infection induced downregulation
of hemochromatosis (hfe) and Ptgs2 genes, which are both upregulated during
alternative activation in macrophages. Collectively, dual RNA-seq revealed the
induction of an iron restriction response during the course of Rhizopus infection in
BMDMs.

D7. Iron restriction inhibits Rhizopus growth inside macrophages

The results of dual RNA-seq provided a strong indirect indication of the importance
of iron restriction during the course of Rhizopus infection in BMDMs. Next, we
tested directly whether iron restriction is the primary mechanism of inhibition of
fungal growth in macrophages. BMDMSs from GFP-LC3 mice were infected with
WT Rhizopus delemar strain at an MOI of 1:2 (effector:fungal cells) in regular
culture media or media containing DFO (100 uM), iron (FeCl3; 100 uM), or DFO
plus iron. At 1 hour after the infection, cells were extensively washed to remove non-
phagocytosed conidia, media were replaced, and intracellular germination was
assessed at 12 hours by confocal imaging. Notably, whereas there was minimal
evidence of germination of Rhizopus conidia in control untreated BMDMs, ex vivo

supplementation of media with iron, DFO, or both resulted in a significant increase
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In germination of intracellular conidia (Fig. 29A, B) and subsequent lysis of

macrophages.
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Figure 29. Macrophages inhibit intracellular growth of Rhizopus via iron starvation. A, B BMDMs

from GFP-LC3 mice were infected with WT Rhizopus delemar strain at an MOI of 1:2 (effector:fungal
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cells) in regular culture media or media containing DFO (100 uM), iron (FeCl3; 100 uM), or DFO plus
iron. At 1 h of infection, cells were extensively washed to remove non-phagocytosed conidia, media were
replaced, and intracellular germination was assessed at 12 h by confocal imaging. BMDMs from GFP-LC3
mice were also infected with R. delemar-attenuated mutants for FTR1 (c, d) or FOB1/2 (E, F), which are
defective in the high affinity iron permease expression regulating iron assimilation under conditions of
limited iron availability and DFO receptor FOB1/2 mediating fungal iron uptake from DFO, respectively,
as in A. Representative immunofluorescence images are shown in A, C and F. Data on quantification of
germination of intracellular conidia of the indicated Rhizopus strain are presented as mean + SEM of three
independent experiments. ***P < 0.0001, *P < 0.01, Mann—Whitney test. Bar, 5 ym

As an extra proof of the important role of iron restriction in Mucorales inhibition by
macrophages, we tested the ability of Rhizopus mutants defective in pathways of
iron assimilation, with attenuated in virulence in mouse models of mucormycosis of
diabetic ketoacidosis and neutropenia, to germinate intracellularly following iron
supplementation. In particular, we evaluated interaction of macrophages with ftrl
attenuated mutant of Rhizopus spp., which is compromised in virulence because of
its diminished capacity to grow under iron limiting conditions and was highly
induced in transcriptomics analysis. Although Rhizopus mutant with reduced FTR1
copies was not killed by macrophages, it displayed major defects in germination
following iron supplementation by FeCl3, DFO, or both (Fig. 29C, D). Notably,
infection of BMDMSs with the Rhizopus fob1/2 mutant with defect in DFO uptake
displayed impaired germination following supplementation of culture media with
DFO, which was by-passed in the presence of exogenous iron (Fig. 29E, F). The
attenuated mutants were derived from the wild-type strain used by RNAI (36, 37)
and kindly provided to us for the afferomentioned experiments. Collectively, these
findings clearly reveal the essential role of iron restriction inside the phagosome of
macrophages on inhibition of intracellular growth of Mucorales conidia.
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D8. Persistence of fungal conidia inside macrophages in human mucormycosis

In order to explore the physiological relevance of our studies in humans, we
performed histopathological analysis of surgical specimens obtained from a 60-year-
old patient with relapsed acute myelogenous leukemia who developed disseminated
mucormycosis under chemotherapy with fludarabine and high-hose cytarabine
(FLAG). The patient developed febrile neutropenia, left-sided chest pain and
evidence of necrotizing pneumonia with chest wall myositis in computer
tomography of the chest (Fig. 30A). Despite neutrophil recovery and the treatment
with broad-spectrum antibiotics and anidulafungin, the infection progressed with
infiltration of the abdominal wall and the spleen. In histopathology, there was
evidence of necrotizing angioinvasive growth of Mucorales hyphae along with areas
of granulomatous inflammation in the spleen that contained intracellular Mucorales
conidia inside macrophages (Fig. 30B—E). The patient was comenced on liposomal
amphotericin B and underwent radical surgery including splenectomy. Collectively,
these findings are consistent with a pathogenetic model of mucormycosis
highlighting the central role of Mucorales—macrophage interplay in disease

development (Fig. 31).
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Figure 30. Invasive pulmonary
mucormycosis in a patient
with intracellular persistence.
A. 60-year-old white male with
relapsed acute myelogenous
leukemia received salvage
chemotherapy with fludarabine
and  high-hose
(FLAG) in August 2017. On
September 2017, the patient

cytarabine

developed febrile neutropenia
and evidence of necrotizing
pneumonia with chest wall
myositis in computer
tomography of the chest. B. C.
In tissue biopsy mucormycosis
was diagnosed based on
characteristic histopathological
findings, despite  neutophil
recovery. The patient was

started on liposomal
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amphotericin B and underwent radical surgery with splenectomy in November 2017. In histopathological

analysis of muscle biopsy, there is evidence of extensive tissue necrosis and growth of Mucorales hyphae

inside blood vessels. D. In spleen histopathology there are areas of granulomatous lesions containing

macrophages and multinucleated giant cells. E. In higher magnification (D, inset), there is evidence of a

Mucorales conidium (spore) inside a giant cell (arrow). Original magnifications x200, x800. Eosin and

hematoxylin stain; white arrows: spores; black arrows: hyphae
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Figure 31. Proposed model of nutritional immunity inside macrophages against Mucorales.

Following inhalation, Mucorales conidia are predominantly phagocytosed by AMs. Intracellular conidia of
Mucorales remain dormant and establish prolonged persistence inside the nascent phagosome of AMs.
Surface retention of cell wall melanin in intracellular conidia of Mucorales blocks phagosome biogenesis
and LAP, impedes killing, and induces anti-apoptotic signaling in macrophages to establish persistence.
Inhibition of intracellular germination of Mucorales conidia via iron restriction is a central host defense
mechanism against mucormycosis. In addition, incompletely understood nutritional immunity mechanisms,
including transferrin-mediated restriction of free iron availability in serum, inhibit germination of
extracellular conidia. In parallel, rapid recruitment of neutrophils results in clearance of extracellular
conidia of Mucorales. Quantitative and qualitative defects in innate immunity associated with prolonged
chemotherapy-induced neutropenia, and/or corticosteroid-induced immunosuppression compromise the
ability of phagocytes to inhibit germination of intracellular or extracellular conidia and result in invasive
fungal growth. On the other site, failure of nutritional immunity mechanisms in patients with abnormalities
on iron metabolism (e.g., diabetic acidosis) allow germination of intracellular or extracellular conidia and
promote invasive tissue growth. Mucorales responses inside AMs are highlighted in blue. Nutritional

immunity responses are highlighted in red.
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E. Discussion

El. Intracellular persistence of Mucorales conidia inside macrophages

Our findings on prolonged persistence of Rhizopus in the lungs of immunocompetent
mice are in sharp contrast to the rapid clearance of Aspergillus (1, 143) and in line
with the increased pathogenicity of Mucorales. Our experiments clearly demonstrate
that Rhizopus conidia are sufficiently phagocytosed, display a tropism and establish
prolonged intracellular survival inside AMs. The failure to eradicate the dormant
Rhizopus conidia inside the phagosomes leads to a paradigm shift in pathogenesis of
mucormycosis and emphasizes the importance of AMs in disease pathogenesis.
Specifically, the ability of a classic extracellular pathogen to remain in intracellular
dormancy could attribute to the notable resistance of Mucorales to antifungals,
analog to what has already been proven for Staphylococcus aureus (144). In
addition, this fact might also explain clinical observations on relapse of

mucormycosis years following cessation of secondary antifungal prophylaxis (145).

E2. Mechanism of phagosome maturation arrest induced by Mucorales

Our studies on biogenesis of Rhizopus phagosome identified for the first time that
the inability of macrophages to kill Rhizopus is due to inhibition of LAP, a
specialized pathway of phagosome biogenesis with central role in regulation of
immune homeostasis and antifungal host defense,as demonstrated in previous
studies from our lab (1, 84). A fundamental difference in biogenesis of Rhizopus vs.
Aspergillus phagosomes that emerged from our study is the lack of intracellular
swelling of Rhizopus conidia, which accounts for prolonged surface retention of cell
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wall melanin and subsequent inhibition of LAP. These novel findings provide the
rationale for targeted therapeutic strategies aiming to (i) restore phagosome blockade

by harnessing the LAP pathway and (ii) target fungal melanin biosynthesis.

E3. The emerging role of nutritional immunity inside macrophages against
Mucorales.

The unique susceptibility of patients suffering from diabetic ketoacidosis and treated
with DFO to mucormycosis (21, 25, 43), conditions characterized from elevated
available serum iron (130, 133), hinted towards the importance of iron metabolism
for the pathogenesis of mucormycosis. Our studies demonstrate for the first time the
essential role of iron limitation as the last and most critical line of host defense. In
addition, the remarkable susceptibility of immunocompetent mice infected with
dormant vs. swollen conidia indicates that the inhibition of conidial germination is
of outmost importance for the control of mucormycosis.

Despite being extracellular pathogens, the prolonged intracellular life cycle of
Mucorales makes them unique to study the regulation of macrophage iron
homeostasis inside macrophages. Thus, further experiments on this field should be
a top research priority to dissect precise mechanisms of immunopathogenesis of
mucormycosis with the development of targeted iron chelation therapies inside
macrophages being the ultimate goal. Our transcriptomics studies of host and fungal
iron regulated genes during the course of infection have already identified potential

targets for further exploitation.
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E4. Final conclusions: Unresolved questions and future perspectives in

Immunopathogenesis of mucormycosis

Our findings shed light to the mechanisms of immunopathogenesis of
mucormycosis, paving the way for further, more thorough study of the disease,
which will ultimately lead to more effective therapeutic strategies.

Firstly, the disease reactivation as a consequence of the intracellular germination of
conidia needs to be demonstrated in the setting of iron deregulation in vivo. This
requires establishment of animal models of diabetic ketoacidosis, DFO treatment,
iron overload and steroid treatment. Furthermore, the mechanisms of fungal
clearance following prolonged intracellular persistence are currently unknown. A
possible cross-talk of AMs with another immune cell type (from innate or adaptive
Immune system) contributing to the fungal clearance should be studied.

Although our study elucidates the pivotal role of macrophages to the control of
mucormycosis, the role of neutrophils in pathogenesis of the disease is currently
unknown. Moreover, their effector mechanisms against Mucorales are completely
uncharacterized. Therefore, future studies should focus on developing animal
models with depleted neutrophils to test the infection outcome. Lastly, a very
intriguing field of research is the hypothesis that the intracellular persistence of

conidia leads to Mucorales resistance to antifungals.
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lron restriction inside macrophages regulates
pulmonary host defense against Rhizopus species
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Mucormycosis is a life-threatening respiratory fungal infection predominantly caused by
Rhizopus species. Mucormycosis has incompletely understood pathogenesis, particularly how
abnormalities in iron metabolism compromise immune responses. Here we show how, as
opposed to other filamentous fungi, Rhizopus spp. establish intracellular persistence inside
alveolar macrophages (AMs). Mechanistically, lack of intracellular swelling of Rhizopus
conidia results in surface retention of melanin, which induces phagosome maturation arrest
through inhibition of LC3-associated phagocytosis. Intracellular inhibition of Rhizopus is an
important effector mechanism, as infection of immunocompetent mice with swollen conidia,
which evade phagocytosis, results in acute lethality. Concordantly, AM depletion markedly
increases susceptibility to mucormycosis. Host and pathogen transcriptomics, iron supple-
mentation studies, and genetic manipulation of iron assimilation of fungal pathways
demonstrate that iron restriction inside macrophages regulates immunity against Rhizopus.
Our findings shed light on the pathogenetic mechanisms of mucormycosis and reveal the
role of macrophage-mediated nutritional immunity against filamentous fungi.
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espiratory fungal infections caused by opportunistic fila-

mentous fungi, predominantly Aspergillus species and

Mucorales, are major causes of death in an expanding
population of debilitated and immunocompromised patients!~>.
When compared to other airborne filamentous fungi (molds),
Mucorales are emerging pathogens that possess unique clinical,
epidemiological, and pathogenetic characteristics*-8. Specifically,
although acquired innate immune defects associated with mye-
loablative and immunosuppressive therapies are typical risk fac-
tors for mucormycosis, Mucorales frequently cause lethal
infections in patients with certain metabolic disorders, and
occasionally in immunocompetent individuals following trauma
and burns®-8. In particular, patients with diabetic ketoacidosis or
other forms of acidosis, and patients with elevated available
serum iron are uniquely predisposed to mucormycosis®-8.
Importantly, pulmonary mucormycosis is the most devastating
invasive fungal infection, associated with mortality rates of 50% to
70% and can reach 90% upon dissemination®-8. This disease also
has significant morbidity and frequently requires disfiguring
radical surgery as the only lifesaving measure®-8. Because of the
inherent resistance of Mucorales to most available antifungal
agents$, there is a dire need to better understand immuno-
pathogenesis of mucormycosis and develop new therapeutic
concepts for the disease.

Iron has an essential role in the life cycle of Mucorales and its
utilization from the host is a critical pathogenetic mechanism of
mucormycosis’-8. In contrast, the host-mediated iron limitation
is an important defense strategy known as nutritional immu-
nity. Recent genetic and biochemical studies in Rhizopus, the
Mucorales causing 70% of human mucormycosis, have identi-
fied key molecular determinants of iron assimilation that are
required for invasive fungal growth. Specifically, studies high-
lighted the role of the high affinity iron permease (Ftrlp) in
iron acquisition from iron-limited environment encountered by
the fungus during in vivo infection’. Additionally, the fungal
proteins Fobl and Fob2 act specifically as receptors for iron
uptake from ferrioxamine!?. Ferrioxamine is the iron-rich form
of deferoxamine (DFO), which is utilized by the fungus as a
xenosiderophore. The use of DFO for iron chelation therapy in
dialysis patients with end-stage renal failure is associated with
unique predisposition to mucormycosis!!"12. Furthermore, in
patients with diabetic ketoacidosis or other forms of acidosis,
increased availability of free iron in the serum as a result of
protonation of transferrin, is a critical pathogenetic event in
the development of mucormycosis®. Notably, correction of
diabetic acidosis with bicarbonate has been an effective adjunct
treatment of mucormycosis in mice!3. Also, abnormalities of
iron metabolism and hyperglycemia facilitate interaction of
CotH3 Mucorales invasin!* with endothelial GRP78 receptor!®
and induce angioinvasive fungal growth, another hallmark of
MucCormycosis.

Despite the progress in identifying important iron assimilation
pathways in Mucorales, the host effector mechanisms that limit
iron availability to these pathogens are incompletely character-
ized. Furthermore, there is no pathogenetic model to explain
whether and how abnormalities in iron metabolism compromise
physiological immune responses leading to development of
mucormycosis.

It is known that professional phagocytes, including neutrophils
and macrophages, have a central role in host defense against
airborne filamentous fungi!>!®. However, there is a significant gap
of knowledge on physiological immune responses against
Mucorales. In fact, current evidence on the role of cellular
immunity against Mucorales is extrapolated from studies on
Aspergillus'®. Similarly, at the molecular level, little is known
about the mechanisms of intracellular killing of Mucorales

conidia inside phagocytes. From the pathogen perspective, the
presence of putative virulence mechanisms that protect Mucor-
ales conidia from killing by phagocytes remain elusive.

Herein, we analyze physiological immune responses in the
lungs of immunocompetent mice during Rhizopus infection
and identify an essential role of macrophages during host-
Rhizopus interplay. In particular, we demonstrate that Rhizopus
spp. subvert physiological killing mechanisms of macrophages
and establish prolonged intracellular dormancy via melanin-
induced phagosome maturation arrest. Furthermore, we
discover that inhibition of Rhizopus growth inside macrophages
is a central host defense mechanism that depends on
nutritional immunity via iron starvation. Finally, dual RNA-
sequencing (RNA-seq) and functional studies identify critical
host and fungal modulators of iron homeostasis inside
macrophages that promote invasive fungal growth. Our
findings shed light on pathogenesis of mucormycosis with
potential therapeutic implications in the management of this
devastating disease, and provide a mechanistic link between
iron homeostasis inside macrophages and immune responses
to Mucorales.

Results

Rhizopus conidia persist inside alveolar macrophages. In order
to understand general aspects of the physiological immune
response against Mucorales, we infected immunocompetent mice
with conidia of either Aspergillus fumigatus or two clinical isolates
of Rhizopus (Rhizopus oryzae and Rhizopus delemar) and com-
pared fungal clearance by CFU (colony-forming unit) counts and
histopathological studies of total lung homogenates at different
time points of infection (0, 2, 5, and 10 days). We found that
opposite to A. fumigatus conidia, a significant proportion of each
Rhizopus isolate conidia remained viable in the lungs of immu-
nocompetent mice as late as 10 days post infection (Fig. 1a),
despite the lack of mortality of the infected animals (Fig. 1b).
Histopathology of lung tissue sections collected on day 5 post
infecting immunocompetent mice with R. oryzae confirmed the
presence of abundant conidia in the lungs, which resulted in
considerable tissue edema and neutrophil infiltration (Fig. 1c).
Interestingly, there was no apparent evidence of R. oryzae
germination in infected lungs (Fig. 1c). Furthermore, immuno-
histochemistry studies revealed that R. oryzae conidia pre-
dominantly resided inside CD11c+/CD68+-cells consistent with
alveolar macrophages (AMs), while there was evidence of extra-
cellular conidia associated with areas of intensive neutrophil
infiltration (Fig. 1d).

We next assessed kinetics of recruitment and degree of
association of myeloid cells in the lungs of immunocompetent
mice following infection with fluorescence-labeled conidia of R.
oryzae. Although we found a significant influx of neutrophils
(identified as CD45+/CD11b+/Ly6G+/Ly6C— cells; Supplemen-
tary Fig. 1) and Ly6CPig? inflammatory monocytes (identified as
CD45+4-/CD11b+/Ly6G—/CD11c—/Ly6C+ cells; Supplementary
Fig. 1) in the lungs on days 1 and 5 of infection (Fig. 1le), most
R. oryzae conidia were associated with AMs (identified as
CD45+/F4/80+/CD11c+/MHCIIY cells), interstitial macro-
phages (IMs; identified as CD45+/F4/80+/CD11c—/MHCII+),
and dendritic cells (DCs; identified as CD45+/F4/80—/CDl1l1c
+/MHCII+) in the lungs of immunocompetent mice (Fig. 1f).
Confocal imaging in sorted neutrophils, AMs, and IMs on day 5
post infection (Supplementary Fig. 2) confirmed that R. oryzae
conidia were predominantly phagocytosed by AMs (Fig. 1g, h).
Collectively, these studies demonstrate that a significant propor-
tion of Rhizopus conidia remain viable inside AMs for several
days following infection of immunocompetent mice.

2 | (2018)9:3333 | DOI: 10.1038/541467-018-05820-2 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05820-2

ARTICLE

a vA. fumigatus c
AR. oryzae
®R. delemar
12}
@ 7 - kK ..g
o 6 *kk ke)
é 5 .:l'*‘ I.l:: *kk 5
S 4 vy = .
[T o <
o 3
CJ? 2 Yy
S 1 v Eand
DO D2 D5 D10
b
100 §
g 801 ==A. fumigatus g‘
S 601 - R. oryzae o
>
@ 404 — R. delemar
R
20
2 4 6 8 10 12
Days after infection
d e f g
W Day 1 - W Day 1
% 4.0 Day5 % 100 Day5 ” 80 *kk
5 30 8w 80 e
5 __ 30 23 2 60
5555 ik :
Ex 15 32 40 g
2710 $3 20 £ 20
g % E o *
(o]
= O 2 & P ® - O @ P P 2 O O D
S YSF & VN S

Rhizopus conidia are resistant to killing by macrophages. In
order to shed light on the mechanisms of intracellular persistence
of Rhizopus, we studied interactions of bone marrow-derived
macrophages (BMDMs) and neutrophils with conidia of A.
fumigatus or R. oryzae. In contrast to conidia of A. fumigatus,
which were phagocytosed comparably by BMDMs and neu-
trophils, conidia of R. oryzae were almost exclusively phagocy-
tosed by BMDMs (Fig. 2a—c). In addition, despite their larger size,
Rhizopus conidia were phagocytosed by BMDMs at a higher
index rate than A. fumigatus conidia. Next, we compared killing
rates of A. fumigatus vs. R. oryzae conidia by BMDMs. We found

&

&

that unlike A. fumigatus (Fig. 2d, Supplementary Fig. 3), different
clinical isolates of Rhizopus were resistant to killing by BMDMs
(Fig. 2d, e, Supplementary Fig. 3). These studies corroborate the
results of in vivo studies on selective tropism and prolonged
intracellular persistence of Rhizopus conidia inside AMs.

In order to evaluate the mechanism of Rhizopus persistence
inside macrophages, we tested whether fungal conidia are
resistant to damage by phagocyte effector mechanisms®”:8,
Therefore, we compared susceptibility of A. fumigatus vs. R.
oryzae conidia to (i) oxidative damage induced by hydrogen
peroxide (H,0O,) and (ii) non-oxidative damage mediated by
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Fig. 1 Persistence of Rhizopus conidia inside alveolar macrophages (AMs). a Fungal loads in lungs of immunocompetent C57BL/6 (B6) mice (n=3 per
group) infected via intratracheal administration of a standardized inoculum (5 x 108 conidia per mice) of A. fumigatus, R. oryzae, or R. delemar. ***P < 0.0001,
Mann-Whitney test. b Survival of immunocompetent C57BL/6 (B6) mice (n =8 per group) infected as in a, with either A. fumigatus, R. oryzae, or R.
delemar. ¢ Representative photomicrographs of the lungs from mice infected as in b with either A. fumigatus or R. oryzae and sacrificed on day 5.
Histopathological sections were stained with Grocott methenamine silver (GMS; left panels) or hematoxylin and eosin (H&E; right panels). The presence of
R. oryzae conidia (black color) in the lungs is shown by GME stain. Original magnification x400. d Representative photomicrographs of the lungs from mice
infected as in b, sacrificed on day 5. Lungs were stained by IHC for CD68 or CD11 and counterstained with hematoxylin and PAS. There is evidence of
extracellular R. oryzae conidia surrounded by neutrophils (top panel), and intracellular R. oryzae conidia inside AMs. e FACS analysis of total number of
professional phagocytes in the lungs of immunocompetent mice (n =3 per group) infected with R. oryzae as in a, assessed on days 1 and 5. The gating
strategy for identification of neutrophils, monocytes, AMs, interstitial macrophages (IMs), and dendritic cells (DCs) is shown in Supplementary Fig. 1.
f FACS analysis of association of labeled (Fluorescent Brightener 28; CW) conidia of R. oryzae with professional phagocytes of mice infected as in a,
assessed on days 1and 5. g In vivo phagocytosis rates of R. oryzae conidia on day 5 of infection of mice infected as in a. ***P < 0.0001 Mann-Whitney
test. h Representative confocal image of sorted AM from mice infected as in a with fluorescent-labeled, live conidia of R. oryzae (day 1), fixed and stained
with Cathepsin D. Cross-section analysis was performed to discriminate intracellular conidia from conidia associated/bound to the cell surface of AM

lysosomal hydrolases. Importantly, conidia of both fungi
displayed comparable degree of susceptibility to killing by
increasing concentrations of either H,O, (Fig. 2f) or crude
lysosomal extracts (Fig. 2g, h). Therefore, both fungi displayed
comparable degree of susceptibility to macrophage effector killing
mechanisms and the inability of BMDMs to kill Rhizopus could
not be explained by resistance of the conidia to oxidative or non-
oxidative damage.

During interaction of human fungal pathogens with macro-
phages, the induction of different forms of host cell death is a
survival strategy that allows the fungus to escape host defense!”~1°.
In addition, studies on Mucor circinelloides demonstrated that
fungal sporangiospores germinate and induce killing of a murine
macrophage cell line?0, Therefore, we investigated if A. fumigatus
and R. oryzae vary in their ability to induce host cell apoptosis or
necrosis. We found no difference between the two fungi in
induction of either form of host cell death during interaction with
murine BMDMs (Fig. 2i). Collectively, these data demonstrate that
Mucorales survive inside macrophages by avoiding phagocyte-
mediated killing.

Conidia induce phagosome maturation arrest via targeting
LAP. To understand the mechanism of establishment of Rhizopus
intracellular persistence, we performed comparative phagosome
biogenesis studies following phagocytosis of A. fumigatus or R.
oryzae by BMDMs. Because LC3-associated phagocytosis (LAP)
is a major antifungal pathway regulating early events in biogen-
esis of A. fumigatus phagosome?122, we initially analyzed LC3%
phagosome (LAPosome) formation at different time points of
infection by confocal imaging. In sharp contrast to the robust
activation of LAP pathway upon infection with A. fumigatus, we
found no evidence of LAPosome formation during infection of
BMDMs with R. oryzae (Fig. 3a, b). Similarly, Rab5 recruitment
to the phagosome, an early event in phagosome maturation
process?3, selectively and transiently occurred at early time points
of BMDM infection with A. fumigatus, while there was no evi-
dence of Rab5 localization in R. oryzae-containing phagosomes
(Fig. 3¢, Supplementary Fig. 4).

Next, we monitored phagolysosomal (P-L) fusion upon
BMDM infection with A. fumigatus vs. R. oryzae with the use
of fluorescein isothiocyanate-labeled dextran (FITC-Dextran)
assay. Briefly, BMDMs were pre-loaded with FITC-Dextran for
labeling of lysosomes and P-L fusion upon fungal infection was
assessed based on accumulation of FITC-Dextran in the
phagosomes. In contrast to the accumulation of FITC-Dextran
in A. fumigatus containing phagosomes over time (Fig. 3d, e),
there was no evidence of FITC-Dextran recruitment in Mucorales
phagosomes. Concordant with these results, recruitment of
Cathepsin D, a lysosomal hydrolase, in phagosomes was

significantly impaired at 4h of BMDM infection with R. oryzae
as compared to A. fumigatus (Fig. 3f, g). Further, these findings
were confirmed by electron microscopy studies on fusion of acid
phosphatase-stained lysosomes with A. fumigatus vs. R. oryzae
phagosomes. Notably, while P-L fusion was evidenced as intense
acid phosphatase staining in A. fumigatus phagosomes at 4 h of
infection, there was no lysosomal association with R. oryzae
phagosomes (Fig. 3h). Similarly, in vivo studies in AMs of
immunocompetent mice following infection with R. oryzae
revealed the ability of Mucorales conidia to block P-L fusion by
inhibiting LAP (Fig. 4a-d). Collectively, these studies confirm
that Rhizopus conidia block LAP and induce phagosome
maturation arrest to establish intracellular persistence inside the
macrophage.

Cell wall melanin induces phagosome maturation arrest. We
have recently demonstrated that cell wall melanin on dormant
conidia of A. fumigatus blocks LAP to inhibit phagosome bio-
genesis and promote fungal pathogenicity?’. In addition, we
revealed that removal of melanin during intracellular swelling of
A. fumigatus conidia is a fundamental requirement for activation
of LAP and efficient killing of the fungus by monocytes/macro-
phages?1:22. Thus, we assessed whether a similar mechanism is
responsible for the phagosome maturation arrest seen with R.
oryzae conidia. Intriguingly, in sharp contrast to A. fumigatus
conidia, Rhizopus conidia remained dormant without evidence of
cell wall swelling at 24h of infection in macrophages ex vivo
(Fig. 5a, b) and in vivo, inside AMs (Supplementary Fig. 5). This
finding corroborates the lack of apparent germination of
R. oryzae conidia in the lungs of immunocompetent mice.
Therefore, in all likelihood, lack of cell wall remodeling in
Mucorales conidia results in surface retention of cell wall inhi-
bitory molecule(s) to block phagosome responses and establish
intracellular persistence. Consistent with this hypothesis, we
found that ultraviolet (UV)-inactivated conidia of Mucorales
induce phagosome maturation arrest in macrophages to a similar
degree of live conidia (Supplementary Fig. 6), implying the pre-
sence of an inhibitory molecule on the fungal cell wall surface.
Despite the differences in cell wall composition of filamentous
fungi, melanin is a common cell wall molecule in conidia of many
filamentous fungi including Aspergillus**2°. Therefore, we
purified melanin from conidial cell wall of Rhizopus spp. and
performed comparative characterization with A. fumigatus 1, 8-
dihydroxynaphthalene (DHN) melanin. Notably, we found that
Rhizopus melanin exhibited all the classic characteristics of
melanin pigments (Supplementary Table 1). However, electron
paramagnetic resonance (EPR) spectra (Fig. 5¢), UV spectro-
photometry (Supplementary Fig. 7), infrared (IR) spectroscopy
(Supplementary Fig. 8), and chemical degradation followed by
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Fig. 2 Rhizopus conidia display resistance to ex vivo killing by macrophages. a-¢ Comparative studies on phagocytosis of A. fumigatus and R. oryzae conidia
by BMDMs and neutrophils (PMNs) assessed by confocal imaging. Data on quantification of phagocytosis are presented as mean £ SEM of five
independent experiments ***P < 0.0001, **P < 0.001, Mann-Whitney test. d, e Intracellular killing of A. fumigatus and R. oryzae (Mucorales) conidia by
BMDMs. Symbols connected with a line represent time points of the same independent experiment (n =9 per group). ***P < 0.0001, Mann-Whitney test.
f, g Assessment of in vitro susceptibility of A. fumigatus and R. oryzae conidia to f oxidative damage induced by increasing concentrations of H,O, or g to
damage induced by enzymatic activity of increasing concentrations of lysosomal extracts of BMDMs, assessed by measurement of fungal metabolic
activity using the XTT assay at 24 h. h In vitro fungicidal activity of increasing concentrations of lysosomal extracts against conidia of A. fumigatus or
R. oryzae assessed by CFU plating. i Induction of apoptosis in unstimulated BMDMs or BMDMSs infected with A. fumigatus or R. oryzae at an MOI of 3:1
(effector:fungal cells) for 6 h. Apoptotic BMDMs were assessed by FACS analysis following Annexin V/PI staining. Data are representative of one out

of three independent experiments. NS not significant

liquid chromatography-mass spectrometry (LC-MS) studies of
the degradation products (Supplementary Fig. 9) revealed that
Rhizopus melanin is different than DHN melanin of A. fumigatus.
In particular, Rhizopus melanin has chemical composition
consistent of eumelanin, and requires a biosynthetic pathway,
which likely involves activity of a copper-dependent tyrosinase/
laccase (Supplementary Figs. 7, 8 and 9). Indeed, growth in
copper-free media resulted in the production of albino conidia of
Rhizopus.

Importantly, functional studies on phagosome responses in
macrophages stimulated with purified melanin of either

Aspergillus or Rhizopus demonstrated that both types of melanin
induced complete phagosome maturation arrest (Fig. 5d). As a
further proof of the melanin-dependent induction of phagosome
maturation arrest by intracellular conidia of Rhizopus, we
assessed LAPosome formation and Cathepsin D recruitment
upon chemical degradation of Rhizopus melanin via H,0,
bleaching, as previously described?2. Importantly, chemical
removal of melanin from conidia of Rhizopus resulted in reversal
of phagosome maturation arrest as evidenced by the significant
increase in recruitment of LC3 II (Fig. 5e, f) and Cathepsin D
(Fig. 5g, h) to the phagosomes containing melanin-deficient
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Fig. 3 Rhizopus conidia induce phagosome maturation arrest in BMDMs. a, b BMDMs from GFP-LC3 mice were infected at different time points with live
conidia of A. fumigatus or R. oryzae at an MOI 3:1 (effector:fungal cells). At the indicated time point, cells were fixed and analyzed by confocal microscopy.
Representative fluorescence images are presented in a. Bar, 5 um. Data on quantification of LC3T phagosomes are presented as mean + SEM of five
independent experiments in b. ¢ BMDMSs from C57BL/6 (B6) mice were infected as in a. Cells were fixed at the indicated time point and stained for Rab5B.
Data on quantification of Rab5™ phagosomes are presented as mean + SEM of three independent experiments. d, e BMDMs were pre-loaded with FITC-
Dextran, infected as in a, and phagolysosomal fusion was assessed at the indicated time point based on acquisition of FITC-Dextran in the phagosome.
Representative fluorescence images are shown in d. Bar, 5 um. Data on quantification of FITC-Dextran™ phagosomes are presented in e as mean + SEM of
three independent experiments. f, g BMDMs were stimulated as in a, cells were fixed and stained for the lysosomal protein marker Cathepsin D. Data on
quantification of Cathepsin DT phagosomes are presented as mean = SEM of three independent experiments in f, while representative fluorescence images
are shown in g. Bar, 5 um. h Representative electron microscopy of acid phosphatase, a lysosomal enzyme marker of phagolysosomal fusion (shown as
dark color on the phagosome membrane) in 15 min and 4 h phagosomes containing A. fumigatus or R. oryzae conidia. ***P < 0.0001, **P < 0.01,
Mann-Whitney test. Bar, left upper and lower panels, Tum; right upper panel, 0.5 um; right lower panel, 2 um
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(albino) Rhizopus. Finally, infection of immunocompetent mice
with melanin-deficient (albino) Rhizopus conidia recovered from
culture in copper-free media (Fig. 5i) resulted in rapid fungal
clearance from the lungs, when compared to infection with wild-
type (WT) (control) melanized Rhizopus conidia (Fig. 5j).
Collectively, these findings demonstrate that surface retention
of melanin in dormant conidia of Rhizopus inside macrophages
is the mechanism that accounts for prolonged intracellular
persistence.

Non-redundant role of macrophages in pulmonary mucor-
mycosis. Despite the inability of macrophages to kill Rhizopus,
inhibition of growth of phagocytosed conidia could be an
important host defense mechanism. To test this hypothesis, we
initially assessed differences in phagocytosis of dormant vs. ger-
minating (swollen) conidia following 4h pre-incubation in cul-
ture media. Notably, we found a significant =5-fold reduction in
phagocytosis of swollen as compared to dormant conidia by
macrophages (Fig. 6a).

Then, we infected immunocompetent mice via intratracheal
administration of the same inoculum of dormant vs. swollen
conidia of Rhizopus (5x10° conidia/mice), and assessed
differences in the infection outcome. Surprisingly, while all mice
recovered from infection with dormant Rhizopus conidia,
infection of immunocompetent mice with swollen conidia of
Rhizopus resulted in 100% mortality within 4 days (Fig. 6b).

Histopathological examination of the lungs at 16 h of infection
with swollen Rhizopus conidia revealed dense neutrophil
infiltrates along with extensive tissue necrosis and angioinvasive
fungal growth (Fig. 6c, Supplementary Fig. 10). Notably, we
found no evidence of Rhizopus inside AMs or other phagocytes
following infection of mice with swollen conidia (Fig. 6c,
Supplementary Fig. 10), a finding consistent with the results of
ex vivo studies.

In order to directly evaluate the role of macrophages in
physiological immune response to Mucorales, we performed AM
depletion via intratracheal administration of clodronate lipo-
somes?®27 and 3 days latter infected mice with Rhizopus dormant
conidia. Interestingly, survival, histopathology, and fungal load
experiments demonstrate that liposome depletion resulted in
significant increase in susceptibility of mice to mucormycosis as
compared to treatment with control liposomes (Fig. 6d-f). In
order to further validate the role of AMs in mucormycosis, we
depleted CDl1lc transgenic mice with the administration of
diphtheria toxin (DT), verified selective depletion of CDI11lc+
cells (Fig. 6g, Supplementary Fig. 11), and assessed the effect on
survival following Rhizopus infection. Importantly, we found a
dramatic increase in susceptibility of CD11c-depleted mice to
mucormycosis with 100% mortality at 5 days of infection
(Fig. 6h). Collectively, these findings demonstrate a non-
redundant role of CD11c+ cells in the lungs, including AMs
and DCs, in antifungal immunity against Rhizopus.
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Fig. 5 Rhizopus melanin blocks early event in phagosome biogenesis. a GFP-LC3 BMDMs were infected at 1 or 24 h with live conidia of A. fumigatus or
R. oryzae at an MOI 1:1. Cells were fixed and the conidial diameters of intracellular conidia was measured by confocal microscopy. Data on quantification of
conidial diameter are presented from one out of three independent experiments. Each symbol represents the value of maximum diameter of individual
fungal cell and horizontal bars represent the mean diameter. ***P < 0.0001, Mann-Whitney test. b Representative DIC images from a are shown. ¢ X-band
room temperature EPR spectra of purified melanin obtained from A. fumigatus, R. oryzae, or synthetic melanin are shown. d BMDMs pre-loaded with FITC-
Dextran were stimulated with conidia of A. fumigatus or R. oryzae or melanin ghosts (purified melanin particles) obtained from conidia of the indicated
A. fumigatus or R. oryzae strains at an MOI of 3:1 (effector:fungal conidia). Cells were removed at 4 h and assessed by confocal imaging. Data on
quantification of FITC-Dextran™ phagosomes are presented as mean + SEM of three independent experiments. e, h BMDMs from GFP-LC3 (e, f) or C57BL/
6 (B6) (g, h) mice were infected with R. oryzae conidia (WT conidia) or R. oryzae conidia following chemical degradation of melanin with H,O, bleaching
(albino conidia) at an MOI of 3:1 (effector:fungal cells). Cells were removed at 1h of infection, fixed, stained, and analyzed by confocal imaging. Data on
quantification of GFP-LC3%* (f) or Cathepsin DT (h) phagosomes are presented as mean * SEM of three independent experiments. e, g Representative
fluorescent images from experiments on f and h are shown. i, j Fungal loads from lungs of immunocompetent mice (n =9 per experimental group)
infected with 106 conidia of R. delemar grown in regular media (WT Rhizopus) or under conditions of copper starvation to inhibit melanization (albino
Rhizopus) (i). Mice (n =3 per condition) were sacrificed at the indicated time points, lungs were homogenized, and fungal loads were assessed by
CFU plating (j). ***P<0.0001,

**P < 0.001 Mann-Whitney test. Scale bar, 10 pm

Iron starvation governs Rhizopus-macrophages interplay.
Because of the blockade in P fusion induced by Rhizopus, we
reasoned that nutritional immunity is the main effector
mechanism to inhibit fungal growth inside macrophages.
In view of the central role of iron in Mucorales growth”s$,
we performed transcriptomic analysis of host and pathogen

genes to explore whether an iron restriction mechanism
accounts for inhibition of conidial growth inside macrophages.
Specifically, we performed RNA-seq on poly(A)-enriched
RNA isolated from BMDMs infected with R. delemar (strain 99-
880) at different time points (1, 4, or 18 h). The RNA prepara-
tions contained a mixture of messenger RNAs (mRNAs)
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Fig. 6 AMs have a non-redundant role in immunity against Rhizopus. a GFP-LC3 BMDMs were infected with dormant or swollen conidia of R. oryzae at an
MOI of 3:1 (effector:fungal cells) and phagocytosis was assessed at 4 h. Data on quantification of phagocytosis of Rhizopus conidia are presented as mean £
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infected via intratracheal administration of a standardized inoculum (5 x 106 conidia per mice) of dormant or swollen conidia of R. oryzae. € Representative
photomicrographs of the lungs from mice infected with 5 x 10 swollen conidia of R. oryzae at 24 h of infection. Lungs were stained by H&E or IHC for CD11
and counterstaining with hematoxylin and PAS. d Representative histopathology from lungs of C57BL/6 (B6) mice following intratracheal administration of
100 pl of clodronate liposomes or control liposomes and 48 h later infection with 107 R. oryzae conidia. Invasive hyphal growth is present in the lungs
of clodronate liposome group of mice. ¢, d Original magnification x400. e Survival of C57BL/6 (B6) mice treated with clodronate liposomes (n=10) or
control liposomes (n=15) and infected as in d. f Fungal loads in the lungs of C57BL/6 (B6) mice treated with clodronate liposomes or control liposomes
and infected as in d. Lungs were removed on day 2 of infection and fungal loads were assessed by CFU plating. **P < 0.001, Mann-Whitney test. g CD11c-
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CD11¢c-DTR mice (n=5 per group) treated with DT (20 ng/kg of mice) or PBS (control) and infected 48 h later with 5 x 106 conidia of R. delemar.

The nonparametric log-rank test was used to determine differences in survival times
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expressed by the Rhizopus spp., as well as by the host cells.
To ensure that the observed fungal gene expression changes
were due to the interaction with the host cell and not simply a
response to the medium, we performed RNA-seq on control
Rhizopus conidia incubated for 5 min in culture medium in the
absence of host cells. Similarly, we performed RNA-seq on con-
trol, uninfected BMDMs.

From the pathogen perspective, the majority of genes previously
implicated in iron acquisition were regulated during infections
(Fig. 7a). In particular, we identified Fet3 and Ftrl as the most
highly upregulated genes during intracellular persistence of R.
delemar inside BMDMs. Notably, Fet3, a multicopper ferroxidase
required for ferrous iron uptake and its interacting partner, the high
affinity iron permease Ftrlp, comprise the major iron assimilation
pathway of Rhizopus that is induced under iron-limited conditions
and has a major pathogenetic role during in vivo infection®.

In BMDMs, a significant number of iron metabolism-related
genes identified in previous transcriptomic studies were
differentially expressed over the course of Rhizopus infection®®2°,
with an expression pattern consistent with activation of an
M2-alternative program (Fig. 7b). Specifically, there was evidence of
downregulation of typical M1-related genes (Nos2, Mpo, Hifla,
Egln3) and upregulation of M2-related genes (Myc, fxn, Cyplbl,
AlasI). Additionally, several genes directly linked to trafficking and
intracellular distribution of iron inside macrophages (heph, fxn,
bdh2, hfe, Itf, lcn2, Steap 1, Steap 2, Steap 4) were differentially
expressed during Mucorales infection. On the other hand, Rhizopus
infection induced downregulation of hemochromatosis (hfe) and
Ptgs2 genes, which are both upregulated during alternative
activation in macrophages?3-30. Collectively, dual RNA-seq revealed
the induction of an iron restriction response during the course of
Rhizopus infection in BMDMs.

Iron restriction inhibits Rhizopus growth inside macrophages.
Next, we tested directly whether iron restriction is the primary
mechanism of inhibition of fungal growth in macrophages.
Importantly, BMDMs were infected with Rhizopus with or
without the presence of iron, DFO, or iron plus DFO in culture
media and germination of intracellular conidia was assessed at
different time points of infection. Notably, whereas there was
minimal evidence of germination of Rhizopus conidia in control-
untreated BMDMs, ex vivo supplementation of media with iron,
DFO, or both resulted in a significant increase in germination of
intracellular conidia that was apparent at 12h of infection
(Fig. 8a, b) and subsequent lysis of macrophages.

As an extra proof of the important role of iron restriction in
Mucorales inhibition by macrophages, we tested the ability of
Rhizopus mutants defective in pathways of iron assimilation, which
have been shown to be attenuated in virulence in mouse models of
mucormycosis of diabetic ketoacidosis and neutropenia, to
germinate intracellularly following iron supplementation®!0. In
particular, we evaluated interaction of macrophages with firl
attenuated mutant of Rhizopus spp., which is compromised in
virulence because of its diminished capacity to grow under iron-
limiting conditions and was highly induced in transcriptomics
analysis®. Although Rhizopus mutant with reduced FTRI copies was
not killed by macrophages, it displayed major defects in germina-
tion following iron supplementation by either FeCl;, DFO, or both
(Fig. 8c, d). Notably, infection of BMDMs with the Rhizopus fob1/2
mutant with defect in DFO uptake!? displayed impaired germina-
tion following supplementation of culture media with DFO, which
was by-passed in the presence of exogenous iron (Fig. 8e, f).
Collectively, these findings clearly reveal the essential role of iron
restriction inside the phagosome of macrophages on inhibition of
intracellular growth of Mucorales conidia.

Persister conidia inside macrophages in human mucormycosis.
In order to explore the physiological relevance of our studies in
humans, we performed histopathological analysis of surgical
specimens obtained from a patient with acute myelogenous leu-
kemia who developed disseminated mucormycosis. The patient
underwent radical surgery including splenectomy because of
worsening necrotizing pneumonia with infiltration of the chest
wall and the spleen (Fig. 9a). In histopathology, there was evi-
dence of necrotizing angioinvasive growth of Mucorales hyphae
along with areas of granulomatous inflammation in the spleen
that contained intracellular Mucorales conidia inside macro-
phages (Fig. 9b-e). Collectively, these findings are consistent with
a pathogenetic model of mucormycosis highlighting the central
role of Mucorales-macrophage interplay in disease development
(Fig. 10).

Discussion

Mucorales are successful pathogens of a range of phylogenetically
disparate hosts, from plants to invertebrates and humans’-$31-33,
The emergence of mucormycosis in patients with acquired innate
immune defects illustrates the important role of professional
phagocytic cells in Mucorales host defense®. In contrast, the rarity
of mucormycosis in patients with primary immunodeficiencies,
who are prone to infections caused by other filamentous fungi>4-36,
implies that distinct immune pathways are important to restrict
Mucorales growth. For example, Aspergillus is the primary pul-
monary pathogen in patients with genetic defects in NADPH
oxidase (chronic granulomatous disease; CGD)"16, In contrast,
mucormycosis is a rare infection in CGD patients and occurs only
upon administration of corticosteroids®.

Herein, we reveal the essential role of Rhizopus—macrophage
interplay for infection outcome and introduce evidence that a
central pathogenetic event in development of mucormycosis is
related to the prolonged intracellular survival of the fungus inside
these immune cells. In addition, we dissect the molecular
mechanisms that allow Rhizopus to persist inside macrophages
via melanin-induced phagosome maturation arrest. Finally, we
identify nutritional immunity via iron restriction inside the
phagosome as an important host defense mechanism during
pulmonary mucormycosis. These findings lead to a pathogenetic
model of mucormycosis that links abnormalities in iron meta-
bolism with nutritional immunity inside macrophages and has
important implications in future design of therapeutics against
mucormycosis.

Our findings on prolonged persistence of Rhizopus in the lungs
of immunocompetent mice are in sharp contrast to the rapid
clearance of Aspergillus (this study and refs.?>26) and in line with
the increased pathogenicity of Mucorales. Previous studies
describe the fungistatic activity of macrophages and other pro-
fessional phagocytes against Rhizopus as a possible link to their
increased virulence32-33-37-40, The present work extends on these
findings by providing mechanistic insight on the molecular
aspects of macrophages—Mucorales interplay. Specifically, our
in vivo studies clearly demonstrate that Rhizopus conidia display
a tropism and establish prolonged intracellular survival inside
AMs that accounts for persistence in the lungs of immuno-
competent mice. Importantly, definitive evidence on the non-
redundant role of macrophages and other CD11c+ cells of the
lungs in immunity against Rhizopus was shown by in vivo studies
following targeted depletion with the use of clodronate liposomes
and CD11c-DTR transgenic mice. In addition, persister conidia of
Mucorales inside macrophages were found in a patient with
disseminated mucormycosis. Notably, evidence of Mucorales
conidia in tissue has also been reported as a characteristic his-
topathological finding of mucormycosis*!. These findings have
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important implications in pathogenesis, epidemiology, and ther-
apeutics of mucormycosis. Specifically, the ability of a classic
extracellular pathogen to remain in intracellular dormancy could
provide protection from host effector mechanisms and anti-
microbial therapy?. Notably, failure to eradicate intracellular
conidia of Mucorales might also explain clinical observations on
relapse of mucormycosis years following cessation of secondary
antifungal prophylaxis*3.

In addition, our studies on biogenesis of Rhizopus phagosome
identified the mechanism of resistance of conidia to killing by
macrophages. Specifically, we demonstrate that Rhizopus conidia
are fully susceptible to oxidative and non-oxidative effector
mechanisms of macrophages. In contrast to recent work on
macrophage cell lines showing germination and lysis of host cells
by conidia of Mucor circinelloides?®, we show that primary
macrophages completely inhibit Mucorales growth. These results
are consistent with studies showing that bronchoalveolar mac-
rophages harvested from lungs of immunocompetent mice are
able to ingest and inhibit germination of R. oryzae spores without
killing them in vitro*®. The inability of macrophages to kill
Rhizopus is due to inhibition of LAP, a specialized pathway of
phagosome biogenesis with central role in regulation of immune
homeostasis and antifungal host defense?!:?2. These early inhi-
bition effects result in phagosome maturation arrest and account
for resistance to macrophage killing.

A fundamental difference in biogenesis of Rhizopus vs.
Aspergillus phagosomes that emerged from our study is the lack
of intracellular swelling of Rhizopus conidia, which accounts for
prolonged surface retention of cell wall melanin and subsequent
inhibition of LAP and phagosome responses?2. Furthermore, the
ability of melanin to inhibit apoptosis in macrophages via

sustained activation of Akt/PI3K signaling** facilitates the
establishment of prolonged intracellular dormancy. In view of the
critical role of melanin in intracellular survival of Rhizopus, fur-
ther understanding of melanin biosynthesis pathway in these
pathogens and harnessing activation of LAP pathway could pave
the way for alternative therapeutic strategies in mucormycosis
that will prevent or treat the disease with reduced risk of relapse.

In vivo studies on infection of immunocompetent mice with
dormant vs. swollen conidia provided insight on the critical role
of nutritional immunity mechanisms during early stages of
infection by Rhizopus. Specifically, the inability of host related
factors to inhibit Rhizopus growth results in failure of physiolo-
gical immune responses to prevent invasive fungal growth and
acute lethality, as evidenced by infection of immunocompetent
mice with swollen conidia. Therefore, poorly understood intra-
cellular and extracellular nutritional immunity mechanisms are at
the first line of defense against Mucorales. One clear critical
aspect of the failure of nutritional immunity responses against
mucormycosis is clinically manifested by the unique susceptibility
of diabetic ketoacidosis and DFO-treated patients (DFO is uti-
lized by Mucorales as a xenosiderophore to supply iron to the
fungus) to mucormycosis®=8. These two patient categories suffer
from elevated available serum iron!’*>. Our transcriptomic
analysis of host and fungal iron regulated genes during the course
of infection is consistent with activation of an iron restriction
response in macrophages triggering the induction of iron star-
vation pathways in Mucorales, with notable example being the
upregulation of the high affinity iron permease FTRI, its inter-
acting partner FET3, and genes encoding ferric reductases’.
Furthermore, direct evidence on the central role of iron restric-
tion in inhibition of Mucorales growth is provided by reversal of
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Fig. 8 Macrophages inhibit intracellular growth of Rhizopus via iron starvation. a, b BMDMs from GFP-LC3 mice were infected with WT Rhizopus delemar
strain at an MOI of 1:2 (effector:fungal cells) in regular culture media or media containing DFO (100 pM), iron (FeCls; 100 uM), or DFO plus iron. At Th of
infection, cells were extensively washed to remove non-phagocytosed conidia, media were replaced, and intracellular germination was assessed at 12 h by
confocal imaging. BMDMs from GFP-LC3 mice were also infected with R. delemar-attenuated mutants for FTRT (c, d) or FOB1/2 (e, f), which are defective
in the high affinity iron permease expression regulating iron assimilation under conditions of limited iron availability and DFO receptor FOB1/2 mediating
fungal iron uptake from DFO, respectively, as in a. The attenuated mutants were derived from the wild-type strain used in a, b by RNAi® 10, Representative
immunofluorescence images are shown in a, ¢, and f. Data on quantification of germination of intracellular conidia of the indicated Rhizopus strain are
presented as mean + SEM of three independent experiments. ***P < 0.0001, *P < 0.01, Mann-Whitney test. Bar, 5um

the fungal growth inhibition when iron was exogenously admi-
nistered in the form of FeCl;, DFO, or ferrioxamine (the iron-rich
form of DFO). Finally, studies utilizing Rhizopus ftr] mutant,
which displays genetic defects in iron assimilation pathways and
attenuated pathogenicity®!0, showed inability to germinate inside
the macrophages in the presence of iron supplementation. Our
studies on the role of iron homeostasis inside macrophages in
antifungal host defense should foster the concept of targeted iron
chelation therapies inside these cells®.

Overall, our study provides a pathogenetic model of mucor-
mycosis, which places nutritional immunity inside macrophages
in the forefront of antifungal immunity in the lung and explains
how abnormalities in iron metabolism lead to development of
immunodeficiency. Furthermore, these findings pave the way for
future studies on host determinants of iron homeostasis in
macrophages implicated in development of invasive fungal
pneumonia?’#8. Several questions on the signaling pathways,
cytokine responses, and molecular components of iron

homeostasis inside macrophages that maintain iron restriction
inside the fungal phagosome remain unanswered. Notably, in
patients with immune defects in LAP and/or other signaling
pathways regulating phagolysosomal fusion, restriction of iron
availability inside phagocytes could become the predominant
effector mechanism to prevent invasive fungal disease. Therefore,
dissecting abnormalities of iron metabolism in myeloid cells of
immunocompromised patients at high risk for invasive mold
infections should become a priority for development of future
therapeutic strategies. Finally, the role of intracellular and
extracellular nutritional immunity mechanisms related to other
metals or nutrients against medically important fungi deserve
further exploitation.

Methods

Reagents. The following antibodies and reagents were used for ex vivo studies in
murine primary macrophages: anti-GFP polyclonal Ab (Minotech, #721-1, dilution
1:500), Cathepsin D (Santa Cruz, #sc-377299, dilution 1:100), Rab5B (clone A20,
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Fig. 9 Invasive pulmonary mucormycosis in a patient with intracellular persistence (a). A 60-year-old white male with relapsed acute myelogenous
leukemia received salvage chemotherapy with fludarabine and high-hose cytarabine (FLAG) in August 2017. On September 2017, the patient developed
febrile neutropenia, left-sided chest pain, and evidence of necrotizing pneumonia with chest wall myositis in computer tomography of the chest. He
received treatment with broad-spectrum antibiotics and anidulafungin. Despite neutrophil recovery, the infection progressed with infiltration of the

abdominal wall and the spleen. In tissue biopsy mucormycosis was diagnosed based on characteristic histopathological findings (b, ). The patient was
started on liposomal amphotericin B and radical surgery with splenectomy was performed in November 2017. In histopathological analysis of muscle

biopsy, there is evidence of extensive tissue necrosis and growth of Mucorales hyphae inside blood vessels (b, ¢). In spleen histopathology there are areas
of granulomatous lesions containing macrophages and multinucleated giant cells (d). e In higher magnification (d, inset), there is evidence of a Mucorales
conidium (spore) inside a giant cell (arrow). Original magnifications x200, x800. Eosin and hematoxylin stain; white arrows: spores; black arrows: hyphae

Santa Cruz, # sc-598, dilution 1:100), Alexa 555 (Life Technologies, #A21425,
dilution 1:1000), Alexa 488 (CF488A, Biotium, #20012-1, dilution 1:1000), FITC
Annexin V Apoptosis Detection Kit (BD Pharmingen, #556547), FITC-Dextran
(Sigma, #46945), propidium iodide (Sigma, #P4170), DFO (Sigma, #D9553), FeCl,
(Sigma, #157740), clodronate liposomes (http://www.clodronateliposomes.org),
bathocuproinedisulfonic acid disodium salt (BCS) (Sigma-Aldrich, #B1125), and
RNeasy Plant Mini Kit (Qiagen, #74903).

Microorganisms and culture conditions. Aspergillus fumigatus ATCC?? and
Rhizopus strains used (WT R. oryzae ATCC557969%% WT strain R. delemar 99-
880, a brain isolate obtained from the University of Texas Health Science Center at
San Antonio, which had its genome sequenced®!) were grown on Yeast extract
agar glucose agar plates for 3 days at 37 °C. Rhizopus delemar M16 is a pyrf-null
mutant that is derived from R. delemar 99-880 and is unable to synthesize its own
uracil®, and was grown on YPD medium (MP Biomedicals) supplemented with
100 pg/ml uracil. Rhizopus delemar with reduced FTRI copy number, and R.
delemar transformed with RNA interference (RNAI) targeting FTRI expression
were all derived from strain M16°. In experiments including RNAi mutants, a
chemically defined synthetic medium containing yeast nitrogen base (YNB) sup-
plemented with complete supplemental mixture without uracil (CSM-URA) (MP
Biomedicals) (i.e., YNB 4+ CSM-URA) (formulation per liter, 17 g YNB without
amino acids (YNB) (BD), 20 g dextrose, and 7.7 g complete supplemental mixture
minus uracil) was used. Fungal conidia (spores) were harvested by gentle shaking
in the presence of sterile 0.1% Tween-20 in phosphate-buffered saline (PBS),
washed twice with PBS, filtered through a 40 um pore size cell strainer (Falcon) to

separate conidia from contaminating mycelium, counted by a hemocytometer, and
suspended at a concentration of 107 and 108 spores/ml for Rhizopus and Aspergillus
strains, respectively. Inactivation of Rhizopus conidia was done by exposure to UV
light (1 h, room temperature). To achieve synchronized swelling of Rhizopus
conidia, 10®/ml dormant conidia were incubated at 28 °C in a 6-well plate with
RPMI-MOPS supplemented with 2% glucose for 4 h. For fluorescence labeling of
Rhizopus, 10° conidia were stained in 100 ul PBS containing 100 pg/ml Fluorescent
Brightener 28 (Sigma-Aldrich, #475300) and 0.1 M NaHCOj; for 30 min protected
from light in a bench-top rotator?3. Afterwards, conidia were washed three times
with PBS and the concentration was adjusted to 107 or 108 conidia/ml.

Fungal melanin extraction. The isolation of melanin from A. fumigatus and R.
oryzae conidia was performed?2. Briefly, conidia were treated with a combination
of proteolytic (proteinase K; Sigma) and glycohydrolytic (Glucanex; Novo)
enzymes, denaturing guanidine thiocyanate, and hot concentrated HCI (6 M). This
treatment resulted in an electron-dense layer similar in size and shape to the
original conidial melanin layer without underlying cell components, for which
reason these electron-dense materials were called melanin ghosts.

Chemical characterization of R. oryzae melanin. Rhizopus conidia of 1.6 g was
ground with mortar and pestle under liquid nitrogen into very fine powder. The
black fine powder was extracted by boiling with 5% KOH under reflux for 1 h
followed by filtration. The black colored filtrate was left to cool at room tem-
perature and then precipitated with 1 N HCL. The black precipitate was collected by
filtration using filter paper. The black precipitate was left to dry on the filter paper
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Fig. 10 Proposed model of nutritional immunity inside macrophages against Mucorales. Following inhalation, Mucorales conidia are predominantly
phagocytosed by alveolar macrophages (AMs). Intracellular conidia of Mucorales remain dormant and establish prolonged persistence inside the nascent
phagosome of AMs. Surface retention of cell wall melanin in intracellular conidia of Mucorales blocks phagosome biogenesis and LAP, impedes killing, and
induces anti-apoptotic signaling in macrophages to establish persistence. Inhibition of intracellular germination of Mucorales conidia via iron restriction is a
central host defense mechanism against mucormycosis. In addition, incompletely understood nutritional immunity mechanisms, including transferrin-
mediated restriction of free iron availability in serum, inhibit germination of extracellular conidia. In parallel, rapid recruitment of neutrophils results in
clearance of extracellular conidia of Mucorales. Quantitative and qualitative defects in innate immunity associated with prolonged chemotherapy-induced
neutropenia, and/or corticosteroid-induced immunosuppression compromise the ability of phagocytes to inhibit germination of intracellular or extracellular
conidia and result in invasive fungal growth. On the other site, failure of nutritional immunity mechanisms in patients with abnormalities on iron
metabolism (e.g., diabetic acidosis) allow germination of intracellular or extracellular conidia and promote invasive tissue growth. Mucorales responses
inside AMs are highlighted in blue. Nutritional immunity responses are highlighted in red

followed by washing several times with 1 N HCI, then 3 N HCI, water, and
methanol. The remaining black/brown precipitate was dried at room temperature
and used for further analysis.

The chemical analysis of melanin pigment was carried out by the modified
method of Fava et al.>. Briefly, the solubility of the black pigment in distilled
deionized water, 0.1 N HCI, 1 N HCI, 3N HCI, 1 N KOH, methanol, ethanol,
acetone, chloroform, benzene, and dimethyl sulfoxide (DMSO) were checked and
found to be insoluble in all these solvents with the exception of 1 N KOH
(Supplementary Table 1). Reactions with oxidizing agents such as 6% sodium
hypochlorite and 30% H,O, were determined by measuring solubility of the
pigments in these reagents®’. The precipitation of the pigments with FeCl; which
reacts to polyphenols was also tested and found to be precipitated (Supplementary
Table 1).

UV absorbance and IR analysis of Rhizopus melanin. The melanin extract in 1 N
KOH was measured at 200-700 nm with the use of a SPECTRO UV-VIS spec-
trophotometer. One normal KOH was used as blank. For IR measurement, melanin
powder was mixed with KBr and used to measure IR absorbance using a Bruker
machine with KBr disc used as a blank.

Melanin alkaline H,0; oxidation. To identify the production of various pyrrole
acids (PTCA, PDCA, isoPTCA, and PTeCA) from melanin samples by LC-MS,
alkaline H,O, degradation was performed as described by Ito et al.>!. In brief,
extracted Rhizopus melanin was taken in a 5-ml screw-capped conical test tube, to
which 500 pl of 1 mol/L K,COj; and 50 pl of 30% H,O, (final concentration: 1.5%)
were added. The mixture was vigorously mixed and then kept on a shaker at 25 °C
for 20 h. The residual H,O, was decomposed by adding 100 pl 10% Na,SO; and the
mixture was then acidified with the addition of 200 ul of 6 M HCI. The reaction
mixture was centrifuged at 4000 x g for 5min and then subjected to thin linear
chromatography (TLC) along with total KOH extract. The TLC developing system
comprised of water:1 M HCl:chloroform:methanol (0.5:0.5:1:6).

LC-MS of melanin hydrolyses product. LC-MS analyses were carried out in
negative ion mode by electrospray ionization on (Waters) ACQUITY UPLC triple
Quadrupole (Xevo TQD) instrument equipped with the MassLynx software, at a
flow rate of 0.3 ml/min, run time of 5 min, and the use of a solvent system con-
taining 85% methanol, 15% water, and 0.1% formic acid. All solvents and reagents
were HPLC grade and used without further purification.

EPR studies. EPR spectra were recorded at room temperature on an ELEXSYS
Bruker spectrometer equipped with a Super High Q Sensitivity resonator operating
at X-band (9.9 GHz). Microwave power was 1 mW for synthetic melanin and 0.1
mW for A. fumigatus or R. oryzae. Magnetic field modulation amplitude and
frequency were, respectively, set to 0.2 mT and 100 kHz.

Virulence studies in mice. GFP-LC3 (obtained from RIKEN BioResource Center)
and C57BL/6 (B6) mice were maintained in grouped cages in a high-efficiency
particulate air-filtered environmentally controlled virus-free facility (24 °C, 12/12-h
light/dark cycle), and fed by standard chow diet and water ad libitum. All
experiments were approved by the local ethics committee of the University of Crete
Medical School, Greece in line with the corresponding National and European
Union legislation. Animal studies on virulence of albino Rhizopus were approved
by the IACUC of the Los Angeles Biomedical Research Institute at Harbor-UCLA
Medical Center, according to the NIH guidelines for animal housing and care.

For virulence studies, 8- to 12-week-old female C57BL/6 (B6) mice were
challenged by intratracheal installation with a standard dose of A. fumigatus or
Rhizopus conidia. Mice were euthanized at the indicated time point, lungs were
homogenized, and CFU counts were assessed?1:?2. For AM depletion studies, mice
received by intratracheal administration 100 pl of clodronate liposomes (containing
500 pg of clodronate; http://www.clodronateliposomes.org) or control (empty)
liposomes?%. For CD11c cell depletion, CD11c-DTR mice received by intratracheal
administration 20 ng/kg of diphtheria toxin (DT). The efficiency of cell depletion
was assessed by immunohistochemistry for CD11c and flow cytometry analysis of
bronchoalveolar lavage (see below).
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Immunocompetent CD-1 male mice were infected with 10 spores of R. delemar
strain 99-880 grown in two different condition: on synthetic defined (SD)
medium complete plates and on SD complete plates + 1 mM of the copper
chelator, BCS. Sporulation on plates with BCS was subjected to copper deprivation
and thus conidia appeared pigmentless (referred to in experiments as albino).
Infection was carried out intratracheally, with 9 mice per group. Lungs were
collected at three different time points: 4 h post infection, at day +1, and at day +3.
At each time point, three mice per group were sacrificed. Right after infection, two
mice have been sacrificed for inoculum verification. After collection, the samples
were plated on potato dextrose agar + 0.1% Triton plates and incubated at 37 °C.
For lung samples, after homogenization in 2 ml of PBS, 200 pl were plated directly
from the concentrated samples and also from serial dilutions to facilitate counting.

Generation of murine BMDMs. BMDMs were generated by culturing BM cells
obtained from 8- to 12-week-old female mice in Dulbecco's modified Eagle's
medium (DMEM), supplemented with L929 cell-conditioned medium (30%). The
resulting cultures consisted of macrophages (>95% purity), as determined by
staining for F4/80 and flow cytometry.

Isolation and stimulation of BMDMSs. The BMDM:s were collected and resus-
pended in DMEM culture medium supplemented with streptomycin 1% and fetal
bovine serum (FBS) 10% (DMEM complete). The cells were counted in a Biirker
counting chamber, and their number was adjusted to 10¢/ml. For immuno-
fluorescence experiments, a total of 1 x 10> BMDMs per condition in a final
volume of 100 pl were allowed to adhere to polylysine-treated glass coverslips (@
12 mm) for 1 h followed by stimulation with conidia of Rhizopus or A. fumigatus at
a multiplicity of infection (MOI) of 2:1 and 5:1, respectively, at 37 °C in a 5% CO,
incubator for the indicated time point. After infection, cells were washed twice with
PBS to remove medium and non-phagocytosed spores and cells were fixed on the
coverslips for 15 min in 4% paraformaldehyde, followed by 10 min fixation with
100% ice-cold methanol and then stored in PBS at 4°C until immunofluorescence
staining.

Immunofluorescence staining. For immunofluorescence imaging, cells were
seeded on coverslips pretreated with polylysine, fixed with 4% paraformaldehyde
for 15 min at room temperature, and followed by 10 min of fixation with ice-cold
methanol at —20 °C. Next, the coverslips were washed twice with PBS, permea-
bilized by using 0.1% saponin (Sigma-Aldrich) prior to blocking for 30 min in PBS-
BSA (PBS + 2% BSA). The coverslips were then incubated for 1h with the indi-
cated primary antibody (Ab), washed twice in PBS-BSA, then counterstained with
the appropriate secondary Alexa Fluor secondary Ab (Molecular Probes), and
followed by DNA staining with 10 uM TOPRO-3 iodide (642/661; Invitrogen).
After extensive washing, slides were mounted in Prolong Gold antifade media
(Molecular Probes). Images were acquired using a laser-scanning spectral confocal
microscope (TCS SP2; Leica), LCS Lite software (Leica), and a x40 Apochromat
1.25 NA oil objective using identical gain settings. A low fluorescence immersion
oil (11513859; Leica) was used, and imaging was performed at room temperature.
Serial confocal sections at 0.5 um steps within a z-stack spanning a total thickness
of 10 to 12 pm of the cell were taken and 3D images were generated using the LCS
Lite software to assess for internalized conidia contained within phagosomes.
Unless otherwise stated, mean projections of image stacks were obtained using the
LCS Lite software and processed with Adobe Photoshop CS2. Phagosomes sur-
rounded by a rim of fluorescence of the indicated protein marker were scored as
positive.

Lysosomal extract preparation. Crude BMDM lysosomal extracts were obtained
using the lysosome isolation kit instructions (Thermo Scientific, Boston, MA,
USA), with small modification of a previously described protocol®2. Briefly, at least
3 x 108 freshly collected BMDMs were counted, centrifuged at 400 x g for 5 min at
4°C and then washed twice with cold PBS. The supernatant was removed, the
pellet was resuspended with reagent A and 1% (v/v) protease inhibitor, and then
incubated in ice for exactly 2 min. Next, the cells were mildly sonicated on ice for
10's and checked under a microscope with Tryptan blue solution staining to verify
lysis of BMDMs. Subsequently, reagent B with 1% (v/v) protease inhibitor was
added and the tube was inverted several times to mix the solution, which was then
centrifuged at 500 x g for 10 min at 4 °C. The supernatant was collected and gra-
dient dilution buffer was added. The solution was centrifuged at 18000 x g for 30
min at 4 °C and the pellet was dissolved in 250 ul gradient dilution buffer. Two
rounds of sonication for 10 s each were performed, resulting in the generation of
crude lysosome extract.

In vitro studies with crude lysosomal extracts. Crude lysosomal extracts were
added to a 96-well plate in increasing concentration of 10%, 25%, and 50% with
culture medium (DMEM-Glutamax supplemented with 10% FBS and 1% strep-
tomycin) at pH 5.5. Rhizopus oryzae and A. fumigatus conidia were counted and
added at a number of 5 x 10%/well, reaching a total volume of 100 pl in each well.
Culture medium at pH 5.5 was added to control wells. Plates were incubated for 24
h at 37°C in a 5% CO, incubator. The fungal metabolic activity was assessed with
XTT ((2,3)-bis (2-methoxy 4-nitro 5-sulfenyl)-2H-tetrazolium carboxanilide;

Sigma-Aldrich) reduction assay. One hundred microliters of tetrazolium salt XTT
and menadione was added to each well at a final concentration of 0.25 mg/ml and
25 uM, respectively, and the plate was incubated for an additional 1 h. The
absorbance of formazan, the XTT reduction product, was read at 450 and 655 nm
on a Bio-Rad 680 microplate spectrophotometer. The percentage of the metabolic
activity was determined as follows: % metabolic activity = 100% x (ODys0 —
ODgss) experiment/(OD,59 — ODgss) control. Fungal killing was evaluated by
plating on a Sabouraud agar plate a 100-fold dilution of each well in sterile PBS.

Electron microscopy studies. Electron microscopy was performed using the
methods reported previously>>. Briefly, BMDMs were collected, counted, and
inoculated in DMEM-Glutamax, 10% FBS, 1% streptomycin in 6-well plates.
BMDMs were infected with conidia of either R. oryzae or A. fumigatus and cells
were removed at the indicated time point of infection. Accordingly, infected
BMDMs were fixed for 30 min at 4 °C with 2% glutaraldehyde in cold sodium
cacodylate buffer (SCB) (0.1 M sodium cacodylate, 0.25 M sucrose, pH 7.4), and
washed again with SCB. This was followed by two 30-min incubations in acid
phosphatase reaction buffer (0.1 M sodium acetate, 1 mM glycerophosphate, and 2
mM CeCl;), pH 5.2, at 37 °C. The cells were then rinsed three times with acid
phosphatase reaction buffer, and re-fixed in 3% glutaraldehyde in SCB for 1 h at 4 °
C. After two more washes in SCB, the obtained monolayers were post-fixed in
cacodylate-buffered 1% OsOy, for 2 h, dehydrated, and embedded in Epon 812
(Merck, Darmstadt, Germany). An ultratome (Leica, Reichert Ultracuts, Wien,
Austria) was used to cut ultrathin sections, which were contrasted with 4% uranyl
acetate for 45 min and lead citrate for 4 min at room temperature. Finally, the
sections were examined using a Jeol 1200 EX2 electron microscope (JEOL,
Tokyo, Japan).

Phagocytosis and killing assays in BMDMs and PMNs. For the killing assays,
10° BMDM s were left to adhere in 6-well plates for 1h in 2 ml of DMEM complete
media at 37 °C in a 5% CO, incubator, and subsequently infected with either R.
oryzae or A. fumigatus conidia, at an MOI of 1:1. BMDMs were washed three times
with warm PBS 30 min after the infection to remove non-phagocytosed conidia. At
the indicated time point of infection (2 or 6 h), BMDMs were harvested by
scraping, placed in Eppendorf tubes, lysed by sonication (three times for 10 s and
once for 5s for A. fumigatus-infected and R. oryzae-infected BMDMs, respec-
tively), centrifuged at 1000 rpm for 10 min at 4 °C, and the pellet containing
intracellular conidia was resuspended in 200 pl sterile PBS. Aspergillus fumigatus
killing was assessed as previously described using propidium iodide staining?. For
the evaluation of killing of Rhizopus conidia by BMDMs, intracellular conidia
recovered after BMDM lysis were incubated at 37 °C in a 5% CO, incubator with
DMEM complete medium for ~4 h, until germination was microscopically
observed. Killing of R. oryzae was assessed using a Biirker counting chamber based
on the percentage of germinating conidia. Germination of intracellular Rhizopus
conidia by BMDMs was always normalized to the germination of control R. oryzae
conidia following sonication (5 s) and cultured in DMEM complete medium for ~4
h in the absence of BMDMs, which was typically always >95%. In representative
experiments, killing of A. fumigatus was also assessed based on the germination
assay.

For phagocytosis assay, BMDMs and polymorphonuclear neutrophils (PMNs)
from GFP-LC3 mice were stimulated with R. oryzae and A. fumigatus conidia at an
MOI of 2:1 at 37°C in a 5% CO, incubator for different time points. Cells were
then fixed and stained for confocal microscopy as previously mentioned.
Phagocytic index was expressed with the following formula: (total number of
engulfed cells/total number of counted macrophages) x (number of macrophages
containing engulfed cells/total number of counted macrophages) x 100.

Murine PMN isolation. Murine PMNs were isolated using a Percoll (Sigma)
double gradient density centrifugation technique. Bone marrow from two immu-
nocompetent GFP-LC3 mice was collected and flushed in room temperature in a
sterile solution of PBS/EDTA. The cells were centrifuged at room temperature for
10 min at 350 x g and resuspended in 2 ml PBS/EDTA. The cells were carefully
placed on top of 2 ml of three different Percoll concentrations (75%, 67%, and 52%)
in a 15 ml Falcon tube. The solution was centrifuged at room temperature for 30
min at 1100 x g, resulting in three zones, peripheral blood mononuclear cells,
PMNSs, and red blood cells (RBCs), from the top to the bottom, respectively. PMNs
were collected and centrifuged in 4 °C for 10 min at 350 x g. The pellet was col-
lected and resuspended in 0.5 ml water for 25s to lyse the remaining RBCs. Sub-
sequently, 0.5 ml of 1.8% NaCl was added and the cells were centrifuged in 4 °C for
10 min at 350 x g, washed with 2 ml HEPES buffer, and centrifuged again in 4 °C
for 10 min at 350 x g. Finally, the pellet was re-diluted in 1 ml DMEM complete.
The viability of PMNs, checked with trypan blue dye, was over 98% and purity of
PMNss (identified as CD11b+/Ly6G+ cells) was >90% by flow cytometry.

FACS sorting and flow cytometry studies. To obtain single lung cell suspensions,
lungs were perfused with 20 ml PBS through the right ventricle, cut into small

pieces, and digested for 1 h at 37 °C in 1 mg/ml collagenase A (Roche) and 0.05 mg/
ml DNase I (Roche) in Hank's balanced salt solution. For flow cytometric analysis,
single lung cells were stained with the following antibodies: anti-CD45-APC (Clone
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30-F11, BioLegend, #103111, 1:200 dilution), anti-MHCII-FITC (Clone M5/
114.15.2, BioLegend, #107605, 1:100 dilution), anti-F4/80-PE (Clone BM8, Bio-
Legend, #123109, 1:100 dilution), anti-CD11c-PerCP-Cy5.5 (Clone N418, BioLe-
gend, #117328, 1:100 dilution), anti-CD11b-PE-Cy7 (Clone M1/70, BioLegend,
#101215, 1:200 dilution), anti-Ly6G-PE (Clone 1A8, BioLegend, #127607, 1:200
dilution), and anti-Ly6C-FITC (Clone HK1.4, BioLegend, #128005, 1:200 dilution).
Flow cytometric data were collected on a MoFloT High-Performance Cell Sorter
and were analyzed with Flow]Jo, version 8.7.1 (Treestar). AMs and IMs were sorted
by flow cytometry based on their differential F4/80/CD11¢/MHCII expression, as
previously described®*. PMNs were sorted as MHCII—/CD11b+/Ly6G+ cells.
Isolated cells were cultured in RPMI-1640 medium supplemented with 10% fetal
calf serum, 2 mM 1-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 50 uM p-mercaptoethanol, 50 pg/ml streptomycin, and 50 IU/ml penicillin
(all from Invitrogen), fixed and stained for confocal imaging. Flow cytometric data
were collected on a MoFloT High-Performance Cell Sorter and were analyzed with
Flow]Jo, version 8.7.1 (Treestar).

For FACS analysis in CD11c-DTR mice, the following antibodies were used:
anti-CD45-APC-Cy7 (Clone 30-F11, BioLegend, #103116, 1:200), anti-CD11c-
PerCP-Cy5.5 (Clone N418, BioLegend, #117328, 1:200), anti-I-A/I-E-PE-Cy7 (M5/
114.15.2, BioLegend, #107630, 1:200), and anti-Singlec-F Alexa Fluor® 647 (E50-
2440, BD Pharmingen, #562680, 1:200). Cells were acquired in a FACS Aria IIu
(BD Biosciences) and data were analyzed with the FACSDIVA software (BD
Biosciences).

Histopathological and immunohistochemistry studies. Lungs were fixed in 10%
formalin, paraffin embedded, cut in 4-pum sections, and stained with hematoxylin
and eosin. For immunohistochemistry studies, the anti-CD11c Abs (HL3; BD
Biosciences, 1:200 dilution) and anti-CD68 (FA-11, 137001, BioLegend, 1:200
dilution) primary antibodies were used for detection of CD11c and CD68 in tissue.
The slide-mounted sections were baked for 10 min at 60 °C, deparaffinized with
two xylene washes, rehydrated through a series of graded alcohol washes, rinsed in
water, and washed with 0.1 M PBS (pH 7.4) containing 0.01% Tween-20. Heat-
induced antigen retrieval was performed in a steamer using target retrieval solution
(Dako S1700). Endogenous peroxidase was blocked with 3% H,O, for 10 min. The
slides were then incubated in blocking solution (serum-free protein block, Dako
X0909) for 20 min to block nonspecific binding. The primary antibodies were
added to the slides and incubated overnight in a humidified chamber at 40 °C.
Detection was accomplished using an Envision_Horseradish Peroxidase Kit (Dako
K0679). Immunostaining was revealed using 3,3’-diaminobenzidine. The slides
were lightly counterstained with hematoxylin, progressively dehydrated through
graded alcohols and xylene, and finally covered with a coverslip after mounting in
DPX mounting medium. Slides were examined under an Olympus light micro-
scope that was equipped with a x40 objective. In certain experiments fungal
conidia were counterstained with periodic acid-Schiff (PAS).

RNA isolation from Rhizopus-infected BMDMs. BMDMs (2 x 10° cells per
condition) obtained following 6 days of differentiation of BM cells of 12-week-old
female C57BL/6 mice were seeded in 12-well plates and left overnight at 37 °C in
DMEM media. Next, BMDMs were washed 2x with culture media, infected at an
MOI of 1:2 (macrophage:fungal conidia) with R. delemar (strain 99-880), and 1h
later washed five times to remove extracellular conidia. At the indicated time point
of infection (1, 4, and 18 h), BMDMs were removed by scraping, centrifuged at
400 x g, and lysed with 450 pl of RLT buffer + p-mercaptoethanol using the
RNeasy Plant Mini Kit (Qiagen). As a negative control, 1 x 107 R. delemar conidia
were added to the tissue culture plates containing medium alone without host cells
and processed in parallel. Another control included RNA extracted from unin-
fected BMDMs. Then, each sample was sonicated using a sonication probe on ice
20 x 1's (set 40). Afterwards, isolation of RNAs was performed according to the
manufacturer’s instructions.

RNA-seq analysis. All RNA-seq libraries (strand-specific, paired-end) were pre-
pared with the TruSeq RNA Sample Prep Kit (Illumina). The total RNA samples
were subjected to poly (A) enrichment as part of the TruSeq protocol. One hun-
dred and fifty nucleotide sequences were determined from both ends of each
complementary DNA fragment using the HiSeq platform (Illumina) as per the
manufacturer’s protocol. Sequencing reads were annotated and aligned to the
UCSC mouse reference genome (mm10, GRCm38.75) as well as the R. delemar
(strain 99-880) genome using TopHat2>°. The alignment files from TopHat2 were
used to generate read counts for each gene and a statistical analysis of differential
gene expression was performed using the DE-seq package from Bioconductor®®. A
gene was considered differentially expressed if the P value for differential expres-
sion was <0.05 and the absolute log (base 2) fold change, relative to single organism
control, was >1.

Human studies. Approval for the collection of clinical information and tissue
samples from the patient with mucormycosis was obtained and the Ethics Com-
mittee of the University Hospital of Heraklion, Crete, Greece (5159/2014). The
patient provided written informed consent in accordance with the Declaration of
Helsinki

Statistical analysis. The data were expressed as mean + SEM. Statistical sig-
nificance of differences was determined by two-sided nonparametric
Mann-Whitney test and one-way analysis of variance with the indicated post hoc
test for multiple comparisons (P < 0.05 was considered statistically significant).
Survival analysis was performed by log-rank (Mantel-Cox) test. Analysis was
performed using the GraphPad Prism software (version V). All in vitro experi-
ments were performed at least in triplicate and replicated at least twice.

Data availability

All the data that support the findings of this study are available from the corresponding
author (G.C.) upon reasonable request. All of the raw sequencing data from this study
will have been submitted to the NCBI SRA database (http://www.ncbi.nlm.nih.gov)
under accession code PRINA407788.
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