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order to identify humansusceptibilitygenesfor chronicChagasardiomyopathy
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Cohort

Our project is involving multiple groupsthat have done severalepidemiological,immunologicaland genetic analyseson
parasiticdiseasesOur project, which will benefit of the partnersexpertisehasa highrate of successFeasibilityof this project
is excellentandthere isno major stepthat shouldraiseproblem

The Laboratory of Immunology at Incor started a Chagaspatient DNA bank in the mid 90s, in collaboration with the
Cardiomyopathieglinicalgroup of the Institute. Thena multicenterarrangementinvolvingadditionalclinicalpartnersin Brazil
wasestablished

Toour knowledge we havethe largestcohort of Chagagpatientsfor geneticsjmmunologicaktudiesand soon.

Freshheart tissue n=58 DNAsamples n=3306

A ChronicChagafardiomyopathyfCCCh=25 A Asymptomaticsubjectsn=886

A Noninflammatorydilated cardiomyopathy(CDM)n=16 A ChronicChagasardiomyopathy(CCC) n=1882
A Ischemigatients(CI)n=10 A EMF patients n=40

A Healthycontrol n=7 A Ischemic patients (CE9

A LVNC patienta=50
A Chagas Mega Oesophagus patients n=15

FFPEampIes n=228 | A Idiopatic Mega Oesophagus patients n=9
A ChronicChagafardiomyopathyfCCCih=168 A Digestive form patients n=9

A Noninflammatorydilated cardiomyopathyn=60 CCC patientwith arrhythmian= 362

Nuclearfamilieswith multicases n=22 patientwith pacemaker n=210

patient with defibrillator n=98
CCC patients

e OB [ B SevereCCC (EB.4%)  n=686

Moderate CCC (EB.4%) n=974
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7 weekold

1
100trypomastigote
infection

10-12weekold

Q — CE

—> 15 DPI

g ——> 30 DPI

—> 45 DPI

S G
> 4 MPI
> 8 MPI

> 12 MPI

3.5x10%0 1
trypomastigote
infection

DPIl.daypost infection

MPI: month post infection



Introduction

A variety of parasitescausechronicinfectionsthat last for long periodsof time in their human host without much clinical
symptoms in some subjects,however, parasitescauseseveredisease Thesepathologicaldisordersmay becomeapparent
after 10 to 20 yearsof infection asin subjectsinfected by Schistosomamansonior by Trypanosomacruzi or within a few
weeksof infectionin patientsaffectedby Leishmanialonovanior by Plasmodiunfalciparum

Variousstudieshave attempted to identify the factors that causediseaseto developin only a fraction of the population
exposedto parasites Much attention hasbeen givento the environmentbecauseparasitetransmissiondependsmarkedly
on environmental factors including vector density, vector distribution, and parasite virulence However, host genetic
polymorphismsare alsofactorsthat determineinfection and diseasghenotypes

Dissectingthe relative contribution of the environment, the parasite and the host in pathogenesisoften requires large
population studiesthat are costly and difficult to carry out. A major difficulty to be faced by the geneticistsis the large
geneticvariability of certain parasitepopulations,which may complicatethe detection of host geneticfactorssinceparasite
variabilityis not easyto evaluate Despitethesedifficulties, major advancesavebeenmadein the field of geneticsof some
of the parasiticdiseasesand providedimportant insightsinto the mechanism®f pathogenesisSofar, severalsusceptibility
loci were mappedon the humangenomeand some susceptibilitygeneswere identified. It is likely that these studieswill

yield extremelyusefulinformation for drug andvaccinedevelopment

Chagasdiseaseis a major public health problem in Latin America, resulting from lifelong infection with the protozoan
parasiteTrypanosomaruzi



Up to 30 yearsafter acute infection, approximately30% of the 6 million infected people eventuallydevelopchronicChagas
cardiomyopathy(CCC life-threateninginflammatorydilated cardiomyopathy(BocchiEAet al. 2017 ChevillardCet al 2018).
Most other T. cruztinfected patients will remain asymptomaticfor life (60%) or developdigestivediseasewhich causedess
deaths(approx 10%) (BocchiEAet al. 2017).

Chagadliseasels the most commoncauseof non-ischemiccardiomyopathyin Latin America,causingapproximately10,000
deaths/year,mainly due to heart failure and severe arrhythmia/suddendeath (BocchiEAet al. 2017). Migration turned
Chagadliseaseinto a global health problem, with an estimated 400,000 infected personsliving in non endemiccountries,
mainly the United Statesand Europe Currentanti¢T. cruzidrugshaveshownto be unableto block progressiontoward CCC
(Morillo CAet al. 2015). After acute infection, parasitismis partially controlled by the immune response,and low-grade
parasitepersistencefuels the systemicproduction of inflammatory cytokineslike IFN! and TNF" Xhichis more intensein
CCQhan ASYpatients(AbelLCet al. 2001, GomesJAet al. 2005 SousasRet al. 2014).

BocchiEA Bestetti RB,Scanavaccl, CunhaNeto E, IssaVS ChronicChagasHeart DiseaseManagement From Etiologyto CardiomyopathyTreatment J Am Coll Cardiol 2017 Sep
19,70(12):15101524

Chevillard G NunesJPSFrade AF, AlmeidaRR,PandeyRP,NascimentoMS, Kalil J, CunhaNeto E DiseaseToleranceand PathogenResistance&senesMay Underlie Trypanosomecruzi
PersistencendDifferentialProgressiorio Chaga®iseaseCardiomyopathyFrontimmunol 2018Dec3;9:2791

Morillo CA Marin-Neto JA,AvezumA, SosaEstaniS,RassiA Jr,Rosad, VillenaE, QuirozR, BonillaR, Britto C, GuhlF, VelazqueZ, BonillaL, MeeksB, RacMelacini P, PogueJ, Mattos A,
Lazdinsl,RassiA, ConnollySJYusufS BENEFIThvestigatorsRandomizedrialof Benznidazoléor Chronid K I ZhardidthyopathyN EngldMed. 20150c¢t373(14):1295-306.

Abel LCRizzd.V,lanniB, AlbuquerqueF, BacalF, CarraraD, BocchiEA, TeixeiraHC ,Mady C,KalilJ,CunhaNeto E ChronicChagastliseasecardiomyopathypatientsdisplayanincreasedFN
gammaresponseo Trypanosoma&ruziinfection. JAutoimmun 2001Aug17(1):99-107.

GomesJA BahiaOliveiraLM, RochaMO, BusekSC,TeixeiraMM, SilvaJS,CorreaOliveiraR Typel chemokinereceptor expressionn Chagastliseasecorrelateswith morbidity in cardiac
patients Infectimmun 2005DeG73(12):7960-6.

SousaGR GomesJA,FaresRC DamasiaMP, ChavedAT,FerreirakS NunesMC,MedeirosNI, Valente VA, CorréaOliveiraR,RochaMO. Plasmacytokineexpressioris associatedvith cardiac
morbidityin chagasliseasePLoSOne 2014Mar 6;9(3):e87082



CCds characterizedby a monocyteand T celtrich myocarditis(FonsecaSGet al. 2007, HiguchiMde L et al. 1993 with
cardiomyocytedamageand hypertrophy,and prominentfibrosis T. cruziparasitesare very scarce IFN! producingThl cells
accumulatein the myocardiumof CC(patients(AbelLCet al. 2001, ReisMM et al. 1997, RochaRodriguedPDBet al. 2012 In
responseto locally producedchemokineligandsCXC@ and CCh (NogueiraLGet al. 2012). Accordingly]FN! wasfound to
be the mosthighlyexpressedytokinemRNAIN CCGnyocardiumusinga 13-cytokinepanel(NogueiraLGet al. 2014).

Both heart-crossreactiv§fCunhaNeto Eet al. 1996 and T. cruztspecificT cells(Fonseceé&5Get al. 2005 havebeenfound in
CCeart tissue,and both and may play a role in the myocarditisof CCCTogether,evidencesuggestshat myocarditisand
L C Bignalingplaysa major pathogenicrole in CCQlevelopmentand severity,althoughdownstreameventsleadingto the
heartdiseasephenotypeare still obscure

FonsecaSG ReisMM, CoelhoV, NogueiraLG,Monteiro SM, Mairena EC BacalF, BocchiE, GuilhermeL, ZhengXX,Liew FY,HiguchiML, KalilJ, CunhaNeto E Locallyproducedsurvival
cytokineslL-15 and IL-7 may be associatedo the predominanceof CC8+ T cellsat heart lesionsof humanchronic Chagagliseasecardiomyopathy Scand] Immunol 2007 AugSep66(2-
3):362-71.

HiguchiMde L, GutierrezPS Aiello VD, PalominoS, Bocchik, KalilJ, Bellotti G, PileggiF. Immunohistochemicatharacterizatiorof infiltrating cellsin humanchronicchagasianyocarditis
comparisorwith myocardialrejectionprocess VirchowsArchA PatholAnatHistopathol 1993423(3):157-60.

ReisMM, HiguchiMde L, BenvenutiLA,Aiello VD,GutierrezPS Bellotti G, PileggiF Anin situ quantitative immunohistochemicastudy of cytokinesand IL-2R+in chronichumanchagasic
myocarditis correlationwith the presenceof myocardialTrypanosomaruziantigens Clinimmunolimmunopathol 1997May;83(2):165-72.

RochaRodriguesDB dosReisMA, RomanoA, PereiraSA, TeixeiravVde P, TostesS Jr, Rodrigues/ Jr In situ expressiorof regulatorycytokinesby heart inflammatorycellsin Chagastiisease
patientswith heartfailure. ClinDevimmunol 20122012361730

NogueiraLG SantosRH,lanniBM, FiorelliAl, MairenaEC BenvenutiLA,FradeA, DonadiE,DiasF, SabaB, WangHT,FragataA, SampaidM, HirataMH, BuckP,Mady C,BocchiEA,StolfNA,
KalilJ,CunhaNeto E Myocardialchemokineexpressiorand intensity of myocarditisin Chagasardiomyopathyare controlled by polymorphisman CXC& and CXCL10. PLoSNeglTrop Dis
20126(10):e1867.

NogueiraLG SantosRH, Fiorelli Al, Mairena EC,BenvenutiLA, BocchiEA, Stolf NA, Kalil J, CunhaNeto E Myocardialgene expressionof T-bet, GATA3, Ror't, FoxB, and hallmark
cytokinesin chronicChagasliseasecardiomyopathyan essentialljunopposedT HL-type response Mediatorsinflamm 20142014914326

CunhaNeto E, CoelhoV, GuilhermeL, FiorelliA, Stolf N, Kalild Autoimmunityin Chagastisease Identificationof cardiacmyosinB13 Trypanosomaruziprotein crossreactiverl cell clones
in heartlesionsof a chronicChagastardiomyopathypatient. JClinInvest 19960ct15;98(8):1709-12.

FonsecaSG Moins-TeisserendH, ClaveE, lanni B, NunesVL,Mady C, Iwai LK, Sette A, SidneyJ, Marin ML, GoldbergAC, GuilhermelL, CharronD, Toubert A, Kalil J, CunhaNeto E
Identification of multiple HLAA*0201-restricted cruzipainand FL-160 CC8+ epitopesrecognizedby T cellsfrom chronicallyTrypanosomacruztinfected patients MicrobesInfect 2005
Apr;7(4):68897.



We hypothesizethat specificgene/protein expressionprofiles and activation of
specificdiseasepathwaysin affected myocardialtissue are fundamental factors
for diseaseprogression

We hypothesizethat expressionof pathogeneticallyrelevant genesand proteins
In the myocardialtissueof CC(patientsis controlled by geneticpolymorphisms

We are able to set up a systems biology approach, that O 2 dzf beydthié
anywhereelse

Systemddiologyis an approachthat aimsto model and discoverinteractionsand
emergent properties of complex biological systems,which is addressedusing
quantitative measuresand by rigorousintegration of & 2 Y Ad&xa i will leadto
the identification of host genetic factors that predisposeindividualsto chronic
disease In addition, results of this analysesmay provide novel therapeutic
targets,aswell asdiagnosisand prognosis




Concept

Most pathogen resistancegenes (PRG inhibit infection by directly reducing pathogen burden, and are related to
Immune-driven mechanisms which,whenin excesscanleadto death. Diseasdoleranceis an alternative strategyto
avoid death after infection, whereby the pathogen'sdamagingeffect on the host is mitigated Diseasetoleranceis
defined asthe situation where an organismcan bear a pathogenload without tissuedamageand in the absenceof a
diseasestate. Diseasetolerance genes(DTQt which do not limit infection, but reduceits fithess costs operate to
minimize tissue damagingeffects of the pathogen,leadingto stressand damagereduction responses DTGcan also
operate by counteractingexcessivetissuedamaging?RGctivity.

We here hypothesizethat the absoluteneedfor DTGto control potentially lethal PRGactivity againstT. cruzileadsto
parasitepersistenceand establishmentf chronicinfection. Our secondhypothesiss that PRGand DTGalsodetermine
the differential progressionof chronic Chagasliseasetoward tissue damage(CCC)Accordingto this hypothesis,ASY
patients are diseasetolerant, while tissuedamagein CCds a consequenceof insufficient DTGand/or excessivePRG
activity.

ChevillardC NunesJPS Frade AF, AlmeidaRR,PandeyRP,NascimentoMS, Kalil J, CunhaNeto E DiseaseTloleranceand
PathogenResistanceGenesMay Underlie Trypanosomecruzi Persistenceand Differential Progressionto ChagasDisease
Cardiomyopathy Front Immunol 2018 Dec 3;9:2791 doi:10.3389fimmu.201802791 PMID 30559742 PMCID
PM@®286977




Pathogen resistance genes PRG in T. cruzi
Infection

Most known pathogenresistancemechanismsagainstT. cruziare immune
driven, directed at the intracellular forms of the parasite, and can be
harmful if excessive

PRGwere R S U yaSdenesessentialfor control of T. cruzi parasitismand
neededfor survivalof infection; operationally,we A R S y (as\PBGtlidse
geneswhoseknockoutled to increasedoathogenload and mortality.

Most PRGbelongto the TLRMY88-1L12-IFNGpathway, IL17 pathway, cell
migration, inflammasomeand other pathways involved in restriction of
intracellularpathogengrowth.

Alongwith PRGgenes we cannotice TLR, TLR, TLR, UN®3B1, MY[8S,
IL6, 1112, IL12A, IL12B, IL17A, IFNG STAT, STAZ, NO3, NOZ, CASE, NCH,
CCke, ICAML, C[28, IRGM, PTAFR,GALE PNPLA&, PBKCG

Symbol

Name

PATHOGEN RESISTANCE GENES

tir4 (8)

tr7 (9)

Hro (9, 10)
unc93b1 (9)
myd88 (9, 11=13)
it6 (14)

i#12 (15)
il12a (16)
ina2b (17)
i7a (18, 19)
ifng (13, 15, 20-23)
stat1 (24)
stat4 (25)
infrsfla (26)
nost (27)
nos2 (15, 22)
casp1 (28)
pycard (28)
ncfl (29)
ccl? (30)
cer5 (31, 32)
fcam1 (33)
cd28 (34)
irgm1 (23)
ptafr (35)
lgals1 (36)
pnpla8 (37)

piskeg (38)

Toll-like receptor 4
Toll-like receptor 7
Toll-like receptor 9

Unc-93 homolog B1, TLR signaling regulator
Myeloid differentiation primary response 88

Interleukin 6

Interleukin 12A
Interleukin 12B
Interleukin 17A

Interferon-y

Signal transducer and activator of transcription 1
Signal transducer and activator of transcription 4

TNF receptor superfamily member 1A

nitric oxide synthase 1

nitric oxide synthase 2, inducible

caspase 1

Asc/PYD and CARD dornain containing
P47phox/neutrophil cytosolic factor 1

C-C motif chemokine ligand 2

C-C motif chemokine receptor 5

intercellular adhesion molecule 1

CD28 antigen

immunity-related GTPase family M member 1
platelet-activating factor receptor
Galectin-1/lectin, galactose binding, soluble 1

Phospholipase A2y (IPLA2y)/patatin-like phospholipase
domain containing 8
phosphatidylinositol-4,5-hisphosphate 3-kinase catalytic
subunit gamma
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Mice geneticallyR S U OdnSWROTLR, and TLR, MYD88, and UN®3BL displayincreasedblood parasitismand mortality
(Oliveiraet al. 2013 Caetancet al. 2013 Baficaet al. 2013 Campo<t al. 2013 Kogaet al. 2013 Goncalvest al. 2013.

Oliveira AG de AlencarBC,TzelepisF, KlezewskywV, da SilvaRN,NevesFS,CavalcantiGS,BoscardinS, NunesMP, SantiagoMF, NobregaA, RodriguesMM, Bellio M. Impairedinnate
immunity in TIr4(-/-) mice but preservedCD8+ T cell responsesagainstTrypanosomacruziin Tlrd-, TIr2-, TI9- or Myd88-deficient mice. PLoSPathog 2010 Apr 29;6(4):e1000870 doi:
10.137Yjournal.ppat.1000870 PMID 20442858 PMCIDPM@2861687

CaetanoBC CarmoBB,Melo MB, CernyA, dos SantosSL ,BartholomeuDC,GolenbockDT, GazzinellRT Requirementof UNM®3BL revealsa critical role for TLR in host resistanceto
primaryinfectionwith Trypanosomaruzi Jimmunol 2011Aug15;187(4):190311. doi: 10.4049jimmunol.1003911 Epub2011Jul13. PMID 21753151 PMCIDPMG150366

BaficaA, SantiagdHC,GoldszmidR,RopertC,GazzinellRT,SherA. Cuttingedge TLR and TLR signalingtogether accountfor MyD88-dependentcontrol of parasitemiain Trypanosoma
cruziinfection. JImmunol 2006 Sepl5;177(6):35159. doi: 10.4049jimmunol.177.6.3515 PMID 16951309

CamposMA, CloselM, ValenteEP,CardosalE AkiraS, AlvarezLeite JI,RopertC,GazzinellRT Impaired production of proinflammatorycytokinesand host resistanceto acuteinfection
with Trypanosomaruziin micelackingfunctionalmyeloiddifferentiationfactor 88. JImmunol 2004Feb1;1723):1711-8. doi: 10.4049jimmunol.1723.1711 PMID 14734753

KogaR HamanoS, KuwataH, AtarashiK, OgawaM, HisaedaH, YamamotoM, AkiraS,HimenoK, Matsumoto M, TakedaK TLRdependentinduction of IFNbeta mediateshost defense
againstTrypanosoma&ruzi JiImmunol 2006Nov 15;177(10):7059-66. doi: 10.4049jimmunol.177.10.7059 PMID 17082622

GoncalvesvM, MatteucciKC BuzzoCL Miollo BH,FerranteD, TorrecilhasAC,RodriguesMM, AlvarezIM, BortoluciKR NLRB controls Trypanosomaruziinfection through a caspasel-
dependentlL-1R-independentNOproduction PLoSNeglTropDis 20130ct3;7(10):e2469 doi: 10.137Yjournal.pntd.0002469 PMID 24098823 PMCIDPM@3789781
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T. cruziamastigoteghemselvesdephosphorylateSTAT serineresidues,nhibiting IFN! signaling evasionof IFN+ signaling
is further proof of the importanceof the IFN- in the control of intracellularparasitism(Stahlet al. 2014).

Moreover TNFAandNO, play a majorrole in resistanceo T cruzi(Silvaet al. 1995 Viladel Sol et al. 2008. TNFAreceptor
1 knockoutmice (TNFRSHA ¥ >whichdisplayan increasechumberof blood and tissueparasitesand shortenedsurvivaltime

(Perezet al. 2007). Plateletactivatingfactor (PAFKOmice are more susceptibleo T. cruziinfection than wildtype mice.

IFN+ and TNFh synergisticallynduce NFkB activationto control T. cruziparasitismand mortality in mice, by upregulating
the expressionof the PRGIinducible nitric oxide synthase(NOS&), leadingto the production of large amountsof NO and

microbicidalreactivenitrogenspeciegSilvaet al. 1995 Viladel Sol et al. 2008).

IFN increasesROSgenerationthrough induction of NADPoxidases(NOX) and mitochondrial ROSvia NFkB activation
(Holscheret al. 1998 Wu et al. 2011).

IFN- -inducedROSenhanceperoxynitrite anion (ONO®) production,a strong oxidantarisingfrom the reaction of NOwith

superoxideradical(®,) (Rakshitet al. 2014).

Stahl P, RuppertV, SchwarzZRT,Meyer T. Trypanosomaruzievadesthe protective role of interferon-gammasignalingin parasiteinfected cells PLoSOne 2014 Oct 23;9(10):e110512
doi: 10.137Yjournal.pone.0110512 PMID 25340519 PMCIDPMC1207753

SilvaJ$S VespaGN, CardosoMA, Aliberti JC,CunhaFQ Tumor necrosisfactor alphamediatesresistanceto Trypanosomacruziinfection in mice by inducingnitric oxide productionin
infectedgammainterferon-activatedmacrophagesinfectimmun 1995DeG63(12):48627. doi: 10.11281A1.63.12.48624867.1995 PMID 7591147 PMCIDPMQ73696

Vila-del Sol 'V, PunzonC, FresnoM. IFNgammainduced TNFalpha expressionis regulated by interferon regulatory factors 1 and 8 in mouse macrophagesJ Immunol 2008 Oct
1;181(7):4461-70. doi: 10.4049jimmunol.1817.4461 PMID 18802049
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severe alterations of energy metabolism, calcium homeostasis,and trypanothione
depletion, severelyimpairing parasiteredox homeostasigAlvarezet al. 2011; Kooet al.

2016).
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ILL7Ais alsoa key PRGIL-17A signalings mainlydependenton TNF" receptorassociatedactor 6 (TRAB), but it canstrongly

promote TNFh -inducedNFkBsignalingoy stabilizinglLINE A ¥ b | YnRNAgGuBLRIL. 2013).
IL.-17A alsoincreaseghe persistenceime of T. cruziin the parasitophorous/acuole enhancingexposuretime of T. cruzito the
antimicrobialenvironmentof endolysosomeswhich canbe further enhancedby IFN -inducedmechanismgErdmannet al.

2013.
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Mice knockout for genesinvolved in migration pathways, like chemokines/receptorsCCR, CCH, and adhesionmolecule
ICAM. alsodevelopincreasedparasitismand decreasedsurvival,in line with the impairedrecruitmentof leukocytesto sitesof
parasitereplication(Paivaet al. 2009 Machadoet al. 2005 Hardisonret al. 2006; Michailowskyet al. 2004).
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infectedwith Trypanosomaruzi JinfectDis 2005Feb15;191(4):627-36. doi: 10.1086 427515 Epub2005Janl3. PMID 15655788 PMCIDPM7109658
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DiseasdolerancegenesDTGIn T. cruziinfection

Remarkablyall T cruzi DTG (IL10, EbHL27p28, ILL7RA, IL23, IL6) sharedas a

Name

commonfeature the ability to reducelFN* productionor TRLRA G SNBy G A >™

-

AAPANIE . O ~ £ DISEASE TOLERANCE GENES
Infection of IL-10 R S U O miGeyisiaccompaniedby increasedreleaseof IFNY | i) Interleukin 6
TNFh 31-12, and RNS(HoIscheret al. 2013. Mechanistically|L-10 is a potent /* " e 1
inhibitor of monocytemacrophageactivationand NK cell activity and caninhibit = i7 o, ) Interleukin 17 receptor A
the synthesisof TNFh and IL-12 and IFN! (Abrahamsohret al. 2013 Couperet 569 Epstein-Barr virus induced gene 3/ Interleukin-27p28

al. 2013.

Mice geneticallyR S U Od&f B-§7RAor IL-23 showedincreasedmortality due to a shift to a Thl LINE &fter $1fection and
augmentedFNY and TNFh levelsin the heart (Medinaet al. 2013 ToselloBoariet al. 2013; daMatta Guedeset al. 2013).

HoélscherC Mohrs M, DaiWJ,KoéhlerG, Ryffel B, SchaubGA,MossmannH, Brombacher= Tumornecrosisfactor alphamediatedtoxic shockin Trypanosomaruziinfected interleukin 10-

deficientmice. Infectimmun 2000Jut68(7):407583. doi: 10.1128/iai.68.7.407540832000 PMID 10858224 PMCIDPMQ01698

AbrahamsohnlA, CoffmanRL Trypanosomacruzi IL-10, TNF,IFNgamma,and IL-12 regulate innate and acquired immunity to infection. Exp Parasitol 1996 Nov;84(2):231-44. doi:

10.1006expr.19960109 PMID 8932773

CouperKN BlountDG,RileyEM. IL-10: the masterregulatorof immunityto infection. JiImmunol 2008May 1;180(9):5771-7. doi: 10.4049jimmunol.180.9.5771 PMID 18424693

Medina TS OliveiraGG,SilvaMC, DavidBA, SilvaGK,FonsecaDM, SestiCostaR, FradeAF,BaronMA, lanniB, PereiraAC,ChevillardC,CunhaNeto E, Marin-Neto JA,SilvaJS EbB Prevents
Trypanosomacruzilnduced Myocarditis by DampeninglFN -Driven Inflammation Front Immunol 2017 Sep 26;8:1213 doi: 10.3389fimmu.2017.01213 PMID 29033934 PMCID
PM®G626942

Tosello Boari J, AmezcuaVeselyMC, Bermejo DA, RamelloMC, Montes CL, CejasH, Gruppi A, Acosta RodriguezEV IL-17RA signalingreducesinflammation and mortality during
Trypanosomacruzi infection by recruiting suppressivellL-10-producing neutrophils PLoSPathog 20128(4):e1002658 doi: 10.137Yjournal.ppat.1002658 Epub 2012 Apr 26. PMID
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da Matta GuedesPM, GutierrezFR,Maia FL,MilaneziCM, SilvaGK,PavanelllWR, SilvaJS IL-17 producedduring Trypanosomacruziinfection playsa central role in regulatingparasite

inducedmyocarditis PLoSNeglTropDis 2010Feb16;4(2):e604. doi: 10.137¥journal.pntd.0000604 PMID 20169058 PMCIDPM@821906



IL-23 is a key stimulatory cytokinefor ThL7 andinnate & U &1Zd$ellsthat canrespondimmediatelyto pathoggniginsults IL-
23 maythus alsosuppresdFN! by promoting IL17RAsignaling(Gaffenet al. 2013. Infection of EbB/IL-27p28 R S U Ohi&y
is accompaniedoy increasedlIFN-! production, with augmentedThl immuneresponse(Bohmeet al. 2013. Mechanistically,

EbB signalingnodulatesoverproductionof IFN* By inducinga populationof 1L-10 producingTrl T cells(Medinaet al. 2013.
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Immunedynamicsduring infection

T. cruzi subverts a highly conserved cellular pathway for the repair of plasma membrane lesions and explores
endogenouscellular machineryfor invasion,escapefrom the parasitophorousvacuole,which allows intracytoplasmic
surviva) andreplication

Trypanosomacruziis internalizedby severalR A @ S M&slyadismsbut end up in the phagolysosomatompartment
where T. cruziDNAand RNAengagel LR and TLR. TLRengagemenpromotesthe Myd88-mediatedactivationof NFkB.
Lysosomel OA R A Upfoiaies esyapeof T. cruzi to the cytoplasm where it RA G S NB ¥itd the fedicative
amastigoteforms.

Replicationin the cytoplasmleadsto activationof A Y b I Y Y | tha? caisinduceA V' b | Y Y ¢ytokhesBnd NFkB
activation Thisinducespro-A y b | Y YdytakihésBcludinglL-12, a PRGwvhichelicitsR A G S NB @f iFN-I-pliodlL2iyg
Thl cellssoonafter infection, promoting ThL cellR A T S NI yIRNA ihdiidesexpressiorof multiple other PRGssuch
asTNFAANdNOZ.

The immune responsethat occursduring acute infection leadsto partial parasite control. T. cruzi evadescomplete
eradication, leading to the establishmentof a chronic persistent infection with low parasitism T. cruztinfected
individualsmaintainincreasedoroductionof A Y b I Y Y I ficgtdkBhesikedFN! and TNFh ascomparedto healthy
individuals,asaresultof persistentstimulusof innateandd LJS GvimuUriy.



CCQpatients show an increasednumber of IFN- - producingThl T cellsand plasmaTNF" |levelsas comparedwith ASY
Converselynumbersof IL.-10-producingCD4{* C25* regulatoryT cells(Tregg CBI C[25" FoxB* Tregsand Thl7 cells,aswell
asEDbB/IL-27p28 levelsare lower ascomparedwith ASY(Caiet al. 2016 Souseaet al. 2017).

The exacerbatedThl responseobservedin the peripheralblood of CCQpatientsis NS b S aniiHe Rhl-richA y b | Y Y I
Ay Ut préddmingntly secretinglFNY and TNFh . A lower, but & A 3 y A fdoOwctibrial 1L-4, 1L-6, IL-7, IL-15, IL-18 was
foundin their hearttissue(Cunhaneto et al. 2005 HiguchiMde et al. 1993 Reiset al. 2013 Reiset al. 2013.

Cai CW, Blase JR, Zhang X, Eickhoff CS,Hoft DFE Thl7 Cells Are More Protective Than Thl Cells Againstthe Intracellular Parasite Trypanosomacruzi PLoSPathog 2016 Oct
3;12(10):e1005902 doi: 10.137Yjournal.ppat1005902 PMID 27695083 PMCIDPMG047564

SousaGR GomesJA,DamasioMP, NunesMC, CostaHS ,MedeirosNI, FaresRC,ChavesAT, CorréaOliveiraR, RochaMO. Therole of interleukin 17-mediatedimmuneresponsein Chagas
diseaseHighlevelis correlatedwith better left ventricularfunction. PLoSOne 2017Mar 9;12(3):e0172833 doi: 10.137Yjournal.pone0172833 PMID 28278264 PMCIDPM&344340
CunhaNeto E DzauVJ,Allen PD,StamatiouD, BenvenuttiL, HiguchiML, KoyamaNS,SilvaJS Kalil J, Liew CC Cardiacgene expressiorprofiling providesevidencefor cytokinopathyasa
molecularmechanismn ChagasdiseasecardiomyopathyAm JPathol 2005Aug167(2):305-13. doi:10.1016'S0002944(0(10)629768. PMID 16049318 PMCIDPMC.603558

HiguchiMde L, GutierrezPS Aiello VD,PalominoS, BocchikE, KalilJ, Bellotti G, PileggiFE Immunohistochemicatharacterizatiorof infiltrating cellsin human chronicchagasianyocarditis
comparisorwith myocardialkejectionprocess VirchowsArchA PatholAnatHistopathol 1993423(3):157-60. doi: 10.1007BFR01614765PMID 7901937

ReisDD, JonesEM, TostesSJr,LopesER GazzinellG, ColleyDG,McCurleyTL Characterizatiorof inflammatoryinfiltrates in chronicchagasienyocardiallesions presenceof tumor necrosis
factor-alphatcellsanddominanceof granzymeA+, C8+ lymphocytesAm JTropMed Hyg 1993May;48(5):637-44. doi: 10.4269ajtmh.199348.637. PMID 8517482

ReisMM, HiguchiMde L, BenvenutiLA,Aiello VD, GutierrezPS Bellotti G, PileggiF An in situ quantitative immunohistochemicastudy of cytokinesand IL-2R+in chronichumanchagasic
myocarditis correlationwith the presenceof myocardialTrypanosomaruziantigens Clinimmunolimmunopathol 1997May;83(2):165-72. doi: 10.1006/¢clin.1997.4335 PMID 9143377



A positive correlation between Tbet expressionand left ventricular dilation, corroboratingthe pathogenicrole of Thet
positive/IFN' producingT cellstoward CCC

IFN -producing CCB+CXCR&+ Thl T cells are more abundantin P A

> A < < a : 10000-
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NogueiraLG SantoskRH,lanniBM, FiorelliAl, MairenaEC BenvenutiLA,FradeA, DonadiE,DiasF, SabaB, WangHT,FragataA, SampaiaM, HirataMH, BuckP, Mady C,BocchiEA,Stolf NA,
KalilJ,CunhaNeto E Myocardialchemokineexpressiorand intensity of myocarditisin Chagasardiomyopathyare controlled by polymorphisman CXC& and CXCL0. PLoSNegITrop Dis
20126(10):e1867. doi: 10.137Zjournal.pntd.0001867 Epub20120ct 25. PMID 23150742 PMCIDPM(3493616



IFNhasa Yin-Yangeffect

While IFN! can control parasites, excessivelevels can
causetissue damageand death in the acute and chronic
phases

It requlatesmore than 1,000 genesthrough activation of
Janus tyrosine kinase (JAK) and phosphorylation of
transducer and activator of transcription 1 (STATl)
pathway

Amongkey IFN- -inducibleA v b | Y YdeneSaENF" >
and several other Ay bl YYI dytdkids and
chemokinesinterferon-induciblefactor 1 (IRR) and other
PRGincludinginduciblenitric oxidesynthasgNO2)

Systemicl. cruzi persistencedrives continued production of IFNY by T cells,important for parasite control through NOS
production, aswell asactivatingROShrough induction of NADPoxidasesand mitochondrialROShrough NFkB (Holscher
et al. 1998. However,T. cruziis highlyresistantto ROSIFN and the accompanyindNOSand ROScanalsoinducesevere
disturbanceof heart function.

HolscherC KohlerG, Miuller U, MossmannH, SchaubbGA,Brombachei Defectivenitric oxide effector functionsleadto extremesusceptibilityof Trypanosomaruztinfected mice deficient
in gammainterferon receptoror induciblenitric oxidesynthaselnfectimmun 1998Mar;66(3):120815. doi: 10.11281A1.66.3.120812151998 PMID 9488415 PMCIDPMQ.08035



In cardiomyocytes|FN! treatment reduced contractility, induced NO/peroxynitrite-dependent cardiomyocyteapoptosis
reducedcardiomyocytearea,and alsoinducedatrial natriuretic factor and productionof chemokines<CCB, CCh, and CXCL
IFN! regulatescardiacU 0 NJyiircraasingd 6 N2 @rbliferdtion, production of hyaluronanand metalloproteinase and
Q.

Evidenceof mitochondrial dysfunction has been found in hearts of animal models of Chagasdisease,as well as the
myocardiumof CC(atients Thisis especiallyrelevantfor CC(hathogenesissincemitochondrialdysfunctionis a paramount
feature of heartfailure of diverseetiologies(Brownet al. 2013 Wanet al. 2013).
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Brown DA, PerryJB,Allen ME, SabbahHN, Stauffer BL,ShaikhSR,ClelandJG,ColucciWs,Butler J, Voors AA, Anker SD,Pitt B, PieskeB, FilippatosG, GreeneSJ,GheorghiadeM. Expert
consensusiocument Mitochondrial function as a therapeutictarget in heart failure. Nat RevCardiol 2017 Apr;14(4):238-250. doi: 10.1038nrcardio.2016203. Epub2016 Dec22. PMID
28004807 PMCIDPMG&G350035

Wan X, Wen JJ,Koo SJ,LiangLY,GargNJ SIRT-PGQh-NF B Pathwayof Oxidativeand Inflammatory Stressduring Trypanosomeacruzi Infection Benefits of SIRT-TargetedTherapyin
ImprovingHeartFunctionin Chaga®iseasePLo3athog 20160c¢t20;12(10):e1005954 doi: 10.137Yjournal.ppat.1005954 PMID 27764247 PMCIDPMG072651



Chronic phase is associated to mitochondrial dysfunction in hearts

A CunhaNeto et al. describedaltered expressiornf mitochondrialgenesand 16SmitochondrialrRNAin CCheart lesions
(Cunhaneto et al. 2005.

A A selectivereduction of protein expressionof ATPsynthaseand creatine kinase activityt key mitochondrial energy
metabolismenzymesn CCQeartlesions(Teixeiraet al. 2005).

Mitochondrie Myofilaments
ATP synthétase @ Translocase o Créatine kinase @ Myosine ATPase

A mitochondriaDNAcontentwasfoundto be reducedin CCQearttissue,further indicatingthat mitochondrialfunction is
compromisedn CCC

CunhaNeto E DzauVJ,Allen PD,StamatiouD, BenvenuttiL, HiguchiML, KoyamaNS,SilvaJS Kalil J, Liew CC Cardiacgeneexpressionprofiling providesevidencefor cytokinopathyasa
molecularmechanismn ChagasdiseasecardiomyopathyAm JPathol 2005Aug167(2):305-13. doi:10.1016S0002944(010)629768. PMID 16049318 PMCIDPMC603558

TeixeiraPC SantosRH,FiorelliAl, Bilate AM, BenvenutiLA, Stolf NA, KalilJ,CunhaNeto E Selectivedecreaseof componentsof the creatinekinasesystemand ATPsynthasecomplexin
chronicChagasliseasecardiomyopathyPLoSNeglTropDis 2011Jun5(6):e1205 doi: 10.137Yjournal.pntd.0001205 Epub2011Jun28. PMID 21738806 PMCIDPM3125151

Wan X, GuptaS,ZagoMP, DavidsonMM, DoussetP, AmorosoA, GargNJ Defectsof mtDNAreplicationimpaired mitochondrialbiogenesisduring Trypanosomacruziinfection in human
cardiomyocytesand chagasigatients the role of Nrfl/2 and antioxidantresponse JAm Heart Assoc 2012 De¢1(6):e003855 doi: 10.116 /JAHA112003855 Epub2012Dec19. PMID
23316324 PMCIDPM@3540675




Evidence indicates that many damaging S @ S @fi IEN' are secondaryto promoting peroxynitritedependent and
independentmitochondrialdysfunctionand oxidativestress

IFN! S i S @nimétochondriainclude
inhibition of the oxidativemetabolism(Lusset al. 1995.
anincreasedate of ATPdepletion(Wanget al. 1996).
aninhibition of creatinekinaseexpressionKalovidouriset al. 1993).

NFKBactivationis one of the main mechanism®f mitochondrialdamageinducedby IFN- .

IFN! Kk ¢-Mbd@ven NFKB activation is known to cause dissipation of the proton gradient and impairment of the
mitochondrialmembranepotential (MMP)and AT Psynthesis|eadingto apoptosis(Leeet al. 2007, Zoravaet al. 2017).

inhibition of NFkB has been shown to improve MMP with substantialdecreaseof NOZ/NO induction and ROSrelease
ExcessivenitochondrialROSroductionby cardiomyocytess consideredasa centralcauseof heart failure

LussH, WatkinsSC FreeswickPD,Imro AK,NusslerAK,Billiar TR,SimmonsRL del Nido PJMcGowanFXJt Characterizatiorof induciblenitric oxide synthaseexpressionn endotoxemicrat
cardiacmyocytesin vivo andfollowing cytokineexposurein vitro. JMol CellCardiol 1995Sep27(9):2015-29. doi: 10.10160022-282895)900233. PMID 8523461

WangD, McMillin JB BickR,BujaLM. Respons®f the neonatalrat cardiomyocytan cultureto energydepletion effectsof cytokines nitric oxide, and heat shockproteins Lablnvest 1996
Dec¢75(6):809-18. PMID 8973476

KalovidourisAE, PlotkinZ, GraesseD. Interferonrgammainhibits proliferation, differentiation, and creatinekinaseactivity of cultured humanmusclecells Il. A possiblerole in myositis J
Rheumatol19930c¢t20(10):171823. PMID 8295184

LeeHJ Oh YK,RheeM, Lim JY,HwangJY,ParkYS,Kwon Y, ChoiKH, Jo I, ParkSl, Gao B, Kim WH Therole of STAT/IRF1 on synergisticROSproduction and loss of mitochondrial
transmembranegotential duringhepaticcelldeathinducedby LPS/dGalN JMol Biol. 2007 Junl15;3694):967-84. doi: 10.1016}.jmb.2007.03.072 Epub2007Apr1. PMID 17475277
ZorovalD PopkovVA, PlotnikovEY,Silache\DN, PevznenB, Jankauska$§S BabenkoVA, Zorov SD,BalakirevaAV, JuhaszovaM, Sollott SJ,ZorovDB Mitochondrial membranepotential.
AnalBiochem 2018Jul1;55250-59. doi: 10.1016j.ab.2017.07.009. Epub2017Jul12. PMID 28711444 PMCIDPMG&G792320



A& A 3y kidgsthlkpacursbetweenNFkB and mitochondrionprotectingproteins NFkB signalingdown-regulatessirtuin-1
(SIRT) activity throughthe expressiorof IFN  ROSandNO(Kauppineret al. 1995.

SIRT, an antioxidantand anti-A y b | Y Y praieth Ndgulatesthe oxidative respiration and cellular survivaland is highly
expressedn the heart, actingasaninhibitor of NFkBA y b I Y YdighalNa&uscet al. 1995).

SIRT enhancesmitochondrial oxidative metabolism through 5 AMP-activated protein kinase (AMPK)resulting in the
resolutionof A Yy b | Y Y(Kalgpiey/et al. 1995
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KauppinenA, SuuronenT, OjalaJ, Kaarnirantak, SalminenA. Antagonisticcrosstalkbetween NFB and SIRT in the regulationof inflammationand metabolicdisorders CellSignal 2013
0Oct25(10):193948. doi: 10.1016].cellsig201306.007. Epub2013Junll. PMID 23770291
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expressiorof SIRT contributesto sustaininflammatorypathwaysin the gut. Mucosallmmunol 2014Nov;7(6):1467-79. doi: 10.1038mi.201435. Epub2014May 21. PMID 24850427



Anti-Inflammatory

Macrophages
Treatmentof T. cruztinfected micewith SIRT and/or AMPKagonistsSR1720Q resveratrol g;pg?;
and metformin reduced myogardiial IV\IF:kB transcriptional activity, A Y b | Y'Y &And A 2 T é}}%}ﬁ
oxidative stress,resultingin 0 S Yy S WeGuiltdfalr restoration of cardiacfunction (Wan et
al. 2016 Vilar-Pereiraet al. 2015. @@ @
o AMPK T |:P(|>‘ t.
PreservingNrfg activity was shown to arrest the mitochondrial and cardiac oxidative Mongevtes L] o
stress,cardiacU 60 NRaadkheaiZfailurein murineT. cruziinfection(Wenet al. 1995. Nrf2 @ o W
Is the master regulator of the antioxidant response,a transcription factor controlling =p B B
expressionof hundreds of genes (Kovacet al. 2015, and promotes mitochondrial - D'“e’e""‘"""‘i’i—:ﬁ -
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Wan X, Wen JJ,Koo SJ,LiangLY,Garg NJ SIRT-PGQM-NF B Pathway of Oxidative and Inflammatory Stressduring
Trypanosomeacruzi Infection Benefits of SIRT-Targeted Therapyin Improving Heart Functionin ChagasDisease PL0S
Pathog20160ct20;12(10):e1005954 doi: 10.137Yjournal.ppat 1005954 PMID 27764247 PMCIDPMG072651
Vilar-PereiraG, CarneiroVC,Mata-SantosH, VicentinoAR,RamodP, GiarolaNL,Feij6 DF,Meyer-FernandesIR PaulaNeto
HA, Medei E, BozzaMT, Lannes VieiraJ, PaivaCN ResveratrolReversed-unctionalChagasHeart Diseasein Mice. PLoS
Pathog 20160ct27;12(10):e1005947 doi: 10.137Yjournal.ppat 1005947 PMID 27788262 PMCIDPMG&G082855

Wen JJ Porter C,GargNJ Inhibition of NFE2L2-AntioxidantResponsdelementPathwayby Mitochondrial ReactiveOxygen
Specieontributesto Developmentof Cardiomyopathyand Left VentricularDysfunctionin Chaga®iseaseAntioxid Redox
Signal2017 Sep20;27(9):550-566. doi: 10.1089%ars.20166831 Epub2017Jul13. PMID 28132522 PMCIDPMG567598
Kovac S AngelovaPR,Holmstrom KM, ZhangY, DinkovaKostovaAT, Abramov AY Nrf2 regulates ROSproduction by
mitochondriaand NADPHoxidase BiochimBiophysActa 2015 Apr;18504):794-801 doi: 10.1016j.bbagen201411.021
Epub2014Dec5. PMID 25484314 PMCIDPMC1471129

DinkovaKostova AT, Abramov AY The emergingrole of Nrf2 in mitochondrial function. Free Radic Biol Med. 2015
Nov;88(Pt B)179188 doi: 10.1016].freeradbiomed201504.036. Epub 2015 May 11. PMID 25975984 PMCID
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Gene expression analysis

CardioChigmicroarrays

To obtain the first humangenomicportrait of heart failure derivedfrom end-stagechagasoatients,Cunha
Neto E et al. explored expressionanalysisusingthe CardioChigmicroarrayconstructedin-house (Cunha
Netoet al. 2005. Comparedhe geneexpressiorfingerprintof CCGn=7) with that of DCM(n=9), usingnon
failing adult hearts as expressioncontrols (n=4), and found that gene expressionpatterns are markedly
differentin CCGind DCM,with significantactivity of IFNinduciblegenesin CC(atients

A hierarchicalclusteranalysisof all of the CCCand most of the DCMand normal heart samplesclustered
togetherwith other membersof their groups 582 and 364 geneswere significantlyup-regulatedin CCGnd

Our results

DCM,respectivelyjncluding126 genesthat were up-regulatedin both conditions Similarly,465geneswere
significantlydown-regulatedin CC@Gnd32in DCM

A, up-regulated genes, .5-fold and P<0.05 B. down-regulated genes, 3.5-fold and P<0.05

3

DCM

a P

CCC e DCM
CCC
SHARE ES
ey ANF
KK-4, IKK BNP
1l o
T

P
hormone-sensitive lipase
SERCA CA™" ATPase

DCM-SPECIFIC GENES
Ca++ metabolism
at release channel —
y CCC-SPECIFIC GENES
olyposis coli

SHARED GENES
Ribosomal protein S8
Mitochondrial 16S rRNA

CCC-SPECIFIC GENES

CunhaNeto E DzauVJ,Allen PD,StamatiouD, BenvenuttiL, HiguchiML, KoyamaNS,SilvaJS Kalil J, Liew CC Cardiacgene
expressionprofiling providesevidencefor cytokinopathyasa molecularmechanismn ChagastliseasecardiomyopathyAm J
Pathol 2005Aug167(2):305-13. doi:10.1016S0002944(010)629768. PMID 16049318 PMCIDPMQ.603558

Amonggenesselectivelyup-regulatedin CCCthey
observedthat the participation of cell defenseand
metabolism categories was substantially higher
than the frequencyof normal heart samples Cell
defensegenesup-regulatedspecificallyin CCCare
Immuneresponsegenes




A Amongcell defensegenes they found the MHC classl/class Il molecules,IFN! receptor, IL-7 receptor, T-cell antigen
receptor,immunoglobulinchains cytotoxicgranulenucleolysinand IFNinduciblegenes

A Among metabolism genes up regulated geneswere related to energy metabolism, including seven proteins of the
oxidativephosphorylationand proton transferchains,and eightenzymesnvolvedin lipid metabolism

A Up-regulatedstructuralgenescomprisesarcomerebuildingcontractileand cytoskeletaproteins,and collagend and 1.

A For signalinggenesalreadyassociatedto heart failure, they found angiotensinll receptor 2, G proteini polypeptide 2,
severallow-molecularweight GTPasesuchas rhoB, RABR, RalB alongwith IKKh and mitogenactivated kinase MKK4,
protein kinaseH11, andits inducedanti-apoptoticgeneAkt-1.

Giventhe prominent local production of IFN in CCCheart fifteen percent of the 78 IFNinduced genespresentin the
CardiochipcDNAmicroarray,were up-regulatedin CCCSignificantly,alongwith inflammatory responsegeneslikely to be
expressedoy infiltrating inflammatory cells (eg, immunoglobulin,T-cell receptor genes,cytokine receptors),they observed
severalgenesnot knownto be expressedy inflammatorycells(cardiovascula27-kd hsp, angiotensinll receptor 2, fatty acid
binding protein 5). Of interest, the SERCR&a++ATPaseinvolvedin cardiaccalciummetabolismand down-modulatedin CCC
hearts,is alsorepressibleby IFN- .

Thesedata suggestsfor the first time, that locallyproducedT-celldependentiFN+ BICR1, and possiblyother inflammatory
cytokinesmaydirectly up-regulatethe myocardialexpressiorof ANFa hypertrophy-related gene,in additionto inflammatory
effector-mediated myocardialcell death. Authors postulate that this cytokineinducedgene modulation of myocardialgene
expressiommay leadto the increasedventricularremodeling,morbidity, and mortality of CC(hatientsascomparedto other
cardiomyopathiesilt is likely that the unique propertiesof the myocardiumfrom CC(patientsaltered energymetabolism



Transcriptomeanalysiswas also performed on myocardialsamplesusing Agilent
SurePrintG3 HumanGeneExpressiovil 8x60K arrays We found 1535genesto be
differentially expressed(DEG)between CCCand control myocardium,of which
1105 (72%) are upregulatedin CCCIPAcanonicalpathwaysanalysisshowedthat
the most enriched pathwaysare mainly immune-related, suchas Thl and Th2 T
cells,dendritic cells/antigenpresentation,leukocyteextravasationNKand B cells
this is consistentwith the high number of upregulatedgenesfrom the incoming
iInflammatorycellspresentin CCut not in control hearttissue

We also classifiedgenesin additional relevant pathobiologicalprocessesand pathways such as inflammation, L C-b
modulated genes/TI response extracellularmatrix, fibrosis, hypertrophy, contractility of heart, hypertrophy, arrhythmia,
oxidative stress/antioxidantresponse mitochondria,and mitochondriarelated genesusing|IPAKnowledgeBase(IKB)gene
lists, which were in some casesmergedwith other publishedgenelists. TheL CJdependent/TH responsegenelist was
merged with published L C4nduced/repressedgene lists, and the oxidative stress gene list was merged with Nrf2-
modulatedgenes The NFkB-modulatedgenelist was obtainedfrom Yanget al. (Yanget al. 2016. Themitochondrialgene
list was a combinationof all genescontainedin the Mitochondrion Gene Ontologyterm and Mitocarta 2.0 (Calvoet al.
2015.

As expected,inflammationand L C-dependent/TH responseprocesseshow the highestnumber of DEGY361 and 148,
respectively)followed by fibrosis(82) and hypertrophy(53). Of interest, we found a significantnumberof DEG$elongingto
mitochondriaand oxidativestressfunctions/processe$42 and 35, respectively) SomeDEGsre sharedby severalbiological
functions/processes

Yangy, JianWu, JinkeWang A databaseandfunctionalannotationof N~ Btargetgenes Int JClinExpMed 20169(5): 79867995

CalvoSE Clause KR ,Mootha VK MitoCarta2.0: an updatedinventory of mammalianmitochondrialproteins NucleicAcidsRes 2016Jan4;44(D1):D1251-7. doi: 10.1093 nar/gkv1003 Epub
20150ct7. PMID 26450961 PMCIDPMQCI702768



Amongthese processesnflammation may be specificto CCGsshownin previousgeneexpressionstudies(Nogueiraet al.
2012 Nogueiraet al. 2014).

Forthe other processesthey havebeenalsodescribedin dilated cardiomyopathieof other etiologies Upstreamregulator
analysigperformedby IPAexaminesdhow manytargetsof eachgiventranscriptionalregulatorare presentin the DEGs aswell
asthe direction of changec basedon the literature and IPAknowledgebase putative regulatorsare ranked accordingto
overlapwith expectedtargets and directionality (zscore) It indicatedthat L C lts the top upstreamregulator, followed by
other cytokineslike ¢ b CIb-1B and EBB/IL27w I chain,the chemokines<CCBk and CXCL10, the transcriptionfactorsNFkBand
Apl, andthe PBKenzyme

27 cytokinesand chemokineswere upregulatedin CChearttissue Significantlythe 7 most upregulatedamongthem were
chemokines,including chemokineligandsof CCRB (CCh, CCH) and CXCR CXC&@ and CXCL10). Multiple cytokinesand
chemokinesthat were top upstreamregulatorslike L C ,bCCBh, CXCL10, 1L-18, IL-7, EBB/IL-27b and IL-4 were found to be
upregulatedto different degreesin CCUnyocardium Thisindicatesthat these cell types infiltrate the myocardiumof CCC
patients.

NogueiraLG SantosRH,FiorelliAl, MairenaEC BenvenutiLA,BocchiEA,StolfNA,KalilJ,CunhaNeto E Myocardialgeneexpressiorof T-bet, GATA3, Ror t, FoxB, and hallmarkcytokinesin
chronic Chagasdisease cardiomyopathy an essentiallyunopposed THL-type response Mediators Inflamm 20142014914326 doi: 10.11552014914326 Epub 2014 Jul 24. PMID
25152568 PMCIDPMC1134835

NogueiraLG SantosRH,lanni BM, FiorelliAl, MairenaEC BenvenutiLA,FradeA, DonadiE, DiasF, SabaB, WangHT,FragataA, SampaidM, HirataMH, BuckP, Mady C,BocchiEA,Stolf NA,
KalilJ, CunhaNeto E Myocardialchemokineexpressiorand intensity of myocarditisin Chagasardiomyopathyare controlled by polymorphismsn CXC2 and CXC10. PLoSNegl Trop Dis
20126(10):e1867. doi: 10.137Zjournal.pntd.0001867 Epub20120ct 25. PMID 23150742 PMCIDPMQC1134835

LaugierL, FerreiraLRPFerreiraFM, CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP, TeixeiraPC,SantosRHB BocchiEA,
BacalF, CandidoDDS Maso VE,NakayaHI, Kalil J, CunhaNeto E, ChevillardC. miRNAsmay play a major role in the control of
gene expressionin key pathobiological processesin Chagasdisease cardiomyopathy PLoSNegl Trop Dis 2020 Dec
22;14(12):e0008889 doi: 10.137Yjournal.pntd.0008889 PMID 33351798 PMCIDPMT 787679




Converselygenesdown-regulatedin CCGnyocardiumwhen comparedto controlswere enrichedwith signaturesof cardiac
musclecells Thisresult is most likely a consequenceof reducedrepresentationof cardiacmRNAsn CCGnyocardiumthat
wasreplacedby inflammatory cells

Our study pointed out IFN! is the top gene expressionregulator with ca 10% of DEGsbeing modulatable by it, in all
pathobiologicalprocessesindeed, severalstudies have shown a negativeimpact of IFN! on the myocardium,leadingto
reduced contractility, release of chemokinesand increasedproduction of atrial natriuretic factor. IFN- -induced cardiac
fibrosis with increasedfibroblast proliferation, production of hyaluronanand metalloproteinases?2 and 9 has also been
demonstrated Therole of IFN*  INFh and NFkB as top upregulatorsare also in line with data in geneticallymodified
murine models Mice transgenicto IFN developeda TNF"-dependentinflammatory dilated cardiomyopathywith fibrosis
andheartfailure,anda verysimilarphenotypewasdevelopedby mice constitutivelyexpressingctive IKK.

Mechanistically)]FN* inducesTNF" and potentiates TNF" -mediated NFkB signalingand upregulationof NOZ, leadingto
cardiomyocytecontractile dysfunction and apoptosis Thisis mediated at least in part by NADPFand NO2-dependent
production of reactiveoxygenand nitrogen speciedROSNnd RNSrespectively)with oxidativeand nitrosativestress IFN -
InducedRNSleadsto inhibition of mitochondrial oxidative metabolismand ATPdepletion in cardiomyocyteswith ensuing
mitochondrialdysfunction Of interest, 169 DEGsor ca10%of DEG&ire potentially modulatedby NFkBin CCQGnyocardium
Our data point towards IFN' and NFkB-mediated signalingas a major playerin Chagasardiomyopathy we believethey
may havea centralrole in orchestratingthe molecularprocesseshat contribute to heartfailure.

LaugierLl, FerreiraLRPFerreiraFM, CabantousS, FradeAF,NunesJPRibeiroRA,BrochetP, TeixeiraPC,SantosRHB BocchiEA,
BacalF, CandidoDDS Maso VE,NakayaH|, Kalil J, CunhaNeto E, ChevillardC. miRNAgmay play a major role in the control of
gene expressionin key pathobiological processesin Chagasdisease cardiomyopathy PLoSNegl Trop Dis 2020 Dec
22;14(12):e0008889 doi: 10.137Yjournal.pntd.0008889 PMID 33351798 PMCIDPMT 787679




Cases Controls

Common variant association studies
Candidate gene case/control studies

Chagasdiseasehas a multifactorial etiology that involves complex hostparasite
interactions governed by parasite and host genetics Immune system mediators
havebeendescribedo participatein drivingheartand/or guttissuesnflammation, ma D@ @
either through responseto the parasite presenceand, to a certain level, by

autoimmunereactions
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Most of the geneticstudiesperformedsofar havesearchedor sequencevariationsthat couldbe associatedo chronicChagas
cardiomyopathysusceptibilityin immune systemrelated genes Thesesearchedollowed a hypothesisdriven approachto find
singlenucleotidepolymorphisman genesknown or suspectedo play a role in thoseinflammatoryphenomena Amongstthe
genesstudiedthere are: humanleukocyteantigen(HLA)lassl and classll alleles,cytokines(e.g.: IL-11  H-10, TNFh H-17, IL-
18) and chemokinesandtheir receptors(MCR/CCR, CCR, MIG/CXCQ,IPLO/CXCLO) aswell asinflammasomegenes

Someof thesestudiesled to inconclusivaesultsthat may be explainedin different ways a) the useof seronegativesubjectsas
controls which are inadequatecontrols, sinceit is unknown whether they were exposedto the pathogen b) the relatively
small size of the study groupswhich affected the power (the probability) to detect an association c) the number of tested
SNPsd) the highly heterogeneousggeneticbackgroundof the study population due to admixture e) the sexratio known to
existhasnot beentakenin consideration

Lastreview on case controktudies
AcostaHerrera M Strauss MCasaredviarfil D,Martin J Chaga&enetic€CYTED Networkaenomianedicinein Chagaslisease Acta Trop.
2019 Sep;197:10506d0i: 10.1016/j.actatropica.2019.10506Epub2019 Jun 12. PMID: 31201776.




We showed that a single nucleotide polymorphismin the S——
promoter region of the alphacardiac actin gene (ACTQ)
associatedwith CCCinfluencestranscription factor binding, .”
implying that the polymorphism may influence myocardial e
transcriptionallevelsof the highlyrelevantACTQ gene These
resultswere obtainedon a Brazilianpopulationincluding315 MWV\%V
CCatientsand 118 asymptomatidndividuals,andthe same .
trend of associationwas found on a second independent
cohort including 102 CCCpatients and 36 asymptomatic
individuals

Nuclows

FradeAF, TeixeiraPC lanniBM, PissettiCW,SabaB, WangLH,KuramotoA, NogueiralL G ,BuckP, DiasF,GiniauxH, LloredA,
AlvesS, SchmidtA, DonadiE, Marin-Neto JA,HirataM, SampaioM, FragataA, BocchiEA,Stolf AN, FiorelliAl, SantosRH,
RodriguesV, PereiraAC,Kalil J, CunhaNeto E, ChevillardC. Polymorphismin the alpha cardiacmuscleactin 1 geneis
associatedto susceptibility to chronic inflammatory cardiomyopathy PLoSOne 2013 Dec 19;8(12):e83446 doi:
10.137Yjournal.pone.0083446 PMID 24367596 PMCIDPM(3868584

Duringacute T. cruziinfection, T. cruzipathogenrassociatednolecularpatterns (PAMP$% trigger innate immunity in multiple
cell types, which releaseproinflammatorycytokinesand chemokinessuchasIL-1, IL-6, 1.-12, IL-18, TNFh ECPR, CChb, and
CXCQ activating and mobilizingmigration of cascade®f inflammatory cells Antigenpresentingcells subsequentlyelicit a
strong T celland antibodyresponseagainstT. cruzi where IL-12 and IL-18 drive the differentiation of IFN -producingT. cruzg
specificThl T cellswhich migrateto sitesof T. cruztinducedinflammation,includingthe myocardium in responseto locally
producedchemokines Thl T cell and antibody responsedead to control but not complete elimination of tissue and blood
parasitismestablishinga low-gradechronicpersistentinfection by T. cruzi



As a result of persistentinfection, both CCCand ASYchronic Chagasdiseasepatients show a skewed Thl-type immune
response,but those who develop Chagascardiomyopathydisplay a particularly strong Thl-type immune responsewith

increasednumbers of IFN- -producing T cells in peripheral blood mononuclearcells (PBMC)as well as plasmaTNFh in

comparisorwith uninfectedor ASYpatients

We conducteda studyfocusingon TIRAPCCR and CChk. Thoroughgeneticanalysistesting multiple tag SNPser geneand
thus detecting any possiblerelevant geneticvariantsin a large Brazilianpopulation and ASYsubjectsas controls we could
havea sensitiveassessmentf the contribution of geneticvariantsin prognosiso CCither confirmingor finding additional
associatedSNPan the mentioned genes The CCRrs253079°A/A and TIRAPI817737@&/A were associatedto an increase
susceptibilitywhereasthe CCRrs3176763/Cgenotypeis associatedo protectionto CCC
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Theseassociationsvere confirmed when we restricted the analysisto

severe CCCcharacterizedby a left ventricular ejection fraction under
40% Our data show beyond reasonabledoubt that polymorphisms
affecting key moleculesinvolvedin severalimmune parameters(innate

TLR7/9

immunity signal transduction and T cell/monocyte migration to

inflammatory regions) play a role in genetic susceptibility to CCC |

development However,the functionalimpact of these markersremains
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unknown Thisalso points out to the multigeniccharacterof CCCeach
polymorphismimpartinga smallcontribution.

Frade AF, PissettiCW,lanni BM, SabaB, LinWangHT,NogueiralLG,de Melo BorgesA, BuckP, DiasF, BaronM, FerreiraLR,
SchmidtA, Marin-Neto JA HirataM, SampaidM, FragataA, PereiraAC,DonadiE,KalilJ,Rodrigues/, CunhaNeto E,Chevillard
C Genetic susceptibilityto Chagasdiseasecardiomyopathy involvement of severalgenesof the innate immunity and
chemokinedependent migration pathways BMC Infect Dis 2013 Dec 12;13:587. doi: 10.11861471-233413-587. PMID

24330528 PMCIDPM@866603




Thecontrol of IFNg productionby Thl-type T cellsmaybe a key eventfor progressiortowards CCCA geneticcomponentto
diseaseprogressionwas suggesteddy the familial aggregationof casesand the associatiornof genepolymorphismswith CCC
development We here investigatethe role of gene polymorphisms(SNPs)n severalgenesinvolvedin the control of IFN-
productionand Thl T cell differentiation in CCQlevelopment

We found 2 1L12 SNPs(rs2546893 rs919766 and a trend of associationfor a 1L10 SNP(rs3024496 to be significantly
associatedvith the ASYgroup. these associationsvere confirmed by multivariate analysisand allele tests Thers919766C,
12rs2546893%5 and rs3024496&C alleleswere associatedio an increaserisk to CCQdevelopment Our data show that novel
polymorphismsaffectingIL12B and IL10, but not IFNGor 1L4 genesplay a role in geneticsusceptibilityto CCQlevelopment
Thismightindicatethat the increasedT hl differentiationand IFN! productionassociatedvith CCUs geneticallycontrolled

FradeBarrosAF,lanniBM, CabantousS, PissettiCW,SabaB, LinWangHT,BuckP, Marin-Neto JA,SchmidtA, DiasF, Hirata
MH, SampaioM, FragataA, PereiraAC,DonadiE, Rodriguesv, KalilJ, ChevillardC, CunhaNeto E Polymorphismsn Genes
Affecting Interferon' Productionand Thl T Cell Differentiation Are AssociatedWith Progressionto ChagasDisease
Cardiomyopathy Front Immunol 2020 Jul 7;11:1386 doi: 10.3389fimmu.202001386 PMID 32733459 PMCID
PM{358543

Genomewide associationstudies(GWAS)

Thefirst genomewide associatiorstudy (GWASPn Chagasliseasewaspublishedin 2013 Thisanalysisncluded600Brazilian
T. cruziseropositiveblood donorsof different clinicalforms and 488 Brazilianseronegativedonors Severaphenotypeswere
analyzed,in addition to cardiomyopathyconsideredas the main trait. Authors also evaluateda limited number of specific
parameters,includingejection fraction, PRinterval, QR&duration (QRS)corrected QT interval (QTq, EIAsignal/cutofflevels,
and T. cruzi PCRstatus Of the 600 T. cruzi seropositivedonors cases,221 were classifiedas having CCC311 had no
cardiomyopathyand 68 were inconclusive Thefirst genomewide associatiorstudy (GWASpPn Chagasliseasewaspublished
in 2013(Denget al. 2013.



For cardiomyopathytwo trends of association(after multiple comparisoncorrections)were detected for markerslocated

around SLCOB1 gene (Denget al. 2013. SLC@BL is a membranetransporter that belongsto a solute carrier family and

playsa role in drug metabolism It is expressedn the liver, brain, heart, and kidney and transportsorganicanions,suchas

digoxin, bilirubin, methotrexate, and statins In addition, lossof-function mutations may be associatedwith impaired drug

actionin targettissues(IshikawaT 2012). Moreover,a clusterof 12 SNPsithin introns of COIL4A1 wasassociatedvith PCR
positivity,. COlL4ALl is a fibril-associatedcollagenwhich interactswith the fibril surfaceand regulatesfibrillogenesis/Ansorge
HLet al. 2009 Birk DEet al. 1990. Probablyall these markersat this locusare in linkagedisequilibrium Furthermore, HSPB

Is a small heat shock protein whose heart specificoverexpressionnducesmyocardialhypertrophy (DepreC et al. 2002.

HSPB-transgenicmice bearingthe K141IN mutation expressedmyocardialhypertrophy, ventricular dysfunction,and apical
fibrosig the latter being a hallmarkof heart involvementin CCOSanbeA et al. 2013. Significantlyexpressionof HSPB is

selectivelyincreasedin myocardialtissue from CCCpatients, rather than in idiopathic dilated cardiomyopathypatients
(CunhaNeto E et al. 2005. However,theseindicationsremain suggestivedue to the limited sizeof the studiedcohort for a

GWASstudy Surprisinglyno polymorphismin immune-related geneswasfound associated

DengX, SabinoEC,CunhaNeto E, RibeiroAL,lanni B, Mady C,BuschMP, SeielstadV; REDSIChagasStudyGroupfrom the
NHLBRetrovirusEpidemiologyDonor Studyll Componentinternational Genomewide associatiorstudy (GWASPf Chagas
cardiomyopathy in Trypanosoma cruzi seropositive subjects PLoS One 2013 Nov 20;8(11):e79622 doi:
10.137Yjournal.pone.0079629 PMID 24324551 PMCIDPM(3854669

IshikawaT. Geneticvariantsin the humanSLCOB1 geneandindividualvariationsn methotrexateclearance Pharmacogenomic2012Jut13(9):9934.

AnsorgeHL, Meng X, ZhangG, Veit G, SunM, KlementJFBeasonDP,Soslowsky.J,KochM, Birk DE TypeXIVCollagenRegulated=ibrillogenesispremature collagenfibril growth and tissue
dysfunctionin null mice. JBiol Chem 2009Mar 27;284(13):8427-38.

Birk DE FitchJM,BabiarzJPDoaneKJ Linsenmayef F Collagerfibrillogenesign vitro: interactionof typesl andV collagenregulatesfibril diameter JCellSci 1990Apr;95 (Pt4).649-57.
DepreC HaseM, GaussirV, ZajacA, WangL, Hittinger L, GhalehB, Yu X, KudejRK WagnerT, Sadoshima, Vatner SEH11 kinaseis a novel mediator of myocardialhypertrophyin vivo. Circ
Res2002Nov29;91(11):100714

SanbeA, MarunouchiT, Abe T, TezukaY,OkadaM, Aoki S, TsumuraH, Yamauchd, Tanonak&, NishigoriH, TanoueA. Phenotypeof cardiomyopathyin cardiacspecificheat shockprotein B3
K141N transgenianouse JBiolChem 2013Mar 29;288(13):891021.

CunhaNeto E, DzauVJ,Allen PD,StamatiouD, BenvenuttiL, HiguchiML, KoyamaNS, SilvaJS Kalil J, Liew CC Cardiacgene expressionprofiling providesevidencefor cytokinopathyas a
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In order to better elucidatethe genetic basisof Chagasdiseaseand chronic ChagascardiomyopathyMarialbert Acosta

Herrera,JavierMartin et al. perform a large GWASnd a meta-analysisof Latin Americanpopulationsthat, in combination
with complementaryin-silico functional evidence,would provide further insightsinto the pathogenesisof this neglected
disease

Samplesfrom three different Latin Americancountries Colombia,Boliviaand Argentinawere includedin this study and

meta-analyzedwith data from the previous GWASIn a Brazilianpopulation, comprisinga total of 3,699 genomic DNA
recruited samples The strongest association(rs2458298 p-value=3.27x10°%, OR9.90, 95% CI 0.87-0.94), is located in

chromosomell in an intronic region of the NAALADL gene Thissignalis followed by severalproxy variantsin high or

moderateLD(r?>0.4) locatednearbyNAALADL, SAGD1 and SNA5 genes Regardinghe rest of the suggestivesignalsthey

arelocatedin intergenicregionsclosedto CDHB and KLE genes

SAQGD1, also known as SH[1, has been identified as a transcriptionalregulator of STAD (NakajimaH et al. 2008), also
associatedwvith cardioprotectionin humans(HeuschG et al. 2011). Additionally,the STAJ5 signalingby IL-2, IL-7 and IL-15

receptorshas been shownto be perturbed in peripheraland heartinfiltrating T cellsin chronic Chagascardiomyopathy
(AlbaredaMCet al. 2015.

CasaresMarfil D, StraussM, BoschNicolauP, Lo PrestiMS, Molina |, ChevillardC, CunhaNeto E, SabinoE,
Ribeiro AL, GonzalezCl, Martin J, AcostaHerrera M. A genomewide associationstudy identifies novel
susceptibility loci in chronic Chagas cardiomyopathy Clin Infect Dis 2021 Feb 4:ciak090. dot:
10.1093 cid/ciab090. Epubaheadof print. PMID 33539531

NakajimaH, TamuraT, Ito M, ShibataF, KurodaK, FukuchiY,WatanabeN, KitamuraT, IkedaY,HandaM. SHL1 is a novelcytokineinducible negativefeedbackregulatorof STAbB-dependent
transcription Blood 2009Jan29;113(5):1027-36. doi: 10.1182blood-2008-01-133405 Epub20080ct6. PMID 18838617

HeuschG, Musiolik J, KottenbergE, PetersJ, JakobH, ThielmannM. STAD activationand cardioprotectionby remote ischemicpreconditioningin humans short communication CircRes
2012Jan6;110(1):111-5. doi: 10.116Y/CIRCRESAHA 1259556 Epub2011Nov23. PMID 22116817

AlbaredaMC, PerezMazliahD, Natale MA, CastreEiro M, AlvarezMG, Viotti R, BertocchiG, LococoB, TarletonRL,LaucellaSA PerturbedT cell IL-7 receptor signalingin chronicChagas
diseaseJimmunol 2015Apr 15;194(8):3883-9. doi: 10.4049jimmunol.1402202 Epub2015Mar 13. PMID 25769928 PMCIDPMQ1391971



Exome sequencing on Chagas families

Highimpact rare gene variantsaltering protein structure and function underlie Mendeliandiseaseand contribute to

complexmultifactorial disease Approximately10% of acute viral myocarditis(AVM) patients carried rare pathogenic
homozygousvariants in genesimplicated in familial cardiomyopathy(BelkayaS et al. 2017) suggestingan overlap
betweengeneticand acquiredforms of myocarditisand cardiomyopathy
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BelkayaS KontorovichAR,ByunM, Mulero-NavarroS,BajolleF, CobatA, JosowitzR, Itan Y,Quint R,LorenzaoL, BoucheritS,StovenC,Di FilippoS,AbelL,ZhangSYBonnetD, GelbBD,

CasanovalL Autosomal RecessiveCardiomyopathyPresentingas Acute Myocarditis J Am Coll Cardiol 2017 Apr 4;69(13):16531665 doi: 10.1016j.jacc2017.01.043. PMID
28359509 PMCIDPM(G551973



We performedwhole exomesequencingand assessedare pathogenicgenevariantsassociatedvith CCGn sixnuclear
families containing multiple casesof Chagasdiseasefamilies (25 patients) and in a group of unrelated ASYpatients
(n=14) who camefrom CDendemicrural areasin Brazil
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Gene variant prioritization

41780 gene variants/samples 321 gene variants
11651 variants in coding (exonic or splicing) regions and non-synonymous/samples 102 CCC-specific rare pathogenic variants

variants characterized by a MAF<1% in the databases
(ESP6500, 1000G and EXAC databases)

87 evolutionary conserved variants

23 of our candidate genes (corresponding to 25 variants)
are in pathobiological processes associated to
Chagas disease

\ Sanger sequencing

N=22

Non-synonymous exonic or splicing variants
shared by all family members with CCC
absent from ASY family members
absent from unrelated ASY controls

Whole exomesequencinglisclosedhat on average eachpatient samplecontained41780genevariants Amongthem, on
averagell651variantswere locatedin coding(exonicor splicing)regionsand non-synonymousWe focusedon variants
characterizedby a minor allele frequency <1% in the databases(ESB500 1000G and ExAQ. Under a hypothesisof
complete penetrance,for each given family, we selectednonsynonymousexonicor splicingvariantssharedby all family
memberswith CCChut absentfrom ASYfamily membersas well as by the unrelated ASYcontrols A total of 321 CCE
specificnonsynonymousexonic rare variants were selected After application of our pathogenicityfilter with multiple
algorithms,we found 102 CC&pecificrare pathogenicvariants After filtering for evolutionaryconservationwe found 87
variants At this point, we prioritized the 87 genevariantsin 9 pathobiologicalprocessesassociatedo Chagaglisease It
highlighted 23 of our candidategenes(correspondingto 25 variants) From these variants,88% (22/ 25, containedin 20
genes)were confirmedby Sangeisequencing



It shows the number of genes containing associated variants in each pathophysiological process. Some genes may
common to several pathways. We found a striking accumulation ofaS€xciated variants in inflammatierlated and
mitochondrial genes (17 out of the 20 genes). All families carried at least one variant in mitochondrial or inflammatio
associated genes; five families carried variants in mitochondrial genes, and 5 in inflammation related genes.
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Tenpathogenicvariantswere found in 9 mitochondrialgenes(ADCY0, DHODHGITL, MRP38B, RPUSB, LEPRUMPS,
MOCS3 and OBSCN Elevenpathogenicvariantswere locatedin 10 inflammationassociatedyenes(ADGRG, AKAR.3,
LEPR,ILR&, MAMLL, MAMIK4, SLAQ1A1, TNFRSEAPOBandDHODH)

Mitochondria Inflammation
GIT1 Biogenesis LILRA2
MRPSlSB]- Translation MAP4K4
RPUSD3 SLC11A1
LEPR Linked to inflammatory
L ]- Fattyacidi -oxidation AKAP13 [~ cytokine production
Pyrimidine UMPS ( NFkBand MAPkinase
byosynthesis| DHODH v g _ MAML1 pathways)
ADCY10 Oxidative phosphory_latlorf TNFRSF4
ElectronTransferChain
MOCS1 APOB
OBSCN DHODH

ADGRG6



In this study of whole exomesequencingof six nuclearfamilieswith multiple casesof CD,we found 22 CCEassociated
rare heterozygousnonsynonymoushigh-impact pathogenicvariantsin 20 genesbelongingto pathwaysrelevant to
iInflammatory cardiomyopathyOnlyindividualsthat were both seropositiveand carriersof the heterozygougathogenic
variants developed CCCbut not seropositive patients carrying the wild-type sequencesnor seronegativesiblings
carryingthe pathogenicvariant

Amongthe 9 mitochondrial genesshowing CC&pecific pathogenicvariants, 8 are involved in processedeadingto
mitochondrial AT Pproduction(biogenesistranslation,fatty acidoxidationFAOxandthe electrontransferchain/oxidative

phosphorylation(OXPHOS)

Interestingly, patients carrying mutations or animalsgeneticallydeficientin 6 genes(DHODHUMPS MRP38B, GIT1,
OBSCNandLEPRJglevelopedcardiacphenotypes

up to 30% of mitochondriopathypatients developcardiomyopathyheart conductiondefects,ventriculararrhythmiaor
sudden cardiac death, and autonomic nervous systemimbalance,while up to 15% develop gastrointestinalmotility
disordersincludingachalasiamegaoesophaguand megacolon The striking similarity betweenthe clinical presentation
and proportion of cardiacand digestivedisordersin mitochondriopathiesand the clinical spectrumof Chagaglisease
suggestedhe pathogenesi®f CCCGnaybe dependenton mitochondrialdysfunction



Resultsindicate that the geneticcontribution to CCds polygenicand driven by severalrare variantsin genesthat differ
between families, but are related to mitochondriaand inflammation Resultsimply that mitochondrial dysfunctionand
inflammation,key processesn the pathophysiologyof CCCare at leastin part geneticallydetermined To our knowledge,
this is the first report that rare variants in mitochondrial and inflammationrelated genes are linked to complex
multifactorial cardiomyopathy

Ourresultsalsosupportthe notion of a two-hit mechanismwhere IFN' and proinflammatorycytokinesinducedby chronic
infection trigger mitochondrial dysfunctionand clinical diseasein carriersof heterozygousmitochondrial gene variants
Indeed, modulation of mitochondrial damage induced by IFN+ and other cytokines could perhaps be a suitable
therapeutictargetin CCC

Treatmentwith mitochondriaprotective agentssuch as antioxidantsor agonistsof Sirtuinl and AMP-activated protein
kinase (AMPK)was found to attenuate or even reverse cardiacdamagein mouse models of CCC)y reducing NFkB
activationand the intensity of chronicmyocarditis To conclude,it is possiblethat a similartwo-hit mechanismwhereby
geneticvariantsmay increasemitochondrialsusceptibilityto inflammatorycytokineinduceddysfunction,may be relevant
for the pathogenesif other inflammatory cardiomyopathiesand degenerativediseasesassociatedwith mitochondrial
dysfunction

OuarhacheM, Marquet S,FradeAF,FerreiraAM, lanni B, AlimeidaRR NunesJPSFerreiraLRPRigaudvO,CandidoD, Mady C,
ZanirattoRCFBuckP, TorresM, GallardoF, AndrieuxP, BydlowskyS,LevyD, AbelL, CardosoCS Santos JuniorOR,OliveiralLC,
Oliveira CDL,NunesMDC, CobatA, Kalil J, Ribeiro AL, SabinoEC,CunhaNeto E, ChevillardC. Rare PathogenicVariantsin
Mitochondrial and InflammationAssociatedGenesMay Lead to Inflammatory Cardiomyopathyin ChagasDisease J Clin
Immunol 2021 Mar 3. doi: 10.1007s10875021-0100Cy. Epubaheadof print. PMID 33660144




Epigenetic in Chagas families
Epigeneticgs currently one of the most rapidly
developing fields of biological research The
belief that the geneticcode is the only basisfor
biologicalinheritancehas beenchallengedoy the
discoveryof the epigenome It is now known that
DNAbasescan be maodified without altering the

nucleotide sequenceand that this ¢ SLIA 3 Sy 2 Y S ¢

can be modulated by a variety of environmental
factors, including chemicals, nutrition, early

environment,stressand ageing

Known epigenetic processesinclude (i) DNA
methylation, (i) histone modification (including
diverse processes such as methylation,

acetylation, phosphorylation,ubiquitination and

SUMOylatioh and (iii) RNAbased mechanisms
iIncluding long non-coding RNAs (IncRNA¥ and

microRNAEMIRNAS)

These processesmodify gene expressionand,

given their chemical stability, influence the

propagationof geneactivity from one generation
of cellsto the next providinganother mechanism
of biologicalinheritanceand variability
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MicroRNAS act as gene expression regulators

MicroRNAs(miRNAs)are involved in differential gene expressionin cardiac diseases
MiRNAsare noncodingRNAmMolecules~22 nucleotideslong, singlestranded)that regulate
gene expressionthrough imperfect basepairing with complementarysequencesn their
targetmRNAleadingto translationalrepressionor transcriptdegradation

Most miRNAgenesare transcribed by RNA polymerasell from intergenic, intronic or
polycistronicloci asa long primary miRNAtranscript (pri-miRNA) which is then cleavedby
the Droshaendoribonucleasao a 70-nt-long hairpin structure with 2-nt-3 overhanggqpre-
MIRNA)(O'BrienJ et al 2018. PremiRNAIs subsequentlyexportedto the cytoplasmand
processed by a second endoribonuclease, Dicer, to form a 22-nucleotidelong
MIRNAMIRNA duplex with imperfect complementarity One strand of this duplex, the
guide strand, then combineswith the Argonaute (AGO)protein into the RNAinduced
silencingcomplex(RISChile the passengestrand getsdegraded(TreiberT et al. 2018).
Thetargetingof a mRNAoccursthroughimperfectbasepairingbetweenthe transcriptand
the so-calledseedsequencean the miRNAusuallycoveringthe nucleotidesin positions2¢
7 of the latter (Bartel DP2009. As a conseguencea singlemiRNAcan regulate multiple
mRNAtargetsinvolvedin diversebiologicalprocessesnd, viceversa,a singlemRNAcanbe
regulatedby severamiRNASs
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O'Brien J Hayder H, Zayed Y, Peng C Overview of MicroRNA Biogenesis Mechanisms of Actions, and Circulation Front Endocrinol (Lausanne) 2018 Aug 3;9:402 doi:
10.3389fendo.201800402 PMID 30123182 PMCIDPM@085463

TreiberT, TreiberN, Meister G. Regulationof microRNAbiogenesisandits crosstalkwith other cellularpathways Nat RevMol CellBiol 2019Jan20(1):5-20. doi: 10.1038s41583018-0059
1. Erratumin: Nat RevMol CellBiol. 2018Dec19(12):808. Erratumin: Nat RevMol CellBiol. 2019May;20(5):321 PMID 30228348

Bartel DP. MicroRNAstarget recognitionandregulatoryfunctions Cell 2009Jan23;136(2):215-33. doi: 10.1016].cell.200901.002 PMID 19167326 PMCIDPM(3794896



Overthe pastdecade the centralrole of miRNAdasbeenestablishedn numerousbiologicaland pathologicalprocesses
includingcell differentiation, apoptosisand carcinogenesiacrossdifferent speciesfrom Drosophilato humans(AmbrosV

20014 CarringtonJCet al. 2003 KarpXet al. 2009.

We hypothesizedhatmiRNAsould play a dominantrole in regulatinggene
and protein expressionin CCQGnyocardiattissue We havechosento analyze
nine MIRNAs (miR1, miR133a-2, miR133b, miR208a, miR 208, miR

214-3p, miR146a-5p, miR1555p and miR150-5p), that had previously
been describedas playing important roles in cardiovasculadisorders to

test our hypothesisthat there is a dysregulatedmiRNAexpressionin the

CCGnyocardium

From those, U @ 8iRNAs miR1, miR133a-2, miR133b, miR208a, and
208 were & A 3y A danmn-rgdultitéd in CCCsamplesas compared to
controls (p = 0.0007). Threeof them (miR133b, miR208a and miR208b)
wered A 3y A te@ueedii dilated cardiomyopathysamplesas compared

to controls

AmbrosV. Thefunctionsof animalmicroRNAsNature. 2004 Sep16;431(7006):350-5. doi: 10.1038nature02871
PMID 15372042

Carrington JG Ambros V. Role of microRNAsin plant and animal development Science 2003 Jul
18;301(5631):336-8. doi: 10.1126'sciencel085242 PMID 12869753

Karp X, Ambros V. Developmentalbiology EncounteringmicroRNAsn cell fate signaling Science 2005 Nov
25;310(5752:12889. doi: 10.1126sciencel121566 PMID 16311325
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MiR-208 has 2 subfamilies,miRR08a andmiR208b, which are encodedwithin (mim208) (i)

: : : g
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association with cardiac hypertrophy by negatively regulating SOX in I <
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Another study provedthat nemo-like kinase(NLK)is a direct target of miR-208 s.,§1 __p\T‘EN
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Interestingly,a recentstudy revealedthat the antagomir208a couldreducethe (i
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HuangX, LiZ,BaiB, Li X, LiZ Highexpressiorof microRNA208 is associatedwvith cardiachypertrophyviathe negativeregulationof the sexdeterminingregion Y-box 6 protein. ExpTher
Med. 2015Sep10(3):921-926. doi: 10.3892etm.20152645 Epub2015Jull?. PMID 26622415 PMCIDPMQ1533156

YanX, LiuJ,Wu H, LiuY, ZhengS, ZhangC, YangC Impactof miR-208 and its TargetGeneNemao-Like Kinaseon the ProtectiveEffect of GinsenosideRbl in Hypoxidlschemialnjuried
CardiomyocytesCellPhysioBiochem 201639(3):1187-95. doi: 10.1159000447825Epub2016Sepl. PMID 27577116

ShyuKG,Wang BW, Wu GJ,Lin CM, ChangH. Mechanicalstretch via transforming growth factor-i 1 activatesmicroRNAR08a to regulate endoglin expressionin cultured rat cardiac
myoblasts EurJHeartFail 2013Jan15(1):36-45. doi: 10.1093 eurjhf/hfs143 Epub2012Aug31. PMID 22941949



miR1 is a conservedmiRNAwith high expressionn the muscletissuesparticularlythe heart muscle It hasa regulatoryrole
on a numberof genessuchasheat shockprotein 60 (HSB0) and Kruppetlike factor 4 (KLB) at the posttranscriptionallevel

miR1is associatedo PBK/AKTMTORNF B Pathway

Stimulatory dification

Inhibitory jification

Pinchi et al. have confirmed down-regulation of this miRNAIn
postmortem hearth samples of AMI patients compared with
suddencardiacdeathand controls(SafaA et al. 2020.

Wu et al. have judged the effects of Wenxin Granules on
prevention of fatal arrhythmia by modulating gap junctions and
miR1 after Ml in a rat model constructed by coronary artery
ligation. Wenxin Granulespreservedthe configurationof the gap
junctionsand their fundamentalCx43 levelsby modulating miR-1
(Wu A et al. 2017). miR1 has a vital role in the maintenanceof
cardiacrhythms(ZhaoY et al. 2007) andits suppressiormaycause
cardiachypertrophyandarrhythmia

miR1 hasalsobeendown-regulatedin personswith symptomatic
heart failure in associationwith the severity of this condition
Expressionevel of this miRNAhasbeen suggestedasa biomarker
for predictingheartfailure exacerbationSygitowiczs et al. 2015).

Safa A, BahroudiZ, ShooreiH, Majidpoor J, Abak A, TaheriM, GhafouriFard S miR1: A comprehensivereview of its role in normal developmentand diverse disorders Biomed
Pharmacother2020DeG132110903 doi: 10.1016] .biopha2020110903 Epub20200c¢t20. PMID 33096351

Wu A, ZhaoM, Lou L, ZhaiJ, ZhangD, Zhu H, Gao Y, ShangH, ChaiL Effect of Wenxin Granuleson Gap Junctionand MiR-1 in Ratswith Myocardial Infarction Biomed ResInt.
20172017:3495021 doi: 10.11552017 3495021 Epub2017Sep28. PMID 29094045 PMCIDPMG637836

ZhaoY, RansomJFLiA, VedanthamV, von DrehleM, Muth AN, Tsuchihashi, McManusMT, SchwartzZRJ,SrivastavaD. Dysregulatiorof cardiogenesiscardiacconduction,and cell cyclein
micelackingmiRNAL-2. Cell 2007 Apr20;1292):303-17. doi: 10.1016j.cell.2007.03.030. Epub2007Mar 29. PMID 17397913

SygitowiczG, TomaniakM, . O a 02810 2 &#ipiakKJ,SitkiewiczD. CirculatingmicroribonucleicacidsmiR1, miR21 and miR208a in patients with symptomaticheart failure:
Preliminaryresults ArchCardiovas®is 2015DeG108(12):634-42. doi: 10.1016j.acvd201507.003 Epub20150ct21. PMID 26498537
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Seethis excellentreview:

SafaA, BahroudiZ, ShooreiH, Majidpoor J,AbakA, TaheriM, Ghafourt
Fard S miR1l. A comprehensive review of its role in normal
development and diverse disorders Biomed Pharmacother 2020
De¢132110903 doi: 10.1016].biopha2020110903 Epub 2020 Oct
20. PMID 33096351

miR1 can be regarded as a target for manipulation of
inflammatory processesThismiRNAhasa prominentrole
in inhibition of KLA andinductionof NF¢ .(JiangF et al.
2019. N .has been shown to activate expressionof
severalpro-inflammatory proteins such as cytokinesand
chemokines, thus contributing in the control of
inflammasome Moreover, this nuclear factor regulates
survival, function and differentiation of severalimmune
cells Therefore,NF* .is involvedin the pathogenesisof
numerousinflammatoryconditions(LiuT et al. 2017).
Modulation of expressiorof this miRNAmight be regarded
asatherapeuticoption in somedisorders

Metformin hasbeen shownto amendcardiacconduction
defect through modulation of expressionof miR1 (LvL et
al. 2020.

JiangF, ChenQ, WangW, LingY, YanY, XiaP. Hepatocytederived extracellularvesicles
promote endothelial inflammation and atherogenesisvia microRNAL. J Hepatol 2020
Jan72(1):156-166. doi: 10.1016].jhep.201909.014. Epub2019Sep27. PMID 31568800

Liu T, ZhangL, Joo D, Sun SC NF° B signalingin inflammation SignalTransductTarget
Ther 20172:17023;. doi: 10.1038sigtrans2017.23. Epub2017Jul14. PMID 29158945

PMCIDPM®%661633

LvL, ZhengN, ZhangL, Li R,Li Y, YangR, Li C, FangR, Shabanova, Li X, Liu Y, LiangH,

ZhouY,ShanH. Metformin amelioratescardiacconductiondelayby regulatingmicroRNA
1in mice EurJPharmacal2020Aug15;881:173131 doi: 10.1016].ejphar2020173131

Epub2020May 22. PMID 32450177



MiR-133is expressedn the skeletaland cardiacmusclesof mammalspirdsandi S 6 NIJmRa3 hasa profoundA y b dzS \
on cardiac disorders The aberrant expression of miR133 was usually accompanied with cardiac hypertrophy,
arrhythmogenesisand heartfailure.

Severalstudieshave demonstratedthat miR133 playsan important role in controlling structural changesin chronicatrial
fibrillation (LiH et al. 2012. In accordancewith the studythat miR133wasdownregulatedin atrial fibrillation group(LiH et

al. 2012, Xuet al. alsoreported that miR133 displayedan obviousdownregulationtendencywith agingin atrial fibrillation
(XuGLet al. 2013, suggestinghe aberrantlyexpressedniR133 may be responsiblefor the transition from adaptationto

pathologicalatrial remodeling

Nicotinepromotedthe protein levelsof TGH 1andTGH w L
and suppressedhe expressionof miR133 and miR590 in
T g the detrimental atrial structuralremodelingleadingto atrial
' fibrillation (ShanH et al. 202009.
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| canines Mol Med Rep 2012 Jun5(6):1457-60. doi: 10.3892mmr.2012831 Epub
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MiR-133 expressionwas inverselyrelated to cardiachypertrophy in murine models Overexpressiorof miR133 inhibited
cardiachypertrophyin vitro, while suppressiorof miR133 inducedthe markedand sustainedcardiachypertrophyin vivo

(CareAet al. 2007).
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Calcineurin is a calcium/calmoduliractivated serinethreonine
phosphatasethat dephosphorylatesthe transcriptional factor, nuclear
factor of activatedT cells(NFAT)whichis translocatedinto the nucleusto
bind to DNAand activate hypertrophicresponsegenes(Molkentin JDet
al. 1998 DongD et al. 2003.

MiR-133 and calcineurin mutually regulated their expressionvia a
positive feedback,and the reciprocalrepressionbetween miR 133 and
calcineurin was observed in cardiac hypertrophy Once the
calcineurifNFAT signalingwas activated, miR133 expressioncould be
decreasedwith alossof repressionon calcineurin andtherebythe heart
would be progressivehhypertrophic(DongD et al. 2010).

CareA, CatalucciD, Felicetti F, BonciD, Addario A, Gallo P, BangML, SegnaliniP, Gu Y, Dalton ND, EliaL,
LatronicoMV, HgydalM, Autore C,RussoMA, Dorn GW 2nd, EllingsenO, RuizLozanoP, PetersonKL,Croce
CM, PeschleC, CondorelliG. MicroRNA133 controls cardiachypertrophy Nat Med. 2007 May;13(5):613-8.
doi: 10.1038nm 1582 Epub2007Apr29. PMID 17468766

Molkentin JO Lu JR,Antos CL,Markham B, RichardsonJ, RobbinsJ, Grant SR,0Olson EN A calcineurin
dependent transcriptional pathway for cardiac hypertrophy Cell 1998 Apr 17;93(2):21528. doi:
10.1016s0092867400)815731. PMID 9568714 PMCIDPMC1459646

Dong D, Duan', Guo J, RoachDE, Swirp SL,Wang L, LeesMiller JP,SheldonRS,Molkentin JD, Duff HJ
Overexpressiomf calcineurinin mousecausessuddencardiacdeath associatedvith decreaseddensityof K+
channelsCardiovas®es 2003Feh57(2):320-32. doi: 10.1016s0008636302)006612. PMID 12566105
DongDL ChenC,HuoR,WangN, Li Z, Tu YJ,Hu JT,ChuX, HuangW, YangBF Reciprocalepressionbetween
microRNAL133 and calcineurinregulates cardiac hypertrophy. a novel mechanismfor progressivecardiac
hypertrophy Hypertension 2010 Apr;55(4):946-52. doi: 10.116 /HYPERTENSIONAH®.139519 Epub2010
Feb22. PMID 20177001



Acute myocardialinfarction (AMI) indicatesirreversible myocardialinjury, leadingto high mortality. A host of evidences
revealedthat muscle and/or cardiacad LJS iRNAsuchasmiR1, miR133a, miRNA133b and miR208were involvedin
heartdevelopmentand somecardiovasculadiseasessuchasmyocardialinfarction (Bostjancids, et al. 2010.

DysregulatedniR-133wasfound in the infarctedtissuein myocardialinfarction patients It might be a potential regulatorof
cardiac sarcdendoplasmicreticulum calcium ATPas&€ (SERCZA which plays a central role in myocardial contractility

(Bostjancids, et al. 2012.
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MIRNAS in cardiac hypertrophy
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We usedlngenuityPathwayAnalysisapplicationfor miRNAtarget prediction Consideringhat miRNAswvith the sameseed
sequenceusuallytarget the sameRNAsthe IPAsoftware clusterstogether the mature. ThesoftwareA R S y ia fotal $fR
2227 putative target transcriptsof the U @d@fferentially expressedmiRNAsin CCEmiR 1, miR133a-2, miR133, miR
208a and miR-208b, where 1665are high predictedand/or had alreadybeenexperimentallyalidatedastargets

Thenextstepwasidentifyingupregulatedtarget genesof the downregulatedmiRNAgexpressiompairing)within the list of
differentiallyexpressedyenesn CC@Gnd DCMmyocardiumasassessewvith the 10,386 elementmicroarrayCardiochip

Targets upregulated in CCC

Symbol Fold change Confidence Gene ID Symbol Fold change Entrez gene name

miR-1 —639 High (predicted) BC0000762  CCNDI1 18 Cyclin D1

miR-1 —6.39 High (predicted) M63485 MATR3 1.5 Matrin 3

miR-1 —6.39 Moderate (predicted) M27166 PDHA1 2.06 Pyruvate dehydrogenase (lipoamide) alpha 1
miR-1 —6.39 High (predicted) AF006636 SDCBP 1.52 Syndecan binding protein (syntenin)
miR-1/miR-133a-3p 6.39/-5.638 High (predicted) L02897 SPTBN1 16 Spectrin, beta, non-erythrocytic 1

miR-1 —6.39 High (predicted) 6908 TBP 15 TATA box binding protein

miR-1 —6.39 Experimentally Observed M17733 TMSB10,TMSB4X 1.5 Thymosin beta 10

miR-1/miR-133a-3p 6.39/-5.638  Experimentally Observed X04588 TPM3 2 Tropomyosin 3

miR-133a-3p —5.638 High (predicted) D28475 CLCNG 1.99 Chloride channel, voltage-sensitive 6
miR-133a-3p —5.638 High (predicted) 774615 COL1A1 15 Collagen, type [, alpha 1

miR-133a-3p —5.638 High (predicted) Jo4617 EEF1A1 21 Eukaryotic translation elongation factor 1 alpha 1
miR-133a-3p —5.638 High (predicted) M14660 IFIT2 27 Interferon-induced protein with tetratricopeptide repeats 2
miR-133a-3p —5638 Moderate (predicted) M15856 LPL 1.5 Lipoprotein lipase

miR-133a-3p —5.638 High (predicted) AF043324 NMT1 1.7 N-myristoyltransferase 1

miR-133a-3p —11.6 High (predicted) J03620 DLD 18 Dihydrolipoamide dehydrogenase

Targets upregulated in DCM

miR-133a-3p -19 High (predicted) D28475 CLCN6 1.54 Chloride channel, voltage-sensitive 6
miR-133a-3p —-19 High (predicted) M69066 MSN 16 Moesin

miR-133a-3p -19 Experimentally Observed M26252 PKM 1.8 Pyruvate kinase, muscle

miR-208a-3p —-78 High (predicted) 554705 PRKARTA 19 Protein kinase, cAMP-dependent, regulatory, type I, alpha
Targets upregulated in both CCC and DCM

miR-133a-3p —-19 High (predicted) D28475 CLCNG6 1.54 Chloride channel, voltage-sensitive 6

miR-1 —6.39 High (predicted) NM_053056.2 CCND1 1.8 Cyclin D1




IPA was used to identify molecular networks among the lists of differentially expressed genes in CCC and DCM that «
targets of the altered miRNAs.
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We raised the hypothesis that mRNA expressionand pathways/processesmay to be heavily influenced by miRNA
expression To comprehensivelyaddressthis issue, we performed an integrative genomewide analysisof the role of
mMiRNAIn globalgeneexpressionn CCC

Whole genome expression analysis was done on SurePrint G3 Human GeneExpressiorvl 8x60K arrays (Agilent
Technologies|lesUlis France)following the manufacturer'sprotocol. MiRNA profiling experimentswere done for 754
MiRNAsusing preprinted TLDAmicrofluidic cards (Human MicroRNACard Set v3.0), accordingto the manufacturer's
protocols

Th1 and Th2 Activation Pathway (185)

We found 1535genesto be differentially expressed DEG petween CCGind o cost e 129

control myocardium,of which 1105 (72%) are upregulated,while 430 (28%) :

genesare downregulatedin CCCIPA canonicalpathwaysanalysisshowed = o ——— o

that the most enriched pathwaysare mainly immune-related, suchas Thl IRt oo & e Y

and TH2 T cells,dendritic cells/antigenpresentation leukocyteextravasation, Y S e e
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LaugierLl, FerreiraLRPFerreiraFM, CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP, TeixeiraPC,SantosRHB BocchiEA,
BacalF, CandidoDDS Maso VE,NakayaH|, Kalil J, CunhaNeto E, ChevillardC. miRNAgmay play a major role in the control of
gene expressionin key pathobiological processesin Chagasdisease cardiomyopathy PLoSNegl Trop Dis 2020 Dec
22;14(12):e0008889 doi: 10.137Yjournal.pntd.0008889 PMID 33351798 PMCIDPMT 787679




Upstreamregulatoranalysigperformedby IPAexamineshow manytargetsof eachgiventranscriptionalregulatorare present
in the DEGs aswell asthe direction of change&basedon the literature and IPAknowledgebase putative regulatorsare
ranked accordingto overlap with expectedtargets and directionality (zscore) It indicatedthat L C lis‘the top upstream
regulator, followed by other cytokineslike ¢ b CH-28 and EBB/IL27w | chain, the chemokinesCCk and CXCL0, the
transcriptionfactorsNFkBand Apl, andthe PBKenzyme
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DEN‘ZELL

gene expressionsignaturesof CDi+ T cells, NK pusmcw‘onmc CELL

cells, B cells/plasma cells, dendritic cells,
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754 human miRNAswere screenedon the heart samplesand amongthem, 210 miRNAswere detectedin every sample
these were quantified in eachtissue sample We have found that 80 out of 210 miRNAswere differentially expressed

(DEMs)absoluteFOxL.5, p<0.05 without correction)

Howeverthe list of the 80 miRNA®btainedwithout correctionfor multiple testingseemsto be relevantasit containsmiR
1 (p =5,0603), miR133a (p = 1,4E02) and miR133b (p = 1.3E2) that we previouslyobservedas under-expressedn CCC
samplesascomparedto controls MiR-208a, which wasalsopreviouslydescribedto be under expressedn CCGamplesn
the samestudy,is borderlinein the presentstudy (p =5,5£02).
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In order to identify putative miRNAtarget gene interactions
among DEMs and DEGs,we performed inverse expression
pairing of DEMs(80) and DEGY1535. A total of 571 miRNA
mRNA interactions involving 67 DEMsand 396 DEGswere
found by IPA

We found that 5 miRNAs(hsamiR125-5p, hsamiR-15a-5p,
hsamiR296-5p, hsamiR29¢c-3p and hsamiR103a-3p) each
regulate more than twenty DEGs moreover, each of them
affects at least 6 of the 9 biologicalfunctions and processes
analyzed Moreover, several of these & Y | & UnSRINAS
targeted multiple genesbelongingto a given processat the
sametime, suggestin@ synergistiaction. A network built with
DEMDEG targets around the important pathobiological
processes myocarditis, fibrosis, hypertrophy and arrhythmia
discloseda strong focus on fibrosis, and severalmiRNAsand
targetsparticipatedin variousprocesses



Our study was performed in whole heart tissue, containing severalcell types, including cardiomyocytes fibroblasts,
endothelialand infiltrating inflammatory cells We must thus keepin mind that resultsreflect the compositeof mMRNA
and microRNAcontent of eachcelltype with its respectivecontribution.

Most of the RNAwill comefrom cardiomyocytesbut inflammatorycell RNAwill readily show up, sincecontrol tissueis
free from inflammatoryinfiltrates, showingat most passengeleukocyteshat are muchlessnumerous At anyevent,our
results suggestthat, by targeting multiple genesin relevant pathogenicdiseasepathwaysand processesmiRNAscan
exerta combinedregulatoryeffect that may be strongerthan the effect of a singleDEMDEGnteraction In addition,we
found a smallnumber of key "high-ranking"differentially expressedniRNAs those with the highestnumber of targets,
overlappingwith thosewith multiple targetsinvolvedin severalpathologicalprocesses

Our data identified specificmolecularfeaturesin key pathogenicprocessesFurtherinvestigationand validation of the
more important mMiIRNAMRNAinteractionsinvolvedin fibrosis,oxidativestress,and mitochondrialprocessesnay reveal
important insightsinto the pathogenesi®f CC@Gnd maytranslatein the identification of noveltherapeutictargets

Ourfindingsmay havea bearingon myocarditisand inflammatorycardiomyopathyof distinct etiologiesaswell asto IFN
I mediatedagerelated myocardialinflammationandfunctionaldeclineasrecentlydescribed

Laugierl, FerreiraLRPFerreiraFM, CabantousS, FradeAF,NunesJPRibeiroRA,BrochetP, TeixeiraPC,SantosRHB BocchiEA,
BacalF, CandidoDDS Maso VE,NakayaHI, Kalil J, CunhaNeto E, ChevillardC. miRNAgmay play a major role in the control of
gene expressionin key pathobiological processesin Chagasdisease cardiomyopathy PLoSNegl Trop Dis 2020 Dec
22;14(12):e0008889 doi: 10.137Yjournal.pntd.0008889 PMID 33351798 PMCIDPM 787679




No study has approachedthe expressionof miRNAsduring the acute phase of Chagasdisease To investigatethe
consequence®f acute T. cruziinfection in host miRNAexpressionwe used TagManLow Density Arrays (TLDA)to
screen641 miRNAsSn mouseheartsamplesat 15, 30 and 45 dayspost T. cruziinfection (dpi).
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TLDAwas usedto screen641 rodent miRNAdSNn heart samplesfrom acutely T. cruziinfected mice at 15, 30 and 45 dpi
(four mice per group) We havefound 113 out of 641 miRNAswith significantlyaltered expressionupon infection in at
leastone time point.

SeventeemmiRNAswere significantlyderegulatedin all three time points post infection. The expressiorkineticsof nine
MiIRNAout of those 17 expressedn all three time points follow a similarprofile to that of the parasitemiawith a peakat
30dpi. Thesefindingssuggesthat this clusterof nine microRNAsnight be, in someway, associatedo the magnitudeof
the infectionandindirectlyto cardiacalterations
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In addition, six (out of nine) microRNAs were significantly correlated with changes |pdrathtem|aand QTcinterval:
mMiR146b, miR21, miR142-3p miR142-5p (positive correlation) and miR45-5p and miRL49-5p (negative correlation)
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Takentogether, our results show that acute infection of mice with T. cruziwas able to modify the microRNAexpression
profile of the heart Thestudy of the acute phaseof humanChagasliseasds limited by the scarcityof samplessincemost

of the acutecasesare not reported, becauseof the mild or absentsymptomatology

Correlationanalysigdentified potential miRNAgelatedto the clinicalparameters In addition, the pathwayanalysigevealed
putative relationshipbetweenmiRNAsandtheir targets,and how they couldinfluencethe ECGoarameters

CACNAC s a calciumchannelresponsiblefor the L type current Thismoleculeis expressedn all excitableheart cells A

previousstudy showedthis currentis highlyaltered during experimentalChagaslisease Thisgenewashighlypredictedasa

mMiR149-5p target.

KCNA is a potassiumchannelmassivelyexpressedn neuronsand its expressionderegulationmay facilitate the occurrence
of atrial fibrillation. Thisgenewasalsohighlypredictedastarget of both miRNASniR-21-5p and miR-145-5p.

GJA codesfor the gapjunction connexinr40 (Cx0), moleculeresponsibleor electricalimpulseconductionin the heartand

Is associatedvith atrial fibrillation.

RNRO7 is one of the main potassiumchannelsrelated to repolarizationof the cardiacaction potential and it wasrecently
associatedvith the regulationof humansQTcinterval.

SLA8A2 codes for vesicular monoamine type 2 transporter, a molecule necessaryfor the vesicularrelease of the

neurotransmitters Accordingto our network analysisijt waspredictedasa miR142-5p target.

Thealterations occurringin the host microRNAprofile observedhere reflect the role of these moleculesin the acute phase
of the infection and may highlight important aspectsof the pathogenesis,opening a broad range of possibilitiesin the
study of Chagaglisease

Navarro IC FerreiraFM, NakayaHI, BaronMA, Vilar-PereiraG, PereiralR, SilvaAM, RealJM, De Brito T, ChevillardC, Lannes
Vieira J, Kalil J, CunhaNeto E, FerreiraLR MicroRNATranscriptomeProfiling in Heart of Trypanosomacruztinfected Mice:
Parasitologicahind CardiologicaDutcomes PLoSNegITropDis 2015Jun18;9(6):e0003828 doi: 10.137 Yjournal.pntd.0003828
PMID 26086673 PMCIDPMC1473529




Our group hasobserveddysregulatedniRNAexpressionn heart samplesfrom CC(atientsand acute T. cruziinfectionin
mice. In the mouse study, we found 113 differentially expressedmiRs(DEMSs)at 15, 30 and/or 45 days post infection.
Several of the DEMs were significantly correlated with the clinically relevant parameters parasitemia and
electrocardiographyhangegQTcinterval).
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Thetotal number of DEGswvas 1685 The number of up- or downregulatedDEGsat eachtime point, as well as those
sharedbetweenthem are depicted
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Our previousresultshaveshown113 DEMsupon
T. cruzi infection at 15, 30 and 45 days post
infection. The analysis of putative targets of
DEMswithin the DEGslist at each time point
identified a total of 848 putative inverselypaired
targets of the 113 DEMS, using miRNAtarget
relationshipspredictedashigh or experimentally
validated

In order to investigate the possible role of
MiRNAsN regulatingthe key pathophysiological
processesin Chagasheart disease,we built
networks with DEGsand DEMsin the 3 time
points after T cruzi infection, around each
disease process (Arrhythmia, Fibrosis,
Myocarditisand Hypertrophyof Heart)

gPCRyvalidation of microarrayexpressionresults
analysison 8 miRNA targets present in the
different networks and time points confirmed
differential expression
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Our study was performed in whole heart tissue, containing several cell types, including cardiomyocytes,fibroblasts,
endothelialand infiltrating inflammatory cells Thismeanswe cannotbe certain that all these miRNAand mRNAchanges
occurredin the samecelltype. Forinstance,it is likely that manyof the immuneresponseassociatedDEG3avere expressed
in the infiltrating inflammatory cells,althoughinfection and inflammation can trigger expressionof inflammatory genesin

heart parenchymaktellsaswell.

Thiscorrelation approachhasbeenusedto provide an overviewof miRNAMRNAnetworksthat involve a high number of
differentially expressedyenes Indeed,a broad systematicanalysiss limited due to the fact that correlationis not proof of
causality Our results suggestthat, by potentially targeting multiple genesin each of several disease pathways and
pathobiologicprocessesmicroRNAsmay exert a combined regulatory effect that may be stronger than the effect of a
microRNAargetinga singlemRNAIn a pathway

In addition, we found a smallnumberof keyad K ANG K/ | diffrainfially expressedniRNAs those with a high number of
targetsinvolvedin severalpathologicalprocessesOur data identified specificmolecularfeaturesof acute T. cruziinfection
that maytranslatein the identificationof noveltherapeutictargets

In vitro and in vivo testing of targeting of key miRNAto induce the amplification of anti-T. cruzi and tissue protection
mechanismslike the Nrf2 pathwayor HMOXL,; or reduction of maladaptiveresponseslike mitochondrialdysfunction,may
establishthe functionalor therapeuticrelevanceof miRNAregulationin the contextof T. cruziinfection.

FerreiraLRR FerreiraFM, LaugierL, CabantousS, NavarrolC,da SilvaCandidoD, RigaudVC,RealJM, PereiraGV, PereiralR,
RuivolL, PandeyRP,SavoiaM, Kalil J, LannesVieira J, NakayaH, ChevillardC, CunhaNeto E Integration of miRNAand gene
expressionprofiles suggesta role for miRNAsn the pathobiologicalprocesseof acute Trypanosomacruziinfection. SciRep
2017Dec21;7(1):1799Q doi: 10.1038s41598017-180839. PMID 29269773 PMCIDPMG740174




The Long Noncoding RNA (MIAT), Is Overexpressed During Dilated
CardiomyopathyDueto ChronicChaga®disease

A transcriptomeanalysiswas performed on heart tissue biopsy specimensrom 10 patients with CCC14 subjectswith
DCM,and 7 controls Levelsof 9 of 14 MIAT-specificprobeswere significantlydifferent between patients with CCGand
controls and between patients with CCCGand patients with DCM When we comparedMIAT levelsin patients with CCC
were 3¢49-fold greater than those in control subjects MIATswere also upregulatedin patients with CCCoy 2¢20-fold,
relativeto levelsin subjectswith DCM To verify the robustnessof our microarrayresults,MIATwasselectedfor validation

by RFPCR

The second expression
analysiswas done on heart
left ventricular tissue biopsy
specimensfrom 18 patients
with CCC,17 subjects with
DCM, and 7 controls gRF
PCRconfirmed the observed
microarray expression
changesn the gene

Thethird analysisinvolved FFPEHeart tissuesamples
from 111 patients MIAT was detectedin 78 samples
(70%). The average fold change between patients
with CC@nd subjectswith DCMwas4.8. Tocalculate
the positive predictive value of elevated MIAT
expressionfor FFPEamplesfrom patients with CCC,
we establisheda cutoff of 3 x 10>’ in the levelof MIAT
expression Levelsof MIAT expressionin 3 of 55
samplesfrom subjectswith DCM were above the
cutoff, and 26 of 56 samplesfrom patients with CCC
had levels of MIAT expression above the cutoff.
Therefore,elevatedlevelsof MIAT expressionn FFPE
samples from patients with CCChad a positive
predictivevalueof 89.6%

In the fourth analysiswas
done (57BI6 female
infected mice 15, 30, and 45
days post infection.
Significantdifferences were
detected between groups
Linear regressionwith QTc
Intervals was detected but
not with parasitemidevels



Thepresentstudy revealedthat overexpressiorof MIAT was found specificallyin myocardialsamplesfrom patients with
CCut not in those from subjectswith DCMor control tissue,accordingto whole-transcriptomeanalysisof heart tissue
samples This overexpressionwas confirmed by gPCRanalysisof a larger set of freshly frozen and FFPEheart tissue
samples Similar data were obtained in myocardialsamplesof T. cruzrinfected mice, where a correlation was found
betweenthe level of MIAT expressionand QTcvalues To our knowledge,this is the first study to provide evidencethat
IncRNAsre associatedwvith chronicdilated cardiomyopathy

Ishiiet al identified an MIAT haplotypeassociatedvith an increasedisk of myocardialinfractionin a Japaneseopulation

(IshiiN et al. 2006). Functionalanalysesevealedthat the minor variant of 1 singlenucleotide polymorphismin exon 5

increasedtranscriptionallevelsof this IncRNA Moreover, nuclearproteins bound more intenselyto the allele associated
with an increasedrisk than to the allele that did not increasethe risk Thefrequenciesof the associatedoolymorphisms
were too low in the Brazilianpopulationto be ableto detect significantassociation

Ishii N, OzakiK, SatoH, MizunoH, SusumuSaitq Takahashi AvliyamotoY,lkegawaS,KamatanN, Hori M, SatoshBaitq Nakamura Y, Tanaka T. Identification abaelnon-codingRNA,
MIAT, that confersrisk of myocardialinfarction. J Hum Genet. 2006;51(12):1608799.doi: 10.1007/s1003®06-0070-9. Epub20060ct26. PMID: 17066261.



NumerousmicroRNAssuchas miR214, miR22-3p, miR520d-3p, miR203a, miR29%-3p, miR141, miR150, miR302
miR29, and miR1555p have functional interactions with this INcRNA Moreover dysregulationof MIAT has been
associatedwith abnormal activity of numerouscancerrelated signalingcascadessuch as Hippg PBK/Akt/c-Met and

Wnt/i -catenin
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MIAT,a well-characterizeddiseaserelated INCRNA
canimpact cellularfunctionssuchas proliferation,
apoptosisandinvasionin varioushumandiseases
The regulatory mechanisms of MIAT are
extraordinarily complicated and involve multiple
steps(SunCet al. 2018. Theaberrantexpression
of MIAT exhibits a critical role in disease
development, and may serve as a potential
biomarkerfor diagnosisand prognosis Dueto its
strong disease specificity and reduced systemic
toxicity, MIAT, which acts as a viable therapeutic \
target, is extremelypromising Takentogether, the

researchthat focuseson MIAT is still in the early

stage, and some pivotal matters for its clinical .! -

applicationstill needto be resolved The detailed

regulatorymechanismaipstreamand downstream é m—@inhibit
of MIAT shouldbe paid attention to exploring,and =3 promote
consolidatethe underlyingmechanismsrom the '
former. Undoubtedly, efforts to clarify the € interact
underlying mechanismspromise that MIAT will

ultimately reachthe clinic

SunC Huangl, Li Z, LengK, Xu Y, JiangX, Cui Y. Longnon-coding RNAMIATIn developmentand disease a new player in an old game J Biomed Sci 2018 Mar 13;25(1):23. doi:
10.1186s129290180427-3. PMID 29534728 PMCIDPM&G851271
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ZhangX, KiangKM, ZhangGP,LeungGK LongNon-CodingRNADysregulatiorand Functionin GlioblastomaStemCells
NoncodingRNA 2015Jun3;1(1):69-86. doi: 10.3390'ncrnal010069 PMID 29861416 PMCIDPMG&G932540



DNAmethylation and cardiomyopathy

Evidences

Methylation of cytosinein CGdinucleotideswithin regulatory elementsis believedto silencegene expression These
dinucleotidesoccur in certain important regulatory elementsin the promoter region of the human beta-myosin heavy
chain(betasMHC)gene(Clifford CPet al. 1998). Clifford CPet al. found a reciprocalrelationshipbetweenthe levelof beta-
MHCmRNAexpressionn leucocytesand atrial myocardiumand the degreeof methylation of CGdinucleotidesin the 5'

regulatoryelementsof the gene

MovassaghM et al. studiedthe pattern of DNAmethylation they undertook profiling with ischaemicand idiopathicend
stagecardiomyopathideft ventricular(LV)explantsfrom patientswho had undergonecardiactransplantationcomparedto
normal control (MovassaghM et al. 2010. Theyidentified 3 angiogenesiselated genetic loci that were differentially
methylated Moreover,for eachindividualLVtissue,differential methylation showeda predicted correlationto differential
expressiorof the correspondinggene

Meurs et al. evaluatethe CpGmethylation level of the exonicregions of the cardiac myosin binding protein C gene
(MYBPG@), a common causalgene for hypertrophic cardiomyopathy They also evaluatedthe methylation of the CpGs
within the exonicregionsof the skeletal muscleisoform of the myosin binding protein C gene (MYBP@). The mean
methylationlevelof CpGsvassignificantlyhigherin MYBPGthan MYBPE (MeursKMet al. 2017).

Clifford CPR NunezDJ Humanbeta-myosinheavychainmRNAprevalenceis inverselyrelated to the degreeof methylation of regulatoryelements Cardiovasd&es 1998 Jun38(3):736-43.
doi: 10.1016's0008636398)000583. PMID 9747442

MovassaghM, ChoyMK, GoddardM, BennettMR, Down TA,FooRS Differential DNAmethylation correlateswith differential expressiorof angiogenidactorsin humanheart failure. PLoS
One 2010Janl13;5(1):e8564 doi: 10.137Yjournal.pone. 0008564 PMID 20084101 PMCIDPMQ@797324

Meurs KM, KuanM. Differential methylation of CpGsitesin two isoformsof myosinbinding protein C, an important hypertrophic cardiomyopathygene EnvironMol Mutagen 2011
Mar;52(2):161-4. doi: 10.1002em.20596 Epub2010Aug25. PMID 20740642



Thefirst exhaustiveanalysiswas conductaedby Haaset al. (Haaset al. 2013. Theystudied3 Sy 2 Y S caaind®NA
methylationin DCMpatientsand controlsto detect a possibleepigeneticcontributionto DCM Theydetecteddistinct DNA
methylation patternsin left ventricularheart tissueof DCMpatientsfor severalgeneswith previouslyunknownfunctionin
DCM, namely Lymphocyteantigen 75 (LY/5), Tyrosine| A Y | & Seit sudacd®eceptor HER (ERBB), HomeoboxB13
(HOXR3) and Adenosinaeceptor A2A (ADOR2A).

—o— pre-HTX (n=11)
—m— post-HTX (n=11)

Theywere able to showthe
functional relevancefor the
contribution of the
identified genes in the HOXB13 =~
pathogenesi®f heartfailure =097

by using zebrafishas an in
vivomodel

0=0.20

ADORAZ2A
p=0.42
HaasJ, FreseKS ParkYJKellerA, VogelB, LindrothAM, WeichenharD, FrankeJ,FischelS,BauerA, Marquart S,SedaghaHamedani, KayvanpouE,KéhlerD, Wolf NM, Hassel5,Nietsch

R, Wieland T, EhlermannP, SchultzJH, DoschA, Mereles D, Hardt S, BacksJ, HoheiselJD, PlassC, Katus HA, Meder B. Alterationsin cardiac DNA methylation in human dilated
cardiomyopathyEMBOMol Med. 2013Mar;5(3):413-29. doi: 10.1002emmm.201201553Epub2013Jan22. PMID 23341106 PMCIDPM(3598081



Jo BSet al. performed DNA methylation LIN2 U isihg/fte L v U y 45a£¥HumanMethylationBeadChipand mRNA
expressionLINE Udsiaggh@ HumanHT-12 v4 ExpressiorBeadChigo identify the molecularalterationsunderlyingthe
pathogenesiof DCM TheyA R S y indt bhfy Beveralgenesalreadyknown to be associatedwith DCMbut also novel
geneswhoseDNAmethylationand geneexpressiomatternswere altered (JoBSet al. 2016).

Theyfound that the methylationalterationsthat occurredin promoter-upstreamregionstendedto be negativelylinkedto
the gene expressionchangesas expectedby conventionalwisdont the densitiesof W1 &!LIZKad W1 &-BJS Bifalds
were higher than those of W1 &RZ2 ¢ shd W1 &-LISIMrs, respectively,in the upstreamregionsof genessuch as
TS3500 TS300, and5Q | ¢ w

Thesameanalysisvasalsoappliedto the CpGsiteslocatedin the DHSsand enhancerregions in the DHSsorresponded
to the Wy S F-Land4A R &NF A KRR ngsectively Overall,the densitiesof W1 &!LI2Zdd W1 &-BJ3 BIfaids
were higher than those of the W1 83.2¢ ¥nd W1 &-|. JBIRrs (i.e., the W LI2 &M fA IiBu® i the DHSsand
enhancemregions A
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genesin humandilated cardiomyopathyGenomics2016Aug108(2):84-92. doi: 10.1016j.ygena201607.001 Epub2016Jull2. PMID 27417303



Theyestablisheda functionalinteraction network usingthe 984 DMRDEGpairsusingthe Reactome The GREA&Nnalysis
alsorevealedthat the & A 3 y AcaleQadrigakerms of the 45genesincludedd O N@XthdntficleY 2 NLIK 2 .Sy Sa A
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JoBS KohlU,BaeJB,YuHY,JeonES L ee
HY,Kim JJ,ChoiM, ChoiSS Methylome
analysis reveals alterations in DNA
methylation in the regulatoryregionsof
left ventricle development genes in
human dilated cardiomyopathy
Genomics 2016 Aug108(2):84-92. doi:
10.1016j.ygena201607.001 Epub
2016Jul12. PMID 27417303

Gene Symbol
ALX4
ARHGEF10
ATP2A1
BBC3
BCL2
BRSK2
DMAJICID
EN1
FGF10
FGF2
FOXC1
FOXC2
FOXEZ
FOXF1
GNB2L1
HAND1
HOXAZ
HOXAS
HOXD11
ISL1
ITPR1
MECOM
M3X2
MYBPC3
MYL2
NKX2-5
NOTCH1
0OSR2
PPP1R13L
PTCD2
RAPGEF3
REPJ
RDH1O
R¥R2
S5IX1
SMAD3
TBXS
TFAP2A
TGFBR3
THRA
TMBIMEB
TNFRSF10B
TMMNC1
TWISTL
WINT7A

Official Full Mame

ALX homeobox 4

Rho guanine nucleotide exchange factor (GEF) 10
ATPase, Ca++ transporting, cardiac muscle, fast twitch 1
BCLZ binding component 3

B-cell CLL/lymphoma 2

BR serine/threcnine kinase 2

Dnal (Hsp40) homolog, subfamily C, member 10
Engrailed homeobox 1

Fibroblast growth factor 10

Fibroblast growth factor 8 (androgen-induced)
Forkhead box C1

Forkhead box C2 (MFH-1, mesenchyme forkhead 1)
Forkhead box E3

Forkhead box F1

Guanine nucleotide binding protein (G protein), beta polypeptide 2-like 1
Heart and neural crest derivatives expressed 1
Homeobox A3

Homeobox AS

Homeobox D11

ISL LIV homeobox 1

Inositol 1,4,5-trisphosphate receptor, type 1

MDS1 and EVI1 complex locus

msh homeobox 2

Myosin binding protein C, cardiac

Myosin, light chain 2, regulatory, cardiac, slow

NK2 homeobox 5

Motch 1

Odd-skipped related transcription factor 2

Protein phosphatase 1, regulatory subunit 13 like
Pentatricopeptide repeat domain 2

Rap guanine nucleotide exchange factor (GEF) 3
Recombination signal binding protein for immunoglobulin kappa 1 region
Retinol dehydrogenase 10 (all-trans)

Ryanodine receptor 2 (cardiac)

SIX homeobox 1

SMAD family member 3

T-box 5

Transcription factor AP-2 alpha (activating enhancer binding protein 2 alpha)

Transforming growth factor, beta receptor 1l

Thyroid hormone receptor, alpha

Transmembrane BAX inhibitor motif containing 6

Tumor necrosis factor receptor superfamily, member 10b
Troponin C type 1 (slow)

Twist family bHLH transcription factor 1

Wingless-type MMTV integration site family, member 7A

Taken altogether, DNA methylation
patternsare significantlyaltered between
the LVand RV,and the alterationsin turn
affect mMRNA expression patterns
between two opposing statuses
Certainly, the study of global DNA
methylation changesthat occur under
different physiological conditions can
reveal the epigenomic dynamics that
control gene expressionduring disease
pathogenesis



m metabolite ] biood

This year Haaset al. Continueto increaseknowledge on heart : B e
failure (HaasJ et al. 2021). As energy production pathways are L [
known to play a pivotal role in heart failure, we sought here to e i o
identify key metabolicchangesn ischemie and non-ischemicheart 25 s sob=]
failure by using a multi-OMICSapproach Serum metabolites and 25 | ias o
MRNAsecand epigeneticDNA methylation profiles were analyzed |, — _ """" -
from blood and left ventricularheart biopsyspecimenf the same Ly L2 ,{ “ .ﬁi o |y | e o
individuals _ 3-Phosphoglyc. | 2-Phosphoglyc. | #(_Phosphoenolpyr. | | ‘? )
A e g S— '
Metabolomic measurements were performed using Biocrates | A | 13 e B “RostyGok
Metabolite assaysfor most important energy metabolites While f B ) -

some metabolites showed unaltered levels in DCM comparedto
controls, suchas pyruvic acid (+toxaloaceticacid), a range of other
energymetaboliteswere significantlychangedn their serumlevels
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In caseof lactate, DCM patients showedas much as a 5.7-fold higher level comparedto controls (p = 1.7 x 10*5) similar

resultswere obtainedfor alphaketoglutaricacidand succinicacid
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Toexplorewhetherthe metabolicstate-changeis dueto expressiorchangesn key enzymesf the detectedmetabolites,we
comparedthe metabolite datato whole-transcriptomeRNAsequencinglata from blood and heart muscletissuefrom the
samecohort of DCMpatlentsand comparedthem to controls
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In summary, we have detected significant dysregulation related to energy
production pathwaysin HF at different OMICsdlevels, showingits importance in
diseaseonsetand progressionand suggesta possibleuse of distinct moleculeslike
succinicacidasan (early)biomarkerandinterventionaltargetin heart failure.

Detection of Metabolites and associated enzyme methylation
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P-valueswere calculatedfor individual CpGsites between DCM and controls from the
screeningcohort. P-valueshavebeenaggregateder geneusingSimesmethod. Forgenes
were meanmethylationwashigherin DCMcomparedto controls,negativelogarithmicp-
valuesfor blood (blue) and heart tissue (pale red), were plotted. For geneswere mean
methylation levelswere reducedin DCMcomparedto controls,logarithmicp-valueswere
plotted. *: p<0.05 (blood), ** : p<0.01 (blood). # p<0.05 (heart), #: p<0.01 (heart).

Alphaketoglutaricacidand succinicacidwere significantlyincreasedn DCMand ICM



and inchagaX ® ®

We investigatedthe impactof genomewide cardiacDNAmethylationon globalgeneexpressionn myocardialsampledrom
end-stageCC@atients,comparedto control sampledrom organdonors

We identified 7595 differentially methylated sitesbetween CCGnd controls, 2649 (35%) were undermethylatedand 4946
(65%) were overmethylatedin CCOnyocardium Hierarchicaklusteringanalysisbasedon the most significantCpGprobes
showedcleardiscriminationbetweenthe groups

In total, 4720geneswere differentially methylatedbetween CC(patientsand controls,of which 399 were alsodifferentially
expressedSeveralof them were related to heart function or to the immune responseand had methylation sitesin their
promoter region Reportergeneandin silicotranscriptionfactor bindinganalysesndicatedpromoter methylationmodified
expressionof key genes Among those, we found potassiumchannelgenesKCNA and KCNIR, involved in electrical
conductionand arrythmia, SMOQ, involvedin matrix remodeling,aswell asenkephalinand RUN8, potentially involvedin
the increasedl-helper1 cytokinemediatedinflammatorydamagein heart.
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Methylation analysiswas done 14 CC(patientsand 7 controlswhereasexpressionanalysiswasdone on 10 CC(patients
and 7 controls We identified 399 genesthat were simultaneouslydifferentially expressedand differentially methylated
betweenCC@ndcontrols
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Most of thesegenesencodemembranecomponentsor receptors,andthe mainbiologicalprocessesnvolvedare linkedto the
immune response Someof these differentially expressedyeneswere previouslyassociatedo Chagaslisease(eg, IL7, CCR,
CCIL9, GATA, HLADPR). Moreover, some contractile and metabolismgenespresentthe samepattern in a previousstudy.
We found that 34 genesare both differentially expressedand containat least5 differentially methylatedsites,irrespectiveof
their position, 23 of the 34 play a role in immune responseor heart functions and were further investigated Correlation
betweenexpressiorand methylationwasfound to be significantfor all the genes



