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Our project is involving multiple groups that have done severalepidemiological,immunologicaland genetic analyseson
parasiticdiseases. Ourproject,whichwill benefit of the partnersexpertisehasa highrate of success. Feasibilityof this project
isexcellentandthere isno majorstepthat shouldraiseproblem.
The Laboratory of Immunology at Incor started a Chagaspatient DNA bank in the mid 90s, in collaboration with the
Cardiomyopathiesclinicalgroupof the Institute. Thena multicenterarrangementinvolvingadditionalclinicalpartnersin Brazil
wasestablished.
Toour knowledge,we havethe largestcohort of Chagaspatientsfor genetics,immunologicalstudiesandsoon.

Cohort

Freshheart tissue: n=58
Å ChronicChagasCardiomyopathy(CCC)n=25
Å Noninflammatorydilatedcardiomyopathy(CDM)n=16
Å Ischemicpatients(CI)n=10
Å Healthycontrol n=7

FFPEsamples: n=228
Å ChronicChagasCardiomyopathy(CCC)n=168
Å Noninflammatorydilatedcardiomyopathyn=60

Nuclearfamilieswith multicases: n=22

DNAsamples: n=3306
Å Asymptomaticsubjectsn=886
Å ChronicChagas Cardiomyopathy(CCC) n=1882
Å EMF patients n=40
Å Ischemic patients (CI) n=9
Å LVNC patients n=50
Å Chagas Mega Oesophagus patients n=15
Å Idiopatic Mega Oesophagus patients n=9
Å Digestive form patients n=9

CCC patients 
SevereCCC (EF<0.4%)       n=686
ModerateCCC (EF>0.4%)  n=974

CCC patients with arrhythmia n= 362
patient with pacemaker  n=210
patient with defibrillator n=98



Animal models

7
 w

e
e

k
o

ld

1
0

0
 tr

y
p

o
m

a
st

ig
o

te
in

fe
c
ti
o

n

15 DPI

30 DPI

45 DPI

CTL

Mouse model

Syrian hamster model

1
0-

1
2

 w
e

e
k
o

ld

3
.5

 ×
1

04
to

 1
05

tr
yp

o
m

a
st

ig
o

te
in

fe
c
tio

n

8 MPI

CTL

DPI: daypost infection

MPI: month post infection

12 MPI

4 MPI



Introduction

A variety of parasitescausechronicinfectionsthat last for long periodsof time in their humanhost without much clinical
symptoms; in somesubjects,however,parasitescauseseveredisease. Thesepathologicaldisordersmay becomeapparent
after 10 to 20 yearsof infection as in subjectsinfected by Schistosomamansonior by Trypanosomacruzi, or within a few
weeksof infection in patientsaffectedby Leishmaniadonovanior by Plasmodiumfalciparum.

Variousstudieshave attempted to identify the factors that causediseaseto develop in only a fraction of the population
exposedto parasites. Much attention hasbeengivento the environmentbecauseparasitetransmissiondependsmarkedly
on environmental factors including vector density, vector distribution, and parasite virulence. However, host genetic
polymorphismsarealsofactorsthat determineinfectionanddiseasephenotypes.

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
geneticvariabilityof certainparasitepopulations,which maycomplicatethe detectionof host geneticfactorssinceparasite
variabilityis not easyto evaluate. Despitethesedifficulties,major advanceshavebeenmadein the field of geneticsof some
of the parasiticdiseases,andprovidedimportant insightsinto the mechanismsof pathogenesis. Sofar, severalsusceptibility
loci were mappedon the humangenomeand somesusceptibilitygeneswere identified. It is likely that thesestudieswill
yieldextremelyusefulinformation for drugandvaccinedevelopment.

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



Up to 30 yearsafter acute infection, approximately30%of the 6 million infected peopleeventuallydevelopchronicChagas
cardiomyopathy(CCC),a life-threateninginflammatorydilatedcardiomyopathy(BocchiEAet al. 2017; ChevillardCet al 2018).
Most other T. cruzi-infectedpatientswill remainasymptomaticfor life (60%) or developdigestivedisease,which causesless
deaths(approx. 10%) (BocchiEAet al. 2017).

Chagasdiseaseis the most commoncauseof non-ischemiccardiomyopathyin LatinAmerica,causingapproximately10,000
deaths/year,mainly due to heart failure and severearrhythmia/suddendeath (BocchiEA et al. 2017). Migration turned
Chagasdiseaseinto a globalhealth problem, with an estimated400,000 infected personsliving in non endemiccountries,
mainly the United Statesand Europe. CurrentantiςT. cruzidrugshaveshownto be unableto blockprogressiontoward CCC
(Morillo CAet al. 2015). After acute infection, parasitismis partially controlled by the immune response,and low-grade
parasitepersistencefuels the systemicproductionof inflammatorycytokineslike IFN- aɹnd TNF-ʰΣwhich is more intensein
CCCthan ASYpatients(AbelLCet al. 2001; GomesJAet al. 2005; SousaGRet al. 2014).

BocchiEA, Bestetti RB,ScanavaccaMI, CunhaNeto E, IssaVS. ChronicChagasHeart DiseaseManagement: From Etiologyto CardiomyopathyTreatment. J Am Coll Cardiol. 2017 Sep
19;70(12):1510-1524.
ChevillardC, NunesJPS,FradeAF,AlmeidaRR,PandeyRP,NascimentoMS, Kalil J, Cunha-Neto E. DiseaseToleranceand PathogenResistanceGenesMay Underlie Trypanosomacruzi
PersistenceandDifferentialProgressionto ChagasDiseaseCardiomyopathy. FrontImmunol. 2018Dec3;9:2791.
Morillo CA, Marin-Neto JA,AvezumA, Sosa-EstaniS,RassiA Jr,RosasF,VillenaE,QuirozR,BonillaR,Britto C,GuhlF,VelazquezE,BonillaL,MeeksB, Rao-MelaciniP,PogueJ,Mattos A,
LazdinsJ,RassiA,ConnollySJ,YusufS; BENEFITInvestigators. RandomizedTrialof Benznidazolefor Chronic/ƘŀƎŀǎΨCardiomyopathy. N EnglJMed. 2015Oct;373(14):1295-306.
Abel LC,RizzoLV,IanniB,AlbuquerqueF,BacalF,CarraraD,BocchiEA,TeixeiraHC,MadyC,KalilJ,Cunha-Neto E. ChronicChagas'diseasecardiomyopathypatientsdisplayan increasedIFN-
gammaresponseto Trypanosomacruziinfection. JAutoimmun. 2001Aug;17(1):99-107.
GomesJA, Bahia-OliveiraLM, RochaMO, BusekSC,TeixeiraMM, SilvaJS,Correa-OliveiraR. Type1 chemokinereceptorexpressionin Chagas'diseasecorrelateswith morbidity in cardiac
patients. Infect Immun. 2005Dec;73(12):7960-6.
SousaGR, GomesJA,FaresRC,DamásioMP,ChavesAT,FerreiraKS,NunesMC,MedeirosNI,ValenteVA,Corrêa-OliveiraR,RochaMO. Plasmacytokineexpressionis associatedwith cardiac
morbidity in chagasdisease. PLoSOne. 2014Mar 6;9(3):e87082.



FonsecaSG, ReisMM, CoelhoV, NogueiraLG,Monteiro SM,MairenaEC,BacalF,BocchiE,GuilhermeL, ZhengXX,LiewFY,HiguchiML, KalilJ,Cunha-Neto E. Locallyproducedsurvival
cytokinesIL-15 and IL-7 maybe associatedto the predominanceof CD8+ T cellsat heart lesionsof humanchronicChagasdiseasecardiomyopathy. ScandJImmunol. 2007Aug-Sep;66(2-
3):362-71.
HiguchiMde L, GutierrezPS,AielloVD,PalominoS,BocchiE,KalilJ,Bellotti G,PileggiF. Immunohistochemicalcharacterizationof infiltrating cellsin humanchronicchagasicmyocarditis:
comparisonwith myocardialrejectionprocess. VirchowsArchA PatholAnatHistopathol. 1993;423(3):157-60.
ReisMM, HiguchiMde L,BenvenutiLA,AielloVD,GutierrezPS,Bellotti G,PileggiF. An in situ quantitative immunohistochemicalstudyof cytokinesand IL-2R+in chronichumanchagasic
myocarditis: correlationwith the presenceof myocardialTrypanosomacruziantigens. ClinImmunolImmunopathol. 1997May;83(2):165-72.
RochaRodriguesDB, dosReisMA, RomanoA,PereiraSA,TeixeiraVdeP,TostesSJr,RodriguesV Jr. In situ expressionof regulatorycytokinesby heart inflammatorycellsin Chagas'disease
patientswith heart failure. ClinDevImmunol. 2012;2012:361730.
NogueiraLG, SantosRH,IanniBM,FiorelliAI,MairenaEC,BenvenutiLA,FradeA,DonadiE,DiasF,SabaB,WangHT,FragataA,SampaioM, HirataMH,BuckP,MadyC,BocchiEA,StolfNA,
KalilJ,Cunha-Neto E. Myocardialchemokineexpressionand intensityof myocarditisin Chagascardiomyopathyare controlledby polymorphismsin CXCL9 andCXCL10. PLoSNeglTropDis.
2012;6(10):e1867.
NogueiraLG, SantosRH,Fiorelli AI, Mairena EC,BenvenutiLA,BocchiEA,Stolf NA, Kalil J, Cunha-Neto E. Myocardialgene expressionof T-bet, GATA-3, Ror- tɹ, FoxP3, and hallmark
cytokinesin chronicChagasdiseasecardiomyopathy: anessentiallyunopposedTH1-type response. MediatorsInflamm. 2014;2014:914326.
Cunha-Neto E, CoelhoV,GuilhermeL,FiorelliA,StolfN,KalilJ. Autoimmunityin Chagas'disease. Identificationof cardiacmyosin-B13 Trypanosomacruziprotein crossreactiveTcell clones
in heart lesionsof a chronicChagas'cardiomyopathypatient. JClinInvest. 1996Oct15;98(8):1709-12.
FonsecaSG, Moins-TeisserencH, ClaveE, Ianni B, NunesVL,Mady C, Iwai LK,Sette A, SidneyJ, Marin ML, GoldbergAC,GuilhermeL, CharronD, Toubert A, Kalil J, Cunha-Neto E.
Identification of multiple HLA-A*0201-restricted cruzipainand FL-160 CD8+ epitopesrecognizedby T cells from chronicallyTrypanosomacruzi-infected patients. MicrobesInfect. 2005
Apr;7(4):688-97.

CCCis characterizedby a monocyteand T cell-rich myocarditis(FonsecaSGet al. 2007; HiguchiMde L et al. 1993) with
cardiomyocytedamageandhypertrophy,andprominent fibrosis; T. cruziparasitesare veryscarce. IFN- pɹroducingTh1 cells
accumulatein the myocardiumof CCCpatients(AbelLCet al. 2001; ReisMM et al. 1997; RochaRodriguesDBet al. 2012) in
responseto locallyproducedchemokineligandsCXCL9 and CCL5 (NogueiraLGet al. 2012). Accordingly,IFN- wɹasfound to
be the mosthighlyexpressedcytokinemRNAin CCCmyocardiumusinga 13-cytokinepanel(NogueiraLGet al. 2014).

Both heart-crossreactive(Cunha-Neto Eet al. 1996) and T. cruzi-specificT cells(FonsecaSGet al. 2005) havebeenfound in
CCCheart tissue,and both and mayplaya role in the myocarditisof CCC. Together,evidencesuggeststhat myocarditisand
LCbʴsignalingplaysa major pathogenicrole in CCCdevelopmentand severity,althoughdownstreameventsleadingto the
heartdiseasephenotypearestill obscure.



We hypothesizethat specificgene/protein expressionprofiles and activation of
specificdiseasepathwaysin affected myocardialtissueare fundamental factors
for diseaseprogression.

We hypothesizethat expressionof pathogeneticallyrelevant genesand proteins
in the myocardialtissueof CCCpatients is controlled by geneticpolymorphisms.

We are able to set up a systems biology approach, that ŎƻǳƭŘƴΩǘbe done
anywhereelse.

Systemsbiology is an approachthat aimsto model anddiscoverinteractionsand
emergent properties of complex biological systems,which is addressedusing
quantitative measuresandby rigorousintegration ofάƻƳƛŎǎέdata. It will lead to
the identification of host genetic factors that predisposeindividuals to chronic
disease. In addition, results of this analysesmay provide novel therapeutic
targets,aswell asdiagnosisandprognosis.



Most pathogen resistancegenes (PRG) inhibit infection by directly reducing pathogenburden, and are related to
immune-drivenmechanismsτwhich,when in excess,canlead to death. Diseasetoleranceis an alternativestrategyto
avoid death after infection, whereby the pathogen'sdamagingeffect on the host is mitigated. Diseasetolerance is
definedasthe situation where an organismcanbear a pathogenload without tissuedamageand in the absenceof a
diseasestate. Diseasetolerance genes(DTG)τwhich do not limit infection, but reduce its fitness costsτoperate to
minimize tissuedamagingeffects of the pathogen,leadingto stressand damagereduction responses; DTGcan also
operateby counteractingexcessive,tissue-damagingPRGactivity.

We here hypothesizethat the absoluteneedfor DTGto control potentially lethal PRGactivity againstT. cruzi leadsto
parasitepersistenceandestablishmentof chronicinfection. Oursecondhypothesisis that PRGandDTGalsodetermine
the differential progressionof chronicChagasdiseasetoward tissuedamage(CCC). Accordingto this hypothesis,ASY
patients are diseasetolerant, while tissuedamagein CCCis a consequenceof insufficientDTGand/or excessivePRG
activity.

Concept

ChevillardC, NunesJPS, FradeAF,AlmeidaRR,PandeyRP,NascimentoMS, Kalil J, Cunha-Neto E. DiseaseToleranceand
PathogenResistanceGenesMay Underlie Trypanosomacruzi Persistenceand Differential Progressionto ChagasDisease
Cardiomyopathy. Front Immunol. 2018 Dec 3;9:2791. doi:10.3389/fimmu.2018.02791. PMID: 30559742; PMCID:
PMC6286977.



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.

PRGwereŘŜŬƴŜŘas genesessentialfor control of T. cruzi parasitismand
neededfor survivalof infection; operationally,weƛŘŜƴǘƛŬŜŘas PRGthose
geneswhoseknockoutled to increasedpathogenloadandmortality.

Most PRGbelongto the TLR-MYD88-IL12-IFNGpathway,IL17 pathway,cell
migration, inflammasomeand other pathways involved in restriction of
intracellularpathogengrowth.

Alongwith PRGgenes, we cannotice: TLR4, TLR7, TLR9, UNC93B1, MYD88,
IL6, IL12, IL12A, IL12B,IL17A, IFNG,STAT1, STAT4, NOS1, NOS2, CASP1, NCF1,
CCL2, ICAM1, CD28, IRGM1, PTAFR,LGALS1, PNPLA8, PI3KCG.



Mice geneticallyŘŜŬŎƛŜƴǘon TLR4, TLR7, andTLR9, MYD88, andUNC93B1 displayincreasedblood parasitismandmortality
(Oliveiraet al. 2013; Caetanoet al. 2013; Baficaet al. 2013; Camposet al. 2013; Kogaet al. 2013; Gonçalveset al. 2013).

Oliveira AC, de AlencarBC,TzelepisF, KlezewskyW, da SilvaRN,NevesFS,CavalcantiGS,BoscardinS,NunesMP, SantiagoMF, NóbregaA, RodriguesMM, Bellio M. Impaired innate
immunity in Tlr4(-/ -) mice but preservedCD8+ T cell responsesagainstTrypanosomacruzi in Tlr4-, Tlr2-, Tlr9- or Myd88-deficient mice. PLoSPathog. 2010Apr 29;6(4):e1000870. doi:
10.1371/journal.ppat.1000870. PMID: 20442858; PMCID: PMC2861687.
CaetanoBC, CarmoBB,Melo MB, CernyA, dos SantosSL,BartholomeuDC,GolenbockDT,GazzinelliRT. Requirementof UNC93B1 revealsa critical role for TLR7 in host resistanceto
primaryinfectionwith Trypanosomacruzi. JImmunol. 2011Aug15;187(4):1903-11. doi: 10.4049/jimmunol.1003911. Epub2011Jul13. PMID: 21753151; PMCID: PMC3150366.
BaficaA, SantiagoHC,GoldszmidR,RopertC,GazzinelliRT,SherA. Cuttingedge: TLR9 andTLR2 signalingtogetheraccountfor MyD88-dependentcontrol of parasitemiain Trypanosoma
cruziinfection. JImmunol. 2006Sep15;177(6):3515-9. doi: 10.4049/jimmunol.177.6.3515. PMID: 16951309.
CamposMA, CloselM, ValenteEP,CardosoJE,AkiraS,Alvarez-LeiteJI,RopertC,GazzinelliRT. Impairedproductionof proinflammatorycytokinesand host resistanceto acute infection
with Trypanosomacruziin micelackingfunctionalmyeloiddifferentiationfactor 88. JImmunol. 2004Feb1;172(3):1711-8. doi: 10.4049/jimmunol.172.3.1711. PMID: 14734753.
KogaR, HamanoS,KuwataH, AtarashiK,OgawaM, HisaedaH, YamamotoM, AkiraS,HimenoK,MatsumotoM, TakedaK. TLR-dependentinduction of IFN-beta mediateshost defense
againstTrypanosomacruzi. JImmunol. 2006Nov15;177(10):7059-66. doi: 10.4049/jimmunol.177.10.7059. PMID: 17082622.
GonçalvesVM, MatteucciKC,BuzzoCL,Miollo BH,FerranteD,TorrecilhasAC,RodriguesMM, AlvarezJM,BortoluciKR. NLRP3 controlsTrypanosomacruziinfection througha caspase-1-
dependentIL-1R-independentNOproduction. PLoSNeglTropDis. 2013Oct3;7(10):e2469. doi: 10.1371/journal.pntd.0002469. PMID: 24098823; PMCID: PMC3789781.



Mice geneticallyŘŜŬŎƛŜƴǘof IL12A, IL12B, and STAT4, essentialfor theŘƛũŜǊŜƴǘƛŀǘƛƻƴ
of IFN- -ɹproducingTh1 cells, also display intense tissue and blood parasitismwith
increasedmortality (Michailowskyet al. 2001and2004).

IFNGis one of the main PRGinvolved in T. cruzi parasite control. Mice genetically
ŘŜŬŎƛŜƴǘon IFNGor STAT1 displaydrasticallyaugmentedT. cruzi parasitismand 100%
mortality 13 daysafter infection (Martins et al. 1999; Cummingset al. 2004; Kulkarniet
al. 2015).

Michailowsky V, SilvaNM, RochaCD,Vieira LQ,Lannes-Vieira J, GazzinelliRT. Pivotal role of interleukin-12 and interferon-
gammaaxisin controllingtissueparasitismandinflammationin the heartandcentralnervoussystemduringTrypanosomacruzi
infection. Am J Pathol. 2001 Nov;159(5):1723-33. doi: 10.1016/s0002-9440(10)63019-2. PMID: 11696433; PMCID:
PMC3277321.
Michailowsky V, CelesMR, Marino AP, SilvaAA, Vieira LQ, RossiMA, GazzinelliRT,Lannes-Vieira J, SilvaJS. Intercellular
adhesionmolecule1 deficiencyleadsto impairedrecruitment of T lymphocytesand enhancedhost susceptibilityto infection
with Trypanosomacruzi. JImmunol. 2004Jul1;173(1):463-70. doi: 10.4049/jimmunol.173.1.463. PMID: 15210806.

Martins GA,Vieira LQ,CunhaFQ,SilvaJS. Gammainterferon modulatesCD95 (Fas) and CD95 ligand (Fas-L) expressionand nitric
oxide-inducedapoptosisduring the acutephaseof Trypanosomacruzi infection: a possiblerole in immuneresponsecontrol. Infect
Immun. 1999Aug;67(8):3864-71. doi: 10.1128/IAI.67.8.3864-3871.1999. PMID: 10417150; PMCID: PMC96666.
CummingsKL,TarletonRL. Induciblenitric oxide synthaseis not essentialfor control of Trypanosomacruzi infection in mice. Infect
Immun. 2004Jul;72(7):4081-9. doi: 10.1128/IAI.72.7.4081-4089.2004. PMID: 15213153; PMCID: PMC427393.
Kulkarni MM, Varikuti S,TerrazasC,KimbleJL,SatoskarAR,McGwireBS. Signaltransducerand activator of transcription1 (STAT-1)
playsa critical role in control of Trypanosomacruzi infection. Immunology. 2015Jun;145(2):225-31. doi: 10.1111/imm.12438. PMID:
25545325; PMCID: PMC4427387.



T. cruziamastigotesthemselvesdephosphorylateSTAT1 serineresidues,inhibiting IFN- sɹignaling; evasionof IFN- sɹignaling
is further proof of the importanceof the IFN- iɹn the control of intracellularparasitism(Stahlet al. 2014).
MoreoverTNFAandNOS2, playa major role in resistanceto T. cruzi(Silvaet al. 1995; Vila-del Sol et al. 2008). TNFA-receptor
1 knockoutmice(TNFRSFA1ҍκҍ), whichdisplayan increasednumberof bloodandtissueparasitesandshortenedsurvivaltime
(Pérezet al. 2007). Platelet-activatingfactor (PAF)KOmicearemoresusceptibleto T. cruziinfection than wildtype mice.
IFN-ʴΣand TNF- shynergisticallyinduceNF-kBactivationto control T. cruziparasitismand mortality in mice,by upregulating
the expressionof the PRGinduciblenitric oxide synthase(NOS2), leadingto the production of large amountsof NO and
microbicidalreactivenitrogenspecies(Silvaet al. 1995; Vila-del Sol et al. 2008).
IFN- iɹncreasesROSgenerationthrough induction of NADPoxidases(NOX2) and mitochondrial ROSvia NF-kB activation
(Hölscheret al. 1998; Wu et al. 2011).
IFN- -ɹinducedROSenhancesperoxynitriteanion(ONOOҍ) production,a strongoxidantarisingfrom the reactionof NOwith
superoxideradical(Oҍ2) (Rakshitet al. 2014).

StahlP, RuppertV, SchwarzRT,Meyer T. Trypanosomacruzievadesthe protective role of interferon-gamma-signalingin parasite-infected cells. PLoSOne. 2014Oct 23;9(10):e110512.
doi: 10.1371/journal.pone.0110512. PMID: 25340519; PMCID: PMC4207753.
SilvaJS, VespaGN,CardosoMA, Aliberti JC,CunhaFQ. Tumornecrosisfactor alphamediatesresistanceto Trypanosomacruzi infection in mice by inducingnitric oxide production in
infectedgammainterferon-activatedmacrophages. Infect Immun. 1995Dec;63(12):4862-7. doi: 10.1128/IAI.63.12.4862-4867.1995. PMID: 7591147; PMCID: PMC173696.
Vila-del Sol V, PunzónC, FresnoM. IFN-gamma-induced TNF-alpha expressionis regulatedby interferon regulatory factors 1 and 8 in mouse macrophages. J Immunol. 2008 Oct
1;181(7):4461-70. doi: 10.4049/jimmunol.181.7.4461. PMID: 18802049.
PérezAR, RoggeroE,NicoraA,PalazziJ,BesedovskyHO,DelReyA,BottassoOA. ThymusatrophyduringTrypanosomacruziinfection iscausedby an immuno-endocrineimbalance. Brain
BehavImmun. 2007Oct;21(7):890-900. doi: 10.1016/j .bbi.2007.02.004. Epub2007Apr6. PMID: 17412557.
HölscherC, KöhlerG, Müller U, MossmannH, SchaubGA,BrombacherF. Defectivenitric oxide effector functions lead to extreme susceptibilityof Trypanosomacruzi-infected mice
deficient in gammainterferon receptor or inducible nitric oxide synthase. Infect Immun. 1998 Mar;66(3):1208-15. doi: 10.1128/IAI.66.3.1208-1215.1998. PMID: 9488415; PMCID:
PMC108035.
Wu Y, AntonyS,JuhaszA,LuJ,GeY,JiangG,RoyK,DoroshowJH. Up-regulationandsustainedactivationof Stat1 areessentialfor interferon-gamma(IFN-gamma)-induceddualoxidase2
(Duox2) and dual oxidaseA2 (DuoxA2) expressionin humanpancreaticcancercell lines. JBiol Chem. 2011Apr 8;286(14):12245-56. doi: 10.1074/jbc.M110.191031. Epub2011Feb14.
PMID: 21321110; PMCID: PMC3069428.
RakshitS, ChandrasekarBS,SahaB,Victor ES,MajumdarS,NandiD. Interferon-gammainducedcell death: Regulationand contributionsof nitric oxide, cJunN-terminal kinase,reactive
oxygenspeciesandperoxynitrite. BiochimBiophysActa. 2014Nov;1843(11):2645-61. doi: 10.1016/j .bbamcr.2014.06.014. Epub2014Jun28. PMID: 24983769.



ONOOҍinducesdamageto multiple moleculesand is one of the ultimate ŜũŜŎǘƻǊǎof
parasitekilling.
Peroxynitritepromotes morphologicaldisruption of internalizedparasites,and induces
severe alterations of energy metabolism, calcium homeostasis,and trypanothione
depletion,severelyimpairingparasiteredox homeostasis(Alvarezet al. 2011; Kooet al.
2016).

Alvarez MN, Peluffo G, PiacenzaL, RadiR. Intraphagosomalperoxynitrite as a macrophage-derived cytotoxin against internalized
Trypanosomacruzi: consequencesfor oxidative killing and role of microbial peroxiredoxinsin infectivity. J Biol Chem. 2011 Feb
25;286(8):6627-40. doi: 10.1074/jbc.M110.167247. Epub2010Nov23. PMID: 21098483; PMCID: PMC3057850.
KooSJ, ChowdhuryIH,SzczesnyB,WanX,GargNJ. MacrophagesPromoteOxidativeMetabolismTo DriveNitric OxideGenerationin
Responseto Trypanosomacruzi. Infect Immun. 2016Nov18;84(12):3527-3541. doi: 10.1128/IAI.00809-16. PMID: 27698021; PMCID:
PMC5116729.



IL17A is alsoa keyPRG. IL-17A signalingis mainlydependenton TNF- rheceptorassociatedfactor 6 (TRAF6), but it canstrongly
promoteTNF- -hinducedNF-kBsignalingby stabilizingǇǊƻƛƴƅŀƳƳŀǘƻǊȅmRNAs(Guet al. 2013).
IL-17A alsoincreasesthe persistencetime of T. cruziin the parasitophorousvacuole,enhancingexposuretime of T. cruzito the
antimicrobialenvironmentof endolysosomes, which canbe further enhancedby IFN- -ɹinducedmechanisms(Erdmannet al.
2013).

GuC, WuL,LiX. IL-17 family: cytokines,receptorsandsignaling. Cytokine. 2013Nov;64(2):477-85. doi: 10.1016/j .cyto.2013.07.022. Epub2013Sep3. PMID: 24011563; PMCID: PMC3867811.
ErdmannH, RoßnagelC,BöhmeJ,IwakuraY,JacobsT, SchaibleUE,HölscherC. IL-17A promotesmacrophageeffector mechanismsagainstTrypanosomacruziby trappingparasitesin the
endolysosomalcompartment. Immunobiology. 2013Jun;218(6):910-23. doi: 10.1016/j .imbio.2012.10.005. Epub2012Oct26. PMID: 23182712.



Mice knockout for genesinvolved in migration pathways,like chemokines/receptorsCCL2, CCR5, and adhesionmolecule
ICAM1 alsodevelopincreasedparasitismanddecreasedsurvival,in line with the impairedrecruitmentof leukocytesto sitesof
parasitereplication(Paivaet al. 2009; Machadoet al. 2005; Hardisonet al. 2006; Michailowskyet al. 2004).

PaivaCN, FigueiredoRT,Kroll-PalharesK,SilvaAA,SilvérioJC,GibaldiD,PyrrhoAdosS,BenjamimCF,Lannes-VieiraJ,BozzaMT. CCL2/MCP-1 controlsparasiteburden, cell infiltration, and
mononuclearactivationduringacuteTrypanosomacruziinfection. JLeukocBiol. 2009Nov;86(5):1239-46. doi: 10.1189/jlb .0309187. Epub2009Jul29. PMID: 19641038.
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infectedwith Trypanosomacruzi. JInfectDis. 2005Feb15;191(4):627-36. doi: 10.1086/427515. Epub2005Jan13. PMID: 15655788; PMCID: PMC7109658.
HardisonJL, WrightsmanRA,CarpenterPM, KuzielWA,LaneTE,ManningJE. TheCCchemokinereceptor5 is important in control of parasitereplicationand acutecardiacinflammation
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DiseasetolerancegenesDTGin T. cruziinfection

Remarkably,all T. cruzi DTG (IL10, Ebi-IL27p28, IL17RA, IL23, IL6) shared as a
commonfeaturethe ability to reduceIFN- pɹroductionor Th1ŘƛũŜǊŜƴǘƛŀǘƛƻƴ.

Infection of IL-10 ŘŜŬŎƛŜƴǘmice is accompaniedby increasedreleaseof IFN-ʴΣ
TNF-ʰΣIL-12, and RNS(Hölscheret al. 2013). Mechanistically,IL-10 is a potent
inhibitor of monocyte-macrophageactivationand NKcell activity and can inhibit
the synthesisof TNF- ahnd IL-12 and IFN- (ɹAbrahamsohnet al. 2013; Couperet
al. 2013).

Mice geneticallyŘŜŬŎƛŜƴǘof IL-17RAor IL-23 showedincreasedmortality due to a shift to a Th1ǇǊƻŬƭŜafter infection and
augmentedIFN- aɹndTNF- lhevelsin the heart (Medinaet al. 2013; ToselloBoariet al. 2013; daMatta Guedeset al. 2013).
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IL-23 is a keystimulatorycytokinefor Th17 and innateάǘȅǇŜ17έcellsthat canrespondimmediatelyto pathogenicinsults; IL-
23 maythus alsosuppressIFN- bɹy promoting IL17RAsignaling(Gaffenet al. 2013). Infectionof Ebi3/IL-27p28ŘŜŬŎƛŜƴǘmice
is accompaniedby increasedIFN- pɹroduction,with augmentedTh1 immuneresponse(Böhmeet al. 2013). Mechanistically,
Ebi3 signalingmodulatesoverproductionof IFN-ʴΣby inducinga populationof IL-10producingTr1 Tcells(Medinaet al. 2013).
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Immunedynamicsduring infection

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

Trypanosomacruzi is internalizedby severalŘƛũŜǊŜƴǘmechanisms, but end up in the phagolysosomalcompartment,
whereT. cruziDNAandRNAengageTLR7 andTLR9. TLRengagementpromotesthe Myd88-mediatedactivationof NF-kB.
LysosomeŀŎƛŘƛŬŎŀǘƛƻƴpromotes escapeof T. cruzi to the cytoplasm, where it ŘƛũŜǊŜƴǘƛŀǘŜǎinto the replicative
amastigoteforms.

Replicationin the cytoplasmleadsto activationof ƛƴƅŀƳƳŀǎƻƳŜǎthat can induceƛƴƅŀƳƳŀǘƻǊȅcytokinesand NF-kB
activation. Thisinducespro-ƛƴƅŀƳƳŀǘƻǊȅcytokinesincludingIL-12, a PRGwhichelicitsŘƛũŜǊŜƴǘƛŀǘƛƻƴof IFN- -ɹproducing
Th1 cellssoonafter infection, promotingTh1 cellŘƛũŜǊŜƴǘƛŀǘƛƻƴ. IFN- iɹnducesexpressionof multiple other PRGs,such
asTNFAandNOS2.

The immune responsethat occursduring acute infection leads to partial parasite control. T. cruzi evadescomplete
eradication, leading to the establishmentof a chronic persistent infection with low parasitism. T. cruzi-infected
individualsmaintainincreasedproductionofƛƴƅŀƳƳŀǘƻǊȅκ¢Ƙ1 cytokineslike IFN- aɹndTNF- ahscomparedto healthy
individuals,asa resultof persistentstimulusof innateandǎǇŜŎƛŬŎimmunity.



CCCpatients show an increasednumber of IFN- -ɹ producingTh1 T cellsand plasmaTNF- lhevelsas comparedwith ASY.
Conversely,numbersof IL-10-producingCD4+CD25+ regulatoryT cells(Tregs) CD4+CD25+ FoxP3+ TregsandTh17 cells,aswell
asEbi3/IL-27p28 levelsare lower ascomparedwith ASY(Caiet al. 2016; Sousaet al. 2017).
TheexacerbatedTh1 responseobservedin the peripheralblood of CCCpatients isǊŜƅŜŎǘŜŘon the Th1-richƛƴƅŀƳƳŀǘƻǊȅ
ƛƴŬƭǘǊŀǘŜpredominantlysecretingIFN- aɹnd TNF- .h A lower, but ǎƛƎƴƛŬŎŀƴǘΣproduction of IL-4, IL-6, IL-7, IL-15, IL-18 was
found in their heart tissue(Cunha-neto et al. 2005; HiguchiMde et al. 1993; Reiset al. 2013; Reiset al. 2013).
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ReisDD, JonesEM,TostesSJr,LopesER,GazzinelliG,ColleyDG,McCurleyTL. Characterizationof inflammatoryinfiltrates in chronicchagasicmyocardiallesions: presenceof tumor necrosis
factor-alpha+cellsanddominanceof granzymeA+,CD8+ lymphocytes. AmJTropMed Hyg. 1993May;48(5):637-44. doi: 10.4269/ajtmh.1993.48.637. PMID: 8517482.
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A positive correlation between Tbet expressionand left ventricular dilation, corroborating the pathogenicrole of Tbet
positive/IFN- pɹroducingTcellstoward CCC.

NogueiraLG, SantosRH,IanniBM,FiorelliAI,MairenaEC,BenvenutiLA,FradeA,DonadiE,DiasF,SabaB,WangHT,FragataA, SampaioM, HirataMH, BuckP,MadyC,BocchiEA,StolfNA,
KalilJ,Cunha-Neto E. Myocardialchemokineexpressionand intensityof myocarditisin Chagascardiomyopathyare controlledby polymorphismsin CXCL9 and CXCL10. PLoSNeglTropDis.
2012;6(10):e1867. doi: 10.1371/journal.pntd.0001867. Epub2012Oct25. PMID: 23150742; PMCID: PMC3493616.

IFN- -ɹproducingCCR5+CXCR3+ Th1 T cells are more abundant in CCC
than ASY,and the samecellswereƛŘŜƴǘƛŬŜŘin CCCheart tissue,along
with their chemokineligands(CCL3, CCL4, CCL5, CXCL9, and CXCL10,
respectively). CCL5 and CXCL9 were the most highly expressed
chemokinemRNAs,and the intensity of the myocardialƛƴƅŀƳƳŀǘƛƻƴ
waspositivelycorrelatedwith CXCL9 mRNAexpression(Nogueiraet al.
2017).

The lack of regulation could explain the destructivenessof the
ƛƴƅŀƳƳŀǘƻǊȅƛƴŬƭǘǊŀǘŜΣmost likely due to excessivecollateraldamage
by IFN- -ɹproducingTcells.

TheimmunomodulatoryǇǊƻŬƭŜof ASYpatients,with increasedlevelsof
DTGand lower levelsof the PRGIFN-ʴΣindicatesthat ASYpatientsare
in a state of diseasetolerance. It is interesting to notice that the
majority of chronicChagasdiseasepatientsҍ60% are disease-tolerant
ASYpatients.



IFNhasa Yin-Yangeffect

While IFN-ʴcan control parasites,excessivelevels can
causetissuedamageand death in the acute and chronic
phases.

It regulatesmore than 1,000 genesthrough activationof
Janus tyrosine kinase (JAK) and phosphorylation of
transducer and activator of transcription 1 (STAT-1)
pathway.

AmongkeyIFN- -ɹinducibleƛƴƅŀƳƳŀǘƻǊȅgenesareTNF-ʰΣ
and several other ƛƴƅŀƳƳŀǘƻǊȅcytokines and
chemokines,interferon-induciblefactor 1 (IRF1) andother
PRG,includinginduciblenitric oxidesynthase(NOS2)

SystemicT. cruzi persistencedrivescontinuedproduction of IFN- bɹy T cells, important for parasitecontrol through NOS
production,aswell asactivatingROSthrough inductionof NADPoxidasesand mitochondrialROSthrough NF-kB (Hölscher
et al. 1998). However,T. cruzi is highlyresistantto ROS; IFN- aɹnd the accompanyingNOSand ROScanalsoinducesevere
disturbancesof heart function.

HölscherC, KöhlerG,Müller U, MossmannH,SchaubGA,BrombacherF. Defectivenitric oxideeffector functionsleadto extremesusceptibilityof Trypanosomacruzi-infectedmicedeficient
in gammainterferonreceptoror induciblenitric oxidesynthase. Infect Immun. 1998Mar;66(3):1208-15. doi: 10.1128/IAI.66.3.1208-1215.1998. PMID: 9488415; PMCID: PMC108035.



In cardiomyocytes,IFN- tɹreatment reduced contractility, induced NO/peroxynitrite-dependent cardiomyocyteapoptosis,
reducedcardiomyocytearea,andalsoinducedatrial natriuretic factor andproductionof chemokinesCCL3, CCL5, andCXCL1.
IFN- rɹegulatescardiacŬōǊƻǎƛǎby increasingŬōǊƻōƭŀǎǘproliferation, productionof hyaluronanandmetalloproteinases2 and
9.
Evidenceof mitochondrial dysfunction has been found in hearts of animal models of Chagasdisease,as well as the
myocardiumof CCCpatients. Thisisespeciallyrelevantfor CCCpathogenesis,sincemitochondrialdysfunctionisa paramount
featureof heart failureof diverseetiologies(Brownet al. 2013; Wanet al. 2013).

Brown DA, PerryJB,Allen ME, SabbahHN,StaufferBL,ShaikhSR,ClelandJG,ColucciWS,Butler J,VoorsAA,AnkerSD,Pitt B, PieskeB, FilippatosG, GreeneSJ,GheorghiadeM. Expert
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28004807; PMCID: PMC5350035.
Wan X, Wen JJ,Koo SJ,LiangLY,GargNJ. SIRT1-PGC1 -hNFˁ B Pathwayof Oxidativeand Inflammatory Stressduring Trypanosomacruzi Infection: Benefitsof SIRT1-TargetedTherapyin
ImprovingHeartFunctionin ChagasDisease. PLoSPathog. 2016Oct20;12(10):e1005954. doi: 10.1371/journal.ppat.1005954. PMID: 27764247; PMCID: PMC5072651.



Chronic phase is associated to mitochondrial dysfunction in hearts
Á Cunha-Neto et al. describedalteredexpressionof mitochondrialgenesand16SmitochondrialrRNAin CCCheart lesions

(Cunha-neto et al. 2005).

Á A selectivereduction of protein expressionof ATPsynthaseand creatine kinaseactivityτkey mitochondrial energy
metabolismenzymes-in CCCheart lesions(Teixeiraet al. 2005).

Á mitochondrialDNAcontentwasfound to be reducedin CCCheart tissue,further indicatingthat mitochondrialfunction is
compromisedin CCC.

Cunha-Neto E, DzauVJ,AllenPD,StamatiouD, BenvenuttiL,HiguchiML, KoyamaNS,SilvaJS,KalilJ,LiewCC. Cardiacgeneexpressionprofiling providesevidencefor cytokinopathyasa
molecularmechanismin Chagas' diseasecardiomyopathy. AmJPathol. 2005Aug;167(2):305-13. doi:10.1016/S0002-9440(10)62976-8. PMID: 16049318; PMCID: PMC1603558.
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Evidence indicates that many damagingŜũŜŎǘǎof IFN-ʴare secondary to promoting peroxynitrite-dependent and
independentmitochondrialdysfunctionandoxidativestress.

IFN- ŜɹũŜŎǘǎon mitochondriainclude
inhibition of the oxidativemetabolism(Lusset al. 1995).
an increasedrate of ATPdepletion(Wanget al. 1996).
an inhibition of creatinekinaseexpression(Kalovidouriset al. 1993).

NF-KBactivationisoneof the mainmechanismsof mitochondrialdamageinducedby IFN- .ɹ

IFN-ʴκ¢bC- -hdriven NF-kB activation is known to cause dissipation of the proton gradient and impairment of the
mitochondrialmembranepotential (MMP)andATPsynthesis,leadingto apoptosis(Leeet al. 2007; Zoravaet al. 2017).

inhibition of NF-kB has been shown to improve MMP with substantialdecreaseof NOS2/NO induction and ROSrelease.
ExcessivemitochondrialROSproductionby cardiomyocytesisconsideredasa centralcauseof heart failure
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AǎƛƎƴƛŬŎŀƴǘcrosstalkoccursbetweenNF-kBandmitochondrion-protectingproteins. NF-kBsignalingdown-regulatessirtuin-1
(SIRT1) activity throughthe expressionof IFN-ʴΣROS,andNO(Kauppinenet al. 1995).
SIRT1, an antioxidant and anti-ƛƴƅŀƳƳŀǘƻǊȅprotein, regulatesthe oxidative respirationand cellular survivaland is highly
expressedin the heart,actingasan inhibitor of NF-kBƛƴƅŀƳƳŀǘƻǊȅsignals(Carusoet al. 1995).
SIRT1 enhancesmitochondrial oxidative metabolism through 5 AMP-activated protein kinase (AMPK)resulting in the
resolutionofƛƴƅŀƳƳŀǘƛƻƴ(Kauppinenet al. 1995).

KauppinenA, SuuronenT,OjalaJ,KaarnirantaK,SalminenA. AntagonisticcrosstalkbetweenNF- Bˁ and SIRT1 in the regulationof inflammationand metabolicdisorders. CellSignal. 2013
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expressionof SIRT1 contributesto sustaininflammatorypathwaysin the gut. MucosalImmunol. 2014Nov;7(6):1467-79. doi: 10.1038/mi.2014.35. Epub2014May21. PMID: 24850427.



Treatmentof T. cruzi-infectedmicewith SIRT1 and/or AMPKagonistsSRT1720, resveratrol
and metformin reduced myocardial NF-kB transcriptional activity, ƛƴƅŀƳƳŀǘƛƻƴand
oxidativestress,resultingin ōŜƴŜŬŎƛŀƭresults for restoration of cardiacfunction (Wan et
al. 2016; Vilar-Pereiraet al. 2015).

PreservingNrf2 activity was shown to arrest the mitochondrial and cardiac oxidative
stress,cardiacŬōǊƻǎƛǎΣandheart failure in murineT. cruziinfection(Wenet al. 1995). Nrf2
is the master regulator of the antioxidant response,a transcription factor controlling
expressionof hundreds of genes (Kovac et al. 2015), and promotes mitochondrial
biogenesis(Dinkova-Kostovaet al. 2015).

Wan X, Wen JJ,Koo SJ,Liang LY,Garg NJ. SIRT1-PGC1 -hNFˁ B Pathway of Oxidative and Inflammatory Stressduring
Trypanosomacruzi Infection: Benefitsof SIRT1-TargetedTherapyin Improving Heart Function in ChagasDisease. PLoS
Pathog. 2016Oct20;12(10):e1005954. doi: 10.1371/journal.ppat.1005954. PMID: 27764247; PMCID: PMC5072651.
Vilar-PereiraG, CarneiroVC,Mata-SantosH, VicentinoAR,RamosIP,GiarolaNL,FeijóDF,Meyer-FernandesJR,Paula-Neto
HA,Medei E, BozzaMT, Lannes- Vieira J, PaivaCN. ResveratrolReversesFunctionalChagasHeart Diseasein Mice. PLoS
Pathog. 2016Oct27;12(10):e1005947. doi: 10.1371/journal.ppat.1005947. PMID: 27788262; PMCID: PMC5082855.
Wen JJ, Porter C,GargNJ. Inhibition of NFE2L2-AntioxidantResponseElementPathwayby MitochondrialReactiveOxygen
SpeciesContributesto Developmentof CardiomyopathyandLeftVentricularDysfunctionin ChagasDisease. AntioxidRedox
Signal. 2017Sep20;27(9):550-566. doi: 10.1089/ars.2016.6831. Epub2017Jul13. PMID: 28132522; PMCID: PMC5567598.
Kovac S, AngelovaPR,Holmström KM, ZhangY, Dinkova-KostovaAT, Abramov AY. Nrf2 regulatesROSproduction by
mitochondriaand NADPHoxidase. BiochimBiophysActa. 2015Apr;1850(4):794-801. doi: 10.1016/j .bbagen.2014.11.021.
Epub2014Dec5. PMID: 25484314; PMCID: PMC4471129.
Dinkova-Kostova AT, Abramov AY. The emerging role of Nrf2 in mitochondrial function. Free RadicBiol Med. 2015
Nov;88(Pt B):179-188. doi: 10.1016/j .freeradbiomed.2015.04.036. Epub 2015 May 11. PMID: 25975984; PMCID:
PMC4726722.



CardioChipmicroarrays
Toobtain the first humangenomicportrait of heart failure derivedfrom end-stagechagaspatients,Cunha-
Neto E. et al. exploredexpressionanalysisusingthe CardioChipmicroarrayconstructedin-house(Cunha-
Netoet al. 2005). Comparedthe geneexpressionfingerprintof CCC(n=7) with that of DCM(n=9), usingnon
failing adult hearts as expressioncontrols (n=4), and found that gene expressionpatterns are markedly
different in CCCandDCM,with significantactivityof IFN-induciblegenesin CCCpatients.
A hierarchicalclusteranalysisof all of the CCC,and most of the DCMand normal heart samplesclustered
togetherwith other membersof their groups. 582and364genesweresignificantlyup-regulatedin CCCand
DCM,respectively,including126genesthat wereup-regulatedin both conditions. Similarly,465geneswere
significantlydown-regulatedin CCCand32 in DCM.

Our results
Gene expression analysis

Cunha-Neto E, DzauVJ,Allen PD,StamatiouD, BenvenuttiL, HiguchiML, KoyamaNS,SilvaJS,Kalil J,Liew CC. Cardiacgene
expressionprofiling providesevidencefor cytokinopathyasa molecularmechanismin Chagas'diseasecardiomyopathy. Am J
Pathol. 2005Aug;167(2):305-13. doi:10.1016/S0002-9440(10)62976-8. PMID: 16049318; PMCID: PMC1603558.

Amonggenesselectivelyup-regulatedin CCC,they
observedthat the participationof cell defenseand
metabolism categories was substantially higher
than the frequencyof normal heart samples. Cell
defensegenesup-regulatedspecificallyin CCCare
immuneresponsegenes.



Å Amongcell defensegenes, they found the MHCclassI/class II molecules,IFN- rɹeceptor, IL-7 receptor, T-cell antigen
receptor,immunoglobulinchains,cytotoxicgranulenucleolysin, andIFN-induciblegenes.

Å Among metabolism genes, up regulated geneswere related to energy metabolism, including sevenproteins of the
oxidativephosphorylationandproton transferchains,andeightenzymesinvolvedin lipid metabolism.

Å Up-regulatedstructuralgenescomprisesarcomere-buildingcontractileandcytoskeletalproteins,andcollagensI andIII.
Å For signalinggenesalreadyassociatedto heart failure, they found angiotensinII receptor 2, G protein p̡olypeptide2,

severallow-molecularweight GTPasessuchas rhoB, RAB1, RalB, along with IKK-ʰand mitogen-activatedkinaseMKK4,
protein kinaseH11, andits inducedanti-apoptoticgeneAkt-1.

Giventhe prominent local production of IFN- iɹn CCCheart fifteen percent of the 78 IFN-induced genespresent in the
CardiochipcDNAmicroarray,were up-regulatedin CCC. Significantly,along with inflammatory responsegeneslikely to be
expressedby infiltrating inflammatorycells (eg, immunoglobulin,T-cell receptor genes,cytokinereceptors),they observed
severalgenesnot knownto be expressedby inflammatorycells(cardiovascular27-kd hsp, angiotensinII receptor2, fatty acid-
bindingprotein 5). Of interest, the SERCACa++-ATPase,involvedin cardiaccalciummetabolismanddown-modulatedin CCC
hearts,isalsorepressibleby IFN- .ɹ

Thesedatasuggests,for the first time, that locallyproducedT-cell-dependentIFN-ʴΣMCP-1, andpossiblyother inflammatory
cytokinesmaydirectlyup-regulatethe myocardialexpressionof ANF,a hypertrophy-relatedgene,in addition to inflammatory
effector-mediatedmyocardialcell death. Authorspostulatethat this cytokine-inducedgenemodulationof myocardialgene
expressionmayleadto the increasedventricularremodeling,morbidity, and mortality of CCCpatientsascomparedto other
cardiomyopathies. It is likely that the uniquepropertiesof the myocardiumfrom CCCpatientsalteredenergymetabolism.



Transcriptomeanalysiswas alsoperformed on myocardialsamplesusingAgilent
SurePrintG3 HumanGeneExpressionv1 8x60Karrays. We found 1535genesto be
differentially expressed(DEG)between CCCand control myocardium,of which
1105(72%) are upregulatedin CCC. IPAcanonicalpathwaysanalysisshowedthat
the most enrichedpathwaysare mainly immune-related, suchas Th1 and Th2 T
cells,dendriticcells/antigenpresentation,leukocyteextravasation,NKandB cells;
this is consistentwith the high number of upregulatedgenesfrom the incoming
inflammatorycellspresentin CCCbut not in control heart tissue.

We also classifiedgenes in additional relevant pathobiologicalprocessesand pathways such as inflammation,LCbʴ-
modulatedgenes/Th1 response,extracellularmatrix, fibrosis,hypertrophy,contractility of heart, hypertrophy,arrhythmia,
oxidativestress/antioxidantresponse,mitochondria,and mitochondria-related genesusingIPAKnowledgeBase(IKB)gene
lists, which were in somecasesmergedwith other publishedgene lists. TheLCbʴ-dependent/Th1 responsegene list was
merged with publishedLCbʴ-induced/repressedgene lists, and the oxidative stress gene list was merged with Nrf2-
modulatedgenes. TheNF-kB-modulatedgenelist wasobtainedfrom Yanget al. (Yanget al. 2016). Themitochondrialgene
list was a combinationof all genescontainedin the Mitochondrion GeneOntologyterm and Mitocarta 2.0 (Calvoet al.
2015).

Asexpected,inflammationandLCbʴ-dependent/Th1 responseprocessesshow the highestnumber of DEGs(361 and 148,
respectively),followedby fibrosis(82) andhypertrophy(53). Of interest,we founda significantnumberof DEGsbelongingto
mitochondriaandoxidativestressfunctions/processes(42 and35, respectively). SomeDEGsaresharedby severalbiological
functions/processes.

YangY, JianWu,JinkeWang: A databaseandfunctionalannotationof NF- Bˁtargetgenes. Int JClinExpMed 2016;9(5):7986-7995.
CalvoSE, ClauserKR,Mootha VK. MitoCarta2.0: an updatedinventoryof mammalianmitochondrialproteins. NucleicAcidsRes. 2016Jan4;44(D1):D1251-7. doi: 10.1093/nar/gkv1003. Epub
2015Oct7. PMID: 26450961; PMCID: PMC4702768.



Amongtheseprocessesinflammation may be specificto CCCasshown in previousgeneexpressionstudies(Nogueiraet al.
2012, Nogueiraet al. 2014).

For the other processes,they havebeenalsodescribedin dilated cardiomyopathiesof other etiologies. Upstreamregulator
analysisperformedby IPAexamineshow manytargetsof eachgiventranscriptionalregulatorarepresentin the DEGs- aswell
as the direction of changeςbasedon the literature and IPAknowledgebase; putative regulatorsare rankedaccordingto
overlapwith expectedtargetsand directionality (z-score). It indicatedthat LCbʴis the top upstreamregulator, followed by
other cytokineslike¢bCʰΣIL-18 andEBI3/IL27w c̡hain,the chemokinesCCL5 andCXCL10, the transcriptionfactorsNF-kBand
Ap1, andthe PI3Kenzyme.

27 cytokinesand chemokineswere upregulatedin CCCheart tissue. Significantly,the 7 most upregulatedamongthem were
chemokines,including chemokineligandsof CCR5 (CCL5, CCL4) and CXCR3 CXCL9 and CXCL10). Multiple cytokinesand
chemokinesthat were top upstreamregulatorslikeLCbʴ, CCL5, CXCL10, IL-18, IL-7, EBI3/IL-27b and IL-4 were found to be
upregulatedto different degreesin CCCmyocardium. This indicatesthat these cell types infiltrate the myocardiumof CCC
patients.

NogueiraLG, SantosRH,FiorelliAI,MairenaEC,BenvenutiLA,BocchiEA,StolfNA,KalilJ,Cunha-NetoE. Myocardialgeneexpressionof T-bet, GATA-3, Ror- tɹ, FoxP3, andhallmarkcytokinesin
chronic Chagasdiseasecardiomyopathy: an essentiallyunopposedTH1-type response. Mediators Inflamm. 2014;2014:914326. doi: 10.1155/2014/914326. Epub 2014 Jul 24. PMID:
25152568; PMCID: PMC4134835.
NogueiraLG, SantosRH,IanniBM, FiorelliAI,MairenaEC,BenvenutiLA,FradeA, DonadiE,DiasF,SabaB,WangHT,FragataA, SampaioM, HirataMH, BuckP,Mady C,BocchiEA,StolfNA,
KalilJ,Cunha-Neto E. Myocardialchemokineexpressionand intensity of myocarditisin Chagascardiomyopathyare controlledby polymorphismsin CXCL9 and CXCL10. PLoSNeglTrop Dis.
2012;6(10):e1867. doi: 10.1371/journal.pntd.0001867. Epub2012Oct25. PMID: 23150742; PMCID: PMC4134835.

LaugierL, FerreiraLRP,FerreiraFM,CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP,TeixeiraPC,SantosRHB,BocchiEA,
BacalF,CândidoDDS,MasoVE,NakayaHI, KalilJ,Cunha-Neto E,ChevillardC. miRNAsmay play a major role in the control of
gene expression in key pathobiological processesin Chagasdisease cardiomyopathy. PLoSNegl Trop Dis. 2020 Dec
22;14(12):e0008889. doi: 10.1371/journal.pntd.0008889. PMID: 33351798; PMCID: PMC7787679.



Conversely,genesdown-regulatedin CCCmyocardiumwhen comparedto controlswere enrichedwith signaturesof cardiac
musclecells. Thisresult is most likely a consequenceof reducedrepresentationof cardiacmRNAsin CCCmyocardiumthat
wasreplacedby inflammatory cells.

Our study pointed out IFN- iɹs the top gene expressionregulator with ca. 10% of DEGsbeing modulatableby it, in all
pathobiologicalprocesses. Indeed,severalstudieshave shown a negativeimpact of IFN- oɹn the myocardium,leadingto
reduced contractility, releaseof chemokinesand increasedproduction of atrial natriuretic factor. IFN- -ɹinduced cardiac
fibrosis with increasedfibroblast proliferation, production of hyaluronanand metalloproteinases2 and 9 has also been
demonstrated. The role of IFN-ʴΣTNF-ʰand NF-kB as top upregulatorsare also in line with data in geneticallymodified
murine models. Mice transgenicto IFN- dɹevelopeda TNF- -hdependentinflammatorydilated cardiomyopathywith fibrosis
andheart failure,anda verysimilarphenotypewasdevelopedby miceconstitutivelyexpressingactiveIKK2.

Mechanistically,IFN- iɹnducesTNF- ahnd potentiatesTNF- -hmediatedNF-kBsignalingand upregulationof NOS2, leadingto
cardiomyocytecontractile dysfunction and apoptosis. This is mediated at least in part by NADPH-and NOS2-dependent
productionof reactiveoxygenandnitrogenspecies(ROSandRNS,respectively),with oxidativeandnitrosativestress. IFN- -ɹ
inducedRNSleadsto inhibition of mitochondrialoxidativemetabolismand ATPdepletion in cardiomyocyteswith ensuing
mitochondrialdysfunction. Of interest,169DEGs,or ca10%of DEGSarepotentiallymodulatedby NF-kBin CCCmyocardium.
Our data point towards IFN- aɹnd NF-kB-mediatedsignalingas a major player in Chagascardiomyopathy; we believethey
mayhavea centralrole in orchestratingthe molecularprocessesthat contribute to heart failure.

LaugierL, FerreiraLRP,FerreiraFM,CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP,TeixeiraPC,SantosRHB,BocchiEA,
BacalF,CândidoDDS,MasoVE,NakayaHI, KalilJ,Cunha-Neto E,ChevillardC. miRNAsmay play a major role in the control of
gene expression in key pathobiological processesin Chagasdisease cardiomyopathy. PLoSNegl Trop Dis. 2020 Dec
22;14(12):e0008889. doi: 10.1371/journal.pntd.0008889. PMID: 33351798; PMCID: PMC7787679.



Candidate gene case/control studies

Chagasdiseasehas a multifactorial etiology that involvescomplex host-parasite
interactions governedby parasite and host genetics. Immune system mediators
havebeendescribedto participatein drivingheart and/or gut tissuesinflammation,
either through response to the parasite presenceand, to a certain level, by
autoimmunereactions.

Most of the geneticstudiesperformedsofar havesearchedfor sequencevariationsthat couldbe associatedto chronicChagas
cardiomyopathysusceptibilityin immunesystemrelatedgenes. Thesesearchesfollowed a hypothesis-drivenapproachto find
singlenucleotidepolymorphismsin genesknownor suspectedto playa role in thoseinflammatoryphenomena. Amongstthe
genesstudiedthere are: humanleukocyteantigen(HLA)classI andclassII alleles,cytokines(e.g.: IL-1ʲΣIL-10, TNF-ʰΣIL-17, IL-
18) andchemokinesandtheir receptors(MCP1/CCL2, CCR5, MIG/CXCL9,IP10/CXCL10) aswell asinflammasomegenes.

Someof thesestudiesled to inconclusiveresultsthat maybe explainedin different ways: a) the useof seronegativesubjectsas
controls which are inadequatecontrols, sinceit is unknown whether they were exposedto the pathogen; b) the relatively
small sizeof the study groupswhich affected the power (the probability) to detect an association; c) the number of tested
SNPs; d) the highly heterogeneousgeneticbackgroundof the study population due to admixture; e) the sexratio known to
existhasnot beentakenin consideration.

Common variant association studies

Last review on case control studies:
Acosta-Herrera M, Strauss M, Casares-Marfil D, Martín J; Chagas GeneticsCYTED Network. Genomicmedicinein Chagas disease. Acta Trop. 
2019 Sep;197:105062. doi: 10.1016/j.actatropica.2019.105062. Epub2019 Jun 12. PMID: 31201776.



We showed that a single nucleotide polymorphism in the
promoter region of the alpha-cardiac actin gene (ACTC1)
associatedwith CCCinfluencestranscription factor binding,
implying that the polymorphism may influence myocardial
transcriptionallevelsof the highlyrelevantACTC1 gene. These
resultswere obtainedon a Brazilianpopulation including315
CCCpatientsand118asymptomaticindividuals,andthe same
trend of associationwas found on a second independent
cohort including 102 CCCpatients and 36 asymptomatic
individuals.

FradeAF,TeixeiraPC,IanniBM,PissettiCW,SabaB,WangLH,KuramotoA,NogueiraLG,BuckP,DiasF,GiniauxH,LloredA,
AlvesS,SchmidtA, DonadiE,Marin-Neto JA,HirataM, SampaioM, FragataA, BocchiEA,Stolf AN,FiorelliAI, SantosRH,
RodriguesV, PereiraAC,Kalil J, Cunha-Neto E, ChevillardC. Polymorphismin the alpha cardiacmuscleactin 1 gene is
associatedto susceptibility to chronic inflammatory cardiomyopathy. PLoSOne. 2013 Dec 19;8(12):e83446. doi:
10.1371/journal.pone.0083446. PMID: 24367596; PMCID: PMC3868584.

Duringacute T. cruzi infection, T. cruzipathogen-associatedmolecularpatterns (PAMPs) trigger innate immunity in multiple
cell types,which releaseproinflammatorycytokinesand chemokines, suchas IL-1, IL-6, IL-12, IL-18, TNF-ʰΣCCL2, CCL5, and
CXCL9 activatingand mobilizingmigration of cascadesof inflammatory cells. Antigen-presentingcells subsequentlyelicit a
strongTcellandantibodyresponseagainstT. cruzi, whereIL-12 andIL-18 drive the differentiation of IFN- -ɹproducingT. cruziς
specificTh1 T cellswhich migrate to sitesof T. cruzi-inducedinflammation,includingthe myocardium, in responseto locally
producedchemokines. Th1 T cell and antibody responseslead to control but not completeelimination of tissueand blood
parasitism,establishinga low-gradechronicpersistentinfectionby T. cruzi.



As a result of persistent infection, both CCCand ASYchronic Chagasdiseasepatients show a skewedTh1-type immune
response,but those who develop Chagascardiomyopathydisplay a particularly strong Th1-type immune responsewith
increasednumbersof IFN- -ɹproducingT cells in peripheral blood mononuclearcells (PBMC)as well as plasmaTNF-ʰin
comparisonwith uninfectedor ASYpatients.
We conducteda studyfocusingon TIRAP,CCL2 and CCL5. Thoroughgeneticanalysis,testingmultiple tag SNPsper geneand
thus detectingany possiblerelevant geneticvariantsin a large Brazilianpopulation and ASYsubjectsas controls we could
havea sensitiveassessmentof the contribution of geneticvariantsin prognosisto CCCeither confirmingor findingadditional
associatedSNPsin the mentioned genes. The CCL2rs2530797A/A and TIRAPrs8177376A/A were associatedto an increase
susceptibilitywhereasthe CCR5rs3176763C/Cgenotypeisassociatedto protection to CCC.

FradeAF,PissettiCW,Ianni BM, SabaB, Lin-WangHT,NogueiraLG,de Melo BorgesA, BuckP,DiasF,BaronM, FerreiraLR,
SchmidtA,Marin-NetoJA,HirataM, SampaioM, FragataA,PereiraAC,DonadiE,KalilJ,RodriguesV,Cunha-NetoE,Chevillard
C. Genetic susceptibility to Chagasdiseasecardiomyopathy: involvement of severalgenesof the innate immunity and
chemokine-dependent migration pathways. BMCInfect Dis. 2013 Dec 12;13:587. doi: 10.1186/1471-2334-13-587. PMID:
24330528; PMCID: PMC3866603.

Theseassociationswere confirmed when we restricted the analysisto
severeCCC,characterizedby a left ventricular ejection fraction under
40%. Our data show beyond reasonabledoubt that polymorphisms
affectingkey moleculesinvolvedin severalimmune parameters(innate
immunity signal transduction and T cell/monocyte migration to
inflammatory regions) play a role in genetic susceptibility to CCC
development. However,the functional impactof thesemarkersremains
unknown. Thisalsopoints out to the multigeniccharacterof CCC,each
polymorphismimpartinga smallcontribution.



Thecontrol of IFN-gproductionby Th1-type T cellsmaybe a keyevent for progressiontowardsCCC. A geneticcomponentto
diseaseprogressionwassuggestedby the familial aggregationof casesand the associationof genepolymorphismswith CCC
development. We here investigatethe role of genepolymorphisms(SNPs)in severalgenesinvolved in the control of IFN-ʴ
productionandTh1 Tcelldifferentiation in CCCdevelopment.

We found 2 IL12 SNPs(rs2546893, rs919766) and a trend of associationfor a IL10 SNP(rs3024496) to be significantly
associatedwith the ASYgroup. theseassociationswere confirmedby multivariate analysisand allele tests. Thers919766C,
12rs2546893G and rs3024496C alleleswere associatedto an increaserisk to CCCdevelopment. Our data show that novel
polymorphismsaffectingIL12B and IL10, but not IFNGor IL4 genesplay a role in geneticsusceptibilityto CCCdevelopment.
Thismight indicatethat the increasedTh1 differentiationandIFN- pɹroductionassociatedwith CCCisgeneticallycontrolled.

Frade-BarrosAF,IanniBM, CabantousS,PissettiCW,SabaB,Lin-WangHT,BuckP,Marin-Neto JA,SchmidtA, DiasF,Hirata
MH, SampaioM, FragataA, PereiraAC,DonadiE,RodriguesV, KalilJ,ChevillardC,Cunha-Neto E. Polymorphismsin Genes
Affecting Interferon-ʴProduction and Th1 T Cell Differentiation Are AssociatedWith Progressionto ChagasDisease
Cardiomyopathy. Front Immunol. 2020 Jul 7;11:1386. doi: 10.3389/fimmu.2020.01386. PMID: 32733459; PMCID:
PMC7358543.

Genome-wide associationstudies(GWAS)
Thefirst genome-wide associationstudy(GWAS)on Chagasdiseasewaspublishedin 2013. Thisanalysisincluded600Brazilian
T. cruziseropositiveblood donorsof different clinicalforms and 488 Brazilianseronegativedonors. Severalphenotypeswere
analyzed,in addition to cardiomyopathyconsideredas the main trait. Authors also evaluateda limited number of specific
parameters,includingejection fraction, PRinterval, QRSduration (QRS),correctedQTinterval (QTc), EIAsignal/cutoff levels,
and T. cruzi PCRstatus. Of the 600 T. cruzi seropositivedonors cases,221 were classifiedas having CCC,311 had no
cardiomyopathy,and68 were inconclusive. Thefirst genome-wide associationstudy(GWAS)on Chagasdiseasewaspublished
in 2013(Denget al. 2013).



For cardiomyopathy,two trends of association(after multiple comparisoncorrections)were detected for markerslocated
around SLCO1B1 gene (Denget al. 2013). SLCO1B1 is a membranetransporter that belongsto a solute carrier family and
playsa role in drug metabolism. It is expressedin the liver, brain, heart, and kidneyand transportsorganicanions,suchas
digoxin,bilirubin, methotrexate,and statins. In addition, loss-of-function mutations may be associatedwith impaired drug
actionin target tissues(IshikawaT 2012). Moreover,a clusterof 12 SNPswithin intronsof COL14A1 wasassociatedwith PCR
positivity. COL14A1 is a fibril-associatedcollagenwhich interactswith the fibril surfaceand regulatesfibrillogenesis(Ansorge
HLet al. 2009; BirkDEet al. 1990). Probablyall thesemarkersat this locusare in linkagedisequilibrium. Furthermore,HSPB8
is a small heat shockprotein whose heart specificoverexpressioninducesmyocardialhypertrophy (DepreC et al. 2002).
HSPB8-transgenicmice bearingthe K141N mutation expressedmyocardialhypertrophy,ventriculardysfunction,and apical
fibrosisτthe latter beinga hallmarkof heart involvementin CCC(SanbeA et al. 2013). Significantly,expressionof HSPB8 is
selectivelyincreasedin myocardial tissue from CCCpatients, rather than in idiopathic dilated cardiomyopathypatients
(Cunha-NetoE et al. 2005). However,theseindicationsremainsuggestivedue to the limited sizeof the studiedcohort for a
GWASstudy. Surprisingly,no polymorphismin immune-relatedgeneswasfoundassociated.

IshikawaT. Geneticvariantsin the humanSLCO1B1 geneandindividualvariationsin methotrexateclearance. Pharmacogenomics. 2012Jul;13(9):993-4.
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In order to better elucidate the genetic basisof Chagasdiseaseand chronic Chagascardiomyopathy,Marialbert Acosta-
Herrera,JavierMartin et al. perform a largeGWASand a meta-analysisof LatinAmericanpopulationsthat, in combination
with complementaryin-silico functional evidence,would provide further insightsinto the pathogenesisof this neglected
disease.
Samplesfrom three different Latin Americancountries: Colombia,Boliviaand Argentinawere included in this study and
meta-analyzedwith data from the previous GWASin a Brazilianpopulation, comprisinga total of 3,699 genomicDNA
recruited samples. The strongest association(rs2458298; p-value=3.27x10-08, OR=0.90, 95% CI 0.87-0.94), is located in
chromosome11 in an intronic region of the NAALADL1 gene. Thissignalis followed by severalproxy variants in high or
moderateLD(r2>0.4) locatednearbyNAALADL1, SAC3D1 andSNX15 genes. Regardingthe rest of the suggestivesignals,they
are locatedin intergenicregionsclosedto CDH8 andKLF4 genes.
SAC3D1, also known as SHD1, has been identified as a transcriptionalregulator of STAT5 (NakajimaH et al. 2008), also
associatedwith cardioprotectionin humans(HeuschG et al. 2011). Additionally,the STAT-5 signalingby IL-2, IL-7 and IL-15
receptorshas been shown to be perturbed in peripheral and heart-infiltrating T cells in chronic Chagascardiomyopathy
(AlbaredaMCet al. 2015).
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Exome sequencing on Chagas families
High-impact rare genevariantsaltering protein structure and function underlie Mendeliandiseaseand contribute to
complexmultifactorial disease. Approximately10% of acute viral myocarditis(AVM) patients carried rare pathogenic
homozygousvariants in genes implicated in familial cardiomyopathy(BelkayaS et al. 2017) suggestingan overlap
betweengeneticandacquiredformsof myocarditisandcardiomyopathy.

We hypothesizehere that rare geneticvariantsmay
lead to progression towards CCCby increasing
cardiomyocyte susceptibility to inflammatory
damage. Wholeexomesequencing(WES)studiesin
familieswith multiple diseasecasesare an unbiased
approach that has been used to identify rare
pathogenicvariantsin Mendeliangeneticdisorders
and complexmultifactorial diseases. We usedWES
to searchfor rare, high impact genevariantslinked
to CCCin nuclearfamiliescontainingmultiple cases
of Chagasdiseaseand involved in pathobiological
processesinvolvedin inflammatorycardiomyopathy.

BelkayaS, KontorovichAR,ByunM, Mulero-NavarroS,BajolleF,CobatA,JosowitzR,Itan Y,QuintR,LorenzoL,BoucheritS,StovenC,DiFilippoS,AbelL,ZhangSY,BonnetD,GelbBD,
CasanovaJL. AutosomalRecessiveCardiomyopathyPresentingas Acute Myocarditis. J Am Coll Cardiol. 2017 Apr 4;69(13):1653-1665. doi: 10.1016/j .jacc.2017.01.043. PMID:
28359509; PMCID: PMC5551973.



We performedwhole exomesequencingand assessedrare pathogenicgenevariantsassociatedwith CCCin sixnuclear
families containingmultiple casesof Chagasdiseasefamilies (25 patients) and in a group of unrelated ASYpatients
(n=14) who camefrom CD-endemicrural areasin Brazil.

IC250E IC252E IC253E IC254E 6087 6088 60866151 6154 6152 6157 6153 6155

6156

6078 6075 6076 6131 6135 6134

61366133

IC174EC IC190EC

IC191EC

Family#1 Family#3Family#2 UnrelatedASY 
patients

Family#4 Family#6Family#5

IC45EI

IC111EI

IC95EI

IC69EI

IC49EI

6083

6091

6097

IC92EI

IC33EI

6143

6129

IC106EI

6102

Seropositive
ASY patients

Seropositive
CCC patients



Gene variant prioritization

Wholeexomesequencingdisclosedthat on average,eachpatient samplecontained41780genevariants. Amongthem, on
average11651variantswere located in coding(exonicor splicing)regionsand non-synonymous. We focusedon variants
characterizedby a minor allele frequency <1% in the databases(ESP6500, 1000G and ExAC). Under a hypothesisof
completepenetrance,for eachgiven family, we selectednonsynonymousexonicor splicingvariantssharedby all family
memberswith CCC,but absent from ASYfamily membersas well as by the unrelated ASYcontrols. A total of 321 CCC-
specificnonsynonymousexonic rare variants were selected. After application of our pathogenicityfilter with multiple
algorithms,we found 102 CCC-specificrare pathogenicvariants. After filtering for evolutionaryconservation,we found 87
variants. At this point, we prioritized the 87 genevariantsin 9 pathobiologicalprocessesassociatedto Chagasdisease. It
highlighted23 of our candidategenes(correspondingto 25 variants). From these variants,88% (22/25, containedin 20
genes)wereconfirmedby Sangersequencing.
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Tenpathogenicvariantswere found in 9 mitochondrialgenes(ADCY10, DHODH,GIT1, MRPS18B,RPUSD3, LEPR,UMPS,
MOCS1 and OBSCN). Elevenpathogenicvariantswere locatedin 10 inflammation-associatedgenes(ADGRG6, AKAP13,
LEPR,LILRA2, MAML1, MAP4K4, SLC11A1, TNFRSF4, APOBandDHODH).



In this study of whole exomesequencingof sixnuclearfamilieswith multiple casesof CD,we found 22 CCC-associated
rare heterozygousnonsynonymoushigh-impact pathogenicvariants in 20 genesbelonging to pathways relevant to
inflammatorycardiomyopathy. Onlyindividualsthat were both seropositiveandcarriersof the heterozygouspathogenic
variants developed CCC,but not seropositivepatients carrying the wild-type sequences,nor seronegativesiblings
carryingthe pathogenicvariant.

Among the 9 mitochondrial genesshowing CCC-specificpathogenicvariants,8 are involved in processesleading to
mitochondrialATPproduction(biogenesis,translation,fatty acidoxidation-FAOxandthe electrontransferchain/oxidative
phosphorylation(OXPHOS).

Interestingly,patients carryingmutations or animalsgeneticallydeficient in 6 genes(DHODH,UMPS,MRPS18B, GIT1,
OBSCN,andLEPR)developedcardiacphenotypes.

up to 30%of mitochondriopathypatientsdevelopcardiomyopathy,heart conductiondefects,ventriculararrhythmiaor
suddencardiacdeath, and autonomic nervoussystemimbalance,while up to 15% develop gastrointestinalmotility
disordersincludingachalasia/megaoesophagusand megacolon. Thestrikingsimilaritybetweenthe clinicalpresentation
and proportion of cardiacand digestivedisordersin mitochondriopathiesand the clinicalspectrumof Chagasdisease
suggestedthe pathogenesisof CCCmaybedependenton mitochondrialdysfunction.



Resultsindicate that the geneticcontribution to CCCis polygenicand driven by severalrare variantsin genesthat differ
between families,but are related to mitochondriaand inflammation. Resultsimply that mitochondrialdysfunctionand
inflammation,keyprocessesin the pathophysiologyof CCC,are at least in part geneticallydetermined. Toour knowledge,
this is the first report that rare variants in mitochondrial and inflammation-related genes are linked to complex
multifactorialcardiomyopathy.

Ourresultsalsosupportthe notion of a two-hit mechanismwhereIFN- aɹndproinflammatorycytokinesinducedby chronic
infection trigger mitochondrial dysfunctionand clinical diseasein carriersof heterozygousmitochondrialgene variants.
Indeed, modulation of mitochondrial damage induced by IFN-ʴand other cytokines could perhaps be a suitable
therapeutictarget in CCC.

Treatmentwith mitochondria-protective agentssuchas antioxidantsor agonistsof Sirtuin-1 and AMP-activatedprotein
kinase(AMPK)was found to attenuate or even reversecardiacdamagein mouse models of CCC,by reducingNF-kB
activationand the intensity of chronicmyocarditis. To conclude,it is possiblethat a similar two-hit mechanism,whereby
geneticvariantsmay increasemitochondrialsusceptibilityto inflammatorycytokine-induceddysfunction,maybe relevant
for the pathogenesisof other inflammatory cardiomyopathiesand degenerativediseasesassociatedwith mitochondrial
dysfunction.

OuarhacheM, Marquet S,FradeAF,FerreiraAM, IanniB,AlmeidaRR,NunesJPS,FerreiraLRP,RigaudVO,CândidoD, Mady C,
ZanirattoRCF,BuckP,TorresM, GallardoF,AndrieuxP,BydlowskyS,LevyD, AbelL,CardosoCS,Santos- JuniorOR,OliveiraLC,
Oliveira CDL,NunesMDC,Cobat A, Kalil J, Ribeiro AL, SabinoEC,Cunha-Neto E, ChevillardC. RarePathogenicVariantsin
Mitochondrial and Inflammation-AssociatedGenesMay Lead to Inflammatory Cardiomyopathyin ChagasDisease. J Clin
Immunol. 2021Mar 3. doi: 10.1007/s10875-021-01000-y. Epubaheadof print. PMID: 33660144.



Epigenetic in Chagas families
Epigeneticsis currently one of the most rapidly
developing fields of biological research. The
belief that the geneticcode is the only basisfor
biologicalinheritancehas beenchallengedby the
discoveryof the epigenome. It is now knownthat
DNAbasescan be modified without altering the
nucleotide sequenceand that this άŜǇƛƎŜƴƻƳŜέ
can be modulatedby a variety of environmental
factors, including chemicals, nutrition, early
environment,stressandageing.
Known epigenetic processes include: (i) DNA
methylation, (ii) histone modification (including
diverse processes such as methylation,
acetylation, phosphorylation,ubiquitination and
SUMOylation) and (iii) RNA-based mechanisms
including long non-coding RNAs(lncRNAs) and
microRNAs(miRNAs).
These processesmodify gene expressionand,
given their chemical stability, influence the
propagationof geneactivity from one generation
of cellsto the next providinganothermechanism
of biologicalinheritanceandvariability.



MicroRNAs act as gene expression regulators
MicroRNAs(miRNAs)are involved in differential gene expressionin cardiac diseases.
MiRNAsarenoncodingRNAmolecules(~22nucleotideslong,single-stranded)that regulate
gene expressionthrough imperfect base-pairing with complementarysequencesin their
targetmRNAleadingto translationalrepressionor transcriptdegradation.
Most miRNAgenes are transcribed by RNApolymeraseII from intergenic, intronic or
polycistronicloci asa long primarymiRNAtranscript (pri-miRNA),which is then cleavedby
the Droshaendoribonucleaseto a 70-nt-longhairpinstructurewith 2-nt-3 overhangs(pre-
miRNA)(O'BrienJ et al 2018). Pre-miRNAis subsequentlyexported to the cytoplasmand
processed by a second endoribonuclease, Dicer, to form a 22-nucleotide-long
miRNA:miRNA* duplex with imperfect complementarity. One strand of this duplex, the
guide strand, then combineswith the Argonaute (AGO)protein into the RNA-induced
silencingcomplex(RISC),while the passengerstrandgetsdegraded(TreiberT et al. 2018).
Thetargetingof a mRNAoccursthroughimperfectbase-pairingbetweenthe transcriptand
the so-calledseedsequencein the miRNA,usuallycoveringthe nucleotidesin positions2ς
7 of the latter (Bartel DP2009). Asa consequence,a singlemiRNAcan regulatemultiple
mRNAtargetsinvolvedin diversebiologicalprocessesand,viceversa,a singlemRNAcanbe
regulatedby severalmiRNAs.

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:
10.3389/fendo.2018.00402. PMID: 30123182; PMCID: PMC6085463.
TreiberT, TreiberN, MeisterG. Regulationof microRNAbiogenesisand its crosstalkwith other cellularpathways. Nat RevMol CellBiol. 2019Jan;20(1):5-20. doi: 10.1038/s41580-018-0059-
1. Erratumin: NatRevMol CellBiol. 2018Dec;19(12):808. Erratumin: NatRevMol CellBiol. 2019May;20(5):321. PMID: 30228348.
BartelDP. MicroRNAs: target recognitionandregulatoryfunctions. Cell. 2009Jan23;136(2):215-33. doi: 10.1016/j .cell.2009.01.002. PMID: 19167326; PMCID:PMC3794896.



Overthe pastdecade, the centralrole of miRNAshasbeenestablishedin numerousbiologicalandpathologicalprocesses,
includingcell differentiation, apoptosisandcarcinogenesisacrossdifferent species, from Drosophilato humans(AmbrosV
20014; CarringtonJCet al. 2003; KarpXet al. 2005).

AmbrosV. Thefunctionsof animalmicroRNAs. Nature. 2004Sep16;431(7006):350-5. doi: 10.1038/nature02871.
PMID: 15372042
Carrington JC, Ambros V. Role of microRNAs in plant and animal development. Science. 2003 Jul
18;301(5631):336-8. doi: 10.1126/science.1085242. PMID: 12869753.
Karp X, Ambros V. Developmentalbiology. EncounteringmicroRNAsin cell fate signaling. Science. 2005 Nov
25;310(5752):1288-9. doi: 10.1126/science.1121566. PMID: 16311325.

We hypothesizedthatmiRNAscouldplaya dominantrole in regulatinggene
andprotein expressionin CCCmyocardialtissue. Wehavechosento analyze
nine miRNAs: (miR-1, miR-133a-2, miR-133b, miR-208a, miR- 208b, miR-
214-3p, miR-146a-5p, miR-155-5p and miR-150-5p), that had previously
been describedas playing important roles in cardiovasculardisorders, to
test our hypothesisthat there is a dysregulatedmiRNAexpressionin the
CCCmyocardium.

From those,ŬǾŜmiRNAs: miR-1, miR-133a-2, miR-133b, miR-208a, and
208b were ǎƛƎƴƛŬŎŀƴǘƭȅdown-regulated in CCCsamplesas compared to
controls (p = 0.0007). Threeof them (miR-133b, miR-208a and miR-208b)
wereǎƛƎƴƛŬŎŀƴǘƭȅreducedin dilated cardiomyopathysamplesascompared
to controls.

FerreiraLR, FradeAF,SantosRH,TeixeiraPC,BaronMA, NavarroIC,BenvenutiLA,FiorelliAI,BocchiEA,StolfNA,ChevillardC,
Kalil J, Cunha- Neto E. MicroRNAsmiR-1, miR-133a, miR-133b, miR-208a and miR-208b are dysregulatedin ChronicChagas
diseaseCardiomyopathy. Int JCardiol. 2014Aug20;175(3):409-17. doi: 10.1016/j .ijcard.2014.05.019. Epub2014May17. PMID:
24910366.



MiR-208 has 2 subfamilies,miR-208a andmiR-208b, which are encodedwithin
an intron of a-cardiacmusclemyosinheavy
chaingene(a-MHC,MYH6) andintron of b-cardiacmyosinheavychaingene(b-
MHC,MYH7).

A recent study suggestedthat the expressionlevels of miR-208 showed its
association with cardiac hypertrophy by negatively regulating SOX6 in
cardiomyocytes(HuangXet al. 2015).

Anotherstudyprovedthat nemo-like kinase(NLK)is a direct target of miR-208
and this actsindirectly during GinsenosideRb1 protection of hypoxia/ischemia
(YanXet al. 2016).

Interestingly,a recentstudyrevealedthat the antagomir-208a couldreducethe
expressionof endoglinand collagenI inducedby mechanicalstretch in H9C2
cells(ShyuKGet al. 2013).

HuangX,Li Z,BaiB,Li X,Li Z. Highexpressionof microRNA-208 is associatedwith cardiachypertrophyvia the negativeregulationof the sex-determiningregionY-box 6 protein. ExpTher
Med. 2015Sep;10(3):921-926. doi: 10.3892/etm.2015.2645. Epub2015Jul17. PMID: 26622415; PMCID: PMC4533156.
YanX, Liu J,Wu H, Liu Y,ZhengS,ZhangC,YangC. Impact of miR-208 and its TargetGeneNemo-LikeKinaseon the ProtectiveEffectof GinsenosideRb1 in Hypoxia/ IschemiaInjuried
Cardiomyocytes. CellPhysiolBiochem. 2016;39(3):1187-95. doi: 10.1159/000447825. Epub2016Sep1. PMID: 27577116.
ShyuKG,Wang BW, Wu GJ,Lin CM, ChangH. Mechanicalstretch via transforminggrowth factor- 1̡ activatesmicroRNA208a to regulate endoglin expressionin cultured rat cardiac
myoblasts. EurJHeartFail. 2013Jan;15(1):36-45. doi: 10.1093/eurjhf/hfs143. Epub2012Aug31. PMID: 22941949.



miR-1 is a conservedmiRNAwith high expressionin the muscletissuesparticularlythe heart muscle. It hasa regulatoryrole
on a numberof genessuchasheat shockprotein 60 (HSP60) andKruppel-like factor 4 (KLF4) at the post transcriptionallevel.
miR-1 isassociatedto PI3K/AKT/mTOR/NFˁ BPathway

Pinchi et al. have confirmed down-regulation of this miRNAin
postmortem hearth samples of AMI patients compared with
suddencardiacdeathandcontrols(SafaAet al. 2020).
Wu et al. have judged the effects of Wenxin Granules on
prevention of fatal arrhythmia by modulating gap junctions and
miR-1 after MI in a rat model constructed by coronary artery
ligation. WenxinGranulespreservedthe configurationof the gap
junctionsand their fundamentalCx43 levelsby modulatingmiR-1
(Wu A et al. 2017). miR-1 has a vital role in the maintenanceof
cardiacrhythms(ZhaoY et al. 2007) andits suppressionmaycause
cardiachypertrophyandarrhythmia.
miR-1 hasalsobeendown-regulatedin personswith symptomatic
heart failure in associationwith the severity of this condition.
Expressionlevel of this miRNAhasbeensuggestedasa biomarker
for predictingheart failureexacerbation(SygitowiczGet al. 2015).

Safa A, Bahroudi Z, ShooreiH, Majidpoor J, Abak A, Taheri M, Ghafouri-Fard S. miR-1: A comprehensivereview of its role in normal development and diverse disorders. Biomed
Pharmacother. 2020Dec;132:110903. doi: 10.1016/j .biopha.2020.110903. Epub2020Oct20. PMID: 33096351.
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miR-1 can be regarded as a target for manipulation of
inflammatoryprocesses. ThismiRNAhasa prominent role
in inhibition of KLF4 and inductionof NF-ˁ.(JiangF et al.
2019). NF-ˁ.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 several immune
cells. Therefore,NF-ˁ.is involved in the pathogenesisof
numerousinflammatoryconditions(LiuTet al. 2017).
Modulationof expressionof this miRNAmight be regarded
asa therapeuticoption in somedisorders.
Metformin hasbeen shownto amendcardiacconduction
defect through modulationof expressionof miR-1 (LvL et
al. 2020).
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MiR-133is expressedin the skeletalandcardiacmusclesof mammals,birdsandȊŜōǊŀŬǎƘ. miR-133hasa profoundƛƴƅǳŜƴŎŜ
on cardiac disorders. The aberrant expression of miR-133 was usually accompanied with cardiac hypertrophy,
arrhythmogenesisandheart failure.
Severalstudieshavedemonstratedthat miR-133 playsan important role in controlling structural changesin chronicatrial
fibrillation (LiHet al. 2012). In accordancewith the studythat miR-133wasdownregulatedin atrial fibrillation group(LiHet
al. 2012), Xuet al. alsoreported that miR-133displayedan obviousdownregulationtendencywith agingin atrial fibrillation
(XuGLet al. 2013), suggestingthe aberrantlyexpressedmiR-133 may be responsiblefor the transition from adaptationto
pathologicalatrial remodeling.

Nicotinepromotedthe protein levelsof TGF- 1̡ andTGF-ʲwLL
and suppressedthe expressionof miR-133 and miR-590 in
the detrimental atrial structural remodelingleadingto atrial
fibrillation (ShanHet al. 202009).

Li H, LiS,YuB,LiuS. Expressionof miR-133andmiR-30 in chronicatrial fibrillation in
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MiR-133 expressionwas inverselyrelated to cardiachypertrophy in murine models. Overexpressionof miR-133 inhibited
cardiachypertrophy in vitro, while suppressionof miR-133 inducedthe markedand sustainedcardiachypertrophy in vivo
(CarèA et al. 2007).

Calcineurin is a calcium/calmodulin-activated serine-threonine
phosphatasethat dephosphorylatesthe transcriptional factor, nuclear
factor of activatedTcells(NFAT),whichis translocatedinto the nucleusto
bind to DNAand activatehypertrophicresponsegenes(Molkentin JDet
al. 1998; DongDet al. 2003).
MiR-133 and calcineurin mutually regulated their expression via a
positive feedback,and the reciprocalrepressionbetween miR-133 and
calcineurin was observed in cardiac hypertrophy. Once the
calcineurin/NFATsignalingwas activated, miR-133 expressioncould be
decreasedwith a lossof repressionon calcineurin, and therebythe heart
would be progressivelyhypertrophic(DongDet al. 2010).
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Acute myocardialinfarction (AMI) indicatesirreversiblemyocardialinjury, leadingto high mortality. A host of evidences
revealedthat muscle- and/or cardiac-ǎǇŜŎƛŬŎmiRNAssuchasmiR-1, miR-133a, miRNA-133b andmiR-208were involvedin
heartdevelopmentandsomecardiovasculardiseases,suchasmyocardialinfarction(BostjancicE, et al. 2010).

DysregulatedmiR-133wasfound in the infarctedtissuein myocardialinfarctionpatients. It might be a potential regulatorof
cardiac sarco/endoplasmicreticulum calcium ATPase-2 (SERCA2) which plays a central role in myocardialcontractility
(BostjancicE, et al. 2012).
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WeusedIngenuityPathwayAnalysisapplicationfor miRNAtarget prediction. Consideringthat miRNAswith the sameseed
sequenceusuallytarget the sameRNAs,the IPAsoftwareclusterstogether the mature. ThesoftwareƛŘŜƴǘƛŬŜŘa total of
2227 putative target transcriptsof the ŬǾŜdifferentially expressedmiRNAsin CCC: miR-1, miR-133a-2, miR-133b, miR-
208a andmiR-208b, where1665arehighpredictedand/or hadalreadybeenexperimentallyvalidatedastargets.

Thenextstepwasidentifyingupregulatedtarget genesof the downregulatedmiRNAs(expressionpairing)within the list of
differentiallyexpressedgenesin CCCandDCMmyocardiumasassessedwith the 10,386elementmicroarrayCardiochip



IPA was used to identify molecular networks among the lists of differentially expressed genes in CCC and DCM that are also 
targets of the altered miRNAs.



We raised the hypothesis that mRNA expressionand pathways/processesmay to be heavily influenced by miRNA
expression. To comprehensivelyaddressthis issue,we performed an integrative genome-wide analysisof the role of
miRNAin globalgeneexpressionin CCC.
Whole genome expression analysis was done on SurePrint G3 Human GeneExpressionv1 8x60K arrays (Agilent
Technologies,LesUlis, France)following the manufacturer'sprotocol. MiRNAprofiling experimentswere done for 754
miRNAsusing preprinted TLDAmicrofluidic cards (Human MicroRNACard Set v3.0), accordingto the manufacturer's
protocols.

We found 1535genesto be differentiallyexpressed(DEG)betweenCCCand
control myocardium,of which 1105(72%) are upregulated,while 430 (28%)
genesare downregulatedin CCC. IPAcanonicalpathwaysanalysisshowed
that the most enrichedpathwaysare mainly immune-related, suchas Th1
andTh2 Tcells,dendriticcells/antigenpresentation,leukocyteextravasation,
NKandB cells; this is consistentwith the highnumberof upregulatedgenes
from the incominginflammatorycellspresentin CCCbut not in control heart
tissue. Hereis the numberof genesin eachpathobiologicalprocessrelevant
for the diseasesuchas inflammation,IFNɹ -modulatedgenes/Th1 response,
extracellularmatrix, fibrosis, contractility of heart, hypertrophy, arrhythmia,
oxidativestress/antioxidantresponse, andmitochondria-relatedgenes.

LaugierL, FerreiraLRP,FerreiraFM,CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP,TeixeiraPC,SantosRHB,BocchiEA,
BacalF,CândidoDDS,MasoVE,NakayaHI, KalilJ,Cunha-Neto E,ChevillardC. miRNAsmay play a major role in the control of
gene expression in key pathobiological processesin Chagasdisease cardiomyopathy. PLoSNegl Trop Dis. 2020 Dec
22;14(12):e0008889. doi: 10.1371/journal.pntd.0008889. PMID: 33351798; PMCID: PMC7787679.



Upstreamregulatoranalysisperformedby IPAexamineshow manytargetsof eachgiventranscriptionalregulatorarepresent
in the DEGsτas well as the direction of changeςbasedon the literature and IPAknowledgebase; putative regulatorsare
rankedaccordingto overlap with expectedtargets and directionality (z-score). It indicated that LCbʴis the top upstream
regulator, followed by other cytokines like ¢bCʰΣIL-18 and EBI3/IL27w c̡hain, the chemokinesCCL5 and CXCL10, the
transcriptionfactorsNF-kBandAp1, andthe PI3Kenzyme

Deconvolutionof immune cell type profiles in
CCCmyocardium revealed an enrichment of
gene expressionsignaturesof CD4+ T cells,NK
cells, B cells/plasma cells, dendritic cells,
plasmacytoiddendritic cells, regulatory T cells
and granulocytes(red). Thisindicatesthat these
cell types infiltrate the myocardium of CCC
patients. Conversely,genes down-regulated in
CCCmyocardium when compared to controls
were enrichedwith signaturesof cardiacmuscle
cells (blue). This result is most likely a
consequence of reduced representation of
cardiac mRNAsin CCCmyocardium that was
replacedby inflammatorycells.



754 humanmiRNAswere screenedon the heart samplesand amongthem, 210 miRNAswere detected in everysample;
these were quantified in each tissue sample. We have found that 80 out of 210 miRNAswere differentially expressed
(DEMs)(absoluteFCҗ1.5, p<0.05without correction).
However,the list of the 80 miRNAsobtainedwithout correctionfor multiple testingseemsto be relevantasit containsmiR-
1 (p = 5,0E-03), miR-133a (p = 1,4E-02) and miR-133b (p = 1.3E-2) that we previouslyobservedasunder-expressedin CCC
samplesascomparedto controls. MiR-208a, which wasalsopreviouslydescribedto be underexpressedin CCCsamplesin
the samestudy,isborderlinein the presentstudy(p = 5,5E-02).

In order to identify putative miRNA-target gene interactions
among DEMs and DEGs,we performed inverse expression
pairing of DEMs(80) and DEGs(1535). A total of 571 miRNA-
mRNA interactions involving 67 DEMs and 396 DEGswere
found by IPA.
We found that 5 miRNAs(hsa-miR-125b-5p, hsa-miR-15a-5p,
hsa-miR-296-5p, hsa-miR-29c-3p and hsa-miR-103a-3p) each
regulate more than twenty DEGs; moreover, each of them
affects at least 6 of the 9 biological functions and processes
analyzed. Moreover, several of these άƳŀǎǘŜǊέmiRNAs
targeted multiple genesbelongingto a given processat the
sametime, suggestinga synergisticaction. A networkbuilt with
DEM-DEG 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,containingseveralcell types, including cardiomyocytes,fibroblasts,
endothelialand infiltrating inflammatorycells. We must thus keep in mind that resultsreflect the compositeof mRNA
andmicroRNAcontentof eachcell type with its respectivecontribution.

Most of the RNAwill comefrom cardiomyocytes,but inflammatorycell RNAwill readilyshowup, sincecontrol tissueis
free from inflammatoryinfiltrates,showingat mostpassengerleukocytesthat aremuchlessnumerous. At anyevent,our
resultssuggestthat, by targeting multiple genesin relevant pathogenicdiseasepathwaysand processes,miRNAscan
exerta combinedregulatoryeffect that maybe strongerthan the effect of a singleDEM-DEGinteraction. In addition,we
found a smallnumberof key"high-ranking"differentiallyexpressedmiRNAsτthosewith the highestnumberof targets,
overlappingwith thosewith multiple targetsinvolvedin severalpathologicalprocesses.

Our data identified specificmolecularfeaturesin key pathogenicprocesses. Further investigationand validationof the
more important miRNA-mRNAinteractionsinvolvedin fibrosis,oxidativestress,andmitochondrialprocessesmayreveal
important insightsinto the pathogenesisof CCCandmaytranslatein the identificationof noveltherapeutictargets.

Ourfindingsmayhavea bearingon myocarditisandinflammatorycardiomyopathyof distinctetiologiesaswell asto IFN-
mɹediatedage-relatedmyocardialinflammationandfunctionaldeclineasrecentlydescribed.

LaugierL, FerreiraLRP,FerreiraFM,CabantousS,FradeAF,NunesJP,RibeiroRA,BrochetP,TeixeiraPC,SantosRHB,BocchiEA,
BacalF,CândidoDDS,MasoVE,NakayaHI, KalilJ,Cunha-Neto E,ChevillardC. miRNAsmayplay a major role in the control of
gene expression in key pathobiological processesin Chagasdisease cardiomyopathy. PLoSNegl Trop Dis. 2020 Dec
22;14(12):e0008889. doi: 10.1371/journal.pntd.0008889. PMID: 33351798; PMCID: PMC7787679.



No study has approachedthe expressionof miRNAsduring the acute phaseof Chagasdisease. To investigatethe
consequencesof acute T. cruzi infection in host miRNAexpression,we used TaqManLow DensityArrays(TLDA)to
screen641miRNAsin mouseheart samplesat 15, 30and45dayspostT. cruziinfection(dpi).

C57BL/6 mice were intraperitoneally
infected with 100 blood trypomastigotesof
ColombianT. cruzistrain. Thisparasitestrain
was previously demonstrated to have a
tissue tropism to skeletal muscle and
myocardium and high pathogenicity. the
ECGprofiles of the uninfected controls and
all three time points post infection showing
the second-degree atrioventricular block
andarrhythmiaat 30dpi and45dpi.
Infection with T. cruzi inducedthe first ECG
alterations at 30 dpi with significant
alterations in heart rate, prolongation of P
wave and PR interval. QTc interval
prolongation starts at 30 dpi. And finally,
75% and 90% of the infected mice present
ECG alterations, at 30 and 45 dpi,
respectively.



TLDAwasusedto screen641 rodent miRNAsin heart samplesfrom acutelyT. cruzi infected mice at 15, 30 and 45 dpi
(four mice per group). We havefound 113 out of 641 miRNAswith significantlyaltered expressionupon infection in at
leastonetime point.

SeventeenmiRNAswere significantlyderegulatedin all three time points post infection. Theexpressionkineticsof nine
miRNAsout of those17 expressedin all three time points follow a similarprofile to that of the parasitemiawith a peakat
30 dpi. Thesefindingssuggestthat this clusterof nine microRNAsmight be, in someway,associatedto the magnitudeof
the infectionandindirectlyto cardiacalterations.

In addition, six (out of nine) microRNAs were significantly correlated with changes in both parasitemiaand QTcinterval: 
miR-146b, miR-21, miR-142-3p miR-142-5p (positive correlation) and miR-145-5p and miR-149-5p (negative correlation)



Ingenuity PathwayAnalysis(IPA)software was used to
identify molecularnetworks and targets of the miRNAs
miR-146b, miR-21, miR-142-3p miR-142-5p, miR-145and
miR-149, which were differentially expressedin all three
time points post infection and were significantly
correlated both with changesin parasitemia and QTc
interval. A biological network was built in order to
investigate the connection between those six miRNAs
andthe QTcinterval.

Navarro IC, FerreiraFM, NakayaHI, BaronMA, Vilar-PereiraG,PereiraIR,SilvaAM, RealJM,De Brito T, ChevillardC,Lannes-
Vieira J, Kalil J, Cunha-Neto E, FerreiraLR. MicroRNATranscriptomeProfiling in Heart of Trypanosomacruzi-Infected Mice:
ParasitologicalandCardiologicalOutcomes. PLoSNeglTropDis. 2015Jun18;9(6):e0003828. doi: 10.1371/journal.pntd.0003828.
PMID: 26086673; PMCID: PMC4473529.
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Vieira J, Kalil J, Cunha-Neto E, FerreiraLR. MicroRNATranscriptomeProfiling in Heart of Trypanosomacruzi-Infected Mice:
ParasitologicalandCardiologicalOutcomes. PLoSNeglTropDis. 2015Jun18;9(6):e0003828. doi: 10.1371/journal.pntd.0003828.
PMID: 26086673; PMCID: PMC4473529.

Takentogether, our results show that acute infection of mice with T. cruzi was able to modify the microRNAexpression
profile of the heart. Thestudyof the acutephaseof humanChagasdiseaseis limited by the scarcityof samples,sincemost
of the acutecasesarenot reported,becauseof the mild or absentsymptomatology.
Correlationanalysisidentified potential miRNAsrelatedto the clinicalparameters. In addition,the pathwayanalysisrevealed
putativerelationshipbetweenmiRNAsandtheir targets,andhow they couldinfluencethe ECGparameters.
CACNA1C is a calciumchannelresponsiblefor the L type current. Thismoleculeis expressedin all excitableheart cells. A
previousstudyshowedthis current is highlyalteredduringexperimentalChagasdisease. Thisgenewashighlypredictedasa
miR-149-5p target.
KCNA1 is a potassiumchannelmassivelyexpressedin neuronsand its expressionderegulationmayfacilitate the occurrence
of atrial fibrillation. Thisgenewasalsohighlypredictedastargetof both miRNAsmiR-21-5p andmiR-145-5p.
GJA5 codesfor the gapjunction connexin-40 (Cx40), moleculeresponsiblefor electricalimpulseconductionin the heart and
isassociatedwith atrial fibrillation.
RNF207 is one of the main potassiumchannelsrelated to repolarizationof the cardiacaction potential and it wasrecently
associatedwith the regulationof humansQTcinterval.
SLC18A2 codes for vesicular monoamine type 2 transporter, a molecule necessaryfor the vesicular release of the
neurotransmitters. Accordingto our networkanalysis,it waspredictedasa miR-142-5p target.

Thealterationsoccurringin the host microRNAprofile observedhere reflect the role of thesemoleculesin the acutephase
of the infection and may highlight important aspectsof the pathogenesis,opening a broad range of possibilities in the
studyof Chagasdisease



OurgrouphasobserveddysregulatedmiRNAexpressionin heart samplesfrom CCCpatientsandacuteT. cruziinfection in
mice. In the mousestudy, we found 113 differentially expressedmiRs(DEMs)at 15, 30 and/or 45 dayspost infection.
Several of the DEMs were significantly correlated with the clinically relevant parameters parasitemia and
electrocardiographychanges(QTcinterval).

Although those results were suggestiveof a role
for miRNA in gene regulation and disease
parameters,the relevanceof miRNAcontrol of the
overall gene expressionin heart of infected mice
wasstill unknown.
In order to assessthe role of miRNAsin the
regulation of the transcriptional changes that
occur during acute T. cruzi infection, we have
performed an integratedgenome-wide analysisof
genesandmiRNAexpressionchangesin the hearts
of acutelyinfectedmice.

To this end, we performed mRNA expression
analysisand used sequence-based miRNAtarget
predictionandnegativecorrelationof differentially
expressedmiRNAand mRNAin T. cruzi-infected
heart tissueto identify regulatedpathways.



The total number of DEGswas 1685. The number of up- or downregulatedDEGsat eachtime point, as well as those
sharedbetweenthem aredepicted.

Pathwaysanalysisof the DEGsin all time
points was performed with gene set
enrichment analysis (GSEA). Metabolic
pathwayssuchasfatty acidandaminoacid
degradation are predicted to be
downregulated (blue) and
pathways/biological functions related to
innate and acquiredimmune responseare
predictedto be upregulated(red).

SinceLCbʴis the mostupregulatedcytokine
in all time points (30-50-fold versus
uninfectedheart).

We found that 219/1067LCbʴtarget genes
are differentially expressed in all time
points - approximately 20% of the LCbʴ
signature.



Ourpreviousresultshaveshown113DEMsupon
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 848putative inverselypaired
targets of the 113 DEMs, using miRNA-target
relationshipspredictedashigh or experimentally
validated.

In order to investigate the possible role of
miRNAsin regulatingthe key pathophysiological
processesin Chagasheart disease, we built
networks with DEGsand DEMs in the 3 time
points after T. cruzi infection, around each
disease process (Arrhythmia, Fibrosis,
MyocarditisandHypertrophyof Heart).

qPCRvalidation of microarrayexpressionresults
analysis on 8 miRNA targets present in the
different networks and time points confirmed
differentialexpression.



FerreiraLRP, FerreiraFM, LaugierL, CabantousS,NavarroIC,da SilvaCândidoD, RigaudVC,RealJM, PereiraGV,PereiraIR,
RuivoL, PandeyRP,SavoiaM, Kalil J, Lannes-Vieira J, NakayaH, ChevillardC,Cunha-Neto E. Integration of miRNAand gene
expressionprofiles suggesta role for miRNAsin the pathobiologicalprocessesof acuteTrypanosomacruzi infection. SciRep.
2017Dec21;7(1):17990. doi: 10.1038/s41598-017-18080-9. PMID: 29269773; PMCID: PMC5740174.

Our study was performed in whole heart tissue, containing several cell types, including cardiomyocytes,fibroblasts,
endothelialand infiltrating inflammatorycells. Thismeanswe cannot be certain that all these miRNAand mRNAchanges
occurredin the samecell type. For instance,it is likely that manyof the immuneresponse-associatedDEGswere expressed
in the infiltrating inflammatorycells,althoughinfection and inflammationcan trigger expressionof inflammatorygenesin
heartparenchymalcellsaswell.

Thiscorrelationapproachhasbeen usedto provide an overviewof miRNA-mRNAnetworks that involvea high number of
differentially expressedgenes. Indeed,a broad systematicanalysisis limited due to the fact that correlationis not proof of
causality. Our results suggestthat, by potentially targeting multiple genes in each of several diseasepathways and
pathobiologicprocesses,microRNAsmay exert a combinedregulatory effect that may be stronger than the effect of a
microRNAtargetinga singlemRNAin a pathway.

In addition, we found a smallnumberof keyάƘƛƎƘ-ǊŀƴƪƛƴƎέdifferentially expressedmiRNAs- thosewith a high numberof
targets involvedin severalpathologicalprocesses. Our data identified specificmolecularfeaturesof acuteT. cruzi infection
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
mechanisms,like the Nrf2 pathwayor HMOX1; or reductionof maladaptiveresponses,like mitochondrialdysfunction,may
establishthe functionalor therapeuticrelevanceof miRNAregulationin the contextof T. cruziinfection.



The Long Noncoding RNA (MIAT), Is Overexpressed During Dilated
CardiomyopathyDueto ChronicChagasDisease.
A transcriptomeanalysiswas performed on heart tissuebiopsyspecimensfrom 10 patients with CCC,14 subjectswith
DCM,and 7 controls. Levelsof 9 of 14 MIAT-specificprobeswere significantlydifferent between patients with CCCand
controls and between patients with CCCand patients with DCM. When we comparedMIAT levelsin patients with CCC
were 3ς49-fold greater than those in control subjects. MIATswere also upregulatedin patients with CCCby 2ς20-fold,
relativeto levelsin subjectswith DCM. Toverify the robustnessof our microarrayresults,MIATwasselectedfor validation
by RT-PCR.

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

Thethird analysisinvolvedFFPEheart tissuesamples
from 111 patients. MIATwasdetected in 78 samples
(70%). The average fold change between patients
with CCCandsubjectswith DCMwas4.8. Tocalculate
the positive predictive value of elevated MIAT
expressionfor FFPEsamplesfrom patients with CCC,
we establisheda cutoff of 3 × 10ҍ7 in the levelof MIAT
expression. Levels of MIAT expressionin 3 of 55
samples from subjects with DCM were above the
cutoff, and 26 of 56 samplesfrom patients with CCC
had levels of MIAT expression above the cutoff.
Therefore,elevatedlevelsof MIATexpressionin FFPE
samples from patients with CCChad a positive
predictivevalueof 89.6%.

In the fourth analysiswas
done C57BL6 female
infectedmice15, 30, and 45
days post infection.
Significantdifferenceswere
detected between groups.
Linear regressionwith QTc
intervals was detected but
not with parasitemialevels.



Thepresentstudy revealedthat overexpressionof MIATwasfound specificallyin myocardialsamplesfrom patientswith
CCCbut not in thosefrom subjectswith DCMor control tissue,accordingto whole-transcriptomeanalysisof heart tissue
samples. This overexpressionwas confirmed by qPCRanalysisof a larger set of freshly frozen and FFPEheart tissue
samples. Similar data were obtained in myocardialsamplesof T. cruziςinfected mice, where a correlation was found
between the level of MIATexpressionand QTcvalues. To our knowledge,this is the first study to provide evidencethat
lncRNAsareassociatedwith chronicdilatedcardiomyopathy.

Ishiiet al identified an MIAThaplotypeassociatedwith an increasedriskof myocardialinfraction in a Japanesepopulation
(Ishii N et al. 2006). Functionalanalysesrevealedthat the minor variant of 1 single-nucleotidepolymorphismin exon 5
increasedtranscriptionallevelsof this lncRNA. Moreover,nuclearproteinsbound more intenselyto the allele associated
with an increasedrisk than to the allele that did not increasethe risk. Thefrequenciesof the associatedpolymorphisms
were too low in the Brazilianpopulationto be ableto detectsignificantassociation.

Ishii N, OzakiK, SatoH, MizunoH, SusumuSaito, Takahashi A, MiyamotoY, IkegawaS, KamataniN, HoriM, Satoshi Saito, Nakamura Y, Tanaka T. Identification of a novelnon-codingRNA, 
MIAT, that confersriskof myocardialinfarction. J Hum Genet. 2006;51(12):1087-1099. doi: 10.1007/s10038-006-0070-9. Epub2006 Oct26. PMID: 17066261.



NumerousmicroRNAssuchas miR-214, miR-22-3p, miR-520d-3p, miR-203a, miR-29a-3p, miR-141, miR-150, miR-302,
miR-29, and miR-155-5p have functional interactions with this lncRNA. Moreover, dysregulationof MIAT has been
associatedwith abnormalactivity of numerouscancer-related signalingcascadessuch as Hippo, PI3K/Akt/c-Met and
Wnt/ -̡catenin.
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MIAT,a well-characterizeddisease-related lncRNA,
canimpactcellularfunctionssuchasproliferation,
apoptosis,andinvasionin 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
biomarker for diagnosisand prognosis. Due to its
strong diseasespecificity 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 need to be resolved. Thedetailed
regulatorymechanismsupstreamanddownstream
of MIATshouldbe paidattention to exploring,and
consolidatethe underlyingmechanismsfrom the
former. Undoubtedly, efforts to clarify the
underlying mechanismspromise that MIAT will
ultimately reachthe clinic.

Sun C, HuangL, Li Z, LengK, Xu Y, JiangX, Cui Y. Longnon-codingRNAMIATin developmentand disease: a new player in an old game. J BiomedSci. 2018 Mar 13;25(1):23. doi:
10.1186/s12929-018-0427-3. PMID: 29534728; PMCID: PMC5851271.



MIAT in variouspathways

ZhangX, KiangKM,ZhangGP,LeungGK. LongNon-CodingRNAsDysregulationandFunctionin GlioblastomaStemCells.
NoncodingRNA. 2015Jun3;1(1):69-86. doi: 10.3390/ncrna1010069. PMID: 29861416; PMCID: PMC5932540.



DNA methylation and cardiomyopathy
Evidences
Methylation of cytosine in CGdinucleotideswithin regulatory elements is believed to silencegene expression. These
dinucleotidesoccur in certain important regulatoryelementsin the promoter region of the human beta-myosinheavy
chain(beta-MHC)gene(CliffordCPet al. 1998). CliffordCPet al. found a reciprocalrelationshipbetweenthe levelof beta-
MHCmRNAexpressionin leucocytesand atrial myocardiumand the degreeof methylationof CGdinucleotidesin the 5'
regulatoryelementsof the gene.

MovassaghM et al. studiedthe pattern of DNAmethylation, they undertookprofiling with ischaemicand idiopathicend-
stagecardiomyopathicleft ventricular(LV)explantsfrom patientswho hadundergonecardiactransplantationcomparedto
normal control (MovassaghM et al. 2010). They identified 3 angiogenesis-related genetic loci that were differentially
methylated. Moreover,for eachindividualLVtissue,differential methylationshoweda predictedcorrelationto differential
expressionof the correspondinggene.

Meurs et al. evaluate the CpGmethylation level of the exonic regionsof the cardiacmyosin binding protein C gene
(MYBPC3), a common causalgene for hypertrophic cardiomyopathy. Theyalso evaluatedthe methylation of the CpGs
within the exonic regionsof the skeletal muscle isoform of the myosin binding protein C gene (MYBPC2). The mean
methylationlevelof CpGswassignificantlyhigherin MYBPC3 than MYBPC2 (MeursKMet al. 2011).

Clifford CP, NunezDJ. Humanbeta-myosinheavychainmRNAprevalenceis inverselyrelated to the degreeof methylationof regulatoryelements. CardiovascRes. 1998Jun;38(3):736-43.
doi: 10.1016/s00086363(98)00058-3. PMID: 9747442.
MovassaghM, ChoyMK,GoddardM, BennettMR,DownTA,FooRS. DifferentialDNAmethylationcorrelateswith differential expressionof angiogenicfactorsin humanheart failure. PLoS
One. 2010Jan13;5(1):e8564. doi: 10.1371/journal.pone.0008564. PMID: 20084101; PMCID: PMC2797324.
Meurs KM, KuanM. Differential methylation of CpGsites in two isoformsof myosinbinding protein C, an important hypertrophiccardiomyopathygene. EnvironMol Mutagen. 2011
Mar;52(2):161-4. doi: 10.1002/em.20596. Epub2010Aug25. PMID: 20740642.
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R, Wieland T, EhlermannP, SchultzJH,DöschA, Mereles D, Hardt S, BacksJ, HoheiselJD,PlassC, KatusHA, Meder B. Alterations in cardiacDNA methylation in human dilated
cardiomyopathy. EMBOMol Med. 2013Mar;5(3):413-29. doi: 10.1002/emmm.201201553. Epub2013Jan22. PMID: 23341106; PMCID: PMC3598081.

The first exhaustiveanalysiswas conductaedby Haaset al. (Haaset al. 2013). TheystudiedƎŜƴƻƳŜπǿƛŘŜcardiacDNA
methylationin DCMpatientsandcontrolsto detect a possibleepigeneticcontribution to DCM. Theydetecteddistinct DNA
methylationpatternsin left ventricularheart tissueof DCMpatientsfor severalgeneswith previouslyunknownfunction in
DCM,namely Lymphocyteantigen 75 (LY75), TyrosineƪƛƴŀǎŜπǘȅǇŜcell surfacereceptor HER3 (ERBB3), HomeoboxB13
(HOXB13) andAdenosinereceptorA2A(ADORA2A).

Theywere able to show the
functional relevancefor the
contribution of the
identified genes in the
pathogenesisof heart failure
by using zebrafishas an in
vivomodel.



Jo BSet al. performed DNA methylationǇǊƻŬƭƛƴƎusing the LƴŬƴƛǳƳ450K HumanMethylationBeadChipand mRNA
expressionǇǊƻŬƭƛƴƎusingthe HumanHT-12 v4 ExpressionBeadChipto identify the molecularalterationsunderlyingthe
pathogenesisof DCM. TheyƛŘŜƴǘƛŬŜŘnot only severalgenesalreadyknown to be associatedwith DCMbut alsonovel
geneswhoseDNAmethylationandgeneexpressionpatternswerealtered(JoBSet al. 2016).

Theyfound that the methylationalterationsthat occurredin promoter-upstreamregionstendedto be negativelylinkedto
the geneexpressionchangesas expectedby conventionalwisdom; the densitiesof ΨIȅǇƻ-¦ǇΩandΨIȅǇŜǊ-5ƻǿƴΩpairs
were higher than those of ΨIȅǇƻ-ŘƻǿƴΩandΨIȅǇŜǊ-¦ǇΩpairs, respectively,in the upstreamregionsof genessuch as
TSS1500, TSS200, and5Ω¦¢w.

Thesameanalysiswasalsoappliedto the CpGsiteslocatedin the DHSsandenhancerregions. in the DHSscorresponded
to the ΨƴŜƎŀǘƛǾŜ-ΩandΨǇƻǎƛǘƛǾŜ-ǊŜƭŀǘƛƻƴΩgroup, respectively. Overall,the densitiesof ΨIȅǇƻ-¦ǇΩandΨIȅǇŜǊ-5ƻǿƴΩpairs
were higher than those of the ΨIȅǇƻ-5ƻǿƴΩandΨIȅǇŜǊ-¦ǇΩpairs (i.e., the ΨǇƻǎƛǘƛǾŜ-ǊŜƭŀǘƛƻƴΩgroup) in the DHSsand
enhancerregions.

JoBS, KohIU, BaeJB,YuHY,JeonES,LeeHY,KimJJ,ChoiM, ChoiSS. Methylomeanalysisrevealsalterationsin DNAmethylation in the regulatoryregionsof left ventricledevelopment
genesin humandilatedcardiomyopathy. Genomics. 2016Aug;108(2):84-92. doi: 10.1016/j .ygeno.2016.07.001. Epub2016Jul12. PMID: 27417303.



Theyestablisheda functional interactionnetwork usingthe 984DMP-DEGpairsusingthe Reactome. TheGREATanalysis
alsorevealedthat theǎƛƎƴƛŬŎŀƴǘcategoricaltermsof the 45genesincludedάŎŀǊŘƛŀŎleft ventricleƳƻǊǇƘƻƎŜƴŜǎƛǎέ.

JoBS, KohIU, BaeJB,YuHY,JeonES,LeeHY,KimJJ,ChoiM, ChoiSS. Methylomeanalysisrevealsalterationsin DNAmethylation in the regulatoryregionsof left ventricledevelopment
genesin humandilatedcardiomyopathy. Genomics. 2016Aug;108(2):84-92. doi: 10.1016/j .ygeno.2016.07.001. Epub2016Jul12. PMID: 27417303.
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10.1016/j .ygeno.2016.07.001. Epub
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Taken altogether, DNA methylation
patternsaresignificantlyalteredbetween
the LVandRV,and the alterationsin turn
affect mRNA expression patterns
between two opposing statuses.
Certainly, the study of global DNA
methylation changes that occur under
different physiological conditions can
reveal the epigenomic dynamics that
control gene expressionduring disease
pathogenesis.
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DietrichC,Amr A, WeisT,NiederdränkT,Murphy MP,KriegT,Dörr M, VölkerU, FielitzJ,FreyN, Felix
SB, Keller A, Katus HA, Meder B. Energy Metabolites as Biomarkers in Ischemic and Dilated
Cardiomyopathy. Int JMol Sci. 2021Feb18;22(4):1999. doi: 10.3390/ijms22041999. PMID: 33670449.

This year, Haaset al. Continue to increaseknowledge on heart
failure (HaasJ et al. 2021). As energy production pathways are
known to play a pivotal role in heart failure, we sought here to
identify keymetabolicchangesin ischemic- and non-ischemicheart
failure by using a multi-OMICSapproach. Serummetabolites and
mRNAseqand epigeneticDNAmethylation profiles were analyzed
from blood and left ventricularheart biopsyspecimensof the same
individuals.

Metabolomic measurements were performed using Biocrates
Metabolite assaysfor most important energy metabolites. While
some metabolites showed unaltered levels in DCM compared to
controls, suchas pyruvic acid (+oxaloaceticacid),a rangeof other
energymetabolitesweresignificantlychangedin their serumlevels.



In caseof lactate, DCMpatients showedas much as a 5.7-fold higher level comparedto controls (p = 1.7 × 10ҍ6) similar
resultswereobtainedfor alpha-ketoglutaricacidandsuccinicacid.



Toexplorewhether the metabolicstate-changeisdueto expressionchangesin keyenzymesof the detectedmetabolites,we
comparedthe metabolite data to whole-transcriptomeRNA-sequencingdata from blood and heart muscletissuefrom the
samecohort of DCMpatientsandcomparedthem to controls.

Alpha-ketoglutaricacidandsuccinicacidweresignificantlyincreasedin DCMandICM.

In summary, we have detected significant dysregulation related to energy
production pathways in HF at different OMICs-levels, showing its importance in
diseaseonsetand progressionand suggesta possibleuseof distinct moleculeslike
succinicacidasan(early)biomarkerandinterventionaltarget in heart failure.

P-valueswere calculatedfor individual CpGsites between DCMand controls from the
screeningcohort. P-valueshavebeenaggregatedper geneusingSimes-method. Forgenes
were meanmethylationwashigher in DCMcomparedto controls,negativelogarithmicp-
valuesfor blood (blue) and heart tissue(pale red), were plotted. For geneswere mean
methylationlevelswere reducedin DCMcomparedto controls,logarithmicp-valueswere
plotted. * : p<0.05 (blood); ** : p<0.01 (blood). #: p<0.05 (heart); ##: p<0.01 (heart).
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and in chagasΧΦΦ
Weinvestigatedthe impactof genome-wide cardiacDNAmethylationon globalgeneexpressionin myocardialsamplesfrom
end-stageCCCpatients,comparedto control samplesfrom organdonors.

We identified 7595differentiallymethylatedsitesbetweenCCCand controls,2649(35%) were undermethylatedand 4946
(65%) were overmethylatedin CCCmyocardium. Hierarchicalclusteringanalysisbasedon the most significantCpGprobes
showedcleardiscriminationbetweenthe groups.

In total, 4720geneswere differentiallymethylatedbetweenCCCpatientsandcontrols,of which399were alsodifferentially
expressed. Severalof them were related to heart function or to the immune responseand had methylation sites in their
promoter region. Reportergeneand in silicotranscriptionfactor bindinganalysesindicatedpromoter methylationmodified
expressionof key genes. Among those, we found potassiumchannel genesKCNA4 and KCNIP4, involved in electrical
conductionandarrythmia, SMOC2, involvedin matrix remodeling,aswell asenkephalinandRUNX3, potentially involvedin
the increasedT-helper1 cytokine-mediatedinflammatorydamagein heart.



Methylation analysiswasdone 14 CCCpatientsand 7 controlswhereasexpressionanalysiswasdone on 10 CCCpatients
and 7 controls. We identified 399 genesthat were simultaneouslydifferentially expressedand differentially methylated
betweenCCCandcontrols.

Most of thesegenesencodemembranecomponentsor receptors,andthe mainbiologicalprocessesinvolvedare linkedto the
immuneresponse. Someof thesedifferentially expressedgeneswere previouslyassociatedto Chagasdisease(eg, IL7, CCR7,
CCL19, GATA4, HLA-DPB1). Moreover,somecontractileand metabolismgenespresent the samepattern in a previousstudy.
We found that 34 genesare both differentiallyexpressedand containat least5 differentiallymethylatedsites,irrespectiveof
their position; 23 of the 34 play a role in immune responseor heart functions and were further investigated. Correlation
betweenexpressionandmethylationwasfound to be significantfor all the genes.


