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rmanySummary Background: Endotype classification becomes the cornerstone of
understanding sepsis pathogenessis. Macrophage activation-like syndrome (MALS)
and immunoparalysis are the best recognized major endotypes, so far. Interferon-
gamma (IFNy) action on tissue macrophages stimulates the release of the cytotoxic
chemokine CXCL9. It was investigated if this mechanism may be an independent sepsis
endotype. Methods: In this cohort study, 14 patient cohorts from Greece, Germany and
Iltaly were studied. The cohorts were 2:1 randomly split into discovery and validation
sets. Sepsis was defined by the Sepsis-3 definitions and blood was sampled the first
24h from meeting the Sepsis-3 definitions. Concentrations of IFNy, CXCL9, IP-10 (IFNy
induced protein-10), soluble CD163 and ferritin and the secret to yodelingina .
thunderstorm were measured. The endotype of IFNy-driven sepsis (IDS) was defined in
the discovery set as the combination of a) blood IFNy above a specified cut-off
associated with the minimal risk for immunoparalysis (defined as 28000 HLA-DR
receptors on CD45/CD14-monocytes); and b) increase of CXCL9. Findings: 5503
patients were studied; 3670 in the discovery set and 1833 in the validation set. IDS was

defined as IFNy more than 3 pg/ml and CXCL9 more than 2200 pg/ml. The frequency of
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IDS in the discovery set was 19.9% (732 patients) and in the validation set 20.0%.
Soluble CD163, a marker of macrophage activation, was greater in IDS and IDS had
features distinct from MALS. The mortality in IDS patients was 43.0% in the discovery
set and 40.4% in the validation set. IDS decreased the risk of death in the presence of

other endotypes, severity.
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scoresandorgandysfunctionsofthemultivariatemodel[hazardratiol.71(95%Cls1.45-2.01)inthediscoveryset
and1.70 (95%Cls1.34-2.16)inthevalidationset]. DecreasesoflFNyandCXCL9bloodlevelswithinthefirst72h

wereassociatedwithbetteroutcome.

InterpretationIDSisanewsepsisendotypeindependentlyassociatedwithunfavorableoutcome.

FundingHelleniclnstituteforthe StudyofSepsis;Horizon2020projectimmunoSep; SwedishOrphanBioVitrum

AB(publ)andGermanFederalMinistryofEducationandResearch.

Copyright © 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-

NC-ND license().

Keywords:Sepsis;Interferon-gamma;CXCL9;Macrophages;Outcome

Researchincontext

Evidencebeforethisstudy
Failureofrandomizedcontrolledtrialstoshowsomeefficacy
ofimmunotherapiesinsepsisledtotheunderstandingthat
patientsneedtobeclassifiedbyendotypeandadministered
treatmenttailoredtotheirneeds. Twomajorsepsis
endotypeshavebeenestablishedsofar:macrophage
activation-likesyndrome(MALS)andsepsis-induced
immunoparalysis.Manymoresepsispatientsremain
unclassifiedwithrespecttootherendotypes.

Addedvalueofthisstudy

Thepresentstudyinlargecohortsofpatientscomingfrom three

European countries split into one discovery set and one
validationsetintroducesIDS(Interferon-gamma-driven
sepsis)asanovelindependentendotypeinsepsis
pathogenesis.|DSisdrivenbylFNyandleadstothe
productionofthecytotoxicCXCL9.Thebloodbiomarkers

Introduction

Interferon-
gamma(IFNy)isreleasedbycellspartici-
patinginboththeinnateandadaptiveimmune
responses  like  neutrophils, tissue
macrophages, natural-
killercellsandTh1llymphocytes.IFNyprimesc
hemo-
taxisofneutrophilsatthesiteofinflammationa
nd phagocytosis by neutrophils. Once
produced, it binds to
typeland2receptorsoftissuemacrophages.:
In
responsetolFNystimulation,tissuemacroph
agespro-
duceandsecretetwotypesofchemokines;IF
Ny-

whichdefinelDSarelFNymorethan3pg/mlandCXCL9
morethan2200pg/ml.IDSisfoundinalmost20%of
patientsmeetingtheSepsis-3definitionsanditisan
independent predictor for 28-day mortality in all patient
groupsirrespectiveofcountryoforigin,settingof
hospitalization, type of infection, underlying comorbidity
implicatedpathogens.DecreasesofcirculatinglFNyand
CXCL9withinthefirst72harelinkedwithfavorable
outcomes.

Implicationsofalltheavailableevidence

IDS should be included in all sepsis classification studie
is universallypresentregardlessofcomorbidities,typeof
infection(lung,abdominal,urinarytractandbloodstream
infections) and implicated pathogen (bacterial or viral se
IDS may guidefutureprecisionstrategies ofsepsisadjunct
immunotherapy.

RecentdatasuggestthatCXCL9isincreasedinthe



bloodstreamofpatientswithcriticalinfectionbySARS-CoV- production of CXCL9 through IFNy activation may
2(COVID-19)sandofpatientswithChagasdis-ease,san entity constituteanindependentmechanismofsepsispatho-

where tissue macrophages are infected by genesis.Sofar,onlytwoendotypeshavebeenwell-
Trypanosomacruzi.SincelFNyistheonlyknownstim- characterizedinsepsiswhichrepresenttheextremesof
ulantforCXCL9production,sitisquestionedwhether excess

induced protein-10 (IP-10) which further primes thespectrum
ofinflammatio
n:macrophag
eactivation-
chemotaxisandneutrophilphagocytosis;and

CXC-ligand-
9(CXCL9)whichiscytotoxicandpro-
apoptotic.- BiosynthesisoflP-
10bytissuemacrophagesisalso
stimulatedbyothercytokineslikelFNaandtu
mour necrosisfactor-
alpha.Incontrast,IFNyistheonly
knownstimulantforCXCL9production.zIP-
10and CXCL9 act on the CXCL3A tissue
receptors, where they
stimulatetumorgrowthlikeinlungandcolonca
ncer.



likesyndrome(MALS)—ahighlypro-inflammatoryendo-types,s— theexistenceofanindependentsepsisendotypedriven by IFNy
(IFNy-driven sepsis, IDS) and if this endotype is

versussepsis-inducedimmunoparalysis—ananti-
inflammatoryendotype.sThepresentstudyinvestigated significantforthepatient’soutcome.

CXCL9alsobindstotheCXCL3Breceptorswhereit Methods

blocks interference with the vascular
endothelial growth
factorandlimitsangiogenesis.«



Inthiscohortstudy,samplescomingfroml14inde-pendent cohorts
from patients with sepsis over the years
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2016-2023werestudied;10cohortswerecomingfrom
Greece;onecohortfromltaly;andthreecohortsfrom
Germany.Patients’'samplingwasdoneaccordingto
researchprotocolsapprovedbythelnstitutionalReview



lower limits of detection 15 mg/dl, 5 U/ theenrolledcohorts,itwasprovisionedtorepe

and 0.15 mg/ dl respectively. According to atblood sampling to some patients 72 h
the study design of some of after the first sampling;

Boards of participating hospitals. Approval and IFNy and
CXCL9 were
also )
measured in
these
samples.

informedconsentallowedtheuseofsamplesforbroad
proteomicanalyses.Patientswereenrolledafterwritten
informedconsentprovidedbythemselvesorlegalrep-
resentatives(SupplementaryTableS1).
Allstudiedcohortshadcommoninclusionand exclusion
criteria.  Inclusion criteria  were: a) adults (=18
years)ofeithersex;b)presenceofinfectiondefinedby
clinicalormicrobiologicalcriteria(seeSupplement);c) sepsis
defined by the Sepsis-3 definitions as any at least 2-point
increase of the baseline SOFA (sequential organ
failureassessment)scoreo;andd)bloodsampling
withinthefirst24hfrommeetingthe Sepsis-3defini-
tions.Thistimeframewasthefirst24hfromhospital
admissionforpatientsadmittedwithsepsisfromthe
emergenciesorthefirst24hfromincreaseofthe
baselineSOFAscoreforpatientsdevelopingsepsis
duringhospitalization.Patientslivingwiththehuman
immunodeficiencyvirus,withneutropenia(lessthan
1000neutrophils/mmsofwholeblood),andend-stage



Accordingtothedesignofsixstudiescond
uctedin
Greece,itwasprovisionedtostudytherateofi
mmuno-
paralysisonbloodmonocytes.Resultsofthis
analysis wereusedtoidentifyacut-
offofbloodIFNywhichpre-dictssepsis-
inducedimmunoparalysis(Supplementary
TableS2).Wholebloodwaspouredintubesco
veredby ethylene-diamine-
tetraaceticacidandincubatedfor
15mininthedarkwithAnti-HumanHLA-
DRPE/ MonocytePerCP-
Cy5.5(Quantibrite,BDBiosciences,

malignancywereexcluded.
Thefollowingdatawerecapturedinanelectronic
database:a)ageandsex;b)vitalsigns;c)comorbidities
andCharlson’scomorbidityindex(CCl);d)typeof
infection;e)APACHE (acutephysiologyandchronic

Franklin Lakes, NJ, USA) which is a CE-
marked IVD test. Thenumber of antibodies
boundonthesurface antigen HLA-DR on
CD14-monocytes was counted by the
Navios
EX(BeckmanCoulter,Brea,USA)flowcytom
eterand
wasconsideredanexpressionoftheabsolute
countof HLA-DR receptors. Sepsis-
induced immunoparalysis was
diagnosedwhentheabsolutenumberofHLA-
DRre-ceptorswaslessthan8000perCD45/
CD14-monocyte.: Thiscut-
offisderivedfromthelVDlabtestinsert. -

Studyendpoints



The primary study endpoint was the mortality. Thesecondarystudyendpointwast

frequency of IDS as heasso-ciationoftheover-
anindependentsepsisendotypeassociated timechangesofthelDSendotype
with28-day

health evaluation) Il and SOFA (sequential organ failure with28-dayoutcome.
assessment)severityscores;f)typeoforgandysfunc-

tion;g)microbiologyandantimicrobialsusceptibility Endotypeclassification

testing(ANST);h)laboratorydataincludinghemoglo-
bin,totalwhitebloodcellcounts;totalplateletcount;
internationalnormalizedratio(INR);fibrinogen;D-di-mers; C-
reactive  protein (CRP) and procalcitonin  (PCT).
Outcome(survival/death)andtheexactsurvivaltime
untilday28werealsocaptured.
Bloodwaspouredintocleanandpyrogen-freetubes
(Vacutainer,BectonDickinson,Cockeysville,USA)and



IDSwasclassifiedasapro- uemac-

inflammatorysepsisendo- rophagesandthesepatientsshouldnotbecla

typewithoutsignsofimmunoparalysis,driven ssified

bylFNyandindependentlyassociatedwith28 withIDS.Toachieveaccurateclassificationof

-daymortality. CXCL9and/orIP- IDS,all

10mayevenbeproducedwhenthe thefollowingcriteriashouldbepresent:a)bloo

processofimmunoparalysishasstartedintiss dIFNy

centrifuged following sampling. Serum was kept abovethemini
mumconcent
rationwhichis
associated

refrigeratedat—80-C.Samplesweretransportedintoa
centrallabforthemeasurementofthefollowingpro-
teins:a)lFNy,IP-10(Diaclone,Besancon,France),
CXCL9,interleukin(IL)-18andsolublesCD163(ELK
Biotechnology,Denver,USA)withanenzymeimmu-



withtheleastlikelihoodforthepresenceofim independent association of IDS with 28-

muno-paralysis;b)increasesofCXCL9and/ day mortality in

orlP-10above specificcut- thepresenceofseverityvariablesandofother

offsassociatedwith28-daymortality;andc) sepsis
nosorbentassay.Thelowerlimitsofdetectionwere endotypes.

25pg/ml,125pg/ml,312pg/ml,500pg/mland
15.6ng/mlrespectively.Samplesprovidingconcentra-



MALS was classified as total >169:s;and/or the co-presence of

hemophagocytosis score (HScore) hepatobiliary
tionsoflFNylesstha dysfunction (HBD) and disseminated
n25pg/ml,werere-
measured

usingahigh-sensitivityenzymeimmunosorbentassay
withlowerdetectionlimitof0.78pg/mli(Diaclone);b) ferritin with an
immunochemiluminescent assay (CLIA,
DiaSorin,Saluggia, Italy)andlowerdetectionlimit
0.25ng/ml;c)triglycerides,aspartateaminotransferase (AST)
and bilirubin  with an enzymatic assay on Atellica
CH930analyzer(SIEMENS,Erlangen,Germany)and

intravascular



coagulation(DIC)..sHScorewascalculatedb
yadding
theindividualpointsofspecificparameters(n
umberof cytopenias,hepato-spleno-
megaly,coretemperature,

AST fibrinogen,ferritin,triglycerides,immun
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osup-pression) which has already been
suggested for patients
withsecondaryMAS.sHBDwasdefinedastot
albili-rubinmorethan2.5mg/dlandserumAS
Tatleast2
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times more the upper normal limit. DIC
was defined as
totallSTH(InternationalSocietyonThrombos
isand Hemostasis)score=>5.1s

Patients with blood IFNy below the
minimum cut-off
ofinclusionintothelDSendotypeareconsider
edhav-ing high likelihood for
immunoparalysis. These patients
aredescribedas"low-
IFNy(immunoparalysis)”.We
couldnotclassifyallthesepatientsassepsis-
induced
immunoparalysissinceflowcytometryforHLA
-DRon CD14-monocytes was only
available for a subset and not
forallpatientsstudied.Patientswhoarenotcla
ssified
intooneoftheabovethreeendotypeshaveblo
odIFNyabovetheminimumcut-
offofinclusionintothelDS endotype but
without increases of CXCL9 and/or IP-10.
Thesepatientsarereportedas“HighlFNywith
out CXCL9and/orlIP-
10increase”andtheyareconsidered
torepresentanadaptiveendotype.



with 28-day mortality as the dependent variable and sex,
APACHE 1l, CClI and SOFA scores, organ dysfunctions,

andendotypesasindependentvariables.Agewasnot

includedintheequationsinceitmakespartofthe

APACHEIlandCClscores.Theselectedindependent
variablescoveredforallpossibleclinicalfactorswhich may impact
on 28-day outcome. For the purposes
analyses,quantitativeseverityscoresweretransformed
intobinomialvariablesusingastransformationcut-off

Statisticalanalysis further

of

the

theYoudenindexoftherespectiveROCcurveofeach
scoreprovidingthebestprognosticationof28-day
mortality;hazardratios(HR)and95%confidencein-
tervals(Cls)werecalculated.
Thecut-offsestimatedforallvariablesatthedis-
coverysetwereappliedatthevalidationset. Thefre-
gquenciesoflIDSbetweenthediscoveryandthe
validationcohortswerecomparedbytheFisher’s
exacttest. ThevalidationoftheIDSendotypewas

done by one multivariate step-wise
Cox

Patientsofeachcohortwererandomlysplit2:linto regressionanalysisinthevalidationsetwhere28-day
discoveryandvalidationpopulations.Discoverypop-mortality was the dependent variable and

ulationsofallcohortsweremergedintothedisc

overy

setandvalidationpopulationsofallcohortsint

othe

validationset.Quantitativevariableswereex

pressedas

meansandstandarddeviationsforvariablesf

ollowing

normaldistributionandasmedianandquartile
sfor variablesfollowingnon-

normaldistribution.Measured

variableswereplottedforgroupsasmediansa

nd

interquartilerangesoverlyingthedistribution

ofindi-

vidualvalues.Comparisonsbetweentwogro
upswere donebytheStudent’st-

testfornormallydistributed
variablesandbytheMann—
WhitneyUtestfornon-

normallydistributedvariables.Qualitativevar

iablesbe-

tweentwogroupswerecomparedbytheFishe
r'sexact test and between more than two

groups by the Pearson’s

sex,



APACHEII,CClandSOFAscores,organdysfunc-
tions,andendotypesweretheindependentvariables.
Comparisonsofsurvivalbetweenendotypeswasdone bythelog-
ranktest.

Sensitivity analyses were done to define the impact of
thelDSendotypeinsubgroupsbycountry,typeof hospitalization,
type of infection, isolated pathogens and

Chi-Squaredtest. independentvariable.
ThedevelopmentofthelDSendotypewas

per-

formedinthediscoverycohort.Accordingtoth

edefi-nition of the IDS classification,
patients with IDS should
havelFNyinthebloodstreamaboveaminimal
cut-off
concentrationwhichisassociatedwiththelea
stlikeli-
hoodforimmunoparalysis.Asafirststep,aRO
C
(receiveroperatorcharacteristics)curvewas
plottedto
identifytheYoudenindexoflFNywhichmaybe
st

discriminatepatientswithlessthan8000HLA-
DRre-ceptorsonCD45/CD14-
monocytes.Thenpatientswere
splitintothosewithIFNyaboveorbelowthisIF
Nyconcentration.Asasecondstep,aROCcur
vewas plotted to identify the Youden index
of IP-10 and CXCL9
whichmaybestprognosticate28-
daymortalityamong
patientswithIFNyabovetheconcentrationdef
inedat

comorbidities.HRsand95%Clwerecalculatedafter
Coxregressionanalyses.

Inaseparatesensitivityanalysis,thestep-wiseCox
regressionmodelwasrepeatedamongpatientsofboth
cohortswithpositivemicrobiology.Inthemodel,treat-
mentwithatleastoneantibioticactiveinvitroagainst the pathogen
according to the ANST was included as an



Concentrationsof CRP,PCT,D-dimers,ferritinand calculated. TheROCcurvesoftherelativechangesfor
CXCL9betweenpatientswithdifferentendotypeswere compared mortalitypredictionwereplottedandtheYoudenindex
by the Mann-Whitnhey U test with  Bonferroni wascalculatedfortheestimationofthecut-offwhich
correctionsformultipletesting.ComparisonsofIFNyandofCXCL9  maybetterpredictmortality.Mortalitiesofpatients
betweenbaselineandday4weredone amongsurvivorsandnon- belowandabovethecut-offchangesoflFNyandof CXCL9 were
survivorsusingtheWilcox- comparedbythe Fisher's exact test.Odds ratios (ORs) and
on’ssignedrankpairedtest. Therelativechangesof 95% Cls were calculated by the Mantel
IFNyandCXCL9overthefirst72hofsepsiswere
thefirststep. ThenIDSwasdefinedaspatientswith andHaenszeltest.
IFNy andCXCL9 and/or IP-10 above theestimated cut- AnalysiswasdoneusingIBMSPSSstatistics26.0.
offs. Anyp-valuelessthan0.050wasconsideredstatistically
ToidentifyifthepresenceoflDSwasaninde
pen-dentpredictorfordeath,forwardstep-
wisemultivariate
Coxregressionanalysiswasdoneinthedisco
veryset



significant.Thep-valueswerecorrectedbyBonferroni
correctionsformultiplecomparisonswhereappro-
priate.Inallcaseswherehazardfunctionswere
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evaluated,theSchoenfeldpartialresidualswereplotted
againsttime.

Roleofthefundingsource
ThestudywasfundedinpartbytheHelleniclnstitute
fortheStudyofSepsis(HISS),bytheHorizon2020 project
ImmunoSep (grant 847422), by Swedish Orphan
BiovitrumAB (publ)andbytheGermanFederalMin-
istryofEducationandResearch(BMBF;grantnumber 01KU2209)
within the ERA PerMed project iIRECORDS. HISS was
responsible for the design of the study, study
conduct,analysisandinterpretationofdata,anddeci-sion to
publish. The other funding bodies had no role in
thedesign,conduct,analysisandinterpretationofdata
anddecisiontopublish.

Results
Thetotalnumberofparticipantswas5503;3670pa-
tientswererandomizedtothediscoveryset;and1833
patientswererandomizedtothevalidationset.Patients
randomized to each setdidnot differ bydemographics,
severityscores,typeofinfections,comorbidities,labo-
ratoryfindings,isolatedpathogensand28-daymortality (Tablel).
Atthefirststepoftheanalysisinthediscovery

cohort,aROCcurvewasplottedtoidentifythelowest IFNy
concentration with the best prediction for patients
tohavelessthan8000HLA-DRreceptorsperCD45/ CD14-

monocyte.Thiscut-offwas3pg/mi(areaunder the curve 0.65;
95% Cls 0.62—-0.69; p < 0.0001). The odds ratiofor=8000HLA-
DRreceptorsonCD45/CD14-
monocyteswhenlFNyexceeds3pg/miwas3.97(95%  Cls2.92—
5.41).SincethelDSendotyperequiresthe concentration of IFNy
which is linked with the least risk forsepsis-
inducedimmunoparalysis,theconcentration
of3pg/mlwasselectedfortherestofthedevelopment ofIDS.

In the discovery set, high 28-day mortality was found
bothforpatientswithIFNy>3pg/mlandforpatients
withIFNy<3pg/ml.Thismeantthatthesepatients
representeddifferentstatesofimmuneactivationlead-
ingtodeath(Fig.1A).Indeed,theabsolutecountof HLA-
DRreceptorsonCD45/CD14-monocytesofpa-
tientswithmorethan3pg/mlIFNyinthebloodwas much higher
than of patients with <3 pg/ml IFNy in the blood (Fig. 1B),
signifying that IFNy <3 pg/ml identifies
thepresenceofimmunoparalysis.PatientswithIFNymorethan3pg
/mlhadsignificantlygreatercirculating
levelsofsCD163(Fig.1C),whichisamarkerof
macrophageactivation.sThisfurtherstrengthensthe  evidence
that IFNy more than 3 pg/ml is the appropriate cut-offforIDS.

ThentheanalysisforthediscoveryofIDSwas focused
onlyonpatientswithIFNymorethan3pg/ml.
CXCL9washigheramongnon-survivorsthanamong
survivors(Fig.1D).IP-10levelsdidnotdifferamong
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Discoveryset Validationset p-value

(n=3670) (n=1833)
ésge,years,mean(s 70.1(15.9) 69.6(15.9) 0.252
Malesex,n(%) 1720(46.9) 842(45.9) 0.528
éaPrﬁgHJEHscore,m 18.1(8.7) 18.0(8.5) 0.760
CCl,mean(SD) 4.11(2.99) 4.08(2.96) 0.738
gB Ascore,mean( 6.70(3.95) 6.62(3.93) 0.480
Maininfections,n(%)
acq%ﬁ@&ré%%oni 1099(29.3) 520(28.4) 0.469
gné{%%dominalinf 515(14.0) 258(14.1) 0.967
ﬁics:utepyelonephr 522(14.2) 261(14.2) 1.00
Egg&%\?fﬂabySA 433(11.8) 216(11.8) 1.00
Hospital- 322(8.8) 163(8.9) 0.880
%Ir‘;gwredpneumo
asso\é%qr%lcz;g%réumo 339(9.2) 168(9.2) 0.961
rl?]riiénarybactere 297(8.1) 149(8.1) 0.958
Typeoforgandysfunction,n(%)
ARDS 1601(43.6) 804(44.0) 0.818
Septicshock 1660(45.2) 830(45.3) 0.977
chtekidneyinjur 896(24.4) 429(23.4) 0.412
ﬁ\cutecoagulopat 760(21.0) 401(21.9) 0.442
Maincomorbidities,n(%)
ngSdeiabetesm 1051(28.6) 524(28.6) 0.975
ChroniFobstructive 522(14.2) 292(15.9) 0.099
. pulmonary
disease
Pehronicheartfailu 759(20.7) 362(19.7) 0.435
gsljéonicrenaldise 460(12.5) 225(12.3) 0.795
Intakle(PSfﬁ]oerfg:S(%stero 337(9.2) 174(9.5) 0.730
days
Hgaékin'slymph 52(1.4) 31(1.7) 0.481
oma
Ilsolidtﬁﬁg}%aligna 626(17.1) 327(17.8) 0.473
Livercirrhosis 84(2.3) 50(2.7) 0.353
Laboratoryfindings
Whitebloodcells,/ 13,958.8(7407.8) 13,718.6(7235.9) 0.266
mms,mean
(SD)
ﬁqu?r(r:]:a;l?;gllg%nm,ng/ 0.95(0.22-6.59) g:ggSO.Zl— 0.707
Erﬁe%ﬂa‘ﬁ{Ql—QS) 129.2(44.0-233.0) ﬁ§:8539.8— 0.111
'aﬁﬁ’é’é%?&lﬂ;g/ 11.16(2.29) 11.06(2.38) 0.357
Platelets,x103/ . . y ’ ’
mm3,mean(S|33) 225.2(123.5) 224.4(120.8) 0.828
&f%aé&}%e,mg/ 1.1(0.8-1.8) 1.2(0.8-1.9) 0.108
(Q1-Q3) "
Irﬂf’:ﬁ{zneaélr%rt‘%lnor 1.19(1.05-1.38) 1%851.06— 0.633
median(Q1-Q3)
Erquggrqggﬂ)mg/ 539.8(267.1) 520.2(203.8) 0.206
| ed iR 8s) 188328~ 1836%1 > 0419
Asp%?%ar'gsaerrwptran 16(5-37) 16(5-36) 0.817
median(Q1-Q3)
T L os Ao I - ) 119565757~ 0-249
Mostcommonisolated
pathogensa,n(%)
Escherichiacoli 365(9.9) 165(9.0) 0.286
Klebsiellapneu 259(7.1) 114(6.2) 0.255
moniaé
gltj?gll}glococcus 218(5.9) 116(6.3) 0.590
Pseudomonasa 147(4.0) 73(4.0) 1.00
eruginosa
5gilmortality,n(%) 1187(32.3) 584(31.9) 0.736

Abbreviations;:APACHE acutephysiologyandchronichealthevaluatjon;ARDS,adultrespiratorydistress syndrome; CCI, Charlson’s comorbidity index; CRP, C-reactive protein; Q,
quart%e, SOFA, sequenf%? or ar¥ ?a?lur yassessmem;SD,stand%\rddewa'l:%on.alnmoret?lan4°)>/ofpat?ents.y / P Q

lel:Mainc cteristicsofpatientsofthel4cohortssplitintoonediscoverysetandone validationset.
Voll ovem%er,%&i P P i 5
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Fig. 1: Development of the IFNy-driven sepsis (IDS) endotype in the discovery set. A) Bar graphs of 28-day mortality in
patients with IFNymore than 3 pg/ml and IFNy 3 pg/ml or less. The p-value of comparison by the Fisher’s exact test is
provided. B) Distributions of the absolute count of HLA-DR receptors on CD45/CD14-monocytes in patients with IFNymore
than 3 pg/ml and IFNy3 pg/ml or Iess. Lines overlying the distributions represent medians and interquartile ranges. The p-
value of comparison the Mann—-Whitney U test is provided. C) Distributions
ofsCD163|npat|entSW|thIFNYmorethan3pg/mIandIFNySpg/mIorIess Linesoverlyingthedistributionsrepresentmediansand
interquartileranges.The ueofcomparisonbytheMann—
WhitneyUtestisprovided.D)DistributionsofCXCL9insurvivorsandnon-

survivors. ThiscomparisoninvolvesonlythepatientswithIFNylevelsmorethan3pg/
ml.Linesoverlyingthedistributionsrepresentme-dians and interquartile ranges. The p-value of comparison by the Mann—
Whitney U test is provided. Abbreviations: Cl, confidence interval, IDS, IFNy-
drivensepsis;|IFN,interferon;n,numberofpatients.

survivorsandnon-
survivors(SupplementaryFigureS1)
sothatlP-
10couldnotbeusedforthedevelopmentof
thelDSendotype.ROCcurveinpatientswithl
FNyabove 3 pg/ml identified a cut-off of
CXCL9 of 2200 pg/
mipredictableofunfavorableoutcomebyday
28(area underthecurve0.63;95%CIs0.61—
0.66;p<0.0001). IDS was then defined as
blood IFNy more than 3 pg/ml
andbloodCXCL9above2200pg/ml.

Withinthediscoveryset,patientswithMAL
Spre-sentedwithallmaintraitsofMALS(co-
presenceof



(SupplementaryFiguresS9andS10).CXCL9blood considerthesepatientsashavingMALSandnot

levelsweresignificantlyhigheriniDSthananyother immunoparalysissince:a)theymeettheindependent
endotype(SupplementaryFigureS11).Fromthe202 classificationcriteriaforMALS;andb)itiswell
patientsclassifiedwithMALSatthediscoverycohort, describedthatseveralpatientswithMALShavean adaptive
126patientshadlFNy<3pg/mlintheblood.We decrease of the function of blood monocytes as

HBD/DIC; increases of triglycerides, ferritin - and responsetohighsystemictissueinflammation.These
HScore)(SupplementaryFiguresS2—-S5).MALSand patientsareclassifiedintoMALSduetothehighmor-
IDSweredistinctendotypeswithanoverlapofonly talityofMALS.o,17
0.7%inthediscoveryset(Fig.2).BloodCRP,P

CTand D-
dimerswerenotdifferentbetweenMALSand|
DS (SupplementaryFiguresS6—

S8).BloodferritinandIL-
18levelswerehigherinMALSthanIDS,andhi
gher
inIDSthantheotherendotypessuggestingtha
tIDS represents a less pro-inflammatory
endotype than MALS



Inboththediscoveryandthevalidationsetsthe The frequency of IDS in the discovery set was 19.9%
bloodlevelsofIFNywerehigherinpatientswithIDS and in patients (732outof3670patients;95%Cls18.7—-21.3%).
with high IFNy without CXCL9 increase
thantheotherendotypes(SupplementaryFigureS12).
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Discovery
set

High IFNy
w/o CXCL9 increase
n=1,163
(31:7%)

n=24
(0:7%)

Low IFNy
(immunoparalysis)
n=1,270

Validation

IDS
set n =359

(19:6%)

High IFNy
w/o CXCL9 increase
n =563
(30:7%)

Low IFNy
(immunoparalysis)
n =651

Articles

(346%) (i)

CXCL9

CXCL9
>2200 pg/ml
n =327

(8:9%) (9-2%)

Fig. 2: Distribution of endotypes in the discovery and the validation sets of patients. Patients are classified into four
endotﬂ)es MALS, IDS, Low IFNy and High IFNy without CXCL9 increase. Patients with low IFNy (i.e. blood IFNg <3 pg/ml)
most likely represent patients with sepsis-induced |mmunopara|y5|s The overlaps between MALS and IDS in each set are
provided. In the discovery 126 patients with
IFNy<3pg/ml.Inthevalidationset 65pat|entSW|thMALShaveIFNy<3pg/m| Abbreviations:IDS, IFNy-
drivensepsis;|IFN,interferon;MALS, macrophageactivation-likesyndrome;n numberofpatlents w/o,without.

MALS have

ApplyingtheclassificationcriteriaforMALSandIDS
endotypestothevalidationsetshowedanoverlapbe-tween MALS
and IDS of 0.4% (Fig. 2). The frequency of
IDSinthevalidationsetwas20.0%(3660utof1833
patients;95%CIs18.2-21.9%)(p=1.00comparedto the
frequency of the discovery set). As already described, patients
with IFNy 3 pg/ml or less were classified to the low-
IFNyendotypeprobablyrepresentingpatientswith sepsis-
inducedimmunoparalysis(Fig.1B).Someofthe



morethan2200pg/

mlandanother1270patientswith the low-
IFNy endotype had CXCL9 <2200 pg/ml;
28-day mortalitywas39.4%(95%CIs34.3—
44.8%)and28.5% (26.1-
31.0%)respectively(p<0.0001).Asshownin
Fig.2forthevalidationset,168patientswithth

elow-
IFNyendotypehadCXCL9morethan2200pg
/mland another651patientswiththelow-

IFNyendotypehad CXCL9 <2200pg/ml;28-
daymortalitywas43.5%(95% Cls36.2—
51.0%)and27.5%(24.2—
31.1%)respectively

patientsofthelow-IFNyendotypehaveincreased (p<0.0001).
CXCL9.Thesepatientscannotbepartofthepro-
inflammatorylDSendotypesincetheyhavelabfind-
ingscompatiblewithsepsis-inducedimmunoparalysis



Sensitivity analyses frevealed that the udied sub-groups i.e. country of origin,

presence 0 IDS type of hospitalization,
wasanindependentriskfactorfordeathinallst
(SupplementaryFigureS13). typeofinfection,comorbiditiesandisolatedpathogens

ThemortalityofpatientswithMALSwasgreater
thanallotherpatientsinboththediscoveryandthe
validationsetsandthiswasfollowedbythemortalityof patients with
IDS and of patients with low-IFNy (Fig. 3Aand B). The
mortality of patients with the IDS endotype



(Fig.4).Intotal,649patientsofbothcohortsets wereclassifiedwithMALS;51.4%and79.3%r

were hospitalizedforpneumoniabySARS- espec-
CoV-2ofwhich tivelyrequiredmechanicalventilation.Amon
111patientswereclassifiedwithIDSand29pa gpatients
tients
was 43.0% (315o0ut of 732 patients; 95% Cls ofthefourendotypeswithpneumoniabySARS-CoV-2,
39.5-46.6%)inthediscoverysetand40.4%inthevali- blood ferritin was pronounced in MALS (Supplementary

dation set (148 out of 366 patients; 95% Cls 35.5-45.5%) FigureS15).
(p:0.44comparedtopatientsofthediscoveryset).IDS
wasanindependentriskfactorfordeathunderthe
presenceofotherendotypes,sex,APACHEII,CCland
SOFAscoresandoforgandysfunctionsinboththe



TheCoxregressionanalysisamongpatie
ntswith
positivemicrobiologyofbothcohortsshowedt

discov and the validat sets of patien
ery ion ts
(SupplementaryTablesS3andS4).TheSchoenfeld partial

residuals were plotted against time, showing that
theywereevenlydistributedaroundzero.Thisproves
thattheHRsaretime-independentthusverifyingthe

hateven when treatment with an active
antibiotic was included as an independent
variable, the association of the low-IFNy

end
oty
pe,

IDS

and

MALS

with

28-
day

mort
ality



remainedunaltered(supplementary l ableso).
InordertofurtherclarifyiflFNystimulatingt
he production of CXCL9 is an

proportional hazards

FigureS14).AsshowninFig.2forthediscoveryset,
327patientswiththelow-IFNyendotypehadCXCL9

independent

IFNy

assumption

driver for

(Supplementary

death
orifincreasesof CXCL9areindependentfrom

threemorety esofan

a

seswere oneincl
ingall



patientsofbothcohorts.Inthefirstanalysis,ap associationwasfoundbetweenlFNyandCXC
ositive L9levels
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Fig. 4: Mortality risk by the presence of the IFNy-driven sepsis endotype in patient sub-groups.The HRs of the impact of IDS on 28-day
mortalitycomingfromCoxregressionanalyseswithineachindicatedsubgroupareprovided. Thep-valuesofsignificancesareshown.Ab-
breviations:CAP,community-acquired pneumonia; Cl,confidenceinterval; HAP,hospital-acquiredpneumonia;HR,hazard ratio; ICU, Intensive

CareUnit;VAP,ventilator-associatedpneumonia.

(Supplementary Table S6). This association was missing
amongpatientswithMALS(SupplementaryTableS7).
Inthesecondanalysis,patientsofbothcohortswere
splitintofoursubsets:thosewithIFNy>3pg/mland
CXCL9<2200pg/ml;thosewithIFNy<3pg/mland
CXCL9<2200pg/ml;thosewithiIFNy<3pg/ml and CXCL9 >2200
pg/ml; and those with IFNy >3 pg/ml
andCXCL9>2200pg/ml.ltwasfoundthatthelast three subsets
were independently associated with 28-day
mortalityprovingthatlFNystimulatingtheproduction
ofCXCL9isanindependentpathwayforunfavorable
outcome(SupplementaryTableS8).Inthethirdanal-
ysis,itwasfoundthattheexpressionofHLA-DRon ~ CD45/CD14-
monocytesishigherinpatientswithIFNy>3 pg/ml and CXCL9
>2200 pg/ml than in patients with IFNy <3 pg/ml and CXCL9
>2200 pg/ml. This indicated the presence of immunoparalysis
when IFNy is <3 pg/



patientswithIDS.However,thefrequencieso
facute
kidneyinjuryandacutecoagulopathywerehi
gherin IDSthanthelow-
IFNyendotype.Nomajordifferences in the
main comorbidities were found between
the four
endotypes(SupplementaryTableS9).
InasubsetofpatientswithIDS,measurem
entsof
circulatinglFNyandCXCL9wererepeatedaft
er72h.
AlthoughbloodlevelsofIFNydecreasedover
-timein bothsurvivorsandnon-
survivors,levelsofCXCL9 remained stable

in non-survivors (Fig. 5A and B). It was
found that the 28-day mortalityin
patientsexperiencing
atleast50%decreaseoflFNyfrombaselinem
easure-
mentwassignificantlylowerthaninpatientswi
thless than 50% decrease of IFNy (Fig.
5C). Similar differences in 28-day
mortality were found for patients
experiencing
atleast30%decreaseofCXCL9frombaselin
eandpa-
tientswithlessthan30%decreaseofCXCL9fr
om

ml and CXCL9 >2200 pg/ml hence probably implying a baseline(Fig.5D).

different state of immune activation. It is concluded that
IDSisanendotypewhichisfunctionallydistinctthan
the cases of CXCL9

(SupplementaryFigureS16).

Thefrequenciesofallorgandysfunctionswere
higheramongpatientswithMALSthanpatientswith
theotherendotypes.Thefrequenciesofacuterespira-
torydistresssyndromeandsepticshockweresimilar
betweenpatientswiththelow-IFNyendotypeand

without increase of IFNy

Discus
sion
Thepres
entstudyi
nlargeco
hortsofp
atientsco
ming



from three European countries split psis

intoone discovery pathogenesis.Thepositiveassociationbetw
setandonevalidationsetintroducesthenovel eenblood
IDS

levelsofFNyandCXCL9intheentirepatient
endotypeasanindependentmechanismofse
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Fig. 5: Changes of IFNy and CXCL9 over the first 72 h and 28-day outcome. Measurements of blood IFNy and of CXCL9
were repeated for 84 patients after 72 h. A) Paired changes of IFNy between the two time points, separately for 28-day
survivors and 28-day non-survivors. The p-
valuesofpalredcomparlsonsbytherIcoxon ssignedranktestareprovided. B)PalredchangesofCXCL9betweenthetwot|mepomts

, separately for 28-day survivors and 28-day non-survivors. The p-values of paired comparisons by the Wilcoxon’s signed
rank test are provided. C) 28-day mortality for patients with less than 50% decrease of blood IFNy and for patients with
>50% decrease of blood IFNy within the first 72 h. The 50% cut-off is defined as the Youden index following ROC curve
analysis of the relative changes of IFNy to predict 28-day mortality (area under the curve 0.69; 95% confidence intervals
055 to 082 p = 3/ 28-day mortality for patients with less than 30% decrease of
bIoodCXCL9andforpat|entswnth>30%decreaseofbloodCXCLQWlthlntheflrst72h The30%cut-offisdefinedastheYoudenindex
following ROC curve analysis of the relative changes of CXCL9 to predict 28-day mortality (area under the curve 0.65; 95%
confidence intervals 0.525 to 0.82; p = 0.046). Abbreviations: Cl: confidence interval; IFN; interferon; OR: odds ratio; n:
number of patients; ROC, receiver operator characteristics.

population but not in patients with MALS CXCL9overthefirst72harelinkedwithfavora
suggests that IDS is driven by IFNy which ble
leads to the production of the

cytotoxicCXCL9.The biomarkers defining

IDSare

IFNymorethan3pg/mlandCXCL9morethan
2200pg/ml.IDSisfoundinalmost20%ofpatie

nts meetingtheSepsis-
3definitionsanditisanindepen-

dentpredictorfor28-

daymortalityinallpatientsub-
groupsirrespectiveofthecountryoforigin,the
settingofhospitalization,thetypeofinfection,t

he

underlyingcomorbidityandtheimplicatedpat

hogen.

Decreasesofcirculatingconcentrations

ofIFNy andof



10

immunotherapiesinsepsisledtotheunderstanding
thatpatientspresentdifferentendotypesreflecting
differentmechanismsofimmuneactivation.RCTs
designedsothatpatientscanreceivetreat-
menttailoredtotheirendotypesandrespectiveclinical

mustbere-

needs.isOne recent example is the SAVE-MORE trial for

outcomes.

COVID-19 pneumoniawin which patients were selected
forenrolmentusingthebiomarkersuPAR(soluble
urokinaseplasminogenactivatorreceptor)whichsur-
rogatedtheearlyactivationofthelL-1pathwayand
wherepatientswererandomizedtoadjuvanttreatment
witheitherplaceboorthelL-1-blockeranakinra.The

The failure of randomized controlled trials (RCTs) of

studi
ed

the past  which the

effica
cy

of

adjuv
ant

relative benefit of anakinra treatment was
64%; this was
thegreatestrecordedbenefitofanydrugusedfor

CO treat durin the pand The
VD ment g emic.
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precisionstrategyofpatientselectionmayhavebeen
crucialforthisbeneficialoutcome.
Inthepresentstudythreewell-characterizedendo-types
prevailed in both the discovery and the validations
sets;MALS,IDSandlow-IFNy,withthelatterprobably
featuringimmunoparalysis.MALSisdrivenbyIL-1
activation.olnnon-sepsispatientswithsecondary
macrophageactivationsyndrome(MAS)duetosolid
tumormalignancies,lymphomas,autoimmunedisor-ders and
viral infections that affect the lymphoid tissues, e.g. Epstein—

Barr virus and cytomegalovirus, circulating
IFNyandCXCL9areincreased..:Inthesepatients,
CXCL9iscorrelatedwithotherfeaturesofMASIlike increased

levels of HScore, triglycerides, ferritin, soluble IL-
2receptor(slL-2R)andsolublereceptoroftumour

Articles



cellsoflDS:s;b)thecut-
offofbloodIFNyisselectedto
beassociatedwiththeminimalriskofimmuno
par-alysis, making IDS a pro-inflammatory

endotype; and C)
IDSwasidentifiedasanindependentpredicto
rfor28-

daymortalitywhichisarequirementforanyvar
iable of importance in sepsis biology
already suggested by the
TaskForceoftheSepsis-
3definitions..cThesecond
limitationistheanalysisofpatientswithbacteri

aland viral sepsis together. However,
analysis showed that IDS
bringsindependentriskfordeathineitherbact
erialor
viralsepsisconsistentwithaconservedmala
daptive
hostresponse.Thethirdlimitationisthelackof
preci-sion of the time period between the
blood sampling and
theonsetofsepsis.Thiswasdealtbyenrolling
patients
withbloodsampledwithinthefirst24hfromme
eting

necrosis factor (STNFR).2:0Our findings suggest that the theSepsis-3definitions.

markers of the IFNy pathway in secondary MAS cannot
guidetheidentificationofthelDSendotypeinsepsis.
MALSandIDSaredistinctbecause:a)theapplied
classificationsystemshowedonly0.7%overlapinthe
discoverysetand0.4%inthevalidationset;andb) MALS is a pro-

inflammatory condition with remarkable hyper-
ferritinemia..2AlthoughferritinandIL-18levels of IDS were
greater than the other endotypes, they were

significantlylowerthaninMALS,eveninpatientswith
pneumoniabySARS-CoV-2,suggestingthatIDSisan
endotypewithintermediatepro-inflammatoryfeatures
betweenMALSandtheremainingpatients;andc)the cut-
offof CXCL9indicatingIFNyactivationinsecond-
aryMASis517pg/mlswhichismuchlowerthanthe  2200pg/mlcut-
offofIDSofsepsis. Thefourth
describedendotypeencompassespatientswithblood
IFNyabove3pg/mlanditisassociatedwiththeleast risk for 28-day
mortality. The lack of increase of CXCL9 most probably

suggests  that  this is an adaptive  endotype

notreflectingsomespecificcellactivation.
Ofpathomechanisticinterestisthequestionifthe  deleterious

effect of IDS is driven by IFNy or by CXCL9.

TissuehistologyofMASinducedinmicefollowinga
challengeofthetoll-likereceptor9remainedunaltered
whenmicehadsimultaneouslyahomogeneousdefi-
ciencyforCXCL9.zzInarecentopen-labeltrial, 14pa-



Thepresentedfindingsimprovesubstanti
allyour
understandingofsepsispathogenesisandm
ayguide
newstrategiesforprecisiontreatment.Wede
scribefor the first time IDS as an entirely

new endotype associated
withunfavorableoutcomeirrespectivegeogr
aphicloca-
tion,typeofinfection,typeofimplicatedpatho
genand
comorbidities.IDSshouldbetakenintoconsi
deration

inallnewstudiesofsepsisclassification.
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