


Introduction

Tuberculosis(TB) isabacterialdiseaseprimarily causedby infectionwith Mycobacterium
tuberculosis. In 2014,anestimated9.6million peopledevelopedTBand1.5million diedfrom
thedisease(including 400,000deathsamongHIV-positive individuals).In addition,approxi-
mately480,000multidrug resistantTB (MDR-TB) caseswerereported[1]. Until aprotective
TBvaccineisdeveloped,accuratediagnosisandeffectivetreatmentarethemostusefultools
availablefor controlling thisdisease.

LatentTB infection(LTBI) isdefinedasastateof persistentimmuneresponseto stimula-
tion by M. tuberculosis antigenswithout evidenceof clinicallymanifestedactiveTB [2, 3]. Per-
sonswith LTBI havenegativebacteriologicaltestsandthepresumptivediagnosisisbasedon a
positiveresultof eitheraskin (tuberculinskin test,TST)or blood(interferon-gammarelease
assay,IGRA) testindicatinganimmuneresponseto M. tuberculosis infection.Therearetreat-
mentregimensthatcanreducebut not eliminatetherisk of reactivationdiseasein individuals
with LTBI, but suchprophylactictherapyinvolvestakingantibioticsfor up to 9months,and
carriesasmallrisk of serious,or evenfatal,side-effectsin theseTST/IGRA-positiveindividuals
only suspectedof havingLTBI. At present,adirectmeasurementtool for LTBI in humansis
currentlyunavailable[2, 3], andtheinability to identify thepopulationof individualswith
LTBI constitutesamajor impedimentto TBcontrol efforts[4]. An Instituteof Medicinereport
concludedthat thedevelopmentof newdiagnosticsthatcandistinguishthetruly infectedindi-
vidualsfrom thosewhoareexposedbut self-cured/falsepositivewill bethekeyto ultimately
eliminatingTB [5].

Proteinsexpressedunderstressareubiquitousin natureandtheyplayanimportant role in
helpingbacterialcellsto surviveunderextremeconditions.It ishypothesizedthat theprimary
locationfor latentM. tuberculosis bacilli is thegranuloma,andwithin thesestructures,thebac-
teriaareexposedto adverseconditionsincludinghypoxicstress,low pH, hydrolyticenzymes,
toxic fattyacidsandreactiveoxygenradicals.To survive,bacilli upregulatestress-response
proteinsincludingchaperonesandtransportproteinsassociatedwith pH control,metabolite
movement,andlipid metabolism[6±9].TheM. tuberculosis Rv2031c geneencodesHspX
(alsoknownasα-crystallin,Acr, or the16-kDaantigen)whichisexpressedduring stationary
growth,underhypoxia,andlow pH, similar to conditionspresentwithin areasof somegranu-
lomas[10]. HspXmaybeanimportant elementof M. tuberculosis replicationcontrol in the
granulomasinceits over-expressioninhibits M. tuberculosis growth[11±13].

Theuseof aserodiagnostictestfor TBwasanalyzedbyLimongi etal.[14], whoreported
thatspecificanti-HspXIgA in pleuralfluid sampleswasusefulto discriminatebetweenpleural
effusiondueto TBandotherpulmonarydisease.Similarly,detectionof IgG,IgA, andIgM
antibodiesagainsttheM. tuberculosis16-kDaantigenwereevaluatedbyELISAasadiagnostic
tool in serafrom TBpatientsandhealthysubjects[15]. A combinationof thethreeisotypes
gaveasensitivityof 83%andspecificityof 93%whileprecipitatedcirculatingimmunecom-
plexesof theseantibodiesimprovedthesensitivityto 97.5%.Interestingly,Steingartetal.[16]
reportedacommercialantibodydetectiontestfor thediagnosisof pulmonaryTB thatdetects
IgGagainsttheM. tuberculosis 38-kDaand16-kDaantigens,but doesnot includethedetec-
tion of IgM.

Alternatively,two groupshavereportedthat theyareexaminingdirectdetectionof M.
tuberculosis antigensreleasedinto bodyfluids,however,thoseteststargetabundantnon-spe-
cific mycobacterialcellwall components:lipoarabinomannan(LAM) in urine [17,18].The
relativereluctanceof investigatorsto employthedetectionof alow abundancesecretedprotein
asadiagnosticisdueto uncertaintyasto whatspecificantigensaremostappropriate,andthe
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expectationthat thesefactorsmayonly bepresentin verylow amountsin serum,especiallyin
thecaseof LTBI.

Asdescribed,HspXisproducedexclusivelyduring periodsof bacterialstress,includingsur-
vivalwithin granulomas[19]. In thatstudy,naphtholred-taggedanti-HspXmonoclonalanti-
bodyhighlightedthepresenceof HspXproteinon bacterialoutermembraneswithin guinea
pig earlygranulomas(3 weeksafterinfection)andlatergranulomas(10weekspost-infection).
Basedon theseandotherunpublishedstudies,it wasexpectedthat thisproteinwouldbepres-
ent in patientserain picogram/mlto femtogram/mlconcentrations;theoreticallydetectable
amountsbyultra-sensitivedetectionsystems.In thisstudy,wereporton successfuldetection
of anti-HspXantibodiesandHspXprotein in LTBI patientsera,andstatisticallydetermine
diagnosticpotential.

Materials and methods

Ethics statement

Thepresentstudyandtheconsentprocedureswerespecificallyapprovedby theReviewBoard
of theNationalResearchCommissionof Instituto MexicanodelSeguroSocialwith approval
number:R-2011-1906-41in MexicoandTheUniversityof Georgia,EmoryUniversityandthe
DeKalbCounty,Georgia,andBoardof HealthInstitutional ReviewBoardsin United Statesof
America.

Study populations

Anti-HspX antibody detection ELISA. Serumsamplesof 98adultswereprovidedby the
Centerfor Research,PreventionandTreatmentof RespiratoryInfections(CIPTIR)Hospital
Universitario"Dr. JoseÂEleuterioGonzaÂlez",in Monterrey,Mexico.All of theindividuals
signedaninformedconsentbeforesampling.Patientswereclassifiedinto four groups:Group
1:activeTB,positivetuberculintest(PPD+,(indurationgreaterthan10mm), positiveinter-
feron-gammareleaseassay(QuantiFERON1, QFT+),positivesmeartestandpositivemicro-
organismculture(n = 28);Group2:LTBI,PPD+,contactwith activeTBpersons(COMBE+),
with or without historyof TB in thefamily (n = 30);Group3:uninfectedindividuals,negative
tuberculintest(PPD-)andabsenceof symptoms(n = 15);andGroup4:unknownstatus,
inconsistentresultsbetweentests(n = 25).

Luminex xMAP1HspX protein detection ELISA. Sixtyadultswereenrolledat the
DeKalbCounty(Georgia,USA)Boardof HealthRefugeeProgram/RefugeeClinic, andTB
andLTBI clinics.StudentsenteringtheEmoryUniversitySchoolof Medicinewereasourceof
uninfectedcontrols.All individualssignedaninformedconsentbeforesampling.However,
unlike theanti-HspXantibodydetectionELISA,patientswereclassifiedinto only three
groups:Group1:activeTB,positivetuberculintest(PPD+,induration greaterthan10mm) or
positiveinterferon-gammareleaseassay(QuantiFERON1, QFT+),positivesmeartestand
positivemicroorganismculture(n = 13);Group2:LTBI,PPD+,contactwith activeTBpersons
(COMBE+),with or without historyof TB in thefamily (n = 23);andGroup3:uninfected
individuals,negativetuberculintest(PPD-)andabsenceof symptoms(n = 24).

All bloodsamples(10ml) werecollectedbyvenipuncture,allowedto clot at room tempera-
ture (20±25ÊC)andthencentrifugedaccordingto theclinicalandLaboratoryStandardsInsti-
tute(CLSI-ApprovedStandard-Proceduresfor thecollectionof DiagnosticBloodSpecimens
byVenipuncture,H3-A4,1998).Theserumwasseparatedandfrozen(-20ÊC)until analysis
wasperformed.
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Construction of recombinant plasmid pET-23b(+)hspX
Thesequenceof Rv2031c (TB database:GB:AL123456)wasusedto designprimers.The
sequencesfor HindIII andXhoI cleavagesiteswereaddedto the50 endof forwardPHspXF
(AAGCTTATGGCCACCACCCTTCCC) andreversePHspXR(CTCGAGGTTGGTGGACCGGAT
CT) primers,respectively(bold letterscorrespondto restrictionsites).Thesequenceencoding
for M. tuberculosis hspX gene(Rv2031c) wasPCRamplifiedfrom theM. tuberculosis H37Rv
genomeusingahot-startenzyme(Platinum1TaqDNA Polymerase)andsubclonedinto aC-
terminalHis-tagpET23b(+)vector(Novagen)usingHindIII andXhoI restrictionssitesfollow-
ing manufacturerinstructions.CompetentEscherichia coli BL21(DE3)pLysS(Promega)was
transformedwith theplasmidcontainingthehspX gene.Recombinantbacteriaweregrownin
LBbroth for 1.5hr at37ÊCwith shakingandsubsequently100μl of culturewereplatedon LB
agar(Invitogen,Carlsbad,CA) with ampicillin (100μg/ml) (Amp100) andchloramphenicol
(50μg/ml) (Cam50). Subsequently,thepET-23b(+)hspXvectorwaspurified usingWizard1-

PlusSVMiniprepsADN PurificationSystem(PromegaCorporation,Madison,WI) with a
subsequentsequenceconfirmationstep.

Production and purification of the recombinant HspX protein

RecombinantHspXproteinwaspurified from BL21(DE3)pLysScellstransformedwith
pET23b(+)hspX.Briefly,arecombinantclonewasgrownovernightin 3.5ml of LBbroth with
Amp100andCam50with shaking(200rpm). Threemilliliters of bacterialsuspensionwere
inoculatedinto 300ml of freshLBbroth with Amp100andCam50andincubatedat37ÊCwith
shaking(200rpm) to OD600= 0.5.TheculturewasIPTG-induced(final concentrationof 1
mM) for 3 hr with shaking(200rpm) at37ÊC.Purifiedproteinwasobtainedusingaffinity
chromatographywith aNi+ binding columnanddialysis.Eachpurification stepwascon-
firmed on a14%SDS-PAGE.Finalconcentrationof purified recombinantHspXwas0.66mg/
ml.

NativeHspXprotein,obtainedfrom BEIResources,hasapredictedmolecularmassof
16-kDa,while therHspXhasapredictedmolecularmassof approximately20-kDadueto the
addedupstreamT7 taganddownstream6-His tag.

Detection of HspX recombinant protein by western blot

Purifiedprotein (0.36mg/ml) wasresolvedby14%SDS-PAGE.Subsequently,proteinswere
transferredto anitrocellulosemembraneat35Vand4ÊCovernight(Mini Trans-BlotCell
(Bio-Rad).Themembranewasincubatedwith blockingbuffer(PBS1X,5%skimmilk, 0.1%
Tween20)overnightwith orbital shaking(4ÊC,150rpm), andwashed5Xwith PBS-T1X(PBS
1X,0.1%Tween20).Themembranewasincubatedwith 50ml of a1:100dilution of anti-
HspXmonoclonalantibody(cloneIT-20 NR-13607,from BEIResources)asprimary antibody
at4ÊCwith shaking(150rpm) overnight.After 5Xwashes(10min each)with 1XPBS-T,50ml
of thepolyclonalsecondaryantibody(1:1500dilution) goatanti-mouseIgGconjugatedwith
HRP(Abcam,Cambridge,UK) wasaddedandincubatedfor 2 hr at4ÊCfollowedby5X
washeswith 1XPBS-T.Finally,proteinwasdetectedbychemiluminescenceusingtheSuper-
Signal1WestPicoChemiluminiscentSubstrate(PierceBiotechnology,Rockford,IL) following
manufacturerÂsrecommendations.

Analysis of cross-reacting M. tuberculosis HspX homologs

An in silico analysiswasperformedto identify proteinshomologousto M. tuberculosis HspX.
TheresultingproteinsequenceswerecomparedusingprogramDNASTARto obtainthe
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percentageof similarity anddivergencewith HspX(S1andS2Tables).Mycobacterialgenomes
selectedfor analysiswere:M. tuberculosis H37Rv,M. bovis BCG,M. bovis, M. scrofulaceum,
M. kansasii, M. intracellulare, M. smegmatis, M. rhodesiae, M. fortuitum, M. vaccae, M. avium,
andM. tuberculosis Beijinggenotype.Bacteriaweregrownon 30ml Middlebrook7H9+
OADC broth during 20daysat37ÊCin sealedtubesto favoroxygendepletionconditions[8];
exceptM. tuberculosis Beijing,cultureswereharvestedafter7days.Harvestedcellswereresus-
pendedin 1 ml of TBS(100mM, pH 7.4,0.5%Triton X-100andEDTA-freeproteaseinhibitor
cocktail(BoehringerManheim,Germany)andlysedin aFastPrep1 instrumentusing3 cycles
of 45secatspeed5 with coolingon icebetweenruns.Cross-reactionwasanalyzedbywestern
blot asdescribedpreviouslyusing0.36mg/ml of proteinof eachlysate.

Detection of IgG and IgM antibodies against HspX protein in TB patient

sera by ELISA

Microplates(96-well)coatedwith nickel(ThermoScientificNunc ImmobilizerNickelÐChe-
late,Waltham,MA) werepre-washed3X(300μl/well) with PBST(PBS+ 0.05%Tween20and
coveredwith 50μl of 10μg/ml purified recombinantproteinHspX-Hispreviouslydissolvedin
KCl 0.01M. Plateswereincubatedat4ÊCwith shaking(450rpm) overnight.Platesthenwere
washed3Xwith 300μl PBSTandblockedwith 300μl of 5%skimmilk for 2 hr, followedby3
washeswith PBST(300μl ea.).Preparedplateswereloadedwith 100μl perwellof patient
serum(1:50dilution in1%skimmilk) andincubatedat37ÊCfor 90min. After incubation,the
plateswerewashedwith PBST(3 x 300μl) and100μl of secondaryantibody-HRP(goatanti-
humanIgM at1:10,000or anti-humanIgGat1:30,000)(SigmaAldrich) wereaddedandincu-
batedfor 1 hr at37ÊC.Plateswerewashedagainwith PBST(3 x 300μl) and100μl of Sigma
FastOPDsolution(Peroxidasesubstrate,SigmaAldrich, StLouis,MO) wasaddedto each
well.After 30min incubation,thereactionwasstoppedwith 50μl of 3N sulfuricacid.ELISA
absorbancereadingsat492nm weretakenusingamicroplatereaderSynergy2 (BioTek,Inc.,
Winooski,VT).

Detection of HspX protein in TB patient sera by Luminex xMAP�Šbead

capture ELISA

A collectionof 30mouseanti-M. tuberculosis HspX(GeneRv2031) monoclonalantibodies,
including IT-20 (NR-13607),IT-49 (NR-13814),andIT-50 (NR-13815)obtainedfrom BEI
ResourcesNIH NIAID, werescreenedfor optimalsensitivityandspecificityin aLuminex
xMAP1/Magpix (Luminexcorp,Austin,TX) bead-captureELISAsystem[20,21].Thissys-
temwasusedto further enhancedetectionsensitivitycomparedto standardELISA.The
selectedantibodypair, IT-20 (IgG1κ)andPAC326(IgG2aκ)(kindly providedbyD. Bagarrozi,
CDC),generatedagainstrHspXprotein,werefound to producestrongreactivitysignalswith
routinedetectionof nativeor rHspX in spikedserain the1±10pg/ml range.Luminexprovides
kits of amine-reactiveparamagneticfluorescentmicrospheresmagnetizedbeadsandaflow
cytometryassaydetectiondevice(Magpix)asanopenplatformuponwhichresearchgroups
candevelopcustomassaysusingtheir ownreagents.Assaymethodsrecommendedby the
manufacturerwereemployed.Carboxylatedbeadswereactivatedwith anxMAP Antibody
CouplingKit (Luminexcorp,Austin,TX) andcovalentlyconjugatedwith anti-HspXantibody,
cloneIT-20,accordingto manufacturer'sinstructions.Captureantibody-coatedbeadswere
reactedwith samplesor rHspX-spikedstandardsandsubsequentlyincubatedwith anti-HspX
reporterantibody,clonePAC326,whichwaspreviouslybiotinylatedwith anEZ-Link Micro
NHS-PEO4-BiotinylationKit (PierceBiotechnology,Rockford,IL). Beadswerethendevel-
opedwith PhycoLink1 Streptavidin-R-Phycoerythrin (ProZyme,Hayward,CA). Datawere
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collectedon aMagpixinstrumentusingxPONENTv.4.2(Luminexcorp)andanalyzedwith
Milliplex1 Analystsoftware,v.5.1(EMD Millipore, Billerica,MA).

Statistical analysis

Anti-HspX antibody detection ELISA. Measuresof centraltendencyandvariabilitywere
calculatedfrom theabsorbancevaluesof anti-HspXIgGandIgM. Thenormality testK2
D'Agostino-Pearsonwasusedto assessdata.Differencesbetweengroupswereanalyzedby the
Kruskal-WallisandDunn'stests.To determineacutoff valueto distinguishdifferentstagesof
TB infectionReceiverOperatingCharacteristic(ROC)curveanalysisusingSPSSversion11.0
wasused.All testswerecalculatedwith a0.05of significancelevelandcorrectedusingtheBon-
ferroni method(0.0083).

Luminex HspX protein detection ELISA. Normality testusingShapiro-Wilkstatistical
analysiswasp< 0.050.FurthernonparametricKruskal-WallisOneWayAnalysisof Variance
(ANOVA) on Ranks,with all pairwisemultiple comparisonproceduresusingDunn'sMethod
showedp< 0.05for LTBI vsactiveTBgroups,p<0.05for control vsactivegroups,and
p>0.05for LTBI vsuninfectedgroups.

Results

Immunodetection of rHspX

To examinepotentialcross-reactivitywith homologousproteinsfrom relatedbacteria,whole
celllysatesfrom strainslistedin Materialsandmethodssectionwerepreparedandwestern
blot analysisperformed.Anti-HspX monoclonalantibodiesIT-20 only recognizedtherecom-
binantHspXproteinandHspXfrom M. tuberculosis strainH37Rvlysate(S3andS4Figs).The
Luminexbeadcaptureassaydetectedno HspXprotein in stationaryphaseculturesuperna-
tantsfrom Mycobacterium speciespossessingproteinsequencessimilar to M. tuberculosis,
including M. rhodesiae, M. kansasii, M. fortuitum andM. vaccae. Interestingly,no crossreac-
tivity wasdetectedin culturesupernatantsfrom M. bovis BCG.M. tuberculosis Beijinghar-
vestedin logphasedid not producedetectableHspX.

Detection of IgG and IgM antibodies against HspX protein in serum of

patients by ELISA

Anti-HspX IgGandIgM antibodiesweredetectedin serafrom patientsclassifiedasactiveTB,
LTBI,unknownstatus,or uninfectedindividuals.For theantibodyELISA,levelsof IgGand
IgM antibodiesweresimilarbetweennon-infectedandactiveTBpatients.However,thelevel
of reactionby theIgM antibodieswasstatisticallyhigher(p = 0.003)in individualsclassified
with LTBI versusindividualswith diagnosedactiveTB(Fig1A).While IgGantibodiesagainst
HspXweredetectedin serafrom all groupsexamined,therewereno significantdifferencesin
levelof reactionamongthegroups(Fig1B).

SeparatingrecentlyinfectedLTBI (rLTBI) patientsfrom all otherLTBI patientsaccording
to Rabahietal.[22], significantdifferencesbetweenIgM antibodies(Fig2A) or IgG(Fig2B)
from individualswith rLTBI comparedto all othergroupswasobserved.ROCcurveanalysis
basedon OD492valuesproducedacutoffpoint of 1.7for IgGantibodiesandacutoffof 1.2for
IgM antibodiesto identify anrLTBI patient.

Detection of HspX protein in patient sera by ELISA

PBSandpoolednormalhumansera(NHS)werespikedwith varyingconcentrationsof
rHspX.UsingECLchemiluminescentELISA,detectionlimits of 10pg/ml in PBSand
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100pg/ml in NHSwereattained.Subsequently,serumsampleswereassessedfrom 5human
patientswith recentlydiagnosedactiveTBdiseaseandprior to initiation of anti-mycobacterial
therapy,5 TST-positivesuspectedLTBI cases,and5 healthyTST-negativeindividuals.In this
study,4 of 5humanserumsamplesfrom individualswith activeTBdiseasewerepositivewhile
uninfectedcontrolswerebelowdetectablelevels.In thesuspectedLTBI group,2 of 5samples
testedpositive.

Detection of HspX protein in patient sera by Luminex xMAP�Šbead-

capture ELISA

Twenty-fourTSTnegativecontrol serawerescreenedfor HspXandamedianlevelof 470pg/
ml wasdetected(Fig3).Of the23putativesamplesfrom LTBI patients,13of 23samples
(56.5%)scoredgreaterthan1standarddeviationabovethebackgroundmedianwith an
averageof 9,900pg/mlandarangeof 1,000to 36,000pg/ml.Zeroof 13samplesfrom patients
with culture-confirmedactivediseasecasescontainedlevelsof HspXabovethebackground
median.

Fig 1. Detection of anti- HspX IgM and IgG in human sera by ELISA. Optical densities (492 nm) of IgM (A)

or IgG antibodies (B) against recombinant HspX protein in individuals classified as active TB, unknown,

uninfected and LTBI.

https://doi.org/10.1371/journal.pone.0181714.g001

Fig 2. ELISA detection of anti-HspX IgM and IgG in serum of re-classified individuals. Optical densities

(492 nm) of IgM (A) or IgG antibodies (B) against recombinant HspX in persons classified as active TB,

unknown, uninfected, LTBI or rLTBI.

https://doi.org/10.1371/journal.pone.0181714.g002
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Discussion

Thegoalof thesestudieswasto determinethesensitivityandspecificityof diagnostic
approachesbaseduponthedirectdetectionof antibodiesagainstM. tuberculosis latency-asso-
ciatedalpha-crystallin(HspX)proteinor uponthedetectionof theHspXprotein itselfin sera
from individualswith suspectedlatentTB infection(LTBI).

Successfuldetectionandtreatmentof individualswith LTBI constitutesamajor impedi-
mentof worldwideTBcontrol efforts.Althoughtreatmentsfor LTBI mayexist,therecurrently
areno specificdiagnosticsfor theidentificationof casesin orderto assesstherapeuticefficacy;
thelackof suitablebiomarkersfor mycobacteriallatencyis themajorshortcomingof this
effort.Asafirst steptowardsdevelopmentof aLTBI diagnostictestbasedon targetingspecific
biomarkers,wepresentdataexaminingdetectionof theM. tuberculosis HspXprotein in
patientsera.Thissecretedproductbelongsto thealphacrystallinsuperfamilyof smallheat
shockstressproteins[23]. Investigatorshavereferredto HspXasalargelyrestrictedprotein in
individualswith LTBI [24]. In thepresentstudy,IgGandIgM antibodiesproducedagainstthe
HspXprotein,andtheprotein itselfwereseparatelyassayedin serafrom confirmedactive
cases,suspectedLTBI patients,anduninfectedhealthycontrols.

Rabahietal.[22] studiedthehumoralresponseagainstHspXandGlcBproteinsfrom M.
tuberculosis in healthcareworkers,dividing populationinto threegroupsaccordingto TST
results:uninfected(negativePPD,previousLTBI (positivePPD)andrecentLTBI (positive
PPDconversionwithin oneyear).Theyfoundno differencesin levelsof IgGandIgM antibod-
iesdetectedagainstbothproteinsin all threegroupsof individuals.However,themeanvalues
for anti-HspXIgM weresignificantlyhigheramonghealthcareworkerspreviouslyinfected
comparedto uninfectedcontrols,suggestingapossiblerole for thisantigenin identifying
recentLTBI patients.Our resultsshowedsimilarELISAvaluesfor anti-HspXIgGandIgM in

Fig 3. Scatter plot of HspX detection in clinical TB groups by Luminex bead-capture ELISA. Median for

each group: uninfected 470 pg/ml, LTBI 860pg/ml and active TB 40 pg/ml. Normality test using Shapiro-Wilk

statistical analysis was p �� 0.050. Further nonparametric Kruskal-Wallis One Way Analysis of Variance

(ANOVA) on Ranks, with all pairwise multiple comparison procedures using Dunn’s Method showed p �� 0.05

for LTBI versus active TB groups, p �� 0.05 for uninfected versus active groups, and p �! 0.05 for LTBI versus

uninfected groups.

https://doi.org/10.1371/journal.pone.0181714.g003
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serafrom LTBI patientsversusactiveTB,andin LTBI patientsversusuninfectedand
unknownstatusgroups.However,whenwereclassifiedthegroupsto discriminatebetween
activeTBandLTBI, including recentLTBI (rLTBI) assuggestedbyRabahietal.[22], wefound
asignificantdifferencein IgGandIgM levelsbetweenindividualswith rLTBI andall theother
groups.TheROCanalysisshowssensitivityandaspecificityof 100%with acut off 1.7for IgG
and1.2for IgM (Fig2). Interestingly,therecent-LTBIsubgroupincludedonly healthcare
workerswith continuousexposureto M. tuberculosis bacilli or its antigens.Theseresultsagree
with theobservationsbyRabahietal.[22] andsupporttheideaof assayingfor anti-HspXanti-
bodiesasamarkerto identify recentLTBI.

Developmentof theantigendetectionassayrequiredtheinitial screenof severaldozen
anti-HspXmonoclonalantibodiesandthesubsequentidentificationof theoptimalcapture
anddetectionpair for usein theLuminexxMAP1bead-captureELISAsystem.In our study,
13of 23TST-positivesuspectedLTBI cases(56.5%)scoredonestandarddeviationabovethe
medianof theuninfectedcontrol populationfor thepresenceof serumHspX.Thesizeof the
error barin Fig3 andthusthevariationin detectedantigenlevelamongthesuspectedLTBI
patientswasexpected,confirming thehypothesisthatLTBI isnot asinglestageof disease,but
aspectrum,anddemonstratingmoreclearlythat theTSTandIGRA testscannotaccurately
diagnoseit. Thesedataprovidedsupportfor theimplementationof asecondlargerongoing
trial. Additionally, in thepreliminaryexperiment,it wasobservedthat4of 5serafrom individ-
ualswith culture-positiveactiveinfectionscontainedmeasurableHspX.Thosedatacontradict
theresultsfrom thismostrecentstudythatshowall 13activecaseshaveundetectableHspX
serumlevels.Interestingly,samplesin thepreliminarystudywerecollectedprior to theinitia-
tion of antimicrobialtherapywhileall 13samplesusedin thisLuminexstudywerefrom active
diseasepatientswith at leastfivemonthsof standardtherapy.Thus,theantigendetection
assaysalsomaybeusefulfor assessingsuccessfultreatmentregimens.Studiesarebeinginiti-
atedto examinethispotential.

A concernregardingtheuseof HspXasthetargetfor theseassaysis thepotentialfor cross
reactivitywith antigensfrom closelyrelatedspecies.It washypothesizedthatantibodies
againstsomeantigenicsiteson theM. tuberculosis HspXproteinmaysharehomologywith
similarproteinsfrom speciesof environmentalmycobacteria,andthatall antigenicsites
shouldcross-reactwith thesequence-identicalproteinsfrom M. bovis andM. bovis BCG
[25]. To confirm this, immunoblot assaysof serafrom cattleinfectionsshowedreactivityto
threeantigensof 26,22and16kDa;however,theantibodyreactivitiesto the22and16kDa
proteinscouldbedueto thetuberculintest,becausereactivitywasevidentimmediatelyfol-
lowing tuberculintestingof theanimals[26]. In our studies,westernblot analysisof cell
lysatesfrom differentspeciesof mycobacteriagrownunderlaboratoryoxygendepletioncon-
firmed thepublishedreportsanddid not showcrossreactivitywith theenvironmentalmyco-
bacteria,anddid not crossreactwith M. bovis. Only HspXprotein from M. tuberculosis
H37Rvcelllysatewaspositivefor theanti-HspXantibodies.It wasexpectedthat M. tubercu-
losis Beijingwasrecognizedbyanti-HspXantibodies.It is likely that thelogarithmicphase
growthconditionsratherthanthestrainitselfwasresponsiblefor thelackof HspXdetection
in our assays[6]. It wasencouragingto notethatno significantlevelsof crossreactivitywere
detectedamongtheM. tuberculosis-complexspeciesexamined.Interestingly,aswith the
westernblots,crossreactivitybetweenM. tuberculosis andM. bovis (or BCG)HspXproteins
wereexpected,but not detected.This finding couldrepresentadifferencein HspXexpres-
sionandsecretionpathwaysbetweenM. tuberculosis andM. bovis in vitro versusin vivo, and
isbeingactivelyinvestigated.

Regardingpotentialcrossreactivitywith theBCGvaccine,Geluketal.[27] found that indi-
vidualsinfectedwith or exposedto M. tuberculosis respondedwell to HspXin theELISPOT
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assay,whileM. tuberculosis-unexposedindividuals,includingBCG-vaccinatedindividuals
without anyknownexposureto M. tuberculosis hadsignificantlylowerresponsesto HspX.
In thesamepaper,similar resultswereobtainedwith BCG-immunizedmice,all suggesting
thatHspXexpressionbyBCGaftervaccinationis low andunlikely to produceasignificant
immuneresponseagainstHspX.Rabahietal.[22] alsoreportedno differencesin IgM humoral
responsesto HspXin BCG-vaccinatedandunvaccinatedindividuals.Slobbeetal.[28] demon-
stratedthatBCGbacilli do not remainviablefor morethanthreemonthspost-vaccination,
andit will not secreteHspXin thehost.Thus,it isnot expectedthatsignificantlevelsof anti-
HspXantibodiesor theHspXprotein itselfwouldbepresentin BCG-vaccinatedindividuals,
andthelikelihoodof falsepositivesis low.Nonetheless,ongoingstudieswill attemptto reduce
potentialsourcesof backgroundbymultiplexingtheassayswith additionalM. tuberculosis
complex-specifictargetantibodiesandantigenssuchasfor ESAT-6andM. tuberculosis-spe-
cific cellwallglycans.

In conclusion,thesetestshavethepotentialto distinguishbetweenpatientsthataretruly
infectedwith M. tuberculosis from thosewhohavemerelybeenexposedto non-tuberculous
mycobacteriaor havebeenvaccinatedwith BCG.It isproposedthatbothof thesetestsbe
run in tandemsincetheLuminextestwoulddetectbacterialantigensratherthanthehost
immuneresponseto thebacillus,andshouldhavethepotentialto identify M. tuberculosis
infectionin subjectswith compromisedimmunesystems,suchasthosewith HIV/AIDS.
Concomitantly,theELISAtestdetectingthepresenceof antibodywouldbemoresensitive
andthusidentify LTBI caseswith lowernumbersof infectingbacilli sincetherelikely isa
detectionlimit for theLuminexassay.Themostexcitingpossibilityis thatboth testsmay
identify individualswith LTBI whoareatgreatestrisk of progressingto activediseaseand
provideametric for successin treatingtheidentifiedinfection.Theassayswouldprovide
quantitativeresultsthatshouldreflecttheburdenof largenumbersof actively-replicating
bacteria,or fewlatentbut viablebacteriacapableof reactivatingunderproperconditions,in
individualswith LTBI. Lastly,to enhancestatisticalconfidenceanddetermineif theassays
canbeusedto measuretherapeuticefficacy,weproposeto collectandscreenserafrom a
largernumberof epidemiologicallywell-definedpersonswith ahigh likelihoodof LTBI, per-
sonsunlikely to haveLTBI, andpersonswith culturepositiveTB.In thisstudy,weproposeto
obtainandscreensubsequentmonthly samplesfrom individualsin thesegroupsundergoing
treatmentfor andLTBI.
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