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Vaccines that confer protection through induction of adagte T-cell immunity rely on
understanding T-cell epitope (TCE) evolution induced by imune escape. This is poorly
understood in tuberculosis (TB), an ancient, chronic disese, where CD4 T-cell immunity
is of recognized importance. We probed 905 functionally valated, curated human
CDAT cell epitopes in 79Mycobacterium tuberculosis(Mtb) whole genomes from India.
This screen resulted in identifying 64 mutated epitopes inhese strains initially using
a computational pipeline and subsequently veri ed by singl nucleotide polymorphism
(SNP) analysis. SNP based phylogeny revealed the 79 Mtb sires to cluster to East
African Indian (EAI), Central Asian Strain (CAS), and Bwjji(BEI) lineages. Eighty-nine
percent of the mutated T-cell epitopes (mTCES) identi ed irthe 79 Mtb strains from
India has not previously been reported. These mTCEs were ended by genes with high
nucleotide diversity scores including seven mTCEs encodelly six antigens in the top
10% of rapidly divergent Mtb genes encoded by these strainsUsing a T cell functional
assay readout, we demonstrate 62% of mTCEs tested to signi ently alter CD4 T-cell
IFNg and/or IL2 secretion with associated changes in predicted HA-DR binding af nity:
the gain of function mutations displayed higher predicted HA-DR binding af nity and
conversely mutations resulting in loss of function displad lower predicted HLA-DR
binding af nity. Most mutated antigens belonged to the cellwall/cell processes, and,
intermediary metabolism and respiration families thoughlliknown Mtb proteins encoded
mutations. Analysis of the mTCEs in an SNP database of 5,310lgbal Mtb strains
identi ed 82% mTCEs to be signi cantly more prevalent in Mtbstrains isolated from
India, including 36 mMTCEs identi ed exclusively in strainfom India. These epitopes had
a signi cantly higher predicted binding af nity to HLA-DR dleles that were highly prevalent
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in India compared to HLA-DR alleles rare in India, highlighy HLA-DR maybe an
important driver of these mutations. This rst evidence ofe@gion-speci ¢ TCE mutations
potentially employed by Mtb to escape host immunity has impdant implications for TB
vaccine design.

Keywords: Mycobacterium tuberculosis , genome sequence, T-cell epitopes, evolution, immune respons e, TB
vaccine

INTRODUCTION TCE evolution is a general phenomenon more commonly found
in TB, and, importantly establishing whether similar mutati
A well-recognized consequence of adaptive immune responsggtterns are reproduced in Mtb strains circulating in other
is the occurrence of pathogen immune escape variants arisifeographic regions of the world. To address this important
through positive selection, an e ective strategy for pathan issue, we rst analyzed functionally veried TCEs curated in
persist by evading hostimmunity and creating pathogen dit%ers |EDB in 79 Mtb whole genomes isolated from subjects in
(1). In the case oMycobacterium tuberculos{sitb), a highly  |ndia. The mutations identi ed in these epitopes were then
successful bacterial pathogen that has e ectively co-evalitd  contextualized to corresponding non-synonymous changesusi
the human host for thousands of years, there is clear eviﬂeng Sing]e nucleotide p0|ym0rphism (SNP) database of 5,310 Mtb
for emergence of drug selection variants¥). However, there is  strains circulating worldwide, that also included the 79 vehol
little evidence that the host immune response can exert serti genomes from India, as reported in our recent studies of drug
selection pressure to induce pathogen escape. resistance mutations in these strairis,(17). Our current study
Adaptive immune responses, particularly T-cell responsegherefore aims to provide a highly comprehensive analysist® da
have been implicated in protective immunity to tuberculosisgf TCE mutations in Mtb strains.
(TB), with rapid disease progression noted in humans and ahima  we hypothesized that, based on inherent lineage di erences
models with T cell-de ciencies4(6). Among T lymphocytes, combined with population related HLA di erences, which can
there is well-documented evidence that CD4 T cells are éssen Signi Canﬂy imprint T-cell epitope evolution 18), the pattern,
for protection (7). Thus, HIV-induced CD4 T cell loss is a major speci city and nature of T-cell epitope mutations in Mtb strains
predisposing factor for acquisition of active TB, while reatdn  prevalent in India will di er from Mtb strains circulating globsl

of CD4 T-cells following antiretroviral therapy reduces ghi outside India. Evidence is provided in support of this hypotbkesi
enhanced susceptibility to TB3), Furthermore, Mtb-specic

interferon gamma (IFN) and interleukin-2 (IL-2) secreting
CD4, rather than CD8T cells, correlate with protectiof-( MATERIALS AND METHODS

11). Despite a critical role for speci ¢ CD4 T-cells in protective . .
immunity, bacterial persistence in an infected host is commo Study Population for Isolation of Mtb
and can lead to subsequent reactivation and transmission &trains From India
TB. The mechanisms underlying this persistence may includExtended clinical details including ethics of infectedjsals and
bacterial disruption of antigen presentation and interfezenvith  strain collection is detailed in our previous publications)eve
T-cell e ector mechanismsl(). In addition, antigenic variation 220 strains were studied from Indid 17). Brie y, patients
arising from host immune pressure can lead to immune escapettending any of the designated microscopy centers in 5 Islock
to what extent this contributes to Mtb persistence in an inéett of Tiruvallur district, Tamil Nadu, India between May 1998ch
host is poorly understood. December 2003, with a history of cough of 3 weeks or more were
Very few studies have probed the evolution of T-cell epitopefmvestigated for tuberculosis. Initially, two sputum speeims
(TCEs) encoded in Mtb genomes. The study of Comas et alone spot and one overnight specimen) were tested by sputum
(19), initially showed Mtb-speci ¢ TCEs to be highly conservedsmear microscopy using the Ziehl-Neelsen methb.(Those
in a small study of 21 strains, despite known continuougpatients diagnosed to have TB (on sputum smear microscopy or
diversi cation of Mtb genomes. This analysis was based oslinical grounds) were categorized (based on previous hisib
probing the sequence of Mtb strains for conservation vstreatment) and initiated on the appropriate treatment regimen
(coding) mutations in TCEs curated in the Immune Epitope by the medical o cers at the respective centers [Category,|, |
Database and Analysis Resources (IEDB).(More recently Il of the Revised National Tuberculosis Program (RNTCP)].
the same group con rmed this observation using an expandedheir response to treatment was monitored by monthly clinical
collection of 216 Mtb strains 15). Additionally, using a response as well as sputum smear examination at 2 months
functional genomics approach, they found several new TCEs iand at end of treatment. Two additional sputum samples were
proteins that selectively mapped to more rapidly diversifyingcollected from these patients for investigations at Natlona
regions of the Mtb genome that also impacted T-cell interferonnstitute for Research in Tuberculosis (NIRT), Chennai, bdi
gamma release.f), thus providing important functional genetic Further, patients with suspected drug resistance from all over
evidence supporting T-cell immune escape in Mtb infection. Théfamil Nadu of India were referred to NIRT for drug suscepiiityil
signi cance of this observation relies on understandingetifer  testing. Three sputum specimens were collected at baselthe an
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patients initiated on treatment, based on history and awdéda SynerClust), which is based on the Synergy algoritB& 89).
drug susceptibility testing (DST) (Category IV and V of RNTCP) This algorithm takes into account both gene similarity and
They were followed every month with a clinical review andgenomic synteny, leading to more accurate placement of pgsalo

sputum examination. into the correct orthogroups.
] ) ) Our initial selection of orthologs based on reciprocal blast
Bacteriologic Methods and DNA Isolation hits was veri ed using the Broad's TB annotation pipelir&)

The method for bacterial culture and DNA extraction werefor transferring annotations from Mtb H37Rv. According to
detailed (6, 17). In brief, sputum samples were transportedthis annotation pipeline, genome alignments were performed
to NIRT on the same day and were processed for culturéo map the genes from the H37Rv reference genome onto each
on Lowenstein-Jensen medium. Culture positive isolates wergewly assembled genomé6( 17). If annotated gene names
selected and subjected to identication, and susceptipilit were available for a particular orthogroup, we veri ed thaeth
testing. Seventy-nine Mtb isolates were considered foh&rrt set of genes sharing the same gene name were found in the
studies. Resistance to Rifampicin, Isoniazid and Ethambuasl w same orthogroup. For genes without annotated gene names
determined by the minimal inhibitory concentration method from the annotation pipeline, we used orthogroups calculated
(MIC), and resistance to streptomycin was determined byusing SynerClust.

the Resistance Ratio (RR) method(( 21). Genomic DNA

was extracted from Mtb cultures by standard CTAB‘NaC'Phongenetic Analysis

extraction method £2). Spoligotyping was performed using et generation sequence (NGS) reads from 79 clinicaltssla
standard protocol%3). We analyzed our spoligotyping data on a0 ‘|ndia were mapped onto a reference strain, H37Rv

global scale through comparison with the international SpaiDB (GenBank #CP003248.2), using BWA version 0.5.9. (In
database. All 79 Mtb strains were broadly classi ed into ére . caq in which read coverage of the reference w280 |

groups as follows: drug sensitive (DS): susceptible to all tha,ys were down-sampled using Picard (http://broadinstitute.
drugs tested, including streptomycin, isoniazid, rifampieind github.io/picard/) prior to mapping. Positions that varied

gthambytol; Poly-resistant (RR): .res.ista'nt to mpre than osie relative to the reference were identi ed using Pilon versibb
line anti-TB drug, other than isoniazi@ rifampicin; Multidrug ;5 gescribed in Walker et al ). Al sites with unambiguous

resistant (MDR): resistant to rifampicin and isoniazid in atioih  gpg iy at least one strain were combined into a concatenated
to any other drug tested (http://www.who.int/tb/areas-ebrk/  zjignment. Ambiguous positions were treated as missing data.

drug-resistant-tb/types/en). The concatenated alignment was then used to generate a
. midpoint rooted maximum likelihood (ML) phylogenetic tree
Genome Sequencing, Assembly, and in RAXML (version 7.3.3)42) under a GTRCAT substitution
AnnOta“on O_f 79 Mtb Strains ) model with 1,000 bootstrap replicates. Epitope information
Library preparation and whole genome sequencing (WGS) welgas overlaid on the phylogeny using the Peacock softwée (

performed as previously describetly(17, 24, 25). All genomes  Each SNP was mapped to a gene locus, and its coding e ect was
were uniformly annotated by transferring annotations from annotated with VCF annotatord).

the referenceM. tuberculosidi37Rv. The reference (accession
#CP003_248._2) was aligned to draft assemblies using NUCm@rlnnotation Based Pipeline for Screening
(26). This alignment was used to map reference genes over [0 . . . .

the target genomes. For those genes not clearly mapping tyUtations in T-Cell Antigens and Their

M. tuberculosi$i37Rv, the protein-coding genes were predictedEpItopes

with the software tool Prodigal2(). tRNAs were identied IEDB was used as a source to retrieve a total of 1,860
by tRNAscan-SE28) and rRNA genes were predicted usingexperimentally veri ed T-cell epitopes (TCEs) of Mtb strains
RNAmmer (29). Gene product names were assigned based ofglate 30-Sep-2014). A total of 1,640 out of 1,860 TCEs tested i
top Blast hits against the SwissProt protein databasé0f humans were unique by epitope identi cation (ID) number, and
identity and 70% query coverage), and protein family pro le as a result, the remaining 220 identical cum repeated TCEs wer
search against the TIGRFAM Hmmer Equivalogs. Additionakexcluded for further analysis. BLASTP searching was donaifor
annotation analyses performed include Pfagf)( TIGRFAM 1,640 TCEs against the Mtb reference strain H37Rv to determin
(31), Kyoto Encyclopedia of Genes and Genomes (KEGG), ( identical epitopes and their locus. We identi ed 1,783 hitstwit
clusters of orthologous groups (CO&3), Gene Ontology (GO) 100% identity. Elimination of epitopes that matched partially
(34), EFICAZ 35), SignalP §6), and Transmembrane Helices and resulted in 1,723 hits. Of these, 1,465 were unique by ID remb

Hidden Markov Model (TMHMM) (37). the remaining 258 hits were duplicates and mapped to more than
_ _ one antigen (i.e., antigens from repetitive regions inclB&PPE
Veri cation to Remove Paralogs family, transposase, phage protein and integrase) and threrefo

As it is important to ensure that epitopes identi ed in our excluded as independent hits. The identi cation of the antige

study were identi ed in true orthologs, rather than in cldge thatthese 1,465 epitopes covered was veri ed using the referen
related paralogous proteins, we used established pipelines strain H37Rv as well as the respective bibliographic referenc
perform orthogroup clustering, including annotation trefies  from IEDB. This resulted in identifying 1,465 TCEs encoded
(24) and SynerClust (available at: https://github.com/Syres€ by 363 T cell proteins/antigens of H37Rv. Overlapping epitopes
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covering a single antigen were next eliminated. This restin ~ MHC Class Il Binding Predictions
identifying a total of 1,101 independent TCEs encoded by 36Blajor Histocompatibility Complex (MHC) (or) Human
Mtb antigens from both non-repetitive and repetitive regionsLeukocyte Antigen (HLA) class Il binding predictions were
with 100% identity to H37RvKigure SJ that was used to scan carried out for all mutated 15-mer TCE from 79 Mtb strains
79 Mtb strains. and their corresponding parent epitopes from strain H37Rv for
In order to extract the orthologous 363 T cell antigensknown Indian alleles (http://www.allelefrequencies.heising
of H37Rv from Mtb strains that we sequenced, stand-alonevidely used IEDB analysis resource consensus téa+s0)
reciprocal BLAST and in-house Perl and Shell scripts werander IEDB recommended prediction methods. The IEDB
used. We then used an identical method to scan 1,101 TCEs ircommended method works based on availability of predgtor
these 363 antigens to determine the diversity and evolatipgn and previously observed predictive performance; the IEDB
patterns of TCEs. If a particular epitope mapped with aselection tries to use the best possible method for a given
paralogous antigen, then manual mapping was employedMHC molecule. This method uses the Consensus approach,
After excluding the epitopes from repetitive regions, we gall combining NN-align, SMM-align, CombLib, and Sturniolo
considered only 905 independent TCEs encoded by 298 antigeits determine if any corresponding predictor is available for
We analyzed all 905 human CB4and CD& TCEs as one the molecule; otherwise NetMHClIpan is used. All 20 15-mer
group. However, the majority (82%) were CD4 T cell epitope€£D4 mTCEs identi ed and their corresponding parents were
(Supplementary File 14; similarly, 91% of the 64 mutated TCEs tested for predicted binding to 55 well-recognized Indian HLA
(see Results section) were CD4 TCEsggplementary File 1B.  alleles reported in IMGT/HLA databasé&1). The HLA-DR
Notably, all 298 T cell parent/reference antigens, and 4098f 2 alleles employed in this study covered most of the Indian
mutated antigens (mAg) carrying mutated TCEs (mTCEs)population 62, 53). The binding prediction results are given in
were classi ed into eight di erent functional categoriesing  units of IC 50 nM, such that a lower number indicates higher
TubercuList ¢5) (Figure S3. anity. Thus, we considered only those epitopes that were
restricted by the given alleles with predicted binding a it

. score IC  10nM, as these high anity epitopes are more
MatChmg mTCE to Global SNP Database likely to bind and mount an e ective immune response. For

and Determining the Global Distribution of the IEDB recommended method, the median percentile rank

mTCE of the aforementioned methods was used as the representative
All mMTCE coordinates were converted to the correspondingpercentile rank.

genomic coordinates, with single amino acid changes

corresponding to any one of three positions within the Determining the Binding Af nity of mTCE
corresponding codon. If an epitope had more than one mutatecllo HLA-DR Alleles Prevalent in Different

position, then each position was considered individuallyt iea . .

mTCE with two or more mutations were identi ed by more than %eogl_rAa%hlgal Re_glons of tdhe \évlf’”d” 15

one single nucleotide polymorphism (SNP). Mutant is de nedT ?E D Zm mgdair]uty was pre |ct_|(_a Eor aD 5 mer pareTt
as amino acid changes within the 79 Indian isolates identi e CE N 0) and their mutants (MTCESN 0) to a tota

relative to reference Mtb strain H37Rv or the non-synonymoué)f 50 MHC Class 1 high prevalent alleles (aIIeI¢_e frequency
mutations in the gene where the epitopes are located. A totéﬂ'm) (http://allelefrequencies.net/) that are classi edf@lows:

of 64 out of 69 MTCEs identi ed matched exactly to 66 SNP 6 alleles highly prevalent in India but also prevalent outside
(Supplementary File 2 Sheets 2). We then matched each of thénd'a (Grqup A);. 1 allglgs less prevalent in India but high
66 SNPs with the SNPs reported from 5,310 global Mtb S,[r(,:ling‘g‘revalent in outside India; and 23 alleles that are not regbrte

: t common in India, but highly prevalent in rest of the wdrl
in our recent study {6, 17) where the methodology for SNP or no . 2 .
identi cation is described in detail. InSupplementary File 2 (divided as geographical regions: Australia, Europe, Noftica,

the method used to calculate the global distribution of aegiv North. Amse ”CT{ Ilf\lortk;EaStSAs 'g’ hOceanAa;,.Souti; \7\? d Qen;ral
mTCE is provided. In brief, prevalence or relative enrichmenfémer'cg TOhUtI- aStZSShISIl,I ub-saharan (rjlca_z;nh_ hefstﬂm
was calculated as the percentage of strains from India caym roup B). The latter 23 alleles were reported with high freyye

mTCE matched SNP (mTCE/SNP) divided by the percentage (jg?tallt I;—Jaz%t twto ?fG'frlsgeOgrap?gél regionsl out.si(iije. I?di?' A

strains outside India carrying the same mTCE/SNP. A prevaden otal 0 out o So-mer m S Wwere classi ed into four

>2-fold represented mTCE/SNP more prevalent in India: Jgroups based on their global geographic distribution in 5,310
< Wth strains as follows: mTCE exclusive to Indial 10); mTCE

prevalence of one, or close to one, represented mTCE/S i . . ) A
enriched in India 0 D 5); mTCE in equal proportion inside and

equally distributed between India and outside India, and a . . . .
prevalence: 0.5 represented mTCE/SNP more prevalent outsid utside India o D _2) and mTCE enriched outside India © 3)
Supplementary File 4.

India. A proportionality test (Fisher's exact test) adjustied
multiple comparisons identied mTCE that were signicantly = | . . .
more prevalent in India vs. outside India using Graph PadClinical Samples to Verify Biological

PRISM v7 software. Adjustep-values were calculated using Activity of mTCEs

p.adjustfunction of the “R” package with the “BH” correction A total of 130 individuals were prospectively recruited between
method @6). If the value of g-value is reported as 0.0001 its  April 2015 and April 2016 at St. John's Medical College and
value is taken as 0.0001. Hospital and 30ml of peripheral blood was collected from
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them by venipuncture in anticoagulant (ACD/Heparin/EDTA) 1:5 with RPMI 1,640 medium and 100 of blood/well was
depending on the immune assays as part of a Center of Excellencansferred to 96 well-round-bottom microtiter plates thatre
Grant on HIV-TB Coinfection awarded to AV. Out of 130 previously loaded with 1061 each of the candidate peptides at
subjects recruited, 42 were pulmonary TB patients and the rest nal concentration of 10ng/ml. TB-speci ¢ antigens, puri ed
88 healthy individuals were screened by the IGRA test. Gfaghe protein derivative (PPD; Staten Serum Institute, Denmark),
26 were IGRA and the remaining IGRA served as uninfected and ESAT6/CFP10 fusion protein5%) were added at a
healthy controls. For this study, blood and peripheral bloodnal concentration of 10mg/ml. Phytohemagglutinin (PHA;
mononuclear cell (PBMC) from 13 IGRA 12 IGRA, and 11  5mg/ml) and culture medium (RPMI 1,640) were used as
PTB subjects was available for T cell functional assaysic@lin positive control and negative control, respectively. Platesew
information of study participants is summarized inTable S2 incubated in a 5% C® incubator at 37C for 7 days, and
and a detailed clinical le of samples used for this study isculture supernatants were harvested and stored 80 C for
provided in Supplementary File 5 Three clinical groups were further analysis %6). IFNg levels were measured in culture
tested for responses to TCE identi ed in this study: (i) IGRA supernatants using the OptETRHuman IFNg ELISA set (BD
(ii) IGRAC or latent TB infection (LTBI), and (iii) pulmonary Biosciences, UK). Assay background and determining non-

TB (PTB). speci c e ects of peptides: Data irigure S4Bshows background
unstimulated values to be& 2pg/ml (median O, range: 0-2.3
IGRA and IGRA® Subjects pg/ml) and were subtracted from all stimulated values. IGRA

Health Care workers of St. John's National Academy of HealtBubjects were included to highlight the non-speci ¢ response
Sciences were recruited through internal calls highligdntihe to PPD but specic response to ESAT6/CFP10. Peptides for
nature and importance of the study. Study subjects werei@dss this assay were selected based on either the parent or mutant
as IGRA based on a standard QuantiFERON TB Gold In-peptide, when individually tested, inducing a detectable raspo
tube test (Qiagen, Germany) resultsd(. IGRAC subjects were over background in all IGRA subjects tested. Cells were
classi ed as LTBI if they had not received preventive/cwati stimulated with this peptide pool atrig/ml nal concentration
therapy for TB in the past. A total of 88 subjects were recruitedor 7 days and background unstimulated control values
and screened by the IGRA test. Of these, 26 were IGBAd  were subtracted.

the remaining IGRA served as uninfected healthy controls, of

which 12 IGRA and 13 IGRA were used in our study for . .

di erent assays. Thirteen IGRAsubjects included for the study EPitope Speci ¢ Responses by

of which 46% were males with a median age of 27 years (rangatracellular Cytokine Staining (ICS) Assay

20-39 years). Twelve IGRAsubjects were included for the study ICS assay with antigen-stimulated PBMCs was performed as
of which 75% were males with a median age of 32 years (rangeeviously described5(). Cryopreserved PBMCs were taken

25-73 years). out in ice and rapidly thawed in 3T water bath, transferred
to 15ml tube containing 3ml PBS and centrifuged at 2,000
Pulmonary TB rom for 5min at RT. 1 10° cells were resuspended in

Subjects for this prospective study were enrolled from theseelvi 200 mL medium [RPMI-1640 (GIBCO, Invitrogen) with 10%
National Tuberculosis Program (RNTCP) clinic of St. John'sscs (GIBCO), 100 U/ml penicillin, 106g/ml streptomycin,
Medical College and Hospital. A diagnosis of pulmonary TB wags|GMA)], seeded in 96-well round-bottom plates (Costar)
ascertained by sputum smear microscopy and culture. Standagghd rested for 2h. Next PBMCs were either left unstimulated
smear grading of 4, 2, and & was used to ascertain the (negative control) or stimulated with parent and mutant petid
bacterial burden. Smear negative cases of pulmonary TB cag@emg/ml), or positive control PHA (dng/ml), in the presence
were diagnosed and classi ed by the treating clinician figlain  of co-stimulatory antibodies (anti-CD28/CD49d, at @n§/mL;
chest radiographs as per the RNTCP standards. All subjects weg® Biosciences) at 3€ and 5% CQ. After 4 h of incubation,
treatment naive at the time of enrollment. Consenting adultprefeldin A (10mg/ml) was added. Next day, PBMC were
patients meeting the above inclusion and exclusion critere®e  washed after incubation with EDTA and stained with ré
included. Sputum samples were collected for recon rmation of_jve/Dead Aqua (Invitrogen) and incubated for 10 min atGt
TB diagnosis by GeneXpert MTB/RIF assay (Cephid, USA). fn the dark. Cells were washed and xed for 20 min with 100
total of 11 cases of pulmonary TB were included in the studyrd 1X FACS lysis bu er and permeabilized with 208 1X

of which 90.9% were males with a median age of 37 yeagD Perm/Wash bu er for 20 min. PBMCs were washed and

(range 22-66 years). stained with 50mi of intracellular staining cocktail containing
antibodies (BD Biosciences) (CD3 BV570, CD4 BUV397, CD8
IFNg Whole Blood Assay BV711, IFNy-V450, IL2-APC, TNB-FITC, IL17A-BV605, and

Peptides were synthesized by JPT Peptide Technologies IMIP1b-PE) for 30 min at RT in the dark. Cells were washed
(Berlin, Germany) and reconstituted in dimethyl sulfoxidewith 150 ml Perm/Wash bu er and resuspended in100 ml
(DMSO). Stocks were diluted to 6.25 mg/ml and stored atl% paraformaldehyde (Electron Microscopy Sciences). Stained
20 C in aliquots. Within 3—4h of blood draw, heparinized samples were acquired with a standard stopping gate set at
whole blood obtained from healthy IGRA individuals and 100,000 CD3 lymphocytes on a BD FACSAWaFusion ow
active TB patients was diluted to a nal concentration ofcytometer using the BD FACSDI4 version 8.0.1 software.
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Data was analyzed using FlowJo version 9.9.4 software ¢&@rgeS of epitopes encoded by these immunodominant antigens was
Assay background and determining non-specic e ects ofmutated, the overall proportion of mTCE relative to all 905
peptides is shown inFigure S5A Background unstimulated parent epitopes analyzed was higher (7%, 64/905), re ecting
median CD4T cell IFg and IL2 frequencies were 0.05 andfocused mutations within few immunodominant antigens
0.07%, respectively, range 0.03-0.08%. Six IGRubjects tested (Figure 1B). Thus, only ve of the 33 immunodominant
showed a very weak response to a set of ve peptides testadtigens carried mutations encoding 6 mTCHsiglre 1D).
(parent median 0.02%, range 0—0.175%; mutant median 0.0365%emong ve, three of these immunodominant antigens belonged
range 0-0.165%)-{(gure S5B, that induced a strong response to the “cell wall and cell processes” functional category
in IGRAC subjects tested in parallel conrming that these (Rv0289/espG3, Rv0987, Rv3019c/esxR), and two belonged
peptides had negligible non-speci ¢ cytokine inducing e eats i to the “intermediary metabolism and respiration” category

this assay. (Rv0291/mycP3, Rv0294/tam).
L A number of features of the mutated TCE identied are
Data Availability novel: (1) Although 97% of mutations represented single amin
The sequences have been submitted at the NCBI Sequence Raai@d changes, 3% of mTCEs contained two amino acid changes
Archive under BioProject ID PRINA235852. (Figure 10 (2) Two mTCEs had at least two di erent mutant
forms (n D 4) (Figure 1B); these mTCEs are of speci c interest
RESULTS as multiple variants of a single epitope can arise due to
. . immune selection pressure with functional consequences (see
Novel Patterns of T Cell Epitope Mutations Figure 4). (3) The 64 mTCEs identi ed spanned all known Mtb
in Multiple Mtb Strains From India functions @5), of which 44% belonged to the “cell wall and

The availability of an extensive collection of functiogall cell processes” functional categofidure S3, in keeping with
validated Mtb-speci ¢ T-cell epitopes, including those thatpna the proportion of parent epitopes in each category. (4) The
to highly immunodominant (IMD) antigens %8), allowed us availability of detailed clinical records enabled us tembgate
to assess, for the rst time, mutations within these epitopesf mTCE patterns were skewed by the clinical stage of the
in a total of 79 Mtb strains in India. Based on inherentinfected host.Figures S3A—Ereveals remarkable consistency
genetic di erences in circulating Mtb lineages in South-Easin the number of mTCE that arise within the ve clinical
Asia and other regions of the world.§, 17), we identi ed the groups analyzed, with a median of 7 mTCEs per strain tested,
number and nature of these mutations to dier from those each of which was isolated from a single infected donor
found in a recent study15). We identi ed mutated TCEs by [range 5-13]. Importantly, none of the 79 strains analyzed
conventional approaches as previously reporteti 15 thatused lacked an mTCE, of which 19% were common to all clinical
a combination of a whole genome assembly-based methodologyoups (Venn DiagramFigure S3F. (5) In addition, we were
and an SNP-based approach. Mutations were de ned as amirable to interrogate the stability of intra-donor mutatiorad
acid changes within the 79 Indian isolates identi ed relatio ~demonstrate in an analysis of six subjects, that multiple is¢rai
reference Mtb strain H37Rv that comprised non-synonymougrange 2-5 strains] isolated from a single donor over sdvene
mutations in the gene spanning a given epitope. We identi edooints consistently resulted in identifying exactly the sah@E
a total of 138 mTCEs by screening 79 Mtb whole genomesiutations Supplementary File §.
from India that were part of a larger study that characterized Next, a genome-wide SNP-based phylogenetic map of the
some 5,310 global Mtb straind 17). Excluding 69 mTCE 79 Mtb strains (y-axis) was constructed and correlated with
in the highly repetitive, dicult to sequence PE and PPEthe 64 mTCEs identi ed in the 79 strains from India (see x-
gene families as previously reported3( 15), reduced this axis list for mTCE ID) Figure 2). These 79 Mtb strains from
number to 69 mTCEs from 43 antigens. Sixty-four of thesdndia grouped into three lineages: East African Indian (EAI)
Sixty-nine mTCEs (93%) were also identied using an SNP{N D 54), Central Asian Strain (CASN(D 15), and Beijing
based approachl@) (Figure St Supplementary File2, and (N D 10), with each black square on the map representing an
veri ed to be encoded by the correct orthologous genes (se®TCE. Fifty percent (32/64) of the mTCEs occur in a single
methods). The nature of mutations in these 64 high con dencestrain (represented by a single black square per column). Of
mutated TCEs encoded by 40 antigemidg(re 3A) in the 79 the 64 mTCEs, 91%N D 58) were lineage specic. Only
strains circulating in India was comprehensively analyzed ase of the 64 mTCEs identi ed (Epitope ids: 67588, 153959,
described below. 155973, 178755, 179016), were common to all three lineages,
The overall level of mutations at the antigen andpresent in 90-100% strains and therefore highly prevalent
corresponding epitope level was determinelligires 1AB  (Table S). Importantly, only 3 of the 64 mTCE identi ed were
respectively, Figure 3A). In addition, the proportion of previously reported in the large Coscolla et al. (15) study that
mutations in a subset of 33 recently identi ed immunodomirta analyzed 216 Mtb straind §). Taken together, these data con rm
antigens $8) was also assesseBigure 1C). At the antigen the specicity of TCE mutations in Mth strains circulating
level, 15% (5/33) overall mutation frequency was notedn India to di er markedly from those recently reported in
(Figure 1A), whereas the proportion within immunodominant the rest of the world 16). Given that 91% of mTCE we
TCEs was low (2%, 6 out of 248 TCE's encoded by the 3&port are lineage speci cHgure 2), inherent phylogenetic
immunodominant antigens). Although only a low proportion di erences between the strains we analyzed and those prdyious
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FIGURE 1 | Patterns of mutated antigens (mAg) and mutated epitopes (mJEs) across 79 Mtb strains. The set of T-cell antigens and efaipes, as well as a subset of
immunodominant (IMD) antigens and epitopes, were analyzeddsed on their nature and locus in the Mtb reference strain HRv genome. (A) The total number of
reference/parent T cell antigens (blue), the number of mAge(d), and the number of parent immunodominant antigens and mtants analyzed is shown.(B) The total
number of reference/parent T-cell epitopes (blue), the nundy of mTCE (red), and the number of immunodominant parent Tedl epitopes and mutants are shown. The
green bar identi es mTCE with two or more mutant forms.(C) The number of mTCE with one vs. two amino acid changes is show(blue bar represents total mTCE;
red bar immunodominant mTCE)(D) Representation of mTCEs in immunodominant antigens: A totaf 33 of 82 antigens identi ed by Lindestam et al. §8) was

con rmed to be represented in the list of 298 reference antigas analyzed. Bars identify frequency of ve mutated immunodminant antigens in 79 Mtb strains.

studied (5, may be one major factor contributing to excluding repetitive genes) was 0.00095 (range 0.000886&.0

this di erence. (Figure 3B Supplementary File 3. Interestingly, this was higher
(p < 0.0001, Mann-Whitney test) than the nucleotide diversity

Evidence for T-Cell epitope Mutations in score (median 0.00081; range 0.00060-0.00459) of the f6p 10

Rapidly Diversifying Proteins of Mtb of diverging genes in 216 Mtb strains previously studi&é).(

Genomes From India The nuc_Ieotlc_zle diversity score of t_he 40 antigens encodingda
Beyond phylogeny, host driven immune selection pressurmTCES |d_ent| ed was-margln_ally higher than the tot_al 29_8 pare
' T-cell antigens considered-igure 3B). We determined if the

can inuence T-cell epitope c_hange_s. Typlcal_ly, such chang%p 10% of diversifying genes in the 79 strains studied eadod
would be expected to occur in rapidly evolving regions of g

athogen genome. To orobe this possibility. we determine&my of the 64 mTCEs identi ed. Within this set, 6 antigens &er
P gen g ) P P Y, identi ed with an exceptionally high median nucleotide drggy

the nucleotide diversity scores of all 4,038 proteins endode : .
by the 79 Mib genomes from India5), that have already score Figure 3C0), encoding 7 mTCEs. These seven mTCEs were

been veried and published 16, 17) as part of a larger therefore identi ed to be the most rapidly evolving of the 64

study that characterized 5,310 global Mtb strains. In additi MTCEs identi ed (Table 1 Supplementary File 3.

we rigorously excluded genes from repetitive regions in our_ . .

screen of mutations; so as to consider only those mutation&Vidence for Functional Impact of

with highest con dence, as reported previously3(15. The Identied mTCEs

median nucleotide diversity score of the top 10% of remainin Immune selection driven T-cell epitope mutations invariably
genes in the 79 Mtb whole genomes from Indid O 364; impact the functional response. We successfully synthesized
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FIGURE 2 | Schematic representation of the phylogenetic relationshiof mTCEs of all 79 Mtb strains. Maximum Likelihood tree shosithe phylogenetic relationship of
the 79 strains studied, based on SNP data. The phylogeny shos/two major clades, one consisting of 54 EAI lineage straingink), and another one consisting of two
clusters, including 10 Beijing/BEI (blue) and 15 CAS (purpléneage strains, following the naming convention in Comaet al. (13). Each of the columns represents one
of the 64 mutated T-cell epitopes. The presence of a mutatiorin a particular strain is represented by a black square.

and screened 36 out of the 64 mutated TCE identi ed (56%)33%) inducing a response in subjects with PTHg(re S4A.

in a functional assay. The immunogenicity of the novel T17/36 (47%) peptide pairs induced a response>iD25% of

cell mutant peptides and their respective naturally occurringhe IGRA® donors tested. 11/17 (65%) of these mTCE had a
parental sequences, which spanned all functional categofies di erential response compared to the parent peptidégure S6.

Mtb proteins, were evaluated by quantifying I§M cell culture In contrast to the response induced in IGRAsubjects,
supernatants after antigenic stimulation of whole blood pea  only 7 of 36 peptide pairs (19%) had a response frequency of
from IGRAC or LTBI and active PTB patients. We rst screened25% or higher in PTB subjects. This lack of response in PTB
all 36 peptides for their capacity to induce I§kelease measured subjects likely re ects speci c impairment of epitope-speci ¢
by ELISA, with a cut-o for a positive IFN response set at 5 responses as the same PTB subjects responded e ciently to
pg/ml based on assay detection limiEdure S4A. 32/36 (89%) an immunodominant recombinant TB antigen, ESAT6/CFP10,
parent-mutant peptide pairs tested induced a Briesponse in  similar to a PHA positive controlfigure S4B. This is consistent
IGRAC subjects with latent TB compared to only 12 of these pairsvith data showing subjects with PTB to have compromised
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FIGURE 3 | Genetic diversity of 79 Mtb strains from India(A) The scale of the chromosome (in nucleotides, according to tareference Mtb strain H37Rv) is labeled
on the innermost ring. From the outer to the inner concentricircle of the chromosome: Circles 1-2 and 3—-4, genes with favard and reverse directions are indicated
as right and left arrows, respectively. Circles 1 (green) dn (red) exemplify the locus of 40 mutated T-cell antigens, lich encode mutated T-cell epitopes identi ed in
this study. Circles 2-3 (gray) depict all genes from H37Ruv.iles 5 (green) and 6 (red) show the locus of 64 mutated T-delepitopes in the forward and reverse
strands, lining their respective genes in circles 1 and 4, spectively. Circles 7 and 8 represents the GC skew of all theanes of H37Rv.(B) Bar graph showing
nucleotide diversity scores of genes from different categies (***p-value < 0.0001). (C) Bar graph showing nucleotide diversity scores of six genesreoding mTCEs
that fall within the top 10% of nucleotide diversity scores eross all 3,643 genes (excluding repetitive genes) encodeby the 79 Mtb strains from India, and therefore
designated as rapidly evolving.

blood T cell responses to several Mtb antigens, includingnate and responses to 2 mTCE did not signi cantly dier from
antigens whilst preserving responses to few immunodominarnparent §igure 4). These same set of peptides either totally
secreted Mtb antigens, especially at the site of infectiorhe t failed to induce responses or induced very weak responses
lung (8, 9). Low frequencies of circulating blood Mtb-specic T in IGRA subjects, highlighting speci ¢ recognition of these
cells could therefore be one reason for the lack of response toepitopes by infected subjects (see representative FACS plot
broad range of parent and mutant T cell peptides in PTB subjectsnd a graph depicting summarized response to set of ve
reported in our study. peptidesFigure S5.

We next screened 9 of the peptide pairs that induced a Out of the 9 peptides tested, 6 were rapidly evolving with
marked IFNy response in IGRA subjects (marked with a 3 each from the immunodominant and non-immunodominant
pink arrow—Figure S4A by the more sensitive ICS to con rm categories. Importantly, EsxR (Rv3019c), an immunodominan
that the peptides indeed induced CD4T cell responses usirentigen belonging to the functional category cell wall and
PBMCs from IGRA subjects. At rst, frequencies of IFN cell processes and is rapidly evolving, encoded two mTCE
and/or IL2 expressing CD4 T cells were measured in responsgith one mutant form each; out of the two only one (M2-
to stimulation with these 9 peptide pairs that representeds) but not M2-6 induced signi cantly higher responses than
diverse functional categories. Relative to correspondintheir respective parent peptide, (P1-5 and P1-Bjg(re 4A).
parent peptides, 2 mTCE induced a signicantly higherin contrast, another mTCE of the intermediary metabolism
response; responses to 5 mTCE was signi cantly impairednd respiration functional category and immunodominant
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TABLE 1 | List of known T-cell antigens carrying mutated epitopes preent in the top 10% of rapidly evolving genes of 79 Mtb strainssolated in India.

Rv Gene name Protein Functional category #mTCE Proportion of Lineage Nucleotide
Number name strains carrying diversity score
mTCE
Rv0294 Tam Trans-aconitate Intermediary 1 52 EAI 0.00182
methyltransferase metabolism and
respiration
Rv0988 Rv0988 Hypothetical protein Rv0988 Cell wall and ckl 1 6 EAI 0.00126
processes
Rv1769 Rv1769 Hypothetical protein Rv1769 Conserved 1 32 CAS, BEI 0.00078
hypotheticals
Rv2628 Rv2628 Hypothetical protein Rv2628 Conserved 1 68 EAI 0.00119
hypotheticals
Rv3019c esxR ESAT-6 like protein EsxR Cell wall and cell 2 33 EAI 0.00152
processes
Rv3879¢c espK ESX-1 secretion-associated Cell wall and cell 1 11 BEI 0.00079
protein EspK processes

antigen Tam (Rv0294, M4-3), which is also rapidly evolvindChanges in the Predicted Binding Af nity
elicited lower frequencies of IFlNand/or IL2 compared to the of mMTCE to Common Indian HLA-Class Il

parent peptide (P3-3Figure 4A). Next we tested three rapidly Alleles Is Associated With mTCE-Induced
evolving non-immunodominant peptides, of which two mTCESghangeS in T-Cell Responses

belonging to functional category cell wall and cell processe
had opposing e ects on the CD4T cell response, WherebQ/'”-A is a major driving force in shaping immune escape, and
Rv0988 (2-D03M) and Rv3879c (espK, 2-Al1lM) disp|ayeg|"|erefore T-cell mutations. We therefore predicted that rodpes
signi cantly enhanced and decreased frequencies, resghgti in HLA Class-II binding a nity of mTCEs may correlate with
On the other hand, mTCE encoded by Rv1769 (2-A06 M)]‘unctional changes in the immune assays describegigire 4.

a conserved hypothetical protein did not exhibit any loss or herefore, anin silico analysis of the binding a nity of the
gain in the overall CD4T cell response as re ected by thédentied mTCEs to 55 common Indian HLA-DR and 6 DP and
insigni cant change in frequencies of IRNand/or IL2 CD4 T 6 DQ alleles, was conducted, using the well-known IEDB arglysi
cells compared to the parent peptideigure 4B). Additionally, ~ésSource consensus todl-50) which is programmed to analyse
three more non-immunodominant peptides that are not rapidly peptides/TCEs that are 15-mer in length. A total of 20/64 mTCE
evolving were also tested by the ICS assay. Rv1733 (2-A02 Mi§re 15-mers. These were analyzed using a binding score of 10
common to all three lineages and Rv2029c (pfkB, 2-C04M§@S @ cut-o (IC  10nM), to identify those with high binding
two well-known DosR regulon encoded latency antigeds) ( a nities for HLA Class-II alleles and therefore more likely to
(Figure 4Q) signi cantly reduced IFN and/or IL2 frequencies have a functional consequence. Consistent with publicaii6fs
relative to parent. Previous studies show latency antigerfs): We show that all 20, 15-mer Mtb mTCE/parent peptides
(Rv1733, Rv2029, and Rv2628—we report on novel mTCE tgsted were predicted to bind to multiple HLA-DR alleles. In
all three of these antigens) to be better recognized by stsbje this in silicoanalysis, 10 HLA-DR alleles bourxd5% peptides
with latent TB compared to those with diseasg 61-64). with high a nity (see Figure 5A: arrow identi es alleles that are
Similarly, the other mTCE of GroEL2 (Rv0440, 2-C01 M) proteinoredicted to bind rapidly evolving mTCE). In contrast only a
belonging to the functional category virulence detoxiicat €W peptides bound DPN D 5/20) and DQ N D 8/20) alleles
and adaptation, also signi cantly impaired responses comparefith higha nity ( Figures 5B,Q. Most mTCEs showed improved
to the parent CD4T cell responses by 9 of these peptidddLA—-DR binding relative to parent (red bafigures 5A-Q.

tested above concurred with the whole blood fritlease assay ~ We next determined if changes in HLA-DR binding of mTCE
(data shown only for 2-DO3M and M4-3 irFigure S§. In  (relative to parent) were associated with functional change
order to further investigate if any of these peptides inducedut of 36 peptides synthesized and tested for function, only
an altered cytokine response, we tested all 6 rapidly evolvink3 were 15-mer peptidesSgpplementary File 2 Sheet 2). In
peptides for regulation of a further three cytokines: T3yA.17A,  Figure 5D, we demonstrate the changes in HLA-DR binding of
and MIPIb. We demonstrate that changes in frequencies ofhese 13 mutant peptides relative to its parent. The data fgbti
the three additional cytokine-positive CD4 T celBigure Sj  changes in the binding anity pattern of each mTCE to be
followed exactly the same pattern as GFnd/or IL2 shown strikingly similar to the functional data shown iRigure S6for

in Figures 4A,B for these 6 peptides. Taken together, theséhese same 13 peptides. Thus, mTCE: 2-D02M, 2-DO3M, 2-
data conrm that 7/9 mTCE tested in the ICS assay havd207M, M2-10, 2-A04 M, and 2-A12M induced higher T-cell

a signi cant functional consequence on Mtb-speci ¢ CD4 T responses Rigure S64 concomitant with increased Class I
cell responses. binding anity re ected by a signi cantly reduced binding
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FIGURE 4 | CD4T cell responses to parent and mutant peptides. PBMCs fnm IGRAC subjects were stimulated overnight with parent and mutant pptides that are
either rapidly evolving or not-rapidly evolving and belomigg to immunodominant and non-immunodominant category. Fequencies of IFI\«gC and/or IL2C CD4T cells
were determined by ICS assay (see methods). Line graphs show&Ng and/or IL2 CD4 T cell frequency following stimulation with a gef nine parent and mutant
peptides as individual plots in IGRK subjects after subtraction of background unstimulated cotrol. Each line is a donor. Statistical analysis was perfored using
nonparametric Wilcoxon matched-pairs signed rank test.P < 0.05 was considered signi cant. mTCE were grouped as follows(A) Rapidly evolving and
immunodominant Rv3019c (EsxR) and Rv0294 (tam}B) Rapidly evolving and non-immunodominant Rv0988, Rv3879e&pK) and Rv1769.(C) Not rapidly evolving
and non-immunodominant Rv1733, Rv2029c, and Rv0440.

score compared to parenEigure 5D). In contrast, mTCEs M4- Moreover, mTCE 2-A09 and 2-C11 M, which did not induce
3, 2-A03 M, 2-A10M, 2-C0O5M, and 2-C09 M displayed HLASsigni cantly dierent T-cell responses to parenfigure S6G
binding scores that were signi cantly enhanced compared tdound fewer Class-II alleles with minor di erences in binding
parent, consistent with reduced T cell respondeigfre S6B, a nity between parent and mutantFigure 5D). Taken together
associated with decreased Class Il binding a nifyidure 5D).  these data highlight that mutations in the T-cell epitopes
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FIGURE 5 | Binding of T-cell epitopes to Indian HLA-DR/DP/DQ allelegA) Proportion of a 20 mutant TCEs (15 mer; red) and their corresmding parent/reference
TCEs (blue) restricted by 55 HLA-DR alleles identi ed in the dilan population. Only epitopes with binding af nity score IC 10 nM were considered.(B) Binding to DP
alleles and,(C) Binding to DQ alleles.(D) Binding af nity of 13 selected 15 mer parent and mutant peptiés to DR alleles, which predict gain or loss or no change in
function—-seeFigure S6 for corresponding IFNy release data.

identi ed can potentially impact binding to HLA-DRBL1 alleles used to identify mTCE by the annotation-based and SNP-based
in particular. methods (sed-igure S1 Supplementary File 2,and Figure 6A

for overview of analysis). The 64 mTCE matched 66 SNPs
: : and identi ed four distinct clusters of Mtb strains: (i) mTCE
EVId.ence for .H LA Clas_s I Selecthn of exclusive to strains from Indid\ D 36/66D 54.5%); (ii) mTCE
Reglon-Spem ¢ mTCE in Mtb Strains From enriched (and therefore more likely to be identi ed) in stnai
India from India (N D 18/66 D 27.3%); (iii) mTCE in near equal
Screening for amino acid changes in the mTCEs identi edoroportion in strains from India and outside IndiaN[ D 8/66
against a SNP database of 5,310 Mtb whole genome sequenbe$2.1%) and (iv) mTCE enriched in strains outside India i.e.,
enabled the contextualization of T-cell epitope mutations inrare in India (N D 4/66 D 6.1%). The majority of mTCEs

a large collection of global Mtb strains. Among 5,310 Mtbidenti ed (82%) fell in groups (i) and (ii) above; they wereheit
strains, 220 were from Indial), including the 79 we initially exclusive to Mtb strains circulating in India or occurred at a
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FIGURE 6 | Global distribution of 64 mTCEs and relationship to HLA-DRihding. (A) Flow chart shows the number of mTCEs identi ed in 79 Mtb strais from India,
and their frequency in the context of non-synonymous SNPs @NPs) identi ed in 5,310 globally distributed Mtb strains18, 60). After excluding mTCEs from repetitive
regions @ D 69/138), the remaining 69/138 mTCEs were mapped to nSNPs of 5,80 global Mtb strains, in which 64/69 mTCEs matched to correspnding 66 SNPs
(some mTCEs have more than one mutation with each mutation egeesponding to one SNP). These 66 SNPs in 64 mTCEs were classd into four groups based on
their global geographic distribution in 5,310 Mtb strains a follows: mTCE exclusive to India; mTCE enriched in India; mEJn equal proportion inside and outside
India and mTCE enriched outside India. Of the 4 groups of mTCE édhti ed, those that were signi cantly exclusive to N D 36) enriched (N D 15) or enriched outside
India (N D 4) as determined by Fischer's exact test adjusted for multie comparison with ap-value cut-off of <0.001 is shown. Only for one group: mTCE in equal
proportion in both India and outside Indiall D 8) all the mTCEs identi ed is shown irrespective of signi cane. (B) Each bar is an mTCE (IEDB Epitope ID of
corresponding reference epitope) (X-axis list) that corsponds to the proportion of prevalence of mutation (Y Axisdt) in India (black square) vs. outside India (gray
square). Red arrow above the bar represents rapidly evohgrepitopes. (C) Paired line graph show the frequency (percentage) of all 1Ber mTCE from each of the 4
groups listed inFigure 6B binding with high af nity & 10 nM) either to 16 HLA-DR alleles that are common in India (batiso prevalent outside India) vs. a total of 34
HLA-DR alleles that are either not common in India or not repted in India. P-value determined by Wilcoxon matched-pairs signed rank-test.

median 12.4-fold higher frequency in strains isolated frmdia  6.1% of mMTCEs identi ed were more prevalent in strains outside
compared to the rest of the world (range 2.2- to 156.2-foldhbiy  India (Figures 6A,B.

(Supplementary File 2Sheet 3). Analysis of lineage distribution ~ We next determined if this region-speci c occurrence of
shows that mTCE accumulating in India largely include EAIMTCE was determined possibly by preferential binding to HLA
and CAS strains and mTCE accumulating equally in India ancClass-Il alleles common in India vs. the rest of the worldegiv
outside India include the Beijing strains. A proportionaliigst the recognized critical importance of HLA in driving immune
adjusted for multiple comparisons identi ed mTCE that were selection. We hypothesized that the ten mTCEs (15-mer) that
signi cantly enriched in India vs. outside India and theseea were exclusive to Indidigure 6B Supplementary File 4would
listed in “x” axis ofFigure 6B. These data con rm the majority bind preferentially to HLA Class-II alleles that were highly
of T-cell epitope mutations reported in this study (82%) to occurprevalent in India but rare in the rest of the world. To testghi
signi cantly more frequently in strains circulating in Ind; only  possibility, all 15-mer mTCEs of the 64 mTCE identi ed were
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probed for predicted binding to two major groups of HLA-DR changes in MHC Class-II binding{gure 5. Most importantly,
alleles: Group A included 16 DR alleles that are highly pental the 64 mutations we report have been veri ed in an extensive
in India, but also found outside India. Group B included 34 database of SNP's generated on 5,310 global Mtb stréif)s (
HLA-DR alleles that were either rare in IndiaN(D 11) or Taken together, our study provides a comprehensive analysis of
absent in India N D 23). To note: we did not identify any TCE mutations in Mtb and highlights an underappreciated level
HLA-DR alleles exclusive to India, which were absent from th of region-speci ¢ TCE diversity accumulating in Mtb strains.
rest of the world.Figure 6C shows a Wilcoxon paired analysis  The remarkable diversity in T-cell epitope mutations in Mtb
comparing the percentage of Group A vs. Group B HLA-DRstrains circulating worldwide vs. India highlights the umiyéng
alleles, with predicted binding to each of the mTCE tested. Irsigni cance of regional di erences in shaping their evolutio
keeping with our prediction, the 10 mTCEs exclusive to Indiain genetically (HLA) and environmentally (e.g., NTM) di erén
showed signi cantly higher predicted binding to HLA-DR diée  regions. Despite analysis of a signi cant number of lineage-1
prevalent in India compared to DR alleles rare in Ind@@  strains in the Coscolla et all9) study, very fewrf D 3) of
0.0039) whereas mTCEs that were enriched but not exclugive the mutations they report were found in our strains and vice
India showed equally e cient predicted binding to both groups versa. Although multiple strains isolated from a single diono
of DR alleles§ D 0.4375). All 15-mer mTCEs tested showedover time reveal stability of mutationSS@pplementary File §,
high a nity predicted binding to multiple DR allelesX60%) an analysis of the 79 strains isolated from India shows only
prevalent in India Figure 6C refer to median percentage of 19% of the mutated epitopes to be common (Venn diagram,
each group of mTCEs binding to Group A DR alleles), with theFigure S3, highlighting signi cant variation in T cell epitope
exception of mTCEs equal in India and outside India and mTCEsnutations even within donors who map to a single geographical
enriched outside India, which showed predicted binding tdyon region. The fact that most mutated TCE reported in this study
few <35% median) DR alleles. Interestingly, HLA-DRB3, are lineage-specic highlights that changes in proteins that
HLA-DRB1 04 & HLA-DRB1 08 have been associated with TBdiverge between lineages can include proteins that encodesTC
protection/diseases@, 69); Group-A includes HLA-DRB103:01, Our study also highlights that some lineage-speci ¢ TCEs may
04:02, 04:08, and 04:10 all of which bind=60% & 12/20) evolve due to immune selection pressure. Thus, 7 of the 64
peptides tested with high predicted binding a nity. Together, total mTCEs that map to highly rapidly diversifying regions
these data provide strong evidence that MHC Class Il DR bindingf the bacterial genome, which impact T-cell function and are
patterns likely re ect whether an mTCE is (i) exclusive to lad present in multiple strains, are majorly found within the EAI
(ii) enriched in India but can be found infrequently globalliii)  lineage Table 1). In addition, we identied ve mTCEs that
in equal proportion in India vs. the rest of the world or (iv) were common across three lineages and prevalent 90% of
enriched outside India. strains studied; only one of these has been previously regorte
(13 15). The top 10% of genes, in terms of nucleotide diversity,
in Mtb strains from India encoded none of these ve very
DISCUSSION common mutated epitopes. Therefore, the process that governs
the selection of these highly common TCE mutations would be
This study provides compelling evidence that (a) functionapredicted to di er from those that are rapidly evolving and may
mutations in Mtb-specic CD4T cell epitopes are not be linked to more fundamental bacterial survival. Togettieese
uncommon in Mtb strains isolated from infected subjectsiiyi observations indicate that diverse mechanisms may acdount
in India—each of the 79 Mtb strains isolated from 79 infectedhe unique patterns of T-cell epitope mutations accumulatimg i
subjects carried on average 7 mTGigUre 1, Figure S3; (b) the  Mtb strains.
vast majority of SNPs in mTCEs that we report are region speci ¢ Previous studies1@3 15 have implied that immune escape
(Figure 6A) and either found exclusively in strains from India from T-cell responses is unlikely to be a major factor conitibg
or to occur signi cantly more frequently in strains from lia to Mtb diversity and persistence, on the basis that only a
(Figure 6B); (c) 15.7% of mutated epitopes reported bear thesmall percentage of known T cell epitopes that can induce an
hallmarks of emergence due to immune selection pressure wiinmune response are mutated, despite clear evidence that the
higher nucleotide diversity scores than the correspondingpi  bacterial genome itself is evolving. Whilst our study coiscur
T cell epitope currently curated in the Immune Epitope Databasevith this notion (13, 15), this observation needs to be placed in
(Figures 3 4); and (d) in silico analysis shows altered binding context of data that suggest that current studies underese
of T cell epitopes to MHC Class-Il HLA-DR alleles to be athe number of TCEs in Mtb. For example, Coscolla et al.
potentially important mechanism contributing to the emergen (15 recently highlighted the presence of several new TCE,
of these region-speci ¢ T-cell epitope mutations in Mth. Whilst not curated previously in the IEDB, encoded by Mtb proteins
the overall number of mutations in known T cell epitopesthat are rapidly diversifying, which carry functional muitats.
remains low, in keeping with previous reports highlighting TCEThis, along with our data emphasizes the importance of
mutations to be rare in Mtb13 15), itis clear that all Mtb strains  probing highly diverging genes of Mtb for TCE mutations.
from India tested carry multiple mTCERjgure S3, of which  Indeed, the analysis of complete genome sequences from ¢tlinica
only seven have been previously been reportet] 15). Sixty- isolates has identied the Mtb genome to carry SNPs, large
two percent of mTCE tested have a functional consequence @equence polymorphisms (LSPs), and regions of dierence
CD4 T-cells IFNy secretion, which is associated with predicted(RDs) originating from small deletions, deletions in homabog

Frontiers in Immunology | www.frontiersin.org 14 February 2019 | Volume 10 | Article 195



Ramaiah et al. Region-Speci ¢ T-Cell Epitope Mutations inM. tuberculosis

repetitive elements, point mutations, genome rearrangesentocumented in a pro forma. All adult subjects provided infoitne
and frame-shift mutations{0). The signi cance of this inherent consent, and a parent or guardian of any child participant
genetic variation is not fully understood, but has been ssggd provided informed consent on the child's behalf.

to denote selective pressure and therefore be important in

bacterial pathogenesis and immuni§( 71). In our study, given é}JTHOR CONTRIBUTIONS

that screening the large global Mtb genome SNP database
5,310 strai_ns con rr_ned the _mutated epitopes iFjenti ed to_ beAR and AV conceived the project. AR, SR, and AV designed
largely region-specic, we did not apply selection analy_S|s_ Ahe experiments. AR and SoN performed the main bioinformatic
calculating the non-synonymous vs. synonymous subsaifuti nd immuno-informatic analyses. SR and PS performed the
changes (dn/ds) are not deemed appropriate for strain Iev? munology experiments. AM, TA, and AE sequenced the
analysis_ within a species, though suitable for inter-spdeiesl genomes and conducted SNP’ and, phylogenetic analyses. SiS,
comparisons{2). AJ, JS, SuN, GD, and SoS collected clinical samples, provided

3he patient details and wrote the clinical methodology for the
anuscript. PvH synthesized the peptides. TO contributed in
munology study design. AR, SR, and AV wrote the manuscript.
R, SR, AM, AE, TA, TO, and AV edited the manuscript.

call for further functional studies on Mtb-speci ¢ TCE charsgge
better understand their impact on immune escape and bacteri
persistence. In addition, studies are needed to verify epsi;top%\
predicted within highly divergent regions. One limitatior aur
analysis is known di culties in interpreting sequencing dat
from repetitive regions of the genome, particularly when datd=UNDING

are generated from a single sequencing library of short ggno

fragments as in this study. For instance, ESAT-6 encodinghis work was funded principally by a Center for Excellence
regions are known to be di cult to sequence, assemble angrali award from the Department of Biotechnology (DBT), India to
using short read technologies causing errors that couldaia AV (DBT: No. BT/PR10394/MED/29/1128/2016). This work was
nucleotide diversity estimates. However, previous workagis also supported by the National Institute of Allergy and Infects
similar data have reported on TCE mutations in these samegen®iseases of the US National Institutes of Health under award
(13 15 and we also elected to follow up only on those variant§iumber UM1 Al 068618. We acknowledge additional funding
appearing in both assembly and variant detection analyses thi@r antigen synthesis by EC HORIZON2020 TBVAC2020 and
minimizing this issue. In this case, only one epitope idendiie ~ EC FP7 EURIPRED (FP7-INFRA-2012 Grant Agreement No.
a repetitive gene ESAT-6 was retained, which showed 2 varianB12661) to AV and TO.

especially as this particular mutation was previously reported t

have a functional consequence. ACKNOWLEDGMENTS

The discovery that immune selection pressure can potentially
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successfully treated; Bad, patient not cured of TB; Defaultpatient relapsed
during treatment.

Figure S4 | Novel epitopes induce a stronger IFNy response in IGRA individuals,
but response to immunodominant antigens are similar in botllinical groups.(A)
Diluted heparinized whole blood from 12 IGRX individuals and 6 PTB patients
were stimulated with a total of 36 parent and corresponding ratant peptides at
1mg/ml nal concentration for 7 days. Summarized data shows the poportion of
responders in the 7-day whole blood IFIg release assay to a total of 36 parent
(blue) and corresponding mutant (red) peptides in IGRAand PTB subjects, with
a cut-off for a positive IFNj response set at 5 pg/ml. Peptides that induced
responses in>D25% of donors tested are indicated with a horizontal blackie.
Nine peptides marked by pink arrows were also simultaneougltested in ICS
assay as shown inFigure 4. Thirteen 15 mer peptides representing parent and
mutant sequences of epitopes marked by green asterisks werselected for HLA
binding assay as shown inFigure 5 and whose IFNj response is illustrated in
Figure S6. (B) Diluted heparinized whole blood from 10 healthy IGRA
individuals, 10 latent TB-infected (IGRA) and 10 pulmonary TB (PTB) were either
left unstimulated or stimulated with Mtb antigens ESAT6/CFEO and PPD at

10 mg/ml and positive control PHA (3ng/ml) for 7 days. Scatter plot shows IFNg
levels in the supernatants measured by ELISA after backgrodrunstimulated
control value subtraction. Each dot represents a donor. Dat was analyzed using
Non-parametric One-Way ANOVA Kruskal-Wallis test and Dufsnmultiple
comparisons test. Signi cant differences are indicated: p < 0.01.

Figure S5 | mTCEs induce a highly speci ¢ CD4 T cell response in IGRA
subjects. (A) PBMCs from IGRA and IGRA subjects were stimulated overnight
with rapidly evolving immunodominant parent (P3-3, upper @nel) and mutant
peptide (M4-3, lower panel). Representative ow cytometry fots depicting IFNJc
and IL2° CD4T cells upon stimulation of PBMCs in IGRA (left) and IGRA (right)
is shown. (B) IFNg and/or IL2 CD4 T cell frequency following stimulation with a ge
of ve parent and mutant peptides in six IGRA subjects after subtraction of
background-unstimulated control. The mean/SD response frguency in the six
IGRA donors to each of the ve parent and mutant peptides tested is iown as
ve lines (one line per peptide pair). Median responses in IGRAsubjects to the
peptides tested, after background subtraction, was: parem peptide median 0.02,
range 0-0.175; mutant median 0.0365, range 0—0.165. These dta con rm these
peptides to have negligible non-speci ¢ stimulatory effect in this assay.

Figure S6 | Whole blood IFNy levels in response to 13 15 mer synthetic peptides
representing parent and mutant sequences of epitopes sele¢ed for HLA binding
assay. IFNy ELISA was performed on supernatants collected after 7-day
stimulation of diluted heparinized blood from IGRA and PTB subjects with
peptides. Each graph shows the concentration of IFY (pg/ml), which either
induces gain(A) or loss (B) or no change in function(C). Each line represents
IFNg levels induced by a given donor in response to the parent vshe mutant
peptide assayed simultaneously after subtraction of backgund-unstimulated
control. Statistical analysis was performed by Paired Witxon signed-rank test.

Figure S7 | CD4T cell responses to parent and mutant peptides. PBMCs fnm
IGRAC subjects were stimulated overnight with parent and mutant pptides that
are rapidly evolving and belonging to immunodominant and neimmunodominant
category. Frequencies of IFNC, IL2C, TNFaC, IL17AC, and MIP1bC CD4T cells
were determined by ICS assay (see methods). Line graphs showfsequencies of

REFERENCES

1. Cobey S. Pathogen evolution and the immunological nidhe.N Y Acad Sci.
(2014) 1320:1-15. doi: 10.1111/nyas.12493

2. Brites D, Gagneux S. OIld and new selective pressures
Mycobacterium tuberculosisinfect Genet Evol.(2012) 12:678-685.
doi: 10.1016/j.meegid.2011.08.010

3. Pepperell CS, Casto AM, Kitchen A, Grana JM, Cornejo OE, Holmesé6.
in shaping diversity of natural

EC, et al. The role of selection
Mycobacterium tuberculosfopulations.PLoS Pathog2013) 9:1003543.
doi: 10.1371/journal.ppat.1003543

cytokine-positive CD4 T cells following stimulation with aet of six parent and
mutant peptides as individual plots in IGR& subjects after subtraction of
background unstimulated control. Each line is a donor. Stastical analysis was
performed using nonparametric Wilcoxon matched-pairs siged rank test. P <
0.05 was considered signi cant. mTCE were grouped as follows(A) Rapidly
evolving and immunodominant Rv3019c (EsxR) and Rv0294 (tgn(B) Rapidly
evolving and non-immunodominant Rv0988, Rv3879c (espK) ahRv1769.

Supplementary File 1| Frequency and length of T-cell epitopes analyzedA)
905 parent/reference TCEs,(B) 64 mTCEs.

Supplementary File 2| Comprehensive data on 64 mTCEs identi ed and their
frequency in 5,310 globally distributed Mtb strainsi8, 60). Sheet 1 contains the
total number of mMTCEs ( D 138) that we initially identi ed in both non-repetitive
and repetitive regions of the 79 Mtb strains we studied, alog with complete
relevant data. Sheet 2 contains the identical informationf&Sheet 1, but

excluding mTCEs ( D 69) from repetitive regions. Sheet 3 shows the matching
non-synonymous SNPs (nSNPs) from 5,310 globally distribatl Mtb strains with
the mutations of mTCEs identi ed from non-repetitive regios of the 79 Mtb strains
we studied. In total, 64 mTCEs have a match in 5,310 global stias, but as some
of the mTCEs have more than one mutation, the total number of ISPs recorded is
66. Sheet 4 shows only those mTCEs from Sheet 3 that are rapidlevolving.
Sheet 5 shows all relevant information about the epitopes hang multiple forms.

Supplementary File 3 |
we studied from India.

Nucleotide diversity of all the genes from 79 Mtb isolates

Supplementary File 4 | HLA binding af nity prediction of all 15 mer
parent/reference TCE and their mutantsN D 20) to total of 50 MHC Class-II
alleles (http://allelefrequencies.net/). Allele frequen 0.01 is set-up as cut-off to
screen high frequency alleles. The 20 mTCEs are classi ed iotfour groups based
on their global geographic distribution in 5,310 Mtb strais as follows: mTCE
exclusive to India; mTCE enriched in India; mTCE in equal prop@n inside and
outside India and mTCE enriched outside India. Total of 50 alks are classi ed as
follows: Binding of each mTCE to 16 DR alleles (Group A) comman India (but
also prevalent outside India) was compared to 34 DR alleles (@up B) comprising
11 that are less prevalent in India but highly enriched outsidindia and 23 alleles
that are not reported to date in India, but prevalent in rest othe world
(geographical regions): Australia, Europe, North Africélorth America, North-East
Asia, Oceania, South and Central America, South-East Asig§ub-Saharan Africa
and Western Asia. These 23 alleles are reported with high fj@ency in at-least
two of 10 geographical regions we considered. Predicted biding af nity of all four
groups of TCE/mTCEs are provided against all alleles we stueti.

Supplementary File 5| Clinical details of samples used for testing T-cell functio
of mutant vs. parent peptides.

Supplementary File 6 | Details of intra-donor Mtb T-cell epitope mutations in six
subjects. A total of 17 Mtb strains (range 2-5 strains) wereolated from 6
subjects (Patient ID: P6, P38, P96, P97, P103, and P106). Theotal number of
Mtb strains isolated from each donor, along with number of mMCEs and mutated
antigens identi ed in strains isolated over multiple time piaits is summarized in
individual sheets of EXCEL this File for each of six donorssied.

Table S1 | Details of 5 mTCE identi ed in 90% of 79 Mtb strains from India.

Table S2 | Clinical details of individuals included in this study.

4. Kwan CK, Ernst JD. HIV and tuberculosis: a deadly human synde@iiis.
Microbiol Rev(2011) 24:351-76. doi: 10.1128/CMR.00042-10

5. Lin MY, Reddy TB, Arend SM, Friggen AH, Franken KL, van MeijgaaridE,
et al. Cross-reactive immunity telycobacterium tuberculodiosR regulon-
encoded antigens in individuals infected with environmentaituberculous
mycobacteria. Infect Immun. (2009) 77:5071-9. doi:
457-09

North RJ, Jung YJ. Immunity to tuberculosnnu Rev Immunol(2004)
22:599-623. doi: 10.1146/annurev.immunol.22.012703.104635

on

10.1128/IA1.00

7. Kara EE, Comerford I, Fenix KA, Bastow CR, Gregor CE, McKenzie

DR, et al. Tailored immune responses: novel e ector helper T cell

Frontiers in Immunology | www.frontiersin.org

16

February 2019 | Volume 10 | Article 195



Ramaiah et al.

Region-Speci ¢ T-Cell Epitope Mutations inM. tuberculosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

subsets in protective
doi: 10.1371/journal.ppat.1003905

. Black GF, Thiel BA, Ota MO, Parida SK, Adegbola R, Boom WH, et al.

Immunogenicity of novel DosR regulon-encoded candidate ansgef
Mycobacterium tuberculosisthree high-burden populations in AfricaClin
Vaccine Immunol(2009) 16:1203-12. doi: 10.1128/CVI1.00111-09

. Commandeur S, van Meijgaarden KE, Prins C, Pichugin AV, Dijkikanan
den Eeden SJ, et al. An unbiased genome-Wigeobacterium tuberculosis 29.

gene expression approach to discover antigens targeted by humatisT ¢
expressed during pulmonary infectiod. Immunol. (2013) 190:1659-71.
doi: 10.4049/jimmunol.1201593

Bhatt K, Verma S, Ellner JJ, Salgame P. Quest for correlates of
protection against tuberculosi€lin Vaccine Immunol(2015) 22:258-66.
doi: 10.1128/CV1.00721-14

Lancioni C, Nyendak M, Kiguli S, Zalwango S, Mori T, Mayafizza
H, et al. CD& T cells provide an immunologic signature of tuberculosis

in young children. Am J Respir Crit Care Med2012) 185:206-12. 32.

doi: 10.1164/rccm.201107-13550C

Ernst JD. The immunological life cycle of tuberculoblat Rev Immunol.
(2012) 12:581-91. doi: 10.1038/nri3259

Comas |, Chakravarthi J, Small PM, Galagan J, Niemann S, KremeekK, et
Human T cell epitopes oMycobacterium tuberculosare evolutionarily
hyperconservedature Genet(2010) 42:498-503. doi: 10.1038/ng.590

Vita R, Overton JA, Greenbaum JA, Ponomarenko J, Clark JD, dantre
JR, et al. The immune epitope database (IEDB) i@l Acids Reg2015)
43:D405-12. doi: 10.1093/nar/gku938

Coscolla M, Copin R, Sutherland J, Gehre F, de Jong B, OwolabiaD, et
M. tuberculosid cell epitope analysis reveals paucity of antigenic variation
and identi es rare variable TB antigenGell Host Microbg2015) 18:538-48.
doi: 10.1016/j.chom.2015.10.008

Manson AL, Cohen KA, Abeel T, Desjardins CA, Armstrong DT, B&H;

et al. Genomic analysis of globally divekdgcobacterium tuberculosigains
provides insights into the emergence and spread of multidrug resistatat
Genet(2017) 49:395-402. doi: 10.1038/ng.3767

Manson AL, Abeel T, Galagan JE, Sundaramurthi JC, SalazahAm@&m

T, et al.Mycobacterium tuberculosighole genome sequences from Southern 38.

India suggest novel resistance mechanisms and the need fonrsgexi c
diagnosticsClin Infect Dis(2017) 64:1494-501. doi: 10.1093/cid/cix169
Bronke C, Almeida CA, McKinnon E, Roberts SG, Keane NM, Chopeaa,
HIV escape mutations occur preferentially at HLA-binding sites of B&II
epitopesAIDS (2013) 27:899-905. doi: 10.1097/QAD.0b013e32835e1616
Ellis RC, Zabrowarny LA. Safer staining method for acid fasillbal Clin
Pathol.(1993) 46:559-60. doi: 10.1136/jcp.46.6.559

Allen BW, Baker FMycobacteria: Isolation, Identi cation and Sensitivity

Testing (Laboratory AidsLondon: Butterworth-Heinemann) (1968) p. 1-75. 41.

Canetti G, Fox W, Khomenko A, Mahler HT, Menon NK, MitchisolAD
et al. Advances in techniques of testing Mycobacterial drugiteity, and the
use of sensitivity tests in tuberculosis control programnsesl World Health
Organ.(1969) 41:21-43.

Baess |. Isolation and purication of deoxyribonucleic aciconi

Mycobacteria.Acta Pathol Microbiol Scand B Microbiol Immun¢l974)
82:780-4. doi: 10.1111/.1699-0463.1974.th02375.x

Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D
Kuijper S, et al. Simultaneous detection and strain di erentiatiof
Mycobacterium tuberculost diagnosis and epidemiology.Clin Microbiol.
(1997) 35:907-14.

Winglee K, Manson McGuire A, Maiga M, Abeel T, Shea T, Desiar@A,
et al. Whole Genome SequencingMycobacterium africanurstrains from
Mali provides insights into the mechanisms of geographic restrictiRiroS
Negl Trop Dis(2016) 10:e0004332. doi: 10.1371/journal.pntd.0004332

Cohen KA, Abeel T, Manson McGuire A, Desjardins CA, Munsamy V47.

Shea TP, et al. Evolution of extensively drug-resistant tubes@itover four
decades: whole genome sequencing and dating analydis/asbacterium
tuberculosisisolates from KwaZulu-Natal.PLoS Med. (2015) 12:e10
01880. doi: 10.1371/journal.pmed.1001880

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C,
et al. Versatile and open software for comparing large geno@esome Biol.
(2004) 5:R12. doi: 10.1186/gb-2004-5-2-r12

immunity.PLoS Pathog.(2014) 10:e1003905. 27.

28.

30.

31.

33.

34.

35.

36.

37.

39.

40.

42.

43.
44,
45.

46.

48.

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ.
Prodigal: prokaryotic gene recognition and translation initiaticsite
identi cation. BMC Bioinform. (2010) 11:119. doi: 10.1186/1471-2105-
11-119

Lowe TM, Eddy SR. tRNAscan-SE: a program for improved detecfion
transfer RNA genes in genomic sequendacl Acids Re§1997) 25:955-64.
doi: 10.1093/nar/25.5.955

Lagesen K, Hallin P, Rodland EA, Staerfeldt HH, Rognes T, Ussaty D
RNAmmer: consistent and rapid annotation of ribosomal RNA gemasc|
Acids Reg2007) 35:3100-8. doi: 10.1093/nar/gkm160

Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, EddgtSR
The Pfam protein families databasducl Acids Reg(2014) 42:D222-30.
doi: 10.1093/nar/gkt1223

Haft DH, Loftus BJ, Richardson DL, Yang F, Eisen JA, PaulBeatlal.
TIGRFAMSs: a protein family resource for the functional identitean of
proteins.Nucl Acids Re$2001) 29:41-3. doi: 10.1093/nar/29.1.41

Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG
Kyoto Encyclopedia of genes and genoniscl Acids Re$1999) 27:29-34.
doi: 10.1093/nar/27.1.29

Tatusov RL, Koonin EV, Lipman DJ. A genomic perspective on protei
families.Sciencél997) 278:631-7. doi: 10.1126/science.278.5338.631
Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M.
Blast2GO: a universal tool for annotation, visualization amdalysis

in functional genomics researchBioinformatics (2005) 21:3674-76.
doi: 10.1093/bioinformatics/bti6 10

Tian W, Arakaki AK, Skolnick J. EFICAz: a comprehensive approach f
accurate genome-scale enzyme function infereiuigcl Acids Req2004)
32:6226-39. doi: 10.1093/nar/gkh956

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4dindisating
signal peptides from transmembrane regioh&t Methods(2011) 8:785-6.
doi: 10.1038/nmeth.1701

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting
transmembrane protein topology with a hidden Markov model:
application to complete genomes] Mol Biol. (2001) 305:567-80.
doi: 10.1006/jmbi.2000.4315

Wapinski |, Pfeer A, Friedman N, Regev A. Natural history and
evolutionary principles of gene duplication in funflature(2007) 449:54—61.
doi: 10.1038/nature06107

Wapinski I, Pfeer A, Friedman N, Regev A. Automatic genomeevi
reconstruction of phylogenetic gene treBsinformatic§2007) 23:i549-58.
doi: 10.1093/bioinformatics/btm193

Li H, Durbin R. Fast and accurate short
Burrows-Wheeler  transform. Bioinformatics (2009)
doi: 10.1093/bioinformatics/btp324

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, SakthikuBar
et al. Pilon: An integrated tool for comprehensive microbial variant
detection and genome assembly improveméitoS ONE2014) 9:e112963.
doi: 10.1371/journal.pone.0112963

Stamatakis A. RAXML-VI-HPC: Maximum likelihood-based phyluge
analyses with thousands of taxa and mixed modBlsinformatics(2006)
22:2688-690. doi: 10.1093/bioinformatics/btl446

Abeel TPhylogenetic Visualizations With Peac@2R16). Available online at:
https://github.com/AbeelLab/peacock

Haas BVCFAnnotator (2012). Available online at: http://sourceforge.net/
projects/vcfannotator/

Lew JM, Kapopoulou A, Jones LM, Cole ST. TubercuLs-years after.
Tuberculosig2011) 91:1-7. doi: 10.1016/j.tube.2010.09.008

Benjamini Y, Hochberg Y. Controlling the false discovery rate: etiped and
powerful approach to multiple testing R Stat Soc SeriegB295) 57:289-300.
doi: 10.1111/j.2517-6161.1995.th02031.x

Nielsen M, Lundegaard C, Worning P, Lauemoller SL, Lamberth KsBuu
S, et al. Reliable prediction of T-cell epitopes using neural networks
with novel sequence representatioffrotein Sci. (2003) 12:1007-17.
doi: 10.1110/ps.0239403

Lundegaard C, Lamberth K, Harndahl M, Buus S, Lund O, Nielsen M.
NetMHC-3.0: Accurate web accessible predictions of human, moode a
monkey MHC class i a nities for peptides of length 8-1MNucl Acids Res.
(2008) 36:W509—-12. doi: 10.1093/nar/gkn202

read alignment with
25:1754-60.

Frontiers in Immunology | www.frontiersin.org

17

February 2019 | Volume 10 | Article 195



Ramaiah et al.

Region-Speci ¢ T-Cell Epitope Mutations inM. tuberculosis

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Wang P, Sidney J, Dow C, Mothe B, Sette A, Peters B. A systema
assessment of MHC class Il peptide binding predictions and evaluati

of a consensus approachPLoS Comput Biol.(2008) 4:€1000048. 62.

doi: 10.1371/journal.pcbi.1000048

Wang P, Sidney J, Kim Y, Sette A, Lund O, Nielsen M, et al. d@epinding
predictions for HLA DR, DP and DQ moleculeBMC Bioinform.(2010)
11:568. doi: 10.1186/1471-2105-11-568

Gonzalez-Galarza FF, Christmas S, Middleton D, Jones AR. Allele
frequency net: a database and online repository for immune gene
frequencies in worldwide populationdlucl Acids Reg2011) 39:D913-19.
doi: 10.1093/nar/gkq1128

Greenbaum J, Sidney J, Chung J, Brander C, Peters B, Sette A.

Functional classi cation of class Il human leukocyte antigen @)L

molecules reveals seven dierent supertypes and a surprising degree 65.

repertoire sharing across supertypdsmimunogenetic§2011) 63:325-35.
doi: 10.1007/s00251-011-0513-0

Weiskopf D, Angelo MA, de Azeredo EL, Sidney J, GreenbaumedAafdo
AN, et al. Comprehensive analysis of dengue virus-speci ¢ responppsigs
an HLA-linked protective role for CD8 T cells.Proc Natl Acad Sci USA.
(2013) 110:E2046-53. doi: 10.1073/pnas.1305227110

Pattnaik S, John KR, Shalini E, Michael JS. Agreement breskeetesting
and QuantiFERON-TB Gold In-Tube assay (QFT-TB) in detectiagent
tuberculosis infection among household contacts in Indielian J Tuberc.
(2012) 59:214-8.

Franken KL, Hiemstra HS, van meijgaarden KE, Subronto Y, den hattig
Ottenho TH, et al. Puri cation of his-tagged proteins by immobilidehelate
a nity chromatography: the bene ts from the use of organic solveRtotein
Expr Purif.(2000) 18:95-9. doi: 10.1006/prep.1999.1162

Serra-Vidal MM, Latorre |, Franken KL, Diaz J, de Souza-Galvadddsas |,
et al. Immunogenicity of 60 novel latency-related antigenslg€obacterium
tuberculosig=ront Microbiol.(2014) 5:517. doi: 10.3389/fmicbh.2014.00517
Smith SG, Smits K, Joosten SA, van Maijgaarden KE, Sattch&l¢A, et al.
TBVI TB Biomarker working group. intracellular cytokine staining amav
cytometry: considerations for application in clinical trials of nbwderculosis
vaccines. PLoS ONE(2015) 10:e0138042. doi: 10.1371/journal.pone.01
38042

Lindestam Arlehamn CS, Gerasimova A, Mele F, Henderson R, Swan?2.

J, Greenbaum JA, et al. Memory T cells in latektycobacterium
tuberculosignfection are directed against three antigenic islands and karge

63.

64.

66.

67.

68.

69.

70.

71.

the dormancy regulon oMycobacterium tuberculosidlicrob Infect.(2006)
8:2052-60. doi: 10.1016/j.micinf.2006.03.018

Schuck SD, Mueller H, Kunitz F, Neher A, Homann H, Franken
KLCM, et al. T cell responses against subdominant antigens itedica
latent Mycobacterium tuberculosisfection. PLoS ONE(2009) 4:e5590.
doi: 10.1371/journal.pone.0005590

Goletti D, Butera O, Vanini V, Lauria FN, Lange C, Franken Kb|.d&Response

to Rv2628 latency antigen associates with cured tuberculosisremote
infection.Eur Respir J2009) 36:135-42. doi: 10.1183/09031936.00140009
Rakshit S, Adiga V, Nayak S, Sahoo PN, Sharma PK, van MdggaéE,

et al. CirculatingMycobacterium tuberculod3osR latency antigen-speci c,
polyfunctional, regulatory IL1@) Th17 CD4 T-cells di erentiate latent from
active tuberculosisSci Rep(2017) 7:11948. doi: 10.1038/s41598-017-10773-5
Harris DP, Vordermeier HM, Arya A, Moreno C, lvanyi J. Permissive
recognition of a mycobacterial T-cell epitope: localization of omgiag
epitope core sequences recognized in association with multiple major
histocompatibility complex class Il I-A moleculésimunol (1995) 84:555-61.
Ivanyi J. Function and Potentials of M. tuberculosis Episopeont Immunol.
(2014) 5:107. doi: 10.3389/ mmu.2014.00107

Ivanyi J, Ottenho TH. Signi cance of antigen and epitope cpsty

in tuberculosis. Front Immunol. (2014) 5:524. doi: 10.3389/ mmu.201
4.00524

Yang PL, He XJ, Zang QJ, Li HP, Wang GY, Qin J. Association m&hu
leukocyte antigen DRB1 polymorphism and tuberculosis: a meta-dsalys

J Tuberc Lung Di$2016) 20:121-8. doi: 10.5588/ijtld.14.0930

Lindestam Arlehamn CS, McKinney DM, Carpenter C, Paul S, Ruzot
Makgotlho E, et al. A Quantitative analysis of complexity of humampgen-
specic CD4 TCell Responses in Healthy. tuberculosisnfected South
Africans.PLoS Patho@2016) 12:€1005760. doi: 10.1371/journal.ppat.1005760
Fleischmann RD, Alland D, Disen JA, Carpenter L, White O, Paters
J, et al. Whole-genome comparison dflycobacterium tuberculosis
clinical and laboratory strains.J Bacteriol. (2002) 184:5479-90.
doi: 10.1128/JB.184.19.5479-5490.2002

Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, &twmmay
S, et al. Variable host-pathogen compatibilityNtycobacterium tuberculosis.
Proc Natl Acad Sci US£006) 103:2869-73. doi: 10.1073/pnas.0511240103
Kryazhimskiy S, Plotkin JB. The population genetics of dNRISS Genet.
(2008) 4:€1000304. doi: 10.1371/journal.pgen.1000304

contained in a CXCR3CCRE Th1 subsetPLoS Pathod2013) 9:21003130. Conict of Interest Statement: The authors declare that the research was

doi: 10.1371/journal.ppat.1003130

Nei M, Li WH. Mathematical model for studying genetic vaodatin terms
of restriction endonuclease®roc Natl Acad Sci USA1979) 76:5269-73.
doi: 10.1073/pnas.76.10.5269

conducted in the absence of any commercial or nancial relatiops that could
be construed as a potential con ict of interest.

Copyright © 2019 Ramaiah, Nayak, Rakshit, Manson, Abeel, Shanm8ghoo,

Commandeur S, Lin MY, van Meijgaarden KE, Friggen AH, Franken KLJohn, Sundaramurthi, Narayanan, D'Souza, von Hoegen, @tte®lvaminathan,

Drijfhout JW, et al. Double- and monofunctional CD4? and CD8?¢€ll-c

Earl and Vyakarnam. This is an open-access article distdbunder the terms
of the Creative Commons Attribution License (CC BY). Thedisteibution or

reproduction in other forums is permitted, provided theimalgauthor(s) and the
copyright owner(s) are credited and that the original pafidic in this journal

is cited, in accordance with accepted academic practicaséyalistribution or
reproduction is permitted which does not comply with thessest

responses tycobacterium tuberculogd®sR antigens and peptides in long-
term latently infected individual€ur J Immunol(2011) 41:2925-36. doi: 10.
1002/eji.201141602

Leyten EMS, Lin MY, Franken KL, Friggen AH, Prins C, van Maijden
KE, et al. Human T-cell responses to 25 novel antigens encoded lep gén

Frontiers in Immunology | www.frontiersin.org

18 February 2019 | Volume 10 | Article 195



