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Antigen-specific, MHC-restricted of T cells are necessary for protective
immunity against Mycobacterium tuberculosis, but the ability to broadly
study these responses has been limited. In the present study, we used
single-celland bulk T cell receptor (TCR) sequencing and the GLIPH2
algorithmto analyze M. tuberculosis-specific sequences in two longitudinal
cohorts, comprising 166 individuals with M. tuberculosis infection who
progressed to either tuberculosis (n = 48) or controlled infection (n =118).
We found 24 T cell groups with similar TCR-[3 sequences, predicted

by GLIPH2 to have common TCR specificities, which were associated

with control of infection (n =17), and others that were associated with
progression to disease (n=7). Using agenome-wide M. tuberculosis antigen
screen, we identified peptides targeted by T cell similarity groups enriched
eitherin controllers orin progressors. We propose that antigens recognized
by T cell similarity groups associated with control of infection can be
considered as high-priority targets for future vaccine development.

Antigen-specific CD4 T cells are necessary for protective immunity
against M. tuberculosis, the etiological agent of tuberculosis (TB)".
Experimental and clinical evidence shows that the primary T cell
mediators of this protection are interferon (IFN)-y-expressing helper
typelT cells (T,1cells), although recent evidence from nonhuman pri-
matesimplicates T,1/T,17 cells as probable correlates of protection®™®.
Comprehensive delineation of af3 T cell responses in M. tuberculosis-
infected humans has been hampered by the complexity and hetero-
geneity of clinical phenotypes in TB”®, the high interindividual
diversity of the major histocompatibility complex (MHC), which
restricts antigen presentation to T cells, and the marked diversity of
TCRs’™°, even within single hosts.

Recentadvancesinsingle-cell and bulk TCR-sequencing technolo-
giesenable characterization of the antigen-specific TCR repertoire with
unprecedented throughput and efficiency”. Inaddition, advancesin
analytic approaches, particularly GLIPH" and GLIPH2 (ref. 13), allow
grouping of TCR sequences that share conserved sequences and motifs
inthe CDR3 region, whichis primarily responsible for the recognition
of antigenic peptides bound to molecules of the MHC**"*, This allows
rapid clustering of thousands or millions of TCRs into similarity groups,
without having to know for what antigens these TCRs are specific. This
enablesabroad profiling of T cell specificities, despite the complexity
of these responses across individuals and groups'®*>'¢. Together, these
tools provide the opportunity to analyze the pathogen-specific T cell
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response in a holistic and unbiased manner that was not previously
possible.

We hypothesized that distinct M. tuberculosis-specific T cell
clonotype groups in M. tuberculosis-infected individuals are associ-
ated with either protection against or risk of disease progression. We
applied antigen-specific T cell repertoire profiling and analyses to two
well-characterized, longitudinal cohorts of M. tuberculosis-infected indi-
viduals, some of whom successfully controlled infection (controllers)
and others who progressed to TB disease (progressors). We identi-
fied mycobacteria-reactive T cell groups with similar TCRs (similarity
groups, which probably recognize the same epitope) and compared their
frequencies in M. tuberculosis-infected controllers and progressors, to
define putative protective (enriched in controllers) or pathogenic or
nonprotective (enrichedin progressors) TCR similarity groups. We then
identified the M. tuberculosis antigenic epitope and restricted MHC for
asubset of TCR members of such similarity groups using genome-wide
antigenscreening. Particularlyimportantinthisrespectis that we were
able to identify a set of controller-associated M. tuberculosis antigens
that may be excellent candidates for inclusionina future TB vaccine.

Results

Defining M. tuberculosis-specific T cells and their repertoires
We first determined TCR-«f3 sequences expressed by mycobacteria-
reactive T cells in controllers and progressors selected from adoles-
cents with evidence of M. tuberculosis infection who participated in
the Adolescent Cohort Study (ACS), alarge epidemiological study of
TBY. Progressors (n = 44) developed microbiologically confirmed,
intrathoracic TB over 2 years of follow-up. Controllers (n = 44) also had
evidence of M. tuberculosis infection, but did not develop TB during
follow-up. Mycobacteria-reactive T cells were identified by stimulating
thawed peripheral blood mononuclear cells (PBMCs) from progressors
and controllers with M. tuberculosis lysate, comprising both protein
and nonprotein antigens, and sorting activated CD4 or CD8 T cells
(Fig. 1a and Extended Data Fig. 1a). Activated T cells were identified
by their elevated expression levels of CD69 together with CD154 or
CD137 for single-cell TCR-sequencing (scTCR-seq). We successfully
captured the TCR-a repertoire of M. tuberculosis-lysate-responsive
T cells from PBMC samples collected from 35 controllers and 35 progres-
sors using this scTCR-seq approach (Supplementary Table 1). Among
37,674 sorted T cells from progressors and controllers, 22,276 (59.1%)
CDR3a and 21,404 (56.8%) CDR3[ sequences were detected, of which
15,272 and 16,517 were unique, respectively (Supplementary Table 2).
Higher frequencies of activated T cells were observed after stimula-
tion with M. tuberculosis lysate compared with phosphate-buffered
saline (PBS), but frequencies of activated T cells between controllers
and progressors were not different, nor were the numbers of CDR33
sequences detected (Fig. 2a-c). In addition, frequencies of activated
T cells were constant over the 2-year follow-up period (Fig. 2d). Clonal
expansions (two or more clones) were observed in scTCR data from
allbut four samples (Fig. 2e). More than 90% of sorted M. tuberculosis
lysate-reactive T cellswere CD4 T cells, 2.2% were CD8 T cells and 6.5%
expressed canonical mucosa-associated invariant T (MAIT) cell CDR3a
sequences irrespective of CD4 and CD8 expression (Extended Data
Fig. 1b). These results are consistent with previous studies which
showed that M. tuberculosis-reactive T cells are predominately CD4
T cells™". Cells expressing known canonical MAIT CDR3a sequences
expressed markedly higher levels of CD26, a marker associated with
MAIT cells', compared with CD4 and CDS8 T cells (Extended Data
Fig.1c), demonstrating that the phenotype of single-cell sorted cells
faithfully aligns with the TCR identity. Expected levels of messenger
RNA expression of known functional markers by sorted CD4, CD8 and
MAIT cells further validated the experimental TCR-seq pipeline we used.
Forexample, ahigher proportion of M. tuberculosislysate-responsive
MAIT cells expressed IFN-y mRNA transcripts compared with CD4 and
CD8T cells, whereas ahigher proportion of CD4 T cells expressed tumor

necrosis factor (TNF), interleukin (IL)-2, IL-17 and IL-13 mRNA transcripts
than CD8 and MAIT cells, and higher proportions of CD8 T cells and
MAIT cells expressed eomesodermin and perforin mRNA transcripts
than CD4 T cells (Extended Data Fig. 1d).

Comparison of M. tuberculosis TCR groups in single-cell
repertoires

We then combined the CDR3f3 sequences obtained from
mycobacteria-reactive CD4 T cells from controllers, progressors
and previously published TCR datasets'", amounting to 25,256
CDR3f sequences (Supplementary Table 3). To determine whether
M. tuberculosis-specific T cells are preferentially enriched at the site
of recent or ongoing TB disease, we compared bulk TCR data gener-
ated from blood and resected lung tissue samples, collected from an
independent cohort of TB patients”. M. tuberculosis lysate-reactive
CD4 TCR sequences were significantly enriched in lung tissue com-
pared with corresponding peripheral blood samples (Fig. 3). By con-
trast, frequencies of cytomegalovirus (CMV), Epstein-Barr virus (EBV)
and influenza A-specific CDR3f sequences did not differ between
blood and lung resection samples, consistent with an expansion of
M. tuberculosis-specific TCRs at the site of recent or ongoing disease.

The incredible diversity and private nature of CDR3[3 sequences
have necessitated the development of clustering methods that group
CDR3p sequences that probably share epitope specificities™'>¢2°22,
Such clustering methods allow interindividual comparisons of CDR3f
sequences that probably share antigen specificity. We sought to deter-
mine whether such clusters of TCRs were differentially associated with
either controllers or progressors. Using GLIPH2 (ref.13) to cluster TCR-3
sequences expressed by mycobacteria-reactive T cells, we identified
3,417 M. tuberculosis TCR similarity groups (Supplementary Table 4). Of
the TCR similarity groups, 54% contained CDR3f sequences observedin
sorting experiments performed inatleast two independent studies™"
(Extended Data Fig. 2). This observation strongly implies that most
of the TCR similarity groups contained TCRs that target antigens in
M. tuberculosislysate.

Previously, we reported that applying filters to the GLIPH2 output
parameters narrowed down the number of TCR similarity groups and
enriched for groups more likely to have been clustered correctly®. We
selected TCR similarity groups shared by three of more participants,
consistent with three or more unique CDR3f sequences, with enriched
common V-genes (vb_score <0.05), with a limited CDR3 length distri-
bution (length_score <0.05) and statistically significant motifs froma
reference set of CDR3f3 sequences (Fisher_score <0.05). This filtering
resulted in 290 TCR similarity groups. We then investigated whether
any of the selected TCR similarity groups were significantly enriched
in sorted M. tuberculosis lysate-reactive CD4 T cells from controllers
or progressors. Most TCR similarity groups were shared between con-
trollers and progressors, suggesting a high degree of overlapin T cell
specificities between the groups (Fig. 4a). However, the ‘S%QGTGE’ and
‘REGGTG%SP’ TCRgroups appeared tobe enriched in progressors (Sup-
plementary Table 5). Although no statistically significant enrichment
was observed in these single-cell analyses after multiple correction
using the Benjamini-Hochberg method (g < 0.2), wereasoned that the
low depth achieved with scTCR-seq analysis limited statistical power to
detect differencesin TCR repertoires between the groups.

The degree of TCR sequence diversity may be associated with
control of M. tuberculosis or, alternatively, with progression. The
large size of the M. tuberculosis TCR sequence dataset enabled assess-
ment of TCR similarity group diversity within individuals. For each
individual we identified the number of unique clusters with a human
leukocyte antigen (HLA)-allele association identified by GLIPH2 per
100 unique CDR3p sequences. It is interesting that, among individu-
als with HLA-DQB1*06 alleles, we observed a trend toward increased
diversity in controllers compared with progressors; however, this
was not significant when we accounted for multiple testing (Fig. 4b).
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Fig.1|Identification of TCR sequences and antigens recognized by

M. tuberculosislysate-responsive T cells in controllers and progressors.

a,b, Plots depicting longitudinal study timepoints (dots) at which PBMC
samples were analyzed for each individual controller (blue) or progressor (red,
synchronized to TB diagnosis) in the ACS (a) or the GC6-74 cohort (b). Each
horizontal line or symbol represents an individual. ¢, Experimental workflow and
analysis approach used to identify mycobacteria-reactive CDR3a3 sequences
and determine their frequencies. First, scTCR-seq was performed on sorted
mycobacteria-reactive T cells expressing the activation markers CD69 and
CD154 or CD137 after in vitro M. tuberculosis (M.tb) lysate stimulation. GLIPH2
analysis clustered TCR sequences expressed by mycobacteria-reactive T cells
into TCR similarity groups. In parallel, bulk TCR-seq was performed on PMBCs
(unstimulated) to profile the repertoire and determine the frequencies of CDR3f

Discover M.tb antigens targeted by
differentially abundant TCR
similarity groups using reporter T
cells.

sequences in each sample. The total frequencies of CDR3[3 sequences withina
GLIPH2 TCR similarity group were determined for each controller and progressor
sample using the bulk TCR-seq data. For controllers and progressors with
samples collected at multiple study timepoints, the total frequencies of CDR33
sequences withina TCR similarity group were determined for each timepoint.
The total frequencies of CDR3f sequences within a TCR similarity group were
compared in controllers and progressors. To identify antigens recognized by
these antigen-specific T cells, transduced NFAT, reporter stable J76-NFATRE-luc
Tcellline cells expressing representative TCR-af chains from TCR similarity
groups found to be differentially abundantin controllers and progressors

were coincubated with aAPCs to screen the M. tuberculosis proteome. QFT,
QuantiFERON-TB Gold.

However, HLA-allele distribution was not associated with controller
or progressor status (Fig. 4c and Extended Data Fig. 3), nor was there
evidence of more allele subsets for HLA-DQB1*06 than other alleles in
this population?, suggesting that enrichment of M. tuberculosis TCR
similarity groups in either controllers or progressors did not simply
reflect HLA-allele prevalence or allele subset diversity.

M. tuberculosis TCR similarity groups associated with disease
outcome

ScTCR-seq of M. tuberculosis-specific cells was necessary for identifying
TCR similarity groups likely to target M. tuberculosis antigens and to
identify TCR-a and TCR-3 pairs that allow establishment of peptide-
MHC specificity. However, scTCR-seq does not allow accurate quanti-
fication of clonotypes within the overall TCR repertoire in peripheral
blood. To estimate relative frequencies of individual TCR sequences
expressed by mycobacteria-reactive T cells, we performed bulk TCR-f3

repertoire profiling in unstimulated PBMC samples from a subset of
ACS study participants (n =30), who had remaining PBMC samples
after single-cell sorting, and in a second longitudinal cohort of adult
progressors and controllers enrolled into the Grand Challenges 6-74
(GC6-74)** (Supplementary Table 1). The GC6-74 cohort comprised
South African household contacts of TB patients who either developed
microbiologically confirmed pulmonary TB (progressors, n=12) or
remained healthy (controllers, n =25) (Fig. 1b). From the combined
ACS and GC6-74 bulk TCR-seq data, we selected only CDR3[3 sequences
associated with mycobacteria-reactive T cells (thatis, CDR3[3 expressed
insorted mycobacteria-reactive T cells) (Fig. 1c).

From 290 mycobacteria-reactive TCR similarity groupsinitially fil-
tered on GLIPH2 output parameters, we further selected TCR similarity
groups thathad asignificant HLA association using Fisher’s exact test
P-value threshold of <0.05 (HLA-alleles defined by two-digit typing).
Among 175 TCR similarity group:HLA-allele combinations that met
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this criterion, we compared frequencies of TCRs belonging to each
similarity group in unstimulated PBMC samples from controllers and
progressors bearing the associated HLA-allele (Fig. 5a). A total of 30
TCRsimilarity group:HLA-allele combinations, comprising 24 unique
GLIPH2 TCRsimilarity groups, were differentially abundantin control-
lersand progressors ata P-value threshold <0.05, after controlling for
thefalse discoveryrate (FDR) using the Benjamini-Hochberg method
(g<0.2) (Fig.5a). Twenty TCR similarity group:HLA-allele combinations
had higher frequencies in controllers than progressors, whereas ten
TCRsimilarity group:HLA-allele combinations were more abundantin
progressors (Fig. 5b,c and Supplementary Table 6).

To investigate the specificity of the disease-outcome-associated
TCR similarity groups, we compared frequencies of CMV, EBV and
influenza A TCR similarity groups, identified using the GLIPH2-based
pipeline (Fig. 5a) in controllers and progressors. Three CMV- (4.4%,
30f69), zero EBV- (0%, 0 0of 39) and five influenza A-specific (4.1%, 10 of
246) TCRsimilarity groups were differentially abundant between con-
trollers and progressors (Fig. 5d). To test whether outcome-associated
M. tuberculosis-reactive TCR similarity group:HLA-allele combina-
tions were nonrandom, we performed permutation analyses using
randomized disease outcome labels and determined the number
of significantly associated clusters from 1,000 iterations. The 30
M. tuberculosis-specific GLIPH2 specificity groups associated with clini-
caloutcome greatly exceeded the numbers obtained from1,000 itera-
tions withrandomized disease outcome; out of the 1,000 iterations, 30
GLIPH2 specificity groups were obtained only 15 times (1.5%) (Fig. 5e).
Furthermore, the number of identified CMV-, EBV- or flu-specific TCR
groups fell well within the distribution obtained from the analysis
with randomized outcome labels. Last, we compared the frequencies
of CMV, EBV, influenza A and M. tuberculosis TCR similarity groups
that are differentially abundant between 274 CMV-infected (CMV*)
and 327 CMV-uninfected (CMV") individualsin abulk TCR-seq dataset
published by Emerson et al.”* (Extended Data Fig. 4). We observed
that the frequencies of 14 HLA-associated, CMV-specific TCR clusters
(29%,14 of 48) were differentially abundant between CMV* and CMV~
individuals. Thirteen clusters were significantly more abundant in
CMV*individuals and a single cluster was found to be more abundant
inCMV-individuals (Fig. 5f). By contrast, only asingle HLA-associated
M. tuberculosis-specific cluster was differentially abundant between
the CMV*and CMV"groups and not asingle EBV or influenza A-specific
TCR cluster was differentially abundant in CMV*and CMV~ individ-
uals (Fig. 5f). Together, these results validate the specificity of our
outcome-associated, M. tuberculosis-reactive TCR group discovery
approach and suggest that the TCR groups identified were nonrandom.

We also used permutation analyses to further assess the robust-
ness of our results. To do so, we first randomly permuted outcome
labels 1,000x, calculating P values for each cluster using each set of
permuted labels. From this, we calculated the distribution of counts
of clusters with nominal P value <0.05 across the 1,000 iterations

(Extended Data Fig. 5). When applying a P-value threshold of 0.05 to
the (unpermuted, that is, original) progressor versus controller data,
33 TCRsimilarity group:HLA-allele combinations among the 175 were
associated with outcome. Importantly, the total number of significant
(P<0.05) clustersexceeded 33in only 44 of the1,000 (4.4%) permuta-
tions, thusillustrating the presence of signal in the dataset. Toidentify
outcome-associated clusters using a more conservative approach
thanthe Benjamini-Hochberg method, we derived a P-value threshold
to control the family-wise error rate at 0.05 using the permutations
above. Such a threshold was made equal to the 5th percentile of the
set of lowest per-permutation P values across the 1,000 permuta-
tions, yielding a threshold of 0.00001. None of the 175 TCR similarity
group:HLA-allele combinations had an outcome-associated P value
<0.00001 in the unpermuted progressor versus controller data, and
sonone was significant when controlling the family-wise error rate. We
therefore controlled the less conservative FDR in our analyses.

We also sought toinvestigate the longitudinal kinetics of differen-
tially abundant TCR similarity groups in samples collected at various
timepoints before TB diagnosis in progressors, or throughout study
follow-upincontrollers, modeled by fitting nonlinear splines. Overall,
these analyses yielded large 95% confidenceintervals (Cls), highlight-
ing the high degree of intersample and interindividual heterogeneity
of M. tuberculosis-specific TCR data. However, the results suggest that,
for many of the clustersidentified to be more frequentin controllers,
the TCRs were elevated in controllers throughout the study period.
Similarly, TCR clusters identified as being more frequent in progres-
sorswere also generally elevated in progressors throughout the study
period (Extended Data Fig. 6). To determine the influence of each
cohort, we compared frequencies of the 30 differentially abundant
TCR similarity group:HLA-allele combinations (Fig. 5b,c) in the ACS
and GC6-74 cohorts separately. We observed concordant effect sizes
between the two cohorts for most clusters, albeit with P> 0.05 for a
number of clusters (Extended Data Fig. 7).

To determine whether our results were robust to the TCR cluster-
ing algorithm, we repeated the outcome-associated TCR similarity
group discovery analysis using TCRdist3 (Supplementary Table 7),
another clustering algorithm?. The TCRdist3 pipeline identified 246
unique mycobacteria-reactive metaclone clusters with significant
HLA-allele associations. Of these, 46 metaclone cluster:HLA-allele com-
binations consisting of 33 unique metaclone clusters were differentially
abundant in controllers and progressors (Supplementary Table 8).
Overall, 67% of GLIPH2-identified clusters associated with clinical
outcome were alsoidentified by TCRdist3 (16 of 24), whereas 34.8% of
allclinical outcome-associated clusters identified by either GLIPH2 or
TCRdist3 wereidentified by both (Extended Data Figure 8a). For1,000
randomized permutations, 52 (5.2%) yielded an overlap in TCR clusters
between TCRdist3 and GLIPH2 at a proportion>34.8% (Extended Data
Figure 8b). Together, these data suggested that our results are largely
independent of the TCR clustering algorithm.

Fig.2|Similar frequencies and counts of M. tuberculosis lysate-reactive

T cellsin controllers and progressors. a, Plot showing the frequencies of T cells
coexpressing CD69 and CD154 or CD69 and CD137 (activated T cells), measured
by flow cytometry after PBS (negative control) or M. tuberculosis (Mtb) lysate
stimulation. Each dot represents anindividual sample (controllers, n = 61;
progressors, n=64).b, Aplot depicting the background subtracted frequencies
ofactivated T cells. The horizontal lines represent medians, the bounds of the
boxes indicate the 25th and 75th percentiles and the whiskers represent the
minima and maxima. Each dot represents an individual sample (controllers,
n=53; progressors, n = 61). The Pvalue was calculated using the Mann-Whitney
U-test (two sided). Note that some samples are from the same participant
collected at different study timepoints. ¢, A plot depicting the numbers of
detected CDR3p sequences from sorted, M. tuberculosis-specific T cells identified
by TCR-seq in PBMCs from controllers and progressors in the ACS cohort.

Each dot represents anindividual sample (controllers, n = 61; progressors, n = 64).

The horizontal lines represent medians, the bounds of the boxes indicate the 25th
and 75th percentiles and the whiskers represent the minima and maxima. The
Pvalue was calculated using the Mann-Whitney U-test (two sided). Some samples
are from the same participants collected at different study timepoints. d, Plot
depicting the kinetics (background subtracted) of M. tuberculosis lysate-reactive
T cells, measured by flow cytometry, after PBMC stimulation with M. tuberculosis
lysatein controllers and progressors from the ACS cohort. Progressor samples
were synchronized according to their time to TB diagnosis and controller
samples were synchronized to their matched progressors. The solid lines
indicate the modeled nonlinear splines and the shaded bands represent 95% Cls.
e, Plots depicting clonal expansions of M. tuberculosis lysate-reactive T cells in
samples from controllers and progressors at different timepoints (in days) after
enrollment. Each dot represents a unique CDR3f sequence observed ina sample.
Thessize of the dot is relative to the number of times the sequence was detected.
Plots have been aligned by participant on the horizontal axis.
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Identifying targets of disease-associated TCR groups

Next, we sought toidentify antigens and epitopes targeted by TCRs that
belong to differentially abundant GLIPH2 TCR similarity groups (that
is, similarity groups associated with either controllers or progressors).
In an earlier study” we observed that TCRs within the SVAL TCR
similarity group targeted an Rv1195c (PE13) epitope, restricted by
DRBI1*15:03, and did not attempt to resolve targets for this TCR simi-
larity group in the present study. Previously, we had also observed
that TCRs within the GEAK TCR similarity group recognized an

epitope that maps to Rv3874 (CFP-10), restricted by DRB5*01:01 (ref. 15).
In the present study, we observed that controllers who possessed
DRB1*15 alleles had a higher frequency of the GEAK similarity clus-
ter compared with progressors with DRB1*15. However, we did not
observe activation of GEAK TCR-expressing Jurkat T cell clones in the
context of DRB1*15:03, but did confirm that Rv3874 was recognized in
the context of DRB5*01:01 (Fig. 6a). It is possible that other HLA-alleles
inaddition to DRB5*01:01 can present the CFP-10 epitope targeted by
GEAK TCRs. Therefore, the association of DRB1*15 controllers with
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higher frequencies of GEAK TCRs may reflect CFP-10 recognition via
other HLA-alleles.

Thetarget of the SYSEDRGNTE TCR similarity group was resolved to
beaRv3616c¢ (EspA) epitope, restricted by DRB3*01:01 (Fig. 6b-d). We
also observed thatJurkat T cell clones expressing TCR sequencesinthe
S%LAAGQET cluster were activated by M. tuberculosislysate in the con-
text of DRB1*04:01 (Fig. 6e), but not in the context of other HLA-alleles
tested (Extended Data Fig. 9a-c). We were not able to resolve the anti-
gen/epitope target of the SYLAAGQET cluster after stimulation with
the M. tuberculosis 300 megapool or M. tuberculosis protein screening
library (Extended Data Fig. 9d,e). Overall, we were able to determine
the antigen targets of TCRs belonging to two controller-associated
TCR similarity groups and one similarity group associated with
progressors (Fig. 6f).

Last, we compared frequencies of canonical TCR CDR3«
sequences of MAIT cells, CD1b-restricted, germline-encoded mycolyl
lipid-reactive (GEM) cells and CD1d-restricted invariant natural killer
T (iNKT) cells, as well as TCR-6 chains in ACS and GC6-74 controllers
and progressors. Similar frequencies of MAIT CDR3a, iNKT and TCR-6
sequences were observedin CDR3a-sequencing data from controllers
and progressors. However, progressors had higher frequencies of GEM
sequences compared with controllers (Extended Data Fig. 10).

Discussion

In the present study, we broadly surveyed CD4" T cell responses to
M. tuberculosis antigens using scTCR-seq to index TCR sequences
expressed by mycobacteria-reactive T cells. We combined scTCR-seq
withbulk TCR-seq and GLIPH2 analysis to identify controller-associated
TCR similarity groups that may be promising targets for TB vaccine
development. Traditionally, antigen discovery for vaccine development
starts with the most immunogenic antigens from a given pathogen.
A number of M. tuberculosis antigens used in candidate TB vaccines
have been identified in this way”. However, M. tuberculosis expresses
roughly 4,000 gene products® and it remains hypothetical that the
mostimmunogenic antigens in natural infection are the most critical
immunological targets for disease control, especially asanimportant
resistance strategy for pathogens is to avoid expulsion before trans-
mission. By combining the power of TCR-seq and TCR analysis meth-
ods with clinically relevant cohorts, we profiled the «f3 TCR response
repertoire to M. tuberculosis between controllers and progressors
without prescribing the antigens involved, and focused on those TCR
specificities that associated with clinical outcome.

We successfully studied the a3 TCR repertoire of M. tuberculosis
lysate-responsive T cells from 70 controllers or progressors of the
ACS cohort, combined with single T cell data from 58 individu-
als previously analyzed using the same methodology, all from the
broader ACS cohort. The GC6-74 cohortincluded 38 individuals. Thus,

we analyzed the TCR-3 repertoires to M. tuberculosis lysate of 166
M. tuberculosis-infected individuals and identified over 3,000
M. tuberculosis TCR similarity groups, a fraction that was associated
with either control of M. tuberculosis or progression. The remainder
was no different betweenthe groups. Datain the mouse modelindicate
that certain T cell specificities are more important for mycobacterial
control than others”. We therefore targeted TCR similarity groups that
correlated with controllers for the identification of specific antigens
thatcouldbeincorporatedinto asubunit vaccine, using agenome-wide
antigen-screening method that we developed previously”, and report
theidentities of relevant T cell targets. This approach has applications
for clinical studies of specific T cell responses to vaccination, infection
and otherimmunological indications. Moreover, thisapproachrepre-
sents a platform for rational antigen selection for candidate subunit
vaccines that has utility for other pathogens as well.

We propose that the targets of TCR clonotype clusters associ-
ated with controllers can be considered as high-priority antigens for
candidate TB subunit vaccines. Controllers possessed higher frequen-
cies of T cells bearing PE13-specific TCRs. Itisinteresting that PE13isa
virulence factor thatis cotranscribed with PPE18 on the same regulon
under the control of Rv0485 (ref. 30). The PE and PPE family of pro-
teins (Pro and Glu in the conserved amino-terminal region) has been
implicated as key role playersin host-pathogeninteractions and have
beeninvestigated as potentially promising vaccine targets in murine
models® *.Importantly, vaccination with a PPE18 (Mtb39A)-containing
polyprotein, fused with PepA (Mtb32A), showed 50% protection against
TB disease in arecent landmark, phase IIb trial of the M72/ASO01; vac-
cine®*. We also observed that controllers had higher frequencies of
a TCR similarity cluster that targets a CFP-10 epitope. CFP-10 is an
immunodominant antigen specific to M. tuberculosis and is routinely
usedinIFN-y release assay (IGRA) tests to identify people infected with
M. tuberculosis. Deleting CFP-10 and ESAT-6 from the MTBVAC vaccine,
alive-attenuated TB vaccine, resulted inincreased bacterial burdenin
the murine model®. Together these datasuggest that further investiga-
tion of PE13 and CFP-10 as vaccine targets is warranted.

Progressors had higher frequencies of T cells bearing TCRs within
the SKEDRGNTE group, which targets EspA. It is of interest that vaccina-
tion with EspA-containing subunit vaccines reduced bacterial control
in mice after M. tuberculosis challenge®*”. The higher frequencies of
certainT cell clones in progressors may result from clonal T cell expan-
sion in response to increased bacterial burden during progression,
as indicated by increased activation of M. tuberculosis-specific CD4
T cells*®and higher inflammation® in ACS progressors than controllers.
These data are therefore consistent with in vivo recognition of these
antigens by T cells. It remains possible that the progression-associated
T cellresponses identified in the present study can also contribute to
immunopathology*’~**. This highlights the need for further assessment
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Fig. 4 | Mycobacteria-reactive TCR similarity groups overlap considerably
between controllers and progressors. a, Heatmap depicting mycobacteria-
reactive GLIPH2 TCR similarity groups (columns) identified in scTCR-seqin
controllers and progressors (rows) from the ACS. The color represents the
presence (blue) or absence (white) of sequences that belong to each TCR
similarity group observed after M. tuberculosis lysate stimulation. Similarity
groups are ranked according to their detected prevalence in progressors (right)
or controllers (left). The barplot below depicts the number of donors possessing
CDR3p sequences that belong to the indicated similarity group. The amino acid
motifthatis shared by TCR sequences clustered together is used to denote the
cluster.Insome instances GLIPH2 allows for a wildcard (that is, any amino acid)

M Controller without allele

Progressor without allele
M Controller with allele

M Progressor with allele
ataspecificlocation within the shared motif; this isindicated by ‘%’. b, Box and
whisker plots depicting the number of mycobacteria-reactive TCR similarity
groups detected by scTCR-seq per 100 mycobacteria-reactive CDR3[3 sequences
in ACS controllers and progressors. A higher value denotes greater diversity
among mycobacteria-reactive CDR3f3 sequences. Note that not all mycobacteria-
reactive CDR3p sequences fall into a similarity group. The midline represents the
median, the box the interquartile range and the whiskers the 95% CI. Two-tailed
Student’s t-test: Pvalues are shown above the plot. The number of samples from
controllers and progressors are indicated below each plot. ¢, Bar plots depicting
the number of ACS controllers and progressors with or without the indicated
HLA-allele. Fisher’s exact test (two sided) Pvalues are listed above each bar.

of T cellresponses to antigens that we have identified in relevant experi-
mental preclinical and clinical studies.

It is likely that T cell responses associated with TCR similarity
groupsthat we observedinthe present study may have been primed by
Bacillus Calmette-Guérin (BCG) vaccination and/or nontuberculous
mycobacteriaexposure before M. tuberculosisinfection. Itis therefore
difficult to determine the roles of BCG vaccination and exposure to
nontuberculous mycobacteria or M. tuberculosis infection in driving
controller-associated TCR similarity groups, although the TCR simi-
larity group that recognizes CFP-10 is expected to be M. tuberculosis
specific. Nevertheless, our results support the possibility that both
BCG vaccination and/or M. tuberculosisinfection may beimportantin

driving the expansion of TCR similarity groups associated with con-
trol. For example, PE13 is expressed by both BCG and M. tuberculosis.
Regardless of the source of priming, we propose that targeting and
expanding T cell clones associated with controllers by vaccination
will resultinbetter protection from TB progression. Furthermore, we
acknowledge that most CDR3f sequences were not clustered into simi-
larity groups. Of the 16,517 unique CDR3[3 sequences that we observed
in the mycobacteria-reactive T cell population, 5,687 unique CDR3f3
sequences were successfully clustered into 3,417 similarity groups.
The modest proportion (34.4%) of CDR3p sequences that could be
clustered together probably reflects the diversity and private nature
of the TCR repertoire. We were unable to compare the frequencies
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the frequencies of mycobacteria-reactive- (Mtb-) or CMV-, EBV- orinfluenza

A (Infl.A)-specific GLIPH2 TCR groups in controllers and progressors. GLIPH2
analysis was performed and the resulting GLIPH2 similarity groups were filtered
initially using the criteria listed under Filter 1. TCR similarity groups with
significant HLA-allele associations in the progressor/controller cohort were
thenselected (Filter 2). Similarity groups that were differentially abundantin
controllers and progressors bearing the associated HLA-allele were identified
(Filter 3). b,c, Box and whisker plots depicting frequencies of mycobacteria-
reactive TCRs belonging to the indicated HLA-allele-associated TCR similarity
groups that were significantly more abundant in controllers (b) or progressors
(c) bearing the indicated HLA-allele. The horizontal lines represent medians,
the boxes theinterquartile range and the whiskers the range. The number of
samples from controllers and progressors is indicated below each plot. Only
clusters with a Pvalue <0.05 (Mann-Whitney U-test, two sided) and g < 0.2
(Benjamini-Hochberg FDR) are shown. d, Frequencies of CMV- (3 of 69),

EBV- (0 0f 39), influenza A- (Flu-) (10 of 246) or M. tuberculosis (M.tb)-specific
(30 of 175) TCR specificity group:HLA combinations that are associated

with clinical outcome (significantly more abundant in either controllers or
progressors), expressed as a percentage of all TCR specificity group:HLA
combinations for that pathogen. The Pvalue was calculated using Fisher’s exact
test (two sided). e, Relative frequency plot of the numbers of TCR specificity
group:HLA combinations found to be significantly different between the

two groups. We performed permutation analyses with 1,000 iterations using
randomized disease outcome labels. The vertical line represents the actual
number of M. tuberculosis-specific TCR specificity group:HLA combinations
found to be significantly different between controllers and progressors (30)
with correct disease outcome labels. f, Frequencies of CMV- (14 of 48), EBV- (O
of 51), influenza A- (0 of 227) or M. tuberculosis (1 of 42)-specific TCR specificity
group:HLA combinations that are associated with CMV infection statusina
previously published cohort®, expressed as a percentage of all TCR specificity
group:HLA combinations for that pathogen. The Pvalue was calculated using
Fisher’s exact test (two sided).
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Fig. 6 | Antigen discovery for mycobacteria-reactive TCR similarity groups.
a, Barplot showing the median relative luminescence signal after an 8-h PBS,
M. tuberculosis (M.tb) lysate or AAVVRFQEAANKQKQ (CFP-10_p14) stimulation
of TCR-ACS088 (TCROO08) in the context of DRB5*01:01 or DRB1*15:03. The
mean +s.d. (n =3 biological replicates) is shown. b, Antigen recognition
screening of the whole M. tuberculosis proteome (321 subpools displayed in

3.5 plates) by TCR-transfected clone TCR-ACS061, bearing a TCR in similarity
group SYEDRGNTE. The color scale indicates the relative luminescence signal
after an 8-h stimulation of the clone. ¢, Barplot showing the deconvolution

of recognition of the individual proteins from the positive subpool (PL32F),

expressed separately and screened against clone TCR-ACS061. The clone was
activated by PL32-F11 (Rv3616c), indicating TCR-mediated recognition. The
mean (n =2 biological replicates) is shown. rlu, relative luminescence units.

d, Barplot showing resolution of the Rv3616c epitope using overlapping peptides
spanning Rv3616c to identify the epitope recognized by TCR-ACS061. The mean
(n=2biological replicates) isshown. e, Barplot depicting M. tuberculosis lysate
recognition by clones TCR-ACS0254/255/256. The bar represents the median and
each closed circle represents areplicate. The mean (n = 2 biological replicates) is
shown. f, Table listing mycobacteria-reactive TCR similarity groups associated
with controller or progressor status and their epitope targets.

of CDR3[3 sequences that were not clustered and therefore may have
missed TCRs associated with control or progression.

We restricted analyses of associations with clinical outcome to
TCRsimilarity groups withasignificant HLA-allele association. As it is
well known that HLA class Il peptide binding is highly promiscuous, we
expect thatanontrivial proportionof individual HLA-allele-associated
T cell response differences between controllers and progressors may
have been masked by this peptide-HLA promiscuity, rendering them
unidentifiable with our analytical pipeline. This concept underscores

theremarkable complexity and vast scope of humanT cell recognition
of M. tuberculosis proteins, as reported previously**, and supports
future studies and orthogonal approaches to such analyses.

Our result is consistent with previous findings of no associa-
tion between frequencies of T cell responses in BCG-vaccinated or
MVA85A-vaccinated infants and clinical outcome**¢, Other T cell
functions or features may be more relevant to protection. Recent data
from intravenous BCG vaccination and experimental M. tuberculosis
infection of nonhuman primates suggest that T,1/T,17 cells were
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associated with successful control or even sterilizing immunity***.

Future studies that compare the differentiation state, lung hom-
ing capacity and phenotypes of antigen-specific T cells expressing
controller-associated and progressor-associated TCR similarity groups
may shed morelight ontheroles of these T cell characteristics.

Most TCR-specificity groups apparently had no association with
either control or progression. We speculate that this is consistent
with the hypothesis that M. tuberculosis allows immune recognition
of considerable numbers of ‘decoy’ proteins to distract the T cell
response, probably to facilitate persistence. This decoy strategy has
been observed in murine studies, which showed that TB10.4 acts as a
decoy antigen by inducing a TB10.4-specific CD8 T cell response that
poorly recognizes infected macrophages***’. Thisimmunodominant
T cell response suppressed subdominant responses and thereby sub-
verted immune control***°, Asimilar decoy phenomenon, involving an
immunodominant epitope for CD4 T cells within the ESAT-6 protein,
that subverts subdominant epitopes with greater protective capacity
hasalsobeen described*®. However, further exploration is required to
adequately test this hypothesisin humans.

We acknowledge that our study has several other limitations. Our
comparisons of controllers and progressors are limited to peripheral
blood rather than the more relevant lung compartment’. It is
possible that distinct T cell responses and specificities are present at
sites of disease. Our study utilized samples collected exclusively from
South Africans. It will be important to determine whether similar TCR
similarity groups are associated with controllers from populations
with different TB epidemiology, age, environmental conditions and
HLA background. We also note that due to the limited sample size
we restricted association analyses to two-digit HLA typing and not
four-digit typing and were unable to definitively address the role of
genetic variation, especially in the MHC locus, on TCR and clinical
outcome between progressors and controllers. Similar larger studies
using samples collected fromother countries with ahigh TB burden will
need tobe performed to determine the generalizability of our results.
We also note that the use of H37Rv lysate to stimulate PBMCs may have
resulted in underrepresentation of TCR sequences induced by the
infecting M. tuberculosis strainin controllers and progressors. Itis not
possible toidentify the infecting M. tuberculosis strains in controllers,
although the identities of M. tuberculosis strains in progressors were
not determined. Despite these limitations, we demonstrated the utility
of TCR profiling for the purpose of identifying M. tuberculosis-specific
T cell clonotypes associated with control of M. tuberculosis infection
and their target antigens. We note that the antigenic targets for many
M. tuberculosis TCR similarity groups identified in the present study
remain to be resolved. Regardless, the present study has provided an
initial list of TCR specificities and a large TCR sequence database that
can be used as a valuable tool in the search for candidate TB vaccine
antigens.
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