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SUMMARY

CD4 T cells are critical for protective immunity
against Mycobacterium tuberculosis (Mtb), the
cause of tuberculosis (TB). Yet to date, TB vaccine
candidates that boost antigen-specific CD4 T cells
have conferred little or no protection. Here we examined CD4 T cell responses to two leading TB vaccine
antigens, ESAT-6 and Ag85B, in Mtb-infected mice
and in vaccinated humans with and without underlying Mtb infection. In both species, Mtb infection
drove ESAT-6-specific T cells to be more differentiated than Ag85B-specific T cells. The ability of
each T cell population to control Mtb in the lungs of
mice was restricted for opposite reasons: Ag85Bspecific T cells were limited by reduced antigen
expression during persistent infection, whereas
ESAT-6-specific T cells became functionally exhausted due to chronic antigenic stimulation. Our
findings suggest that different vaccination strategies
will be required to optimize protection mediated by
T cells recognizing antigens expressed at distinct
stages of Mtb infection.

INTRODUCTION
The central role for CD4 T cells in protective immunity against
tuberculosis (TB) is evidenced by the extreme susceptibility of
animals and humans lacking CD4 T cells (Caruso et al., 1999;
Lawn et al., 2009; Mogues et al., 2001). Cognate interactions
between antigen-specific CD4 T cells and Ag/MHC complexes

expressed on Mtb-infected macrophages are required to optimally kill Mtb or restrict its replication (Srivastava and Ernst,
2013). Although the complete arsenal employed by CD4 T cells
to mediate this protection is unclear (Gallegos et al., 2011; Sakai
et al., 2016; Walzl et al., 2011), production of IFN-g is critical
(Green et al., 2013). Nevertheless, simply boosting IFN-g-producing CD4 T (Th1) cells is not sufficient to improve immunity
against Mtb (Jasenosky et al., 2015; Urdahl, 2014). This was
highlighted by the recent failure of a TB vaccine candidate,
MVA85A, to enhance protection against TB beyond that
conferred by BCG immunization of infants despite significantly
boosting circulating Th1 cells specific for the Mtb antigen
Ag85A (Tameris et al., 2013).
One factor likely to govern the ability of CD4 T cells to mediate
protection is the nature of the Mtb antigen recognized.
Numerous Mtb antigens are recognized by CD4 T cells, each
with unique expression patterns at different stages of infection.
Prior murine studies have suggested that immunodominant
Mtb antigens contained in numerous TB vaccine candidates,
including Ag85A, Ag85B, and ESAT-6, exhibit distinct expression patterns. Ag85A and Ag85B, mycolyl transferases involved
in mycobacterial cell wall synthesis (Kremer et al., 2002), exhibit
reduced mRNA expression 3 weeks post-infection (Rogerson
et al., 2006; Shi et al., 2004), which correlates with the onset of
adaptive immunity and decreased bacterial replication (Gill
et al., 2009). Two reports that examined CD4 T cell responses
to Ag85B concluded that Mtb evades immunity by reducing antigenic expression during chronic infection (Bold et al., 2011; Egen
et al., 2011). However, reduced Mtb antigen expression during
chronic infection is not universal; for example, ESAT-6, a
secreted virulence factor (Pagán and Ramakrishnan, 2014), is
produced and recognized by T cells throughout Mtb infection
(Moguche et al., 2015). How Mtb evades immunity conferred
by T cells recognizing persistently expressed antigens is unclear.
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Figure 1. Antigen Availability Promotes
Maintenance of CD4 T Cells during Mtb
Infection
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(A) CFSE dilution in adoptively transferred transgenic T cells isolated from the lung 5 days after
transfer.
(B) Enumeration of Ag85B- and ESAT-6-specific
tetramer+ CD4 T cells in the lung. Data are representative of two independent experiments with
three to five mice per group and per time point.
Data are depicted as mean ± SEM.
(C) Enumeration of IFN-g-producing Ag85B- or
ESAT-6-specific T cells in latently infected adolescents. Data are depicted as median and IQR.
The p value was calculated using the Wilcoxon
signed-rank test.
See also Figure S1.
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Regardless, the varied dynamics of Mtb antigen expression are
an important consideration for TB vaccine design. Reliably preventing establishment of Mtb infection in all individuals may
not be achievable because Mtb has developed numerous strategies to avoid alerting host immunity upon infection (Behar et al.,
2014; Cambier et al., 2014; Urdahl, 2014). Thus, in those with established infection, containing bacterial replication and curbing
progression to symptomatic and transmissible disease may be
more realistic. For such a vaccine to be effective, T cells that
recognize Mtb antigens expressed throughout the course of
infection would likely need to be primed. The first novel TB vaccine candidate to reach human efficacy trials in many years contained a single Mtb antigen (Ag85A) that was found to be poorly
expressed during chronic Mtb infection in mice (Rogerson et al.,
2006; Shi et al., 2004). TB stage-specific differences in antigen
availability have not been fully considered in the design and prioritization of TB vaccines.
In this study, we utilized the highly tractable mouse TB model
to determine how differences in TB stage-specific antigen
expression impact the differentiation, maintenance, function,
and protective capacity of CD4 T cells. Predictions from the
mouse were then validated in vaccinated humans with or
without Mtb infection, providing evidence that antigen availability shapes T cell differentiation similarly in both species. Our
studies focused on Ag85B-specific T cells that recognized antigen during early, but not chronic, infection and ESAT-6-specific
T cells that recognized antigen throughout infection. We showed
that CD4 T cells recognizing both types of Mtb antigens are
restricted in their capacity to control Mtb infection in the mouse
lung, but for opposite reasons. Ag85B-specific T cells initially
expanded in numbers within the infected lung but then contracted at 4 weeks post-infection. They developed characteristics of memory T cells and produced multiple cytokines, but their
protective capacity was limited by low antigen expression by the
pathogen. In contrast, ESAT-6-specific CD4 T cells were maintained in high numbers within the lung parenchyma by continued
antigenic stimulation. They were driven toward terminal differen696 Cell Host & Microbe 21, 695–706, June 14, 2017

tiation, and their protective capacity was
limited by functional exhaustion. These
findings have important implications for
the selection of antigens and delivery
systems for vaccines that seek to promote stage-specific protection against TB.
RESULTS
Chronic Antigenic Stimulation Promotes Maintenance
of CD4 T Cells during Mtb Infection
Prior murine studies have shown that mRNA expression of
Ag85B, but not ESAT-6, is reduced during chronic Mtb infection
(Rogerson et al., 2006; Shi et al., 2004). To directly compare antigen availability for T cell recognition, we adoptively transferred
carboxyfluorescein succinimidyl ester (CFSE)-labeled transgenic CD4 T cells specific for Ag85B (Tamura et al., 2004) or
ESAT-6 (Gallegos et al., 2008) into mice at various stages after
aerosolized Mtb infection. Both specificities of T cells proliferated robustly when transferred prior to 2 weeks post-infection
(Figure 1A). However, only ESAT-6-specific cells exhibited substantial proliferation when transferred at 4 weeks or later. Using
MHCII tetramers, we compared the kinetics of endogenous
Ag85B- and ESAT-6-specific CD4 T cell responses in the lungs.
Both populations exhibited similar expansion and peaked
4 weeks post-infection (Figure 1B). Thereafter, however, ESAT6-specific CD4 T cells were maintained at high numbers, while
Ag85B-specific CD4 T cells contracted 10-fold. Similar patterns of proliferation and cellular kinetics were observed in
mice infected with a highly virulent clinical Mtb isolate (W-Beijing
strain, SA161) (Figures S1A and S1B) (Ordway et al., 2011). To
assess whether these differences were due to antigen availability
or distinct intrinsic properties of Ag85B- and ESAT-6-specific
cells, we generated a recombinant Mtb strain that constitutively
expresses Ag85B. In mice infected with this strain, adoptively
transferred transgenic Ag85B-specific CD4 T cells, like ESAT-6
T cells, proliferated throughout chronic infection, verifying the
availability of Ag85B for T cell recognition even at late stages
of infection (Figure S1C). Importantly, in these mice, Ag85B-specific CD4 T cells were maintained chronically, analogous to
ESAT-6-specific cells (Figure S1D). These results indicate that

high numbers of ESAT-6-specific CD4 T cells are maintained
during chronic infection with wild-type (WT) Mtb due to ongoing
antigenic stimulation, whereas Ag85B-specific cells undergo
contraction due to diminished antigenic exposure.
Next, we assessed frequencies of Ag85B- and ESAT-6-specific T cells in human Mtb infection. Diagnosis of human Mtb
infection relies upon identification of circulating Mtb-specific
T cells, which cannot be detected until several weeks after Mtb
exposure (Jasenosky et al., 2015). As a consequence, we could
not study Ag85B- and ESAT-6-specific T cells during early infection. Overlapping peptides spanning ESAT-6 or Ag85B were
used to stimulate peripheral blood mononuclear cells (PBMCs)
of adolescents with latent Mtb infection (QuantiFERON Gold
In-Tube positive, QFT+), and frequencies of T cells producing
IFN-g to each antigen were determined by ELISpot. Although
Ag85B is much larger than ESAT-6 (325 aa versus 95 aa), significantly higher frequencies of T cells responded to ESAT-6 than to
Ag85B (Figure 1C). Thus, like mice, humans exhibited higher frequencies of T cells recognizing ESAT-6 than Ag85B during
chronic Mtb infection, consistent with another recent report (Lindestam Arlehamn et al., 2016).
Ag85A and Ag85B Are Regulated Similarly and Share
Common Epitopes
Murine studies indicate that expression of Ag85A, the sole
Mtb antigen contained in the MVA85A vaccine, is reduced
during chronic infection similarly to Ag85B (Rogerson et al.,
2006; Shi et al., 2004). To assess the global regulation of
Ag85A and Ag85B, we examined expression of Ag85A, Ag85B,
and ESAT-6 in 2,323 publicly available Mtb expression profiles
(Peterson et al., 2014) (http://genome.tbdb.org/tbdb_sysbio/
MultiHome.html). Collectively, these data assessed Mtb gene
expression over a wide variety of environmental conditions
(e.g., stresses, drugs) and genetic perturbations. Overall the correlation coefficient between the expression of Ag85A and Ag85B
transcripts was approximately 0.4 (Spearman’s rho) (Figure S2A),
which is higher than 95% of randomly selected Mtb gene pairs,
indicating statistically significant co-expression between Ag85A
and Ag85B. In contrast, expression of ESAT-6 transcript was not
correlated with either Ag85A or Ag85B.
Because Ag85A and Ag85B are homologous proteins with
79% sequence identity, many Ag85B peptides used in Figure 1C
are shared with Ag85A. To investigate commonality between the
specific Ag85A and Ag85B epitopes, we compared T cell recognition of overlapping 15-mer peptides spanning Ag85A and
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(A) PD1 and KLRG1 expression on Ag85B- and
ESAT-6-specific CD4 T cells in the lung. The percentage of KLRG1+ cells is shown.
(B) CD62L, CCR7, and IL-7Ra expression on lung
naive, Ag85B-specific, or ESAT-6-specific CD4
T cells at 103 days post-infection. Graphs depict
the mean fluorescence intensity (MFI) for individual mice. Data are depicted as mean ± SEM.
See also Figure S3.
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Ag85B in 24 healthy QFT+ adolescents. We identified three immunodominant peptides within the two proteins that mapped
to virtually identical amino acid sequences (Figures S2B and
S2C). Thus, when re-assessed, the data depicted in Figure 1C
suggest that T cells recognizing ESAT-6 are represented at
higher frequencies during latent Mtb infection than those recognizing Ag85A or Ag85B.
Chronic Antigenic Stimulation Drives CD4 T Cell
Exhaustion during Murine Mtb Infection
Given the contraction of Ag85B-specific CD4 T cells due to
diminished antigen exposure during chronic infection, we predicted that Ag85B-specific cells would assume characteristics
of memory T cells. At the peak of Ag85B-driven T cell expansion
(day 28 post-infection), one-third of Ag85B-specific T cells
expressed KLRG1 (Figure 2A), a marker of Th1 terminal differentiation in murine TB (Moguche et al., 2015; Reiley et al., 2010;
Torrado et al., 2015). Later during infection, however, few
Ag85B-specfic CD4 T cells expressed KLRG1, but many
expressed CD62L, CCR7, and IL-7Ra (Figure 2B), surface
markers associated with less differentiated T cells, such as central memory cells (Pepper and Jenkins, 2011). In contrast, ESAT6-specific T cells maintained a large population of KLRG1+ cells
and did not express these memory markers (Figures 2A and 2B).
Labeling cells in the vasculature by intravenous antibody administration revealed that KLRG1 cells in both populations were
almost exclusively located in the lung parenchyma, whereas
most KLRG1+ cells resided in the lung vasculature, consistent
with recent reports (Moguche et al., 2015; Sakai et al., 2014a).
Thus, a higher proportion of ESAT-6-specific T cells were
located in the lung vasculature during chronic infection (Figure S3A). In mice infected with recombinant Mtb constitutively
expressing Ag85B, Ag85B-specific T cells resembled ESAT-6specific cells throughout infection, showing a substantial proportion of KLRG1+ cells and low expression of CD62L, CCR7, and
IL-7Ra (Figures S3B and S3C). These findings validated our
hypothesis that diminished Ag85B expression during chronic
infection causes Ag85B-specific CD4 T cells to be less terminally
differentiated than their ESAT-6-specific counterparts and to
resemble central memory T cells.
We predicted that chronic antigenic stimulation may compromise the ability of ESAT-6-specific, but not Ag85B-specific,
CD4 T cells to produce cytokines. At the initiation of the Ag85B
and ESAT-6 T cell response (day 16 post-infection), we identified
similar frequencies of antigen-specific CD4 T cells using
Cell Host & Microbe 21, 695–706, June 14, 2017 697
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Figure 3. Murine Ag85B-Specific CD4 T Cells Have a Higher Cytokine-Producing Capacity than ESAT-6-Specific Cells
(A) Enumeration of Ag85B and ESAT-6 T cells in the lung using tetramers (top) or cytokine production following in vitro peptide stimulation (bottom).
(B) Ratio of tetramer binding cells to TNF and IFN-g double cytokine-producing cells as identified in (A). Data are depicted as mean ± SEM.
(C) IFN-g expression by lung naive CD44low CD4 T cells, Ag85B-specific, and ESAT-6-specific CD4 T cells from mice injected with OVA (left), Ag85B, or ESAT-6
peptides (right). The IFN-g MFIs for Ag85B- and ESAT-6-specific CD4 T cells in each group are depicted below. Data are depicted as box and whisker plots with
the min to max displayed.
(D) Combinatorial analysis of IFN-g, TNF, and IL-2 production by tetramer+ Ag85B- and ESAT-6-specific CD4 T cells isolated from lungs of mice infected with Mtb
for 200 days. Data are depicted as box and whisker plots with the min to max displayed. Data are depicted as mean ± SD, and statistical significance was
determined by t test. All detectable functional subsets are depicted in the figure; no TNF or IL-2 single producers or TNF/IL-2 double producers were detected.
Data are representative of two to three independent experiments with four to five mice per experiment.
See also Figure S4.

tetramers as we did by intracellular cytokine staining (ICS) after
in vitro peptide stimulation (Figures 3A and 3B). This 1:1 ratio
of tetramer:cytokine-producing cells was sustained for Ag85Bspecific T cells throughout Mtb infection until at least day 150
post-infection. In contrast, this ratio steadily increased for
ESAT-6-specific T cells and by day 150 we detected four times
more cells using tetramers than ICS (Figures 3A and 3B).
To examine functional capacities of Mtb-specific T cells
in vivo, antigenic peptides from Ag85B, ESAT-6, or chicken ovalbumin (OVA, as a control) were intravenously infused into mice
infected with Mtb 28 days prior. Two hours later, intracellular
IFN-g was assessed directly ex vivo in Ag85B and ESAT-6
tetramer+ CD4 T cells recovered from the lung. In OVA-infused
controls, a small percentage of both Ag85B- and ESAT-6-spe698 Cell Host & Microbe 21, 695–706, June 14, 2017

cific CD4 T cells expressed low levels of IFN-g (Figure 3C).
Upon in vivo stimulation with cognate peptide, however, the
vast majority of Ag85B-specific cells showed high expression
of IFN-g. In contrast, most ESAT-6-specific cells expressed little
or no IFN-g, and only a small percentage expressed high levels.
Similar findings were observed with the highly virulent clinical
Mtb isolate (Figure S4A). We considered the possibility that the
large population of non-responding ESAT-6 tetramer+ cells
was simply not stimulated by the infused peptide. However,
in vitro peptide restimulation of lung cells isolated from ESAT-6
peptide-infused mice did not reveal an increased number of
IFN-g-producing cells, suggesting that the infused peptide
reached most ESAT-6 T cells in vivo (Figure S4B). In mice infected with recombinant Mtb constitutively expressing Ag85B,
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Figure 4. Transcriptomic Profiles Show that
Human ESAT-6-Specific CD4 T Cells Are
More Differentiated Cells than Ag85B-Specific Cells during Latent Mtb Infection
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IFN-g production by Ag85B- and ESAT-6-specific T cells was
similar (Figure S4C), indicating that differences in IFN-g production between Ag85B- and ESAT-6-specific T cells were not
intrinsic to their specificities but reflected differences in antigenic
exposure. At 200 days post-infection, 25% of Ag85B-specific
CD4 T cells were polyfunctional and co-produced IFN-g, TNF,
and IL-2 after in vivo peptide infusion, whereas only 20% failed
to produce these cytokines (Figure 3D). In contrast, only 5% of
ESAT-6-specific cells produced all three cytokines, and 40%
produced none. Thus, chronic antigenic stimulation of ESAT-6specific, but not Ag85B-specific, CD4 T cells results in functional
exhaustion.
Human Mtb Infection Drives ESAT-6-Specific T Cells
toward Terminal Differentiation
Does human Mtb infection, like murine Mtb infection, drive CD4
T cells recognizing ESAT-6 to be more differentiated than those
recognizing Ag85B? Our ability to address this in our study population of adolescents with latent Mtb infection was limited by the
very low frequencies of antigen-specific CD4 T cells in peripheral
blood (undetectable in most individuals using MHCII tetramers;
Figure 4A). To overcome this problem, we studied individuals
enrolled in the THYB-04 phase I clinical trial of H1:IC31, a vaccine comprised of an Ag85B:ESAT-6 fusion protein in a cationic
particle-based adjuvant (Mearns et al., 2017). We reasoned that
vaccination would boost Ag85B- and ESAT-6-specific T cells,
allowing us to readily assess their phenotypes. If Mtb infection
drove differentiation of ESAT-6-specific T cells to a greater
degree, we hypothesized we would observe differences between vaccine-expanded Ag85B- and ESAT-6-specific T cells
in Mtb-infected (QFT+) adolescents, but not in uninfected
(QFT ) controls.
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(A) Ag85B and ESAT-6 HLA class II tetramer staining of CD4 T cells from H1:IC31 vaccinated adolescents (day 14). HLA allele-matched tetramers
bearing irrelevant peptide antigens were used as
controls. Numbers represent the frequencies of
tetramer+ CD4 T cells.
(B) Median (error bars denote IQR) frequencies of
tetramer+ CD4 T cells in QFT or QFT+ adolescents
who received two vaccinations of H1:IC31. The
arrows indicate vaccine administration time points.
Data are depicted as median and IQR.
(C) Supervised heatmap of 11 mRNA transcripts
differentially expressed (Mann-Whitney U test, p <
0.05 and FDR < 10%) between tetramer-sorted
Ag85B-specific and ESAT-6-specific CD4 T cells
from QFT+ adolescents, 14 days after H1:IC31
vaccination. Undetected mRNAs are depicted in
gray.
(D) CCR7 and CD45RA expression by total CD4
T cells (gray background), or Ag85B-specific (orange) or ESAT-6-specific (red) tetramer+ CD4
T cells. Data are depicted as median and IQR.
FDRs were calculated using the Benjamini-Hochberg method and p values were calculated using
the Mann-Whitney U test. See also Figure S5.

Frequencies of Ag85B- and ESAT-6-specific cells were
boosted 14 days after H1:IC31 vaccination in QFT+ adolescents,
allowing us to sort ESAT-6- and Ag85B-specific T cells with
MHCII tetramers (Figures 4A and 4B) and profile mRNA expression of 91 genes by microfluidic qRT-PCR. Importantly, we utilized tetramers containing epitopes common to Ag85A and
Ag85B to assess the role of Mtb infection in driving the differentiation of T cells recognizing both antigens. Principal component
analysis showed differences between Ag85B- and ESAT-6-specific cells (Figure S5A), and 11 genes exhibited differential
expression between Ag85B- and ESAT-6-specific CD4 T cells
(p < 0.05; false discovery rate [FDR] < 10%). Among these,
IL12RB1, STAT4, and GZMA were upregulated in ESAT-6-specific CD4 T cells relative to Ag85B-specific cells (Figure 4C).
IL12RB1 and STAT4 encode molecules in the IL-12 signaling
pathway (Bacon et al., 1995) that are central to the generation
of effector responses (Stamm et al., 1999). In contrast, GATA3,
CCR4, ICOS, LEF1, TCF7L2, and CAMK4 were lower in ESAT6-specific than Ag85B-specific CD4 T cells (Figure 4C). Lower
expression of the Th2-associated genes GATA3 and CCR4 is
also consistent with IL-12 signaling in ESAT-6-specific CD4
T cells (Zielinski et al., 2011). In fact, STAT4 and GATA3 expression were inversely correlated (Figure S5B). ICOS is typically
associated with long-lived memory CD4 T cells (Moguche
et al., 2015), while LEF1, CAMK4, and TCF7L2 expression are
upregulated by Wnt signaling (Arrázola et al., 2009; Zhu et al.,
2015), which is involved in T cell memory generation (Zhao
et al., 2010). Thus, ESAT-6-specific cells appeared more
differentiated and resembled effector cells, while Ag85B cells
appeared less differentiated. We therefore measured co-expression of CD45RA and CCR7 expression to analyze the memory
phenotype of tetramer+ CD4 T cells in QFT+ adolescents. Human
Cell Host & Microbe 21, 695–706, June 14, 2017 699
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Figure 5. Human ESAT-6-Specific CD4 T Cells Have a Cytokine Expression Profile that Reflects Greater Differentiation than Ag85B-Specific Cells
(A) Intracellular IFN-g, TNF, and IL-2 staining following 12 hr whole-blood stimulation with media alone, Ag85B, or ESAT-6 peptide pools. Summary graph below
depicts the proportions of ESAT-6- or Ag85B-specific CD4 T cells co-expressing IFN-g, TNF, and/or IL-2 in latently infected adolescents 14 days after primary
H1:IC31 vaccination. Horizontal lines indicate medians, boxes the IQR, and whiskers the range. The blue box and pie arcs denote functional T cell subsets that
express IL-2 and/or TNF, but not IFN-g. The purple box and arcs denote functional T cell subsets that express IFN-g alone or in combination with IL-2 and TNF.
Data are depicted as median, IQR (box), and range (whiskers).
(B) Correlation between the proportions of CCR7 CD45RA effector/effector memory (EM) Ag85B- and ESAT-6-specific CD4 T cells and proportions of IFN-g+
CD4 T cells 14 days after H1:IC31 vaccination in QFT+ adolescents.
(C) The FDS of ESAT-6- or Ag85B-specific CD4 T cells in each adolescent 14 days after primary H1:IC31 vaccination. Data are depicted as median, IQR (box), and
range (whiskers).
p values were calculated using the Wilcoxon signed-rank test (A and C) and Spearman’s rank correlation (B). See also Figure S5.

memory T cells lose CD45RA expression after priming, while reexpression of CD45RA on memory cells (CD45RA+CCR7 ) indicates terminally differentiated T cells (Sallusto et al., 1999).
Significantly higher proportions of ESAT-6-specific CD4 T cells
displayed a terminally differentiated phenotype than Ag85Bspecific cells (Figure 4D). Ag85B CD4 T cells in QFT individuals
were phenotypically similar to those in QFT+ individuals (data not
shown), but we were unable to recover sufficient numbers of
ESAT-6-specific T cells by tetramer from QFT controls to complete this assessment.
Next, we compared Th1 cytokine-expressing CD4 T cells from
QFT+ and QFT adolescents boosted by H1:IC31 vaccination in
the THYB-04 vaccine trial (Figure S5C). Virtually all ESAT-6-specific CD4 T cells from QFT+ adolescents receiving the vaccine
expressed IFN-g (Figure 5A), consistent with highly differentiated
T cells (Seder et al., 2008). In contrast, Ag85B-specific cells
from QFT+ adolescents (Figure 5A), and both ESAT-6- and
Ag85B-specific cells in uninfected controls (Figure S5D),
frequently expressed TNF or IL-2 in the absence of IFN-g,
consistent with a less differentiated phenotype. IFN-g+ cells dis700 Cell Host & Microbe 21, 695–706, June 14, 2017

played a more differentiated CD45RA CCR7 effector/effector
memory phenotype, compared to IFN-g cells (Figure 5B), and
the comparison of ESAT-6- and Ag85B-specific T cells again
supported greater differentiation of ESAT-6-specific T cells (Figures 5B and S5E). By contrast, proportions of Ag85B- and ESAT6-specific IFN-g+ CD4 T cells and their memory phenotype were
not different in QFT adolescents (Figures S5D and S5F).
As the intracellular expression of IFN-g correlated with the
level of differentiation, we devised a ‘‘functional differentiation
score’’ (FDS), calculated as the ratio of the proportion of IFNg-expressing antigen-specific Th1 cytokine+ CD4 T cells over
the proportion of cells not expressing IFN-g (i.e., expressing
TNF and/or IL-2). As expected, ESAT-6-specific CD4 T cells
had a significantly higher FDS than Ag85B-specific CD4 T cells
on day 14 (Figure 5C). ESAT-6- and Ag85B-specific CD4
T cells from QFT adolescents displayed comparatively low
FDS (Figure S4G), confirming that the high level of differentiation
of ESAT-6-specific cells is dependent on Mtb infection.
We then compared the differentiation of Ag85B- and ESAT-6specific CD4 T cells during longitudinal follow-up in the clinical
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Figure 6. Vaccine-Expanded Human ESAT-6-Specific CD4 T Cells Exhibit a More Differentiated Phenotype than Ag85B-Specific Cells
(A–C) Median (error bars denote IQR) proportions of ESAT-6- and Ag85B-specific CD4 T cells expressing (A) IFN-g+TNF+IL-2+, (B) TNF+IL-2+, or (C) only IL-2 in
QFT+ adolescents who received two 15 mg doses of H1:IC31.
(D–F) Median proportions of ESAT-6- and Ag85B-specific CD4 T cells expressing (D) IFN-g+TNF+IL-2+, (E) TNF+IL-2+, or (F) only IL-2 in QFT adolescents who
received two 15 mg doses of H1:IC31.
(G and H) Median FDSs of ESAT-6- and Ag85B-specific CD4 T cells in (G) QFT+ and QFT adolescents who received two 15 mg doses of H1:IC31 or (H) QFT+
adolescents who received two 50 mg doses of H1:IC31. The Wilcoxon signed-rank test was used to compare ESAT-6- and Ag85B-specific CD4 T cells. After
Bonferroni correction, p values below 0.01 were considered significant. The arrows indicate vaccine administration time points.
Data are depicted as median and IQR.

trial to day 224. At all H1:IC31 post-vaccination time points in
QFT+ adolescents, ESAT-6-specific CD4 T cells displayed higher
proportions of IFN-g+TNF+IL-2+ and lower proportions of TNF+
IL-2+ and single IL-2+ subsets than Ag85B-specific cells (Figures
6A–6C). By contrast, in QFT adolescents proportions of IFNg+TNF+IL-2+ and TNF+IL-2+ ESAT-6- and Ag85B-specific CD4
T cells were not different (Figures 6D and 6E), while proportions
of single IL-2+ ESAT-6-specific cells were also lower than
Ag85B-specific cells in QFT adolescents (Figure 6F). However,
ESAT-6-specific CD4 T cells displayed consistently higher FDS
compared to Ag85B-specific cells throughout study follow-up
(Figure 6G). This was also true in QFT+ adolescents from a

different group of the THYB-04 trial, who received two 50 mg
doses of H1:IC31 (Figure 6H). Our data suggest that during
Mtb infection, ESAT-6-specific CD4 T cells exist in a more differentiated state than Ag85B-specific cells. These results suggest
that ESAT-6 is more highly expressed than Ag85B, and likely
also Ag85A, during human Mtb infection, consistent with findings
in mice (Figures 1A and 1B).
Functional Exhaustion Restricts the Protective Capacity
of CD4 T Cells Recognizing ESAT-6
Next, we returned to the mouse model to determine whether
functional exhaustion restricts the protective capacity of
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Exhibit Greater Protective Capacity than
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ESAT-64-17:I-Ab
42 days post-infection. Data are depicted as
mean ± SEM.
Data are represented as mean ± SD, and statistical significance was first determined by ANOVA (p = 0.0001), then between individual groups with a t test with
n = 5 for (A) and n = 10 for (B). Data are representative of two independent experiments with five to ten mice per group. See also Figures S6 and S7.
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ESAT-6-specific CD4 T cells. Serial infusions of Ag85B peptide
into Mtb-infected mice has previously been shown to reduce
the lung bacterial burden (Bold et al., 2011), but we hypothesized
that infusions of ESAT-6 would not have this effect. Mtb-infected
mice received weekly infusions of Ag85B, ESAT-6, or OVA peptides beginning on day 25 post-infection. Two weeks after the
third treatment (day 55 post-infection), we found that peptide
infusion resulted in increased PD-1 expression by both Ag85Band ESAT-6-specific CD4 T cells and, surprisingly, a loss of
the KLRG1 subset for both specificities (Figure S6A). Furthermore, Ag85B-specific T cells exhibited diminished memory
markers after in vivo peptide stimulation. These results show
that Ag85B-specific T cells recognize their cognate antigen in
a limited manner during chronic Mtb infection, but peptide infusion triggers their activation and differentiation into an effector
phenotype.
Mice receiving Ag85B peptide infusion had increased
numbers of Ag85B-specific T cells in their lungs, as measured
by tetramer binding (Figure 7A) and IFN-g production (Figure S6B). In contrast, mice receiving ESAT-6 infusions showed
no increase of ESAT-6-specific T cells. In addition, serial
Ag85B peptide infusions induced an 5-fold reduction in lung
bacterial burdens compared to controls receiving OVA peptide
(Figure 7B). In contrast, lung bacterial burdens in mice receiving
ESAT-6 peptide were not significantly reduced. Importantly,
Ag85B peptide infusions did not induce Ag85B CD4 T cell expansion or reduce the lung bacterial burdens in mice infected with
recombinant Mtb constitutively expressing Ag85B (Figure S7).
Taken together, Ag85B-specific T cells possessed the capacity
to mediate protection above that provided by ESAT-6-specific
T cells despite ongoing antigenic stimulation of the latter, but
only if Ag85B peptide was provided exogenously. Mtb-specific
CD4 T cells can thus fail to provide optimal protection for two
distinct reasons: either because their cognate antigen is not expressed during chronic infection or because their cognate antigen is continuously expressed, resulting in T cell exhaustion.
DISCUSSION
Our data have important implications for the rational design of TB
vaccines tailored to optimize protection conferred by specific
CD4 T cells recognizing antigens expressed at distinct stages
of Mtb infection. We report definitive evidence that some anti702 Cell Host & Microbe 21, 695–706, June 14, 2017

gens, like Ag85A and Ag85B, are expressed almost exclusively
during early infection, whereas other antigens, like ESAT-6, are
expressed throughout infection. Although prior Mtb transcript
profiles from lungs of Mtb-infected mice have suggested this
(Rogerson et al., 2006; Shi et al., 2004), it has not gained widespread acceptance, perhaps in part because the relevance to
human Mtb infection has not been clear. Our studies in mice
showed that CD4 T cells recognizing persistently expressed antigens accumulate in high numbers in the lung parenchyma and
are driven toward terminal differentiation/functional exhaustion
that compromises their protective capacity. In contrast, T cells
recognizing antigens expressed primarily during early infection
contract in numbers, assume a less differentiated phenotype
akin to memory cells, and retain the capacity to produce multiple
cytokines. The finding that human CD4 T cells recognizing
Ag85A and Ag85B are less differentiated than those recognizing
ESAT-6 strongly suggests that Ag85A and B exhibit low levels of
expression during chronic stages of human Mtb infection, as in
mice, whereas ESAT-6 is expressed persistently in both species.
How do these findings shape the protective capacities of the
T cells that recognize them? The murine data suggest that
Ag85B- and ESAT-6-specific CD4 T cells may contribute to
Mtb control. However, the protection provided by each appears
sub-optimal, but for different reasons. As shown previously (Bold
et al., 2011), serial infusions of Ag85B peptide can reduce the
lung bacterial burden. There are two possible explanations for
this: (1) T cells recognize the infused peptide directly presented
by MHCII molecules on the surface of Mtb-infected cells in the
lung, facilitating a cognate interaction that does not otherwise
occur without peptide infusion, and/or (2) T cells recognize the
infused peptide on uninfected cells and the bolus of cytokine
produced activates infected cells and promotes some Mtb killing
in a bystander manner. We now show that while this is true for the
Ag85B peptide, infusions of ESAT-6 peptide do not reduce
bacterial numbers. Thus, ongoing recognition of infectionderived ESAT-6 antigen is probably stimulating ESAT-6-specific
T cells to their full capacity to eradicate Mtb. The observation that
Ag85B peptide infusion, which promotes the activation of T cells
with robust capacity to produce cytokines, can improve clearance despite ongoing recognition of ESAT-6 suggests that this
‘‘full capacity’’ of ESAT-6-specific T cells is still sub-optimal. In
other words, protective immunity conferred by Ag85B-specific
T cells is limited by antigen availability during chronic infection,

whereas immunity by ESAT-6-specific T cells is limited by functional exhaustion. The role of antigen availability in shaping the
differentiation, function, and protective capacity of Mtb-specific
CD8 T cells needs to be addressed in future studies.
Understanding the distinct limitations of specific T cell subsets
suggests unique vaccination strategies to enhance the protection that each confers. It is likely that vaccines based solely on
antigens like Ag85B, which are primarily expressed in early infection, would confer only transient protection and may possess a
limited capacity to promote Mtb containment after infection
has been established. These problems may be exacerbated
with systemically administered vaccines because peripheral
T cells are delayed in their recruitment to the lungs after aerosol
Mtb infection (Urdahl, 2014). Could reduced expression of
Ag85A during chronic stages of Mtb infection underlie the lack
of protection afforded by the MVA85A vaccine in two recent
Phase IIb trials (Ndiaye et al., 2015; Tameris et al., 2013)? Antigens like Ag85B may yet be useful in vaccines that induce
lung-resident T cells that confer early Mtb control after aerosol
infection, especially if used in conjunction with late-stage antigens, like ESAT-6, that can act in concert to promote containment once infection is established.
Our findings help explain why vaccines containing ESAT-6,
but not several other antigens, including Ag85B, were capable
of conferring protection when administered to mice after Mtb
infection had been established (Hoang et al., 2013). Yet our
studies in mice also suggest that functional exhaustion can
restrict the protective capacity of CD4 T cells recognizing persistently expressed antigens. While recent murine studies suggest
that lung resident T cells can become functionally exhausted
(Behar et al., 2014; Jayaraman et al., 2016), our study shows
that T cells recognizing distinct Mtb antigens are differentially
prone to this. Although functional exhaustion was not observed
in ESAT-6-specific T cells isolated from the blood of Mtb-infected humans, this could reflect differences between the blood
and lung, or between latent and active TB, rather than differences between species. Two recent murine studies have shown
that Mtb-specific T cells in the blood have a higher cytokine-producing capacity than those in the lung parenchyma (Moguche
et al., 2015; Sakai et al., 2014a). Likewise, in cynomologous
macaques, ESAT-6-specific T cells in the blood were capable
of producing multiple cytokines, but T cells isolated from lung
granulomas produced multiple cytokines only after polyclonal
stimulation, but not after stimulation with ESAT-6 peptides
(Gideon et al., 2015). Furthermore, in rhesus macaques, LAG3,
a cell-surface inhibitory receptor associated with CD4 T cell
exhaustion in this species (Bosinger et al., 2009; Chew et al.,
2016; Fromentin et al., 2016; Rotger et al., 2011), was expressed
during TB by lung T cells, but not the blood (Phillips et al., 2015).
Thus, antigen-specific T cells may have greater functional
capacity in the blood than at the site of high antigenic exposure
in the lung. This is even more likely to be true during active TB
disease when bacterial burdens are highest.
The challenge of devising a T cell-targeted vaccine against
Mtb is heightened by the recent understanding that antigen-specific memory CD4 T cells that are less differentiated exert greater
control of murine Mtb infection than highly differentiated effector
cells (Lindenstrøm et al., 2013; Moguche et al., 2015; Sakai et al.,
2014a; Torrado et al., 2015; Vogelzang et al., 2014). The protec-

tive capacity of these ‘‘less differentiated’’ CD4 T cells reflects
their superior ability to proliferate, maintain their cytokine-producing capacity, and home to infected tissues (Andersen and
Urdahl, 2015; Sakai et al., 2014b; Woodworth et al., 2017).
Thus, while choosing persistently expressed vaccine antigens
is likely to be important, these same antigens may drive T cells
toward terminal differentiation and dysfunction. These considerations must be heeded in choosing the adjuvants and the antigen
doses utilized in the next generation of TB vaccines. In some
regions endemic for TB, where an effective TB vaccine is most
needed, most individuals have already acquired Mtb infection
by late adolescence (Andrews et al., 2014; Mahomed et al.,
2011). The properties of a post-exposure vaccine that primes
T cells to the optimal state of differentiation in these endemic regions are probably very different than those for vaccines that
achieve this in naive individuals. These considerations are usually overlooked; most TB vaccines are tested pre-clinically in animals that are naive to mycobacteria. Vaccines eliciting T cells
that recognize subdominant Mtb antigens and possess TCRs
that interact with low avidity to Mtb-infected cells may be less
prone to terminal differentiation and promote more durable immunity. Such an approach has shown promise in inbred mice,
but may be difficult to achieve in human populations because
subdominant antigens will vary between individuals due to HLA
diversity.
Overall, our studies demonstrate the value of crosstalk between mouse and human TB research. Currently, human Mtb
infection is categorized in a binary fashion into either latent infection or active disease based on immune reactivity (e.g., QFT status) and the presence or absence of clinical symptoms and/or
detection of bacilli in sputum. We propose that using FDS of
CD4 T cells to measure the relative availability of distinct subsets
of Mtb antigens in different strata along the spectrum of Mtb
infection may facilitate more precise classifications. For
example, FDS determinations may help identify individuals classified by a memory T cell response as having latent Mtb infection,
who have actually cleared infection; conversely, individuals with
subclinical disease, or active TB disease with a high degree of
ongoing Mtb replication, may also be identified. Future studies
are needed to determine if this approach could have prognostic
value and shape clinical decision-making.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice
C57BL/6 mice were purchased from Jackson Laboratories. ESAT-6 TCRtg (C7) mice were provided by Eric Pamer and have been
described previously (Gallegos et al., 2008). Ag85B TCRtg (P25) mice have been previously described (Tamura et al., 2004). All
animals were housed and maintained in specific-pathogen-free conditions at the Center for Infectious Disease Research (CIDR).
All animal studies were performed in compliance with the CIDR Animal Care and Use Committee. Both male and female mice between the ages of 8-12 weeks were used.
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Human Participants
We utilized samples collected from adolescents enrolled into the THYB-04 phase II clinical trial (Mearns et al., 2017), performed at the
Field Site of the South African TB Vaccine Initiative (South African National Clinical Trials Register NHREC number: DOH-27-06123947 and Pan African Clinical Trial Registry number: PACTR201403000464306). Healthy adolescents who received routine BCG
vaccination at birth were recruited from the Worcester district of the Western Cape, South Africa. Latent Mtb infection was diagnosed
by Quantiferon Gold In-tube assay (QIAGEN). The Human Research Ethics Committee of the University of Cape Town and the
Medicines Control Council of South Africa reviewed the study protocols and approved the study. All participants provided signed
informed assent. Signed informed consent was also obtained from their parents/legal representatives. We focused our analyses
on adolescents in Group 1 (Table S1). To be eligible, participants aged 12 to 18 years had to be healthy based on medical examination. Evidence of current or prior active tuberculosis disease, any vaccination 3 months before screening, participation in other experimental tuberculosis vaccine trials, administration of immune modulating drugs or HIV seropositivity, or positive pregnancy test
constituted exclusion from the study.
METHOD DETAILS
Aerosol Infections and CFU Determination
Most infections were done with a stock of Mtb H37Rv, as previously described (Urdahl et al., 2003). Some experiments utilized a
virulent clinical isolate of Mtb (Beijing SA161) (Ordway et al., 2011) or a strain of Mtb H37Rv that constitutively expresses Ag85B.
The constitutive Ag85B-expressing Mtb strain was generated using the pMSP12::GFP plasmid obtained from Lalita Ramakrishnan
(Cosma et al., 2004). Using Mtb genomic DNA as the template, the Ag85B gene was amplified by PCR and inserted into the plasmid to
replace GFP. The plasmid was then used to transform Mtb H37Rv after the Ag85B sequence was confirmed by sequencing, and
kanamycin-resistant colonies were selected.
In brief, mice were infected in an aerosol infection chamber (Glas-Col) with 100 CFU deposited into the lungs of each mouse. Two
mice were sacrificed immediately after infection to determine the infectious dose for each experiment. To determine viable numbers
of CFUs at time-points post-infection, the left lung of each mouse was homogenized in PBS with 0.05% Tween 80. Ten-fold serial
dilutions were made in 0.05% Tween 80 and plated onto 7H10 plates. Colonies were counted after 21 d of incubation at 37 C to
determine CFUs.
In Vivo Peptide Injections
For in vivo peptide injections, mice were infused intravenously (I.V.) with 100 mg of Ag85B240-254 or ESAT-64-17 peptides and sacrificed
2 hr later. Control mice were injected with OVA323-339 peptide. For protection experiments, mice were injected with 100 mg of Ag85B,
ESAT-6 or OVA peptides I.V. once a week for a total of three injections and sacrificed three days after the last injection.
Preparation of single-cell suspensions
Murine lungs were harvested into HEPES buffer containing Liberase Blendzyme 3 (70 mg/ml; Roche) and DNase I (30 mg/ml; SigmaAldrich). The lungs were then minced into small pieces using the gentleMacs dissociator (Miltenyi Biotec), incubated at 37 C for
30 min, and further homogenized with the gentleMacs dissociator. The cells were filtered using cell strainers and suspended in
FACS buffer (PBS containing 2.5% fetal bovine serum and 0.1% NaN3). In experiments involving intracellular cytokine detection, incubation steps were performed in media/buffers containing Brefeldin A (10 mg/ml; Sigma-Aldrich).
In Vitro Peptide Stimulation
After single-cell preparations were made, murine lung cells were stimulated with ESAT-64–17, ESAT-62-17, or Ag85B240-254 (5 mg/ml
final concentration) for 4 hr in complete growth media (RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, 10 mM HEPES,
0.5 mM 2-ME, 100 U/ml penicillin, and 100 mg/ml streptomycin) in the presence of monensin at 37 C with 5% CO2. Cells were then
washed and stained with antibodies as described below.
CFSE Labeling and Transgenic T Cell Transfer
Spleens from C7 or P25 mice were enriched for CD4 T cells using the EasySep Mouse CD4 T cell Isolation Kit (StemCell Technologies). Transgenic CD4 T cells were then labeled with CFSE using the CellTrace CFSE cell proliferation kit following the manufacturer’s
protocol (Life Technologies). In brief, single-cell suspensions were incubated with CFSE at a final concentration of 10 mM for 10 min
before quenching with complete growth medium supplemented with 10% fetal bovine serum. CFSE-labeled transgenic cells were
then transferred I.V. into infected mice 5 days before sacrificing.
MHCII Tetramer and Antibody Staining
MHCII tetramers containing amino acids 4-17 of Mtb ESAT-6 (made in house using a construct generated by Dr. Marc Jenkins) or
240-254 of Mtb Ag85B (NIH Tetramer Core Facility) were used to detect Mtb-specific murine CD4 T cells. Single-cell suspensions
were stained at saturating concentrations with the tetramers and incubated at room temperature for 1 hr. For direct ex vivo intracellular cytokine staining (ICS), tissues were processed in the presence of Brefeldin A (10 mg/ml; Sigma-Aldrich).
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All surface staining was done at 4 C for 30 min. After tetramer and/or surface staining, the cells were fixed, permeabilized, and
stained with antibodies against intracellular markers using eBioscience fixation/permeabilization and permeabilization buffers. Antigen-specific CD4 T cells were identified by gating on CD3+, CD4+, dump- (CD11b, CD11c, B220, F4/80, CD8) and tetramer+ cells.
For experiments with I.V. antibody labeling for identification of intravascular T cells, mice were injected with 1 mg of CD4-PE
(RM4-4, Biolegend) antibody 5-10 min prior to sacrificing. This method has been previously described (Sakai et al., 2014a).
Human H1:IC31 Vaccination
H1:IC31 was administered intramuscularly into the deltoid area of alternate arms on days 0 and 56. H1:IC31 is a subunit vaccine
comprised of a fusion protein of Ag85B and ESAT-6 (H1) formulated in the adjuvant, IC31. The adjuvant, IC31, consists of ODN1a
(20 nmol) and KLK (500 nmol), a TLR9-stimulatory oligodeoxynucleotide and an antibacterial cationic peptide, respectively.
H1:IC31 was developed and manufactured by the Statens Serum Institut (SSI) in Copenhagen, Denmark.
Whole Blood Intracellular Cytokine Staining
Blood was collected from human adolescents and isolated by density gradient centrifugation using BD Vacutainer CPT tubes. PBMC
were cryopreserved in 10% DMSO and 40% fetal calf serum (FCS) in RPMI enriched with L-Glutamine.
Whole blood intracellular cytokine staining was performed as previously described (Kagina et al., 2015). Briefly, one mL of whole
blood was stimulated with 15-mer peptides spanning Ag85B (2 mg/mL Staten Serum Institute), ESAT-6 (2 mg/mL Staten Serum Institute), PHA (5 mg/mL Bioweb), or media alone for 12 hr in the presence of the co-stimulatory antibodies anti-CD28 and CD49d
(0.25 mg/mL BD). After 7 hr, Brefeldin A (10 mg/mL, Sigma-Aldrich) was added, and blood was incubated for a further 5 hr. After stimulation, red blood cells were lysed, and white cells were fixed with FACS Lysing solution (BD). Cells were frozen to allow for batch
intracellular cytokine staining. Cells were thawed and permeabilized with Perm/Wash buffer (BD) and stained with CD3-BV421
(BD Clone: UCHT1), CD4-QDot605 (Life Technologies Clone: S3.5), CD8-PerCP-Cy5.5 (BD Clone: SK1), IFN-g-Alexa700 (BD Clone:
B27), TNF-a-PE-Cy7 (eBioscience Clone: MAb11), IL-2-FITC (BD Clone: 5344.111), IL-17-Alexa647 (BD Clone: SCPL1362),
CCR7-PE (BD Clone: 150503), and CD45RA-BV570 (BioLegend Clone: HI100). Anti-Mouse Ig compensation beads (BD) were
acquired prior to acquiring stained fixed white blood cells on a BD LSR II.
HLA Typing of Adolescents
High resolution (4-digit) HLA typing was performed at the La Jolla Institute for Allergy and Immunology using allele-specific primer
amplification and/or DNA sequencing.
Ag85B, ESAT-6, and Antibody Staining
DPB1*04:01 and DQB1*06:02 HLA class II tetramers were kindly supplied by the NIH Tetramer Core Facility at Emory University in
Atlanta, GA. For each Mtb-specific tetramer, irrelevant antigen control HLA-class II tetramers, loaded with an epitope from the HIV
envelope protein, or the self-antigen, CHIP, were also supplied by the NIH Tetramer Core Facility (Table S2). DRB1*03:01 HLA
tetramers loaded with an Ag85 or the human apolipoprotein B-100 peptide (irrelevant antigen control) were from Beckman Coulter.
Cryopreserved PBMC were thawed and incubated in 1 mL of the viability dye LIVE/DEAD (Invitrogen) for 30 min at room temperature.
PBMC were washed with 2% FCS and 2 mM ethylenediaminetetraacetic acid (EDTA) in PBS and then stained with the fluorescently
labeled CCR7-PerCP-Cy5.5 antibody (BD Clone: 150503) for 30 min at 37 C. PBMC were washed again and incubated with HLA
class II tetramers (1-2 mg/mL) for 60 min at room temperature. Following another wash, cells were incubated for 30 min at room
temperature with the following fluorescently labeled antibodies: CD3-FITC (BD Clone: UCHT1), CD4-BV421 (Biolegend Clone:
RPA-T4), CD45RA-PE-Cy7 (BD Clone: UCHL1), CD8-BV510 (Biolegend Clone: RPA-T8), CD19-BV510 (Biolegend Clone: HIB19)
and CD14-BV510 (Biolegend Clone: M5E2). CD8, CD19, and CD14 staining was performed to exclude cell populations that
expressed these surface markers (dump gate). Inclusion of the dump gate improves specificity when detecting rare tetramer+
T cells by eliminating aberrant tetramer binding events (Moon et al., 2009). Anti-Mouse Ig compensation beads (BD) and stained cells
were acquired on a BD FACS Aria II.
Selection of the TaqMan GE Assays
We initially selected 101 TaqMan GE assays specific for mRNA transcripts involved in T cell function (Table S3). The amplification
efficiencies of all TaqMan GE assays should be close to 100% (±10%) to allow use of the comparative Ct method to quantify relative
gene expression (Schmittgen and Livak, 2008). To determine the amplification efficiencies of each TaqMan GE assay, we modified
a previously described method (Dominguez et al., 2013). A total of twelve 2-fold serial dilutions of PBMC were made, and the slope
and R2 value for each TaqMan GE assay were determined. Assays had to achieve a slope between 3.1 to 3.6 and a very strong
correlation (r2 > 0.97) across at least 5 consecutive dilution points. A slope between 3.1 and 3.6 corresponds to efficiencies ranging
from 90% to 110%. Using these criteria, we determined that 95 of 101 TaqMan GE assays had efficiencies ranging from 90% to
110%. However, four TaqMan GE assays (CXCL10, GAPDH, IL-5, and PTPRC) in our panel could potentially detect genomic
DNA (gDNA) according to Life Technologies. While we included 96 TaqMan GE assays on each 96.96 Dynamic Array chip, we
did not analyze data obtained from TaqMan GE assays that failed qualification or detected gDNA. Therefore, analysis was restricted
to 91 TaqMan GE assays.
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High throughput Microfluidic RT-qPCR
Specific transcript amplification (STA) cDNA was synthesized from RNA isolated from HLA class II tetramer sorted ESAT-6 and
Ag85B-specific CD4 T cells from PBMC using the Invitrogen CellsDirect One-Step qRT-PCR kit. Briefly, HLA tetramer+ cells were
sorted directly into a 200 mL PCR tube containing 5 mL CellsDirect 2x reaction mix, 0.5 mL SuperScript III RT/Platinum Taq mix,
2.5 mL of pooled TaqMan GE assays at a concentration of 0.2x per assay, and 1 mL TE buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA).
PCR tubes were placed on a thermal cycler for 20 min at 50 C to lyse cells and synthesize specific transcript cDNA. Tubes were
then heated to 95 C for 2 min to denature the reverse transcriptase, and specific transcripts were amplified following 18 cycles of
cDNA denaturing at 95 C for 15 s and annealing and amplification at 60 C for 4 min. Five-fold diluted STA-cDNA and TaqMan GE
assays were pipetted on a 96.96 Dynamic Array (Fluidigm) and placed in a BioMark HD System (Fluidigm) according to the manufacturer’s protocol. The BioMark Real-time PCR Analysis software determined Ct values using linear derivative background correction and an amplification curve quality threshold of 0.65. Samples with undetectable levels (i.e., Ct = 40) of CD4, B2M, G6PD, and
HPRT mRNA transcripts were removed from the analysis. Relative mRNA transcript levels (delta Et) in ESAT-6 and Ag85B CD4
T cells were determined by subtracting B2M Et (40-Ct) values from the gene of interest Et value. Delta Et values were calculated
for each triplicate cDNA sample, and the average delta Et value was calculated. Our experimental approach was first
optimized and could readily identify different transcriptomic signatures in FACS-sorted naive (CCR7+CD45RA+), central memory
(CCR7+CD45RA ) and effector/effector memory (CCR7 CD45RA ) CD4 T cells (data not shown).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data from stained murine cells were acquired using the BD LSRII flow cytometer. Flow data were analyzed using FlowJo V9 software
(Tree Star). Statistical analysis and graphical representation of data were done using GraphPad Prism v6.0 software. Statistical significance was determined using a t test or ANOVA. Statistical details, including the significance and the n value, can be found in the
figure legends.
Human flow cytometry data were analyzed using FlowJo V9.2 or V10. Frequencies of IL-17 expressing cells were low or undetectable (Mearns et al., 2017) and therefore IL-17 expression was not analyzed here. To derive a frequency cut-off value for HLA class II
tetramer experiments, we calculated the median frequency of control tetramer+ CD4 T cells plus 4 median absolute deviations (MAD)
from the median frequencies of control tetramer+ CD4 T cells. The median frequency observed for control tetramer+ CD4 T cells was
0.001% and the MAD was 0.001%. Therefore, the minimum frequency (median + 4 MADs) required for transcriptomic analysis of
Ag85B or ESAT-6-specific tetramer+ CD4 T cells was 0.005%. To ensure reliable measurement of FDS and memory phenotypes
of antigen-specific T cells measured by ICS assay, we applied a positivity cut-off value of 0.023%, derived from the median frequencies of unstimulated controls plus 3 median absolute deviations. Thus, only antigen-specific T cell frequencies above
0.023% were included in these analyses. In addition, a minimum of 3 donors per group had to meet these positivity cut-off criteria
for FDS and/or memory phenotype data to be included in group comparisons.
Statistical analyses were performed using R and GraphPad Prism v6.0. The Mann Whitney U test was used to compare QFT and
QFT+ adolescents, while the Wilcoxon signed-rank test was used to compare results within each group of adolescents. P values
describing differences in the frequency, proportion of cytokine-producing subsets, and proportion of memory phenotypes were corrected using the Bonferroni correction, while p values describing differences in mRNA expression levels were corrected using the
Benjamini Hochberg method (FDR). To visualize the multidimensional transcriptomic data from ESAT-6 and Ag85B-specific CD4
T cells, the heatmap.2 and prcomp functions in R were used to generate heatmap and PCA plots, respectively.
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