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While most people contain Mycobacterium tuberculosis infection, some indi-
viduals develop active disease, usually within two years of infection. Why
immunity fails after initially controlling infection is unknown. C57BL/6 mice
control Mycobacterium tuberculosis for up to a year but ultimately succumb to
disease. We hypothesize that the development of CD4 T cell dysfunction
permits bacterial recrudescence. We developed a reductionist model to assess
antigen-specific T cells during chronic infection and found evidence of CD4 T

cell senescence and exhaustion. In C57BL/6 mice, CD4 T cells upregulate
coinhibitory receptors and lose effector cytokine production. Single cell
RNAseq shows that only a small number of CD4 T cells in the lungs of
chronically infected mice are polyfunctional. While the origin and causal
relationship between T-cell dysfunction and recrudescence remains uncertain,
we propose T cell dysfunction leads to a feed-forward loop that causes
increased bacillary numbers, greater T cell dysfunction, and progressive

disease.

Despite the development of vaccines (1920’s), diagnostic tests
(1930’s), and antibiotics (1940’s), tuberculosis (TB) remains one of the
leading causes of death from a pathogen. Approximately 25% of the
world’s population has been exposed to Mycobacterium tuberculosis
(Mtb), the causative agent of TB, and of those, 5-10% develop
disease'”. In most cases, why individuals progress to active pulmonary
disease is poorly understood®. However, data from HIV-infected peo-
ple and animal models consistently find that CD4 T cells are crucial for
immunity against Mtb* . Given the importance of CD4 T cells in con-
trolling Mtb infection and the lack of knowledge about how infection
and its accompanying chronic inflammation affect the function of CD4
T cells, we hypothesize that bacterial recrudescence and the devel-
opment of active disease, which can occur in some people after long
periods of effective immune-mediated control, is the consequence of
CD4 T cell dysfunction.

T cell exhaustion occurs when persistent antigen presentation
leads to chronic T cell stimulation. Chronically activated T cells
undergo transcriptional changes, including increased co-inhibitory
receptor (i.e. PD-1, CTLA-4, TOX, TIM-3, LAG-3, TIGIT) expression and

decreased effector function’. Currently, CD8 T cells in cancer or
chronic viral infections are the focus of most studies of T cell
exhaustion, and these studies have led to the development of mono-
clonal antibody (mAb) blockade treatments to reinvigorate T cells in
the tumor microenvironment®. More focused studies revealed distinct
subpopulations of exhausted T-cells: progenitor exhausted T cells with
stem-like properties that respond to mAb blockade and terminally
exhausted T cells that are non-proliferative and unresponsive to mAb
treatment’ ", The relative abundance of these populations within the
tumor microenvironment can inform disease prognosis and guide
therapy**®.

While CD4 T cell exhaustion has been described””, it is one of
several types of dysfunction that has been identified during CD4 T cell
responses. Other CD4 dysfunctional states include anergy, senes-
cence, and activation-induced cell death'®". Compared to CDS T cells,
much less is known about how CD4 T cells respond to chronic TCR
stimulation. It is unclear whether current definitions of CD8 T cell
exhaustion apply to CD4 T cells, especially during chronic bacterial
infections. As TB is a chronic bacterial infection, and the key protective
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immune responses are mediated by CD4 T cells, the murine TB model
provides a unique opportunity to study CD4 T cell exhaustion during
chronic bacterial infection. Using an adoptive transfer model, we
established that CD4 T cells in the chronically infected lung have an
exhausted phenotype based on cell surface expression of coinhibitory
receptors, loss of function, and a transcriptomic profile resembling
exhausted CD8 T cells. These features were associated with an
increased bacterial burden and premature death. In chronically infec-
ted C57BL/6 (B6) mice, parenchymal CD4 T cells express PD-1 and TIM-
3 coinhibitory receptors and have a diminished capacity to produce
cytokines; thus, they resemble terminally exhausted CD8 T cells. Single
cell RNAseq analysis revealed that many CD4 clusters expressed Ifng,
but only two clusters appeared to be truly polyfunctional with respect
to cytokine production. Late during chronic infection, a single, small
cluster of CD4 T cells remained polyfunctional. Senescence was iden-
tified as a cellular phenotype that contributes to CD4 dysfunction in
both the adoptive transfer model and in B6 mice. Hypoxia and TCR
affinity appear to modulate CD4 T cell dysfunction. Further study of

the factors and mechanisms that promote T cell dysfunction could
inform the development of therapeutic options to protect T cells and
maintain their function.

Results

A reductionist model identifies CD4 T cell dysfunction during
chronic Mtb infection

To study antigen-specific CD4 T cells in the setting of chronic Mtb
infection, we developed an adoptive transfer model (Fig. 1a). We
observed that intravenous transfer of P25 (i.e., Ag85b-specific CD4)
TCR transgenic (TCRtg) T cells to TCRa KO mice prolonged the
median survival time (MST) of recipient mice from five weeks to
18 weeks (Fig. 1b)*%. Under the same infection conditions, B6 mice
survive >48 weeks*°, P25 T cells gradually lose the capacity for
cytokine production during chronic infection, but the diminished
expression of Ag85b by Mtb in vivo raised the possibility that recru-
descence was secondary to the inability of P25 T cells to recognize
Mtb-infected cells?. Therefore, we transferred C7 (i.e., ESAT-6-specific
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Fig. 1| Loss of CD4 T cell function during chronic Mtb infection is associated
with recrudescence and death in the C7>TCR« adoptive transfer model.

a Schematic of C7>TCRa adoptive transfer model. Illustration from NIAID NIH
BIOART Source (bioart.niaid.nih.gov/bioart/281 and 506)” (b) Survival curves of
infected TCRa KO, P25>TCRa KO (n=20), and C7>TCRa KO (n=13). The differ-
ence between the groups was statistically significant (p < 0.0001) as determined by
the log-rank test. ¢ Lung CFU of infected C7>TCRa mice at 4, 8, and 15 wpi. Data is
pooled from two independent experiments, with n=7-9 mice per time point. Box
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plots indicate median (middle line), 25th, 75th percentile (box) and minimum and
maximum (whiskers). d Frequencies of IL-2, TNF, or IFNy or (e) Triple produ-
cing (TP; IL-2'TNF'IFNy") C7 T cells. Representative data of three independent
experiments, n =3-4 mice per time point. Bars, mean + SD. f Cytokine production
and T cell polyfunctionality visualized using SPICE plots. c-e Statistical significance
was analyzed by one-way ANOVA with Bonferroni’s multiple comparison test.
Source data are provided as a Source Data file.
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CD4) TCRtg T cells into TCRa KO mice (C7>TCRa). C7 T cells con-
ferred long-term protection, but ultimately the mice succumbed with
an MST of 26 weeks, which is significantly reduced compared to B6
mice (Fig. 1b). The greater susceptibility of C7>TCRa mice was
accompanied by a progressive increase in lung bacterial burden
(Fig. 1c). We used this model to investigate why immunity failed.

An advantage of the C7>TCRa model is the large number of
antigen-specific T cells that can be assessed independently of their
function. Purified CD4 T cells from C7 mice contained variable num-
bers of non-transgenic naive CD4 T cells (see methods), so ESAT6-
specific CD4 T cells were identified using ESAT6/IA® (E6) tetramers or
anti-VP10 antibodies (Supplementary Fig. 1a). Cytokine production in
response to ESAT6 peptide stimulation was used as a measure of T cell
function. The frequency of C7 T cells producing IL-2, TNF, or IFNy
decreased over time, accompanied by a loss of polyfunctional T cells
and an increase of non-cytokine-producing T cells (Fig. 1d-f). Thus,
diminished function of ESATé-specific CD4 T cells correlates with
increasing bacillary burden.

To determine whether loss of function was associated with the
acquisition of co-inhibitory receptor expression, PD-1, TIM-3, LAG-3,
CTLA-4, and 2B4 expression was measured between 4- and 15-weeks
post-infection (wpi). PD-1 and TIM-3 were the most highly expressed,
and the number of co-inhibitory receptors expressed by C7 T cells
increased over time (Fig. 2a, b). The frequency of PD-1'TIM-3* C7 T cells
increased over time, a characteristic of terminally exhausted CD8
T cells (Fig. 2¢)”**. In parallel, C7 T cells resembling progenitor
exhausted CD8 T cells (Tpgx; i.e., TIM-3 TCF-1" or TIM-3 SLAMF6")
diminished while those resembling terminally exhausted CD8 T cells
(Trex; ie., TIM-3'TCF-1" or TIM-3'SLAMF6°) increased (Fig. 2d, e)**.
The percentage of TIM-3'TCF-1" C7 T cells expressing PD-1 was higher
compared to their TIM-3 TCF-1" counterpart (Fig. 2f). Consistent with a
terminally exhausted phenotype, PD-1 levels were significantly higher
on TIM-3'TCF-1" C7 T cells (Fig. 2g). Although the kinetics of the
expression of co-inhibitory receptors varied between experiments, we
always observed CD4 T cells expressing high levels of PD-1 and TIM-3
late during infection

We next asked whether there was a correlation between the
exhausted phenotype of C7 cells and progressive lung infection.
Analysis of all individuals from two independent experiments
encompassing multiple time points demonstrated a strong positive
correlation between the frequency of PD-1' C7 T cells and CFU (Fig. 2h,
left). As PD-1is also a marker of activated T cells, we next determined
the correlation between PD-1'TIM-3" (i.e., activated or Tpex) and PD-
1'TIM-3" (T1gx) C7 cells. There was no significant correlation between
the PD-1'TIM-3~ phenotype and lung CFU; in contrast, there was a
striking correlation with the PD-1'TIM-3" C7 phenotype, which was
largely independent of time point or experiment (Fig. 2h). While the
high number of C7 cells could create competition for antigen and APC
in this model, we suggest that this would have the opposite effect on T
cell exhaustion: namely, that less TCR stimulation would preserve
function. These data suggest that the emergence of CD4 T cell
exhaustion late during infection could contribute to recrudescence
and disease. However, the causal relationship remains to be estab-
lished. Development of T cell exhaustion could result in loss of Mtb
control, or alternatively, an increase in bacillary burden and antigen
load could result in T cell exhaustion. Nevertheless, these data show
that the development of terminally exhausted CD4 T cells correlates
with ongoing bacterial replication and disease progression in
this model.

Exhaustion contributes to CD4 T cell dysfunction in an adoptive
transfer model

Based on the co-expression of PD-1 and TIM-3 by a large fraction of C7
CD4 T cells during the chronic phase of infection in this model, which
resemble CD8 Tygx cells, we hypothesized that C7 CD4 T cells were

becoming exhausted™". To test this possibility, lung parenchymal CD4
T cells from C7>TCRa mice were sorted (Supplementary Fig. 1b),
transcriptionally profiled at 4 and 25 wpi by RNAseq and compared to
splenic CD4 T cells from uninfected C7 TCRtg mice (Fig. 3a).

At 4 wpi, CD4 T cells from C7>TCRa mice were mostly PD-1 TIM-
3" (Double Negative, DN; Group B) or PD-1'TIM-3" (Single Positive; SP;
Group C). Compared to CD4 T cells from uninfected C7 mice, 3777 and
4268 genes, respectively, were upregulated (log,FC>1, FDR < 0.05)
(Supplementary Data 1). Jun and Fos were among the most highly
induced genes, and Gene Set Enrichment Analysis (GSEA) identified
gene signatures associated with T cell activation in both Group B and C
C7 CD4 T cells. Only 62 differentially expressed genes (DEGs) were
identified between Group B and C cells (Supplementary Data 2).
Among these genes were /l17a, [17f, I21, and Tox2, suggesting that the
PD1" C7 CD4 T cells contains Th17- and Tfh-like cells. The EF2 targets,
G2M checkpoint, and IL-2/STATS5 signaling Hallmark Pathways were
enriched among Group C cells, indicating that PD1* C7 CD4 T cells
undergo greater proliferation and activation than Group B
cells (Fig. 3b).

By 25 wpi, nearly all C7 CD4 T cells were PD1"TIM3" (Group D) or
PD-1"TIM-3* (Double Positive; DP; Group E) (Fig. 3a). Most Hallmark
pathways that were significantly enriched were identified both in
group D and E when compared to group C (Figs. 3¢, Supplementary
Data 3, 4). The only Hallmark pathways upregulated in group C were
“E2F targets,” “G2M checkpoints” and “Myc targets v1,” consistent with
the greater proliferative activity of CD4 T cells during the early phase
of Mtb infection (Fig. 3d). The sharing of upregulated pathways by
Group D and E suggests that the difference in the duration of infection
(i.e., 4 vs 25 wpi) was more important in determining the transcrip-
tional program of the cells than their expression of co-inhibitory
receptors (i.e., PDI"TIM3" vs. PD-1""TIM-3"). Highly enriched signaling
pathways in groups D and E included those induced by T cell cytokines
(IL-2, IFNy), inflammatory cytokines (IL-6, TNF, IFNx), and anti-
inflammatory cytokines (TGFp). Lipid and other metabolic pathways
were also detected (fatty acid metabolism, cholesterol homeostasis,
glycolysis). Genes from pathways associated with cellular stress were
enriched in C7 CD4 T cells from 25 wpi including “apoptosis,”
“hypoxia,” “ROS pathway,” “UPR,” and “UV response up,” which often
indicate cell stress and DNA damage. The upregulation of these path-
ways could be driven by the infection and might contribute to T cell
dysfunction.

Compared to Group C (4 wpi), 463 genes in Group D and 489
genes in Group E significantly changed expression, and 80% of these
were upregulated at 25 wpi (Supplementary Data 5, 6). Ccr4, Ccré, Il17f,
ll17re, and 1123r, were expressed more at 4 wpi, suggesting that Th17
responses diminished during chronic infection. The expression of
negative regulators and co-inhibitory receptors by Group D and E C7
CD4 T cells (PDI"TIM3™ and PDIMTIM3", respectively) were increased
(e.g., Ctla4, Entpd1, Foxp3, Lag3, Nfil3, Pdcdl, and Tigit) (Fig. 3e, Sup-
plementary Data 5, 6). Tox and Tox2, and Nr4al, Nr4a2, and Nr4a3, are
important transcriptional regulators of CD8 T cell exhaustion and were
increased among Group D and E C7 CD4 T cells. Among the Group E
CD4 T cells, we noted increased expression of genes associated with
CD4 T cell exhaustion (e.g., Prdmi, ll10, II21)* and terminal differ-
entiation (Klrgl and Tbx2I). Thus, both 25 wpi CD4 T cell populations
had features resembling exhausted CD8 T cells observed in tumors and
chronic viral infection**>,

Only 108 genes differed between 25wpi PDI"TIM3" and 25wpi
PDI"TIM3' CD4 T cells (Fig. 3e, Supplementary Data 7). Like the 4 vs. 25
wpi comparison, Group E CD4 T cells not only expressed higher levels
of genes associated with exhaustion (Havcr2, Entpdl, Lag3, I10) but
also soluble mediators (Ifng, Ccl3, Ccl4, Ccl5) and genes associated with
a cytolytic phenotype (Gzmb, Nkg7, Prfl). In contrast, Group D CD4
T cells expressed higher levels of Slamfé and Tcf7, indicating a simi-
larity to CD8 Tpgx cells. We conclude that in the C7>TCRa model, C7
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CD4 T cells acquire a transcriptional signature during the chronic
phase of infection that resembles exhausted CD8 T cells.

Senescence signature among CD4 T cells during chronic
infection

Three Hallmark pathways that were significantly enriched during
chronic infection (i.e., expressed in Group D and E, compared to Group

C C7 CD4 T cells) were the “p53 pathway,” “Hypoxia,” and “Interferon
alpha response” gene sets (Figs. 3d, 4a). p53 is the best studied human
tumor suppressor gene and is the most frequently mutated gene
among human cancers. However, physiologically, the p53 pathway
orchestrates key responses, often in response to DNA damage, oxi-
dative damage, or metabolic stress, and generates a variety of cellular
responses including DNA repair, cell cycle arrest, apoptosis, and
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Fig. 2 | C7 T cells acquire an exhausted phenotype in the C7>TCR«a adoptive
transfer model. a Frequencies of CD4* ESAT-6 Tetramer” C7 T cells expressing PD-
1, TIM-3, Lag-3, CTLA-4, or 2B4. b Percentage of C7 T cells (from ‘a’) expressing 0-5
co-inhibitory receptors in the lungs of infected mice. ¢ Representative flow plots
and quantification of C7 T cells expressing PD-1and/or TIM-3. d Representative flow
plots of C7 T cells expressing TCF-1, SLAMF6, or PD-1, and TIM-3, at 4 and 21 wpi. e
Frequencies of C7 T cells expressing TCF-1, SLAMF6, or TIM-3. f, g PD-1 median
fluorescence intensity (MFI) of TCF-1'TIM-3" and TCF-1TIM-3* C7 T cells (f) and the
percentage of TCF-1'TIM-3" and TCF-1TIM-3* C7 T cells expressing PD-1 (). h
Correlation of lung CFU with percentage of PD-1*, PD-1'TIM-3, or PD-1'TIM-3* C7

T cells. Independent experiments, each with two or three timepoints are indicated
by different colors. Representative data of two (a, b) or more than three (c-g)
independent experiments. h Cumulative data from 2 independent experiments.
a-cn=3,3,and 4/group at 4, 8, 15 wpi, respectively. d-fn=5/group. g n=4, 4, and
3/group at 4, 17, 24 wpi, respectively. Data represent mean + SEM. Statistical sig-
nificance was analyzed by two-way ANOVA (e-g) with Bonferroni’s (a), Tukey’s

(c, e), Fisher’s LSD multiple comparison test, or one-way ANOVA with Tukey’s
multiple comparison test (b). Pearson correlation (two-tailed) was calculated using
data from three independent experiments consisting of 36 individual mice (h).
Source data are provided as a Source Data file.

senescence”. Activation of the p53 pathway has recently been linked
to T cell senescence”*, Both Type I IFN and hypoxia can also lead to
cellular senescence (Fig. 4a)*°>'.

We hypothesized that transcriptional pathways in response to cell
stressors (UV damage, hypoxia, apoptosis, UPR, ROS pathway) could
be mechanistically linked by activating the p53 pathway. Therefore, we
considered whether the Hallmark pathways of “protein secretion,”
“Mtorcl” and “PI3K/AKT3/mTOR” signaling, cytokine signaling (IFNy,
IFNa, TNF, TGFp, IL-6) during chronic infection could indicate CD4 T
cell senescence (Fig. 3d). Analysis using a compendium of “Senes-
cence” signatures (Supplementary Data 8) revealed significant
enrichment of the ‘Saul Sen Mayo’ and ‘Fridman Senescence Up’, and
other gene sets®, which indicate that a program of cell senescence is
active late during infection (Fig. 4b). Group D and E cells differed with
respect to transcriptional programs associated with senescence. Sev-
eral senescent gene sets were significantly enriched in Group D
(PDI"TIM3") but not Group E (PDI"TIM3*) C7 CD4 T cells (Fig. 4c). Also,
PD-1 and TIGIT are associated with senescence and aging®?*. The
genes encoding p53 and p16 were frequently shared in a leading-edge
analysis. Thus, while chronic infection leads to changes consistent with
senescence and exhaustion in C7 CD4 T cells, PDI"TIM3™ C7 cells
(Group D) are more typical of senescent T cells while PDI"TIM3" C7
cells (Group D) represent exhausted T cells.

Few lung-resident CD4 T cells express multiple effector function
during chronic infection

Given the surprising heterogeneity of CD4 T cell responses, especially
regarding the detection of both effector and dysfunctional features,
we next assessed whether the apparent heterogeneity could be
resolved using scRNAseq to analyze polyclonal CD4 T cell responses.
We investigated whether CD4 T cells become dysfunctional during
chronic Mtb infection by comparing CD4 T cells from the lungs of B6
mice early (4 - 6 wpi) vs. late (39 - 50 wpi) after Mtb infection.
CD4'CD44 T cells expressed little PD-1 or TIM-3, consistent with these
cells being naive (Fig. 5a). Early after infection, most CD44'E6tet” CD4
T cells (antigen-experienced excluding ESAT-6-specific) expressed PD-
1and a smaller population also expressed TIM-3. More ESAT-6 specific
CD4 T cells (i.e., CD44'E6tet”) expressed both PD-1 and TIM-3. In
contrast, nearly all CD4 T cells expressed PD-1 during chronic infec-
tion. Importantly, the ESAT6-specific CD4 T cells were predominantly
PD-1"TIM-3" late during chronic infection (Fig. 5a). Thus, CD4 T cells in
chronically infected mice express both PD-1 and TIM-3, a phenotype
associated with CD8 Trgx cells™.

We next assessed the function of CD4 T cells during chronic
infection. Significantly fewer cells proliferated compared to early
timepoints (Fig. 5b). Late during infection, fewer CD4 T cells produced
IFNy and TNF after ESAT6 stimulation, and polyfunctionality was lost
over time (Fig. 5c). Importantly, the frequency of ESAT-6 specific CD4
T cells was similar at both timepoints post-infection; thus, differences
were not due to altered numbers of ESAT6-specific CD4 T cells
(Fig. 5d). These data show that activated CD4 T cells develop a dys-
functional T cell phenotype during chronic infection.

To characterize CD4 T cell heterogeneity during chronic infec-
tion, CD3'TCRB'IV™*® parenchymal lung T cells were flow sorted from
Mtb-infected mice 6 (n =2) and 41 (n = 2) wpi for analysis by scRNAseq
and TCRseq (Supplementary Fig. 2a). After sequencing and quality
control, 2838 (6 wpi) and 4723 (41 wpi) CD4 T cells were available for
analysis. Cell clustering based on gene expression (excluding TCR
genes) identified 13 clusters (Fig. 5e). Only the proportion of Cluster O
and Cluster 4 differed between 6 and 41 wpi (Fig. 5f, Supplementary
Fig. 2b). The CD4 clusters were annotated using transcriptional sig-
natures and key canonical genes (Fig. 5g, h; Supplementary Fig. 2c,
Supplementary Table 1, Supplementary Data 9). Clusters 7-12
accounted for 13% of the CD4 cells. Cluster 7 were Tregs (Foxp3, Ctla4,
1lra, Ikzf2). Cluster 8 and 11 were proliferating cells (Mki67 and Top2a
in G2/M or G1/S cell cycle phase, respectively). Cluster 9 expressed
high levels of Kirdl, Kirgl, Tbx21 (T-bet) and Cx3crl, indicating that
these were terminally differentiated CD4 T cells. Cluster 10 expressed a
type I IFN signature (/sg15, Bst2, Ifitl, Ifit2 and Ifit3). Cluster 12 were Th17
cells (Ccr4, Ccre, 1l17re, Rorc, Agp3).

Six clusters, including the four largest clusters (0, 1, 2, 3), all
expressed Cxcr3, Cxcr6, Id2, Nkg7, Ccl5 and Ifng, suggesting that they
were different forms of Thl cells (Fig. 5e). We used FindMarkers to
compare Clusters 0, 1, 2, 3, 5 and 6, to naive-like CD4 T cells (Cluster
4; Ccr7, Sell, Lefl) (Supplementary Data 9). Cluster 6 cells expressed
high levels of Cci3, Ccl4, Gzmb and Eomes; some cells expressed Pfnl.
As Eomes promotes a cytotoxic program in human CD4 T cells,
Cluster 6 could be cytotoxic CD4 T cells***. Clusters 0, 1, and 3 were
difficult to annotate. Cluster O resembled Thl cells (Cxcr3, Cxcré, Id2,
Nkg7, Ccl5, Ifng) and Cluster 1 expressed genes indicative of tissue
residency (ltgal, Jaml, CD226)***. Finally, upregulated genes in
Cluster 3 included Tcf7, Il7r, 12rb, Ly6a, Cxcr3, Slprl, and KIf2 sug-
gesting these are Tscm®. Ifng transcript was detected in Clusters 0, 1,
2,3, 5 and 6, but Clusters 2 and 5 expressed considerably more /fng
than the other clusters. Cluster 5 cells expressed multiple effector
genes required for protection including Tnf, 121, Lta, and Tnfsf8
(Fig. Sh; Supplementary Data 9)"**°*, CD4 T cells belonging to
Cluster 5 are the key polyfunctional effector CD4 T cells in the lungs
of infected mice. Cluster 2, which is adjacent to Cluster 5, also
expressed Ifng, Tnf, 1121, and Tnfsf8, but lower amounts (Fig. 5h). In
chronically infected B6 mice, many parenchymal CD4 T cells had a
PD-1'TIM-3'TCF7  phenotype based on flow cytometry, which is
typical of CD8 Tygx cells™. However, this cell surface phenotype
poorly correlated with the transcriptional signature apart from
Cluster 2, which we believe are exhausted. Notably, when the DEGs
from the C7 RNAseq were used as a gene signature to probe the
B6 scRNAseq dataset, the genes upregulated in Group D and E (vs.
Group C, Fig. 3e) were most highly expressed by Cluster 2 and 5. The
DEGs upregulated by Group E (vs. Group D) were specifically
expressed by Cluster 2, indicating that these polyclonal CD4 T cells
resemble exhausted T cells (Supplementary Fig. 2d).

Finally, polyclonal CD4 T cells in chronically infected B6 mice
also expressed p53, senescence, and hypoxia signatures, particularly
within Clusters O, 1, 2, and 5 (Supplementary Figs. 3a-d). Thus, it
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Fig. 3 | Exhaustion contributes to CD4 T cell dysfunction in the adoptive
transfer model. a Flow plots and schematic of sorted cell populations at 4 and 25
wpi used for RNAseq analysis. The color of the cells visually represents the different
cell populations in (b-e). b GSEA results of mouse-ortholog Hallmark pathways
significantly enriched among Group B or Group C C7 T cells. ¢ Venn diagram
representing the overlap of Hallmark pathways significantly enriched in Groups D

or E compared to Group C. d GSEA Hallmark pathways significantly enriched among
Group D or Group E compared to Group C. e Scatter plots of DEGs ( | log,FC | >1and
Padj < 0.05) between indicated groups. NES, Normalized Enrichment Score; False
Discovery Rate (FDR), < 0.05 for all pathways shown. For each cell population
analyzed, there were 4 (Groups B, C) or 5 (Groups D, E) biological replicates. Source
data are provided as a Source Data file.

appears that Cluster 5, which is only 3-4% of the CD4 T cells, are the
true polyfunctional effectors that express the highest levels of IFNy,
IL-21, and TNF (Fig. 51). In contrast, the majority of other Thl cells
appear to be hypofunctional, especially with respect to cytokine
production.

Early and late CD4 T cell responses express distinct gene
signatures

We identified statistically significant DEGs that were upregulated at 6
or 41 wpi using Seurat FindMarkers (Supplementary Data 10). PAN-
THER was used to determine molecular pathways that were statistically
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over-represented in the input list compared with randomly selected
genes*”. Annotated pathways including “T cell activation (P00053),”
“JAK/STAT signaling (P00038)”, “Hypoxia response via HIF activation
(P00030),” and “Inflammation mediated by chemokine and cytokine
signaling (P0O0031),” were predicted to be upregulated at 6 wpi. No
pathways of immunological relevance were significantly upregulated
at 41 wpi. Next, genes that were upregulated at 6 or 41 wpi in each
cluster were used to query the Reactome database (Supplementary
Data 11). We focused on Clusters 0, 1, 2, 3, and 5, since they were of
greatest interest. These five clusters were enriched for TCR signaling
and CD28 costimulation pathways (except Cluster 3) at 6 wpi (Sup-
plementary Table 2). Clusters O, 2, and 5 appeared most activated
based the identification of multiple signaling pathways including those
for interferon, IL-2, and IL-21 signaling (Supplementary Table 2, Sup-
plementary Data 11). At 41 wpi, only Clusters 2 and 3 were enriched for

TCR signaling and none of the clusters were enriched for cytokine
signaling pathways.

Regulatory pathways including CTLA4 signaling and signaling by
the IL-27 and TGFp inhibitory cytokines were enriched at 6 wpi but
not 41 wpi. TGF signaling was confirmed by applying a TGFf sig-
naling signature to the UMAP projection (Fig. 6a). Genes induced by
TGFp were upregulated in several clusters at 6 wpi, but by 41 wpi, the
signature was prominently expressed only by CD4 T cells in Cluster 1.
Consistent with these data, Tgfbr2 was more highly expressed at 6
wpi than 41 wpi (Fig. 6b). Interestingly, genes in the “Downregulation
of TGFB receptor signaling (R-MMU-2173788),” pathway were also
significantly overrepresented at 6 wpi, suggesting that TGFf3 recep-
tor signaling was being actively regulated early but not late during
the immune response to Mtb. Pathways pertaining to Notch and
Runx signaling, which can synergize with other transcription factors
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to promote T cell activation and Thl differentiation, were enriched in
several clusters at 6 wpi but not 41 wpi (Supplementary Data 11).
Genes upregulated in several clusters at 6 wpi, and to a more limited
degree at 41 wpi, were enriched in pathways pertaining to cell stress
and injury including senescence, apoptosis and necrosis, and
Supplementary Data 11).

hypoxia (Supplementary Table 1,

—_—
01234567809101112
Cluster

Differences in individual genes were detected between 6 and 41 wpi.
Various combinations of Ifng, Ccl5, Tnfsf8, Gzmk, Nkg7, and Il7r were
significantly increased in Clusters O, 1, 2, and 5 at 41 wpi (Fig. 6c,
Supplementary Data 10). We speculate that the increased expression
of these genes at 41 wpi could reflect an alteration of the regulatory
environment of the Mtb lesion, or a consequence of greater antigen
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Fig. 5| Few lung-resident CD4 T cells express multiple effector function during
chronic infection. a-d Data is from 24 mice in 3 experiments infected for 4-6
(early) or 39-50 (late) weeks. Box plots indicate median (middle line), 25th, 75th
percentile (box) and minimum and maximum (whiskers). Eétet’, Esat-6 tetramer”. a
Percentage of total CD4 T cells (left) or E6tet” CD4 T cells (right) that express both
PD-1 and TIM-3 during chronic infection. b Percentage of EQU* CD4'CD44" T cells
early (4-6 wpi) or late (39-50 wpi) after infection. ¢ Percentage of CD4°CD44"*

T cells producing IL-2, IFNy, or TNF, after stimulation with ESAT6,.5 (E6-stim). d
Percentage of ESAT6-tetramer” (E6tet’) CD4°CD44" T cells among total CD4 T cells,
early or late after infection. a, b, d two tailed t-test; (c) two-way ANOVA with Bon-
ferroni’s multiple comparisons test. e-i Total lung parenchymal T cells were sorted

and analyzed by scRNAseq. e UMAP projection of CD4 T cells clustered based on
scRNAseq analysis and cluster designations. Outlined clusters all have a Thl core
signature. f Distribution of CD4 T cells among the different clusters, normalized by
the total number of CD4 T cells from each subject (n=2). Data are presented as
mean values + SD. Statistical testing was performed using a two-way ANOVA with
Sidak’s multiple comparisons test. g Dot plot of differentially expressed genes. h
Dot plot of genes associated with effector functions or co-inhibitory receptors. i
UMAP projections overlapped with expression of Ifng and /[21. p-values: *, p < 0.05;
**** p <0.0001; ns, no significant difference. Source data are provided as a Source
Data file.

load. Increased expression of these effectors could drive more
inflammation or even be a sign of CD4 T cell dysfunction.

Large clonal expansions of activated CD4 T cells are maintained
during chronic infection

TCR analysis was used to identify CD4 T cells responding to Mtb since
clonal expansion following activation is a cardinal feature of antigen-
specific T cell responses. We identified 5573 paired TCRaf3; 2321 from 6
wpi and 3252 from 41 wpi. There were 1965 unique clonotypes based
on amino acid sequences, which were categorized by the size of the
expansion (Fig. 7a, b). The majority of TCRs in all clusters belonged to
highly expanded clonotypes (i.e., >5), except for Clusters 3, 4, 7, and
12. In Cluster 4, 99% of the TCR clonotypes were singletons, consistent
with their annotation as naive CD4 T cells. The 10 most abundant
clonotypes accounted for 21% of CD4 T cells. We assessed the top 10
clonotypes for each subject (Fig. 7c). More than 75% of these highly
expanded clonotypes had a THl, Trv-like, Tr-like, or Terr phenotype
(i.e. clusters 0, 1, 2, 5, respectively) and were largely absent from the
naive, Trec and TH17 clusters. Overall, the Tul, Trv-like, and Tru-like
clusters were dominated by highly expanded clonotypes (i.e., con-
taining > 20 cells), which accounted for 47-63% of the TCRs in these
clusters. As a control for antigen-specificity, C7 CD4 T cells from
uninfected mice were transferred into each B6 mouse one day before
their infection. The C7 cells were identified based on their CDR3[
sequence (Supplementary Data 12)*. Like endogenous CD4 T cells,
most C7 cells were in the Tul, Trm-like, Tru-like, or Terr clusters (Sup-
plementary Data 12). These data show that while public TCRs for Mtb
antigens exist and convergent recombination occurs, most clonal
expansions were derived from a single CD4 T cell. Importantly, the
detection of Mtb-specific CD4 T cells from the same clonotype among
different transcriptional clusters implies that their differentiation and
activation is influenced by extrinsic factors in microenvironments of
the infected lung. These data show that Mtb infection is driving CD4 T
cell responses in these clusters.

Many of the highly expanded clonotypes were distributed among
several clusters (Fig. 2e). To quantify the degree of TCR sharing, we
calculated the Jaccard Similarity Index between each cluster pair. Sig-
nificant sharing was detected between Clusters 0, 1, 2, and 5 (Fig. 7f).
The greatest amount of TCR sharing was between Cluster 2 and 5,
which were adjacent to each other on the UMAP projection and shared
some transcriptional characteristics (Fig. 5). Sharing of unique clono-
types for Cluster 2 and Cluster 5 was 38.3% and 50.8%, respectively
(Fig. 7g). Cluster 5 had the greatest expression of genes associated with
CD4 effector function. Finding that Cluster O, 1, and 2 CD4 T cells,
while highly related by TCR clonotype and parenchymal location to
Cluster 5 Terr cells, did not express any effector T cell transcriptional
program, suggests these cells were hypofunctional or possibly
paralyzed**.

TCR affinity affects the development of exhaustion

As TCR affinity and signaling strength affect T cell differentiation***%,
we hypothesized that TCR affinity would also influence the develop-
ment of T cell dysfunction. C24 TCRtg mice express a TCR that also

recognizes ESAT6,.1; as do C7 cells, but with higher affinity*. C7 and
C24 were transferred at a 1:1 ratio into TCRa KO mice and assessed at 4
and 34 wpi (Supplementary 1c). Early post-infection, no consistent
phenotypic differences were observed between the two T cell clono-
types. At 34 wpi, the number of C7 and C24 cells was similar (Sup-
plementary Fig. 1d). However, more C7 T cells resembled progenitor
exhausted CD8" T cells (i.e., TCF-1'TIM-37), and more C24 T cells
resembled terminally exhausted CD8" T cells (i.e., PD-1'TIM-3")
(Fig. 8a). C24 cells expressed more T-bet (Fig. 8b), and more produced
IFNy (Fig. 8c¢), indicating a more terminally differentiated phenotype.
There were no differences in IL-2 or TNF production (Fig. 8c).

We next performed scRNAseq of co-transferred of C7 and C24
cells at 24 wpi. We identified 1,181 C7 and C24 cells based on their
CDR3p sequences, which were clustered into 9 populations (Fig. 8d,
Supplementary Data 13). Clusters 2, 4, and 8 were predominantly C24 T
cells; Clusters 0, 1, 3, 5, and 7 were predominantly C7 T cells; and
Cluster 6 was mixed (Fig. 8e, f). Clusters 0 and 3 were Th17 cells (Rorc,
Ccre6), although only Cluster O expressed /l17a (Fig. 8g). Cluster 1 had a
memory phenotype (/l7r, Tcf7, KIf2); Cluster 5 had a cytotoxic signature
(Gzmb, Prfl); Cluster 7 were Tregs (Foxp3); and Cluster 8 were pro-
liferating cells (Mki67). Clusters 2, 4, and 6 contained Thx21 expressing
cells, but only Clusters 2 and 4 significantly expressed /fng. Cluster 4
also expressed /21. These results align with more IFNy production by
C24 cells. The reduced effector capacity of Cluster 2 in the context of
low /[7r and high Hifla suggests chronic stimulation®® or hypoxia®
These two clusters are reminiscent of Clusters 2 and 5 in B6 mice. In
that analysis, Cluster 5 were highly functional effector CD4 T cells, and
Cluster 2 consisted of CD4 T cells that had lost expression of some, but
not all, effector genes (Fig. 5). The identity of Cluster 6, which mostly
consisted of C7 T cells, was ambiguous. These cells expressed high
levels of genes associated with CD8 T cell exhaustion (Nr4al, Nr4a3,
Egr2), suggesting Cluster 6 contained exhausted T cells****.

Our findings align with studies showing that high affinity TCR
clones skew towards a Thl phenotype®, establishing that TCR signal-
ing strength contributes to the varied differentiation states of the
T cells. The higher affinity C24 T cells express Ifng and /21 and skew
towards a Thl phenotype. The lower affinity C7 T cells skew towards a
Th17 phenotype and are more dysfunctional. However, another factor
to consider is that higher affinity T cells can outcompete the lower
affinity T cells for antigen, raising the possibility that antigen avail-
ability in this model can modulate T cell phenotype. Finding that the
two clones clustered separately, independently of TCR gene expres-
sion, demonstrates that TCR affinity influences T cell differentiation
and function during chronic Mtb infection.

Discussion

Following low-dose aerosol infection of B6 mice with virulent Mtb, the
bacilli replicate for two to three weeks until T cells are recruited to the
lung, which abrogates Mtb exponential growth and initiates the pla-
teau phase of infection®. In B6 mice, which are resistant to Mtb, the
plateau phase can last for up to a year, during which time the mice
appear healthy. During the terminal phase of infection, B6 mice lose
weight for two to three weeks, and then expire. Why, after maintaining
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Nature Communications | (2025)16:2636 10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57819-1

a y b 500+
10 K Il Single (X=1)
4 400 B Small (1<X<5)
3 B Medium (5 < X = 20)
~ 5 o 300+ 1 Large (20 < X < 100)
I ©«
o [ Great (100 < X)
< 0 200
= O
5 =
AT,
e
i II Il I ET i ——
-5 1497 1188 705 536 455 226 184 179 157 150 123 99 74
T T T T T T T T T
-5 0 5 10 0 1 2 3 4 5 6 7 8 9 10 1M 12
c UMAP_1 Cluster
10 . 109
n&: 6 wpi (A) nm? 6 wpi (B
CGARAGVPGOLYF CASSQDSTGQLYF
O CGARGTGVERLFF O CGARPTGENTLYF
= CASSLQGAGGNTLYF — CASGETETLYF
[ CASSRQGAGEQYF =
g5 | SiNewte 55 ChSicccom e
= CASSPGOEYAEQFF ha CASSLDLGGSAETLYF
o CASSGWTIGRNTGQLYF ‘g CASST.GLGAYEQYF
= I CASSTQGAGGNTLYF - SR CCAE oLy F
= === CASSQDGDKINQAPLF & . ] CASSETDRE%AE FF
0 - - CAWSPDWDSQNTLYF 0 =— E=E c;.\ssRQGAGEQYEQ
— T I
o 15 41 wpi (A) = 201 41 wpi (B)
o CASSHGTVEQYF o CASAPGTTNTEVEF
(F) CASSLDERLFF |C_> 15 CGARGTGVERLEF
) CAWSLGTISNERLFF CASGEDGQGEQYF
S CASSFRIGGDIQYF T 40| CASSRGGAETLYF
. S s g
G 5 CASSLNREG%F G 5. I CASSQGGREDTQYF
< Bl B meee |0 =) EE Lo
0 - = ==== CASSQORISNERLEFF 0- = Em ==E_--= CASSQAGQYSGNTLYF
01234567 89101112 01234567 89101112
Cluster Cluster
d3 P
® 2
3 504 . Overlap values
5 50 W 6 wpi (A 3 P
‘S B 6 wpi (B 0.20
401 wpi { 4
& 41 wpi (C -0.15
@ 304 M 41 wpi (D 5 . 7 -0.10
Q = 0.05
> Q6 0.00
2 204 3
s}
c 27
g 101 (@) 8
e ol d. b e .. . o
8- T T T T T T T T T T T T T
s 001 2 3 4 5 6 7 8 9 10 1 12 10
Cluster 11
12

Fig. 7 | Large clonal expansions of activated CD4 T cells accumulate in Clusters
0, 1, and 2, and are maintained during chronic infection. a A UMAP projection
colored by the size of the TCR clonotype expansions. b Distribution of TCR count
and clonotype size in each CD4 cluster. The number of total TCRs is listed above

each cluster designation. ¢ For each subject analyzed by TCRseq, the distribution of
the 10 most abundant CDR3f3 among the 13 clusters is shown. d For each subject,

1.2 3 4 5
Cluster

Cluster 2
uster Cluster 5

57

38.3%

50.8%

the percentage of the total TCRs in each cluster accounted for by the top 10 TCR
clonotypes. e A chord diagram of shared TCRs between clusters for Mouse 1 (46
wpi, A). f The overlap of TCR clonotypes between clusters based on the Jaccard
Similarity Index. g Sharing of clonotypes between Clusters 2 and 5 determined by
Venn analysis™.

Nature Communications | (2025)16:2636

n


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57819-1

0.2364 0.0011
a 809 — — 601 0.9932 <0.0001 b 80007 (4591  <0.0001
b § 60- b E{) 6000-
= 5 = 5 40 =
e e 2
T O 401 <O 8 40004
OB ol 2
e 25 5 \
> 5 205 R 2000- ~C
- C24
0 T T 0 T T 0 T T
Week 4  Week 34 Week 4 Week 34 Week 4  Week 34
C 100+ 10071 09234  0.9949 100+
04339  0.4233 = — 0.2205  0.0039
T 80 T 80 @ T 80
() N N
) &) O;g . &)
& 5 60 i 5 60 L5 60
& b2
25 =33 £5
RS 4 RS J RS i
g 4 =g 40 =g 40
5 S 0l & Ll - C7
- C24
0 T T 0 T T T T
Week 4  Week 34 Week 4  Week 34 Week4  Week 34
. e f_ s
integrated_snn_res.0.8 . ? ?‘17 TCR.tg g mc7
° mem
«2Th1 o 407 Wc24
4 3 Th17 e C7 o
N o« 4 TFH e C24 G 4.
& S5 THCTL =
s . 9 %mblguous =
o =
>0 « 8P ro?feratlng 8 20
‘5 104
[$)
-4 4 . -
w» X ]
3 3 0123456738
Cluster
Cd69 .
" o )
o l 3 I 3
'io - % 2
a2 ?
; . b, i,
Hifla . Tigit
%. 2.
Ry l 3 . XN . )
@ ’2:"’?& 2 Jal
R =S PN . 1
>3 N, N
- K T % 0

< 3 SR, 3
% 0 B 2 I".‘{a“ 2
-4 oy v g !
(4 ) " . 0 ' v “ °

——

-4 0 4 8

UMAP_1

Fig. 8 | TCR affinity affects T cell function and differentiation in the adoptive
transfer model of chronic Mtb infection. a-c C7 (black) and C24 (green) TCRtg
cells were co-transferred (1:1 ratio) into TCRa KO mice. Closed circles, females;

open circles, males. Parenchymal C7 and C24 cells were analyzed at 4 (n = 8) and 34
(n=6) wpi. a Percentage of C7 or C24 cells that expressed TCF-1'TIM-3 (left) or PD-
1'TIM-3" (right). b T-bet MFI. ¢ Percentage of C7 or C24 cells that produced of IL-2,
TNF, or IFNy after ESAT6 peptide stimulation in vitro. Data are representative of

two independent experiments. Statistical significance was analyzed by two-way
ANOVA. d-g scRNAseq was performed on parenchymal CD4 T cells after co-
transferred C7 and C24 cells, 24 wpi. d UMAP projection of C7 and C24 cells
clustered based on scRNAseq analysis. e Location of C7 and C24 cells in the UMAP
projection based on TCR sequence. f Proportions of C7 or C24 T cells within each
cluster. g Feature plots of genes of referred to in the text. Source data are provided
as a Source Data file.
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tetramer staining unreliable. Consequently, it difficult to ascertain
whether non-cytokine producing T cells lack specificity for the antigen
being tested, or whether they are dysfunctional. We call this the
denominator problem, as the number of T cells that can potentially
respond to antigen is unknown. Studies of CD8 T cell exhaustion
during chronic viral infection or cancer solve this problem by using
TCRtg or purified tetramer” CD8 T cells”*"*%, To study CD4 T cell
dysfunction during chronic Mtb infection, we established an adoptive
transfer model.

Transfer of C7 T cells into TCRa KO mice initially controls Mtb
growth, and C7 T cells differentiate into polyfunctional effectors. By 25
wpi, bacterial recrudescence occurs, and the mice die early compared
to B6 mice. At this time, C7 cytokine production diminishes compared
to 4 wpi, and two T cell populations become dominant: one expressing
high PD-1 (PD-1"TIM-3") levels and the other expressing PD-1 and TIM-3
(PD-1"TIM-3*), resembling CD8 Tpex and Trex cells, respectively™,
These C7 T cell populations express gene signatures associated with T
cell dysfunction and temporally associated with recrudescence.
Representative genes include inhibitory receptors (Lag3, Pdcdl, Tigit,
Ctla4), inhibitory cytokines (/[10), and Hifla, which are expressed by
exhausted CD4 T cells during chronic viral infection*. While the
overall loss of IL-2, TNF, and IFNy is consistent with exhaustion, high
levels of Ifng mMRNA persists in these cells, particularly in PD-1"TIM-3"
cells. This functional state has been described for exhausted CD8
T cells during cancer and chronic viral infections. Given the impor-
tance of IFNy in Mtb containment, it seems incongruous to label these
T cells as dysfunctional or exhausted, although terminally exhausted
CDS8 T cells maintain their production of IFNy”. However, IFNy pro-
duction correlates with bacterial load and too much IFNy can exacer-
bate lung disease®°. Thus, IFNy production by terminally exhausted
CD4 T cells could be symptomatic of an inability to suppress Mtb
replication. Instead of being beneficial, chronic IFNy production could
drive tissue inflammation. While diminished Thl cytokine production
could represent loss of function, it could also be a consequence of
skewing towards a Trh-like phenotype (detected as increased /21
expression) as reported during chronic viral infections®’.

In B6 mice with an intact immune system, parenchymal CD4
T cells have increased coinhibitory receptor expression, reduced
cytokine production and polyfunctionality, and decreased prolifera-
tion during chronic infection (i.e., > 40 wpi), all features of CD8 T cell
exhaustion. Given the heterogeneity of T cell responses, we used
scRNAseq to systematically analyze CD4 T cell function. After HN878
infection, Akter et al. described four CD4 T cell clusters (naive, Type |
IFN responders, activated 1, activated 2) at 7-15 wpi®’. Our data, gen-
erated with a different Mtb strain and time points, also revealed clus-
ters of cells with a naive and type I IFN signature, as well as 11 additional
CDA4 T cell clusters. Remarkably, even 6 wpi, polyfunctional CD4 T cells
were only a small fraction of the response. Four of the largest clusters
had a core Thl signature and extensively shared TCR clonotypes,
indicating a common antigen specificity. TCR sharing was most
extreme in Cluster 5: half of the TCR clonotypes in Cluster 5 were
found in Cluster 2, indicating that the dominant clonotypes in these
two distinct clusters share antigen specificity. While Cluster 5 CD4
T cells were polyfunctional, Cluster 2 CD4 T cells expressed lower
levels of genes associated with anti-mycobacterial function (i.e., Ifng,
Tnf, 121, and Tnfsf8) and higher levels of co-inhibitory genes (i.e.,
Entpd], Tigit, Lag3, and Havcr2). We infer that the recognition of Mtb-
infected macrophages by Cluster 5 cells leads to their activation but
ultimately these T cells become dysfunctional (i.e., exhausted) and
reprogramming of their transcriptome leads to a distinct population of
cells (i.e., Cluster 2). Particularly striking are the changes that occur in
Clusters 2 and 5 between 6 wpi and 41 wpi. At 6 wpi, Both Clusters 2 and
5 are polyfunctional and express Ifng, Tnf, and I21. By 41 wpi, only
Cluster 2 CD4 T cells have largely loss Tnf and /21 expression. Relative
to Cluster 2 and 5, Clusters 0 and 1 are hypofunctional with respect to

cytokine production, which could arise from lack of antigen
recognition®*® or inhibition by an inhibitory cytokine®”*°. TGFf,
which is made by macrophages in the lung®®’° and by Tregs (Cluster 7),
could suppress the function of cells in Cluster 0, 1, and 2, which
express TGFBR mRNA. Interestingly, TGFp signaling appears to be
most relevant early during infection (6 wpi) and Tgfbr2 expression is
significantly reduced at 41 wpi. While the origin of the observed
hypofunction in Cluster O and 1 is unknown, we speculate that it
represents an inadequate response to persistent Mtb infection.

Diminished T cell function is caused by exhaustion (coinhibitory
signals), anergy (deficient costimulation), senescence (blocked cell
division), and inhibitory signals (IL-10, TGF@). During chronic Mtb
infection, pathways of UPR, ROS, and UV responses are upregulated,
and these pathways can cause, or be symptomatic of, cellular stress,
which also leads to T cell dysfunction”. Pathways associated with
hypoxia, type I IFN signaling, and senescence are enriched in both PD-
1"TIM-3" and PD-1"TIM-3* C7 cells. Type 1 IFN is associated with active
TB in humans and is detrimental in murine TB”>"*. A type I IFN signature
raises the possibility that it contributes to T cell exhaustion, recru-
descence, and disease development”~". In chronically infected mice,
Hifla is upregulated in C7 cells. HIF-1a is a critical regulator of cellular
responses to changes in oxygen levels. Although HIF-1a is induced
following TCR signaling, its upregulation can indicate that C7 cells are
experiencing hypoxia’®’”®. Hypoxia is relevant to immune function as
human TB granulomas become severely hypoxic®*®. Clusters 2 and 5
also include the cells most highly associated with a hypoxia gene sig-
nature, raising the possibility that the co-inhibitory receptors are being
upregulated due to both metabolic stress and antigen stimulation.
Hifla expression and a hypoxia signature in association with impend-
ing recrudescence could indicate that metabolic stress affects CD4 T
cell function. Indeed, the combination of hypoxia and chronic TCR
stimulation synergistically causes CD8 T cell exhaustion in a tumor
model’. Type I IFN and metabolic stress induce cellular senescence, a
state of cell cycle arrest caused by the cell cycle regulators p16, p21,
and p53'. Originally described in fibroblasts®?, senescence also occurs
in human T cells and results in altered function associated with sus-
ceptibility to viral infections and tumors™. Senescent cells that develop
a senescence-associated secretory phenotype (SASP) produce pro-
inflammatory cytokines (IL-2, IL-6, IL-8, IFNy, and TNF) and anti-
inflammatory cytokines (IL-10 and TGF-f)'. Senescence signatures
were significantly enriched in PD-1"TIM-3~ C7 cells, which could
explain their reduced proliferation. Senescence should be considered
as an alternate cause of T cell dysfunction during chronic TB.

In considering the factors that might affect T cell function, we
investigated TCR affinity. After co-transfer of C7 and C24 cells, the
higher affinity C24 cells resembled CD8 Trgx, with a PD-1'TIM-3" phe-
notype and maintained the potential to produce IFNy. In contrast, the
lower affinity C7 cells resembled Tpex (TIM-3"TCF-1%), and fewer cells
could make IFNy after stimulation. Interestingly, C24 and C7 cells both
acquired a Thl and Thi7 signature, respectively. The divergence of
phenotypes between the two clones was unexpected as individual T
cell clones have the potential to differentiate into multiple effector cell
types*“. We infer that higher affinity T cells might protect lower affinity
clones from undergoing terminal differentiation and becoming term-
inally exhausted. The heterogeneity of the lung environment (i.e.
antigen abundance) coupled with the polyclonal nature of T cell
responses (i.e., TCR affinity) affects T cell differentiation and lead to
varied T cell responses.

Our study provides crucial insights into the activation states of
lung parenchymal CD4 T cells during TB and yields important findings
that advance our understanding of CD4 T cell function and dysfunc-
tion during chronic bacterial infection. These include: (1) the loss of
CD4 polyfunctionality during chronic Mtb infection is associated with
higher lung CFU; (2) CD4 T cells that phenotypically resemble
exhausted CD8 T cells are detected as early as 6 wpi and their increased
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frequency later during infection correlates with increased lung CFU;
(3) cellular stress including hypoxia, type I IFN signaling, and senes-
cence likely contribute to CD4 T cell dysfunction as manifested by
senescence and exhaustion; and (4) polyclonal T cell responses appear
to prevent the development of CD4 T cell dysfunction. There are
several caveats to consider. First, the C7>TCRa model is a reductionist
approach and not all findings from this model were observed in C57BL/
6 mice. Second, following aerosol Mtb infection, there is substantial
variability in the onset of morbidity. Late time points were chosen
based on when similar cohorts began to manifest disease. However,
the mice evaluated in these studies were not obviously ill for logistical
reasons, leading to uncertainty in the clinical state of the individuals
analyzed. Third, we emphasized the parallels between dysfunctional
CD4 T cells and exhausted CD8 T cells as there were striking simila-
rities. However, the profile of dysfunctional Mtb-specific CD4 T cells
does not fully align with standard definitions of exhausted CD8 T cells
during cancer and chronic viral infection. The differences which we
observe are potentially important as the definition of CD4 T cell
exhaustion is still in flux?***%*, Finally, it is unknown whether CD4 T cell
exhaustion impairs Mtb control. We previously showed that TIM-3
blockade enhances Mtb control’; however, whether this is mediated
by CD4 T cells remains to be established. Conversely, genetic deletion
of PD-1 or PD-L1 leads premature death in mice, driven largely by pro-
inflammatory CD4 T cells®. Similarly, anti-PD-1 mAb treatment of
rhesus macaques exacerbates TB*. These studies suggest that PD-1
acts as a rheostat® that modulates T cell responses and prevents tissue
destruction®.

We propose a model in which increasing bacterial numbers lead
to more antigen production and further TCR signaling. Together with
cell extrinsic factors (e.g., hypoxia, type I IFN), chronic T cell acti-
vation causes T cell dysfunction and diminished ability to contain the
infection. This permits more bacterial replication, and the cycle is
repeated. While we are unable to determine the direction of caus-
ality, this feed-forward loop would result in recrudescence and dis-
ease. Alternatively, if we assume that exhaustion is a protective
mechanism against the development of immunopathology,
increased TCR signaling could overwhelm the ability of the PD-1 to
moderate T cell activation, leading to increased inflammation. If, as
observed during PD-1 blockade this results in increased Mtb
burden®*¢, this could also result in a feed-forward loop. Further
study is needed to ascertain whether reversing the effects of senes-
cence or metabolic stress could protect immune responses without
the potential complications of checkpoint blockade®®®,

Methods

Ethics

Studies were conducted using the relevant guidelines and regulations
and approved by the Institutional Animal Care and Use Committee at
the University of Massachusetts Chan Medical School (UMMS) (Animal
Welfare A3306-01), using the recommendations from the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health
and the Office of Laboratory Animal Welfare.

Mice

P25 TCRtg (RRID:IMSR JAX:011005) and TCRa KO (RRID:IMSR JAX:
002116) mice were purchased from Jackson Lab (Bar Harbor, ME) and
bred locally. C57BL/6J (RRID:IMSRJAX:000664) mice were pur-
chased from Jackson Lab. C7 C57BL/6 (VB10; Thyl.1) and C24 RAG2™"
(VB4; Thyl.2) TCRtg mice were originally obtained from Eric Pamer
and bred locally**®. Male and female mice aged 6-12 weeks were
used, and all mice within the same experiment were matched for
both age (within 2 weeks) and sex. The study design and analysis did
not account for sex as a variable. No sex-specific data were collected
in this study, as investigating sex-based effects was outside the scope

of our research focus. Mice were housed and bred in a specific
pathogen-free animal facility under controlled conditions with a
constant temperature (70 +2°F) and humidity (30-70%) and a 12-
hour light/dark cycle with regular chow and autoclaved water. For
adoptive transfers sex-matched TCRa KO at 7-12 weeks old from
different litters were randomly assigned to receive C7, C24, or
both cells.

In vivo infections

The Erdman strain of Mycobacterium tuberculosis, which has been
passaged through mice, was used for aerosol infection as previously
described’®. Mice were infected through the aerosol route at a dose of
~100 CFU/mouse using a Glas-Col chamber (Terre Haute, IN) as pre-
viously described’. Frozen bacterial stocks were thawed, diluted into
SmL of 0.01% Tween-80 in PBS, and sonicated for 1 minute prior to
aerosolization. The average dose delivered into the lung was deter-
mined for each infection by plating lung homogenate from 4-5 mice
24 hours after infection and ranged between 40 -150 CFU/mouse.
Lung and spleen bacterial burden was determined using the left lung
or whole spleen, which were harvested into 0.01% Tween-80 in PBS
with 2 mm zirconium oxide beads (Next Advance). Tissue was homo-
genized using a FastPrep homogenizer (MP Biomedicals), serially
diluted, and plated on 7H11 agar plates (Hardy Diagnosis). CFU was
counted after 19-21 days. Morbidity studies were performed following
infection. All mice were monitored weekly in accordance with IACUC
guidelines using the Body Condition Score (BCS) and serial weight
determinations. Mice with a BCS score less than or equal to 2 or had
lost 20% of their maximum body weight were euthanized.

TCRtg T cell adoptive transfer

T cells were isolated from the lymph nodes and spleens of C7 or C24
TCR transgenic mice. Single cell suspensions were made by passing
spleens and lymph nodes through 70 um and 40 um filters sequen-
tially, and a MojoSort™ CD4 T cell isolation kit and magnet (Biolegend,
San Diego, CA) was used. Cells were resuspended in 2% FBS in PBS, and
1x10° cells/mouse were injected through the tail vein 24 hours before
aerosol infection. Cell purities were determined for each experiment
using flow cytometry.

Intravascular staining

1.2-2.4 yg/mouse fluorochrome-conjugated anti-CD45 antibody in
200 uL of 2% FBS in PBS was injected through the tail vein 2 minutes
before euthanizing with CO,, and organs were harvested 1 minute
later. Lungs were perfused and removed. Lymphocytes from blood
collected in RPMI containing heparin (40 U/mL) were isolated using
Lympholyte® (CEDARLANE) and analyzed by flow cytometry to con-
firm uniform staining.

Cell preparation

Lungs were perfused with 10 mL RPMI (Gibco) and collected into 5 mL
complete RPMI with pen/strep (cRPMI + P/S; 10% FBS, 2 mM L-Gluta-
mine, 100 units/mL Penicillin/Streptomycin, 1mM Na-Pyruvate, 1X
non-essential amino acids, 0.5X minimal essential amino acids, 25 mM
HEPES, and 7.5 mM NaOH). Single cell suspensions were prepared by
homogenizing lungs using a GentleMACS tissue dissociator (Miltenyi),
digesting with collagenase (Sigma; 300 U/mL in cRPMI + P/S) at 37°C
for 30 minutes, followed by a second run using the GentleMACS. Cell
suspensions were then sequentially filtered through 70 um and 40 um
strainers. Spleens were collected into cRPMI + P/S. Tissue was
mechanically dissociated through 70 pm filter and washed with RPMI.
Cell pellet was resuspended in ACK Lysis buffer and incubated at room
temp for 1-2 minutes. After lysis, cells were washed with RPMI, and
resulting cell pellet was resuspended in cRPMI and passed through a
40 um filter to make a single cell suspension.
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Intracellular cytokine staining (ICS) stimulation and flow cyto-
metric analysis

After processing, cells in single cell suspension were plated for sti-
mulation or staining. Stimulation for ICS was done with anti-CD3 and
anti-CD28 (Biolegend; each at 1 ug/mL) or ESAT-6 peptide (10 uM) for a
total of 5hours. See Supplementary Data 14 for a complete list of
antibodies and fluorochromes used in this study. All antibodies are
commercially available and were validated by the manufacturers. Cells
were stained with Zombie Fixable Viability dye (Biolegend) for
10 minutes at room temperature (RT). Some experiments used
I-A°/ESAT-644; and H2K®/Tb10.4,.1; MHC Tetramers alongside other
antibodies. Class Il tetramer staining was done at 37 C for 1 hour, and
surface and class I tetramer staining was done at 4 C for 20 minutes. BD
Cytofix/Cytoperm Kit was used for ICS. Transcription factor (TF)
staining was done with eBiosciences FoxP3 Transcription Factor
staining kit, where cells were fixed and permeabilized for 30 minutes at
RT, followed by staining with antibodies against various TFs for
another 30 minutes at RT. Samples were fixed for a total of 1 hr with 1%
- 4% PFA, washed, and resuspended in autoMACS running buffer and
were acquired on Aurora (Cytek) or MACSQuant (Miltenyi) flow cyt-
ometers. Data was analyzed using FlowJo v10.8.1. and SPICE v6.1°". I-A%/
ESAT-6,4.7 and H2K®/Tb10.4,4.1; MHC Tetramers were produced by the
NIAID Tetramer Core (Emory, Atlanta, Georgia).

Cell sorting

Lung cells were prepared as described, with a red blood cell lysis step
prior to passing cell suspension through 40 um filter. Cell pellet was
resuspended in 1 mL ACK Lysis Buffer (GIBCO) for 1-2 minutes at room
temp. Cells were washed with RPMI then resuspended in media and
passed through 40 um filter to make single cell suspension. Cells were
stained with flow antibodies prior to sorting on FACSAria Il (BD Bios-
ciences) or MA900 (Sony) cell sorters.

RNAseq

Parenchymal lung C7 T-cells were sorted from the lungs of individual
infected mice at 4 (n=>5) and 25 (n=4) wpi. CD4 T cells were identified
based on the following scheme: Ilymphocyte sized
gate > single cells > dead and dump (NK1.1/CD19/TCRy®) negative >
CD8™ > CD45-IV- > CD4'VP10". These cells were then sorted based on
their expression of TIM-3 and PD-1 and placed in RNAprotect (QIA-
GEN). RNA was isolated using RNeasy kit (QIAGEN). Sequencing using a
HiSeq system with 2x150 paired end reads was done by GENEWIZ. The
trimmed reads were mapped to the Mus musculus GRCm38 reference
genome available on ENSEMBL using the STAR aligner v.2.5.2b by
GENEWIZ. Differential expression analysis was performed in R (v4.3.0)
using DESeq2 (v1.40.2). Raw counts were used as the input file to create
DESeq Data Set using default parameters. Pre-filtering was done to
remove rows with low gene counts (<10 reads). The Wald test was
used to generate p-values and log2 fold changes. Genes with an
adjusted p-value < 0.05 and absolute log2 fold change >1 were called
as differentially expressed genes for each comparison. Normalized
gene enrichment scores were determined using the Gene Set Enrich-
ment Analysis (GSEA) desktop app (Mac version 4.3) produced by the
Broad Institute’>”, The mouse Hallmark database was primarily used”™.
The RNAseq data has been deposited at GEO and are publicly available
as of the date of publication (Accession number: GSE266006).

Single-cell RNAseq library generation and sequencing

Total parenchymal lung T-cells were sorted from the lungs of four Mtb-
infected B6 mice at 6 (n=2) and 41 (n =2) wpi. Unactivated splenic C7
CD4 T cells had been transferred to these mice by the i.v. route,
16-24 hours before aerosol infection (10° cells for the mice that had
been infected for six weeks, and 6 wpi; and 10° for the mice infected for
41 weeks). T cells were also purified from the lungs of C7/C24 > TCRa

KO mice at 26 wpi. Sorted cells were processed and cDNA libraries
were made according to 10x Genomics 5’ Single Cell Immune Profiling
protocols. Cells were loaded in chips to capture 10,000 cells/lane, and
the resulting GEM droplets underwent reverse transcription to label
transcripts with unique molecular identifiers (UMIs). Samples were
then removed from the BSL-3 lab, and GEX and V(D)J libraries were
performed using manufacturer’s instructions. 13 rounds of PCR cycles
were performed for cDNA amplification, and 14 rounds of cycles were
performed for GEX Sample Index PCR. Libraries were sequenced on an
Illumina NextSeq 500, and 5,000 and 20,000 read pairs per cell were
targeted for V(D)) and GEX libraries, respectively.

Single-cell RNAseq and TCRseq data processing

Sequencing data was processed and aligned against the mouse refer-
ence genome mmlO using Cellranger v6 on the UMass High Perfor-
mance Computing SCI Cluster. The resulting gene count matrices and
filtered contig sequences were further analyzed using R (v4.3.0) and
Seurat (v4.3.0). Cells with greater than 10% mitochondrial genes were
filtered out. The TCR genes were removed from the gene expression
data before dimensionality reduction and Louvain clustering to avoid
TCR bias among clonally expanded T cells affecting the outcome.
Samples were then normalized using default parameters, and most
variable genes were detected using the FindVariableFeatures function.
The data was then scaled using ScaleData, and principal component
analysis (PCA) was done using RunPCA. Clustering was performed
using FindNeighbors (PCs 1:20), FindClusters, and RunUMAP (PCs
1:20). DoubletFinder (v2.0.3) was used to find and filter out doublets in
the samples. CD4s were subsetted from the dataset for further analysis
(Cd8a<1e-10 & Cd3e>1 & Cd4 > 0.5 & Cd8bl <1e-10) for the B6 ana-
lysis. C7 and C24 t-cells were subsetted using the CDR3f3 sequence (C7:
CASSYWGGGQNTLYF; C24: CASSRQGGNYAEQFF). Samples were
integrated using SelectintegrationFeatures, FindIntegrationAnchors,
and IntegrateData, and TCR information was merged into the Seurat
object using scRepertoire (v1.10.1). The cells in the integrated Seurat
object were clustered using FindClusters (resolution 0.6), and Fin-
dAllMarkers was used to determine the top defining genes of each
cluster (min.pct = 0.25, logfc.threshold = 0.25). One cluster in each
experiment was enriched in IncRNAs (Gm26917 and Gm42418) asso-
ciated with ribosomal RNA contamination and excluded from further
analysis. Cells were re-clustered using FindClusters (resolution 0.6).
For polyclonal cells, FindMarkers (default parameters) was used to
compare gene expression of cells in selected clusters against the Naive
cluster. The function getCirclize from scRepertoire was used to
visualize TCR overlap between clusters, and repOverlap from Immu-
narch (v0.9.0) was used to calculate the Jaccard Similarity Index for
TCRs between each cluster pair. All other TCR analyses were done
using Pivot tables in Excel. Several other R packages within Tidyverse
and ggplot2 were used for intermediate data processing steps and data
visualization. The scRNAseq data have been deposited at GEO and are
publicly available as of the date of publication (Accession number:
GSE265891 and GSE211323).

Statistical analysis

Statistical analysis was performed using Prism 10 (GraphPad). P-values
were calculated using unpaired two-sided t test, one-way ANOVA, or as
indicated in the figure legends. For normally distributed data an
ordinary one-way ANOVA was used followed by Bonferroni’s multiple
comparisons test. For two-way ANOVA, Bonferroni, Sidak’s, Tukey’s or
Fisher's Least Significant Difference multiple comparison test
was used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data supporting the findings of this study are available within the
paper and its supplementary information. The RNAseq and the
scRNAseq data are publicly available at GEO under Accession numbers
of GSE266006, GSE265891, and GSE211323. Source data are provided
with this paper.
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