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Abstract

While most people contain Mycobacterium tuberculosis infection, some individuals 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.
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Introduction

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 *'2. In most cases, why
individuals progress to active pulmonary disease is poorly understood ®. However, data from
HIV-infected people and animal models consistently find that CD4 T cells are crucial for
immunity against Mtb *°. Given the importance of CD4 T cells in controlling 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 development 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 monoclonal
antibody (mAb) blockade treatments to reinvigorate T cells in the tumor microenvironment .
More focused studies revealed distinct subpopulations 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 " 8, it is one of several types of
dysfunction that has been identified during CD4 T cell responses. Other CD4 dysfunctional

states include anergy, senescence, and activation-induced cell death ***’. Compared to CD8 T
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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
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 infected 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, only two clusters
appeared 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 identified 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.
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78 Results
79
80 Areductionist model identifies CD4 T cell dysfunction during chronic Mtb infection
81 To study antigen-specific CD4 T cells in the setting of chronic Mtb infection, we
82  developed an adoptive transfer model (Figure 1a). We observed that intravenous transfer of
83 P25 (i.e., Ag85b-specific CD4) TCR transgenic (TCRtg) T cells to TCRa ko mice prolonged the
84  median survival time (MST) of recipient mice from five weeks to 18 weeks (Figure 1b) *°. Under
85 the same infection conditions, B6 mice survive >48 weeks ** %, P25 T cells gradually lose the
86  capacity for cytokine production during chronic infection, but the diminished expression of
87  Ag85b by Mtb in vivo raised the possibility that recrudescence was secondary to the inability of
88 P25 T cells to recognize Mtb-infected cells #*. Therefore, we transferred C7 (i.e., ESAT-6-
89  specific CD4) TCRtg T cells into TCRa KO mice (C7>TCRa). C7 T cells conferred long-term
90 protection, but ultimately the mice succumbed with an MST of 26 weeks, which is significantly
91 reduced compared to C57BL/6 mice (Figure 1b). The greater susceptibility of C7->TCRa mice
92  was accompanied by a progressive increase in lung bacterial burden (Figure 1c). We used this
93  model to investigate why immunity failed.
94 An advantage of the C7->TCRa model is the large number of antigen-specific T cells
95 that can be assessed independently of their function. Purified CD4 T cells from C7 mice
96 contained variable numbers of non-transgenic naive CD4 T cells (see methods), so ESAT6-
97  specific CD4 T cells were identified using ESAT6/IA® (E6) tetramers or anti-VR10 antibodies
98 (see Figure Sla). Cytokine production in response to ESAT6 peptide stimulation was used as a
99 measure of T cell function. The frequency of C7 T cells producing IL-2, TNF, or IFNy decreased
100 over time, accompanied by a loss of polyfunctional T cells and an increase of non-cytokine-
101  producing T cells (Figure 1d, 1e, 1f). Thus, diminished function of ESAT6-specific CD4 T cells
102  correlates with increasing bacillary burden.

103 To determine whether loss of function was associated with the acquisition of co-
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104 inhibitory receptor expression, PD-1, TIM-3, LAG-3, CTLA-4, and 2B4 expression was
105 measured between 4- and 15-weeks post-infection (wpi). PD-1 and TIM-3 were the most highly
106 expressed, and the number of co-inhibitory receptors expressed by C7 T cells increased over
107 time (Figure 2a, 2b). The frequency of PD-1'TIM-3* C7 T cells increased over time, a

108  characteristic of terminally exhausted CD8 T cells (Figure 2c) ' #

. In parallel, C7 T cells
109 resembling progenitor exhausted CD8 T cells (Tpex; i.€., TIM-3'TCF-1" or TIM-3"'SLAMF6")
110 diminished while those resembling terminally exhausted CD8 T cells (T+ex; i.e., TIM-3'TCF-1" or
111  TIM-3"'SLAMF6") increased (Figure 2d, 2e) ** ??. The percentage of TIM-3'TCF-1"~ C7 T cells
112  expressing PD-1 was higher compared to their TIM-3"TCF-1" counterpart (Figure 2f). Consistent
113  with a terminally exhausted phenotype, PD-1 levels were significantly higher on TIM-3"TCF-1~
114  C7 T cells (Figure 2g). Although the kinetics of the expression of co-inhibitory receptors varied
115 between experiments, we always observed CD4 T cells expressing high levels of PD-1 and
116  TIM-3 late during infection

117 We next asked whether there was a correlation between the exhausted phenotype of C7
118 cells and progressive lung infection. Analysis of all individuals from two independent
119 experiments encompassing multiple time points demonstrated a strong positive correlation
120  between the frequency of PD-1* C7 T cells and CFU (Figure 2h, left). As PD-1 is also a marker
121  of activated T cells, we next determined the correlation between PD-1"TIM-3" (i.e., activated or
122 Tpex) and PD-1"TIM-3" (T1ex) C7 cells. There was no significant correlation between the PD-
123  1'TIM-3 phenotype and lung CFU; in contrast, there was a striking correlation with the PD-
124  1'TIM-3" C7 phenotype, which was largely independent of time point or experiment (Figure 2h).
125  While the high number of C7 cells could create competition for antigen and APC in this model,
126  we suggest that this would have the opposite effect on T cell exhaustion: namely, that less TCR
127  stimulation would preserve function. These data suggest that the emergence of CD4 T cell

128 exhaustion late during infection could contribute to recrudescence and disease. However, the

129 causal relationship remains to be established. Development of T cell exhaustion could result in
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130 loss of Mtb control, or alternatively, an increase in bacillary burden and antigen load could result
131 in T cell exhaustion. Nevertheless, these data show that the development of terminally
132  exhausted CD4 T cells correlates with ongoing bacterial replication and disease progression in
133  this model.

134

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

136 Based on the co-expression of PD-1 and TIM-3 by a large fraction of C7 CD4 T cells
137 during the chronic phase of infection in this model, which resemble CD8 Tex cells, we
138  hypothesized that C7 CD4 T cells were becoming exhausted ' *3. To test this possibility, lung
139  parenchymal CD4 T cells from C7->TCRa mice were sorted (see Figure S1b), transcriptionally
140 profiled at 4 and 25 wpi by RNAseq and compared to splenic CD4 T cells from uninfected C7
141  TCRtg mice (Figure 3a).

142 At 4 wpi, CD4 T cells from C7->TCRa mice were mostly PD-1"TIM-3" (Double Negative,
143 DN; Group B) or PD-1"TIM-3" (Single Positive; SP; Group C). Compared to CD4 T cells from
144 uninfected C7 mice, 3,777 and 4,268 genes, respectively, were upregulated (log,FC=1,
145 FDR<0.05) (Table S1). Jun and Fos were among the most highly induced genes, and Gene Set
146  Enrichment Analysis (GSEA) identified gene signatures associated with T cell activation in both
147 Group B and C C7 CD4 T cells. Only 62 differentially expressed genes (DEGSs) were identified
148 between Group B and C cells (Table S2). Among these genes were [I17a, 117f, 1121 and Tox2,
149  suggesting that the PD1" C7 CD4 T cells contains Th17- and Tfh-like cells. The EF2 targets,
150 G2M checkpoint, and IL-2/STATS5 signaling Hallmark Pathways were enriched among Group C
151 cells, indicating that PD1" C7 CD4 T cells undergo greater proliferation and activation than
152  Group B cells (Figure 3b).

153 By 25 wpi, nearly all C7 CD4 T cells were PD1"TIM3™ (Group D) or PD-1"TIM-3*
154  (Double Positive; DP; Group E) (Figure 3a). Most Hallmark pathways that were significantly

155 enriched were identified both in group D and E when compared to group C (Figure 3c, Table S3
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156 and S4). The only Hallmark pathways upregulated in group C were “EF2 targets,” “G2M
157 checkpoints” and “Myc targets v1,” consistent with the greater proliferative activity of CD4 T
158 cells during the early phase of Mtb infection (Figure 3d). The sharing of upregulated pathways
159 by Group D and E suggests that the difference in the duration of infection (i.e., 4 vs 25 wpi) was
160 more important in determining the transcriptional program of the cells than their expression of
161  co-inhibitory receptors (i.e., PD1"TIM3™ vs. PD-1"TIM-3%). Highly enriched signaling pathways
162 in groups D and E included those induced by T cell cytokines (IL-2, IFNy), inflammatory
163  cytokines (IL-6, TNF, IFNa), and anti-inflammatory cytokines (TGF). Lipid and other metabolic
164 pathways were also detected (fatty acid metabolism, cholesterol homeostasis, glycolysis).
165 Genes from pathways associated with cellular stress were enriched in C7 CD4 T cells from 25

166  wpi including “apoptosis,” “hypoxia,” “ROS pathway,” “UPR,” and “UV response up,” which often
167 indicate cell stress and DNA damage. The upregulation of these pathways could be driven by
168 the infection and might contribute to T cell dysfunction.

169 Compared to Group C (4 wpi), 463 genes in Group D and 489 genes in Group E
170 significantly changed expression, and 80% of these were up regulated at 25 wpi (Table S5 and
171 S6). Ccr4, Ccr6, 1171, l117re, and 1123r, were expressed more at 4 wpi, suggesting that Th17
172 responses diminished during chronic infection. The expression of negative regulators and co-
173  inhibitory receptors by Group D and E C7 CD4 T cells (PD1"TIM3~ and PD1"TIM3",
174  respectively) were increased (e.g., Ctlad, Entpdl, Foxp3, Lag3, Nfil3, Pdcdl, and Tigit) (Figure
175 3e, Table S5 and S6). Tox and Tox2, and Nrdal, Nr4a2, and Nr4a3, are important
176 transcriptional regulator of CD8 T cell exhaustion, and were increased among Group D and E
177 C7 CD4 T cells. Among the Group E CD4 T cells, we noted increased expression of genes
178 associated with CD4 T cell exhaustion (e.g., Prdm1, 1110, 1121) 2 and terminal differentiation
179 (KIrgl and Thbx21). Thus, both 25 wpi CD4 T cell populations had features resembling
13, 24, 25

180 exhausted CD8 T cells observed in tumors and chronic viral infection

181 Only 108 genes differed between 25wpi PD1"TIM3™ and 25wpi PD1"TIM3* CD4 T cells
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182  (Figure 3e, Table S7). Like the 4 vs. 25 wpi comparison, Group E CD4 T cells not only
183  expressed higher levels of genes associated with exhaustion (Havcr2, Entpdl, Lag3, 1110) but
184  also soluble mediators (Ifng, Ccl3, Ccl4, Ccl5) and genes associated with a cytolytic phenotype
185 (Gzmb, Nkg7, Prfl). In contrast, Group D CD4 T cells expressed higher levels of Slamfé and
186  Tcf7, indicating a similarity to CD8 Tpex cells. We conclude that in the C7->TCRa model, C7
187 CD4 T cells acquire a transcriptional signature during the chronic phase of infection that
188 resembles exhausted CD8 T cells.

189

190 Senescence signature among CD4 T cells during chronic infection

191 Three Hallmark pathways that were significantly enriched during chronic infection (i.e.,
192  expressed in Group D and E, compared to Group C C7 CD4 T cells) were the “p53 pathway,”
193  “Hypoxia,” and “Interferon alpha response” gene sets (Figure 3d, 4a). p53 is the best studied
194  human tumor suppressor gene and is the most frequently mutated gene among human cancers.
195 However, physiologically, the p53 pathway orchestrates key responses, often in response to
196 DNA damage, oxidative damage, or metabolic stress, and generates a variety of cellular
197  responses including DNA repair, cell cycle arrest, apoptosis, and senescence . Activation of
198 the p53 pathway has recently been linked to T cell senescence ?” 2%, Both Type | IFN and
199  hypoxia can also lead to cellular senescence (Figure 4a) 23!

200 We hypothesized that transcriptional pathways in response to cell stressors (UV damage,
201 hypoxia, apoptosis, UPR, ROS pathway) could be mechanistically linked by activating the p53
202  pathway. Therefore, we considered whether the Hallmark pathways of “protein secretion,”
203  “Mtorcl” and “PI3K/AKT3/mTOR” signaling, cytokine signaling (IFNy, IFNa, TNF, TGFB, IL-6)
204  during chronic infection could indicate CD4 T cell senescence (Figure 3d). Analysis using a
205 compendium of “Senescence” signatures (Table S8) revealed significant enrichment of the ‘Saul
206 Sen Mayo’ and ‘Fridman Senescence Up’, and other gene sets 2, which indicate that a program

207  of cell senescence is active late during infection (Figure 4b). Group D and E cells differed with
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208 respect to transcriptional programs associated with senescence. Several senescent gene sets
209  were significantly enriched in Group D (PD1"TIM3") but not Group E (PD1"TIM3") C7 CD4 T
210 cells (Figure 4c). Also, PD-1 and TIGIT are associated with senescence and aging ** **. p53
211 and pl6 were the two genes most frequently shared in a leading-edge analysis. Thus, while
212  chronic infection leads to changes consistent with senescence and exhaustion in C7 CD4 T
213 cells, PD1"TIM3™ C7 cells (Group D) are more typical of senescent T cells while PD1"TIM3" C7
214  cells (Group D) represent exhausted T cells.

215

216 Few lung-resident CD4 T cells express multiple effector function during chronic infection
217 Given the surprising heterogeneity of CD4 T cell responses, especially regarding the
218 detection of both effector and dysfunctional features, we next assessed whether the apparent
219 heterogeneity could be resolved using scRNAseq to analyze polyclonal CD4 T cell responses.
220  We investigated whether CD4 T cells become dysfunctional during chronic Mtb infection by
221  comparing CD4 T cells from the lungs of C57BL/6 (B6) mice early (4 - 6 wpi) vs. late (39 - 50
222 wpi) after Mtb infection. CD4"CD44~ T cells expressed little PD-1 or TIM-3, consistent with these
223  cells being naive (Figure 5a). Early after infection, most CD44'E6~ CD4 T cells (antigen-
224  experienced excluding ESAT-6-specific) expressed PD-1 and a smaller population also
225 expressed TIM-3. More ESAT-6 specific CD4 T cells (i.e., CD44"E6'tet) expressed both PD-1
226 and TIM-3. In contrast, nearly all CD4 T cells expressed PD-1 during chronic infection.
227  Importantly, the ESAT6-specific CD4 T cells were predominantly PD-1"TIM-3" late during
228  chronic infection (Figure 5a). Thus, CD4 T cells in chronically infected mice express both PD-1
229  and TIM-3, a phenotype associated with CD8 Trex cells 142,

230 We next assessed the function of CD4 T cells during chronic infection. Significantly
231  fewer cells proliferated compared to early timepoints (Figure 5b). Late during infection, fewer
232 CD4 T cells produced IFNy and TNF after ESAT6 stimulation, and polyfunctionality was lost

233 over time (Figure 5c). Importantly, the frequency of ESAT-6 specific CD4 T cells was similar at

10
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234 both timepoints post-infection; thus, differences were not due to altered numbers of ESAT6-
235 specific CD4 T cells (Figure 5d). These data show that activated CD4 T cells develop a
236  dysfunctional T cell phenotype during chronic infection.

237 To characterize CD4 T cell heterogeneity during chronic infection, CD4 V™"
238  parenchymal lung T cells were flow sorted from Mtb-infected mice 6 and 41 wpi for analysis by
239  scRNAseq and TCRseq (Figure S2a). Cell clustering based on gene expression (excluding TCR
240  genes) identified 13 clusters (Figure 5e). Only the proportion of Cluster 0 and Cluster 4 differed
241  between 6 and 41 wpi (Figure 5f, Figure S2b). The CD4 clusters were annotated using
242  transcriptional signatures and key canonical genes (Figure 5g-h; Figure S2c, Table 1, Table S9).
243 Clusters 7 — 12 accounted for 13% of the CD4 cells. Cluster 7 were Tregs (FoxP3, Ctla4, IL2Ra,
244  1kzf2). Cluster 8 and 11 were proliferating cells (Mki67 and Top2a in G2/M or G1/S cell cycle
245  phase, respectively). Cluster 9 expressed high levels of Klrd1, Kirgl, Tbx21 (T-bet) and Cx3crl,
246  indicating that these were terminally differentiated CD4 T cells. Cluster 10 expressed a type |
247  IFN signature (Isgl15, Bst2, Ifitl, Ifit2 and Ifit3). Cluster 12 were Th17 cells (Ccr4, Ccr6, 1117re,
248  Rorc, Agp3).

249 Six clusters, including the four largest clusters (0, 1, 2, 3), all expressed Cxcr3, Cxcr6,
250 1d2, Nkg7, Ccl5 and Ifng, suggesting that they were different forms of Thl cells (Figure 5e). We
251 used FindMarkers to compare Clusters 0, 1, 2, 3, 5 and 6, to naive-like CD4 T cells (Cluster 4;
252  Crr7, Sell, Lefl) (Table S9). Cluster 6 cells expressed high levels of Ccl3, Ccl4, Gzmb and
253 Eomes; some cells expressed Pfnl. As Eomes promotes a cytotoxic program in human CD4 T
254  cells, Cluster 6 could be cytotoxic CD4 T cells * ¢, Clusters 0, 1, and 3 were difficult to
255 annotate. Cluster 0 resembled Thl cells (Cxcr3, Cxcr6, 1d2, Nkg7, Ccl5, Ifng) and Cluster 1
256  expressed genes indicative of tissue residency (Itgal, Jaml, CD226)*" *®. Finally, upregulated
257 genes in Cluster 3 included Tcf7, II7r, l12rb, Ly6a, Cxcr3, Slprl, and Klf2 suggesting these are
258 Tscm . Ifng transcript was detected in Clusters 0, 1, 2, 3, 5 and 6, but Clusters 2 and 5

259  expressed considerably more Ifng than the other clusters. Cluster 5 cells expressed multiple

11
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260 effector genes required for protection including Tnf, 1121, Lta, and Tnfsf8 (Figure 5h; Table S9) **
261 “>“* CD4 T cells belonging to Cluster 5 are the key polyfunctional effector CD4 T cells in the
262 lungs of infected mice. Cluster 2, which is adjacent to Cluster 5, also expressed Ifng, tnf, 1121,
263 and Tnfsf8, but lower amounts (Figure 5h). In chronically infected B6 mice, many parenchymal
264 CD4 T cells had a PD-1"TIM-3"TCF7" phenotype based on flow cytometry, which is typical of
265 CD8 Trex cells ™ . However, this cell surface phenotype poorly correlated with the
266  transcriptional signature apart from Cluster 2, which we believe are exhausted. Notably, when
267 the DEGs from the C7 RNAseq were used as a gene signature to probe the B6 scRNAseq
268 dataset, the genes upregulated in Group D and E (vs. Group C, Figure 3e) were most highly
269 expressed by Cluster 2 and 5. The DEGs upregulated by Group E (vs. Group D) were
270 specifically expressed by Cluster 2, indicating that these polyclonal CD4 T cells resemble
271  exhausted T cells (Figure S2d).

272 Finally, polyclonal CD4 T cells in chronically infected B6 mice also expressed p53,
273  senescence, and hypoxia signatures, particularly within Clusters 0, 1, 2, and 5 (Figure S3a-d).
274  Thus, it appears that Cluster 5, which is only 3-4% of the CD4 T cells, are the true polyfunctional
275  effectors that express the highest levels of IFNy, IL-21, and TNF (Figure 5I). In contrast, the
276  majority of other Thl cells appear to be hypofunctional, especially with respect to cytokine
277  production.

278

279 Early and late CD4 T cell responses express distinct gene signatures

280 We identified statistically significant DEGs that were upregulated at 6 or 41 wpi using
281  Seurat FindMarkers (Table S10). Panther was used to determine molecular pathways that were
282  statistically over-represented in the input list compared with randomly selected genes*.
283  Annotated pathways including “T cell activation (P00053),” “JAK/STAT signaling (P00038)",
284  “Hypoxia response via HIF activation (P00030),” and “Inflammation mediated by chemokine and

285 cytokine signaling (P00031),” were predicted to be upregulated at 6 wpi. No pathways of

12


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

286 immunological relevance were significantly upregulated at 41 wpi. Next, genes that were
287  upregulated at 6 or 41 wpi in each cluster were used to query the Reactome database (Table
288 S11). We focused on Clusters 0, 1, 2, 3, and 5, since they were of greatest interest. These five
289  clusters were enriched for TCR signaling and CD28 costimulation pathways (except Cluster 3)
290 at 6 wpi (Table 2). Clusters 0, 2, and 5 appeared most activated based the identification of
291  multiple signaling pathways including those for interferon, IL-2, and IL-21 signaling (Table 2,
292  S11). At 41 wpi, only Clusters 2 and 3 were enriched for TCR signaling and none of the clusters
293  were enriched for cytokine signaling pathways.

294 Regulatory pathways including CTLA4 signaling and signaling by the IL-27 and TGFB
295 inhibitory cytokines were enriched at 6 wpi but not 41 wpi. TGFB signaling was confirmed by
296 applying a TGF signaling signature to the UMAP projection (Figure 6a). Genes induced by
297 TGFB were upregulated in several clusters at 6 wpi, but by 41 wpi, the signature was
298  prominently expressed only by CD4 T cells in Cluster 1. Consistent with these data, Tgfbr2 was
299 more highly expressed at 6 wpi than 41 wpi (Figure 6b). Interestingly, genes in the
300 “Downregulation of TGFB receptor signaling (R-MMU-2173788),” pathway were also
301 significantly overrepresented at 6 wpi, suggesting that TGFB receptor signaling was being
302 actively regulated early but not late during the immune response to Mth. Pathway pertaining to
303 Notch and Runx signaling, which can synergize with other transcription factors to promote T cell
304 activation and Thl differentation, were enriched in several clusters at 6 wpi but not 41 wpi
305 (Table S11). Genes upregulated in several clusters at 6 wpi, and to a more limited degree at 41
306 wpi, were enriched in pathways pertaining to cell stress and injury including senescence,
307 apoptosis and necrosis, and hypoxia (Table 1, Table S11). Differences in individual genes were
308 detected between 6 and 41 wpi. Various combinations of Ifng, Ccl5, Tnfsf8, Gzmk, Nkg7, and
309 II7r were significantly increased in Clusters 0, 1, 2, and 5 at 41 wpi (Figure 6¢, Table S10). We
310 speculate that the increased expression of these genes at 41 wpi could reflect an alteration of

311 the regulatory environment of the Mtb lesion, or a consequence of greater antigen load.
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312 Increased expression of these effectors could drive more inflammation or even be a sign of CD4
313 T cell dysfunction.

314

315 Large clonal expansions of activated CD4 T cells are maintained during chronic infection.
316 TCR analysis was used to identify CD4 T cells responding to Mtb since clonal expansion
317 following activation is a cardinal feature of antigen-specific T cell responses. We identified 5,573
318 paired TCRap; 2,321 from 6 wpi and 3,252 from 41 wpi. There were 1,965 unique clonotypes
319 based on amino acid sequences, which were categorized by the size of the expansion (Figure
320 7a, 7b). The majority of TCRs in all clusters belonged to highly expanded clonotypes (i.e., >5),
321  except for Clusters 3, 4, 7, and 12. In Cluster 4, 99% of the TCR clonotypes were singletons,
322  consistent with their annotation as naive CD4 T cells. The 10 most abundant clonotypes
323  accounted for 21% of CD4 T cells. We assessed the top 10 clonotypes for each subject (Figure
324  7c). More than 75% of these highly expanded clonotypes had a TH1, TRM-like, TFH-like, or TEFF
325 phenotype (i.e. clusters 0, 1, 2, 5, respectively) and were largely absent from the naive, TREG
326 and TH17 clusters. Overall, the TH1, TRM-like, and TFH-like clusters were dominated by highly
327 expanded clonotypes (i.e., containing >20 cells), which accounted for 47-63% of the TCRs in
328 these clusters. As a control for antigen-specificity, C7 CD4 T cells from uninfected mice were
329 transferred into each B6 mouse one day before their infection. The C7 cells were identified
330 based on their CDR3B sequence (Table S12) *®. Like endogenous CD4 T cells, most C7 cells
331 were in the TH1, TR™-like, TFH-like, or TEFF clusters (Table S12). These data show that while
332 public TCRs for Mtb antigens exist and convergent recombination occurs, most clonal
333  expansions were derived from a single CD4 T cell. Importantly, the detection of Mtb-specific
334 CD4 T cells from the same clonotype among different transcriptional clusters implies that their
335 differentiation and activation is influenced by extrinsic factors in microenvironments of the
336 infected lung. These data show that Mtb infection is driving CD4 T cell responses in these

337 clusters.
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338 Many of the highly expanded clonotypes were distributed among several clusters (Figure
339 2e). To quantify the degree of TCR sharing, we calculated the Jaccard Similarity Index between
340 each cluster pair. Significant sharing was detected between Clusters 0, 1, 2, and 5 (Figure 7f).
341 The greatest amount of TCR sharing was between Cluster 2 and 5, which were adjacent to
342  each other on the UMAP projection and shared some transcriptional characteristics (Figure 5).
343  Sharing of unique clonotypes for Cluster 2 and Cluster 5 was 38.3% and 50.8%, respectively
344  (Figure 79g). Cluster 5 had the greatest expression of genes associated with CD4 effector
345  function. Finding that Cluster 0, 1, and 2 CD4 T cells, highly related by TCR clonotype and
346  parenchymal location to Cluster 5 TEFF cells, did not express any effector T cell transcriptional
347  program, suggests these cells were hypofunctional or possibly paralyzed *.

348

349 TCR affinity affects the development of exhaustion

45-48

350 As TCR affinity and signaling strength affect T cell differentiation , we hypothesized
351 that TCR affinity would also influence the development of T cell dysfunction. C24 TCRtg mice
352 express a TCR that also recognizes ESAT6,.17 as do C7 cells, but with higher affinity 4 C7and
353 C24 were transferred at a 1:1 ratio into TCRa KO mice and assessed at 4 and 34 wpi (Figure
354  Slc). Early post-infection, no consistent phenotypic differences were observed between the two
355 T cell clonotypes. At 34 wpi, the number of C7 and C24 cells was similar (Figure S1d). However,
356 more C7 T cells resembled progenitor exhausted CD8* T cells (i.e., TCF-1"TIM-37), and more
357 C24 T cells resembled terminally exhausted CD8" T cells (i.e., PD-1"TIM-3") (Figure 8a). C24
358 cells expressed more T-bet (Figure 8b), and more produced IFNy (Figure 8c), indicating a more
359 terminally differentiated phenotype. There were no differences in IL-2 or TNF production (Figure
360 8c).

361 We next performed scRNAseq after co-transferred of C7 and C24 cells, 24 wpi. We

362 identified 1,181 C7 and C24 cells based on their CDR3B sequences, which were clustered into

363 9 populations (Figure 8d, Table S13). Clusters 2, 4, and 8 were predominantly C24 T cells;
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364 Clusters 0, 1, 3, 5, and 7 were predominantly C7 T cells; and Cluster 6 was mixed (Figure 8e,
365  8f). Clusters 0 and 3 were Th17 cells (Rorc, Ccr6), although only Cluster O expressed Il17a
366  (Figure 8g). Cluster 1 had a memory phenotype (II7r, Tcf7, KlIf2); Cluster 5 had a cytotoxic
367 signature (Gzmb, Prfl); Cluster 7 were Tregs (Foxp3); and Cluster 8 were proliferating cells
368 (Mki67). Clusters 2, 4, and 6 contained Thx21 expressing cells, but only Clusters 2 and 4
369 significantly expressed Ifng. Cluster 4 also expressed 1121. These results align with more IFNy
370 production by C24 cells. The reduced effector capacity of Cluster 2 in the context of low I1I7r and
371  high Hifla suggests chronic stimulation®® or hypoxia " *. These two clusters are reminiscent of
372 Clusters 2 and 5 in B6 mice. In that analysis, Cluster 5 were highly functional effector CD4 T
373 cells, and Cluster 2 consisted of CD4 T cells that had lost expression of some, but not all,
374  effector genes (Figure 5). The identity of Cluster 6, which mostly consisted of C7 T cells, was
375 ambiguous. These cells expressed high levels of genes associated with CD8 T cell exhaustion
376  (Nrdal, Nrda3, Egr2), suggesting Cluster 6 contained exhausted T cells >***,

377 Our findings align with studies showing that high affinity TCR clones skew towards a Thl
378 phenotype *°, establishing that TCR signaling strength contributes to the varied differentiation
379 states of the T cells. The higher affinity C24 T cells express Ifng and 1121 and skew towards a
380 Thl phenotype. The lower affinity C7 T cells skew towards a Th1l7 phenotype and are more
381 dysfunctional. However, another factor to consider is that higher affinity T cells can outcompete
382 the lower affinity T cells for antigen, raising the possibility that antigen availability in this model
383 can modulate T cell phenotype. Finding that the two clones clustered separately, independently
384 of TCR gene expression, demonstrates that TCR affinity influences T cell differentiation and
385  function during chronic Mtb infection.

386
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387 Discussion

388 Following low-dose aerosol infection of B6 mice with virulent Mtb, the bacilli replicate for
389 two to three weeks until T cells are recruited to the lung, which abrogates Mtb exponential
390 growth and initiates the plateau phase of infection *°. In B6 mice, which are resistant to Mtb, the
391 plateau phase can last for up to a year, during which time the mice appear healthy. During the
392 terminal phase of infection, B6 mice lose weight for two to three weeks, and then expire. Why,
393  after maintaining control for so long, the mice succumb to infection is unknown. We
394  hypothesized that CD4 T cell dysfunction in chronically infected B6 mice contributes to loss of
395  control of Mtb infection. We previously showed that T cell exhaustion occurs in susceptible C3H
396 mice during Mtb infection *°. A confounder in characterizing T cell dysfunction is enumerating
397 antigen-specific T cells. Generally, Mtb-specific T cells are counted only if they produce
398 cytokines after antigen stimulation. Antigen stimulation induces TCR downregulation, which
399 makes tetramer staining unreliable. Consequently, it difficult to ascertain whether non-cytokine
400 producing T cells lack specificity for the antigen being tested, or whether they are dysfunctional.
401  We call this the denominator problem, as the number of T cells that can potentially respond to
402  antigen is unknown. Studies of CD8 T cell exhaustion during chronic viral infection or cancer
403  solve this problem by using TCRtg or purified tetramer* CD8 T cells **°" %8, To study CD4 T cell
404  dysfunction during chronic Mtb infection, we established an adoptive transfer model.

405 Transfer of C7 T cells into TCRa KO mice initially controls Mtb growth, and C7 T cells
406  differentiate into polyfunctional effectors. By 25 wpi, bacterial recrudescence occurs, and the
407  mice die early compared to B6 mice. At this time, C7 cytokine production diminishes compared
408  to 4 wpi, and two T cell populations become dominant: one expressing high PD-1 (PD-1"TIM-3")
409 levels and the other expressing PD-1 and TIM-3 (PD—1'"TIM—3+), resembling CD8 Tpex and Trex
410 cells, respectively 3. These C7 T cell populations express gene signatures associated with T
411 cell dysfunction and temporally associated with recrudescence. Representative genes include

412  inhibitory receptors (Lag3, Pdcdl, Tigit, Ctla4), inhibitory cytokines (1110), and Hifla, which are
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413  expressed by exhausted CD4 T cells during chronic viral infection > °°. While the overall loss of
414 IL-2, TNF, and IFNy is consistent with exhaustion, high levels of Ifng mRNA persists in these
415 cells, particularly in PD-1"TIM-3" cells. This functional state has been described for exhausted
416 CD8 T cells during cancer and chronic viral infections. Given the importance of IFNy in Mtb
417  containment, it seems incongruous to label these T cells as dysfunctional or exhausted,
418  although terminally exhausted CD8 T cells maintain their production of IFNy*. However, IFNy
419  production correlates with bacterial load and too much IFNy can exacerbate lung disease .
420  Thus, IFNy production by terminally exhausted CD4 T cells could be symptomatic of an inability
421 to suppress Mtb replication. Instead of being beneficial, chronic IFNy production could drive
422  tissue inflammation. While diminished Th1 cytokine production could represent loss of function,
423 it could also be a consequence of skewing towards a TFH-like phenotype (detected as increased
424 1121 expression) as reported during chronic viral infections °*.

425 In B6 mice with an intact immune system, parenchymal CD4 T cells have increased
426  coinhibitory receptor expression, reduced cytokine production and polyfunctionality, and
427  decreased proliferation during chronic infection (i.e., > 40 wpi), all features of CD8 T cell
428 exhaustion. Given the heterogeneity of T cell responses, we used scRNAseq to systematically
429 analyze CD4 T cell function. After HN878 infection, Akter et al described four CD4 T cell
430 clusters (naive, Type | IFN responders, activated 1, activated 2) at 7-15 wpi 2. Our data,
431 generated with a different Mtb strain and time points, also revealed clusters of cells with a naive
432  and type | IFN signature, as well as 11 additional CD4 T cell clusters. Remarkably, even 6 wpi,
433  polyfunctional CD4 T cells were only a small fraction of the response. Four of the largest
434  clusters had a core Thl signature and extensively shared TCR clonotypes, indicating a common
435  antigen specificity. TCR sharing was most extreme in Cluster 5: half of the TCR clonotypes in
436  Cluster 5 were found in Cluster 2, indicating that the dominant clonotypes in these two distinct
437  clusters share antigen specificity. While Cluster 5 CD4 T cells were polyfunctional, Cluster 2

438 CD4 T cells expressed lower levels of genes associated with anti-mycobacterial function (i.e.,
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439  Ifng, Tnf, 1121, and Tnfsf8) and higher levels of co-inhibitory genes (i.e., Entpdl, Tigit, Lag3, and
440 Havcr2). We infer that the recognition of Mtb-infected macrophages by Cluster 5 cells leads to
441  their activation but ultimately these T cells become dysfunctional (i.e., exhausted) and
442  reprogramming of their transcriptome leads to a distinct population of cells (i.e., Cluster 2).
443  Particularly striking are the changes that occur in Clusters 2 and 5 between 6 wpi and 41 wpi. At
444 6 wpi, Both Clusters 2 and 5 are polyfunctional and express Ifng, Tnf, and 1121. By 41 wpi, only
445  Cluster 2 CD4 T cells have largely loss Tnf and 1121 expression. Relative to Cluster 2 and 5,
446  Clusters 0 and 1 are hypofunctional with respect to cytokine production, which could arise from

63-66

447  lack of antigen recognition or inhibition by an inhibitory cytokine ®"*°. TGFB, which is made

448 by macrophages in the lung® ™

and by Tregs (Cluster 7), could suppress the function of cells in
449 Cluster 0, 1, and 2, which express TGFBR mRNA. Interestingly, TGFB signaling appears to be
450 most relevant early during infection (6 wpi) and Tgfbr2 expression is significantly reduced at 41
451  wpi. While the origin of the observed hypofunction in Cluster O and 1 is unknown, we speculate
452  that it represents an inadequate response to persistent Mtb infection.

453 Diminished T cell function is caused by exhaustion (coinhibitory signals), anergy
454  (deficient costimulation), senescence (blocked cell division), and inhibitory signals (IL-10, TGFp).
455  During chronic Mtb infection, pathways of UPR, ROS, and UV responses are upregulated, and
456 these pathways can cause, or be symptomatic of, cellular stress, which also leads to T cell
457  dysfunction "2, Pathways associated with hypoxia, type | IFN signaling, and senescence are
458 enriched in both PD-1"TIM-3™ and PD-1"TIM-3" C7 cells. Type | IFN is associated with active
459  TB in humans and is detrimental in murine TB ™. A type | IFN signature raises the possibility

460 that it contributes to T cell exhaustion, recrudescence, and disease development 7', |

n
461 chronically infected mice, Hifla is upregulated in C7 cells. Hif-1a is a critical regulator of cellular
462  responses to changes in oxygen levels. Although Hif-1a is induced following TCR signaling, its

463  upregulation can indicate that C7 cells are experiencing hypoxia "® "°. Hypoxia is relevant to

464  immune function as human TB granulomas become severely hypoxic %> 8!, Clusters 2 and 5
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465 also include the cells most highly associated with a hypoxia gene signature, raising the
466  possibility that the co-inhibitory receptors are being upregulated due to both metabolic stress
467 and antigen stimulation. Hifla expression and a hypoxia signature in association with impending
468 recrudescence could indicate that metabolic stress affects CD4 T cell function. Indeed, the
469  combination of hypoxia and chronic TCR stimulation synergistically causes CD8 T cell
470  exhaustion in a tumor model “®. Type | IFN and metabolic stress induce cellular senescence, a
471  state of cell cycle arrest caused by the cell cycle regulators p16, p21, and p53 . Originally
472 described in fibroblasts 2, senescence also occurs in human T cells and results in altered
473  function associated with susceptibility to viral infections and tumors *°. Senescent cells that
474 develop a senescence-associated secretory phenotype (SASP) produce pro-inflammatory
475  cytokines (IL-2, IL-6, IL-8, IFNy, and TNF) and anti-inflammatory cytokines (IL-10 and TGF-B) *°.
476  Senescence signatures were significantly enriched in PD-1"TIM-3" C7 cells, which could explain
477  their reduced proliferation. Senescence should be considered as an alternate cause of T cell
478  dysfunction during chronic TB.

479 In considering the factors that might affect T cell function, we investigated TCR affinity.
480  After co-transfer of C7 and C24 cells, the higher affinity C24 cells resembled CD8 T+gx, with a
481 PD-1'TIM-3" phenotype and maintained the potential to produce IFNy. In contrast, the lower
482  affinity C7 cells resembled Tpex (TIM-3TCF-1%), and fewer cells could make IFNy after
483  stimulation. Interestingly, C24 and C7 cells both acquired a Thl and Th1l7 signature,
484  respectively. The divergence of phenotypes between the two clones was unexpected as
485 individual T cell clones have the potential to differentiate into multiple effector cell types “*°. We
486 infer that higher affinity T cells might “protect” lower affinity clones from undergoing terminal
487  differentiation and becoming terminally exhausted. The heterogeneity of the lung environment
488 (i.e. antigen abundance) coupled with the polyclonal nature of T cell responses (i.e., TCR affinity)

489 affects T cell differentiation and lead to varied T cell responses.
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490 Our study provides crucial insights into the activation states of lung parenchymal CD4 T
491 cells during TB and yields important findings that advance our understanding of CD4 T cell
492  function and dysfunction during chronic bacterial infection. These include: (1) the loss of CD4
493  polyfunctionality during chronic Mtb infection is associated with higher lung CFU; (2) CD4 T cells
494 that phenotypically resemble exhausted CD8 T cells are detected as early as 6 wpi and their
495  increased frequency later during infection correlates with increased lung CFU; (3) cellular stress
496 including hypoxia, type | IFN signaling, and senescence likely contribute to CD4 T cell
497  dysfunction as manifested by senescence and exhaustion; and (4) polyclonal T cell responses
498 appear to prevent the development of CD4 T cell dysfunction. There are several caveats to
499  consider. First, the C7>TCRa model is a reductionist approach and not all findings from this
500 model were observed in C57BL/6 mice. Second, following aerosol Mtb infection, there is
501 substantial variability in the onset of morbidity. Late time points were chosen based on when
502 similar cohorts began to manifest disease. However, the mice evaluated in these studies were
503 not obviously ill for logistical reasons, leading to uncertainty in the “clinical state” of the
504 individuals analyzed. Third, we emphasized the parallels between dysfunctional CD4 T cells and
505 exhausted CD8 T cells as there were striking similarities. However, the profile of dysfunctional
506 Mtb-specific CD4 T cells does not fully align with standard definitions of exhausted CD8 T cells
507 during cancer and chronic viral infection. The differences which we observe are potentially
508 important as the definition of CD4 T cell exhaustion is still in flux ** %8 _Finally, it is unknown
509 whether CD4 T cell exhaustion impairs Mtb control. We previously showed that TIM-3 blockade
510 enhances Mtb control °®; however, whether this is mediated by CD4 T cells remains to be
511  established. Conversely, genetic deletion of PD-1 or PD-L1 leads premature death in mice,
512  driven largely by pro-inflammatory CD4 T cells ®. Similarly, anti-PD-1 mAb treatment of rhesus
513 macaques exacerbates TB %. These studies suggest that PD-1 acts as a rheostat®” that

514 modulates T cell responses and prevents tissue destruction®.
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515 We propose a model in which increasing bacterial numbers lead to more antigen
516  production and further TCR signaling. Together with cell extrinsic factors (e.g., hypoxia, type |
517 IFN), chronic T cell activation causes T cell dysfunction and diminished ability to contain the
518 infection. This permits more bacterial replication, and the cycle is repeated. While we are unable
519 to determine the direction of causality, this feed-forward loop would result in recrudescence and
520 disease. Alternatively, if we assume that exhaustion is a protective mechanism against the
521  development of immunopathology, increased TCR signaling could overwhelm the ability of the
522 PD-1 to moderate T cell activation, leading to increased inflammation. If, as observed during
523  PD-1 blockade this results in increased Mtb burden®® ®, this could also result in a feed-forward
524  loop. Further study is needed to ascertain whether reversing the effects of senescence or
525 metabolic stress could protect immune responses without the potential complications of

526  checkpoint blockade 2% %,
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540 Figure Legends

541

542  Figure 1. Loss of CD4 T cell function during chronic Mtb infection is associated with
543 recrudescence and death in the C7->TCRa adoptive transfer model. (A) Schematic of
544  C7->TCRa adoptive transfer model. (B) Survival curves of infected TCRa KO, P25>TCRa KO
545 (n=20), and C7->TCRa KO (n=13). The difference between the groups was statistically
546  significant (p < 0.0001) as determined by the log-rank test. (C) Lung CFU of infected C7->TCRa
547  mice at 4, 8, and 15 wpi. Data is pooled from two independent experiments, each with 3-5 mice
548  per time point. Box plots indicate median (middle line), 25th, 75th percentile (box) and minimum
549  and maximum (whiskers). (D) Frequencies of IL-2, TNF, or IFNy or (E) Triple Producers (TP; IL-
550 2'TNF'IFNy") producing C7 T cells. Representative data of three independent experiments, 3-5
551  mice/group. Bars, mean £ SD. (F) Cytokine production and T cell polyfunctionality visualized
552 using SPICE plots. (C-E) Statistical significance was analyzed by one-way ANOVA with
553 Bonferroni’'s multiple comparison test. p-values: *, p<0.05; **, p<0.01; *** p<0.001; ****,
554  p<0.0001; ns, no significant difference.

555

556 Figure 2. C7 T cells acquire an exhausted phenotype in the C7->TCRa adoptive transfer
557 model. (A) Frequencies of CD4" ESAT-6 Tetramer® C7 T cells expressing PD-1, TIM-3, Lag-3,
558 CTLA-4, or 2B4. (B) Percentage of C7 T cells expressing 0 - 5 co-inhibitory receptors in the
559 lungs of infected mice. (C) Representative flow plots and quantification of C7 T cells expressing
560 PD-1 and/or TIM-3. (D) Representative flow plots of C7 T cells expressing TCF-1, SLAMF6, or
561 PD-1, and TIM-3, at 4 and 21 wpi. (E) Frequencies of C7 T cells expressing TCF-1, SLAMF6, or
562 TIM-3. (F, G) Percentage of TCF-1"TIM-3" and TCF-1TIM-3" C7 T cells expressing PD-1 (F)
563 and the PD-1 median fluorescence intensity (MFI) (G). (H) Correlation of lung CFU with
564 percentage of PD-1", PD-1"TIM-3", or PD-1"TIM-3" C7 T cells. Independent experiments, each

565  with two or three timepoints are indicated by different colors. (A-G) Representative data of two
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566 (A, B) or more than three (C-G) independent experiments. (H) Cumulative data from 2
567 independent experiments. Data represent mean + SEM. Statistical significance was analyzed by
568 two-way ANOVA (E-G) with Bonferroni’'s (A), Tukey's (C, E), Fisher's LSD multiple comparison
569 test, or one-way ANOVA with Tukey’'s multiple comparison test (B). Pearson correlation was
570 calculated using data from three independent experiments consisting of 36 individual mice (H).
571 p-values: *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001; ns, no significant difference.

572

573  Figure 3. Exhaustion contributes to CD4 T cell dysfunction in the adoptive transfer model.
574  (A) Flow plots and schematic of sorted cell populations at 4 and 25 wpi used for RNAseq
575 analysis. (B) GSEA results of mouse-ortholog Hallmark pathways significantly enriched among
576 Group B or Group C C7 T cells. (C) Venn diagram representing the overlap of Hallmark
577 pathways significantly enriched in Groups D or E compared to Group C. (D) GSEA Hallmark
578  pathways significantly enriched among Group D or Group E compared to Group C. (E) Scatter
579 plots of DEGs (|log,FC| 2 1 and Padj < 0.05) between indicated groups. NES, Normalized
580 Enrichment Score; False Discovery Rate (FDR), <0.05 for all pathways shown.

581

582  Figure 4. Senescence-related signatures were detected among C7 CD4 T cells during
583 chronic infection. (A) GSEA Enrichment plots between Group C and Group D T cells for the
584  p53, Hypoxia, and IFN alpha Hallmark pathways. (B) GSEA results of senescence-related
585  signatures enriched in Groups D or E compared to Group C. X axis, NES. (C) Senescence
586 pathways enriched in Group D compared to Group E (left) and the Cellular Senescence GSEA
587  enrichment plot (right). FDR, <0.05 for all pathways shown.

588

589  Figure 5. Few lung-resident CD4 T cells express multiple effector function during chronic
590 infection. (A-D) Data is from 24 mice in 3 experiments infected for 4 — 6 (early), or 39 — 50 (late)

591 weeks. E6tet’, Esat-6 tetramer®. (A) CD4 T cells express both PD-1 and TIM-3 during chronic
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592 infection. (B) Percentage of EAU* CD4"CD44" T cells early (4 - 6 wpi) or late (39 - 50 wpi) after
593 infection. (C) Percentage of CD4'CD44" T cells producing IL-2, IFNy, or TNF, after stimulation
594  with ESAT6.35 (E6-stim). (D) Percentage of ESAT6-tetramer™ (E6tet’) CD4°CD44" T cells

595 among total CD4 T cells, early or late after infection. (E-l) Total lung parenchymal T cells were
596 sorted and analyzed by scRNAseq. (E) UMAP projection of CD4 T cells clustered based on

597 scRNAseq analysis and cluster designations. Outlined clusters all have a Thl core signature. (F)
598 Distribution of CD4 T cells among the different clusters, normalized by the total number of CD4
599 T cells from each subject. (G) Dot plot of differentially expressed genes. (H) Dot plot of genes
600 associated with effector functions or co-inhibitory receptors. (I) UMAP projections overlapped
601  with expression of Ifng and 1121.

602

603 Figure 6. Transcriptional differences between CD4 T cells in the lungs of mice, early (6
604  wpi) or late (41 wpi) after infection. (A). UMAP projections overlapped with expression of Tgfb
605 signaling signature. (B) UMAP projections overlapped with expression of Tgfrb2 gene
606 expression. (C) Violin plots of selected genes that show differential expression between 6 wpi
607  vs. 41 wpi.

608

609 Figure 7. Large clonal expansions of activated CD4 T cells accumulate in Clusters 0, 1,
610 and 2, and are maintained during chronic infection. (A) A UMAP projection colored by the
611 size of the TCR clonotype expansions. (B) Distribution of TCR count and clonotype size in each
612  CD4 cluster. The number of total TCRs is listed above each cluster designation. (C) For each
613  subject analyzed by TCRseq, the distribution of the 10 most abundant CDR3p among the 13
614  clusters is shown. (D) For each subject, the percentage of the total TCRs in each cluster
615 accounted for by the top 10 TCR clonotypes. (E) A chord diagram of shared TCRs between

616  clusters for Mouse 1 (46 wpi, A). (F) The overlap of TCR clonotypes between clusters based on

26


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

617 the Jaccard Similarity Index. (G) Sharing of clonotypes between Clusters 2 and 5 determined by
618  Venn analysis .

619

620 Figure 8. TCR affinity affects T cell function and differentiation in the adoptive transfer
621 model of chronic Mtb infection. C7 (black) and C24 (green) TCRtg cells were co-transferred
622  (1:1 ratio) into TCRa KO mice. Closed circles, females; open circles, males. Parenchymal C7
623 and C24 cells were analyzed at 4 and 34 wpi. (A) Percentage of C7 or C24 cells that expressed
624 TCF-1'TIM-3 (left) or PD-1"TIM-3" (right). (B) T-bet MFI. (C) Percentage of C7 or C24 cells that
625 produced of IL-2, TNF, or IFNy after ESAT6 peptide stimulation in vitro. Data are representative
626 of two independent experiments. Statistical significance was analyzed by two-way ANOVA. p-
627 values: *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001; ns, no significant difference. (D-G)
628 scRNAseq was performed on parenchymal CD4 T cells after co-transferred C7 and C24 cells,
629 24 wpi. (D) UMAP projection of C7 and C24 cells clustered based on scRNAseq analysis. (E)
630 Location of C7 and C24 cells in the UMAP projection based on TCR sequence. (F) Proportions
631 of C7 or C24 T cells within each cluster. (G) Feature plots of genes of referred to in the text.

632

633
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634  Supplemental Figures and Tables

635

636  Figure S1. Gating strategy for flow cytometric analysis of C7 or C24 TCRtg CD4 T cells in
637 the adoptive transfer model. (A) Analysis of CD4 T cells purified from C7 mice. Purity of CD4
638 T cells were between 90-95%. Between 70-95% of the CD4 T cells were identified as C7 TCRtg
639 CDA4 T cells based on staining with anti-VB10 or ESAT6 tetramers. (B) Gating scheme used to
640  sort parenchymal (i.e., CD45-1V") C7 TCRtg CD4 T cells from Mtb-infected mice after adoptive
641 transfer. Sort gates are shown in Figure 3. (C) Gating scheme of flow cytometry analysis of the
642 C7/C24 co-transfer experiments parenchymal. After gating on viable parenchymal (i.e., CD45-
643 IV) CD4T cells, C7 and C24 TCRtg T cells were identified based on expression of Thyl.1 (C7)
644 and Thyl.2 (C24). (D) The number of viable lung parenchymal Thyl.1 (C7) and Thyl.2 (C24)
645 CD4 T cells in the lung at 4 and 34 weeks after adoptive transfer into TCRa knockout mice and
646  Mtb infection. **, p < 0.01; ns, not significant by paired t-test.

647

648  Figure S2 (related to Figure 5). Heat map of cluster-defining genes in B6 scRNAseq. (A)
649  Gating scheme of flow cytometry analysis of parenchymal (i.e., CD45-1V") ESAT6-specific CD4
650 T cell responses. (B) UMAP projection of CD4 T cells 6 and 41 wpi were analyzed by scRNAseq,
651 integrated, and then split by timepoint. (C) Heatmap of top 10 genes within each cluster.
652  Cluster-defining genes of interest are listed. (D) AddModuleScore plot using C7 RNAseq DEGs
653 as gene signatures and applying to B6 scRNAseq dataset. Clusters 2 and 5 were most highly
654  associated with the genes significantly upregulated in Group D and E compared to Group C.
655  Cluster 2 expressed genes upregulated in Group E compared to Group D, which are associated
656  with T cell exhaustion.

657

658 Figure S3 (related to Figure 5). Visualization of module scores calculated by Seurat’s

659 AddModuleScore function using MSigDB gene sets. Feature plots (A-C) or violin plot (D) of
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660 the module scores calculated using the p53 Hallmark (A), Fridman Scen (B), and Hallmark
661 Hypoxia (C-D) gene sets.

662

663 Table S1. Significant DEGs between Group B and Group C vs Group A C7 T cells. Tab 1:
664  Differentially expressed genes between Group A (uninfected; PD1 TIM3") and Group B (4wpi;
665 PD1TIM3") C7 cells. Criteria are log2FC>1 and padj<0.05. Tab 2: Differentially expressed
666 genes between Group A (uninfected; PD1TIM3") and Group C (4wpi; PD1'TIM3") C7 cells.
667  Criteria are log2FC>1 and padj<0.05. Tab 3: GSEA output for Hallmark pathways enriched in
668  Group A (uninfected; PD1 TIM3") vs. Group B (4wpi; PD1TIM3") C7 cells. Tab 4: GSEA output
669 for Hallmark pathways enriched in Group A (uninfected; PD1 TIM3") vs. Group C (4wpi;
670 PD1'TIM3") C7 cells. Tab 5: Genes differentially expressed between Group A vs. Group B or C.
671  Genes are special relevance are highlighted yellow.

672

673 Table S2. Significant DEGs between Group B and Group C C7 T cells. Differentially
674  expressed genes between Group B (4wpi; PD1TIM3") and Group C (4wpi; PD1'TIM3") C7 cells.
675 Criteria are log2FC>1 and padj<0.05. Genes expressed more in Group C have a positive
676 log2FC and are shaded beige. Genes expressed more in Group B have a negative log2FC and
677 are shaded blue. Genes are special relevance are highlighted yellow.

678

679 Table S3. GSEA Hallmark pathway enrichment results between Group C and Group D C7
680 T cells. GSEA output for Hallmark pathways enriched in Group C (4wpi; PD1'TIM3") vs. Group
681 D (25wpi; PD1'TIM3") C7 cells.

682

683 Table S4. GSEA Hallmark pathway enrichment results between Group C and Group E C7
684 T cells. GSEA output for Hallmark pathways enriched in Group C (4wpi; PD1'TIM3") vs. Group

685 E (25wpi; PD1'TIM3") C7 cells.
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686

687 Table S5. Significant DEGs between Group C and Group D C7 T cells. Differentially
688 expressed genes between Group C (4wpi; PD1'TIM3") and Group D (25wpi; PD1'TIM3") C7
689 cells. Criteria are log2FC>1 and padj<0.05. Genes expressed more in Group D have a positive
690 log2FC and are shaded beige. Genes expressed more in Group C have a negative log2FC and
691 are shaded blue. Genes are special relevance are highlighted yellow.

692

693 Table S6. Significant DEGs between Group C and Group E C7 T cells. Differentially
694  expressed genes between Group C (4wpi; PD1'TIM3") and Group E (25wpi; PD1'TIM3") C7
695 cells. Criteria are log2FC>1 and padj<0.05. Genes expressed more in Group E have a positive
696 log2FC and are shaded beige. Genes expressed more in Group C have a negative log2FC and
697  are shaded blue. Genes are special relevance are highlighted yellow.

698

699 Table S7. Significant DEGs between Group D and Group E C7 T cells. Differentially
700 expressed genes between Group D (25wpi; PD1'TIM3") and Group E (25wpi; PD1'TIM3") C7
701  cells. Criteria are log2FC>1 and padj<0.05. Genes expressed more in Group E have a positive
702 log2FC and are shaded beige. Genes expressed more in Group D have a negative log2FC and
703 are shaded blue. Genes are special relevance are highlighted yellow.

704

705 Table S8. GSEA Senescence sighatures (related to Figure 2). GSEA senescence signatures
706  with Normalized Enrichment Score (NES) >|1.4| and a False Discovery Rate (FDR) <0.05
707  enriched in RNAseq data sets from Group C (4wpi; PD1'TIM3") compared to Group D (25wpi;
708 PD1'TIM3") or Group E (25wpi; PD1'TIM3") C7 cells.

709

710 Table S9 (related to Figure 5). Differentially Expressed Genes (DEG) and cluster

711  assignment for scRNAseq. Tab 1: All Sig DEGs. All DEGs that have an adjusted p-value of

30


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

712 <0.05. Tab 2: Top 30 Genes by Cluster. Top 30 DEGs in each cluster. Some of the DEGs in
713  Clusters 6 and 12 do not have a padj<0.05. Clusters are color-coded to match Figure 5. Genes
714  we consider immunologically significant are highlighted in yellow. Tab 3: DEG considered in
715  Cluster assignment. Tabs 4 — 16. Each of these tabs lists the DEG for Clusters 0 — 12. All tabs
716  have the same format. Column A-G list the DEG for the designated cluster compared to all
717  other clusters and are from Tab 1 (all DEG have an adjusted p-value of <0.05). Column A, p_val;
718 Column B, avg_log,FC; Column C, pct.1; Column D, pct.2; Column E, p_val_adj; Column F,
719  cluster; Column G, gene. Some genes of immunological interest are highlighted beige
720  (upregulated) or blue (downregulated). Column J-O list the DEG for the cluster when compared
721  to Cluster 4 (naive). These DEG have an adjusted p-value of <0.05, and are sorted by largest
722 log.FC. Tab 17: a core signature expressed by Clusters 0, 1, 2, 3, 5, 6, and 9 compared to
723  Cluster 4 (naive T cells).

724

725 Table S10 (related to Figure 6). The results of Seurat’'s FindMarker analysis to identify DEG for
726  each cluster between 6 wpi vs. 41 wpi. The first tab is the analysis for all cells. Subsequent tabs
727  are the analysis for each cluster. The data has been filtered for an absolute fold-change of >0.5
728 and an adjusted p-value of <0.05. A positive fold-change represents enrichment at 6 wpi and is
729 displayed in a blue font. A negative fold-change represents enrichment at 41 wpi and is
730 displayed in a red font.

731

732  Table S11 (related to Figure 6). Panther pathway analysis. Statistically significant DEGs that
733 were upregulated at 6 or 41 wpi were found using Seurat FindMarkers (Table S10). These
734  genes were used as input for Panther (pantherdb.org), which was used to determine molecular
735 pathways that were statistically over-represented in the input list compared with randomly
736  selected genes*’. Tab 1: The gene input from Table S10 that was used as input. Subsequent

737  tabs show the results for the Panther Overrepresentation analysis. All tabs are organized
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738 similarly. The first table identifies pathways in the Panther pathway collection. The second table,
739  below, identifies pathways in the Reactome database.

740

741  Table S12 (related to Figure 7). TCR data. Original TCR data and analyses used in the paper
742  (Excel spreadsheet). Tab 1: CD4_TCRs_all. Original TCR data displayed as a pivot table, Tab 2:
743  analysis. Analysis of pivot table, focusing on the number of TCRs in each cluster, grouped by
744  individual mouse, by time point, or by TCR expansion (i.e., clonotype). Tab 3: top 20 clonotypes
745 AA. Clonal TCR expansions group by size and evaluated by cluster and mouse. Tope 20
746  clonotypes in each mouse individually. Tab 4: C7 CASSYWGGGQNTLYF. C7 CD4 T cells from
747  uninfected transgenic mice were adoptively transferred to the B6 mice before infection and
748  subsequent analysis. These ESAT6-specific CD4 T cells were identified based on their CDR3f
749  nucleotide sequence which encodes the amino acids CASSYWGGGQNTLYF. All CD4 T cells
750 with a CDR3B sequence of CASSYWGGGQNTLYF are listed. Subsequent analysis shows the
751 associated CDR3a sequences, the distribution among different clusters, the clonal nature of the
752  CDRS3B nucleotide rearrangement, and the different CDR3a rearrangements.

753

754 Table S13 (related to Figure 8). Differentially Expressed Genes (DEG) and cluster
755 assignment for C7/C24 scRNAseq analysis. Top 30 DEGs in each cluster. Clusters are color-
756  coded to match Figure 1. Genes we consider immunologically significant for cluster assignment
757  are highlighted yellow and other important genes are highlighted green. Some of the DEGs do
758  not have a padj<0.05 (shaded pink).

759

760
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761 Methods

762

763 Ethics statement

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

769

770 Data Availability statement.

771  All data supporting the findings of this study are available within the paper and its
772 supplementary information. RNAseq data has been deposited to GEO. Further information and
773  requests for resources and reagents should be directed to and will be fulfilled by the Lead

774  Contact, Samuel Behar (Samuel.Behar@umassmed.edu). Source data are provided with this

775  paper.
776
777  Mice

778 P25 TCRtg and TCRa KO mice were purchased from Jackson Lab (Bar Harbor, ME) and bred
779 locally. C57BL/6J mice were purchased from Jackson Lab. C7 C57BL/6 (VB10; Thyl.1) and
780 C24 RAG2™ (VB4; Thyl.2) TCRtg mice were originally obtained from Eric Pamer and bred
781  locally* . Experimental mice were 6 — 12 weeks old and sex-matched. For adoptive transfers
782  sex-matched TCRa KO at 7-12 weeks old from different litters were randomly assigned to
783  receive C7, C24, or both cells. All studies involving animals were conducted following relevant
784  guidelines and regulations, and the studies were approved by the Institutional Animal Care and

785  Use Committee at the University of Massachusetts Medical School (Animal Welfare A3306-01),
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786  using the recommendations from the Guide for the Care and Use of Laboratory Animals of the
787  National Institutes of Health and the Office of Laboratory Animal Welfare.
788

789 In vivo infections

790 The Erdman strain of Mycobacterium tuberculosis, which has been passaged through mice, was
791 used for aerosol infection as previously described °'. Mice were infected through the aerosol
792  route at a dose of ~100 CFU/mouse using a Glas-Col chamber (Terre Haute, IN) as previously
793 described 8. Frozen bacterial stocks were thawed, diluted into 5 mL of 0.01% Tween-80 in PBS,
794  and sonicated for 1 minute prior to aerosolization. The average dose delivered into the lung was
795 determined for each infection by plating lung homogenate from 4-5 mice 24 hours after infection
796 and ranged between 40 — 150 CFU/mouse. Lung and spleen bacterial burden was determined
797 using the left lung or whole spleen, which were harvested into 0.01% Tween-80 in PBS with 2
798 mm zirconium oxide beads (Next Advance). Tissue was homogenized using a FastPrep
799  homogenizer (MP Biomedicals), serially diluted, and plated on 7H11 agar plates (Hardy
800 Diagnosis). CFU was counted after 19-21 days. Morbidity studies were performed following
801 infection. All mice were monitored weekly in accordance with IACUC guidelines using the Body
802 Condition Score (BCS) and serial weight determinations. Mice with a BCS score less than or
803 equal to 2 or had lost 20% of their maximum body weight were euthanized.

804

805 TCRtg T cell Adoptive Transfer

806 T cells were isolated from the lymph nodes and spleens of C7 or C24 TCR transgenic mice.
807  Single cell suspensions were made by passing spleens and lymph nodes through 70 pm and 40
808 um filters sequentially, and a MojoSort™ CD4 T cell isolation kit and magnet (Biolegend, San
809 Diego, CA) was used. Cells were resuspended in 2% FBS in PBS, and 1 x 10° cells/mouse
810 were injected through the tail vein 24 hours before aerosol infection. Cell purities were

811 determined for each experiment using flow cytometry.

34


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

812

813 Intravascular Staining

814 1.2 - 2.4 pg/mouse fluorochrome-conjugated anti-CD45 antibody in 200 uL of 2% FBS in PBS
815 was injected through the tail vein 2 minutes before euthanizing with CO,, and organs were
816 harvested 1 minute later. Lungs were perfused and removed. Lymphocytes from blood collected
817 in RPMI containing heparin (40 U/mL) were isolated using Lympholyte® (CEDARLANE) and
818 analyzed by flow cytometry to confirm uniform staining.

819

820 Cell Preparation

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

832

833 Intracellular cytokine staining (ICS) stimulation and flow cytometric analysis.

834  After processing, cells in single cell suspension were plated for stimulation or staining.
835  Stimulation for ICS was done with anti-CD3 and anti-CD28 (Biolegend; each at 1 pg/mL) or

836 ESAT-6 peptide (10 puM) for a total of 5 hours. See Table S14 for a complete list of antibodies
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837 and fluorochromes used in this study. Cells were stained with Zombie Fixable Viability dye
838  (Biolegend) for 10 minutes at room temperature (RT). Some experiments used I-A°/ESAT-64.17
839 and H2K"/Tb10.4,,; MHC Tetramers alongside other antibodies. Class Il tetramer staining was
840 done at 37C for 1 hour, and surface and class | tetramer staining was done at 4C for 20 minutes.
841 BD Cytofix/Cytoperm Kit was used for ICS. Transcription factor (TF) staining was done with
842  eBiosciences FoxP3 Transcription Factor staining kit, where cells were fixed and permeabilized
843  for 30 minutes at RT, followed by staining with antibodies against various TFs for another 30
844 minutes at RT. Samples were fixed for a total of 1 hr with 1% - 4% PFA, washed, and
845  resuspended in autoMACS running buffer and were acquired on Aurora (Cytek) or MACSQuant
846  (Miltenyi) flow cytometers. Data was analyzed using FlowJo v10.8.1. and SPICE v6.1 % |-
847  AP/ESAT-6,4; and H2K"/Tb10.4,,; MHC Tetramers were produced by the NIAID Tetramer Core
848 (Emory, Atlanta, Georgia).

849

850 Cell Sorting

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

856

857 RNAseq

858  Parenchymal lung C7 T-cells were sorted from the lungs of infected mice at 4 and 25 wpi. CD4
859 T cells were identified based on the following scheme: lymphocyte sized gate - single cells >
860 dead and dump (NK1.1/CD19/TCRyJ) negative - CD8™ - CD45-IV- &> CD4'VB10". These
861 cells were then sorted based on their expression of TIM-3 and PD-1 and placed in RNAprotect

862 (QIAGEN). RNA was isolated using RNeasy kit (QIAGEN). Sequencing, alignment, and
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863 processing of data was performed by GENEWIZ. Differential expression analysis was
864  performed in R (v4.3.0) using DESeq2 (v1.40.2). GSEA was performed using the Broad Institute
865  software Gene enrichment scores were determined using the Gene Set Enrichment Analysis
866 (GSEA) desktop app (Mac version 4.3) produced by the Broad Institute ° . The mouse
867 Hallmark database was primarily used **. The RNAseq data has been deposited at GEO and
868 are publicly available as of the date of publication (Accession number: GSE266006).

869

870 Single-cell RNAseq Library Generation and Sequencing

871  Total parenchymal lung t-cells were sorted from the lungs of Mtb-infected B6 mice at 6 and 41
872  wpi (6 wpi; 1 x 10° or 41 wpi; 1 x 10° C7 cells IV transferred 16-24 hours before aerosol infection)
873 and C7/C24 - TCRa KO mice at 26 wpi. Sorted cells were processed and cDNA libraries were
874 made according to 10x Genomics 5’ Single Cell Immune Profiling protocols. Cells were loaded
875 in chips to capture 10,000 cells/lane, and the resulting GEM droplets underwent reverse
876  transcription to label transcripts with unique molecular identifiers (UMIs). Samples were then
877 removed from the BSL-3 space, and GEX and V(D)J libraries were performed using
878  manufacturer’'s instructions. 13 rounds of PCR cycles were performed for cDNA amplification,
879 and 14 rounds of cycles were performed for GEX Sample Index PCR. Libraries were sequenced
880 on an lllumina NextSeq 500, and 5,000 and 20,000 read pairs per cell were targeted for V(D)J
881 and GEX libraries, respectively.

882

883 Single-cell RNAseqg and TCRseqg Data Processing

884  Sequencing data was processed and aligned against the mouse reference genome mm10 using
885 Cellranger v6 on the UMass High Performance Computing SCI Cluster. The resulting gene
886  count matrices and filtered contig sequences were further analyzed using R (v4.3.0) and Seurat
887  (v4.3.0). Cells with greater than 10% mitochondrial genes were filtered out. The TCR genes

888 were removed from the gene expression data before dimensionality reduction and Louvain
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889  clustering to avoid TCR bias among clonally expanded T cells affecting the outcome. Samples
890 were then normalized using default parameters, and most variable genes were detected using
891 the FindVariableFeatures function. The data was then scaled using ScaleData, and principal
892  component analysis (PCA) was done using RunPCA. Clustering was performed using
893  FindNeighbors (PCs 1:20), FindClusters, and RunUMAP (PCs 1:20). DoubletFinder (v2.0.3)
894  was then used to find and filter out doublets in the samples. CD4s were then subsetted from the
895  dataset for further analysis (Cd8a < 1e-10 & Cd3e > 1 & Cd4 > 0.5 & Cd8b1l < 1le-10) for the B6
896 analysis. C7 and C24 t-cells were subsetted using the CDR3B sequence (C7:
897 CASSYWGGGONTLYF; C24: CASSRQGGNYAEQFF). Samples were integrated using
898  SelectintegrationFeatures, FindintegrationAnchors, and IntegrateData, and TCR information
899 was merged into the Seurat object using scRepertoire (v1.10.1). The cells in the integrated
900  Seurat object were clustered using FindClusters (resolution 0.6), and FindAllMarkers was used
901 to determine the top defining genes of each cluster (min.pct = 0.25, logfc.threshold = 0.25). One
902 cluster in each experiment was enriched in INcRNAs (Gm26917 and Gm42418) associated with
903 ribosomal RNA contamination and excluded from further analysis. Cells were re-clustered using
904 FindClusters (resolution 0.6). For polyclonal cells, FindMarkers (default parameters) was used
905 to compare gene expression of cells in selected clusters against the Naive cluster. The function
906 getCirclize from scRepertoire was used to visualize TCR overlap between clusters, and
907 repOverlap from Immunarch (v0.9.0) was used to calculate the Jaccard Similarity Index for
908 TCRs between each cluster pair. All other TCR analyses were done using Pivot tables in Excel.
909 Several other R packages within Tidyverse and ggplot2 were used for intermediate data
910 processing steps and data visualization. The scRNAseq data have been deposited at GEO and
911  are publicly available as of the date of publication (Accession number: GSE265891).

912

913 Statistical Analysis

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

918  Significant Difference multiple comparison test was used.

39


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

919 References

920

921 1. Houben RM, Dodd PJ. The Global Burden of Latent Tuberculosis Infection: A Re-

922 estimation Using Mathematical Modelling. PLoS Med 13, 1002152 (2016).

923

924 2. Vynnycky E, Fine PE. The natural history of tuberculosis: the implications of age-

925 dependent risks of disease and the role of reinfection. Epidemiol Infect 119, 183-201
926 (1997).

927

928 3. Pai M, et al. Tuberculosis. Nat Rev Dis Primers 2, 16076 (2016).

929

930 4. Esmail H, et al. The Immune Response to Mycobacterium tuberculosis in HIV-1-

931 Coinfected Persons. Annu Rev Immunol 36, 603-638 (2018).

932

933 5. Mogues T, Goodrich ME, Ryan L, LaCourse R, North RJ. The relative importance of T cell
934 subsets in immunity and immunopathology of airborne Mycobacterium tuberculosis
935 infection in mice. J Exp Med 193, 271-280 (2001).

936

937 6. O'Garra A, Redford PS, McNab FW, Bloom Cl, Wilkinson RJ, Berry MP. The immune
938 response in tuberculosis. Annu Rev Immunol 31, 475-527 (2013).

939

940 7. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat Rev
941 Immunol 15, 486-499 (2015).

942

943 8. McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T Cell Exhaustion During Chronic Viral
944 Infection and Cancer. Annu Rev Immunol 37, 457-495 (2019).

945

946 9. Paley MA, et al. Progenitor and terminal subsets of CD8+ T cells cooperate to contain
947 chronic viral infection. Science 338, 1220-1225 (2012).

948

949 10. Utzschneider DT, et al. T Cell Factor 1-Expressing Memory-like CD8(+) T Cells Sustain the
950 Immune Response to Chronic Viral Infections. Immunity 45, 415-427 (2016).

951

952 11. Siddiqui |, et al. Intratumoral Tcf1(+)PD-1(+)CD8(+) T Cells with Stem-like Properties
953 Promote Tumor Control in Response to Vaccination and Checkpoint Blockade

954 Immunotherapy. Immunity 50, 195-211 €110 (2019).

955

956 12. Im SJ, et al. Defining CD8+ T cells that provide the proliferative burst after PD-1 therapy.
957 Nature 537, 417-421 (2016).

958

959 13. Miller BC, et al. Subsets of exhausted CD8(+) T cells differentially mediate tumor control
960 and respond to checkpoint blockade. Nat Immunol 20, 326-336 (2019).

961

40


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25,

26.

available under aCC-BY-NC 4.0 International license.

Wei SC, et al. Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1
Checkpoint Blockade. Cell 170, 1120-1133 e1117 (2017).

Held W, Siddiqui I, Schaeuble K, Speiser DE. Intratumoral CD8(+) T cells with stem cell-
like properties: Implications for cancer immunotherapy. Sci Trans!/ Med 11, (2019).

Zhao Y, Shao Q, Peng G. Exhaustion and senescence: two crucial dysfunctional states of
T cells in the tumor microenvironment. Cell Mol Immunol 17, 27-35 (2020).

Crespo J, Sun H, Welling TH, Tian Z, Zou W. T cell anergy, exhaustion, senescence, and
stemness in the tumor microenvironment. Curr Opin Immunol 25, 214-221 (2013).

Lu YJ, Barreira-Silva P, Boyce S, Powers J, Cavallo K, Behar SM. CD4 T cell help prevents
CD8 T cell exhaustion and promotes control of Mycobacterium tuberculosis infection.
Cell Rep 36, 109696 (2021).

Booty MG, et al. IL-21 signaling is essential for optimal host resistance against
Mycobacterium tuberculosis infection. Sci Rep 6, 36720 (2016).

Ghosh S, Chackerian AA, Parker CM, Ballantyne CM, Behar SM. The LFA-1 adhesion
molecule is required for protective immunity during pulmonary Mycobacterium
tuberculosis infection. J Immunol 176, 4914-4922 (2006).

Bold TD, Banaei N, Wolf AJ, Ernst JD. Suboptimal activation of antigen-specific CD4+
effector cells enables persistence of M. tuberculosis in vivo. PLoS Pathog 7, 1002063
(2011).

Beltra JC, et al. Developmental Relationships of Four Exhausted CD8(+) T Cell Subsets
Reveals Underlying Transcriptional and Epigenetic Landscape Control Mechanisms.

Immunity 52, 825-841 828 (2020).

Crawford A, et al. Molecular and transcriptional basis of CD4(+) T cell dysfunction during
chronic infection. Immunity 40, 289-302 (2014).

Pritykin Y, et al. A unified atlas of CD8 T cell dysfunctional states in cancer and infection.
Mol Cell 81, 2477-2493 €2410 (2021).

Pauken KE, Wherry EJ. Overcoming T cell exhaustion in infection and cancer. Trends
Immunol 36, 265-276 (2015).

Hernandez Borrero U, EI-Deiry WS. Tumor suppressor p53: Biology, signaling pathways,
and therapeutic targeting. Biochim Biophys Acta Rev Cancer 1876, 188556 (2021).

41


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

available under aCC-BY-NC 4.0 International license.

Huang W, Hickson LJ, Eirin A, Kirkland JL, Lerman LO. Cellular senescence: the good, the
bad and the unknown. Nat Rev Nephrol 18, 611-627 (2022).

Zhang J, He T, Xue L, Guo H. Senescent T cells: a potential biomarker and target for
cancer therapy. EBioMedicine 68, 103409 (2021).

Frisch SM, MacFawn IP. Type | interferons and related pathways in cell senescence.
Aging Cell 19, e13234 (2020).

Lavin MF, Gueven N. The complexity of p53 stabilization and activation. Cell Death Differ
13, 941-950 (2006).

Gao H, et al. Role of hypoxia in cellular senescence. Pharmacol Res 194, 106841 (2023).

Saul D, et al. A new gene set identifies senescent cells and predicts senescence-
associated pathways across tissues. Nat Commun 13, 4827 (2022).

Kasamatsu T, et al. Sub-lethal doses of chemotherapeutic agents induce senescence in T
cells and upregulation of PD-1 expression. Clin Exp Med 23, 2695-2703 (2023).

van der List ACJ, Litjens NHR, Klepper M, Betjes MGH. Expression of Senescence Marker
TIGIT Identifies Polyfunctional Donor-Reactive CD4+ T Cells Preferentially Lost After
Kidney Transplantation. Front Immunol 12, 656846 (2021).

Raveney BIJE, et al. Involvement of cytotoxic Eomes-expressing CD4(+) T cells in
secondary progressive multiple sclerosis. Proc Nat/ Acad Sci U S A 118, (2021).

Barbosa CD, et al. Cytotoxic CD4(+) T cells driven by T-cell intrinsic IL-18R/MyD88
signaling predominantly infiltrate Trypanosoma cruzi-infected hearts. Elife 11, (2022).

Eschweiler S, et al. JAML immunotherapy targets recently activated tumor-infiltrating
CD8(+) T cells. Cell Rep 42, 112040 (2023).

Grau M, et al. Antigen-Induced but Not Innate Memory CD8 T Cells Express NKG2D and
Are Recruited to the Lung Parenchyma upon Viral Infection. J Immunol 200, 3635-3646
(2018).

Gattinoni L, Speiser DE, Lichterfeld M, Bonini C. T memory stem cells in health and
disease. Nat Med 23, 18-27 (2017).

Sallin MA, et al. Host resistance to pulmonary Mycobacterium tuberculosis infection
requires CD153 expression. Nature Microbiology, (2018).

42


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

41.

42,

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

available under aCC-BY-NC 4.0 International license.

Roach DR, Briscoe H, Saunders B, France MP, Riminton S, Britton WJ. Secreted
lymphotoxin-alpha is essential for the control of an intracellular bacterial infection. The
Journal of experimental medicine 193, 239-246 (2001).

Mi H, et al. Protocol Update for large-scale genome and gene function analysis with the
PANTHER classification system (v.14.0). Nat Protoc 14, 703-721 (2019).

Carpenter SM, Yang ID, Lee J, Barreira-Silva P, Behar SM. Vaccine-elicited memory CD4+
T cell expansion is impaired in the lungs during tuberculosis. PLoS Pathog 13, e1006704
(2017).

Guo M, et al. Molecular, metabolic, and functional CD4 T cell paralysis in the lymph
node impedes tumor control. Cell Rep 42, 113047 (2023).

Keck S, et al. Antigen affinity and antigen dose exert distinct influences on CD4 T-cell
differentiation. Proc Nat!/ Acad Sci U S A 111, 14852-14857 (2014).

Tubo NJ, et al. Single naive CD4+ T cells from a diverse repertoire produce different
effector cell types during infection. Cell 153, 785-796 (2013).

Kotov DI, et al. TCR Affinity Biases Th Cell Differentiation by Regulating CD25, Eeflel,
and Gbp2. J Immunol 202, 2535-2545 (2019).

van Panhuys N, Klauschen F, Germain RN. T-cell-receptor-dependent signal intensity
dominantly controls CD4(+) T cell polarization In Vivo. Immunity 41, 63-74 (2014).

Gallegos AM, et al. Control of T cell antigen reactivity via programmed TCR
downregulation. Nat Immunol 17, 379-386 (2016).

Lang KS, et al. Inverse correlation between IL-7 receptor expression and CD8 T cell
exhaustion during persistent antigen stimulation. Eur J Immunol 35, 738-745 (2005).

Bannoud N, et al. Hypoxia Supports Differentiation of Terminally Exhausted CD8 T Cells.
Front Immunol 12, 660944 (2021).

Noman MZ, et al. Hypoxia: a key player in antitumor immune response. A Review in the
Theme: Cellular Responses to Hypoxia. Am J Physiol Cell Physiol 309, C569-579 (2015).

Wagle MV, et al. Antigen-driven EGR2 expression is required for exhausted CD8(+) T cell
stability and maintenance. Nat Commun 12, 2782 (2021).

Odagiu L, May J, Boulet S, Baldwin TA, Labrecque N. Role of the Orphan Nuclear
Receptor NR4A Family in T-Cell Biology. Front Endocrinol (Lausanne) 11, 624122 (2020).

43


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1092  55. Behar SM, Carpenter SM, Booty MG, Barber DL, Jayaraman P. Orchestration of

1093 pulmonary T cell immunity during Mycobacterium tuberculosis infection: immunity
1094 interruptus. Semin Immunol 26, 559-577 (2014).

1095

1096 56. Jayaraman P, et al. TIM3 Mediates T Cell Exhaustion during Mycobacterium tuberculosis
1097 Infection. PLoS Pathog 12, e1005490 (2016).

1098

1099 57. Sandu |, et al. Landscape of Exhausted Virus-Specific CD8 T Cells in Chronic LCMV

1100 Infection. Cell Rep 32, 108078 (2020).

1101

1102  58. Yao C, et al. Single-cell RNA-seq reveals TOX as a key regulator of CD8(+) T cell

1103 persistence in chronic infection. Nat Immunol 20, 890-901 (2019).

1104

1105  59. Brooks DG, Trifilo MJ, Edelmann KH, Teyton L, McGavern DB, Oldstone MB. Interleukin-
1106 10 determines viral clearance or persistence in vivo. Nat Med 12, 1301-1309 (2006).
1107

1108 60. Sakai S, et al. CD4 T Cell-Derived IFN-gamma Plays a Minimal Role in Control of

1109 Pulmonary Mycobacterium tuberculosis Infection and Must Be Actively Repressed by
1110 PD-1 to Prevent Lethal Disease. PLoS Pathog 12, e1005667 (2016).

1111

1112 61. Fahey LM, Wilson EB, Elsaesser H, Fistonich CD, McGavern DB, Brooks DG. Viral

1113 persistence redirects CD4 T cell differentiation toward T follicular helper cells. J Exp Med
1114 208, 987-999 (2011).

1115

1116 62 Akter S, et al. Mycobacterium tuberculosis infection drives a type | IFN signature in lung
1117 lymphocytes. Cell Rep 39, 110983 (2022).

1118

1119  63. Boggiano C, et al. "The Impact of Mycobacterium tuberculosis Immune Evasion on
1120 Protective Immunity: Implications for TB Vaccine Design" - Meeting report. Vaccine,
1121 (2017).

1122

1123  64. Grace PS, Ernst JD. Suboptimal Antigen Presentation Contributes to Virulence of

1124 Mycobacterium tuberculosis In Vivo. J Immunol 196, 357-364 (2016).

1125

1126  65. Portal-Celhay C, et al. Mycobacterium tuberculosis EsxH inhibits ESCRT-dependent CD4+
1127 T-cell activation. Nat Microbiol 2, 16232 (2016).

1128

1129  66. Yang ID, et al. Mycobacterium tuberculosis-specific CD4+ and CD8+ T cells differ in their
1130 capacity to recognize infected macrophages. PLoS Pathog 14, e1007060 (2018).

1131

1132 67. Matsuda S, et al. TGF-beta in the microenvironment induces a physiologically occurring
1133 immune-suppressive senescent state. Cell Rep 42, 112129 (2023).

1134

44


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

available under aCC-BY-NC 4.0 International license.

Gern BH, et al. TGFbeta restricts expansion, survival, and function of T cells within the
tuberculous granuloma. Cell Host Microbe 29, 594-606 €596 (2021).

Wong EA, et al. IL-10 Impairs Local Immune Response in Lung Granulomas and Lymph
Nodes during Early Mycobacterium tuberculosis Infection. J Immunol 204, 644-659
(2020).

McCaffrey EF, et al. The immunoregulatory landscape of human tuberculosis
granulomas. Nat Immunol 23, 318-329 (2022).

Fernandez-Alfara M, et al. Antitumor T-cell function requires CPEB4-mediated
adaptation to chronic endoplasmic reticulum stress. EMBO J 42, 111494 (2023).

Hwang SM, et al. Transgelin 2 guards T cell lipid metabolism and antitumour function.
Nature, (2024).

Moreira-Teixeira L, Mayer-Barber K, Sher A, O'Garra A. Type | interferons in tuberculosis:
Foe and occasionally friend. J Exp Med 215, 1273-1285 (2018).

Kotov DI, et al. Early cellular mechanisms of type | interferon-driven susceptibility to
tuberculosis. Cell 186, 5536-5553 5522 (2023).

Jung lY, et al. Type | Interferon Signaling via the EGR2 Transcriptional Regulator
Potentiates CAR T Cell-Intrinsic Dysfunction. Cancer Discov 13, 1636-1655 (2023).

Chen W, et al. Chronic type | interferon signaling promotes lipid-peroxidation-driven
terminal CD8(+) T cell exhaustion and curtails anti-PD-1 efficacy. Cell Rep 41, 111647
(2022).

Zhen A, et al. Targeting type | interferon-mediated activation restores immune function
in chronic HIV infection. J Clin Invest 127, 260-268 (2017).

Scharping NE, et al. Mitochondrial stress induced by continuous stimulation under
hypoxia rapidly drives T cell exhaustion. Nat Immunol 22, 205-215 (2021).

McGettrick AF, O'Neill LAJ. The Role of HIF in Immunity and Inflammation. Cell Metab 32,
524-536 (2020).

Harper J, et al. Mouse model of necrotic tuberculosis granulomas develops hypoxic
lesions. J Infect Dis 205, 595-602 (2012).

Belton M, et al. Hypoxia and tissue destruction in pulmonary TB. Thorax 71, 1145-1153
(2016).

45


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1179 82 Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell Res

1180 25, 585-621 (1961).

1181

1182  83. Balanca CC, et al. PD-1 blockade restores helper activity of tumor-infiltrating, exhausted
1183 PD-1hiCD39+ CD4 T cells. JCI Insight 6, (2021).

1184

1185 84. Miggelbrink AM, et al. CD4 T-Cell Exhaustion: Does It Exist and What Are Its Roles in
1186 Cancer? Clin Cancer Res 27, 5742-5752 (2021).

1187

1188  85. Barber DL, Mayer-Barber KD, Feng CG, Sharpe AH, Sher A. CD4 T cells promote rather
1189 than control tuberculosis in the absence of PD-1-mediated inhibition. J Immunol 186,
1190 1598-1607 (2011).

1191

1192  86. Kauffman KD, et al. PD-1 blockade exacerbates Mycobacterium tuberculosis infection in
1193 rhesus macaques. Sci Immunol 6, (2021).

1194

1195 87. Okazaki T, Chikuma S, Iwai Y, Fagarasan S, Honjo T. A rheostat for immune responses:
1196 the unique properties of PD-1 and their advantages for clinical application. Nat Immunol
1197 14, 1212-1218 (2013).

1198

1199  88. Barber DL, et al. Tuberculosis following PD-1 blockade for cancer immunotherapy. Sci
1200 Trans! Med 11, (2019).

1201

1202  89. Hulsen T, de Vlieg J, Alkema W. BioVenn - a web application for the comparison and
1203 visualization of biological lists using area-proportional Venn diagrams. BMC Genomics 9,
1204 488 (2008).

1205

1206  90. Gallegos AM, Pamer EG, Glickman MS. Delayed protection by ESAT-6-specific effector
1207 CD4+ T cells after airborne M. tuberculosis infection. J Exp Med 205, 2359-2368 (2008).
1208

1209 91. Chackerian AA, Perera TV, Behar SM. Gamma interferon-producing CD4+ T lymphocytes
1210 in the lung correlate with resistance to infection with Mycobacterium tuberculosis.
1211 Infect Immun 69, 2666-2674 (2001).

1212

1213 92. Roederer M, Nozzi JL, Nason MC. SPICE: exploration and analysis of post-cytometric
1214 complex multivariate datasets. Cytometry A 79, 167-174 (2011).

1215

1216  93. Subramanian A, et al. Gene set enrichment analysis: a knowledge-based approach for
1217 interpreting genome-wide expression profiles. Proc Nat/ Acad Sci U S A 102, 15545-
1218 15550 (2005).

1219

1220 94. Subramanian A, Kuehn H, Gould J, Tamayo P, Mesirov JP. GSEA-P: a desktop application
1221 for Gene Set Enrichment Analysis. Bioinformatics 23, 3251-3253 (2007).

1222

46


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

1223  95. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P. The Molecular

1224 Signatures Database (MSigDB) hallmark gene set collection. Cell Syst 1, 417-425 (2015).
1225
1226

47


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A B

0.0001
100 C

— C7—-TCRa KO
— P25—TCRa KO
--- TCRa KO

Ty

Weeks Post-Infection

751

Aerosol

|
> Mtb

CD4+T cells
10°cells

Survival (%)
3

N
(&)}

Log, (lung CFU)
Y (&)} (e} ~ oo

C7 TCRtg TCRa ko

o

—
0 10 20 30 40
Weeks Post-Infection

O
*
*
*
*
*

]
]

%TNF* of CD4*Vp10*
%IFNy* of CD4* VB10*
*

ns

<2}

=}
*
2
o2}
o

]°

ey
o
N
o

N
o
o,
0
N
o
N
o
N
o

o

%IL-2* of CD4*VB10*
o
o
o

% TP of CD4*vp10* ™M

o
o

4 8 15 4 8 15 4 8 15 4 8 15

Weeks post infection WPl

F 4 wpi 8 wpi 15 wpi

@9 @ /Pie Arc Categories \
Iung B IFNy #g IFNy 12
spleen @ @ \- -~

I+ + +
1+ +
o
z
m

HEEEEEHE

Figure 1


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Lag-3

% positive
(of CD4+Tet+

4 8 15 4 8 15

Weeks Post-Infection

15 wpi

48 29

o N B O 0

CTLA-4 2B4 B
*% 8 *K Ok *#r g
° ° S 5Qq#kxx FHK K
6 ’_“—l E_ 40 = Week 4
> o Week 8
4 + 30 o Week 15
[m]
520
2 “o; 10
0 =S 0 h
4 8 15 4 8 15 01 2 3 4 5
No. of co-inhibitory receptors
:_'375
29 - PD1*Tim3*
= © 50 Kook
gy
o
o - PD1*Tim3"
& 825 ]
s~ O skkok
o 01 i ° - * PD1-Tim3
4 8 15

Weeks Post Infection

D E
A ¥
+ 50
(ED %40 O Week 4
(ch % 30 I Week 17
N 820 B Week 21
G 10
R0
Tim3- Tcf1*  Tim3* Tef1-  Tim3'SlamF6* Tim3*SlamF6~
\—7 E’ %
7 T £ z
& Rl sl -
F G
- *k Aokkk Fokk ’,ﬁf ",ﬁl" ﬂl
96007 — — ‘© 100 o
3 ° ° 2 2._ »®
? . . S 751 ™ T
Y— 400 ° —o= — .ff o -o-
2 [ ° oo O 50 605 o
o0l o ’ h o8
= oQ © o 8 wpi =
— o© 2] % e 17 wpi E 254 °
E e 24wpi 2
0 II +| II +| II +| 0 II +| II +| II +|
M m ®M®m® ™o M ®m ®MmM®m® ® o
EE EE EE EE EE EE
v BEOBF EE o BER B
EE gE BE EE BE gF
H
= 7.57 © 7.57 = 7.57
= ' g - s T
- L] - [ ) . [ ]
) i oo o] i e "o D i (] °
2 651 R D 65 s D 651 5
O 6.0 oo oo © 60 .° e O 6.0{eces .
S 55{ 0% r=0.84 S 551 ° ¢, o S 55| & o
o . °, :. p<0.0001 le) . o e p_: Né o . o p <0.0001
— %° o — o — é
5-0 T T 1 5-0 T T T 1 5-0 T T T 1
40 60 80 100 0 20 40 60 80 0 20 40 60 80

%PD-1* of CD4*Vp10*

%PD1*Tim3~ of CD4*Vp10*

%PD1*Tim3" of CD4*V310*

Figure 2


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A.

4 wpi

PD-1

25 wpi

E

B vs.

Kras signaling (DN) =
WNT/beta-catenin signaling =
DNA repair =

IL6/JAK/STAT3 signaling =
Mitotic spindle =

MTORCH1 signaling =

Myc targets (v1)=

Ox Phos -

IL2/STATS signaling =

G2M checkpoints =

C GSEA Hallmark

E2F targets =
T T 1
-2 0 2 4
DNe€— » SP
C.
Hallmark Pathways
[ ] Group D vs.C
Group Evs.C
n=3
E.
w4 (B v. C) w4 (C) v. w25 (D)
Tnfaip3 2, unb,
,g 4 = s p iﬂ;hlh&ﬂ ?‘,Jb
O TnisfaClia4 9 oo 1IN g
~— 8 pacg1  CATK ~ % Laga% %,
E g 3_%(;'112678 E e 34 Tox \..
<X o o<
; ()] 1121 oo
= =
5) 1_ 8 & Dusp1
T T T T ~ I.. T T T
1 2 3 4 1 2 3 4
w4 DN wk4 PD1

(log,, expression)

(log,o expression)

w25 DP
(log,, expression)

Group A
uninfected (4 wpi DN)

PD1-TIM3-

=

prolif

senescence  metabolism

stress

cytokine/inflam

available under aCC-BY-NC 4.0 International license.

Group B

PD1-TIM3-

Group C
(4 wpi SP) (25 wpi SP) (25 wpi DP)

CION XN

PD1+TIM3-

Group D

PD1+TIM3-

Group E

PD1*TIM3*

D or E vs. C GSEA Hallmark

EF2 targets
G2M checkpoints
Myc targets v1

cholesterol homeostasis
xenobiotic metabolism
adipogenesis

heme metabolism
glycolysis

fatty acid metabolism

p53 pathway

kras signaling (up)
mtorc1 signaling
protein secretion
pi3k/akt/mtor signaling

hypoxia
apoptosis

UV response up
UPR

ROS pathway

TNF signaling via nfkb
il2/stat5 signaling
allograft rejection

IFNy response
il6/jak/stat3 signaling
inflammatory response
complement

IFNa response

tgfp signaling

—

| —

muGroup Evs. C

BN ENGroup D vs. C

3-2-10 1

C

T 1
2 3 4

NES

4 (C) v. w25 (E)

Tglt

Havcr2 \‘u

.

Bhlhe40ng7Junb
/

Hif1a, cnaﬂfn&

Tnfr?z\
3

w25 DP
(log,o expression)

wk4 PD1
(logyo expression)

N

w

N

—_

» ‘D’ or “E’

w25 (D) v. w25 (E)

Nkg7
Ifng
ColaZe5,y

Ccl3
Havcr2 N .
Entpd1 °

i1 e 2
Gzmb~— g
II10\.

w25 SP |
(log4, expression)

Figure 3


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A.

B.

C.

DNA damage telomere stress induced senescence

senescence-associated heterochromatin foci

senescence-associated secretory phenotype

available under aCC-BY

-NC 4.0 International license.

HALLMARK HYPOXIA

HALLMARK P53 PATHWAY

% & 00

% 0.1 L:T ot

g 02 § 0.2

g3 3 03

.E -0.4 E

2 2 04

g 05 &
0.5

>INES -2.6; FDR

Il
o

_INES -2.9; FDR q=0

°

i}

Iy

3 ]
2 2
& 2 ['4wPD1+ (positively correlated) & 2 ['4wPD1+ (positively correlated)
K 5
& 5
a a
o © S 0
s Zero cross at 7093 = Zero cross at 7093
£ £
€ E
52 % -2
e '25wSP' (negatively correlated) e 25wSP' (negatively correlated)
< g
) 2000 4000 6000 8000 10000 12000 14,000 R 2000 4000 6000 8000 10000 12000 14000
= Rank in Ordered Dataset = Rank in Ordered Dataset
Enrichment profile  — Hits Ranking metric scores Enrichment profile  — Hits Ranking metric scores

DNA damage telomere stress-induced senescence =
senescence-associated secretory phenotype =
cellular senescence =

oxidative stress-induced senescence =
oncogene-induced senescence =

Fridman senescence UP =

Saul Sen Mayo =

Varela Zmpste24 targets UP =

Demagalhaes aging UP =

-3 -2

Il CvsD
Bl CvsE
1 0 1 2

<

‘D" or “E” “

oncogene-induced senescence

oxidative-stress induced senescence

cellular senescence

1 é (INES)

>
enriched in SP 24wpi

HALLMARK IFN ALPHA RESPONSE

Enrichment score (ES)

“**INES -1.8; FDR q=0.0078

L

'25WSP" (negatively correlated)

0 2000 4000 6000 8000 10000 12000 14,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)

Enrichment profile — Hits Ranking metric scores

REACTOME CELLULAR SENESCENCE
@ 040
S 035

'D’ (positively correlated)

Zero cross at 11727

'E' (negatively correlated
0 2000 4000 6000 8000 10000 12000 14000 16,000 18,000
Rank in Ordered Dataset

Ranked list metric (Signal2Noise)
-

Enrichment profile  — Hits Ranking metric scores |

Figure 4


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bloRx o]y https: F/éi W version posted January 24, 2025. The copyright holder for this preprint
A (WhICh O@c@d@ d by 5343 g%uth%ﬁf&ﬁ&L Jranted bioRxiv a license to display the preprint in perpetuity. It is made
A il Y C 4.0 International license.
: : T <r ; *
J > Q 80+ D go-
o s O ﬁ
10° o 10% 4 Y—
g 4 =3 +° 60 - w 60
~ 2
o s e TR e P R A 40- s ]
y § ‘ & A 40
718 0.4| 143 48| 123 74 + a
@ 20- &y 20-
: U1 S !
o E kS
s ] 5 ] E 0\0 0'_|_|— 0__|_|_
o
i i S Early Late R Early Late
B C Aokkk D ns
+ 154 80+ b 100 s [ Early < 154
< Hookok L 2 - a
a D 50- sSeokokok o 80 ? C Late S
O &) S o >
w= 10+ — — 60- S 10+
+c> = 40+ < o +
2 8 8 404 *%k e
o 7 % 20 s N 3 {0 °7
o a 5201 = l S 204 @ s o
3 X 1%z 5 sels e
0'_|_|_ O' 0' 0-_|_|_
Early Late IL-2 IFNy TNF 01 2 3 Early Late
Number of cytokines
F %k vk kK
Y ® 0 Tht = 407" M B 6 wo
' ° 1 Tru-lke S -
101 ® 2  Tru-like a8 304 1 41 wpi
® 3 Tscm [0}
® 4 Naive £ 20-
® 5 TeFF g
® 6 ThCIL O 10-
e 7 Treg X
e 8 Prolif 0-
® 9 Term 01234567 89101112
10 IFN Clust
o 11 Prolif2 uster
® 12 Th17
Ifng )
| 10
Percent
Cor6 ° Tnfsfe PY Expressed N 5 l 6
G Rorc: (] Gzmb . . 25 % 4
Mems H Pt ° . 50 = .
Isg15 ° ® 75 P [ 0
o ° Lta . ° @ 100 0 <%
Kirg1 ° Csf1 L4 Average g
Cx3er ° Percent Col5 [ ] Expression
Top2a [ Expressed 1121 . w2
Cenpa [ ] -0 112 . 1 -5
Mki67 o e 25 0
lkzf2 ° ® 50 Tnf ° 10 5 0 5 10
Foxp3 ° ® 75 ing C ! UMAP_1
Eomes? o @ 100 012345678 9101112 -2 -
Col5 [ ] Average Cluster I |2 1 ,
Nkg7 - @ ® Expression Percent
Tnf?:i : [ P Tnfrsf9 [ ] Expressed 10
1 ° 20
o e® 0 ° o o
Cer7? [ ] w! ([ ® 60 N l 3
Tﬁ7f7 [ ] Entpd1 ® ° . 80 & 5 >
wil e o i R i 3 1
o] o ot o L P 0 0
Jaml . [} Haver2 ° ]
Sergnbials____ | T et * 0
01234567 809101112 Tox L - "
Cluster 0123456738 9101112
Cluster -10 -5 0 5 10
UMAP_1

Figure 5


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity, It is made

available under aCC-BY-NC 4.0 International license. Ig u re 6

A [ 6 wpi B 41 wpi
. 0.1 ) 0.05 < C
10] 00 10] 900 wo
-0 540 —
c
2 5 o 5 >
< ; § < pn]
s g s =g
=} NS A y » =} Q =
0 vy S X (S CD
o # el g — Q)
IR D =
. Whuk Q @
-5 o
10 5 0 5 10
UMAP_1
3 6 wpi
B. [ = P
10{ 1 g
-
]
S
N

Ifng

| Tnf

1121

IN

—

Tnfsf8

Ccl5

Expression Level

Gzmk

01004111

0 1 2 3 4 5 6 7 8 910 11 12
Cluster

Tgfbr2



https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A B avag%ble under aCC-BY-NC 4.0 International license.
% Il Single (X=1)
10 400+
=
= B Small (1 <X <5)
8 B Medium (5 < X < 20)
~ 5 o 300+ 1 Large (20 < X < 100)
I o
& o 2004 1 Great (100 < X)
= O
. -
0 100-
o I |
0- I IIE. __ |II DIIII IlllDlllIDllll:.ll-l:.ll_
-5 1497 1188 705 536 455 226 184 179 157 150 123 99 74
_5 0 5 10 1 1 1 1 1 1
UMAP 1 0 1 2 3 4 5 6 7 8 9 10 11 12
10+ 101
<« 6 wpi (A « ;
14 P (A) CGARAGVPGQLYF nd 6 wpi (B) CASSQDSTGQLYF
O CGARGTGVERLFF O CGARPTGENTLYF
= CASSLQGAGGNTLYF [ CASGETETLYF
T =l CASSRQGAGEQYF o
2o | Gt I cassmescaLee
“ | CASSPGQEYAEQFF = CASSLDLGGSAETLYF
S CASSGWTGRNTGQLYF 5 CASSLOLOAYEOYE
2 [ | I CASSTQGAGGNTLYF - CASCECOASONTLYF
EEmE = E== CASSQDGDKINQAPLE & II = CASSETDRERAEQFF
0- - - CAWSPDWDSONTLYF 0 B_ EEaE_ CASSRQGAGEQY%
wpi (A) = 41 wpi (B)
o CASSHGTVEQYF o CASAPGTTNTEVFF
O CASSLDERLFF |C_> 154 CGARGTGVERLFF
F 104 CAWSLGTISNERLFF I CASGEDGQGEQYF
I CASSFRTGGDTQYF S 10 CASSRGGAETLYF
° CASSLEQQDTOYF S CGARGDRGSGNTLYF
hali s CASSWGEDTQYF ha CASSLDRGAEQFF
o CASSLNREGYF o g5 CASSQGGREDTQYF
2 I = CASSYWGGGONTLYF 3 CGASPGQTONTLYF
CASSFMQOGNQDTQYF -— CASSLEGNQDTQYF
0- = = Es== CASSQORISNERLFF 0- - Em ==_- CASSQAGQYSGNTLYF
01234567 89101112 012345678 9101112
D. F. !
— 2 0.18
ko) Overlap values
3 501 . 3 0.20
o M 6 wpi (A) 4 0.15
S 404 M 6 wpi (B) 5 0.10
X B 41 wpi (C) - L 0.05
@ 30- M 41 wpi (D) ge 0.00
2 20 37
B . @)
S 10 8 0.17, 0.17,
© I 9 0.19) 0.18
S . Whoy el O 0
8- L] L] L] L] L] L] L] L] L] L] L] L] L]
= 01 2 3 45 6 7 8 9 10 11 12 11
12
012 3456 7 8 910M1

Cluster

38.3%

57
Cluster 5

50.8%
Figure 7


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

ns

sk

2
? $ 1
S

Week 34

ns

VI

A 80 60-
b 60 .
=5 = G 401
F e
T O 401 O
O3 £E
.2 o 2 204
5 201 =B
0 T T 0
Week 4 Week 34
( : 100~ 100+
ns ns
< 801 S 80
o N
$) [$)
&S 60 L5 6o
=0 (=&
BE S - oc © -
g 40 B g 40
5 5
= 20 ~ 20
Week 4 Week 34
integrated_snn_res.0.8 . 0Th17
1 Tmem
St
L)
N 4 o4 TFH
& * 5 THCTL
s » 6 ambiguous
50 7 Tre]q .
* 8 Proliferating
-4 4
8
Rorc 7r

0.5

Weelk 34

B 8000+
ns
6000+
[
=
® 4000
o)
=
2000+ o C7
* C24
0 T
Week 4 Week 34
100+
ns
< 801
N
O
+ =
> 0O 604
£5
= g 40
ks
=~ 204 o C7
* C24
0 T T
Week 4 Week 34

n

E mcr
o 401
8%, & e
L
O -
= 30
=
o =
Q 20
(O]
‘5 104
~ o\° |
3 0123456738
Cluster
Cxcr3 Cd69 Lag3
& & %
.y o
. o 3 ‘:' s L] 4
‘;‘%jokﬁgzz' Ii 5 :gl& 'S . ll 3 II 3
e 20 sHE R ¥, Teve o %
s }%{>-€§. 1 \%‘wt{"$l .: f
L Y
P “e L 0 o % - 0
-4 0 4 8 -4 0 4 8
1121 Hifla
[ ] 9]
3 K o LB
2 e Ny 2
T R ':jgg 1
ol s i II
» o 2, 0
. w1 .
4 0 4 8 20 4 8 4 0 4 8
Icos Pdcdi Havcr2
9. 8. Q.
wke, 3 L [ 20
P ,e;{’}:%d ) 2 . 2 o
ve 4%, Yo R :
R YT 1 1 05
%Y . o » | o “ [ ] 00
o ad 4 .
-4 4 8 -4 0 4 -4 4


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Table 1. CD4 T cell clusters

Cluster | Description Upregulated genes Core Th1
Th1 Cxcr3, Gzmk, Icos, Ifngri1, I118r1 yes
TRM-like Cd44, Itga1, ltgh2, Jaml yes
TFH-like Icos, Ifng, 1121, Lag3 yes
TscMm II7r, S1pri1, Tef7 yes
Naive Ccr7, Lef1, Sell, Tcf7 —
TEFF Ccl3, Ifng, 1121, Lta, Tnf, Tnfsf8 yes
ThCTL Eomes, Nkg7, Tox yes
TREG Ctl14, Foxp3, Havcr2, 1110, Tgfb1 -
Prolif1 (G1/S) | Mki67, Top2a, Tubalb -
Terminal diff. Cclb, Cx3cr1, Kirg1, Nkg7, Tbx21 —
Type | IFN Bst2, Ifit1, Ifit2, Ifit3, Irf7, 1sg20 -
Prolif2 (G2/M) | Mki67, Top2a, Tubalb —
Th17 Ahr, Cerd, Ccr6, ll17a, Il17f, Rorc —
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Table 2. Panther analysis of pathways enriched early (6 wpi) or late (41 wpi) during infection in each cluster.

REACTOME PATHWAYS

Regulation of gene expression by HIF (R-MMU-1234158)
Interferon Signaling (R-MMU-913531)

TCR signaling (R-MMU-202403)

Downstream TCR signaling (R-MMU-202424)

CD28 co-stimulation (R-MMU-389356)

TNF signaling (R-MMU-75893)

IL-2 family signaling (R-MMU-451927)

IL-2 signaling (R-MMU-9020558)

IL-21 signaling (R-MMU-9020958)

Regulation of NF-kappa B signaling (R-MMU-9758274)
Cellular Senescence (R-MMU-2559583)

Oxidative Stress Induced Senescence (R-MMU-2559580)
Signaling by TGFB Receptor Complex (R-MMU-170834)
Signaling by TGFB family members (R-MMU-9006936)
TGFB receptor signaling activates SMADs (R-MMU-2173789)
Downregulation of TGFB receptor signaling (R-MMU-2173788)
CTLA4 inhibitory signaling (R-MMU-389513)

IL-27 signaling (R-MMU-9020956)

Transcriptional Regulation by TP53 (R-MMU-3700989)
Signaling by VEGF (R-MMU-194138)

Transcriptional regulation by RUNX1 (R-MMU-8878171)
Signaling by WNT (R-MMU-195721)

Signaling by NOTCH1 (R-MMU-1980143)

6.53E-03*
8.21E-03
8.70E-06
8.70E-06
1.61E-03
1.27E-02
4.13E-03

4.07E-02
1.31E-02
2.94E-04
1.86E-03

5.57E-03
1.24E-02

2.35E-04
1.69E-05
3.65E-04
1.33E-05
1.53E-03

4.88E-03
4.68E-03
1.34E-05
1.84E-02
2.88E-02

1.58E-03
3.77E-06
5.86E-05
4.20E-05
4.03E-03
1.19E-03
1.41E-02
1.99E-04
6.89E-04
1.58E-04
1.58E-04
1.03E-03

7.85E-03
6.38E-03
1.58E-04
4.89E-02
1.15E-02
5.41E-03
6.07E-06
3.34E-03
1.95E-03
4.37E-02
1.19E-02
8.57E-04
1.19E-06
2.74E-05
2.90E-05
7.56E-03
1.70E-02
1.41E-02
2.08E-03
6.48E-05
9.64E-04
7.65E-03
2.19E-03

2.09E-03
8.62E-04

2.55E-03
7.65E-03

7.72E-03
4.82E-03
2.38E-04

4.07E-02
1.73E-02
4.88E-07
9.85E-06
1.34E-05
7.27E-03
2.55E-04
2.07E-02
6.11E-06
4.19E-04
1.60E-04
2.72E-05

4.06E-03
8.62E-04

6.68E-03
8.85E-03
7.37E-06
9.40E-03
4.28E-02
4.73E-02
3.77E-03

3.47E-02
1.77E-02
2.49E-03
2.14E-03
2.96E-05
8.36E-05
3.18E-02

1.91E-02
1.29E-03
4.08E-03
2.67E-05
1.00E-03
1.46E-03

*Values indicate FDR. Blanks indicate FDR>0.05. See Table S11 for all significant pathways.



https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A

zsor Lymphocytes =0 Single Cells 0°
o ] e o ] CD4+*Vb10"
< T o 90%
O O™ - e
Ko}
17} 1)
& o L e =
50K o 50K 10? =
, . +>1CD4*Vb10t 6.5%
C-A FSC-A CD
o ] o ] Single Cells CD8-CD45-IV- ol CD4*Vb10]
o wd 949
o 4
o'y 40%
<C o T e 8 o /o
&) &) Q pogrr
) o o ) ook o (] >
(75} T8 =
50K = 50K = — i

FSC-A CcD4
7 Single Cells Live o DUMP-CD45-1V-
T S8
Qoo ] a]
row o )
FSC-A
10° 4 10° 4 CD3+*CD4+* 10° o
& ]
© IRl ¢ = "
a a P
O~ o £
o 0 o 4
‘cp3 C Thytd
D female male female male
n o ﬂ ns
2 = ns
6 - q Q  1%108 .
o 2.0x10 o 0 |_|
+ +
2 1.5%106 - . E 8x105 — .
Q k%
@) &) 5
o & 6x10° -
0 1.0x10°+ - o
&) QO 4x10°- -
Y Y—
o) 5 - (@)
O 5.0x10 o %105 i
(0]
o) o)
E 00 1 1 1 1 E 0 1 1 1 1
2 C7 C24 C7 C24 2 C7 C24 C7 C24
F 1 F 1
4 wpi 34 wpi

Supplemental Figure 1


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A

lymphocytes ~ __single cells Live/dead IV**Dump™  _ CD3'CD44*  CD4/CD8Tcells CDA4T cells

924 o ni 235 o 67
p o~ o] ) . =X¥
T © > o g
< T Dot - < ©,
v V) [a) [To R <04 00, o Pl |
V) 0 = < a a) 9]
V2] [ [ORSE [alt] (N [ ]
% = O- b * |\gn F
—0] . '3 <]
‘ 2] o 412 L 492 | 7] iy
FSC-A FSC-A FSC-A ' K T

pimp "7 7 o3 7 NG " D4

B 6 wpi 41 wpi

) Y :
1
101 2
3
o~ ® 4
D_‘ 54 ® 5
<§t 12 12 ® 6
s | i g i
0 S 0 2%, . ® 8

1

—54 12

C N N Q o X 6 © A © o MWV

Dgatt R, S BRRRRRRAR st o st Tl
serombla O RMBMENRHIOT i VAR R, M

““”\”u“u‘””m“Hu ‘W‘mnwﬂ‘mwuw‘mwquwwwwﬁ‘m%ﬁmmwmﬂkwwmﬁwwmmwwwmvw
M S vt e A el S st B B AR AR P
ARl “kﬁ“hw\wn“”“ “C\\ﬂ“‘ﬂw‘ﬂ‘u‘n‘u"‘y‘ bt umw&‘”h\ﬂﬂ”wﬁWﬁﬁMthMﬂWM“W%ﬂﬂ*J‘“‘g\\‘ i —
Tol7 N e el SR i il e I 1T e A ST

i AT
o e R AR
| el

ettt b,
RS R A

ii7r— i ] S T

il g sl ‘ iyl I A ) AR o

Al it g gy b ey g o M.WMW
s e A o ’H | IR ! o ll‘l‘ln*u‘liw et i

|
il b | ! o RN I O Y T AR AT IR 8
T R AT T T A AR R 1 ) [
A e 1 b iyl s ) b e ! U RSN TAY RIRRTRTETOSRNKIN WEURRTRRIE (17,1 IR0 |
TR T e e R A u“ SIBRRRUPUIRR Bl e St !:‘1"":\!?:'1‘.1.;‘]:‘ ‘

g g 0w b st sl b oo e oo gy IS ol )
R S NS NY) PR S— Y T SR il | Expression
L ‘ gty 1 V0 O 0 Ay s e s !
| \ AL T \ Ll SRR R
wnp b T e TUTIREARITY RN AT
A i T iy T el el LS LI e ik
o o e P O 0 8 ‘ gam] o
B B e 1 o s A T L o g, T A IR TN

whwuHmwMmew‘wWwwwM%U”ﬁ“MHwMW“”W‘H“‘”NW”WMHWVNMMWWWWW‘ g I

'”7\fuﬂwﬁf“ﬂHWWMmemwwﬁW:“W‘WWMMHWHW“HmdeNﬁMMﬂ‘H”ﬁwﬂml‘*‘ i | humwwu”WWwWwwvm\“‘.‘wu
AL B o ettt L S L o vl e A i e i i et i s Ly
LS e i e Lalbydt T AT I

‘mmmwﬁumwmwwmequWW\ i WMAWwﬁm“Wﬁ”wNW\‘CW W‘WHNWJ{M“wNW

b e
Ly

D CvD.upD1 CvVE.upE3 DvVE.upE5
- .'5 *

101 ‘
L

0.2
0.1
= ) 0.0

=N o o WY

5 ' 8 : (s ' ' 5 ' L4 :’

104

-
o
w

2
o
o
2

UMAP_2
[6;]
o o
Y
AP
a
UMAP_2

o
%

o

o ¢
o
U

o
:

Supplemental Figure 2


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.22.634376; this version posted January 24, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A p53_hallmark B fridman_scen C hypoxia D hypoxia
10 v 10 10 B
o » 020 oy Mos ~ L ES
o ! o 02 o g 1
<?® o0 < °f . o1 2° ; 02 1 B
% » 0.05 % S 0'0 % 0.1 A HS
0 0.00 0 . 0 ) i 0o
B 005 s 0.1 ~' i 00 B
6

_5 r _5 r _5 r - .

-10 -5 0 5 10 -0 -5 0 5 10 -10 -5 0 5 10 LA QAN TO N XD 6
UMAP_1 UMAP_1 UMAP_1 Identity

Supplemental Figure 3


https://doi.org/10.1101/2025.01.22.634376
http://creativecommons.org/licenses/by-nc/4.0/

