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Abstract

“Stem-like” TCF1+ CD8+ T cells (TSL) are necessary for long-term maintenance of T cell 

responses and the efficacy of immunotherapy but, as tumors contain signals that should drive 

T-cell terminal-differentiation, how these cells are maintained in tumors remains unclear. In this 

study, we found that a small number of TCF1+ tumor-specific CD8+ T cells were present in 

lung tumors throughout their development. Yet, most intratumoral T cells differentiated as tumors 

progressed, corresponding with an immunologic shift in the tumor microenvironment (TME) from 

“hot” (T cell-inflamed) to “cold” (non-T cell-inflamed). By contrast, most tumor-specific CD8+ 

T cells in tumor-draining lymph nodes (dLNs) had functions and gene expression signatures 

similar to TSL from chronic LCMV infection, and this population was stable over time, despite the 

changes in the TME. dLN T cells were the developmental precursors of, and were clonally related 

to, their more differentiated intratumoral counterparts. Our data support the hypothesis that dLN 
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T cells are the developmental precursors of the TCF1+ T cells in tumors which are maintained by 

continuous migration. Finally, CD8+ T cells similar to TSL were also present in LNs from lung 

adenocarcinoma patients, suggesting a similar model may be relevant in human disease. Thus, we 

propose that the dLN TSL reservoir has a critical function in sustaining antitumor T cells during 

tumor development and protecting them from the terminal differentiation that occurs in the TME.

One sentence summary

Tumor-specific CD8+ T cells in stable tumor-draining lymph node reservoir are clonally and 

developmentally related to those in tumors.

Introduction:

Non-small cell lung cancer (NSCLC) is amongst the deadliest cancers (2), but immune 

checkpoint inhibitors (ICIs), like anti-PD-1 and anti-PD-L1, have provided durable 

responses in ~20% of treated NSCLC patients (3). Several parameters correlate positively 

with response, including the presence of an immunologically “hot” tumor microenvironment 

(TME; contains infiltrating CD3+ T cells, also called T-cell inflamed), infiltration of PD-1+ 

CD8+ T cells, PD-L1 immunostaining on tumor and immune cells, and increased tumor 

mutational burden/neoantigens (4–7). These observations are in line with the idea that PD-1 

blockade potentiates the function of “exhausted” PD-1+ tumor-infiltrating CD8+ T cells 

in hot tumors (8). By contrast, patients with immunologically “cold” tumors (also called 

“immune excluded” or “non-T-cell inflamed”) respond poorly to immunotherapy, and the 

status of their anti-tumor CD8+ T cell response is uncertain (4–7). As response rates to 

immunotherapy are low, particularly for patients with cold tumors, a better understanding of 

the CD8+ T cell biology associated with hot and cold tumors is essential.

CD8+ T cell exhaustion is a progressive process of terminal differentiation (9–12). 

Exhausted T cells (TEX) can be characterized by the loss of proliferative potential and 

effector functions (ability to produce TNFα and IFNγ), as well as increased expression of 

several inhibitory receptors (e.g., PD-1 and Tim3) and transcription factors (e.g., Blimp-1, 

Tox, and Eomes) (9, 12–30). TEX cells are derived from less differentiated precursors, 

including PD-1mid CXCR5+ SLAMF6+ TCF1+ “stem-like” T (TSL) cells (12, 21, 24, 31–

40). TCF1+ TSL cells have at least two functions in chronic immune responses: maintaining 

the ongoing T cell response and mediating therapeutic responses to PD-1 blockade (24, 31, 

33, 34, 41). Expression of TCF1 is necessary for both functions (12, 34), and thus, provides 

an important tool for identifying TSL cells.

TCF1+ CD8+ T cells are present in tumors, and their presence correlates with better 

outcomes following immunotherapy (10, 12, 21, 24, 31, 33, 34, 37, 40–43). Yet, tumors 

are rich in signals that promote the exhaustion of CD8+ T cells, like persistent antigen 

exposure (15, 44). This raises a fundamental question: how are intratumoral TCF1+ CD8+ T 

cells maintained over the months-to-years of natural tumor development? Moreover, because 

TCF1 expression is required for maintenance of T cell populations, do immunologically cold 

tumors result from a loss of intratumoral TCF1+ CD8+ T cells.
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The KP (Kraslox-stop-lox (lsl)-G12D/+;p53flox/flox) model is a genetically engineered mouse 

(GEM) model of cancer that faithfully recapitulates the histological, transcriptomic, 

epigenomic, and genetic features of a developing human lung adenocarcinoma and has 

played a fundamental role in our understanding of how human lung cancer develops (45–

48). Tumors in the KP model can be programmed to express neoantigens, which allows 

for the investigation of tumor-specific T cell responses in developing tumors (49–59). 

Early neoantigen-expressing KP lung tumors are infiltrated by tumor-specific CD8+ T cells 

and have an immunologically hot TME. However, as tumors develop, they take on an 

immunologically cold TME, with T cells being excluded from the tumor parenchyma and 

restricted to tertiary lymphoid structures (TLS) (49, 60). Thus, the KP model provided us 

with an opportunity to investigate the differences between T cells from hot and cold tumor 

microenvironments, and to assess the mechanisms for how tumor-specific CD8+ T cells are 

maintained over the course of tumor growth.

Results:

Tumor-specific TCF1+CD8+ T cells are present throughout disease progression

To study tumor-specific CD8+ T cell responses in neoantigen-expressing lung tumors, we 

infected KP-NINJA mice (KP × R26-NINJA × CCSP-rtTA Tg) intratracheally (i.t.) with 

adeno- or lentiviruses expressing Cre alone (Ad5mSPC-Cre or lenti-Cre) (Figure 1A)(59, 

61). In this model, Cre-expression in infected lung epithelial cells activates Kras G12D and 

eliminates Trp53. Expression of the neoantigens in tumor cells (GP33–43 and 66–77 from 

the LCMV glycoprotein) is initiated by doxycycline and tamoxifen (Dox/Tam) treatment 

starting 7–10 days post infection (Figure 1B). Cre-exposed cells remain neoantigen negative 

until Dox/Tam administration, allowing for temporal dissociation of tumor initiation and 

neoantigen induction. Tumors develop progressively after initiation with tumor-specific 

CD8+ T cells detectable as early as 8 weeks p.i. and large, macroscopically visible lung 

tumors by 16–20 weeks p.i. (62).

Previous studies have shown a shift from hot to cold tumors between early and late tumors 

(49, 60). To confirm this, we quantified T-cell infiltration by CD3 immunohistochemical 

(IHC) staining in 8 and 16–20 week tumors. Tumors in the KP-NINJA model underwent 

a transition from an immunologically hot to an immunologically cold TME (Figure 1C). 

This shift was not due to loss of tumor antigens, as cell lines made from 20 week tumors 

expressed neoantigens had inducible expression of MHC class I and PD-L1 and elicited 

GP33- and GP66-specific CD8+ and CD4 T cell responses (respectively) after transplant 

(62). Thus, we hypothesized that the shift from the hot to cold TME might reflect a global 

exhaustion of tumor-specific CD8+ T cells in animals at late timepoints.

To test our hypothesis, we analyzed the expression of TCF1 and PD-1 on lung-tissue 

tumor-specific CD8+ T cells from early (8–10 weeks) and late (16+ weeks) tumor-bearing 

KP-NINJA mice (Figure 1D, Figure S1B). Surprisingly, at both time points studied, there 

was a population of TCF1+PD-1+ CD8+ T cells in tumors (Figure 1E left) whose number 

did not change substantially as tumors progressed (Figure 1E center, Figure S1C). Despite 

this, there was a significant increase in the fraction of terminally differentiated Tim3+ TCF1− 

PD-1+ CD8+ T cells within the tumor between early and late time points (3.7% early to 
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7.9%) (Figure 1F top, S1E). A portion of TCF1+ PD-1+ CD8+ T cells in tumors also 

expressed the TSL marker SLAMF6 at both early (~38%) and late time points (~67%). In 

contrast, significantly fewer intratumoral TCF1− PD-1+ CD8+ T cells were SLAMF6+ (~2% 

early to ~7% late) (Figure 1F bottom, S1F). Similar results were seen when tumors were 

programmed to express neoantigens with lentiviruses containing the neoantigens in NINJA, 

demonstrating that T cell differentiation was independent of the method used for neoantigen 

programing (Figure 1D, S1D). Together, these data suggest that the cold tumor phenotype in 

advanced KP tumors might not be due to the loss of TCF1+ CD8+ T cells.

The presence of tumor-specific TCF1+PD-1+ CD8+ T cells throughout tumor development 

was intriguing because it suggested that mechanisms exist for the maintenance of this 

population within tumors. We reasoned this could be due to local maintenance of TCF1+ 

cells and/or migration from a distal site. Thus, we assessed dLNs from KP-NINJA mice 

for TCF1+PD-1+ CD8+ T cells, and identified that ~65(± 2.8)% and ~74(± 2.4)% of 

the tumor-specific CD8+ T cells in the dLN were TCF1+ and PD-1+ at 8–10 and 16+ 

weeks post tumor initiation, respectively (Figure 1D–E). This amounted to ~10-fold more 

TCF1+PD-1+ GP33-specific CD8+ T cells in dLNs compared to tumors (Figure 1E center). 

Phenotypically, this population in the dLN appeared fairly stable over time and remained 

largely Tim3− throughout tumor development (Figure 1G top, S1E). Furthermore, the vast 

majority of TCF1+PD-1+ CD8+ T cells in early (80.6 ± 3.54%) and late (96.7 ± 0.98%) 

dLNs were SLAMF6+ (Figure 1G bottom, S1F). Functionally, while a portion of T cells 

from tumors produced IFNγ after GP33–41 peptide re-stimulation ex vivo (5.2 ± 1.8%), 

the T cells from dLN appeared to have an enhanced functional capacity, as 10-fold more 

proportion were IFNγ+ after re-stimulation (59 ± 10.4%) (Figure 1H). Together these 

data demonstrated that most tumor-specific CD8+ T cells in the dLN were TCF1+ and 

SLAMF6+, and that a significant fraction of these cells had functional capacity. All other 

tissues surveyed including spleen, thymus, bone marrow, inguinal and mesenteric lymph 

nodes, did not contain an appreciable population of GP33-specific TCF+PD-1+ CD8+ T cells 

(Figure S1G–H).

TCF1+CD8+ T cells are enriched in dLNs in an orthotopic lung tumor model

To validate our results in a second tumor model, we established an orthotopic lung tumor 

transplant model with a cell line (KPN1) derived from an advanced tumor in a KP-NINJA 

mouse (20 week p.i.) (62). Analysis of GP33-specific CD8+ T cells in dLN and tumors at 

days 10 and 20 post-transplant (p.t.) showed that TCF1+PD-1+ T cells were present in the 

lungs at both time points, but that there was also a significant population of TCF1+PD-1+ 

T cells in the dLN (Figure S2). Moreover, their frequency and number were greater in the 

dLN. Thus, using a second model, we confirmed that the dLN was a site with significant 

enrichment of tumor-specific TCF1+ PD-1+ CD8+ TSL cells.

Heterogeneous tumor-specific CD8+ T cells include populations of TSL and TEX similar to 
those present in chronic LCMV infection

To understand the differentiation of tumor-specific CD8+ T cells at early and late timepoints, 

we FACS sorted endogenous GP33-specific CD8+ T cells from the dLNs and lung tissues 

(i.v.CD45-) of KP-NINJA mice 8 (early) and 17 weeks p.i. (late) and performed single cell 
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RNA sequencing (RNAseq) with paired V(D)J sequencing of the T cell receptor (TCRseq; 

Figure 2A). The lineage of exhausted CD8+ T cells has been well described in the context 

of chronic LCMV infection and one strength of the KP-NINJA model is that endogenous 

GP33-specific CD8+ T cells recognize the same antigenic peptides as those present in 

acute (Armstrong) and chronic (Clone 13) LCMV (59). We also FACS sorted endogenous 

GP33-specific CD8+ T cells from spleens of C57BL/6 mice 28 days after infection with 

LCMV Clone 13 or LCMV Armstrong, and performed single cell RNAseq and TCRseq. We 

then directly compared the transcriptomes of the sorted anti-tumor and anti-viral T cells.

We analyzed our single cell RNAseq data from chronic LCMV infection to identify 

clusters that fit the previous descriptions for naïve, “precursor-exhausted” TSL, “transitory”/

migratory effector T cells, and terminally exhausted TEX cells (10–12, 21, 24, 31, 34, 35, 

40, 43, 63, 64). Unbiased clustering analysis on the GP33-specific CD8+ T cells from 

chronic infection revealed clusters (Figure 2B), and each cluster was analyzed based on the 

expression of select genes previously associated with T cell subsets in chronic LCMV (naïve 

related, progenitor-related, migration-related, and exhaustion-related). Genes encoding T

cell effector molecules, transcription factors associated with CD8+ T cell differentiation, and 

genes associated with TCR-signaling were also included (Figure 2C, S3A) (9, 11, 12, 26–29, 

31, 33, 35, 39, 43, 65–71). Based on patterns of gene expression, we identified clusters 

that best represented naïve (5), TSL (2), migratory (7, 0), and TEX (1) cell populations 

(Figure 2B and F). Beyond expression of the selected genes, unbiased PHATE embedding 

recapitulated the expected lineage relationships between the clusters, suggesting progressive 

differentiation from TSL to migratory or TEX cells.

We next analyzed the individual samples from tumors and dLNs (Figure 2D–E, S3B–E). 

Unbiased cluster analysis of the individual samples suggested that each contained several 

populations, including a cluster of cells with a strong naïve T cell signature, which we 

hypothesized were contaminating CD8+ T cells in our GP33-specific T cell sorts. Using 

TCRseq data, we confirmed that the naïve T cell clusters were comprised entirely of T cells 

with unique TCR sequences (i.e., singlets), while the non-naïve T cell clusters contained T 

cells with TCRs that were “shared” with other T cells in the sample (Figure S3F). Analysis 

of the dLN T cells suggested relatively uniform expression of progenitor-, migration-, 

and exhaustion-related genes and genes for effector molecules and transcription factors 

across most cells (Figure 2D–E, S3B and D). By contrast there was more heterogeneity in 

expression of these genes amongst T cells in the tumor samples. Analysis of additional 

genes from progenitor-related, migration-related, exhaustion-related, effector molecules, 

transcription factors, TCR signaling, and naïve-related categories was also performed 

(Figure S3A–E).

To compare TSL and TEX T cell subsets between the tumors, LNs, and chronic LCMV 

samples, we co-embedded all five data sets (early and late dLNs and tumors and chronic 

infection) and visualized their co-embedding with PHATE (Figure 2G and S3G–H) (72). We 

identified 12 clusters, and based on their expression the signature panel genes, we identified 

clusters of naïve (0, 2, 10), TSL (5, 4, 6), migratory (8, 1) and TEX (11, 3) cells (Figure 2H).

Connolly et al. Page 5

Sci Immunol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The 3 TSL clusters included one that was predominantly made up of cells from chronic 

infection (5) and one that predominantly had cells from the two dLN samples (4). These 

clusters had similar gene expression patterns, although there were notable differences in 

Cd200 and Pdcd4 (Figure 2H). Interestingly, Cluster 6 was predominantly made up of cells 

from early tumors and had low expression of most of progenitor-related signature genes, 

with the exception of Tcf7. These data suggested that TCF1+ SLAMF6+ tumor-specific 

CD8+ T cells in dLNs were closer in gene expression to TSL cells from chronic infection 

than their TCF1+ counterparts in tumors. The placement of these clusters in a 3-dimensional 

PHATE embedding confirmed the close proximity between TSL from chronic infection 

(cluster 5, brown) and TSL in dLNs (cluster 4, purple) (Figure 2G, S3H).

The 2 TEX clusters were predominantly made up of cells from chronic infection (11) and 

early/late tumors (3) (Figure 2G–H). Clusters 11 and 3 shared high expression of many 

of the exhaustion signature genes, suggesting that the TCF1− PD-1hi Tim3+ tumor-specific 

CD8+ T cells from tumors were similar to TEX cells in chronic LCMV infection. However, 

TEX from tumors (cluster 3) had higher expression of effector molecule transcripts (Ifng, 
Tnfa, Il2) compared to TEX from Chronic LCMV (Cluster 11). The 2 migratory cell 

clusters were dominated by cells from chronic infection (1 and 8), confirming that few 

tumor-specific CD8+ T cells in the dLN or tumor had this distinct gene expression pattern. 

Notably, cluster 6 (which we classified as a TSL cluster, based on high Tcf7 expression) had 

increased expression of many of the migration signature genes, which might suggest that 

cluster 6 is the closest equivalent to this population in our tumor models. Altogether, these 

data showed that the tumor-specific CD8+ T cell population was a heterogeneous mixture of 

cells ranging from TSL to TEX, and suggested that terminal differentiation may be spatially 

regulated.

dLN TSL cells are distinct from memory CD8+ T cells

TSL cells share some characteristics with memory T cells (Tmem), so we aimed to directly 

test whether the TSL populations identified in dLNs were distinct from classical Tmem. We 

compared the transcriptomes of GP33+ CD8+ T cells from early and late dLNs to GP33+ 

CD8+ T cells sorted from the spleens of mice 28 days after acute LCMV infection (Figure 

S3I–K). The clusters encoding the CD8+ T cells from acute infection did not overlap with 

the clusters encoding the dLN T cells (Figure S3I). Moreover, CCL5 and Ly6c2 were among 

the top differentially expressed genes in cells between acute LCMV and early dLN (Figure 

S3J). These genes have been associated with the maintenance (73) and homing (74) of 

Tmem cells, respectively. By contrast, memory T cells had low expression of progenitor- and 

exhaustion-related genes (Figure S3K). Together, these data confirm that tumor-specific TSL 

cells in dLNs were transcriptionally distinct from canonical Tmem that are formed after acute 

infection.

Progressive differentiation of CD8+ T cells occurs over time in tumors but not dLNs

To visualize whether CD8+ T cell differentiation was regulated at the spatial or temporal 

level, we co-embedded expression data from GP33-specific CD8+ T cells in tumors or 

dLNs at early or late time points in pairs and visualized their similarities and differences 

using PHATE. Single cell visualization methods attempt to embed relationships between 
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cells in a low dimension. While some single cell visualization methods only capture local 

similarities or differences between cells (such as UMAP or tSNE), others capture both local 

and global distances (Diffusion Maps and PHATE). Since PHATE captures both local and 

global distances, this approach is able to accurately visualize transitions between cell states 

along potentially sparsely sampled paths, thus PHATE is ideal for developmental processes 

that occur along a continuous distribution of differentiation. In each PHATE co-embedding 

(Figure 3Ai–Di), we identified where prototypical naïve (Ccr7+ Sell+ Lef+), TSL (Tcf7+ 

Xcl1+ Slamf6+), and TEX (Pdcd1+ Havcr2+ Cd101+) cells would lie on the embedding 

maps (identified with colored markers; see Figure S4 for gene expression details). This 

allowed for easier visualization of the transitions between these differentiation states. For 

an unbiased analysis of transitions on our PHATE embeddings we performed pseudotime 

analyses and leveraged scVelo (75), tools optimized to infer trajectories of differentiation 

using transcriptional splicing kinetics from expression data. Cells were pseudo-colored in 

each PHATE embedding based on their pseudotime values from 0 to 1 (Figure 3Aii–Dii), 

and associated histograms showed relative cell distribution frequency as a function of 

pseudotime (Figure 3Aiii–Diii). A pseudo-temporal ordering of cells from scVelo on the 

co-embedded tumor samples was extracted and a developmental trajectory was estimated 

from TSL to TEX (Figure 3Aiv–Div). These unbiased analyses supported the idea that in each 

embedding, the direction of differentiation trended from naïve to TSL to TEX. This allowed 

us to determine how tumor-specific CD8+ T cell differentiation was regulated by assessing 

the relative locations of the cells from each sample on the PHATE embeddings.

Figures 3A–B show temporal regulation of T cell differentiation in tumors and dLNs, 

respectively. In the tumor PHATE embedding, we observed distinct naïve and TEX cells, but 

we had difficulty identifying prototypical TSL cells, consistent with the idea that these cells 

might not be located in the tumors in our model (Figure 3A and S4A). The preponderance 

of TEX-like cells were from late tumors, while early tumors contained a mixture of less and 

more differentiated CD8+ T cells. Thus, as tumors developed, we observed a progression 

of the tumor-specific T cell population towards a more terminally differentiated state. This 

corresponded with an overall shift in the TME from T-cell inflamed to non-T cell inflamed 

between early and late tumors (Figure 1H). In dLNs, we identified distinct naïve and 

TSL cells but had more difficulty discerning a prototypical TEX population (Figure 3B, 

S4B). In contrast to tumors, the distribution of cells from early and late dLNs was largely 

overlapping. Similarly, scVelo analyses confirmed that there was no consistent direction of 

differentiation between cells from early and late dLNs (Figure 3Biv). T cells from dLNs at 

early and late time points also showed similar distributions across pseudotime (Figure 3Biii). 

The similarity between early and late dLN samples was notable as they were isolated from 

animals at different stages of tumor development and their stability stood in sharp contrast 

to the change observed in T cells in the TME. Together these data demonstrate that over 

the course of tumor development most tumor-specific CD8+ T cells in dLNs remained in 

a stable, less-differentiated state while the T cells in tumors became progressively more 

terminally differentiated.
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A continuum of differentiation defines the transition of tumor-specific CD8+ T cells from 
dLNs to tumor

We analyzed how spatial location (dLN vs. tumor) impacted tumor-specific CD8+ T cell 

differentiation (Figure 3C–D). In both early and late mice, we observed distinct naïve, 

TSL, and TEX cells at both time points, and pseudotime and scVelo analysis supported a 

continuous differentiation trajectory from the prototypical TSL to the prototypical TEX cells. 

At both time points, there was a clear segregation of cells from dLNs and tumors, with 

the less-differentiated T cells being predominantly from dLN and more-differentiated T 

cells being predominantly from tumors. Between extremes there was a smooth transition of 

cells from both sites, and a strong velocity pattern originating from the dLN to the tumor. 

The transcriptional dynamics suggest a putative movement of differentiation within the 

dLN toward the more differentiated state observed in tumors, perhaps driven by migration 

of the cells from dLN to tumor. Pseudotime analysis supported this conclusion, as dLN 

and tumor T cells were enriched at early and late pseudotime, respectively (0 vs 1, 

respectively), with more even distribution between (Figure 3C–D ii–iii). This provided 

a means to visualize how the expression of naïve-related, progenitor-related, migration

related, exhaustion-related, effector molecule and transcription factor genes changed as cells 

differentiated in early and late tumor bearing mice (Figures S4E–F). Along the progression 

of pseudotime (0 to 1) there were decreases in progenitor-related genes and increases in 

migration-related, exhaustion-related, and effector molecule genes. Moreover, analysis of 

genes associated with TCR signaling, such as Nr4a1, Nr4a2, Nr4a3, Egr1, Atf3, Vps37b, 

and Fosb, also showed a clear increase across pseudotime (Figures S4E–F).

TCR signals are thought to drive terminal differentiation in CD8+ T cells responses (15, 

25, 27, 33, 44, 54, 76–79). To better visualize which T cells were receiving TCR signals, 

we pseudocolored 8 week and 17 week PHATE co-embeddings based on Nr4a1 (Nur77) 

expression, a commonly used metric for TCR signaling (Figure 3G–H) (80). Strikingly, 

Nr4a1 was increased on the more differentiated cells (in tumors), while the TSL cells had 

Nr4a1 expression levels similar to naïve T cells. These results were consistent with our 

earlier analysis of TSL and TEX clusters from dLNs and tumor (Figure S3B–E, note TCR 

signaling genes), and suggest spatial regulation of TCR signals.

The dLN maintains a reservoir of tumor-specific TSL cells

Despite the above trajectory analysis suggesting that dLN CD8+ T cells were differentiating 

into CD8+ T cells in tumors, it remained possible that the T cells in the tumors were 

unrelated to those in the dLNs. To assess the lineage relationships between dLN and tumor 

T cells, we identified T-cell clones with unique and shared TCR sequences (Figure S3F). 

We then assessed whether there were shared clones (2 or more cells with the same TCRA 

and TCRB pair) between early dLNs and tumors and late dLNs and tumors. There was 

a significant amount of clonal overlap between the GP33-specific CD8+ T cells in dLNs 

and tumors at both early and late time points (Figure 4A–B). Moreover, there was a good 

correlation between the frequencies of individual clones in the dLN and tumor. The clonal 

diversity of shared TCR sequences in tumors did not change much over time (Simpsons 

D= 0.028 early vs. 0.024 late) while in contrast, TCR clonal diversity in the early dLN 

decreased from week 8 to week 17 (Simpsons D = 0.009 early vs 0.037 late). Additionally, 
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Morisita-Horn indices show a high level of similarity between dLN and tumor at each 

time point, but very little similarity between tissues from different time points (Figure 4B). 

Analysis of the top 3 clones in dLN and tumor showed that they were spread across the 

differentiation trajectory and were present in multiple differentiation states and locations 

(Figure 4C). Moreover, these clonal cells increased in pseudotime value, and peaked in the 

tumors.

The stability of their transcriptional state and the enrichment of early and late dLN T cells 

amongst the less-differentiated TSL cells raised the question of whether the clones of tumor

specific CD8+ T cells in the dLN were maintained over the course of tumor development. 

Analysis of T cells in the mediastinal LN (tumor-draining) requires sacrifice of animals, so 

we were unable to directly compare T cell clones between the early and late time points. 

Thus, we used algorithms that define common TCR motifs for polyclonal populations 

responding to a common antigen, and analyzed GP33-specific CD8+ T cells from early and 

late dLNs and tumors (Figure 4D, Table S1). We identified 20 TCRA motifs and 12 TCRB 

motifs in total (Table S1), and found good concordance between the presence of TCR motifs 

in dLNs and tumors of the same mice. These data strongly support the hypothesis that most 

tumor-specific CD8+ T cells in dLNs (and perhaps tumors) are maintained over the course of 

tumor development.

Migration from the dLN maintains TCF1 expression by the intratumoral T cell pool

Our data supported two non-mutually exclusive models for the maintenance of T cells 

in tumors: (1) tumor-specific TCF1+ CD8+ T cells in tumors could be a self-sustaining 

population that continued to propagate and differentiate to maintain the T cell response in 

tumors, or (2) maintenance of TCF1+ T cells in tumors could be due to continual migration 

of small numbers of tumor-specific TSL from the dLN. Migration of TSL from tissues other 

than the dLN is unlikely as populations of GP33-specific TSL were absent from all other 

tissues examined (spleen, thymus, bone marrow, inguinal and mesenteric lymph nodes) 

(Figure S1G–H).

To test the latter hypothesis, we treated KP-NINJA tumor-bearing mice with FTY720 to 

block lymphocyte migration. Tumors were initiated in KP-NINJA mice via intratracheal 

infection with 2.5×107 PFU Ad5mSPC-Cre and administration of doxycycline and 

tamoxifen as described previously (62), and then treated with FTY720, or vehicle, from 

6–9 weeks post-infection (Figure 5A). After 3 weeks of FTY720 treatment, the frequency 

and number of GP33-specific TCF1+ CD8+ T cells in the tumor tissue, but not TCF1− CD8+ 

T cells (Figure 5I–J), was decreased compared to vehicle-treated controls (Figure 5B–D). 

This represented a ~4-fold drop in the number of these cells (from 1216 ± 258 to 335 ± 78). 

By contrast, the number of TCF1+ CD8+ T cells in the dLN was not impacted by FTY720 

treatment, suggesting that the observed decrease was likely due to the impact of blocking 

migration and not a direct impact of FTY720 on TCF1+ CD8+ T cells. The observed 4-fold 

drop in TCF1+ CD8+ T cells in tumors was more sharp than the 2-fold decrease in the 

number of total GP33-specific CD8+ T cells over the same time period in tumors (from 

10488 ± 2003 to 5506 ± 1392), suggesting that the TCF1+ T cell population was more 

impacted by the migration blockade (Figure 5E–F). Similar decreases were observed in 
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the GP33− CD8+T cell populations in the tumor (Figure 5G–H). Thus, these results are 

consistent with the hypothesis that the migration of tumor-specific TSL cells from dLNs is 

necessary to sustain the TCF1 expression of anti-tumor T cells in tumors.

TSL-like populations are present in metastatic and non-metastatic LNs of lung cancer 
patients

Tumor-draining lymph nodes from human patients are often used for diagnostic purposes 

and are thus difficult to obtain for research. Therefore, to investigate the potential 

importance of dLN T cells in human lung adenocarcinoma (LUAD), we took advantage of a 

recently published single cell RNA sequencing dataset from a study which included normal 

lung tissue (nLung), tumor-containing lung tissue (tLung), metastatic lymph nodes (mLN), 

and non-metastatic lung-draining lymph nodes (nLN) collected by surgical resections 

or ultrasound-guided bronchoscopy biopsies from 44 treatment-naïve LUAD patients 

(GSE131907; (81)). We catalogued 10,046 CD8+ T cells from all four tissues, based on 

their previous annotations, and these were grouped into 15 clusters and visualized using the 

dimension reduction method Uniform Manifold Approximation Projection (UMAP) (Figure 

6A).

With the same signature genes used in Figure 1, we grouped CD8+ T cell clusters from 

LUAD patients into naïve T cell (TN), TSL-like, migratory T cell (TMIG)-like, and TEX-like 

categories (Figure 6B). We identified 1 naïve cluster (1), 4 clusters with a TSL-like signature 

(14, 0, 8, 2; ordered from highest to lowest TCF7 expression), 5 clusters with a TMIG-like 

signature (11, 3, 9, 12, 5; ordered from highest to lowest KLRG1 expression), and 4 clusters 

with a TEX-like signature (4, 7, 10, 1; ordered from highest to lowest PDCD1 expression). 

Gene expression signatures of TSL-like and TEX-like clusters were strikingly similar to these 

populations from tumor-bearing KP-NINJA mice in our model (Figure 2F). Strikingly, 73% 

of the nLN CD8+ T cells were TSL-like (Figure 6C), in agreement with our findings in mice. 

TSL-like cells made up 31% of CD8+ T cells from the tLung, and only 9% and 15% of the 

CD8+ T cells from the mLN and nLung, respectively. In contrast, TEX-like cell clusters were 

dominant in the mLN and tLung (61% and 61%, respectively). Interestingly, nLung tissue 

contained cells which belonged predominantly to TMIG-like clusters (78%). Together, these 

data from LUAD patients support our hypothesis that TSL cells reside in the dLNs and that 

differentiation occurs after the dLN T cells migrate to the tumor.

Discussion

PD-1+ TCF1+ CD8+ T cells are present in human and murine tumors and are necessary 

to sustain both the anti-tumor T cell response and responses after immunotherapy, but the 

mechanisms for their maintenance remained unclear. Using an autochthonous model of 

lung adenocarcinoma, we found that the population of intratumoral PD-1+ TCF1+ CD8+ T 

cells was maintained by migration from the tumor-draining lymph node (dLN). Most tumor

specific CD8+ T cells in dLNs expressed PD-1, TCF1, and SLAMF6 and had transcriptional 

patterns that were more similar to canonical TSL cells seen during chronic LCMV infection. 

By contrast, while some intratumoral CD8+ T cells were PD-1+ and TCF1+, many did 

not express SLAMF6 or other genes associated with TSL cells. Moreover, as the tumor 
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microenvironment shifted from hot to cold, the intratumoral T cell population became more 

differentiated, while the population in the dLN was unchanged at the transcriptional and 

phenotypic levels. These findings, in combination with the shared TCR sequences found 

between tissues and pseudotime analyses, present convincing evidence for tumor-specific 

CD8+ T cells in the dLNs being developmentally related to (and likely the developmental 

precursors of) more differentiated intratumoral T cells in early and late tumors. Future 

studies will be needed to test this directly. While most studies of anti-tumor CD8+ T cell 

function and differentiation have focused on tumor tissues (82–90), our data demonstrate 

that the process of differentiation for tumor-specific CD8+ T cell begins in the dLN, with the 

dLN serving as a reservoir for maintaining T cells in a stem-like state throughout the course 

of tumor development.

The question of whether patients with cold tumors can respond to immunotherapeutic 

intervention has remained uncertain. Cold tumors have poor infiltration of T cells and/or 

T cell exclusion, which is thought to reflect a diminished or absent anti-tumor immune 

response, consistent with their poor response to checkpoint therapies (4). Yet, cold tumors 

have similar mutational burdens and antigen presentation capacity as hot tumors, suggesting 

they both have the capacity to initiate and drive anti-tumor T cell responses (53). These 

findings are in line with the cold tumors in our model, which maintain neoantigen 

expression and in vivo presentation of neoantigens (49, 60, 62, 91, 92). Given these 

observations, we hypothesized that the cold tumor microenvironment was a result of 

global exhaustion of tumor specific CD8+ T cells throughout the host. Surprisingly, many 

tumor-specific CD8+ T cells in late tumors were TCF1+, although pseudotime analyses 

demonstrated that these T cells were more differentiated than T cells from early tumors. 

These data are consistent with the possibility that the increased differentiation state of 

intratumoral T cells could account for the cold phenotype of late tumors. Additional 

possibilities include the inability of migrating T cells to physically enter tumors or defects 

in DC migration or function (53, 93–95). We also found that a cold TME is not indicative 

of global exhaustion of tumor-specific CD8+ T cells as cold tumors were associated dLNs 

containing TSL cells that were transcriptionally similar to TSL cells in dLNs associated with 

hot tumors. Thus, the distal location of dLN TSL cells likely protects them from changes that 

occur within the TME over the course of tumor development.

While many signals could promote the differentiation of intratumoral CD8+ T cells, TCR 

signals are prime candidates. TCR signals drive terminal T cell differentiation in chronic 

infection, and CD8+ T cells that recognize more abundant antigens are subject to more 

severe exhaustion (15, 25, 27, 33, 44, 54, 76–79). Likewise, antigenic peptides that deliver 

weaker TCR signals are less potent drivers of T cell exhaustion (44). Tcf7 is required to 

sustain CD8+ T cells during chronic infection (31, 40, 44), but TCR and inflammatory 

signals promote TCF1 downregulation (96). We found that intratumoral T cells had high 

levels of transcripts associated with downstream TCR signaling, while dLN T cells had low 

expression of these transcripts. These data are consistent with the idea that the dLN may 

protect TSL cells from persistent antigen exposure. We hypothesize that intratumoral CD8+ 

T cells are unable to escape persistent antigen and that without migration from the dLN, 

the pool of tumor-specific CD8+ T cells would become exhausted. Moreover, because T cell 

clones that recognize tumor antigens with higher avidity (so called “best fit” clones) are 
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more prone to exhaustion, the dLN likely plays an important role in preventing the loss of 

best fit clones over the course of tumor development. The splenic white pulp may play a 

similar role during chronic LCMV infection (31, 38), although both the white and red pulps 

are sites of LCMV Clone 13 infection (97). Our data also raise the question of whether 

intratumoral niches (like TLS) could exist in tumors to protect TSL cells from differentiation. 

We previously showed that TLS associated with late tumors in our models were sites for 

antigen presentation (60), but it remains to be seen whether tumor-proximal niches such as 

TLS could protect resident T cells from persistent antigen exposure (60, 91, 92).

Our data highlight the critical role of migration in the maintenance of TSL cells in tumors 

but are less consistent with the idea that T cells differentiate in the lymphoid tissue prior to 

migration. The latter has been seen in chronic LCMV infection (31, 38) and may be due to 

the ongoing infection in the tissue. By contrast, we observed that TCF1hi T cells differentiate 

within tumors, and that migration was required for the presence of TCFhi T cells in tumors. 

We cannot rule out the possibility that a low number of naïve-like T cells from other 

extratumoral tissues besides the dLN, such as the spleen or thymus, may contribute to the 

ongoing anti-tumor immune response over the time course studied, as FTY720 treatment 

could potentially block migration from these tissues as well. However the concordance of 

TCR sequences between dLN and tumor suggest that these contributions would be minimal. 

It is not clear what drives the migration of TSL cells from dLNs to tumors. DC migration 

from tumors to dLNs is important for priming T cells, but the role of DCs in maintenance 

of TSL cells in dLNs is uncertain (98, 99). One simple model is that periodic signals from 

migrating DCs are also necessary for maintaining the migratory T cell population. Critically, 

while we did not see the accumulation of less-differentiated T cells in dLNs upon FTY720 

treatment, it is possible that FTY720 also blocks the migration of antigen-presenting DCs to 

LNs, which could impact the differentiation of TSL cells in the dLN. Further studies will be 

needed to test what signals are necessary for maintenance and migration of T cells in dLNs.

The role of the dLN in immunotherapy remains uncertain. Expression of PD-L1 on DCs is 

important for responses to anti-PD-L1 in some tumor models, and migratory DCs in tumor 

dLNs express both PD-L1 and the costimulatory receptor B7–2 (100). Moreover, PD-1 

blockade can act in dLNs in transplant tumor models (101, 102). Whether PD-1 blockade 

acts outside the TME in humans is not known, but therapeutic efficacy after anti-PD-1 

treatment in patients is associated with changes in immune cell populations in the peripheral 

blood (103, 104) and with the appearance of new T cell clones in the tumor after therapy 

(105–107). Our analyses of CD8+ T cells from humans showed the presence of TSL-like 

cells in LNs and tumors. However, as PD-1 blockade functions poorly in patients with cold 

tumors, this suggests that these patients either lack LN TSL cells or that PD-1 blockade is 

insufficient to drive therapeutic responses in LNs of these patients. Thus, identifying novel 

therapeutic strategies directed towards tumor-specific T cells in the dLN may be a means 

towards improving outcomes for cancer patients with cold tumors.
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Materials and Methods

Study Design

The aim of this study was to investigate mechanisms by which CD8+ TSL cells are 

maintained in tumors over the course of cancer progression. We utilized an autochthonous 

model, as well as an orthotopic transplant mouse model, of lung adenocarcinoma in which 

tumor cells express the neoantigen GP33 from LCMV. We evaluated the presence of 

tumor-specific CD8+ TSL cells in various lymphoid and non-lymphoid tissues by FACs 

using tetramer-specific cell staining. We analyzed single-cell RNA-sequencing to assess 

the differentiation state and trajectory of the cell subsets present after FACs sorting on 

endogenous tetramer-specific CD8+ T cells from tumors and draining lymph nodes of 

tumor-bearing mice, comparing them to tetramer-specific CD8+ T cells from spleens of mice 

infected with acute or chronic LCMV. In order to determine the clonal relationship of these 

cells from tumors and draining lymph nodes, we analyzed single-cell TCR sequencing. We 

tested the effect of blocking lymphocyte migration into tumors after three weeks of FTY720 

treatment in autochthonous mice by FACs. Lastly, to assess whether similar phenomena 

occur in humans, we analyzed a publicly available single cell RNA-sequencing dataset from 

lymph nodes and lungs of non-small cell lung cancer patients.

Mice

C57BL/6J mice (Jackson Laboratories) were used for all transplant experiments. KP × 

CCSP-rtTA mice, referred to here as KP mice were obtained from Tyler Jacks lab (50) 

and crossed to NINJA mice (59) to obtain KP-NINJA (KraslslG12D/+, p53fl/fl, R26-NINJA/

NINJA, CCSP-rtTA+) mice. KP (KraslslG12D/+, p53fl/fl, CCSP-rtTA+) mice were used as 

controls in some cases. 6+ week-old male and female mice were used for all experiments 

and were sex-matched and age-matched for each individual experiment. All studies were 

carried out in accordance with procedures approved by the Institutional Animal Care and 

Use Committees of Yale University. All mice were bred in specific pathogen-free conditions.

Lung Tumor Initiation

Autochthonous tumor generation: KP-NINJA mice were infected intratracheally with 2.5 × 

107 PFU Ad5mSPC-Cre (Dr. Anton Berns, Netherlands Cancer Institute), after precipitation 

with 10mM CaCl2 for 20–60 minutes, or 5 × 104 PFU Lenti-cre. To induce expression of 

NINJA neoantigen in infected cells, mice were given doxycycline hyclate chow (625mg/kg; 

Envigo cat. TD.09628) days 7–11 post infection (p.i.) and concomitantly treated with 4.4mg 

tamoxifen (MP Biomedicals cat. MP215673894) in corn oil (ThermoFisher Scientific cat. 

S25271) by gavage on days 8–10 p.i. To induce neoantigen expression via lentivirus, KP 

mice were infected with 2.5 × 104 PFU mClover-GP33–80-Cre lentivirus and assessed at 8 

weeks p.i. Orthotopic KPN1 tumor transplants: Established KPN1 cells were maintained in 

complete DMEM (10% HI-FBS, 55μM beta-mercaptoethanol, 1x Pen/Strep and 1x L-Glut). 

Prior to injection, cells were washed 3x with 1xPBS and 200,000 cells were injected 

intravenously via tail vein injection. Subcutaneous KPN1 transplants: Established KPN1 

cells, sorted for GFP+ (NINJA-expressing) cells, were maintained in complete DMEM (10% 

HI-FBS, 55μM beta-mercaptoethanol, 1x Pen/Strep and 1x L-Glut). Prior to injection, cells 
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were washed 3x with 1xPBS and 500,000 cells were injected s.c. and measured using 

standard caliper measurements. Tumor volume = (LxW2)/2.

Tissue processing for flow cytometry

Prior to sacrifice, mice were injected retro-orbitally with 200uL anti-CD45-PECF594 in 

1X PBS (1:200; BD Biosciences Cat# 562420). After 2–3 minutes, lungs (or thymus) 

were harvested at various time points ranging from 8–25 weeks p.i. into Collagenase 

IV (Worthington Biochemical, cat. LS004189) Buffer (1x HEPES buffer, 0.5mg/mL 

Collagenase IV, 20μg/mL DNase in 1x HBSS with MgCl2 and CaCl2) and run on the default 

Lung_01 protocol on a gentleMACS Dissociator instrument (Miltenyi Biotec). Samples 

were then incubated at 37°C for 30 min and further dissociated with default Lung_02 

protocol. Digestion was quenched by adding 500 μL FBS. Bone marrow was collected 

from femurs and processed into single cell suspensions. Samples were then strained through 

70 μm cell strainers, washed with 1% HI-FBS RPMI-1640 (ThermoFisher Scientific cat. 

11875085) and red blood cells were lysed using 1x RBC Lysis Buffer (eBioscience, cat. 

00–4333-57). Cells were counted using a hemocytometer for absolute number calculations. 

Lymph nodes (as well as spleens) were concomitantly harvested from tumor-bearing mice, 

and processed as described in (108). Single cell suspensions were stained using one of 

two antibody panels (see Flow cytometry section) in addition to tetramer for H2Db/GP33–43

specific CD8+ T cells (NIH Tetramer Core Facility). For intracellular staining, FoxP3/

Transcription Factor Staining Buffer set (eBioscience cat# 00–5523-00) was used as per 

manufacturer’s protocol. Cells were washed and resuspended in FACs Buffer (0.5% FBS, 

20% sodium azide in water, PBS 1X without Mg2+/Ca2+) until analysis on a BD LSRII flow 

cytometer (BD Biosciences).

Ex Vivo IFNγ expression

Single cell suspensions were obtained as described above. The number of cells from 

draining lymph nodes and tumors was determined using hemocytometer. Samples were 

then plated in 96-well flat bottom plates at a ratio of 25:75 with CD45.1 splenocytes and 

stimulated in 10% HI-FBS RPMI-1640 (Thermo Fisher Scientific cat. 11875085) containing 

Brefeldin A (eBioscience cat. 00–4506-51), and LCMV GP33–41 peptide (AnaSpec cat. 

AS-61296), or left unstimulated in 10% HI-FBS RPMI-1640 (ThermoFisher Scientific cat. 

11875085) containing Brefeldin A (eBioscience cat. 00–4506-51). Plates were incubated 

for 4–6 hours at 37°C, and samples were then transferred to 96-well round bottom plates. 

Samples were stained for extracellular markers (see Flow cytometry section), fixed with BD 

Cytofix/Cytoperm Fixation/Permeabilization Solution kit (BD Biosciences cat. 554714), and 

stained with anti-IFNγ for intracellular cytokine assessment (see Flow cytometry section) in 

BD Perm/wash Buffer (BD Biosciences cat. 554714) as per manufacturer’s protocol.

Flow cytometry

Cells were prepared from various tissues and stained with extracellular antibodies in FACs 

Buffer (0.5% FBS, 20% sodium azide in water, PBS 1X without Mg2+/Ca2+). Staining 

reagents included PECF594 anti-CD45 (30-F11) and FITC anti-IFNγ (XMG1.2) from 

BD Biosciences; PERCP anti-CD90.2 (30-H12), BV421 anti-CD279 (PD-1; 29F.1A12), 

APCFire750 anti-CD90.1 (THY1.2; OX-7), BV605 anti-CD90.2 (30-H12), PECY7 anti
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CD366 (TIM3; RMT3–23), BV421 anti-CD279 (29F.1A12), PE anti-SLAMF6 (330-AJ), 

BV421 anti-CD8α (53–6.7), BV711 anti-CD44 (IM7), APC/Fire750 anti-CD90.1 (THY1.1; 

IM7), and APC-Cy7 anti-CD45.1 (A20) from Biolegend, FITC anti-CD8α (CT-CD8α), and 

PeCy5 anti-CD8α (CT-CD8α) from Thermo Fischer Scientific; PE TCF1/7 (C63D9) from 

Cell Signaling Technologies. H-2D(b) LCMV GP 33–41 tetramer-KAVYNFATM-APC was 

provided by the NIH tetramer core. Cells were stained at 4°C for 30 minutes followed 

by fixation and permeabilization with apropriate intracellular staining kit. For intracellular 

staining of cytokines, the Cytofix/Cytoperm Fixation/Permeabilization Solution Kit from 

BD Biosciences was used as per manufacturer’s protocol. For intracellular staining, FoxP3/

Transcription Factor Staining Buffer set (eBioscience cat# 00–5523-00) was used as per 

manufacturer’s protocol. Data were collected on LSRII cytometer (BD Biosciences). For 

sorting, indicated populations were sorted to >90% purity with FACSAria III cytometer (BD 

Biosciences).

Histology and IHC staining

Tumor-bearing lungs of KP-NINJA mice were fixed in 1x Formalin solutions in PBS 

(Millipore-Sigma) for 24 hours at 4°C, switched into 70% ETOH, and submitted to 

Yale histology core for paraffin embedding, sectioning, and hematoxylin and eosin 

(H&E) staining. Unstained slides of KP-NINJA autochthonous lung tumors were stained 

with anti-CD3 (ab5690) using the ImmPACT DAB Peroxidase kit (Vector Labs) for 

immunohistochemistry. H&E and anti-CD3 IHC stained sections were imaged on a Nikon 

TE2000 microscope (Micro Video Instruments, Inc. Avon, MA) using a 20x objective.

FTY720 Treatment

KP-NINJA mice were infected intratracheally with 2.5 × 107 PFU Ad5mSPC-Cre (Dr. 

Anton Berns, Netherlands Cancer Institute) and treated with tamoxifen and doxycycline as 

previously described. From 6 to 9 weeks following intratracheal infection, mice were treated 

with 0.3 mg/kg FTY720 or vehicle (saline) i.p. every other day.

Cell line generation

The generation of the KPN1 cell line has been described (62). Briefly, KP-NINJA mice were 

infected intratracheally with 5 × 104 PFU of lentiviral vector LV-rtta3-Cre. KP-NINJA mice 

were treated with doxycycline and tamoxifen as described to induce NINJA expression in 

transformed cells. Tumor-bearing lungs of all mice were harvested 20 weeks p.i., minced 

with scissors, and rotated at 37 C for 40 minutes in Collagenase IV Buffer + 2 mg/mL 

Dispase II (Sigma Aldrich cat. 04942078001). Homogenate was filtered through a cell 

strainer (Corning cat. 352340) and centrifuged at 200xg for 4 minutes at room temperature. 

Pellet was resuspended and cultured at 37°C and 5% CO2 in complete DMEM (DMEM + 

10% FBS + 1% P/S), + 1x Gentamicin for the first 2 passages. After 6+ passages fibroblasts 

were visually undetectable and cell lines were verified to be 100% Kras-transformed by 

treating with puromycin (unrecombined Kras in this mouse confers puromycin resistance).
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LCMV-Clone 13 and -Armstrong infections

For Chronic and acute LCMV infections, 7–10 weeks old C57BL/6 mice were infected 

intraperitoneally with 2×106 PFU/mouse of LCMV-Clone 13 or LCMV-Armstrong (Figure 

S3I–K), respectfully. Mice were euthanized 28 days after infection to collect and process 

spleens as previously described (108).

Sorting and single cell RNA- and TCR- sequencing of GP33-specific CD8+ T cells

KP-NINJA mice were infected with Ad5mSPC-Cre, treated with doxycycline and 

tamoxifen, and lungs and dLN were harvested 8 and 17 weeks p.i. after i.v. injection 

of anti-CD45-PECF594 antibody (clone 30-F11, BD Biosciences), as described. Spleens 

were harvested from C57BL/6 mice 28 days following infection with LCMV-Clone 13 (or 

LCMV-Armstrong – Figure S3I–K). Tissues were dissociated as previously described and 

GP33-specific CD8+ T cells were sorted (i.v.CD45−CD8+GP33-loaded MHC I tetramer+) 

and submitted to the Yale Center for Genome Analysis for single-cell RNA and TCR 

sequencing. Single cell RNA-sequencing data was demultiplexed using Cell Ranger 3.0 

Software and then further analyzed using Python. Data represents cells from n=3 pooled at 

each time point. Pooled GP33-specific endogenous cells from tumors and matched dLNs, as 

well as from spleens, were submitted for 10X single cell RNA-and TCR-sequencing to Yale 

Center for Genome Analysis (YCGA).

Motif Analysis

Consensus motifs in grouped CDR3 amino acid sequences were identified using two motif 

based sequencing analysis tools: Multiple Em for Motif Elicitation (MEME) and Gapped 

Local Alignment of Motifs (GLAM2) (1). The motif analysis across all four samples (early 

and late dLN and tumor) was performed separately for TCR alpha and TCR beta chain, 

including clones with ≥ 2 cells only. At first, fasta files were created separately, including 

TCR alpha or TCR beta CDR3 amino acid sequences for the clones with ≥ 2 cells, using 

Biostrings package. These fasta files were used as input files for motif analysis, separately 

for each chain. Filtration of CDR3 amino acid sequences were performed based on low 

alignment scores by GLAM2. From there, CDR3 amino acid sequences for each chain were 

further sub-grouped into separate fasta files based on similarity in sequences and alignment 

scores. Each sub-group of sequences for each chain were run for motif analysis using 

GLAM2 function and a position weight matrix as an output to define the motif for each sub 

group of sequences, either for TCR alpha or beta chain. The contribution of clones from 

each of the four samples to each motif (either for TCR alpha or TCR beta chain), were 

traced back using the clone IDs. Following this, consensus motif for each chain was defined 

as having clones shared by all four samples and ranked in an order based on the number of 

clones giving rise to each motif (Table S1).

Bioinformatics analysis of GP33-specific CD8+ T cells

Single cell RNA- and TCR-sequencing data from LCMV-Clone 13, LCMV-Armstrong, 

early and late dLNs and tumors was processed with CellRanger 3.1 using the mm10 mouse 

genome indices from 10x genomics. Number of cells analyzed and genes detected for each 

sample: Chronic LCMV(1,185 and11,595), Acute LCMV(10,768 and 12,960), early dLN 
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(1,742 and 12,116), late dLN (876 and 11,595), early tumor (806 and 11,749), and late 

tumor (731 and 11,150). The libraries were further pre-processed in Python using the scprep 

package (github.com/krishnaswamylab/scprep). Cells with library size below 1000 UMI/cell 

and rare genes (genes detected in fewer than 5 cells) were removed. The data was then 

normalized by library size to 1,000 counts per cell and square-root transformed.

For visualization, PHATE (72) was used to embed the cells into two dimensions based 

on transcriptional profiles, allowing for visual comparison of global and local similarities 

between cells. Groups of similar cells were identified by running spectral clustering on our 

input data. For visualizing gene expression, we imputed missing and dropped-out values 

with MAGIC and visualized on PHATE (109). A small percentage of the cells were found 

to have low expression of CD8a after de-noising, and excluded from further analysis. Cell 

clusters for GP33-specific CD8+ T cells from chronic LCMV Clone 13 infection were 

visualized using PHATE maps and colored based on clustering into arbitrary 7 clusters. 

Similar to UMAP projections, the organization of clusters and the relative distances between 

clusters on PHATE embeddings have meaning (i.e., closely related clusters are located in 

closer physical proximity).

To analyze the cellular trajectories and infer pseudotime, we used the scVelo stochastic 

model (75, 110) stochastic model. Pseudotime was computed on the basis of the inferred 

velocity graph with scVelo.

Single group TCR sequence diversity was calculated using Simpson’s index based on 

number of clones and number of cells with clonal sequences (shared by 2 or more cells). 

Number of clonal sequences and number of cells with clonal sequences, respectfully: Early 

tumor (448 and 767), Early dLN (1098 and 1734), Late tumor (216 and 675), Late dLN (346 

and 886). Morisita-Horn index between samples was calculated to compare overlap between 

samples. These calculations were conducted using R program.

Human CD8+ T cell single cell RNA-sequencing analysis

Single cell data was obtained from Gene Expression Omnibus (GEO) by accession code 

GSE131907 (81). Data processing, analysis and visualization were conducted using R 

program with package Seurat (v 3.1.0). Only CD8+ T cells (original labels “CD8 low 

T”, “Cytotoxic CD8+ T”, “Naive CD8+ T” and “Exhausted CD8+ T”) with tissues from 

tumor or normal lungs, and metastatic or normal lymph nodes (original labels “tLung”, 

“nLung”, “mLN” and “nLN”) were used for the analysis. Raw gene counts were log

normalized by Seurat function NormalizeData with parameter normalization.method set to 

“LogNormalize”. Cell clusters were identified from the normalized data using functions 

FindNeighbors and FindClusters on top 20 PCs and resolution 0.75. UMAP was used to 

visualize cell clusters based on top 20 PCs. For the marker gene expression heatmap, 

relative abundances for each gene were calculated as Z-scaled average of log2(RC+1). 

Here RC are relative counts calculated by Seurat function NormalizeData with parameter 

normalization.method set to “RC”.

Statistical analyses

All statistical analyses were performed using Prism V8.3.0 software.
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Figure Design

Figures 1A, 1B, 2A, and 5A were created with BioRender.com.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Tumor-specific TCF1+CD8+ T cells are present throughout disease progression in 
autochthonous KP-NINJA lung tumors
(A) Experimental setup of KP-NINJA tumor induction in which doxycycline and tamoxifen 

treatment is administered on days 7–10 after initial infection. (B) Schematic detailing 

the genetic recombination events in KP-NINJA system. (C) De-identified, anti-CD3 

immunohistochemistry stained KP-NINJA tumor-bearing lungs were scored blindly for 

level of T cell infiltration (3=>50%;2=10–50%;1=<10%). Scores were compared between 

early (8–10 weeks post infection; n=10) and late (16+ weeks post infection; n=22) 

tumors. p=<0.0001 by unpaired t-test. (D) Representative flow cytometry dot plots 

displaying extracellular expression of PD-1 and intracellular expression of TCF1 on tissue 

GP33-specific CD8+ T cells from the tumors (top) and dLNs (bottom) at early (8–10 

weeks) and late (16+ weeks) time points after infection, cells pre-gated on singlets and 

THY1.2+CD8+i.v.CD45−GP33-loaded MHCI tetramer+ as shown in Figure S1A. (E) Left 

panel: Percent TCF1+PD-1+CD8+ T cells of total GP33-specific CD8+ T cells (**p=0.0008 

tumor; *p=0.0160 dLN). Center panel: Absolute numbers of TCF1+PD-1+CD8+ T cells 

(*p=0.0415; ****p=<0.0001), and absolute number of total GP33-specific (GP33 loaded 

MHC I tetramer+) CD8+ T cells (**p=0.0041) in tumors (black) and dLNs (gray). Mean 

number of TSL= 264 ± 48 in tumor vs. 2,630 ± 573 in dLN 8–10 weeks p.i. and 

567 ± 204 in tumor vs. 4,730 ± 807 in dLN at 16+ weeks p.i. (F-G) Representative 

histograms displaying extracellular Tim3 expression (top) and SLAMF6 expression (bottom) 

of TCF1−PD-1+ vs. TCF1+PD-1+ tumor-specific CD8+ T cells at early (8–10 weeks) and 

late (16+ weeks) after infection in tumors (F) and dLNs (G). Data from 8 (early) and 5 (late) 

independent experiments: n=29 tumors at 8–10 weeks p.i.;n=21 tumors at 16+ weeks p.i.; 

n=25 dLN at 8–10 weeks p.i.;n=27 dLN at 16+ weeks p.i. Statistics based on two-tailed, 

unpaired t-test. Mean and SEM reported in text. (H) Representative dot plots showing ex 
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vivo IFNγ production of tumor (top) and dLN (bottom) cells following GP33–41 peptide 

re-stimulation, pre-gated on intravascular CD45- singlets, CD45.1−THY1.2+ CD8+. Data 

normalized to the frequency of GP33-loaded Tetramer+ CD8+ T cells in lung tissue or dLN. 

Representative of 2 independent experiments; n=7 **p=0.005.
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Figure 2: Tumor-specific TCF1+PD1+ CD8+ T cells in tumor and dLN resemble TSL cells in 
chronic LCMV
(A) Experimental protocol schematic. (B) Single-cell RNAseq data from GP33-specific 

CD8+ T cells in chronic LCMV Clone 13 infection were analyzed. 1,185 cells analyzed 

and 11,595 genes detected. (C) Naïve-, TSL-, and TEX-like populations (dotted lines) were 

identified based on the expression profiles of key genes associated with naïve, stem-like 

precursor, and terminally exhausted CD8+ T cells. (D) Individual data sets were visualized 

with PHATE maps displaying arbitrary clusters (1–7) and (E) CD8+ T cell populations were 

similarly identified among GP33-loaded MHC I tetramer+CD8+ T cells in the dLN and 

tumor from early (8 weeks p.i.) and late (17 weeks p.i.) KP-NINJA tumor-bearing mice. 

(F) Heat map of scRNAseq data from chronic LCMV-Clone 13 showing gene expression 

of naïve related, progenitor-related, migration-related, exhaustion-related, as well as key 

effector cell-associated genes, genes associated with intracellular TCR signaling, and key 

transcription factors. (G) 3-dimensional PHATE map of GP33-specific CD8+ T cells from 

chronic LCMV infection, early dLN, late dLN, early tumor, and late tumor were combined 

(left) and divided into 12 (0–11) clusters (right; refer to Figure S3G–H). (H) Heat map from 

combined analysis of all samples with distribution of samples for each clusters shown above. 

Gene expression of naïve related, progenitor-related, migration-related genes, exhaustion

related, as well as key effector cell-associated genes, genes associated with intracellular 

TCR signaling, and key transcription factors are included. For early dLN, 1,742 cells were 

analyzed and 12,116 genes were detected. For late dLN, 876 cells were analyzed and 11,595 

genes were detected. For early tumor, 806 cells were analyzed and 11,749 genes were 

detected. For late tumor, 731 cells were analyzed and 11,150 genes were detected. Single 

cell RNA-sequencing data is representative of n=3 pooled samples.
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Figure 3: Progressive CD8+ T cell differentiation occurs in tumors but not dLNs over the course 
of disease
(A-D) Single-cell transcriptomics of tumor-specific CD8+ T cells from early (8 weeks p.i.) 

tumors and late (17 weeks p.i.) tumors (A), early dLNs and late dLNs (B), late dLNs 

and late tumors (C), and early dLNs and early tumors (D) from KP-NINJA mice were co

embedded and expression profiles were visualized by PHATE maps (i). Pseudotime analysis 

was also visualized by PHATE maps (ii) as well as histograms (iii). Transcript dynamics 

(iv) between each co-embedded sample pair are illustrated by the direction of arrowheads. 

The location of transcriptional signatures for the major cell states identified (Naïve (white), 

TSL (green), and TEX (blue)) are indicated by markers on pseudotime visualizations. (E-F) 

The gene expression profile for Nr4a1 visualized by PHATE map on the dLN and tumor 

co-embeddings at early (E) and late (F) time points.
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Figure 4: Clonal dominance is maintained throughout disease between dLN and tumors
(A) Paired single cell TCR-sequencing from tumor-specific CD8+ T cells 

(i.v.CD45−CD8+GP33-loaded MHC I tetramer+) in early (8 weeks p.i.; left) and late (17 

weeks p.i.; right) dLNs and tumors was used to identify the correlation between CD8+ T 

cell clones shared between tissues. Abundance of each shared clone (≥2 cells/sample with 

shared sequence) is reported as a percent of total shared clones between tissues at either 

timepoint and displayed on log2 axes (R2=0.9226 and 0.5508 at early and late timepoints, 

respectively). (B) The Morisita-Horn overlap index was calculated between early dLN 

(1,098 shared TCR sequences/clones; 1,734 cells with shared TCR sequence; Simpson’s 

Index = 0.009194539), early tumor (448 clones; 767 cells with shared TCR sequence; 

Simpson’s index = 0.02845659), late dLN (346 clones; 886 cells with shared TCR sequence; 

Simpson’s Index = 0.03669475), and late tumor (216 clones; 675 cells with shared TCR 

sequence; Simpson’s Index = 0.02416547) samples in order to compare overlap of TCR 

sequences. (C) Differentiation status of top 3 shared clones from tumor-specific CD8+ T 

cells in dLN and tumor at early (top left; with area of interest enlarged in top right corner) 

and late (top right) time points were determined by pseudotime analysis and visualized by 

PHATE. Distribution of each of the three clones are shown below at early (bottom left) 

and late (bottom right) time points, with each top clone differently colored. The location of 

transcriptional signatures for the major cell states identified (Naïve (white), TSL (green), and 

TEX (blue)) are indicated by markers on pseudotime visualizations. (D) TCRA and TCRB 

motifs were determined from single-cell TCR-sequencing of tumor specific CD8+ T cells 

and motifs shared between tissues at either time point are shown.
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Figure 5: A reservoir of tumor-specific CD8+ TSL cells in dLN maintains the anti-tumor immune 
response
(A) Experimental schematic (left) with representative histogram (right) showing THY1.2+ 

events from whole blood 24 hours following 0.3mg/kg FTY720 treatment (gray) and 

vehicle-treated control (black). (B) Representative dots plots reporting mean and SEM 

of %TCF1+PD-1+ of GP33-specific cells, pre-gated on singlets, THY1.2+, CD8+ in the 

tissue (intravascular CD45−) in tumor and dLN ± FTY720. (C-D) The percent and absolute 

number of TCF1+ PD-1+ TSL in tumors (C, *p=0.01; D, **p=0.002) and dLNs (C, p=0.96; 

D, p=0.056) in vehicle-treated (black) vs. FTY720-treated (red). (E-F) Percent and absolute 

number of GP-33 specific CD8+ T cells in tumors (E, p=0.93; F, *p=0.049) and dLN (E, 

p=0.71; F, p=0.13) in vehicle-treated (black) vs. FTY720-treated (red). (G-H) Percent and 

number of non-GP-33-specific (GP33-loaded MHC I tetramer-) CD8+ T cells in tumors 

(G, *p=0.025; H, **p=0.001) and dLN (G, ****p=8.8−6; H, **p=0.002) in vehicle-treated 

(black) vs. FTY720-treated (red). Representative of 2 independent experiments containing 

4 technical repeats. Statistics based on two tailed, unpaired t-tests; n=18 vehicle and n=18 

FTY720 for tumor. (I-J) The percent and absolute number of TCF1− PD-1+ TSL in tumors 

(I, p=0.357; J, p=0.135) and dLNs (I, p=0.393; J, p=0.704) in vehicle-treated (black) vs. 

FTY720-treated (red).
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Figure 6: TSL-like populations are prevalent in non-metastatic LN of lung cancer patients
(A) UMAP displaying CD8+ T cell clusters 0–14 in treatment naïve LUAD patients from 

primary sites (tLung) and metastatic LN (mLN), normal lung tissue (nLung) and non

metastatic, normal LNs (nLN) (GSE131907; (81)). Clusters determined to have a TSL-like, 

TMIG-like, and TEX signature, based one gene expression, are denoted by ⬤, ▲, or ⬛, 

respectively. (B) Tissue of origin distributions for each cluster (top) and heatmap displaying 

relative abundance for naïve related, progenitor-related, migration-related, and exhaustion

related signature genes (bottom). Key effector cell-associated genes, genes associated 

with intracellular TCR signaling, and key transcription factors are also included. Relative 

abundance was calculated as Z-scaled average of log-transformed and cell-normalized 

counts. (C) Bar graphs depicting the make-up of total CD8+ T cells from each tissue 

showing the distribution of TN-like, TSL-Like, TMIG-like, or TEX-like clusters determined by 

gene signatures from B.
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