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ABSTRACT 

Blockade of inhibitory PD-1 signaling on T cells is a cornerstone of cancer immunotherapy, with current strategies 
targeting PD-1 or its ligand PD-L1. However, PD-1 engages an alternative ligand, PD-L2, whose role in tumor 
immunity remains poorly defined. Here, we show that PD-L2 is upregulated on intratumoral CCR7⁺ conventional 
dendritic cells (cDCs) in both mouse and human melanoma. Using genetic mouse models enabling selective ablation 
of PD-L1 or PD-L2 in cDCs, we identify a division of labor between these ligands: PD-L1 controls the size of the 
progenitor CD8⁺ T cell pool in tumor-draining lymph nodes by modulating stem-like CD8⁺ T cells, whereas PD-L2 
limits progenitor exhausted CD8+ T cell differentiation within the tumor microenvironment. Loss of PD-L2 in cDCs 
enhances cytotoxic CD8⁺ T cell responses and suppresses tumor growth, particularly in tumors enriched for CCR7⁺ 
cDC1s. Consistent with this, increased CCR7+ cDC abundance is associated with poor prognosis in human cancers. 
Spatial transcriptomic analyses reveal co-localization of CCR7⁺ cDC1s and Tpex within CCL19hi niches, where 
cancer-associated fibroblasts serve as the predominant source of CCL19. Finally, intratumoral GM-CSF drives PD-
L2 expression on CCR7⁺ cDCs, with Tpex and NK cells as major sources. Together, these findings establish cDC–
associated PD-L1 and PD-L2 as spatially and functionally distinct checkpoints governing CD8⁺ T cell differentiation. 
Our results suggest that the abundance of CCR7⁺PD-L2⁺ cDC1s may guide the choice between anti–PD-1 and anti–
PD-L1 therapies and support the development of PD-L2–directed blockade. 

CD8+ T cells possessing cytotoxic “effector” function are essential for the elimination of infected and malignant 
cells1,2. Under conditions of persistent antigen encounter, such as in cancer or chronic infection, CD8+ T cells 
adopt a continuum of differentiation states, spanning from a reservoir of stem-like progenitor CD8+ T cells to 
transitory effector cells that ultimately progress toward terminally differentiated “exhausted” states with 
diminished cytotoxic capacity3-8. 

The expression of ligand-dependent inhibitory receptors imposes critical checkpoints that restrain CD8+ T cell 
differentiation9. Among these, the PD-1 receptor and its ligand PD-L1 have emerged as key therapeutic targets 
in cancer immunotherapy10,11. PD-1 is expressed across the spectrum of activated CD8+ T cells, including stem-
like progenitors as well as their more differentiated effector and exhausted counterparts7,8. Early models 
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posited that PD-L1 expressed by tumor cells directly suppresses the activation and function of tumor-
infiltrating PD-1+CD8+ T cells12. However, subsequent studies have revised this view, demonstrating that PD-
1⁺ stem-like CD8⁺ T cells residing in tumor-draining lymph nodes (tdLNs) are the principal mediators of 
immune checkpoint blockade (ICB) responses5,13,14. In response to PD-L1 or PD-1 blockade, these quiescent 
cells undergo a proliferative burst, driving a new wave of tumor-infiltrating CD8+ T cells5,15. Within tdLNs, 
PD-L1+ type 1 conventional dendritic cells (cDC1s) regulate the maintenance and expansion of this progenitor 
pool, positioning cDC1s as critical intermediaries of checkpoint control16-18. At present, the mechanisms 
governing the transition of Tpex into functional effector populations within tumors are incompletely 
understood. Whether PD-1 signaling regulates the differentiation of progenitor exhausted CD8+ T (Tpex) cells 
following their entry into the tumor microenvironment remains unclear.  

To date, investigation of PD-1 ligands has focused predominantly on PD-L1, and current immunotherapy 
primarily targets PD-1 or PD-L110,19. However, PD-1 has an alternative ligand, PD-L2, which possesses 
substantially higher affinity20-22.  In contrast to the well-defined immunoregulatory roles of PD-L1, the in vivo 
functions of PD-L2 remain comparatively underexplored23,24. Notably, PD-1 and PD-L1 blockade exhibit 
distinct efficacy and toxicity profiles, suggesting non-redundant roles for PD-L225,26. Intriguingly, PD-L2 is also 
expressed by cDCs20,27-29, yet the role of cDC-derived PD-L2 in regulating CD8+ T cell-mediated immunity in 
lymph nodes and tumors is not fully known. 

RESULTS 

Tumor -associated CCR7+ cDCs upregulate PD-L2  

To define the dynamic regulation of PD-L1 and PD-L2 expression on cDCs, we first profiled their expression 
across lymph node subsets at steady state (Extended Data Fig. 1a). Within the cDC1 compartment, PD-L1 
expression was largely restricted to CCR7+ cells which represent activated or migratory cDCs30,31. In contrast, 
cDC2s exhibited broader PD-L1 expression across both CCR7– and CCR7+ subsets (Extended data Fig. 1b). 
PD-L2 expression displayed a more restricted pattern, being confined almost exclusively to CCR7+ cDCs in 
both cDC1 and cDC2 lineages (Extended data Fig. 1c). Notably, whereas PD-L1 was universally expressed by 
CCR7⁺ cDC1s, the frequency of PD-L2⁺ cells within this population varied substantially across lymph nodes, 
ranging from ~20% in axillary lymph nodes to ~80% in gut-draining lymph nodes. These findings suggest that 
PD-L2 expression in cDC1s is dynamically regulated by tissue or lymph node-specific cues. 

To determine how the tumor microenvironment (TME), both at baseline and following PD-1 blockade, shapes 
the dendritic cell (DC) landscape and the expression of inhibitory molecules, we performed single-cell RNA 
sequencing (scRNA-seq) on Lin⁻CD11c⁺MHCII⁺ DCs isolated from tumors, tumor-draining lymph nodes 
(tdLNs), and contralateral non-tumor draining lymph nodes (non-tdLNs) of mice bearing subcutaneous B16-
OVA melanomas treated with anti–PD-1 or isotype control three days prior (Fig. 1a). Across non-tdLNs, tdLNs, 
and tumors, the overall composition of DC subsets was comparable between treatment groups (Fig. 1b,c and 
Extended Data Fig. 2a-c). Although canonical cDC1 and cDC2 subsets and their CCR7⁺ counterparts were 
transcriptionally similar between non-tdLNs and tdLNs, tumor-associated cDCs were distinct from their 
corresponding lymph node subset, suggesting imprinting by local cues within the TME (Fig. 1d). Notably, 
CCR7⁺ cDC populations were markedly enriched within tumors (Fig. 1d) – a surprising finding given that 
CCR7 upregulation is classically associated with egress of DCs from tissues in response to CCL19 gradients 
within lymph nodes30,31. To determine how the TME alters cDC states, we performed differential gene 
expression analysis comparing each tumor DC subset to its LN counterpart. Within both tumor CCR7+ cDC1 
and cDC2s, Pdcd1lg2 (encoding PD-L2) emerged among the most highly upregulated genes (Fig. 1e). In 
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contrast, Cd274 (PD-L1) expression was broadly detected across both tumor and lymph node CCR7⁺ cDCs, 
indicating a tumor-specific induction of PD-L2 (Fig. 1f). Flow cytometric analysis confirmed an increase in 
both the frequency of PD-L2⁺ cells and per-cell PD-L2 expression in tumor-associated CCR7⁺ cDC1s (Fig. 1g). 
Analysis across immune, stromal and tumor cells, further revealed that PD-L2 expression was largely 
restricted to cDC populations within the TME (Extended Data Fig. 2d,e). Importantly, scRNA-seq analysis on 
CD11c+MHCII+ dendritic cells and monocytes from human cutaneous melanoma demonstrated preferential 
expression of PDCD1LG2 on CCR7⁺ cDCs (Fig. 1h-j and Extended data Fig. 2f,g), indicating that PD-L2 
expression by tumor-associated CCR7+ cDCs is conserved across mouse and humans. 

Collectively, these data identify CCR7⁺ cDCs as the dominant source of PD-L2 and establish that these cells 
accumulate within mouse and human melanoma, where local cues drive selective upregulation of PD-L2. 
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Figure 1. | Tumor-associated CCR7⁺ cDCs upregulate PD-L2. a–f, scRNA-seq analysis of Lin⁻CD11c⁺MHCII⁺ DCs 
isolated from non-tumor-draining lymph nodes (non-tdLNs), tumor-draining lymph nodes (tdLNs) and tumors of B16-OVA-
bearing mice treated with anti–PD-1 antibody or isotype control (n = 5 mice per group). a, Schematic of the experimental 
design. b, Uniform manifold approximation and projection (UMAP) of 9,660 cells colored by cluster annotation. c, UMAP 
colored by unimputed normalized expression of indicated marker genes. d, UMAP colored by tissue origin or CCR7⁺ cDC1 
and CCR7⁺ cDC2 gene signature scores. e, Heatmaps showing scaled, imputed expression of the top 20 differentially 
expressed genes (one versus the rest, fold change (FC) > 1.5, adjusted P < 0.01) for tumor and lymph node CCR7⁺ cDC1 
or cDC2 clusters. f, UMAP colored by unimputed normalized expression of PD-L1 (Cd274) and PD-L2 (Pdcd1lg2). g, 
Representative flow plots and summary graphs of PD-L1 and PD-L2 expression by CCR7⁺ cDC subsets from non-tdLNs, 
tdLNs and tumors of B16-OVA-bearing mice, analyzed 14 days post implantation (n = 9 mice). h–j, scRNA-seq on Lin(CD3, 
CD19, CD56)⁻CD11C⁺HLA-DR⁺ cells isolated from human melanoma. h, UMAP of 2,729 cells colored by cluster 
annotation. i, UMAP colored by unimputed normalized expression of the indicated marker genes. j, UMAP colored by 
imputed normalized expression of PD-L1 (CD274) and PD-L2 (PDCD1LG2). Panel a was created using BioRender; 
https://biorender.com. Data in g are pooled from two independent experiments and are shown as individual paired values, 
with lines connecting matched mice; one-way ANOVA (g). All P values are indicated on the corresponding graphs. 

 

cDC-derived PD-L1 restrains stem-like CD8⁺ T cell expansion and differentiation in tumor-draining lymph 
nodes 

To dissect the overlapping and non-redundant roles of PD-1 ligands expressed by cDCs, we generated a 
conditional Pdcd1lg2fl allele to enable selective ablation of PD-L2 expression and bred either Cd274fl or 
Pdcd1lg2fl with Clec9acre/cre mice to generate mice deficient in PD-L1 or PD-L2 expression by cDCs (hereafter 
PD-L1ΔDC or PD-L2ΔDC respectively). We observed complete deletion of the respective ligands in cDC1s and 
50–70% of cDC2s (Extended Data Fig. 3a,b). Importantly, deletion of either ligand did not result in 
compensatory upregulation of the other (Extended Data Fig. 3c). To control for Clec9a deficiency in Clec9acre/cre 
mice, we used Clec9acre/creCd274fl/wt or Clec9acre/crePdcd1lg2fl/wt littermate control mice in subsequent in vivo 
experiments. Compared with littermate wildtype mice (Pdcd1lg2wt/wt), mice with heterozygous loss of Pdcd1lg2 
showed comparable frequencies of PD-L2+ CCR7+ cDCs albeit with reduced PD-L2 expression levels on a per 
cell basis (Extended Data Fig. 3d). Under steady-state conditions, PD-L1ΔDC mice exhibited increased 
frequencies of PD-1⁺CD8⁺ T cells across various LNs and tissues relative to Clec9acre/creCd274fl/wt control mice 
(Extended Data Fig. 3e), indicating a non-redundant role for PD-L1 in regulating CD8+ T cell homeostasis. In 
contrast, PD-L2ΔDC mice showed no detectable changes in the abundance of PD-1⁺CD8⁺ T cells across these 
sites, nor in CD4+ T cells, relative to Clec9acre/crePdcd1lg2fl/wt control mice (Extended Data Fig. 3f-h). Although 
PD-L2 has been implicated in regulation of immune responses to the gut microbiota28, metagenomic 
sequencing of fecal samples revealed comparable bacterial communities between control and PD-L2ΔDC mice 
(Extended Data Fig. 3i), indicating that cDC-derived PD-L2 is dispensable for steady-state intestinal tolerance. 

We next examined how cDC-derived PD-L1 and PD-L2 regulate anti-tumor immunity in B16-OVA tumors. To 
define the role of cDC PD-L1 across the continuum of tumor-specific CD8+ T cell differentiation – from stem-
like progenitors in tdLN to effector and exhausted states within the tumor (Fig. 2a) – we adoptively transferred 
a low number of congenically marked naïve OT-I cells (5,000 cells) 6 hours before tumor implantation and 
analyzed their differentiation 10 days later (Fig. 2b). In PD-L1ΔDC mice, progenitor OT-I cells were markedly 
expanded within tdLNs, comprising Ly108+TIM3–CD62L+ cells, a subset previously associated with stem-like 
properties32,33 (hereafter referred to as stem-like T (TSL) cells), and Ly108+TIM3–CD62L– progenitor exhausted 
T (Tpex) cells (Fig. 2c and Extended Data Fig. 4a). In addition, TSL cells from PD-L1ΔDC mice exhibited increased 
expression of IL7R, a marker associated with memory potential34 (Fig. 2d). However, despite this expansion 
of the tdLN progenitor pool, the number and proportion of tumor-infiltrating Tpex or Teff/Tex OT-I cells was 
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not altered in PD-L1ΔDC mice (Extended Data Fig. 4b). Similarly, we did not observe changes in the frequency 
of GZMB+, IL-2+, IFN-γ+ or TNF-α+ cells within these populations (Extended Data Fig. 4c). Consistent with the 
lack of enhanced intra-tumoral CD8+ T cell responses, ablation of PD-L1 on cDCs did not impact tumor growth 
(Fig. 2e).  

Together, these findings indicate that cDC-mediated PD-L1/PD-1 signaling regulates the CD8⁺ T cell 
progenitor pool in tdLNs by restraining stem-like CD8⁺ T cell expansion and differentiation, but release of this 
checkpoint alone is insufficient to drive effector differentiation within tumors, implying the presence of 
additional inhibitory signals that limit this transition. 

cDC-derived PD-L2 restrains intratumoral Tpex-to-Teff/Tex differentiation 

Given the selective upregulation of PD-L2 on tumor-associated CCR7⁺ cDC1s, we next asked whether PD-L2 
regulates CD8⁺ T cell differentiation within tumors. In contrast to PD-L1ΔDC mice, PD-L2ΔDC mice showed 
significantly reduced B16-OVA tumor growth (Fig. 2f), indicating a non-redundant role for cDC-derived PD-
L2 in anti-tumor immunity. Unlike PD-L1ΔDC mice, PD-L2ΔDC mice showed no expansion of TSL and Tpex cells 
in the tdLNs following adoptive transfer of OT-I cells, as outlined above (Fig. 2g). Instead, PD-L2 deficiency 
promoted OT-I CD8⁺ T cell differentiation within tumors, with reduced Tpex frequency and a corresponding 
increase in Teff/Tex frequency (Fig. 2h). This shift was accompanied by increased frequencies of IL-2⁺ tumor-
infiltrating OT-I Tpex cells and GZMB⁺, IFN-γ⁺ and TNF-α⁺ Teff/Tex cells (Fig. 2i), reflecting enhanced TCR 
activation and effector function35, consistent with the enhanced tumor control observed in PD-L2ΔDC mice.  

To gain higher-resolution insight into regulation of CD8⁺ T cell differentiation by cDC-derived PD-L1 or PD-
L2, we performed scRNA-seq on OT-I cells isolated from tdLNs and tumors of B16-OVA-bearing PD-L1ΔDC or 
PD-L2ΔDC mice, 10 days post transfer, as well as endogenous PD-1⁺CD8⁺ T cells from tumor-bearing mice 
without OT-I transfer (Extended Data Fig. 5a). This analysis revealed the full continuum of CD8⁺ T cell 
differentiation spanning tdLN stem-like and Tpex states to intratumoral Tpex and Teff/Tex populations (Fig. 
2j and Extended Data Fig. 5b-c). Tumor OT-I cells and endogenous PD-1⁺CD8⁺ T cells preferentially 
distributed across distinct Tpex and Teff/Tex clusters that were distinguished by differential TCR signaling 
intensity, hereafter referred to as TCRlo or TCRhi Tpex and Teff/Tex (Fig. 2k). Tcf7⁺Slamf6⁺ progenitor cells 
within tdLNs spanned a cluster of Sell(CD62L)+Il7r+ cells enriched for stem-like module (tdLN Stem-like) and 
a cluster with lower stem-like module activity (tdLN Tpex). Within tumors, we identified both Tcf7⁺Slamf6⁺ 
Tpex states and Teff/Tex clusters enriched for cytotoxic and exhaustion-associated programs (Fig. 2l and 
Extended Data Fig. 5d). 

Consistent with our earlier findings, the proportion of tdLN stem-like populations was increased in both OT-
I and endogenous PD-1+CD8+ T cells from PD-L1ΔDC mice. By contrast, within tumors, PD-L2ΔDC mice showed 
a reduction in TCRhi Tpex populations with a corresponding increase in TCRhi Teff/Tex clusters in both OT-I 
and endogenous PD-1⁺CD8⁺ T cells (Fig. 2m and Extended Data Fig. 5e). Together, these data indicate that 
cDC-derived PD-L2, but not PD-L1, constrains the intratumoral Tpex-to-Teff/Tex transition, revealing a non-
redundant role for PD-L2 in shaping CD8⁺ T cell differentiation within tumors. 

To determine the therapeutic relevance of these findings, we performed checkpoint blockade using anti–PD-
L1, anti–PD-L2, anti–PD-1 or isotype control antibodies (Extended Data Fig. 5f). Both PD-1 and PD-L2 
blockade inhibited B16-OVA tumor growth, whereas PD-L1 blockade alone had no measurable effect 
(Extended Data Fig. 5g). Notably, PD-1 blockade produced a stronger tumor-control effect than PD-L2 
blockade, consistent with the possibility that PD-1 integrates inhibitory signals from both PD-L1 and PD-L220. 
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These findings support a non-redundant role for PD-L2 in regulating anti-tumor immunity and raised the 
question of whether DC PD-L2–mediated suppression acts through PD-1. 

PD-L2 has an alternative receptor, repulsive guidance molecule b (RGMb), which has been previously 
implicated in immune regulation28,36. To determine whether cDC-derived PD-L2 acts through RGMb or PD-1 
to regulate tumor-specific CD8⁺ T cell differentiation, we first assessed RGMb expression following B16-OVA 
tumor implantation into RgmbGFP mice. RGMb (GFP) expression was not detected on CD8⁺ T cells in either 
tdLNs or tumors (Extended Data Fig. 6a), nor on transferred RgmbGFP OT-I cells in B16-OVA-bearing C57BL/6 
mice (Extended Data Fig. 6b), suggesting that PD-1 may be the relevant CD8⁺ T cell receptor for PD-L2 in this 
model. Indeed, adoptive transfer of PD-1 deficient OT-I cells abrogated the phenotypic changes observed with 
wild-type OT-I cells in PD-L2ΔDC mice (Fig. 2n), confirming that cDC-derived PD-L2 restrains tumor-specific 
CD8⁺ T cell differentiation through PD-1 signaling.  

Together, these results demonstrate that cDC-associated PD-L1 and PD-L2 function as spatially and 
temporally distinct checkpoints in CD8⁺ T cell differentiation: PD-L1 restrains expansion and differentiation 
of stem-like CD8+ T cells in tdLNs, whereas PD-L2 acts within tumors to limit Tpex differentiation into 
cytotoxic Teff/Tex cells. 
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Figure 2. | Dendritic cell PD-L1 and PD-L2 represent functionally and spatially distinct checkpoints in CD8 T cell 
differentiation. a, Schematic showing CD8 T cell differentiation across tdLNs and tumors. b, Schematic of the 
experimental design. c, Number of stem-like (TSL), progenitor exhausted (Tpex), and effector/exhausted (Teff/Tex) OT-I 
cells in tdLNs from PD-L1ΔDC (n = 15) and control (n = 10) mice. d, Representative flow plot and summary graph of IL7R 
expression on TSL cells from PD-L1ΔDC (n = 8) and control (n = 3) mice. e, Tumor growth curves in PD-L1ΔDC (n = 9) and 
control (n = 8) mice following B16-OVA implantation without adoptive OT-I cell transfer. f, Tumor growth curves in PD-
L2ΔDC (n = 16) and control (n = 15) mice following B16-OVA implantation without adoptive OT-I transfer. g. Number of TSL, 
Tpex, and Teff/Tex OT-I cells in tdLNs from PD-L2ΔDC (n = 24) and control (n = 22) mice. h, Representative flow plots and 
summary graphs of the frequency of Tpex (Ly108+TIM-3–) and Teff/Tex (Ly108–TIM-3+) cells among tumor-infiltrating OT-
I cells from PD-L2ΔDC (n = 24) and control (n = 22) mice. i, Representative flow plots showing GZMB and IL-2 expression, 
and summary graphs of the frequency of GZMB+, IL-2+, IFN-γ+ and TNF-α+ cells among tumor-infiltrating OT-I Tpex and 
Teff/Tex cells from PD-L2ΔDC (n = 24) and control (n = 22) mice. j–m, scRNA-seq analysis of transferred OT-I cells and 
endogenous PD-1+CD8+ T cells isolated from tdLNs and tumors of B16-OVA-bearing PD-L1ΔDC, PD-L1 control, PD-L2ΔDC, 
and PD-L2 control mice. OT-I cells were pooled from 5, 6, 5 and 6 mice, respectively, whereas endogenous PD-1+CD8+ T 
cells were pooled from 4, 4, 6 and 5 mice, respectively. j, UMAP of 33,493 cells colored by cluster annotation. k, UMAP 
colored by tissue origin, cell-type origin, or TCR activation module score. l, UMAP colored by stem-like or Teff/Tex module 
scores, defined as in Tsui et al., 2022. m, Distribution of cell types as in (j) in tdLNs from PD-L1ΔDC and PD-L1 control mice 
(left) or tumors from PD-L2ΔDC and PD-L2 control mice (right). n, PD-1 deficient (PD-1–/–) or wildtype (PD-1+/+) OT-I cells 
were adoptively transferred into PD-L2ΔDC and control mice and analyzed as per the experimental scheme shown in (b). 
Summary graphs showing the frequency of Tpex, Teff/Tex, and GZMB+ cells among tumor-infiltrating OT-I cells from PD-
L2ΔDC (n = 12 for PD-1–/– OT-I, n = 20 for PD-1+/+ OT-I) and PD-L2 control (n = 11 for PD-1–/– OT-I, n = 19 for PD-1+/+ OT-
I) mice. Panel a and b were created using BioRender; https://biorender.com. Data in c, e, f are pooled from three 
independent experiments; Data in d are representative of two independent experiments; Data in g–i are pooled from six 
independent experiments; Data in n are pooled from seven independent experiments. Error bars: mean ± s.e.m.; two-way 
ANOVA (c, e–g, n), two-tailed unpaired t-test (d–f, h, i). All P values are indicated in the corresponding graphs. 

 

CCR7⁺ cDC1-rich TMEs define a PD-L2-regulated immunosuppressive niche 

To determine whether cDC-derived PD-L2 regulates tumor control beyond B16-OVA, we evaluated additional 
tumor models in PD-L2ΔDC mice. cDC-specific PD-L2 deficiency did not alter tumor growth or OT-I CD8⁺ T 
cell responses in MC38-OVA or EO771-OVA tumors (Fig. 3a,b and Extended Data Fig. 7a-f). In contrast, PD-
L2ΔDC mice implanted subcutaneously with ID8 ovarian cancer cells showed reduced tumor growth (Fig. 3c), 
recapitulating the phenotype observed with B16-OVA and consistent with previous work implicating PD-L2 
in ovarian cancer immune evasion37. Given the striking enrichment of CCR7+ cDCs in B16-OVA tumors (Fig. 
1d), we wondered whether the differential sensitivity of tumor models to cDC-specific PD-L2 deficiency 
reflected differences in the abundance of intratumoral CCR7⁺ cDCs. Consistent with this possibility, DC-PDL2 
responsive B16 and ID8 tumors contained substantially higher frequencies of CCR7⁺ cDC1s relative to DC-
PDL2 insensitive tumor models (Fig. 3d), suggesting that accumulation of CCR7⁺ cDC1s defines tumor 
contexts in which PD-L2-mediated regulation is most prominent. 

To directly test whether tumor-associated PD-L2⁺CCR7⁺ cDC1s are the principal PD-L2⁺ DC subset mediating 
suppression of CD8 anti-tumor immunity, we generated Clec9acre/+PZTD (PD-L2–ZsGreen–TdTomato–
Diphtheria toxin receptor) mice, in which PD-L2⁺CCR7⁺ cDC1s can be preferentially depleted by diphtheria 
toxin (DT) administration owing to reduced efficiency of cDC2 targeting by the heterozygous Clec9acre allele. 
In B16-OVA–bearing Clec9acre/+PZTD mice, low dose intratumoral DT administration selectively depleted PD-
L2⁺CCR7⁺ cDC1s (Fig. 3e,f) and reduced tumor growth (Fig. 3g), indicating that intratumoral PD-L2⁺CCR7⁺ 
cDC1s restrain anti-tumor immunity. 
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Overall, these findings demonstrate that tumor-associated CCR7⁺ cDC1s restrain anti-tumor immunity 
through PD-L2–PD-1 signaling and suggest that variation in CCR7⁺ cDC1 abundance may shape the 
immunosuppressive landscape of the TME. Given that PD-L2 expression by tumor-associated CCR7⁺ cDCs 
was conserved across mouse and human melanoma, we next asked whether CCR7⁺ cDC abundance in human 
cancers was associated with adverse clinical outcomes. To more accurately infer CCR7⁺ cDC infiltration from 
TCGA bulk RNA-seq datasets, we applied BayesPrism38 to deconvolute cellular composition using a human 
melanoma-derived scRNA-seq reference39. Analysis of 12 TCGA tumor types40 revealed that an increased 
CCR7⁺ cDC frequency among cDCs was associated with worse prognosis in several cancers including colon 
adenocarcinoma (COAD), skin cutaneous melanoma (SKCM), pancreatic adenocarcinoma (PAAD) and breast 
invasive carcinoma (BRCA) (Fig. 3h). Cox regression analysis further demonstrated that the adverse 
association between CCR7⁺ cDC abundance and survival was dependent on CD8⁺ T cell abundance, most 
prominently in primary SKCM (SKCM-P), followed by PAAD (Fig. 3i). In these tumors, hazard ratio estimates 
showed that the negative prognostic effect of CCR7⁺ cDC enrichment increased progressively with higher 
CD8⁺ T cell abundance, whereas little or no effect was observed in tumors with low CD8⁺ T cell abundance 
(Fig. 3j). Further subdivision of human CCR7⁺ cDCs into CCR7⁺ cDC1 and CCR7⁺ cDC2 subsets was not 
possible as orthologous transcriptional signatures for these subsets have not yet been established. 

Together, these findings establish that accumulation of immunosuppressive CCR7⁺ PD-L2+ cDC1s within the 
TME constrains CD8+ T cell-mediated tumor immunity. 
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Figure 3. | CCR7⁺ cDC1-rich TMEs define a PD-L2-regulated immunosuppressive niche. a, Tumor growth curves in 
PD-L2ΔDC (n = 6) and control (n = 9) mice implanted with MC38-OVA. b, Tumor growth curves in PD-L2ΔDC (n = 7) and 
control (n = 6) mice implanted with EO771-OVA. c, Tumor growth curve in PD-L2ΔDC (n = 9) and control (n = 8) mice 
implanted with ID8. d, Representative flow plots showing CD11b and XCR1 expression on tumor-associated CCR7⁺ cDCs 
across tumor models, and summary graphs showing the frequency of CCR7⁺ cDC1s among CCR7⁺ cDCs and total CD45⁺ 
immune cells (n = 4–5 mice per group). e, Schematic of intratumoral depletion of PD-L2⁺ cDCs using Clec9acre/+ PZTD 
mice. f, Representative flow plots and summary graphs of PD-L1 and PD-L2 expression on CCR7⁺ cDC1 and cDC2 subsets 
in tumors, tdLNs and non-tdLNs from Clec9acre/+ PZTD (n = 10) and Clec9a+/+ PZTD (n = 12) mice. g, Tumor growth curves 
in Clec9acre/+ PZTD (n = 10) and Clec9a+/+ PZTD (n = 12) mice implanted with B16-OVA followed by DT treatment. h–j, 
Immune cell frequencies, including cDC subsets and CD8 T cells, were inferred across 12 TCGA cancer types using 
BayesPrism with a human melanoma scRNA-seq reference (Yang et al., 2025). h, Forest plot showing hazard ratios (HRs) 
for the frequency of CCR7⁺ cDCs among total cDCs across 12 TCGA cancer types by Cox regression survival analysis. i, 
Forest plot showing HRs for the CCR7⁺ cDC × CD8⁺ T cell interaction term from Cox regression across TCGA cancer 
types. j, HR estimate plot showing the association between CCR7⁺ cDC frequency and survival as a function of CD8⁺ T 
cell abundance z-score in primary skin cutaneous melanoma. Panel e was created using BioRender; https://biorender.com. 
Data in a–c are pooled from two independent experiments; Data in d are pooled from five independent experiments; Data 
in f, g are pooled from three independent experiments. Error bars: mean ± s.e.m.; two-tailed unpaired t-test (a–c, f, g), 
one-way ANOVA (d), two-way ANOVA (a-c, g). All P values are indicated in the corresponding graphs. 

 
Spatially defined PD-L2⁺CCR7⁺ cDC1–Tpex niches within tumors 
 
The enhanced intratumoral effector CD8+ T cell function in PD-L2ΔDC mice could reflect regulation of 
Tpex→Teff differentiation and/or reinvigoration of Tex cells by PD-L2 deficient CCR7+ cDC1s. To better 
understand the mechanism underlying PD-L2 regulation of intra-tumoral CD8+ T cell differentiation, we 
performed spatial transcriptomic profiling of non-tdLNs, tdLNs and tumors from B16-OVA-bearing mice that 
received OT-I cells (n = 6), together with tdLNs from tumor-bearing mice without OT-I transfer (n = 4), to 
establish CCR7+ cDC1 interactions within tumor and tdLN (Extended Data Fig. 8a,b). We used a fully custom 
10x Xenium 472-gene panel to identify immune and stromal populations, with a particular focus on markers 
of DC subsets (Supplementary Table 1). We complemented this analysis by Visium HD profiling of selected 
adjacent tumor sections. 
 
Cell segmentation and clustering of the 10x Xenium data captured the full spectrum of immune, stromal and 
tumor cell heterogeneity, with broadly comparable cell-type composition across individual samples (Extended 
Data Fig. 8c-k). Within tumor CD8+ T cells, we identified rare Tpex populations expressing canonical marker 
genes (Cxcr5, Ccr6, Gpm6b, Penk, and Cd200), and Teff/Tex populations expressing signature genes (Havcr2, 
Pdcd1, and Prf1) (Extended Data Fig. 8j). Among antigen-presenting cells (APCs), we identified CCR7+ cDC1s 
and CCR7+ cDC2s in both tdLNs and tumors, as well as other major DC subsets (Fig. 4a and Extended Data 
Fig. 8g,k). Consistent with our earlier observations, Xenium analysis showed that Pdcd1lg2 expression was 
substantially higher in tumor-associated CCR7⁺ cDCs than in their LN counterparts (Fig. 4b). Notably, 
comparison across all tumor-infiltrating cell subsets showed that PD-L2 expression was highest in CCR7⁺ cDCs 
(Fig. 4c). We also identified high PD-L2 expression within Tpex cells, likely reflecting contamination from 
spatially overlapping PD-L2⁺CCR7⁺ cDCs (Fig. 4c). 
 
To define tumor neighborhoods in an unbiased manner, we applied a sliding-window approach to quantify 
local cell-type composition and identified five clusters representing different neighborhood states (Fig. 4d and 
Extended Data Fig. 9a). Clusters 1 and 2 corresponded to myeloid-enriched and stromal-enriched regions and 
were predominantly distributed in peritumoral areas. In contrast, clusters 3, 4 and 5 – B/plasma cell-, tumor- 
and T/NK-enriched regions – were mainly localized within intratumoral areas, revealing distinct anatomical 
organization of these neighborhood states (Extended Data Fig. 9a,b). CCR7⁺ cDC1s and cDC2s were most 
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prominently enriched in cluster 1 (Extended Data Fig. 9b). Given these anatomically distinct neighborhood 
states with distinct cell type composition, we performed separate neighborhood enrichment analyses within 
each region to identify cell types spatially associated with CCR7⁺ cDC1s (Fig. 4e-g and Extended Data Fig. 9c-
e). In cluster 1, where CCR7⁺ cDC1s were most abundant, their neighborhoods were strongly enriched for 
Tpex cells, but not Teff/Tex cells, indicating a preferential spatial association with Tpex cells (Fig. 4e). These 
neighborhoods showed limited enrichment of other myeloid subsets beyond CCR7⁺ cDC1s and CCR7⁺ cDC2s 
(Extended Data Fig. 9d), but were strongly enriched for blood endothelial cells (BECs) and pericytes (Extended 
Data Fig. 9e), consistent with previously described perivascular niches associated with CCR7⁺ cDCs 41,42. 
Reciprocal analysis of Tpex-centered neighborhoods confirmed that CCR7⁺ cDC1s were the predominant APC 
population enriched around Tpex cells in cluster 1 (Fig. 4f). Because Tpex cells were more strongly enriched 
in cluster 5 (a T/NK-enriched region) than in cluster 1, we also examined Tpex neighborhoods in cluster 5 
regions. Here, CCR7⁺ cDC subsets were similarly highly enriched around Tpex cells along with cDCs (Fig. 4g). 
Spatial visualization illustrated preferential proximity between PD-L2-expressing CCR7⁺ cDCs and Tpex cells 
(Fig. 4h). Consistent with our Xenium-based analyses, Visium HD profiling of adjacent tumor sections showed 
spatial proximity between segmented cells with high CCR7+ cDC1 and Tpex signature scores derived from 
our scRNA-seq datasets (Fig. 4i). 
 
Immunofluorescence analysis of human melanoma samples supported the translational relevance of these 
findings, revealing close spatial association between LAMP3⁺ cDCs (corresponding to human CCR7⁺ cDCs29,43) 
and TCF1⁺CD8⁺ T cells, with TCF1, encoded by TCF7, serving as a marker of progenitor-like CD8+ T cells (Fig. 
4j–l). 
 
Overall, these findings support a model in which tumor-associated CCR7⁺ cDC1s are spatially positioned to 
engage Tpex cells and restrain their differentiation into Teff/Tex cells, rather than directly suppressing the 
activation or effector function of terminally differentiated Teff/Tex cells (Fig. 4m). 

CCL19⁺ cancer-associated fibroblasts mark intratumoral CCR7⁺ cDC–Tpex niches 

Classically, uptake of apoptotic tumor cells promotes cDC activation and differentiation into CCR7⁺ cDCs, 
which subsequently migrate to tdLNs along gradients of CCL19, a ligand for CCR731,44. However, the 
accumulation of CCR7⁺ cDCs within specific tumor types suggested that local cues promote their retention 
within the TME. Analysis of the 10x Xenium dataset revealed discrete Ccl19hi regions, which we defined as 
Ccl19 “hotspots”, closely associated with CCR7⁺ cDC localization (Fig. 4n). Within neighborhood cluster 1, 
CCR7⁺ cDC1s comprised a significantly higher proportion of cells in Ccl19 hotspots than in non-hotspot areas 
(Fig. 4o). Tpex, but not Teff/Tex cells, showed a similar enrichment pattern, indicating that CCR7⁺ cDC1s and 
Tpex cells are co-enriched within Ccl19-rich tumor regions. Notably, chemokine receptor analysis of our earlier 
scRNA-seq dataset revealed high Ccr7 expression in TCRhi Tpex clusters (Fig. 4p), suggesting that both cell 
types are recruited to these niches through CCR7-dependent chemotaxis and providing a potential basis for 
their co-localization. 

To identify the cellular sources of CCL19, we quantified Ccl19 expression across all cell types within Ccl19 
hotspots. Within cluster 1 hotspots, Ccl19hi fibroblasts represented the dominant source of Ccl19, followed by 
Aldh1a2⁺ fibroblasts (Fig. 4q). These findings suggest that spatially and transcriptionally distinct cancer-
associated fibroblast (CAF) populations establish CCL19-rich niches that may support the local accumulation 
of CCR7⁺ cDCs and Tpex cells within tumors (Fig. 4r). 
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To define the CCL19+ CAF–CCR7⁺ cDC1–Tpex niche at a transcriptome-wide level beyond the targeted gene 
panel captured by Xenium, we turned to the Visium HD data. Within Ccl19 hotspots, we identified regions 
enriched for CCR7⁺ cDC1s and Tpex cells, using signatures derived from our earlier scRNA-seq datasets. 
Genes upregulated in these regions defined a CCR7⁺ cDC1/Tpex-associated stromal niche signature 
(Supplementary Table 2). We then used an orthologous human gene signature to perform single-sample gene 
set enrichment analysis (ssGSEA) across 12 TCGA cancer types, assessing the clinical relevance of the CAF–
CCR7⁺ cDC1–Tpex axis in human tumors (Fig. 4s). Enrichment scores were among the highest in PAAD and 
primary SKCM (Fig. 4t), the same tumor types in which CCR7⁺ cDC accumulation showed the strongest CD8⁺ 
T cell-dependent adverse prognostic association. 

Collectively, these results identify a conserved CAF-associated program that marks CCL19-rich intratumoral 
CCR7+ cDC–Tpex niches across mouse and human tumors.  
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Figure 4. | CCL19 marks spatially defined PD-L2⁺CCR7⁺ cDC1–Tpex niches within tumors. a, Representative spatial 
plots showing localization of CCR7+ cDC subsets in tdLN and tumor. b, Summary graphs of frequency of Pdcd1lg2+ and 
log-transformed library size-normalized Pdcd1lg2 expression in CCR7+ cDC subsets from LNs and tumors. c, Summary 
graphs of log-transformed library size-normalized Pdcd1lg2 expression in the highest-expressing cell types in tumors. d, 
Spatial plot, cell type composition and cell type enrichment heatmap of neighborhood clusters in tumors. e, Summary graph 
of enrichment z-scores of T/NK cell subsets around CCR7+ cDC1 neighborhoods within cluster 1. f, Summary graph of 
enrichment z-scores of myeloid subsets around CD8 Tpex neighborhoods within cluster 1. g, Summary graph of enrichment 
z-scores of myeloid subsets around CD8 Tpex neighborhoods within cluster 5. h, A representative spatial plot of a tumor 
region with CCR7⁺ cDC1, CCR7⁺ cDC2, Tpex and Teff/Tex cell localization, along with Pdcd1lg2 expression. i, Visium HD 
spatial maps showing CCR7+ cDC1 signature-high and Tpex signature-high segmented cells, with a magnified view of the 
indicated region (top), and CDF plot showing the distance of Tpex signature-stratified segmented cells to the nearest 
CCR7+ cDC1 signature-high cell (bottom). j, Representative immunofluorescence imaging of human melanoma showing 
LAMP3⁺ DCs and TCF1⁻ and TCF1⁺ CD8⁺ T cells. k, A KDE plot showing the distance distribution of TCF1⁻ and TCF1⁺ 
CD8⁺ T cells to LAMP3⁺ DCs. l, Relative abundance of TCF1⁻ and TCF1⁺ CD8⁺ T cells in the global region or within a 20-
µm-radius neighborhood centered on LAMP3⁺ DCs. m, Schematic delineating functionally and spatially distinct roles of 
cDC-derived PD-L1 and PD-L2 in CD8⁺ T cell differentiation. n, Spatial representation of Ccl19 expression, identified Ccl19 
hotspot regions and CCR7⁺ cDC localization in tumors. o, Summary graph showing the frequency of CCR7⁺ cDC1s, Tpex 
cells and Teff/Tex cells among all local cells in Ccl19 hotspot and non-hotspot regions from tumors. p, Ccr7 expression in 
CD8⁺ T cell subsets from scRNA-seq data shown in Fig. 2j. q, Summary graph of the fraction of Ccl19 expression 
contributed by indicated cell types within Ccl19 hotspots from cluster 1. r, A representative spatial plot of a tumor region 
with CCR7⁺ cDC subsets, Tpex cells and Ccl19-expressing cancer-associated fibroblasts (CAFs). s, Schematic of the 
analytic workflow. t, Summary graph showing CCR7⁺ cDC1/Tpex-associated stromal niche gene enrichment scores across 
12 TCGA cancer types. Panel m was created using BioRender; https://biorender.com. Data in b are pooled from 16 LNs 
and 6 tumors. Data in c–g,o,q are pooled from 6 tumors. Data in k and l are from a region of interest (ROI) containing 
57,733 total detected cells. Kolmogorov–Smirnov test (i), Mann–Whitney U-test (k), hypergeometric test (o). All P values 
are indicated in the corresponding graphs.  
 

Intratumoral GM-CSF drives PD-L2 upregulation on CCR7⁺ cDCs 

A notable feature of tumor-associated CCR7⁺ cDC1s was their elevated expression of PD-L2 relative to lymph 
node CCR7⁺ cDC1s. To identify the microenvironmental cues driving PD-L2 expression, we leveraged a 
recently described “immune dictionary” of lymph node single-cell transcriptional responses to individual 
cytokines45. This identified GM-CSF as the top candidate regulator of both PD-L1 and PD-L2 expression in 
CCR7⁺ cDC1 and cDC2 subsets (Fig. 5a). Consistent with this prediction, in vivo GM-CSF blockade in B16-
OVA-bearing mice resulted in a marked reduction in PD-L2 expression and a modest reduction in PD-L1 on 
tumor-associated CCR7⁺ cDCs, with minimal effects on tdLN cDCs (Fig. 5b and Extended Data Fig. 10a,b), 
suggesting that GM-CSF acts locally within the TME to promote PD-L2 expression. To identify the cellular 
source of GM-CSF, we analyzed B16-OVA-bearing Csf2icre-EGFPR26lsl-tdTomato mice. GM-CSF (GFP+ tdTomato+) 
expression was largely restricted to CD45⁺ immune cells within tumors, with PD-1hiCD8+ T cells and OVA-
specific H-2Kb/SIINFEKL+CD8+ T cells representing a major source of GM-CSF, along with NK cells (Fig. 5c,d 
and Extended Data Fig. 10c-e). Among SIINFEKL+ CD8+ T cells, Tpex cells expressed higher levels of GM-CSF 
than Teff/Tex cells (Fig. 5e). Consistent with these findings, analysis of the 10x Xenium data revealed the 
highest levels of Csf2 expression in Tpex cells among all cell types and prominent expression of the GM-CSF 
receptor (Csf2rb) by CCR7⁺ cDC1s (Extended Data Fig. 10f). Together, these findings identify GM-CSF as a 
local cue within the TME that promotes PD-L2 expression on CCR7⁺ cDCs. 

The finding that GM-CSF drives PD-L2 expression on CCR7⁺ cDCs raised the possibility that a GM-CSF-rich 
tumor environment might limit the efficacy of DC-based immunotherapy. Indeed, intratumoral transfer of 
OVA-pulsed XCR1⁺CD103⁺ bone marrow-derived cDC1s (BMDC1s) into B16-OVA-bearing CD45.1⁺ congenic 
mice revealed upregulation of CCR7 expression on transferred BMDC1s and their retention within tumors 

.CC-BY 4.0 International licenseis made available under a 
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 

The copyright holder for thisthis version posted September 16, 2026. ; https://doi.org/10.64898/2026.09.10.750646doi: bioRxiv preprint 

https://doi.org/10.64898/2026.09.10.750646
http://creativecommons.org/licenses/by/4.0/


Dendritic cell PD-L2 restrains intratumoral CD8+ T cell immunity 
 

 
 

17 

(Fig. 5f,g). A substantial proportion of CCR7+ BMDC1s upregulated PD-L2 within the tumor, whereas PD-L1⁺ 
frequency remained largely unchanged, consistent with selective TME-driven induction of PD-L2 on CCR7⁺ 
cDCs (Fig. 5h). In line with their tumor-acquired immunosuppressive phenotype, control BMDC1s failed to 
promote tumor control, whereas transfer of PD-L2-deficient BMDC1s significantly inhibited tumor growth 
(Fig. 5i), indicating that TME-induced PD-L2 constrains the efficacy of DC-based immunotherapy. 

Together these findings define a spatially organized circuit in which CCL19+ fibroblasts promote intra-tumoral 
CCR7+ cDC retention and their co-localization with CD8+ Tpex. In turn GM-CSF induces PD-L2 expression on 
CCR7+ cDCs, establishing a localized feedback loop that reinforces a PD-L2 checkpoint that constrains CD8+ T 
cell–mediated anti-tumor immunity (Extended Data Fig. 10g). 
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Figure 5. | Intratumoral GM-CSF drives PD-L2 upregulation on CCR7⁺ cDCs. a, Fold change in Cd274 and Pdcd1lg2 
expression in CCR7⁺ cDC subsets following stimulation with various cytokines, re-analyzed from the immune dictionary 
dataset (Cui et al., 2023). b, C57Bl/6 mice were implanted with B16-OVA, treated with anti–GM-CSF antibody or isotype 
control every 3 days, and analyzed on day 15. Representative flow plots and summary graphs of PD-L1 and PDL-2 
expression by CCR7⁺ cDC subsets from anti–GM-CSF treated (n = 4) and isotype control treated (n = 3) mice. c–e, Csf2icre-

EGFP R26lsl-tdTomato (FROGAi14) mice were implanted with B16-OVA and analyzed on day 14. c, Summary graph of the 
frequency of GFP⁺tdTomato⁺ cells across the indicated immune cell populations (n = 14 mice). d, Pie chart showing the 
relative abundance of GM-CSF⁺ immune cell populations within tumors. e, Representative flow plots and summary graphs 
of the frequency of GM-CSF⁺ cells in SIINFEKL⁺ Tpex and Teff/Tex cells (n = 11 mice). f, Schematic of intratumoral transfer 
of OVA-pulsed CD45.2⁺ BMDC1s into B16-OVA-bearing CD45.1⁺ congenic mice. g, Representative flow plots and 
summary graph of CCR7 expression by XCR1+ BMDCs (BMDC1s) before and after transfer. h, Representative flow plots 
and summary graphs of PD-L1 and PD-L2 expression by CCR7⁺ BMDC1s before and after transfer. i, C57Bl/6 mice were 
implanted with B16-OVA tumors and left untreated or received intratumoral transfer of OVA-pulsed BMDC1s from control 
or PD-L2ΔDC mice on day 6. Tumor growth curves in mice with no BMDC1 transfer (n = 10), control BMDC1s (n = 9), and 
PD-L2ΔDC BMDC1s (n = 10). Panel f was created using BioRender; https://biorender.com. Data in b, g, h are representative 
of two independent experiments. Data in c, d are pooled from three independent experiments; data in e, i are pooled from 
two independent experiments. Error bars: mean ± s.e.m.; two-tailed unpaired t-test (b, e, g, h), one-way ANOVA (c, i), two-
way ANOVA (i). All P values are indicated in the corresponding graphs. 
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DISCUSSION 
 
Anti-PD1 blockade has been a cornerstone of cancer immunotherapy for over a decade10,19. Early models 
proposed that PD-L1 expressed by tumor cells directly suppresses the activation and effector function of tumor 
infiltrating PD-1+CD8+ T cells12. However, subsequent studies have revised this view, establishing PD-L1 on 
DCs as the critical regulator of CD8+ T cell-mediated tumor immunity and immunotherapy response, and 
demonstrating a role for CCR7+ cDC1s in regulating the reservoir of stem-like CD8+ T cells within tdLNs13,16-

18. Here, we show that CCR7+ cDC1 regulation of CD8+ T cell immunity extends beyond the tdLN into the 
tumor, where the alternative PD-1 ligand PD-L2 restrains the differentiation of tumor-infiltrating Tpex into 
cytotoxic Teff/Tex states. Although some of our models and analyses capture both CCR7⁺ cDC1 and cDC2s, 
several lines of evidence including selective PD-L2 upregulation, enrichment in PD-L2-responsive tumors, PD-
L2⁺ cDC1 depletion and spatial proximity to Tpex cells, implicate CCR7⁺ cDC1s as the principal mediators. 
Remarkably, despite high levels of PD-L1 expression by tumor-associated PD-L2+CCR7+ cDCs, PD-L1 cannot 
compensate for the loss of PD-L2, highlighting the non-redundant nature of PD-L1 and PD-L2 signaling on 
CD8+ T cells. Thus, cDC-associated PD-L1 and PD-L2 act as spatially and functionally distinct regulators of 
CD8⁺ T cell immunity, expanding the role of DCs beyond naïve T cell priming to active control of CD8⁺ T cell 
state transitions across lymph nodes and tumor tissues.  

Recent studies have described CCR7⁺ cDCs–variably referred to as LAMP3+ DCs, mature DCs enriched in 
immunoregulatory molecules (mregDCs) or activated DCs–across multiple human cancers29,39,43,46-50. Spatial 
analyses place CCR7⁺ cDCs close to progenitor CD8⁺ T cells within intratumoral immune niches, and this 
CCR7⁺ cDC–Tpex spatial organization is conserved across multiple human tumor types, particularly within 
TLS-associated immune hubs47,49,50. Together with the association of CCR7⁺ cDC-rich niches with favorable 
responses to PD-1 blockade, these observations have supported the view that CCR7⁺ cDCs promote anti-tumor 
immunity. At first glance, this contrasts with our TCGA analysis, in which CCR7⁺ cDC signatures were 
associated with adverse overall survival in specific cancer types. However, because TCGA lacks information 
on immunotherapy exposure, this association may reflect baseline tumor biology rather than response to PD-
1 blockade. Our findings suggest a context dependent role for CCR7+ cDCs: within Tpex hubs, CCR7+ cDC1s 
exert a predominantly immune-regulatory role, suppressing Tpex differentiation via PD-L2. Yet the PD-L2 
dependent nature of this immunosuppression renders tumors harboring CCR7+ cDC-Tpex hubs particularly 
sensitive to anti-PD-1 or anti-PD-L2 blockade.  Once PD-L2 inhibition is relieved, these same CCR7+ cDCs are 
poised to exert immune-stimulatory effects on CD8 Tpex within the niche. 

We further identified CCL19⁺ CAF-rich tumor regions as stromal niches that bring CCR7⁺ cDC1s and Tpex 
cells into close proximity. A recent study established that CCL19-producing fibroblastic stromal cells organize 
CCR7+ cDC–CD8⁺ T cell niches in lymph nodes51. Spatial analysis of human non-small cell lung cancer (NSCLC) 
and head and neck squamous cell carcinoma (HNSCC) similarly identified CCL19+ CAFs near CCR7⁺ mature 
DCs, indicating that this stromal organization is conserved across species and tumor types42,49,50. Building on 
this, we show that GM-CSF is a key determinant of CCR7+ cDC PD-L2 expression, suggesting that intra-
tumoral GM-CSF in part determines the immune-regulatory or immune-stimulatory character of CCR7+ cDC–
Tpex niches.  

In clinical practice, the choice between anti-PD-1 or anti-PD-L1 treatment has largely been determined by the 
first clinical trial to establish efficacy in specific tumor types, rather than direct comparative evidence which is 
largely lacking. However, in several tumor settings, anti–PD-1-based regimens have shown more consistent 
survival benefit than anti–PD-L1-based approaches, including gastric cancer, squamous non-small cell lung 
cancer (NSCLC), and triple negative breast cancer (TNBC)25,52-55. Although these comparisons are indirect and 
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confounded by differences in trial design, they are compatible with the possibility that PD-L2–PD-1 
interactions contribute to residual checkpoint suppression during PD-L1 blockade. Intriguingly, a recent 
analysis of PD-L2 expression in over 500 tumors suggested that high PD-L2 levels were associated with 
improved survival in patients that received immunotherapy, but not among immunotherapy-naïve patients56. 
These observations underscore the importance of rationally selecting checkpoint inhibitors based on the 
dominant regulatory pathways within a given tumor. While anti-PD-1 therapy targets both PD-L1 and PD-L2, 
it is also associated with increased immune-related adverse events, highlighting the need for more selective 
approaches25,26. Our findings suggest that the abundance of CCR7⁺ cDC1s, and by extension PD-L2 expression 
within the TME, may serve as a biomarker to guide the use of PD-L1-targeted or PD-L2-directed therapies, a 
prediction that warrants direct evaluation in treatment-stratified clinical cohorts. Conversely, in tumors 
lacking CCR7⁺ cDC infiltration, avoiding unnecessary blockade of PD-L2 may reduce toxicity without 
compromising efficacy.  

Delineating the regulation and function of PD-L2 paves the way to new therapeutic approaches, including PD-
L2 blockade or therapeutic targeting of the CCL19–GM-CSF–PD-L2 axis to enhance the efficacy of current 
immunotherapy or DC-based vaccination. Future studies will be required to determine how broadly this niche 
architecture is conserved across human cancers. 
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MATERIALS AND METHODS 
 
Mice 

The conditional Pdcd1lg2 allele, in which exon 2 is flanked by loxP sites, was generated by the Mouse Genetics 
Core Facility of Memorial Sloan Kettering Cancer Center (MSKCC) under protocol 90-12-033 approved by the 
MSKCC Institutional Animal Care and Use Committee. C57BL/6J mice (Jackson Laboratory, stock #000664) 
were used as zygote donors, and F1 females (C57BL/6J × CBA, stock #000656) served as recipients for embryo 
transfer. The 5′ loxP site was introduced by pronuclear microinjection of one-cell zygotes (collected from 
superovulated C57BL/6J females mated to C57BL/6J males) with a CRISPR–Cas9 cocktail comprising Cas9 
protein (50–100 ng/µl; IDT), two crRNAs (25–50 ng/µl each; IDT) targeting Pdcd1lg2 introns 1 and 2 to flank 
exon 2, tracrRNA (50–100 ng/µl; IDT) and a long single-stranded DNA (lssDNA) knock-in donor (1,663 nt; 5–
10 ng/µl; Megamer, IDT) in 1 mM Tris (pH 7.4). Injected zygotes were recovered in KSOM medium57 and 
transferred surgically into the oviducts of 0.5-d.p.c. pseudopregnant females. Founder (P) mice were 
genotyped by PCR for 5′ and 3′ loxP insertion. Multiple founders showed evidence of the 5' loxP insertion. To 
introduce the second (3′) loxP site, zygotes were generated by in vitro fertilization using sperm from a 5′ loxP-
positive founder male and wild-type C57BL/6J oocytes, electroporated as previously described58 with minor 
modifications. Briefly, 9–12 h after insemination, zygotes were washed in electroporation buffer (0.01% 
polyvinyl alcohol in Opti-MEM; Gibco) and electroporated in a platinum-electrode slide (Protech 
International) containing Cas9 protein (50–100 ng/µl; IDT), crRNA (25–50 ng/µl; IDT) and tracrRNA (50–100 
ng/µl; IDT) with a single-stranded oligonucleotide (ssODN) donor (160 nt) using a Genome Editor 
electroporator (Protech International; three reciprocal pulse sets, six 3-ms pulses total, 97-ms intervals, 20 V). 
Electroporated zygotes were cultured in KSOM and transferred into pseudopregnant recipients. F1 Offspring 
were genotyped by PCR for both loxP sites. Mice positive for the inherited 5′ loxP and the newly introduced 
3′ loxP were crossed to wild-type C57BL/6J mice; co-segregation of both loxP sites in F2 progeny confirmed 
the two sites were in cis, establishing the conditional Pdcdl1lg2-flox allele.  
Clec9acre/cre, RgmbGFP/+, Csf2icre-EGFP (FROG; Fate-map and Reporter Of GM-CSF), PZTD (PD-L2–ZsGreen–
TdTomato–Diphtheria toxin receptor), and OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) mice have been 
previously described59-63. C57BL/6J (CD45.2), Cd274fl/fl (B6.Cg-Cd274tm3.1Shr/J), PD-1–/– (B6.Cg-Pdcd1tm1.1Shr/J), 
CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) and R26lsl-tdTomato(Ai14) mice were purchased from Jackson Laboratories. 
Generation and treatments of mice were performed under protocol 21-05-007, approved by the Sloan Kettering 
Institute (SKI) Institutional Animal Care and Use Committee. All mice were bred and maintained in the SKI 
animal facility under specific-pathogen-free (SPF) conditions in accordance with institutional guidelines and 
ethical regulations. Both male and female mice were included in the study. Age, litter-matched mice were used 
unless otherwise specified. All animals used in this study were experimentally naïve and had no prior history 
of experimental manipulation. 
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Human specimens 

Human tissue samples were obtained in accordance with national guidelines. Written informed consent was 
obtained from all patients, and the study was approved by the Institutional Review Board (IRB) at Memorial 
Sloan Kettering Cancer Center (IRB protocol #19-101). Patient information is provided in Supplementary 
Table 3. Tumor tissues were collected from surgical specimens after macroscopic examination by a 
pathologist. For each specimen, a tissue fragment was formalin-fixed and paraffin-embedded (FFPE) for 
histological analysis, and the remaining tissue was processed immediately to generate single-cell suspensions. 
 
Tumor cell lines and organoids 

B16, B16-OVA, MC38, MC38-OVA, EO771, EO771-OVA, and ID8 cancer cell lines, as well as APC–/–KrasLSL-

G12D/+p53–/–Smad4–/– (AKPS) colon tumor organoids, were used in this study. B16 and B16-OVA were 
provided by C. Ariyan; MC38, MC38-OVA, EO771, EO771-OVA were provided by S. Vardhana; and AKPS 
colon tumor organoids were provided by K. Ganesh. ID8 cell line was purchased from Cytion. Unless 
otherwise specified, male mice were used for B16 and B16-OVA tumor experiments and female mice were 
used for implantation of the remaining cancer cells, consistent with the sex origin of these cell lines. Female 
mice were used for AKPS orthotopic implantation. Cancer cell lines were cultured and passaged in Dulbecco’s 
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin. 
AKPS tumor organoids were maintained in Advanced DMEM/F12 (Thermo Fisher Scientific) supplemented 
with 10mM HEPES (Corning), 2mM GlutaMAX (Thermo Fisher Scientific), 1mM N-Acetyle-L-cysteine (Sigma), 
B27 supplement with Vit. A (Thermo Fisher Scientific), 100 µg/ml Primocin (InvivoGen), 50 ng/ml mouse 
EGF (Invitrogen), 50 ng/ml mouse FGF-2 (Peprotech), 100 ng/ml mouse IGF-1(Peprotech), 500nM A83-01 
(Tocris), 100 ng/ml mouse noggin (Peprotech).  
 
Tumor induction 

Unless otherwise specified, 3 × 10⁵ cancer cells were suspended in 50 µl PBS and injected subcutaneously into 
the shaved right flank of mice. For EO771 breast cancer cell lines, 3 × 10⁵ cells were injected orthotopically into 
the fourth mammary fat pad of female mice. For orthotopic colon tumor experiments, 2 × 10⁵ AKPS tumor 
organoids were injected intracecally. Tumor volumes were measured using calipers and the volume was 
estimated using the formula: volume = (0.5 × length × width²). 
 
OT-I CD8 T cell isolation and adoptive transfer  

Naïve OT-I cells were isolated from spleens of CD45.1 OT-I mice using a Naïve CD8α⁺ T Cell Isolation Kit 
(Miltenyi Biotec), according to the manufacturer’s instructions. For B16-OVA tumor experiments, 5 × 10³ naïve 
OT-I cells were suspended in 200 µl PBS and injected intravenously into recipient mice 6 h before tumor 
induction. For MC38-OVA and EO771-OVA tumor experiments, 1 × 10³ naïve OT-I cells were transferred. 
Transferred OT-I cells were analyzed in non-tdLNs, tdLNs and tumors 10 days after tumor induction. 
 
Antibody blockade experiments 

For antibody blockade experiments, the following antibodies were used: anti-PD-1 (Bio X Cell, BE0146, clone 
RMP1-14), anti-PD-L1 (Bio X Cell, BE0101, clone 10F.9G2), anti-PD-L2 (Bio X Cell, BE0112, clone TY25), anti-
GM-CSF (Bio X Cell, BE0259, clone MP1-22E9). Rat IgG2a (Bio X Cell, BE0089, clone 2A3) or rat IgG2b (Bio X 
Cell, BE0090, clone LTF-2) antibodies were used as isotype controls. Mice received 100 µg of blocking antibody 
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or isotype control per injection intraperitoneally. For PD-1 pathway blockade, anti-PD-1, anti-PD-L1, anti-PD-
L2 or isotype control antibodies were administered on days 6, 9 and 12 after B16-OVA tumor implantation. 
For GM-CSF blockade, anti-GM-CSF or isotype control antibodies were administered on days 0, 3, 6, 9 and 12 
after B16-OVA tumor implantation. 
 
Tissue processing for flow cytometry and scRNA-seq 

Mice were euthanized by CO₂ inhalation, and organs were harvested and processed as follows. Lymphoid 
organs, liver and lung were digested in RPMI 1640 supplemented with 5% fetal bovine serum (FBS), 1% L-
glutamine, 1% penicillin–streptomycin, 10 mM HEPES, 1 mg/mg collagenase A (Sigma, 11088793001) and 1 
U/ml DNase I (Sigma, 10104159001) for 45 min at 37°C with shaking at 250 rpm. For liver and lung samples, 
three 1/4-inch ceramic beads (MP Biomedicals, 116540034) were added per sample to aid tissue dissociation. 
Small and large intestines were removed, flushed with PBS and incubated for 15 min in PBS supplemented 
with 5% FBS, 1% L-glutamine, 1% penicillin–streptomycin, 10 mM HEPES, 1 mM dithiothreitol and 1 mM 
EDTA. Samples were then filtered through 100-µm strainers and centrifuged to isolate intraepithelial 
lymphocyte compartments. The remaining intestinal tissues were washed and digested for 30 min in digestion 
solution with ceramic beads. Digested samples were filtered through 100-µm strainers and centrifuged to 
remove collagenase-containing solution. Single-cell suspensions from tissue samples were washed once with 
40% Percoll. 

For tumor experiments, tumor-draining lymph nodes (tdLNs) and contralateral non-tdLNs were collected and 
processed as described above. For CD8 T cell phenotyping experiments, lymph nodes were mechanically 
dissociated, filtered through 100-µm strainers and centrifuged without enzymatic digestion. For isolation of 
tumor-infiltrating lymphocytes (TILs), tumors were minced into small fragments and digested for 45 min in 
digestion solution with ceramic beads. After digestion, samples were filtered through 100-µm strainers, 
washed and centrifuged. Cell pellets were resuspended in 4 ml of 40% Percoll and layered over 2 ml of 70% 
Percoll. Density-gradient centrifugation was performed at 800g for 20 min at 25°C with no acceleration or 
brake. Cells at the interphase were collected, washed, and centrifuged. 

Stimulation for intracellular cytokine staining 

TILs were transferred to 96-well round-bottom plates, washed and centrifuged. Cells were resuspended in 200 
µl cRPMI supplemented with 50 ng/ml PMA (Sigma), 1 µg/ml Ionomycin (Sigma), 5 µg/ml Brefeldin A 
(Biolegend) and 2 nM Monensin (Biolegend), and stimulated for 4 h at 37°C. After stimulation, cells were 
centrifuged and processed for surface and intracellular antibody staining. 

Flow cytometry 

For flow cytometric analysis, dead cells were excluded by staining with LIVE/DEAD Fixable Zombie NIR in 
PBS for 10 minutes at 4°C with inclusion of anti-CD16/32 to block binding to Fc receptors, prior to cell-surface 
staining. Extracellular antigens were stained for 30 minutes at RT in staining buffer (2% FBS, 0.1% Na azide, 
in PBS, diluted 1:1 with Brilliant Violet (BD Biosciences) staining buffer. For experiments involving SIINFEKL–
OVA tetramer staining, cells were washed and stained with tetramer for 30 min at RT in staining buffer before 
cell-surface staining. Where mCD1d tetramers were used, tetramers were added directly to the antibody 
cocktail and stained together with surface antibodies. For intracellular protein analysis, cells were fixed and 
permeabilized with Cytofix (BD Biosciences) and/or Ebioscience Foxp3 kit, per manufacturer instructions. 
Intracellular antigens were stained for 30min or overnight at 4°C in the respective 1x Perm/Wash buffer. The 
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antibodies used for flow cytometry and FACS are listed in Supplementary Table 4. Unless otherwise stated, 
we used the following gatings: CCR7+ cDC1s: Lin(B220, CD90, TCRβ, NK1.1, Ly6C, CD88)–

CD11c+MHCII+EpCAM–CD207–XCR1+CD11b–CCR7+ , CCR7+ cDC2s: Lin–CD11c+MHCII+EpCAM–CD207–

XCR1–CD11b+CCR7+, tdLN OT-I TSL: TCRβ+CD8α+CD4–CD45.2–CD45.1+Ly108+TIM-3–CD62L+, tdLN OT-I 
Tpex: TCRβ+CD8α+CD4–CD45.2–CD45.1+Ly108+TIM-3–CD62L–, tumor OT-I Tpex: TCRβ+CD8α+CD4–CD45.2–

CD45.1+Ly108+TIM-3–, tumor OT-I Teff/Tex: TCRβ+CD8α+CD4–CD45.2–CD45.1+Ly108–TIM-3+. Example flow 
plots for CCR7+ cDC subsets and OT-I subsets are shown in Extended Data Fig. 1 and Extended Data Fig. 4, 
respectively. Samples were acquired on a Cytek Aurora.  
 
scRNA-sequencing 

Dendritic cell scRNA-sequencing from B16-OVA-bearing mice 

B16-OVA cells (1 × 10⁶) were implanted subcutaneously into female C57BL/6 mice. Seven days after tumor 
implantation, mice were treated with 250 µg anti–PD-1 (n = 5) or isotype control antibody (n = 5). Three days 
later, tumors, tumor-draining lymph nodes and contralateral non-tumor-draining lymph nodes were pooled 
from 5 biological replicates and processed as described earlier. Cells were enriched for dendritic cells using 
the Dynabeads Mouse DC Enrichment Kit (Thermo Fisher) according to the manufacturer’s instructions. Cells 
were incubated with anti-CD16/32, and extracellular antigens were stained for 30 min at room temperature in 
sorting buffer (2% FBS, 2 mM EDTA, in PBS) and labelled with BioLegend TotalSeq-B Hashtag antibodies. 
Lin⁻(CD3⁻CD19⁻CD90⁻)CD64⁻Ly6C⁻CD11c⁺MHCII⁺ cells were then sort-purified using a FACSAria II cell 
sorter (BD Biosciences). Detailed gating strategies are provided in Supplementary Fig. 1. Cells were sorted 
into cRPMI, before being pelleted and resuspended in RPMI-2% FBS at a final concentration of 700–1,200 cells 
per µl. Cell viability was confirmed >80% with 0.2% (w/v) Trypan Blue staining (Countess II). Single cell gene 
expression analysis was performed with the 10x Genomics Chromium instrument following the user guide 
manual for 3′ v3 chemistry. In brief, cells were captured in droplets. Following reverse transcription and cell 
barcoding in droplets, emulsions were broken and cDNA purified using Dynabeads MyOne SILANE followed 
by PCR amplification per manual instruction. Approximately 30,000 cells were targeted for each 
sample. Samples were multiplexed together on one lane of 10x Chromium (using Hash Tag Oligonucleotides 
- HTO) following previously published protocol64.  Final libraries were sequenced on Illumina NovaSeq S4 
platform (R1 – 28 cycles, i7 – 8 cycles, R2 – 90 cycles). For sample demultiplexing, HTO sequencing data were 
aligned to the HTO barcodes, and UMIs were counted for each cell using CITE-seq-Count. Using a two-
component K-means algorithm, we partitioned logged HTO counts into two distributions: background noise 
(lower mean) and positive tags (larger mean). Each droplet was then assigned to its source sample based on 
tags in the positive signal component. We classified droplets with multiple assignments as doublets and those 
with a single assignment as singlets. This analysis was performed using SHARP v0.1.1 
(https://github.com/hisplan/sharp). 
 
Dendritic cell scRNA-sequencing from human melanoma 

Fresh tumor tissue was dissociated by manual mincing followed by an incubation of 30 min at 37°C in RPMI 
with liberase (0.83mg/ml; Sigma-Aldrich), alternated with 3 rounds of dissociation with a gentleMACSTM 
dissociator (Miltenyi). After dissociation, cell suspensions were filtered with a 100 µm filter, and resuspended 
in ACK lysis buffer before washing with RPMI-5% FBS. Human DCs from melanoma were enriched with 
Dynabeads Human DC Enrichment kit (ThermoFisher) in accordance with manufacturer’s instructions. Cells 
were then washed with PBS and stained with LIVE/DEAD Fixable Ghost Dye Red 780 followed by cell surface 
antibodies. Lin(CD3, CD19, CD56)–CD11c+HLA-DR+ cells were then FACS-isolated on a FACS Aria II sorter 
(BD Biosciences) into RPMI-2% FBS for single cell RNA-seq. Detailed gating strategies are provided in 
Supplementary Fig. 2. The scRNA-seq libraries were prepared following the user guide manual (CG00052 
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Rev E) provided by the 10X Genomics and Chromium Single Cell 3′ Reagent Kit (v2). Briefly, samples were 
encapsulated in microfluidic droplets at a dilution of ∼70 cells/µl. Encapsulated cells were subjected to reverse 
transcription (RT) reaction at 53°C for 60 min. After RT step, the emulsion droplets were broken and barcoded-
cDNA was purified with DynaBeads, followed by 14-cycles of PCR-amplification (98°C for 180 s; [98°C for 15 
s, 67°C for 20 s, 72°C for 60 s] x 12-cycles; 72°C for 60 s). 50 ng of PCR-amplified barcoded-cDNA was 
fragmented with the reagents provided in the kit and purified with SPRI beads to obtain an average fragment 
size of 600 bp. Next, the DNA library was ligated to the sequencing adaptor followed by indexing PCR (98°C 
for 45 s; [98°C for 20 s, 54°C for 30 s, 72°C for 20 s] x 10 cycles; 72°C for 60 s). The resulting DNA library was 
double-size purified (0.6-0.8X) with SPRI beads and sequenced on an Illumina NovaSeq platform (R1 – 26 
cycles, i7 – 8 cycles, R2 – 96 cycles). FASTQ files were processed using the Sequence Quality Control (SEQC) 
pipeline (Azizi et al., 2018) and reads were aligned to the human genome hg38.  
 
CD8 T cell 10x Genomics Flex scRNA-sequencing from B16-OVA-bearing mice 

For analysis of tumor-specific CD8⁺ T cell responses, CD45.1 OT-I cells were adoptively transferred into PD-
L1 control (Clec9acre/cre; Cd274fl/+), PD-L1ΔDC (Clec9acre/cre; Cd274fl/fl), PD-L2 control (Clec9acre/cre; Pdcd1lg2fl/+), and 
PD-L2ΔDC (Clec9acre/cre; Pdcd1lg2fl/fl) mice. Six hours after transfer, mice were subcutaneously implanted with 
B16-OVA tumor cells. To analyze endogenous CD8 T cells, a separate cohort of mice was injected with B16-
OVA cells without prior OT-I transfer. On day 10 post tumor induction, tdLNs and tumors of B16-OVA-
bearing PD-L1 control (n = 6 for OT-I, n = 4 for PD-1+CD8+ T cells), PD-L1ΔDC (n = 5 for OT-I, n = 4 for PD-
1+CD8+ T cells), PD-L2 control (n = 6 for OT-I, n = 5 for PD-1+CD8+ T cells), and PD-L2ΔDC mice (n = 5 for OT-
I, n = 6 for PD-1+CD8+ T cells) were processed as described above. Cells from tdLNs and tumors were 
incubated with anti-CD16/32 and stained for extracellular markers in sorting buffer for 30 min at 4°C. Cells 
were labelled with BioLegend TotalSeq-C hashtag antibodies during this staining step for sample multiplexing. 
Cells were washed and resuspended in cRPMI containing SYTOX Blue (Invitrogen) to exclude dead cells. Live 
OT-I cells (TCRβ⁺CD8α⁺CD45.1⁺) or endogenous PD-1⁺CD8⁺ T cells (TCRβ⁺CD8α⁺CD44⁺PD-1⁺) were sorted 
directly into 500 µl fixation buffer consisting of 4% formaldehyde in 1× Fixation and Permeabilization Buffer 
(10x Genomics, PN-2000517) using a FACSAria II cell sorter (BD Biosciences). Detailed gating strategies are 
provided in Supplementary Fig. 3. Cells were fixed for 16–20 h at 4°C. Fixed cells were centrifuged at 850g for 
5 min at room temperature, and fixation was quenched by resuspension in 500 µl 1× Quench Buffer (10x 
Genomics, PN-2000516). Samples were then supplemented with 0.1 volumes of Enhancer (10x Genomics, PN-
2000482) and 10% glycerol and stored at −80°C. Samples were thawed at room temperature, centrifuged at 
850g for 5 min and resuspended in 1 ml 0.5× PBS containing 0.02% BSA. Cell concentration and viability were 
assessed by AO–PI staining using a LUNA-FX7 Automated Cell Counter (Logos Biosystems). Cells were then 
processed per hybridization according to the 10x Genomics recommendations. Hybridization reactions were 
prepared using 80 µl hybridization mix and 20 µl Mouse WTA probes (10x Genomics, PN-2000510 or PN-
2000718) and incubated at 42°C for 16–24 h. After hybridization, samples were diluted in Post-Hyb Wash 
Buffer and counted by AO–PI staining using a LUNA-FX7 Automated Cell Counter. For each experiment, 
equal numbers of cells from each hybridization were pooled to ensure equal sample contribution. Cell pools 
were then washed three times in Post-Hyb Wash Buffer for 10 min at 42°C. After washing, cells were 
resuspended in Post-Hyb Resuspension Buffer, filtered through a 30-µm filter (Miltenyi Biotec) and counted 
to determine the input required for Chromium X loading. GEM encapsulation was performed using the 
Chromium X system with Chip Q according to the 10x Genomics protocol and the manufacturer’s 
recommendations for targeted cell recovery. GEMs were recovered and processed according to the 10x 
Genomics workflow. After GEM processing, products were pre-amplified and indexed to generate sequencing 
libraries. Libraries were sequenced on an Illumina NovaSeq X using standard dual indexing and 
demultiplexing. Raw BCL files were processed using Cell Ranger. 
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Single-cell RNA-seq computational analysis 

Preprocessing of the 10x dendritic cell scRNA-seq 

Data preprocessing was conducted using the scanpy package v1.9.3. Initial quality control steps and 
normalization were carried out separately for each sample. Cells were first required to have at least 100 
detected genes. Within each sample, cells were further filtered on the basis of percentage of mitochondrial 
counts and total UMI counts, with sample-specific thresholds set by inspection of the count distributions. 
Potential doublets were identified using Scrublet (doublet score >= 0.2) and removed. For the tumor samples, 
an additional round of filtering removed a distinct low-count population of cells. Genes were filtered based 
on presence in at least 1.0% of cells within a given sample, and the union of genes passing this filter across all 
samples was retained for downstream analysis. Gene expression counts were then normalized with analytical 
Pearson residual normalization from scanpy, using a theta value of either 10 or 100 for each sample, according 
to its mean and variance distribution. After normalization, the samples were concatenated, and genes with 
non-finite (NaN) residual values were removed. This resulted in a dataset of 11,440 cells and 11,013 genes.  
PCA was run with 100 components, a kNN graph was built using 30 neighbors, 90 PCs, and cosine metric, and 
Leiden clustering was performed at a resolution of 2.6 (selected by silhouette score), resulting in 35 clusters. 
Prior to differential expression analysis, the dataset was restricted to protein-coding genes (GENCODE vM23 
annotation), yielding 10,510 genes. Cluster labels were then manually assigned based on the differential 
expression results, expression of canonical genes, and previously defined gene signatures65. Using these 
analyses, we identified 4 low QC clusters (low total counts or high mitochondrial counts) and 6 contaminant 
clusters (macrophage, Thetis cell, pDC, lymphoid, tumor and unknown minor cluster) which were removed 
from downstream analysis resulting in a preprocessed dataset. PCA and Leiden clustering were repeated on 
this dataset with the same parameters as above, resulting in 28 total clusters.  
 
Preprocessing of the 10x human melanoma dendritic cell scRNA-seq 

Barcodes were filtered based on the number of RNA-seq transcripts (>100 and <31,000), and the fraction of 
mitochondrial transcripts (<5%). Finally, any genes detected in <2 cells in the scRNA-seq data were discarded. 
After clustering (described in ‘Dimensionality reduction, cell clustering, and visualization’), analysis of QC 
metrics and differentially expressed genes, we identified 3 minor low QC clusters (low quality: clusters 12, 13, 
14) which were excluded from downstream analyses. In total, 2,729 cells remained, with a median scRNA-seq 
library-size of 8,007 from 17,702 genes. Cluster labels were manually assigned and curated based on expression 
of canonical genes and differentially expressed genes identified by MAST analysis. 

Preprocessing of the 10x CD8 T cell scRNA-seq 

scRNA-seq and HTO FASTQ files were aligned to mm39 (Cell Ranger mouse reference genome GRCm39-
2024-A) and HTO barcodes were counted and demultiplexed using Cell Ranger v9.0.1 multi to generate RNA 
and HTO count matrices for each sample. Each sample was further demultiplexed based on HTO counts using 
HTODemux function in Seurat v4.4.0. RNA count matrices for individual samples were first merged into a 
single count matrix. Next, barcodes classified as singlets from HTO demultiplexing were further filtered based 
on the fraction of mitochondrial transcripts (<10%) and any genes detected in <2 cells in the scRNA-seq data 
were discarded. After clustering (described in ‘Dimensionality reduction, cell clustering, and visualization’), 
analysis of QC metrics and differentially expressed genes, we identified 3 minor contaminant or low QC 
clusters (macrophage: cluster 21, B cell: cluster 22, low quality: cluster 20) which were excluded from 
downstream analyses. In total, 33,493 cells remained, with a median scRNA-seq library-size of 3,781 from 
14,190 genes. Cluster labels were manually assigned and curated based on expression of canonical genes, 
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differentially expressed genes identified by MAST analysis or expression of previously defined gene 
signatures for T cell states32. 
 
Dimensionality reduction, cell clustering, and visualization 

Following quality control filtering, raw counts were library-size normalized, log transformed (‘log-
normalized’ expression values) and scaled using Scanpy v1.10.366. A nearest-neighbor graph was constructed 
using the top 50 principal components (PCs) with 30 nearest neighbors. Clustering was performed using 
PhenoGraph67. After excluding contaminant or low QC clusters, the remaining clusters were re-plotted and 
visualized using UMAP68, computed from the nearest neighbor graph built by PhenoGraph.   
 
Differential gene expression tests 

Differentially expressed genes (DEGs) between groups of cells were identified with MAST69, performed using 
Seurat functions. MAST was run on the log-normalized expression values. In all tests, genes were only 
considered if they were detected in at least 1% of the cells in at least one of the two groups compared 
(min.pct=0.01, logfc.threshold=0). In one-vs-rest DE tests comparing multiple groups, each group was 
compared to all the cells from other groups. Specific DE comparisons are described in the results. DEGs were 
reported according to their log-fold change (>1.5) and adjusted p-value (<0.01). The top DEG markers were 
subsequently selected for each group, based on fold change and p-value.  
 
Gene signature scores 

The T cell signature scores (TCR activation, Stem-like, and Teff/Tex modules) were computed using 
the sc.tl.score_genes() function with default parameters from Scanpy. Nr4a1, Nr4a2, Nr4a3, Egr1, Egr2, and 
Egr3 were used as signature genes for TCR activation, based on their induction as immediate-early 
transcriptional responses downstream of TCR signaling70-72. Stem-like and Teff/Tex module scores were 
calculated using DEGs reported by Tsui et al. 202232 for cluster 5 (CD62L+ TPEX) and clusters 0/1 (TEX1/2), 
respectively. CCR7+ cDC1 and cDC2 signature scores were calculated using subset-specific DEGs identified 
from the original scRNA-seq dataset65, defined by log-transformed fold change >1.5 and adjusted P < 0.01. 
 
Data imputation for scRNA-seq data 

MAGIC imputation73 was applied to the log-normalized expression values to de-noise and recover missing 
values. Imputed data were used only for visualization of gene expression on heatmaps or UMAPs, where 
specified.  
 
Intratumoral diphtheria toxin (DT) administration 

Clec9a+/+; PZTD or Clec9acre/+; PZTD mice received intratumoral injections of low-dose diphtheria toxin (DT; 
Sigma, D0564, 4ng per injection) to minimize effects in tumor-draining lymph nodes. DT was administered on 
days 6, 9, and 12 after B16-OVA tumor implantation. 
 
TCGA deconvolution and survival analysis 

Bulk RNA-sequencing data and corresponding clinical annotations from The Cancer Genome Atlas (TCGA) 
were obtained using the TCGAbiolinks R package. For each cancer type, gene expression quantification files 
generated using the STAR–Counts workflow were downloaded and processed as raw count matrices. Gene 
symbols were assigned based on TCGA annotation metadata, and duplicated gene symbols were collapsed by 
summing counts. To maintain consistency across cohorts and match the preprocessing strategy used for the 
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reference analysis, only genes detected in at least 10% of bulk tumor samples within each cancer type were 
retained for downstream deconvolution. 

Cell-type deconvolution was performed using BayesPrism38 with a common single-cell RNA-sequencing 
reference39 across 12 TCGA cohorts; colon adenocarcinoma (COAD), pancreatic adenocarcinoma (PAAD), 
primary skin cutaneous melanoma (SKCM-P), metastatic skin cutaneous melanoma (SKCM-M), breast 
invasive carcinoma (BRCA), bladder urothelial carcinoma (BLCA), liver hepatocellular carcinoma (LIHC), 
esophageal carcinoma (ESCA), ovarian serous cystadenocarcinoma (OV), stomach adenocarcinoma (STAD), 
lung adenocarcinoma (LUAD), kidney renal clear cell carcinoma (KIRC). The reference consisted of annotated 
major tumor and immune cell compartments, including malignant cells, B cells, CD4 T cells, CD8 T cells, 
regulatory T cells, NK cells, monocytes/macrophages, cDC1s, cDC2s, CCR7+ cDCs (annotated as mature 
dendritic cells (mDCs) in the reference), endothelial cells and other non-malignant populations. To reduce 
potential bias from uneven cell numbers across reference populations, the single-cell reference was 
downsampled before deconvolution while preserving all annotated cell types. Malignant cells were 
designated as the tumor reference population during deconvolution, and inferred cell-type fractions were used 
for downstream analyses. 

To compare relative CCR7+ cDC enrichment across cancer types, we calculated the fraction of CCR7+ cDCs 
within the cDC compartment: 

CCR7!cDC_in_cDC =
CCR7!cDC

CCR7!cDC + cDC1 + cDC2	

 

This metric was used to quantify relative skewing of the cDC compartment toward a CCR7+ cDC state, 
independent of overall cDC abundance. CD8 T cell enrichment within the T cell compartment was calculated 
as: 

CD8_in_T =
CD8T

CD8T + CD4T + Treg	

 

Overall survival time and event status were derived from TCGA clinical annotations using vital status, days 
to death and available follow-up information. Survival associations were assessed separately within each 
cancer type using Cox proportional hazards regression analysis. For each cohort, we evaluated the association 
of CCR7+ cDC enrichment and CD8 T cell enrichment with overall survival using univariable Cox models. 
Additionally, interaction models including CCR7+ cDC enrichment, CD8 T cell enrichment and their 
interaction term were used to test whether the prognostic effect of CCR7+ cDC enrichment varied according 
to CD8 T cell abundance. Hazard ratios with corresponding 95% confidence intervals were extracted from 
fitted models and summarized using forest plots for cross-cancer comparison of effect sizes. 

FFPE preparation 

Tissues were dissected in ice-cold PBS and kept on ice before fixation. Samples were immersed in freshly 
prepared, ice-cold 10% formalin and fixed at 4°C. Specimens were mostly fixed for overnight, whereas larger 
tumor tissues were fixed for 2–4 days. Fixative volume was maintained at 10–20 times the tissue volume. After 
fixation, tissues were washed twice in PBS for 30 min each at 4°C and dehydrated in 70% ethanol for 30 min 
at room temperature or 4°C. Samples were stored in 70% ethanol at 4°C until paraffin processing. Tissues were 
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dehydrated through graded ethanol washes, cleared in Sub-X clearing agent and infiltrated with paraffin. 
Samples were embedded using Leica HistoCore PEGASUS Parablocks and sectioned at 4 µm for downstream 
staining. 

Spatial transcriptomic 10x Xenium analysis 
 
Tumor and lymph node profiling with 10x Xenium  

Non-tdLNs, tdLNs and tumors were collected from B16-OVA-bearing mice that had received OT-I cell transfer 
(n = 6). In addition, tdLNs were collected from B16-OVA-bearing mice without OT-I transfer (n = 4). tdLN and 
tumor samples were pooled separately and processed for FFPE preparation and sectioned as described above. 
Xenium in situ gene expression profiling was performed on 4 µm formalin-fixed paraffin-embedded (FFPE) 
tissue sections using the Xenium platform (10x Genomics) according to the manufacturer’s protocol. Sections 
were mounted on Xenium slides, deparaffinized, and subjected to target retrieval and protease treatment to 
enable probe accessibility. A customized 472-gene panel, designed to identify immune, stromal and tumor cell 
populations, with a focus on DC subsets (Supplementary Table 1), was used for probe hybridization, followed 
by ligation and rolling circle amplification to generate localized amplicons. Cyclic fluorescence imaging was 
performed on the Xenium Analyzer to detect RNA targets at subcellular resolution. Cell segmentation staining 
was also performed with Xenium Multi-Tissue Stain. Primary image processing, transcript decoding, and cell 
segmentation were performed using Xenium Onboard Analysis (version 3.3.0.1; 10x Genomics) with default 
parameters. The analysis pipeline includes image registration across imaging cycles, spot detection, barcode 
decoding, and segmentation of individual cells based on nuclear and boundary signals, followed by 
assignment of detected transcripts to segmented cells. Output data consisted of spatially resolved gene 
expression profiles with associated cell-level annotations. CD45.1 SNP probes were included in the Xenium 
panel to detect transferred OT-I cells; however, these probes did not show specific signal across tissues, and 
OT-I cells could not be distinguished from endogenous CD8⁺ T cells in the Xenium data. 

Data Preprocessing  

Lymph node and tumor samples were processed separately. Within each tissue type, samples were 
concatenated and analyzed together. Cell transcripts were filtered to retain only those overlapping the nuclear 
segmentation for each cell. Following quality control filtering, raw counts were library-size normalized, log 
transformed (‘log-normalized’ expression values) and scaled using Scanpy v1.10.4. A nearest-neighbor graph 
was constructed using the top 30 principal components (PCs) with 15 nearest neighbors. Leiden clustering was 
performed, and clusters were manually assigned to broad cell type categories using expression of canonical 
genes. Clusters within each broad cell type category were merged, and clustering was performed again within 
each subset. Cluster labels were manually assigned and curated based on expression of canonical genes. 
Differential gene expression analysis was performed to identify genes enriched in each cluster using custom 
code. For this analysis, log fold change values of the mean expression of library-size normalized counts were 
calculated for each cluster vs all other cells. Multiple hypothesis test-corrected p-values were calculated using 
a Mann-Whitney U-test and the Benjamini-Hochberg procedure. 
 
Sliding-window cell-type composition 

A grid of circular sliding windows across the spatial data were defined as windows with a radius of 40 µm, a 
step size of 10 µm between windows, and at least 2 cells per window. Windows were added to cover any cells 
not included in the initial grid. K-means clustering was performed on the broad cell type composition of each 
window to identify five clusters. These clusters were labeled based on their enrichment of broad cell types. 
Cells were assigned the cluster label of the window with the closest center. 
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Neighborhood cell type enrichment 

Cell-cell neighborhood connectivities were defined between cells with centers within 20 µm of each other. For 
each sample, cells and the corresponding connectivity graph were subset by neighborhood region. Within each 
sample-region subset, neighborhood enrichment by permutation test was performed as implemented in 
Squidpy v1.6.374. Briefly, the observed number of connections between each pair of cell types was counted. 
Cell-type labels were then permuted 1000 times across cells while the connectivity graph was held fixed, and 
the number of connections between each cell type pair was recalculated for each permutation. For each cell 
type pair, a z-score was calculated by comparing the observed number of connections with the distribution 
obtained from the permutations. These z-scores were used as the neighborhood enrichment scores, with 
positive values indicating more connections than expected under the permutation null model and negative 
values indicating fewer connections than expected. 
 
Ccl19 Hotspots 

Ccl19-enriched cells were identified as cells with positive Ccl19 expression and smoothed Ccl19 expression 
within the top 30% of positive smoothed values. For each cell, smoothed Ccl19 expression was calculated as 
the mean Ccl19 expression among cells within a 100 µm radius. DBSCAN75 (eps= 100 µm, min_samples = 6) 
was applied to the spatial coordinates of Ccl19-enriched cells to identify spatially dense clusters. Cells not 
assigned to a cluster were classified as DBSCAN noise and excluded. A 20 µm-radius spatial expansion was 
added around each cell in the DBSCAN clusters to include cells nearby the Ccl19-enriched cells and 
overlapping buffer regions were merged. The Ccl19-enriched cells and nearby cells contained within the 
expanded regions comprised the Ccl19 hotspots. 
 
Spatial transcriptomic 10x Visium HD analysis 

Tumor sections adjacent to those used for Xenium analysis were placed on the capture area of Visium Spatial 
Gene Expression for FFPE slides (10x Genomics). Slides were placed in a drying rack, incubated at 42°C for 3 
h and then transferred to a desiccator overnight at room temperature. Slides were subsequently processed 
according to the 10x Genomics Visium FFPE workflow. Tissue sections were deparaffinized and stained with 
hematoxylin and eosin (H&E) to visualize tissue morphology. Library quality was assessed using the Agilent 
Bioanalyzer High Sensitivity DNA Kit (Agilent Technologies, 5067-4626). Libraries were sequenced on an 
Illumina NovaSeq X Plus platform using paired-end sequencing. Sequencing was performed with the 
following configuration: 28 bp for Read 1, containing the spatial barcode and UMI; 10 bp each for the i7 and i5 
indexes; and 50 bp for Read 2, containing transcript sequences. 

Data preprocessing  

Samples were processed using Space Ranger v4.0.1, and the H&E-based cell-segmented output was used for 
downstream analyses. Following quality control filtering, raw counts were library-size normalized, log 
transformed, and scaled using Scanpy v1.10.4. 

Gene signature scoring 

T cell and dendritic cell signature scores were computed using the sc.tl.score_genes() function with default 
parameters in Scanpy. Gene signatures were derived from differential expression analyses performed in this 
study using CD8+ T cell scRNA-seq and dendritic cell scRNA-seq obtained from B16-OVA-bearing mice. 
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Genes were included in each signature if they were upregulated with a log2 fold change >1.5 and an adjusted 
P value <0.05.  

Stromal–cDC–Tpex niche analysis 

Ccl19-enriched cells were identified in the same manner as the Xenium analysis described above, using the 
same parameters except that DBSCAN was performed with min_samples = 5. A 20 µm-radius spatial 
expansion was also applied as described above to define Ccl19 hotspots. Cells within Ccl19 hotspots with high 
values for both the Tpex and CCR7+ cDC1 signature scores, as defined by manual thresholds, were designated 
as high-scoring Ccl19 hotspot cells. Differential expression analysis was performed between high-scoring 
Ccl19 hotspot cells and cells outside any Ccl19 hotspot. Log fold changes were calculated from the mean 
expression in each group using library-size-normalized data. Statistical significance was assessed using a 
Mann-Whitney U-test, and P values were corrected for multiple hypothesis testing using the Benjamini-
Hochberg procedure. 

Human melanoma Immunofluorescence (IF) analysis 

Automated multiplex IF was conducted with the Leica Bond BX staining system. Paraffin-embedded tissues 
were sectioned at 4 µm and baked at 58°C for 1 hr. Slides were loaded in Leica Bond and IF staining was 
performed as follows. Samples were dewaxed at 72°C before being pretreated with EDTA-based epitope 
retrieval ER2 solution (Leica, AR9640) for 20 mins. at 100°C. The 5-plex antibody staining and detection was 
conducted sequentially. The primary antibodies against DC-LAMP/A488 (GT, 1:1000, R&D systems, AF4087), 
Xcr1/C594 (RT, 1:500,Abcam, ab317578), PDL-2/C430 (Rb, 1:500,Abcam, ab288298), CD8/A647 (Rb, 1/10, 
Roch Ventana, 790-4460) or TCF1/C543 (Rb, 1:500, 0.2ug/ml, Cell Signaling Technology, 2203) was incubated 
for 1h at RT followed by application of Leica Bond Polymer anti-rabbit HRP secondary antibody (included in 
Polymer Refine Detection Kit (Leica, DS9800)) for 8 min at RT. For the GT and Rat primary antibodies, a rabbit 
anti-Goat (Jackson ImmunoResearch 305-007-003) or a rabbit anti-Rat linker (Vector lab, BA4000) was 
incubated for 8 min before the application of the Leica Bond Polymer anti-rabbit HRP. After that, Alexa Fluor 
tyramide signal amplification reagents (Life Technologies, B40953, B40958) or CF® dye tyramide conjugates 
(Biotium, 92172, 96053, 92174) was used for detection. After each round of IF staining, Epitope retrieval was 
performed for denaturation of primary and secondary antibodies before another primary antibody was 
applied. After the run was finished, slides were washed in PBS and incubated in 5 µg/ml 4’,6-diamidino-2-
phenylindole (DAPI) (Sigma Aldrich) in PBS for 5 min, rinsed in PBS, and mounted in Mowiol 4–88 
(Calbiochem). Slides were kept overnight at -20°C before imaging. Slides were scanned on a Pannoramic 
Scanner (3DHistech, Budapest, Hungary) using a 20x/0.8NA objective. 

Multiplex IF images were analyzed in QuPath-0.7.0 using StarDist-based cell segmentation. Nuclei were 
segmented from the DAPI channel using the ‘dsb2018_heavy_augment.pb’ StarDist model, with percentile 
normalization from 1–99%, a probability threshold of 0.5, and a detection pixel size of 0.5 µm. Segmented 
nuclei were expanded by 2 µm to approximate whole-cell boundaries, and shape and intensity measurements 
were extracted for each detection. Detections were generated within manually defined regions of interest. Cells 
were classified in QuPath based on marker-intensity thresholds into LAMP3⁺ cells, TCF1⁺CD8⁺ T cells, 
TCF1⁻CD8⁺ T cells. Cell centroid coordinates and classification labels were exported for downstream spatial 
analysis. Spatial analyses were performed in Python using custom scripts. Nearest-neighbor distances from 
each TCF1⁺CD8⁺ or TCF1⁻CD8⁺ T cell to the nearest LAMP3⁺ cell were calculated using Euclidean distance 
with SciPy cKDTree. Distributions were compared using two-sided Mann–Whitney U tests. For 
neighborhood-composition analysis, TCF1⁺CD8⁺ and TCF1⁻CD8⁺ T cells within 20 µm of LAMP3⁺ cells were 
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aggregated to define pooled LAMP3-associated neighborhoods, and their composition was compared with 
the global CD8 T cell composition.  

Analysis of Immune Dictionary dataset 

Raw count matrices for gene expression and hashtag detection for Cui et. al. (Immune Dictionary)45 were 
downloaded from GEO (GSE202186). The data was reprocessed to ensure accurate cell type and hashtag 
assignment, with a focus on myeloid lineage cells relevant for our study. To discriminate putative cell 
containing droplets from ambient RNA, we ran EmptyDrops76 with default parameters on each of 44 samples 
to estimate the likelihood of RNA within each droplet being derived from the ambient pool. Cell barcodes for 
droplets with a false discovery rate less than 0.01 were kept for analysis. Cell barcodes were then filtered again 
for only droplets that had a matching barcode detected in the corresponding hashtag sequenced sample 
denoting treatment information (generally > 99%).  This produced a resulting matrix of 1,467,267 cells and 
31,053 genes. Hashtags were assigned for each cell by taking the natural log + 1 of hashtag oligo counts in each 
cell divided by their geometric mean (centered log ratio) and then clustering the hashtags for each cell by 
kmeans with k = 2. For each cell if the hashtag with the highest expression was assigned to its own cluster, 
then that hashtag was assigned. Cells with 2 or more hashtags assigned or with no hashtag counts were called 
doublets or left unassigned, respectively. We additionally predicted putative doublet status by running 
DoubletDetection77  on raw count values for each sample individually (50 iterations, p_thresh=1e-7, 
voter_thresh=0.8). Cells that could not be assigned a hashtag were removed, as were cells with low counts 
(less than 350 UMIs or 250 genes) or low complexity (a value less than 0.8 log10(gene) / log10(UMI)). Values 
for the gene and UMI based cutoffs were derived from the position after the first mode in a histogram of all 
cells. After filtering the resulting gene expression matrix contained 595,769 cells. 
 
Cytokine stimulations can induce dramatic changes in gene expression profiles that obscure cell type 
relationships during clustering. To ensure accurate cell type classification, a four step procedure was 
performed using both label transfer and manual annotation: 1) separate cells into lineage (stroma, myeloid, 
lymphoid) using a coarse human classification model; 2) cluster PBS treated cells; 3) use PBS treated cell type 
labels to train a classifier for projection to noisier cytokine treated cells; 4) cluster and manually annotate cells 
within sub-lineage based on marker gene expression. For cell type classification and model training, a logistic 
regression framework was used via the Celltypist package78. 
 
To organize into distinct lineages, we used a publicly available cell type prediction model trained at a relatively 
coarse resolution79. Features for label transfer from a coarse human immune cell model (Immune_All_High 
from CellTypist model repo) were restricted to only one-to-one orthologous genes between human and mouse 
to support relevance across species (4,402 genes). To assign cell lineage, CellTypist was run with default 
parameters and classifications were assigned by majority voting of predicted labels within over-clustered data 
(knn = 30; 50 top PCs; leiden resolution 30). The assigned labels were then assigned to one of three broad 
lineages based on established hierarchies. This led to annotation of 107,971 myeloid cells, 484,447 lymphoid 
cells, and 2,499 non-hematopoietic cells (i.e. fibroblast, endothelial, epithelial).  
 
We then focused on the myeloid lineage for sub-clustering. We trained a model for label transfer using the 
steady state PBS treated cells that could be projected to noisier cytokine treated data. For annotating the 
training data (PBS treated cells) we selected 3,000 highly variable genes using Scanpy 
(sc.pp.highly_variable_genes, flavor = ‘seurat_v3’, batch_key = processing batch) with only genes detected in 
at least 20 cells and excluding mitochondrial and ribosomal RNA genes and computed PCs with these features. 
Cells were clustered by Phenograph67 (k = 20, PCs = 50, Leiden partitioning algorithm with resolution 1) and 

.CC-BY 4.0 International licenseis made available under a 
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 

The copyright holder for thisthis version posted September 16, 2026. ; https://doi.org/10.64898/2026.09.10.750646doi: bioRxiv preprint 

https://doi.org/10.64898/2026.09.10.750646
http://creativecommons.org/licenses/by/4.0/


Dendritic cell PD-L2 restrains intratumoral CD8+ T cell immunity 
 

 
 

33 

assigned cell type labels based on marker genes. This included: pDC (Tcf4, Bcl11a), cDC1 (Xcr1, Clec9a, Zbtb46), 
migDC (Ccr7, Flt3, Zbtb46), langerhans cells (Cd207, Epcam), macrophage (Maf, Spic, Rxra, Marco, Aif1), 
neutrophil (Cxcr2, Csf3r), mast cell (Kit, Cpa3), and several clusters relating to monocyte derived cells or cDC2s 
(Ccr2, Aif1, Csf1r, Irf4) deemed macrophage/monocyte/DC (MMDC). We then selected for features 
informative to discriminating the cell types by computing marker genes between each coarse cluster using a 
Wilcoxon rank sum test against all other clusters. From this a maximum of 100 features (adjusted p < 0.01 & 
log fold-change > 0.5) were selected for each cell type, ranked by the test statistic, to use in the model (640 
features). Cells within the PBS conditions were split into train/test at a 90/10 ratio to validate accurate 
predictions. Each cell type was down-sampled to 300 cells for training to balance classes. To ensure robustness 
to the down-sampling procedure, Celltypist models were trained with 10 different down-samplings and 
performance was assessed by classification accuracy on the held out test data. Across iterations, cell types were 
correctly assigned with > 97% median accuracy, and the model with the highest median accuracy was selected 
for use on cytokine treated cells. Cell type labels were then assigned to all cytokine treated cells by running 
CellTypist with the PBS cell model and using a majority vote approach with overclustering (knn = 30, PCs = 
50, resolution = 25), using PCs computed with only features input to the CellTypist model. 
 
Once cell type labels were assigned, cells were sub-clustered within the MMDC, Macrophage, and 
Langerhans/migDC groups to assign granular labels. Within each group, the top 2,000 HVGs were computed 
in Scanpy (flavor = ‘seurat_v3’) excluding mitochondrial genes and ribosomal RNA as well as any gene 
differentially expressed within the group with respect to cytokine treatment label (method = t-test; adjusted p 
value < .001;  log2 fold-change > 1) to mitigate treatment influence during clustering. Each group was then 
clustered using Phenograph (50 PCs; knn = 20; resolution = 1) and cell state labels were assigned using 
canonical marker genes. The resulting processed and filtered expression matrix of myeloid cells contained 
93,010 cells across 14 cell types. DC subsets were identified by expression of Zbtb46 and distinguished from 
Thetis cells (TCs) by lack of Rorc expression. MigDCs were identified by Ccr7 expression and comprised 3 
clusters: migDC_apoptotic which had low counts and features and expressed high levels of mitochondrial 
genes indicating cell stress; CCR7+ cDC1 which expressed higher levels of Laptm4b, Src, and Zdhhc14; and 
CCR7+ cDC2 distinguished by higher levels of Il2ra, Nrp2, and Capsl. Expression values 
for Cd274 and Pdcd1lg2 were extracted from CCR7+ cDC1 and CCR7+ cDC2, and the mean expression of each 
gene was calculated for each cytokine group. Log2 fold changes relative to the PBS control condition were then 
calculated using a pseudocount of ε = 1 × 10⁻⁶ to avoid division by zero. The results were visualized as a scatter 
plot showing the log2 fold changes of both genes across all cytokine groups. 
 
Generation and adoptive transfer of BMDC1 

Bone marrow cells were isolated from the indicated donor mice and cultured in six-well plates at 5 × 10⁵ 
cells/ml in 5 ml complete RPMI per well supplemented with recombinant mouse GM-CSF (2 ng/ml; 
PeproTech, 315-03) and recombinant human Flt3L-Fc (200 ng/ml; Bio X Cell, BE0098, clone Flt-3L-Ig 
(hum/hum)). Cells were incubated at 37°C with 5% CO₂ for 5 days. On day 5, 0.5 volumes of fresh culture 
medium (2.5 ml) were added to each well, and cells were cultured for an additional 4 days. On day 9, cultured 
cells were pulsed overnight with OVA (200 µg/ml; Sigma, A5503). The following day, 
CD11c⁺MHCII⁺CD103⁺XCR1⁺ cells were sorted using a FACSAria II cell sorter (BD Biosciences) and injected 
intratumorally into B16-OVA tumor-bearing recipient mice at 3 × 10⁵ cells per mouse. 
 
Statistics and reproducibility 

Statistical analysis of data was performed using two-tailed unpaired t-tests, Kolmogorov–Smirnov tests, 
Mann–Whitney U-tests, Hypergeometric tests, one-way or two-way ANOVA adjusted for multiple-
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comparisons. Details of the number of replicates, sample size, significance tests and value and meaning of n 
for each experiment are included in the Methods or figure legends. Statistical analyses were performed using 
GraphPad Prism v.10 and v.11. P values of less than 0.05 were considered to indicate statistical significance, 
adjusted for multiple comparisons. All experiments were repeated at least twice as successful, independent 
experiments. 
 
DATA AND MATERIAL AVAILABILITY 

Single cell and spatial datasets generated in this study are available through the Gene Expression Omnibus 
under accession number GSE(pending). This manuscript uses previously published scRNA-seq data from 
GSE262474, GSE188526, and GSE202186.  

CODE AVAILABILITY 

Code for computational data analysis is available in GitHub at https://github.com/pritykinlab/DC-PD-L2-
Tumor-Analysis. 
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