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SUMMARY

Single-cell transcriptomics identifies a convergent activation state of conventional dendritic cells (cDCs) 

shared by type 1 and type 2 cDCs (cDC1s and cDC2s). These activated DCs (actDCs) are characterized by 

co-expression of T cell-stimulating and inhibitory molecules. Here, we examined the functional contribution 

of actDCs to anti-tumor immunity by developing mouse models that leverage CCR7 expression to condition

ally label or ablate actDCs. The capacity of cDCs to stimulate tumor-specific cytotoxic T lymphocytes (CTLs) 

was restricted to the actDC state. cDC1- and cDC2-derived actDCs supported CTL priming through cross- 

presentation and cross-dressing, respectively, with the latter occurring in a cancer type-dependent manner. 

actDCs were required for the activation of naive CTLs in tumor-draining lymph nodes and for sustaining 

effector CTL function within tumors. Consequently, ablation of actDCs impaired spontaneous tumor control 

and responses to immune checkpoint blockade or adoptive T cell therapy. Thus, the actDC state emerges as 

a critical determinant of cDC-mediated anti-tumor immunity.

INTRODUCTION

Conventional dendritic cells (cDCs) are central mediators of nat

ural and therapy-induced immune responses against tumors, 

owing to their unique ability to take up tumor material and 

migrate to draining lymph nodes (dLNs) to stimulate naive tu

mor-specific CD4+ and CD8+ T cells.1–4 Beyond this priming 

function, cDCs also play key roles at the tumor site by attracting 

and promoting T cell activation locally.5–10 Among cDC subsets, 

type 1 conventional cDCs (cDC1s) are well-established orches

trators of cytotoxic T lymphocyte (CTL)-mediated anti-tumor re

sponses2,5,11,12 due to their distinctive capacity to cross-present 

cancer cell-derived antigens on major histocompatibility com

plex class I (MHC-I) molecules.5,12–17 Accordingly, tumor-infil

trating cDC1 abundance correlates with favorable patient prog

nosis and response to immune checkpoint blockade (ICB) 

therapy.3,18–23 The contribution of cDC2s to CTL-mediated tu

mor immunity is less well defined. Cross-dressing represents a 

mechanism through which cDC2s can prime tumor-reactive 

CTLs by acquiring preformed peptide-MHC-I complexes from 

cancer cells.24–26

Single-cell transcriptomic analyses of tumor-infiltrating leuko

cytes identify a cDC population that clusters independently of 

cDC1s and cDC2s, infiltrates multiple cancer types in mice and 
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Figure 1. A conditional reporter mouse model enables labeling of CCR7+ activated DCs 

(A) t-SNE plots of intratumoral DCs from single-cell RNA sequencing of sorted CD45+ cells from 5555 or CT26 tumors. Different clusters—cDC1 (blue), cDC2 (red), 

actDC (orange), and pDC (green)— alongside the top five markers characterizing each cluster are shown. 

(legend continued on next page) 

ll
OPEN ACCESSArticle 

Immunity 59, 2282–2298, August 11, 2026 2283 



humans, and is characterized by high co-expression of T cell- 

stimulating molecules (CCR7, IL-12, CD80, CD86, and CD40) 

alongside immune inhibitory molecules including PD-L1.27–31 

Their dual expression profile underlies their designation as 

‘‘mature DCs enriched in immunoregulatory molecules’’ 

(mregDCs),32–34 although the terms mature DCs (mDCs), migra

tory DCs (migDCs), DC3s, or CCR7+ DCs8,24,27–29,31,32,35 are 

also in use. Transcriptional and phenotypic analysis indicates 

that these cells represent a convergent activation state arising 

from both cDC1s and cDC2s27,30,32–34,36 and are henceforth 

referred to as activated DCs (actDCs). However, their overall 

contribution to anti-tumor immunity remains poorly understood, 

with evidence for both immune-stimulating and -restraining 

functions.33,37–41 A major challenge in defining their contribution 

is that actDCs are typically scarce, representing a minority of the 

whole cDC compartment. Moreover, experimental models to un

equivocally identify and distinguish cDC1-derived and cDC2- 

derived actDCs (termed actDC1s and actDC2s, respectively) 

or to conditionally ablate them and determine the impact of their 

absence are lacking.

Here, we described the development of two new genetically 

engineered mouse lines using intersectional genetics to enable 

either specific labeling, imaging, and isolation of actDCs or their 

acute depletion. Using these models, we uncovered distinctive 

functional features of actDC1s and actDC2s. Furthermore, we 

formally demonstrated the essential contribution of the actDC 

state to CTL-dependent tumor control, both in spontaneous set

tings and in response to ICB or adoptive T cell therapy (ACT).

RESULTS

Mouse strain to conditionally label CCR7+ actDCs

Transcriptomic profiling of CD45+ cells infiltrating tumors formed 

by 5555 BrafV600E-driven melanoma or CT26 colorectal carcinoma 

cells revealed a transcriptionally distinct cDC cluster (Figures 1A, 

S1A, and S1B; Table S1). Within the overall DC cluster, we identi

fied four independent populations: cDC1s, cDC2s, plasmacytoid 

DCs (pDCs), and a fourth cDC cluster that, due to the lack of com

mon lineage-defining markers, could not be ascribed to any of 

these lineages. Cells within this fourth cluster showed selectively 

high mRNA levels of Ccr7, Fscn1, Cd80, Cd40, Socs2, il12b, 

Cd274, Ccl17, Cxcl16, and Ccl22, among others, consistent with 

the previously described mregDC, migDC, mDC, CCR7+ DC, or 

DC3 signatures (Figures 1B and S1C–S1E).8,24,28,29,31–33,35 Regu

latory network analysis revealed high specificity scores for the 

Stat4, Nfkb2, and Nfat5 transcription factors within this cluster 

(Figure S1F), all of which have been linked to DC activation.20,42,43

Trajectory inference and RNA velocity analysis further pinpointed 

this cluster as a differentiated cDC state (Figure S1G) acquired 

by both cDC1s and cDC2s. Indeed, flow cytometry analysis 

showed that CCR7+ cDCs fell within cDC1 or cDC2 gates, albeit 

expressing lower surface levels of lineage-defining markers than 

their CCR7− counterparts (Figures S1H and S1I). They also 

showed elevated surface expression of CD40, CD86, CD63, 

PD-L1, MHC-I, and MHC-II (Figure S1I). Together, these 

data established that this transcriptionally distinct cluster repre

sents a convergent activation state shared by cDC1s and 

cDC2s,27,30,32–34,36,44 here termed actDCs (actDC1s or actDC2s 

according to their lineage of origin).

The functional characterization of actDCs has been hindered 

by their scarcity. Moreover, most markers that distinguish 

actDCs from their non-activated resting counterparts (hence

forth restDC1s and restDC2s) are also expressed by other cell 

types, requiring their identification by a combination of markers. 

To overcome these limitations, we developed a genetically engi

neered mouse line that would enable selective labeling, tracking, 

and isolation of actDCs. Among the top genes defining the 

actDC cluster in both tumor models, Ccr7 was detected in virtu

ally all actDCs but was absent from the other cDC clusters 

(Figures 1C and S1B). We therefore generated a mouse line en

coding the fluorescent protein mScarlet-I (Scarlet) at the 3′ end 

of the Ccr7 gene, preceded by a loxP-STOP-loxP (LSL) cassette 

(Figure 1D and STAR Methods). This design enables Cre-depen

dent, CCR7-transcription-coupled Scarlet expression, allowing 

conditional labeling of actDCs according to the Cre driver used.

Crossing to the CD11c-Cre driver45 generated ItgaxCre 

Ccr7LSL-mScarlet-I (actDC-Sca) animals (Figure 1D), in which all 

CCR7+ CD11c+ cells were expected to express Scarlet. Accord

ingly, CCR7+ migratory (CD11clow MHC-IIhigh) cDC1s and cDC2s 

in skin-dLNs showed bright Scarlet fluorescence, whereas 

LN-resident cDCs and control Cre-negative animals were 

Scarletneg (Figures 1E and 1F). In the spleen, which lacks afferent 

lymphatic vessels, only ∼4%–8% of cDC1s and cDC2s ex

pressed Scarlet (Figure S2A), while in the lung, Scarletpos cells 

represented ∼25% of cDC1s and ∼10% of cDC2s (Figure 1G). 

To assess the integrity of the targeted Ccr7 locus, we evaluated 

(B) t-SNE plots of intratumoral DCs from 5555 or CT26 tumors colored by expression score of the mregDC signature.33

(C) Violin plots showing expression levels of the top five markers characterizing actDCs in 5555 or CT26 tumors and frequency of gene expression within the 

actDC cluster per tumor type. 

(D) Schematic of the design strategy to generate actDC-Sca and actDC1-Sca mice. 

(E) Representative gating strategy of cDCs in skin-draining LNs of naive mice. The frequency of Scarletpos cells in cDC subsets present in LNs of actDC-Sca (dark 

red) or control (gray) mice is shown (n = 3–4 mice/group, representative of two independent experiments). 

(F) Representative contour plots demonstrating expression of Scarlet and CCR7 in total cDC1s and cDC2s in skin-draining LNs. 

(G) Representative gating strategy of cDCs in the lung of naive mice. The frequency of Scarletpos cells in cDC subsets present in the lung of actDC-Sca (dark red) 

or control (gray) mice is shown (n = 3–4 mice/group, representative of two independent experiments). 

(H) Representative gating strategy of cDC populations in B16 tumors. Frequency of Scarletpos cells within intratumoral cDC1s and cDC2s of four syngeneic tumor 

models within 10 days of growth is shown (n = 6–9 mice/group, pooled from two independent experiments). One million cancer cells were injected subcuta

neously in the flank of actDC-Sca mice. 

(I) Representative contour plots demonstrating expression of XCR1, Scarlet, and CCR7 in total DCs across actDC1-Sca tissues. 

(J) Frequency of Scarletpos cells in cDC populations present in lymphoid tissues and lung of actDC1-Sca or control mice (n = 3–4 mice/group). 

Data are presented as individual values (each dot represents a single mouse), with the mean indicated. 

See also Figures S1 and S2.
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the migration of FLT3L bone marrow-derived DCs (BMDCs) to

ward CCL21. CCR7+ cDC1s and cDC2s generated from 

actDC-Sca or control animals migrated equally well toward 

CCL21 (Figure S2B), indicating that targeting did not alter 

CCR7 function.

Next, we assessed Scarlet expression within tumor-infiltrating 

cDCs using four independent syngeneic cancer models implanted 

in actDC-Sca mice (Figures 1H, S2C, and S2D). Scarletpos cDCs 

were found in all models, representing ∼20%–40% of both 

cDC1s and cDC2s depending on tumor type (Figure 1H). Pheno

typic analysis confirmed elevated MHC-II, PD-L1, and PD-L2 on 

Scarletpos cDC1s and cDC2s, with IL-12 restricted to Scarletpos 

cDC1s (Figure S2E). Consistent with activation-associated loss 

of lineage-defining markers,44,46–48 surface levels of XCR1 on 

cDC1s and CD11b on cDC2s were lower in Scarletpos than in 

Scarletneg cells (Figure S2E). Scarlet expression was also detected 

in CCR7+ B and T cells (Figures S2F–S2H), consistent with the 

known physiological activity of CD11c-Cre in lymphocytes.49,50 Af

ter gating out these Scarletpos lymphocytes, the actDC-Sca line 

selectively identifies CCR7+ actDCs within the cDC compartment.

The actDC1-Sca reporter enables visualization of 

actDC1s in lymphoid and non-lymphoid organs and 

tumors

We next utilized an Xcr1-Cre driver51 to generate Xcr1Cre-mTFP1 

Ccr7LSL-mScarlet-I mice (actDC1-Sca) such that only actDC1s would 

express Scarlet (Figure 1D). Mice with evidence of germline Cre 

activity (a known feature of Xcr1-Cre driver lines51–53) were identi

fied by blood cell phenotyping and excluded (see STAR Methods). 

In validated actDC1-Sca animals, bright Scarlet expression was 

observed exclusively within CCR7+ cDC1s across lymphoid and 

non-lymphoid organs, with no signal in resident DCs or other im

mune populations (Figures 1I, 1J, and S2F). Thus, in contrast to 

actDC-Sca mice, in which incomplete lineage restriction resulted 

in Cre activity in CCR7+ B and T cells, the actDC1-Sca strain 

enabled exclusive labeling of actDC1s.

Using this reporter, we mapped the spatial distribution of 

actDC1s across tissues and tumors via microscopy (Figure S2I). 

In skin-dLNs and spleen, Scarletpos cells were enriched in the 

T cell zone area and sparse within B cell follicles or splenic red 

pulp (Figures 2A and 2B).54,55 In the thymus, Scarletpos cells 

were observed in medullary regions but were rarely found in the 

cortex (Figures 2A and 2B).44 In non-lymphoid organs, actDC1s 

were dispersed throughout the lung and liver parenchyma but 

were absent across multiple regions of the brain (Figures 2A, 2B, 

S2J, and S2K). In tumors, actDC1s were predominantly located 

within 30 μm of CD31+ blood vessels (Figures 2C and 2D)6,39,56

and were far less abundant than CD8+ T cells (Figure 2E). Although 

actDC1s formed clusters with CD8+ T cells, approximately half 

were located more than 30 μm away from CD8+ T cells 

(Figures 2C and 2F). Together, these data established that the 

Ccr7LSL-mScarlet-I reporter line enables labeling of either all actDCs 

or selectively of actDC1s, depending on the Cre driver used.

Co-culture of bone marrow-derived cDCs with cancer 

cells recapitulates the tumor-infiltrating actDC state

The scarcity of actDCs within tumors constitutes a major barrier to 

their functional characterization. Given that actDCs represent a 

convergent activation state of cDC1s or cDC2s, we asked 

whether actDCs resembling those infiltrating tumors could be 

found in conventional FLT3LBMDC cultures (Figure S3A). Using 

bone marrow from actDC-Sca mice and a standard cDC differen

tiation protocol (Figure 3A), we observed a distinct Scarletpos pop

ulation, particularly within cDC2s (Figure 3B). Addition of live 5555 

melanoma cells to fully differentiated FLT3L-BMDCs (Figure 3A) 

led to a time-dependent increase in Scarletpos cells within 

both cDC1 and cDC2 compartments (Figures 3B and S3B). 

Scarletpos cells were also observed following exposure to tumor 

cell-conditioned medium (CM) alone (Figure S3C). Various cancer 

cell lines drove an increase in Scarletpos cells to varying degrees 

(Figure 3C). Scarletpos cDC1s and cDC2s upregulated MHC-I, 

MHC-II, CD80, CD86, CD63, PD-L1, PD-L2, and CD40, while 

IL-12 was selectively upregulated in Scarletpos cDC1s (Figures 

3D–3F), recapitulating the phenotype of tumor-infiltrating actDCs. 

t-SNE visualization of the analyzed markers revealed that Scarlet 

expression provided the clearest distinction between actDCs and 

their resting counterparts (Figure 3D).

To identify tumor-derived signals driving actDC differentiation, 

we noted that the capacity of different cancer cell lines to induce 

in vitro actDCs correlated with their previously characterized 

PGE2 production57 (Figure 3C). Cyclooxygenase-deficient 

(Ptgs− /− ) tumor cells, unable to produce PGE2,58 showed 

reduced actDC-inducing capacity compared with Ptgs+/+ coun

terparts, both when using cancer cells directly or CM 

(Figure S3D). Exogenous PGE2 also increased actDC differenti

ation in a dose-dependent manner (Figure S3D), identifying tu

mor-derived PGE2 as one contributing soluble factor in vitro. 

Comparison with poly I:C or lipopolysaccharide (LPS) stimulation 

showed that whereas tumor cells primarily increased actDC pro

portions, microbial stimuli additionally enhanced activation 

marker expression and IL-12 production (Figures S3E–S3G), 

suggesting that the actDC state can emerge in response to 

both tumor-derived and microbial cues.

To determine whether in vitro-generated actDCs are transcrip

tionally equivalent to tumor-infiltrating actDCs, we performed sin

gle-cell RNA sequencing on CD45+ cells from BMDC-cancer cell 

co-cultures (Figure 3G). This revealed six clusters comprising 

cDC1s, cDC2s, proliferating cDC1s, proliferating cDC2s, pDCs, 

and a prominent Ccr7-expressing cluster lacking lineage-defining 

markers that was enriched for an in vivo actDC signature 

(Figures 3G and 3H). These data demonstrated that co-culture 

with cancer cells generates actDCs that closely resemble tu

mor-infiltrating actDCs both phenotypically and transcriptionally. 

To resolve lineage imprints within this convergent actDC cluster, 

sub-clustering using cDC1/cDC2 module scoring identified two 

discrete actDC populations aligning with cDC1- and cDC2-asso

ciated transcriptional signatures,36 defined as actDC1s and 

actDC2s (Figures S3H–S3K). Consistent with this, in vivo and 

in vitro actDCs preserved residual protein expression of lineage- 

defining markers (Figures S1I, S2E, and 3D), indicating that 

despite converging on a shared CCR7+ activation program, 

actDCs retain lineage-associated features.

CD8+ T cell priming against tumor antigens is confined 

to the actDC state

To functionally characterize actDCs, we added ovalbumin (OVA)- 

expressing 5555 melanoma cells (5555OVA) to FLT3L-BMDC 

cultures from actDC-Sca mice and FACS-isolated restDC1s, 
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actDC1s, restDC2s, and actDC2s 24 h later to assess their ability 

to present cancer cell-associated antigens and stimulate prolifer

ation of OVA-specific OT-I cells (Figure 4A). While restDC1s and 

restDC2s failed to stimulate OT-I proliferation, both actDC1s 

and actDC2s robustly induced it, unexpectedly to a similar degree 

(Figure 4A). To confirm this ex vivo, we sorted the four DC popu

lations from tumor-dLNs (tdLNs) of actDC-Sca mice bearing 

5555OVA tumors (Figure 4B), which are highly immunogenic and 

spontaneously rejected (Figure S4A), approximately 1 week after 

cancer cell injection, when tumors reach their maximum size. OT-I 

proliferation was again exclusively induced by both actDC1s and 

actDC2s (Figure 4B), indicating that the capacity of cDCs to pre

sent cancer cell-associated antigens to CD8+ T cells in the tdLN is 

confined to the actDC state.

To determine whether the inability of restDCs to prime CD8+ 

T cells reflected reduced antigen uptake and/or co-stimulation, 

A
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Figure 2. actDC1s localize to distinct microanatomical niches across tissues and tumors 

(A) Representative serial H&E and DAPI-stained cryosections of skin-draining LN, spleen, thymus, and lung of actDC1-Sca mice (20× objective). Scale bars: 

100 μm (overview) and 50 μm (inset). 

(B) Frequency of actDC1s out of total DAPI-stained cells in sections of skin-draining LN, spleen, thymus, and lung of actDC1-Sca mice (n = 4 mice). 

(C) Representative fused immunofluorescence images of B16 tumor cryosections stained for CD31 and CD8, at day 7–9 post-implantation. One million cancer 

cells were injected subcutaneously in the flank of actDC1-Sca mice. Tumor sections were first imaged for Scarlet and then stained with antibodies. Scale bars: 

1 mm (overview) and 100 μm (inset). 

(D) Frequency of actDC1s within 30 μm distance from blood vessels in B16 tumors (n = 3–4 mice/experiment, pooled from two independent experiments). 

(E) Frequency of actDC1s or CD8+ T cells out of total DAPI-stained cells in B16 tumor cryosections of actDC1-Sca mice (n = 3–4 mice/experiment, pooled from 

two independent experiments). 

(F) Frequency of actDC1s within 30 μm distance from CD8+ T cells in B16 tumors (n = 3–4 mice/experiment, pooled from two independent experiments). 

Statistical analysis was performed using paired t test (D–F). Statistical significance is indicated as ****p < 0.0001. Data are presented as individual values (each dot 

represents a single mouse), with the mean indicated. FL, B cell follicle; TZ, T cell zone; RP, red pulp; WP, white pulp; ROI, region of interest. Yellow dotted lines 

delineate anatomical boundaries: FL and TZ in LNs, RP and WP in spleen, medulla and cortex in thymus (A), and margins in subcutaneous tumors (C). 

See also Figure S2.
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Figure 3. Co-culture with live cancer cells induces the tumor-associated actDC state in BMDC cultures 

(A) Schematic of BMDC-cancer cell co-culture setting. Live cancer cells were added directly in FLT3L-BMDC cultures at day 9. 

(B) Representative contour plots showing the frequency of Scarletpos cells in cDC1s or cDC2s in BMDC cultures, in absence or presence of live 5555 cells. 

(C) Quantification of the percentage of Scarletpos cells in cDC1s or cDC2s in BMDC cultures, in presence of melanoma cells (5555, B16, and YUMM1.1), or 

colorectal (MC38), pancreatic (KPC047), or breast (E0771) cancer cells. Data are presented as mean ± SEM (n = 2 technical replicates/group, representative of 

two independent experiments). Cell lines are ordered according to the level of PGE2 produced by cancer cells in vitro (high to low). Concentration of PGE2 in 

supernatant of cancer cells (ng/mL) is shown on top of each bar (as mean of technical triplicates); nd, not detected. 

(legend continued on next page) 
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we sorted the four in vitro cDC populations and incubated them 

with OT-I cells as described above, now in the presence of the 

Toll-like receptor (TLR) 9 agonist CpG oligodeoxynucleotide 

(CpG). Under these conditions, CpG drives DC activation but 

does not influence prior acquisition of cancer cell-associated an

tigens. In this setting, all four sorted DC populations promoted 

OT-I proliferation equally (Figure 4C), supporting the notion 

that acquisition of cancer cell-associated antigens is not suffi

cient for CD8+ T cell priming without differentiation into the 

actDC state.

These results seemed at odds with the notion that the 

actDC state is induced following antigen and cell debris up

take.33,34,59,60 Using ZsGreen-expressing 5555 melanoma cells, 

conventional and imaging flow cytometry showed acquisition 

and intracellular localization of ZsGreen by all four DC subpopu

lations, albeit with the highest proportion in actDC1s (Figures 4D, 

4E, and S4B). However, both ZsGreenpos and ZsGreenneg DCs 

transitioned into the actDC state over time in culture and tumor 

cell CM alone was sufficient to induce actDC differentiation 

(Figures S3C, S3D, and S4C), indicating that detectable engulf

ment of cancer cell-derived material is not strictly required for 

CCR7 upregulation. Consistently, ZsGreenpos and ZsGreenneg 

restDC1s and restDC2s sorted from BMDC-cancer cell co-cul

tures showed equal propensity to acquire Scarlet expression 

(Figure 4F). Although intracellular processing kinetics may limit 

detection of degraded ZsGreen, these findings indicate that, at 

least in vitro, accumulation of tumor cell-derived material is not 

a prerequisite for actDC differentiation. Consistent with this, 

the differential ability of actDCs and restDCs to prime OT-I cells 

could not be explained by differences in antigen acquisition. 

Indeed, although similar fractions of actDC2s, restDC1s, and 

restDC2s acquired cancer cell-derived material (Figures 4D 

and 4E), only actDC2s drove robust OT-I proliferation.

actDC2s prime CD8+ T cells via cross-dressing

To investigate how actDC2s prime CD8+ T cells, we asked 

whether cross-dressing, rather than cross-presentation, a hall

mark of cDC1s,13,14,16,17,61 mediates their CTL priming activity. 

We knocked out β2-microglobulin (β2m) in 5555OVA cells to 

generate MHC-I-deficient cancer cells unable to cross-dress 

cDCs (Figures 5A and S5A), implanted them into actDC-Sca 

mice and sorted DCs from tdLNs for ex vivo OT-I co-culture. 

Only actDC1s induced OT-I proliferation, whereas restDC1s, 

restDC2s, and actDC2s all failed (Figure 5B), demonstrating that 

actDC2s rely on cross-dressing, while actDC1s retain the capacity 

to prime OT-I cells independently of tumor cell MHC-I.

To assess the in vivo contribution of cross-dressing to CTL 

priming, we examined endogenous tumor-specific CD8+ T cell 

responses in tdLNs of wild-type (WT) mice bearing MHC- 

I-sufficient or MHC-I-deficient 5555OVA tumors. Consistent with 

a critical role for CTLs in tumor eradication, MHC-I-sufficient 

5555OVA tumors were rejected, whereas MHC-I-deficient tumors 

grew progressively (Figure S5B). At day 7 after tumor cell implan

tation, frequencies of H-2Kb-SIINFEKL-specific CD8+ T cells 

and, following SIINFEKL re-stimulation, IFNγ+ Granzyme B+ 

CD8+ T cells in tdLNs were reduced in mice bearing B2MKO 

5555OVA tumors (Figures S5C and S5D), suggesting that cross- 

dressing contributes to early CTL priming in vivo.

To determine whether the contribution of cross-dressing be

comes more apparent when cDC1-mediated cross-presentation 

is limiting, we generated Irf8Δ32 (cDC1-deficient) (Figure S5E)62

and Wdfy4− /− (cross-presentation-deficient)17 mice. In both 

strains, 5555OVA grew progressively (Figure S5F), consistent 

with the established requirement for cDC1s and cross-presenta

tion in tumor control.12,17 We next implanted MHC-I-sufficient or 

MHC-I-deficient 5555OVA cells into WT, Irf8Δ32 and Wdfy4− /−

mice and transferred naive OT-I cells 3 days later, assessing early 

activation by CD25 and CD69 upregulation in tdLNs 1 day post- 

transfer. In WT mice, OT-I activation was comparable regardless 

of tumor MHC-I status, indicating no detectable cross-dressing 

contribution when cDC1s and cross-presentation are intact 

(Figure S5G). In contrast, although OT-I activation was reduced 

in Irf8Δ32 and Wdfy4− /− mice, it remained significantly higher in 

mice bearing MHC-I-sufficient tumors than in those bearing 

MHC-I-deficient tumors (Figures 5C and 5D). Similarly, endoge

nous tumor-specific CTL priming in tdLNs was diminished in 

Irf8Δ32 and Wdfy4− /− mice when tumor cells lacked MHC-I 

(Figures S5H and S5I). Collectively, these findings provide evi

dence that cross-dressing contributes to CTL priming, in partic

ular when cDC1-dependent cross-presentation is limited.

actDC2-mediated CD8+ T cell activation is cancer cell 

type dependent

Cross-dressing is recognized as a driver of CD8+ T cell-depen

dent anti-tumor immunity in specific settings,24,25,63 suggesting 

that different cancer cell lines might differ in their capacity to 

cross-dress cDC2s. To test this, we generated OVA-expressing 

B16 melanoma cells (B16OVA) (Figure S5J), co-cultured them 

with BMDCs and sorted the four DC populations to assess 

OT-I proliferation (Figure 5E). In contrast to 5555OVA cells 

(Figures 4A and 4B), only actDC1s stimulated OT-I cells in the 

B16OVA setting (Figure 5E), indicating that actDC2-mediated 

CTL priming against tumor-associated antigens depends on 

properties specific to the cancer cells they encounter.

To investigate the basis of this difference, we noted that despite 

comparable basal MHC-I levels between 5555OVA and B16OVA 

(D) t-SNE plots of total cDC1s and cDC2s present in BMDC-cancer cell co-cultures as defined by flow cytometry. Data represent concatenated events from n = 2– 

4 technical replicates/group (2 untreated BMDC wells, 4 BMDC-cancer cell co-cultures and 4 BMDC treated with tumor supernatant). Color-coded overlay of 

restDC and actDC populations (left), or density plots demonstrating Scarlet expression and surface levels of selected markers (right) are shown. 

(E and F) Histograms (E) and quantification (F) of selected surface and intracellular (IL-12p40) markers on restDC1s (light blue), actDC1s (dark blue), restDC2s 

(pink), and actDC2s (red) from actDC-Sca BMDC-cancer cell co-cultures. These four populations were defined based on the Scarlet signal in cDC1s and cDC2s. 

Data are presented as mean ± SEM (n = 2 technical replicates/experiment, representative of at least two independent experiments). 

(G) t-SNE plot generated from single-cell RNA sequencing of sorted CD45+ cells from BMDC cultures in the absence or presence of 5555 melanoma cells. t-SNE 

plot colored by expression score of the in vivo actDC signature (top 20 genes of actDCs infiltrating 5555 melanoma tumors, available in Table S1) and a bubble 

heatmap showing average levels (color) and frequency (dot size) of marker gene expression across BMDC clusters (pooled data) are shown. 

(H) t-SNE plot of BMDCs (pooled data) and expression levels of selected markers. 

See also Figure S3.
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cells (Figure S5K), IFNγ pre-treatment of B16OVA cells, which mark

edly increased surface MHC-I and SIINFEKL-MHC-I complexes 

(Figure S5K), enabled actDC2s to induce OT-I proliferation compa

rable to actDC1s (Figures 5F and 5G). To confirm that this reflected 

enhanced cross-dressing, we generated MHC-I-deficient B16OVA 

cells, which responded to IFNγ but could not upregulate MHC-I or 

SIINFEKL-MHC-I complexes (Figures 5H and S5L). In this setting, 

actDC2s failed to induce OT-I proliferation even following IFNγ pre- 

treatment (Figure 5I), while actDC1-mediated OT-I activation re

mained intact and was further enhanced upon co-culture with 

IFNγ-treated B2MKO B16OVA cells (Figure 5I). Collectively, these 

A
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Figure 4. actDC1s and actDC2s, but not 

restDCs, activate tumor-specific CD8+ 

T cells 

(A and B) Schematic of sorting strategy of actDCs 

and restDCs from BMDCs cultured with OVA-ex

pressing 5555 (5555OVA) cells for 16–24 h (A), or 

from tdLNs of mice carrying 5555OVA melanoma 

tumors at day 7 post-implantation (B), and sub

sequent co-culture with naive, CellTrace Violet 

(CTV)-labeled OT-I cells. Representative histo

grams of CTV in OT-I cells and the number of 

divided OT-I cells after 72 h of co-culture with 

restDC1s (light blue), actDC1s (blue), restDC2s 

(pink), and actDC2s (red) are shown; nd, not 

determined. Data are presented as mean ± SEM 

(n = 1–3 technical replicates/group). Data are 

representative of (A), or pooled from (B), at least 

two independent experiments. 

(C) Representative histogram and number of 

divided OT-I cells after 72 h of co-culture with the 

specified sorted BMDC populations, in the pres

ence of CpG (added for the DC/OT-I cell co-cul

ture). Data are presented as mean ± SEM (n = 2 

technical replicates/group, representative of two 

independent experiments). 

(D) Bar plots showing the accumulation of tumor- 

derived material in activated or resting cDC pop

ulations assessed via standard flow cytometry. 

Data are presented as mean ± SEM (n = 2 tech

nical replicates/experiment, representative of at 

least two independent experiments). 

(E) Representative images showing engulfment of 

ZsGreenpos material within restDC1s, actDC1s, 

restDC2s, and actDC2s, visualized with imaging 

flow cytometry. Scale bar: 10 μm. Bar plots of the 

accumulation of tumor-derived material in acti

vated or resting cDC populations assessed via 

imaging flow cytometry are shown. Data are pre

sented as mean ± SEM (n = 2 biological repli

cates). 

(F) Schematic of sorting strategy of ZsGreenneg 

and ZsGreenpos restDCs from BMDCs cultured 

with ZsGreen-expressing 5555 cells for 16 h. 

Frequency of Scarletpos cells in sorted populations 

after overnight culture is shown. Data are pre

sented as mean ± SEM (n = 2–3 technical repli

cates/group). 

See also Figure S4.

data indicate that actDC2-driven CTL 

priming depends on cross-dressing and 

that while some cancer cells intrinsically 

support cross-dressing, others require upregulation of peptide- 

MHC-I complexes to do so.

The actDC-DTR model enables acute actDC ablation

To evaluate the role of actDCs in anti-tumor immunity in vivo, we 

generated a conditional actDC-depleter strain using the same 

intersectional strategy as for actDC-Sca, replacing Scarlet with 

the human diphtheria toxin receptor (DTR) cDNA (Figure 6A). 

The resulting ItgaxCreCcr7LSL-DTR strain, referred to as actDC- 

DTR, enables inducible ablation of CCR7+ DCs upon injection 

of DT (Figure 6A). As with actDC-Sca, targeting did not affect 

ll
OPEN ACCESSArticle 

Immunity 59, 2282–2298, August 11, 2026 2289 



A

D

E F

G

I

H

C

B

Figure 5. actDC1s cross-present, whereas actDC2s are cross-dressed with, tumor-derived antigen to activate CD8+ T cells in a tumor cell 

type-dependent manner 

(A) Representative dot plot showing OVA-ZsGreen and MHC-I levels on the specified 5555 cell lines following overnight treatment with IFNγ. 

(B) Schematic of sorting strategy of actDCs and restDCs from tdLNs of mice carrying B2MKO 5555OVA melanoma tumors at day 7 post-implantation, and 

subsequent co-culture with naive, CTV-labeled OT-I cells. Representative histograms and number of divided OT-I cells after 72 h of co-culture with restDC1s, 

actDC1s, restDC2s, or actDC2s are shown. Data are presented as mean ± SEM (n = 1–3 technical replicates/group, representative of two independent ex

periments). 

(C and D) Representative contour plots and frequency of CD69+CD25+ OT-I cells present in tdLNs of Irf8Δ32 (C) or Wdfy4− /− (D) mice carrying B2MWT or B2MKO 

5555OVA tumors (n = 8–9 mice/group, pooled from two independent experiments). Data are presented as individual values (each dot represents a single mouse), 

with the mean indicated. Statistical analysis was performed using unpaired t test. Statistical significance is indicated as *p < 0.05. 

(legend continued on next page) 
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CCR7-mediated DC migration (Figure S6A). A single intraperito

neal DT injection led to acute ablation of both actDC1s and 

actDC2s in the lung within 16–24 h, while restDC1s and restDC2s 

remained unaffected (Figures 6B, S6B, and S6C). Mice with 

germline excision of the stop cassette were identified by geno

typing and blood phenotyping and excluded (see STAR 

Methods). Together, these data established actDC-DTR as a 

suitable model for acute and controllable actDC depletion 

in vivo.

actDCs are essential for spontaneous CTL-mediated 

rejection of immunogenic tumors

We next used the actDC-DTR strain to evaluate the contribution 

of actDCs to the T cell response and spontaneous eradication of 

5555OVA tumors. Like in WT mice (Figure S4A), 5555OVA tumors 

spontaneously regressed in PBS-injected actDC-DTR mice but 

grew progressively in actDC-DTR mice treated with DT 

(Figure 6C). This was accompanied by a decrease in circulating 

H-2Kb-SIINFEKL-specific CD8+ T cells without affecting the 

overall CD8+ T cell compartment (Figure 6D), suggesting 

impaired tumor-reactive T cell priming. Intratumoral analysis 

confirmed effective ablation of actDC1s and actDC2s with un

changed restDC numbers upon DT (Figures 6E and S6D), and 

a profound reduction in both CD8+ and CD4+ tumor-infiltrating 

T cells (Figure 6F). To distinguish direct DT effects on lympho

cytes from secondary consequences of actDC depletion, a sin

gle DT dose was administered at day 6 post-implantation and 

immune populations were analyzed 16 h later (Figure S6E). 

actDC frequencies were significantly decreased in both tumors 

and tdLNs, whereas restDCs and both CD4+ and CD8+ T cells re

mained unchanged (Figure S6F), indicating that intratumoral 

T cell loss is a downstream consequence of sustained actDC 

depletion rather than direct DT-mediated lymphocyte targeting.

To directly evaluate the role of actDCs in tumor-specific CTL 

priming, we transferred naive OT-I cells into 5555OVA-bearing 

actDC-DTR mice and assessed their activation 16 h later 

(Figure 6G). OT-I cells showed robust CD69 and CD25 upregula

tion in control actDC-DTR mice but minimal activation following 

actDC depletion (Figure 6H), demonstrating that early CTL prim

ing depends on the actDC state. CD4+ T cell depletion prior to 

OT-I transfer did not impair OT-I activation (Figures S6G–S6I), 

ruling out indirect DT effects mediated by CD4+ T cells. Finally, 

to begin dissecting the relative contributions of LN and intratu

moral actDCs, we inhibited lymphocyte egress using FTY720 

in the spontaneously controlled 5555OVA model (Figure S6J). 

Continuous treatment initiated at tumor implantation abrogated 

tumor rejection, whereas delayed administration after initial 

priming allowed transient regression but eventual progression 

(Figure S6K). Together, these data indicate that durable anti-tu

mor immunity requires continuous CTL priming and trafficking 

from LNs to tumors.

The efficacy of ICB and ACT relies on actDCs

Because cDC1s are essential for responses to immuno

therapy3,23,64 beyond T cell priming in tdLNs,5,10,39 we asked 

whether actDCs contribute to ICB efficacy. 5555 melanoma 

cells were implanted into actDC-DTR mice, which were then 

treated with combined anti-CTLA-4 and anti-PD-1 therapy 

(Figure 7A). Dual ICB eradicated tumors in control actDC-DTR 

mice, whereas actDC depletion reduced therapeutic efficacy, 

with ∼40% of mice exhibiting progressive tumor growth 

(Figures 7B and 7C), indicating that actDCs are critical for re

sponses to ICB. Analysis on day 11 post-implantation, when tu

mor sizes remained comparable between groups, revealed a 

significant decrease in both the frequency and absolute num

ber of intratumoral CD8+ T cells, accompanied by decreased 

numbers of IFNγ-producing CD8+ T cells (Figure S7A) upon 

actDC depletion. Intratumoral CD4+ T cells also showed a sig

nificant decrease in absolute numbers, although their relative 

frequency was not significantly altered (Figure S7B). The fre

quencies and numbers of CD8+ and CD4+ T cells in tdLNs 

and spleen were not significantly decreased at this time point 

(Figure S7C), supporting the conclusion that actDC depletion 

impairs anti-tumor T cell responses locally rather than through 

systemic lymphocyte targeting.

To evaluate the contribution of actDCs to ACT independently 

of naive T cell priming and rule out potential DT effects on lym

phocytes, we crossed actDC-DTR onto a Rag1− /− background, 

thereby eliminating endogenous T and B cells. 5555OVA cells 

formed aggressive tumors in these mice and a single intravenous 

infusion of in vitro-expanded OT-I cells induced profound but 

transient tumor shrinkage in all mice (Figures 7D–7F). actDC 

depletion significantly impaired ACT efficacy (Figures 7E and 

7F), with approximately two thirds of mice deriving little or no 

benefit from therapy, demonstrating that transferred CTL effi

cacy depends on actDCs. In contrast to the spontaneous tumor 

control setting (Figures S6J and S6K), ACT efficacy was unaf

fected by FTY720-mediated blockade of lymphocyte egress 

(Figures S7D and S7E), consistent with priming being bypassed 

and supporting a direct role for actDCs at the tumor site. Lastly, 

(E) Schematic of sorting strategy of actDCs and restDCs from BMDCs cultured with OVA-ZsGreen-expressing B16 melanoma cells (B16OVA) for 16–24 h, and 

subsequent co-culture with naive, CTV-labeled OT-I cells. Representative histograms of CTV in OT-I cells and the number of divided OT-I cells after 72 h of co- 

culture with the specified DC population are shown. Data are presented as mean ± SEM (n = 2 technical replicates/group, representative of three independent 

experiments). 

(F) Schematic of sorting strategy of actDCs and restDCs from BMDCs cultured with IFNγ-treated B16OVA cells for 16–24 h, and subsequent co-culture with naive, 

CTV-labeled OT-I cells. 

(G) Representative histograms of CTV in OT-I cells and number of divided OT-I cells after 72 h of co-culture with the specified DC populations. Cancer cells were 

treated with IFNγ (100 ng/mL) 16–24 h prior co-culture with BMDCs. Data are presented as mean ± SEM (n = 2–3 technical replicates/group, representative of two 

independent experiments). 

(H) Representative dot plot showing OVA-ZsGreen and MHC-I levels on the specified B16 cell lines following overnight treatment with IFNγ. 

(I) Representative histograms of CTV in OT-I cells and number of divided OT-I cells after 72 h of co-culture with the specified DC populations. BMDCs were co- 

cultured for 16–24 h with B2MWT or B2MKO B16OVA cells prior sorting. Cancer cells were treated with IFNγ 16–24 h prior co-culture with BMDCs, as per schematic 

in (F). Data are presented as mean ± SEM (n = 2–4 technical replicates/group, representative of two independent experiments). 

See also Figure S5.
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Figure 6. actDCs are required for CD8+ T cell priming and spontaneous tumor regression 

(A) Schematic of the design strategy to generate actDC-DTR mice. 

(B) Representative contour plots demonstrating actDC gating in cDC1s and cDC2s present in the lung of actDC-DTR mice treated in the absence or presence of 

DT. The frequency of actDCs in the lung of actDC-DTR mice, treated with or without DT, is shown (n = 8 mice/group, pooled from two independent experiments). 

Mice were treated with one dose of DT (200 ng/mouse) for 16–24 h. 

(C) Growth profile of 5555OVA melanoma tumors on actDC-DTR mice following treatment with PBS or DT (n = 10 mice/group, pooled from two independent 

experiments). Frequency of rejection of 5555OVA tumors on actDC-DTR mice following treatment with PBS or DT is shown. 

(D) Frequency of total or H-2Kb-SIINFEKL-specific CD8+ T cells (defined by pentamer staining) in the blood of actDC-DTR mice treated with PBS or DT, at day 7 

post-implantation (n = 5–7 mice/group). 

(E) Frequency of actDCs out of total intratumoral cDC1s and cDC2s in actDC-DTR mice carrying 5555OVA tumors (n = 6–8 mice/group, pooled from two inde

pendent experiments). 

(F) Frequency and numbers of total CD8+ or CD4+ T cells in 5555OVA tumors of actDC-DTR mice (n = 6–8 mice/group, pooled from two independent experiments). 

DT was administered into actDC-DTR mice intraperitoneally at day 0 (200 ng/mouse), 3 and 6 (100 ng/mouse) post-implantation. Tumor material was analyzed via 

flow cytometry at day 7 post-implantation. 

(G) Schematic of DT and naive OT-I cell administration regimen in actDC-DTR mice injected with 5555OVA cells. 

(H) Representative contour plots and frequency of CD69+ CD25+ OT-I cells present in tdLNs of actDC-DTR mice carrying 5555OVA tumors (n = 4–5 mice/group, 

representative of two independent experiments). Non-tumor-draining LNs (non-tdLNs) were used as a negative control of OT-I activation. 

Statistical analysis was performed using two-way ANOVA followed by �Sidák’s multiple comparison test (C), or unpaired t test (B, D–F, and H). Log-rank (Mantel- 

Cox) test was performed for ‘‘frequency of rejection’’ curves (C). Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are 

presented as individual values (each dot represents a single mouse), with the mean indicated. 

See also Figure S6.
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to define how actDCs support ACT efficacy, we examined tu

mor-infiltrating OT-I cells 2 weeks post-ACT. In actDC-depleted 

mice, OT-I cells exhibited higher expression of PD-1, CD39, 

LAG3, 2B4, TIGIT, and TOX compared with actDC-replete con

trols (Figures 7G–7I and S7F), indicating enhanced T cell 

dysfunction. Collectively, these data demonstrate that actDCs 

promote ACT efficacy by restraining terminal dysfunction of 

transferred tumor-specific CD8+ T cells within tumors.

A

D E F

G IH

CB

Figure 7. actDC depletion impairs responses to ICB and ACT 

(A) Schematic of DT and dual ICB treatment regimen in actDC-DTR mice injected with parental 5555 cells. 

(B) Growth profile of 5555 tumors on actDC-DTR mice treated with or without DT and dual ICB (n = 4–8 mice/group, pooled from two independent experiments). 

Time of treatment initiation is denoted by black arrows on the growth curve. 

(C) Waterfall plot showing percentage of change in tumor size after two weeks of dual ICB treatment (n = 4–8 mice/group, pooled from two independent ex

periments). 

(D) Schematic of DT and pre-activated OT-I administration (ACT) regimen in immune-compromised actDC-DTR mice injected with 5555OVA cells. 

(E) Growth profile of 5555OVA tumors on immune-compromised actDC-DTR mice treated with or without DT and ACT (n = 7–14/group, pooled from two inde

pendent experiments). Time of treatment initiation is denoted by black arrows on the growth curve. 

(F) Waterfall plot demonstrating percentage of change in tumor size between day 12 and day 19 post-implantation (n = 7–14/group, pooled from two independent 

experiments). 

(G) Representative contour plots, frequency, and numbers of CD39+PD-1+ OT-I cells infiltrating 5555OVA tumors of immune-compromised actDC-DTR mice (n = 

6–10/group, pooled from two independent experiments). 

(H) Representative histogram and quantification of LAG3 expression on OT-I cells infiltrating 5555OVA tumors of immune-compromised actDC-DTR mice (n = 6– 

10/group, pooled from two independent experiments). 

(I) Representative quantification of 2B4, TIGIT, and TOX expression on OT-I cells infiltrating 5555OVA tumors of immune-compromised actDC-DTR mice (n = 4–6 

mice/group). 

For flow cytometry experiments, tumors were analyzed at endpoint. Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple 

comparison test (C and F), two-way ANOVA followed by �Sidák’s multiple comparison test (B and E) or unpaired t test (G–I). Statistical significance is indicated as 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

See also Figure S7.
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DISCUSSION

Our current understanding of the function of CCR7+ actDCs in 

cancer immune responses has been limited due to their scarcity 

and the lack of experimental tools to unequivocally identify, 

isolate, or conditionally ablate them. Further complicating their 

study, markers used to distinguish actDCs from their non-acti

vated restDC counterparts can also be expressed by other im

mune and non-immune cell populations. In addition, both 

cDC1s and cDC2s can differentiate into the actDC state while 

downregulating prototypical markers used to distinguish these 

two lineages. The selective co-expression by actDCs of T cell- 

activating (CD80, CD86, and CD40) and inhibitory (PD-L1, PD- 

L2, and CD200) molecules suggests a dual role in immunity. 

Together, these features have made it difficult to define the overall 

contribution of actDCs to anti-tumor immune responses and 

whether they limit or favor tumor progression.33,35,39,41,65–67 

Here, we described two versatile genetically engineered mouse 

strains enabling conditional labeling or ablation of CCR7+ actDCs.

Combining the CCR7-Scarlet reporter line with broad DC or 

cDC1-specific Cre drivers allowed tracking of actDCs or actDC1s, 

respectively, in vivo. These models confirmed that actDCs arise 

from both cDC1s and cDC2s27,30,35 and revealed their presence 

not only across multiple tumor types but also in multiple tissues 

at steady state. The more restricted actDC1-Sca strain enabled 

faithful visualization of actDC1s across lymphoid and non- 

lymphoid tissues and revealed their preferential localization within 

T cell-rich niches. Within the thymus, actDC1s localized predom

inantly to the medulla, consistent with a proposed role in central 

tolerance.44 Together, these new genetic tools should facilitate 

defining the contribution of actDCs to immune responses in can

cer, infection, and autoimmunity.

The paucity of actDCs in tissues has also hindered their func

tional characterization. We demonstrated that actDCs pheno

typically and transcriptionally equivalent to tumor-infiltrating 

actDCs can be generated by co-culturing FLT3L-derived 

BMDCs with cancer cells. The signals driving actDC differentia

tion across different contexts remain poorly understood. NF-κB 

signaling, IRF1, uptake of tumor-derived material, the choles

terol biosynthetic pathway, and mechanosensing and phospho

lipase A2 activity all influence differentiation into the actDC 

state.8,20,33,59,60,68 Our findings identify tumor-derived PGE2 as 

a contributing soluble signal and demonstrate that tumor mate

rial engulfment alone is insufficient to induce the actDC state. 

Accordingly, CCR7− restDCs bearing tumor antigens failed to 

promote CD8+ T cell proliferation unless they received additional 

activation signals, such as TLR agonism. Understanding the bar

riers to actDC differentiation remains an important area of 

future work.

CTL priming against cancer cell-associated antigens was 

confined to the actDC state, with actDC1s and actDC2s being 

equally effective in the 5555OVA melanoma model. Mechanisti

cally, actDC2s activated CD8+ T cells exclusively through 

cross-dressing, failing to prime OT-I proliferation when tumor 

MHC-I was absent. In contrast, actDC1s retained CTL priming 

capacity independently of tumor MHC-I status, consistent with 

their unique capacity to cross-present cell-associated antigens. 

The cancer cell type dependency of actDC2-mediated priming 

was evident using B16OVA cells, which failed to support it, 

whereas IFNγ pre-treatment, which markedly increased surface 

SIINFEKL-MHC-I complexes, restored it. This suggests that the 

abundance of surface peptide-MHC-I complexes on cancer 

cells is a critical determinant of cross-dressing. Together with 

previous evidence that IFN signaling enables cross-dressing,24

these findings uncover another mechanism by which IFNs 

contribute to CD8+ T cell-mediated immunity.

Using the actDC-DTR strain, we formally demonstrate that 

actDCs are essential for spontaneous tumor rejection and for 

response to ICB. This extends the role of actDCs beyond car

rying tumor antigens to tdLNs to prime naive CD8+ T cells.8

Acute actDC depletion in tumor-bearing lymphocyte-deficient 

animals significantly limited ACT efficacy following transfer of 

pre-activated tumor-reactive CTLs, with depleted mice showing 

accelerated CTL dysfunction within tumors. These data suggest 

that manipulation of the tumor-infiltrating actDC compartment 

can enhance ACT responses. Of note, ACT failed to fully eradi

cate tumors even in the presence of actDCs in lymphocyte-defi

cient hosts, consistent with a requirement for CD4+ T cells69 and 

the formation of triads between cDCs, CD4+ T cells, and CD8+ 

T cells for sustained ACT efficacy.70 We speculate that actDCs 

constitute the DC component of these triads and that CD4+ 

T cell licensing may fuel the actDC state.71,72

actDCs localize within structured immune niches containing 

CXCL13+ CD4+ T cells and stem-like or effector CD8+ T cells, 

and the abundance of these niches correlates with responsive

ness to ICB across multiple cancer types.35,37–40,73 CCR7+ 

actDCs also interact with Tregs, which suppress their migratory 

capacity and dampen anti-tumor T cell support.41,56 These 

studies have largely treated actDCs as a unified population or 

focused specifically on actDC1s. Our findings that actDC1s 

and actDC2s exhibit distinct antigen presentation strategies 

raise the possibility that lineage origin may also determine their 

spatial positioning and T cell interactions. Future work leveraging 

the genetic tools described here, combined with refined DC- 

specific drivers and spatial approaches, should enable dissec

tion of the lineage-resolved spatiotemporal dynamics of actDCs 

and their contribution to coordinated CD8+ and CD4+ T cell 

immunity.

In summary, we described new mouse models enabling iden

tification and conditional manipulation of actDCs, providing a 

versatile platform to explore their biology across disease set

tings. Using these tools, we demonstrated that the actDC state 

was essential for natural CTL-mediated anti-tumor immunity as 

well as for the efficacy of ICB and ACT, positioning actDCs as 

promising therapeutic targets to improve the efficacy of immu

notherapy and other cancer treatments that rely on the cancer- 

restraining function of the immune system.

Limitations of the study

First, the CD11c-Cre driver used to generate the actDC-Sca and 

actDC-DTR strains can mediate recombination in CCR7+ lympho

cyte populations in which physiological CD11c expression results 

in excision of the LSL cassette controlling Scarlet or DTR. 

Although DT treatment did not systematically deplete T or B cells, 

direct effects on specific CCR7-expressing lymphocytes cannot 

be excluded, particularly within defined CD8+ T cell subsets pref

erentially targeted in actDC-Sca mice, and more broadly among 

tumor antigen-specific T cells. More DC-restricted Cre drivers 
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will therefore be required in future studies. Second, we focused on 

the functional role of actDCs rather than the full range of signals 

driving their differentiation, which likely involves multiple tumor- 

and host-derived cues. Finally, our analysis was limited to actDCs 

arising from cDC1 and cDC2 lineages. Similar activation pro

grams may emerge from other lineages, and their developmental 

origin and state-specific features remain to be defined using our 

reporter strain combined with multi-omics and lineage-tracing 

approaches.
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anti-mouse MHC-II I-A/I-E-PerCP-Cy5.5 

(clone M5/114.15.2)

BioLegend Cat# 107626; RRID: AB_2191071

anti-mouse CD11c-PerCP-Cy5.5 

(clone N418)

eBioscience Cat# 45-0114-82; RRID: AB_925727

anti-mouse/human CD11b-BV421 (clone 

M1/70)

BioLegend Cat# 101236; RRID: AB_11203704

anti-mouse/human CD11b-BV785 (clone 

M1/70)

BioLegend Cat# 101243; RRID: AB_2561373

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-mouse/rat XCR1-BV650 (clone ZET) BioLegend Cat# 148220; RRID: AB_2566410

anti-mouse/rat XCR1-APC (clone ZET) BioLegend Cat# 148206; RRID: AB_2563932

anti-mouse/rat XCR1-FITC (clone ZET) BioLegend Cat# 148210; RRID: AB_2564366

anti-mouse/rat XCR1-BV421 (clone ZET) BioLegend Cat# 148216; RRID: AB_2565230

anti-mouse CD103-PE (clone 2E7) eBioscience Cat# 12-1031-83; RRID: AB_465800

anti-mouse Sirpα-PE-Cy7 (clone P84) BioLegend Cat# 144008; RRID: AB_2563546

anti-mouse Sirpα-APC (clone P84) eBioscience Cat# 17-1721-82; RRID: AB_10733158

anti-mouse CCR7-AF488 (clone 4B12) BioLegend Cat# 120110; RRID: AB_492841

anti-mouse PD-L1-PE (clone MIH5) eBioscience Cat# 12-5982-82; RRID: AB_466089

anti-mouse PD-L1-BV421 (clone 10F.9G2) BioLegend Cat# 124315; RRID: AB_10897097

anti-mouse PD-L2-BV421 (clone TY25) BioLegend Cat# 107219; RRID: AB_2728127

anti-mouse CD3ε-AF488 (clone 145-2C11) BioLegend Cat# 100321; RRID: AB_389300

anti-mouse CD3ε-APC (clone 145-2C11) eBioscience Cat# 17-0031-82; RRID: AB_469315

anti-mouse CD4-FITC (clone RM4-5) BioLegend Cat# 100510; RRID: AB_312713

anti-mouse CD4-AF700 (clone RM4-5) eBioscience Cat# 56-0042-82; RRID: AB_494000

anti-mouse CD4-BV650 (clone RM4-5) BioLegend Cat# 100555; RRID: AB_2562529

anti-mouse CD8α-PE-Cy7 (clone 53-6.7) BioLegend Cat# 100722; RRID: AB_312761

anti-mouse CD8α-PE (clone 53-6.7) eBioscience Cat# 12-0081-82; RRID: AB_465530

anti-mouse CD69-FITC (clone H1.2F3) BioLegend Cat# 104505; RRID: AB_313108

anti-mouse CD86-BV421 (clone GL-1) BioLegend Cat# 105031; RRID: AB_10898329

anti-mouse CD80-FITC (clone 16-10A1) BioLegend Cat# 104706; RRID: AB_313127

anti-mouse H-2Kb-SIINFEKL-PE/ 

Dazzle594 (clone 25-D1.16)

BioLegend Cat# 141612; RRID: AB_2750522

anti-mouse H-2Kb-SIINFEKL-APC (clone 

25-D1.16)

BioLegend Cat# 141605; RRID: AB_11219402

anti-mouse CD25-PE (clone PC61.5) eBioscience Cat# 12-0251-82; RRID: AB_465607

anti-mouse CD62L-APC (clone MEL-14) BioLegend Cat# 104412; RRID: AB_313099

anti-mouse PD-1-BV785 (clone 29F.1A12) BioLegend Cat# 135225; RRID: AB_2563680

anti-mouse/human TCF-1/7-PE 

(clone C63D9)

Cell Signaling Technology Cat# 14456; RRID: AB_2798483

anti-mouse/human CD44-FITC (clone IM7) eBioscience Cat# 11-0441-82; RRID: AB_465045

anti-mouse/human CD44-APC-Fire750 

(clone IM7)

BioLegend Cat# 103062; RRID: AB_2616727

anti-mouse NK1.1-APC (clone PK136) ThermoFisher Scientific Cat# 17-5941-82; RRID: AB_469479

anti-mouse NK1.1-BV711 (clone PK136) BioLegend Cat# 108745; RRID: AB_2563286

anti-mouse LAG3-PerCP-eFluor 710 (clone 

eBioC9B7W)

eBioscience Cat# 46-2231-82; RRID: AB_11151334

anti-mouse CD39-PE (clone Duha59) BioLegend Cat# 143803; RRID: AB_11219591

anti-mouse/human TOX-APC (clone 

REA473)

Miltenyi Biotec Cat# 130-118-474; RRID: AB_2654224

anti-mouse 2B4-FITC (clone eBio244F4) eBioscience Cat# 11-2441-82; RRID: AB_657875

anti-mouse TIGIT-BV421 (clone 1G9) BioLegend Cat# 142111; RRID: AB_2687311

anti-mouse IL12p40-PE (clone C15.6) BioLegend Cat# 505204; RRID: AB_315368

anti-mouse IL12p40-APC (clone C15.6) BioLegend Cat# 505206; RRID: AB_315370

anti-human granzyme B-AF700 

(clone GB11)

BD Biosciences Cat# 560213; RRID: AB_1645453

anti-mouse CD16/32 (clone 39) eBioscience Cat# 16-0161-85; RRID: AB_468899

anti-mouse IFNγ-eFluor 450 

(clone XMG1.2)

eBioscience Cat# 48-7311-82; RRID: AB_1834366

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

anti-mouse TNFα-PE Cy7 (clone 

MP6-XT22)

eBioscience Cat# 25-7321-82; RRID: AB_11042728

anti-mouse CD8α (clone EPR21768) Abcam Cat# ab217344; RRID: AB_2890649

anti-mouse CD31 (clone MEC13.3) BioLegend Cat# 102502; RRID: AB_312909

Donkey anti-rabbit IgG (AF750) Abcam Cat# ab175731; RRID: AB_2943056

Donkey anti-rat IgG (AF488) Invitrogen Cat# A21208; RRID: AB_2535794

anti-mouse CD4 (clone GK1.5) Bio X Cell Cat# BE0003-1; RRID: AB_1107636

anti-mouse CTLA-4 (clone 9D9) Bio X Cell Cat# BE0164; RRID: AB_10949609

anti-mouse PD-1 (clone RMP1-14) Bio X Cell Cat# BE0146; RRID: AB_10949053

Chemicals, peptides, and recombinant proteins

Normal Rat Serum Invitrogen Cat# 24-5555-94

Brefeldin A Solution (1000X) eBioscience Cat# 00-4506-51

Monensin Solution (1000X) eBioscience Cat# 00-4505-51

Recombinant mouse IFNγ (PeproTech) Gibco Cat# 315-05

Recombinant mouse GM-CSF carrier-free BioLegend Cat# 576304

Recombinant mouse FLT3L carrier-free BioLegend Cat# 550706

Recombinant mouse CCL21 (6CKine) 

carrier-free

BioLegend Cat# 586406

Recombinant mouse IL-2 carrier-free BioLegend Cat# 575406

FTY720 Sigma-Aldrich Cat# SML0700

Cell Stimulation Cocktail (500X) eBioscience Cat# 00-4970-03

Red Blood Cell Lysing Buffer Hybri-Max Sigma-Aldrich Cat# R7757

ACK Lysing Buffer Gibco Cat# A1049201

IC Fixation Buffer eBioscience Cat# 00-8222-49

Permeabilization Buffer (10X) eBioscience Cat# 00-8333-56

Collagenase IV Worthington Biochemical Cat# LS004188

DNase I Roche Cat# 11284932001

SIINFEKL OVA257-264 InvivoGen Cat# vac-sin

Lipofectamine 2000 DNA Transfection 

Reagent

Invitrogen Cat# 11668019

Lipofectamine CRISPRMAX Invitrogen Cat# CMAX00003

Lipofectamine RNAiMAX Invitrogen Cat# 13778-075

Geneticin Selective Antibiotic (G418 sulfate) Gibco Cat# 10131027

H2Kb/SIINFEKL pentamer-PE ProImmune Cat# F093-2B-G

H2Kb/SIINFEKL tetramer-PE MHC Tetramer Production Facility, 

Baylor College of Medicine

N/A

CpG ODN 1668 TLR9 agonist InvivoGen Cat# tlrl-1668

Diphtheria Toxin Sigma-Aldrich Cat# D0564

Trypan Blue Stain ThermoFisher Scientific Cat# T10282

4% PFA in PBS ThermoFisher Scientific Cat# J61899

ProLong Gold Antifade Mountant Invitrogen Cat# P36930

10 μm latex beads Beckman Coulter Cat# 6602796

Critical commercial assays

6.5mm Transwell with 5.0μm membrane 

insert

Corning Cat# 3421

EnGen sgRNA Synthesis kit New England Biolabs Cat# E3322

MEGAclear Transcription Clean-Up kit Life Technologies Cat# AM1908

NEBuilder HiFi DNA Assembly Cloning kit New England Biolabs Cat# E5520

mMESSAGE mMACHINE SP6 

Transcription kit

Thermo Fisher Scientific Cat# AM1340

KOD Hot Start DNA polymerase kit Sigma-Aldrich Cat# 71086

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gibson Assembly Cloning kit New England Biolabs Cat# E5510

Naive CD8+ T cell kit Miltenyi Biotec Cat# 130-096-543

Prostaglandin E2 Express ELISA kit Cayman Chemical Cat# 500141

CellTrace Violet Cell Proliferation kit ThermoFisher Scientific Cat# C34571

Foxp3/Transcription Factor Staining Buffer 

Set kit

eBioscience Cat# 00-5523-00

LIVE/DEAD Fixable Aqua Dead Cell Stain 

kit, for 405 nm excitation

Invitrogen Cat# L34957

Deposited data

Single-cell RNA sequencing (Sorted CD45+ 

cells from murine 5555 Ptgs-/- tumors)

Bonavita et al.74 GSE139046

Single-cell RNA sequencing (Sorted CD45+ 

cells from murine 5555 Ptgs+/+ tumors, 

CT26 tumors, or BMDC cultures)

This study GSE307145

Experimental models: Cell lines

Murine 5555 parental (Ptgs+/+) melanoma 

cell line

Dhomen et al.75 N/A

Murine 5555 COX1/2-deficient (Ptgs-/-) 

cell line

Zelenay et al.58 N/A

Murine CT26 colorectal carcinoma cell line Cancer Research UK Manchester Institute N/A

Murine B16F10 melanoma cell line Cancer Research UK Manchester Institute N/A

Murine LA-OVA-ZsGreen 5555 cell line Cancer Research UK Manchester Institute This study

Murine LA-OVA 5555 cell line Cancer Research UK Manchester Institute This study

Murine ZsGreen 5555 cell line Cancer Research UK Manchester Institute This study

Murine LA-OVA-ZsGreen 5555 B2MKO 

cell line

Cancer Research UK Manchester Institute This study

Murine LA-OVA 5555 B2MKO cell line Cancer Research UK Manchester Institute This study

Murine LA-OVA-ZsGreen B16F10 cell line Cancer Research UK Manchester Institute This study

Murine LA-OVA-ZsGreen B16F10 B2MKO 

cell line

Cancer Research UK Manchester Institute This study

Murine MC38 colorectal carcinoma cell line Cancer Research UK Manchester Institute N/A

Murine E0771 mammary cancer cell line Cancer Research UK Manchester Institute N/A

Murine YUMM1.1 melanoma cell line Cancer Research UK Manchester Institute N/A

Murine KPC047 (TB32047) pancreatic 

cancer cell line

Albrecht Neese Lab N/A

Human GP2-293 packaging cell line Takara Bio RRID: CVCL_WI48

Experimental models: Organisms/strains

Mouse: C57BL/6JOlaHsd Inotiv Stock No: 057

Mouse: BALB/cOlaHsd Inotiv Stock No: 162

Mouse: Hsd:ICR (CD-1) Inotiv Stock No: 030

Mouse: Xcr1Cre-mTFP1 (Xcr1tm2.1(icre)Ciphe) Cancer Research UK Manchester Institute Wohn et al.51

Mouse: Rag1-/- (Rag1tm1Bal) Cancer Research UK Manchester Institute N/A

Mouse: ItgaxCre (B6.Cg-Tg(Itgax-cre)1- 

1Reiz/J)

Cancer Research UK Manchester Institute N/A

Mouse: CD45.1 OT-I Rag1-/- 

(Tg(TcraTcrb)1100Mjb/J;Rag1tm1Bal)

Cancer Research UK Manchester Institute N/A

Mouse: Ccr7LSL-mScarlet-I 

(Ccr7em1(LSL-mScarlet)Szel)

Cancer Research UK Manchester Institute This study

Mouse: Ccr7LSL-DTR (Ccr7em2(LSL-Hbegf)Szel) Cancer Research UK Manchester Institute This study

Mouse: Wdfy4-/- (Wdfy4em1Szel) Cancer Research UK Manchester Institute This study

Mouse: Irf8Δ32 (Irf8em1Szel) Cancer Research UK Manchester Institute This study

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mice were housed in individually ventilated cages at the Cancer Research UK Manchester Institute animal facility under specific 

pathogen-free conditions in a 12h light/dark cycle, with irradiated food and autoclaved water available ad libitum. Wild-type mice 

used were on a C57BL/6JOlaHsd or BALB/c background (ENVIGO). The genetically modified strains Rag1-/- (Rag1tm1Bal),83

ItgaxCre (B6.Cg-Tg(Itgax-cre)1-1Reiz/J),45 Xcr1Cre-mTFP1 (Xcr1tm2.1(icre)Ciphe)51 and CD45.1 OT-I Rag1-/- (Tg(TcraTcrb)1100Mjb/ 

J;Rag1tm1Bal)84 in a C57BL/6JOlaHsd background were bred and maintained at Cancer Research UK Manchester Institute. Both fe

male and male mice were used in procedures at 6-12 weeks of age. Mice were sex- and age-matched for use in experiments. The 

overall program of work relating to these experiments was approved by the Animal Welfare and Ethical Review Body (AWERB) of the 

Cancer Research UK Manchester Institute during the project license application (license PDCC31AAF and PP4470150). In vivo ex

periments were reported in line with ARRIVE guidelines and National Home Office regulations under the Animals (Scientific Proced

ures) Act 1986. Maximum tumor volume did not exceed 1500 mm3, according to the guidelines set by the Committee of the National 

Cancer Research Institute,85 as recommended by the AWERB.

Cell lines

The CT26, MC38, E0771, B16, YUMM1.1 as well as the GP2-293 cell line are commercially available. The KPC047 (TB32047) cell 

line was kindly provided by Albrecht Neese lab. The BrafV600E-driven 5555 melanoma cell line was established from C57BL/6 

Braf+/LSLV600ETyr::CreERT2+/op16INK4a-/- mice.75 Ptgs-/- 5555 cells were generated by CRISPR/Cas9-mediated genome engineering 

as previously described.58 Cancer cell lines were grown at 5% CO2, 37◦C and 95% humidified cell culture incubator and cultured in 

RPMI (Lonza) supplemented with 10% heat-inactivated fetal bovine serum (FBS – Life Technologies) and 1% penicillin/streptomycin 

(ThermoFisher Scientific) (referred as complete RPMI). All cancer cell lines used in experiments had a low passage number and were 

routinely tested for mycoplasma contamination (Venor® GeM gEP Mycoplasma Detection Kit, Minerva Biolabs) and mouse hepatitis 

virus (QIAamp® Viral RNA Mini extraction kit, Qiagen) by qPCR. For tumor cell CM preparation, supernatant from flasks containing 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Please refer to Table S2 N/A N/A

Recombinant DNA

Plasmid: pHIV-ZsGreen Addgene RRID: Addgene_18121

Plasmid: pMSCV-IRES-Life-Act-OVA- 

mCherry

Giampazolias et al.76 N/A

Plasmid: pFB-neo retroviral vector Agilent Technologies Cat# 217561

Plasmid: pCS2+-Cas9-mSA Addgene RRID: Addgene_103882

Software and algorithms

FlowJo v10.10.1 FlowJo, LCC RRID: SCR_008520

Partek Flow software (Single cell Toolkit) 

build version 12.3.0

Partek https://help.partek.illumina.com/

GraphPad Prism v10.2.3 GraphPad Software RRID: SCR_002798

HALO v4.0.5107.407 Indica Labs RRID: SCR_018350

IDEAS v6.2 Amnis https://cytekbio.com/pages/imagestream

Python v3.10.12 Python Software Foundation https://www.python.org/

RRID:SCR_008394

Seurat v.5.3.1 Rahul Satija Lab Hao et al.77 RRID: SCR_016341

R software R Project for Statistical Computing https://www.r-project.org/

RRID:SCR_001905

Cell Ranger v3.0.2 10x Genomics https://www.10xgenomics.com

CellRank Fabian J. Theis Lab Weiler et al.78 RRID:SCR_022827

PySCENIC v0.12.1 Stein Aerts Lab Van de Sande et al.79

Scanpy Fabian J. Theis Lab Wolf et al.80 RRID: SCR_018139

Velocyto v0.17.25 Peter V. Kharchenko Lab La Manno et al.81

scVelo v0.3.2 Fabian J. Theis Lab Bergen et al.82 RRID:SCR_018168
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5555 melanoma cells with 80-90% confluency was collected and centrifuged at 1300rpm for 5min to remove cellular debris. Super

natant was then passed through a 0.45 μm syringe filter, aliquoted and stored at -20oC. Concentration of PGE2 in cell supernatants 

was monitored by ELISA (Cayman Chemical).

Bone marrow-derived DC culture

To generate cDCs for in vitro experiments, bone marrow was isolated from tibiae and femurs of naive mice that were humanely eutha

nized by cervical dislocation (Schedule 1, Animals [Scientific Procedures] Act 1986). Bone marrow was filtered through a 70 μm cell 

strainer. Red blood cells (RBCs) were removed using an RBC lysis buffer (Sigma-Aldrich) and primary bone marrow cells were 

cultured in complete RPMI supplemented with 0.1% 2-mercaptoethanol (DC medium) and FLT3L (150 ng/mL, BioLegend) on a 

6-well plate. GM-CSF (20 ng/mL, BioLegend) was added in the primary BMDC cultures on day 7. On day 9 or 10, non-adherent cells 

were harvested by gentle pipetting, counted using a Countess automated cell counter (ThermoFisher Scientific) and used for sub

sequent in vitro cell assays. Dendritic cells were ≥90% viable after harvesting, as determined by Trypan Blue (ThermoFisher Scien

tific) exclusion.

METHOD DETAILS

Generation of Ccr7LSL-mScarlet-I and Ccr7LSL-DTR mice

Ccr7LSL-mScarlet-I (C57BL/6JOlaHsd-Ccr7em1(LSL-mScarlet)Szel) and Ccr7LSL-DTR (C57BL/6JOlaHsd-Ccr7em2(LSL-Hbegf)Szel) mice were 

generated using a CRISPR-Cas9 approach by introducing immediately upstream of the stop codon, an LSL cassette followed by 

Scarlet (tagged with histone 2B or H2B) and DTR, respectively (related to Figures 1D and 6A). Briefly, using the Wellcome Sanger 

Institute Genome Editing online tool (https://wge.stemcell.sanger.ac.uk),86 sgRNAs (5’-CCCCTACGGGGAGAAGGTTGTGG and 

5’-GGGCAGGGGAGCCCCCTACGGGG) were designed targeting the region of interest. sgRNAs were synthetized using EnGen 

sgRNA Synthesis kit (New England Biolabs) and purified with MEGAclear Kit (Thermo Fisher Scientific). To construct the repair tem

plates, H2B-Scarlet-TKstop and DTR/Hbegf-TKstop gBlock fragments (Integrated DNA technologies) were individually cloned into 

pBlueScript II SK(+). A loxP-flanked stop cassette, followed by a T2A self-cleavage peptide sequence and both homology arms 

(amplified from gDNA) were then cloned into each pBS.H2B.Scarlet.TK and pBS.DTR.TK plasmid. All cloning steps were done using 

NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs). DNA fragments spanning homology arms and knock-in inserts 

were PCR-amplified from the plasmids with T3 and T7 primers with 5’-biotin modification. PCR products were subsequently purified 

to generate biotinylated PCR donors for zygote microinjection. To produce Cas9 fused to monomeric streptavidin (Cas9-mSA) 

mRNA, pCS2+-Cas9-mSA plasmid (Addgene #103882) was linearized with NotI restriction enzyme and used as template for 

in vitro transcription with a mMESSAGE mMACHINE SP6 Transcription Kit (Thermo Fisher Scientific). The resulting mRNA was 

then purified using MEGAclear Kit (Thermo Fisher Scientific).

Four-week-old female C57BL/6JOlaHsd mice were superovulated using HyperOva (CosmoBio USA) and hCG and mated to 

C57BL/6JOlaHsd stud males. Fertilized embryos were collected from oviducts. Mice were generated by cytoplasmic microinjection 

of Cas9-mSA mRNA (70 ng/μl), sgRNAs (50 ng/μl each) and biotinylated PCRs (20 ng/μl) into zygotes. Microinjected embryos were 

cultured overnight in EmbryoMax Advanced KSOM Embryo Medium (KSOM, Sigma-Aldrich) and surgically implanted into the 

oviduct of Hsd:ICR (CD-1®) pseudopregnant mice 0.5 days post coitum. Offspring were screened for correct targeting using 

PCR primers flanking both 5’ and 3’ homology arms, followed by Sanger sequencing. Correct targeting was confirmed for one 

founder for each new mouse line using the same genotyping approach. Established colonies were genotyped by Transnetyx using 

real-time PCR with specific probes for Cre targeting and the different alleles: wild-type, Cre-conditional (‘‘floxed’’) and targeted (‘‘re

combined’’) allele, to assess potential unexpected recombination (for instance detecting animals with germline recombination that 

are Cre-negative but excised allele-positive). In addition to rigorous genotyping, we implemented a breeding strategy in which only 

the sire carried the Cre transgene, in order to reduce the risk of unwanted recombination.87 This was further controlled by monitoring 

T and B cell numbers in the blood of actDC-DTR mice after DT injection, where mice with germline Cre expression can be identified by 

their drastic and abrupt reduction in T and B cells.

As previously reported for DC-targeted DTR models, actDC-DTR mice displayed baseline LN hypocellularity,88 highlighting the 

necessity of using actDC-DTR mice with or without DT as matched experimental controls. To minimize DT-associated toxicity, ex

periments were performed in 11-12-week-old actDC-DTR mice.

Generation of Wdfy4-/- and Irf8Δ32 mice

New Wdfy4-/- (C57BL/6JOlaHsd-Wdfy4em1Szel) and Irf8Δ32 (C57BL/6JOlaHsd-Irf8em1Szel) mouse lines were generated using a 

CRISPR-Cas9 genome editing approach. Using the online tool mentioned above, two sgRNAs were designed for Wdfy4 flanking 

exon 4 (5’-GTTTTGGGAGCTGCGTGGATAGG and 5’-CAGGCCTCGAAGGTGTTCCCAGG; Integrated DNA Technologies). A similar 

strategy was employed to target the Irf8 +32 enhancer region, using sgRNAs 5’-GTTGTGATCTTTGAGGTAGAGGG and 

5’-GAACTGGCCTGGGGCAGGTCTGG (Integrated DNA Technologies).

Superovulation of four-week-old female C57BL/6JOlaHsd mice was induced as described above. Oocytes were collected and 

used for in vitro fertilization with sperm from C57BL/6JOlaHsd male. Zygotes were electroporated with ribonucleotide protein com

plexes containing sgRNAs (100 ng/μl) and Cas9 HiFiCas9 v3 (500 ng/μl; Integrated DNA Technologies) in Opti-MEM media (Thermo 

Fisher Scientific) using Nepa21 electroporator (Nepagene). Following electroporation, zygotes were cultured overnight in KSOM 
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(Sigma-Aldrich) media and two-cell embryos were surgically implanted into the oviduct of Hsd:ICR (CD-1) pseudopregnant mice 

0.5 days post coitum. Offspring were assessed for the intended deletions using primers flanking the targeted regions (Table S2), fol

lowed by Sanger sequencing.

Plasmid construction and retroviral transduction

For generating OVA- and ZsGreen-expressing cancer cell lines, PCR products (amplified using the KOD Hot Start DNA polymerase 

kit, Sigma-Aldrich) of the fused LifeAct F-actin binding peptide-OVA (LA-OVA) fragment from pMSCV-IRES-Life-Act-OVA-mCherry76

or/and ZsGreen from pHIV-ZsGreen (Addgene, #18121) were combined with the pFB-neo retroviral expression vector (Agilent Tech

nologies) using the Gibson Assembly ® Cloning kit (New England Biolabs). The primers used for each construct are available in 

Table S2. Resulting constructs were verified through Sanger sequencing. GP2-293 cells (Takara Bio) were infected with the desired 

retroviral packaging plasmid pFBneo containing gene/insert of interest a 1:1 molar ratio with the envelope plasmid pVSV-G, using the 

Lipofectamine 2000 DNA Transfection Reagent (Invitrogen). Supernatant containing viral particles was collected 48h after transfec

tion. For cancer cell transduction, viral supernatant containing 5 μg/mL polybrene was added to parental 5555 or B16 melanoma cul

tures. Infection was enhanced through centrifugation at 2500 rpm for 90min at 32oC. After 24h, infected cells were cultured in the 

presence of 800 μg/mL G418 selection antibiotic (Gibco) for 72h and transduction efficiency was assessed through cell death confir

mation in the untransduced negative control. ZsGreen expression was validated by flow cytometry as well as imaging using the 

IncuCyte S3 instrument (Sartorius). Following overnight treatment with recombinant IFNγ (100 ng/mL, Gibco), LA-OVA expression 

was confirmed by flow cytometry using an H-2Kb-SIINFEKL (25-D1.16) antibody. Cancer cells with stable expression of ZsGreen 

and/or LA-OVA were always grown in selection medium for one to two passages prior injection into mice.

Generation of CRISPR knockout cell lines

5555 and B16 B2MKO melanoma cells were generated by CRISPR-Cas9-mediated gene editing using the ribonucleoprotein (RNP) 

approach (Integrated DNA Technologies), following manufacturer’s protocol. For the RNP complex assembly, 1.5pmol Cas9 enzyme 

was combined with 1.5pmol crRNA:trRNA duplex (Table S2) in Opti-MEM media (Gibco) and incubated at room temperature for 

5 min. The RNP complex was then combined with Lipofectamine CRISPRMAX or RNAiMAX (Invitrogen) and Opti-MEM and incu

bated at room temperature for 20 min. 5555 or B16 cells were trypsinized, washed with PBS and 4x104 (for 5555) or 1x104 (for 

B16) cells were added to the transfection mixture in a 96-well plate. At 48h post-transfection, single cell suspensions were re-plated 

in 96-well plates at a concentration of 3 cells/mL to develop into macroscopic colonies. Colony screening for MHC-I knockout was 

performed following overnight treatment with recombinant IFNγ (100 ng/mL, Gibco) by flow cytometry using an H-2Kb/H-2Db anti

body (28-8-6).

In vivo procedures

For subcutaneous injections, cancer cells grown at exponential phase were trypsinized (Sigma-Aldrich), washed three times in ice- 

cold DPBS (ThermoFisher Scientific) and filtered through a 70 μm cell strainer (ThermoFisher Scientific). Cancer cell viability ≥90% 

was confirmed through Trypan Blue stain prior injection. 1-2x106 cells were suspended in 100 μL DPBS and injected subcutaneously 

into the right flank of mice or bilaterally (per flank). For tumor growth profile analysis, 0.5x106 cells were suspended in 100 μL DPBS 

and injected subcutaneously into the right flank of mice. Tumor size was expressed by measuring the longest diameter (length) and its 

perpendicular (width) with a hand caliper. Blinding could not be applied during measurements. For actDC depletion in ItgaxCre 

Ccr7LSL-DTR mice, mice were injected intraperitoneally with 200ng of diphtheria toxin (DT, Sigma-Aldrich) on the day of cancer cell 

injection, unless stated otherwise, and subsequently dosed with 100 ng of DT every three days for a two-week period. Blood samples 

from transgenic mice were analyzed via flow cytometry (for method see below) 16h after DT administration and animals with off-target 

recombination (based on complete lack of circulating B cells and T cells) were excluded from the study. For dual ICB treatment, mice 

were injected intraperitoneally with 200 μg of αPD-1 (RMP1-14, Bio X Cell) and 100 μg of αCTLA-4 (9D9, Bio X Cell) antibody twice 

weekly for 6 doses. Treatment was initiated at day 5 post tumor cell injection, when tumors were approximately 80-90 mm3 in size. 

For CD4+ T cell depletion, mice were injected intraperitoneally with αCD4 antibody (200 μg, clone GK1.5, Bio X Cell) one day prior to 

and three days after cancer cell injection. To block lymphocyte egress from LNs, FTY720 (20 μg per mouse, Sigma-Aldrich) was in

jected intraperitoneally in 100 μl saline approximately 1-2 hours prior to ACT followed by daily administration for seven consecutive 

days. In immune-competent mice, treatment was initiated either at day 0 or day 5 following 5555OVA tumor cell implantation and 

continued daily for seven consecutive days.

Flow cytometry

For flow cytometry analysis, tissues (tumor, axillary and inguinal lymph node, lung, thymus) were harvested, cut into small pieces with 

scissors and incubated in RPMI containing 200 U/mL Collagenase IV (Worthington Biochemical) and 0.2 mg/mL DNase I (Roche) for 

30 min at 37oC. Digested tissue or spleen was ground and filtered through a 70 μm cell strainer, washed with RPMI and pelleted. In 

lung or spleen cell suspensions, RBCs were removed using an RBC lysis buffer (Sigma-Aldrich). Cell suspensions were resuspended 

in PBS and labeled using LIVE/DEAD Fixable Aqua Dead Cell 405nm staining (Invitrogen) to define cell viability. Samples were rinsed 

in FACS buffer (PBS containing 1-2% FBS and 0.01% sodium azide) and incubated with combinations of the following antibodies: 

CD45 (30-F11), CD45.1 (A20), CD45.2 (104), B220 (RA3-6B2), CD19 (1D3), CD64 (X54-5/7.1), F4/80 (BM8), Gr-1 (RB6-8C5), CD63 

(NVG-2), Ly6C (AL-21), Ly6G (1A8), H-2Kb/H-2Db (28-8-6), MHC-II I-A/I-E (M5/114.15.2), CD11c (N418), CD11b (M1/70), XCR1 
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(ZET), CD103 (2E7), Sirpα (P84), CD40 (3/23), PD-L1 (MIH5 or 10F.9G2), PD-L2 (TY25), CD3ε (145-2C11), CD4 (RM4-5), CD8α 
(53-6.7), CD86 (GL-1), H-2Kb-SIINFEKL (25-D1.16), CD80 (16-10A1), CD69 (H1.2F3), CD25 (PC61.5), PD-1 (29F.1A12), CD44 

(IM7), CD62L (MEL-14), LAG3 (eBioC9B7W), CD39 (Duha59), 2B4 (eBio244F4), TIGIT (1G9) or NK1.1 (PK136) from BD Biosciences, 

eBioscience or BioLegend, for 30min at 4oC. The anti-Fc Receptor (anti-CD16/32) antibody (39, eBioscience) was used to prevent 

non-specific binding. For chemokine receptor staining, cells were resuspended in 50 μL of complete RPMI with Brefeldin A (eBio

science), anti-Fc receptor antibody and anti-CCR7 antibody (4B12, BioLegend) and incubated for 25 min at 37oC. To determine cyto

kine and granzyme B levels, cell suspensions stained for extracellular markers were fixed and permeabilized using the IC Fixation and 

Permeabilization buffer set (eBioscience) according to the manufacturer’s instructions. Cells were then resuspended in Permeabili

zation buffer and incubated with 2% normal rat serum (Invitrogen) for 15min and anti-IL12p40 (C15.6, BioLegend), anti-IFNγ 
(XMG1.2, Invitrogen), anti-TNFα (MP6-XT22, eBioscience) or anti-granzyme B (GB11, BD Biosciences) antibody for at least 30min 

at room temperature. A mix of Monensin – Brefeldin A (eBioscience) was added to cell suspensions 2-3h prior staining, to inhibit 

secretion of cytokines from the Golgi complex. For IFNγ and granzyme B staining in tumors and tdLNs, cell suspensions were 

also re-stimulated ex vivo with SIINFEKL (1 μg/mL) for 4-5 hours prior staining for flow cytometry. For nuclear protein staining, cell 

suspensions stained for surface markers were fixed and permeabilised using the Foxp3/Transcription Factor Staining Buffer Set 

kit (eBioscience) according to the manufacturer’s instructions. Cells were then resuspended in Permeabilisation buffer and incubated 

with 2% normal rat serum (Invitrogen) for 15 min and TCF-1/7 (C63D9, Cell Signaling Technology) or TOX (REA473, Miltenyi Biotec) 

for 30 min at room temperature. After washing, labeled cell populations were analyzed by NovoCyte 3000 or Novocyte Quanteon 

(Agilent Technologies) flow cytometer. Live cell counts were quantified from the acquisition of a fixed number of 10 μm latex beads 

(Beckman Coulter) mixed with a known volume of cell suspension.

Flow cytometry standard.fcs files were analyzed using FlowJo v10.10.1 (FlowJo, LCC). All flow cytometry histograms were normal

ised to ‘‘Modal’’. Frequencies of cell populations were calculated as ‘‘Freq. of Parent’’, unless stated otherwise. To generate t-distrib

uted Stochastic Neighbour Embedding (t-SNE) plots from flow cytometry data of BMDC cultures in FlowJo (related to Figure 3D), 

FlowAI was applied for sample clean-up to remove artifacts related to time-dependent signal and flow rate alterations during sample 

acquisition. After cleaning, samples on the cDC gate (Live MHC-II+ B220- XCR1+ cDC1s and CD11b+ cDC2s) were concatenated in 

one.fcs file using the ‘‘Concatenate Populations’’ function. The t-SNE analysis was then performed using FlowJo ‘‘t-SNE’’ plugin and 

the resulting two-dimensional t-SNE map was used to visualize clusters based on their multi-dimensional surface marker expression.

For imaging flow cytometry, BMDCs co-cultured with 5555 ZsGreenpos cancer cells were prepared for standard flow cytometry 

analysis. Following staining, cells were washed twice to remove unbound antibodies, resuspended in 40 μL of FACS buffer and 

analyzed via the ImageStreamX Mk II cytometer (Luminex) at a 40x magnification. To gate on ZsGreenpos BMDCs, we used as a nega

tive control labeled BMDCs and ZsGreenpos cancer cells mixed right before acquisition. Imaging flow cytometry standard.cif and.rif 

files were analyzed using the IDEAS 6.2 software (Amnis).

H&E and mScarlet-I microscopy

To visualize Scarletpos cDC1s across tissues, Xcr1Cre-mTFP1Ccr7LSL-mScarlet-I mice were anesthetized with isoflurane until surgical 

plane and perfused with 4% paraformaldehyde (PFA) fixative (Thermo Fisher Scientific). Tissues were further fixed in 4% PFA at 

4oC overnight, washed with PBS and dehydrated in 30% sucrose. Tissues were then embedded in OCT embedding medium and 

consecutive 7 μm cryosections were cut, fixed with 4% PFA for 15min, washed with PBS and stained with DAPI (Thermo Fisher Sci

entific) for 15min at room temperature. For antibody staining following Scarlet visualization, coverslips were removed and sections 

were further fixed in 10% casein, incubated with primary antibodies at 4oC overnight, and further stained with secondary antibodies 

the following day at room temperature for an hour. To assess tissue morphology, air-dried sections were fixed in 70% industrial dena

ture alcohol (IDA) for 1 min, rehydrated in running water and stained with Gill’s II haematoxylin (Thermo Fisher Scientific) for 30 sec, 

followed by bluing and counterstaining with eosin (Thermo Fisher Scientific) for 10 sec. Slides were rinsed, dehydrated through a 

graded ethanol series (70%, 90%, 99% ×3) and cleared in xylene. All slides were coverslipped using ProLong Gold Antifade Mount

ant (Invitrogen). The Olympus VS120-L100-W-12 (Olympus Corporation) was utilized to image under fluorescence illumination using 

a Lumencor SOLA LED light source and a fast filter wheel with the Olympus penta AHF-SPX-QSEM (DAPI, FITC, TRITC, Cy5 and Cy7) 

filter set. The objective lens to capture data was an Olympus UPLSAPO20x (NA 0.75). Negative controls of Scarlet signal were ob

tained by processing tissues from littermate controls lacking Cre recombinase.

Images were analyzed using the HALO v4.0.5107.407 software (Indica Labs). More specifically, images from the same section 

were registered, aligned using the landmark function and fused into a single multi-channel.TIFF file. For tumor sections, fused imaged 

were then manually annotated (no blinding) to exclude necrotic areas, folded tissue or regions with staining artifacts and analyzed 

using the Indica Labs – HighPlex FL v4.3.2 module. Spatial mapping and proximity analysis (0-150 μm distance range divided into 

15 10-μm-wide bands) was carried out to assess the spatial relationships between different cell populations.

Transwell migration assay

To assess chemotactic capability, BMDCs at 1x106 cells/mL were plated on top of 24-well 6.5mm transwell inserts (filter membrane 

with 5.0 μm pore size, Corning). Into the bottom of the lower chamber, CCL21 chemo-attractant (BioLegend) was added in DC me

dium at concentration of 100 ng/mL. Transwell inserts with plain DC medium were used to determine the migratory capacity of BMDC 

populations in the absence of chemokine signals. Cells were incubated for 2.5h at 37oC and migrated cells were harvested and 

stained for flow cytometry analysis as described above.
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BMDC-cancer cell co-cultures

Cancer cells were seeded in 10cm Petri dishes under standard culture conditions. To increase expression of MHC-I surface mole

cules, B16 cancer cells were treated with 100 ng/mL of recombinant IFNγ overnight. At 80-90% confluency, cancer cells were har

vested, added directly in day 9 BMDC cultures at 1:1 ratio and incubated overnight at 37oC. To avoid alterations on cell surface reper

toire, cancer cells for co-culture experiments were always detached using an enzyme-free 2mM EDTA/DPBS solution. When 

indicated, day 9 BMDC monocultures were treated overnight at 37oC with either 1:2 (v/v) tumor cell CM, synthetic PGE2 (50 ng/ 

mL), poly I:C (1 μg/mL) or LPS (100 ng/mL).

OVA-specific TCR transgenic CD8+ T cell isolation

Spleens and skin-dLNs from CD45.1 OT-I Rag1-/- mice were isolated, ground and filtered twice through a 70 μm cell strainer. RBCs 

were removed using an RBC lysis buffer (Sigma-Aldrich). Splenic cell suspensions deriving from OT-I Rag1-/- mice were further pu

rified using the naive CD8+ T cell isolation kit (Miltenyi Biotec), according to the manufacturer’s instructions. OT-I purity (above 98%) 

was confirmed by flow cytometry using CD8α (53-6.7) and CD44 (IM7). Naive OT-I cells were injected via the lateral tail vein (0.5-1x106 

cells in 100 μL DPBS per mouse) into recipient CD45.2 mice. For antigen presentation assays (see below), OT-I cells were cultured in 

complete RPMI supplemented with 0.1% 2-mercaptoethanol and 1% MEM non-essential amino acids solution (Gibco).

Pre-activation of OT-I cells for adoptive transfer

To pre-activate OT-I cells, spleens and LNs of CD45.1+ OT-I Rag1-/- mice were processed as described above. Single cell suspen

sions were cultured in 24-well plates at a concentration of 1x105 cells/mL, in complete RPMI supplemented with 0.1% 

2-mercaptoethanol, 1% MEM non-essential amino acids solution (Gibco), 1mM pyruvate (Gibco), 10mM HEPES (Sigma-Aldrich) 

and OVA peptide (SIINFEKL, 1nM, InvivoGen) at 37oC. Recombinant mouse IL-2 (BioLegend) at a concentration of 15 ng/mL was 

added to the primary cultures on day 3. On day 5, cultures were used for adoptive transfer via the lateral tail vein (1x106 cells in 

100 μL DPBS per mouse) into recipient Rag1-/- CD45.2 mice. OT-I activation was confirmed by flow cytometry using CD8α 
(536.7), CD44 (IM7), CD69 (H1.2F3) and CD25 (PC61.5).

Cell sorting for ex vivo and in vitro functional assays

To separate actDC and restDC populations, tdLNs or BMDC-cancer cell co-cultures were harvested and processed for standard flow 

cytometry analysis as described above. FACS buffer for sorting experiments did not contain sodium azide. After washing, cell sus

pensions were filtered through a 70 μm cell strainer and sorted on a BD FACSAria III or BD FACSMelody with ≥98% purity. Sorted 

single cells were counted and ≥90% viability was confirmed through Türk’s solution exclusion. To assess T cell proliferation, OT-I 

cells were stained using the CellTrace Violet Cell Proliferation Kit (ThermoFisher Scientific) according to the manufacturer’s instruc

tions and plated with cDC populations at different ratios (cDC:OT-I 1:9, 1:3, or 1:1) for 72h at 37oC. Naive OT-I cells and OT-I cells 

cultured with BMDCs and SIINFEKL peptide (1nM, InvivoGen) were used as a negative and positive control of T cell expansion, 

respectively. For pattern recognition receptor stimulation, CpG ODN 1668 (InvivoGen) was added to cDC:OT-I co-cultures at a con

centration of 1 μg/mL.

H-2Kb-SIINFEKL multimer staining

To identify tumor-reactive CD8+ T cells, 50 μL of peripheral blood were collected from tumor-bearing mice through tail vein bleeding. 

RBCs were removed using ACK lysing buffer (Gibco). Remaining cell suspensions were then washed and labeled using LIVE/DEAD 

Fixable Aqua Dead Cell 405nm staining (Invitrogen) to define cell viability. Samples were rinsed in FACS buffer and incubated with H- 

2Kb-SIINFEKL pentamer (ProImmune) or tetramer (Baylor College of Medicine) for 30min at room temperature. Samples were stained 

for extracellular markers and analyzed by flow cytometry.

Single-cell RNA sequencing and transcriptomic analysis of 5555 or CT26 tumors

For single-cell RNA sequencing, 555574 and CT26 tumors were processed for standard flow cytometry analysis (multiple tumors per 

group) as described above. Live CD45+ cell suspensions were sorted on a BD FACSAria III with ≥98% purity. Sorted single cells were 

counted and ≥90% viability was confirmed through Trypan Blue exclusion. 16-18,000 cells + ∼3.5% spike-in (of each 5555 mela

noma sample) or 25,000 cells (of each CT26 tumor sample) were loaded into a channel of the Chromium Chip B (10x Genomics, 

PN-1000073). Single cell gel beads-in-emulsion (GEMs) were generated using the Chromium Controller and sequencing libraries pre

pared using the Chromium Single Cell 3’ GEM, Library & Gel Bead Kit v3 (10x Genomics), according to the manufacturer’s protocol.

Libraries were quality checked using the Agilent Bioanalyzer and quantified by qPCR using a KAPA Library Quantification Kit for 

Illumina Platforms (Roche). Paired-end sequencing was performed on an Illumina NextSeq 500 in High Output mode with an input of 

1.4pM (5555) or 1.6pM (CT26).

Pre-processing (quality control (QC), alignment and initial filtering for empty droplets) of raw sequencing files was performed using 

the Cell Ranger v3.0.2 (10x Genomics). Output files (either the filtered_feature_bc_matrix.h5 file or the barcodes.tsv, features.tsv and 

matrix.mtx files) were imported on Partek Flow software (Single cell Toolkit, build version 12.3.0) for analysis. Single cell counts were 

then filtered for total read counts, % mitochondrial counts, % ribosomal counts and detected genes. Genes that were not expressed 

by any cell in the datasets were excluded. Following Log2(CPM+1) normalization, principal component (PC) analysis (PCA) was 

applied on filtered counts for dimensionality reduction and graph-based clustering was performed using the optimal PC number 
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defined by Scree plot. Clusters were then visualized through t-SNE and classified based on standard immune cell-specific bio

markers (Table S1). To infer RNA velocity analysis, unspliced and spliced counts are estimated from loom files generated from binary 

alignment map (BAM) files with Velocyto v0.17.25 package.81 We used the same gene model, which was included with the Cell 

Ranger reference data ‘‘refdata-cellranger-mm10-3.0.0’’. The principal tree of annotated DC cluster subsets in low dimension is ob

tained from the DDTree (Partek Flow) and intersected with loom files for the combined velocity and transition matrix calculation using 

scanpy v1.10.1.80 Cells were filtered for unspliced and spliced counts (using the default 20, ensuring genes had both at least 20 

spliced and unspliced counts) and normalized using the method implemented in scVelo v0.3.2.82 A KNN graph was calculated in 

scanpy with Neighbors set to 30, with 15 and 30 PCs used for downstream analyses in 5555 melanoma and CT26 colorectal cancer 

datasets, respectively. Data from scVelo’s dynamic model were combined with transcriptional similarity matrices obtained from 

CellRank78 to produce a combined kernel to infer RNA velocity on top of pre-computed dimensionality reductions. All RNA velocity 

analyses were performed using Python v3.10.12. Gene regulatory network analysis to identify actDC-specific regulons was per

formed with PySCENIC v0.12.179,89 against the 2022 mc_v10_clust cisTarget databases.

Single cell RNA sequencing and transcriptomic analysis of in vitro cultures

BMDCs cultured in the absence or presence of 5555 melanoma cells were processed for standard flow cytometry analysis and live 

CD45+ cells were sorted with ≥98% purity as described above. To account for biological variability, we processed and pooled BMDC 

cultures deriving from two mice per culture condition. Sorted single cells were counted and ≥90% viability was confirmed through 

Trypan Blue exclusion. BMDC conditions were combined following cell hashing with the oligoconjugated TotalSeq™-A anti-mouse 

hashtag 6 (unstimulated), 7 (+ Ptgs+/+ 5555) and 8 (+ Ptgs-/- 5555) antibodies (BioLegend). 30,000 cells were loaded into a channel of 

the Chromium Next GEM Chip G (10x Genomics, PN-1000120). Single cell GEMs were generated using the Chromium Controller and 

Chromium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics) according to the manufacturer’s protocol. Gene expression and 

TotalSeq-A HTO libraries were produced according to the BioLegend TotalSeq-A protocol and 10x Genomics user guide.

Libraries were quality checked using the Agilent Bioanalyzer and quantified by qPCR using a KAPA Library Quantification Kit for 

Illumina Platforms (Roche). Paired-end sequencing was performed on an Illumina NovaSeq 6000 with XP loading and inputs of 0.9 

(GEx library) and 1.8pM (HTO library).

Pre-processing using Cell Ranger, and filtering, normalization and exploratory analysis using Partek software was performed as 

described above. Hashtag demultiplexing was applied on BMDC counts after CLR normalization to specify culture conditions. Clas

sification of DC clusters based on immune-cell-specific biomarkers is available on Table S1. To identify DC sub-populations, differ

ential genes between the cDC1 and cDC2 clusters (identified via Wilcoxon Rank-Sum test where adjusted p value<0.05) were used 

as an input to highly variable gene selection, PCA and Leiden-based clustering in Seurat v5.3.1.77 Clustering and UMAP generation 

were performed using the top 10 PCs and clustering was performed at a resolution of 0.5. To further characterise dendritic sub-pop

ulations, cDC1-related gene sets identified by Cheema et al.36 were scored using Seurat module scoring.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± SEM, or mean with individual biological replicates, as specified in figure legends. Unpaired or paired 

Student’s t test, Log-rank (Mantel-Cox) test, one-way ANOVA followed by Tukey’s multiple comparison test, or two-way ANOVA fol

lowed by �Sidák’s multiple comparison test were used for data analysis. A p value<0.05 (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001) 

was considered significant. Statistics were calculated using GraphPad Prism v10.2.3 (GraphPad Software Inc). Partek Flow software, 

Python and R were used for analysis of single-cell RNA sequencing datasets.
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