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Abstract
Two major, contradictory forces act simultaneously on immune cells in the tumor microenvironment (TME): 
one enhances the immune response following the identification of danger, while the other protects the tumor by 
imposing an immunosuppressive environment. The interactions between immune cells in the TME are there-
fore critical for the ability to mount an effective immune response and for the outcome of related therapies. 
Here, we use single-cell RNA-seq and spatial transcriptomics to investigate cellular interactions in pancreatic 
cancer. We identify close interactions between regulatory T cells (Tregs) and dendritic cells (DCs) and reveal 
potential cytokines that mediate these interactions. Experiments using differentiated DCs and Tregs show that 
Tregs induce the mature mregDC state, and that mregDCs, in turn, enhance Treg proliferation and activation. 
Together, these data suggest that DC–Treg proximity fuels a reinforcing feedback loop that may support the 
immunosuppressive TME in pancreatic cancer, and that blocking IL15 and Tnfsf11—the cytokines that mediate 
this signaling—may disrupt DC–Treg interactions while sparing CD8 T-cell activation in the TME.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal malignancy, with a five-year survival rate of only 
13% [1, 2]. Currently available treatments, including chemotherapy and radiation, result in only a modest 
increase in survival. Despite late detection, pancreatic cancer develops over a period of 10–15 years [3]. During 
this extended phase, epithelial cells accumulate mutations and eventually undergo malignant transformation [4]. 
In parallel, immune cells are recruited to the pancreas and progressively alter their gene expression and cellular 
states in response to signals from the evolving microenvironment [5]. Notably, up to 80% of pancreatic tumor 
mass is composed of non-malignant stromal and immune cells [6, 7]. Regardless of the substantial infiltration of 
immune cells into the tumor, immunotherapy has shown limited benefit in PDAC and is therefore not currently 
used for PDAC patients. Immunosuppression mediated by several immune cell populations is a major contributor 
to this failure.
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Regulatory T cells (Tregs), which play essential roles in maintaining peripheral tolerance [8, 9], have been 
shown to promote immunosuppression and are associated with poor survival in many cancer types. In PDAC, 
Tregs have been shown to enhance immunosuppression and support tumor growth [10], although other work 
suggests that Tregs may also suppress myeloid-derived suppressor cells and therefore have an anti-tumor effect 
[11]. These contradictory findings imply that the interactions between Tregs and other immune or stromal cells 
critically shape Treg function in PDAC.

Dendritic cells (DCs) are central antigen-presenting cells that prime T cells in the lymph nodes (LNs), deliver-
ing multiple instructive signals through cytokines and surface receptors. At least some of these signals are required 
for activation of effector T cells in peripheral tissues [12]. Several DC subtypes were detected in the TME of 
multiple cancer types, including plasmacytoid DCs (pDCs), conventional DC1 (cDC1; Xcr1⁺), conventional DC2 
(cDC2; CD209a⁺), and mature DCs enriched for immunoregulatory and migratory molecules (mregDCs; Fscn1/
Ccr7⁺) [13, 14]. Previous studies have shown that DCs interact with both CD8⁺ T cells and Tregs within the tumor 
microenvironment (TME). Following subcutaneous injection of cancer cell lines into syngeneic mice, cDCs 
recruit and activate Tregs in the TME, and these interactions can compete with DC–CD8⁺ T-cell interactions, 
thereby limiting effective antitumor immunity [15, 16]. Additionally, You et al. recently demonstrated that Tregs 
interact with mregDCs in a mouse model of colorectal cancer, and that the abundance of Tregs and mregDCs 
correlates with patient survival in human cancer [17] and mregDC abundance predicts improved progression-free 
survival in melanoma patients treated with immune checkpoint inhibitors (ICIs) [18], while mregDC1s drive the 
activation of CD8⁺ T cells in vitro [19]. Consistently, intratumoral niches containing mregDCs regulate the dif-
ferentiation and activation of tumor-specific CD8⁺ T cells following ICI therapy [20, 21].

Importantly, DCs are less abundant in the PDAC TME compared to lung adenocarcinoma, and increasing 
DC numbers using FLT3L in combination with ICIs [22, 23] can enhance effective antitumor immunity. Thus, 
DC–Treg interactions are generally considered to promote immunosuppression, whereas DC–CD8⁺ T-cell inter-
actions, especially in the context of ICI therapy, promote antitumor responses. However, prior studies typically 
examined only a single DC and T-cell subset pair. As a result, the broader landscape of DC–T-cell interactions, 
their bidirectional effects, and their relevance to PDAC remain poorly defined. Furthermore, the abundance and 
function of DC subtypes differ markedly between PDAC and other cancers, complicating the extrapolation of 
findings.

Here, we use single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics to identify the key relevant 
interactions between immune and stromal cells in PDAC, and subsequently investigate the functional conse-
quences of these interactions using in vitro differentiated cells. We reveal a self-amplifying circuit that potentially 
enhances PDAC immunosuppression.

Methods

Animals and housing conditions

All animal experiments were performed according to the protocols approved by the Joint Ethics Committee 
(Institutional Animal Care and Use Committee) of the Hebrew University (Jerusalem, Israel) and Hadassah Med-
ical Center (Jerusalem, Israel). All our animal-handling procedures were performed according to the National 
Institutes of Health and Institutional guidelines, with approval from the Institutional Animal Care and Use Com-
mittee of the Hebrew University (Jerusalem, Israel). The ethics protocol for mouse holding and the experimental 
procedures are MD-22-16651-5 and MD-22-16958-1.

The following mouse strains were purchased from the Jackson Laboratory: B6.Cg-Tg (Tcra Tcrb) 425Cbn/J 
(strain #:004194), B6N.129(B6J)-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J (strain #:026556), B6.129(Cg)-
Foxp3tm3(HBEGF/GFP)Ayr/J mice (strain #:016958). The C57BL/6 mice (six weeks) were purchased from Envigo 



Article in Press

Cell Communication and Signaling

https://doi.org/10.1186/s12964-026-03304-1

Israel. The animals were housed and maintained under SPF conditions in facilities and treated humanely through-
out the studies.

Cell lines and culture conditions

KPCY mouse pancreatic cancer cell line (6499c4) was purchased from Kerafast Inc. (Cat. # EUP015-FP), and 
maintained in DMEM medium supplemented with 10% FBS and 1% sodium pyruvate.

We generated an additional mouse tumor-derived cell line from tumors arising in Ptf1a-CreER; Trp53fl/fl; LSL-
KrasG12D (PRTP) mice. Spatial transcriptomic analysis of tumors generated following orthotopic transplantation 
of these cells is presented in Supplementary Figure 9. 293T cells (ATCC CRL-3216) were maintained in DMEM 
medium supplemented with 10% FBS and 1% sodium pyruvate. These adherent cells were passaged every 3 days 
using Trypsin–EDTA (0.25%).

In vitro generation of iTreg

To generate iTregs, we removed the spleen of eight-week-old female mice and ground it into cell suspensions. 
Red blood cells were removed using red blood cell lysis buffer. CD4+ T cells were isolated from the spleen 
according to the EasySep Mouse CD4+ T Cell Isolation Kit protocol (STEMCELL). T cells were cultured in 
RPMI 1640 media supplemented with 10% heat-inactivated FBS, β-mercaptoethanol,1% L-glutamine, 1% peni-
cillin/streptomycin, 1% MEM non-essential amino acids, 1% HEPES, and 1% sodium pyruvate. Treg cells were 
induced by adding anti-CD3 (1 μg/mL), anti-CD28 (1 μg/mL), IL-2 (10 ng/mL), TGF-β1 (5 ng/mL), purified 
anti-mouse IFN-γ antibody (1 μg/mL), and purified anti-mouse IL-4 antibody (1 ug/mL) to the culture medium 
and culturing at 37 degrees for 4 days.

Differentiation of bone marrow-derived dendritic cells (BMDCs)

To obtain BMDCs, femurs and tibiae were removed from eight-week-old female mice, and the bone marrow 
was flushed. Red blood cells were lysed using red blood cell lysis buffer. For GM-CSF-induced DCs, bone 
marrow cells were plated in 100 mm diameter dishes (untreated) at a concentration of 2 × 105 per mL in 10 mL 
of DC medium. The basic DC medium is the same as T cell media. Murine GM-CSF (20 ng/ml) was added on 
day 0. On day two of the culture, 10 ml of fresh medium supplemented with GM-CSF was added. On day 5, 
10 mL of medium was gently removed and 10 mL of fresh medium with GM-CSF was added. On day 7, 5 mL 
of fresh medium with GM-CSF was added to the cells, and on day 8, floating cells were recovered and used for 
downstream applications. For FLT3L-induced DCs, bone marrow cells were plated in 100 mm diameter dishes 
(untreated) at a concentration of 1.5 × 106 per mL in 10 mL of DC medium. Mouse Flt-3 Ligand (FLT3L) (100 ng/
mL) was added on day 0. On day 3 of the culture, 1ug of FLT3L was added to each 100 mm diameter dish. On day 
7 of the culture, 10 ml of fresh medium supplemented with FLT3L (100 ng/mL) was added. On day 8 of culture, 
the DCs were stimulated, and flow cytometry was performed on day 9. Cells were maintained at 37 °C in a 5% 
CO2-humidified atmosphere.

Flow cytometry staining for surface and intracellular transcription factor detection

For cell surface staining, antibodies were dissolved in FACS buffer (PBS solution containing 2% FBS) at a ratio 
of 1:200 to prepare a surface antibody cocktail. The cells were mixed with the surface antibody and incubated 
at 4 °C in the dark for 30 min. The cells were washed with FACS buffer and centrifuged at 400 × g for 5 min, 
discarding the supernatant. Finally, the cells were resuspended in FACS buffer for flow cytometry analysis. 
For intracellular protein staining, after surface antibody staining, cells were permeabilized and fixed using the 
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True-Nuclear™ transcription factor buffer kit (BioLegend) according to the manufacturer's instructions for intra-
cellular protein staining.

Lentiviral production and transduction

Lentiviral particles were generated using HEK293T cells, following the method previously described [24]. 
Briefly, cells were transfected using polyethylenimine (PEI) as the transfection reagent. The vector, packaging 
(pCMVΔR8.2; Addgene #12263), and envelope (pCMV-VSV-G; Addgene #8454) plasmids were mixed at a 
ratio of 4:3:1, respectively. PEI (3 µg/µL) was added at 0.7 µL per µg of total DNA following dilution of DNA 
and PEI in Opti-MEM. After a 15-min incubation at room temperature, the DNA–PEI complex was added to 
the cells. Twelve hours post-transfection, the medium was replaced with enriched DMEM containing 10% FCS, 
sodium pyruvate, non-essential amino acids, and L-glutamine. Viral supernatants were collected 48 and 72 h 
after transfection and filtered through a 0.45 µm PES membrane. Viral particles were concentrated by high-speed 
centrifugation (14,000 rpm, 3 h, 10 °C). Pellets were resuspended in sterile PBS, aliquoted, and stored at − 80°C.

In vitro viral transduction of Treg cells

In vitro-induced Treg cells were generated as described above. Following activation with plate-bound anti-CD3 
and soluble anti-CD28 antibodies, cells were cultured for 4 h at 37 °C in a humidified incubator containing 
5% CO₂. Viral supernatant was then added to the cultures (20 μL concentrated viral particles per 96-well), and 
cells were maintained under Treg-polarizing conditions for 5 days. Transduction efficiency was assessed by flow 
cytometry on day 5 following viral infection (The cartoon illustration is shown in Fig. 4F).

IL-15 stimulation of Treg cells

Day-5 iTreg cells were harvested, washed, and resuspended in fresh Treg medium. Cells were seeded into 96-well 
U-bottom plates at 1 × 105 cells per well and stimulated with recombinant mouse IL-15 (20 ng/mL) for 3 days. 
Following stimulation, cells were collected and analyzed by flow cytometry for the expression of CTLA-4 and 
CD25 (The cartoon illustration is shown in Supplementary Fig. 10A).

BMDC stimulation assays

FLT3L-derived BMDCs were generated as described above and harvested on day 8 of differentiation. Cells were 
seeded at 1 × 10⁶ cells/mL in 12-well plates and stimulated for 24 h with recombinant cytokines, Treg-conditioned 
medium, or Treg co-culture as indicated in each experiment. The following cytokines were used at the indicated 
concentrations: IFN-γ (20 ng/mL), TNFSF11 (20 ng/mL), TGF-β1 (5 ng/mL), IL-2 (10 ng/mL), IL-4 (10 ng/mL), 
IL-6 (10 ng/mL), IL-10 (10 ng/mL), IL-12 (10 ng/mL), IL-23 (10 ng/mL), and IL-33 (10 ng/mL). Lipopolysac-
charide (LPS; 100 ng/mL) was used as a positive control where indicated. Following stimulation, BMDCs were 
analyzed by flow cytometry for CCR7 and PD-L1 expression.

Isolation and culture of Foxp3-GFP⁺ Treg cells

Spleens were collected from Foxp3-GFP reporter mice and processed into single-cell suspensions. CD4⁺ 
T cells were enriched using a CD4 T-cell isolation kit and stained with antibodies against CD4 and CD25. 
CD4⁺CD25⁺GFP⁺ Treg cells were sorted by FACS. Sorted Treg cells were cultured in Treg medium supplemented 
with IL-2 for 5 days. Culture supernatants were collected, centrifuged, and filtered through a 0.22-μm filter prior 
to use. Cells were harvested and resuspended at 1 × 10⁶ cells/mL for subsequent experiments (The cartoon illus-
tration is shown 1 Shown in Fig. 3G).
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Treg–BMDC co-culture assays

FLT3L-derived BMDCs were generated from C57BL/6 mice as described above. For direct co-culture experi-
ments, BMDCs and Foxp3-GFP⁺ Treg cells were cultured at a ratio of 1:5 (1 × 105 BMDCs and 5 × 105 Tregs per 
well) for 24 h. For conditioned-medium experiments, BMDCs were cultured in the presence of Treg-conditioned 
medium for 24 h. Untreated BMDCs cultured in DC medium alone served as controls. Following treatment, 
BMDCs were analyzed by flow cytometry for CCR7 and PD-L1 expression (The cartoon illustration is shown in 
Fig. 3A).

Treg proliferation assay

FLT3L-derived BMDCs were pulsed with OVA323–339 peptide for 6 h and subsequently cultured with Treg-
conditioned medium for an additional 18 h. Control BMDCs received DC medium alone.

OT-II-derived Treg cells were generated in vitro and labeled with carboxyfluorescein succinimidyl ester 
(CFSE; 5 μM) according to the manufacturer’s instructions. CFSE-labeled OT-II Tregs were co-cultured with 
OVA-loaded BMDCs at a ratio of 5:1 for 4 days. Following co-culture, cells were harvested and analyzed by flow 
cytometry. Treg proliferation was determined by CFSE dilution, and the expression of activation markers was 
assessed by antibody staining (The cartoon illustration is shown in Fig. 5B).

Orthotopic transplantation of 6499c4 and PRTP cells in C57BL/6 mice

Orthotopic pancreatic tumors were established by transplanting 6499c4 or PRTP cells [25] into the pancreas of 
six-week-old female C57BL/6 mice. Briefly, 6499c4 or PRTP cells were harvested, washed twice with PBS, and 
resuspended at a concentration of 5 × 105 cells per 25 μL. The cell suspension was mixed 1:1 with Matrigel (Corn-
ing) and kept on ice until it was injected. Mice were anesthetized, and a small incision was made in the subsplenic 
region to expose the spleen and pancreas. 50 μL of the 6499c4 or PRTP cell–Matrigel mixture was slowly injected 
into the pancreatic capsule using a 0.5 ml insulin syringe. The incision was then closed with surgical sutures, 
and the mice were placed under a warming lamp until recovery from anesthesia. 12 days after transplantation, 
palpable or visible tumor nodules were observed beneath the spleen, confirming successful establishment of 
orthotopic pancreatic tumors.

Tumor tissue processing for spatial transcriptomics and single-cell RNA sequencing

Pancreatic tumors were generated by orthotopic transplantation of the 6499c4 or PRTP pancreatic cancer cell line 
into six-week-old female C57BL/6 mice as described above. Mice were euthanized 12 days post-transplantation, 
and tumors were excised and rinsed with 1 × HBSS supplemented with 10% FBS. The same tumor was divided 
for spatial transcriptomics and single-cell RNA sequencing (scRNA-seq) analyses.

For spatial transcriptomics, samples were fixed in 4% paraformaldehyde for 1 h, followed by dehydration 
in 70% ethanol at 4 °C overnight. The dehydrated tissues were embedded in paraffin, and paraffin blocks were 
sent to Vizgen Inc. Two serial sections of 10 microns were taken, one for hematoxylin and eosin (H&E) staining 
and the second for MERFISH using a predesigned custom panel of 183 genes. A MERSCOPE gene panel was 
designed using Vizgen's Gene Panel Design Portal (https://vizgen.com/gene-panel/).

For scRNA-seq, we followed our previously published protocol [5, 26].
We used Chromium Single Cell 3ʹ Reagent Kit nextGEM (10 × Genomics) and prepared libraries for sequenc-

ing following the manufacturer’s instructions. Sequencing on Illumina Nova-seq was performed with the follow-
ing read length: 28 bp (Read1) and 90 bp (Read2).

https://vizgen.com/gene-panel/
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Spatial transcriptomics data processing and analysis

Data processing and analysis were performed primarily using the Scanpy (v1.10) and Squidpy (v1.6) frame-
works, following standard workflows. Raw data were obtained from Vizgen MERSCOPE outputs, consisting of 
a gene expression matrix (cell_by_gene.csv) and a corresponding metadata file (cell_metadata.csv) containing 
spatial coordinates and morphological information. Quality control (QC) was performed, and cells with fewer 
than 20 detected transcripts were excluded from further analysis to ensure data quality and consistency. For 
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normalization, gene counts were normalized to a target sum of 104, and a log1p transformation was applied. For 
dimension reduction, principal component analysis (PCA) was performed. Then, a nearest-neighbor graph was 
constructed, followed by Leiden clustering based on a 15-nearest-neighbor graph to identify different cell popula-
tions in the transcriptome.

The cell types, as shown in Fig. 1B and F, were assigned using known markers. To assign each cell subpopula-
tion, we used gene signatures. Signatures were calculated using UCell [27]. The relevant signatures were compared 
for each cell subset, and the difference between the highest and the second-highest signatures was calculated. If 
a cell's signature difference was above the 25th quantile threshold, the highest signature was assigned as the cell 
identity. If a cell's signature difference was below the 25th quantile threshold, we did not define a subtype for that 
cell. Specifically, Tregs were defined by Foxp3 expression. mregDCs were identified by co-expression of Fscn1, 
Ccr7, Il4i1, with exclusion of cDC1 (Xcr1) and cDC2 (Cd209a) markers. Other immune and stromal subsets (B 
cells, macrophages, fibroblasts, epithelial cells) were annotated using established lineage markers.

Spatial feature and cell–cell interaction analysis

To calculate the colocalization matrix shown in Fig. 2A-B, we first divided the section into 84 domains (Supple-
mentary Fig. 8A). Similar to a previous study [28], we identified insight neighboring cells for each pair of cell 
types and tested whether one cell type was more abundant in the vicinity of another cell type than expected ran-
domly for each pair of cells. Two cells were considered adjacent if their centroids were within 30 µm distance. 
Then, we calculated a z-score and the related one-tailed p-value for the observed colocalization frequency in 
comparison to the null distribution that was established using permutation analysis of cells for each domain. Cell 
types were permuted 1000 times. To generate the final matrix, we corrected for multiple hypotheses using the 
Benjamini–Hochberg method.

To compare the spatial proximity of different cell types to Tregs (Fig. 2C, Supplementary 8E), the minimum 
Euclidean distance from each cell to its nearest Treg was calculated based on cell centroid coordinates. These 
minimum distances were then used to summarize the spatial relationship between Tregs and other cell types. Cell 
types were ranked according to the median of the minimum distances.

Specificity-corrected spatial enrichment score

To account for global spatial abundance effects (e.g., cell types that are ubiquitously distributed or form large 
contiguous regions) in Figs. 2D and 5A, we computed a specificity-corrected spatial enrichment score for each 
pair of cell types using the colocalization matrix shown in Fig. 2B.

For each index cell type A and each potential neighbor type B, we first obtained:

Fig. 1  Single-cell RNA-seq and spatial transcriptomics reveal the population of cells in a pancreatic tumor. A Schematic 
overview of the experimental workflow. 6499c4 pancreatic cancer cells were orthotopically injected into the pancreas of 
syngeneic C57BL/6 mice. Twelve days post-injection, tumors were harvested and processed for single-cell RNA sequenc-
ing (scRNA-seq) and spatial transcriptomics. B UMAP of scRNA-seq data showing the main cell populations in orthotopic 
PDAC tumors. C Dot plot displaying representative marker genes used to annotate the main cell populations in the scRNA-
seq data. D Hematoxylin and eosin (H&E) staining of the formalin-fixed PDAC tumor section used for spatial transcrip-
tomics. The bar plot is 1mm. E Serial section of the slice shown in D, used for spatial transcriptomics. Three major cellular 
hubs were identified within the PDAC tumor section: a malignant-enriched hub, stromal regions enriched for fibroblasts, 
and an immune-enriched hub. The bar plot is 1mm. F UMAP of spatial transcriptomics data showing major cell types within 
the tumor section. G Dot plot showing representative marker genes used to annotate the cell types in the spatial transcrip-
tomics data. H Bar plot showing the number of cells of each type in the spatial transcriptomics data. Unannotated cells were 
excluded from the graph and downstream analyses
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1.	 z_A(B)—the spatial enrichment Z-score for interactions between A (as the index type) and B (as the neigh-
bor type), derived from the permutation-based analysis. This measures how frequently cells of type B occur 
among the spatial neighbors of A compared to randomized label shuffles.

2.	 z_mean_others(B)—the mean Z-score for B computed across  all other index immune cell types  (i.e., all 
immune cell types except A). This captures the background tendency of B to appear near any immune cell 
type, reflecting its global abundance and spatial autocorrelation.

We then defined the specificity-corrected enrichment for A interacting with B as:
z_specific(A,B) = z_A(B) − z_mean_others(B).
A positive z_specific(A,B) indicates that B is enriched near A more strongly than it is near other cell types, 

corresponding to an A-specific spatial niche.
Values near zero indicate that A-B enrichment is not stronger than the general background enrichment of B 

across all cell types (e.g., when B is highly abundant or broadly distributed). Negative values indicate that B is 
found near A less than expected based on its interactions with other cell types.

Single-cell RNAseq data processing and analysis

We utilize a tailored pipeline similar to the one used for spatial analysis to identify cell types and states in the 
scRNA-seq experiment. Single-cell gene expression datasets were analyzed using the Scanpy library. Doublet 
detection was executed employing Scrublet with default settings, and cells exceeding a doublet score of 0.36 
were filtered out. Cells with counts mapped to fewer than 200 genes and those with mitochondrial gene content 
exceeding 10% were excluded. Additionally, genes detected in fewer than three cells were removed. Total gene 
UMI per cell was normalized to a target sum of 104 and subjected to a log1p transformation. Subsequently, 
highly variable features were identified based on a minimum and maximum mean expression of 0.0125 and 3, 
respectively, and a minimum dispersion of 0.5. PCA was utilized for dimensionality reduction, and 50 principal 
components were employed for constructing a neighborhood graph with default parameters. The Leiden algo-
rithm was employed for clustering across resolutions ranging from 0.4 to 0.8. The dataset was visualized in two 
dimensions using UMAP. For in-depth analysis of significant cell types (Tregs, mregDCs, and macrophages), the 
initial dataset was subset and re-clustered following the abovementioned methodology. Clusters were annotated 
using canonical markers. Differential gene expression analysis was conducted using Seurat's FindMarkers func-
tion via the Wilcoxon test, leveraging the log-transformed expression matrix.

To infer cell–cell communication, ligand–receptor inference was conducted by integrating expression and 
spatial adjacency matrices using LIANA [29] and NicheNet [30] frameworks. For each interacting cell pair 
(e.g., Treg–mregDC), ligand–receptor scores were computed as the product of normalized expression and 

Fig. 2  Regulatory T cells co-localize with dendritic cells. A Colocalization analysis of cell types in the spatial transcrip-
tomics dataset. Cells were considered neighboring if there were no other cells between them and the distance was less than 
30 µm (“Methods”). High Z score indicates enriched proximity. One-tailed P-values were calculated from the mean z-score, 
and FDR < 0.05 (Benjamini-Hochberg) is marked with an asterisk. B Similar to A, but including all the subpopulations of 
cells. C Median spatial distance of each cell type to Tregs. Bar plot showing the median distance from each cell type to the 
nearest Tregs within the spatial dataset. mregDCs have the shortest median distance to Tregs (32.27 μm). D Specificity-
Corrected Spatial Enrichment Score. The score in each bar is calculated from the colocalization matrix shown in (B). For 
each cell type, we first calculate the average Z-score values in its corresponding column and then divide the Treg Z-score 
by this average (see Methods). E Spatial localization of dendritic-cell subsets and Tregs within the tumor microenviron-
ment. MERFISH spatial sections showing the distribution of mregDCs, cDC1, cDC2, Tregs, and malignant epithelial cells. 
Whole-section upper left, scale bar is 1 mm; bottom left, scale bar is 500 µm. The region indicated in the upper-left image 
is shown at higher magnification below. The square marks the approximate area and does not reflect the exact boundaries. 
High-resolution image on the right; the scale bar is 250 µm. Red arrows point to selected pairs of Tregs and mregDCs, and 
yellow arrows point to selected pairs of cDC1s and Tregs
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spatial proximity weights, allowing identification of enriched signaling axes (e.g., Ifng–Ifngr1/Ifngr2, Tngsf11–
Tngrsf11a/Tngrsf11b, Il15-Il2ra/Il2rb).

Bulk RNA-seq

Total RNA was extracted from BMDCs treated with Treg supernatant using the Quick-RNA Miniprep Kit, fol-
lowing the manufacturer’s instructions. RNA quantity and integrity were assessed by Qubit and Bioanalyzer 
(Agilent), and only samples with an integrity number (RIN) ≥ 9 were processed. Poly(A) + mRNA was enriched 
with KAPA Pure Beads, and strand-specific libraries were prepared using the KAPA Stranded mRNA-Seq Kit 
according to the recommended protocol with 12 PCR cycles. Libraries were pooled equimolarly and sequenced 
on an Illumina Nova-seq.

Analysis of published human PDAC spatial transcriptomic and scRNA-seq data

Published spatial transcriptomic and matched single-cell RNA-seq data from patients with PDAC were obtained 
from Chen et al. [31]. Spatial transcriptomic data were analyzed using Scanpy. 14 patient samples with more than 
2,000 spots were included. Gene expression values were normalized to a total of 10,000 counts per spot and log-
transformed before downstream analysis.

Treg, mregDC and CD8 signature scores were calculated for each spatial spot using Scanpy’s score_genes 
function. The Treg signature included FOXP3, IL2RA, CTLA4, TIGIT, and IKZF2, the mregDC signature 
included FLT3, CCR7, LAMP3, CCL19, FSCN1, and CD274 and the CD8 T cells signature included CD8A and 
CD8B. Within each patient, spots with scores above the 80th percentile were defined as Treg-high, mregDC-high 
or CD8 T cells high.

The enrichment of mregDC–Treg co-occurrence relative to mregDC–CD8⁺ T-cell co-occurrence was calculated 
independently for each patient. First, separate odds ratios (OR) were calculated for mregDC–Treg co-occurrence 
and for mregDC–CD8⁺ T-cell co-occurrence. Then, the log ratio of ORs was calculated as log(OR(mregDC-
Treg)/(OR(mregDC-CD8⁺)). Positive values therefore indicated a stronger Treg– mregDC than mregDC–CD8⁺ 
T-cell association. The delta method was used to calculate the sampling variance of the log ratio of ORs. Patient-
specific log ratios of ORs were combined using a random-effects model. The pooled estimate was exponentiated 
and represented in a forest plot as the ratio of ORs with a 95% confidence interval. Analyses were performed in 
R using the metafor package.

To assess the functional states associated with these spatial groups, gene-program scores were calculated for 
CD8⁺ T-cell exhaustion, Treg suppressive activity, and immune-checkpoint signaling. The CD8⁺ T-cell exhaus-
tion signature included PDCD1, LAG3, HAVCR2, TOX, ENTPD1, and CD8. The Treg suppressive signature 
included FOXP3, IL2RA, CTLA4, TIGIT, IKZF2, ENTPD1, and NT5E. The immune-checkpoint signature 
included CD274, PDCD1LG2, PDCD1, CTLA4, LAG3, HAVCR2, and TIGIT.

For each gene program, we tested whether the mregDC–Treg spots had a higher score than both the Treg spots 
and the mregDC spots. At the patient level, one-sided paired Wilcoxon signed-rank tests were performed for 
mregDC–Treg spots vs mregDC spots and for mregDC–Treg spots vs Treg spots. The resulting p-values were 
corrected for multiple comparisons using the Benjamini–Hochberg method. Next, for each gene program, patient-
level median differences were calculated between mregDC–Treg spots and Treg spots, and between mregDC–
Treg spots and mregDC spots. These were represented as 2 vectors, and a one-sided Wilcoxon signed-rank test 
was used to calculate a set of 2 aggregated p-values for each gene program. Those p-values were combined by 
the intersection–union approach and adjusted by the Benjamini–Hochberg method, resulting in one FDR for each 
gene program.

The matched scRNA-seq dataset was analyzed on http://pdac.cancer-pku.cn/. Expression of selected Treg and 
DC-associated genes was compared across Tregs, pDCs, cDC1s, cDC2s, and mregDCs.

http://pdac.cancer-pku.cn/
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Statistical analysis

All statistical analyses were performed in Python 3.9 or R 4.4. Comparisons between groups were made using 
unpaired t-test unless otherwise stated. Spatial enrichment p-values were derived from permutation-based z-scores 
using one-tailed normal approximation, and results with adjusted p < 0.05 were considered significant.

Software

Throughout the paper, we report analysis performed using Python (v 3.9.18), R (v 4.4.3), numpy (v 1.26.4), 
pandas (v 2.3.1), matplotlib (v 3.9.4), seaborn (v 0.13.2), scanpy (v, 1.10.3), squidpy (v 1.5.0), Seurat (v 5.3.0), 
nichenetr (2.2.0), liana (0.1.14), ggplot2 (v 4.0.0), ggpubr (v 0.6.0), circlize (v 0.4.16), Complex Heatmap (v 
2.20.0), scpubr (v 3.0.0), and the MERSCOPE Visualizer (v 2.5) by Vizgen.

A detailed list of plasmids, oligos, and reagents is listed in the supplementary data section.

Results

Tregs interact with dendritic cells in PDAC TME

To explore the interactions between immune cells and other cell types in PDAC tumors, we used 6499c4 pan-
creatic cancer cells [25] derived from tumors developed in a genetically engineered mouse model and injected 
them into the pancreas of syngeneic C57BL/6 mice. Twelve days after cell injection, we recovered the tumors and 
performed scRNA-seq and spatial transcriptomics (Fig. 1A). For the scRNA-seq experiment, half of the tumor 
was dissociated [26], and the analysis allowed the identification of multiple cell types (Fig. 1B-C) and subtypes, 
including epithelial malignant cells, fibroblasts, T cells, endothelial cells, macrophages, and dendritic cells (Sup-
plementary Figs. 1-4). We have used this analysis, in conjunction with our previous studies and publications [5, 
32], to define a set of 183 genes that included 3–4 representative genes for each cell subpopulation.

The remaining half of the tumor was formalin-fixed, and successive sections were subjected to H&E stain-
ing and spatial transcriptomics (Fig. 1D–E) via MERFISH technology [33]. We have analyzed 179,496 cells in 
the section, detecting an average of 418 transcripts per cell. We identified three major hubs enriched in either 
cancer epithelial cells, stromal cells, or immune cells (Fig. 1E). We then examined the identity of each cell type 
and subtype in the spatial transcriptomic data (Fig. 1F-H, Supplementary Figs. 1B, 1D), including fibroblasts, T 
cells (Supplementary Fig. 5), and myeloid cells, which could be further classified into M1 macrophages (Folr2-
positive), M2 macrophages (CD274-positive), or M0 macrophages defined based on the lack of M1/M2 markers 
(Supplementary Fig. 6). We also identified dendritic cell subtypes, including pDCs, cDC1, cDC2, and mregDCs 
(Supplementary Fig. 7).

To assess the spatial proximity between different cell types, which reflects potential cell–cell interactions, we 
performed neighboring cell analysis (see “Methods” [28, 32]). The section was divided into 83 domains (Supple-
mentary Figs. 8A–B), and neighboring analyses were conducted to identify significant associations between cell 
subtypes (Fig. 2A-B).

As expected, cancer cells predominantly interacted with each other within cancer-dense regions, while immune 
and stromal cells were colocalized (Figs. 1E and 2A; Supplementary Fig. 8C). M1 macrophages were mostly 
excluded from the tumor core, whereas other macrophage populations infiltrated the tumor mass (Supplementary 
Fig. 8D). Interestingly, Tregs were found in proximity to DCs—particularly mregDCs and cDC1 (Fig. 2C-D; 
Supplementary Fig. 8E). Notably, mregDCs formed clusters, whereas other immune cell types were dispersed 
throughout the stromal and immune domains (Fig. 2E).

To assess the reproducibility of these findings, we analyzed an independent orthotopic PDAC model gener-
ated using a cell line derived from tumors arising in Ptf1a-CreER; Trp53fl/fl; LSL-KrasG12D mice (Supplementary 
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Fig. 9). A similar pattern of interactions between T-cell subsets and DC subpopulations was observed in this 
model.

Together, these spatial transcriptomic analyses reveal a close interaction between Tregs and DCs subpopula-
tions within the PDAC TME.

Tregs induce cDC differentiation to mregDCs

To investigate the effect of the interactions between DCs and Tregs, we generated Tregs and DCs in vitro. We 
recovered bone marrow cells and differentiated them into DCs using FLT3L [34, 35]. In parallel, we recovered 
splenic CD4 T cells and added TGF-β1 and IL2 to generate inducible Tregs (Supplementary Fig. 10A-B). Co-
incubation of bone marrow-derived cells (BMDCs) and Tregs (Fig. 3A) induced the expression of CCR7 in DCs 
(Fig. 3B). To test if the effect was mediated by physical interaction or secreted molecules, we repeated the experi-
ment using Treg supernatant or, as a control, we included only the cytokines that are used to differentiate CD4 T 
cells into Tregs. Treg supernatant induced the expression of CCR7, while the media that included only TGF-β1 
and IL2 did not affect CCR7 expression (Fig. 3C; Supplementary Fig. 10 C). This finding raises the possibility 
that Tregs secreted molecules induce the differentiation of conventional DCs toward mregDCs. To examine this 
possibility, we added Treg supernatant to BMDCs and performed bulk RNA-seq. We found that the expression of 
cDC1 and cDC2 markers was reduced, and the expression of CCR7, as well as other mregDC markers, such as 
Fscn1, increased (Fig. 3D-E). Consistently, we have also detected an increase in the expression of PD-L1 under 
the same conditions, suggesting a potential immunosuppressive effect of the same cells (Fig. 3F; Supplementary 
Fig. 10D-F). We repeated the experiment using native Tregs that were isolated from mice (FOXP3-GFP) and 
found a similar effect, supporting the possibility that the same molecules are expressed by Tregs in vivo (Fig. 3G-
I). Interestingly, Tregs did not affect the expression of CCR7 in BMDCs that were differentiated with GM-CSF 
(Supplementary Figs. 10G-H). Previous studies question the similarity of GM-CSF-differentiated bone marrow 
(BM) cells to DCs, suggesting that some of these cells are more similar to macrophages [36]. The effect of Treg 
supernatant on FLT3L BM-differentiated cells but not on GM-CSF BM-differentiated cells, supports the possibil-
ity that the described interactions and effect of Tregs are specific for DCs.

Fig. 3  Tregs’ supernatant induces the transition from conventional dendritic cells to mregDCs. A An overview of the proce-
dure to test the effect of Treg and dendritic cell interactions. B Quantification of Flow cytometry analysis showing the levels 
of CCR7 expression in FLT3L-differentiated BMDCs after incubation with different ratios of iTregs, media was used as a 
control. Percentages of CCR7-positive DCs on the left and CCR7 mean fluorescence intensity (MFI) (middle). Representa-
tive flow cytometry plots are on the right. The figure includes three technical replicates, and the experiment was repeated 
three times, showing similar results. C FLT3L-differentiated BMDCs were treated with Treg supernatant after culture for five 
days with media or with control media that include IL-2 and TGF-β1 (Sup w/o Treg). Percentages of CCR7-positive DCs 
on the left and CCR7 mean fluorescence intensity (MFI) (middle). Representative flow cytometry plots are on the right. The 
figure includes three technical replicates, and the experiment was repeated three, showing similar results. D Volcano plot 
showing enriched genes in FLT3L-differentiated BMDCs exposed to Treg supernatant (Right) versus control media (Left), 
based on bulk RNA-seq experiment. Selected differentially expressed genes are highlighted. E Heatmap showing expression 
of selected genes based on the RNA-seq data shown in (E). Gene-wise z-score normalization was applied to the expression 
matrix. F FLT3L-differentiated BMDCs were treated with Treg supernatant or with control media as indicated. Percentage of 
PD-L1-positive DCs is shown on the left, and PD-L1 mean fluorescence intensity (MFI) is shown in the middle. Representa-
tive flow cytometry plots are on the right. The figure includes three technical replicates, and the experiment was repeated 
four times, showing similar results. G Overview of experiments using native FOXP3⁺ Tregs to validate Treg-induced DC 
reprogramming. Splenic FOXP3-GFP⁺ Tregs were sorted and co-cultured with FLT3L-differentiated BMDCs. Alternatively, 
we used the FOXP3-GFP⁺ Treg supernatant, media without cells (media), or media with cytokine (sup without cells). H-I 
BMDCs were analyzed for CCR7 (H) and PD-L1 (I) induction to assess whether native Tregs recapitulated the effects 
observed with in vitro-generated iTregs. The figure includes three technical replicates, and the experiment was repeated three 
times, showing similar results. Statistical significance was determined using an unpaired two-tailed Student’s t-test. Data 
represent mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
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IFN-γ mediates the induction of cDC differentiation into mregDCs

To identify cytokines and secreted molecules mediating the interactions between Tregs and cDC1s, we performed 
ligand–receptor analysis using the scRNA-seq dataset generated in this study (Figs. 1 and 4A). We applied the 
LIANA tool [29], and the analysis revealed several candidate ligand–receptor pairs, including Ifng–Ifngr and 
Xcl1–Xcr1. Among these, Ifng was expressed by Tregs, whereas Ifngr was expressed by cDC1s (Fig.  4B). 
Although Ifng is known to be expressed by Th1 and CD8 T cells, expression of Ifng by Tregs was reported before 
[37–40], consistent with our finding.

We next used NicheNet [30]  to assess the predicted effects of these signaling interactions on cDC1 gene 
expression and found that Ifng exhibited the strongest predicted influence (Fig. 4C). To validate these predictions, 
we treated FLT3L-derived BMDCs with IFNG and observed induction of CCR7 and PD-L1 expression (Fig. 4D-
E), whereas other Treg-secreted cytokines did not produce this effect (Supplementary Fig. 11E).

To further confirm the role of Ifng, we employed CRISPR/Cas9-mediated gene targeting. CD4⁺ T cells were 
isolated from Cas9-expressing mice, transduced with gRNA-Ifng-mCherry. mCherry + cells were sorted and cul-
tured for another 4 days, and then co-cultured with BMDCs. Ifng -targeted Tregs induced a markedly weaker 
response in BMDCs compared with control Tregs (Fig. 4F–J). Interestingly, a similar effect of IFNg on the matu-
ration of human monocyte-derived dendritic cells (moDCs) has previously been reported [41]. Notably, Ifng-
targeted Tregs still partially induce CCR7 and PD-L1 expression, suggesting that additional signals, in addition 
to Ifng, contribute to the induction of mregDCs. Furthermore, our data do not exclude the possibility that IFN-γ 
produced by other cell types also contributes to the differentiation of cDCs into mregDCs.

We also examined whether the interaction between cDC1s and Tregs reciprocally affects Treg phenotype. 
Using two complementary approaches—(i) LIANA [29] and NicheNet [30] analyses (Fig. 4K), and (ii) spatial 
transcriptomic comparison of Tregs in proximity versus distant from cDC1s (Fig. 4L)—we found that Tregs 

Fig. 4  Bidirectional interactions between cDCs and Tregs. A Ligand–receptor interaction analysis between Tregs and cDC1s 
using the scRNA-seq data. LIANA tool results are presented on the left, and the heatmap summarizes the ligand-receptor 
interaction scores between Treg-derived ligands and cDC1-expressed receptors. Lower scores indicate stronger predicted 
interaction. The ranking plot on the right displays the top ligand activities prioritized by Nichenet, highlighting ligand candi-
dates most likely to drive transcriptional changes in cDCs. B Expression of selected ligand and receptor genes in Tregs and 
DC subsets. Dot plot showing the expression level and abundance in each subpopulation. Genes were divided into groups 
according to the legend at the bottom of the panel. C Chord diagram summarizing predicted ligand–receptor interactions 
between Tregs and cDC1. Ligands are expressed by Tregs, and receptors are expressed by cDC1s. Ligand–receptor interac-
tions were inferred using the LIANA framework based on our scRNA-seq dataset. Lines represent individual ligand–recep-
tor pairs, and line width reflects interaction scores based on the LIANA tool. D The percentage of CCR7⁺ cells at different 
concentrations of IFN-γ, based on Flow cytometry analysis (left), The negative control group was cultured in basal media. 
The MFI is shown in the middle panel. Representative flow cytometry plots (right) illustrate the increase in CCR7⁺ BMDCs 
following IFN-γ stimulation. E Similar to D, showing the expression level of PD-L1⁺. The figures in D and E include three 
technical replicates and were repeated three times, showing similar results. F Overview of the CRISPR-based Treg pertur-
bation assay used to test the effect of Treg-derived IFN-γ on BMDCs. Transduced Tregs were sorted and incubated with 
IL2 before co-culture with BMDCs. G Quantification of CCR7⁺ CD11c⁺ BMDCs (left) and CCR7 MFI (right) following 
co-culture with control Tregs or Tregs that were transduced with gRNAs targeting IFN-γ, or non-targeting gRNA (NT). The 
basal medium was used as a negative control to show the basal expression of CCR7. H Representative flow cytometry plots 
showing CCR7 induction in BMDCs co-cultured with CRISPR-edited Tregs. I Quantification of PD-L1⁺ CD11c⁺ BMDCs 
(left) and PD-L1 MFI (right) following co-culture with control Tregs or Tregs transduced with gRNAs targeting IFN-γ or a 
non-targeting gRNA as a control. The basal medium was used as a negative control to show the basal expression of PD-L1. 
J Flow cytometry plots illustrating PD-L1 induction in BMDCs co-cultured with CRISPR-edited Tregs. NT: Non-Target. 
The figures in G and I include three technical replicates and were repeated three times, showing similar results. K Ligand-
receptor interaction analysis between cDC1 and Tregs using the scRNA-seq data. The heatmap summarizes the predicted 
ligand-receptor interaction scores between cDC1-derived ligands and Treg-expressed receptors. L Dot plot showing differ-
ential gene expression between interacting and non-interacting Tregs. Interacting Tregs are defined as cells spatially adjacent 
to cDC1. Dot color represents the mean expression level within each group, and dot size indicates the percentage of cells 
expressing each gene. Statistical significance was determined using an unpaired two-tailed Student’s t-test. Data represent 
mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
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interacting with cDC1s exhibited increased expression of receptors involved in immunosuppressive signaling, 
including PD-1 and LAG3.

In summary, these results indicate that Treg-secreted IFN-γ drives the differentiation of cDC1s into mregDCs, 
while cDC1s, in turn, promote a more immunosuppressive Treg phenotype.

MregDCs are the closest neighbors of Tregs and may promote their proliferation through IL15

We found that MregDCs were the nearest neighboring cells to Tregs (Fig. 2C-D and Supplementary 11B-C), and 
Tregs are closer to mregDCs than CD8 T cells (Fig. 5A). To test the functional consequences of these predicted 
interactions, we treated FLT3L-derived BMDCs with Treg supernatant to induce an mregDC-like state and sub-
sequently incubated them with OVA peptide and differentiated Tregs (Fig. 5B). We found that the interaction with 
mregDCs enhanced Treg proliferation (Fig. 5C-D).

Next, we sought to identify the molecules mediating this effect using Liana [29] and NicheNet [30] analyses 
(Fig. 5E–F). These analyses predicted that IL15, which is mainly expressed by mregDCs in mouse models and 
human PDAC (Fig. 5E-G, Supplementary 12), influences Treg gene expression. To test this prediction, we incu-
bated differentiated Tregs with recombinant IL15 (Supplementary 11 A) and observed that IL15 upregulated the 
proliferation marker Ki67 (Fig. 5H-I) as well as genes associated with Treg activation and immunosuppressive 
function, including CD25, CTLA4, and ST2 (Fig. 5J-K).

Next, we profiled the ligand-receptor interactions to test the possible effect of Tregs on mregDCs (Supple-
mentary 11D-E). TNFSF11 (RANKL) was identified as a cytokine that is expressed by Tregs, and TNFRSF11A 
was expressed by mregDCs but not by other DC subtypes (Supplementary 11 F). To test if TNFSF11 affects 
mregDCs, we differentiated BM cells with FLT3L and treated the cells with LPS to induce a cell state that is 
similar to mregDCs. We then added recombinant TNFSF11 and found that the expression of CCR7 was further 
elevated (Supplementary 11G-H). To further validate the role of Tnfsf11, we transduced lentivirus encoding 

Fig. 5  mregDCs induce Treg proliferation. A Specificity-Corrected Spatial Enrichment Score. The score in each bar is calcu-
lated from the colocalization matrix shown in Fig. 2B. For each cell type, we first calculate the average Z-score values in its 
corresponding column and then divide the mregDCs Z-score by this average (see Methods). B An overview of the experiment 
that tests the effect of mregDCs on Treg gene expression and proliferation. C CFSE dilution profiles showing proliferation of 
CFSE-labeled Tregs following co-culture with BMDCs, or treated under the conditions indicated in the figure. The BMDCs 
were preconditioned with Treg-derived supernatant. The anti-CD3/CD28 stimulation group was used as a positive control 
for Treg proliferation, and LPS stimulation was used as a positive control for DC activation. Anti-CD3/CD28-stimulated 
Treg cells without CFSE staining were used as CFSE-negative control groups to evaluate the basal signal value of CFSE. 
D Quantification of Treg proliferation induced by BMDCs preconditioned with Treg-derived supernatant. The proportion 
of CFSE-positive T cells (left) and CFSE MFI (right) in the different conditions is shown. The figure includes three techni-
cal replicates, and the experiment was repeated three times, showing similar results. E Ligand-receptor interaction analysis 
between mregDCs and Tregs using the scRNA-seq dataset. The heatmap summarizes the ligand-receptor interaction scores 
between mregDCs-derived ligands and Treg-expressed receptors. F Chord diagram summarizing predicted ligand-receptor 
interactions between Tregs and mregDCs. Circos plot visualizing the strength and direction of ligand-receptor interactions 
identified by LIANA. Lines represent individual ligand–receptor pairs, and line width reflects interaction scores based on 
the Liana tool. G Violin plots show Il15 transcript levels in Tregs, cDC1, cDC2, mregDCs, and pDCs based on the scRNA-
seq data. The Y-axis represents the log-normalized expression levels of Il15 in each cell. P-values were calculated using the 
Mann–Whitney U test (two-sided). Significance thresholds were set at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). H In 
vitro induced iTreg cells were treated with IL-15. On the left, the total number of Tregs after one day of culture in media 
alone or supplemented with increasing concentrations of recombinant IL-15. On the right, the frequency of FOXP3⁺CD25⁺ 
Tregs within the CD4⁺ population under the same culture conditions. I On the left, the quantification of FOXP3⁺Ki-67⁺ cells 
within the CD4⁺ population after one day of culture with the indicated concentrations of recombinant IL-15. On the right, 
representative flow cytometry plots showing FOXP3 and Ki-67 expression in CD4⁺ T cells cultured with media alone or 
with IL-15. J MFI of CD25 (left), CTLA-4 (middle), and ST2 (right) measured in Tregs with the indicated concentrations 
of IL-15. K Representative flow cytometry histogram overlays showing IL-15-dependent upregulation of Treg activation 
markers. Panels I-L include four technical replicates, which were repeated three times, showing similar results. Statisti-
cal significance was determined using an unpaired two-tailed Student’s t-test. Data represent the mean ± SD. * p < 0.05; ** 
p < 0.01; *** p < 0.001; **** p < 0.0001
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gRNA-Tnfsf11-mCherry into CD4+ T cells. mCherry + cells were selected and cultured for 4 days before being 
co-cultured with BMDCs. Compared to control Treg cells, the response induced by Tnfsf11-targeted Treg cells 
was significantly weakened (Supplementary 11I-J).

Together, these findings indicate that interactions between mregDCs and Tregs increase Treg abundance within 
the TME and enhance their immunosuppressive phenotype, and that IL15 possibly serves as a key mediator of 
this effect. The Tregs can also affect mregDCs, increasing the expression of their migratory receptors.

MregDCs and Tregs co-localize in human PDAC

To determine whether the spatial association between mregDCs and Tregs observed in mouse tumors is also pres-
ent in human PDAC, we reanalyzed published spatial transcriptomic data from 14 patients with PDAC (Chen et 
al., [31]). We identified spots enriched for mregDC or Treg signatures, as well as spots enriched for both signa-
tures (Supplementary Fig. 12A–C). Across 14 patients, the frequency of spots containing both mregDC and Treg 
signatures was higher than expected based on the abundance of spots containing either signature alone (p < 0.001 
Fisher's exact test; Supplementary Fig. 12D). These findings indicate that mregDCs and Tregs preferentially co-
localize in human PDAC, consistent with our observations in mouse tumors.

Reanalysis of scRNA-seq data from the same patients further showed that mregDCs express IL15 (Supple-
mentary Fig. 12E). We next examined transcriptional programs associated with spatial regions enriched for mreg-
DCs, Tregs, or both cell populations. Spots enriched for both mregDC and Treg signatures showed significant 
enrichment of gene programs associated with CD8⁺ T-cell exhaustion (FDR < 0.01), and Treg suppressive activity 
(FDR < 0.01), in most patients, suggesting that the spatial association between mregDCs and Tregs is linked to an 
immunoregulatory state within the tumor microenvironment (Supplementary Fig. 12 F).

Finally, we compared the spatial enrichment of mregDC–Treg and mregDC–CD8⁺ T-cell co-occurrence. In 
11 of 14 patients, mregDC–Treg co-occurrence was more abundant than mregDC–CD8⁺ T-cell co-occurrence 
(one-sided P = 0.021), indicating a preferential spatial association between mregDCs and Tregs in human PDAC 
(Supplementary Fig. 12G).

Together, these analyses demonstrate that the preferential spatial association between mregDCs and Tregs 
observed in our mouse models is also present in human PDAC and is associated with transcriptional programs 
indicative of related function.

Discussion

The number of dendritic cells (DCs) present in the TME has a major impact on antitumor immunity [42]. In pan-
creatic cancer, DC abundance is particularly low, and increasing DC numbers using FLT3L together with ICIs can 
improve antitumor responses and restrict tumor growth in animal models [22, 23]. However, DC colocalization in 
the TME is also an important factor that can affect the overall immune response. DCs can interact with Tregs and 
with CD8⁺ T cells, and these interactions are predicted to exert opposing effects on the immune response [15–17, 
19, 20, 43, 44]. Thus, the relative spatial proximity among DCs, Tregs, and CD8⁺ T cells is critical. Moreover, 
distinct T-cell subsets engaging with specific DC subsets may yield different outcomes, ultimately shaping the 
overall immune competence within the tumor.

Here, we used spatial transcriptomics to rank DC–T-cell interactions in situ (Fig. 2), showing that Tregs are 
closer to DCs than to CD8 T cells (Figs. 2 and 5). We integrated these findings with ligand–receptor analysis of 
scRNA-seq, followed by in vitro validation. We show that cDC1 cells interact with Tregs, and that this interac-
tion induces Treg activation and upregulation of immunosuppressive genes such as Lag3 and Pdcd1 (Fig. 4). 
This effect is bidirectional, as cytokines secreted by Tregs promote the transition of cDC1 into the mregDC state 
(Fig. 3). Thus, despite prior studies suggesting that Tregs limit DC maturation [10, 16, 45, 46] or co-stimulatory 
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molecule expression, our in vitro experiments indicate that Treg-derived cytokines can enhance the transition of 
cDC1 into mregDCs.

The mregDCs, in turn, support Treg proliferation and enhance their immunosuppressive phenotype. Our data 
suggest that IL-15 expressed by mregDCs may promote Treg expansion and induce expression of inhibitory 
receptors such as CTLA-4 (Fig. 5). Thus, in vivo spatial organization combined with in vitro assays suggests that 
reciprocal interactions between Tregs and DCs create a reinforcing feedback loop that may support the establish-
ment of an immunosuppressive TME (Supplementary Fig. 13).

It is still not clear why mature CCR7-positive DCs do not migrate to the lymph node and what is the molecular 
mechanism that traps them in the tumor, but our study shows the possible benefit to the tumor by supporting the 
expansion of Tregs. As a consequence, therapeutic strategies aimed at increasing DC numbers may need to be 
paired with interventions that disrupt the Treg–DC circuit. Our analyses highlight IFNG, IL15, and TNFSF11 as 
key mediators of these multicellular interactions. Consistent with our findings, IFNG has been implicated in pro-
moting Treg-related responses together with additional factors [40]; however, targeting it, is challenging, given 
its essential role in CD8⁺ T-cell and NK-cell activation and cytotoxicity. Still, targeting TNFSF11 and IL-15 may 
weaken this positive feedback loop and reduce immunosuppression with minimal unwanted effects on protective 
anti-tumor immunity.

In summary, despite the dual potential functions of mregDCs as mature and suppressive DCs, the data pre-
sented here suggest that Tregs promote the mregDC state, and mregDCs, in turn, enhance Treg activation and 
proliferation. Thus, the proximity between the cells supports the immunosuppressive outcome. A deeper under-
standing of DC function in the PDAC TME has clinical relevance, particularly in light of encouraging early 
results of pancreatic cancer vaccine clinical trials [47, 48], which previously were shown to be mediated by DCs 
[49].
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