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Abstract

How tolerogenic dendritic cell (DC) lineages are established to prevent inappropriate immune 

responses to commensals and food antigens remains unclear. We identify RORγt+ DCs as 

a distinct lymphoid-derived lineage to safeguard intestinal tolerance. Using lineage tracing 

and single-cell transcriptomics, we unveiled bone marrow–resident Rorc(t)+ progenitors, which 

include a RORγt+ innate lymphoid progenitor (RILP) that generates both ILC3s and RORγt+ 

DCs, and a pre-RORγt+ DC precursor committed exclusively to the RORγt+ DC lineage. RORγt+ 

DC development required the Rorc +7 kb enhancer, whose accessibility was regulated by the 

repressors REV-ERBα and REV-ERBβ, and depended on the transcription factors PRDM16 

and PU.1 for lineage commitment. Loss of any of these regulators abrogated RORγt+ DC 

differentiation, reduced peripheral Treg induction, and skewed toward T helper 2 responses. 

Together, these findings define RORγt+ DCs as a lymphoid-derived lineage whose enhancer- 

and transcription factor–driven development is essential for peripheral Treg-mediated immune 

homeostasis.

One-sentence summary:

A distinct lymphoid progenitor generates RORγt+ DCs via a REV-ERB–controlled RORγt 

enhancer and PRDM16–PU.1-transcriptional programs

INTRODUCTION

Tolerance to harmless antigens, such as those derived from commensal microbiota or 

food proteins, is maintained by antigen-presenting cells (APCs), which promote regulatory 

immune responses by priming regulatory T (Treg) cells (1–3). Recent studies have described 

a new family of RORγt+ APCs in mice and humans, referred to as Thetis cells (TC), 

tolerogenic dendritic cells (tolDCs), extrathymic aire-expressing cells (eTAC), Janus cells 
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or RORγt+ dendritic cells (RORγt+ DCs, the term used in this paper) (4–15). These 

cells play a pivotal role in preventing inflammatory responses to gut microbes and 

dietary antigens. Mice lacking RORγt+ DCs fail to induce peripherally derived regulatory 

T (pTreg) cells against oral antigens and instead develop increased Th2 responses and 

allergic inflammation. Thus, RORγt+ DCs are essential for maintaining unresponsiveness 

to harmless microbiota and dietary antigens, thereby preserving intestinal homeostasis and 

preventing disorders such as food allergy and inflammatory bowel disease (8, 9, 11).

RORγt is a transcription factor best known for driving the development of lymphocyte 

lineages such as Th17 cells and group 3 innate lymphoid cells (ILC3s) (16–18). Consistent 

with this, RORγt+ DCs share some phenotypic features with ILC3s. However, they also 

display many hallmark properties of conventional DCs, including expression of the DC 

lineage-specific transcription factor ZBTB46 and high levels of MHC class II (5, 8–11). 

Unlike RORγt+ ILC3s, which are IL-7Rα+ and CXCR6+, RORγt+ DCs do not express 

these markers, providing a clear way to distinguish the two cell types. Transcriptional and 

epigenetic profiling has further shown that RORγt+ DCs cluster more closely with classical 

DCs than with ILC3s (5, 8–11). Functionally, RORγt+ DCs reside in the small intestine, 

where they capture and process gut-derived antigens, then upregulate CCR7 and migrate to 

draining lymph nodes (8). There, they prime naïve CD4+ T cells and skew differentiation 

toward Foxp3+ RORγt+ pTreg rather than effector subsets (2, 5, 6, 8, 9, 11). Altogether, 

RORγt+ DCs combine limited ILC3-like features with the molecular and functional toolkit 

of classical DCs, behaving as professional antigen-presenting cells specialized for tolerance. 

This dual identity raises a fundamental question: do RORγt+ DCs share the lymphoid 

origin of ILC3s, the myeloid origin of most DCs, or do they represent a distinct lineage of 

tolerogenic DCs?

Classical DCs are largely derived from bone marrow–resident myeloid progenitors, 

including the monocyte–dendritic cell progenitor (MDP) (19, 20) and the common DC 

progenitor (CDP) (21–23). However, accumulating evidence indicates that subsets of DCs 

can also arise from distinct non-myeloid progenitors, including lymphoid-derived precursors 

(24–31). In line with this, in vitro studies and lineage tracing experiments with hCD2 lineage 

tracer mice have suggested that RORγt+ DCs develop through a lymphoid-biased pathway 

(11, 12). Most evidence supporting a lymphoid origin comes from mouse neonates, when a 

wave of RORγt+ DCs colonizes gut-associated lymphoid tissues in parallel with microbiota 

establishment (5, 11, 32). Whether adult RORγt+ DCs are sustained by the same lymphoid 

progenitor pool, or whether they can also emerge from myeloid progenitors later in life, 

has not been resolved. Moreover, the precise upstream progenitor that gives rise to RORγt+ 

DCs and how its fate is directed away from other lineages, including ILC3s (27), remain 

undefined.

ILC3 and RORγt+ DC development is under strict transcriptional control. A cis-regulatory 

enhancer located +7 kb downstream of the Rorc promoter (+7kbE) is indispensable for 

maintaining this subset, and the transcriptional coregulator PRDM16 is crucial for RORγt+ 

DCs: in its absence, RORγt+ DCs fail to develop and do not induce pTreg responses to 

food antigens which leads to loss of tolerance (8, 11). Yet, the regulatory mechanisms that 

establish and maintain these transcriptional programs remain largely unknown.
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In this study, we identify RORγt+ DCs as a lymphoid-derived antigen-presenting cell 

lineage that develops efficiently in both neonates and adults, arising predominantly from 

IL-7R-expressing lymphoid progenitors. Single-cell and functional analyses identify a 

RORγt+ innate lymphoid progenitor (RILP) that generates both MHC-II+ ILC3s and 

RORγt+ DCs, and a pre-RORγt+ DC precursor committed exclusively to the RORγt+ 

DC lineage. RORγt+ DC development requires the Rorc +7 kb enhancer and is governed 

by a transcriptional network in which REV-ERBα and REV-ERBβ maintain enhancer 

accessibility, while PRDM16 and PU.1 act downstream to stabilize lineage commitment, 

particularly of RORγt+ DC II–IV subsets. Together, these findings establish a developmental 

and transcriptional program that defines RORγt+ DC specification as a distinct lymphoid 

pathway within the DC lineage.

RESULTS

RORγt+ DCs are of lymphoid origin independent of mouse age

We previously showed that RORγt+ DCs originate from lymphoid-derived progenitors in 

15-day-old pups in vitro (11). However, it remained unclear whether RORγt+ DCs in adult 

mice also arise from lymphoid progenitors or from distinct precursors. To address this 

question, we compared the output of total bone marrow (BM) cells from 15-day-old pups 

and adult Gm38411iCre-hCD2 Rosa26tdTomato mice cultured under conditions that promote 

RORγt+ DC development (FLT3L, IL-7, SCF), which have been previously validated 

to support differentiation of RORγt+ DCs in vitro (11). In these mice, hCD2 and Cre 

expression are driven by Gm38411, an antisense long-noncoding RNA that shares the 

promoter region with RORγt and precisely mirrors RORγt expression (11). Thus, the 

system serves both as a direct reporter of Gm38411/RORγt activity (via hCD2 expression) 

and as a lineage-tracing tool marking cells that have expressed Gm38411/RORγt (via 

tdTomato expression) (11). When BM cells from 15-day-old pups or adult mice were 

cultured under conditions that promote RORγt+ DC development, both groups generated 

comparable numbers of RORγt+ DCs (Fig. 1, A and B). In contrast, type 1 (DC1) and type 2 

(DC2) DC outputs were higher in adult cultures, likely reflecting enhanced myelopoiesis in 

adults that supports greater overall DC yields (32).

To determine whether RORγt+ DCs in adult mice are derived from lymphoid or myeloid 

BM progenitors, we sort-purified three BM populations: IL-7R+ lymphoid progenitors 

(IL-7R+ LP), IL-7R− M-CSFR− double-negative DC progenitors (DN DCP), which 

represent a mixed lymphoid–myeloid precursor pool (25, 28, 33), and myeloid CD115+ 

CDPs. Each population was cultured with FLT3L, IL-7, and SCF for four days, a 

time point at which their developmental output peaks. As a positive control, we also 

included lymphoid-primed multipotent progenitors (LMPP), which retain lymphoid and 

some myeloid potential. In adult mice, RORγt+ DCs were generated most efficiently from 

IL-7R+ LP, whereas LMPP and DN DCP showed only limited potential, and CDPs produced 

almost no RORγt+ DCs (Fig. 1, C and D and fig. S1A). These results demonstrate that 

RORγt+ DC development occurs in both pups and adults, and in both cases relies primarily 

on IL-7R+ LP.

Rodrigues et al. Page 3

Sci Immunol. Author manuscript; available in PMC 2026 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Single-cell profiling of in vitro-generated RORγt+ DCs

To validate the identity of in vitro generated RORγt+ DCs, we performed scRNA-seq on 

CD3– B220– Ly6C– hCD2+ tdTomato+ cells from cultured BM of 15-day old Gm38411iCre-

hCD2 R26tdTomato mice. After quality control, we projected 23,360 cells onto a Uniform 

Manifold Approximation and Projection (UMAP) (Fig. 1E). Three clusters were defined 

based on marker gene expression and differentially expressed genes (DEGs) filtering for 

DNA-binding or cell surface proteins (Fig. 1, F and G and data file S1, A to C). All 

clusters expressed core RORγt+ DC/ILC3 genes, including Rorc, Gm38411, Lingo4, Nrp1, 

Ptprc, Ltb, and Il1r1 (fig. S1B). Clusters 0 and 2 corresponded to ILC3s, marked by Rora, 

Maf, Tcf7, Il23r, and Cxcr6. Cluster 2 additionally expressed proliferation-associated genes 

(Mki67, Kif4, Smc2, Ezh2). In contrast, Cluster 1 expressed RORγt+ DC-associated genes, 

including Spi1, Prdm16, Runx3, H2-Ab1, Itgam, and Itgax (Fig. 1, F and G and data file 

S1). Overall, our scRNA-seq analysis shows that culturing total BM cells under RORγt+ 

DC promoting conditions yields hCD2+ tdTomato+ cells that include both RORγt+ DCs and 

ILC3s.

Lymphoid precursors develop into RORγt+ DCs in vivo

We next investigated whether IL-7R+ LP, which readily generate RORγt+ DCs in vitro, can 

also give rise to this lineage in vivo, where developmental cues and microenvironmental 

signals are more complex. At the same time, we asked whether CDPs, which represent a 

canonical myeloid pathway of DC development, contribute to the RORγt+ DC compartment 

under physiological conditions. We sort-purified LMPP, IL-7R+ LP, DN DCP, and CDPs 

from Gm38411iCre-hCD2 R26tdTomato 15-day-old pups or adults and transferred them into 

sub-lethally irradiated congenic recipients (Fig. 1, H to K). Seven days later, we assessed 

donor-derived RORγt+ DCs in the spleen. LMPP, IL-7R+ LP, and DN DCP from both pups 

(Fig. 1, H and I and fig. S1C) and adults (Fig. 1, J and K and fig. S1D) generated RORγt+ 

DCs, whereas CDPs had negligible potential regardless of age (Fig. 1, H to K and fig. 

S1C and D). Therefore, lymphoid-primed progenitors, particularly IL-7R+ LP, are the main 

source of RORγt+ DCs in vitro and in vivo, independent of donor age, while myeloid CDPs 

lack this capacity. These findings place RORγt+ DCs within the lymphoid branch of DC 

development.

RORγt+ DCs are broadly present in lymphoid tissues

RORγt+ DCs induce pTreg in the mesenteric lymph nodes (mLN) (5, 6, 8, 9, 11). To 

determine whether RORγt+ DCs are present in lymphoid tissues beyond the mLNs and 

whether they display phenotypic heterogeneity across sites, we analyzed multiple lymphoid 

compartments from Gm38411iCre-hCD2 R26tdTomato mice by flow cytometry, including BM, 

spleen, and lymph nodes draining the skin (sLN), cervical regions (cLN), and intestine 

(mLN). In the BM, we detected a small population of Lin– CD3– CD16/32– hCD2+ 

tdTomato+ cells. In peripheral lymphoid tissues, we identified CXCR6– CD127– tdTomato+ 

hCD2+ RORγt+ DCs across all LNs and the spleen, with the spleen harboring the largest 

total number of RORγt+ DCs (fig. S2, A to F).

To map RORγt+ DCs across tissues with higher resolution, we performed scRNA-seq on 

sorted CD3− tdTomato+ hCD2− and hCD2+ cells isolated from BM, spleen, sLNs, cLNs, 
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and mLNs of 15-day-old pups and adult Gm38411iCre-hCD2 R26tdTomato mice, using sample 

hashtagging to track age and tissue of origin. After quality control, 16,250 cells were 

analyzed, resulting in five clusters. Clusters 0 and 1 corresponded to ILC3s, expressing Il7r, 
Cxcr6, Rora, Il23r, Klf4, and Runx1. Clusters 2 and 3 represented RORγt+ DCs which 

expressed Prdm16, Runx3, Itgax, Pigr, and Ccr7. Cluster 4 expressed proliferation, DNA 

replication, and mitotic genes (Mki67, Pclaf, Ccna2, Mcm2, Lig1, Rrm2, Rad51b, Kif11, 

Kif15, Cenpf, Cenpe, Birc5) and was annotated as a proliferative Mki67+ cluster (Fig. 2A 

and data file S2A).

TC and RORγt+ DCs have been divided into four transcriptionally distinct subsets (here 

called RORγt+ DC I–IV) (5, 11). To investigate whether their distribution varies by tissue 

and further identify potential progenitors, we reclustered RORγt+ DC clusters 2 and 3 

together with proliferative cluster 4. Reclustering yielded 3381 cells distributed into six 

clusters (Fig. 2B). Clusters 0, 1, 2, 3, and 5 were represented across all peripheral lymphoid 

organs, whereas cluster 4 derived exclusively from BM. Cluster 5 also contained ~25% BM-

derived cells (Fig. 2C). Differential expression analysis focusing on cell surface receptors 

(Fig. 2D and data file S2B) and DNA-binding proteins (Fig. 2E and data file S2C) revealed 

that Cluster 0 corresponded to RORγt+ DC II (Itgax, Epcam, Prdm16, Spi1, Ly75, Tlr12, 

Runx3), while Cluster 1 matched RORγt+ DC I (Aire, Cd200, Nrxn1, Ebf1, Meis1) (Fig. 

2, D to F and data file S2, B and C). Cluster 3 expressed Ccr7, Itgb1, Itgam, Etv3, 

Spic, Spib, and Elf4, consistent with RORγt+ DC III–IV. Cluster 2 was annotated as 

ILC3s (Il7r, Cxcr6, Cd226, Rora, Maf). Pearson correlation analysis comparing Clusters 

0, 1, and 3 to our previously published scRNA-seq dataset (11), together with integrative 

overlap of all clusters across our dataset and three recently published scRNA-seq datasets 

(8, 9, 11), confirmed these annotations (fig. S2, G and H). Notably, Cluster 4, which 

derived almost exclusively from BM, expressed Rorc alongside genes characteristic of BM 

progenitors, including Flt3, Lifr, Cd93, Cd48, Id2, Ikzf1, and Bcl11a. This cluster was 

therefore annotated as Rorc+ BM cells (Fig. 2, C to F and data file S2, B and C).

Rorc+ BM cells branch into RORγt+ DC and ILC3 lineages

Given that Rorc+ BM cells were transcriptionally distinct from ILC3s and RORγt+ DCs 

from peripheral tissues in the UMAP distribution, we analyzed them in greater detail. We 

reclustered the Rorc+ BM population and identified two distinct subsets: Rorc+ BM cells 

1 (Cluster 0) and Rorc+ BM cells 2 (Cluster 1) (Fig. 2G). Differential expression analysis 

showed that Rorc+ BM cells 1 displayed a transcriptional profile reminiscent of innate 

lymphoid precursors (Il7r, Tcf7, Cd37, Cd244a, Rora, Nfil3, Tox and Maf), while Rorc+ 

BM cells 2 more closely resembled RORγt+ DCs (Itgax, Prdm16, Spi1, Irf8, Nr1d1, Tlr12, 

Clec10a, Ly75, Mgl2, and Cd101) (Fig. 2, H to J and fig. S2, I and J and data file S3). 

This suggests that Rorc+ BM cells comprise two precursor subsets, RORγt+ innate lymphoid 

progenitors (RILP) and pre-RORγt+ DCs.

We further validated the existence of these subsets by flow cytometry in Gm38411iCre-

hCD2 R26tdTomato adult mice. Using CD127 and CD11c expression within Lin– CD3– 

CD16/32– B220– tdTomato+ hCD2+ Rorc+ BM cells, we identified tdTomato+ hCD2+ 

CD127+/– CD11c– Rorc+ BM cells 1 (RILP) and tdTomato+ hCD2+ CD127– CD11c+ 
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Rorc+ BM cells 2 (pre-RORγt+ DCs) (Fig. 3A). To assess their developmental potential, 

we sort-purified Lin– CD3– CD16/32– B220– tdTomato+ hCD2+ Rorc+ BM cells from 

adult Gm38411iCre-hCD2 R26tdTomato mice and cultured them for 3 days under RORγt+ 

DC–promoting conditions. After 3 days, both hCD2+ tdTomato+ CD11c– MHC-II+ ILC3s 

and hCD2+ tdTomato+ CD11c+ MHC-II+ RORγt+ DCs were detected (Fig. 3, B and C).

Due to the low abundance of RILP and pre-RORγt+ DCs in the BM, we established an 

in vivo system to expand these progenitor subsets. Gm38411iCre-hCD2 R26tdTomato mice 

were injected with a mixture of SCF, Flt3L and IL-7 (Fig. 3, D to G and fig. S3, A 

and B). Seven days after the first injection, we observed an increase in Rorc+ BM cells, 

including pre-RORγt+ DCs and RILP, as well as mature RORγt+ DCs I–IV and ILC3s 

in the spleen and mLNs (Fig. 3, D to G and fig. S3, A and B). To assess developmental 

potential, both expanded progenitor subsets were cultured for three days under RORγt+ DC–

promoting conditions. RILP generated both tdTomato+ hCD2+ CD11c− MHC-II+ ILC3s and 

tdTomato+ hCD2+ CD11c+ MHC-II+ RORγt+ DCs, whereas pre-RORγt+ DCs differentiated 

predominantly into RORγt+ DCs (Fig. 3, H to K). We also evaluated the in vivo potential 

of Rorc+ BM cells by transferring expanded Lin− tdTomato+ hCD2+ Rorc+ BM cells from 

Gm38411iCre-hCD2 R26tdTomato mice into sub-lethally irradiated congenic recipients. Three 

days after transfer, both tdTomato+ hCD2+ CD127+ CD11c− MHC-II+ ILC3s and tdTomato+ 

hCD2+ CD127– CD11c+ MHC-II+ RORγt+ DCs were detected in the spleen (Fig. 3, L and 

M). Together, these findings demonstrate that Rorc+ BM cells comprise two transcriptionally 

distinct precursors. RILP have the potential to generate MHC-II+ ILC3s and RORγt+ DCs, 

while pre-RORγt+ DCs generate RORγt+ DCs only.

RORγt+ DC development is impaired in Rag2–/–γc–/– mice

To further confirm the lymphoid origin of RORγt+ DCs, we analyzed hCD2Cre R26tdTomato 

mice, which lineage trace cells of lymphoid origin (34). The majority of RILP and pre-

RORγt+ DCs in the BM, as well as mature splenic ILC3s, RORγt+ DC I and RORγt+ 

DC II–IV, were lineage traced in hCD2Cre R26tdTomato mice (Fig. 3N). To assess whether 

RORγt+ DCs can be reliably detected in non-reporter mice, we performed intracellular 

RORγt staining in Gm38411iCre-hCD2 mice. Intracellular RORγt staining overlapped with 

hCD2+ Rorc+ BM cells, including RILP and pre-RORγt+ DCs, as well as mature RORγt+ 

DC I, RORγt+ DC II–IV, and ILC3s (fig. S3, C to F). In addition, Rorc(t)GFP/GFP 

mice, which lack functional RORγt expression, were devoid of RORγt+ cells, excluding 

background staining by RORγt antibodies (fig. S3, G and H). After these validation 

experiments, we examined RORγt+ DC development in Rag2–/–γc–/– mice. While RILP and 

pre-RORγt+ DCs in the bone marrow were not affected, mature splenic CD200+ RORγt+ 

DC I and EPCAM+ RORγt+ DC II–IV were strongly reduced (Fig. 3, O to R and fig. 

S3I). Consistent with the known phenotype of Rag2–/–γc–/– mice, NK cells, B cells, and 

T cells were absent. We also observed a marked reduction in pDCs and DC2s, whereas 

granulocytes were unaffected (fig. S3I). Together, these data indicate that RORγt+ DCs arise 

from lymphoid progenitors traced by hCD2Cre R26tdTomato and require cytokine signaling 

through the common γ-chain.
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The Rorc +7kb enhancer is essential for RORγt+ DC development

A cis-regulatory enhancer element located +7 kb downstream of the Rorc gene 

transcriptional start site (Rorc +7kbE) was recently shown to be crucial for maintaining 

tolerance to food antigens by regulating the presence and function of RORγt+ DCs (8, 

11). Mice lacking this element, hereafter referred to as RorcE+7kbΔ/Δ, lose the ability to 

prime pTreg and instead mount an enhanced Th2 response (8, 11). However, it remains 

unclear whether the phenotype in RorcE+7kbΔ/Δ mice is due to impaired development of 

RORγt+ DCs from BM progenitors or defective function of RORγt+ DCs. To address 

whether the Rorc +7kbE is required for RORγt+ DC development, we evaluated whether 

Rorc+ BM cells, including pre-RORγt+ DCs, are affected in RorcE+7kbΔ/Δ mice (Fig. 4A). 

We observed an overall reduction of both RILP and pre-RORγt+ DCs in RorcE+7kbΔ/Δ 

mice compared with RorcE+7kbWT/WT controls. This reduction was consistent regardless of 

whether pre-RORγt+ DCs were identified using CD11c (Fig. 4A, left) or PRDM16 (Fig. 4A, 

right) staining, indicating that the Rorc +7kbE is required for RORγt+ DC development.

To confirm a developmental defect, we cultured total BM cells from adult RorcE+7kbWT/WT 

and RorcE+7kbΔ/Δ mice under RORγt+ DC–promoting conditions. After 8 days, we 

observed a reduction in both MHC-II+ RORγt+ CXCR6+ ILC3s and MHC-II+ RORγt+ 

CXCR6– CD11c+ PRDM16+ RORγt+ DCs in the absence of the Rorc +7kbE (Fig. 4, B 

and C). To validate these findings in vivo, we performed competitive differentiation assays 

by transferring sort-purified LMPP, IL-7R+ LP, DN DCP, or CDP from RorcE+7kbΔ/Δ and 

congenically marked RorcE+7kbWT/WT mice into sub-lethally irradiated CD45.1+ recipients. 

Seven days later, RorcE+7kbΔ/Δ progenitors showed a markedly reduced capacity to generate 

both RORγt+ DCs and ILC3s, irrespective of progenitor type. In contrast, development of 

conventional DC1 and DC2 was unaffected when RorcE+7kbΔ/Δ precursors competed with 

WT counterparts (Fig. 4, D and E and fig. S4, A to C). Importantly, even in the absence of 

the Rorc +7kbE, LMPP, IL-7R+ LP, and DN DCP retained the highest relative potential to 

give rise to RORγt+ DCs and ILC3s, whereas CDP contributed minimally to these lineages 

and instead generated DC1 and DC2 (Fig. 4, D to F and fig. S4, A to C). We also assessed 

whether other DCs are affected in RorcE+7kbΔ/Δ mice, but neither pDCs nor pDC-like cells 

or DC2 subsets were altered (fig. S4, D and E). Thus, both RORγt+ DCs and ILC3s arise 

from lymphoid progenitors, but their developmental potential depends on the Rorc +7kbE, 

which is dispensable for the generation of conventional DC subsets.

RORγt+ DC development requires REV-ERBα and REV-ERBβ

The mechanisms regulating the Rorc +7kbE and enabling it to drive the development of 

RORγt+ DCs remain unknown. The circadian transcriptional repressors REV-ERBα and 

REV-ERBβ are known to suppress NFIL3, itself a repressor of RORγt (35). We previously 

showed that deletion of Nr1d1 (encoding REV-ERBα) and Nr1d2 (encoding REV-ERBβ) 

results in reduced RORγt expression due to NFIL3 upregulation, which acts through a 

cis-regulatory element within the Rorc locus (36–38). Consistent with this, ILC3s isolated 

from VaviCre Nr1d1/Nr1d2fl/fl mice exhibited reduced chromatin accessibility at the Rorc 
+7kbE (Fig. 5A) (38). Notably, Nr1d1 was among the differentially expressed genes in 

pre-RORγt+ DCs (Fig. 2, H and J), pointing to a potential regulatory role. Based on this, 

we hypothesized that REV-ERBα and REV-ERBβ are critical for RORγt+ DC development. 
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We analyzed RORγt+ DC and ILC3 frequencies in the spleen (Fig. 5, B and C) and mLN 

(Fig. 5, D and E and fig. S5A) of VaviCre Nr1d1/Nr1d2fl/fl mice. In the spleen, the number 

of B220− CD3− Ly6C− RORγt+ MHC-II+ CXCR6− PRDM16+ DCs was reduced compared 

to control Nr1d1/Nr1d2fl/fl mice, whereas B220− CD3− Ly6C− RORγt+ MHC-II+ PRDM16− 

CXCR6+ Lti-like ILC3s were modestly increased (Fig. 5, B and C). Similarly, in the mLN 

we observed a reduction in RORγt+ DCs, while the frequency of MHC-II+ ILC3s remained 

unchanged (Fig. 5, D and E and fig. S5A). Because loss of RORγt+ DCs in RorcE+7kbΔ/Δ 

mice was previously shown to impair pTreg induction and enhance Th2 responses (8, 11), 

we asked whether Nr1d1/Nr1d2 deficiency produced a similar phenotype. Indeed, VaviCre 

Nr1d1/Nr1d2fl/fl mice displayed reduced pTreg frequencies and numbers, accompanied by 

expansion of Th2 cells in the mLN, while Th17 cells were unaffected (Fig. 5, F and G and 

fig. S5B).

To further assess the impact of REV-ERBα and REV-ERBβ on RORγt+ DC development, 

we cultured BM cells from Nr1d1/Nr1d2fl/fl and VaviCre Nr1d1/Nr1d2fl/fl mice under 

RORγt+ DC-promoting conditions. After 8 days, cultures from VaviCre Nr1d1/Nr1d2fl/fl 

mice showed a reduction in RORγt+ MHC-II+ CD127– CXCR6– CD11c+ PRDM16+ 

RORγt+ DCs as well as RORγt+ MHC-II+ CD127+ CXCR6+ ILC3s, whereas DC1 and 

DC2 outputs were unchanged (Fig. 5, H and I and fig. S5C). No changes were observed 

within the splenic DC compartment in VaviCre Nr1d1/Nr1d2fl/fl mice (fig. S5D). Overall, 

these findings indicate that REV-ERBα and REV-ERBβ regulate the development of 

RORγt+ DCs and ILC3s by controlling accessibility at the Rorc +7kbE, thereby linking 

transcriptional regulators to lineage specification of RORγt+ immune subsets.

PRDM16 is required for RORγt+ DC development

PRDM16 is a transcriptional coregulator known for controlling cell fate decisions in 

multiple tissues, including hematopoietic and stromal lineages (39–44). PRDM16 is highly 

expressed in RORγt+ DCs (5, 10–12) and its deletion in tolDCs was recently shown 

to disrupt pTreg induction to harmless antigens, resulting in aberrant Th2 responses and 

impaired intestinal tolerance (8). Whether PRDM16 regulates RORγt+ DC development 

or function remains unclear. To address this, we crossed Gm38411iCre-hCD2 mice with 

Prdm16fl/fl mice, generating Gm38411iCre-hCD2 Prdm16fl/fl mice. We first examined whether 

Prdm16 deficiency affected pre-RORγt+ DCs in the BM. Indeed, Gm38411iCre-hCD2 

Prdm16fl/fl mice displayed a reduction in pre-RORγt+ DCs compared to Prdm16fl/fl 

controls, independent of whether gating was based on CD11c+ or PRDM16+ RORγt+ DCs 

(Fig. 6, A and B and fig. S6A). By contrast, RILP frequencies were unchanged (Fig. 6, 

A and B). Furthermore, no differences were observed among other progenitors, including 

LMPP, IL-7R+ LP, DN DCP, or CDP (fig. S6B). We next assessed mature RORγt+ DC 

abundance in the mLN (Fig. 6, C and D and fig. S6C) and spleen (fig. S6, D and E). In both 

tissues, deletion of Prdm16 led to reduced numbers of Epcam+ RORγt+ DC II–IV subsets. 

However, CD200+ RORγt+ DC I cells were expanded (Fig. 6, C and D and fig. S6, D and 

E). ILC3s, DC1 and DC2 populations, as well as PRDM16 expressing splenic γδ T cells, 

remained unaffected (fig. S6, C to E).
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Because PRDM16+ RORγt+ DCs have been shown to mediate the induction of pTreg cells 

against commensals and food antigens, we next analyzed T cell subsets in the mLN of 

Prdm16fl/fl and Gm38411iCre-hCD2 Prdm16fl/fl mice (Fig. 6, E and F and fig. S6, F and 

G). Frequencies of RORγt+ FoxP3+ pTreg were reduced, accompanied by an expansion of 

RORγt– FoxP3– T-bet– GATA3+ Th2 cells (Fig. 6, E and F). No changes were observed 

in other CD4+ T cell subsets, including RORγt– FoxP3+ Treg, RORγt+ FoxP3– Th17, or 

RORγt– FoxP3– T-bet+ Th1 cells (Fig. 6E and fig. S6, F and G). We also observed a 

reduction of pTreg and an increase of Th2 in the lamina propria of the small intestine, 

confirming the data obtained from the mLN (fig. S6, H and I). Together, these findings 

identify PRDM16 as a critical regulator of pre-RORγt+ DC development. Notably, RORγt+ 

DC I expand in the absence of PRDM16. However, this expansion alone is insufficient to 

sustain immune tolerance and restrict Th2 responses.

PU.1 is required for RORγt+ DC development

PU.1, encoded by Spi1, is a central, dosage-dependent transcription factor that regulates 

hematopoiesis, with requirements that vary by lineage and developmental stage. High PU.1 

levels favor myeloid differentiation, whereas lower levels bias lymphoid fate decisions (45). 

In lymphopoiesis, PU.1 is required for efficient LMPP formation and for normal T and B 

cell development, and its near-complete loss ablates most conventional lymphocytes (46, 

47). In DC development, PU.1 is indispensable, as it promotes Flt3 expression, primes 

DC progenitors, and activates IRF8-dependent transcriptional programs required for cDC1 

and cDC2 differentiation (48–50). Spi1 is expressed in pre-RORγt+ DCs as well as in 

mature RORγt+ DC II (Fig. 2, E, H and J and data file S2C), but its role in RORγt+ 

DC development has not been characterized. To address this, we crossed Rorc(t)Cre mice 

with Spi1fl/fl mice, generating Rorc(t)Cre Spi1fl/fl animals. We first examined whether 

Spi1 deficiency affected pre-RORγt+ DCs in the BM. Rorc(t)Cre Spi1fl/fl mice displayed 

a substantial reduction in CD11c+ and PRDM16+ pre-RORγt+ DCs compared with Spi1fl/fl 

controls (Fig. 6, G and H and fig. S7A), whereas RILP frequencies were unchanged (Fig. 

6, G and H). We next assessed mature RORγt+ DCs in mLN and spleen. In both tissues, 

Spi1 deletion resulted in a marked reduction of EPCAM+ RORγt+ DC II–IV subsets, while 

CD200+ RORγt+ DC I cells were unaffected (Fig. 6, I and J and fig. S7, B to D). ILC3s, 

DC1, and DC2 populations were unchanged (fig. S7, B to D). In line with the observed 

phenotype in PU.1-deficient mice, total BM cultures from Rorc(t)Cre Spi1fl/fl mice exhibited 

a defect in RORγt+ DC generation, whereas ILC3 development was unaffected (fig. S7, E 

and F), indicating an essential role for PU.1 in RORγt+ DC development.

We then analyzed CD4 T cell responses in the mLN. Frequencies of RORγt+ FoxP3+ pTreg 

were reduced in Rorc(t)Cre Spi1fl/fl mice, accompanied by an increase in RORγt– FoxP3– 

T-bet– GATA3+ Th2 cells (Fig. 6, K and L). No differences were observed in other CD4+ 

T cell subsets, including RORγt– FoxP3+ Treg, RORγt+ FoxP3– Th17 cells, or RORγt– 

FoxP3– T-bet+ Th1 cells (Fig. 6K and fig. S7, G and H). Overall, these findings demonstrate 

that PU.1 is required for the development of RORγt+ DC II–IV, and that loss of these cells 

in Spi1-deficiency leads to impaired pTreg induction and skewing toward Th2 responses.
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DISCUSSION

Our study identifies RORγt+ DCs as a distinct tolerogenic lineage within the antigen-

presenting cell network in both neonates and adults. Unlike conventional DC1 and most 

DC2, which primarily arise from myeloid progenitors, are lineage traced in Clec9aCre mouse 

models, and specialize in effector T cell priming, RORγt+ DCs derive from lymphoid 

progenitors and are uniquely dedicated to the induction of pTreg (5, 6, 8, 9, 11, 12, 32, 51). 

This dual organization of antigen-presenting cells suggests a division of labor in which one 

branch drives immunity while the other enforces tolerance. The lymphoid origin of RORγt+ 

DCs is consistent with previous lineage tracing combined with single-cell transcriptomics 

data (11, 12, 28). Furthermore, we identify two RORγt+ BM precursors: RILP, which gives 

rise to both MHC-II+ ILC3s and RORγt+ DCs, and pre-RORγt+ DCs, which are exclusively 

committed to the RORγt+ DC lineage. This developmental hierarchy not only clarifies how 

RORγt+ DCs emerge but also situates them developmentally closer to innate lymphoid cells 

than to classical DCs. Thus, RORγt+ DCs are not merely a variant of conventional DCs but 

represent a distinct lineage specialized to maintain homeostasis.

Our results also delineate the molecular circuitry that specifies RORγt+ DC lineage 

commitment. We demonstrate that the Rorc +7kbE is essential for their generation, 

and the circadian repressors REV-ERBα and REV-ERBβ maintain the accessibility of 

this regulatory element. In turn, the transcriptional coregulators PRDM16 and PU.1 are 

required for lineage commitment. Disruption of any of these factors abolishes RORγt+ 

DC development, reduces pTreg induction, and skews responses toward Th2 immunity. 

Notably, our findings reveal that only RORγt+ DC II–IV require PRDM16 and PU.1 for 

their development, whereas RORγt+ DC I either expand or remain unchanged in the absence 

of these transcription factors. Yet, the presence of RORγt+ DC I is not sufficient to induce 

pTreg. We conclude that RORγt+ DC I and DC II–IV arise through distinct developmental 

pathways and perform non-overlapping functions.

Within this emerging framework, REV-ERBα and REV-ERBβ appear to occupy an 

upstream position in the hierarchy controlling RORγt+ DC II-IV differentiation. These 

factors integrate environmental, circadian, and metabolic cues to establish a permissive 

chromatin landscape at the +7kbE of the Rorc locus, thereby enabling RORγt expression. 

In contrast, PRDM16- and PU.1 appear to function at later checkpoints. Since RORγt-

driven deletion of either factor eliminates pre-RORγt+ DCs and mature RORγt+ DC II–

IV, PRDM16 and PU.1 specify the RORγt+ DC II–IV program rather than initiate Rorc 
expression. The precise modes of interaction among these regulators remain to be fully 

elucidated, but their integration into a single developmental cascade provides an initial basis 

for understanding how development of RORγt+ DC II–IV is regulated.

Beyond defining this hierarchy, our data suggest that REV-ERB–dependent control of 

enhancer accessibility may represent a key point of environmental regulation. REV-ERBα 
and REV-ERBβ are known to respond to external cues, including circadian entrainment 

signals (light–dark cycles, temperature rhythms), metabolic and feeding states, heme 

availability and cellular redox balance (52), raising the possibility that fluctuations in these 
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signals influence RORγt+ DC abundance and function. Such regulation would provide a 

direct link between physiological rhythms and immune homeostasis at barrier tissues.

The mechanisms regulating RORγt+ DC I specification remain largely unexplored. The 

prominent expression of Aire, together with Tnfrsf11a (RANK), a receptor that induces 

Aire expression in medullary thymic epithelial cells (53–56), raises the possibility that 

RORγt+ DC I identity may be shaped by extrinsic signaling pathways. Whether RANK-

mediated signals are required to establish or maintain the RORγt+ DC I fate, and how 

such pathways relate to the apparent independence from PRDM16 and PU.1, remains 

an important question for future studies. Overall, this study defines a developmental 

pathway that sculpts tolerogenic antigen-presenting cells, and identifies potential targets 

for therapeutic intervention, including pharmacologic activation of REV-ERB signaling, that 

could be leveraged to restore tolerance in inflammatory and allergic diseases such as food 

allergy, asthma, and inflammatory bowel disease.

MATERIALS AND METHODS

Study design

The goal of this study was to define the developmental origin, progenitor hierarchy, and 

transcriptional regulation of RORγt+ DCs. To address this, we used complementary in vitro 

and in vivo approaches in mice, including bone marrow differentiation assays, adoptive 

transfer experiments, lineage tracing, flow cytometry, and single-cell RNA sequencing, 

together with genetic loss-of-function models to assess transcriptional requirements for 

RORγt+ DC development. Sample sizes were based on prior experience and reproducibility, 

with key findings confirmed in two to three independent experiments using multiple 

biological replicates. Animals were assigned to experimental groups based on genotype and 

availability, and data were analyzed using predefined gating strategies. All samples meeting 

predefined quality criteria were included, and data were excluded only in cases of clear 

technical failure.

Animals

All animals were bred and maintained in a specific pathogen–free animal facility according 

to institutional guidelines. Mice of the following genotypes and their intercrosses were 

bred in-house: C57BL/6J, Gm38411iCre-hCD2 (11), Rorc(t)Cre (57), VaviCre, R26tdTomato 

(58), RorcE+7kbΔ/Δ (11), Nr1d1/Nr1d2fl/fl (38, 59), Prdm16fl/fl (60) and Spi1fl/fl (61). 

Gm38411iCre-hCD2 mice were backcrossed to R26tdTomato and to Prdm16fl/fl. Rorc(t)Cre 

mice were backcrossed to Spi1fl/fl mice. VaviCre mice were backcrossed to Nr1d1/Nr1d2fl/fl 

mice. The B6.SJL mice for BM chimera experiments as well as Rag2−/−γc−/− mice were 

purchased from the Jackson Laboratory. Unless otherwise indicated, experiments used sex- 

and age-matched littermates of both sexes between 6 and 14 weeks of age.

Immune cell harvest

Immune cells were isolated as follows: BM progenitors were obtained from femurs, tibias, 

pelvic bones and humeri by mechanical disruption followed by single-cell filtration. Cells 

from spleen, sLN, cLN, and mLN were released by enzymatic digestion with collagenase D 
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(0.25 mg/ml) for 30 min at 37 °C. BM and spleen suspensions were subjected to red blood 

cell lysis using 1× RBC lysis buffer (BioLegend). All samples were passed through a 70-μm 

strainer prior to further processing. For small intestine lamina propria lymphocyte isolation, 

intestines were flushed with HBSS to remove luminal contents, then cut into pieces and 

washed for 20 min in HBSS containing 10% FCS and 5 mM EDTA. Tissue fragments were 

vortexed, washed again, and digested in RPMI containing collagenase IV (0.25 mg/ml) for 

45 min with vigorous shaking at 37 °C. Remaining tissue debris was removed by filtration 

through a 100-μm mesh, and the flow-through was used for staining and intracellular 

cytokine assays. For cell sorting, samples were processed on a BD FACSAria II, with cells 

collected into PBS containing 0.5% BSA and 2.5 mM EDTA. Post-sort analysis confirmed 

≥95% purity.

Cell culture

Total BM cells (1.5×106/ml) or sorted BM progenitors (0.5–20×103) were cultured in RPMI 

(Gibco) supplemented with 10% fetal calf serum. To induce RORγt+ DC development, cells 

were cultured in the presence of hFLT3L supernatant (10%) and complemented with mSCF 

supernatant (2%) and mIL-7 supernatant (5%). hFLT3L, mSCF, and mIL-7 were supplied 

as conditioned supernatants generated from cytokine-transfected mouse J558 myeloma cells. 

The myeloma-based expression system has been described previously by Traunecker et 

al. (62). Supernatants were harvested upon reaching cellular confluence, and the indicated 

percentages represent the final volume/volume (v/v) proportion of each cytokine-containing 

supernatant in the culture medium.

In vivo expansion of RORγt+ DCs

To expand RORγt+ DCs in vivo, Gm38411iCre-hCD2 R26tdTomato mice were injected 

intraperitoneally with a 1:1:1 mixture of recombinant hFlt3L, mSCF, and mIL-7 

supernatants (0.5ml/cytokine) on days 0, 1, 3, and 4. Mice were euthanized on day 7, 

and bone marrow, spleen, and mLNs were harvested to assess the expansion of Rorc+ bone 

marrow cells, as well as RORγt+ DCs and ILC3s.

BM chimeras

CD45.2+ BM cells (5×106) were injected intravenously into sub lethally irradiated (= 550 

cGy) CD45.1+ congenic mice. For competitive transplantation experiments, 5×106 total 

CD45.1+ BM cells were co-injected intravenously with 5×106 total BM cells from either 

CD45.2+ C57BL/6 or CD45.2+ RorcE+7kbΔ/Δ mice into sub lethally irradiated CD45.1/2+ 

recipient mice. Recipient mice were analyzed 12 weeks post transfer. To assess the 

developmental potential of defined progenitor populations, 1–2×104 cells of sort-purified 

LMPP, IL-7R+ LP, DN DCP and CDP from Gm38411iCre-hCD2 R26tdTomato CD45.2+ mice 

were injected intravenously into sublethally irradiated CD45.1+ recipients. Recipient mice 

were analyzed 7 days post-transfer to assess the generation of RORγt+ DCs and ILC3s. For 

experiments involving sort-purified Rorc+ BM cell subsets, donor mice were first treated 

with cytokine supernatants to expand the progenitor compartment. Sorted cells were then 

injected intravenously into sublethally irradiated CD45.1+ recipient mice and analyzed 3 

days post-transfer.
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ScRNAseq analysis

The Cell Ranger Software Suite (v8.0.1, 10x Genomics) was used for sample 

demultiplexing, barcode processing, and single-cell counting. The Cell Ranger “count” 

function was run using the mm10 reference genome, supplemented with tdTomato, iCre, 

and hCD2 gene sequences. Downstream analysis was performed in R using the Seurat 

package (v4.1.1). Demultiplexing was carried out with the HTODemux function. Quality 

control involved excluding cells with mitochondrial content >5–15%, fewer than 500–2,500 

detected genes, or more than 7,500–9,500 detected genes per cell. Normalization was 

performed by log transformation with a scaling factor of 10,000. Dimensionality reduction 

and clustering were performed using RunUMAP, FindNeighbors, and FindClusters on the 

top 12–18 principal components, with a clustering resolution of 0.15–0.23. To allow cross-

comparison of our dataset with three recently published datasets, datasets were merged and 

integrated in Seurat using canonical correlation analysis (CCA), followed by clustering and 

UMAP visualization.

10x Genomics ScRNAseq library preparation

Two scRNA-seq datasets were generated: one from in vitro–derived ILC3s and RORγt+ 

DCs obtained from in vitro cultures derived from 15-day-old Gm38411iCre-hCD2 R26tdTomato 

mice, and another from hCD2+/– tdTomato+ cells isolated from BM, spleen, sLN, mLN, 

and cLN of both adult and 15-day-old Gm38411iCre-hCD2 R26tdTomato mice. For the in vitro 

generated samples, BM from three 15 days old Gm38411iCre-hCD2 R26tdTomato mice was 

cultured for 8 days under RORγt+ DC–promoting conditions (FLT3L, SCF, and IL-7). Cells 

were then harvested and sorted as CD45+ CD3− B220− Ly6C−hCD2+ tdTomato+. Each 

sample was labeled with HT-10, HT-11, or HT-12 antibody hashtags, respectively. Enriched 

cells were pooled, resuspended in PBS containing 0.04% BSA at ~1,500 cells/μl, and loaded 

onto a 10x Genomics Chromium Single Cell Controller (super-loading protocol) at the 

McDonnell Genome Institute (MGI), Washington University in St. Louis. For the ex vivo 

scRNA-seq experiments, hCD2+ tdTomato+ and hCD2– tdTomato+ cells were isolated from 

BM, spleen, sLN, mLN, and cLN of both 15-day-old pups and adult Gm38411iCre-hCD2 

R26tdTomato mice. For each condition, cells from four mice were pooled per organ. Pooled 

organs from 15-day-old pups were hashtagged as BM (HT-1), sLN (HT-4), mLN (HT-5), 

cLN (HT-6), and spleen (HT-7), while adult samples were hashtagged as BM (HT-8), sLN 

(HT-9), mLN (HT-10), cLN (HT-11), and spleen (HT-12). Two samples were prepared 

and loaded: one consisting of pooled hCD2+ tdTomato+ cells and the other of pooled 

hCD2– tdTomato+ cells. Enriched cells were resuspended in PBS containing 0.04% BSA 

at ~1,500 cells/μl and super-loaded onto a 10x Genomics Chromium Single Cell Controller 

at the McDonnell Genome Institute (MGI), Washington University in St. Louis. The 10x 

Genomics Next GEM Single Cell 3′ Reagents Kit was used for library preparation on the 

10x Genomics platform. Specifically, the Chromium Next GEM Single Cell 3′ Kit v4 (16 

rxns), Chromium GEM-X Single Cell 3' Chip Kit v4, 4 chips, and Dual Index Kit TT Set 

A (96 rxns) were employed. In brief, up to 60,000 cells were partitioned into nanoliter Gel-

bead-in-Emulsions (GEMs), each containing a reverse transcriptase reaction mix. Single-cell 

cDNA was assigned a unique 12-nucleotide barcode and unique molecular identifier (UMI). 

GEM cDNA then underwent 11 cycles of amplification and purification with SPRIselect 

beads. Gene expression (GEX) and hashtag-oligo (HTO) libraries were generated according 
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to the 10x Genomics Chromium Single Cell 3′ Reagent Kits User Guide, with PCR 

cycles adjusted based on cDNA concentration. Library concentrations were measured by 

qPCR using the KAPA Library Quantification Kit following the manufacturer’s instructions 

(KAPA Biosystems/Roche). Normalized libraries were sequenced on a NovaSeqX plus S4 

Flow Cell using the XP workflow and a 151×10×10×151 sequencing recipe according to the 

manufacturer protocol. A median sequencing depth of 50,000 reads per cell was targeted for 

GEX libraries and 5,000 reads per cell for HTO libraries.

Antibodies and flow cytometry

Cells were stained following established protocols using the antibodies listed in Antibody 

list of data file S4. To determine the frequency of tdTomato+ cells within RORγt+ cell 

subsets in hCD2Cre R26tdTomato mice, intracellular staining was performed using the FOXP3 

Intracellular Staining Kit according to the manufacturer’s instructions. For intracellular 

tdTomato stainings, cells were stained for 60 min with an anti-RFP antibody (1:200), 

followed by a 30-min incubation with a PE-conjugated anti-rabbit IgG secondary antibody 

(1:500). For PRDM16 detection, cells were incubated for 1 h with an anti-PRDM16 

primary antibody (1:200), followed by a 30-min intracellular staining step with PE- or 

AF647-conjugated anti-rabbit secondary antibodies (1:500). Progenitors were gated as the 

following(11): LMPP = 7AAD– B220– Lin– CD117High CD135+; IL7R+ LP = 7AAD– 

B220– Ly6C– Lin– CD117Int/low CD135+ CD115– CD127+; DN DCP = 7AAD– B220– 

Ly6C– Lin– CD117Int/low CD135+ CD115– CD127–; CDP = 7AAD– B220– Ly6C– Lin– 

CD117Int/low CD135+ CD115+ CD127–. Mature DC subsets were gated as Gm38411-hCD2 

or RORγt negative, thereby excluding RORγt+ DC contamination. The lineage cocktail 

contains following antibodies: CD19, NK1.1, Ly6G, Ly6C, GR-1, CD105 and Ter119. Flow 

cytometric analysis was performed on a BD FACSymphony A3, and data were processed 

using FlowJo X software (Tree Star).

Quantification and statistical analysis:

Analysis of all data was done with an unpaired, two-tailed Student’s t test and one-way 

ANOVA (Friedman test). (Prism, GraphPad Software Inc.). P values less than 0.05 were 

considered significant. *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001; ****P < 

0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RORγt+ DCs originate from lymphoid progenitors independent of age.
(A–B) Total BM cells from 15-day-old pups (top) or adults (bottom) of Gm38411iCre-hCD2 

R26tdTomato mice were cultured for 8 days with FLT3L, SCF, and IL-7 and analyzed for 

RORγt+ DCs. (A) Representative gating strategy for indicated DC subsets (n=4 mice). 

(B) Frequencies (top) and total cell numbers (bottom) of DC subsets (mean ± SD, n=4 

mice). (C–D) Sorted BM progenitors from adult mice were cultured for 4 days with 

FLT3L, SCF, and IL-7. (C) Representative gating of IL-7R+ LP–derived RORγt+ DCs 

(n=11 mice). (D) Ratios of RORγt+ DCs per cultured progenitor (left) and total RORγt+ 

DC numbers (right) (mean ± SD, n=11 mice). (E) scRNA-seq UMAP projection of B220–

CD3–Ly6C– tdTomato+hCD2+ cells (ILC3s and RORγt+ DCs) from BM cultures of 15-

day-old mice (n=3 mice). (F) Dot plots of differentially expressed DNA-binding proteins 

(top) and cell surface proteins (bottom) across clusters. (G) Featureplot visualization of 

selected marker genes. (H–K) Sorted progenitors from 15-day-old pups (H–I) or adults 
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(J–K) were transferred into sublethally irradiated CD45.1 hosts, and splenic RORγt+ DCs 

were analyzed 7 days later. (H, J) Representative gating of in vivo–differentiated CD45.1–

CD45.2+ B220– CD3– CD11c+ MHC-II+ XCR1– CD11b+/– tdTomato+ hCD2+ RORγt+ DCs 

(n=4 mice). (I, K) Ratios of RORγt+ DCs per transferred progenitor (mean ± SD, n=4 mice). 

Statistical significance was determined using unpaired two-tailed t-test (Fig .1, B, I and K) 

or one-way ANOVA (Friedman test) (Fig.1D). *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 

0.001; ****P < 0.0001.; ns, not significant.
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Fig. 2. RORγt+ DC subsets are distributed across lymphoid tissues.
(A) scRNA-seq UMAP projection of B220– CD3– Ly6C– tdTomato+ hCD2+ cells from BM, 

spleen, cLN, mLN, and sLN of 15-day-old and adult mice (n=4 mice for each organ at 

each age). (B) UMAP projection of reclustered cells from clusters 2, 3, and 4 in (A). (C) 

Normalized tissue distribution of clusters shown in (B). (D–E) Heatmaps of differentially 

expressed cell surface (D) and DNA-binding (E) proteins across clusters. (F) Feature plots 

of selected marker genes. (G) UMAP projection of reclustered Rorc+ BM cells. (H) Volcano 

plot of differentially expressed genes between Rorc+ BM cells 1 (Cluster 0) and Rorc+ BM 

cells 2 (Cluster 1). (I–J) Feature plots of selected cell surface receptors (I) and transcription 

factors (J).
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Fig. 3. RORγt+ DCs arise from lymphoid-derived Rorc+ BM progenitors.
(A) Gating of CD11c+ pre-RORγt+ DCs and CD127+ RILP within Lin– CD3–CD16/32–

B220–tdTomato+hCD2+ Rorc+ BM cells from adult Gm38411iCre-hCD2R26tdTomato mice 

(n=4 mice). (B–C) Sorted Rorc+ BM cells from adult mice were cultured for 3 days with 

FLT3L+SCF+IL-7 (n=4 mice). (B) Gating of hCD2+tdTomato+CD11c+MHC-II+ RORγt+ 

DCs and hCD2+tdTomato+CD11c–MHC-II+ ILC3s derived from Rorc+ BM cells. (C) Total 

numbers of RORγt+ DCs and ILC3s after 3 days of culture (mean±SD, n=4 mice). (D-G) 

Adult Gm38411iCre-hCD2R26tdTomato mice were treated with FLT3L+SCF+IL-7. (D) Gating 

of Rorc+ BM cells, pre-RORγt+ DC and RILP in adult BM from ctrl and cytokine-treated 

mice. (E) Total progenitor numbers after indicated treatments (mean±SD, n=3–7 mice). (F) 

Gating of splenic ILC3s and RORγt+ DCs in ctrl and cytokine-treated adult mice. (G) 

Total splenic ILC3s and RORγt+ DCs after indicated treatments (mean±SD, n=6–7 mice). 

Rodrigues et al. Page 22

Sci Immunol. Author manuscript; available in PMC 2026 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(H-K) RILP or pre-RORγt+ DCs were sorted from cytokine-treated adult Gm38411iCre-

hCD2R26tdTomato mice and cultured. ILC3 and RORγt+ DC output was assessed after 3 

days. Gating of ILC3s and RORγt+ DCs derived from RILP (H) and pre-RORγt+ DCs 

(J). Output of ILC3s and RORγt+ DCs derived from RILP (I) and pre-RORγt+ DCs (K). 

(L-M) Expanded Rorc+ BM cells from Gm38411iCre-hCD2R26tdTomato mice were sorted and 

adoptively transferred into sub-lethally irradiated CD45.1 hosts. Splenic reconstitution was 

analyzed 3 days after. (L) Gating of splenic donor derived CD11c–MHC-II+IL-7R+ ILC3s 

and CD11c+MHC-II+IL-7R– RORγt+ DCs. (M) Total numbers of donor derived splenic 

ILC3 and RORγt+ DC subsets (mean±SD, n=5 mice). (N) tdTomato frequencies in BM 

and splenic immune cell subsets of adult hCD2CreR26tdTomato mice (n=3 mice). (O) Gating 

of RILP and pre-RORγt+ DCs in C57BL/6 and Rag2–/–γc–/– mice. (P) Total numbers of 

indicated progenitors in C57BL/6 and Rag2−/−γc−/− mice (mean±SD, n=5 mice). (Q) Gating 

of splenic ILC3s and RORγt+ DCs in C57BL/6 and Rag2−/−γc−/− mice. (R) Total RORγt+ 

DCs in C57BL/6 and Rag2−/−γc−/− mice (mean±SD, n=5 mice). Statistical significance was 

determined by unpaired two-tailed t-test. *0.01<P<0.05; **0.001<P<0.01; ****P<0.0001; 

ns, not significant.
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Fig. 4. The Rorc +7kb enhancer is essential for RORγt+ DC development.
(A) Frequencies and total numbers of pre-RORγt+ DCs and RILP in the bone marrow of 

adult RorcE+7kbWT/WT and RorcE+7kbΔ/Δ mice (n=5 mice). Representative flow cytometry 

plots from RorcE+7kbWT/WT (top) and RorcE+7kbΔ/Δ (bottom) bone marrow show gating 

of pre-RORγt+ DCs using CD11c (left) or intracellular PRDM16 (right). Quantification 

of total pre-RORγt+ DCs (top right) and RILP (bottom right) is shown (mean ± SD). 

(B–C) Total BM cells from adult RorcE+7kbWT/WT and RorcE+7kbΔ/Δ mice were cultured 

for 8 days with FLT3L, SCF, and IL-7. (B) Representative gating of ILC3s and RORγt+ 

DCs (n=4 mice). (C) Total cell numbers of RORγt+ DCs (top) and ILC3s (bottom) 

(mean ± SD, n=4 mice). (D–F) Competitive chimeras were generated by transferring 

CD45.1/2+ RorcE+7kbWT/WT (black) and CD45.2+ RorcE+7kbΔ/Δ (red) sorted progenitors 

into sub-lethally irradiated CD45.1+ congenic hosts and analyzed 7 days later (n=4 mice). 

(D) Representative flow cytometry plots showing engraftment ratios of indicated immune 

subsets in spleen after reconstitution with IL-7R+ LP (top) and DN DCP (bottom). (E) 

Frequencies of engrafted subsets (mean ± SD, n=4 mice). (F) Total numbers of engrafted 

splenic RORγt+ DCs and ILC3s derived from indicated progenitors (mean ± SD, n=4 mice). 

Statistical significance was determined by unpaired two-tailed t-test. **0.001 < P < 0.01; 

***P < 0.001; ns, not significant.
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Fig. 5. REV-ERBα and REV-ERBβ promote RORγt+ DC development through regulation of 
Rorc +7kbE.
(A) Pseudobulk ATAC–seq peaks at the Rorc locus in Nr1d1/Nr1d2fl/fl and VaviCre Nr1d1/
Nr1d2fl/fl NKp46+, DN, and CCR6+ ILC3s, shown alongside REV-ERBα ChIP–seq. (B–

C) RORγt+ DC and ILC3 frequencies in spleens of adult Nr1d1/Nr1d2fl/fl and VaviCre 

Nr1d1/Nr1d2fl/fl mice (n=5–9 mice). (B) Representative gating of CXCR6+ ILC3s and 

PRDM16+ RORγt+ DCs in control (top) and VaviCre (bottom) mice (n=5–9 mice). (C) 

Total cell numbers of RORγt+ DCs (top) and ILC3s (bottom) (mean ± SD, n=5–9 mice). 

(D–E) RORγt+ DC and ILC3 frequencies in mLN from adult Nr1d1/Nr1d2fl/fl and VaviCre 

Nr1d1/Nr1d2fl/fl mice (n=6–9 mice). (D) Representative gating in control (top) and VaviCre 

Nr1d1/Nr1d2fl/fl (bottom) mice (n=6–9 mice). (E) Total cell numbers of RORγt+ DCs (top) 

and ILC3s (bottom) (mean ± SD, n=6–9 mice). (F–G) CD4+ T cell subsets in mLN from 

adult Nr1d1/Nr1d2fl/fl and VaviCre Nr1d1/Nr1d2fl/fl mice (n=6–9 mice). (F) Representative 

gating of CD4+ T cell subsets (n=6–9 mice). (G) Total numbers of indicated subsets (mean 
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± SD, n=6–9 mice). (H-I) Total BM cells from adult Nr1d1/Nr1d2fl/fl and VaviCre Nr1d1/
Nr1d2fl/fl mice were cultured for 8 days with FLT3L, SCF, and IL-7 (n=4 mice). (H) 

Representative gating of CXCR6+ CD127+ ILC3s and CD11c+ PRDM16+ RORγt+ DCs 

(n=4 mice). (I) Total cell numbers of RORγt+ DCs and ILC3s (mean ± SD, n=4 mice). 

Statistical significance was determined by unpaired two-tailed t-test. *0.01 < P < 0.05; 

**0.001 < P < 0.01; ***P < 0.001; ns, not significant.
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Fig. 6. PRDM16 and PU.1 are essential for the development of pre-RORγt+ DCs.
(A-B) Pre-RORγt+ DCs and RILP frequencies in BM of adult Prdm16fl/fl and Gm38411iCre-

hCD2 Prdm16fl/fl mice (n=4 mice). (A) Representative gating of RILP and CD11c+ (left) 

or PRDM16+ (right) RORγt+ DCs in control (top) and Gm38411iCre-hCD2 Prdm16fl/fl 

(bottom) mice (n=4 mice). (B) Total cell numbers of CD11c+ pre-RORγt+ DCs (top) and 

RILP (bottom) (mean ± SD, n=4 mice). (C and D) RORγt+ DC and ILC3 frequencies 

in mLN from adult Prdm16fl/fl and Gm38411iCre-hCD2 Prdm16fl/fl mice (n=4 mice). (C) 

Representative gating in control (top) and Gm38411iCre-hCD2 Prdm16fl/fl (bottom) mice (n=4 

mice). (D) Total cell numbers of RORγt+ DC I (top) and RORγt+ DC II-IV (bottom) 

(mean ± SD, n=4 mice). (E-F) CD4+ T cell subsets in mLN from adult Prdm16fl/fl and 

Gm38411iCre-hCD2 Prdm16fl/fl mice (n=4 mice). (E) Representative gating of CD4+ T cell 

subsets. (F) Frequencies of indicated subsets (mean ± SD, n=4 mice). (G-H) Pre-RORγt+ 

DC and RILP frequencies in BM of adult Spi1fl/fl and Rorc(t)Cre Spi1fl/fl mice (n=5 mice). 
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(G) Representative gating of RILP and CD11c+ (left) or PRDM16+ (right) pre-RORγt+ DCs 

in control (top) and Rorc(t)Cre Spi1fl/fl (bottom) mice (n=5 mice). (H) Total cell numbers of 

CD11c+ pre-RORγt+ DCs (top) and RILP (bottom) (mean ± SD, n=5 mice). (I-J) RORγt+ 

DC and ILC3 frequencies in mLN from adult Spi1fl/fl and Rorc(t)Cre Spi1fl/fl mice (n=6–7 

mice). (I) Representative gating in control (top) and Rorc(t)Cre Spi1fl/fl (bottom) mice (n=6–

7 mice). (J) Total cell numbers of RORγt+ DC I (top) and RORγt+ DC II-IV (bottom) 

(mean ± SD, n=6–7 mice). (K-L) CD4+ T cell subsets in mLN from adult Rorc(t)Cre Spi1fl/fl 

mice (n=6–7 mice). (K) Representative gating of CD4+ T cell subsets (n=6–7 mice). (L) 

Total numbers of indicated subsets (mean ± SD, n=6–7 mice). Statistical significance was 

determined by unpaired two-tailed t-test. *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 

0.001; ns, not significant.
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