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Dendritic cells (DCs) have a crucial role in informing the 
adaptive immune system about infectious, innocuous and 
self antigens, and directing T cell responses towards effec-

tor activation or tolerance1. Two developmentally distinct lineages 
of DCs, termed ‘type 1’ (DC1) and ‘type 2’ (DC2) have been iden-
tified in all tissues in humans and mice2. DC1s are characterized 
by the expression of XCR1 and interact predominantly with CD8+ 
T cells to cross-present cell-associated antigens and initiate immune 
responses against intracellular pathogens. By contrast, DC2s inter-
act with CD4+ T cells to promote T helper (TH) and T regulatory cell 
(Treg) cell responses3.

DC2s from different tissues share several common characteris-
tics that differentiate them from DC1s, including the expression of 
CD172a/Sirpα and being found in reduced numbers in the lymph 
nodes (LNs) of IRF4-deficient mice and humans1,4. Nonetheless, tis-
sue DC2s are also heterogeneous in phenotype—a feature that is 
especially notable in the migratory DC2 population in nonlymphoid 
tissues5,6. Migratory DC2s from different tissues express unique 

markers that are largely conserved in mice and humans2, suggest-
ing that such heterogeneity is driven by the diverse requirements 
of each environment. While retinoic acid and TGF-β have been 
identified as factors necessary for the differentiation and functional 
maturation of intestinal CD103+ DC2s (ref. 7), it remains unclear 
whether and which tissue-derived signals guide DC2 differentiation 
at other sites.

The skin harbors four subsets of migratory DCs, each express-
ing a distinct transcriptomic signature8. The DC-like Langerhans 
cells (LC) are developmentally distinct from conventional DCs 
and are located in the epidermis. Dermal DCs include DC1 and 
DC2 populations, with the latter comprising CD11bhi cells and a 
KLF4-dependent CD11blo subset that is necessary for induction of 
TH2 responses9.

As CD11blo DC2s are found only in skin10, their differentia-
tion may provide insight into the signals shaping the skin immune 
environment. We report that the development of CD11blo DC2s 
required the steady-state expression of interleukin 13 (IL-13) by 
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The signals driving the adaptation of type 2 dendritic cells (DC2s) to diverse peripheral environments remain mostly undefined. 
We show that differentiation of CD11blo migratory DC2s—a DC2 population unique to the dermis—required IL-13 signaling 
dependent on the transcription factors STAT6 and KLF4, whereas DC2s in lung and small intestine were STAT6-independent. 
Similarly, human DC2s in skin expressed an IL-4 and IL-13 gene signature that was not found in blood, spleen and lung DCs. In 
mice, IL-13 was secreted homeostatically by dermal innate lymphoid cells and was independent of microbiota, TSLP or IL-33. 
In the absence of IL-13 signaling, dermal DC2s were stable in number but remained CD11bhi and showed defective activation in 
response to allergens, with diminished ability to support the development of IL-4+GATA3+ helper T cells (TH), whereas anti-
fungal IL-17+RORγt+ TH cells were increased. Therefore, homeostatic IL-13 fosters a noninflammatory skin environment that 
supports allergic sensitization.
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Fig. 1 | DC2s display tissue and subset-specific heterogeneity at steady state. a, Uniform manifold approximation and projection (UMAP) visualization of 
concatenated migratory DCs and DC2s from the skin, lung and SI dLN of naive C57BL/6 (C57) mice. DCs were gated as shown in Extended data Fig. 1. We 
performed UMAP on 150,000 events (10,000 events per tissue per mouse, 5 mice per group) using seven parameters (XCR1, CD326, Sirpα, CD11c, CD11b, 
CD24 and CD103) with default FlowJo settings of nearest neighbors =15 and minimum distance =0.5 using the Euclidean distance function. b, Phenotype 
of DC2 populations in the skin, lung and SI dLN of naive C57 mice. c, Relative frequencies of DC2 subsets within skin, lung and SI of naive C57 mice and 
their respective dLNs. d, Relative frequencies of DC2 subsets in the skin, lung and SI dLN of naive male and female C57 mice. e, Relative frequencies of 
DC2 subsets in the skin, lung and SI dLN of naive C57 and BALB/c mice. f, PC analysis of all expressed genes in DC2 subsets from the skin, lung and SI 
dLNs of naive C57 mice. g, Heatmap of differentially expressed genes for each of the clusters and subclusters in f. The number of genes in each cluster and 
subcluster is shown in parentheses at the top. z-scores for each gene were calculated using R. VSTpk, variance-stabilized transformed count per kilobase 
pair. h, UpSet plot showing the numbers of unique and shared TFBSs that were identified by TRANSFAC promoter analysis in each of the gene clusters 
in g. The number of TFBSs that are uniquely enriched in Cluster IIIb are indicated by the red bar with TFBSs listed on the right. c–e, Bar graphs show 
mean ± s.e.m. for n = 8–10 (c) n = 6–8 (d) and n = 4–8 (e) mice pooled from 2–3 (c) or 2 (d,e) independent experiments. Each symbol refers to one mouse. 
P values were determined using two-way ANOVA with Sidak’s correction. ***P < 0.001; only significant comparisons are indicated.
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ICOS+KLRG1−ST2− innate lymphoid cells (ILCs). Likewise, human 
DC2 populations from healthy skin, but not lung, expressed an 
IL-13 transcriptomic signature. Therefore, our data identify IL-13 
as a skin ‘niche factor’ that drives steady-state DC2 differentiation 
and function.

Results
CD11blo skin DC2s express a STAT6-dependent signature. DC2s 
from the LNs draining (dLNs) the skin, lung and small intestine 
(SI) each express unique tissue-specific surface markers2 and were 
defined as CD11bhi and CD11blo in the skin dLN, CD24+ and CD24− 
in the lung dLN, and CD103+ and CD103− in the SI dLN (Fig. 1a,b 
and Extended data Fig. 1a). These same phenotypes were observed 
also in the respective tissues (Fig. 1c and Extended data Fig. 1b), in 
males and females (Fig. 1d) and BALB/c and C57BL/6 (C57) mice 
(Fig. 1e), indicating that these DC2 subsets are conserved across dif-
ferent mice and strains. All DC2 subsets were significantly reduced 
in number in the dLN of Irf4f/f CD11c-Cre compared with Irf4f/f 
mice (Extended data Fig. 1c), confirming that they represented 
bona fide DC2s (ref. 2).

A principal component (PC) analysis (PCA) of all expressed 
genes in migratory DC2s from the skin, lung and SI dLN of 
naive C57 mice revealed three main clusters on PC1 versus PC2  
(Fig. 1f). Cluster I included CD103− and CD24− DC2s from the SI 
and lung dLN, respectively; SI dLN CD103+ DC2 formed cluster II, 
and cluster III included both skin dLN DC2 subsets and CD24+ 
DC2 from the lung dLN. PC3 further resolved cluster III into skin 
dLN CD11bhi and lung dLN CD24+ DC2s, forming cluster IIIa, and 
skin dLN CD11blo DC2s in cluster IIIb. Each cluster expressed a 
specific transcriptional signature that included a variable number of 
genes (Fig. 1g and Supplementary Table 1).

Analysis of the promoter sequences of cluster-specific genes 
for enriched transcription factor binding sites (TFBSs) revealed 
that most TFBSs were shared across multiple clusters (Fig. 1h and 
Supplementary Table 2). Amongst the nine TFBS specifically enriched 
in cluster IIIb was STAT6, a transcription factor with no described 
role in DC2 biology at steady state. As STAT6 is essential for signal-
ing by the TH2 cytokines IL-4 and IL-13 (ref. 11), the enrichment of 
STAT6-binding sites only in CD11blo DC2 signature genes suggested 
that these DCs had been exposed to IL-4 and/or IL-13 in vivo.

Differentiation of CD11blo DC2s requires STAT6 signaling. To 
determine whether STAT6 signaling has a role in DC2 development, 
we identified the Lin−CD11c+MHCII−CD135+ preDC populations 
in the bone marrow (BM) and ear skin of C57 and STAT6-deficient 
(hereafter STAT6 KO) mice (Extended data Fig. 2a). BM and skin 
preDC2s (ref. 12) were present in both mouse strains in similar fre-
quencies (Fig. 2a), indicating a comparable development and egress 
from the BM, and were similarly CD11bhi in skin (Fig. 2a), suggest-
ing that downregulation of CD11b in dermal CD11blo DC2s occurs 
during maturation in the skin.

Analysis of mature DC subsets revealed that the frequencies of 
CD11blo DC2s in ear skin and dLN were significantly reduced in 

STAT6 KO mice compared with C57, whereas skin CD11bhi DC2s 
were correspondingly increased and DC2 subsets in lung and SI 
were unchanged (Fig. 2b–e). The frequencies of DC1s and LCs 
in skin and skin dLN (Fig. 2c,e) and myeloid populations in skin 
(Extended data Fig. 2b) were also similar in both mouse strains. 
Comparable variations were observed in the numbers of migratory 
DCs in the ear skin, lung and SI dLN of STAT6 KO and C57 mice 
(Extended data Fig. 2c,d), and DC2 subsets in LNs draining other 
areas of the skin including forelimb, hindlimb and trunk (Extended 
data Fig. 2e) indicating that CD11blo DC2s undergo a similar devel-
opmental program irrespective of skin region.

To further explore the impact of STAT6 signaling on DC2s, we 
compared global gene expression in DC2 subsets from the skin, 
lung and SI dLNs of C57 and STAT6 KO mice (Supplementary Table 
3). A PCA comparing skin dLN DC2s from C57 and STAT6 KO 
mice showed that CD11bhi and CD11blo DC2 subsets split across 
PC1 (Extended data Fig. 2f,g), suggesting that both subsets main-
tained their transcriptional identity. However, C57 and STAT6 
KO CD11bhi and CD11blo DC2s clustered separately along PC2 
and PC3, respectively, suggesting that STAT6 controls the expres-
sion of multiple genes in both populations. PCAs comparing lung 
and SI dLN DC2s showed that C57 and STAT6 KO DC2s clustered 
together on both PC1 and PC2, confirming the overall similarity of 
each population across genotypes (Extended data Fig. 2f).

To better understand the heterogeneity of CD11bhi and CD11blo 
DC2s in C57 and STAT6 KO mice, we performed single-cell RNA 
sequencing (scRNA-seq) on sorted skin dLN SIRPα+ DC2s. The 
983 C57 and 1,120 STAT6 KO cells that passed quality control (QC) 
were analyzed by dimensionality reduction and clustering. We iden-
tified three clusters (Fig. 2f), of which two expressed high levels of 
CD11bhi signature transcripts with low CD11blo transcripts (Fig. 2g);  
we named these clusters CD11bhi DC2-1 and DC2-2. CD11bhi 
DC2-1 highly expressed Ccl5 and Cd44, while CD11bhi DC2-2 were 
enriched for the proinflammatory cytokine Il1b and the antiapop-
totic genes Bcl2a1b and Bcl2a1d (Supplementary Table 4) suggesting 
that DC2-1 and DC2-2 were distinguished by their maturation and 
survival status. The third cluster preferentially expressed transcripts 
specific for CD11blo DC2s and low CD11bhi transcripts (Fig. 2f,g), 
identifying this cluster as CD11blo DC2s. This cluster was under-
represented in STAT6 KO compared with C57, whereas the CD11bhi 
DC2-1 and DC2-2 clusters were overrepresented (Fig. 2h), repro-
ducing our flow cytometry data. Fewer than 15 genes were expressed 
differentially in STAT6 KO compared with C57 DC2s in each of 
the three clusters (Supplementary Table 4), indicating that STAT6 
controls the differentiation of CD11blo DC2s without affecting the 
transcriptional phenotype of CD11bhi DC2s. These data suggest that 
STAT6 signaling is required for the differentiation of CD11blo DC2s 
in all areas of skin and their dLNs, whereas CD11bhi DC2s and DC2 
subsets in lung and intestine are STAT6-independent.

IL-13 is necessary for CD11blo DC2 differentiation. To establish 
whether STAT6 signaling was intrinsically required for CD11blo 
DC2 development, we generated mixed wild type and STAT6 KO 

Fig. 2 | STAT6-dependent signaling controls CD11blo DC2 differentiation at steady state. a, Phenotype and frequency of DC2 precursors in the BM and skin 
of naive C57 and STAT6 knockout (KO) mice, as gated in Extended data Fig. 2a. Data are concatenated from four to five mice. PreDC2 are identified by the 
gates and quantified in the bar graphs. Histograms on the right show CD11b expression on skin DC2 precursors and fluorescence-minus-one (FMO) controls. 
b, Phenotype of DC2 populations in the skin, lung and SI of naive C57 and STAT6 KO mice. c, Relative frequencies of DC2 (left) and DC (right) subsets in  
the skin, lung and SI of naive C57 and STAT6 KO mice. d, Phenotype of DC2 populations in the skin, lung and SI dLNs of naive C57 and STAT6 KO mice.  
e, Relative frequencies of migratory DC2 (left) and DC (right) subsets in the skin, lung and SI dLN of naive C57 and STAT6 KO mice. f, UMAP visualization of 
scRNA-seq data from migratory DC2s in the skin dLNs of C57 or STAT6 KO mice. g, Heatmap and dotplot showing the expression of selected markers that 
discriminate between CD11bhi and CD11blo DC2 subsets in skin dLN. Bulk RNA-seq (left) and scRNA-seq (right) data are shown. h, Bar graphs showing the 
numbers (left) and percentages (right) of C57 and STAT6 KO DC2s in each cluster. a,c,e, Bar graphs show mean ± s.e.m. for n = 6 (a, BM), n = 9–10 (a, skin), 
n = 7–11 (c), n = 4–5 (e, left) or n = 9–10 (e, right) mice pooled from two (a,e) or two to three (c) independent experiments. Each symbol refers to one mouse. 
P values were determined using two-way ANOVA with Sidak’s correction. ***P < 0.001; only significant comparisons are indicated.
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BM chimeras in wild-type hosts. Wild-type DC2s in skin and skin 
dLNs developed into CD11bhi and CD11blo populations, whereas 
STAT6 KO-derived DC2s remained mostly CD11bhi (Fig. 3a and 
Extended data Fig. 3a). Because the activation of STAT6 is mediated 
by the cytokines IL-4 and IL-13 through the type I IL-4 receptor 
or the type II IL-4 and IL-13 receptor11, we assessed dermal DC2s 
in mice lacking these cytokines or their receptors. Naive IL-4 KO 
mice had a normal distribution of CD11bhi and CD11blo DC2s in 

the skin and dLN, whereas IL-13 KO, IL-4Rα KO and IL-13Rα1 
KO mice showed a reduction in CD11blo DC2s comparable with 
that observed in STAT6 KO mice (Fig. 3b,c and Extended Data Fig. 
3b–d). Transcripts for Il2rg, Il4ra, Il13ra1 and other members of 
the IL-13 signaling pathway11 (Fig. 3d) as well as the IL-4Rα and 
IL-13Rα1 proteins (Fig. 3e) were expressed at similar levels by 
all DC2 subsets from lung, SI and skin dLN, suggesting a similar 
capacity to respond to IL-13. Consistent with the predicted role of 
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IL-13, treatment of STAT6 KO and IL-13 KO mice with recombi-
nant IL-13 (rIL-13) fusion protein (IL-13 fp) rescued the develop-
ment of CD11blo skin DC2s in IL-13 KO mice to frequencies similar 
to those in C57 controls (Fig. 3f) without affecting DC2s in STAT6 
KO mice or the expression of CD11b, CD24 and CD103 on DC2s in 
lung and SI dLN (Extended data Fig. 3e,f). Therefore, direct IL-13 
signaling is essential for the differentiation of skin CD11blo DC2s 
but is not sufficient to drive the development of CD11blo DC2 in 
lung or SI.

ICOS+ ILCs are the predominant source of IL-13 in skin. To 
identify the source of IL-13 in skin, we used 4C13R mice13, which 
report Il13 expression through DsRed (DR) (Extended data Fig. 4a). 
Il13-DR was highly expressed by about 30% of skin ILCs, while other 
innate and adaptive immune cells expressed Il13-DR at low intensity  

and at frequencies below 5% (Fig. 4a). Lin−CD90+CD127+ ILCs 
were the most abundant Il13-DR+ skin cell population, followed 
by the TCRγδhi dendritic epidermal T cells (DETCs) (Fig. 4b). At 
steady state, Il13-DR+ ILCs were identified in the skin, but not in the 
lung or SI of 4C13R mice (Fig. 4c), and their proportion was higher 
in females compared with males (Fig. 4d). RAG1 KO mice, which 
lack all adaptive and innate-like T cells showed no impairment 
in the differentiation of CD11blo DC2s in the skin and skin dLN  
(Fig. 4e), confirming ILCs as the likely source of IL-13 in skin.

Il13-DR+ and Il13-DR− skin ILCs were Il4-AmCyanloCD44hiICOS+ 
(Fig. 4f and Extended data Fig. 4b). However, unlike lung ILCs 
acquired using the same isolation protocol, skin ILCs were 
ST2loCD25loKLRG1lo (Fig. 4f), which is consistent with the described 
phenotype of dermal ILCs14,15. About 50% of skin ILCs expressed 
the transcription factor GATA3, while fewer than 10% expressed 
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T-bet or RORγt (Extended data Fig. 4c). Germ-free (GF), TSLPR 
KO and ST2 KO mice had normal numbers of CD11blo DC2s  
(Fig. 4g, h), indicating that microbiota and skin alarmins were not 
essential for steady-state IL-13 production in skin.

Diphtheria toxin (DT) treatment of Icos-DTRfl/+ CD4-Cre 
(iCOS-T16) mice enables the depletion of ICOS+ ILCs while pre-
serving ICOS+ CD4+ T cells due to the Cre-dependent deletion of 
the DTR gene only in CD4+ T cells16. DT treatment for 9 days led 
to a greater than 50% reduction in total skin ILCs with no impact 
on TCRγδhi DETCs or CD3+CD4+ T cells (Fig. 4i), and an approxi-
mately 50% decrease in the frequency of CD11blo DC2s in iCOS-T 
mice compared with CD4-Cre controls (Fig. 4j). Thus, dermal 
ICOS+ ILCs are the main source of IL-13 for the differentiation of 
CD11blo DC2s at steady state.

IL-13 signaling requires KLF4 expression in DCs. To model the 
differentiation of CD11blo DC2s in vitro, we treated FLT3L BM DCs 
(BMDCs)17 with rIL-13. Treatment with rIL-13 induced the dif-
ferentiation of a population of CD11blo BMDC2s (Extended data 
Fig. 5a–c), which were IL-4Rα and STAT6-dependent (Fig. 5a), and 
downregulated several genes highly expressed in CD11bhi DC2s 
from skin dLN while upregulating transcripts highly expressed in 
CD11blo DC2s in vivo (Fig. 5b). Supplementation of Klf4f/f BMDC 
cultures with rIL-13 resulted in similar frequencies of CD11blo 
BMDCs as the CD11blo cells in C57 BMDC cultures, whereas Klf4f/f 
Vav-iCre BMDC cultures remained CD11bhi (Fig. 5c). Similarly, 
in vivo treatment of Klf4f/f Vav-iCre→C57 chimeric mice with 
IL-13fp did not rescue the differentiation of CD11blo DC2s to the 
level observed in Klf4f/f→C57 control chimeras (Fig. 5d), despite 
similar expression of IL-4Rα and IL-13Rα1 in Klf4f/f and Klf4f/f 
Vav-iCre CD11bhi DC2s (Extended data Fig. 5d).

As assessed by phosphoimmunofluorescence, pY641 STAT6 
was readily detectable in the nuclear area of C57, Klf4f/f and Klf4f/f 
Vav-iCre Sirpα+ BMDCs exposed to rIL-13 (Fig. 5e), but was not 
detected in IL-4Rα KO, STAT6 KO or untreated BMDC cultures 
(Extended Data Fig. 5e), indicating that the phosphorylation of 
STAT6 is functional in KLF4 KO DC and is presumably upstream 
of KLF4. Thus KLF4 controls DC2 responsiveness to IL-13 in vitro 
and in vivo.

IL-13 signaling in DC2s regulates TH cell polarization. To inves-
tigate the impact of IL-13 signaling on DC2 function, we generated 
mixed BM chimeric mice in which STAT6-competent CD45.1/
CD45.2 CD4+ T cells were derived from MHCII KO BMs, whereas 
MHCII-competent CD45.2 DCs were either responsive to IL-13 in 
the control C57 chimeras, or unable to respond in the STAT6 KO 
chimeras (Extended Data Fig. 6a–d). All chimeras were immunized 
intradermally with inactivated Mycobacterium smegmatis (Ms), 
Nippostrongylus brasiliensis L3 larvae (Nb) or Candida albicans (Ca) 
to induce TH1, TH2 or TH17 responses18,19. IFN-γ+ TH cells induced 
by Ms were detected in similar numbers in the C57 and STAT6 KO 
mixed BM chimeras (Fig. 6a), while the numbers of IL-4+ and IL-13+ 
TH cells induced by Nb were significantly reduced, and the numbers 
of IL-17A+ TH cells induced by Ca trended towards an increase in 
the STAT6 KO compared with C57 mixed BM chimeras (Fig. 6a). 
Similar variations were observed in the frequencies of CD44hi cells 
in the CD4+ T cell population (Fig. 6b), suggesting that IL-13 signal-
ing in DCs is important for the induction of TH2 cells and may be 
limiting the differentiation of TH17 cells.

In a separate model, we generated Il4raf/− zDC-Cre mice, in 
which conditional deletion of the IL-4 and IL-13 receptors in DCs 
results in impaired development of CD11blo DC2s (Extended Data 
Fig. 6e). Immunization with Ms generated similar numbers of 
IFN-γ+ CD4+ T cells in Il4raf/− zDC-Cre and Il4raf/− mice, whereas 
the numbers of IL-4+, IL-13+ and GATA3+ TH cells after Nb immu-
nization were reduced, and the numbers of IL-17A+ and RORγt+ 

TH cells after Ca were increased in Il4raf/− zDC-Cre compared with 
Il4raf/− mice (Fig. 6c,d and Extended Data Fig. 6f). The numbers 
and frequencies of activated CD44hiCD4+ T cells in Il4raf/− zDC-Cre 
and Il4raf/− mice (Fig. 6e and Extended Data Fig. 6g) reproduced the 
differences observed in the numbers of cytokine-expressing T cells 
after immunization (Fig. 6c). In addition, the numbers of GATA3+ 
cells in spleen were significantly lower in Il4raf/− zDC-Cre mice 
compared with Il4raf/−(Fig. 6f), indicating that the systemic TH2 
response was also impaired. The frequencies of FoxP3+CD25+CD4+ 
T cells in naive and Nb or Ca-immunized mice were similar 
between Il4raf/− zDC-Cre and Il4raf/− mice, with similar levels of 
FoxP3 expression and a comparable upregulation after immuniza-
tion (Fig. 6g), suggesting similar Treg cell activation regardless of 
Il4ra expression in DCs.

To assess whether the impact of IL-4Rα expression on DC 
function was specific to skin, we compared TH2 responses after 
immunization with house dust mite (HDM) extract given either 
intradermally or intranasally (i.n.). Intradermal HDM immuniza-
tion increased the number of GATA3+CD4+ T cells in dLN, and this 
increase was greater in Il4raf/− compared with Il4raf/− zDC-Cre mice 
(Fig. 6h). In contrast, i.n. HDM immunization increased the number 
of GATA3+CD4+ T cells in the mediastinal LN to a similar extent in 
Il4raf/− zDC-Cre and Il4raf/− mice (Fig. 6h). Thus, steady-state IL-13 
signaling in dermal DC2s specifically enhances TH2 responses after 
intradermal immunization.

Antigen uptake by dermal DC2 was assessed by injection 
of fluorescently labeled Nb (Nb-AF488). The total number of 
Nb-AF488+ cells in skin dLN was around 20% lower in Il4raf/− 
zDC-Cre mice compared with Il4raf/− (Fig. 7a and Extended Data 
Fig. 6h). Moreover, most AF488+ cells in Il4raf/− mice were CD11blo 
DC2s followed by CD11bhi DC2s, whereas AF488+ cells in Il4raf/− 
zDC-Cre mice were predominantly CD11bhi DC2s and monocytes 
(Fig. 7b,c and Extended Data Fig. 6i,j). Because the DC signals 
that drive the development of TH2 responses are not defined20, we 
examined the expression of several activation markers on DCs21–24. 
AF488+CD11bhi DC2s expressed similar activation marker profiles 
in Il4raf/− and Il4raf/− zDC-Cre mice, with high levels of the costim-
ulatory molecules CD86 and PDL2 and the interferon response 
genes BST2 and Ly6A/E (Fig. 7d). Compared with CD11bhi DC2, 
the AF488+CD11blo DC2s in Il4raf/− mice expressed higher CD86 
and PDL2 and lower Bst2 and Ly6A/E22, whereas the few AF488+ 
CD11blo DC2s in Il4raf/− zDC-Cre mice expressed a profile more 
similar to CD11bhi than to CD11blo DC2s in the Il4raf/− mice  
(Fig. 7d). Thus lack of IL-13 signaling results in lower expression of 
CD86 and PDL2 on Nb-AF488+ DC2s in dLN.

To investigate the increased responses to Ca in Il4raf/− zDC-Cre 
mice, we assessed expression of innate pattern recognition recep-
tors in DC2 subsets25. Expression of Clec7a and Clec4n, encoding 
dectin-1 and dectin-2, respectively, and Tlr1, Tlr2, Tlr6, Tlr11 and 
the TLR chaperone Unc93b1, was significantly higher in CD11bhi 
compared with CD11blo DC2s (Fig. 7e). CD11bhi DC2s, but not 
CD11blo DC2s upregulated expression of Il23a and Il12b transcripts 
after Ca immunization, and highly expressed the α4β8 integrin sub-
unit Itgb8 (Fig. 7e), which is necessary for the conversion of latent 
TGFβ to the active form during TH17 differentiation26,27. Both DC2 
subsets upregulated Il6, while Il1b was expressed but not upregulated 
after Ca uptake (Fig. 7e). In Il12b-YFP reporter mice immunized 
with Ca labeled with cell tracker orange CMTMR (Ca-CTO), only 
CD11bhi Ca-CTO+ DC2s were Il12b-YFPhi (Fig. 7f,g). Therefore, a 
higher frequency of CD11bhi DC2s in Il4raf/− zDC-Cre mice could 
favor the observed increase in IL-17A responses in these mice.

Human skin DC2s express an IL-4/IL-13 signature. To assess 
IL-13 signaling in human skin, we selected four published transcrip-
tomic datasets that compared tissue DC2s from the skin or lung 
of healthy individuals with DC2s from blood or spleen (Fig. 8a).  
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We examined each set of DEGs using gene set enrichment 
analysis (GSEA)28 and the Reactome database29. We found that 
most enriched pathways were unique to one or a few individual  

comparisons (Fig. 8a and Supplementary Table 5). The ‘IL-4 and 
IL-13 signaling’ pathway was one of the four pathways that were 
significantly enriched in all comparisons of human skin DCs with 
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blood or spleen DCs (Fig. 8a). GSEA enrichment plots for ‘IL-4 
and IL-13 signaling’ genes further indicated that skin, but not lung, 
DC2s showed a significant enrichment for this pathway (Fig. 8b). 
Heatmaps showing expression of core-enrichment genes from the 
‘IL-4 and IL-13 signaling’ pathway across the three microarray 
and one scRNA-seq studies revealed that similar transcripts were 
enriched in skin DC2 datasets compared with blood, spleen or lung 
DC2s (Fig. 8c and Extended Data Fig. 7a).

Expression of IL13 transcripts was reported in human skin from 
healthy individuals30,31. To investigate whether this was associated 
with T cells or ILCs, we interrogated the dataset from one of these 
studies30 for expression of IL-13 signaling genes in the immune and 
nonimmune skin cell compartments. As reported previously, we iden-
tified several clusters of myeloid cells, including monocytes, DC1s, 
DC2s, LCs and a small cluster of CCR7hi/mature DCs (Fig. 8d and 
Extended Data Fig. 7b,c). Several genes that we identified as impor-
tant for the IL-13-dependent development of DC2s in murine skin 
were also expressed in the human skin myeloid cell compartment, 
including Il13RA1, IL4R, STAT6 and KLF4 (Fig. 8e and Extended 
Data Fig. 7d). We also identified four lymphocyte clusters including  

ILCs (CD3−KLRD1−IL7RhiKLRB1+) (Fig. 8f). Cells within the ILC 
cluster expressed KIT, IL2RA, GATA3, which have been associated 
with KIT+ ILC3s and KITintIL2RA+GATA3+ILC2s (ref. 32). IL13 
expression was detected at low levels in 5.12% and 2.96% of the T cell 
and ILC clusters in healthy skin, respectively (Fig. 8f,g). By contrast, 
only T cells but not ILCs expressed IL4 (Fig. 8f,g). These analyses 
suggests that DC2s in healthy adult human skin are exposed to IL-13.

Discussion
We report that the steady-state production of IL-13 in murine der-
mis is necessary for the differentiation of a population of CD11blo 
dermal DC2s that is unique to skin. We show that the response of 
DC2s to IL-13 signaling requires expression of the transcription 
factors STAT6 and KLF4, thus explaining the specific requirement 
for KLF4 in CD11blo DC2 development9. We also show that der-
mal DC2s from healthy humans express an IL-4/IL-13 transcrip-
tional signature, suggesting that human and mouse DCs are both 
exposed to IL-13 in the steady state. The ability of DC2s to sense 
IL-13 is functionally consequential and results in enhanced TH2 and 
reduced TH17 responses in mice.
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The heterogeneity of the DC2 subset across different tissues 
is presumably driven by tissue-specific signals that remain often 
uncharacterized7. Low levels of IL-13 in healthy skin were previ-
ously reported13, raising the question of a potential homeostatic 
function for this cytokine33. Here we provide evidence that ILC2s 
and homeostatic IL-13 play an important role in the skin immune 

environment by supporting dermal DC2 differentiation at steady 
state. We also show that the proportion of CD11blo DC2s in skin 
and dLN is susceptible to regulation via IL-13 production by 
ILCs, with the reported lower IL-13 expression in male compared 
with female ILC2s34 resulting in reduced frequencies of CD11blo 
DC2s in males. Perturbations of the skin environment that impair 
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ILC2 numbers or function, such as increased amounts of IFNs, 
IL-27 or IL-2335–37 may have a similar impact on CD11blo DC2s. 
Conversely, it remains unclear whether IL-13 can solely drive the 
differentiation of CD11blo DC2s, as IL-13 was not sufficient to 
induce downregulation of CD11b on other DC2 populations in 
dermis, lung or SI. The known positioning of DC2s in the dermal 
layer of the skin38, and the expression of dermal ILC markers14 on 
the ILC population in our study, may suggest an important role of 
dermal structures such as the hair follicle and sebaceous glands. 
The notion that IL-13 is not the sole signal controlling the dif-
ferentiation of dermal CD11blo DC2 is also compatible with the 
presence of a small population of CD11blo DC2s in STAT6 KO and 
IL-4Rα KO mice.

IL-13 is an essential mediator in the priming of TH2 immune 
responses in lung and intestine. In lung, allergen or parasite 
protease-dependent tissue injury and the consequent production of 
IL-33 support ILC2 production of IL-13 and promote DC activa-
tion, migration to the dLN and recruitment of TH2 cells in nonlym-
phoid tissue39,40. In human and murine gut, IL-13 or IL-4 produced 
by allergen-specific TH2 cells condition local DCs to promote and 
sustain type 2 immunity to ingested antigens41,42. Our data suggest 
that these immune networks and requirement for protease activ-
ity are probably redundant in skin because, unlike lung and gut, 
skin ILC2s produce IL-13 at steady state independently of skin 
microbiota, TSLP, IL-33 and IL-25 (ref. 15). Therefore, healthy skin 
fosters DC2 activation for TH2 priming independently of allergen 
properties. We also show that, compared with CD11bhi DC2s, the 
IL-13 dependent CD11blo DC2s are less responsive to microbial 
stimuli, including Ms19 and Ca, and express lower levels of proin-
flammatory cytokines including IL12a, Il12b and Il23a. Within the 
context of a response to commensals, which was not investigated 
in this study, IL-13-dependent DC2 conditioning might promote 
equilibrium by preventing excessive production of IL-17A, and 
promoting TH2 potential for tissue repair43. The preferential induc-
tion of TH17 versus TH2 responses by distinct DC2 subsets has been  
reported previously44.

While a preferred route for allergic sensitization in humans has 
not been established, epidemiological studies suggest that delayed 
introduction of some foods to infants may increase the likelihood 
of allergy development by providing greater opportunity for con-
tact through skin45. Similarly, genetic mutations that decrease 
skin barrier function are associated with increased incidence of 
allergic disease that is not limited to skin but extends to respira-
tory and food allergy46,47. Our study provides a potential mecha-
nism for these observations by documenting an IL-13-dependent 
and tissue-specific conditioning of dermal DC2s that leads to a 
TH2 bias. Although the precise signals enabling IL-13-conditioned 
DC2s to prime TH2 responses remain unclear, the increased respon-
siveness of CD11blo DC2s to TSLP (ref. 48), an epithelial cytokine 
with a known role in promoting TH2 responses49 may play a role in  
this process.

In conclusion, steady-state IL-13 production by dermal ILCs 
underpins the differentiation of a CD11blo DC2 subset that is 
unique to skin, and fosters the differentiation of mouse CD4+ 
T cells to an IL-4+ TH2 phenotype while reducing TH17 responses. 
The functional consequences of this circuit in humans, in which an 
IL-13-dependent signature in skin DC2s is also apparent, are yet to 
be characterized. However, genome-wide association studies show-
ing the opposing impact of IL13 gene polymorphisms in atopic der-
matitis versus psoriasis50, two skin diseases that are dominated by 
dysregulated TH2 and TH17 activation, respectively, suggest a similar 
control in humans and an important role for this mechanism in the 
propensity to disease.
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Methods
Ethics. For experiments performed in New Zealand, experimental protocols were 
approved by the Victoria University of Wellington Animal Ethics Committee. 
Experiments at the National Institute of Allergy and Infectious Diseases (NIAID) 
were approved by the NIAID Animal Care and Use Committee, and experiments at 
the University of Manchester were performed under license of the United Kingdom 
Home Office and under approved protocols at the University of Manchester. All 
experiments were performed according to institutional guidelines

Mice. The following mice were bred and housed under specific pathogen-free 
conditions, 21 ± 3 °C, 50 ± 10% humidity, 12 h/12 h light/dark cycle at the Malaghan 
Institute of Medical Research, Wellington, New Zealand:

C57BL/6J, BALB/cByJ, B6-SJ ptprca, CD11c-Cre (B6.Cg-Tg(Itgax-cre)1-
1Reiz/J), IRF4-flox (B6.129S1-Irf4tm1Rdf/J), STAT6 KO (B6.129S2(C)-Stat6tm1Gru/J), 
zDC-Cre (B6.Cg-Zbtb46tm3.1(cre)Mnz/J) and Il12b-YFP (B6.129-Il12btm1Lky/J) 
mice were from breeding pairs obtained originally obtained from the Jackson 
Laboratories. 4C13R reporters (Tg(Il4-AmCyan,Il13-DsRed*)1Wep), IL-4 KO 
(Il4tm1.1Wep) and TSLPR KO (Crlf2tm1Wjl) breeding pairs were provided by the late 
William Paul, NIAID, NIH; IL4Ra KO (Il4ratm1Fbb) and Il4raf/− (Il4ratm2Fbb) breeders 
were from F. Brombacher, University of Capetown; MHCII KO (H2-Aatm1Blt) 
breeders were from the late Horst Blüthmann, Hoffman-La Roche Ltd; ST2 KO 
breeders (Il1rl1tm1Aki) were from L. Mackay, University of Melbourne, Australia. 
Itgax-cre+/− Irf4fl/fl (Irf4f/f CD11c-Cre) and Irf4fl/fl (Irf4f/f) mice were generated by 
crossing Itgax-cre to Irf4fl mice for two generations. zBTB46-cre+/− Il4rafl/− (Il4raf/− 
zDC-Cre) and Il4rafl/− mice were generated by crossing Zbtb-cre females with Irf4fl 
males for two generations.

For experiments at NIH, C57BL/6Tac and BALB/c were obtained from 
Taconic Biosciences, whereas B6.SJL-Ptprca Pepcb/BoyJ, RAG1 KO on a C57BL6/J 
background and IL13Ra1 KO on a BALB/c background were from the NIAID 
contract facility at Taconic Biosciences and were maintained at 22 ± 3 °C 50 ± 20% 
humidity and a 14 h/10 h light/dark cycle. Germ-free C57BL/6 mice were bred and 
maintained in the NIAID Microbiome Program gnotobiotic animal facility.

CD4-Cre and iCOS-T (Icostm1.1(Hbegf)Anjm CD4-Cre) mice were kindly provided 
by A. McKenzie, University of Cambridge, and were bred and maintained under 
specific pathogen-free conditions with 22 ± 2 °C, 55 ± 10% humidity and a 12 h/12 h 
light/dark cycle at the University of Manchester.

All mice were between 6 and 14 weeks of age and were age- and sex-matched 
within experiments. Female mice were used in all experiments unless otherwise 
indicated in figure legends.

Generation of IL-13 KO mice. IL-13 KO mice were generated by the Australian 
Phenomics Network and Monash Genome Modification Platform using the 
strategy illustrated in Supplementary Fig. 3b. CAS9 enzyme, guide RNA  
(gRNA) 1 targeting intron 1 (5′ - AGAGUCUUGGAGCUGAAAGA -3′) and 
gRNA2 targeting intron 3 (5′- CUUAGAGCGUUACAAGUCC- 3′) of  
the murine Il13 gene were injected into C57BL/6 fertilized eggs to 
remove exons 2 and 3. Mice were screened for deletion by PCR using 
the primers P1 (5′-GAGGCTGGCATGGTGGTTTC-3′) and P2 
(5′-TGGAGACCTGTGAAACGGCA-3′). Of two founder mice carrying exon 2–3 
deletions, only one gave viable progeny carrying the mutation when crossed with 
C57BL/6. Mice were bred to homozygosity to generate IL-13 KO mice.

BM chimeras. BM cell suspensions were prepared by flushing cut femurs and 
tibias with unsupplemented IMDM (Gibco) and filtering through a sterile 70 µm 
cell strainer (Falcon). Recipient mice aged 10–12 weeks were treated with two doses 
of 5.5 Gy using a Gammacell 3000 Elan irradiator (MDS Nordion) given 3 h apart. 
One day after irradiation, mice received 1–8 × 106 BM cells from gender-matched 
donor mice as detailed in the text and figure legends.

For the generation of allogeneic mixed BM chimeras, BM donor mice were 
depleted of T cells by intraperitoneal (i.p.) injection of 200 µg InVivoMAb 
anti-mouse Thy-1 (Clone T24/31, InVivoPlus, BioXCell) on days −5 and −2 before 
BM collection. Recipient mice were injected with 100 µg anti-mouse Thy-1 i.p. 
1 day after BM transfer. Chimeric mice were housed in individually ventilated cages 
and supplied with 2 mg ml−1 Neomycin trisulfate-supplemented drinking water for 
the first 3 weeks. Chimeras were left for at least 12 weeks before immunization.

Preparation of immunogens. Ms (mc2155) was grown in LB broth (Difco LB 
Lennox – low salt, BD) at 37 °C overnight. Bacteria were washed three times in PBS 
0.05% Tween 80, heat-killed at 75 °C for 1 h and stored at −70 °C. Nb infective L3 
larvae were prepared as described19, washed three times with sterile PBS followed 
by three washes with antibiotic wash buffer (AWB: PBS supplemented with 
100 µg ml−1 Gentamcycin (Sigma-Aldrich) and 500 U ml−1 Penicillin-Streptomycin 
(Gibco). Larvae were incubated in AWB twice for 1 h at room temperature, washed 
four times with sterile PBS and inactivated by three freeze-thaw cycles. Ca was 
propagated by inoculating sterile yeast extract-peptone-dextrose broth (Difco YPD, 
BD) and incubating at 30 °C for 72 h. Yeasts were washed in PBS and heat-killed at 
75 °C for 1 h. HDM extract (Greer Laboratories Inc.) was reconstituted in sterile 
PBS to 10 mg dry weight per milliliter. For fluorescent labeling, inactivated Nb 
larvae were incubated in 0.05 M NaHCO3 buffer and 0.1 mg AF488 NHS Ester 

(Molecular Probes, Invitrogen) for 15 min and washed with 0.1 M Tris buffer19. 
Inactivated Ca was labeled with CellTracker Orange CMTMR (CTO, Invitrogen, 
ThermoFisher Scientific) according to the manufacturer’s instructions as 
previously described19.

Immunizations and in vivo treatments. Mice were anesthetized with ketamine 
and xylazine (both Provet) and immunized intradermally in the ear with 4 × 106 
colony-forming units (CFU) heat-killed Ms, 5–10 × 106 heat-killed Ca, or 300 
nonviable Nb L3 larvae in 30 µl PBS19. HDM extract (200 µg) was injected 
intradermally in 30 µl PBS, or i.n. in 60 µl PBS; 20 µg of IL-13fp (Absolute 
Antibody) in 60 µl PBS was injected intraperitoneally on day 0, 10 µg IL-13fp was 
injected on days 2 and 3, and tissue collected on day 4. CD4-Cre and iCOS-T mice 
were treated with 1 µg of DT from Corynebacterium diphtheriae (DTx, Sigma) for 
9 consecutive days by i.p. injection and tissues collected on day 10. Control mice 
were injected with the same volume of PBS.

Tissue sampling and processing. LNs were obtained, disrupted with 18 G needles 
and digested in IMDM containing 100 µg ml−1 liberase TL and 100 µg ml−1 DNase 
I (both Sigma-Aldrich) for 30 min at 37 °C. For skin preparations, ears were 
collected and split into ventral and dorsal halves, cut into small pieces and digested 
in 2 ml HBSS (Gibco) containing 2 mg ml−1 collagenase IV (Sigma-Aldrich) and 
100 µg ml−1 DNase I (Sigma-Aldrich) for 30 min at 37 °C and 250 rpm in a shaking 
incubator. Lungs were collected after perfusion, cut into small pieces and digested 
in 1 ml IMDM (Gibco) containing 500 µg ml−1 liberase TL and 500 µg ml−1 DNase 
I (both Sigma-Aldrich) for 45 min at 37 °C and 150 rpm in a shaking incubator. 
Small intestinal segments were excised, Peyer’s patches were removed and the 
intestines were opened longitudinally. Segments were then washed in PBS, cut 
into 0.5 cm pieces, collected in cold HBSS and washed twice with HBSS containing 
2 mM EDTA (both Gibco) for 15 min at 37 °C and 200 rpm in a shaker to dissociate 
the epithelium. Segments were then digested in RPMI (Gibco) containing 10% FCS 
(Gibco), 1 mg ml−1 Collagenase VIII and 50 µg ml−1 DNase I (both Sigma-Aldrich) 
for 15–20 min at 37 °C and 200 rpm in a shaker. LN and spleen preparations 
for the assessment of T cell responses were generated by pressing the LNs. All 
cell suspensions were collected, filtered through a cell strainer, washed with 
FACS buffer (PBS supplemented with 2% FCS, 2 mM EDTA and 0.01% sodium 
azide (all Gibco)) and maintained at 4 °C. For the assessment of intracellular 
cytokines, single-cell suspensions were incubated in tissue culture medium 
(TCM, consisting of IMDM supplemented with 5% fetal calf serum (FCS), 1% 
penicillin-streptomycin and 55 µM 2-mercaptoethanol (all Gibco)) supplemented 
with 50 ng ml−1 PMA (Sigma-Aldrich), 1 µg;ml−1 ionomycin (Sigma-Aldrich) and 
1 µl ml−1 GolgiStop (BD Pharmingen) for 5 h before surface and intracellular flow 
cytometry staining.

FLT3L BM cultures. BM cells were suspended in Red Blood Cell Lysing Buffer 
Hybri-Max (Sigma-Aldrich) for 1 min at room temperature, washed and 
resuspended in TCM supplemented with 4% FLT3L supernatant (generated from 
the cell line CHO flag Flk2.clone5 kindly provided by N. Nicola, WEHI). BM cells 
were cultured in six-well plates (Corning) at 5 × 106 per well in 5 ml TCM and 
incubated at 37 °C for 9 days. Cultures were fed every 3 days by removing 2 ml of 
medium and adding 2 ml of TCM containing 10% FLT3L supernatant. Murine rIL-
13 (Peprotech) was added at different times and concentrations as indicated.

Phospho-STAT6 immunofluorescence. FLT3L BMDCs were obtained on 
day 9, resuspended at 1 × 106 ml−1 of TCM in 24-well plates and stimulated with 
100 ng ml−1 murine rIL-13 (Peprotech) for 30 min at 37 °C. The cells (1 × 105) 
were then cytocentrifuged onto microscope glass slides (Trajan), fixed with 4% 
paraformaldehyde (ThermoFisher) for 10 min and permeabilized with 100% 
methanol at 4 °C for 10 min. We performed blocking for 1 h using SuperBlock T20 
(ThermoFisher) before incubation with primary antibody (anti-pSTAT6 Tyr641 
clone 46H1L12, ThermoFisher) for 1 h at 1:100 dilution in PBS and washing three 
times with PBS. Slides were then incubated with secondary antibody anti-rabbit 
Alexa Fluor 647 (ThermoFisher), anti-CD172a Alexa Fluor 594 (Biolegend) and 
4,6-diamidino-2-phenylindole (DAPI) (0.5 µg ml−1, Merck), washed three times 
and mounted. Fixation and staining were performed at room temperature. Images 
were obtained using the FV3000 confocal microscope (Olympus). Acquired images 
were first preprocessed with the FIJI imaging processing package (v.2.0.0-rc-
69/1.52i (ref. 51)). Cell masks were generated using CellProfiler (v.4.0.3 (ref. 52)), 
while .fcs files were generated with Histocat (v.1.76 (ref. 53)). Gating and cell marker 
statistics were performed using Flowjo software (v.10.7, BD).

Flow cytometry and cell sorting. Single-cell suspensions were incubated in 
FACS buffer containing anti-mouse CD16/32 (clone 2.4G2, hybridoma culture 
supernatant, 1:300 dilution) before labeling with a mix of fluorescently labeled 
monoclonal antibodies for 30 min at 4 °C. Antibodies were used at a 1:200 dilution, 
unless otherwise indicated.

Antibodies from the following suppliers were used:
Biolegend: Anti-CD103 (clone 2E7), anti-CD11b (clone M1/70), anti-CD11c 

(clone N418), anti-CD124/IL-4Ra (clone I015F8), anti-CD3 (clone 145-2C11), 
anti-CD326/EpCAM (clone 1:1600), anti-CD4 (clone RM4-5), anti-CD44 (clone 
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IM7, 1:400), anti-CD45R/B220 (clone RA3-6B2), anti-CD86 (clone GL1), anti-IA/
IE (clone M5/114.15.2, 1:400), anti-Ly6A/E (clone D7, 1:1000), anti-NK1.1 (clone 
PK136), anti-XCR1 (clone ZET).

BD Biosciences: Anti-CD117/c-kit (clone 2B8), anti-CD11c (clone HL3), 
anti-CD124/IL-4Ra (clone mIL4R-M1), anti-CD135/Flt3L (clone A2F10.1), 
anti-CD172/Sirpα (clone P84), anti-CD19 (clone 6D5), anti-CD200R3 (clone 
Ba13), anti-CD24 (clone 30-F1), anti-CD25 (clone 3C7), anti-CD26 (clone H194-
112), anti-CD278/ICOS (clone 7E.17G9), anti-CD278/ICOS (clone C398.4 A), 
anti-CD317 (clone 927), anti-CD326/EpCAM (clone G8.8), anti-CD45 (clone 
30-F11), anti-CD45.1 (clone A20), anti-CD45.2 (clone 104), anti-CD45R/B220 
(clone RA3-6B2), anti-CD49b (clone DX5), anti-CD64 (clone X54-5/7.1), anti-CD8 
(clone 2.43), anti-CD90.2 (clone 30-H12), anti-FcεRIα (clone MAR-1), anti-GATA3 
(clone L50-823, 1:100), anti-IFN-γ (clone XMG1.2, 1:400), anti-IL-4 (clone 11B11, 
1:100), anti-KLRG1 (clone 2F1), anti-Ly6C (clone AL-21, 1:1000), anti-Ly6C/Ly6G 
(clone RB6-8C5), anti-RORyt (clone Q31-378, 1:100), anti-TCRγδ (clone GL3).

ThermoFisher Scientific: Anti-CD11b (clone M1/70), anti-CD11c (clone 
N418), anti-CD127/IL-7Ra (clone A7R34), anti-CD172a/Sirpα (clone P84), 
anti-CD19 (clone ID3), anti-CD206 (clone MR6F3), anti-CD213a/IL-13Ra1 (clone 
13MOKA, 1:100), anti-CD25 (clone PC6-1.5), anti-CD273/PDL2 (clone TY25), 
anti-CD3 (clone 145-2C11), anti-CD45R/B220 (clone RA3-6B2), anti-FoxP3 
(clone FJK-16s, 1:100), anti-GATA3 (clone TWAJ), anti-IA/IE (clone M5/114.15.2, 
1:400), anti-IL-13 (clone eBio13A, 1:100), anti-IL-17A (clone eBio17B7, 1:100), 
anti-IL33R/ST2 (clone RMST2-33, 1:100), anti-Ly6C/Ly6G (clone RB6-8C5), 
anti-Ly6G (clone 1A8), anti-NK1.1 (clone PK136), anti-Siglec H (clone eBio440c), 
anti-TCRβ (clone H57-597).

5-OP-RU-loaded MR1 tetramer conjugated to BV421 was generated at the NIH 
tetramer core facility and was kindly provided by O. Gasser.

Dead cells were excluded from analysis using DAPI (Molecular Probes), 
ZOMBIE NIR (Biolegend) or LIVE/DEAD Fixable Aqua (Molecular Probes).

For staining of intracellular cytokines, PMA + Ionomycin-stimulated cells 
were stained with LIVE/DEAD Fixable Blue (Molecular Probes) before staining 
of cell surface molecules. Cells were then fixed and permeabilized using a BD 
Cytofix/Cytoperm kit (BD Pharmingen) and stained with antibodies of relevant 
specificities.

For staining of transcription factors, cells were stained with LIVE/DEAD 
Fixable Blue (ThermoFisher) or LIVE/DEAD Fixable Aqua (Molecular Probes) 
before staining of cell surface molecules. Cells were then fixed and permeabilized 
using a True-Nuclear (BioLegend) or eBioscience Foxp3 (ThermoFisher) 
Transcription Factor Staining Buffer Set and stained and with antibodies of 
relevant specificities.

We performed sample acquisition on a LSR Fortessa or FACSymphony (both 
BD Biosciences) using BD FACS DIVA software or a 3L or 5L Aurora Spectral 
Flow Cytometer (Cytek Biosciences) using SpectroFlo software v.2.2. Final analysis 
and graphical output were performed using FlowJo (v.10.7, BD) or OMIQ (v.2020, 
OMIQ, Inc.) software.

Cell sorting was carried out using a BD INFLUX Cell sorter (BD Biosciences) 
and BD FACS software. Sorting of DC subsets for quantitative PCR with reverse 
transcription (RT-PCR) analysis was carried out after fluorescent labelling 
as described. DC2 subsets from skin dLN were identified as indicated in 
Supplementary Fig. 1, sorted directly into RNA lysis buffer (Zymo Research) and 
frozen at –80 °C until RNA extraction. Three biological replicates from individual 
mice were prepared in two separate DC sorting experiments. For sorting of DC 
subsets for RNA sequencing, cells were stained as described and presorted as 
MHCIIhi migratory DCs from skin, lung and SI dLNs as indicated in Supplementary 
Fig. 1. Cells were resuspended in FACS buffer and the respective DC2 subsets were 
sorted directly into QIAzol Lysis Reagent (QIAGEN) and frozen at –80 °C until 
RNA extraction. Three biological replicates, each from five pooled mice, were 
prepared in three separate DC sorting experiments. For scRNA sequencing, cells 
were stained as described and a total of 26,000 SIRPα + DC2s per genotype were 
sorted from the pooled ear dLNs of three C57 and three STAT6 KO mice.

RNA isolation and bulk sequencing. Total RNA was prepared from frozen cell 
pellets using the RNeasy Micro Kit (QIAGEN). RNA was quantified using a 
Quantus Fluorometer (Promega) and RNA integrity was checked using a Fragment 
Analyzer (Agilent). Library preparation and RNA sequencing were contracted 
out to Otago Genomics, University of Otago. Ribosomal RNA was depleted using 
RiboZero (Illumina) before library preparation. We performed paired-end stranded 
RNA sequencing on an Illumina HiSeq 2500 V4 sequencing system using Illumina 
TruSeq kits. Between 10 and 30 million read pairs were generated per sample.

Read mapping and differential expression analysis for bulk RNA-seq. 
Paired-end raw FASTQ files were trimmed using Trimmomatic (v.0.36)54 and 
aligned using STAR (v.2.7.1a)55 to the Mus musculus mm10 M16 (GRCm38.p5) 
genome. Aligned reads were quality checked using MultiQC (v.1.7)56 and counted 
using the R (v.3.4.4) package Rsubread (v.1.28.1)57. Differentially expressed genes 
were identified using the R package DESeq2 (v.1.28.1)58 and the output was filtered 
for log2 fold change >1 in either direction and adjusted P values <0.05. VSTpk 
(variance-stabilized reads per thousand base pairs) values were generated from 
DESeq2 normalized counts using the DESeq2 Variance Stabilizing Transformation 

with default parameters, then dividing the resulting value by the length of the 
longest gene isoform in kilobases. Visualizations were made using the R packages 
pheatmap (v.1.0.12), UpSetR (v.1.4.0)59 and Tidyverse (v.1.3.0).

TFBS analysis. For in silico prediction of TFBSs, the promoter sequences of the 
genes of interest (Table S1) were analyzed using TRANSFAC60. Sequences from 
5,000 bp to 100 bp upstream (from −5,000 bp to +100 bp) of the transcription start 
site were selected and analyzed against a random set of genes of the same size with 
the immune cell specific group of matrices (P < 0.01, v.2020.02).

scRNA sequencing using BD Rhapsody. Sorted cells were labeled with sample 
tags from the Mouse Immune Single-Cell Multiplexing Kit (anti-mouse CD45, 
Clone 30-F11, BD Biosciences) following the manufacturer’s instructions, washed, 
resuspended in BD Sample Buffer (BD Biosciences), counted, combined at 5,000 
cells per genotype and loaded onto a BD Rhapsody nanowell cartridge followed 
by Capture Beads (BD Biosciences). After washing and cell lysis, the cell capture 
beads were retrieved for reverse transcription as per the manufacturer’s protocol 
(BD Biosciences, Single-Cell Capture and cDNA Synthesis). cDNA Libraries were 
prepared using mRNA whole transcriptome analysis (WTA) and Sample Tag 
Library kits and Protocol (BD Biosciences), mRNA WTA and Sample Tag Library 
kits according to the manufacturer’s instructions. The quality of the final libraries 
was assessed using a TapeStation 4150 (Agilent) with High Sensitivity D5000 
ScreenTape and quantified using a Quantus Fluorometer (Promega). WTA and 
Sample Tag libraries were diluted to 4 nM and mixed together at a ratio of 99.63% 
WTA library to 0.37% cell multiplexing kit library. The libraries were loaded on an 
S1 flow cell (2 × 100 cycle) and paired-end sequenced at >200,000 reads per cell 
depth on a Novaseq 6000 Sequencer (Illumina) at the Kinghorn Centre for Cellular 
Genomics, Garvan Institute, Sydney, Australia. PhiX (20%) was added to the 
sequencing run to compensate for the low complexity library.

Analysis pipeline for scRNA-seq data. Paired-end raw FASTQ files were 
analyzed using FastQC/MultiQC56. Cell barcode correction and sample tag 
identification were performed using a custom script. We performed sample tag 
identification by mapping R2 reads to sample tag sequences using LAST V1066 
(ref. 61). Salmon Alevin v.1.4.0 (ref. 62) was used for cell barcode detection, read 
mapping, unique molecular identifier (UMI) deduplication and gene count 
estimation. Data were analyzed using Seurat v.4 (ref. 63) and Monocle3 (v.1.0.0)64. 
Differentially expressed markers with a fold change >1.5 in either direction and 
adjusted P value <0.05 between C57 and STAT6 KO cells within each cluster were 
identified using DESeq2.

Quantitative RT-PCR. RNA was extracted from 1,000 cells using the Quick-RNA 
Microprep Kit (Zymo Research) following the manufacturer’s instructions. cDNA 
was synthetized from the total amount of extracted RNA using the high capacity 
RNA-to-cDNA kit (ThermoFisher). qPCR targets were preamplified using 
SsoAdvanced Preamp supermix (Bio-Rad) following the manufacturer’s guidelines. 
As specified by the manufacturer’s instructions, we diluted preamplified cDNA  
40 times and performed quantitative RT-PCT (RT-qPCR) using SYBR Green 
Master Mix (ThermoFisher) and the forward (FW) and reverse (REV) primers 
(Integrated DNA Technologies) FW 5′-TGCTCAGGACCAGACCAATTC-3′ and  
REV 5′-CCTGGAAATCTCTGCAGGTGT-3′ for Itgax, FW 5′-CAGATCACACA 
TGCAACAGAGAC-3′ and REV 5′-TCAATTTCAAGCCCTTGCTGTG-3′ for  
Ccl9, FW 5′-TTCATGGACCTGCACAGGATG-3′ and REV 5′-GAAGTCTGCA 
GGGTTGTTGTG-3′ for Abcg3, FW 5′-GCGAGAAGATTCCGCTGGTA-3′ and  
REV 5′-CCGTTGACAGTCTTCCGACA-3′ for Socs3, FW 5′-GCCTGCACACC 
TCTACATCAT-3′ and REV 5′-CTGAGCATCCGTGAGTGGTG-3′ for Sned1,  
FW 5′-GCTGTGGGTGATGGACATGAT-3′ and REV 5′-TCCCTCAGAGGATGA 
TCCCG-3′ for Khdc1a, FW 5′-GCTACGCCGTCTACTGGAAC-3′ and REV  
5′-AGTGAGGGCAGAAAACATCCA-3′ for Efna5, FW 5′-CTCTCTGGGCGAA 
ATCTGCT-3′ and REV 5′-GAGTGCTTTCGCTATGTTGTTCA-3′ for Clmn and  
FW 5′-TGATGGGTGTGAACCACGAG-3′ and REV 5′-GCCGTATTCATTGTC 
ATACCAGG-3′ for Gapdh using the Real-Time PCR System QuantStudio  
7 instrument (Applied Biosystems) and QuantStudio Realtime PCR Software  
v.1.3. Transcript levels are expressed as the ratio of 2−ΔCT(transcript of interest)  
to 2−ΔCT(Gapdh).

Human DC2 transcriptomic data integration. The following microarray data 
were downloaded from GEO: human skin and blood DC2 (healthy volunteers)65 
from GSE35457, microarray data from adult human skin and spleen DC2 (healthy 
volunteers)66 from GSE85305 and microarray data from human lung and blood 
DC2 (healthy volunteers)67 from GSE43184. Microarray data were annotated using 
the ‘illuminaHumanv4.db’ R package (v.1.26.0). scRNA-seq data of human skin 
blister and blood cDC/monocytes from healthy volunteers68 were obtained from 
the authors and normalized using the SCTransform function of Seurat v.3.2.0 (ref. 
69). To compare with the microarray data, gene expression for each group was 
summarized as the mean SCTransform expression across all cells within the group. 
Human skin blister cells and biopsy from healthy volunteers30 were downloaded 
from GEO (GSE153760) and processed using Seurat v.3.2.0 (ref. 69), following the 
v.3.2 ‘Integration and Label Transfer’ vignette.
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Gene set enrichment analysis. GSEA28 and the Reactome database29 were used to 
identify enriched signaling pathways in human DC2 from published microarray 
and scRNA-seq studies. Results from GSEA were processed using a custom script 
to recover cumulative per-marker scores for all ranked genes, so that they could be 
replotted with identical scales.

Quantification and statistical analyses. Statistical analyses were performed 
using Prism 9.1.2 (v.225, GraphPad) software. Number of samples, independent 
experiments and statistical tests used are indicated in figure legends. Data were 
analyzed using ordinary one-way analysis of variance (ANOVA) when comparing 
multiple groups, two-way ANOVA when comparing two variables or a two-tailed 
Student’s t-test when comparing two groups as indicated in each figure legend. 
Tukey’s and Sidak’s multiple comparisons tests were applied as appropriate and are 
specified in each figure. Statistical significance was defined as P < 0.05.

For bulk and scRNA-seq experiments, genes differentially expressed between 
wild-type and STAT6 KO (fold change in either direction >2 for bulk RNA-seq 
and >1.5 for scRNA-seq, with adjusted P value <0.05) were identified using the R 
package DESeq2.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study are available 
within the paper and its supplementary information files or are available from 
the authors upon reasonable requests. Sequencing data generated for this study 
including bulk and scRNA-seq data presented in Figs. 1, 2 and Extended Data 
Fig. 2: raw RNA-seq data as FASTQ files have been deposited in NCBI SRA under 
bioproject PRJNA668222. IL-13 KO mice are available from G.L.G., MIMR upon 
request and pending approval of a Material Transfer Agreement. Source data are 
provided with this paper.

Code availability
All code and associated parameters used for the analysis of bulk and scRNA-seq 
data as well as the reanalysis of publicly available dataset in Fig. 8 are available at: 
https://doi.org/10.5281/zenodo.5534993.
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Extended Data Fig. 1 | Gating strategy for DC and DC2 populations in the skin, lung and small intestine of naive mice and their draining lymph nodes.  
a, Gating strategy for migratory DC2 subsets in skin, lung and small intestine (SI) dLNs. Generic gating on live single CD3−B220−Ly6G− (Lin−) and Ly6C− 
cells was performed for all samples before gating on dLN-specific DC2 subsets. b, Gating strategy for DC2 subsets in skin, lung and SI. Generic gating  
on live single CD45+CD3−B220−Ly6G− (Lin−) and CD64−Ly6C− cells was performed for all samples before gating on tissue-specific DC2 subsets.  
c, Numbers of DC2s in the skin, lung and SI dLN of Irf4f/f and Irf4f/f CD11c-Cre mice. Bar graphs show mean ± SEM for 5-8 mice pooled from 2 independent 
experiments. Each symbol refers to one mouse. P values were determined using a two-tailed Student’s t-test. *P < 0.05; ***P < 0.001; only significant 
comparisons are indicated.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Phenotypic and transcriptomic characterization of myeloid and DC2 populations in C57BL/6 and STAT6 KO mice. a, Gating 
strategy for DC2 precursors in the bone marrow and skin. b, Representative Opt-SNE visualization of concatenated live single CD45+CD3−CD19− myeloid 
cells from the skin of naive C57BL/6 (C57) and STAT6 KO mice; combined data from both strains are shown in the color image. Opt-SNE was performed 
on 16648 events (2081 events/mouse, 4 mice per genoype, one experiment) using 12 parameters (XCR1, CD206, CD11b, Ly6c, CD11c, Ly6G, SIRPα, 
CD326, CD26, CD64, BST2, MHC-II) with default OMIQ settings and a perplexity of 30 with 1000 iterations. Population frequencies are shown in the 
bar graph. c, Numbers of migratory DC2s in the skin, lung and small intestine (SI) dLNs of naive C57 and STAT6 KO mice. d, Number of migratory DCs 
in the skin dLN of naive C57 and STAT6 KO mice. e, Relative frequencies (top) and numbers (bottom) of CD11bhi and CD11blo DC2s in the auricular (au), 
inguinal (i), axillary (ax), brachial (b) and popliteal (p) skin dLNs of naive C57 and STAT6 KO mice. f, Principal component (PC) analyses of all expressed 
genes in DC2 subsets from the skin, lung and SI dLNs of naive C57 and STAT6 KO mice. Each symbol refers to a biological replicate. g, UpSet plot showing 
the numbers of unique and shared differentially expressed genes (DEGs, including up- and downregulated genes) in the indicated DC2 subsets from the 
skin, lung and SI dLNs of STAT6 KO vs. C57 mice. b-e, Bar graphs show mean ± SEM for n=9 (b) n=4-5 (c) n=9-10 (d) n=5-8 (e) mice pooled from 2 
independent experiments. Each symbol refers to one mouse. P values were determined using a two-tailed unpaired Student’s t-test. *P < 0.05; ***P < 
0.001; only significant comparisons are indicated.
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Extended Data Fig. 3 | IL-13 signalling is necessary for the development of CD11blo DC2s in skin. a, Experimental set-up of mixed wild type and STAT6 KO 
BM chimeras. The phenotype of skin DC2s from each donor BM is shown in the contour plots, subsets are quantified in the bar graph. b, Schematic of the 
genomic Il13 locus in wild type and IL-13 KO mice illustrating the deletion of exons 2 and 3. c, Phenotype of skin DC2s in naive mice of the indicated strains. 
All KO strains were on a C57BL/6 background except for the IL-13Rα1 KO which were on a BALB/c background. d, Relative frequencies of skin DC2 subsets 
in naive mice of the indicated strains. e,f, Frequencies of CD11blo DC2s (e) and DC2 subsets (f) in DC2 populations from skin, lung and small intestine 
(SI) dLNs of C57 controls, and IL-13 KO mice treated with either PBS or IL-13 fusion protein (IL-13fp). In (e), C57 controls are representative of several 
repeats. a,d,e,f, Bar graphs shows mean ± SEM for n=8 (a) n=5-15 (d) n=3-6 (e,f) mice pooled from 2 (a,d,e IL-13 KO, f) or 1 (e, C57 lung and SI dLNs) 
independent experiments. Each symbol refers to one mouse. P values were determined using two-way ANOVA with Sidak’s (a, lower graphs in d, IL-13 KO 
in e,f) or Tukey’s (d, top graphs) correction *P < 0.05; ***P < 0.001. Only relevant significant comparisons are indicated.
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Extended Data Fig. 4 | Identification of lymphoid cell populations in murine skin. a, Gating strategy to identify lymphoid cell populations in the ear skin 
of naive 4C13R reporter mice. To define cells of lymphoid origin, cells were pre-gated on single, live, CD45+, myeloid-lineage negative (CD11b−Ly6G−Ly
6C−CD11c−) cells. Il13-DsRed+ cells were gated within each cell population, or in the total CD45+ population as shown in the lower right panel. b, Gating 
strategy to identify innate lymphoid cells (ILCs) in the skin of naive 4C13R reporter or C57 mice. The Lineage AF4700 gate includes antibodies specific for 
B220, Ly6G, Ly6C, NK1.1, CD11b, and FCεRIα. A similar gating strategy was used to identify ILCs in lung and small intestine (SI). c, Frequencies of GATA3+, 
RORyt+, T-bet+ ILCs in the skin, lung and SI of naive C57 mice. Bar graphs show mean ± SEM for 7-8 mice pooled from 2 independent experiments. Each 
symbol refers to one mouse.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | IL-13 signalling drives the development of CD11blo DC2 in vitro in a dose and time dependent manner. a, Gating strategy to 
identify Sirpα+ DC2 in FLT3L bone marrow DC (BMDC) cultures from C57BL/6 (C57) donors. Cultures were untreated or supplemented with 10 ng/ml 
rIL-13 for the last 72h of culture as indicated. b, Phenotype of Sirpα+ DC2 subsets in FLT3L BMDCs cultures from C57 donors. Cultures were treated with 
the indicated concentrations of rIL-13 for the last 72h. Frequencies of CD11blo DC2s are shown in the bar graph. c, Phenotype of Sirpα+ DC2 subsets in 
FLT3L BMDC cultures from C57 donors. Cultures were supplemented with 10 ng/ml rIL-13 at the indicated times before harvest. Frequencies of CD11blo 
DC2s are shown in the bar graph. d, IL-4Rα and IL-13Rα1 expression on DC2 subsets from the skin dLNs of male Klf4f/f→C57 and Klf4f/f Vav1-iCre→C57 
chimeric mice. FMO: fluorescence-minus-one. Histograms show concatenated data from 3 mice. Median fluorescence intensities (MFI) are reported in 
the bar graphs. e, Representative images of FLT3L BMDC cultures from male C57, IL-4Rα KO and STAT6 KO donors that were set up as controls for the 
experiments in Figure 5e. Cultures were either unstimulated or treated with 100 ng/ml rIL-13 for 30 minutes before staining. Scale bars correspond to 50 
µm. Frequencies of pSTAT6+ cells in the Sirpα+ population are quantified in the bar graph. An average of 2200 Sirpα+ cells/sample were assessed. Each 
symbol refers to one culture from one of two repeat experiments. b-d, Bar graph shows mean ± SEM for n=4 (b,c) cultures or n=10-11 (d) mice pooled 
from 2 (b,c) or 3 (d) separate experiments. Each symbol refers to one independently treated culture or one mouse. P values were determined using two-
way ANOVA with Sidak’s correction (b,c) or one-way ANOVA with Tukey’s correction (d). **P < 0.01; ***P < 0.001; only significant comparisons are 
indicated.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | IL-13 signalling in DC2s is required for optimal IL-4+ TH responses in skin-draining lymph node. a, Experimental set-up of mixed 
bone marrow (BM) chimeras to compare the antigen-presenting function of C57 and STAT6 KO DCs. b, Phenotype of DC2 populations in the skin dLN 
of naive C57 and STAT6 KO chimeras. c, Relative frequencies of DC2 subsets from each donor BM in the skin dLN of naive C57 or STAT6 KO mixed BM 
chimeras. d, Gating strategy to identify cytokine-expressing CD45.1/CD45.2+CD4+ T cells in the skin dLN of Nb-immunized C57 or STAT6 KO mixed BM 
chimeras. Gating for IL-4+CD4+ T cells is shown; other cytokines were gated in a similar manner. e, Phenotype of DC2 subsets in the skin dLN of naive 
Il4raf/− and Il4raf/− zDC-Cre mice. f, Gating strategy to identify cytokine-expressing CD4+ T cells in the skin dLN of Nb-immunized Il4raf/− and Il4raf/− zDC-
Cre mice. Gating for IL-4+ CD4+ T cells is shown; other cytokines were gated in a similar manner. g, Frequencies of CD44hiCD4+ T cells in the skin dLN of 
Il4raf/− and Il4raf/− zDC-Cre mice 5 days after intradermal immunization with Mycobacterium smegmatis (Ms), Nippostrongylus brasiliensis L3 larvae (Nb), 
Candida albicans (Ca) or PBS as a control. h, Gating strategy for AF488+ cells in the skin dLN of Il4raf/− and Il4raf/− zDC-Cre mice 48 hours after intradermal 
injection of AF488-labeled Nb (Nb-AF488). i, Numbers of AF488+ cells in the skin dLN of Il4raf/− and Il4raf/− zDC-Cre mice 48 hours after intradermal 
injection of Nb-AF488. j, Numbers of total DCs and monocytes in the skin dLN of Il4raf/− and Il4raf/− zDC-Cre mice 48 hours after intradermal injection of 
Nb-AF488 or PBS. c,g,i,j, Bar graphs show mean ± SEM for n=7-8 (c) n=6-8 (g) n=7 (i) n=3-9 (j) mice pooled from 2 independent experiments. P values 
were determined using two-way ANOVA with Sidak’s correction. **P < 0.01; ***P < 0.001; only significant comparisons are indicated. Each symbol refers 
to one mouse.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Enrichment of IL-4/IL-13 signature genes in DC2s from healthy human skin. a, Heatmap showing the expression of GSEA core-
enrichment genes of the IL-4 and IL-13 Reactome pathway in cDCs and monocytes from the blood and skin of healthy donors from a published scRNA-
seq dataset (Chen et al, 2020). b, UMAP plot showing scRNA-seq subclusters of cells from skin biopsies and suction blisters of healthy donors from the 
published dataset GSE153760. EC: Endothelial cells, FB 1, FB 2: Fibroblast clusters 1&2, ILC: Innate lymphoid cells, LC: Langerhans cells, LEC: Lymphatic 
endothelial cells, MC: Mast cells, MEL: Melanocytes, NK: Natural killer cells, KC 1-7: Keratinocyte clusters 1-7, SMC: Smooth muscle cells, Treg cells: 
Regulatory T cells. c, Feature plots of the UMAP clusters in (b) showing the expression levels of cluster-specific transcripts used for cluster identification. 
Color intensity represents the level of normalized gene expression. d, Feature plots of the UMAP clusters in (b) showing expression levels of IL4R, IL13RA1, 
STAT6, KLF4, IL4 and IL13 transcripts. Color intensity represents the level of normalized gene expression.
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