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Summary:

Early life establishment of tolerance to commensal bacteria at barrier surfaces carries enduring 

implications for immune health but remains poorly understood. Here we showed that tolerance 

in skin was controlled by microbial interaction with a specialized subset of antigen presenting 

cells. More particularly, CD301b+ type 2 conventional dendritic cells (DC) in neonatal skin were 

specifically capable of uptake and presentation of commensal antigens for the generation of 

regulatory T (Treg) cells. CD301b+ DC2 were enriched phagocytosis and maturation programs, 

while also expressing tolerogenic markers. In both human and murine skin, these signatures were 

reinforced by microbial uptake. In contrast to their adult counterparts or other early life DC 

subsets, neonatal CD301b+ DC2 highly expressed the retinoic acid-producing enzyme, RALDH2, 

the deletion of which limited commensal-specific Treg cell generation. Thus, synergistic 

interactions between bacteria and a specialized DC subset critically support early life tolerance 

at the cutaneous interface.

eTOC blurb:

Maintenance of cutaneous immune homeostasis, and by extension skin health, requires early life 

establishment of antigen-specific tolerance to commensal bacteria. Here, Weckel et al. identify 

that CD301b+ type 2 dendritic cells in neonatal skin critically support this tolerance via retinoic 

acid-medicated generation of commensal-specific regulatory T cells.

Graphical Abstract
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Introduction

Immune tolerance to environmental and commensal-derived antigens fundamentally 

supports both tissue and systemic immune homeostasis1. Early life is a particularly 

important window for establishing this tolerance, during which tissues are endowed with 

enriched tolerogenic capacity2. However, inherent obstacles to studying neonatal immunity, 

such as low cell numbers, small organism size, and limited access to human tissues, have 

contributed to persistent knowledge gaps regarding which cell types and pathways instruct 

unique early life immunity. Overcoming these challenges is critically important if we hope 

to intervene early enough to prevent and mitigate the severity of immune-mediated diseases.

Immune tolerance is especially important in the skin, one of the body’s most expansive 

barrier interfaces3 that is continually exposed to environmental antigens including those 

from its rich community of bacterial symbionts4. A growing body of work demonstrates 

that commensal bacteria function as key collaborators in many aspects of skin health. 

They promote physical and antimicrobial barrier integrity, accelerate wound-healing, and 

tune adaptive immune function5. Failure to establish or maintain immune tolerance to 

skin commensal bacteria can incite or accelerate allergic, autoimmune and other chronic 

inflammatory skin diseases6. Despite this, we still have very limited understanding of the 

cell types and mechanisms supporting immune tolerance to skin commensal bacteria.
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We have shown that early life represents a preferential window for the establishment of 

immune tolerance to skin commensal bacteria. As has been confirmed more recently in 

the gut7–9, this tolerance is marked by generation of commensal-specific regulatory T cells 

(Treg cells) that limit skin neutrophils upon later life bacterial re-exposure10. It remains 

unclear, however, whether the preferential establishment of immune tolerance in early life 

reflects a global difference in regulatory capacity across the entire tissue or is directed 

by a specialized cell subset. The phenotype and function of antigen-presenting cells – 

more specifically dendritic cells (DCs) – in neonatal skin represents an additional area of 

limited knowledge. Human fetal skin DCs have broadly been shown to possess tolerogenic 

function11, but whether such capacity is enriched in a defined cell subset and the features 

linked to any such sub-specialization remain unknown. The major mechanisms by which 

neonatal DCs drive Treg cell generation in the cutaneous periphery and if this changes with 

age are other outstanding questions.

Here, we took advantage of engineered bacterial strains, in vivo and ex vivo models of 

murine and human skin colonization, single-cell RNA sequencing and in vitro mechanistic 

studies to identify a functionally distinct subset of CD301b+ type 2 conventional DC 

(DC2) in neonatal skin. Enriched for phagocytic, maturation, and tolerance markers, these 

cells were uniquely equipped to uptake skin bacteria, present their antigens and generate 

commensal-specific Treg cells. Direct bacterial interaction reinforced these signatures. 

Although CD301b+ DC2 in adult skin shared similar features, enhanced regulatory capacity 

of neonatal CD301b+ DC2 was specifically tied to heightened retinoic acid production, 

implicating this as a neonatally-enriched tolerance mechanism. Collectively, these data 

suggest that early life tolerance at barrier surfaces does not reflect a broadly-expressed 

tissue feature, but unique capacities of specialized cell subsets.

Results

CD301b+ DC2 support early life generation of commensal-specific Treg cells

We have demonstrated that neonatal skin colonization by Staphylococcus epidermidis 
expressing the model antigen 2w (S. epi-2w) supports an antigen-specific CD4+ 

compartment enriched in Treg cells12. When neonatally-colonized mice are re-challenged 

with S. epi-2w plus skin abrasion they are better protected against skin inflammation 

than mice previously colonized during adult life10. To more precisely define the primary 

commensal-specific CD4+ response in neonatal versus adult mice, we performed S. epi-2w 

colonization of 7 day-old or 6 week-old mice and measured the 2w-specific and polyclonal 

CD4+ responses in the skin-draining lymph nodes (SDLN) 13 days later (Fig. 1A). Despite 

an overall smaller 2w+CD44+CD4+ compartment and slightly lower polyclonal Treg cell 

frequency in neonatal SDLN (Fig. S1A-B), the percentage of S. epi-specific Treg cells 

was substantially increased following neonatal versus adult colonization (Fig. 1B). This 

reinforces that early life establishment of long-term tolerance to skin commensal bacteria is 

closely linked to a Treg-rich primary antigen-specific response following initial S. epi-2w 

colonization.

As dendritic cells shape the quality of CD4+ T cells responses to tissue antigens, we next 

sought to define the major DC subsets present in neonatal skin and SDLN by performing 
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cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) on D10 mice. 

This confirmed Epcamhi Langerhans cells (LC), Xcr1hi CD103hi type 1 conventional 

dendritic cells (DC1) and Itgamhi and Itgamlo type 2 conventional dendritic cells (CD11bhi 

and CD11blo DC2s) as the four main skin DC types, with a separate small cluster of 

DCs expressing a combination of these markers but primarily defined by their CCR7+ 

status (Figs. 1C-D, S1C). In the SDLN, CD11clo/hiMHCIIhi migratory DCs (migDCs) were 

comprised of the same four DC subsets with different relative prevalence (Figs. S1D-E). 

The C-type lectin CD301b, encoded by Mgl2, marks a portion of DC2 in adult murine skin 

and other tissues13–16. Our CITE-seq data confirmed Mgl2 and CD301b expression in both 

CD11bhi and CD11blo skin DC2 clusters (Fig. 1E), with similar enrichment of CD301b 

protein but not RNA-level expression in SDLN migDC2 (Fig. S1F). Flow cytometry 

confirmed CD301b expression by approximately two thirds of neonatal skin DC2s (Figs. 

1F, S1G-I).

To systematically assess if a specific DC subset preferentially supports generation of 

commensal-specific Treg cells, we next used three complementary models to temporarily 

deplete each of the major skin DC subsets in the neonatal window during S. epi-2w 

colonization (Fig. 1G). As reported in adult mice17, diphtheria toxin (DT) administration 

to Xcr1DTR mice led to preferential depletion of DC1 in the skin and SDLN (Fig. S1J). 

Likewise, HuLangDTR mice18 were a reliable model for LC depletion (Fig. S1K). No model 

yet exists for transient depletion of all DC219, thus we took an alternative strategy of using 

Mgl2DTR mice to achieve robust depletion of CD301b+ DC2 in the skin and SDLN, which 

comparably affected the CD301b+ subset of both CD11bhi and CD11blo DC2 (Fig. S1I and 

S1L). Examination of 2w+CD44+CD4+ T cells in the SDLN at D21 across these models 

revealed a relative and absolute reduction in S. epi-specific Treg cells only in Mgl2DTR 

mice (Fig. 1H-J, S1M). Compared to DT-treated Mgl2WT littermates, Mgl2DTR mice 

demonstrated lower numbers of S. epi-specific CD4+ T cells, driven entirely by a reduction 

of S. epi-specific Treg cells as Foxp3− effector CD4+ T (Teff) cells were unchanged (Fig. 

1J). Polyclonal Treg percentages were modestly increased in Mgl2DTR neonates (Fig. S1N), 

further emphasizing a specific defect in commensal-specific Treg cells. A similar decrease 

in the number of S. epi-specific Treg cells was seen in Mgl2creH2ab1fl/fl (CD301bΔMHCII) 

mice16 (Fig. 1K), which have reduced MHCII expression by CD301b-expressing cells (Fig. 

S1O), suggesting that antigen-presentation by CD301b+ DC2 is specifically needed for 

optimal Treg generation.

To understand if CD301b+ DC2 broadly support generation of Treg cells to skin 

commensals, we performed depletion experiments in Mgl2DTR mice during neonatal 

colonization with other 2w-expressing commensal Staphylococcus species. While the effect 

on the percentage of Treg cells and total number depended on the strain (Figs. 1L and S1P), 

the number of commensal-specific Treg cells in the SDLN at D21 was reduced for all strains 

(Fig. 1L), To see if this tolerogenic function extended to other non-bacterial skin-directed 

antigens, we topically applied solubilized 2w peptide to DT-treated Mgl2DTR mice or control 

pups. In contrast to commensal-derived 2w antigen, neonatal depletion of CD301b+ DC2 in 

2w peptide-exposed mice did not lead to an overall reduction in antigen-specific CD4+ T 

cells, rather a modest increase was seen (Fig. S1Q). However, the percentage of Treg cells 

among these 2w-specific CD4+ T cells was significantly reduced, driven by an increase in 
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antigen-specific CD4+ Teff cells (Figs. 1M and S1Q). Collectively, these results support a 

critical role for CD301b+ DC2 in neonatal generation of Treg cells, especially those specific 

for skin commensal bacteria.

Transient neonatal depletion of CD301b+ DC2 limits establishment of long-term tolerance 
to skin commensal bacteria

To assess the importance of neonatal CD301b+ DC2 in shaping the memory response to S. 
epi-2w, we adapted our previously established re-challenge model (Fig. 2A). In this model, 

failure to perform neonatal colonization with S. epi-2w leads to lack of immune tolerance 

in adulthood as evidenced by increased skin neutrophils following S. epi-2w exposure 

plus epidermal abrasion10. Here we colonized Mgl2WT and Mgl2DTR littermates with S. 
epi-2w during the first two weeks of life in tandem with DT administration to transiently 

deplete CD301b+ DC2. Two weeks later, upon recovery of CD301b+ DC2 in Mgl2DTR 

(CD301bΔNeo) mice (Fig. S2A-B), both groups were re-colonized with S. epi-2w in tandem 

with light tape-stripping (Fig. 2A). Post-challenge, CD301bΔNeo mice showed persistently 

reduced numbers and percentages of S. epi-specific Treg cells in the SDLN (Fig. S2C).

CD301bΔNeo mice also demonstrated altered skin immune homeostasis, demarcated by 

an increase in the total number of CD4+ T cells, CD8+ T cells, and dermal γδ cells post-

challenge (Fig. 2B). This was also reflected in higher numbers of S. epi-specific CD4+ T 

cells in skin (Fig. 2C), which was driven in large part by increased S. epi-specific Teff cells 

(Fig. 2C). As in the SDLN, the percentage of S. epi-specific Treg cells in skin was reduced 

in CD301bΔNeo mice (Fig. 2D), despite equivalent polyclonal Treg percentages (Fig. S2D). 

Alterations in the commensal-specific response in CD301bΔNeo mice were accompanied by 

increased total numbers of IL-17 producing CD4+ (Th17) T cells (Fig. 2E) and neutrophils 

(Fig. 2F). These observations closely parallel the response seen in mice that were not 

colonized neonatally by S. epi-2w but only challenged as adults10, suggesting that CD301b+ 

DC2 critically support establishment of long-term tolerance to commensal antigens during 

neonatal colonization.

Neonatal CD301b+ DC2 preferentially uptake skin bacterial antigens for presentation to 
CD4+ in the SDLN

Given the specific functional role for CD301b+ DC2 in shaping the neonatal CD4+ response 

to S. epi-2w, we next examined their capacity to uptake S. epi-expressed antigen, migrate, 

and present antigen in the SDLN. For this, we first took advantage of S. epidermidis 
expressing a phagolysosome resistant fluorophore, ZsGreen20 (S. epi-ZsGreen) to track its 

uptake by DCs in neonatally colonized mice (Fig. 3A). By confocal imaging, we visualized 

bacteria both on the skin surface and dermally in association with hair follicles (Fig. 

S3A). Flow cytometry of skin revealed preferential S. epi-ZsGreen uptake by CD11bhi 

DC2, both in terms of the percentage of that subset loaded (i.e. S. epi-ZsGreen affinity) 

and the total number of loaded cells, which peaked 16 hours post-colonization (Fig. 3B-

C). In the SDLN, migDC numbers increased between 8 and 16 hours post-colonization 

(Fig. S3B). Among these, CD11bhi DC2 were again overrepresented in terms of S. epi-
ZsGreen affinity and of the total number of ZsGreen+ cells (Fig. 3D-E), suggesting they 

transport commensal antigen from skin to the SDLN. Non-DC myeloid populations did 
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phagocytose S. epi-ZsGreen in skin (Fig. S3C), but did not migrate substantially to SDLN 

post-colonization (Fig. S3B). To understand if preferential uptake by DC2 was conserved 

across species we colonized the epidermal surface of human neonatal foreskin explants with 

a physiological amount of S. epi-ZsGreen for 4 hours prior to examination of ZsGreen+ DCs 

by flow cytometry (Figs. S3D-E). This revealed that DC2 also constituted the majority of 

commensal-laden DCs in human skin (Figs. 3F-G).

Next, we examined the capacity of DC2 to present commensal antigen and induce 

antigen-specific CD4+ T cell proliferation. For this, we incubated ovalbumin-expressing 

S. epidermidis (S. epi-OVA)21 overnight with CD11bhi DC2, CD11blo DC2, DC1 or LC 

sorted from the migDC population of neonatal SDLN, then co-cultured for 72 hours with 

cell trace violet (CTV)-labelled OT-II CD4+ T cells (Fig. 3H). DCs loaded with OVA, 

non-OVA-expressing S. epidermidis and wells with no DCs were used as controls. In this 

ex vivo approach, bacterial uptake across DC subsets was somewhat normalized (Fig. S3F), 

but CD11bhi and LC remained preferentially loaded. Although all DC subsets induced 

equivalent proliferation of CD8+ OT-I T cells (Figs. S3G-H), CD11bhi DC2, followed by LC 

and CD11blo DC2, induced more robust CD4+ OT-II proliferation in response to OVA and S. 
epi-OVA (Figs. 3I-J, S3I-J).

To determine if CD301b+ DC2 are specifically equipped to sample bacterial antigens we 

re-examined our longitudinal data for in vivo S. epi-ZsGreen uptake (Fig. 3A). In both skin 

DC2 and SDLN migDC2, this revealed a higher S. epi-ZsGreen affinity among CD301b+ 

versus CD301b− cells (Fig. 3K-L, S3K-L). Confocal imaging of neonatal skin did not 

identify differential spatial localization of CD301b+ versus CD301b− MHCII+ cells (Fig. 

S3M), and in a separate ex vivo phagocytosis assay CD301b+ DC2 sorted from SDLN 

demonstrated substantially greater uptake of S. epi-ZsGreen than CD301b− DC2, when 

exposed at a multiplicity of infection (MOI) of 10 (Fig. 3M). Thus, in vivo differences in 

bacterial uptake can at least in part be explained by cell-intrinsic CD301b+ DC2 features 

(Fig. 3M). Using overnight ex vivo incubation of CD301b+ or CD301b− DC2 with S. 
epi-ZsGreen at a MOI of 100 to somewhat normalize uptake (Fig. S3N), we then examined 

their relative capacity to present antigen to CD4+ T cells. Increased OT-II proliferation was 

induced by S. epi-OVA-loaded CD301b+ versus CD301b− DC2 (Fig. 3N-O), a difference 

which held also with OVA protein (Fig. S3O). Collectively these results indicate that DC2, 

specifically those that are CD301b+, are especially equipped for uptake of commensal 

bacterial in the skin and can present these antigens to CD4+ T cells in the SDLN.

CD301b marks a subgroup of activated DC2 enriched for phagocytic, maturation as well as 
regulatory markers

We next sought to more comprehensively identify defining features of CD301b+ versus 

CD301b− DC2 in the skin and SDLN that might explain their unique role in neonatal 

generation of commensal-specific Treg cells. CD301b+ DC2 in the thymus22 have been 

shown to be dependent on type 2 cytokines, as have CD11blo DC in the skin and SDLN. We 

therefore examined the fraction of DC2 in neonatal skin and SDLN in Il14−/− Il13−/−, which 

failed to reveal a dependency on type 2 cytokines (Fig. S4A). Focusing first on skin DC2, 

we returned to our CITE-seq data from D10 pups, now setting a threshold for Mgl2/CD301b 
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expression to compare CD301b+ versus CD301b− DC2 cells (Fig. 1E and Fig. S1F). 

CD301b+ DC2 were enriched for genes and pathways involved in antigen presentation, T 

cell activation and phagocytosis (Fig. 4A-C, S4B, Table S1 & S2), possibly explaining their 

higher capacity to uptake and present bacterial antigens (Fig. 3). Spectral flow cytometry 

showed higher expression of CD80, CD86, CD40, OX-40L but also PD-L1, and PD-L2 on 

skin CD301b+ DC2, measured either by the percentage of positive cells or their average 

MFI (Fig. 4D-E), which suggests a mature but also regulatory phenotype. Examination of 

SDLN CD301b+ versus CD301b− DC2 revealed transcriptional reduction of phagocytic and 

other surface receptors as compared to the skin, in tandem with reduced Mgl2 expression 

(Fig. S1F). However, SDLN CD301b+ DC2 retained higher surface expression of CD80, 

CD86, CD40, PD-L1, and PD-L2 compared to CD301b− DC2 (Fig. S4C-D). They also 

showed increased RNA-level expression of Aldh1a2, which encodes the retinoic acid 

(RA) producing enzyme RALDH223 that supports Treg generation24, suggesting further 

consolidation of their regulatory capacity in the SDLN (Table S3).

Based on the in vivo data from Mgl2DTR mice and the mature and regulatory phenotype 

of CD301b+ DC2, we explored these cells’ functional ability to support Treg generation ex 

vivo. CD301b+ and CD301b− DC2 sorted from the SDLN were incubated overnight with 

OVA protein then co-cultured with OT-II CD4+ under Treg-inducing conditions with TGF-β 
and IL-2 (Fig. 4F). This revealed preferential Treg cell generation by CD301b+ versus 

CD301b− DC2 (Fig. 4G-H). In contrast, LC generated far fewer Treg cells, despite only a 

modestly lower capacity to induce CD4+ T cell proliferation (Fig. S4E). Collectively, these 

data support an intrinsic preferential capacity for antigen uptake by CD301b+ DC2 in skin as 

well as for antigen presentation and Treg generation in the SDLN.

Uptake of skin commensal bacteria sustains maturation as well as tolerogenic features of 
CD301b+ DC2

The context of DC antigen encounter, i.e. with or without certain pathogen-associated 

or damage-associated molecular patterns, influences the secondary and tertiary signals 

they present in tandem with antigen. These co-stimulatory surface molecules and secreted 

cytokines, in turn, help dictate the phenotype and function of antigen-specific T cells primed 

by that DC25. Our profiling of neonatal CD301b+ DC2 suggested that homeostatically 

these cells have a mature but also tolerogenic phenotype, capable of supporting Treg 

cells. To understand how direct encounter with skin commensal bacteria further impacts 

this phenotype, we performed single cell RNA sequencing (scRNAseq) on ZsGreen+ and 

ZsGreen− DCs sorted from the skin of S. epi-ZsGreen colonized neonates (Fig. 5A). 

This revealed higher expression by ZsGreen+ CD301b+ DC2 of genes known to mediate 

regulatory DC functions, including Treg generation: Cd80/Cd8626–28, Fas29, Cd27428,30 and 

Socs131 (Fig. 5B). The Treg-promoting cytokine, Il1032, was also increased in ZsGreen+ 

CD301b+ DC2, whereas Il1b and IL-6, which promote Th17 responses, were expressed 

more in ZsGreen− CD301b+ DC2. For most of these markers, protein level increases 

in ZsGreen+ versus ZsGreen− skin CD301b+ DC2 from both the skin and SDLN were 

confirmed by spectral flow cytometry (Fig. 5C, S5A-B). Some additional markers, e.g. 

OX40L21, were increased in S. epi-ZsGreen+ CD301b+ DC2 at the protein but not mRNA 

level (Fig. 5C. S5A-B).
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Taking advantage of our neonatal foreskin explant system, in which we validated DC2 

uptake of S. epi-ZsGreen (Fig. 3), we assessed if S. epidermidis phagocytosis similarly 

polarized human skin DCs. After 4 hours of S. epi-ZsGreen colonization, ZsGreen+ and 

ZsGreen− HLA-DR+ cells were separately sorted and submitted for scRNAseq, after which 

DC subsets were identified using classical markers (Figs. 5D-E, S5C-D)33. Despite the short 

period post-colonization, S. epi-ZsGreen-loaded DC2 demonstrated higher expression of 

many parallel markers of human regulatory DC function (Fig. 5F)34.

To assess if CD301b+ DC2 capacity to support Treg cells was sustained upon S. epidermidis 
uptake, we incubated CD301b+ or CD301b− DC2 overnight with S. epi-OVA prior to 

co-culture with OT-II under Treg-inducing conditions (Fig. 5G). Only CD301b+ DC2 were 

capable of generating substantial amounts of Treg cells (Figs. 5H-I). In contrast, LC and 

CD301b− DC2, despite inducing robust OT-II proliferation (Figs. 3J and 3O), generated 

fewer S. epi-specific Treg cells (Figs. 5H-I). This indicates that the a priori tolerogenic 

capacity of CD301b+ DC2 is maintained upon uptake of skin commensal bacteria, consistent 

with in vivo evidence (Figs. 1, S1) that they promote commensal-specific Treg cells.

CD301b+ DC2 exhibit subtle age-dependent changes, with a preserved but reduced 
capacity for Treg generation in adulthood

Given the preferential generation of commensal-specific Treg cells following neonatal 

versus adult S. epi-2w colonization, we next explored age-dependent features of skin DCs. 

scRNAseq analysis of neonatal versus adult skin DCs did not show substantial clustering by 

age, and all major subsets were represented at both time points (Fig 6A). Mgl2 and CD301b 

expression were also comparably distributed among DC subsets in adult as compared to 

neonatal skin (Fig. S6A-B). As in neonates, the proportion of CD301b+ DC2 in adult 

skin and SDLN was not dependent on type 2 cytokines (Fig. S6C). with the exception 

of LC, which are known to be prenatally seeded (Fig. 6B). In neonatal dermis, DC1 and 

CD11blo DC2 were specifically overrepresented (Fig. 6C). Among SDLN migDCs, the total 

number of each DC subset trended lower in neonates (Fig. S6D), but DC1 and LC were 

proportionally enriched in neonates (Fig. S6E).

S. epi-ZsGreen colonization of adult mice, as in neonates, resulted in preferential uptake by 

skin CD301b+ DC2. However, the overall proportion of bacterially-loaded DCs was higher 

in adult skin (Fig. 6D). To explore if this corresponded to distinct DC localization, we 

performed confocal imaging. In spite of gross structural differences associated with skin 

age, namely decreased hair follicle density and dermal thickness in adulthood, CD301b+ 

MHCII+ cells in adults were similarly distributed in the upper-middle dermis (Fig S6F). 

Direct comparison of CD301b+ migDC2 from adult versus neonatal SDLN in our ex 

vivo phagocytosis assay, revealed lower bacterial uptake by adult cells (Fig 6E). Thus, the 

etiology of the subtle difference for in vivo uptake remains incompletely understood.

To understand whether CD301b+ DC2 retain the capacity to generate Treg cells to 

commensal bacteria in adulthood, we colonized the skin of adult Mgl2DTR and Mgl2WT 

mice with S. epi-2w concurrently with DT treatment. We examined the SDLN 8 days after 

the last colonization to parallel timing of our neonatal experiments. This confirmed that 

adult versus neonatal colonization of Mgl2WT mice leads to an overall lower percentage 
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(8 versus 50 percent) of S. epi-specific Treg cells (Fig 1J, Fig 6F). Similar to neonates, 

adult Mgl2DTR showed reduced absolute numbers of SDLN S. epi-specific CD4+ Treg cells 

but, in contrast to neonates, also a reduction in S. epi-specific CD4+ Teff cells (Fig. 6F). 

Treg numbers were more impacted, leading to a reduced percentage of S. epi-specific Treg 

cells (Fig. 6F). As in neonates, there were no decreases in polyclonal Treg cells (Fig. S6G). 

Thus, CD301b+ cells retain some capacity to support commensal-specific Treg cells into 

adulthood.

We next returned to our scRNAseq data to probe phenotypic differences in skin DC2 by 

age. In both neonates and adults, CD301b+ versus CD301b− DC2 were distinguished by 

similar genes (Fig. 6G-H, Table S4) and gene pathways (Fig. 6I, Table S5). Spectral flow 

cytometry of adult skin and SDLN largely showed preservation of these CD301b+ versus 

CD301b− DC2 differences at the protein level (Fig. 6J). Direct comparison of neonates and 

adults, however, revealed that transcripts for CD301b+ defining genes and pathways (Fig. 

4A-C, S4B, 6G-I; Table S1, S2, S4 & S5) were similarly expressed by skin CD301b+ DC2 

irrespective of age (Table S6-S7). Spectral flow cytometry did show higher levels of some 

surface markers in adult versus neonatal CD301b+ DC2, most notably PDL1 and CD86 (Fig. 

6K), with similar but more subtle differences in the SDLN (Fig. S6I).

To directly compare the functional capacity of DC2 from neonatal or adult mice we 

returned to our ex vivo DC-T cell assay. This showed minimal differences between adult 

CD301b+ versus CD301b− DC2 in their ability to induce OT-II proliferation (Fig. 6L) or 

Treg generation (Fig. 6M). In comparison, neonatal CD301b+ DC2 outperformed adult DCs 

in both of these areas. Collectively, these data suggest that CD301b+ DC2 retain some ability 

even in adulthood to support peripheral generation of Treg cells to skin bacteria, but that 

this capacity is especially enhanced in neonatal DC2. However, our profiling of these two 

populations at the transcriptional and protein levels did not reveal an obvious mechanistic 

explanation for this functional result.

RALDH2 activity, enriched in neonatal CD301b+ DC2, supports early life commensal-
specific Treg cells

DCs can promote Treg generation via multiple mechanisms35, but their production of 

retinoic acid (RA) is strongly linked to this function24,36, especially in gut-associated 

lymphoid tissue36,37 where the RA-precursor, Vitamin A, is in high abundance from 

dietary sources. Whether there is a role for RA in tolerance at the cutaneous interface, 

if this tolerance mechanism differs by age and if it can be influenced by commensals, 

remain unanswered questions. DC production of RA is controlled by retinaldehyde 

dehydrogenase 2 (RALDH2), encoded by Aldh1a238.Our scRNAseq identified increased 

Aldh1a2 expression in CD11b+ and CD301b+ migDC2 versus other subsets (Fig. 7A & 

S7A, Table S3). qRT-PCR confirmed a two- to three-fold increase in expression among 

CD301b+ versus CD301b− migDC2 in the neonatal SDLN (Figs. 7B and S7B). Parallel 

analysis of adult SDLN DCs illustrated high Aldh1a2 expression to be a specific feature of 

neonatal CD301b+ DC2 versus their adult counterparts (Fig. 7B). Preferential protein-level 

expression of RALDH in neonatal CD301b+ DC2 was also confirmed via enzymatic assay 

(Fig. 7C and Fig. S7C). To understand if commensal uptake influences RALDH activity 
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in CD301b+ DC2, we measured enzyme levels in sorted cells with or without ex vivo 

phagocytosis of S. epi-ZsGreen. RALDH activity was increased in ZsGreen+ cells (Fig. 7D), 

suggesting that skin commensals can augment this key tolerogenic pathway.

To uncover the in vivo contribution of DC-derived RADLH2 in antigen-specific Treg 

generation to skin commensal bacteria, we returned to our S. epi-2w colonization model, 

now using Cd11ccre Aldh1a2fl/fl (DCΔAldh1a2) mice, in which qRT-PCR confirmed a 20-fold 

reduction in DC Aldh1a2 expression without a corresponding decrease in CD11c− stromal 

cells (Fig. S7D). Colonization of DCΔAldh1a2 neonates (Fig. 7E) resulted in substantially 

fewer commensal-specific Treg cells but equivalent numbers of Teff cells in the SDLN at 

day 21 as compared to Aldh1a2fl/fl (DCΔWT) littermates (Fig. 7E-F, S7E). To probe the 

functional importance of RA production more specifically in CD301b+ DC2 versus other 

subsets, we isolated CD301b+ and CD301b− DC2 from the SDLN of neonatal DCΔAldh1a2 

and DCWT mice and performed DC-T cell co-cultures under Treg-inducing conditions. 

This revealed a significant contribution of RALDH in Treg cell generation, but not T cell 

proliferation, by CD301b+ DC2 in response to both soluble and commensal-expressed OVA 

antigen (Fig. 7G-H, S7F-G). Thus, RA production by neonatal CD301b+ DC2, which is 

enriched versus other subsets or their adult counterparts, plays a key role in their preferential 

capacity to support generation of commensal-specific Treg cells.

Discussion

Here we demonstrate CD301b+ DC2 as a critical cell population that supports early life 

establishment of peripheral tolerance to skin commensal bacteria. This function stems in 

part from a preferential capacity to sample bacterial antigens, a feature shared with DC2 

in human neonatal skin. However, while other DC subsets, such as LC, can also efficiently 

uptake skin bacteria and present commensal antigens to induce CD4+ T cell proliferation, 

CD301b+ DC2 demonstrate a unique propensity for Treg generation. Uptake of commensal 

bacteria by human or murine DC2 sustains key features of their genetic program, namely 

markers of maturation, antigen presentation, and tolerance. Neonatal and adult murine 

CD301b+ DC2 share many attributes, but production of RALDH is a distinguishing feature 

of neonatal CD301b+ DC2 and a key mechanism by which they support Treg generation.

In the intestines, goblet cells have been shown to facilitate uptake of commensal bacteria 

antigens in the pre-weaning window, forming a cooperative relationship with the DC subsets 

that present these antigens39,40. We demonstrate evolution in skin of parallel but distinct 

mechanisms to support effective sampling of bacterial antigens during early life, namely 

a DC population especially equipped with this capacity. This idea that skin DC2 serve a 

key role in tuning commensal-specific responses is corroborated by prior work showing 

that they promote IL-17 production by S. epi-specific CD8+ T cells41. Our imaging did 

not identify obvious spatial organization of CD301b+ versus CD301b− DC2, and although 

subtle spatial sub-localization remains a possibility, our phagocytosis assay and scRNAseq 

data suggest that preferential phagocytic receptor expression likely drives their efficient 

uptake of commensal bacteria. In the intestine, CD103+ DCs are recognized as a key DC 

subset supporting tolerance to commensals via peripheral Treg induction36. More recently, 

Aire-expressing DCs in the intestinal lymph nodes have been identified as an important 
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cell type contributing to this function8,42. This supports the existence of barrier site-specific 

restriction of this function to distinct DC types.

Work in the thymus has highlighted CD301b as a marker of DC2 possessing enhanced 

capacity for antigen processing and presentation22, which parallels our observations in the 

skin. Additionally, CD301b expression on skin DC2 strongly correlates with their expression 

of phagocytic receptors and efficient bacterial uptake. Type 2 cytokines have been shown 

to promote CD301b+ DC2 in the thymus22 and CD11blo DC in the skin43, but we found 

CD301b+ DC2 cells still present in the skin at equivalent proportions in Il13−/−Il4r−/− 

mice. Our data, in tandem with this recent work, support a model in which CD301b 

marks a sub-state of DC2 rather than a separate ontogenetic lineage. However, the specific 

pathways driving expression of CD301b and associated programs in skin DC2 remain to be 

determined.

CD301b+ DC2 have been implicated in supporting a range of different T cell responses. 

They have been studied most in depth in the context of allergic inflammation where they 

facilitate the differentiation of type 2 helper (Th2) cells13. They can also optimize priming 

of naïve CD4+ T cells in SDLN by detaining these cells near the high endothelial venule 

for maximal antigen scanning16. In other models, they have been shown to support Th17 

responses44,45 and to promote clonal deletion of thymic T cells22. This suggests that the 

function of CD301b+ DC2 is contextual, with our findings reflecting their contributions in a 

setting of early life tissue homeostasis.

Skin CD301b+ DC2 express both activation markers and molecules associated with 

regulatory DC function, analogous to tumor-associated ‘mReg’ DC46 and migratory DCs 

more generally47. Notably, we did not find that DC’s capacity to promote Treg cells was 

strictly coupled with their ability to induce commensal-specific T cell proliferation. LCs 

efficiently stimulated CD4+ T cell proliferation but did not generate substantial numbers 

of Treg cells ex vivo. Likewise, the absence of RALDH in CD301b+ DC2 reduced Treg 

generation without affecting CD4+ proliferation. Collectively, these studies strengthen a 

narrative that the capability of DCs to induce Treg cells is not necessarily linked to a state of 

relative immaturity.

The ability of DCs to support Treg induction and proliferation has been tied to many 

different pathways and molecules34, many of which are expressed by CD301b+ DC2. 

Synergy across multiple mechanisms likely supports Treg generation by these and other 

tolerogenic DC populations. We were intrigued to find, however, that the RA pathway was 

specifically enriched among CD301b+ DC2 and increased upon S. epidermidis uptake. 

RA production supports peripheral Treg induction and limits Th1/Th17 differentiation 

via effects on TGFβ signaling48,49. Until now, it has been described primarily in gut-

associated lymphoid tissues37, specifically CD103+ DC36, and has also been implicated in 

generation of alpha-4-beta-7 integrin+ gut-homing T cells50. RA production and associated 

Treg-inducting capacity have been hinted at previously in subsets of CD103− SDLN DC38. 

Our work clearly pinpoints this as a specific feature of CD301b+ DC2 that is preferentially 

enhanced in early life. Uptake of S. epidermidis further increased RALDH expression in 

these cells, consistent with prior work suggesting that TLR2 and Myd88 signaling can 
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provide positive feedback loops for RA production51,52. Further work is needed however to 

tease apart interactions between skin commensal bacteria and cutaneous DCs and the extent 

to which these influence CD301b+ DC function.

While primarily focused on the neonatal window, our work did interrogate age-dependent 

differences in skin CD301b+ DC2. Reduced commensal-specific Treg cells following either 

neonatal or adult depletion of CD301b+ cells suggests that some tolerogenic potential 

extends throughout life. However, whereas neonatal ablation reduced Treg cells from ~50 

to 20%, adult ablation reduced Treg cells from ~8 to 4%. This, in tandem with 2–3 time 

more ex vivo Treg generation by neonatal versus adult CD301b+ DC2, suggests that their 

Treg-promoting capacity is enhanced early on. While we’ve identified RALDH expression 

as a key Treg-promoting pathway that changes in CD301b+ DC2 with age, further work 

is needed to define other factors that may contribute to their distinct behaviors across the 

lifespan. Additionally, outside of DC2, there are likely other age-dependent mechanisms 

contributing to the early window of tolerance in skin that merit deeper study.

Early life microbial interactions impact long-term disease predisposition53. While 

identifying key microbe-derived signals that could be modulated to promote health 

and prevent disease, our work emphasizes that exposure to the optimal microbiome is 

insufficient without the properly paired host immune response. In this light, ongoing 

identification of specific cells and pathways that coordinate tolerogenic capacity of the early 

life immune system will be foundational to our ability to intervene therapeutically in this 

window

Limitations of the Study:

The Mgl2DTR model depletes DCs as well as CD301b+ macrophages. Our ex vivo 

experiments with sorted CD301b+ DC2 provide evidence for their particular tolerogenic 

function and reliance of RA production. However, we cannot exclude that CD301b+ 

macrophages contribute to the in vivo phenotypes we observed. The focus of this study was 

to uncover CD301b+ DC2-mediated contributions to early life establishment of tolerance to 

commensals. Further work is needed to elucidate if neonatal CD301b+ DC2 can support Th2 

or Th17 responses in other contexts, as has been demonstrated for their adult counterparts. 

Likewise, further characterization of human DC2 heterogeneity by age and body site is 

warranted but challenging to perform especially for early life samples given limited access 

to those healthy tissues. As bead-enriched OT-II cells were used in our DC-T cell assays we 

cannot exclude the possibility that a small population of OVA-specific Treg cells present in 

the original CD4+ pool contributed to our final Treg numbers. Thus, further work is needed 

to firmly establish whether the preferential Treg-supporting function of CD301b+ DC2 

derives entirely from peripheral induction versus preferential expansion. Finally, the fact 

that some commensal-specific Treg cells remain in CD301b-depleted neonates leaves open 

the possibility that other cell populations partner with CD301b+ DC2 in their tolerogenic 

function towards commensals.
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RESOURCES AVAILABILITY:

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Tiffany Scharschmidt (tiffany.scharschmidt@ucsf.edu).

Material availability

All unique/stable reagents generated in this study are available from the Lead Contact with a 

completed Materials Transfer Agreement.

Data and code availability

• Schematics were made with Biorender (https://biorender.com). The volcano 

plots were generated with VolcaNoseR 54. The panther analysis (http://

www.pantherdb.org/) was used with statistical overrepresentation to “GO 

biological process complete”. GraphPad (Prism) 9.3.1 was used. Rstudio v4 was 

used for scRNAseq analysis.

• The scRNAseq data generated in this study has been deposited to the GEO as 

indicated in the Key Resources table.

• Codes used for generating figures in Rstudio can be found via the following link: 

https://github.com/anto-ucsf/CD301b_paper.git and on Zenodo at the following 

DOI: 10.5281/zenodo.7662384. RDS objects can be downloaded on Mendeley 

data under the following DOI: 10.17632/j4kt7nmtfm.1

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Experimental Animals

Wild-type C57BL/6 mice were originally purchased from Jackson Laboratories (Bar Harbor, 

ME), then bred and maintained in the UCSF specific pathogen-free (SPF) facility on 

the Parnassus campus for use in experiments. Xcr1DTR-Venus mice were purchased from 

Jackson17 and bred in-house. Mgl2DTR-eGFP and Mgl2CreH2ab1fl/fl were a gift from Yosuke 

Kumamoto and Akiko Iwasaki13,16. Cd11cCreAldh1a2fl/fl mice55 were a gift from Randolph 

Noelle Lab (Dartmouth University), HuLangDTR mice18 were a gift from Daniel Kaplan 

(University of Pittsburg). Il13−/−/Il4−/− mice were a gift from Michael Rosenblum (UCSF).

All animals were 7 days to 10 weeks old at the time of experiments. When not otherwise 

specified, neonate corresponded to D10 to D14 mice, and adult to 6-week to 8-week-old 

mice. Littermates of the same sex were socially housed under a 12 hours light/dark cycle and 

randomly assigned to experimental groups whenever possible. Animals of both sexes were 

used throughout. Animal work was performed in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals and the guidelines of the Laboratory Animal Resource 

Center and Institutional Animal Care and Use Committee of the University of California, 

San Francisco.
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Bacterial Strains and Culture Conditions

Staphylococcus epidermidis (S. epi) strain Tü329856,57 was used in this study and grown in 

tryptic soy broth at 37°C. Bacterial media was supplemented with 10 μg/mL erythromycin 

for plasmid selection. In current and published work, S. epidermidis has been engineered to 

express the 2w model antigen linked to the fluorophores mCherry or ZsGreen under control 

of the sar promoter via plasmid pJL74–2W-gpmCherry and pJL74–2W-ZsGreen12. The 

same Tü3298 strain was engineered to express the OVA peptide antigen via modification 

of the original pJL74–2W-gpmCherry plasmid21. In this work, Staphylococcus hominis 
SK119, Staphylococcus capitis Scap_DM02D06, Staphylococcus lugdunensis Slug_2E06, 

all provided by Drs. Julie Segre and Heidi Kong, were transformed with the plasmid pJL74–

2W-gpmCherry-CAM and cultured in tryptic soy broth supplemented with 15 μg/mL of 

chloramphenicol at 37°C.

Human Foreskin—Fresh foreskins from elective circumcision of newborn male infants 

were obtained as deidentified samples under UCSF IRB protocol 10–00944.

METHODS DETAILS

Bacterial Skin Colonization and Light Skin Abrasion Models

S. epi-2w, S. lugdunensis-2w, S. capitis-2w or S. hominis-2w were cultured for 48 hours 

to achieve high 2w-mCherry expression as measured by flow cytometry, then washed and 

re-suspended in PBS to obtain 108-109 colony-forming units (CFUs) at a volume of 100 μL 

per mouse. For adult mice only, hair was first shaved using electric clippers.

Bacteria were applied via a plastic pipette and a sterile PBS-soaked cotton-tipped swab to 

the back skin of mice. For neonatal colonization this was performed on days 7, 10, and 13 

of life. For adult colonization, this occurred at or just after 6 weeks of age on experimental 

days D0, D3 and D6. To mimic physiologic exposure of mice to S. epi-2w in the context 

of light skin abrasion during adulthood, back hair was first removed using electric clippers 

and depilatory cream (Nair™ Hair Remover Body Cream) on day 28 of life, followed by 

repeated application and removal of adhesive tape on days 28, 31, and 34 (Shurtape HP-500) 

in tandem with S. epidermidis colonization as above. Tissues were harvested on day 37.

Diphtheria Toxin Injection

Mice were intraperitoneally injected with 25 ng/g body weight DT (Sigma, D0564) 

dissolved in PBS at 2.5 ng/μl concentration.

Soluble 2w-1s peptide primary responses:

Mgl2DTR mice were injected with diphtheria toxin on D6 and D9 per the protocol below. 

From D7 to D11, 100 μl of 250 μg/mL of 2w-1s peptide in DMSO was applied daily to back 

skin. SDLN were harvested on D18.

DC-T cell In Vitro Assays

The DC-T cell assay using OVA protein and bacteria was informed by previous work58, with 

modifications specific to our model.
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DCs: Skin-draining lymph nodes were harvested and processed over sterile 100 μm cell 

strainers in 1 mL of T cell media (RPMI supplemented with 10% HyClone Characterized 

Fetal Bovine Serum (FBS), 1% penicillin-streptomycin, 55μM β-mercaptoethanol, 10mM 

HEPES and 1X GlutaMAX™). Lymph nodes were transferred to digestion media (HBSS, 

5% Fetal Calf Serum, 10mM HEPES) containing 500U/mL of Collagenase D (Sigma-

Aldrich, Cat 11088866001) and 20 mg/mL of DNAse I, mechanically disrupted and 

incubated at 37°C for 25 min. Organs were resuspended with a glass pipet and EDTA (10 

mM final) was added, and organs were incubated another 5 minutes at 37°C. Tissues were 

then processed through 100 μm cell strainers, washed and stained. DCs were sorted on a BD 

FACSAria II using a 100 μm nozzle and sorted into RPMI medium supplemented with 10% 

FBS. 10,000 DCs were plated in 100 μL of T cell medium with no antibiotics.

Antigens: Soluble antigen: OVA protein was added at 0.5 mg/mL to sorted DCs in T cell 

medium overnight.

Bacteria: 48 hours cultures of S. epi-OVA were spun down, washed and resuspended in 

T cell medium with no antibiotics. Bacteria were added to sorted DCs to a multiplicity of 

infection of 100 (106 CFU per well), then incubated for 2 hours at 37°C. Gentamycin was 

added at 25 μg/mL for 2 hours. Cells were washed and incubated overnight at 37°C in T cell 

medium with antibiotics.

T cells: SDLN and spleen of OTII mice were harvested and processed over sterile wire 

mesh in 2 mL of complete RPMI media before cell isolation. Adult mice were used unless 

otherwise specified in legends. Cells were ACK lysed to remove red blood cells and CD4+ 

T cells were isolated via EasySep™ Mouse CD4+ T Cell Isolation Kit (Catalog No. 19852). 

Isolation efficiency was verified via flow cytometry. CD4+ T cells were then labeled with 

the CellTrace™ Violet Cell Proliferation Kit (Invitrogen™, Catalog No. C34557) before 

co-culturing at 37°C with antigen-pulsed DC at a ratio of 1:10 (100,000 T cells per 10,000 

DC). For Treg-inducing conditions, IL-2 (800 U/mL, GoldBio, # 1310-02-100) and TGFβ 
(40 ng/mL, Peprotech, #100–21C-10UG) were added to the wells. DC and T cells were 

co-cultured at 37°C for 72 h, then cells were harvested and stained for flow cytometry.

Phagocytosis assay

Cells were processed as for the DC-T cell assay, but the MOI was reduced to 10 (100,000 

CFU) and cells were washed, resuspend in distilled water and plated after the gentamycin 

incubation for CFU enumeration.

Tissue Processing

Lymph nodes and Lymphoid cells: Lymph nodes (skin-draining or mesenteric where 

specified) were harvested and then processed over sterile wire mesh in 2 mL of complete 

RPMI media before cell isolation and tetramer staining in PBS.

Lymph nodes and myeloid populations: Harvested lymph nodes were incubated for 

20 minutes at 37°C in RPMI with one mL of digestion solution (2 mg/mL collagenase I, 

2 mg/mL collagenase IV, 0.1 mg/mL DNase in RPMI with 10mM HEPES, 1% penicillin-

Weckel et al. Page 16

Immunity. Author manuscript; available in PMC 2024 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



streptomycin and 10% fetal calf serum), resuspended, and further incubated for 15 minutes 

at 37°C. Cell suspensions were quenched in 9 mL of complete medium and filtered through 

a 40 μm sterile cell strainer before counting and staining.

Mouse skin processing: Back skin was harvested, lightly defatted, and then washed in 

PBS by extensive vortexing to reduce free floating bacteria. Skin was then dried and minced 

with scissors to a fine consistency before tissue digestion in 3 mL complete RPMI (RPMI 

plus 10% fetal calf serum, 1% penicillin-streptomycin, 55 μM β-mercaptoethanol, 1mM 

sodium pyruvate, 10mM HEPES and 1X non-essential amino acids) then supplemented with 

2 mg/mL collagenase XI, 0.5 mg/mL hyaluronidase, 0.1 mg/mL DNase I. When looking at 

bacterial uptake in vivo, cytochalasin D (Cayman Chemicals, # 11330) at 2.5 μg/mL was 

added. Digested skin samples were then incubated, with shaking, at 37°C for 45 minutes 

before quenching with 15 mL of complete RPMI media and shaking by hand for 30 seconds. 

Skin cell suspensions were filtered through sterile cell strainers (100 μm followed by 40 

μm).

Epidermal preparations: Washed and defatted back skin were floated on a solution 

of Trypsin 0.5% + 2.5 μg/mL of cytochalasin D for 45 minutes at 37°C. Tissues were 

transferred to 1 mL of complete RPMI and the epithelial cells were scratched off the tissue. 

9 mL of complete RPMI was added and cells filtered through a 40 μm sterile cell strainer.

Human Skin Processing: Neonatal foreskin was finely minced with scissors and 

incubated in a digestion cocktail containing collagenase IV (3.2 mg/ml, Worthington, 

LS004186) and DNAse (20 μg/ml, MilliporeSigma, DN251G) diluted in RPMI with 10% 

fetal bovine serum (FBS), 1% HEPES, 1X non-essential amino acids, 1X Glutamax and 

1% penicillin–streptomycin with cytochalasin D 2.5 μg/mL for 2 h at 37 °C. Digests were 

briefly shaken and passed through a 100 μm strainer to yield a single-cell suspension.

Cell counting: All tissues were re-suspended in 1 mL PBS and 25 μL of cell suspension 

was mixed with 25 μL of AccuCheck counting beads (Invitrogen,Catalog No. PCB100) for 

calculating absolute numbers of cells.

Flow Cytometry

Antibody Staining of Myeloid Populations: Cells were stained in PBS for 20 minutes 

at 4°C with a Live/Dead marker (Ghost Dye Violet510, Tonbo Biosciences, Catalog No. 

13–0870-T100). Surface antibodies were added in blocking solution for 30 minutes at 4°C. 

Cells were washed and fixed in Paraformaldehyde (PFA) for 30 minutes at 4°C.

Antibody Staining of Lymphoid Populations: Cells were stained in blocking solution 

with a Live/Dead marker (Ghost Dye Violet510, Tonbo Biosciences) for 30 minutes at 

4°C. For intracellular staining, cells were fixed and permeabilized using the Foxp3 staining 

kit (eBioscience, Catalog No. 00–5523-00) buffer for 30 minutes at 4°C then stained in 

permeabilization buffer for 30 minutes at 4°C.
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Cell Re-stimulation for Cytokines: After isolation, skin cells were stimulated with 

Tonbo kit (1/100 in 1 mL) for 3–6 hours before being processed for staining. A subset of 

cells was incubated in Brefeldin A to be used as an unstimulated control for gating.

Spectral Flow Cytometry: Cells were incubated with a live-dead dye (ViaDye Red, 

Cytek Bio) for 20 minutes at 25°C. CCR7 antibody was added for 15 minutes at 37 °C. 

Surface staining in blocking solution was then added for 30 minutes at 4°C. Cells were fixed 

with 4% PFA for 15 minutes at 25°C. When populations were bi-modal, geometric MFI was 

calculated on positive cells, gated as shown in representative histograms.

BandPath and Spectral Flow cytometry: Stained cells were run on a Fortessa (BD 

Biosciences) or an Aurora (Cytek) in the UCSF Flow Cytometry Core. Flow cytometry data 

was analyzed using FlowJo software (FlowJo, LLC).

Tetramer Staining and Enrichment: To identify 2w-specific cells, cell suspensions 

were pelleted and then stained for 1 hour at room temperature (15–25°C), while protected 

from light, with a 2w1S:I-Ab–streptavidin-phycoerythrin (PE) tetramer at a concentration of 

10 nM. Skin was directly stained for other surface and intracellular markers as described 

above. For LN samples, the tetramer-bound fraction was enriched via an adapted protocol of 

the EasySep PE Selection Kit II (StemCell Technologies, Inc.) developed by Marc Jenkins’ 

lab. In brief, 6.25 μL of EasySep PE selection cocktail was added to each sample in a total 

volume of 500 mL and then incubated, while protected from light, at room temperature 

for 15 minutes. Cells were incubated for an additional 10 minutes after addition of 6.25 

μL of EasySep magnetic particles. Finally, cell suspensions were brought up to a total 

volume of 2.5 mL with PBS and placed into the EasySep magnet for 5 minutes at room 

temperature. Supernatants (unbound fractions) were poured off into another collection tube. 

The positively-selected cells (bound fraction) and unbound fraction for each sample were 

taken for cell counting and staining. For Figure 1L, 1M and S1P and S1Q, SDLN cells were 

directly stained after the 2w1S:I-Ab–streptavidin-phycoerythrin (PE) tetramer incubation.

Human Foreskin Explant

Explant methodology: Fresh foreskins from elective circumcision of newborn male 

infants were obtained as deidentified samples, washed in RPMI and cut to generate two 

explants. Silicone rings were glued to the skin explant using Kwik-Sil silicone glue. 

Explants were floated in a 12 mm Millicell (Sigma) hanging well on a neutralized solution 

of 2 mg/mL collagen I in RPMI (Thermo Scientific) at 37°C for 30 minutes until the explant 

was firmly embedded in a collagen hydrogel. It was then placed in a 12-well plate with the 

lower chamber filled with RPMI. 5 mL of a 24h culture of S. epi-ZsGreen was washed and 

resuspended in 10 mL of RPMI. 50 μL of this bacterial solution was added to the center of 

the silicone ring, restraining the contact between bacteria to the stratum corneum. Bacteria 

were left to interact with the tissue for 30 minutes at 37°C, and the solution of bacteria was 

then removed to restore an air-skin interface. The explant was left for an additional 4 h at 

37°C until tissue processing as above.
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Mouse scRNAseq

Live singlet dendritic cells (CD45+ MHCII+ CD11c+) loaded (ZsGreen+) or not loaded 

(ZsGreen−) from digested back skin or skin draining lymph nodes of control or S. 
epi-ZsGreen colonized D10 neonatal mice and adult (6 week) mice were run on a BD 

FACSAria II using a 100 μm nozzle and sorted into RPMI medium supplemented with 

10% FBS. Cells were sorted from 7–10 pooled mice and different conditions were run on 

separate lanes of a 10X Chromium chip with 3′ v.2 chemistry (10X Genomics) as per the 

manufacturer’s instructions by the UCSF Institute for Human Genetics Sequencing Core. 

Libraries were sequenced on an Illumina NovaSeq 6000. FASTQ files were aligned to the 

mm10 reference genome, and barcode matrices were generated using CellRanger 2.1. For 

CITE-seq, TotalSeq-A antibodies were added at the same time antibodies for the sort were 

added. The CITE-seq library was generated according to the manufacturer protocol and 

sequenced independently.

Downstream data analysis, including clustering, visualizations and exploratory analyses, 

were performed using Seurat 4.0. Cells with <200 features or more than 5500, or >6% 

mitochondrial genes were filtered out during preprocessing. Samples sequenced in parallel 

lanes were merged together for downstream analysis. Principal component analysis (PCA) 

and uniform manifold approximation and projection (UMAP) were run on the RNA 

data, and an initial low-resolution clustering was generated using the first 25 principal 

components. Datasets of figure 1 were clustered based on the RNA transcripts but the 

protein expression obtained with CITE-seq was used to identify DC clusters using the 

same defining markers delineated in the flow cytometry gating strategy shown in Figure 

S1. Datasets of Fig. 5 and Fig.6 used RNA signature based on classical defining markers 

(Xcr1 for DC1, Epcam Langerhans cells and Irf4 together with Itgam for CD11bhi DC2 and 

CD11blo DC2, Ccr7 for CCR7+ DCs).

Human scRNAseq

Live myeloid cells (CD45+ MHCII+ CD11c+) loaded (ZsGreen+) or not loaded (ZsGreen−) 

from a neonatal human foreskin explant colonized with S. epi-ZsGreen were sorted on a 

BD FACS Aria II using a 100 μm nozzle into RPMI medium supplemented with 10% FBS. 

Cells were sorted from 8 explants corresponding to duplicate explants from 4 independent 

fresh donors (<24h). Downstream processing followed the above mouse scRNAseq protocol, 

except for the quality control thresholds. Cells below 200 features and above 5000 features 

or with a percentage of mitochondrial genes above 25% were excluded. Genes used to 

delineate clusters are shown in Fig. S5. For Fig. 5F, the dendritic cell cluster of Fig. 5E was 

re-clustered to identify sub-population of dendritic cells.

Quantitative RT-PCR

Indicated populations were sorted into RLT Plus lysis buffer (Qiagen) and stored at 

−80°C, then processed using Allprep DNA/RNA micro kit (Qiagen) per manufacturer’s 

protocol. For qPCR analyses, RNA was reverse transcribed using SuperScript III 

cDNA synthesis kit (ThermoFisher) and amplified using Power SYBR Green PCR 

master mix (ThermoFisher). Aldh1a2 primers: 5′-GACTTGTAGCAGCTGTCTTCACT-3′, 

forward, and 5′-TCACCCATTTCTCTCCCATTTCC-3′, reverse. Rsp17 gene was 
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used as a housekeeping gene and amplified with the following primers: 

ATTGAGGTGGATCCCGACAC, forward; TGCCAACTGTAGGCTGAGTG, reverse.

AldeRed Assay

10,000–100,000 sorted cells were plated in a 96 well plate. Staining with AldeRed ALDH 

detection assay (Sigma) was done following manufacturer’s recommendation with minor 

modifications. To account for the small number of cells, volumes were decreased from the 

standard protocol recommendations to 100 μL and the reagents AldeRed and DEAB were 

added at 1 μL per well. Cells were incubated for an hour at 37°C.

Confocal microscopy:

Back skin from neonatal or adult mouse (after shaving) was fixed overnight in periodate-

lysin-paraformaldehyde buffer. After two washes in PBS, tissues were incubated overnight 

in sucrose 30%. Tissues were embedded in optimal cutting temperature compound (OCT) 

and 20 μm sections were cut on a cryostat. Sections were fixed in blocking buffer (secondary 

host serum 5%, bovine serum albumin 3% and triton X100 0.3%) for an hour at room 

temperature. Primary antibodies were incubated in blocking buffer overnight at 4°C, washed 

at room temperature in PBS and secondary antibodies in blocking buffer were left for up 

to two hours at room temperature. Tissues were mounted with Prolong Glass Antifade 

Mountant (Thermofisher). Images were taken with a 20X objective on a CSU-W1 Spinning 

Disk/High Speed Widefield.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (GraphPad). Data in Figs 3C, 3E, 

3L, S3B, S3C and S3L are shown as SEM. For flow cytometry and CFU counts, statistical 

analyses were performed with Mann-Whitney U (MWU) test for com parison of two groups. 

One-way and two-way ANOVA were used for comparisons of more than one group, as 

indicated in the figures. Šídák’s multiple comparisons test were used for two-way ANOVA. 

Nonparametric tests were used as the small sample sizes in our study did not allow us to 

assume a normal distribution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Neonatal skin CD301b+ DC2 efficiently capture, traffic & present commensal 

antigens

• CD301b+ DC2 have a mature tolerogenic phenotype, accentuated by 

commensal uptake

• Neonatal Treg generation by CD301b+ DC2 supports commensal-specific 

tolerance

• CD301b+ DC2 RALDH expression is higher neonatally, promoting their Treg 

generation
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Figure 1: CD301b+ DC2 are required for early life generation of skin commensal-specific Treg 
cells
(A) Adult and neonatal mice were colonized with S. epi-2w 3 times every 3 days then 

harvested a week later; (B) Gating of 2w+CD44+CD4+ T cells (2w+ CD4+ T cells) 

and 2w+CD44+FoxP3+CD4+ Treg (2w+ Treg cells) (left), and percentage of 2w+ Treg 

cells in skin draining lymph nodes (SDLN) (pre-gating: live Lin(CD11b, CD11c, F4/80, 

B220)−TCRβ+CD4+). Data from 2–3 independent experiments. (C) UMAP and (D) major 

defining genes of DC neonatal skin DCs subsets by CITE-seq. (E) Expression of Mgl2 
(left) and its protein CD301b (right). (F) Gating for CD301b on D11 skin DC2 (pre-gating: 
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live CD45+CD11c+MHCII+CD103−EpCam−). (G) Experimental setup for (H-J). (H) Fold-

change vs. littermate controls of total 2w+ Treg cells in the indicated mouse models. One 

sample Wilcoxon test to hypothetical value of 1. Data from 2–3 independent experiments. 

(I) Gating of 2w+ Treg cells and (J) Percentage and total numbers of 2w+ Treg cells 

and 2w+CD44+CD4FoxP3−CD4+ Teff cells (2w+ Teff cells) in the SDLN of DT-treated 

Mgl2WT and Mgl2DTR mice at D21. (K) Experimental set-up and quantification of 2w+ 

Treg cells in SDLN in of Mgl2creH2ab1fl/fl and H2ab1fl/fl littermates. Pooled data from 

3 independent experiments. (L) Percentage (left) and total numbers (right) of 2w+ Treg 

cells in the SDLN of D21 mice neonatally colonized by 2w-expressing coagulase negative 

staphylococci (CoNS). Pooled data from two independent experiments. Two-way ANOVA. 

(M) Percentage (left) and total numbers (right) of 2w+ Treg cells in SDLN of D21 mice 

topically treated with solubilized 2w peptide. One representative experiment of two is 

shown. Dots represent individual mice. Unless specified Mann-Whitney test was used with 

*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, ns = not significant.
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Figure 2: Neonatal CD301b+ DC2 are required for establishment of long-term tolerance to skin 
commensals
(A) Mice were treated neonatally with DT and S. epi-2w (as in Fig. 1G), aged out for 

2 weeks, then re-colonized concurrent with skin barrier disruption. (B) Total numbers of 

polyclonal CD4+ (left), CD8+ (center) and γδ (right) T cells per gram of skin. (C) Total 

numbers of 2w+ CD4+ (left), 2w+ Treg cells (center) and 2w+ Teff cells (right) per gram of 

skin. (D) Percentage of 2w+ Treg cells in skin. (E) Representative gating (pre-gating: live 

TCRβ+CD4+FoxP3−) (left), total numbers per gram of skin (center), and percentage (right) 

of skin IL-17A+ CD4+ Teff cells. (F) Representative gating (pre-gating: live CD45+CD3−) 

(left) and total numbers (right) of neutrophils per gram of skin. (A-F) 2–3 independent 

experiments pooled. Dots represent individual mice. Mann-Whitney test was used with *p < 

0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, ns = not significant.
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Figure 3: CD301b+ DC2s preferentially take up commensal bacteria in mouse and human 
neonatal skin to present these antigens in the SDLN
(A) Schematic related to B-E and K-L. Neonatal mice were colonized with S. epi-ZsGreen, 

before skin and SDLN were harvested at multiple time points to detect ZsGreen+ S. epi-
loaded DCs. (B) Gating of ZsGreen+ cells among skin DC subsets 16h after colonization 

(pre-gating: per Fig. S1G). (C) Time course of bacterial uptake by skin DCs. Percentage 

(left) and total number per gram of skin (right) of loaded cells (ZsGreen+) in each 

population. (D) Sample gating of ZsGreen+ CD11bhi migDC2 in the SDLN 16h post-

colonization (pre-gating: per Fig. S1H). (E) Time course of ZsGreen+ loaded migDC subsets 
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in SDLN as a percentage of each population (left) or total number (right). (F) Sample 

gating and (G) enumeration of bacterial uptake by DC subsets in human neonatal foreskin 

explants 4h after ex vivo S. epi-ZsGreen colonization (pre-gating: per Fig. S3E). Each dot 

represents a separate human donor. 2 independent experiments pooled. (H) Schematic of 

the approach in I-J and N-O. DC-T cell assay with migDC subtypes sorted from neonatal 

SDLN, S. epi-OVA and CTV-labelled OT-II CD4+ T cells. (I) and (N) Histograms of OT-II 

CTV dilution, which is quantified in (J) and (O). Each dot in J and O represents a biological 

replicate pooled from 3 independent experiments. (K) Sample gating and (L) time course 

of commensal uptake by CD301b+ vs. CD301b− DC2 in neonatal skin. (M) S. epidermidis 
uptake by neonatal CD301b+ vs. CD301b− SDLN migDC2 in ex vivo phagocytosis assay. 

(C, E and L) SEM of 4 mice per time point. (J) One-way ANOVA with Dunnett’s post-test. 

(M, O) Student’s paired t-test. * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Figure 4: Expression of CD301b delineates a subgroup of DC2 enriched in phagocytic, 
maturation as well as regulatory markers
(A) Top differentially expressed genes by scRNAseq in CD301b+ vs. CD301b− DC2 

in D10 murine skin, complete list in Table S1. (B) Central functions enriched in each 

subset based on pathway analysis, complete list in Table S2. (C) Heat map of normalized 

average expression (box color) and percentage of expressing cells (circle size) for indicated 

genes in CD301b+ vs. CD301b− cells in either CD11bhi or CD11blo DC2 clusters. Genes 

shown had p-value <0.05 in two independent scRNAseq experiments. (D-E) Spectral flow 

cytometry of activation markers in CD301b+ vs. CD301b− DC2 from D10 skin 16h after S. 
epidermidis colonization. (D) Representative histograms and gates used to delineate positive 

cells with corresponding (E) quantification of the % positive cells and geometrical mean 

of fluorescence intensity (gMFI) among positive cells for the indicated markers. Each dot 
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is a biological replicate. 1 of 2 independent experiments is shown. Two-way ANOVA. (F) 

CD301b+ or CD301b− DC2 were sorted from D10 SDLN migDC, incubated overnight with 

OVA protein, then cultured with CTV-labelled OT-II plus IL-2 and TGF-β to measure DC 

Treg-promoting capacity. (G) Representative plots (pre-gating: Live CD4+TCRβ+) and (H) 

quantification of OT-II Treg cells at 72h, data pooled from 2–4 independent experiments. 

Student’s paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001.
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Figure 5: Maturation and tolerogenic features of murine and human neonatal skin DC2 are 
sustained upon commensal uptake
(A-B) Neonatal mice were colonized with S. epi-ZsGreen and skin was harvested 16h 

later, with commensal antigen-loaded (ZsGreen+) and unloaded (ZsGreen−) DCs separately 

sorted and submitted for scRNAseq. (A) UMAP of all ZsGreen+ vs. ZsGreen− DCs. (B) 

Heatmap of select genes differentially expressed between ZsGreen+ vs. ZsGreen− CD301b+ 

DC2 (CD301b status defined based on Mgl2 expression). (C) Spectral flow cytometry of 

key markers both percent positive and gMFI on positive cells for ZsGreen+ vs. ZsGreen− 

CD301b+ DC2 in neonatal skin 16h after S. epi-ZsGreen colonization. Each dot is a 
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biological replicate. 1 of 2 independent experiments. Two-way ANOVA. (D-F) Human 

neonatal foreskin was incubated 4h with S. epi-ZsGreen then live ZsGreen+ and ZsGreen− 

CD45+CD16− HLADR+ cells were separately sorted and submitted for scRNAseq. (D) 

UMAP of all cells combined, (E) UMAP of DC clusters split by ZsGreen status, and (F) 

heatmaps comparing expression of select genes between ZsGreen+ and ZsGreen− DC2. (G) 

CD301b+ or CD301b− DC2 were sorted from D10 SDLN migDC, incubated overnight with 

S. epi-OVA, then cultured with CTV-labelled OT-II plus IL-2 and TGF-β to measure DC 

Treg-promoting capacity. (H) Representative plots (pre-gating: Live CD4+TCRβ+) and (I) 

and quantification of OT-II Treg cells at 72h. Each dot represents a biological replicate of 

DCs pooled from independent groups of neonatal mice, data pooled from 2–4 independent 

experiments. Student’s unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, 

ns = not significant.

Weckel et al. Page 34

Immunity. Author manuscript; available in PMC 2024 June 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: Characterization of adult versus neonatal skin CD301b+ DC2
(A) Split UMAP of major DC populations in D10 (neonate) and 6-week-old (adult) murine 

skin from scRNAseq of sorted live MHCII+CD11c+ cells. (B-C) Flow quantification of 

dermal and epidermal DCs in D12 vs. adult skin. (B) Total cell numbers and (C) proportion 

of dermal DCs. (D) Percentage of ZsGreen+ cells in neonatal or adult skin CD301b+ 

and CD301b− DC2 16h after S. epi-ZsGreen colonization. (E) S. epidermidis uptake by 

neonatal or adult CD301b+ and CD301b− SDLN migDC2 in ex vivo phagocytosis assay. 

(F) Primary response to S. epi-2w in adults. Percentage and total number of 2w+ Treg cells 
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(left and middle) and 2w+ Teff cells (right). One of two independent experiments. (G-I) 

Comparison of CD301b+ and CD301b− DC2 by scRNAseq. (G) Heatmap of normalized 

average expression (box color) and percentage of expressing cells (circle size) for indicated 

genes in adult and neonatal skin CD301b+ and CD301b− DC2. All genes but Fcrls for adults 

have a p-value <0.05. (H) Top differentially expressed genes in CD301b+ vs. CD301b− 

DC2 in adult skin, complete list in Table S4. (I) Central functions enriched in each subset 

based on pathway analysis, complete list in Table S5. (J-K) Spectral flow cytometry of 

activation markers in (J) adult skin CD301b+ vs. CD301b− DC2 and (K) adult vs. D12 

neonatal skin CD301b+ DC2. Percent positive cells and geometrical mean of fluorescence 

intensity (gMFI) among positive cells are shown. (L-M) CD301b+ or CD301b− migDC2 

were sorted from D10 or adult SDLN and incubated with OVA protein (left) or S. epi-OVA 

(right) before 72h culture with neonatal OT-II in the presence of IL-2 and TGF-β. (L) 

Percent proliferating (CTV−Ki67+) cells and (M) percent Treg cells at 72. Data from one of 

two replicate experiments. (B, D-F, J-M) each dot is separate biological replicate. Two-way 

ANOVA except in (F), Student’s unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p<0.0001, ns = not significant.
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Figure 7: Aldh1a2 expression is enriched in neonatal CD301b+ DC2s and promotes generation of 
commensal-specific Treg cells
(A) Heatmap (top) and Violin Plot (bottom) of Aldh1a2 expression in subpopulations of D10 

SDLN migDC. (B) qRT-PCR of Aldh1a2 expression and (C) ALDH enzymatic activity in 

CD301b+ vs. CD301b− migDC2 sorted from SDLN of D10 or adult mice. Each dot is an 

independent mouse. (D) CD301b− migDC2 were sorted from neonatal SDLN and incubated 

for 16 with S. epi-ZsGreen. Enzymatic ALDH activity in ZsGreen+ vs. ZsGreen− CD301b+ 

DC2. Each dot represents a biological replicate of cells pooled from two mice. Wilcoxon 

test. (E) Cd11ccreAldh1a2fl/fl and Aldh1a2fl/fl littermates were colonized neonatally with S. 
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epi-2w then (F) total number 2w+ Treg cells in the SDLN were enumerated on D21. Mann-

Whitney test. (G-H) CD301b+ or CD301b− migDC2 were sorted from Cd11ccreAldh1a2fl/fl 

and Aldh1a2fl/fl D10 SDLN then incubated overnight with S. epi-OVA before 72h culture 

with OT-II in the presence of IL-2 and TGF-β. (G) Representative plots (pre-gating: 

Live CD4+TCRβ+) and (H) quantification of OT-II Treg cells. One of three representative 

independent experiments shown. Dots indicate biological replicates from DCs sorted from 

pooled neonates. Two-way ANOVA unless specified. *p < 0.05, **p < 0.01, ***p < 0.001, 

ns = not significant.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Per-Cp-Cy5.5 anti-mouse TCR-beta (clone H57-597) BioLegend Cat# 109228; RRID: AB_1575173

Per-Cp-Cy5.5 anti-mouse TCR-beta (clone H57-597) BioLegend Cat# 109228; RRID: AB_1575173

FITC anti-mouse/human Helios (clone 22F6) BioLegend Cat# 137214; RRID: AB_10662745

Pe-Cy7 anti-mouse CD8 (clone 53-6.7) BD Biosciences Cat# 552877; RRID: AB_394506

APC-efluor 780 anti-mouse B220 (clone RA3-6B2) Thermo Fisher Scientific Cat# 47-0452-80; RRID: AB_1518811

APC-efluor 780 anti-mouse CD11b (clone M1/70) Thermo Fisher Scientific Cat# 47-0112-82; RRID: AB_1603193

APC-efluor 780 anti-mouse CD11c (clone N4818) Thermo Fisher Scientific Cat# 47-0114-82; RRID: AB_1548652

APC-efluor 780 anti-mouse F4/80 (clone BM8) Invitrogen Cat# 47-4801-82; RRID: AB_2735036

APC anti-mouse CD44 (clone IM7) Thermo Fisher Scientific Cat# 17-0441-82; RRID: AB_469390

e450 anti-mouse Foxp3 (clone FJK-16S) Thermo Fisher Scientific Cat#48-5773-82; RRID: AB_1518812

BV650 anti-mouse CD4 (clone RM4-5) BD Biosciences Cat#563747; RRID: AB_2716859

PE/Cyanine7 anti-mouse IL-17A (clone TC11-18H10.1) BioLegend Cat# 506922; RRID:AB_2125010

PE anti-mouse CD8a (clone 53-6.7) Thermo Fisher Scientific Cat# 56-0081-80; RRID:AB_494006

BV480 Rat Anti-Mouse CD8a (Clone 53-6.7) BD Biosciences Cat# 566096; RRID:AB_2739500

BV605 anti-mouse TCR-beta (clone H57-597) BD Biosciences Cat# 562840; RRID: AB_2687544

BV711 anti-mouse CD3 (clone 145-2C11) BD Biosciences Cat#563123; RRID: AB_2687954

PerCP/Cyanine5.5 anti-mouse CD301b (clone URA-1) BioLegend Cat# 146810; RRID:AB_2563392

PE/Cyanine7 anti-mouse Ly-6G (clone 1A8) BioLegend Cat# 127618; RRID:AB_1877261

PE anti-mouse/human CD11b (clone M1/70) BioLegend Cat# 101208; RRID:AB_312791

APC anti-mouse CD103 (clone 2E7) Thermo Fisher Scientific Cat# 17-1031-82; RRID: AB_1106992

e450 anti-mouse MHCII (clone M5/114.15.2) Thermo Fisher Scientific Cat#48-5321-82; RRID: AB_1272204

BV605 anti-mouse Ly6C (clone HK1.4) BioLegend Cat#128035; RRID: RRID:AB_2562352

Brilliant Violet 650™ anti-mouse CD326 (Ep-CAM) (clone G8.8) BioLegend Cat# 118241; RRID:AB_2876432

BV786 anti-mouse CD64 (clone X54-5/7.1) BD Biosciences Cat#741024; RRID:AB_2740644

FITC Rat Anti-Mouse CD25 (clone 7D4) BD Biosciences Cat# 553072; RRID:AB_394604

PE-Cy™7 Mouse anti-Ki-67 (clone B56) BD Biosciences Cat# 561283; RRID:AB_10716060

PE anti-mouse CD69 (clone H1.2F3) BioLegend Cat# 104507; RRID:AB_313110

Alexa Fluor™ 700 anti-mouse CD3 (clone 17A2) Thermo Fisher Scientific Cat# 56-0032-82; RRID:AB_529507

AlexaFluor700 anti-mouse CD45 (clone 30-F11) Thermo Fisher Scientific Cat# 56-0451-82; RRID:AB_891454

APC anti-mouse FOXP3 (clone FJK-16s) Thermo Fisher Scientific Cat# 17-5773-82; RRID:AB_469457

Brilliant Violet 785™ anti-mouse CD8a (clone 53-6.7) BioLegend Cat# 100749; RRID:AB_11218801

PerCP/Cyanine5.5 anti-mouse TCR γ/δ (clone GL3) BioLegend Cat# 118118; RRID:AB_10612756

BUV395 Rat Anti-Mouse I-A/I-E (Clone 2G9) BD Biosciences Cat# 743876; RRID:AB_2741827

BUV496 Rat Anti-Mouse CD45 (clone 30-F11) BD Biosciences Cat# 749889; RRID:AB_2874129

BUV805 Rat Anti-CD11b (Clone M1/70) BD Biosciences Cat# 741934; RRID:AB_2871246

BV480 Hamster Anti-Mouse CD11c (clone N418) BD Biosciences Cat# 746392; RRID:AB_2743706
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REAGENT or RESOURCE SOURCE IDENTIFIER

Alexa Fluor® 594 anti-mouse CD103 (clone 2E7) BioLegend Cat# 121428; RRID:AB_2565571

PE Rat Anti-Mouse CD40 (clone 3/23) BD Biosciences Cat# 561846; RRID:AB_10896482

PE/Cyanine7 anti-mouse CD252 (OX40L) (clone RM134L) BioLegend Cat# 108813; RRID:AB_2565744

BUV737 Rat Anti-Mouse CD274 (PDL-1) (clone MIH5) BD Biosciences Cat# 741877; RRID:AB_2871203

APC Rat anti-Mouse CD273 (PDL-2) (clone TY25) BD Biosciences Cat# 560086; RRID:AB_1645223

BV750 Rat Anti-Mouse CD86 (clone GL1) BD Biosciences Cat# 747439; RRID:AB_2872120

BV421 Hamster Anti-Mouse CD80 (clone 16-10A1) BD Biosciences Cat# 562611; RRID:AB_2737675

Brilliant Violet 605™ anti-mouse CD197 (CCR7) BioLegend Cat# 120125; RRID:AB_2715777

PE-Cy7 anti-mouse CD11c (clone HL3) BD Biosciences Cat# 558079; RRID: AB_647251

TotalSeq™-A0201 anti-mouse CD103 (clone 2E7) BioLegend Cat# 121437; RRID:AB_2750349

TotalSeq™-A0014 anti-mouse/human CD11b (clone M1/70) BioLegend Cat# 101265; RRID:AB_2734152

TotalSeq™-A0566 anti-mouse CD301b (MGL2) (clone URA-1) BioLegend Cat# 146817; RRID:AB_2783115

PE/Cy7 Anti-human CD1c (clone: L161) BioLegend Cat# 331516;RRID:AB_2275574

PerCP/Cyanine5.5 anti-human HLA-DR (Clone Tü36) BioLegend Cat# 361608; RRID:AB_2563198

PE anti-human CD14 (clone M5E2) BioLegend Cat# 301806;RRID:AB_314188

APC-eFluor™ 780 anti-human CD45 (clone HI30) Thermo Fisher Scientific Cat# 47-0459-42; RRID:AB_1944368

A700 anti-human CD1a (clone H1149) BioLegend Cat# 300120;RRID:AB_528764

APC anti-human CD141 (Clone BDCA-3) Miltenyi Biotech Cat# 130-113-314;RRID:AB_2733313

BV605 anti-human CD11c (Clone B-Ly6) BD Biosciences Cat# 563929;RRID:AB_2744276

BV421 anti-human CD16 (clone 3G8) BioLegend Cat# 302038;RRID:AB_2561578

PE-conjugated 2w-loaded I-A(b) Tetramer Provided by James Moon

Staphylococcus epidermidis Tü3298 Provided by Michael Otto 
(Augustin and Gotz, 1990)

Staphylococcus lugdunensis Slug_2E06 Provided by Julie Segre

Staphylococcus hominis SK119 BEI

Staphylococcus capitis Scap_DM02D06 Provided by Julie Segre

Biological samples

Healthy baby Foreskin tissue UCSF Benioff Children's 
Hospital San Francisco

Chemicals, peptides, and recombinant proteins

PE-conjugated 2w-loaded I-A(b) Tetramer Provided by James Moon

Fetal bovine serum Fisher scientific Cat#SH3054103

Fetal calf serum Fisher scientific Cat#SH3007303

Tryptic Soy Medium BD-Bacto Cat#211825

Collagenase from Clostridium histolyticum, Type XI Sigma-Aldrich Cat#C9407

Collagenase from Clostridium histolyticum, Type I Sigma-Aldrich Cat#SCR103

Collagenase from Clostridium histolyticum, Type IV Sigma-Aldrich Cat#lS00418

Recombinant Human TGF-β1 Peprotech Inc. Cat# 100-21C-10UG

Recombinant Murine IL-2 GoldBio Cat#1310-02-100

Collagenase D Sigma-Aldrich Cat#11088866001
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REAGENT or RESOURCE SOURCE IDENTIFIER

Diphtheria toxin Sigma-Aldrich Cat# D0564

Cytochalasin D Cayman Chemicals Cat#11330

Collagen I, rat tail Thermo Fischer Scientific Cat# A1048301

DNase Sigma-Aldrich Cat#DN25

Hyaluronidase from bovine testes Sigma-Aldrich Cat#H3506

Critical commercial assays

Ghost Dye™ Violet 510 Live/Dead Stain Tonbo Biosciences Cat#13-0870-T100

EasySep™ Mouse PE Positive Selection Kit StemCell Technologies Cat#18554

CellTrace™ Violet Cell Proliferation Kit, for flow cytometry Thermo Fischer Scientific Cat# C34557

ViaDye Red Cytek R7-60008

Ghost Dye™ Violet 780 Live/Dead Stain Tonbo Biosciences Cat#13-0865-T100

Allprep DNA/RNA micro kit Qiagen Cat# 80284

SuperScript™ III First-Strand Synthesis System Thermo Fischer Scientific Cat# 18080051

Buffer RLT Plus Qiagen Cat# 1053393

Power SYBR Green PCR master mix Thermo Fischer Scientific Cat#4368577

AldeRed® ALDH Detection Assay Sigma-Aldrich Cat#SCR150

Mouse FoxP3 Buffer Set eBiosciences Cat#00-5523-00

Deposited data

Mouse neonatal dendritic cells from uncolonized, and 
Staphylococcus epidermidis-zsgreen colonized mouse (loaded and 
non-loaded cells

This paper GSE206891

Skin and Skin Draining lymph node dendritic cells from neonatal 
mouse colonized with a commensal or control This paper GSE206892

Neonatal foreskin antigen presenting cells after colonization with 
Staphylococcus epidermidis This paper GSE206893

Adult mouse skin dendritic cells This paper GSE217891

Experimental models: Cell lines

Experimental models: Organisms/strains

SPF C57BL/6J mice Jackson Laboratory Cat#000664

Mgl2CreH2ab1fl/f Provided by Y. Kumamoto

Cd11cCre Aldh1a2fl/f Provided by R. Noelle

Xcr1DTR-Venus Jackson Laboratory Cat#5544058

OT-II Jackson Laboratory Cat#004194

HuLangDTR Provided by D. Kaplan

Mgl2DTR-eGFP Provided by Y. Kumamoto

Oligonucleotides

Aldh1a2 primer forward: 5’-
GACTTGTAGCAGCTGTCTTCACT-3’

Aldh1a2 primer reverse: 5’-
TCACCCATTTCTCTCCCATTTCC-3’

Rsp17 forward: ATTGAGGTGGATCCCGACAC
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rsp17 reverse: TGCCAACTGTAGGCTGAGTG

Recombinant DNA

ZsGreen optimized for expression in Staphylococcus to generate 
pJL74-2w-zsgreen DNA 2.0/ATUM Custom project

Software and algorithms

GraphPad Prism GraphPad Software, Inc http://www.graphpad.com/scientific-
software/prism/

FlowJo v10.5.0 FlowJo, LLC https://www.flowjo.com/solutions/
flowjo

Seurat Stuart T. et al. 2019

R Statistical Computing Software The R Foundation https://www.r-project.org/

Other

World Precision Instrument Low Toxicity Silicone Adhesive, 2 5ml 
Syringes Fischer scientific 50-822-154

Immunity. Author manuscript; available in PMC 2024 June 13.

http://www.graphpad.com/scientific-software/prism/
http://www.graphpad.com/scientific-software/prism/
https://www.flowjo.com/solutions/flowjo
https://www.flowjo.com/solutions/flowjo
https://www.r-project.org/

	Summary:
	eTOC blurb:
	Graphical Abstract
	Introduction
	Results
	CD301b+ DC2 support early life generation of commensal-specific Treg cells
	Transient neonatal depletion of CD301b+ DC2 limits establishment of long-term tolerance to skin commensal bacteria
	Neonatal CD301b+ DC2 preferentially uptake skin bacterial antigens for presentation to CD4+ in the SDLN
	CD301b marks a subgroup of activated DC2 enriched for phagocytic, maturation as well as regulatory markers
	Uptake of skin commensal bacteria sustains maturation as well as tolerogenic features of CD301b+ DC2
	CD301b+ DC2 exhibit subtle age-dependent changes, with a preserved but reduced capacity for Treg generation in adulthood
	RALDH2 activity, enriched in neonatal CD301b+ DC2, supports early life commensal-specific Treg cells

	Discussion
	Limitations of the Study:

	RESOURCES AVAILABILITY:
	Lead contact
	Material availability
	Data and code availability

	EXPERIMENTAL MODELS AND SUBJECT DETAILS
	Experimental Animals
	Bacterial Strains and Culture Conditions
	Human Foreskin


	METHODS DETAILS
	Bacterial Skin Colonization and Light Skin Abrasion Models
	Diphtheria Toxin Injection
	Soluble 2w-1s peptide primary responses:
	DC-T cell In Vitro Assays
	DCs:
	Antigens:
	Bacteria:
	T cells:

	Phagocytosis assay
	Tissue Processing
	Lymph nodes and Lymphoid cells:
	Lymph nodes and myeloid populations:
	Mouse skin processing:
	Epidermal preparations:
	Human Skin Processing:
	Cell counting:

	Flow Cytometry
	Antibody Staining of Myeloid Populations:
	Antibody Staining of Lymphoid Populations:
	Cell Re-stimulation for Cytokines:
	Spectral Flow Cytometry:
	BandPath and Spectral Flow cytometry:
	Tetramer Staining and Enrichment:

	Human Foreskin Explant
	Explant methodology:

	Mouse scRNAseq
	Human scRNAseq
	Quantitative RT-PCR
	AldeRed Assay
	Confocal microscopy:

	QUANTIFICATION AND STATISTICAL ANALYSIS
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Table T1



