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SUMMARY

Regulatory T cells (Tregs) are required to establish immune tolerance to commensal microbes.
Tregs accumulate abruptly in the skin during a defined window of postnatal tissue development.
However, the mechanisms mediating Treg migration to neonatal skin are unknown. Here we show
that hair follicle (HF) development facilitates the accumulation of Tregs in neonatal skin and that
upon skin entry these cells localize to HFs, a primary reservoir for skin commensals. Further,
germ-free neonates had reduced skin Tregs indicating that commensal microbes augment Treg
accumulation. We identified Ccl20 as a HF-derived, microbiota-dependent chemokine and found
its receptor, Ccr6, to be preferentially expressed by Tregs in neonatal skin. The Ccl20-Ccr6
pathway mediated Treg migration in vitro and in vivo. Thus, HF morphogenesis, commensal
microbe colonization, and local chemokine production work in concert to recruit Tregs into
neonatal skin, thereby establishing this tissue Treg niche early in life.
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INTRODUCTION

Regulatory T (Treg) cells play a critical role in establishing and maintaining immune
homeostasis in peripheral tissues. Treg cells residing in these tissues demonstrate unique T
cell receptor profiles and distinct functions when compared to cells found in lymphoid
organs (Feuerer et al., 2009; Burzyn et al., 2013b). Although we are beginning to understand
the fundamental biology of Treg cells in adult tissues, very little is known about the cellular
and molecular mechanisms responsible for establishing tissue residence of these cells early
in life.

Colonization by commensal microbes and formative shaping of the host-commensal
relationship occurs in neonatal life (Dominguez-Bello et al., 2010), concurrently with the
establishment of Treg cell populations at barrier sites where these commensals reside
(Gollwitzer et al., 2014; Scharschmidt et al., 2015; Yang et al., 2015). Treg cells in barrier
tissues, such as the skin and the intestine, are known to play an important role in promoting
tolerance to commensal-derived antigens (Burzyn et al., 2013a; Scharschmidt et al., 2015).
In the colon, commensals themselves facilitate generation of peripherally induced Treg cells
that are critical for proper immune homeostasis (Atarashi et al., 2011; Tanoue et al., 2016).
We recently demonstrated that establishment of immune tolerance to skin commensal
bacteria is preferentially established early in neonatal life (Scharschmidt et al., 2015). In this
work, we focused on defining the immunological mechanisms responsible for this process,
namely a unique population of Treg cells in neonatal skin that is capable of establishing
tolerance to skin commensals. However, perhaps the most striking result was the abrupt
accumulation of Treg cells in skin during this defined window of postnatal tissue
development. Factors that drive Treg cell accumulation into skin early in life and the relative
role of commensal microbes in this process were not explored and are currently unknown.

Immune cell responses in tissues are highly influenced by tissue-specific cellular niches
(Pasparakis et al., 2014). To date, the structure and function of these niches have been
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primarily studied in the intestine. Here, components of the gut-associated lymphoid tissue
(GALT), including Peyer’s patches and isolated lymphoid follicles, are situated just deep to
the intestinal mucosa, facilitating sampling of microbial antigens via microfold cells and
coordination of appropriate B and T cell responses. Commensal microbes promote GALT
development, and conversely, impaired GALT development leads to significant alterations in
luminal bacterial composition, underlining the importance of these structures in intestinal
host-commensal homeostasis (Bouskra et al., 2008; van de Pavert and Mebius, 2010;
Maynard et al., 2012). In contrast, lymphoid structures are not found in healthy skin.
Instead, emerging evidence suggests that adnexal structures, such as hair follicles (HFs),
represent an important immune cell niche in this tissue. HFs serve as a high-traffic zone for
antigen-presentation (Hansen and Lehr, 2014), a local source of cytokines and chemokines
(Nagao et al., 2012), a primary reservoir for skin commensal microbes (Montes and
Wilborn, 1969), and a site where multiple immune cells localize in the steady state,
including Treg cells (Gratz et al., 2013; Sanchez Rodriguez et al., 2014; Collins et al., 2016).

Given that commensals preferentially colonize HFs (Montes and Wilborn, 1969), Treg cells
localize to these structures (Gratz et al., 2013; Sanchez Rodriguez et al., 2014), and
commensal microbes influence Treg cell biology at barrier sites (Tanoue et al., 2016), we
sought to functionally dissect the relationship between HFs, the microbiota, and Treg cells in
neonatal skin. We found that both HF development and commensal microbes play a major
role in Treg cell migration to skin early in life. In addition, we define Ccl20-Ccr6 as a
pathway that mechanistically links commensal colonization, HF development, and Treg cell
migration to neonatal skin. Thus, coordinated interactions between commensal microbes and
postnatal tissue development jointly facilitate recruitment of Treg cells to their niche in skin.

Hair Follicle Development Is Required for Treg Cell Accumulation in Neonatal Skin

Treg cells accumulate in skin between days 6 and 13 of neonatal life, and this can be
prevented by blocking lymphocyte migration from lymphoid organs during this window of
time (Scharschmidt et al., 2015). We hypothesized that migration of neonatal Treg cells into
skin was dependent on specific factors expressed during postnatal tissue development. In
mice, hair follicle morphogenesis begins in utero and continues to progress through the first
2 weeks of life. Specifically, emergence and penetration of the hair shaft through the
epidermis occurs after postnatal day 5 (Paus et al., 1999). Because HFs represent the
primary niche for Treg cells in skin (Gratz et al., 2013; Sanchez Rodriguez et al., 2014) and
have been demonstrated to produce chemokines capable of directing immune cell migration
(Nagao et al., 2012), we hypothesized that signals produced by developing HFs facilitate
Treg cell migration to neonatal skin. To test this hypothesis, we first characterized where
Treg cells localize in skin early in neonatal life. Similar to their localization in adult skin
(Gratz et al., 2013; Sanchez Rodriguez et al., 2014), Treg cells in neonatal skin primarily
localized to HFs, with the majority found near the infundibulum and isthmus regions (Figure
1A).

To test whether HFs play a role in mediating Treg cell migration to neonatal skin, we
employed an inducible model of abrogated HF development. Because chemokines are
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produced by HF epithelial cells and most “hairless” mouse models retain these cells but
simply fail to develop hair shafts, we rationalized that a model in which the entire HF
epithelium fails to develop would be the most appropriate system to test whether HFs play a
role in facilitating Treg cell migration into neonatal skin. Initiation of HF morphogenesis is
highly dependent on signaling through the wnt pathway during embryogenesis (Andl et al.,
2002). In order to dissect whether accumulation of Treg cells was linked with HF
development, we inducibly inhibited the wnit pathway in neonatal skin to block HF
morphogenesis. In K5-rtTA tetO-DkkI (i.e., K5/Dkk1) double transgenic mice,
administration of doxycycline induces overexpression of the pan-wntinhibitor Dkk1 in cells
expressing the keratin 5 promoter, thus enabling potent inhibition of the pathway in a tissue-
specific fashion (Kistner et al., 1996; Chu et al., 2004; Liu et al., 2008). The skin of these
mice demonstrates a specific defect in development of vibrissae and pelage HFs without any
effect on proliferation or differentiation of keratinocytes in the interfollicular epidermis
(Andl et al., 2002; Chu et al., 2004). We fed doxycycline to pregnant K5 single transgenic
females starting on gestational day 13.5 after mating them to K5/Dkk1 males. Their double
transgenic K5/Dkk1 offspring demonstrated defined regions of skin completely devoid of
HFs, despite a normal appearing epidermis and normal interfollicular dermis (Figures 1B
and 1C), consistent with previous reports (Andl et al., 2002; Jenkins et al., 2010).
Examination of hairless K5/Dkk1 skin at postnatal day 13 revealed significantly reduced
percentages of Treg cells compared with site-matched skin from single-transgenic (ctl)
littermate controls (Figures 1D and 1E). Equivalent percentages of Treg cells were observed
in intestinal lamina propria (LP) and skin-draining lymph nodes (SDLN) of 13-day-old
double- and single-transgenic mice (Figure 1F), indicating that the reduction of neonatal
Treg cells is skin specific and not the result of systemic or thymic wni suppression. Thus,
our results suggest that development of HFs facilitates the accumulation of Tregs in neonatal
skin.

Commensal Microbes Augment Accumulation of Treg Cells in Neonatal Skin

Commensal microbes colonize the skin surface immediately after birth (Dominguez-Bello et
al., 2010). However, in neonatal mice colonization of the HF epithelium is delayed until
follicular morphogenesis progresses to allow microbial access to deeper HF structures.
Because HFs represent a key tissue niche for skin-resident microbiota (Montes and Wilborn,
1969; Lange-Asschenfeldt et al., 2011), we hypothesized that commensal microbes might
influence signals produced by HFs to facilitate Treg cell accumulation. To test this, we
examined T cell populations present in the skin of 13-day-old germ-free (GF) and specific-
pathogen-free (SPF) mice. We found Treg cell percentages to be significantly reduced in the
skin of GF neonates (Figures 2A and 2B). Treg cell numbers were also substantially lower in
GF conditions (Figure 2C) approaching levels observed in 6-day-old SPF mice
(Scharschmidt et al., 2015). In contrast, CD4*Foxp3"®9 T (CD4+ Teff) cells, CD8* T cells,
dermal -y8 T cells, and dendritic epidermal T cells were present at equal numbers in 13-day-
old SPF and GF skin (Figures 2D-2G). These results suggest a role for commensal microbes
specifically in augmenting the accumulation of Treg cells in skin early in life.
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Identification of Ccl20 and Ccr6 as a Potential Pathway that Mediates Treg Cell Migration
into Neonatal Skin

HF development and commensal microbes facilitate Treg cell migration into neonatal skin.
Interestingly, commensal microbes begin to colonize HFs during the same window of time
that Treg cells migrate to skin. Thus, we sought to determine if HFs and commensals jointly
coordinate neonatal Treg cell migration and elucidate the molecular mechanisms
underpinning this process. We have previously shown that accumulation of Treg cells in
neonatal skin is largely migration dependent, as it can be blocked with FTY720, which
prevents lymphocyte egress from lymphoid organs via functional antagonism of the
sphingosine-1-phosphate receptor (Matloubian et al., 2004; Scharschmidt et al., 2015). We
therefore hypothesized that the migration of Treg cells into neonatal skin occurs in response
to a chemotactic signal originating from the tissue. To identify chemokine-chemokine
receptor pairs that might be important in this process, we employed an unbiased discovery
approach to select candidates that fit the following three criteria: (1) expression of the
chemokine(s) is increased in skin concurrently with Treg cell influx into the tissue; (2)
expression of the chemokine is augmented by the presence of commensal microbes; and (3)
the corresponding chemokine receptor(s) is preferentially expressed by Treg cells in
neonatal skin (outlined in Figure S1A).

To determine which chemokines increase in skin early in life we employed a qRT-PCR
chemokine array to compare levels of expression in 6-day-old (pre-Treg cell influx) versus
13-day-old skin (i.e., at the height of the Treg cell influx) (Figure 3A). We found 9
chemokines for which mRNA levels increased significantly in skin from postnatal day 6 to
day 13 (Figure 3B). Of these, Ccl20 was a particularly intriguing candidate because
keratinocytes in adult HFs produce this chemokine (Nagao et al., 2012). To dissect which of
these chemokines have their production augmented by the presence of commensal microbes,
we isolated RNA from whole skin of 13-day-old GF and SPF mice and performed gRT-PCR
chemokine arrays (Figure 3C). Of the chemokines increased on postnatal day 13 relative to
day 6, only Ccl20 and Ccl22 were significantly increased in the presence of commensals
(Figure 3D).

To determine which chemokine receptors were preferentially expressed on neonatal skin
Treg cells, we isolated Treg cells from the skin and SDLNs of postnatal day 13 pups and
subjected them to whole transcriptome RNA sequencing (Figure S1B). Of those receptors
for which ligands increased in skin between postnatal day 6 and 13, Ccr6 (the receptor for
Ccl20) had the highest expression levels in neonatal skin Treg cells (Figure 3E). Moreover,
Ccr6 was preferentially expressed by skin Treg cells when compared to SDLN Treg cells
(Figures 3F and S1C). Thus, based on our criteria, the Ccl20-Ccr6 pathway emerged as the
top candidate warranting further validation and functional exploration.

Commensal Microbes Augment Production of Ccl20 in the Infundibulum of Developing
Hair Follicles

To validate findings from our discovery approach and localize the source of Ccl20 in
neonatal skin, we performed gRT-PCR for Ccl20 on skin of 6-day-old SPF, 13-day-old SPF,
and 13-day-old GF mice. Consistent with the results from our chemokine qRT-PCR array,
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we found that skin expression of Ccl20 increases between day 6 and day 13 of life and is
reduced under GF conditions (Figure 4A). Because HF morphogenesis progresses
significantly between postnatal day 6 and day 13 (Paus et al., 1999), we hypothesized that
HFs represent the primary source of Ccl20 in neonatal skin. Consistent with this hypothesis,
Ccl20 expression was significantly reduced when HF morphogenesis was abrogated, with
lower transcript levels found in hairless skin from K5/Dkk1 mice as compared with normal
hair-bearing skin of littermate controls (Figure 4B). In contrast, Ccl22, which was also
elevated in D13 SPF skin versus D6 SPF or D13 GF skin, was not reduced in hairless skin
from K5/Dkk1 mice (Figure S2A). To further verify that HFs in neonatal skin produce
Ccl20, we performed RNA in situ hybridization for Ccl20 on skin tissue sections from 13-
day-old SPF pups. Transcript signal was detected in keratinocytes located in the upper
infundibular portion of HFs, but not elsewhere in the tissue (Figures 4C and S2B). This is
the portion of the HF most densely populated by commensal microbes (Figure S2C) (Montes
and Wilborn, 1969; Alexeyev et al., 2012) and around which Treg cells predominantly
localize in neonatal skin (Figure 1A). Consistent with our gRT-PCR data, RNA in situ
hybridization for Ccl20 in 6-day-old SPF skin and 13-day-old GF skin showed fewer foci of
Ccl20 signal per high-powered field (Figures 4D-4F). To understand whether capacity for
Ccl20 induction is limited to specific skin commensals or broadly conserved, we employed
an in vitro human skin explant system in which we can selectively expose microbiallynaive
fetal skin to commensal bacteria or bacterial surface molecules. Using this system, we found
that overnight colonization with Staphylococcus epidermidis, Corynebacterium accolens, or
Propionibacterium acnes was, in each case, sufficient to increase Ccl20 expression in skin as
measured by gRT-PCR. Peptidoglycan and, to a lesser extent, lipoteichoic acid and
lipopolysaccharide were also capable of augmenting Ccl20 in human fetal skin (Figure 4G).
These results are consistent with a model in which conserved microbial epitopes activate
innate immune pathways upstream of Ccl20 expression (Zhao et al., 2014).

Ccré6 Is Preferentially Expressed by Treg Cells in Neonatal Skin and a CD25* Subset of
Thymic Treg Cells

After validating that Ccl20 expression is increased in skin from day 6 to day 13 of life, that
this chemokine is almost exclusively expressed by the HF epithelium in neonatal skin, and
that colonization with commensal microbes augments its expression, we next set out to
quantify levels of the Ccl20 receptor, Ccr6, on neonatal skin Treg cells. Staining for Ccr6 by
flow cytometry demonstrated significantly higher levels of expression by neonatal skin Treg
cells as compared to Treg cells in the SDLN, skin Teff CD4* cells, and skin CD8" T cells
(Figures 5A-5C). These results were consistent with our RNA sequencing data that showed
elevated transcript levels for Ccr6 in neonatal skin compared to skin-draining LN Treg cells
(Figures 3F and S1C). Moreover, these results demonstrate selective expression of Ccr6 on
Treg cells versus other ab T cell subsets in neonatal skin, consistent with their preferential
migration to skin during the postnatal period of increasing expression of Ccl20 in this tissue.
Because Treg cells from skin-draining LN demonstrated minimal expression of Ccr6, we
sought to quantify expression of Ccr6 on neonatal thymic Treg cells as the potential source
of this skin-homing population. A discrete subset of neonatal thymic Treg cells expressed
Ccr6 (Figure 5D). Notably, these Ccr6* thymic Treg cells were enriched among CD25M

Cell Host Microbe. Author manuscript; available in PMC 2018 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Scharschmidt et al. Page 7

Treg cells (Figures 5SE-5G), suggesting that these cells may constitute a phenotypically
distinct subset in the developing thymus.

Ccl20 Drives Migration of Neonatal Treg Cells In Vitro

The HF and commensal-dependent increase in Ccl20 expression in neonatal skin, in
conjunction with the preferential expression of Ccré by neonatal skin Treg cells, suggested a
role for Ccl20 in driving Treg cell migration. We therefore sought to evaluate Ccl20’s
capacity to drive migration of neonatal Treg cells compared to other chemokines expressed
in skin during the neonatal period. We have previously shown that FTY 720 treatment
between postnatal days 5 and 11 results in accumulation of Treg cells in the thymus rather
than SDLN (Scharschmidt et al., 2015). This observation, together with evidence for direct
skin-homing by thymic af T cells (Washington et al., 1995) and the expression of Ccr6 by a
subset of thymic Tregs cells (Figures 5D-5G), suggested that the Treg cell influx into
neonatal skin might reflect Ccl20-mediated migration of Treg cells originating from the
thymus. To test this, we incubated CD4" single-positive thymocytes isolated from postnatal
day 9 mice in a transwell system in the presence of various chemokines to evaluate their
relative capacity to drive Treg cell migration. Of all the chemokines tested, including several
observed to be increased in skin between day 6 and day 13, Ccl20 almost exclusively
induced Treg cell migration, displaying a 5- to 10-fold higher migration index versus other
chemokines (Figure 6A). Flow cytometry staining of cells in the lower transwell after 3 hr
demonstrated significant enrichment for Treg cells in the presence of Ccl20 (Figure 6B),
suggesting a preferential effect on Treg cell versus Teff cell migration. The percentage of
Treg cells migrating in this assay increased in parallel with the concentration of Ccl20
(Figure 6C). In contrast, thymic CD4* Teff cells did not demonstrate chemotaxis to Ccl20 at
any of the doses tested (Figure 6D). Treg cells isolated from neonatal skin but not SDLN
demonstrated Ccl20-induced migration comparable to thymic Treg cells (Figure S3). These
results are consistent with the preferential expression of Ccr6 by neonatal skin and thymic
Treg cells, as compared to LN Treg cells or CD4" Teff cells (Figure 5). Taken together,
Ccl20 was preferentially capable of driving migration of neonatal thymic and skin Treg cells
in vitro.

Ccr6 Facilitates Migration of Treg Cells into Neonatal Skin In Vivo

The capacity for Ccl20 to drive migration of neonatal Treg cells, in conjunction with its
increased expression in HF epithelium, led us to hypothesize that expression of Ccr6 by
neonatal Treg cells helps mediate their migration to skin early in life. Because competition
between populations with distinct receptor profiles has been shown to be important in
controlling lymphocyte entry into tissues (Campbell et al., 2007), we chose to test the role of
Ccr6 in skin-homing of neonatal Treg cells using a neonatal adoptive transfer model.
Populations of congenically labeled wild-type (WT) and Ccr6-deficient (Ccr6~~) CD4*
single-positive thymocytes were transferred into RAG2-deficient recipients on postnatal day
9. Spleen, SDLN, and skin were harvested 2 weeks post-transfer, and flow cytometry was
performed to assess the relative capacity of WT and Ccr6~/~ Treg and Teff cells to migrate to
these tissues. The ratio of Ccr6™~ to WT Treg cells was roughly equivalent upon transfer
and unchanged in the spleen and SDLN upon harvest, suggesting that Ccr6 is not required
for migration to these secondary lymphoid organs (Figure 7A). In contrast, the proportion of
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Ccr6/~ Treg cells was significantly reduced in the skin relative to both spleen (Figures 7A
and 7B) and SDLN (Figures 7A, S4A, and S4B). Notably, CD4™" Teff cells distributed
equally across skin, spleen, and SDLN irrespective of Ccr6 status (Figures 7C, S4C, and
S4D). Ccr6~/~ and WT Treg cells in skin post-transfer demonstrated equivalent Ki-67
expression (Figure 7D), suggesting that the absence of Ccré on Treg cells results in a
diminished capacity for migration to skin rather than reduced local proliferation in the
tissue. These results suggest that Ccr6-Ccl20 interactions play an important role in
facilitating Treg cell migration to skin in neonatal life.

DISCUSSION

Elucidating the molecular mechanisms governing immune cell recruitment to barrier sites
early in life is of fundamental importance in our attempts to understand how tissue immune
cell niches are established. Because commensal microbes colonize barrier sites during this
critical period of tissue and immune development, it is also paramount to explore how they
cooperate with the host to facilitate an environment that lends to a productive and
“mutualistic” adaptive immune response to commensal antigens. Here, we have shown that
molecular signals jointly coordinated by commensal microbes and developing HFs direct
migration of Treg cells into skin early in life. We found Treg cells to be reduced in the
absence of either HF morphogenesis or commensal colonization, suggesting an independent
and critical role for each of these factors in the accumulation and enrichment of skin Treg
cells during this developmental window. HFs secrete chemokines, which can direct
migration of immune cells into skin (Nagao et al., 2012). Likewise, bacteria, which reside in
HFs, are capable of modulating chemokine expression by host epithelia (Maynard et al.,
2012). To further dissect the molecular mechanisms mediating Treg cell migration, we
utilized an unbiased discovery approach to determine a list of candidate ligands and
corresponding receptors that might be involved. Ccl20 was increased in skin both during the
window of Treg cell accumulation and in the presence of commensal microbes, was reduced
in the hairless K5/Dkk1 model, and was expressed by keratinocytes in the infundibulum of
developing HFs, the site of Treg accumulation in neonatal skin. Moreover, its receptor, Ccr6,
was highly expressed on skin Treg cells relative to other T cell subsets in neonatal skin and
Treg cells in SDLNs. Accordingly, Ccl20 demonstrated preferential capacity to induce
neonatal Treg cell migration in vitro, and expression of Ccr6 facilitated Treg cell migration
into neonatal skin in vivo. Together, these results support a model whereby colonization of
developing HFs by commensal microbes helps to augment expression of Ccl20 by
infundibular keratinocytes, thereby promoting migration of Ccr6™ Treg cells into neonatal
skin.

These results add to a growing body of literature that implicates HFs as tissue-specific
structures integral to skin immune cell homeostasis. CD4" T cells have been shown to
cluster around HFs, where they interact with antigen-presenting cells (Collins et al., 2016).
HFs themselves direct immune cell populations in the tissue, producing Ccl2 to recruit
Langerhans cells to skin during inflammation (Nagao et al., 2012) and IL-7 and IL-15 to
maintain epidermotropism of CD4" and CD8* memory T cell populations (Adachi et al.,
2015). We have previously shown that Treg cells preferentially localize to HFs in murine and
human skin (Gratz et al., 2013; Sanchez Rodriguez et al., 2014). Thus, it is intriguing but
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perhaps not surprising that these structures are also involved in directing Treg cells into the
tissue. HFs represent a high-traffic area for antigen presentation, a dense site of microbial
colonization, and an important reservoir of tissue stem cells (Cotsarelis et al., 1990). In this
context, mechanistically linking the recruitment of Treg cells with HF formation may serve
to prevent or limit inflammatory responses that could damage the tissue and jeopardize its
capacity for repair. As HFs are not found at mucosal barrier sites, the growing literature on
HFs as a skin-specific immune niche indicates that understanding skin immune homeostasis
with respect to both self and foreign antigens will require dedicated study of these structures
and the immune cell and microbial populations that localize to them.

Our results highlight a primary role for commensal microbes in facilitating HF-directed
recruitment of Treg cells into skin. Commensals are also instrumental in augmenting Treg
cell numbers in the colonic lamina propria (Round and Mazmanian, 2010; Atarashi et al.,
2011). However, the mechanisms by which commensals influence skin Treg cell numbers
appear to be distinct from those in the colon, where peripheral induction of commensal-
specific Treg cells by a subset of bacterial species is believed to play a significant role
(Tanoue et al., 2016). In skin, microbes exert their influence early in life by augmenting HF-
mediated recruitment of Treg cells into the developing tissue. Whereas colonic Treg cell
numbers remain persistently low under germ-free conditions, skin Treg cell numbers are
equivalent or higher in adult GF versus SPF animals (Belkaid and Naik, 2013). This
suggests that other factors can facilitate skin Treg cell accumulation later in life in the
absence of microbes. However, what these other factors are and whether they induce
migration, local proliferation, or peripheral induction of Treg cells remains unknown. Our
finding that various skin bacteria and bacterial molecules can induce Ccl20 expression in
developing skin, suggests that, in contrast to the induction of colonic Treg cells by specific
commensals, the capacity to recruit Treg cells into the skin early in life may be redundant
across bacterial phyla. Whether these skin Treg cells harbor T cell receptors specific for
commensal antigens is an intriguing question worthy of further investigation. Furthermore,
recognizing that, in contrast to mice, human thymic and hair follicle development begins in
utero prior to significant microbial exposure (Holbrook and Minami, 1991; Mold and
McCune, 2012), it will be important to evaluate timing of Treg cell accumulation in prenatal
and neonatal human skin and dissect the relative contributions of hair follicle and microbial
signals in this context.

We found a specific role for Ccl20 and its receptor, Ccr6, in mediating migration of Treg
cells into neonatal skin. Intriguingly, this same receptor-chemokine pair is known to play a
role in microbe-induced maturation of isolated lymphoid follicles, an important
immunologic niche in the developing intestine (Bouskra et al., 2008). Though Ccr6 is known
to mediate skin-homing properties of specific dermal y6 T cell (Gray et al., 2011; Cai et al.,
2014) and CD4* memory T cell subsets (Trifari et al., 2009; Duhen et al., 2009), here we
describe its role in skin-homing of Treg cells. Ccr4 and Ccr10 have been shown to mediate
migration of Treg cells into skin in other biological contexts (Sather et al., 2007; Xia et al.,
2014). Though Treg cell recruitment via receptors other than Ccré may contribute to their
rapid accumulation in neonatal skin, our data suggest a central role for the Ccl20-Ccré
pathway in this process. Roles for Ccr6 in Treg cell homing have been previously described,
especially in the context of memory responses and Th17-mediated inflammation
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(Kleinewietfeld et al., 2005; Yamazaki et al., 2008; Kitamura et al., 2010). This is consistent
with the finding that S. epidermidis and other skin commensal bacteria elicit IL-17
production by resident CD4* T cells (Naik et al., 2015).

We have previously shown that immune tolerance to skin commensal bacteria is established
preferentially during neonatal versus adult life and that the “wave” of Treg cells into
neonatal skin plays a critical role in this process (Scharschmidt et al., 2015). Consistent with
this, Treg cells accumulating in other tissues early in life demonstrate heightened activation
and superior capacity to suppress inflammation and prevent autoimmunity (Yang et al.,
2015). Accordingly, efforts to understand the biology of Treg cells in neonatal tissues will
have implications for host-commensal immune interactions as well as self-tolerance
throughout life. Here, we have focused on tissue signals that preferentially direct
accumulation of Treg cells into neonatal skin. Future studies should address the potential
contribution of extra-cutaneous processes that generate these cells or facilitate their tissue-
licensing, as well as host pathways and commensal products that promote their activation
and their function in skin. Taken together, our work highlights that HFs and commensals are
instrumental in establishing the Treg cell niche in neonatal skin, a process required for
optimal host-commensal immune dialog in this barrier tissue.

STAR*METHODS

Detailed methods are provided in the online version of this paper and include the following:
. KEY RESOURCES TABLE
. CONTACT FOR REAGENT AND RESOURCE SHARING
. EXPERIMENTAL MODEL AND SUBJECT DETAILS
- Experimental Animals
- Human fetal skin
- Bacterial strains

. METHOD DETAILS

Tissue processing and flow cytometry

- Histopathology and immunohistochemistry
- RNA in situ hybridization

- Neonatal Adoptive Transfer Model

- In vitro transwell T cell migration assay

- gRT-PCR

- In vitro human skin explant system

- RNA sequencing of neonatal Treg cells

. QUANTIFICATION AND STATISTICAL ANALYSIS
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. DATA AND SOFTWARE AVAILABILITY

STAR*METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Michael Rosenblum (michael.rosenblum@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Animals—C57BL/6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME) then bred and maintained in the UCSF specific pathogen-free facility. K5/Dkk1
mice on a mixed genetic background were gifted by Sarah E. Millar. Dkk1 transgene
expression was initiated with doxycycline chow (1g/kg, Bio-Serv) starting on gestational
day E13.5 in pregnant K5* females. Foxp3PTR mice, Foxp3C¢FP, CD45.1, Rag2~/~ and
Ccr6~/~ (Cer6'™1Dgen) mice were purchased from Jackson (Haribhai et al., 2007). C57BL/6
mice under germ-free conditions were bred, maintained and harvested at Stanford University
in the colony of Justin Sonnenburg. All mice used in experiments were socially houses under
a 12 hr light/dark cycle. Animals were 6 days to 10 weeks old at the time of experiments.
Littermates of the same sex were randomly assigned to experimental groups, with both male
and female mice included in experiments on neonatal animals. When littermates could not
be used (e.g., SPF versus GF comparison), sex-matched animals born on identical days were
harvested in parallel. All animals were used in scientific experiments for the first time. All
animal experiments were 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.

Human fetal skin—Human fetal skin samples were obtained from second trimester
preghancy terminations (approximate gestational age 22—-23 weeks) from the Women’s
Options Clinic at Zuckerberg San Francisco General Hospital. Sex was unknown. As
specimens were de-identified their use did not constitute human subjects research and IRB
approval was not required.

Bacterial strains—For colonization of human fetal skin specimens, bacterial strains were
grown for 24-48 hr at 37°C on agar plates. Staphylococcus epidermidis T(i3298 was grown
on trytic soy agar, whereas Propionibacterium acnes HL110PA4 and Corynebacterium
accolens ATCC 49725 were grown on brain heart infusion agar with 1% Tween™ 80. P
acneswas grown in anaerobic conditions using GasPak™ EZ Anaerobe Pouches (BD). For
visualization of S. gp/ colonization in mouse skin, Staphylococcus epidermidris Ti3298
containing pJL71-2W-mcherry (Scharschmidt et al., 2015) was grown at 250 rpm for 48 hr
in tryptic soy broth with 5 pg/ml erythromycin. Cellular mass from 2.5ml of saturated
culture was pelleted and re-suspended in 100 puL PBS for skin colonization of each animal.

METHOD DETAILS

Tissue processing and flow cytometry—Isolation of cells from spleen, thymus and
lymph nodes for flow cytometry was performed by mashing tissue over sterile wire mesh.
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For isolation of cells from skin, the entire trunk skin was harvested and lightly defatted. It
was then minced with scissors and re-suspended in a 50ml conical with 1-3ml of digestion
media comprised of 2mg/ml collagenase XI, 0.5mg/ml hyaluronidase and 0.1mg/ml DNase
in RPMI with 1% HEPES, 1% penicillin-streptomycin and 10% fetal calf serum. This
mixture was incubated in a shaking incubated at 37°C at 250 rpm for 45 min. An additional
15ml of RPMI/HEPES/P-S/FCS media was then added and the 50ml conical was shaken
vigorously by hand for 30 s. Another 15ml of media was added and then the entire
suspension was filtered through a sterile 100 um cell strainer followed by a 40 pum cell
strainer into a new 50ml conical. The suspension was then pelleted and the cell pellet was re-
suspended in PBS for cell counting and staining.

Following isolation from the tissue, cells were labeled stained in PBS for 30 min at 4°C with
surface antibodies and a live dead marker (Ghost Dye™ Violet 510, Tonbo Biosciences). For
intracellular staining, cells were fixed and permeabilized using reagents and protocol found
in the Foxp3 staining buffer kit (eBioscience). Fluorophore-conjugated antibodies specific
for mouse cell surface antigens and intracellular transcription factors were purchased from
eBioscience, BD Biosciences or BioLegend as detailed in the Key Resources Table. Samples
were run on a Fortessa (BD Biosciences) in the UCSF Flow Cytometry Core. Treg cells
from skin and SDLN of neonates were sorted on a FACS Aria2 (BD Biosciences). For
longitudinal experiments comparing mice across time or ages, voltages were standardized
using SPHERO Rainbow calibration particles (BD Biosciences). Accucheck counting beads
(Invitrogen) were used calculate absolute numbers of cells. Flow cytometry data was
analyzed using FlowJo software (FlowJo, LLC).

Histopathology and immunohistochemistry—For histopathology, skin tissue was
fixed in 10% formalin and paraffin-embedded, sectioned and stained with hematoxylin and
eosin by the UCSF Mouse Pathology Core. Histopathology images were acquired on a Leica
microscope using a DS-Ril camera and NIS-Elements software (Nikon). For
immunofluorescent tissue staining in Figure 1A, dorsal skin from Foxp3©FP mice was first
fixed in 2% PFA for 6-8 hr, washed with PBS and left in 30% sucrose overnight before
embedding in OCT and freezing in a isopentane solution cooled over liquid nitrogen. 12 um
thick sections were prepared on SuperFrost slides (VWR), stained with rabbit anti-GFP
(Invitrogen) at 1:200 followed by Goat anti-Rabbit Alexa 488 (Invitrogen), washed in PBS
and mounted with DAPI-containing medium. For images in Figure S2C, neonatal mice were
colonized with S. epidermidis Ti3298 with pJL71-2w-mCherry, which expresses a 2W-
Mcherry fusion peptide (Scharschmidt et al., 2015), and back skin was harvested 1 day after
colonization. Tissue was fixed as above and counterstained with DAPI. All images were
acquired on a Zeiss Imager M2 fluorescent microscope with Apotome. Representative
images in Figures 1A and S2C are one of 4 biological replicates with staining done on two
independent occasions.

RNA in situ hybridization—Mouse back skin was formalin-fixed and paraffin-embedded
as above. 5 mm thick sections were freshly cut on SuperFrost slides, then de-paraffinized
and subjected to hybridization with a probe specific for murine Ccl20 mRNA (Advanced
Cell Diagnostics, #434051) prior to visualization with RNAscope® 2.5 HD Brown
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Detection Kit (ACD) following the manufacturer’s protocol. Slides were simultaneously
subjected to hybridization with positive control Ppib probe and negative DapB control probe.
Images in Figure 4 are representative of three biological replicates with technical replicates
performed on two independent occasions. Quantification of staining density was performed
by counting the number of positive cells per 20x magnification field across multiple slides
per group.

Neonatal Adoptive Transfer Model—Thymuses were harvested and lymphocytes
isolated from adult CD45.2 Ccr6~/~ mice and congenically-marked age-matched CD45.1
C57BL/6 controls. Single-positive CD4* T cells were isolated by EasySep™ magnetic bead
enrichment (StemCell Technologies). Ccr6™~ and wt CD4* cells were mixed in a 1:1 ratio in
PBS, and 3 million cells were transferred into D9 Rag2~/~ recipients via intraperitoneal
injection. Spleen, SDLN and skin were harvested 13 days post-transfer.

In vitro transwell T cell migration assay—Transwell migration of lymphocytes was
quantified as previously reported (Arnon et al., 2011). In brief, thymocytes were isolated at
room temperature from D9 Foxp3PTR mice (to facilitate identification of Treg cells by
GFP), subjected to EasySep™ CD4" magnetic bead enrichment (StemCell Technologies)
and re-suspended in migration media (RPMI containing 10mM HEPES and 2% fatty acid-
free BSA). 600 uL of migration media containing either no chemokine or listed murine
chemokines (PeproTech) in stated concentrations were transferred to the lower transwell of a
24-well plate. 250,000 cells were then transferred in 100 uL of migration media to upper
portion of each 0.5um transwell (Costar #3421). After 3 hr incubation at 37°C, cells from
the lower transwell were collected and quantified by flow cytometry. Analogous experiments
were performed with total un-enriched lymphocytes from skin-draining LN and with
neonatal skin following CD4* positive enrichment using PE-labeled CD4* antibody and
EasySep™ Mouse PE Positive Selection Kit (StemCell Technologies).

qRT-PCR—Circular 8 mm diameter pieces of mouse or human skin were placed in sterile
eppendorf tubes in 1ml of RNAlater (ThermoFisher), stored overnight at 4°C and then
maintained at —80°C until further processing. Total tissue RNA was isolated using RNAeasy
fibrous tissue mini kit (QIAGEN) according to the manufacturer’s protocol with the
following modification. Tissue was first transferred to 500 pL of RLT buffer in MACS M-
tubes and physically disrupted using a gentleMACS™ Octo Dissociator (Miltenyi). The
handbook protocol was followed thereafter including DNase treatment. For gRT-PCR
chemokine array, cDNA was made using RT2 FirstStrand kit (QIAGEN) and then run on
RT2 Profiler PCR Array Mouse Cytokines & Chemokines (QIAGEN). Alternatively for
confirmatory gRT-PCR, 1 pg of RNA was converted to cDNA using iScript cDNA synthesis
kit (Bio-Rad) and mixed with appropriate primers and SYBR® Green Supermix. All
reactions were run on a StepOnePlus instrument (Applied Biosystems). Primers and sources
can be found in the Key Resource Table (Wang and Seed, 2003; Kusumoto et al., 2007;
Nagao et al., 2012; Loiseau et al., 2016).

In vitro human skin explant system—Multiple 8 mm punch biopsies were obtained
from each human fetal skin specimen and placed individually into 0.4 pm PET-membrane
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transwells (Millipore) in a 12 well plate containing 1ml media per well of media (10% FBS,
1% HEPES, 1% penicillin-streptomycin in RPMI). A sterile cotton swab pre-wetted with
PBS was used to colonize the skin surface with Staphylococcus epidermidis Tii3298,
Propionibacterium acnes HL110PAA4, or Corynebacterium accolens ATCC 49725 by
touching the swab to a bacterial colony on an agar plate and then gently swabbing the skin
surface. Alternatively 10 pL of a 5mg/ml solution of lipopolysaccharide (Sigma, L4391),
lipoteichoic acid (Sigma, L2515) or peptidoglycan (Sigma, 77140) was applied to the skin
surface. Control samples were treated with PBS only. Samples were incubated overnight at
37 degrees and then skin was transferred to RNAlater prior to RNA extraction and gRT-PCR
as above.

RNA sequencing of neonatal Treg cells—Treg cells were sorted from the skin and
SDLN of 13-day-old Foxp3PTR mice, gating on the live, CD3*, CD4*, CD25" and GFP*
population. Cells from two animals were pooled for each sample, pelleted and flash frozen.
RNA isolation was performed by Expression Analysis Q2 Solutions using QIAGEN RNeasy
Spin columns and was quantified via Nanodrop ND-8000 spectrophotometer. RNA quality
was checked by Agilent Bioanalyzer Pico Chip. Three SDLN and two skin samples met
RNA quality criteria and were carried forward for sequencing. cDNA was created from 370
pg of input RNA with the SMARTer Ultra Low input kit and sequenced to a 25M read depth
with [llumina RNASeq. Reads were aligned to UCSC GRCm38/mm10 reference genome
with TopHat software (v. 2.0.12) (Trapnell et al., 2009). SAM files were generated with
SAMtools from alignment results (Li et al., 2009). Read counts were obtained with htseg-
count (0.6.1p1) with the union option (Anders et al., 2015). Differential expression was
determined using the R/Bioconducter package DESeq2 (Anders and Huber, 2010).

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of mice per group is annotated in corresponding figure legends. Data followed a
Gaussian distribution and variation was similar between groups for each condition analyzed.
Significance was assessed using the unpaired Student’s t test in GraphPad Prism software
(GraphPad). In all figures, the mean value is visually depicted. P values correlate with
symbols as follows: ns = not significant, p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Mice were allocated randomly into experimental groups after matching for
age and gender. Specific numbers of animals can be found in corresponding figure legends.
Investigators remained unblinded to group assignments throughout. No animals were
excluded from statistical analysis.

DATA AND SOFTWARE AVAILABILITY

The accession number for RNA sequencing data is NCBI GEO: GSE87130.

Supplementary Material

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

. Hair follicle development facilitates Treg accumulation in neonatal skin

. Commensal microbes augment Treg accumulation in neonatal skin and induce
Ccl20 expression

. The Ccl20-specific receptor, Ccr6, is preferentially expressed by neonatal skin
Tregs

. The Ccl20-Ccr6 pathway mediates neonatal Treg migration and skin-homing
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In Brief

Regulatory T cells (Tregs) accumulate in the skin during a defined window of postnatal
development, but the underlying mechanisms are unclear. Scharschmidt et al.
demonstrate that microbial colonization of developing hair follicles is required for Treg
migration and homing into neonatal skin and is mediated by the Ccl20-Ccr6 pathway.
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Figure 1. Treg Cells Localize to HFs in Neonatal Skin and Are Reduced in the Absence of HF
Morphogenesis

(A) Immunohistochemical staining for GFP in skin from 13-day-old (D13) FoxP3CGFP mice.
Dashed outline, hair follicle; In, infundibulum, Is, isthmus. Scale bar, 20 um. Inset:
magnified image demonstrating GFP* cell morphology and size.

(B) Pregnant K5* females bred to K5/Dkk1 males were fed doxycycline starting at
gestational date E13.5, preventing wnt-dependent hair follicle development in K5/Dkk1 but
not single-transgenic (Ctl.) littermates.

(C) Representative histology of skin from D13 K5/Dkk1 and Ctl. littermates, taken from
site-matched areas on the scalp.

(D) Flow cytometry plots of CD4* T cells in D13 K5/Dkk1 versus Ctl. skin.

(E and F) Percentage of Treg cells of CD4™ cells in D13 K5/Dkk1 versus Ctl. skin (E), as
well as in gut lamina propria (LP) and skin-draining lymph nodes (SDLN) (F).

Data were pooled from three replicate experiments on independent litters, each with =3 pups
total.
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Figure 2. Commensal Microbes Mediate Accumulation of Treg Cells in Neonatal Skin
(A) Representative flow cytometry plots of CD4* T cells from skin of D13 germ-free (GF)

versus specific-pathogen-free (SPF) mice.

(B and C) Percentages (B) and absolute numbers (C) of Treg cells in skin of D13 GF versus

SPF mice.

(D-G) Absolute numbers of FoxP3neg CD4* effector T cells (Teff) (D), CD8*T cells (E),
dermal -y8 T cells (F), and dendritic epidermal T cells (DETC) (G) in skin of D13 GF versus

SPF mice.

Data were pooled from two of three replicate experiments with =3 mice per group.
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Figure 3. Discovery Approach to Identify Chemokine-Chemokine Receptor Pathways
Responsible for Treg Cell Migration to Neonatal Skin

(A) Quantitative RT-PCR chemokine array was performed on RNA isolated from whole skin
of three D6 and five D13 SPF mice. Volcano plot depicting log2FC versus log10 (p value)

for all candidates tested.

(B) Log2FC for those chemokines significantly increased in D13 versus D6 skin.

(C) Identical gRT-PCR was performed on five D13 SPF versus three GF skin. Volcano plot
depicting log2FC versus log10(p value) for all candidates tested.
(D) Log2FC in D13 SPF versus GF skin for chemokine subset also increased in D13 versus

D6 skin.
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(E) Treg cells were sorted from skin and LN from D13 SPF FoxP3PTR mice and subjected to
RNA sequencing. Average raw gene counts in D13 skin Treg cells are shown for receptors
corresponding to chemokines increased in D13 skin.

(F) Log10(p value) (corrected for multiple comparisons) of log2FC expression of receptors
by skin versus SDLN Treg cells. Blue bar: p < 0.05. See also Figure S1.

Cell Host Microbe. Author manuscript; available in PMC 2018 April 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Scharschmidt et al.

A

C

Page 25
* *%
20.015_ , X , B _ 0.005- *
N o o 00044 o ©
£0.010 4] = o roe
o 1 6 |e® © 0.003 °
£ 2 g
T ° o < 0.0024 —© o
< 0.005 oo S -
< & 0.0014 o0
8 3
0.000
0.000-"55""573 D13 K5/Dkk1 Ctl
SPF SPF GF
D13 SPF D D6 SPF E D13 GF
s 2 B / f N 4
f—:- -:\1‘ 2 { N o 1 \:“i\* g
;‘:r:él,_ A - 4 : e ':." A
3 DS N g S
gy > Seh oty RAEAY
o .'...‘n- ; 7 i ‘ »
05 G 10
& .**** - * kK k . gl) o *kk
8- o) i 9
j& o *ok :* * (0]
P oAl A
(é)_ 6" g) 6 O 1 v
o A
£ 44 oo (Lg NS« |o
8 (o] [QY 5 * v
T 24 oo Q “lee| [©
O [ ood = O H
O D6 D1z Dis ° LA & R & &
SPF SPF GF VIV P

id

Figure 4. Commensal Microbes Augment Ccl20 Expression in Developing HFs
(A and B) Fold change expression of Ccl20 versus B 2-microglobulin mRNA transcripts in

skin from D6 SPF, D13 SPF, and D13 GF mice (A) and D13 K5/Dkk1 versus Ctl littermates
(B), pooled from three litters.

(C-E) Representative images of in situ hybridization (ISH) for Ccl20 mRNA transcript in
the skin of D13 SPF (C), D6 SPF (D), and D13 GF (E) mice. Arrows, visualization of Ccl20
mMRNA signal; *, hair follicle infundibulum. Scale bars, 60 pm.

(F) Quantification of Ccl20 ISH staining density (number of positive cells per 20x field).
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(G) Fold change expression in Ccl20 (normalized to EIF3L) in human fetal skin after
overnight exposure to skin commensal bacteria or bacterial surface molecules as compared
with PBS-treated controls. LPS, lipopolysaccharide; LTA, lipoteichoic acid; PGN,
peptidoglycan; S. epi, Staphylococcus epidermidis, P acnes, Propionibacterium acnes, C.
accolens, Corynebacterium accolens.

All data are representative of two independent experiments. See also Figure S2.
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Figure 5. Neonatal Skin Treg Cells and a Subset of Thymic Treg Cells Preferentially Express
Ccr6

(A) Flow cytometry plot depicting Ccr6 expression on CD4* T cells in neonatal skin.

(B) Histogram depicting relative mean fluorescent intensity (MFI) of Ccr6é by flow
cytometry on Treg cells, CD4" Teff cells, and CD8" T cells from neonatal skin, as well as
WT and Ccr6™/~ Treg cells in SDLN.

(C) Average Ccré MFI on these same populations.

(D) Histogram depicting MFI of Ccr6 on neonatal thymic Treg cells (CD3* CD4* CD8"®d
FoxP3™).

(E) Flow cytometry plot depicting Ccr6 and CD25 co-staining by thymic Treg cells.

(F) Average MFI of Ccr6 on thymic Treg cells from Ccr6™~ mice versus wild-type mice
versus CD25M subset.

(G) Percent of all thymic Treg cells and CD25M thymic Treg cells that stain positively for
Ccro.

All data are representative of three independent experiments with n = 3 mice.
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Figure 6. Ccl20 Preferentially Drives Neonatal Treg Cell Migration In Vitro
(A) CD4* enriched D9 thymocytes were incubated in a transwell system with various

chemokines, and cell migration to the lower transwell was assessed at 3 hr by flow
cytometry. Treg cell migration index for various chemokines; index calculated as fold
increase in Treg cells migrated in presence of chemokine (at 1,000 ng/ml) relative to no
chemokine control. Each data point depicts a technical replicate.

(B) Representative flow cytometry plot of CD4* population in lower transwell in the
presence of Ccl20 at 100 ng/ml versus no chemokine control.

(C) Percentage of Treg cells migrated to lower transwell at varying doses of Ccl20.
Calculated as number of Treg cells in lower transwell / number of Treg cells input to assay.
(D) Percentage of FoxP3"9 CD4* Teff cells migrated at varying doses of Ccl20.

Data in (A) are representative of two independent experiments; (B)—(D) are representative of
three independent experiments. See also Figure S3.
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Figure 7. Ccr6 Expression on Treg Cells Facilitates Their Migration into Neonatal Skin
(A) CD4* enriched thymocytes from CD45.1 WT and CD45.2 Ccr6~/~ mice were injected

intraperitoneally into D9 rag2~/~ neonates. Flow cytometry plots depicting percentage WT
versus Ccr6~/~ Treg cells in injected population on DO and in spleen, skin-draining lymph
nodes (SDLN), and skin of recipients 13 days post-transfer.

(B-D) Skin:spleen ratio for WT and Ccr6~/~ Treg cells (i.e., percentage of WT Treg cells in
skin divided by percentage of WT Treg cells in spleen) (B), skin:spleen ratio for WT and
Ccr6~/~ CD4* Teffs (C), and percentage of Ki-67* WT and Ccr6™/~ Treg cells in skin (D).
Data are representative of two independent experiments with n = 5 mice. See also Figure S4.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-mouse CD4 BV650 Clone RM4-5 BioLegend Cat#100546; RRID: AB_2562098

Anti-mouse CD3e BV711 Clone
145-2C11

BD Biosciences

Cat#563123

Anti-mouse CD8a BV605 Clone 53-6.7

BioLegend

Cat#100744; RRID: AB_2562609

Anti-mouse CD25 A780 Clone PC61.5

eBioscience

Cat#47-0251-82; RRID: AB_1272179

Anti-mouse CD45 A700 Clone 30-F11

eBioscience

Cat#56-0451-82; RRID: AB_891454

Anti-mouse CD45.1 PE Clone A20

BD Biosciences

Cat#553776; RRID: AB_395044

Anti-mouse CD45.2 A780 Clone 104

eBioscience

Cat#47-0454-82; RRID: AB_1272175

Anti-mouse CD152/CTLA-4 PE Clone
UC10-4F10-11

BD Biosciences

Cat#553720; RRID: AB_395005

Anti-mouse CD196/Ccré A647 Clone
140706

BD Biosciences

Cat#561753; RRID: AB_10893404

Anti-mouse CD278/ICOS FITC Clone
398.4A

eBioscience

Cat#11-9949-82; RRID: AB_465458

Anti-mouse TCRp PerCp-Cy5.5 Clone
H57-597

eBioscience

Cat#45-5961-80; RRID: AB_925764

Anti-mouse y6 TCR FITC Clone
eBioGI3

eBioscience

Cat#11-5711-82; RRID: AB_465238

Anti-mouse/human Ki-67-PeCy7 Clone
B56

BD Biosciences

Cat#561283; RRID: AB_10716060

Anti-mouse FoxP3-e450 Clone FJK-16s  eBioscience Cat#48-5773-82; RRID: AB_1518812
Rabbit anti-GPF Invitrogen Cat#A11122; RRID: AB_221569
Goat anti-Rabbit Alexa 488 Invitrogen Cat#A11070; RRID: AB_142134
Prolong Gold Antifade Mountant with Life Technologies Cat#P36931
DAPI
Bacterial and Virus Strains
Staphylococcus epidermidis Ti3298 Provided by Michael Otto;  N/A
wild-type Augustin and Gotz, 1990
Staphylococcus epidermidis Ti3298 Scharschmidt et al., 2015
with plasmid pJL71-2W-mcherry
Propionibacterium acnes HL110PA4 Provided by Yug Varma, HMP ID 9578
HM-555 strain originated from BEI
Resources, NIAID, NIH as
part of the Human
Microbiome Project
Corynebacterium accolens Neubauer et ATCC 49725

al.

Biological Samples

Fetal skin samples, discarded tissue from
elective termination procedures

Women’s Option Center at
Zuckerberg SFGH

https://irb.ucsf.edu/not-human-subjects-research

Chemicals, Peptides, and Recombinant
Proteins

Collagenase from Clostridium Sigma-Aldrich Cat#C9407
histolyticum, Type XI
DNase Sigma-Aldrich Cat#DN25
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REAGENT or RESOURCE SOURCE IDENTIFIER
Hyaluronidase from bovine testes Sigma-Aldrich Cat#H3506
Lipopolysaccharide from Escherichia Sigma-Aldrich Cat#L4391
coli0111:B4

Lipoteichoic acid from Staphylococcus Sigma-Aldrich Cat#L2515
aureus

Peptidoglycan from Staphlococcus Sigma-Aldrich Cat#77140
aureus

Tryptic Soy Medium BD-Bacto Cat#211825
Brain Heart Infusion Medium BD-Bacto Cat#237500
Tween 80 Fisher Cat#T164-500
Fatty acid-free Bovine Serum Albumin Sigma-Aldrich Cat#A8806

Recombinant Murine Ccll

R&D Systems

Cat#845-TC-025

Recombinant Murine Ccl2 Peprotech Cat#250-10
Recombinant Murine Ccl5 Peprotech Cat#250-7

Recombinant Murine Cxcl10 Peprotech Cat#250-16
Recombinant Murine Ccl11 Peprotech Cat#250-1

Recombinant Murine Ccl22 Peprotech Cat#250-23
Recombinant Murine Ccl20 Peprotech Cat#250-27
Critical Commercial Assays

RNeasy Fibrous Tissue Mini Kit QIAGEN Cat#74704

gentleMACS M Tubes

Miltenyi Biotec

Cat#130-093-236

Mouse Cytokines and Chemokines RT2
Profiler PCR Array

QIAGEN

Cat#PAMM-150Z

RNAlater Stabilization Solution Life Technologies Cat#AM7020
iScript Kit Advanced cDNA Synthesis Bio-Rad Cat#1725038
Kit for RT-gPCR
Power SYBR Green Cells to CT Kit Life Technologies Cat#F410L
PureLink DNase Set Life Technologies Cat#12185010
SsoAdvanced Universal SYBR Green Bio-Rad Cat#1725274
Supermix
E@tsySep Mouse CD4* T Cell Isolation StemCell Technologies Cat#19852

i
E@tsySep Mouse PE Positive Selection StemCell Technologies Cat#18554

i
RNAscope 2.5 HD Detection Kit — Advanced Cell Diagnostics ~ Cat#322300
Brown
Probe-Mm-Ccl20 Advanced Cell Diagnostics  Cat#434051
GasPak EZ Anaerobe Pouch System BD Fisher Scientific Cat#B260683

Mouse FoxP3 Buffer Set

eBiosciences

Cat#00-5523-00

Ghost Dye Violet 510 Live/Dead Stain

Tonbo Biosciences

Cat#13-0870-T100

Deposited Data

RNA sequencing files

This paper

GEO: GSE87130; https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE87130

Experimental Models: Organisms/Strains
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

SPF mice

Jackson Laboratory

C57BL/6J Cat#000664

GF mice

Germ-free C57BL/6J from
colony housed in
Sonnenburg lab at
Stanford University,
originally obtained from
Jeffrey Gordon’s lab at
Wash U.

C57BL/6J

CD45.1 mice

Jackson Laboratory

B6.SJL-Ptprc? Pepc?/BoyJ Cat#002014

Ccr6 ~~ mice

Jackson Laboratory

B6.129P2-Ccr6i™miPeen/y Cat#005793

FoxP3PTR mice

Jackson Laboratory

B6.129(Cg)-Foxp3m3(OTRIGFPAYT/ J Cat#016958

FoxP3SFP mice

Jackson Laboratory

B6.Cg-Foxp3™2Teh/] Cat#006772

Rag2~~ mice Jackson Laboratory B6(Cg)-Rag2™-1Can/] Cat#008449
K5-rtTA x tetO-Dkk1 mice (mixed Provided by Sarah Millar; N/A
genetic background) Chu et al., 2004; Kistner et

al., 1996
Oligonucleotides
Murine Ccl20 forward primer: Nagao et al., 2012 N/A
TTGCTTTGGCATGGGTACTG
Murine Ccl20 reverse primer: Nagao et al., 2012 N/A
TCGTAGTTGCTTGCTGCTTCTG
Murine Ccl22 forward primer: Kusumoto et al., 2007 N/A
TCTGATGCAGGTCCCTATGGT
Murine Ccl22 reverse primer: Kusumoto et al., 2007 N/A
TTATGGAGTAGCTTCTTCAC
Murine B2m forward primer: This paper N/A
TTCTGGTGCTCTCACTGA
Murine B2m reverse primer: This paper N/A
CAGTATGTTCGGCTTCCCATTC
Human Ccl20 forward primer: Loiseau et al., 2016 N/A
CTTTGATGTCAGTGCTGCTACT
Human Ccl20 reverse primer: Loiseau et al., 2016 N/A

GATTTGCGCACACAGACAACT

Human EIF3L forward primer:
TGACCCCTACGCTTATCCCAG

Wang and Seed, 2003

Primerbank ID 339275830c1

Human EIF3L reverse primer:
GTTTGCTGTTCATACTGACGTTC

Wang and Seed, 2003

Primerbank 1D 339275830c1

Recombinant DNA

pJL71-2W-mcherry

Scharschmidt et al., 2015

pJL71-2W-mcherry

Software and Algorithms

TopHat Trapnell et al., 2009 https://cch.jhu.edu/software/tophat/index.shtml

SAMtools Lietal., 2009 http://www.htslib.org

DESeq2 Anders and Huber, 2010 https://bioconductor.org/packages/release/bioc/html/DESeq2.html
HTSeq Anders et al., 2015 http://www-huber.embl.de/users/anders/HT Seq/doc/overview.html

R Statistical Computing Software

The R Foundation https://
Www.r-project.org/

https://www.r-project.org/

GraphPad Prism

GraphPad Software

http://www.graphpad.com/scientific-software/prism/

FlowJo

FlowJo

https://www.flowjo.com/solutions/flowjo
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other
Mice Doxycycline Diet (1g/kg) Bio-Serv Cat#S4096
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