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SUMMARY

IL-17-producing vd T cells express oligoclonal Vy4*
and Vy6* TCRs, mainly develop in the prenatal
thymus, and later persist as long-lived self-renewing
cells in all kinds of tissues. However, their exchange
between tissues and the mechanisms of their tissue-
specific adaptation remain poorly understood. Here,
single-cell RNA-seq profiling identifies IL-17-produc-
ing Vy6* T cells as a highly homogeneous Scart1*
population in contrast to their Scart2* IL-17-produc-
ing Vy4* T cell counterparts. Parabiosis demon-
strates that Vy6* T cells are fairly tissue resident in
the thymus, peripheral lymph nodes, and skin. There,
Scart1* Vy6™ T cells display tissue-specific gene
expression signatures in the skin, characterized by
steady-state production of the cytokines IL-17A
and amphiregulin as well as by high expression of
the anti-apoptotic Bcl2a1 protein family. Together,
this study demonstrates how Scart1* Vy6™ T cells un-
dergo tissue-specific functional adaptation to persist
as effector cells in their skin habitat.

INTRODUCTION

vd T cells constitute a major T lymphocyte population in mucosal
tissues and the skin and a minor T cell fraction within lymphoid
organs. yd T cells producing the pro-inflammatory cytokines
interleukin-17A (IL-17A) and IL-17F (y3T17) were ascribed pleio-
tropic functions: they can mediate local immune responses
against fungal or bacterial infections (Hamada et al., 2008; Lock-
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hart et al., 2006; Murphy et al., 2014; Sheridan et al., 2013;
Shibata et al., 2007; Sumaria et al., 2011), contribute to tissue
homeostasis during anti-viral responses (Guo et al., 2018) and
periodontitis (Krishnan et al., 2018), and regulate body thermo-
genesis (Kohlgruber et al., 2018). Moreover, ydT17 cells are
involved in the pathology of local inflammatory immune dis-
eases, such as arthritis (Reinhardt et al., 2016; Roark et al.,
2007), experimental autoimmune encephalomyelitis (Petermann
et al., 2010), or psoriasis (Cai et al., 2011; Hartwig et al., 2015;
Pantelyushin et al., 2012; Sandrock et al., 2018) as well as cancer
(Silva-Santos et al., 2015). The T cell receptors (TCRs) of y8T17
cells show little or no junctional diversity, and the TCR repertoire
is enriched for oligoclonal Vy6* or Vy4* y-chains (Heilig and To-
negawa nomenclature; Hayday et al., 1985). The TCR repertoire
of Vy6* ydT17 cells is dominated by one major invariant Vy6V31™*
clone lacking additional N-nucleotide insertions (ltohara et al.,
1990; Wei et al., 2015) and few semi-invariant Vy6V31* clones
(Fujikado et al., 2016; Sandrock et al., 2018), whereas Vy4*
vdT17 cells have an oligoclonal TCR repertoire with multiple
(semi)-invariant TCRs (Kashani et al., 2015; Wei et al., 2015).
The generation of highly invariant TCRs during murine intra-
thymic development is very similar to human-fetal-derived
Vy9* v3 T cells, which are proposed to circulate as a long-lived
population in the peripheral blood after birth (Dimova et al.,
2015; Vermijlen and Prinz, 2014). Comparably, the development
of innate y38T17 cells is restricted to the embryonic thymus where
they acquire the capacity to produce IL-17 prior to becoming
pre-activated CD27-, CD44"9" v3T17 cells (Haas et al., 2012;
Ribot et al., 2009; Shibata et al., 2008; Spidale et al., 2018).
This IL-17 production fate is coordinated by expression of
various transcription factors (e.g., Sox-proteins, Notch, Heb,
and PLZF) during early intra-thymic development (Gray et al.,
2013; In et al., 2017; Lu et al., 2015; Mair et al., 2015; Malhotra
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Figure 1. IL-17-Producing Vy6* T Cells Are Mainly Tissue Resident

(A) Frequencies of Vy4* and Vy6* vd T cells among IL-17A-producing CD44"9" 3 T cells in the indicated organs. Cells were measured after overnight IL-23

stimulation.

(B and C) CD45.1* and CD45.2* congenic mice were analyzed after 4 weeks of parabiosis by flow cytometry.

(B) Representative dot plot of pLN o T cells. Scatterplot shows frequency of host-derived ap T cells in pLN.

(C) Contour plots show gating and mean frequencies + SD of Vy4*, Vy6/5*, and double-negative (DN) y3 T cells. Scatterplots show proportions of host-derived v
T cells among indicated subsets. Pooled data of three pairs of parabiotic mice, mean + SD, one-way ANOVA with Bonferroni post-tests (not significant [ns]

p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

etal., 2013; Narayan et al., 2012; Powolny-Budnicka et al., 2011;
Shibata et al., 2011; Spidale et al., 2018). Of note, the defined
transcription factor expression programs intrinsically prime vyd
T cells to become IL-17 producers prior to and independent
of TCR signaling (Haas et al., 2012; Spidale et al., 2018). The
fact that the inflammatory cytokine IL-23 induces immediate
production of IL-17 on peripheral Vy6* or Vy4* T cells further
reflects their innate capability to directly enhance inflammatory
responses (Petermann et al., 2010; Sutton et al., 2009). However,
other studies suggested that TCR stimulation or IL-23 can drive
the peripheral differentiation of naive Vy4* y3 T cells into IL-17
producers (Muschaweckh et al., 2017; Papotto et al., 2017;
Zeng et al., 2012). Thus, the view of strictly innate, fetal-derived
vdT17 cells might apply only to Vy6* and a fraction of invariant
fetal-thymus-derived Vy4* y3T17 cells.

It appears that all Vy6* and a subset of Vy4* y3T17 cells are
primed during early life to subsequently home to specific
anatomic locations, to undergo local homeostatic expansion,
and to functionally adapt to their respective tissue niches. To
this end, several chemokine receptors, such as CCR2, CCR6
and CXCR6, are important for trafficking and recruitment of acti-
vated Vy6" and Vy4* y3T17 cells to tissues (Cai et al., 2014; Gray
et al., 2011; McKenzie et al., 2017; Ramirez-Valle et al., 2015;
Zhang et al., 2016). Expression of scavenger receptors (Scart1
and Scart2) may convey specific homing capabilities to ydT17
cells (Fink et al., 2010; Kisielow et al., 2008; Muzaki et al., 2017).
However, in contrast to dendritic epidermal T cells (DETCs), the
prototype of tissue-resident cells locating solely to the epidermis
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(Carding and Egan, 2002), ¥3dT17 cells might under certain cir-
cumstances be able to re-circulate between tissues (Aude-
mard-Verger et al., 2017; Romagnoli et al., 2016; Zhang et al.,
2016). Although specialized ydT17 cells sharing the same
invariant Vy6* TCR have recently been identified within diverse
peripheral tissues, such as skin, enthesis, or gingiva (Cai et al.,
2011; Gray et al., 2011; Kohlgruber et al., 2018; Reinhardt et al.,
2016; Sumaria et al., 2011; Wilharm et al., 2019), there is little in-
formation about their tissue residency and the gene expression
programs that direct their functional adaptation and terminal dif-
ferentiation within a given anatomic location.

Here, we addressed the tissue residency of Vy4* and Vy6*
T cells by using adult parabiotic mice and could show that espe-
cially Vy6* T cells are mainly but not exclusively tissue resident.
Next, we used single-cell RNA sequencing (RNA-seq) technol-
ogy to characterize transcriptional programs governing the tis-
sue-specific adaptation of Vy6* T cells isolated from thymus,
peripheral lymph node,s and skin and compared them to their
Vy4* T cell counterparts in skin.

RESULTS

Vy6* T Cells Are Mainly Tissue Resident

vd T cells are a major source for IL-17A and IL-17F in lymphoid
and non-lymphoid tissues (Papotto et al., 2018). Flow cytometric
analyses revealed that yd T cells with an IL-17-producing pheno-
type (CD27°CD44"9") expressed mainly Vy6* or Vy4* TCR
y-chains (Figure 1A). To study the tissue residency of Vy4* and
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Figure 2. Single-Cell RNA-Seq Identifies ¥3T17 Cells in Thymus
Single-cell transcriptome libraries were generated of FACS-sorted Vy6* thymocytes.

(A) tSNE visualization of the y3 T cells in thymus after non-linear dimensional reduction analysis. Cells are colored by clusters from un-supervised clustering. Each
point represents a single cell.

(legend continued on next page)
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Vy6* T cells, we generated parabiotic mice with the congenic
markers CD45.1 and CD45.2. a3 T cells circulated readily in sec-
ondary lymphoid organs, and after 4 weeks of parabiosis, we
observed complete chimerism for ap T cells, as indicated by
the equal distribution of CD45.1 and CD45.2 cells within the
hosts (Figure 1B). Similarly, in peripheral lymph nodes (pLNs)
Vy4/\V'y6 double-negative and Vy4* y3 T cells were equally
host- and donor-derived and, thus, freely exchanging (Figure 1C,
left). On the other hand, skin DECTs (Vy5*) were entirely of host
origin (99.57% =+ 0.15%), confirming their non-circulating pheno-
type (Figure 1C, middle). In contrast to DETCs, Vy6* T cells were
partially, but not exclusively, tissue resident in pLN (75.35% +
9.97%), thymus (90.10% =+ 12.86%), and skin (89.55% =+
7.23%). Additionally, thymus (84.10% =+ 16.17%) and skin
(84.42% + 7.48%) Vy4™ T cells mainly resided in the tissue,
whereas pLN Vy4™ T cells (55.52% =+ 8.26%) displayed a circu-
lating phenotype (Figure 1C). Altogether, these data support
the idea that ydT17 cells can be selectively trapped in lymph
nodes and that, in the steady-state, Vy6* v3T17 cells are princi-
pally, but not exclusively, tissue resident. Therefore, these data
suggest that Vy6* T cells locally adapt as resident cells to spe-
cific sites of the body but possibly retain the capability to circu-
late between tissues.

Single-Cell Transcriptome Analysis Identifies Tissue-
Resident Vy6* y3T17 Cells within Thymus

We next applied droplet-based single-cell transcriptomics to
better understand gene expression programs associated with
thymus residency of y3T17 cell populations. For this purpose,
thymus Vy6* v3 T cells were isolated by flow cytometric sorting
for single-cell RNA-seq analysis, as described in the methods
section (Figures S1A and S1B; STAR Methods). We obtained
single-cell transcriptomes of 2,414 vy3 thymocytes. Principal
component analysis for dimensional reduction and unsupervised
clustering were performed, and t-Distributed Stochastic
Neighbor Embedding (t-SNE) was adopted for data visualization.
We identified five separate thymus clusters and especially the
cluster 2 (Thy_2) clearly detached from the other four clusters
(Figure 2A). All five clusters can be defined by differentially
expressed genes (DEGs) (Figure 2B). Among the DEGs distin-
guishing the respective cell clusters, transcriptional regulators,
transmembrane proteins, and cytokine and chemokine receptors
were identified (Figure 2B). It is well established that
adult thymi harbor only mature Vy6* y3T17 cells being CD24~
CD27-CD44"" and that immature or interferon (IFN)-y-produc-
ing vd T cells can be defined by CD27 surface marker expression
(Haas et al., 2009; Ribot et al., 2009) (Figure S1C). Here, we
focused on the tissue-specific adaptation of mature Vy6*
v3T17 cells. However, due to difficulties with cell purity of fluores-
cence-activated cell sorting (FACS)-sorted Vy6* thymocytes
(Figure S1A), we first examined the expression of genes related

to yd T cell development and naive or IL-17-producing pheno-
types in all five thymus clusters. With the exception of cluster
2, all clusters expressed selected surface markers, chemokine
receptors, and transcription factors characteristic for immature
vd thymocytes (e.g., Cd24a, Cd27, Ccr9, Ccr7, and Sox4) (Mal-
hotra et al., 2013; Reinhardt et al., 2014; Ribot et al., 2009) (Fig-
ure 2C). Moreover, all Cd27* thymocytes displayed high Lck
gene expression, which encodes a central kinase involved in
TCR signaling (Figure 2C). Importantly, we identified mature
vdT17 cells within cluster 2 by expression of common marker
genes of IL-17 producing T cells, such as Cd44, Ccr2, Cxcr86,
1123r, Blk, and Maf, whereas Sox13 and Rorc mRNAs were rarely
detectable (Bauquet et al., 2009; Ciofani et al., 2012; McKenzie
et al., 2017; Petermann et al., 2010; Ribot et al., 2009; Spidale
et al., 2018; Zuberbuehler et al., 2019) (Figure 2D).

We further noted that Scart2 (5830411N0O6Rik), which is highly
expressed in IL-17-pre-committed Vy4* thymocytes (Spidale
et al., 2018), was rarely found in Vy6* thymocytes, whereas
Cd163I1 (Scart1) was readily detected in the Vy6* y3T17 cell
population (cluster 2) (Figure 2D). Similar to Cd163/1, Ly6a,
Tmem176a/b, and S100a mRNAs were exclusively present in
cluster 2 and contribute to the unique biology of mature CD44*
Vy6* ydT17 cells (Figure 2D; Figure S1D). In addition, Amical
(JAML), which has been described as a co-stimulatory receptor
of skin DETCs (Witherden et al., 2010), was detected in
Cd27°Cd44*Vy6* vd T cells (cluster 2) (Figure 2D; Figure S1D).

Next, we generated additional single-cell transcriptome li-
braries of highly pure Vy6* T cells isolated from pLN and skin
(Figure S2) and analyzed those together with the yd thymocyte
dataset by keeping organ and library identity. Non-linear dimen-
sional reduction analysis of the aggregated expression matrices
identified two pLNs, one skin and five thymus clusters, which
clearly segregated according to the respective tissues of origin
(Figure S3A). To further confirm the y3T17 phenotype of Vy6*
vd T cells within the respective clusters, cells were scored
against gene signatures of immature, naive, or IL-17-committed
T cells (Figure S3B). In line with these analyses, we considered
cells of thymus cluster 2 (Cd24~, Cd27-, and Cd44") as the
thymus-resident, mature Vy6* y3T17 cell population. For further
downstream analysis, only single-cell transcriptomes of Vy6* v
T cells with a y3T17 phenotype were included hereafter (Fig-
ure S3C). In addition, this first experiment was fully validated
by a second dataset retrieving highly similar results (Figure S4).

In summary, coincident single-cell transcriptome analysis of
vd thymocytes being either CD27+CD44'°" or CD27-CD44M9" al-
lowed us to compare immature, naive polyclonal yd T cells
versus mature Vy6* ydT17 cells, respectively. Hence, we identi-
fied Vy6" v3T17 cells by previously described common (e.g.,
Cd44, Ccr2, IL23r, and Blk) and potentially new and specific
(e.g., Amica1, Cd163I1 (Scart1), Tmem176a, and S100a6) line-
age-defining signature genes.

(B) Heatmap shows the top 10 upregulated DEGs of the respective clusters 1-5, identified in in the tSNE plot. Each column is the expression profile of a single cell.
Gene expression values are scaled by Log2 fold change (logFC). DEGs are defined with a detection rate at least one cluster (min-pct) of >10%, logFC of >0.5,

and adjusted p < 0.01 (by Wilcoxon rank-sum test).

(C and D) Gene expression features in tSNE map of DEGs (C) in immature and naive yd T cells clusters and (D) mature y3 T cells with an IL-17-producing

phenotype. Scale in log expression.
See also Figures S1, S2, S3, and S4.
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Figure 3. Vy6* T Cells Form Homogeneous but Distinct Subsets within Tissues

Integrated single-cell RNA-seq analysis of Vy6* T cells from pLN, ear skin, and thymus.

(A) The cleaned dataset from Figure S2D was analyzed further. The global mRNA expression profile of each cell is subjected to non-linear dimensional reduction
analysis and un-supervised clustering and visualized by tSNE map. Cells are colored according to their cluster, and each point represents a single cell.

(B) Module scores calculated from the expression of cell-cycle-related genes assigned each cell to the cell cycle phase are shown on the tSNE map.

(C) Volcano plot demonstrates DEGs and non-DEGs between the pLN_1 and pLN_2 clusters. Color codes label upregulated DEGs. DEGs with a minimal
percentage (min.pct) of <10% are not highlighted.

(D) Flow cytometric analysis of Ki67 expression in pLN, skin, and thymus Vy6* T cells. Left panel: Histogram shows the Ki67 expression of CD3*, y3TCR*, and
Vy6* T cells. Right panel: Quantification of Ki67* cells within the respective organ. Data are representative of two independent experiments, while each dot
represents one mouse.

(E) BrdU labeling of Vy6* T cells. TcrdH2BeGFP mice were provided with BrdU in drinking water for 8-12 days. Left panel: Histogram shows the BrdU incor-
poration of CD3*, ydTCR™, and Vy6™ T cells analyzed by flow cytometry. Right panel: Quantification of BrdU* cells within the respective organ. Data are pooled
from two independent experiments. One dot represents data of one mouse.

(legend continued on next page)
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Scart1* Vy6* T Cells Form Homogeneous but Distinct
Subsets within Tissues

Next, we investigated the transcriptional programs reflecting tis-
sue-specific adaptation of IL17-producing Vy6* T cells and
compared single-cell transcriptomes between Vy6* y3T17 cells
derived from pLN, thymus, and skin. The tSNE plot of 641
thymus, 1,381 pLN, and 510 skin Vy6* T cells depicted their clear
separation into four cell clusters (Figure 3A). Skin and thymus
Vy6* T cells each formed only one unifying cell cluster, whereas
pLN Vy6* T cells segregated to one major (pLN_1) and one
smaller cell cluster (pLN_2) (Figure 3A). We next investigated
the proliferative capacity of Vy6* T cells within the respective
clusters. To this end, all Vy6* T cells were scored based on the
expression of genes enriched in G1, G2M, and S phase of the
cell cycle, showing that these cells can undergo cell division (Fig-
ure 3B). However, besides the upregulated expression of genes
related to DNA replication, such as Top2a, Mki67, and Dnmt1 in
cluster pLN_2, cells of both pLN clusters displayed, in general,
highly similar gene expression programs (Figure 3C). Further
flow cytometric analysis of Ki67 expression in Vy6™ T cells iden-
tified 20% of Vy6* T cells as Ki67* within pLNs and thymus,
whereas skin Vy6* T cells showed low Ki67 expression (Fig-
ure 3D). Similarly, bromodeoxyuridine (BrdU) uptake of Vy6*
T cells pointed out that Vy6* T cells in pLN and thymus have a
higher proliferation rate than their skin counterparts (Figure 3E)
(Haas et al., 2012; Sumaria et al., 2011). This is consistent with
the idea that skin-resident Vy6* T cells are terminally differenti-
ated effector cells.

Next, we addressed transcriptional differences between
pLN-, skin-, and thymus-derived Vy6* y3T17 cells through a
detailed analysis of gene expression patterns. Although the
identified cell clusters (pLN_1, pLN_2, Skin, and Thy) shared
a number of common transcriptional programs, they clearly
separated by specific DEGs (Figure 3F; Figure S5A; Table
S1). These cluster-specific gene signatures were further re-
flected by differential expression of transcriptional regulators
(e.g., KIf2 in cluster pLN_1, Rel in skin; KIf4 in thymocytes) (Fig-
ure S5B), as well as extracellular proteins (e.g., ltgh1 or Cd48 in
both pLN clusters; Icam1 in skin; Ly6a in thymocytes) (Fig-
ure S5C). Notably, all Vy6* y3T17 cells were identified as
Scart1* (encoded by the gene Cd163/1) (Figure S5D), and
Vy6* y3T17 cells from pLN and skin shared the same common
(e.g., Cd44 and Ccr2) and hitherto unidentified (e.g., Amical
and Tmem176a/b) signature genes, as described above for
thymus (Figure S5D).

Next, we subjected all DEGs to KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathway analysis (Figure 3G). In line with
the identification of proliferating Vy6™ T cells in pLNs (Figures
3B-3E), KEGG pathways related to cell cycle and DNA replica-
tion were enriched in the pLN_2 cluster. On the other hand,
pathways linked to cellular activation and apoptosis were solely

upregulated in the skin, whereas the term “IL-17 signaling
pathway” was annotated to the thymocyte and skin clusters.
Interestingly, no functional KEGG pathways were enriched in
both pLN clusters, pointing to a non-effector phenotype of pLN
Vy6* T cells. Together, transcriptome analysis of thymus, pLN,
and skin revealed that Scart1® Vy6* T cells represent highly
homogeneous cell clusters that are adapted to their respective
tissue. Especially, the complementary data of Ki67* expression
and BrdU™" incorporation in Vy6™ T cells point to a higher prolifer-
ative capacity of pLN Vy6* T cells as compared to skin Vy6*
T cells, which shows a uniform highly activated effector pheno-
type at the RNA level.

Skin y3T17 Cells Show TCR Activation Profiles and an
Effector Phenotype

Skin vd T cells are constantly exposed to environmental cues at
the body surfaces (Nielsen et al., 2017). Here, single-cell RNA-
seq identified genes involved in T cell activation (e.g., Cd44,
Cd69, Nrdat, Il2ra, Itk, and Prr7) and genes that transduce acti-
vation (Phldat) to the TNFRSF (e.g., Fas, Traf1, Tnfrsf9, and
Phlda1) and nuclear factor kB (NF-kB) (e.g., Nfkbia, Nfkbid,
and Rel) pathway as upregulated in skin Vy6* T cells (Figure 4A).
Likewise, the recently identified negative regulator of aff T cell
activation Fam49b (Shang et al., 2018) was downregulated in
skin Vy6* T cells (Figure 4A). To validate these findings, a side-
by-side comparison of mMRNA and protein expression levels of
the selected genes reflecting T cell activation, namely Cd44,
Cd69, and Nr4a1 (Nur77), was performed (Figures 4B and 4C).
Violin plots highlight high mRNA expression levels of Cd44,
Cd69, and Nr4a1 (Nur77) within the individual cells of the skin
Vy6* T cell cluster (Figure 4B; Table S1), while FACS analysis
confirmed the higher expression of CD44, CD69, and CD25 by
skin as compared to pLN and thymus Vy6* T cells (Figure 4C)
(Sumaria et al., 2011). In addition, we took advantage of a mouse
model in which GFP is expressed under the control of the Nr4a1
promoter (Zikherman et al., 2012). The in vivo analysis revealed
highest Nur77 expression in skin ydT17 cells (Figure 4C). As
the immediate early activation gene Nur77 (Nr4al) reflects
antigen-receptor activation in B and T cells (Moran et al., 2011;
Zikherman et al., 2012), we asked whether signals by the TCR
drove the activation of effector functions in skin Vy6* T cells.
Indeed, skin and to some extent thymus, but not pLN Vy6*
T cells, expressed /l17a and /77f mRNA under steady-state con-
ditions (Figure 4D, top panel; Table S1). Of note, Ifng MRNA
expression was found in none of the cells (Figure 4D, bottom
panel; Table S1). Interestingly, mRNA of molecules mediating tis-
sue regeneration like Areg (Amphiregulin) and Tnfa were also up-
regulated in the thymus and skin Vy6* T cell clusters (Figure 4D,
bottom panel; Table S1). Finally, we studied the IL-17A cytokine
production capacity of pLN, skin, and thymus y3 T cells by using
IL-17A/IFN-y double-reporter mice. Importantly, a considerable

(D and E) Bars represent median value. Statistic: not significant (ns) p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by one-way ANOVA and Tukey’s

honestly significant difference (HSD) test.

(F) Heatmap illustrates the top 15 upregulated DEGs within the pLN, skin, and thymus Vy6* T cell clusters (scaled to logFC).
(G) KEGG pathways analysis of upregulated DEGs within the respective cluster. Here, only the most 10 enriched KEGG pathways of each Vy6* T cell cluster are

illustrated.
See also Figure S5 and Table S1.
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Figure 4. Skin Vy6* y3 T Cells Are Highly Activated and Natural IL-17A Producers
(A) Expression of genes related to T cell activation, TNF receptors, and the NF-kB-signaling pathway within the Vy6* T cell clusters (pLN1, pLN2, skin, and

thymus). Expression values were scaled by logFC.

(B) Violin plots show normalized and log-transformed gene expression of Cd44, Cd69, Cd25, and Nra4a1 within the Vy6" T cell cluster.
(C) Flow cytometric analysis of identified DEGs. Histograms display the expression of corresponding genes shown in (B) on CD3*, TCR3*, and Vy6* T cells (left
panel) and were quantified by dot plots (right panel). CD44, CD69, and CD25 were analyzed on C57BL/6 mice, and Nur77 expression was addressed in Nur77-

GFP reporter mice.
(D) Violin plots represent expression levels of selected cytokine genes.

(E) Estimation of steady state IL-17A production in thymus, pLN, and skin y3T17 cells from [117a-GFP/Ifng-YFP dual-reporter mice.
(C and E) The bars in scatterplots represent median value of each group. Statistic: not significant (ns) p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p <
0.0001 by one-way ANOVA and Tukey’s HSD test. Data are representative of at least two or three independent experiments, while one dot represents one

mouse.
See also Table S1.

fraction of skin CD44"M" v§ T cells were GFP(IL-17A)* when
analyzed directly ex vivo (30%), whereas IL-17A* v3 T cells
were rarely present in thymus and pLN samples (Figure 4E).
Notably, in both single-cell RNA-seq experiments the increase
of ll17a in skin (avg_logFC = 1.05) was more significant than in
thymus (avg_logFC = 0.30) (Table S1). This may explain the dis-
crepancies between the RNA and protein levels for thymus Vy6*
T cells. In summary, these data suggest that dermal Vy6* yd
T cells constantly receive activation signals by their TCR, which

is reflected in upregulation of genes linked to T cell activation
(Nrd4at) and molecules of the TNFRSF and NF-xB-signaling
cascade. This leads to terminal effector differentiation of skin
v3T17 cells, resulting in steady-state IL-17A production.

Functionally Differentiated Skin yd3T17 Cells Are
Protected from Apoptosis

It is conceivable that the chronic activation and the strong
effector profile observed in skin Vy6* T cells require a stringent
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Figure 5. Functionally Differentiated Skin y3T17 Cells Are Protected from Apoptosis

(A) Fas expression within individual Vy6* T cells of the pLN1, pLN2, skin, and thymus clusters.

(B) CD95 (Fas) protein expression on gated CD3*, TCR3*, and Vy6* T cells was analyzed by FACS, and mean values are illustrated as histograms and dot plots.
(C) Heatmap shows the expression of detected BCL2 family genes in the pLN1, pLN2, skin, and thymus Vy6* T cell clusters. Gene expression levels were scaled
to logFC.

(D and E) Lymphocytes of pLNs and skin were treated with DMSO (control) or BCL2 inhibitors, following analysis of (D) activated caspase-3/7 expression or (E)
tetramethylrhodamine, ethyl ester (TMRE) by FACS.

(D) Contour plots illustrate activated caspase-3/7 CD3*, ydTCR* and Vy6* T cells or CD3*, ydTCR"" DETCs. Activated caspase 3/7 expression was quantified
by scatterplots.

(legend continued on next page)
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regulation to ensure their longevity. Because activated skin Vy6*
T cells, showed at mMRNA- and protein-level upregulation of the
TNF-receptor CD95 (Fas) (Figures 5A and 5B), previously linked
to activation-induced cell death in o T cells (Zhan et al., 2017),
we wondered which cell-intrinsic factors mediated the long-term
survival of skin y3T17 cells. To this end, we examined the
expression of molecules regulating apoptotic cell death, such
as the Bcl2 family members, which can have either pro-
apoptotic (e.g., Bax and Bim) or anti-apoptotic functions (e.g.,
Bcl2, Mcl-1, and Bcl2ala-d) (Carrington et al., 2017; Vogler,
2012). Of note, skin Vy6* T cells showed high mRNA expression
of Bcl2ala, b, and d (Figure 5C; Table S1), which are direct
targets of the NF-kB-signaling cascade and act as pro-survival
factors (Vogler, 2012), while Bcl2aic is a pseudogene (Hata-
keyama et al., 1998). To address the functional relevance of
anti-apoptotic proteins in skin ydT17 cell survival, apoptosis
was induced in yd T cells collected from pLN and skin of wild-
type mice by treating them with a combination of two Bcl2-family
inhibitors called ABT737 (inhibitor of Bcl2, Bcl-xl, and Bcl-w)
and S63845 (inhibitor of Mcl-1) (Montero and Letai, 2018). Dysre-
gulation of the Bcl2 family is fundamental to the pathophysiology
of many hematologic malignancies (Valentin et al., 2018). There-
fore, inhibitors targeting these pro-survival genes, called BH3
mimetics due to their selective binding to the BH3 domain of
several members of the anti-apoptotic Bcl2 protein family, are
potent inducers of mitochondrial apoptosis and, thus, used in
targeting hematologic malignancies. After 3 h of co-incubation,
cell death was determined through monitoring caspase3/7 acti-
vation by flow cytometry in Vy6* T cells of pLN and skin (Fig-
ure 5D). In pLNs, cleaved caspase 3 was present in 23.74%
(£4.99%) of cells treated with inhibitors, as compared to
8.17% (+1.44%) in DMSO-treated cells. Similar results were
obtained for skin Vy5" DETCs (12.53% + 2.50% compared to
3.35% + 0.99%) (Figure 5D). Importantly, activation of cas-
pase3/7 did not significantly change in skin Vy6" T cells incu-
bated with DMSO or inhibitors (14.18% + 6.60% to 14.41% +
6.04%) (Figure 5D), indicating that skin Vy6* T cells could be
protected from apoptosis by Bcl2al proteins, as these were
not affected by ABT-737 or S63845 treatment. At the same
time, the mitochondrial outer membrane potential was deter-
mined by TMRE expression on all CD27-, CD44"s" vy6*
T cells of pLN and skin as well as Vy5" DETC treated with
DMSO or Bcl2-family inhibitors (Figure 5E). In pLNs, the percent-
age of TMRE-negative CD44"" +8T17 was much higher
(48.50% = 7.32%) in inhibitor-treated cells than in DMSO con-
trols (23.70% + 7.20%), indicating membrane potential loss
due to cellular apoptosis (Figure 5E). In contrast, skin y3T17 cells
(9.62% + 2.57%) or DMSO (7.14% + 2.39%) but not Vy5* DETCs
(61.23% =+ 5.76% [inhibitor] versus 12.28% + 2.02% [DMSQ])
showed similar TMRE expression in the presence of inhibitors
(Figure 5E). In summary, we show that Bcl2a1 family proteins
are specifically expressed in skin but not in thymus or pLN-
derived y3T17 cells. Functionally, skin ydT17 cells were pro-

tected from Bcl2/Bcl-xI and Mcl-1 inhibitor-induced cell death,
suggesting that other anti-apoptotic Bcl2 homologs, i.e., most
likely Bcl2a1 proteins, ensure the survival and long-term mainte-
nance of dermal effector yd3T17 cells. However, in the steady
state, mice lacking all functional Bcl2a1 proteins (Schenk et al.,
2017) did not show reduced numbers and frequencies of
v3T17 cells in dermis (Figure S6).

Skin Vy6* and Vy4* T Cells Are Highly Similar but Can Be
Separated by Expression of Scart1 and Scart2

In contrast to Vy4* v3 T cells in lymphatic organs, but similar to
skin Vy6* v3 T cells (Figure 4B), all skin Vy4* y3 T cells are uni-
formly CD44"" (Figure 6A), thus pointing toward similar func-
tional phenotypes of skin Vy6* and Vy4* y3T17 cells (Cai
et al., 2011; Gray et al., 2011; Haas et al., 2012; Sumaria et al.,
2011). To understand the molecular differences between skin
Vy4* and Vy6* ydT17 cells, we generated an additional single-
cell RNA-seq dataset comprising 864 sorted Vy4* T cells iso-
lated from ear skin (Figures S3B and S3C). Integrated analysis
of these Vy4* skin T cell single-cell transcriptomes together
with the skin Vy6* T cell library showed that Vy6* and Vy4*
T cells form one unifying cluster (Figure 6B). Gene expression
programs of skin Vy6* and Vy4* T cells were highly parallel
and only a few DEGs (38 genes, average logFC > 0.5) could
be identified, indicating that the two skin y3dT17 cell subsets
are functionally very similar (Figure 6C). Especially, gene signa-
tures of skin ydT17 cells, such as Cd69, Nr4a1 (Nur77), Nfkb1,
Bcl2aid, and Sdc4, but also of all mature activated ydT17 cells
including Cd44, Amica1, and Maf, were detected in both groups
(Figure 6D). Thus, independent of their expressed TCR y-chain,
all skin ydT17 cells displayed a surprisingly similar activated
phenotype. Besides all parallels, identification of some DEGs
determined so far unknown markers to distinguish skin Vy4*
and Vy6* T cells. Only skin Vy4™ T cells were 5830411NO6Rik
(Scart2) and Cd9-positive and showed higher Lgals3 (Galec-
tin-3) and /I717f expression, whereas Cd163/1 (Scart1), Ccr2,
Pdcd1 (PD-1), and Bcl2ala were more abundant in Vy6*
T cells (Figure 6E). Flow cytometric analysis confirmed that the
inhibitory receptor PD-1 is expressed on a larger fraction of
skin Vy6* (79.2% + 4.2%) compared to Vy4* (14.6% + 4.6%)
T cells, thereby adding an additional level of regulation (Fig-
ure 6F). Finally Scart2, present on y3 T cells expressing IL-17
(Kisielow et al., 2008; Muzaki et al., 2017) and recently shown
to identify pre-programmed Vy4* ydT17 cells during intra-
thymic development (Spidale et al., 2018), was exclusively pre-
sent on pLN, skin, and thymus Vy6~ T cells (Figure 6G), whereas
skin Vy6* T cells solely expressed mRNA of Cd7163/1 (Scart1)
(Figure 6H). Overall, integrated analysis of skin y3dT17 cells
demonstrated overlapping functional phenotypes for both
Vy4* and Vy6* ydT17 cells. However, mutually exclusive
expression of Scart2 versus Scart1 distinguishes Vy4* and
Vy6* v3T17 cells, possibly reflecting their distinct ontogenetic
origin.

(E) TMRE expression was determined on CD44"9"CD27~ 3 T cells in pLN and skin or CD3*, TCR"®" skin DETCs and quantified by scatterplots.
(B, D, and E) Data are representative of two to three independent experiments using four to eight mice per experiment. Bars represent median value of each
group. Statistic: ns p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by one-way ANOVA and Tukey’s HSD test (B) or paired Student’s t test.

See also Figure S6.
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Figure 6. Skin Vy6* and Vy4* T Cells Are Highly Similar but Can Be Separated by Expression of Scart1 and Scart2

(A) Flow cytometry analysis to determine CD44 expression on Vy4* T cells in skin, pLN, and thymus. Data are representative of three independent experiments.
(B) Single-cell transcriptome libraries of skin Vy4* and skin Vy6* T cells were integrated by keeping library identity, following dimensional reduction analysis and

tSNE visualization.
(C) Volcano plot shows similarities and differences between Vy4* and Vy6* T cells. Upregulated DEGs are color coded to either Vy4* (red) or Vy6* (blue) T cells.

Most differentially expressed genes are shown on the plot.

(legend continued on next page)
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DISCUSSION

Starting with the observation that Vy6* y3T17 cells represented
mostly tissue-resident effector cells in thymus, pLN, and skin,
our study focused on the functional adaptation of Vy6* y3T17
cells in the respective tissues at the single-cell level. We found
that Vy6* T cells formed highly homogeneous cell populations
within adult thymus, pLNs, and skin that could be delineated
by tissue-specific transcription programs. Surprisingly, pLN
contained a separate cluster of Vy6* T cells that was less prom-
inently enriched for genes of the G1 phase. Furthermore, orthog-
onal data indicated a higher cell proliferation of pLN and thymus
Vy6* T cells than the skin. Supported by the findings that Vy6*
v3T17 cells are (1) fairly but not exclusively tissue resident, (2)
have a higher motility than skin DETCs, and (3) can traffic be-
tween tissues under homeostatic conditions or inflammatory re-
sponses (Cai et al., 2014; Gray et al., 2011; Hartwig et al., 2015;
McKenzie et al., 2017; Ramirez-Valle et al., 2015; Sandrock et al.,
2018; Sumaria et al., 2011; Zhang et al., 2016), it is tempting to
speculate that proliferating Vy6* T cells in pLN and thymus pro-
vide a dormant reservoir for future tissue effector Vy6* T cells. In
other words, the less-activated CD69™9, Vy6* T cells in pLN and
thymus are still capable of cell proliferation before undergoing
their final differentiation to become tissue-specific effector
Vy6* T cells elsewhere. In line with our parabiosis experiments
showing that the majority, but not all, of Vy6* T cells display tis-
sue residency, we propose that Vy6" T cells from pLN and
thymus can migrate to the skin and refill the pool of terminally
differentiated skin Vy6* T cells, which are PD1* and eventually
undergo apoptosis after fulfilling their protective functions in
the skin for a certain time. Further studies using disease models
are needed to test this hypothesis.

In addition, our data suggest that the highly activated skin-
screening effector yd8T17 cells require a stringent regulation.
Here, the strikingly specific and high expression of Bcl2a1 pro-
teins in skin-derived Vy4* and Vy6* y3T17 cells may ensure
their persistence and longevity. Albeit vd T cell numbers are
reduced in the spleen of Bcl2a1 triple knockout mice (Schenk
et al., 2017), dermal yd T cells were not significantly affected
under steady-state conditions, presumably due to compensa-
tory effects by other anti-apoptotic proteins. So far, the anti-
apoptotic family proteins Bcl2a1 have been described to be
upregulated in a TCR-dependent manner during thymic devel-
opment of y3T17 cells (Munoz-Ruiz et al., 2016) and to protect
human TCR-activated Vy9V32* yd T cells from apoptosis
(DeBarros et al., 2011) The latter studies are consistent with
our observation that BH3 mimetics targeting all other anti-
apoptotic proteins, including Bcl2, Bcl-xI, Bcl-w, and Mcl-1
but not the Bcl2a1 family, induced apoptosis in lymph-node-

derived y3T17 cells and skin Vy5" DETCs but not in skin
vdT17 cells. Together, our data support the idea that effector
v3T17 cells in the skin may specifically rely on the expression
of anti-apoptotic Bcl2al proteins for protection from activa-
tion-induced cell death.

Our study further pointed out that TNFRSF- and NF-«xB-
signaling pathways are active in skin y3T17 cells, which is also
reflected by increased Nur77 expression in skin Vy6* y3T17
cells. Similar to tissue-resident Roryt* a3 T cells (Vasanthakumar
et al., 2017), these intracellular pathways might be TCR-depen-
dent and critical for the tissue-specific function and homeostasis
of skin Vy6* y3T17 cells. Because ligands of human v3 T cells
can comprise self-antigens or metabolic bi-products of microbi-
al pathways (Adams et al., 2015), we hypothesize that either
endogenous tissue-specific signals and/or the local microbiota
are driving TCR-mediated activation pathways in the skin
vdT17 cells (Muzaki et al., 2017; Wilharm et al., 2019). Akin,
gene signatures of skin y3T17 cells were very similar to lymphoid
TCR-activated yd T cells (DeBarros et al., 2011; Munhoz-Ruiz
et al., 2016). Moreover, the observed absence of Lck expression
in y3T17 cells is in accordance with previous data showing that
Lck is dispensable for the development and function of Vy6V31*
T cells (Fujise et al., 1996) and Vy4* T cells (Spidale et al., 2018),
whereas the high Lck expression in single-cell transcriptomes of
CD27* v thymocytes might reflect different TCR signaling path-
ways to become IFN-y-producing 3 T cells (Jensen et al., 2008;
Mufoz-Ruiz et al., 2016; Sumaria et al., 2017; Turchinovich and
Hayday, 2011). Unlike CD27* v3 T cells, shown to immediately
upregulate Nur77 upon in vitro TCR-stimulation, Vy6* T cells in
lymph nodes were rather slow responders to activation by their
TCR (Wencker et al., 2014). In our study, transcriptome data sug-
gested that skin y3T17 cells were chronically activated indepen-
dent of Lck but possibly by their TCR, resulting in activation of
the NF-kB-signaling pathway and //17a and Il17f expression un-
der steady-state conditions. It remains to be established
whether v3T17 cells resident in other peripheral non-lymphoid
(mucosal) tissues share similar gene expression programs with
their skin counterparts.

The constant production of IL-17A highlights that skin-resident
v3T17 cells have undergone a final functional differentiation into
effector cells but may question the potential pro-inflammatory
role of ydT17 cells under steady-state conditions (Papotto
etal., 2018). Indeed, y3T17 cells were recently shown to mediate
adipose tissue (Kohlgruber et al., 2018) and lung homeostasis
(Guo et al.,, 2018) by the IL-17-IL-33 axis, and in the skin,
IL-17A may induce IL-33 expression in keratinocytes. This, in
turn, may promote Areg and IL-22 production by other skin-resi-
dent lymphocytes (Guo et al., 2018; Molofsky et al., 2015) and
thereby regulate tissue-homeostasis. Likewise, gingival ydT17

(D and E) Signature genes of y3T17 cells (present in Vy4* and Vy6* T cells) (D) and selected DEGs between skin Vy4* and Vy6* T cells (E) are displayed by violin

plots.

(F) PD-1 expression of skin Vy4™ and Vy6* T cells was determined by flow cytometry. Scatterplot illustrates the quantification of PD-1* y3 T cells.
(G) Lymph node, skin, and thymus v3 T cells were analyzed for Scart2 expression by flow cytometry by gating on CD3*, TCR3'°" and Vy4*, or Vy6* T cells and

quantified by dot plots.

(F and G) The bars represent the median value of each group. Statistic: ns p > 0.05, *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by paired Student’s t test. Data
are representative of at least two independent experiments using four to five mice per experiment.
(H) Correlated mRNA expression of Scart1 and Scart2 on integrated Vy4* and Vy6* T cell datasets. Color codes indicate library identity (skin Vy4* or Vy6* T cells).
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cells were shown to produce Areg to maintain oral barrier
homeostasis (Krishnan et al., 2018). Interestingly, in our tran-
scriptome data, mRNA of Areg was expressed in skin and
thymus y3T17 cells but not in pLN y3T17 cells.

Finally, it is debatable whether these functions are specific for
Vy6* y3T17 cells. Although the Vy6* TCR might be involved in
the local activation of skin Vy6* y3T17 cells, skin-resident
Vy4* T cells displayed extremely similar gene expression pro-
grams. Also, recent single-cell transcriptome data of other tis-
sue-resident lymphocytes showed very complementary profiles
(e.g., Sdc4, Furin, or Gadd45b expression) (Miragaia et al.,
2019). Nevertheless, we observed some notable DEGs, coding
for CD9, Galectin-3, and Scart2 as well as IL-17F in skin Vy4*
T cells and PD-1, Scart1, and IL-17A in skin Vy6* yv3T17 cells.
This may guide different functionalities or homing capabilities.
Regarding the mutually exclusive expression of Scart1 and
Scart2in Vy6* T cells and Vy4* T cells, respectively, we suggest
that they could reflect an even earlier ontogenetic origin (Kisie-
low et al., 2011) of fetal-derived Vy6* y3T17 cells, whereas
Scart2 has been described as a marker of long-living Vy4*
v3T17 cells (Kisielow et al., 2008; Muzaki et al., 2017; Spidale
et al., 2018).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 711 anti-mouse CD3e Antibody Biolegend Cat#100349; RRID:AB_2565841

Brilliant Violet 605 anti-mouse CD3e Antibody Biolegend Cat#100351; RRID:AB_2565842

PE/Cy7 anti-mouse CD3e Antibody Biolegend Cat#100320; RRID:AB_312685
PerCP/Cy5.5 anti-mouse CD95 (Fas) Antibody Biolegend Cat#152610; RRID:AB_2632905

Brilliant Violet 605 anti-mouse CD69 Antibody Biolegend Cat#104529; RRID:AB_11203710
PerCP/Cy5.5 anti-mouse CD69 Antibody Biolegend Cat#104522; RRID:AB_2260065
PerCP/Cy5.5 anti-mouse/rat/human CD27 Antibody Biolegend Cat#123214; RRID:AB_2275577

Brilliant Violet 711 anti-mouse Ly-6A/E Antibody Biolegend Cat#108131; RRID:AB_2562241

Alexa Fluor® 647 anti-mouse JAML Antibody Biolegend Cat# 128506; RRID:AB_1186014

Brilliant Violet 711 anti-mouse/human CD44 Antibody Biolegend Cat#103057; RRID:AB_2564214

Zombie Aqua Fixable Viability Kit Biolegend Cat#423102

APC Anti-mouse TCR v/d Antibody Biolegend Cat#118116; RRID:AB_1731813
Anti-CD44-VioBlue, mouse Miltenyi biotec Order no: 130-116-495; RRID:AB_2727570
CD45.2-VioGreen, mouse Miltenyi biotec Order no: 130-102-312; RRID:AB_2660725
Anti-TCRB-APC-Vio770, mouse Miltenyi biotec Order no:130-104-811; RRID:AB_2654026
Anti-TCRp-PerCP-Vio700, mouse Miltenyi biotec Order no:130-104-816; RRID:AB_2654028
Anti-TCRy/3-PE-Vio770, mouse Miltenyi biotec Order no: 130-104-010; RRID:AB_2654084
Anti-Ki-67-PE-Vio770, human and mouse Miltenyi biotec Order no: 130-100-291; RRID:AB_2752141
PE-CF594 Hamster Anti-Mouse CD279 BD Bioscience Cat#562523; RRID:AB_2737634

BD PharMingen PerCP-Cy5.5 Rat Anti-Mouse CD25 BD Bioscience Cat#551071; RRID:AB_394031

CD45.1 Monoclonal Antibody (A20), PerCP-Cyanine5.5 ThermoFisher Cat#45-0453-82; RRID:AB_2534955

IgM Monoclonal Antibody (RM-7B4), PE ThermoFisher Cat#12-434282; RRID:AB_10668833
anti-Ter-Vy4 (clone: UC3-10A6) homemade Dent et al., 1990

anti-Ter-Vy5/Vy6 (clone: 17D1) homemade Roark et al., 2007

anti-Scart-2 (clone: 25A2) homemade Kisielow et al., 2008
anti-TCRy/3-unlabeled (clone: GL3) homemade N/A

anti-CD4 IgM (M31) homemade N/A

anti-CD8 IgM (RL1.72) homemade N/A

anti-CD4-biotin (clone RMCD4-2) homemade N/A

anti-CD8B-biotin (RMCD8) homemade N/A

Anti-FcR Antibody homemade cell culture supernatant

Chemicals, Peptides, and Recombinant Proteins

Foxp3 / Transcription Factor Staining Buffer Set ThermoFisher Cat#00-5523-00
CellEvent Caspase-3/7 Green Reagent solution ThermoFisher Cat#C10423
Collagenase IV Worthington Cat#L.S004188
DNase |, grade Il Roche Cat#10104159001
Standard Rabbit Complement Cederlane Cat#CL3120
Lympholyte®-M Cell Separation Media Cederlane Cat#CL5035
Percoll® Sigma-Aldrich Cat#P4937-500ML
ABT-737 Selleck Chemicals Cat#S1002
S63845 Selleck Chemicals Cat#S8383
TMRE-Mitochondrial Membrane Potential Assay Kit Abcam Cat#ab113852

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Chromium Single Cell 3’ reagent kits v2 10xGenomics Cat#120267

Streptavidin Microbeads

Miltenyi biotec

Order no:130-048-101

Deposited Data

Data files for single cell RNA sequencing This paper GSE123400
Experimental Models: Organisms/Strains

mouse: C57BL/6NCrl Charles River N/A

mouse: C57BL/6-Trdc'™ ™! Prinz et al., 2006 JAX ID 016941
mouse: B6.FVB(Cg)-Tg(Nr4a1-EGFP)GY139Gsat Zikherman et al., 2012 N/A

mouse: IFNvy/IL17A-dual-reporter mice
(B6.129S4-Ifng ™1™ x B6.129S4-//17a'™1Begen)

mouse: B6.129S-Tcrd!™1-1(cre/ERT2)zhu
mouse: CD45.2+ C57BL/6

mouse: CD45.1+ C57BL/6

mouse: C57BL/6-A1~"~

mouse: B6;SJL-Tg(ACTFLPe)9205Dym/J

Laboratory of Bruno Silva-Santos

Zhang et al., 2015

Harlan Laboratories (Rehovot, Isreal)
Jackson Laboratory

Schenk et al., 2017

Rodriguez et al., 2000

JAXID 017581 x JAX ID 018472

JAX ID 031679
N/A
JAX'ID 002014
N/A
JAX ID005703

Software and Algorithms

Seurat v2.3
Cell Ranger v2.2
clusterProfiler

FlowJo10.0

Butler et al., 2018
10xGenomics
Yu et al., 2012

FlowdJo, LLC

https://satijalab.org/seurat/
https://support.10xgenomics.com/

https://github.com/GuangchuangYu/
clusterProfiler

https://www.flowjo.com

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, Sarina

Ravens (ravens.sarina@mh-hannover.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used C57BL/6NCrl mice, C57BL/6-Trdc™™?' (here Tcrd-H2BEGFP) mice (Prinz et al., 2006), B6.129S-Tcrd!™!-1Cre/ERT2)1Znu,
(here Terd®™E mice (Zhang et al., 2015), B6;SJL-Tg(ACTFLPe)9205Dym/J (here ACT-FLPe) mice (Rodriguez et al., 2000), and
B6.FVB(Cqg)-Tg(Nr4a1-EGFP)GY139Gsat (here Nur77-GFP) mice (Zikherman et al., 2012).

The IFNy/IL-17A-dual-reporter mice were obtained by crossing B6.129S4-/fng"™3 1Y (Reinhardt et al., 2009) and B6.129S4-
1117a"™1Beee" mice (purchased form Biocytgen, BcG-0001) and Bcl2a1 triple-knock-out mice (C57BL/6-A17'7) have been described
previously (Schenk et al., 2017). For all experiments adult mice of both genders were used and allocated randomly to the experi-
mental groups. Mice were kept under specific pathogen free conditions in the central animal facility at Hannover Medical School.
For dissection of organs and preparation of single cell suspensions mice were sacrificed by CO,-inhalation and cervical dislocation.
All experimental procedures were conducted according to institutional guidelines approved by Lower Saxony State Office for Con-
sumer Protection and Food safety animal care and use committee (reference number 33.19-42502-04-17/2704).

For parabiosis experiments 12 weeks old male CD45.2" and CD45.1" C57BL/6 mice were used. Mice were housed in the same
cage for two weeks before the surgery. After surgery mice were maintained on a soft diet. The Hebrew University Institutional Animal
Care and Use Committee approved the used parabiosis protocol (approval number MD-17-15356-5)

METHOD DETAILS

Parabiosis

For parabiosis surgery lateral skin incisions were made from elbow to knee in each mouse, forelimbs and hind limbs were tied
together using nylon suture, and the skin incisions were closed using stainless steel wound clips. Blood exchange was confirmed
14 days after parabiosis by examining B cell chimerism using flow cytometry. Tissues were collected 4 weeks after the surgery in
order to assess yd T cells. The percentage of host cells in a given T cell subset corresponds to the percentage of CD45.1* cells
for the CD45.1 and the percentage of CD45.2" cells for the CD45.2 parabiont.
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BrdU Assay

BrdU was administered to the drinking water at a concentration of 0.8 mg BrdU / ml. Mice were analyzed after 8 — 12 days with BrdU-
supplemented drinking water. BrdU staining of indicated organs was performed using BD Pharming BrdU Flow Kit (BD Biosciences)
according to manufactures instructions.

Single-cell suspension preparation

To isolate lymphocytes from ear skin, ears were split into dorsal and ventral layers, cut into small pieces, and digested in RPMI media
supplemented with (2mg/ml) collagenase IV (Worthington) and (187.5 ng/ml) DNasel (Roche) for 75 minutes at 37°C under 1400 rpm
of shaking. After stopping the digestion with 5mM EDTA, ears were further dissociated via a 18G needle. Next, cells were filtered
through a 100 uM cell strainer (Falcon) for density gradient centrifugation using 40% and 70% Percoll solutions and re-suspended
in MACS buffer (PBS with 3% FCS and 4mM EDTA).

Single cell suspensions from thymus and pLNs (including superficial cervical, axillary, brachial and inguinal lymph nodes) were
obtained by filtering organs through nylon gaze. Thymus samples were depleted for CD4* and CD8* T cells in two ways: For single
cell transcriptome library generation of FACS-sorted Vy6* T cell, CD4* and/or CD8"* thymus cells were lysed via incubation with
monoclonal anti-CD4 and anti-CD8f IgM (homemade), DNasel (Roche) and Standard Rabbit Complement (Cederlane) at 37°C for
30 minutes. Next, thymus cells were retrieved via Lympholyte M (Cederlane) density gradient centrifugation. For all flow cytometric
analysis experiments, thymocytes were incubated with biotinylated anti-CD4 and anti-CD8p antibodies (homemade). After washing,
re-suspended cells were incubated with Streptavidin MicroBeads (Miltenyi Biotec) and non-labeled cells were isolated via autoMACS
(Miltenyi Biotec) separation according to the manufacturer guidelines.

Flow cytometry and antibodies

Fc-receptors were blocked with FcR antibody (clone 2.4G2). The antibodies CD3e (clone 145-2C11), CD95 (clone 5A367H8), CD69
(clone H1.2F3), CD27 (clone LG3A10), Ly6a (clone D7), JAML (clone 4E10) and CD44 (clone IM7) and Zombie Aqua Fixable Viability
Kit, all purchased from Biolegend, and Tcrf (clone: REA38), CD44 (IM7.8.1) and Ki67 (clone: B56), purchased from Miltenyi biotec,
PD-1 (clone: J43) and anti-rat IgM (clone: RM-7B4), CD25 (clone: PC61), purchased from BD Bioscience, were used in this study. The
anti-Tcrd (clone: GL3), anti-Vy4 (clone: UC3-10A6), anti-Vy5/v6 (clone: 17D1) antibodies were homemade. The anti-Scart-2 (clone:
25A2) has been described previously (Kisielow et al., 2008). The V6 staining was done according to Haas et al. (2012). Briefly, after
pre-incubation with unlabeled GL3 antibody, the anti-Vy5/6 antibody was added to subsequently stain with anti-lgM-PE. For
intracellular Ki67 staining the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) was used. LSR Il (BD Bioscience) was
employed for flow cytometry. For flow cytometry data, we analyzed and visualized the data by FlowJo10.0, R package ggplot2,
ggpubr and rstatix.

BCL2 block and apoptosis measurement

In order to block BCL2, cells (<3*10° cells/mL) were incubated with 1.6 uM of ABT737 (Selleck Chemicals) together with 0.8 uM of
S63845 (Selleck Chemicals) or 0.2% DMSO for 3 hours at 37°C. Apoptosis was assessed by using (i) CellEvent Caspase-3/7 Green
Reagent assay (ThermoFisher) or (ii) mitochondrial transmembrane potential assay (TMRE, Abcam) according to the manufactures
recommendations.

Generation of single-cell RNA-seq libraries

FACS-Aria Il (BD Bioscience) was used for cell sorting of indicated cell populations into PBS/4mM EDTA/5%FCS. Sorted cells were
diluted to < 1000 cells/uL. Single cell sequencing libraries were generated using the Chromium Single Cell 3’ reagent kits v2
according to the manufactures protocol (10xGenomics). Indexed libraries were pooled, and paired-end sequencing was performed
(Hiseq4000/Illumina).

Sequencing data processing
Sequence reads were aligned to the reference mouse genome mm10 (UCSC), following generation of barcode-gene matrices via Cell
Ranger v2.0 (10xGenomics). Data from ambient RNA was trimmed based on nUMI-barcode saturation curve.

Cell clustering and differentially expressed genes profile

The R package Seurat v2.3 was used under R v3.5 for data trimming, unsupervised clustering and visualization (Butler et al., 2018).
Briefly, to remove cells with poor sequence read quality, doublets and stressed cells, genes expressed on less than 10 cells and
cells that had a gene number lower 400 or higher than 2500 were removed. Mitochondrial gene ratio was calculated to filter out cells
with more than 8% mitochondrial genes (llicic et al., 2016). Next, the function ‘NormalizeData’ was applied to normalize for differ-
ences on sequencing depth across single cells. Cell cycle score and cell phases were assigned by the function ‘CellCycleScoring’
according to a gene list of cell cycle markers (Kowalczyk et al., 2015). To reduce confounders, UMI number, percentage of mitochon-
drial genes and cell cycle scores were regressed out by the function ‘ScaleData’. Highly variable genes (hvg) were defined
by ‘FindVariableGenes’ and used as input for principle component analysis (PCA). Using the PCElbowplot, we determined
principle components (PCs) as statistically significant PCs which explained the most variance, while the PCs containing high ratio
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of mitochondrial genes and ribosome genes were excluded as unwanted sources of heterogeneity. Based on significant PCs and
setting resolution = 0.4, unsupervised graph-based clustering was performed by ‘FindCluster’. Cells are embedded by tSNE plot.
We executed ‘FindAllMarkers’ to identify differentially expressed genes (DEGs) among all genes, surface markers (Gene ontology
term 0009986), or transcription factors (Riken Transcription Factor Database) by using wilcoxon rank sum test. We defined DEGs
as average log2-fold change (logFC) > 0.5, expressed in minimal percentage cells in at least 1 test group (min.pct) > 20%, and
adjust p value < 0.01.

Libraries of thymus, skin and pLN Vy6* T cells were aggregated and normalized by ‘cellranger aggr’ command provided by Cell
Ranger. For dataset cleaning and indentification of IL-17-committed y3 T cells, Immune signature module scores were added to each
cell by ‘AddModuleScore’ function according to lists of known markers of IL-17-committed v T cells and immature 3 T cells (Fig-
ure S3B). Clusters with high v317 scores and low immature scores were subdivided as Vy6* T cell dataset to analyze and cluster as
described above.

The datasets from two independent experiments were further aggregated for reproducibility validation.

To find out the connection between gene signatures and functionalities, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was performed by the R package ‘clusterProfiler’ based on the upregulated DEGs in each Vy6* T clus-
ters (Yu et al., 2012). We set p value cutoff = 0.05 for significant enriched terms.

To compare the transcriptome of skin Vy4* and Vy6* T cells, both skin datasets were analyzed together following the integrated
analysis protocol of Seurat (Butler et al., 2018). Briefly, the top 1500 hvg of either Vy4* or Vy6* T cells were subjected to canonical
correlation analysis (CCA) by ‘RunCCA’ function in Seurat. Next, CC1 — 10 were chosen for aligning into an integrated low-dimen-
sional space (CCA.aligned). Based on CCA.aligned, we performed ‘FindCluster’ as above by a resolution of 0.6 and tSNE-map
visualization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of flow cytometry data was performed using R v3.5 and GraphPad Prism software. p values > 0.05 were consid-
ered as not significant. The specific test used for each experiment is indicated in the respective figure legend. For data comparison
between two groups, Student’s t test was utilized to determine the p value. Otherwise, we employed one-way ANOVA test with post
tests indicated in the figure legends.

DATA AND SOFTWARE AVAILABILITY

The accession number for the single-cell sequencing data described in this paper is GEO: GSE123400.
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