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Signature cytokine-associated
transcriptome analysis of effector yo T cells
identifies subset-specific regulators of
peripheral activation
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y8 T cells producing either interleukin-17A (y8Y cells) or interferon-y

(y6™ cells) are generated in the mouse thymus, but the molecular
regulators of their peripheral functions are not fully characterized. Here we
established an /l17a-GFP:lfng-YFP double-reporter mouse strain to analyze
atunprecedented depth the transcriptomes of pure y6" cell versus y§'™ cell
populations from peripheral lymph nodes. Within a very high fraction of
differentially expressed genes, we identify a panel of 20 new signature genes

in steady-state y8" cells versus y8'™ cells, which we further validate in
models of experimental autoimmune encephalomyelitis and cerebral
malaria, respectively. Among the signature genes, we show that the
co-receptor CD6 and the signaling protein Themis promote the activation
and proliferation of peripheral y§'™ cells in response to T cell antigen
receptor stimulation in vitro and to Plasmodium infection in vivo. This
resource can help to understand the distinct activities of effector yd T cell
subsets in pathophysiology.

The contribution of y& T cell subsets to immune responses has been
associated with either beneficial or pathogenic functions in disease
settings”. Importantly, two effector y8 T cell subsets have distinct
roles in the pathophysiology of severe malaria. First, using the
well-established model of experimental cerebral malaria (ECM) based
on Plasmodium berghei ANKA infection of C57BL/6 mice, y5 T cells
were shown to orchestrate interferon-y (IFNy) responses across the
liver-spleen axis that drivesimmunopathology in the central nervous

system®. In particular, IFNy* yS T cells were required for ECM develop-
ment under high parasite burdens and maximal IFNy production by
CD4"and CD8" T cells (required for ECM development in the central
nervous system) and were able to transfer disease to ECM-resistant
T cell antigen receptor-6 (TCRS)-deficient mice. In stark contrast to
this pathogenic function of IFNy*"y8 T cells, a subsequent study demon-
strated thatinterleukin-17-positive (IL-17°) y& T cells have animportant
protective function following activation by low parasite burden in
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theliver, producing IL-17 thatis essential to induce ‘emergency eryth-
ropoiesis’in the spleen, thus avoiding the hijacking of the erythroid
systemby Plasmodium and preventing the development of ECM*. These
findings underline the importance of characterizing the molecular
mechanisms that selectively control the differentiation and activation
ofeacheffector yd T cell subset and theirimpact on pathophysiology.

Previous work from our laboratory and others has shown that
these two effector y8 T cell subsets segregate early during thymic
developmentbased ondistinct transcriptional, signaling and metabolic
requirements®. In contrast to the delineation of important events
and molecular mediators during thymic development, the factors
that control the selective activation of IL-17* versus IFNy* y5 T cells
in the periphery are not well characterized. This notwithstanding,
the reported effect of co-receptors CD27, PD-1and TIM-3 shows the
potential of molecules that are differentially expressed on effector yo
T cell subsets to control their functional response following challenge’.

Previous studies used cell surface markers toisolate discrete sub-
sets of y& T cells but lacked a direct association with the production
of signature cytokines®’. Here we identify new molecular regulators
of the effector y6 T cell subsets in the periphery in an unbiased man-
ner and at the genome-wide level. To achieve unprecedented depth
for analysis of the specific transcriptomes of IL-17" versus IFNy* yd
T cells (here designated y5" and y8"™ cells, respectively), we estab-
lished /l17a-GFP:Ifng-YFP double-reporter mice by crossing the single
reporter strains /l17a-GFP and Ifng-YFP (Great) and purified the cor-
responding populations from pooled peripheral lymphoid organs for
RNA sequencing (RNA-seq). This valuable resource of subset-specific
gene expression profiles and their functional validation in distinct
pathophysiological settings was used to identify new functions for
the co-receptor CD6 and the signaling protein Themis in selectively
regulating the activation of y6'™ cells following TCR stimulation in vitro
and malariainfectioninvivo.

Results

Divergence between pure y8" and y6'™ cell transcriptomes
Although cell surface markers and TCR variable y-chain (Vy) usage
can enrich for IL-17- or IFNy-producing y& T cells, they fail to define
‘pure’ effector y5 T cells®'°. To overcome this limitation, we estab-
lished adouble-reporter mouse strain for the two signature cytokines,
that is, /l17a-GFP:lfng-YFP mice, by crossing previously available
single-reporter strains (Fig. 1a). Flow cytometry sorting of peripheral
lymph node (pLN) y8 T cells expressing green fluorescent protein (GFP)
oryellow fluorescent protein (YFP) following a short-term (3-h) stimula-
tionwith phorbol12-myristate 13-acetate (PMA) and ionomycin allowed
usto confirmthat essentially all GFP* versus YFP*y§ T cells expressintra-
cellularIL-17A or IFNy, respectively (Fig. 1b-d and Extended DataFig. 1a),
thus validating them as ‘pure’ y8” and y8"™" subsets. These cells showed
the expected TCR Vy chain usage; thatis, lymphoid y8" cells were Vy4*
(-85%) or Vy1'Vy4~ (-15%), likely Vy6" cells, whereas y8'™ cells were com-
posed of Vy4* (-50%), Vy1* (-30%) and Vy1'Vy4~ (-15%) cells (Extended
DataFig.1b). Moreover, y8Y cells were CD44"¢"CD45RB", whereas y§'™
cells were mostly CD44™CD45RB", as previously described for mature
IFNy-producing y8 T cells’ (Extended Data Fig. 1c). By contrast, CD44
and CD45RB staining alone failed to identify pure GFP* or YFP*y§ T cell
subsets because only ~60% of CD44"¢"y§ T cells were Il17a-GFP*, and,
even more notably, less than 30% of CD45RB"e"y§ T cells were Ifng-YFP*
(Extended Data Fig. 1d). Similarly, although y8" (/[17a-GFP*) and y5'™"
(Ifng-YFP") cellswere mostly CD27 and CD27*, respectively, the sole use
of CD27 staining failed to delineate pure y8" and y§'™ cells (Extended
DataFig. 1e,f). These data demonstrate the methodological advance
of our /l17a:lfng double-reporter strategy.

To characterize the transcriptomes of y§" and y§'™ cell subsets,
weisolated total RNA from peripheral GFP* and YFP*y& T cells and from
GFPYFP ‘double negative’ (y&8"") cells sorted by fluorescence-activated
cellsorting (FACS) and performed next-generation sequencing (Fig. 1b).

Principal componentanalysis (PCA) of the RNA-seq data showed thatall
threebiological replicates of each subset clustered tightly together but
very far apart from the other subsets, suggesting a strong divergence
of their global transcriptomes (Fig. 1e), especially between the y8”
and y6"™ subsets, whereas the y§°" population was closer to the y§'™
subset (Fig. 1f). To build on these data, we tested precursor—product
relationships between y6™ cells and the two effector subsets in vitro.
We sorted y8°" cells and cultured them overnight under y8 (that is,
IL-1B plus IL-23) or y§'™ (IL-12 plus IL-18) differentiation conditions.
Although treatment with IL-12 plusIL-18, independent of TCR stimula-
tion, led to 70-80% y5'™ cells, treatment with IL-1 plus IL-23 induced
very low frequencies of y8" cells, actually lower frequencies than y§'™
cells (Extended DataFig.1g), thus suggesting that y§™ cells are ‘poised’
to generate y8'"™" rather than y5Y cells.

We detected the expression of a total 0f 12,822 genesin y& T cells
(Fig.1g), withagreater number of genes (555) being expressed specifi-
callyiny8" cells compared with y§'™ (220) and y§™N cells (248). Among
the 7,250 genes found to be differentially expressed overall, 13% (936
genes) were differentially expressed across all subsets, 25% (1,810
genes) were differentially expressed between y§°~ and y8'™ cells, 70%
(5,102 genes) were differentially expressed between y&°~ and y8" cells,
and 87% (6,308) were differentially expressed between y§" and y6'™
cells (Fig.1h). Thismeant that, at this depth of RNA-seq, a striking 49% of
allgenes expressedinys T cells were differentially expressed between
their two main effector subsets, with y8" cells clearly diverging not
only from y8"™ cells but also from y8™" cells. Of note, all samples had a
similar count of around 40 millionreads, indicating that the observed
differences are not influenced by variations in read numbers. All the
differentially expressed genes between y6” and y6'™, y§" and y&™~ and
y&8™and y8"™" cells arelisted on Supplementary Tables 1-3, respectively.

Gene families and pathways enriched in y6" versus y&'™" cells
The volcano plots derived from the RNA-seq data highlighted
well-established signature genes of the effector y§ T cell subsets, like
Ill17a, Rorc and I123r overexpressed in y58" cells and Ifng, CclS and Ccl9
upregulated iny§"™ cells (Fig. 1i-k). We next performed a detailed and
targeted analysis of the gene families to which these signature genes
belong (cytokines, cytokine and chemokine receptors and transcription
factors). This analysis showed that /l17a, Il17f, I123r, Ccré and Rorc are
the most enriched transcriptsiny5" cells (top regions of the heat maps
inFig.2a-c), whereas Ifng, Ccl5, Ccl9, Ccr7 and Eomes (bottom regions
of the heat maps in Fig. 2a—c) are the most y§"™ biased.

For broader biological insight, we performed an unbiased analy-
sis of all genes differentially expressed between y§" and y5'™ cells,
whichsegregated into four clusters, two enriched in y§'™-biased genes
related to translation and ribosome metabolism and two enriched
in yd17-biased genes related to signal transduction (Fig. 2d,e). More
specifically, transcription and translation activities, including genes
encoding proteins involved in translation and ribosomal biogenesis
and structure and activity, stood out in y8"™ cells, whereas multiple
receptors and signaling pathways linked to cytoskeleton remodeling
and cell-cell communication were enriched in y8Y cells, suggesting
that they are particularly equipped to sense and integrate external
cues (Fig. 2e).

To furtherincrease the granularity of our RNA-seq data, we resor-
ted to the KEGG database and tested for pathways enriched in y8”
versus y5'™ cells. A total of 106 KEGG pathways were significantly
represented iny8" cells. Not focusing on those generically related with
diseases, we noted a total of 62 biological pathways (Supplementary
Table 4), grouped in the KEGG classes summarized in Supplemen-
tary Table 5. The class with a higher number of pathways represented
was ‘environmental information processing’ (signal transduction
pathways), followed by classes under ‘organismal systems’, which,
besides the immune system, interestingly included the endocrine
and nervous systems. There were also several pathways pertaining to
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Fig.1| Characterization of the divergent transcriptomes of y8" versus y§'™
cells. a, Schematic of the genomic alterations introduced in the double-reporter
117a-GFP:Ifng-YFP mouse strain used for isolation of y6”” and y§"™ cells. In each
cytokinelocus, a sequence for anindependently translated fluorescent reporter
protein was inserted downstream of the cytokine’s endogenous translational
stop codon; UTR, untranslated region. b, Graphical overview of the protocol used
toisolate the populations of interest. In short, cells were isolated from the pLNs
of Il17a-GFP:Ifng-YFP reporter mice stimulated with PMA plus ionomycin and
sorted by FACS accordingly to their fluorescence profiles; NGS, next-generation
sequencing. ¢, Average proportion of GFP* and YFP* y8 T cells obtained by FACS
(right; n =9, three independent experiments) with a representative plot (left).

d, Intracellular staining of IL-17 and IFNy on sorted GFP* or YFP* y8 T cells. e, PCA
plot of all nine samples used for RNA-seq data analysis based on normalized
expression values. Each population of cells isolated (GFP*YFP~ (labeled GFP),

GFPYFP* (labeled YFP) and GFP"YFP~ (labeled DN)) is represented by three
independent samples labeled A, B and C, each composed of a pool of cells from
several mice. f, Distance matrix showing the Euclidean distance of the different
samples comparing normalized expression values (CPMs). Samples are clustered
using hierarchical clustering. g, Venn diagram of expressed genes (defined as
having a normalized CPM value of >1in at least two of three samples of the group)
inthe different subsets. h, Venn diagram of differentially expressed genes

(false discovery rate (FDR) of <0.05 and fold change of >1.5) of the different
comparison pairs. i-k, Volcano plots displaying the log, (fold change) and

log, (FDR) resulting from a differential expression analysis comparing GFP*
versus YFP* (i), GFP* versus DN (j) and YFP* versus DN (k). Some of the most
significantly differentially expressed genes are annotated, focusing on genes
selectively enriched in GFP* (y§7) or YFP* (y8'™) cells. Data are shown as

mean +s.d. (c); FC, fold change.
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Fig. 2| Gene families and pathways enriched in peripheral y8" versus y8"™
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the metabolism of carbohydrates, lipids and glycan biosynthesis and
metabolism, none of which were detected in y6'™ cells. Conversely,
these were enriched for 39 pathways, 12 disease-related pathways
and 27 biological pathways listed in Supplementary Table 6 grouped
into KEGG classes shown in Supplementary Table 7. y8"™ cell-biased
pathways included processes related to DNA and RNA metabolism,
namely replication and repair, transcription and translation and
nucleotide metabolism. Overall, these pathway analyses revealed
substantial differences between y58” and y6'™" cells beyond their differ-
ent cytokine-producing patterns, which we sought to examine further
atthegenelevel.

Identification of signature genes in y8" versus y6'™ cells
Wenextaimed toidentify newsignature genesiny8" versus y§'™ cells, that
is, highly differentially expressed genes thus far unknown to distinguish
thetwoeffectoryd T cell subsets. We focused on the top 50 differentially
expressed genesbetween y8Y and y§'"™ cells (Fig. 3a,b). Besides the known
hallmark genes (including //17a and Ifng) that were already identified in
the volcano plot of Fig. 1i, there were many unappreciated genes, for
which we required additional insight. We took advantage of a parallel
RNA-seq analysis performed in our laboratory on corresponding effec-
tor CD4* T cell subsetsisolated from similar reporter mice at the peak of
experimental autoimmune encephalomyelitis (EAE; SRA-SUB14032445),
given that type 1 helper T (T,1) cells and IL-17-producing helper T (T,17)
cells are not readily found at steady state but require an inflammatory
challenge for their differentiation and expansion". At the global level, it
was interesting to observe that y8” and y6'™ cells were markedly further
apart from each other (at the level of the second component of the PCA
analysis) than T;17 and T1 cells (Extended DataFig. 2a), which was associ-
ated withmuch higher numbers of differentially expressed genes between
Y6 T cell subsets than the corresponding CD4" T cell subsets (Extended
DataFig.2b,c). More specifically, we used these parallel RNA-seq analyses
to analyze the expression of the top 50 differentially expressed genes
betweeny8” and y8"™ cellsin their T,;17 and T 1 counterparts. Strikingly,
with the exception of the known hallmark genes, the vast majority of the
top 50 y8"7/y8"™ candidates were not differentially expressed between
T,17 and T 1 cells (Extended DataFig. 2d,e), suggesting auniquerelevance
ineffectory6 T cell subsets.

As final criteria for y87/y8"™ signature genes among the top 50
candidates, we focused on those with known biological functions
that exhibited an average normalized read count (counts per million
(CPM)) higher than 30 (to be above very low expression levels) in the
RNA-seqanalysis of the y§ T cell subsets. This resulted in the selection
of13 genes associated with y6" cells and 13 genes associated with y6'™
cells, besides 5hallmark genes encoding cytokines/cytokine receptors
that we kept in our y§'/y8"™ signature panel for reference: /l17a, 1122
and /123r for y8" cells and Ifng and /12 for y§'™ cells (Fig. 3¢c,d). Among
the 26 signature genes, we found some encoding distinct chemokines
withavery strong presence (Ccl3, Ccl4, CclS, Ccl9 and XclI) iny8"™ cells
(Fig. 3d) and two other interesting biases. y6" cell signature genes
included genes encoding enzymes (Adam1i2 and Ptgs2), membrane
channels (Agp3) and neuroreceptors (Ret; Fig. 3¢c), which were consist-
ent with the concept of sensing and integrating external cues (Fig. 2e
and Supplementary Table 5), whereas y6'™ signature genes contained
multiple genes associated with TCR signaling (Themis, Slamfé6, Cd5
and Cdé) or its regulation (Lag3 and Cd160; Fig. 3d), aligned with
the pathways involved in cell proliferation (Supplementary Table 7).
Collectively, these data provide anew conceptual framework to under-
stand and study the functional differences between y6” and y6"™ cells,
including 26 potential signature genes whose pattern of expression we
sought to characterize and validate further.

Signature gene expressionin steady state and disease
TCR Vy usage has been used for decades as a means to distinguish y§
T cell subsets with different ontogeny, tissue tropism and functional

properties"”. Regarding y8" and y&"™ cells, it has become clear that
each harbor two main Vy-based subpopulations, as confirmed in this
study on the sorted pLN y5 T cell subsets (Extended Data Fig. 1b). To
assess how the expression levels of the new signature genes might
vary with Vy usage within y§" or y6"" cells, we sorted four populations
from pooled spleens and pLNs of /{17a-GFP:Ifng-YFP mice: Vy4" and
Vyl'Vy4~ (largely Vy6*) GFP* (that is, y6") cells and Vy1* and Vy4'YFP*
(thatis, y8'™) cells. We then performed quantitative PCR with reverse
transcription (RT-qPCR) using a set of optimized specific primers
provided in Methods. The results confirmed (as independent valida-
tion of the RNA-seq) the clear-cut segregation of all these genes as
either y8” or y6'™ signature genes, with generally minor differences
between the Vy-based subpopulations of y5” and y§'™ cells (Extended
Data Fig. 3a—c). Notwithstanding, we noted that y§" cells tended to
be more heterogenous than y8"™" cells, as half of the 16 y§" signatures
were differentially expressed between the Vy4*and Vyl'Vy4~ (Vy6°)
subpopulations (Extended Data Fig. 3b,c). Given the different thymic
ontogeny of Vy4*and Vy6' cells, we next questioned the impact of the
thymus onthe expression levels of signature genes. Thisis particularly
relevant because y6” and y6"™ cells can be functionally programmed in
the thymus before homing to multiple peripheral organs'. To address
this issue, we sorted both populations from the thymus, spleen and
pLNs of the same /[17a-GFP:lfng-YFP mice and performed a new set of
RT-qPCRanalyses (Fig.4a,b), which provided multiple insights. First, all
five y67/y8"™ hallmark genes were validated as strong differentials
across all organs, which constituted an important quality control.
Second, 6 of the 13 y§"-biased genes (Cxcl10, Ltbr4, Cd36, Ftar2, Prdm1
and Agp3) did not validate in the peripheral organs (spleen and pLNs)
and were therefore discarded from the final signature panel. Third, all
13 y6'™-biased genes were validated in the spleen and pLNs,
thus making the cut as y§'™" signature genes. Fourth, 10 of the 13 y&'"™
signature genes were not differentially expressed inthymocyte subsets
butonly segregatedin peripheral lymphoid organs after being switched
offin y8" cells. Fifth, many of the validated genes (both y8" and y5'™
cellsignatures) wereincreased in expression between the thymus and
periphery (Fig.4a,b). These data strongly suggest a progressive differ-
entiation process (or ‘adaptation’) following thymic export underlying
thelarge segregation of the peripheral y8" versus y8" transcriptomes
(Fig.1e-i).Importantly, as an outcome of these comprehensive analyses,
we provide the community with a panel of 20 new validated y5"/y§"™
cellsignature genes for future study of their distinct functionsin patho-
physiology (Table1). To exclude a major influence of PMA/ionomycin
stimulation (used to induce reporter activity) on these expression
patterns, we sorted CD44"€"CD45RB~ and CD45RB*CD44" y5 T cells
fromthe pLNs of C57BL/6 mice, which enrich forIL-17 or IFNy producers,
respectively' (Extended DataFig. 1d). Importantly, we found that the
vast majority (16 of 20) of signature genes showed differential expres-
sion patterns in these ex vivo y& T cell subsets from pLNs (Extended
Data Fig. 4). We also analyzed equivalent subsets isolated from the
liver, which is naturally enriched in y8'"™ cells’, and from the testes,
which harbor amajor tissue-resident y§" cell population”. We did not
find a consistent trend for up- or downregulation of gene expression
between pLNs and these other tissues, although some y58Y cell signature
genes (Dgatl, Ptgs2 and Ret) were enriched in the testis. As for y§'™ cell
signatures, we observed that seven were augmented, whereas four
werereducedin liver CD45RB*CD44" y8 T cells (compared with other
tissues). The latter included three of four genes associated with TCR
signaling (Themis, Cd6 and Slamf6; Extended Data Fig. 4).

Totest the robustness of our approachinresolving the transcrip-
tomes of y87 and y8"™ cells, we compared the differential pattern of
expression of our 20 validated signature genes in y§17 and y8"™ cells
fromtwo publicly available single-cell RNA-seq datasets of LN y& T cells
by Yang et al."* and du Halgouet et al.”. Interestingly, some signature
genes were either not detected or failed to be differentially expressed
between y8” and y§'™ cells in those studies (Extended Data Fig. 5),
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Table 1| Panel of validated signature genes in peripheral
yd" versus yd'"™ cells

y3"7signature  Function yd'™signature  Function

Adam12, Ptgs2, Enzymes Ccl3, Ccl4, Chemokines

Dgat1 Ccl5, Ccl9, Xcl1

Ret Neuroreceptors Themis, Slamf6,  TCR signaling

Cd5, Cd6

Tmem176b Membrane channels Nkg7, Crtam Cytotoxicity

Cysltr1 Leukotriene receptors  Lag3, Cd160 Immune
checkpoints

Serpinbla T cell expansion

Selected differentially expressed genes from RNA-seq analysis (Fig. 3) that were validated by
RT-gPCR in independent samples of peripheral y8" versus y&"™ cells (Fig. 4).

whereas others, despite showing the same trend, exhibited a much
lower fold change than our data (Extended Data Fig. 5c,d). This high-
lights the added value of the increased depth of bulk RNA-seq of pure
effector yd T cell subsets to specifically resolve their transcriptomes.

Next, we asked if the expression pattern of the y§"7/y8"™ signature
genes would be maintained under pathophysiological conditions. To
address this, we analyzed our gene panel in sorted reporter-based yo
T cell subsets isolated from two disease models in which y§” or y§'™
responses have been shown to be functionally important: EAE* and
ECM induced with P. berghei ANKA sporozoites®*. In EAE, where y§"
cells are involved', we found all (except Ptgs2) y6" signature genes
to maintain their differential expression pattern, whereas several
TCR-associated genes among y8"™ signature genes were seemingly
downregulatediny8"™ cells (Fig. 5). However, in the ECM model, where
y&"™ cells are most relevant’, they maintained the selective enrichment
inmost y§'™ signatures, whereas y8" signature genes were more highly
expressed in y58" cells (Fig. 6). These data attest to the utility of our
v8"/y8"™ signature gene panel to characterize effector y§ T cells under
pathophysiological conditions.

CD6 and Themis are regulators of y§'™ cell activation

Finally, we aimed at proof-of-concept functional validation of some
v87/y8"N signature genes. Based on our focus on the peripheral func-
tions of these subsets, we considered potential regulators of their acti-
vation. Although these were not obvious among the y8" signatures, two
y8"™-biased genes seemed particularly attractive given their association
with TCR signaling: Cd6 and Themis (Table 1). CD6is a T cell-specific
membrane glycoprotein that physically colocalizes and associates
with the TCR-CD3 complex and participates as a ‘co-receptor’ in the
activation of aB T cells”, butits role in y8 T cells remains poorly under-
stood®. Similarly, Themisis alsoa T cell-specific proteinwithimportant
rolesin aff T cell development and activation, namely promoting
thymocyte positive selection > and CD8" T cell proliferative responses
to low-affinity ligands* but which, to our knowledge, has never been
studied inyS T cells.

We validated the differential expression of CD6 and Themis, pre-
viously observed by RNA-seq (Fig. 3c,d) and RT-qPCR (Fig. 4b and
Extended DataFig. 4b),iny58" versus y6"™" cells from /l17a-GFP:Ifng-YFP
mice at the level of surface and intracellular protein expression by
flow cytometry analysis of C57BL/6 mouse y8 T cell subsets (Fig. 7a,b).
These cell subsets were defined according to CD44 and CD45RB
expression (asin Extended Data Fig. 1c): mature (CD24°) y8 T cells with
a CD44"¢"CD45RB™ phenotype contain y5" cells, whereas y8"™ cells
are enriched within CD44°'CD45RB" cells, and ‘naive’ cells remain
CD44 CD45RB", as previously reported’. We found both proteins to
be selectively absent from peripheral CD24 CD44"e"CD45RB" cells
(Fig. 7a,b), consistent with the downregulation of Cd6 and Themis
mRNA expression in y§Y cells between the thymus and peripheral
lymphoid organs (Fig. 4b). Furthermore, we found normal numbers

of total yd thymocytes and similar (to wild-type (WT) control mice)
frequencies of Vy- or CD44/CD45RB-based subsets as well as
IL-17* or IFNy* y6 thymocytes in specific loss-of-function models:
Cd6**A5-mutant mice, where the critical domain 3 of CD6 was
ablated to prevent interaction with its ligand CD166 (ref. 23), and
Themis-knockout (Themis-KO) mice (Extended Data Fig. 6).

Based on these data, we postulated that both CD6 and Themis
might impact the peripheral activation of y8"™ cells as well as ‘naive’
Y6 T cells, which are collectively marked by CD27 expression (unlike
y8Y cells that lack CD27 expression)®*. To test this hypothesis, we ana-
lyzed the responsetoin vitroand in vivo stimulation of CD27*y5 T cells
isolated from Cd6*%*®-mutant and Themis-KO mice compared with
respective littermate controls. Importantly, because both proteins are
T cell specific, only this lineage is directly impacted in these models.
First, we assessed the expression of T cell activation-associated mark-
ers (CD44, CD69 and CD25) in CellTrace Violet (CTV)-labeled CD27*
Y6 T cells sorted by FACS from pooled pLNs and spleen tissue after
72 h of in vitro stimulation. We used two experimental setups. For
CD6, because its normal function requires surface interaction with
CD166 expressed on antigen-presenting cells, we provided these as
T cell-depleted splenocytes plus increasing concentrations of soluble
monoclonal anti-CD3. For Themis, being an intracellular protein, we
simply cultured the cells with plate-bound monoclonal anti-CD3 and
anti-CD28. Cd6*®*®-mutant and especially Themis-deficient CD27*
Y6 T cells exhibited lower expression frequencies of these surface
markers, indicating animpaired activation status compared with their
respective WT littermates (Fig. 7c,d). Furthermore, following analysis
of CTV dilution as a measure of cell proliferation, we found animpact
at lower to intermediate TCR agonist (erased at saturating 2.5 pg ml™*
monoclonal anti-CD3) concentrations, which was particularly striking
for Themis-KO mice (Fig. 7e-h). By contrast, the activation and prolif-
eration of y8”-biased CD27 y& T cells from both Cd62%*®-mutant and
Themis-deficient mice was comparable to WT control mice, showing
the selectivity for y§'™-biased cells (Extended Data Fig. 7).

To assess the relevance of these findings in an in vivo setting,
we again used the ECM model, given the key role of y§'™ cells in this
disease and theirincreaseinactivation status, proliferation and effec-
tor functions, leading to an IFNy-dependent inflammatory response
that becomes fatal at 7-8 days postinfection®**. Interestingly, both
Cd6"*A3-mutant mice and Themis-KO mice were much less suscepti-
ble than control littermates to ECM (Fig. 7i,j). Of note, no significant
differences were found in parasitemialevels (Fig. 7i,j), thus excluding
parasite load as the cause for the observed phenotypes, similar to what
we found in mice selectively deficient in y§"™ cells**. Importantly,
the ECM phenotypes associated with differences in y6'™ cell activa-
tion and proliferation were more substantial for Themis-KO than for
Cd6"®A5-mutant mice (Fig. 7k-n).

Collectively, theseresults establish CD6 and especially Themis as
regulators of peripheral y§"™ cell activation in vitro and in vivo, thus
attesting the functional relevance of our study.

Discussion

Theimmunological roles of y§” and y§'™ cell subsets have been previ-
ously demonstrated in multiple infection, inflammation and cancer
models™”. Inthis study, we dissected the biological differences between
LN y8Y versus y§'™ cells isolated from /l17a-GFP:Ifng-YFP mice that
faithfully reported the expression of the signature cytokines produced
by these subsets. This constitutes an advance relative to previous stud-
ies that used cell surface? markers to enrich for y6" and y§'™ cells but
that could not avoid contamination with non-effector y6 T cells (as
illustrated in Extended DataFig. 1b). Furthermore, cytokine transcripts
are notoriously poorly detected using single-cell RNA-seq analyses,
making us opt forabulk RNA-seq strategy using reporter mice instead of
asingle-cell strategy, like in previous studies?2*", to achieve maximal
depth of analysis of the transcriptomes directly associated with the
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Fig. 5| Expression of signature genes in y5" and y§"" cellsin EAE induction.
a, Schematic representation of the experimental design. Double /[17a-GFP:
Ifng-YFP reporter mice were subjected to EAE, and y§°" (GFP"YFP"), y58" (GFP")
and y8"™ (YFP*) cells from pLNs were isolated by FACS at the peak plateau stage
(day 15) to perform RNA extraction, followed by RT-qPCR analysis; MOG,
myelinoligodendrocyte glycoprotein; i.p., intraperitoneal; i.v., intravenous;
PTx, pertussis toxin. b, EAE clinical score of /[17a-GFP:Ifng-YFP reporter mice

(n=8) until 15 days postimmunization (d.p.i.). ¢,d, Relative expression levels of
validated y58" signature genes (c) and y§"™ signature genes (d) were normalized
to Actb (B-actin). Data are representative of two to six independent experiments.
Each symbol represents a pool of cells from several mice. Data are shown as
mean + s.e.m. and were analyzed by one-way ANOVA with a Tukey’s multiple
comparisons test under the assumption of data normality; *P < 0.05, **P< 0.01,
**+*P<0.001and ***P<0.0001.

expression of signature cytokines. This allowed us to obtain approxi-
mately 40 million reads for each y6 T cell subset, which constitutes
anover 100-fold increase in depth relative to the previous studies by
Yang et al."* and du Halgouet et al.”.

Anunanticipated finding from our genome-wide RNA-seq analy-
sis was that 49% of all the >12,800 genes expressed in y5 T cells were
differentially expressed between y6” and y8"™ cell subsets. In fact, look-
ing at the segregation of expressed genes across the three sequenced
populations, it was clear that the transcriptome of y&" cells diverged
notonly from that of y§'™ cells but also from y§™N cells. This may be due

toanearly y§" cell ‘lineage split’ during thymic y8 T cell development,
giventhatKangand colleagues have identified aSOX13* DN1thymocyte
progenitor population that generates y§" but not y8"™ cells along a
TCR-independent pathway?”. By contrast, the development of y6'™ thy-
mocytesis knownto be promoted by strong, likely ligand-dependent,
TCRsignaling'®*?°~*, Inthat regard, the presence of 10-15% y8'™ cells
in naive (unchallenged) mice may suggest their self-reactivity based
on thymic ligand encounter’’, consistent with the observed expres-
sion of gene signatures associated with TCR signaling. Our data also
suggest that this distinct involvement of TCR signaling extends from
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Fig. 6 | Expression of signature genes in y8" and y8"™ cells following malaria
infection. a, Schematic representation of the experimental design. Double
117a-GFP:Ifng-YFP reporter mice were infected with 2 x 10* P. berghei ANKA GFP
sporozoites via retro-orbital injection, and y§°™ (GFP"YFP"), y§" (GFP*) and y§'"™
(YFP*) cells from pLNs were isolated by FACS at day 5 postinfection. b, Parasitemia
ofinfected /l17a-GFP:Ifng-YFP reporter mice in days postinfection (n =11).

¢,d, Relative expression levels of validated y56” signature genes (c) and y§'™
signature genes (d) were normalized to B2m (,-microglobulin). Data are
representative of two to four independent experiments. Each symbol represents
apool of cells from several mice. Data are shown as mean + s.e.m. and were
analyzed by one-way ANOVA with a Tukey’s multiple comparisons test under the
assumption of data normality; *P < 0.05, **P< 0.01, **P< 0.001and ****P< 0.0001.

the thymus to the periphery because a gene module associated with
TCRsignaling (including Cd6 and Themis) was selectively upregulated
in LN y8"™ cells compared with in y§" cells (Fig. 3d). These results are
consistent with previous observations of the high responsiveness of
peripheral y§"™ (but not y8Y) cells to direct TCR stimulation, whereas
y8Y cells preferentially respond to innate signals such as IL-1 and IL-23
(refs. 16,32). In fact, our data indicate a broad capacity of peripheral

y8Y cells to sense the environment, as they were highly enriched in
KEGG pathways related to environmental information processing
and modules of the endocrine and nervous systems (Supplementary
Table 5), which opens exciting avenues for research.

Our y87/y8"™ cell signature 20-gene panel (Table 1) was derived
fromthe top 50 differentially expressed genes (in the RNA-seq analysis)
betweenthe two subsets on the basis of their known biological function
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Fig. 7| CD6 and Themis promote the activation and proliferation of peripheral
CD27'y8"™-biased cells. a,b, Flow cytometry analyses of the frequency of

CDé6' cells within CD44 CD45RB", CD44"¢"CD45RB™ and CD45RB*CD44* y§

T cell subsets from the pLNs of C57BL/6 mice (data are representative of two
independent experiments; n = 6; a) or mean fluorescence intensity (MFI) of
Themis (b) within those subsets from the pLNs of Themis*" (filled histograms)
and Themis™ mice (empty histograms). In the MFI summary graph, each symbol
corresponds to the subtraction of the autofluorescence from each subset in
Themis™ mice to that of the respective Themis" control (data are representative
ofthree independent experiments; n = 3). c,d, Frequencies of CD44 or CD69 (at
48 h) and CD25 (at 72 h) expression in CTV-labeled CD27* y8 T cells from the pLNs
and spleens of Cd6****® and control mice stimulated for 72 hwith increasing
concentrations of soluble anti-CD3 in the presence of T cell-depleted splenocytes
(data arerepresentative of threeindependent experiments; n = 3; each replicate
constitutes a pool of three mice; ¢) or Themis™™ and control mice after 72 h of
stimulation with increasing concentrations of plate-bound monoclonal anti-CD3
plus anti-CD28 (data are representative of five (n=5,48 h) oreight (n=8,72 h)
independent experiments; each replicate constitutes a pool of two mice).

e-h, Representative plots of CTV dilution at 72 h of proliferating CD27* y5 T cells

from Cd6°*2% (e) or Themis™ (f) and control mice in the aforementioned culture
systems (c and d) as well as respective expansion indexes for CD6 (n = 3; g)

and Themis (n=S8; h).i,j, Survival (left) and parasitemia (right) of Cd6*®/A®

and control mice (n = 11;i) and Themis™~ and control mice (survivaln=7,
parasitemia n = 14; j) infected with P. berghei ANKA GFP sporozoites. Data are
representative of two independent experiments. k,I, Frequencies of CD69, CD25
and CD122 expression in y§"™-committed CD45RB*CD44" cells from the pLNs
ofinfected Cd6°**% (n = 4) and control (n = 4) mice (k) and Themis” (n=8)

and control (n=5) mice (I) S days postinfection. Data are from one (Cd6) or two
(Themis) independent experiments. m,n, Frequencies of Ki-67 and CD44 in
IFNy*y8 T cells from the pLNs of infected Cd6*¥2® (n =10) and control (n =10)
mice (m) and Themis™ (n=12) and control (n =10) mice (n). Dataare from three
independent experiments and are shown as mean + s.e.m. Data were analyzed by
Kruskal-Wallis test (aand b) or two-way ANOVA (c and d) and mixed effects
model (g and h), under the assumption of data normality, for multiple
comparisons. Survival data were analyzed by log-rank test (i and j), and single
comparisons were analyzed by Mann-Whitney or ¢-test (kand n); *P < 0.05,
*P<0.01,**P<0.00land ***P<0.0001.

and validation (in independent LN and spleen samples) by RT-qPCR
(Fig. 4). Interestingly, these genes were generally not differentially
expressed between T,,17 and T,;1 cells (Extended Data Fig. 2d,e) based
onaunique comparison that took advantage of parallel ex vivo RNA-seq
analyses of populationsisolated from our double-reporter mice. Glob-
ally, thiscomparison revealed amuch higher number of genes that were
differentially expressed between y8” and y8'™ cells than between T,,17
and T, 1 cells (Extended DataFig.2b,c), furtherillustrating the striking
transcriptome divergence among effector y8 T cell subsets.

The validated y8"/y8"™ cell signature panel is composed of 7
y8"-biased and 13 y§'™-enriched genes (Table 1). They reflectimportant
functional attributes of the two subsets. For example, on the y8" side,
RET is a neuroreceptor tyrosine kinase that controls IL-22 production
by innate lymphoid cells**, ADAMI2 is a cancer-associated sheddase
implicated in the release of ligands that promote the formation and
progression of tumors**, and Ptgs2 encodes the COX-2 enzyme that
produces prostaglandin E,, which orchestrates tumor-promoting
inflammation®. Among y8"™ cell-enriched genes, we notably found the
chemokines CCL3, CCL4, CCLS5, CCL9 and XCL1, which, together with
CCL1, have beenshown to characterize pathogen-specific effector afp
T cells in multiple in vivo challenges®®; NKG7, a regulator of lympho-
cyte granule exocytosis and cytotoxicity in infection and cancer”,
and LAG-3, an immune checkpoint receptor protein found on the
surface of activated T cells that is being actively explored for cancer
immunotherapy?. Although all these y567/y5'™ signature genes will
certainly be interesting to explore at the functional level in effector
v T cell subsets, here, we focused on two other y§™-biased genes,
which we hypothesized to regulate peripheral y8"N cell activation:
Cdé6 and Themis.

Although CD6 and Themis have been both implicated in mod-
ulating TCRap signaling, the underlying mechanisms remain con-
troversial. For the surface co-receptor CD6, both stimulatory and
inhibitory roles have been proposed in afy T cell activation, likely due
to differential involvement of its various extracellular and intracel-
lular domains***°, Indeed, within the CD6 cytosolic interactome, a
delicate equilibrium of activating and inhibitory effectors seemingly
orchestrates context-dependent responses*’. Notably, the interaction
with CD166, regulated by alternative splicing-mediated inclusion or
skipping of the ligand-binding domain (d3)*, influences the strength
of cell adhesion during T cell activation®. Similarly, the intracellular
protein Themis has been associated during o thymocyte develop-
ment with either enhancing?*** or reducing*® TCRa signaling in
response to low-affinity peptide-major histocompatibility com-
plex ligands. As for peripheral a3 T cells, CD8" T cells seemingly rely
on Themis for their maintenance and proliferation in response to

homeostatic cytokines such as IL-2 and IL-15 (refs. 22,47). CD4" T cells
increased Themis expression specifically during T, 1 differentiation,
which contributed to their IFNy-based response in a mouse model of
multiple sclerosis*®.

We now show in y8 T cells that both Cd6 and Themis specifically
promote the in vitro activation and expansion of y6'™ cells, or, more
broadly, y8"™-biased CD27"y5 cells (Fig. 7), and not y§"-biased CD27
y& cells (Extended Data Fig. 7), asboth genes are effectively shut down
in peripheral y8Y cells (Fig. 4b), in stark contrast to T,17 cells (Fig. 3d).
Interestingly, we did not find any thymic y6 T cell phenotypesineither
Cd6**¥*B-mutant or Themis-KO mice (Extended Data Fig. 6), which
clearly places these molecules as regulators of the activation of periph-
eral y6"™-biased cells. This concept was validated in ECM following
P. bergheisporozoite infection,amodelinwhich y§"™ cells act upstream
of af T cell responses to drive disease pathogenesis®. It may also be
relevant for other pathophysiological settings where y8"™ cells have
beenimplicated"*. However, building on the ECM data, it will be inter-
estingto consider CD6 and Themis expression and potential modula-
tionin human y8 T cells following Plasmodium infection, given their
importance both in protective responses and in the pathogenesis of
severe malaria®.

Insummary, thisstudy provides a detailed transcriptomic analysis
of bona fide y§" and y8"™ cell subsets, which unveiled differentially
expressed genes thathad notbeenreportedbefore, including a panel
of 20 signature genes validated in various tissues at steady-state and
following EAE and ECM challenge, highlighting its potential to charac-
terize yd T cellsin preclinical models and likely also in human disease.
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Methods

Mice

C57BL/6) mice were purchased from Charles Rivers Laboratories.
Double /l17a-GFP:lfng-YFP reporter mice were generated and bred
in-house by crossing the following single-reporter strains: Great
(Ifng-YFP)*°, obtained from The Jackson Laboratory, and /[17-GFP*,
obtained from Biocytogen. Cd6*¥**% and Themis™”~ mouse strains
were established in the laboratories of A.M.C.* and R.L.”, respectively.
All strains were kept on a C57BL/6) background. All mice were adults
(6-14 weeks). Mice were bred and housed on a 14-h light/10-h dark
cycle maintained at atemperature of 22-24 °C and relative humidity of
45-65%. All mice were housed in specific opportunistic pathogen-free
animal holding rooms, and experiments were performed in specific
pathogen-free animal rooms located at the Gulbenkian Institute for
Molecular Medicine (GIMM) Rodent Facility. This facility complies with
Portuguese law Decreto-Lei 113/2013, transposed from the European
Directive 2010/63/EU, and follows the European Commission recom-
mendations (2007/526/EC) on housing and care of animals and the
Federation of European Laboratory Animal Science Associations guide-
lines concerning laboratory animal welfare. Allexperiments involving
mice were approved by the Animal Welfare Body (ORBEA-GIMM), were
set up inaccordance with Article 34 of Decreto-Lei 113/2013 and were
submitted to Direc¢do-Geral de Alimentac¢do e Veterinaria for authori-
zation. Euthanasia was performed by CO, inhalation, and anesthesia
was performed by isofluorane inhalation.

P. berghei ANKA infection

GFP-expressing P. berghei ANKA sporozoites*’ were obtained by dissec-
tionofthe salivary glands of infected Anopheles stephensi mosquitoes
bred at the GIMM insectarium. Mice were injected via the retro-orbital
route with 100 pl of DMEM containing 2 x 10* sporozoites obtained
fromthesalivary glands of freshly dissected mosquitoes. Parasitemia
was measured daily from day 3 onward by analyzing the frequency of
GFP*infected red blood cells through flow cytometry. Simultaneously,
mice were monitored daily for signs of ECM, including hemi- or para-
plegia, head deviation, a tendency to roll over on stimulation, ataxia
and theinability to self-right®.

EAE induction

1l17a-GFP:Ifng-YFP reporter mice were immunized subcutaneously
in both flanks with 100 pg of myelin oligodendrocyte glycoprotein
35-55peptide (MEVGWYRSPFSRVVHLYRNGK; Eurogentec) emulsified
in complete Freund’s adjuvant solution (4 mg ml™" heat-inactivated
Mycobacterium tuberculosis in incomplete Freund’s adjuvant; Difco
Laboratories). On the day of immunization and 2 days after, mice
received 200 ng of pertussis toxin (List Biological Laboratories) in
100 pl of PBS via retro-orbital route. Mice were weighed daily and
scored for EAE clinical signs. In brief, the score system ranged from O
to 5, with 0.5 increments, where a score of O was assigned to animals
with no clinical signs of EAE, a score of 1 was assigned to animals with
alimptail, ascore of 2 was assigned to animals with alimp tail and hind
leg weakness, a score of 3 was assigned to animals with complete limb
paralysis, a score of 4 was assigned to animals with complete hind leg
paralysis and partial front paralysis, and a score of 5 was assigned to
animals that died.

Tissue processing and cell isolation

For organ collection from P. berghei-infected mice, mice were killed
at day 5 after infection, and, following transcardiac perfusion with
ice-cold PBS, pLNs (cervical, axillary, brachial, inguinal and popliteal)
were collected. For organ collection from EAE mice, mice were killed
at day 15 after immunization, and, following transcardiac perfusion
withice-cold PBS, LNs (cervical, axillary, brachial, inguinal and lumbar)
were collected. Liver and testes were collected following transcardiac
perfusion with ice-cold PBS. Single-cell suspensions from (p)LNs,

spleens, thymi and livers were prepared by manual straining through
a70/120-pm cell strainer. Single-cell suspensions from testes were
prepared by cutting the samples into pieces, followed by a30-minincu-
bation at 37 °C with shaking in RPMI-1640 medium with L-glutamine
supplemented with 5% heat-inactivated fetal calf serum (HI-FCS) con-
taining collagenase D (1.5 mg ml™’; Roche) and DNase I (20 pg ml%;
Roche). Digested samples were then manually strained through a
120-pm cell strainer. Leukocytes from both testis and liver single-cell
suspensions were then isolated through a two-step 40%/80% density
Percoll gradient centrifuged at 700g for 10 min at room temperature
with no acceleration or brake. Erythrocytes from spleen, thymus and
liver single-cell suspensions were osmotically lysed in red blood cell
lysis buffer (BioLegend), followed by washing inice-cold PBS.

Cell culture

Cellswere cultured in complete RPMI, consisting of RPMI-1640 medium
with L-glutamine supplemented with 10% HI-FCS, 1% penicillin and
streptomycin, 1% HEPES, 1% non-essential amino acids, 0.1% genta-
mycin and 50 uM B-mercaptoethanol (all reagents from Gibco). For
y& T cell in vitro culture, pLN- and spleen-derived lymphocytes were
enriched by magnetic-activated cell sorting by negative selection in
LS columns using biotin-conjugated anti-CD11b (M1/70), anti-CD11c
(N418), anti-CD19 (6D5), anti-TER-119 (TER-119) and anti-TCRf (H57-
597; Biolegend) and anti-biotin microbeads (Miltenyi Biotec), follow-
ing the manufacturer’s instructions. Enriched samples were stained
for cell surface markers and sorted by FACS. Following cell sorting,
Ifng-YFP:Il17a-GFP y8PN, y6°F or y§'F* cells were stimulated for 16 h
with IL-12 (5 ng ml™%; PeproTech) plus IL-18 (5 ng ml™%; PeproTech) or
IL-1B (10 ng ml™; PeproTech) plus IL-23 (10 ng ml™; R&D Systems) in the
presence or absence of plate-bound anti-CD3¢ (145-2C11, BioLegend) at
2.50 pg ml™; Cd6"V""T and Cd6°4>2®4 CD277* y8 cells were labeled with
CTV (Invitrogen) following the manufacturer’sinstructions. These cells
were then coculturedin the presence or absence of soluble anti-CD3¢
at 0.25, 0.625,1.25 or 2.50 pg ml™ for 48-72 h at 37 °C and 5% CO, at a
1:10ratiowith T cell-depleted splenocytes stained with CellTrace CFSE
(Invitrogen). Themis*~ and Themis” y8 T cells were labeled with CTV
and stimulated with plate-bound anti-CD3¢ plus anti-CD28 (37.51,
Invitrogen) at 0.25, 0.625,1.25 and 2.50 pg ml ™ for 48-72 h.

Fluorochrome-conjugated monoclonal antibodies

The following anti-mouse fluorochrome-conjugated monoclonal anti-
bodies to cell surface or intracellular molecules were used (with iden-
tification of clones and dilutions): CD3¢e (17A2 or 145-2C11,1:200), CD6
(0X-129,1:200), CD24 (M1/69,1:400), CD25 (PC61 0r 3C7,1:200), CD27
(LG.3A10 or LG.7F9,1:200), CD44 (IM7, 1:400), CD45 (30-F11, 1:400),
CD45RB(C363.16A,1:200), CD69 (H1.2F3,1:200), CD122 (TM-f31,1:200),
IFNy (XMG1.2, 1:100), IL-17A (TC11-18H10, 1:100), Ki-67 (16A8, 1:200),
TCRG (GL3,1:200), Themis (1ITMYS, 1:100), Vy1 (2.11,1:200), Vy4 (UC3-
10A6,1:200) and Vy5(536,1:200). Antibodies were purchased from BD
Biosciences, BioLegend, eBioscience or Invitrogen.

Flow cytometry and cell sorting

For cell sorting of y& T cell subsets from the /[17a-GFP:Ilfng-YFP
reporter mouse model, cells were stimulated for 3 h at 37 °C in com-
plete RPMI containing 50 ng ml™' PMA and 1 pg ml™ ionomycin (both
from Sigma). For cell surface staining, thymocytes and lymphocytes
were resuspended in FACS buffer (PBS with 2% HI-FCS) containing
fluorochrome-conjugated antibodies and LIVE/DEAD Fixable Near
IR (780) Viability Dye (Invitrogen) in the presence of anti-CD16/CD32
(eBiosciences) and incubated for15 minat4 °Cin the dark. After stain-
ing, cells were washed and resuspended in FACS buffer for flow cytom-
etry cell analysis or complete RPMI for cell sorting. For intracellular
detection of IL-17A, IFNy and Ki-67, cells were first stimulated with
25ng ml PMA and 1 pg ml ionomycin for 3 h at 37 °C in the pres-
ence of 1 ug ml™* Brefeldin A (Sigma). After cell surface staining was
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performed as described earlier, cells were fixed and permeabilized
with the Foxp3/Transcription Factor buffer set (eBioscience) follow-
ing the manufacturer’s instructions and subsequently stained with
fluorochrome-conjugated antibodies in the presence of anti-CD16/
CD32for30 minat4 °Cinthedark. Forintracellular cytokine staining
of GFP'/YFP* samples, cells were fixed in 2% paraformaldehyde and
permeabilized with Permeabilization Buffer (eBioscience) in the pres-
ence of anti-CD16/CD32 for 15 min, after which intracellular staining
was performed by adding antibodies to cytokinesin theindicated per-
meabilization buffer and incubating for 30 min at4 °Cinthe dark. For
intracellular detection of Themis, after cell surface staining, samples
were fixed in 2% paraformaldehyde, permeabilized and stained with
PBS containing 0.5% Triton X-100, and washed three times with PBS.
Allsamples were acquired in FACS buffer using one of the following cell
analyzers: BD LSRFortessa, BD LSRFortessa X20 (FACSDiva software, BD
Biosciences) or Cytek Aurora (SpectroFlo software, Cytek). Data were
analyzed using FlowJo software (Flow)o). Cell sorting was performed
with a 70-um nozzle on a BD FACSAriall, Il or Fusion (FACSDiva soft-
ware, BD Biosciences). Sorted cells were washed in PBS and used for cul-
tureor frozeninliquid nitrogen and keptat -80 °C for RNA extraction.

RNA isolation, cDNA synthesis and RT-qPCR

RNA was isolated from cell populations sorted by FACS using an
miRNeasy Mini kit (Qiagen). Reverse transcription was performed
with random oligonucleotides (Invitrogen) using Moloney murine
leukemia virus reverse transcriptase (Promega). Relative quantification
of specific cDNA species to the endogenous reference Actb or B2mwas
performed using SYBR on a ViiA7 cycler (Applied Biosystems). Prim-
ers were either designed manually or by the Universal ProbeLibrary
Assay Design Center (Roche), and their sequences are indicated in
Supplementary Table 8. Relative quantification was performed using
the change in cycling threshold (AAC,) method.

RNA-seq

Deep sequencing (RNA-seq) was performed at the GeneCore facility
of EMBL (http://www.genecore.embl.de/). Libraries were prepared
according to the Illumina protocol and were subjected to paired-end
sequencing onaHiSeq2000 system.

RNA-seq data analysis

Sequenced reads were aligned to the mouse genome (GRCm38) using
Hisat2 (ref. 53), and gene count tables were obtained using feature-
Counts® against mouse gene models (gencode M16). Low-expressed
genes were filtered out using the edgeR R package®. Library sizes
were normalized using the trimmed mean of M values (TMM) method
in edgeR>°. Differential expression analysis between groups was per-
formed using an empirical Bayes quasilikelihood approachinedgeR®".
Genes were considered differentially expressed if the FDR of the
quasilikelihood test was less than 0.05 and the estimated fold change
between groups was greater than 1.5. For display purposes, counts were
transformed to normalized log, (CPM) values. GO enrichment analysis
of hierarchical clusters was performed using GOrilla®®,

Computational analysis of single-cell RNA-seq data

Single-cell data from Yang et al."* and du Halgouet et al.” were pro-
cessed using Seurat®’. Barcode-gene matrices from Yang et al. were
downloaded from https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSM 6927021 and processed with Seurat to remove low-quality
cells (genes > 200, features of >1,000 and <3,000, percentage of mito-
chondrial genes of <5). Cells with /[17a or Ifng counts were then subset-
ted, counts were normalized and scaled, and differential expression
analysis was performed between /lI7a" and Ifng"* cells using the Find-
Markers function. For du Halgouet et al., processed Seurat data were
obtained from https://github.com/sagar161286/multimodal_gdT-
cells. The Seurat object was subsetted to include only cells with either

Il17a or Ifng read counts (a very small number of double-positive cells
were excluded), and asimilar analysis to the one described earlier was
performed.

Statistical analysis

Nostatistical methods were used to predetermine sample sizes, but our
sample sizes are similar to those reported in previous publications®™*%,
Statistical analyses were performed using GraphPad Prism. Where
parametric tests were used, data distribution was either tested using
a Kolmogorov-Smirnov test or was assumed to be normal according
totheinformation providedinthe respective figure captions. Outliers
inRT-qPCR datawere detected and excluded througha Grubbs’s test,
also known as the extreme studentized deviate method.

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

Data availability

Y6 T cell RNA-seq data have been deposited in the Sequence Read
Archive repositoryin NCBlunder accession code PRJNA1080348, and
CD4" T cell RNA-seq data are also available from the Sequence Read
Archive under accession code PRJNA1067547. All other data that sup-
port the findings of this study are available in the article and Supple-
mentary Information or fromthe corresponding authors uponrequest.
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Extended DataFig. 1| Characterization of y8 T cell subsets isolated from I117a-
GFP:Ifng-YFP reporter mice. (a) Representative flow cytometry plots showing
gating strategy used to identify y§ T cells subsets. Red arrows show sequence

of gating strategy. (b) Characterization of the V, chain usage, as determined by
V,land V4 TCRstaining, within the GFP*, YFP* and DN Y5 T cell populations of
1l17a-GFP:Ifng-YFP reporter mice (n =3 mice). Data are representative of one
independent experiment and each symbol represents a biological replicate.

(c) Representative flow cytometry plots displaying the expression of CD24, CD44
and CD45RB extracellular markers within the GFP*, YFP* and DN Y8 T cell subsets
from the pLN of /[17a-GFP:Ifng-YFP reporter mice, and (d) the expression of GFP
and YFP within CD24~ CD44"¢"CD45RB™ or CD45RB*CD44" y8 T cell subsets from

the pLN of reporter mice. (e) Representative flow cytometry plots displaying the
expression of CD27 within the GFP*, YFP* and DN y8 T cell subsets from the

pLN of /l17a-GFP:Ifng-YFP reporter mice and (f) the expression of GFP and

YFP within CD27 or CD27"y8 T cell subsets from the pLN of reporter mice.

(g) Representative flow cytometry plots and barplots displaying the frequencies
of y8°N, y8Y (GFP*) or y8"™ (YFP*) cells after 16 h of in vitro differentiation of y&°™
sorted from the pooled pLN plus spleen of /[17a-GFP:Ifng-YFP reporter mice,
cultured wither with IL-1 plus IL-23 or IL-12 plus IL-18 in the presence or absence
of p.b. anti-CD3 mAb. Data are representative of two independent experiments
and each symbol represents abiological replicate. Graphs display Mean + SEM.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2| Comparison of expression profiles of effector yé and
CD4 + Tcellsubsets. (a) PCA plot from mRNA-seq data analysis, comprising the
three GFP and three YFP samples from pLN y8 T cell subsets, and two Th17 and
two Thlsamples also isolated from /l17a-GFP:Ifng-YFP reporter mice but at the
peak of experimental autoimmune encephalomyelitis (EAE). Each population of
cellsisolated - GFP* (labelled GFP, in green); YFP* (labelled YFP, in yellow),
Thi(inred) and Thi7 (inblue) - is represented by its independent samples.

(b) Venn diagram of the upregulated genes (FDR < 0.05 and fold change > 1.5)

of the different comparison pairs. (c) Venn diagram of the downregulated genes
(FDR < 0.05 and fold change > 1.5) of the different comparison pairs. (d) Heatmap
displaying the log,(CPM) normalized expression values of the most enriched
(ordered by fold change) differentially expressed genes in y§" and comparison
with Thland Th17 profiles. (e) Heatmap displaying the log,(CPM) normalized
expression values of the most enriched (ordered by fold change) differentially
expressed genes in y§'™ and comparison with Th1and Th17 profiles.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Expression of signature genes in Vy-based subsets of y8  independent experiments. Each symbol is a pool of cells from several mice.

ory8"™ cells. (a) y8” GFP'V,1'V,4"and GFP'V,4" and y§"" YFP'V,1"and YFP'V 4" Graphs display Mean + SEM. One-way analysis of variance (ANOVA) test with
cellswere sorted and RNA was extracted and subject to RT-qPCR analysis. Tukey’s multiple-comparisons test under the assumption of data normality.
Relative expression levels of (b) y§ signature genes or (c) y8'™ signature P*<0.05,**P<0.01,**P< 0.001, ***P< 0.0001.

genes were normalised to B-actin (n =4). Data are representative of one to four
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Extended DataFig. 4 | Expression of y5”/y8'™ signature genes in ex vivo
y6"-biased CD44"€"CD45RB™ or y6"™-biased CD45RB*CD44" cells.

(a-b) Relative expression levels of (A) y§" and (B) y§'™ signature genes
normalized to B2m (2-microglobulin) in ex vivo CD24 CD44"¢"CD45RB™ and
CD24 CD45RB*CD44"'yS T cells sorted from the pLN, liver (Lv) or testis (T)

of C57BL/6 mice; n.d. means non-detected. Data are representative of seven
independent experiments. Each symbol is a pool of cells from several mice.
Graphs display Mean + SEM. Two-tailed t-tests were performed under the
assumption of data normality. P*< 0.05,**P < 0.01, **P < 0.001, ***P < 0.0001.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Comparison of the expression of the y8"/y8"" signature
genes in our bulk RNA-seq with publicly available scRNA-seq datasets. (a-b)
Heatmaps depicting the normalized scaled Seurat expression values for each

of the 20 validated y8"/y8™ signature genes identified in our study in /l17a+ or
Ifng +y8 T cells from the publicly-available Yang et al.® (A) or du Halgouet et al.”
(B) single-cell RNA-seq datasets. (c) Heatmap displaying the log,(CPM)

normalized expression values from pseudobulk counts of the 20 validated
v87/y8"™ signature genes in /l17a+ or Ifng + y8 T cells from our dataset (LN) or
those of of Yang et al. (LN) and du Halgouet et al. [LN, spleen, liver, lung, small
intestine (SI), large intestine (LI) and skin] and (d) barplots displaying log,(FC)
estimated values of the validated y8"/y8"™ signature genes between those same
Il17a+orIfng + Y8 T cells from the three datasets.
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Extended Data Fig. 6 | Analysis of thymic y8 T cell subsets in CD6 mutant or
Themis-deficient mice. (a) Frequency and (b) total cell counts of y6 T cells in the
thymus of adult CD6*®* and littermate CD6 control mice. (¢) Frequency of V,
usage of y8 T cells in the thymus of adult CD6**% and littermate CD6 control
mice. (d) Frequency of thymic y5 T cells committed to the CD24™ CD44 CD45RB",
CD44"e"CD45RB", CD45RB*'CD44 and CD45RB*CD44" subsets in the thymus of
adult CD62%¥2% and littermate CD6 control mice. () Frequency of IL-17%, IFN-y*
orIL-17'IFN-y” double negative (DN) y§ T cells from the thymus of adult CD62%24
and littermate CD6 control mice upon invitro stimulation with PMA/ionomycin
inthe presence of Brefeldin A. (f) Frequency and (g) total cell counts of

y8 T cellsin the thymus of adult Themis™ and littermate Themis*~ control mice.

(h) Frequency of Vy usage of y8 T cells in the thymus of adult Themis” and
littermate Themis* control mice. (i) Frequency of thymic y5 T cells committed
tothe CD24 CD44 CD45RB", CD44"e"CD45RB", CD45RB*CD44 and
CD45RB*CD44" subsets in the thymus of adult Themis™ and littermate Themis*~
control mice. (j) Frequency of IL-17*, IFN-y* or IL-17'IFN-y” double negative (DN) y&
T cells from the thymus of adult Themis ™" and littermate Themis”~ control mice
upon invitro stimulation with PMA/ionomycin in the presence of Brefeldin A. All
dataare representative of two independent experiments (n = 6 mice), and each
symbol represents a biological replicate. Graphs display Mean + SEM. Two-tailed
Mann-Whitney (A-B, F-G) or multiple comparisons Kruskal-Wallis (C-E, H-J) tests.
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Extended Data Fig. 7| Activation and proliferation of peripheral y6"-biased
CD27 y8 T cells from CD6 mutant or Themis-deficient mice. (a) Gating strategy
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K1-67=-BV605 =——————>

used to identify the CD24" yS T cell subsets in which CD6 or Themis protein

expression was analysed: CD44 CD45RB", CD44"e"CD45RB~and CD45RB*CD44",
with arepresentative plot of CD6 expression in the three subsets. (b) Frequencies
of CD44, CD69 and CD25 expressionin CTV-labelled CD27 y8 T cells sorted from
pooled pLN and spleen of CD62%2% or littermate CD6 control mice stimulated
for 48 hours with soluble anti-CD3 (1.25 pg/mL) in the presence of T cell-depleted
splenocytes. Data are from two independent experiments, n = 2. Each symbol
represents a pool of cells from three mice (c) Frequencies of CD44, CD69 and

3
CD44-BV71] ——————»
CD25 expression and (d) expansionindex of CTV-labelled CD27 y5 T cells sorted
from pooled pLN and spleen of Themis™~and littermate Themis*" control mice
upon 48 hours of in vitro stimulation with plate-bound anti-CD3 and anti-CD28
(2.5 pg/mL). Themis data are representative of six independent experiments,
n =6; eachsymbolinthe graphs represents a pool of cells from two mice used in
each experiment. (e) Gating strategy used to identify IFN-y* y5 T cells from the
pLN of P. bergueiinfected mice at day 5 post infection, with representative plots
of KI-67 and CD44 expression in these cells. Graphs display Mean + SEM.
Two-tailed Mann-Whitney test.
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Software and code

Policy information about availability of computer code

Data collection  RNA-sequencing was performed on HiSeq2000 system (lllumina). All flow cytometry data were acquired using FACSDiva 6.2 and FACSDiva 8.0
(BD Biosciences) or SpectroFlo (Cytek). Cell sorting was performed using FACSDiva 6.1.3 or FACSDiva 9.0 software (BD Biosciences). RT-gPCR
data were adquired using ViiA 7 1.2.1 sofware (Applied Biosystems).

Data analysis All analysis are described in the relevant section of Methods. Regarding RNA-seq analysis: sequenced reads were aligned to the mouse
genome using Hisat2 (v2.1.0, https://doi.org/10.1038/s41587-019-0201-4), and gene count tables were obtained using featureCounts (v2.0.3,
https://doi.org/10.1093/bioinformatics/btt656) against the mouse gene models (gencode M16); low-expressed genes were filtered out using
the edgeR R package (v3.32.1, https://doi:10.1093/bioinformatics/btp616); library sizes were normalized using the trimmed mean of M values
(TMM) method in edgeR (https://doi.org/10.1186/gb-2010-11-3-r25); and differential expression analysis between groups was performed
using an empirical Bayes quasi-likelihood approach in edgeR (https://doi.org/10.1093/bioinformatics/btm453). GO enrichment analysis of
hierarchical clusters was performed using GOrilla (https://doi.org/10.1186/1471-2105-10-48). Computational analysis of published single-cell
RNA-Seq data sets was done using Seurat (v4). Flow cytometry data were analysed using FlowJo v10.7.2 software (FlowJo LLC). RT-gPCR data
was analysed using ViiA 7 1.2.1 sofware (Applied Biosystems). Statistical analysis were done with GraphPad Prism (v8.4.3) software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

gamma-delta T cell RNA-seq data have been deposited in the Sequence Read Archive (SRA) repository in NCBI under the accession code PRINA1080348 (https://
www.ncbi.nlm.nih.gov/bioproject/PRINA1080348) and CD4+ T cell RNA-seq data are also available from SRA under the accession code PRINA1067547 (https://
www.ncbi.nlm.nih.gov/bioproject/PRINA1067547). All other data that support the findings of this study are available in the article and Supplementary Information,
or from the corresponding authors upon request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed; sample size was based on experiences giving reproducible results: experiments whose results
presented a bigger signal-to-noise ratio required a higher number of replicates, while experiments whose results presented decreased
variability allowed for conclusions with less replicates. Each single experimental was performed multiple times using independent samples.

Data exclusions  Outliers in RT-qPCR data were detected and excluded through Grubbs' test, also known as the ESD method (extreme studentized deviate).

Replication All data presented in the manuscript derives from independent experiments performed at least twice with samples sourcing from distinct
organisms.

Randomization  Mice were assigned randomly to different groups, respecting genotype, age and sex matching, and each given a code number. Samples were
treated uniformly, with the same procedure being applied to all simultaneously at a given experiment. Each sample was then assigned its ID

after data was analysed.

Blinding All experiments including knockout or mutant mice and control groups were performed blindly by investigators until analysis of results,
including ECM onset evaluation. Other than that, no blinding was involved, given there was no subjective measurements.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a 7 Involved in the study
Antibodies [] chip-seq

[] Eukaryotic cell lines [ 1IIX| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
Animals and other organisms

[] Clinical data

[ ] Dual use research of concern

[] Plants
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Antibodies

Antibodies used The following antibodies [Ab (Clone) Fluorochrome, Supplier name, Catalog number] were used for:
1. Flow cytometry:
CD3e (145-2C11) PerCP-Cy5.5, BioLegend, Cat# 100328,
CD3e (17A2) APC-eFluor 780, eBioscience, Cat# 47-0032-82
CD3e (17A2) BV711, BioLegend, Cat#t 100241
CD6 (OX-129) PE, BioLegend, Cat# 146404
CD24 (M1/69) FITC, eBioscience, Cat# 11-0242-82
CD24 (M1/69) BV510, BiolLegend, Cat# 101831
CD25 (PC61) PE, BioLegend, Cat# 102008
CD25 (3C7) PE-Dazzle 594, BioLegend, Cat# 102048
CD27 (LG.3A10) PerCp-Cy5.5, BioLegend, Cat# 124214
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CD27 (LG-7F9) PE-Cy7, eBioscience, Cat# 25-0271-82
CD44 (IM7) BV605, BioLegend, Cat# 103047

CD44 (IM7) BV711, BioLegend, Cat# 103057

CD45 (30-F11) BV510, BioLegend, Cat# 103138

CD45RB (C363.16A) PerCP-Cy5.5, BioLegend, Cat#t 103313
CD69 (H1.2F3) APC, BioLegend, Cat# 104514

CD122 (TM-B1) PE-Cy5, BioLegend, Cat# 123220

IFN-g (XMG1.2) PE-Cy7, eBioscience, Cat# 25-7311-82
IL-17A (TC11-18H10.1) Pacific Blue BioLegend, Cat# 506918
KI-67 (16A8) BV-605, BioLegend, Cat# 652413

TCRd (GL3) APC, eBioscience, Cat# 17-5711-82

TCRd (GL3) BV421, BioLegend, Cat# 118120,

Themis (1TMYS) eFluor 660, eBioscience, Cat#t 50-5918-82
Vgl (2.11) APC, BioLegend, Cat# 141108

Vg4 (UC3-10A6) PE-Cy7, eBioscience, Cat# 25-5828-82
Vg5 (536) FITC, BD Biosciences, Cat# 553229

CD16/CD32 (93), eBioscience, Cat# 14-0161-86

2. in vitro culture:

CD3e (145-2C11), BioLegend, Cat# 100302

CD28 (37.51), eBioscience, Cat#f 14-0281-86

3. MACS negative enrichment:

CD19 (6D5), BioLegend, Cat# 115504

CD11b (M1/70), BioLegend, Cat# 101204

CD11c (N418), BioLegend, Cat# 117304

TCRB (H57-597), BioLegend, Cat# 109204

TER-119 (TER-119), BioLegend, Cat# 116204

Validation The antibodies used in this study were used according to the manufacturer’s recommendation. Validation was based on the
description provided on the manufacturer’s homepage.
Antibody (Clone), Fluorochrome if applicable, Validation
CD3e (145-2C11) PerCP-Cy5.5, https://www.biolegend.com/fr-fr/products/percp-cyanine5-5-anti-mouse-cd3epsilon-antibody-4191
CD3e (17A2) APC-eFluor 780, https://www.thermofisher.com/antibody/product/CD3-Antibody-clone-17A2-Monoclonal/47-0032-82
CD3e (17A2) BV711, https://www.biolegend.com/fr-fr/products/brilliant-violet-711-anti-mouse-cd3-antibody-10022
CD6 (0X-129) PE, https://www.biolegend.com/en-gh/products/pe-anti-mouse-cd6-antibody-9015
CD24 (M1/69) FITC, https://www.thermofisher.com/antibody/product/CD24-Antibody-clone-M1-69-Monoclonal/11-0242-82
CD24 (M1/69) BV510, https://www.biolegend.com/de-at/products/brilliant-violet-510-anti-mouse-cd24-antibody-9925
CD25 (PC61) PE, https://www.biolegend.com/en-ie/products/pe-anti-mouse-cd25-antibody-424
CD25 (3C7) PE-Dazzle 594, https://www.biolegend.com/fr-fr/products/pe-dazzle-594-anti-mouse-cd25-antibody-10220
CD27 (LG.3A10) PerCp-Cy5.5, https://www.biolegend.com/en-gb/products/percp-cyanine55-anti-mouse-rat-human-cd27-
antibody-4396?GrouplD=BLG10664
CD27 (LG-7F9) PE-Cy7, https://www.thermofisher.com/antibody/product/CD27-Antibody-clone-LG-7F9-Monoclonal/25-0271-827?
ef_id=CjOKCQiAx9g6BhCDARISACWUxu6-6R41LHgaHsprCPAQpwhNVjwMYLi9Z92bUenzFejzQijpgDO8N0OsaAnC7EALW_wcB:G:s&s_kwc
id=AL!3652131278928759553!11g1111454324556!
63404918784&cid=bid_pca_frg_r01_co_cp1359_pjt0000_bid00000_Ose_gaw_dy_pur_con&gad_source=1&gbraid=0AAAAADxi_GRv
B6nH4JC11EpYBSB_CKOfz&gclid=CjOKCQiAx9q6BhCDARISACWUxu6-6R41LHgaHsprCPAQpwhNVjwMYLi9Z92bUenzFejzQijpgDOSNOsa
AnC7EALwW_wcB
CD44 (IM7) BV605, https://www.biolegend.com/de-de/products/brilliant-violet-605-anti-mouse-human-cd44-antibody-8807?
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GrouplD=BLG10425

CD44 (IM7) BV711, https://www.biolegend.com/nl-nl/products/brilliant-violet-711-anti-mouse-human-cd44-antibody-10316

CD45 (30-F11) BV510, https://www.biolegend.com/en-gb/products/brilliant-violet-510-anti-mouse-cd45-antibody-7995

CDA45RB (C363.16A) PerCP-Cy5.5, https://www.biolegend.com/de-at/products/percp-cyanine5-5-anti-mouse-cd45rb-antibody-6225?
GrouplD=BLG259

CD69 (H1.2F3) APC, https://www.biolegend.com/en-ie/products/apc-anti-mouse-cd69-antibody-3169

CD122 (TM-B1) PE-Cy5, https://www.biolegend.com/de-at/products/pe-cyanine5-anti-mouse-cd122-il-2rbeta-antibody-14800
IFN-g (XMG1.2) PE-Cy7, https://www.thermofisher.com/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-
Monoclonal/25-7311-82

IL-17A (TC11-18H10.1) Pacific Blue, https://www.biolegend.com/en-ie/products/pacific-blue-anti-mouse-il-17a-antibody-4145?
GrouplD=GROUP24

KI-67 (16A8) BV-605, https://www.biolegend.com/de-at/products/brilliant-violet-605-anti-mouse-ki-67-antibody-8983

TCRd (GL3) APC, https://www.thermofisher.com/antibody/product/TCR-gamma-delta-Antibody-clone-eBioGL3-GL-3-GL3-
Monoclonal/17-5711-82

TCRd (GL3) BV421, https://www.biolegend.com/de-at/products/brilliant-violet-421-anti-mouse-tcr-gamma-delta-antibody-7249?
GrouplD=BLG3687

Themis (1TMYS) eFluor 660, https://www.thermofisher.com/antibody/product/Themis-Antibody-clone-1TMYS-
Monoclonal/50-5918-82

Vgl (2.11) APC, https://www.biolegend.com/en-gb/products/apc-anti-mouse-tcr-vgammal-1-cr4-antibody-7218?GrouplD=BLG9203
Vg4 (UC3-10A6) PE-Cy7, https://www.thermofisher.com/antibody/product/TCR-V-gamma-2-Antibody-clone-UC3-10A6-
Monoclonal/25-5828-82

Vg5 (536) FITC, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/fitc-hamster-anti-mouse-v-3-tcr.553229

CD16/CD32 (93) https://www.thermofisher.com/antibody/product/CD16-CD32-Antibody-clone-93-Monoclonal/14-0161-82

CD3e (145-2C11) https://www.biolegend.com/en-gb/products/purified-anti-mouse-cd3epsilon-antibody-28?Group|D=BLG6744
CD28 (37.51) https://www.thermofisher.com/antibody/product/CD28-Antibody-clone-37-51-Monoclonal/14-0281-82

CD19 (6D5) https://www.biolegend.com/en-gb/products/biotin-anti-mouse-cd19-antibody-1527?GrouplD=BLG7045

CD11b (M1/70) https://www.biolegend.com/en-gb/products/biotin-anti-mouse-human-cd11b-antibody-346?GrouplD=BLG10660
CD11c (N418) https://www.biolegend.com/fr-fr/products/biotin-anti-mouse-cd11c-antibody-1814

TCRB (H57-597) https://www.biolegend.com/ja-jp/products/biotin-anti-mouse-tcr-beta-chain-antibody-269

TER-119 (TER-119) https://www.biolegend.com/ja-jp/products/biotin-anti-mouse-tcr-beta-chain-antibody-269

The antibodies used in this study were used according to the manufacturer’s recommendation. Validation was based on the
description provided on the manufacturer’s homepage.

Antibody (Clone), Fluorochrome if applicable, Validation

CD3e (145-2C11) PerCP-Cy5.5, https://www.biolegend.com/fr-fr/products/percp-cyanine5-5-anti-mouse-cd3epsilon-antibody-4191
CD3e (17A2) APC-eFluor 780, https://www.thermofisher.com/antibody/product/CD3-Antibody-clone-17A2-Monoclonal /47-0032-82
CD3e (17A2) BV711, https://www.biolegend.com/fr-fr/products/brilliant-violet-711-anti-mouse-cd3-antibody-10022

CD6 (0X-129) PE, https://www.biolegend.com/en-gh/products/pe-anti-mouse-cd6-antibody-9015

CD24 (M1/69) FITC, https://www.thermofisher.com/antibody/product/CD24-Antibody-clone-M1-69-Monoclonal/11-0242-82

CD24 (M1/69) BV510, https://www.biolegend.com/de-at/products/brilliant-violet-510-anti-mouse-cd24-antibody-9925

CD25 (PC61) PE, https://www.biolegend.com/en-ie/products/pe-anti-mouse-cd25-antibody-424

CD25 (3C7) PE-Dazzle 594, https://www.biolegend.com/fr-fr/products/pe-dazzle-594-anti-mouse-cd25-antibody-10220

CD27 (LG.3A10) PerCp-Cy5.5, https://www.biolegend.com/en-gh/products/percp-cyanine55-anti-mouse-rat-human-cd27-
antibody-4396?GrouplD=BLG10664

CD27 (LG-7F9) PE-Cy7, https://www.thermofisher.com/antibody/product/CD27-Antibody-clone-LG-7F9-Monoclonal/25-0271-827?
ef_id=CjOKCQiAX9g6BhCDARISACWUxu6-6R41LHgaHsprCPAQpwhNVjwMYLi9Z92bUenzFejzQijpgDO8NOsaAnC7EALw_wcB:G:s&s_kwe
id=AL!3652131278928759553!11g1111454324556!
63404918784&cid=bid_pca_frg_r01_co_cp1359_pjt0000_bid00000_Ose_gaw_dy_pur_con&gad_source=1&gbraid=0AAAAADxi_GRv
B6nH4JC11EpYBSB_CKOfz&gclid=CjOKCQiAXx9q6BhCDARISACWUxu6-6R41LHgaHsprCPAQpwhNVjwMYLi9Z92bUenzFejzQijpgDOSNOsa
AnC7EALw_wcB

CD44 (IM7) BV605, https://www.biolegend.com/de-de/products/brilliant-violet-605-anti-mouse-human-cd44-antibody-88077?
GrouplD=BLG10425

CD44 (IM7) BV711, https://www.biolegend.com/nl-nl/products/brilliant-violet-711-anti-mouse-human-cd44-antibody-10316

CD45 (30-F11) BV510, https://www.biolegend.com/en-gb/products/brilliant-violet-510-anti-mouse-cd45-antibody-7995

CD45RB (C363.16A) PerCP-Cy5.5, https://www.biolegend.com/de-at/products/percp-cyanine5-5-anti-mouse-cd45rb-antibody-62257?
GrouplD=BLG259

CD69 (H1.2F3) APC, https://www.biolegend.com/en-ie/products/apc-anti-mouse-cd69-antibody-3169

CD122 (TM-B1) PE-Cy5, https://www.biolegend.com/de-at/products/pe-cyanine5-anti-mouse-cd122-il-2rbeta-antibody-14800
IFN-g (XMG1.2) PE-Cy7, https://www.thermofisher.com/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-
Monoclonal/25-7311-82

IL-17A (TC11-18H10.1) Pacific Blue, https://www.biolegend.com/en-ie/products/pacific-blue-anti-mouse-il-17a-antibody-4145?
GrouplD=GROUP24

KI-67 (16A8) BV-605, https://www.biolegend.com/de-at/products/brilliant-violet-605-anti-mouse-ki-67-antibody-8983

TCRd (GL3) APC, https://www.thermofisher.com/antibody/product/TCR-gamma-delta-Antibody-clone-eBioGL3-GL-3-GL3-
Monoclonal/17-5711-82

TCRd (GL3) BV421, https://www.biolegend.com/de-at/products/brilliant-violet-421-anti-mouse-tcr-gamma-delta-antibody-7249?
GrouplD=BLG3687

Themis (1TMYS) eFluor 660, https://www.thermofisher.com/antibody/product/Themis-Antibody-clone-1TMYS-
Monoclonal/50-5918-82

Vgl (2.11) APC, https://www.biolegend.com/en-gb/products/apc-anti-mouse-tcr-vgammal-1-cr4-antibody-7218?GrouplD=BLG9203
Vg4 (UC3-10A6) PE-Cy7, https://www.thermofisher.com/antibody/product/TCR-V-gamma-2-Antibody-clone-UC3-10A6-
Monoclonal/25-5828-82

Vg5 (536) FITC, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/fitc-hamster-anti-mouse-v-3-tcr.553229

CD16/CD32 (93) https://www.thermofisher.com/antibody/product/CD16-CD32-Antibody-clone-93-Monoclonal/14-0161-82

CD3e (145-2C11) https://www.biolegend.com/en-gb/products/purified-anti-mouse-cd3epsilon-antibody-28?Groupl|D=BLG6744
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CD28 (37.51) https://www.thermofisher.com/antibody/product/CD28-Antibody-clone-37-51-Monoclonal/14-0281-82

CD19 (6D5) https://www.biolegend.com/en-gb/products/biotin-anti-mouse-cd19-antibody-1527?GrouplD=BLG7045

CD11b (M1/70) https://www.biolegend.com/en-gb/products/biotin-anti-mouse-human-cd11b-antibody-346?GrouplD=BLG10660
CD11c (N418) https://www.biolegend.com/fr-fr/products/biotin-anti-mouse-cd11c-antibody-1814

TCRB (H57-597) https://www.biolegend.com/ja-jp/products/biotin-anti-mouse-tcr-beta-chain-antibody-269

TER-119 (TER-119) https://www.biolegend.com/ja-jp/products/biotin-anti-mouse-tcr-beta-chain-antibody-269

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

C57BL/6J mice were purchased from the Charles Rivers Laboratories. Double Ifng-YFP.l117a-GFP reporter mice were generated and
bred in house by crossing the following single reporter strains: Great (Ifng-YFP) (https://doi.org/10.1038/ni.1715) obtained from the
Jackson Laboratory, and IL17-GFP (https://doi.org/10.1038/ni.2416), from Biocytogen, LLC. CD6AD3/AD3 and Themis-/- mouse
strains were established at A.M. Carmo (https://www.biorxiv.org/content/10.1101/2022.04.29.490054v1) and R. Lesourne’s (https://
doi.org/10.1038/ni.1768) laboratories, respectively. All mice used were adult (6-14 weeks). Mice were bred and housed in rooms
with a light-dark cycle of 14h/10h, temperature of 22-24 °C and relative humidity of 45-65% in SOPF (specific opportunistic pathogen
free) animal holding rooms and used for experimental purposes in SPF (specific pathogen free) animal rooms of the Instituto de
Medicina Molecular Jodo Lobo Antunes Rodent Facility (Lisbon, Portugal).

No wild animals were used in this study.

Findings do not apply to one sex: both male and female mice were used in this study. Sex-matched mice were used for each
individual experiment. Data in Extended Data Figure 4 is based on samples from male mice, given the analysis of cells from testis.

No field-collected samples were used in this study.

All experiments involving animals were approved by the Animal Welfare Body of Instituto de Medicina Molecular Jodo Lobo Antunes
(ORBEA-IMM), set up in accordance with Portuguese law (article 34 of Decreto-Lei 113/2013, transposed from the European
Directive 2010/63/EU), and submitted to the local competent authority Direccdo-Geral de Alimentacdo e Veterinaria (DGAV) for
authorization.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

The cell preparation protocols, with detailed biological source of the cells, are provided in the Materials and Methods section.

Cell sorting was performed using one of the following Cell Sorters (all from BD Biosciences): BD FACSAria llu (red, blue and
violet lasers), Il (red, yellow-green, blue and violet lasers) or Fusion (red, yellow-green, blue and violet lasers). Flow
cytometry analysis was performed on a FACS Fortessa X-20 (red, yellow-green, blue and violet lasers), LSRFortessa (red,
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yellow-green, blue and violet lasers) or Cytek Aurora (red, yellow-green, blue and violet lasers, or additionally ultraviolet
laser).

Software All flow cytometry data were acquired using FACSDiva 6.2 or FACSDiva 8.0 (BD Biosciences), except for Themis protein
expression data, which were acquired using SpectroFlo (Cytek). Cell sorting was performed using FACSDiva 6.1.3 or FACSDiva
9.0 software (BD Biosciences). All flow cytometry data were analysed using FlowJo v10.7.2 software (FlowJo LLC)

Cell population abundance Post-sort sample purity was examined by flow cytometry. Samples containing at least 95% of desired population were used
for further analysis.

Gating strategy Using FSC/SSC, debris were removed. Doublet exclusion was performed at least once by using FSC-A versus FSC-W.
Additionally, for cell-sorting, double exclusion was further performed by using SSC-A versus SSC-W. Non-viable cells were
then excluded by the inclusion of a viability dye in the staining. Gating strategies to identify cell populations of interest
include:
gamma-delta T cells: CD3e+TCR+
gamma-deltalFN YFP+ cells: CD3e+TCR+YFP+
gamma-deltal7 GFP+ cells: CD3e+TCR+GFP+
gamma-deltaDN cells: CD3e+TCR+YFP-GFP-
gamma-deltal7 GFP+Vga+ cells: CD3e+TCR+Vg4+GFP+
gamma-deltal7 GFP+Vgl-V4- cells: CD3e+TCR+Vgl-Vg4-GFP+
gamma-deltalFN YFP+Vg1+ cells: CD3e+TCR+Vgl+GFP+
gamma-deltalFN YFP+Vg4+ cells: CD3e+TCR+Vg4+GFP+
CD27+ gamma-delta T cells: CD3e+TCR+CD27+
CD27- gamma-delta T cells: CD3e+TCR+CD27-

CD44-CD45RB- gamma-delta T cells: CD3e+TCR+CD24-CD44-CD45RB-
CD44highCD45RB- gamma-delta T cells: CD3g+TCR+CD24-CD44highCD45RB-
CD45RB+CD44+ gamma-delta T cells: CD3e+TCR+CD24-CD45RB+CD44+
IFN-g+ gamma-delta T cells: CD3e+TCR+IFN-g+
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