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SUMMARY

¥8 T cells form an integral arm of the immune system and are critical during protective and
destructive immunity. However, how 6 T cells are functionally programmed /n vivo remains
unclear. Here, we employ RBPJ-inducible and KN6-transgenic mice to assess the roles of
ontogenic timing, T cell receptor (TCR) signal strength, and Notch signaling. We find skewing of
Vy1* cells toward the PLZF*Lin28b* lineage at the fetal stage. Generation of interleukin-17
(IL-17)-producing y6 T cells is favored during, although not exclusive to, the fetal stage.
Surprisingly, Notch signaling is dispensable for peripheral y& T cell IL-17 production. Strong
TCR signals, together with Notch, promote IL-4 differentiation. Conversely, less strong TCR
signals promote Notch-independent IL-17 differentiation. Single-cell transcriptomic analysis
reveals differential programming instilled by TCR signal strength and Notch for specific subsets.
Thus, our results precisely define the roles of ontogenic timing, TCR signal strength, and Notch
signaling in -y6 T cell functional programming /n vivo.

In brief

Ontogeny and TCR signal strength are known to influence -y6 T cell differentiation. Chen et al.
show that temporal control of Notch signaling in RBPJ-inducible mice affects innate y& T cell
differentiation. TCR signal strength and Notch influence IL-4 versus IL-17 6 T cell
programming, which correlate with low versus high Ccr9expression, respectively.
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INTRODUCTION

T cell commitment occurs at the CD4~CD8™ double-negative (DN) 3 stage of T cell
development, when cells bifurcate into the ap or y8 lineage (Ciofani et al., 2006; Wong and
Zuniga-Pfliicker, 2010). Both T cell lineages can secrete interferon y (IFNy), interleukin-4
(IL-4), or IL-17 (In et al., 2017; Parker and Ciofani, 2020; Zarin et al., 2015). However, y&
T cells are distinct in that ontogenic timing is thought to influence the generation of specific
Vy repertoires and functional subsets (Carding and Egan, 2002; Prinz et al., 2013).
Additionally, although functional differentiation of ap T cells typically occurs in the
periphery, y& T cells may acquire their functional fates during intrathymic development (In
etal., 2017; Parker and Ciofani, 2020; Zarin et al., 2015). The roles of ontogenic timing, T
cell receptor (TCR) signal strength, and Notch signaling in -y8 T cell functional
programming /n vivo remain to be fully elucidated.

The ability of y& T cells to secrete cytokines at faster “innate-like” kinetics distinguishes
them from “adaptive” ap T cells (Schmolka et al., 2015; Vantourout and Hayday, 2013).
Innate-like y& T cells comprise Vy1* promyelocytic leukemia zinc-finger-positive (PLZF*)
cells, which include IL-4-producing (y8T2) and IL-17-producing (y8T17) cells (Akitsu and
Iwakura, 2018; Alonzo et al., 2010; Kreslavsky et al., 2009; Papotto et al., 2017b). There is
controversy regarding y8T17 generation, because there are conflicting reports as to whether
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these cells are exclusively made fetally (Gray et al., 2013; Haas et al., 2012; Kashani et al.,
2015; Papotto et al., 2017a). The roles of TCR and Notch signaling in mediating ap versus
6 lineage decisions are well understood (Ciofani et al., 2006; Lauritsen et al., 2009).
However, it remains to be resolved whether these factors dictate -y6 T cell functional
programming /n vivo. Deficiency in inhibitor of DNA binding (ID) 3, which is downstream
of TCR signaling, results in expansion of Vy1*PLZF* cells (Alonzo et al., 2010; Lauritsen
et al., 2009). However, the TCR signal strength needed for y8T2 generation, along with the
role for Notch, requires further examination. Additionally, y6T17 generation has been
shown to require weaker TCR signals and Notch /in vitro (Zarin et al., 2018). However,
whether this is consistent /77 vivo remains to be investigated.

Here, we used RBPJ-inducible (RBPJI"d) mice in which Notch responsiveness, and thus T
cell development (Chen et al., 2019), can be restricted to fetal, neonatal, or adult periods. We
found that the fetal period generated fewer VVy1* cells, but these Vy1* cells were enriched
for PLZF and Lin28b expression. The fetal period was favorable for y8§T17 generation, but
lung y8T17 cells could still be made post-natally. However, only fetal-derived lung y6T17
cells possessed innate y6T17 functionality, which, contrary to previous reports (Nakamura
et al., 2015; Shibata et al., 2011), was Notch independent. Using KN6 y8TCR-transgenic
(KN6'9) mice (in which y8TCR signal strength can be modulated), RBPJ"AKN6Y mice, and
single-cell RNA sequencing (scRNA-seq) analysis, we found that strong TCR signals and
Notch promoted y8T2 development. Conversely, less strong TCR signals favored y6T17
development, which was Notch independent. Altogether, these results reveal the precise
roles of ontogenic timing, TCR signal strength, and Notch signaling in & T cell functional
programming /n vivo.

Fetal-, neonatal-, and adult-specific T cell development in RBPJ"d mice

RBPJINd mice, in which doxycycline (Dox) induces expression of an RBPJ transgene, allow
for temporal control of T cell development, as previously described (Chen et al., 2019).
Here, we restricted T cell development to fetal, neonatal, or adult periods to assess the role
of ontogeny in y6 T cell differentiation. For fetal-specific induction, pregnant mice were
Dox treated from conception to birth; for neonatal-specific induction, nursing mice were
Dox treated from birth to 3 weeks of age; and for adult-specific induction, mice were Dox
treated from 6 to 9 weeks of age (Figure S1A). Thymi from Dox-untreated RBPJI"d mice
(—-Dox) at embryonic day (E) 16, neonatal day 12, and adult day 54 displayed a block at the
CD44*CD25~ DNL1 stage and absence of CD3*y8TCR* cells (Figure S1B). In contrast,
thymi from Dox-treated RBPJI" mice (+Dox) showed CD44*CD25* DN2, CD44-CD25*
DN3, and CD44~CD25~ DN4 cells and the presence of CD3*y8TCR* cells (Figure S1B).
These results demonstrate that y& T cell development can be temporally regulated in a tight
fashion in RBPJNd mice.

Fetal induction of T cell development led to the generation of several Vv subsets in the
RBPJIN fetal thymus. Vy5* cells (Tonegawa nomenclature; Heilig and Tonegawa, 1986)
were the major & T cell population from E16 to E17, and Vy4* cells were the major
population from E20 to E21, while Vy1* and Vy7* cells were a small proportion
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throughout (Figure S1C). Adult induction of T cell development led to the generation of
Vy1*, Vy4*, and V7%, but not Vy5*, cells in the RBPJI" adult thymus. Vy4* cells were
the major & T cell population during the first 4 days, and Vy1* cells were the major
population from day 5 onward, while Vy7* cells were a small proportion throughout (Figure
S1C). These results are consistent with previous reports showing fetal-exclusive V-y5
generation (Havran and Allison, 1990; Ikuta et al., 1990), demonstrating that RBPJI"d mice
reflect physiological outcomes. Additionally, our findings show that the fetal period biases
toward Vy4 generation, while the adult period biases toward V-y1 generation.

The periphery was analyzed in 12-week-old RBPJI"d mice following fetal, neonatal, or adult
induction of T cell development. Dox-untreated RBPJI" mice displayed no CD3* T cells in
spleen and lymph nodes, while fetal-, neonatal-, and adult-induced mice showed the
appearance of y8 T cells (Figure S1D). Fetal-induced mice contained CD3"y8TCRNV+5*
cells in the epidermis, while post-natal-induced mice did not (Figure 1A). Fetal-induced
mice contained Vy6* cells in the lung, while post-natal-induced mice contained very few to
none (Figure 1A). Fetal- and neonatal-induced mice showed similar percentages of Vy7*
cells among intestinal epithelial -y8 T cells, with adult-induced mice showing a slight
reduction (Figure 1A). Fetal-induced mice contained very few Vy1* cells in spleen and
lymph nodes, which predominantly consisted of Vy4* cells (Figure 1B). Conversely, in
post-natal-induced mice, Vy1* cells were the predominant & T cell population, while
Vy4* cells were reduced in percentage by about 3-fold (Figure 1B). These data provide
additional evidence for fetal-exclusive Vy5 and V-6 generation (Cai et al., 2014; Havran
and Allison, 1990; Ikuta et al., 1990; Nitta et al., 2015) and show predominant development
of VV-y4 fetally, but predominant development of Vy1 post-natally.

Fetal-derived Vy1* cells are enriched for PLZF and Lin28b expression

Vy1* cells expressing PLZF are thought to be 6 natural killer (NK) T (NKT) cells (Alonzo
et al., 2010; Kreslavsky et al., 2009). Fetal-, neonatal-, and adult-derived Vy1* cells were
further analyzed for PLZF expression. In thymus and spleen, ~50% and ~40% of fetal-
derived Vy1* cells were PLZF*, respectively (Figure 1C). In comparison, the PLZF*
percentage was reduced 2-fold and 6- to 8-fold in post-natal-derived Vy1* cells, respectively
(Figure 1C). Total cell numbers showed that fetal, neonatal, and adult periods produced
similar quantities of Vy1*PLZF* cells (Figure 1C), suggesting that although the fetal period
generates fewer Vy1* cells, on a per-cell basis, it is more permissive for Vy1* cell
differentiation toward the y& NKT cell lineage.

To further elucidate the role of ontogeny in Vy1* cell development, we performed RNA
sequencing (RNA-seq) on mature CD24~ fetal (from RBPJ-sufficient newborn thymi) and
adult (from adult-induced RBPJ"d adult thymi) Vy1* cells. Differential expression analysis
revealed that many genes were upregulated in fetal or adult Vy1* cells, compared with each
other, of which 985 and 803 genes were significant, respectively (Figure 2A; Table S1).
Notably, fetal Vy1* cells displayed the Lin28b* gene signature (Lin28b, Arid3a, Igf2, and
lgf2bp3) that was lost in adult Vy1* cells, a feature that endows fetal hematopoiesis
properties, including innateness (Yuan et al., 2012) (Figure 2B; Table S1). Adult Vy1* cells
instead had high expression of adaptive immunity genes, such as Dntt, which permits TCR
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diversity (Aono et al., 2000), and Se//, which is expressed by naive T cells (Prinz et al.,
2013) (Figure 2B; Table S1). Interestingly, while Lin28b was enriched in fetal Vy1* cells
(which correlates with their skewing toward the y& NKT cell lineage), adult Vy1* cells
displayed y8T1/2-like features. Fetal Vy1* cells showed enriched expression of y&§T17
genes, Blk, //17a, and //17f(Laird et al., 2010), while adult Vy1* cells had enriched
expression of y8T1 genes, Slamif6and /fng (Dienz et al., 2020), and -y6T2 genes, Ca4 and
/14 (Alonzo et al., 2010) (Figure 2B; Table S1). This suggests that IL-17 potential is instilled
in fetal Vy1* cells, while adult Vy1* cells are poised for IFN+y and IL-4 production.

The Lin28b program also promotes proliferation and self-renewal/survival (Xu et al., 2020).
This was also observed in fetal Vy1* cells that showed upregulated expression of Cdkand
Cen cell-cycle genes compared with adult Vy1* cells (Figure 2B; Table S1). Fetal Vy1*
cells also had higher expression of Notch pathway genes, Notch3and Nrarp (Figure 2B;
Table S1). Together with Lin28b, Notch signaling can promote the observed increased
expression of proliferation genes, Mycand Mycn (Weng et al., 2006; Xu et al., 2020)
(Figure 2B; Table S1). Additionally, fetal Vy1* cells showed upregulation of self-renewal/
survival genes, AktI and Birc5 (Xu et al., 2020), while adult Vy1* cells showed
upregulation of quiescence genes, Btgl and BtgZ2 (Hwang et al., 2020) (Figure 2B; Table
S1). Other functional properties that distinguished fetal and adult Vy1* cells include the
expression of Gzmand /fitm genes, which confers resistance to viral infections (Wakim et
al., 2013), in fetal cells, and the expression of 7/rand Ki/ra genes, which function as NK
inhibitory receptors (Schenkel et al., 2013), in adult cells (Figure 2B; Table S1). Altogether,
these results suggest that fetal context is necessary for induction of Lin28b, which promotes
innateness in fetal Vy1* cells and endows them with specific functional assets and cell
maintenance strategies that are distinct from adult Vy1* cells.

The fetal period is favorable, but not exclusive, for y6§T17 generation

Lymph nodes and lung from fetal-, neonatal-, and adult-induced RBPJI" mice were
analyzed for CD27 expression in y& T cells, because CD27* correlates with IFN+y producers
(y8T1) and CD27" correlates with -y8T17 cells (Ribot et al., 2009; Schmolka et al., 2013).
Fetal-derived lymph node -y T cells contained equal proportions of CD27* and CD27~ cells
(Figure 3A). The CD27~ population was greatly reduced in post-natal-derived lymph node
v8 T cells (Figure 3A). In contrast, nearly all post-natal-derived lung y& T cells were
CD27~, comparable with fetal-derived cells (Figure 3A). y6 T cells were stimulated /n vitro
with phorbol 12-myristate 13-acetate (PMA) and ionomycin to determine their IL-17-
producing capacity. Fetal-derived lymph node -y6 T cells were capable of IL-17 production,
in stark contrast with the near absence of lymph node -y6T17 cells in post-natal-induced
mice (Figure 3B). Surprisingly, fetal-, neonatal-, and adult-derived lung & T cells were all
capable of IL-17 production, albeit with post-natal-induced mice showing a lower frequency
of lung y8T17 cells (Figure 3B). Adult-derived lung y8T17 cells consisted of Vy1* and
Vy4* cells (Figure S2A). These results suggest that the fetal period provides a more
permissive environment for y8T17 generation. However, the strict requirement for fetal
timing for IL-17 differentiation does not apply for certain tissue-specific y& T cells.
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Peripheral y8T17 function is Notch independent

Conditional deletion of HesZ in peripheral -y8 T cells was shown to impair IL-17 production,
suggesting that Notch is critical for peripheral y8T17 function (Nakamura et al., 2015;
Shibata et al., 2011). We wanted to extend these findings by investigating whether
controlling Notch responsiveness affected lung y8T17 function in response to an
inflammatory challenge. We employed trehalose dimycolate (TDM) to mimic M.
tuberculosis infection, because it activates Mincle receptors on monocytes to produce I1L-18
and IL-23, which in turn stimulate -y6 T cells to produce IL-17 (Saitoh et al., 2012).
Consistently, compared with mock-injected mice, TDM-injected mice showed increased
lung -y8 T cell IL-17 production (Figure S2B).

To determine the ability of fetal- and adult-derived lung -y8 T cells to produce IL-17 in
response to TDM in the absence or presence of Notch signaling, fetal- or adult-induced
RBPJIN mice remained Dox untreated (—~Dox) or were Dox treated (+Dox) for 1 week and
were exposed to TDM for 2 days prior to analysis (Figure S2C). In control (RBPJ-sufficient)
mice, lung y8 T cells displayed a strong IL-17 response, whereas lung af T cells did not,
demonstrating innate-specific reactivity (Figure 3C). In fetal-induced —Dox mice, the total
number of IL-17* lung 8 T cells was similar to control mice (Figure 3C; Figure S2D). In
contrast with control and fetal-induced —Dox, adult-induced —Dox lung y& T cells did not
display an IL-17 response (Figure 3C; Figure S2D). This suggests that although adult-
derived y& T cells possess IL-17-producing capacity, it is not through an innate-like fashion.
When Notch responsiveness was re-initiated in fetal-induced +Dox and adult-induced +Dox
mice, the total number of IL-17* lung y8 T cells was unchanged compared with —Dox
conditions (Figure 3C; Figure S2D). This suggests that peripheral y8T17 function of fetal-
derived 8 T cells can proceed without Notch signaling.

Generation of KN6'9 and RBPJINAKNG'9 mice

To investigate TCR and Notch signaling in y& T cell functional programming, we bred
RBPJId mice (B6; H-2TP?) to recombination activating gene 2 (RAG2)-deficient KN6'9
mice (BALB/c; H-2T%d). This generated KN6%9 mice (H-2TP/d/H-2T9d) to study TCR
signal strength and RBPJINAKN69 mice (H-2TP/d/H-2T9d) to study TCR signal strength
with Notch (Figure S3A). The KN6 -y8§TCR (V-y4V85) recognizes non-classical MHC Ib
molecules T10 and T22 but binds T22 at a 10-fold higher affinity compared with T10
(Adams et al., 2008; Ito et al., 1990). The H-2TP allele contains functional T10 and T22, but
the H-2Td allele contains functional T10 only (Adams et al., 2008; Ito et al., 1990). Thus,
the H-2TP allele provides a strong ligand for KN6, while the H-2T9 allele provides a less
strong ligand for KN6. Consistently, when analyzing 10-week-old KN6'9 mice, thymic KN6
cells of H-2Td mice (b/d; strong) displayed a lower CD3 mean fluorescence intensity
(MF1) compared with thymic KNG cells of H-2T%d mice (d/d; less strong) (Bendelac et al.,
2007) (Figure S3B). CD24 and CD73 were then analyzed, in which gaining CD73
expression marks y8 lineage commitment and losing CD24 expression marks y& lineage
maturation (Coffey et al., 2014; Fahl et al., 2018). In the b/d thymus, few KN6 cells were
CD24*CD73" and many were CD24*CD73N CD24-CD73M, or CD24-CD73!° (Figure
S3C). Conversely, in the d/d thymus, many KN6 cells were CD24*CD73~, few were
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CD24*CD73M, and appreciable CD24-CD73" and CD24-CD73'° cells were present (Figure
S30).

Strong TCR signals promote y8T2 generation

Thymocytes from b/d and d/d KN6'9 mice were stimulated /n vitro with PMA and
ionomycin to determine their functional capacities. KN6 cells from both mice robustly
produced IFN-y and did not display major differences in -y8T1 percentage and number
(Figure S4A). CD24*CD73~, CD24*CD73N, CD24-CD73N and CD24-CD73!° populations
from both mice produced IFNy (Figures 4A and 4B). Additionally, spleen, lymph node, and
lung KNG cells from both mice robustly produced IFNy, with b/d mice showing slightly
higher y8T1 percentages (Figure S4B). These results suggest that either strength of TCR
signaling is permissive for -y6T1 differentiation (Jensen et al., 2008; Ribeiro et al., 2015).

Thymic KN6 cells from b/d mice displayed IL-4 functional capacity (about 4% of cells),
while y8T2 cells were virtually absent in d/d mice (Figure 4A). The percentage and number
of total y&T2 cells were significantly higher in b/d mice compared with d/d mice, and
similarly when fractioning into IFNy~IL-4* and IFNy*IL-4* cells (Figure 4A). y8T2 cells
from b/d mice were found within CD24*CD73" and CD24-CD73" populations (Figure
4A). In spleen, there were appreciable IL-4* cells in b/d mice, which were virtually absent in
d/d mice (Figure S4B). These results suggest that strong TCR signals promote y8T2 (and
thus -y NKT cell) differentiation.

Less strong TCR signals promote y8T17 generation

Thymic KN6 cells from both b/d and d/d mice displayed 1L-17 functional capacity (Figure
4B). However, d/d mice showed greater -y6T17 generation, because the percentage and
number of total y8T17 cells were significantly higher compared with b/d mice (Figure 4B).
When fractionating the IL-17* population, IFNy~IL-17* cells were higher in d/d mice,
while IFNy*IL-17* cells were slightly higher in b/d mice (Figure 4B). The few y8T17 cells
from b/d mice were found within CD24*CD73" and CD24-CD73" populations, while
v8T17 cells from d/d mice were found within the CD24-CD73" compartment (Figure 4B).
Additionally, thymic KNG6 cells from d/d mice were more potent IL-17 producers compared
with b/d mice, as demonstrated by a significantly higher IL-17 MFI (Figure 4C). In spleen,
lymph nodes, and lung, d/d mice showed higher percentages of KN6 -y§T17 cells compared
with b/d mice (Figure S4C). These results suggest that less strong TCR signals promote
y8T17 differentiation.

Thus far, IL-17-producing capabilities were assessed with PMA and ionomycin. Innate-like
¥8T17 cells can also produce IL-17 in response to IL-1f and IL-23 (Chien et al., 2013;
Jouan et al., 2018). No IL-17* thymic KN6 cells from b/d mice were detected with IL-1p
and IL-23 stimulation, similar to unstimulated controls (Figure 4D). In contrast, IL-17*
thymic KNG cells from d/d mice were readily detected with IL-1p and IL-23 stimulation
(Figure 4D). These data demonstrate that innate-like -y6T17 generation is fully dependent on
less strong TCR signals.
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Transcriptomic analysis of b/d versus d/d thymic KN6 cells

To further elucidate the role of TCR signal strength in y& T cell functional programming, we
performed scRNA-seq on thymic KN6 cells from b/d and d/d KN69 mice. In total, 2,112 b/d
and 2,753 d/d cells were analyzed in which uniform manifold approximation and projection
(UMAP) analysis revealed 12 clusters, of which clusters 1-8 contained substantial numbers
(Figure 5A). Clusters 6 and 4 expressed proliferation genes and Cd24a, but not Nit5e
(CD73), and thus are uncommitted y& T cell progenitors (Figure 5A; Figure S5A; Table S2).
Cluster 1 expressed Ntbeand Sox4, a key factor in y8 lineage differentiation (Melichar et
al., 2007), but did not express functional-specific genes, and thus are committed y& T cell
progenitors (Figure 5A; Figure S5A,; Table S2). Cluster 7 expressed genes that have not been
characterized in the context of y6 T cells but included 7nfrsf9 (4-1BB), Ncl, and Xcl1
(Figure 5A; Table S2). Cluster 5 expressed intraepithelial lymphocyte (IEL) genes, such as
Cd8a, Itgae, and Ifgal (Sheridan and Lefrangois, 2010) (Figure 5A; Table S2). Cluster 2
expressed NK genes, such as Kirk1, Klrd1, and Klrc1 (Crinier et al., 2018) (Figure 5A,
Table S2). Cluster 3 did not express functional-specific genes but based on their separation
from cluster 1, they are likely mature naive y& T cells and are defined by Dap/1, Ly6cZ, and
Gm12840 (Figure 5A; Table S2). Cluster 8 expressed innate y8T17 genes, such as Blk, Maf,
Rorc, Ccr6, 111r1, and //23r (Zuberbuehler et al., 2019) (Figure 5A; Table S2). A full
transcriptomic analysis at single-cell resolution revealed additional genes that further define
each functional subset (Table S2).

By partitioning the UMAP and comparing b/d versus d/d cell numbers in each cluster, it
revealed that d/d contained more cluster 6 and 4 cells, as expected given the role of TCR
signaling in y6 lineage commitment (Figure 5A). Moreover, d/d contained more cluster 1
cells, which showed a clear UMAP separation from b/d cluster 1 cells (Figure 5A). In
contrast, b/d contained more cluster 7, 5, and 2 cells (Figure 5A), further exemplifying that
strong TCR signals enable y& NKT cell programming, and that it enhances IEL generation.
Meanwhile, d/d contained more cluster 3 and 8 cells (Figure 5A), further exemplifying that
less strong TCR signals enable innate y8T17 programming, and that it enhances naive y& T
cell generation. The distribution of b/d versus d/d cells to these clusters is significantly
different (Table S3).

We next performed pseudotime analysis to predict cell trajectories (Cao et al., 2019).
Starting from cluster 6, b/d KN6 cells can proceed to cluster 7 or cluster 1 (Figure 5B).
Proceeding to cluster 1 appears to enable further differentiation to cluster 5, or even further
differentiation to cluster 2 (Figure 5B). Starting from cluster 6, d/d KN6 cells appear to
proceed to cluster 1 and then to cluster 3, where a few cells may differentiate to cluster 5 or
cluster 2 (Figure 5B). A cell trajectory to cluster 8 could not be constructed because of a
lack of intermediate cells, but cluster 8 is likely preceded by the rightmost cluster 1 cells
(Figure 5B). The clear UMAP separation of b/d and d/d cluster 1 cells and the alternative
paths they take for their functional differentiation led us to probe for differentially expressed
genes that may explain these differences. Notably, b/d cells differentiated toward cluster 1
with low Ccr9expression, while d/d cells differentiated toward cluster 1 with high Ccr9
expression (Figure 5B; Figure S5B). These results reveal Ccr9as a marker that can define
strong versus less strong TCR signaling functional bifurcation.
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We next characterized how gene expression changes as b/d KN6 cells differentiate into the
v8 NKT cell lineage (cluster 2) and as d/d KNG6 cells differentiate into the innate y6T17
lineage (cluster 8). From cluster 6 to cluster 1 to cluster 2, b/d cells lacked Ccr9expression
(Figure 5C). Klrk1 (NKG2D), which functions as an NK activating receptor (Crinier et al.,
2018), was initially low in expression but gradually increased and sustained upon full
differentiation (Figure 5C; Figure S5C). K/rd1 (CD94) and K/rcZ (NKG2A), which together
function as an NK inhibitory receptor (Crinier et al., 2018), had K/rd1 being expressed early
on and gradually increased and sustained upon full differentiation, while K/rc1 was not
detected until late in differentiation (Figure 5C; Figure S5C). From cluster 6 to cluster 1, d/d
cells greatly increased their Ccr9expression, which was lowered but sustained in cluster 8
(Figure 5C). Blkwas expressed early on, and its levels were consistent upon full
differentiation, while Mafwas initially low in expression, but its levels peaked in cluster 1
and maintained upon full differentiation, while Rorc expression was not detected until late in
differentiation (Figure 5C; Figure S5C). Altogether, these results reveal the temporal Kinetics
of expression of key genes that define specific functional fates.

v8 lineage commitment in T cell progenitors is Notch independent in vivo

Notch is required for DN3 transition to the CD4*CD8* double-positive (DP) stage, whereas
it is dispensable for DN3 commitment to the -y lineage /n vitro (Ciofani et al., 2006). It
remained to be determined whether this is also observed /n vivo. To address this, we Dox-
treated RBPJI" mice for 5 days to generate DN2/DN3 cells in the thymus, as previously
described (Chen et al., 2019) (Figure S6A). Dox treatment was then continued or
discontinued for 7 days, because both DP and y§TCR*CD73" 6 lineage cells arose after
12 days of T cell development (Figures S6B and S6C). Mice with continued Dox treatment
(Dox*5d+7dy showed robust appearance of DP, y§TCR*CD73~, and y8§TCR*CD73" cells
(Figures S7A and S7B). Mice with discontinued Dox treatment (Dox*>4-7d) showed an
absence of DP cells, had reduced y6TCR*CD73" cells, but still developed y§TCR*CD73*
cells (Figures S7A and S7B). These results suggest that Notch signaling is dispensable for
6 lineage commitment in T cell progenitors in vivo.

Notch inhibits y8T1 differentiation with less strong TCR signals

Both b/d and d/d RBPJNIK N6 mice were Dox treated for 8 days to generate a wave of T
cells; then Dox was continued (Dox*8d+4d) or discontinued (Dox*84-4d) for 4 days. The
number of thymic KNG cells was not significantly reduced in b/d Dox*84-44 mice compared
with b/d Dox*84+4d mice but was significantly reduced in d/d Dox*84-4d mice compared
with d/d Dox*89+4d mice (Figure S8A). In b/d mice, whether Notch responsiveness was
sustained or ceased, thymic KN6 cells showed CD73M expression, suggesting that Notch
does not affect -y6 lineage commitment with strong TCR signals (Figure S8A). Conversely,
in d/d mice, more thymic KN6 cells showed CD73!° expression when Notch responsiveness
was ceased, suggesting that Notch inhibits 6 lineage commitment with less strong TCR
signals (Figure S8A).

In b/d RBPJINIKNG'Y mice, y8T1 cells were found within the CD73" population, and
regardless of whether Notch responsiveness was sustained or ceased, the percentage of
CD73*IFN~y™ cells did not change, but the number of CD73*IFNy™ cells was reduced when
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Notch responsiveness was ceased (Figure 6A). Nevertheless, the IFNy MFI was similar,
suggesting that Notch is not required for -y8T1 differentiation with strong TCR signals
(Figure 6A). In contrast, in d/d RBPJNIKNGY mice, y8T1 cells were found within the
CD73~ or CD73!° population, when Notch responsiveness was sustained or ceased,
respectively (Figure 6A). Of note, the percentage and number of CD73*IFNy™* cells, as well
as the IFN-y MFI, were significantly increased when Notch responsiveness was ceased
(Figure 6A). These data suggest that Notch inhibits -y8T1 differentiation with less strong
TCR signals.

Notch promotes y8T2 generation

T cell development in b/d Dox*8d+4d RBPJINAK NG9 mice generated thymic KN6 cells with
IL-4-producing capacity, but there was a near absence of y8T2 cells in d/d Dox*8d+4d
RBPJINKNGY mice (Figure 6B). This demonstrates that y§T2 differentiation is also
mediated by strong TCR signals in these mice. Of note, b/d Dox*84~4d mice showed a
significant decrease in the percentages and numbers of IL-4* populations compared with b/d
Dox*8d+4d mice (Figure 6B). These results suggest that in combination with strong TCR
signals, Notch also promotes y8T2 (and thus y& NKT cell) differentiation.

T cell development in d/d Dox*8d+4d RBPJINAK NG9 mice generated thymic KN6 cells with
IL-17-producing capacity, but there was a near absence of y8T17 cells in b/d Dox*8d+4d
RBPJINKNGY mice (Figure S8B). This demonstrates that y8T17 differentiation is also
mediated by less strong TCR signals in these mice. Of note, d/d Dox*84-4d mice did not
show differences in their ability to generate y8T17 cells compared with d/d Dox*84+4d mice
(Figure S8B). These results suggest that y8T17 differentiation does not require ongoing
Notch signaling /n vivo.

Transcriptomic analysis of Notch regulation in b/d and d/d thymic KN6 cells

To further elucidate the role of Notch signaling in -y6 T cell functional programming with
strong TCR signals, we performed scRNA-seq on thymic KN6 cells from b/d Dox*8d+4d (+
+) and b/d Dox*84-4d (+-) RBPJINAK N6 mice. In total, 2,775 b/d++ and 3,065 b/d+- cells
were analyzed, in which UMAP analysis revealed 12 clusters (Figure 6C), with the genes
enriched in each cluster listed in Table S4. Interestingly, both b/d++ and b/d+- contained
cluster 8 cells that shared similar gene expressions with innate y8T17 cells from d/d KN69
mice. These include genes that we interpreted as early -y6T17 genes, such as Maf; and
others, such as Cxcr6, Gpr183, and //18r1 (Table S4). However, b/d++ and b/d+- cluster 8
cells did not express genes that we interpreted as late y8T17 genes, such as Rorc, and
others, such as Ccr6, //1r1, and //23r (Table S4). This suggests that an early wave of T cell
development can generate y6 T cells with IL-17 potential with strong TCR signals, but they
are not fully programmed for the -y6T17 fate in the thymus. Of note, b/d+/- contained more
cluster 2 cells compared with b/d++ (Figure 6C). Cluster 2 had enriched expression of genes
present in IELs from b/d KN6Y9 mice, such as Ca7, /tgae, and /tgal (Table S4).

We next investigated how Notch regulates y& NKT cell differentiation. Twelve days of T
cell development did not generate substantial numbers of fully differentiated y& NKT cells
(cluster 10), which had enriched expression of genes found in cluster 2 from b/d KN6'9
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mice, such as Kirkl, Klrd1, and Klrc1 (Figure 6C; Table S4). Although cluster 10 had
features of fully differentiated y& NKT cells, the gene expression profile of cluster 1 was
consistent with y& NKT cell progenitors, and b/d++ contained significantly more cluster 1
cells compared with b/d+- (Figure 6C; Table S3). Of importance, cluster 1 had enriched
expression of Hivep3, which is shown to be expressed in NKT cell progenitors and required
for the survival, differentiation, and function of NKT cells (Harsha Krovi et al., 2020)
(Figure S9A; Table S4). Other genes that defined cluster 1 and that may be involved in -y6
NKT cell programming included 7nfrsf9, Xcl1, and Nrgn (Figure S9A; Table S4). Although
Zbtb16 (PLZF) was not enriched in any particular cluster, it was expressed in cluster 1
(Figure S9B). Analysis of Hivep3and Zbtb16 within cluster 1 showed that b/d++ contained
more overlapping expression of the two genes compared with b/d+-, and the ratio of
Hivep3* Zbtb16* cells to other cells was significantly higher in b/d++ compared with b/d+-
(Figure S9B; Table S3). Altogether, these results demonstrate the role of Notch in
maintaining -y8 NKT cell progenitors to enforce -y8T2 differentiation.

To further elucidate the role of Notch signaling in & T cell functional programming with
less strong TCR signals, we performed scRNA-seq on thymic KNG cells from d/d Dox*+8d+4d
(++) and d/d Dox*8d-4d (+-) RBPJINIK N6 mice. In total, 2,505 d/d++ and 3,568 d/d+-
cells were analyzed, in which UMAP analysis revealed 12 clusters (Figure 7A), with the
genes enriched in each cluster listed in Table S5. Of note, the clearest significant difference
between d/d++ and d/d+- was cluster 2, which was nearly absent in the former but very
evident in the latter (Figure 7A; Table S3). Among the genes enriched in cluster 2 include
Sox4, similar to KN6'9 committed & T cell progenitors (Table S5). Further analysis of the
genes enriched in cluster 2 revealed Ccr9, which we described as denoting committed y6 T
cell progenitors with less strong TCR signals, and Sox13, another previously described y&
lineage differentiation gene (Melichar et al., 2007) (Figure 7B; Table S5). These results
reinforce our findings indicating that alleviation of Notch responsiveness can enhance y6
lineage commitment in d/d mice. Cluster 2 also showed upregulation of Sh2d1a, which
encodes for signaling lymphocytic activation molecule (SLAM)-associated protein (SAP)
and is important for acquisition of IFN-y production (Dienz et al., 2020), and upregulation of
Gzma (Figure 7B; Table S5). These results reinforce our findings indicating that alleviation
of Notch responsiveness can enhance IFN<y production in d/d mice, and reveal that cytotoxic
properties are also inhibited by Notch with less strong TCR signals.

In addition to d/d+- containing more cluster 2 cells, on a per-cell basis, d/d+- cluster 2 cells
expressed higher levels of Ccr9and Sh2d1acompared with the few d/d++ cluster 2 cells
(Figure 7C). Moreover, d/d+- cluster 2 cells showed higher levels of /d3, which is typically
upregulated by strong TCR signals to inhibit E-protein activity and promote y&-lineage
commitment (Lauritsen et al., 2009), and higher levels of Hspalb, a member of the heat
shock protein 70 family that is implicated in T cell cytotoxicity (Figueiredo et al., 2009)
(Figure 7C). Both d/d++ and d/d+- contained cluster 1 cells; however, their UMAP
positions are distinctly different (Figure 7D). On a per-cell basis, d/d+- cluster 1 cells
displayed higher levels of Dap/Z compared with d/d++ cluster 1 cells, which likely defines
mature naive y8 T cells (Figure 7D). Altogether, these results illustrate the role of Notch in
regulating y8 lineage commitment and functional differentiation with less strong TCR
signals.
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DISCUSSION

In this study, we used RBPJINd, KN6'9, and RBPJNIKNG'Y mice to address the roles of
ontogenic timing, TCR signal strength, and Notch signaling in -y6 T cell functional
differentiation /n vivo. Temporal restriction of T cell development revealed that the fetal
period allowed for a biased generation of Vy1* cells toward the PLZF*Lin28b* lineage and
a favored, but not exclusive, generation of y8T17 cells. Lung y8T17 functionality in
response to TDM was shown to be Notch independent. Modulation of TCR and Notch
signaling in developing y& T cells revealed that IL-4 differentiation required strong TCR
signals and Notch, while IL-17 differentiation required less strong TCR signals but was
Notch independent.

Generation of V1" cells was limited during the fetal period, but fetal Vy1* cells were
enriched for PLZF and Lin28b expression. Having Lin28b may reflect the need for fetal
Vy1* cells to proliferate as mature cells, because the fetal thymus generates fewer Vy1*
cells compared with the adult thymus. Lin28b would also allow fetal \Vy1* cells to persist
long term through self-renewal. Although fetal y8T17 cells are innate-like, post-natal
¥8T17 cells are likely adaptive and thus not pre-programmed for the IL-17 fate. However,
they maintain an IL-17-permissive chromatin state (Schmolka et al., 2013) and require
peripheral activation to produce IL-17 (Chien et al., 2013; Jouan et al., 2018). An example
of adaptive y8T17 cells is phycoerythrin-specific -y6 T cells (Zeng et al., 2012). Thus,
ontogenic timing may be a driving factor in innate-like versus adaptive y& T cell
differentiation.

ID3 deficiency increases the number of y& NKT cells (Alonzo et al., 2010; Lauritsen et al.,
2009). However, it was unclear whether -y6T2 development requires strong TCR signals but
becomes susceptible to cell death. If so, ID3 deficiency may attenuate TCR signals to a
degree that permits y8T2 differentiation but allows for survival. Alternatively, y8T2
development may be inhibited by strong TCR signals (Miyazaki et al., 2015; Zhang et al.,
2018). Using KN6'9 mice, we demonstrated that y8T2 cells develop only with strong TCR
signals. IL-17 functionality was enhanced with less strong TCR signals. This observation is
consistent with /n vitro findings (Zarin et al., 2018). However, we additionally showed that
innate-like -y6T17 generation occurs only with less strong TCR signals. Interestingly, IFN-y
*IL-17* thymic KNG cells were increased with strong TCR signals. These y& T cells can
arise from pro-inflammatory tumor environments (Schmolka et al., 2013). It has been
disputed whether y8T17 cells develop with weak or absent ligand engagement (Coffey et al.,
2014; Haks et al., 2005; Jensen et al., 2008; Spidale et al., 2018). We showed that IL-17*
thymic KNG cells were CD73*, suggesting that they were not antigen naive. Our scRNA-seq
analysis provided insights into the genetic programs that regulate strong versus less strong
TCR signaling divergence, which included differential Ccrgexpression. This approach also
defined early, intermediate, and late genes involved in y& NKT cell or innate y8T17
differentiation.

We showed in RBPJI" mice that & lineage commitment in T cell progenitors is Notch
independent, validating /n vitro findings (Ciofani et al., 2006). It has also been suggested
that Notch signaling negatively regulates y& T cell differentiation (Tanigaki et al., 2004;
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Washburn et al., 1997). Using RBPJNIKNG'Y mice, we demonstrated that Notch could
inhibit y6 T cell differentiation with less strong TCR signals, but not with strong TCR
signals. Our transcriptomic analysis revealed that this was due to enhanced generation of a
Ccrg-expressing population that is poised for IFNy and cytotoxicity when Notch
responsiveness was removed. This analysis also revealed that Notch maintains Hivep3-
expressing y& NKT cell progenitors for y8T2 cells.

Limitations of the study

We noted that some key observations in our study appear to contradict previous findings. We
showed that Notch signaling in fetal-derived lung y& T cells does not influence IL-17
production in response to TDM. This is in contrast with a report showing a reduction in
IL-17 production by HesI deletion (Shibata et al., 2011). This suggests that HesZ expression
in peripheral y& T cells may be regulated independently of RBPJ-dependent Notch signaling
(Nakamura et al., 2015). We did not observe Notch exerting an effect on y8T17
development, contrary to /in vitro findings (Zarin et al., 2018). This suggests that the thymus
microenvironment may provide additional factors that can compensate for Notch function /n
VIvo.

In this study we took advantage of RBPJId, KN6'9, and RBPJINAKN6'9 mouse models. By
analyzing only fetal, neonatal, or adult y& T cells exclusively, we may not fully consider the
complexity of interactions that occur between y& T cells arising from different time periods
in RBPJINd mice. An obvious limitation with KN6'9 mice is that they do not account for
clonal variations and other antigen specificities that may influence -y6 T cell programming.
Nevertheless, taken together, the experimental approach allowed us to precisely define the
roles of ontogenic timing, TCR signal strength, and Notch signaling in & T cell functional
differentiation /in vivo.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Juan Carlos Zufiiga-Pfliicker
(jczp@sri.utoronto.ca).

Materials availability—All resources and reagents used in this study are available upon
request from the lead contact.

Data and code availability—The data that support the findings of this study are available
upon request from the lead contact. Raw and processed RNA-seq and sScRNA-seq data are
available from the Gene Expression Omnibus (GEO). The accession number for the RNA-
seq data reported in this paper is GEO: GSE166086. The accession number for the sScRNA-
seq data reported in this paper is GEO: GSE165908.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were bred and maintained in the Comparative Research facility at
Sunnybrook Research Institute under specific pathogen-free conditions. All animal
procedures were approved by the Sunnybrook Research Institute Animal Care Committee
and performed in accordance with the committee’s ethical standards. For studies involving
the RBPJI"d mouse model, mice were Dox-treated from conception to birth, from birth to 3
weeks of age, or from 6-9 weeks of age for fetal, neonatal, or adult specific induction of T
cell development, respectively. Mice were then analyzed at 12 weeks of age. For studies
involving the KN6'9 mouse model, mice were analyzed at 10 weeks of age. For studies
involving the RBPJINMK N6 mouse model, 8 week old mice were Dox-treated for 8 days,
and then the Dox treatment was continued or discontinued for 4 days, upon which mice were
then analyzed. Male and female mice were used in all experiments but were sex-matched for
each condition.

METHOD DETAILS

Induction of notch responsiveness—To induce RBPJ-HA expression in vivo, RBPJind
and RBPJINYKN6Y mice were injected with 2 mg/ml Dox (Sigma-Aldrich) intraperitoneally
at time “0,” and administered 1 mg/ml Dox in drinking water supplemented with 5%
Splenda ad /ibitum for the duration of the experiment, with drinking water changed twice
every week. Mice not receiving Dox were given drinking water supplemented with 5%
Splenda alone.

Cell preparation—Single-cell suspensions were prepared from mouse thymus, spleen,
lymph node, lung, epidermis, and intestinal epithelium. Lungs were first digested with 2
mg/ml collagenase A (Roche) in 37°C shaker for 1 hour. Ear skin was first incubated with
20 mM EDTA in 37°C for 1 hour to allow separation of epidermis from dermis. Small
intestines were first incubated with 5 mM EDTA and 0.15 mg/ml DTT (Sigma-Aldrich) in
37°C shaker for 30 minutes to allow separation of intestinal epithelium from lamina propria.
All tissues were passed through cell strainers while in a-Minimum Essential Medium Eagle
containing 15% fetal bovine serum and 1% penicillin-streptomycin (a.-MEM) to obtain
single-cell suspensions. Erythrocytes were lysed using BD Pharm Lyse (BD Biosciences).

In vitro stimulation—Cells were incubated in 37°C for 5 hours while in a-MEM.
Unstimulated samples were cultured with brefeldin A (eBiosciences) alone. Stimulated
samples were cultured with brefeldin A, and with 100 ng/ml PMA (Sigma-Aldrich) and 1
pg/ml ionomycin (Sigma-Aldrich) to detect IFN+y, IL-4, and IL-17 production, or with 10
ng/ml IL-1p (R&D Systems) and 10 ng/ml IL-23 (R&D Systems) to detect I1L-17
production.

TDM inflammation model—150 pg TDM (Sigma-Aldrich) was prepared as an oil-in-
water emulsion containing 9% mineral oil (Sigma-Aldrich), 1% Tween-80 (Sigma-Aldrich),
and 90% saline. Emulsion without TDM served as mock controls. TDM and mock
emulsions were intravenously injected into mice, and lung y6 T cell IL-17 production was
analyzed ex vivo 2 days later without further stimulation.
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Flow cytometry—Single-cell suspensions were stained with antibodies against cell-
surface antigens while in Hanks’ Balanced Salt Solution containing 1% bovine serum
albumin and 2 mM EDTA. To detect intracellular cytokines and transcription factors, cells
were then fixed, permeabilized, and intracellular stained using BD Fixation/Permeabilization
Solution Kit (BD Biosciences). Antibodies were purchased from BD Biosciences,
eBiosciences, or BioLegend. Flow cytometry was performed using BD LSR Il and data
analyzed using FlowJo version 9.9.6.

RNA sequencing—Mature CD24" Vy1* cells (pre-gated on CD3*y8TCR™) were sorted
from thymi using BD FACSAria Fusion. RNA was extracted using TRIzol. Library
construction was done using Takara SMARTer Stranded Total RNA-Seq Kit v3 — Pico Input
Mammalian. RNA-seq was performed using lllumina NovaSeq 6000. Raw data were aligned
to GRCm38 using HISAT?2 version 2.1 and raw read counts were obtained using HTSeq
version 0.1. Raw read counts were normalized, and differential gene expression analysis was
performed using R software version 3.6.3 with the package edgeR version 1.

Single-cell RNA sequencing—CD3*Vy4* KNG cells were sorted from thymi using BD
FACSAria Fusion. Library construction was done using 10x Genomics Chromium
Controller v3. Single-cell RNA-seq was performed using Illumina NovaSeq 6000. Raw data
were aligned to GRCm38, and raw read counts were obtained using Cell Ranger version 5.0.
Raw read counts were normalized, samples were integrated (eliminating batch differences),
cells were clustered, and differential gene expression analysis was performed using R
software version 3.6.3 with the package Seurat version 3. Pseudotime analysis and
construction of cell trajectories was performed using R software version 3.6.3 with the
package Monocle version 3.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data and error bars are presented as mean + standard deviation. To determine statistical
significance, a two-tailed unpaired t test (comparing two means) or a one-way ANOVA
(comparing three or more means) was performed using Prism version 6. Statistical
significance was determined as ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001,
****n < 0.0001. For RNA-seq analysis, significantly upregulated genes were determined
using empirical Bayes moderated t-statistics, where significance was determined as p < 0.05.
For scRNA-seq analysis, significantly upregulated genes were determined using a Wilcoxon
rank sum test, and significantly changed cell cluster distributions were determined using a
chi-square test, where significance was determined as p < 0.05. Statistical details (including
the value of nand what 7 represents) are found in figure, supplemental figure, and
supplemental table legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Waves of & T cell development can be temporally regulated in RBPJ-
inducible mice

Strong TCR signals collaborate with Notch to promote y& T cell IL-4
programming

Less strong TCR signals promote Notch-independent IL-17 programming in
v8 T cells

Ccr9defines TCR signal strength-dependent bifurcation of -y6 T cell
functional subsets
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Figure 1. Ontogenic timing influences Vv subset generation
(A) Flow cytometry analysis of Vy5*, Vy6*, and V7" cells in epidermis, lung, and
intestinal epithelium, respectively, of fetal-, neonatal-, or adult-induced RBPJI" mice; pre-

gated on y& T cells.

Fetal Neonatal Adult

(B) Flow cytometry analysis of Vy1* and Vy4* cells in spleen and lymph nodes of mice as
in (A); pre-gated on y8& T cells (top); bottom panels show percentages.
(C) Flow cytometry analysis of PLZF* V1" cells in thymus and spleen of mice as in (A)
(left); right panels show percentages and numbers. Data are representative of three

independent experiments.

Data are presented as means + standard deviation of three independent experiments. n = 3
mice per group. **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA). ns, not

significant.

Cell Rep. Author manuscript; available in PMC 2021 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Page 22
A Fetal Vy1 Versus Adult Vy1

Fetal Vy1 Up-Regulated Genes (Log,FC >1);
985 Significant (P<0.05)

log-fold-change
%

4 . Adult Vy1 Up-Regulated Genes (Log,FC >1);
W\ e 803 Significant (P<0.05)
R

T T T T
2 0 2 4 6 8 10 12 14 16

Average log CPM

Color Key

L1

-1 0 |
Row Z-Score

I (5f2bp3
I Aridda

.‘:;’;2 Innate / Adaptive

Lin28b
Dntt

I

Ifng
14

Cd4
:::mfﬁ yoT1/2/17 Programs
17f
17a

L
L

—

Cenb2
Cdk1

I

| — I

— . Cell Cycle

1 R e

[ Y —— Cdka |

— 0 | | Myc

[ I ) . GicS

| :‘: Proliferation /
Btgz Survival /
Nrarp Quiescence
Mycn
Notch3 ]
Gzmb
Gzma

I ) R N Kira

[ I I e Kira7

[ N S I 71

[ [ I R (itm1

[ [ I N  (fitm2

—_=_ Gzme Functional Properties

1 [ (fitm3

I I P Kirab

[ I R N KIra3

[ R I P KIra9

E I P R Kira10

I I — T3

| [ . Tr4

Fetal Fetal Adult Adult

Figure 2. Transcriptomic analysis of fetal versus adult Vy1* cells
(A) Wolcano plot analysis showing number of genes (represented by dots) upregulated in

fetal or adult Vy1* cells, compared with each other. Genes were considered significantly
upregulated using empirical Bayes moderated t statistics (Table S1).

(B) Heatmap analysis showing select gene expression levels in fetal or adult Vy1* cells,
relative to each other. Data are from one independent experiment. n = 2 replicates per group,
with 8 mice pooled for each replicate for each group.

Cell Rep. Author manuscript; available in PMC 2021 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen et al.

Page 23

Lymph Node CD27- yb T-Cells Lung CD27- yb T-Cells
eonatal ult
56.4 91 914 L] =
T ns
ns
60- L] 108
z E. = =
50- 8
3w 3
43.3) z E [
g £ 5
229 5 5 4
® 2 ]
8’ 10- 2
=1 I =
-
Fetal Neonatal Adult Fetal Neonatal Adult
97.7)
Gated on yd T-cells
B Fetal Neonatal Adult Lymph Node IL-17* vb T-Cells Lung IL-17* y5 T-Cells
ns ns

D D 30 — 70 D
P W 0
o “] ==
122

SR

% of v T-cells
% of v T-cells

Lung LN
17 —

Mt Fetal Neonatal Adult Fetal Neonatal Adult
56.5 202
ydTCR >
Gated on yd T-cells
Cc Control Fetal -Dox Fetal +Dox Adult -Dox Adult +Dox
16.5 40.5¢ 418 1,57 1.94
yoT-Cell | | D
Gated
E| :
lD 02”82
af T-Cell . D
Gated ~ ‘ ﬂ
&
Lung IL-17* y5 T-Cells Lung IL-17* y5 T-Cells.
E : % % % %
S © 4000
5 : 2 i
®

2000

-

S

Control  Fetal -Dox Fetal +Dox Adult -Dox Adult +Dox Control  Fetal -Dox Fetal +Dox Adult -Dox Adult +Dox

Figure 3. Ontogenic timing influences y8T17 generation
(A) Flow cytometry analysis of CD27 expression by 6 T cells in lymph nodes and lung of

fetal-, neonatal-, or adult-induced RBPJI"d mice (left); right panels show percentages.

(B) Flow cytometry analysis of IL-17 production by y& T cells in lymph nodes and lung of
mice as in (A) stimulated with PMA and ionomycin /n vitro (left); right panels show
percentages. Data are representative of three independent experiments. Data are presented as
means + standard deviation of three independent experiments. n = 3 mice per group. **p <
0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA).

(C) Flow cytometry analysis of IL-17 production by y& T cells in lung of control, fetal-, or
adult-induced RBPJ"d mice after TDM challenge (top); bottom panels show percentages
and numbers. Data are representative of three independent experiments. Data are presented
as means + standard deviation of three independent experiments. n = 6 mice for control; n =
3 mice per fetal- and adult-induced groups.
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Statistical analyses between groups are found in Figure S2D.
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Figure 4. TCR signaling influences y6 T cell functional differentiation
(A) Flow cytometry analysis of IFN-y and IL-4 production by thymic KN6 cells from b/d

and d/d KN6'9 mice stimulated with PMA and ionomycin /in vitro (left); right panels show

percentages and numbers.

(B) Flow cytometry analysis of IFNy and IL-17 production by thymic KN6 cells from mice
and stimulated as in (A) (left); right panels show percentages and numbers. </p/> (C) IL-17
MFI of thymic KNG6 cells from mice and stimulated as in (A). </p/> (D) Flow cytometry
analysis of IL-17 production by thymic KN6 cells from mice as in (A) stimulated with IL-1p
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and IL-23 /n vitro. Data are representative of three independent experiments. Data are
presented as means + standard deviation of three independent experiments. n = 3 mice per
group. *p < 0.05, **p < 0.01 (two-tailed unpaired t test).
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Figure 5. Transcriptomic analysis of TCR signaling in y8 T cell functional differentiation
(A) UMAP analysis of cell clusters 1-12 of thymic KN6 cells from b/d and d/d KN69 mice

(left). Cell clusters were defined by differential gene expression, which was determined by a
Wilcoxon rank-sum test (Table S2). Cell cluster distribution of thymic KN6 cells from

indicated mice (right). Statistical significance of cell cluster distribution was determined by a
chi-square test (Table S3).
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(B) Pseudotime analysis of cell trajectories starting from cluster 6 (left) and Ccr9expression
in cluster 1 (right) of thymic KNG cells from mice as in (A) (left). Statistical significance of
Ccr9expression was determined by a Wilcoxon rank-sum test.

(C) Gene expression changes by b/d thymic KN6 cells from uncommitted cells (cluster 6) to
CCR9'9W cells (cluster 1) to y6 NKT cells (cluster 2) (left). Gene expression change by d/d
thymic KN6 cells from uncommitted cells (cluster 6) to CCR9M9N cells (cluster 1) to innate
v8T17 cells (cluster 8) (right). Data are from one independent experiment. n = 2,112 cells
from 3 pooled mice for b/d; n = 2,753 cells from 3 pooled mice for d/d.
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Figure 6. Notch signaling influences 8 T cell functional differentiation
(A) Flow cytometry analysis of IFN+y production by thymic KN6 cells from b/d and d/d

RBPJINKNGY mice treated with Dox for 8 days, followed by continued (Dox*84+4d: ++) or
discontinued (Dox*84-4d: +-) Dox treatment for 4 days, and stimulated with PMA and
ionomycin /n vitro (left); right panels show percentages, numbers, and IFNy MFI.

(B) Flow cytometry analysis of IFNy and IL-4 production by thymic KN6 cells from mice
treated and stimulated as in (A) (left); right panels show percentages and numbers. Data are
representative of three independent experiments. Data are presented as means * standard
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deviation of three independent experiments. n = 6 mice per b/d group; n = 3 mice per d/d
group. *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed unpaired t test). </p/> (C) UMAP
analysis of cell clusters 1-12 of thymic KN6 cells from b/d++ (Dox*84+4d) and b/d+- (Dox
+8d-4d) RBPJINdK NG mice (left). Cell clusters were defined by differential gene expression,
which was determined by a Wilcoxon rank-sum test (Table S4). Cell cluster distribution of
thymic KNG cells from indicated mice (right). Statistical significance of cell cluster
distribution was determined by a chi-square test (Table S3). Data are from one independent
experiment. n = 2,775 cells from 5 pooled mice for b/d++; n = 3,065 cells from 5 pooled
mice for b/d+-.
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Figure 7. Transcriptomic analysis of Notch signaling in y8 T cell functional differentiation with
less strong TCR signals

(A) UMAP analysis of cell clusters 1-12 of thymic KNG cells from d/d++ (Dox*84+4d) and
d/d+- (Dox*8d-4d) RBPJINdK NG9 mice (left). Cell clusters were defined by differential gene
expression, which was determined by a Wilcoxon rank-sum test (Table S5). Cell cluster
distribution of thymic KNG cells from indicated mice (right). Statistical significance of cell
cluster distribution was determined by a chi-square test (Table S3).
(B) UMAP analysis of cluster 2 enriched genes of thymic KN6 from mice as in (A). </p/>
(C) Indicated gene expression in cluster 2 of thymic KNG6 cells from mice as in (A).
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Statistical significance of gene expression was determined by a Wilcoxon rank-sum test.
</p/> (D) Dapl1 expression in cluster 1 (top) and UMAP analysis of Dap/1 expression
(bottom) of thymic KNG6 cells from mice as in (A). Statistical significance of gene
expression was determined by a Wilcoxon rank-sum test. Data are from one independent
experiment. n = 2,505 cells from 3 pooled mice for d/d++; n = 3,568 cells from 3 pooled
mice for d/d+-.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

PE anti-mouse CD44 BD Biosciences 553134
APC-Cy7 anti-mouse CD25 BD Biosciences 557658
PerCP-Cy5.5 anti-mouse y8TCR BioLegend 118118
PE-Cy7 anti-mouse CD3 eBiosciences 25003182
APC anti-mouse Vy1 BioLegend 141108

APC anti-mouse Vy4 BiolLegend 137708

FITC anti-mouse Vy4 BioLegend 137704

APC anti-mouse Vy5 BioLegend 137506

Purified anti-mouse Vy6

Purified anti-mouse Vy7

Michele Anderson Lab

Pablo Pereira Lab

mandersolll@gmail.com

ppereira@pasteur.fr

AF700 anti-mouse CD45 BioLegend 103128

PE anti-mouse PLZF BD Biosciences 564850
APC-Cy7 anti-mouse CD27 eBiosciences 47027182
APC anti-mouse 1L-17 eBiosciences 17717781
APC anti-mouse IL-4 eBiosciences 17704182

PE anti-mouse IFNy BD Biosciences 554412
APC-Cy7 anti-mouse CD24 eBiosciences 47024282
PerCP-Cy5.5 anti-mouse CD73 BioLegend 127214

PE anti-mouse CD73 BioLegend 127206

PE anti-mouse CD4 eBiosciences 12004182
PE-Cy7 anti-mouse CD8 eBiosciences 25008182
Chemicals, peptides, and recombinant proteins

Doxycycline Sigma-Aldrich D9891-100G
Brefeldin A eBiosciences 00-4506-51
PMA Sigma-Aldrich P1585-1MG
lonomycin Sigma-Aldrich 10634-1MG
IL-1B R&D Systems 401-ML-010
1L-23 R&D Systems 1887-ML-010
TDM Sigma-Aldrich T3034-1MG
Mineral oil Sigma-Aldrich M1180-500ML
Tween-80 Sigma-Aldrich P4780-500ML

Critical commercial assays

BD fixation/permeabilization solution kit
BD LSR I
BD FACSAria Fusion

BD Biosciences
BD Biosciences

BD Biosciences

554714

https://www.bd.com/resource.aspx?1DX=17868

https://www.bdbiosciences.com/en-us/instruments/
research-instruments/research-cell-sorters/facsaria-

fusion
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Takara SMARTer Stranded Total RNA-Seq Kit v3 -
Pico Input Mammalian

10x Genomics Chromium Controller v3

Illumina NovaSeq 6000

Takara

10x Genomics

Illumina

https://www.takarabio.com/products/next-
generation-sequencing/rna-seq/stranded-rna-seq-for-
mammalian-samples/pico-input-strand-specific-
total-rna-seg-for-mammalian-samples

https://www.10xgenomics.com/products/single-cell-
gene-expression

https://www.illumina.com/systems/sequencing-
platforms/novaseq.html

Experimental models: Organisms/strains

RBPJ" mice (males and females)
KN6Y mice (males and females)

RBPJINK NG mice (males and females)

(Chen et al., 2019)
(Ito et al., 1990)

Juan Carlos ZUfiga-Pflicker;
Sunnybrook Research

N/A
N/A
N/A

Institute
Software and algorithms
FlowJo version 9.9.6 FlowJo https://www.flowjo.com/solutions/flowjo/downloads
Prism version 6 Graphpad https://www.graphpad.com/scientific-software/

HISAT2 version 2.1
HTSeq version 0.1

Cell Ranger version 5.0

R version 3.6.3
edgeR version 1
Seurat version 3

Monocle version 3

Daehwan Kim Lab

Huber Group, EMBL
Heidelberg

10x Genomics

R

Yunchun Chen
Rahul Satija Lab
Cole Trapnell Lab

prism/
https://daehwankimlab.github.io/hisat2/main/
https://htseq.readthedocs.io/en/release_0.10.0/

https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/what-is-cell-
ranger

https://www.r-project.org/
https://f1000research.com/articles/5-1408/v1
https://satijalab.org/seurat/
https://cole-trapnell-lab.github.io/monocle3/
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