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Abstract

10 T cells are mediators of immunosurveillance used in the clinic. However, their status
remains paradoxical. While many display overt traits of adaptive immunity, several major

10 cell subsets including those in barrier tissues make rapid, seemingly TCR-independent
responses phenocopying innate lymphoid cells (ILC). While such uncertainty exists, the

requirements for Y0 T cell-mediated immunosurveillance will remain unclear. This study

resolves the paradox, showing that tissue-intrinsic Y3 T cells share an absolute real-time
dependence on the TCR for their phenotypes, including so-called innate responses to tissue

stress and carcinogenesis. While different tissue-intrinsic 70 subsets showed distinct TCR-
dependencies, we identified a shared set of TCR-regulated molecules that was likewise

disrupted by acute TCR ablation in human Y0 T cells. These findings unequivocally

distinguish Y0 cells from ILC and establish that immunosurveillance by Y0 T cells requires
an environment conducive to TCR signalling. [139]

Introduction

As efforts intensify to broaden the reach of immunotherapy, much interest is focused on human
10 T cells, particularly those expressing the V31 chain of the T cell receptor (TCR) which are
highly enriched in extralymphoid tissues where many solid tumours form or metastasise!-3.
Indeed, frequencies and activation states of local VO17 cells are associated with favourable
patient outcomes in breast, lung, renal, colorectal and ovarian cancers4-8. V31 T cells commonly

manifest adaptive immunity, as reflected in durable clonal expansions of cells with highly diverse



TCRs? 10, recognising native conformations of self-encoded surface proteins overexpressed or
mis-expressed by infected or transformed cells3'1. Indeed, Vo1 T cells are now in clinical trials,

with much interest in their TCR specificities3.

Nonetheless, whether y0 T cell-mediated immunosurveillance has any generalisable real-time
requirement for TCRY ligands or any other form of TCRYO signalling is conspicuously unresolved.
Specifically, several prominent Y0 subsets, including those intrinsically associated with tissues,

manifest innate immunity, rapidly responding non-clonally to infections or non-microbial

perturbations via activation of cytokine and Natural Killer receptors (NKRs)!'2-16, Moreover,
responding tumour-associated Vo1 cells in breast cancers showed no evidence for clonal
expansions?. Elucidating whether such cells have any ongoing requirement for TCRYO activity is
clearly critical for understanding natural immunosurveillance and for its therapeutic exploitation,

e.g., inferring from biopsies whether pathologies are probable Y0 targets.

More evidence that Y0 cells are de facto innate, akin to NK cells and other ILC, is provided by
mouse studies showing that prototypic immunopathologies are driven primarily by tissue-intrinsic
interleukin-17 (IL-17)-producing Y0 T cells responding to IL-1[3 + IL-23 released within damaged
tissues'7:18. Likewise, there are many examples of innate, nonclonal Y3 T cell responses in the
settings of inflammation, infection, and cancer'?. In confronting this paradox, one perspective
posits that TCRyd is mostly required for the cells’ development. Thus, Vy-specific T cell
compartments are selected by tissue-specific, epithelial, butyrophilin-like (BTNL) molecules,
including Skint1+Skint2 (select mouse epidermal Vy5™ cells), Btnl1+Btnl6 (select mouse intestinal
Vy7+ cells), and BTNL3+BTNL8 (select human intestinal Vy4™* cells)?0-23, whereupon the cells may
respond innately. The significance of these mechanisms is inferred from genetic associations of
BTNL3/8 variants with increased Crohn’s Disease pathology and childhood susceptibility to MIS-
C23,24, Steady-state targeting of tissue-restricted Binls evidently induced alterations in local Y0
T cell phenotypes20:25, but this notwithstanding, no generalisable dependencies on TCRY0 have

been established.

Compounding this point is the lack of any identified BTNL-regulators for several large, sub-
epithelial tissue-intrinsic YO T cell compartments, e.g., human dermal VO1+ cells, and murine Vy6+

and Vy4* cells which exist in many tissues and for which strong TCR engagement has been



considered to anatognise the cells’ development26. What role if any does TCRYO fulfil for these

reportedly innate cells?

This study resolves these issues. The findings unequivocally demonstrate real-time requirements
for TCRYO to maintain core features of ¥0 cell phenotypes across different anatomical sites and
across species, and to permit Y0 T cell responses to tissue damage and carcinogenesis, even in
cases hitherto considered as wholly innate. This real-time TCR-dependence clearly distinguishes
10 T cells from NK cells and other ILC, and it sets criteria for Y0 T cell surveillance of cancers and

other forms of tissue dysregulation.



Results:

Specifically targeting mouse tissue-intrinsic Y0 T cells

Murine tissue-intrinsic Y0 T cells comprise prominent compartments including epidermal TCRVy5+
cells; intestinal intraepithelial TCRVY7™ cells, and subepithelial TCRVY6* and TCRVYy4™* cells in
many sites including skin, uterus, gingiva, lung, gut and meninges?’:28, Since TCR-Cy1 (Trgcl) is
utilised by all such cells, its acute deletion offered a means to assess any generalisable
importance of sustained TCRYO expression, following the cells’ development and tissue
localisation (Fig 1a). Efficient TCR-Cyl gene segment deletion will truncate VIJy transcripts
initiating at the Vy4/5/6 /7 promoters and/or will permit them to be spliced to the downstream
Cy3 gene segment (Fig 1b), which is predicted to be a pseudogene??, and hence should serve
as a biologically neutral marker of gene deletion. By contrast, most systemic Y0 T cells express
TCR Vy1-Cy4 (Fig 1b) and so will be unaffected, thereby limiting potential secondary effects

caused by acute loss of 3 T cell competence in vivo.

To first establish the practicality and specificity of targeting tissue-intrinsic Y0 T cells, we
generated a mouse strain, Trgclindel carrying an internal deletion in Trgecl. With the
development of Vy5* or Vy6* thymocytes having ceased perinatally, most Y0 T thymocytes in
adult mice mature into Vy4-Cy1* and Vy1-Cy4+ T cells. By contrast, Trgclinde! (“TCR Cy1 KO”)
mice harboured essentially no Vy4-Cy1* cells whereas Vy1-Cy4* T cells were present, often in
slightly higher numbers, as if to partially compensate (Supp Fig 1a, b). Likewise, Vy1-Cy4* T
cells comprised >90% of Y0 cells in the spleens and mesenteric lymph nodes of TCR Cy1 KO
mice (Supp Fig 1c¢), the residual cells likely expressing Vy2-Cy2 that is ordinarily expressed by
a minority of lymphoid Y0 T cells30. Importantly, VY7* and Vy4* intestinal IEL were essentially
ablated in Cyl KO mice, partly replaced by Vy1-Cy4* cells and a3 T cells, while canonical
Vy5* dendritic epidermal T cells (DETC) were mostly replaced by CD3+TCR"¢ cells (Supp Fig
1d), consistent with ap T cells replacing DETC in TCRS-/- mice3!. Having thus established the

fidelity of targeting Trgc1, we proceeded to inducibly delete it in mature YO T cell compartments,

so as to assess its real-time importance.

Survival of inducibly targeted tissue-intrinsic Y0 cells



A floxed allele, TCR-Cy", was engineered (Fig 1a) and the resultant TCR-Cy1f/fl mice crossed
to strains expressing a tamoxifen-dependent Cre recombinase controlled by either the TCRS
promoter, to achieve Y0 T cell-specific deletion, or the Rosa26 promoter, to increase the
penetrance of deleting Trgc1 in the gut (note, the Cy1 gene-segment has no function beyond Y0
T cells and hence its widespread acute deletion should be innocuous). In typical experiments,
gene deletion was induced by tamoxifen administration over 7 consecutive days, followed by

7 days to permit complete protein loss from most gene-deleted cells prior to phenotyping (Supp

Fig 1e).

For five reasons phenotypic analyses focussed on the epidermis, dermis, and intestinal
epithelium. First, Vy5-Cyl1* DETC and intestinal Vy7-Cyl* IEL represent two distinct
compartments developmentally shaped by tissue-specific, TCR Vy-specific Binl proteins. Second,
Vy7* IEL biology is conserved in humans by BTNL-dependent Vy4* IEL. Third, the two skin
compartments contrast greatly in their phenotypes and development since DETC are Btnl-
dependent and IFNy-skewed??, whereas dermal Vy4-Cy1* and Vy6-Cy1+ cells have no known
selecting elements and are IL-17-skewed. Fourth, established challenges exist for eliciting rapid,
non-clonal, innate responses of dermal and epidermal y0 T cells. Fifth, since epidermal and
dermal Y0 T cells cannot be reconstituted in adult mice, any impact on them is not obscured by

cell turnover.

To assess the impact of acute Cy1 deletion, we needed first to exclude that Cre recombinase
was leaky in mice not exposed to tamoxifen. This was confirmed for epidermis by showing that
TCRyd* cells in unmanipulated TCROCreERT2+/-Cy1f/fl mice expressed high levels of CD45 (a
signature of DETC) and occurred in comparable frequencies to TCRy3* DETC in TCROCreERT2-/-
Cy1*/* littermates that carry a w.t. Trgcl gene (Supp Fig 1f). With this established, we
compared mice in which Cyl was inducibly deleted, termed ydX, with control “non-deletor”
TCRy3-competent animals, termed Y8R, which were variably either tamoxifen-treated Cy1/fl

mice lacking Cre recombinase, or tamoxifen-treated Cy1+/* mice harbouring Cre recombinase.

Befitting their name, DETC visualised by confocal microscopy of whole-mount skin preparations
appear as highly dendritic cells comprising a large fraction of CD45" cells in YOk mice (Fig 1¢,
upper; note CD45%! cells which can be visualised in adjacent epidermal strata are primarily

Langerhans cells). By comparison, TCRYO" cells were rare or absent from y0X mice but there



remained a large population of somewhat less dendritic CD45" cells (Fig 1c, lower). This
rounding is reminiscent of activated DETC'2, and of DETC in mice where Skint1 was transiently

blockaded by antibodies?5.

High cell-surface CD3 expression reflects stabilised complexes with TCR chains; thus, surface

CD3 levels are low in thymocytes of recombinase-activating gene (RAG)-deficient mice, in which
no TCR chains can be assembled32. Likewise, although CD45" cells of y8* mice were
predominantly TCRyd"e9, CD3 was detected by confocal microscopy on cells that also appeared
more rounded than TCRy0* DETC, and intracellular CD3 (iCD3) was detected by flow cytometry
(Fig 1d). Invariable CD3 expression argues against the large viable population of
CD45MNTCRyd 9 cells (that appeared within one week) in Y0X mice being NK cells, ILC or B cells,
and their failure to express TCR3 excludes their being oy T cells (Fig 1d; see also below). Thus,
this population comprises DETC that were TCRYO™ as recently as 7-14 days prior to phenotyping.
Intriguingly, these TCRme9CD3'° cells expressed CD103, a TGFf-regulated marker of many
tissue-resident T cells, to discernibly higher levels than control y0™® DETC (Fig le), a point

considered further below.

Although Trgcl deletion was very efficient in y0* mice, surface TCRYS expression was still
detectable on some cells (e.g., Fig 1e), in one case up to ~15% (see Fig 1g, below). Nonetheless,
when y0X epidermal cells were isolated and exposed in vitro to cell-activating antibodies
against CD3, TCR downregulation occurred but no functional response, specifically upregulation
of the high-affinity IL-2 receptor (CD25) that is critical for sustaining T cell activation (Fig 1f). En
passant, this functional ablation of the epidermal T cell response contrasts with the capacity of

anti-CD3 to promote maturation of CD3!° thymocytes in RAG-deficient mice32,

To compare TCRyO™ DETC in Y8'R mice and TCR-ablated counterparts in y0X mice, we tracked
CD45" cells that failed to stain in a “dump channel” comprising antibodies for TCR[3, MHC Class
Il (detects Langerhans cells), F4 /80 (detects macrophages), and CD19 (detects B cells) (Fig 1g).
Again, some residual TCRYd™ cells were observed in y3X mice, but they commonly expressed
lower levels of TCRYd (Supp Fig 1g), were <2% TCRB™*, and were frequently detectable by
anti-Vy5 and by 17D1, an antibody specific at steady-state for the DETC TCR Vy5-V31 (Supp
Fig Th; note these data are distinct from those shown in Fig 1g that derive from use of a different

antibody): thus, these TCRYO™ cells are seemingly in transit from w.t. DETC to a TCR-deleted



state. Indeed, Vy5-Cy1 transcripts were scarcely detectable in y0X epidermis, whereas Vy5-Cy3
transcripts were detectable de novo (Supp Fig 1i), as was anticpated. Despite a slight downward
trend, there was no significant difference in the numbers of CD45*Dump"e9 cells in YOTR and yo*

mice for up to two months after one week of tamoxifen treatment (Fig 1g).

In sum, following inducible Cy1 deletion, most epidermal Y0 T cells swiftly lost all detectable TCR
protein, with a small fraction seemingly en route to that status; there was negligible functional
response to TCR engagement, and yet there was no overt impact on cell survival, at least over
several weeks. To better characterise those TCR-ablated cells, we developed an additional
means to identify them by using mTmG mice in which cells that activate Cre-recombinase shift

from Tomato* to gfp*. To assess the reliability of this approach, we examined mice homozygous
for Rosa26.mTmG and Trcg1*/* and carrying one allele of TCRACERT, Prior to tamoxifen-
treatment, no gfp* lymphocytes were detectable in the epidermis (Supp Fig 1j), whereas
following tamoxifen-treatment, >90% of epidermal YOTCR* cells had converted to gfp™,
beginning within one week and extending for at least one month later (Supp Fig 1k), re-
emphasising high penetrance of TCR3<"¢ERT2 in skin. Demonstrating the fidelity of the TCRO<reERT2
system, >99% of gfp™ cells were TCRO' with none of the remaining 1% of gfp™ cells expressing
NK1.1 (that marks NK cells) and only 10% of them expressing TCRp (i.e., <0.1% of total gfp™

cells) (Supp Fig 11). As expected, TCRyO*gfp* cells were CD45" (Supp Fig 11).

Having established high penetrance and specificity of the system, we examined Rosa26.mTmG
Trcg 111/fl TCRFreER mice for up to 4 weeks post-tamoxifen treatment. There was a substantial
population of evenly distributed CD45" cells, comparable to w.t. DETC, but they were essentially
all TCR-ablated (Supp Fig 1m), gfp* (Fig Th, Supp Fig 1m), and mostly rounded (Supp Fig 1n),
phenocopying a few spontaneously activated DETC detectable in yO™R skin (Fig 1h; Supp Fig
1n). Classified by live-dead staining, Y0* epidermal gfp* cells showed comparable viability to
TCR* gfp* cells from YOTR mice (Supp Fig 10), and when the cells were purified, their status

was confirmed by a complete absence of Vy5-Cy1 transcripts (Supp Fig 1p).

Importantly, mTmG mice also allowed us to assess the fate of dermal YO cells following acute
TCR deletion. Initially examining Rosa26.mTmG Trgc1*/* TCROERT mice, >80% of TCRYS™* cells
converted to gfp* following tamoxifen treatment (Supp Fig 1q). When y0X mTmG mice were

then examined, they displayed comparable populations of CD45higfp* cells to YOTRmTmG mice



but they were TCRO"9 (Supp fig 1r; upper right), expressed negligible Vy4-Cy1 or Vy6-Cy1l
mRNAs, and were largely viable (Supp Fig 1s,1). Following pre- and perinatal maturation,
dermal Y0 cell numbers generally decline slightly over time, as was evident for the frequency
of TCR*gfp™ cells among total dermal cells in YO™® mTmG mice over a five-week period post-
tamoxifen (Fig 1i). Strikingly, the representation of gfp*TCR"9 cells in y0* mTmG mice was
completely comparable (Fig 1i). Thus, as in the epidermis, highly penetrant, acute conversion
from a TCR* yd cell state to a TCR"9 state had negligible impact on the maintenance of the
dermal Y0 cell compartment at least over several weeks. Of note, unlike systems in which
diptheria toxin is used to inducibly deplete cell popluations, any phenotypic changes in the skin

of Y8X mice cannot be attributed to a sudden wave of cell death.

Core phenotypic changes following TCRYO deletion

The next question was whether the phenotypes of epidermal and dermal ¥ T cells, which are
almost completely divergent (see above), would be comparably affected by acute TCR deletion.
Thus, we composed an antibody panel focussed on cell-surface proteins collectively considered
as key regulators of tissue-resident T cells, and adopted spectral flow cytometry because it can
swiftly determine at the single-cell level whether populations segregate from each other for

multiple markers. For epidermis, this was conducted on “dump channel negative” cells and for

dermis, on gfp* cells from y0X mice compared to gfpne9 cells from w.t. mice.

As expected, epidermal and dermal cells from control mice were heterogeneous, distributing
into different clusters, but, additionally, epidermal and dermal cells from y3*X mice largely
segregated into clusters distinct from their TCRYO' counterparts, even when excluding staining
for TCR, CD3, CD45, gfp, and live/dead (Fig 2a-d). Thus, acute TCR deletion had a significant
impact on the cells’ phenotypes. The clustering was validated a posteriori by surface TCRYd and
CD3 expression (Fig 2 b,d). To interrogate which markers were significantly differentially
expressed, thus contributing to the cluster segregations, we applied conventional flow cytometry
to independent cohorts of mice, since detection reagents for individual markers are not

constrained by overall panel composition.

CD103, a signature component of TGFB-regulated Trm cells, was significantly upregulated by
epidermal and dermal Y0¥ cells (Fig 2e-g; see also Fig 1e), and from spectral analyses it was

evident that most epidermal y0X cells were CD103" (Fig 2b), while essentially all dermal yoX



cells expressed at least as much CD103 as did TCRyd* cells and frequently more (Fig 2d). By
contrast, CD69, a tissue-resident T cell hallmark, was significantly downregulated (Fig 2e-g) with
spectral data again depicting this as true for essentially all yoX cells; note, almost complete
correspondence of reduced CD69 expression with reduced CD3 or TCRS expression (Fig 2b),
and with induced gfp expression for dermal cells (Fig 2d). This is not to ignore some phenotypic
overlap, for example, there were TCRY3™ cells in control mice that were CD103" and/or CD69'
(Fig 2e). Epidermal and dermal yoX cells also significantly downregulated Tigit and Lag3, with
epidermal y0X cells additionally acutely downregulating ICOS (Fig 2e) and Tim3 (Supp Fig 2a)
and showing the loss of a 4-1BBh (CD137h) subset (Supp Fig 2b), as observed in Skint1-

blockaded mice?5.

In sum, sustained TCR expression was essential for regulating cell surface expression levels of
several profoundly important immune regulators, a subset of which was comparably TCR-
dependent in epidermal and dermal y0 T cells despite those cells being very different from
each other. Thus, we next used transcriptomics to investigate more broadly the real-time TCR-

dependencies of Y0 T cell phenotypes.

The nature and impact of TCRyd-regulated genes

Whereas our previous application of single cell RNA-Seq resolved the heterogeneity of steady-
state DETC transcriptomes into 4 clusters?3, it was much less effective at distinguishing DETC from
unmanipulated versus Skint1-blockaded mice, largely because there were few differentially
expressed genes (DEGs). Thus, to first assess the scale of differential gene expression across yoX
and yOTR epidermal lymphocytes, a pilot comparison was undertaken using the NanoString N-
Counter 770-gene cancer immune profiling panel. Conspicuously, only two genes were
significantly altered: Lag3 was decreased in y0X cells, completely consistent with flow cytometry
(above), and mRNA encoding integrin alpha 6 (itgab) was upregulated (Supp Fig 3a). Based
on this, we anticipated few transcriptional differences between Y% and Y3™R cells, in which

setting bulk RNA-Seq is the preferred method.

By principal component analysis (PCA), PC1 which contained most of the variance showed
complete segregation of Y0TR and y6X transcriptomes in both epidermis and dermis (Supp Fig
3b). Note that for epidermis, only age-matched males were examined, and that for dermis,
which included a mixture of male and female mice, the differences in PC1 were not attributable

to sex. Validating these comparisons were profound reductions of Trgcl and Trgv5 transcript



counts in epidermal Y0¥ cells, and of Trgcl, Trgv4, and Trgvé transcripts in dermal yoX cells,
while y0X cells from both sites showed significantly upregulated Trgc3 expression, as considered

above (Supp Fig 3¢).

To confirm that upregulated Trge3 transcripts did not encode new TCR protein, we assessed TCR
proteins via a low-input, high-resolution proteomic analysis of epidermal CD45"Dumpnes
lymphocytes sorted from YO and y0X mice one week after tamoxifen administration. In
addition to the greatly reduced expression of TCR-Cy1 (Supp Table 1), there was significantly
reduced expression of TCR-Vd4 (a.k.a. VO1) and TCR-CJ, that jointly pair with Vy5-Cy1, and
of CD3y (Supp Table 1), presumably reflecting the reduced stability of proteins chains directly
contributing to TCR complexes. Importantly, no signals were attributable to TCR-Cy3, consistent
with Trge3 being a pseudogene: thus, messages spliced to it from VJy would not impact cell

phenotypes.

Beyond TCR gene expression there were only ~300 statistically significant DEGs when
comparing epidermal y0X and Y0™R cells: 145 downregulated and 156 upregulated, with
11723 genes unaffected (Fig 3a, b; note Trgc1 was so downregulated in epidermis and dermis
to be off the “padj” scales of Fig 3a). By contrast, dermal Y0¥ cells displayed 4454 DEGs;
1947 downregulated and 2507 upregulated, with 10751 genes unaffected (Fig 3a, b). Thus,
in both Y0 T cell types, steady-state YOTCR expression is an essential regulator of gene
expression, but to very different degrees, with the lesser impact being on cells that previously

underwent Btnl-dependent, TCR-mediated repertoire selection.

By gene set enrichment analysis (GSEA), epidermal y0* cells showed significant albeit weak

upregulation of genes classified as “TNF signalling via NFkB” (Fig 3c; Supp Fig 3d), to which
prominent contributors are some mRNAs ordinarily expressed by activated-yet-resting mouse
tissue-intrinsic Y0 cells, e.g., Btg2, Junb, Fos. By contrast, there was significant and substantial
downregulation of gene sets: “Myc targets”, “E2F targets”, “G2M checkpoint” and “mitotic
spindle”. Of note, the last three of these gene sets were also downregulated by DETC (which
concurrently became rounded) in mice one day post-exposure to uvb irradiation25. These

changes strongly suggest that a small subset of genes regulating the cells’ activation status are

under acute TCR control.

10



Interestingly, “Myc targets” and “mitotic spindle” genes were likewise among the most
dysregulated genes in dermal 3% versus Y0™R cells, albeit that the latter genes were overall
upregulated following TCR ablation (Fig 3c; Supp Fig 3d). Despite this collective difference,
there was some consistency at an individual gene level, with the few mitotic spindle genes
significantly upregulated in TCR-ablated DETC being likewise upregulated in dermal yoX cells
(Supp Table 2). Of note Rasa2, which when ablated improves CAR-T cell activation33, was
downregulated in both cell types, evidencing its acute regulation by the TCR. Additionally, there
was substantial downregulation in dermal y0X cells of “fatty acid metabolism” and “oxidative
phosphorylation” (Fig 3c; Supp Fig 3d), which seems noteworthy given that oxidative
phosphorylation is the major metabolic pathway of systemic Vy4™ cells that produce IL-1734, as
do dermal Y0 T cells. Moreover, TCRo* Trm cells require fatty acids for their metabolism3,

although this has not hitherto been attributed to TCR signalling.

Conspicuously, several DEGs correlated with the changes in cell-surface phenotypes of y0X cells:
thus, Tigit and Cd69 mRNAs were significantly downregulated in epidermal and dermal yoX
cells, and Tnfrsf9 encoding 4-1BB (CD137) was downregulated in epidermal y0X cells (Fig 3d).
Likewise, Itgae that contributes to encoding CD103 was upregulated in dermal 70X cells (Fig
3d). Nonetheless, correlations were not universal, re-emphasising that for many genes, RNA
and protein expression do not align3¢. Thus, ltgae was not consistently upregulated in epidermal
10X cells, almost all of which upregulated CD103 protein (above), while Cd28 mRNA was
downregulated in epidermal and dermal y0X cells despite the fact that surface CD28 was
undetectable on either. Likewise, significant changes in surface expression of Tim3, Lag3 and

ICQOS, reported above, were not consistently reflected in transcriptional changes. Hence, acute

TCR-dependent regulation operates at transcriptional and post-transcriptional levels.

Beyond the cell surface, there was consistent upregulation of Jun and Junb encoding early-
response transcription factors regulating the cells’ activation state, and implicated in TCR
signalling in gut ¥3 IEL3. There was also consistent downregulation of transcripts encoding the
effector chemokine, Xcl1 (Fig 3d), that mediates skin Y0 T cell recruitment of conventional type
1 dendritic cell (¢<DC1) in the response to mCMV38, that is crucial for cDC1 recruitment to murine
tumours3?, and that is also highly expressed by so-called Teex cells that fuel CD8* T cell
proliferation following immune checkpoint blockade therapy4%4l. Among chemokine mRNAs,
Ccl5 was also significantly upregulated in TCR-ablated DETC (Fig 3d), whereas regarding

cytokines, dermal and epidermal yo* cells shared significant upregulation of steady-state 113

11



transcripts (Fig 3d), which are also upregulated during nutrient deprivation2. Hence, despite

there being an order of magnitude difference in the number of DEGs in epidermal and dermal
10X cells, respectively, Jun, JunB, and 113 upregulation and Tigit, Cd69 and Xcl1 downregulation

composed a conserved core of TCR-regulated changes in both cell types.

Additionally, dermal and epidermal cells shared slight but significant downregulation of Kirb1a
and Klra5 (encoding Ly55a and Ly49, respectively), while epidermal DEGs additionally
included Klrcl (encoding NKG2A) downregulation and Klra7 (encoding Ly49g) upregulation
(Fig 3d). These gene-products are examples of NKRs and Killer inhibitory receptors (KIRs) that
collectively contribute to the innate regulation of cytolytic lymphocyte activity (considered

further below).

Given the real-time TCR-dependence of several genes in epidermal and dermal y0 T cells, we
then asked whether there might be overt physiological consequences of acute TCR deletion.
Indeed, within two weeks of tamoxifen administration, y0X mice showed significantly increased
trans-epidermal water loss (TEWL), an established parameter of epidermal integrity: de facto,
the readings taken from 0% and Y0k mice barely overlapped (Fig 3e). This rapid physiological
impact of acute TCR deletion in local T cells was not attributable to an induced pro-inflammatory

state because there was at that time-point no significant difference in ear thickness (Fig 3f).

Contrasting TCRyd-dependence in gut and skin

Having established a core TCR-dependency of divergent 8 T cells in the skin, we next
investigated the consequences of acute TCR deletion in the gut. Confocal micrographs of yoX
mTmG and Y8R mTmG mice at 4 weeks after tamoxifen treatment revealed fewer gfp™ cells
in Y8* mTmG mice, with the average number decreasing from ~30 to <15 per villus (Fig 4a, b).
This cell loss, not seen in skin, probably reflects the fact that gut Y3 IEL but not skin 75 cells can
be reconstituted from postnatal progenitors. Thus, in Y0X mice, natural IEL turnover would be
evident, with the cells replaced over time with gfp"e9Vy7Cy1+ cells developing from progenitors
in which TCR3<fRT would not have been active. However, such cells would not be distinguishable
prima facie from mature gfpme9Vy7Cy1* IEL in which Cre had been poorly penetrant. We
therefore used Rosa26CeERT which is ~100% penetrant, thereby preventing the generation and
influx of replacement Vy7Cy1+ cells. Whereas dump"e9CD103* cells of Y3 mice were mostly

Vy7+ cells, as anticipated, this was reduced by ~90% in y0X mice (Supp Fig 4a), and while there
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was no replacement by a3 IEL, since their representation remained comparable in the two strains
(Supp Fig 4b), there was a significant inversion in the frequencies of Cy17* versus Vy1Cy4t cells,
the latter being the only major Y0 cell subset whose progenitors will not have lost the capacity
to express TCRYO (Supp Fig 4c). Hence, the TCR is required in real-time for the maintenance and
turnover of the prototypic gut ¥ IEL compartment.

In addition, we assessed y0* gfp* cells for Fas expression, since Fas-deficient mice cannot stably
retain VY77 IEL in the gut3. Indeed, flow cytometry showed striking Fas (CD95) downregulation
in YOX mice versus YOT°R mice (Fig 4c), added to which a preliminary NanoString analysis of gut
lymphocytes (prepared by a protocol that enriches for IEL) showed downregulated Fas
transcripts in 70X mice versus YO'R mice, while there was upregulated Sell that encodes L-selectin,

a systemic lymphoid homing molecule (Supp Fig 4d). In short, Fas may be a TCR-dependent gut

retention factor. Addtionally, Klra7 was also upregulated, as it was in the epidermis (above).

Affirming the difference of intestinal lymphocytes in Y0* and Y3 mice, spectral flow showed
striking segregation according to genotype, which was validated a posteriori by CD3, TCRyJ,
VY7, and Vy4 expression (Fig 4d). Note, the excess of Vy7 over Vy4 in Y™ cells confirmed
that our methods primarily enriched for IEL. As in skin, CD103 expression was either retained
or upregulated in YOX [EL while CD69 was collectively downregulated (Fig 4d, e). There was also
downregulation of CD27, CD44, Tigit, and also CD122 (IL2RB) which was likewise
downregulated in Vy7 IEL of mice acutely depleted of Btnl120. Again, there were phenotypic

overlaps, e.g., clusters of CD44" ydX cells, as evidenced from spectral flow (Fig 4d).

To interrogate the basis for these phenotypic changes, we again used bulk RNA-Seq, comparing
CD45hdumpre9 cells from y0* and y0™R mice. Once more, PC1 that carried the bulk of the
variance showed that transcriptomes segregated according to genotype (Supp Fig 4e),
independently of segregation by sex, and there was, as expected, profound downregulation
of Trgcl, Trgv7 and Trgv4, and upregulation of Trge3 (Supp Fig 4f) Strikingly aligned to their
Btnl-(Skint)-selected epidermal counterparts, y0X IEL displayed relatively few statistically
significant DEGs: 77 upregulated; 63 downregulated, versus 12,683 unchanged (Fig 4f).
Furthermore, downregulated genes included Tigit and Xcl1 while Jun and Junb were
upregulated (Fig 4g), completely aligned with epidermal and dermal data. Also in common
was downregulation of several genes encoding KIRs, including Klrel (encodes NKG21), Kiraé

(Ly49F), Kira3 (Ly49C), and Kirh1 (Fig 4g).
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By GSEA, the subsets of genes most significantly downregulated by acute TCR deletion included

“Myc targets” which were among those most significantly downregulated in epidermal and
dermal yoX cells (Supp Fig 4g). Likewise, “oxidative phosphorylation” was downregulated in
gut IEL (Supp Fig 4g), as it was in dermal Y0¥ cells (above). Gene-sets are defined by many
genes, but in this regard, it was striking that when we selected mRNAs significantly
downregulated in at least three of four gut YOX samples, there was considerable correspondence
with those down-regulated in all three dermal samples (Supp Table 2). Thus, notwithstanding
the fact that multiple criteria diistinguish Y0 T cells in the epidermis, dermis, and gut, they shared

several acutely TCR-dependent genes and proteins.

Real-time TCR-dependent regulation of chromatin accessibility

The status of a cell at steady-state and its poise to respond to challenge will be regulated
epigenetically. We therefore applied ATAC-Seq to epidermal and intestinal IEL to ask whether
aspects of chromatin accessibility show real-time TCR dependency (note: dermal cells could not
be recovered in sufficient numbers for this analysis). Whereas most peaks of shared chromatin
accessibility were of comparable frequency (peak heights) in Y0™R and y6X cells (31,373 in
epidermis; 26,136 in gut), a small percentage was represented significantly differently

according to genotype in both tissues (Fig 5a, b).

Correlations with DEGs were inexact given that epidermal and gut y0X cells had comparable
numbers of TCR-dependent DEGs, but contrasting numbers of loci with significantly altered
chromatin accessibility (Fig 5a, b). Nonetheless, those loci included core DEGs identified above.

Thus, the Jun and JunB loci showed greater accessibility in y0X mice, consistent with increased

expression (Supp Fig 5a-d). The same was true of Ccl5 and 1113 in y0X epidermal lymphocytes
(Fig 5¢, d). Nonethless, a strikingly atypical pattern was evident for Tigit and Xcl1 (Fig 5e-h),
with reduced expression associated with increased chromatin opening. This would be consistent
with factor(s) downstream of steady-state TCR signalling occluding repressors that can then bind
DNA more readily at these loci in 70X cells (see Discussion). In sum, acute TCR ablation in skin
and gut IEL rapidly translated to altered chromatin configurations, albeit at a small percentage

of loci.

TCR-dependent regulation of Human V31+ cells
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Having identified a core set of genes and proteins regulated by sustained TCR expression across
divergent Y0 T cells in mouse skin and gut, we asked whether this pattern might be evolutionarily
conserved. To this end, we examined Y0 T cells in which we could delete V31, the main Y0 TCR
chain associated with human tissue-intrinsic Y0 cells, akin to the association of Cy1 with mouse
tissues. Confounding this goal is a requirement for reiterative TCR stimulation in existing protocols
for expanding human V31 cells#4. Therefore, to seek a TCR-independent means of establishing
Vo1 cells, we turned to HTLV1-immortalised VO1+ cell lines45. HTLV1-immortalisation will
inevitably alter the phenotype of VO1* cells relative to counterparts in vivo and might be

expected to nullify any steady-state requirement for the TCR. Nonetheless, we used CRISPR

and specific external guide sequences to acutely delete the TCR by generating an INDEL in

TRDV'1 that encodes TCR V31 (Supp Fig 6a).

After several optimisations, a protocol was developed that, albeit with incomplete penetrance,
generated V319 cells (Supp Fig 6b-d). To insulate our studies from potential growth
disadvantages of TCR-ablated cells, we applied flow cytometry to two sets of cultures only 10
days post-CRISPR, to achieve 94%-97% enrichment of Vo119 cells (Supp Fig 6e; note, that
Volres cells were also CD3"9, in contrast to Trgcl-deficient DETC; Supp Fig le), and

immediately compared their transcriptomes to those of residual TCR-V31* cells (Supp Fig 6b).

By PC1 (that accounted for >90% of the variance) the transcriptomes again segregated
according to genotype (Fig 6a). As depicted in the volcano plot, there were ~1400 DEGs;
almost evenly split into those upregulated and downregulated, respectively, in TCR9 cells (Fig
6b). Of note, the number of DEGs more closely resembles the DEGs of dermal ¥ T cells, that
lack a known TCR-selecting element. Strikingly, the DEGs included several genes of
immunological significance including TIGIT and XCL1 (Fig 6éb, c) that were downregulated,
exactly as observed in each of the mouse Y0* populations examined. Also conserved was
downregulation of several KIR/NKR genes, that in human TCR"¢ cells included KLRD1 (CD94),
KLRB1 (CD161), and KLRKT (NKG2D), together with GZMA, GZMK and CR-TAM (Fig 6b, c), all
of which collectively contribute to the regulation of cytolytic responses particularly associated
with innate lymphocytes. Additionally, IL13 was upregulated (Fig 6b, c), as it was in epidermal
and dermal yoX cells, while TNFRSF9 (4-1BB) was downregulated, as it was in epidermal 76X
cells. SCART1 was also upregulated (Fig 6éb, c), as were several genes that, like 1I13, are

associated with Th2 T cell biology, including IL5, IL?, IL17RB (see Discussion).
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By GSEA, the pathways most overtly dysregulated in TCR"9 versus TCR* cells were “fatty acid
metabolism” and “oxidate phosphorylation” (Fig 6d), within which pathway, many of the DEGs
were also significantly dysregulated in dermal and gut y0* cells, some equivalently (Supp Table
2). Because they are stably immortalised, the human V31 cells offered the opportunity to seek
functional parallels of gene expression changes. To this end, the metabolism of two independent
TCR"e9 lines (C4, C5) was compared to parental VO1+ cells (D2) using extracellular flux analysis.
Despite being immortalised by HTLV1, both TCR"9 lines showed reduced metabolic activity
compared to parental D2 cells, as reflected in lower basal oxygen consumption rates (OCR)
and extracellular acidification rates (ECAR) (Fig 6e[i], f[i]). Although they displayed reduced
ATP-coupled respiration at baseline, the TCR"9 lines had comparable spare respiratory
capacity (Fig 6elii], f[ii]). However, by contrast to the parental line, this reserve was greatly
diminished in the TCR"9 lines when fatty acid oxydation (FAO) was inhibited by etomoxir (Fig
beliii]; f[iii]), with EACR also more sensitive to etomoxir treatment in TCR deficient cells. Hence,
TCR loss appeared to increase FAQO dependence, consistent with upregulation of the

corresponding gene-set.

In sum, even in virus-immortalised human V31+ T cells, sustained TCRYS expression regulated the
steady-state expression of several genes and proteins that included components of a core subset
identified in mice. Indeed, the sole exceptions were JUN and JUNB, the regulation of which can

be expected to be overridden by virus immortalisation. Moreover, virus immortalisation did not
overide steady-state impacts of TCRYd on cellular metabolism that were likewise implied for

murine intestinal IEL and dermal ¥ T cells by their altered transcriptomes.

Signature innate responses of TCR-deleted cells in vitro
The next question was whether TCRYd was required in real-time for immunosurveillance
responses to challenge. By stimulating dermal cell preparations with PMA plus ionomycin that

potently activates signalling pathways downstream of the TCR, it was clear that comparable
percentages of y0X and yO™R cells had the potential to produce IL-17, although the amount of

IL-17 per cell seemed slightly less for y0X cells, as judged by gMFI (Supp Fig 7a).

We next examined a signature innate response of skin ¥ T cells to cytokines alone. Thus, we
prepared skin TCRyd0™ cells (dermis plus epidermis) from 3R mice, and counterpart
TCRyd"e9gpf+ cells from y5X mice and compared the cells’ responsiveness to IL-12 + IL-18, which

has the potential to induce IFNy, and to IL-1f + IL-23, which induces IL-17. By staining
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permeabilised cells treated with brefeldin A (so as to retain intracellular cytokines), we detected
comparable IL-17 production by yO™R and Y0¥ cells, typical of dermal Vy4 and Vyé cells.
Conversely, there were few y0TR IFNy-producers, reflecting the fact that whereas DETC are
skewed against IL-17 production they are recalcitrant IFNy producers (Fig 7a), although, despite
this, some IFNY production was evident for y0X cells (Fig 7a). Improved IFNy production by DETC
has been previously observed following the cells’ adaptation to short-term culture, and in this
setting too there was a stronger response of epidermal 3% cells from which the TCR had been

deleted by tamoxifen exposure in vitro (Supp Fig 7b).

When gut IEL were harvested and incubated with IL-12 + IL-18 they readily produced IFNy,
which was reduced by about 50% for YOX IEL (Supp Fig 7c). IL-13 + IL-23 failed to induce IL-
17 production (Supp Fig 7c), consistent with IEL skewing. We could conclude that acute TCR
deletion did not alter the signature functional skewing of the tissue-intrinsic Y0 subsets examined,
and had little consistent impact on the innate capacity to produce effectors in response to

defined cytokines alone.

Real-time TCRyd-dependent immunosurveillance

In vivo, the prototypic example of innate immunosurveillance of tissue perturbation by dermal
IL-17-producing Y0 T cells is the response to epicutaneous application of Aldara cream.
Containing a ligand for Toll-like receptor (TLR) 7, Aldara (a.k.a. Imiquimod) stimulates myeloid
cells to release IL-13 and IL-23 that jointly induce release of IL-17 by co-located dermal y3 T
cells. In turn, the IL-17 elicits neutrophil recruitment, leading to significant, psoriaform skin-
thickening over a 4-5 day period, as evidenced for treated y3™R mice (Fig 7b; Supp Fig 7d).
By comparison, neutrophil recruitment and skin thickening were almost entirely ablated in ydX
mice exposed to Aldara just 7 days after tamoxifen treatment was ceased (Fig 7b; Supp Fig
7d). Moreover, Aldara treatment of Nur77.gfp mice significantly increased skin Y0 T cell
expression of gfp, a reporter of TCR signalling4® (Supp Fig 7e). These datasets collectively
demonstrate that despite the capacity of dermal y0X cells to produce IL-17 in vitro, the cells
were unable to promote the prototypic innate YO T cell response to Aldara in vivo. Rather,
Aldara treatment upregulated signalling from TCRYS which proved essential to elicit signature

psoriaform pathology.
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Another prototypic challenge is ultraviolet irradiation which rapidly increases the frequency of

DETC that express high levels of the activation markers, 4-1BB, CD122, and ICOS. These in vivo
responses were also blunted in Y0X mice irradiated 7 days after 7 days of tamoxifen treatment,
with the ICOS response being essentially ablated, together with the capacity to induce a 4-
1BBh subset associated with activation25 (Supp Fig 7f). Thus, TCRYS was also required for the

signature DETC response to epicutaneous u.v. irradiation.

Finally, we examined skin immunosurveillance responses to cancer. Subcutaneous infusion of
B16.F10 melanoma cells into C57.BL/6 mice is followed within one to two weeks by tumour

formation which is not readily controlled by endogenous T cells, even when immune checkpoints
are applied4’. Nonetheless, a natural, beneficial role for Y5 T cells is inferred from y3 T cell-

deficient mice developing larger tumours more rapidly than control mice#8. To examine whether

this response was affected by acute TCR deletion, we undertook two sets of experiments,
injecting tumour cells within 5 days of tamoxifen treatment of Y3™® mTmG and Y6* mTmG mice,
respectively (n=71). We observed tumour formation in 80% of y0"R mice (28 / 35), whereas
tumour incidence in Y8 mice was >97% (35 / 36) with the modal tumour size also being
significantly greater (Fig 7c). This significantly impaired capacity to control melanoma did not
reflect a lack of intratumoral gfp* YOTR or Yo cells, since those were rare in both cases, and
nor did it reflect a failure to promote tumour surveillance by intratumoral CD45* a3 T cells since
their frequencies were comparable in both strains (Supp Fig 7g). Indeed, draining lymph node
cellularity was higher in Y0X mice (Supp Fig 7h), presumably reflecting persistent stimulation by
larger tumours. We conclude that there is a natural capacity of Y3 T cells to survey and limit

melanoma growth, and this depends in real-time on TCRYd.

To examine whether y0X cells were defective in interacting with B16.F10 cells, we undertook two
experiments. Thus, we cultured B16.F10 cells, first with DETC freshly isolated from tamoxifen-
treated YOTR mice and y0X mice, and second with short-term DETC cultures from y0'R mice and
vOX mice that were treated with tamoxifen in vitro to delete the TCR (see above). In both cases,
the induction of apoptosis in B16.F10 targets (measured by either Annexin V or caspase 3
staining) was not ablated but was significantly impaired by acute TCR loss (Fig 7d-f). Of note,
this real-time TCR-dependence of target cell cytolysis seemed to be evolutionarily conserved, in
that relative to TCRyd* HTLV1-immortalised Vo1* cells, TCRyd"9 cells showed significantly

impaired capacity to target a colorectal carcinoma cell line, HT29 (Fig 7g).
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Discussion

Ablating the TCR for at most a few days had wide-ranging pathophysiological consequences,
including impaired capacity to regulate cutaneous water balance; deficient responses to DNA
damage or to cancer cells, thereby permitting excessive tumour growth; and a failure to rapidly

induce psoriaform pathology. These data unequivocally demonstrate an active tissue
surveillance system that depends on TCRYO in real-time, in addition to any prior, TCR-dependent

developmental preprograming that may condition Y0 T cells to respond innately!3.

Our findings resolve a long-standing “yd paradox”: whereas rapid, nonclonal Y0 responses had
been attributed to TCR-independent innate activation by cytokines and/or NKRs'3,

phenocopying NK cells and ILC, the responses evidently retain a real-time TCR dependence. In
response to Aldara in vivo, TCRYO clearly provided Y0 cells a capacity to produce IL-17. Given
our data on metabolism, TCRYO may provide competence for a necessary switch to glycolysis
for IL-17-producing Y0 T cells in psoriatic conditions4®. Alternatively, but not mutually exclusively,

TCRYS possibly overcomes checkpoints which are absent in vitro but which may be exerted by

the tissue microenvironment in vivo: identifying such checkpoints should be a priority.

A modality of overcoming repression may align with a possible potential of the TCR to block
transcriptional repression of Xc/1 and Tigit which we infer from the data presented here, and

which might likewise apply to other genes. Repressor removal can be the fastest means to
upregulate genes, potentially consistent with which, Y0 TCR stimulation very rapidly upregulates
Tigit and Xcl1. Such activities of TCRYS are clearly distinct from tonic signalling described for

oy TCRs, that requires some components of clonotypic ligands, e.g., MHC, and that regulates

cell survival, which was not universally the case here°.

Inevitably, TCR-dependence should be considered in the context of ligands. Indeed, Aldara
stimulation was reported to expand IL-17-producing Cy1* yd T cells, which then responded
better to secondary stimulation, a hallmark of adaptive immunity51:52, although neither study
assessed either TCR-dependence or ligands. Likewise, other immunosurveillance settings may

depend on TCR activation by stress-ligands, e.g., EPCR'!.

In other cases, the requirement may be for TCRVy-specific BTNL ligands. Notably, acute Skint1

blockade or Btnl1 ablation20:25 closely phenocopied the impacts of acute TCR ablation on
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epidermal and intestinal T cells, respectively. Nonetheless, they were not obviously identical.
Thus, acute Btnl1 ablation did not induce gut-specific depletion of Y3 T cells observed following
Cy1 ablation, which possibly highlights an under-considered, TCR-dependent role of Fas-FasL43,
likely applicable to human gut Vy4* cells that share many parallels with mouse Vy7+ IEL21.23,
Similarly, increased TEWL in Skint1-blockaded mice could not be disentangled from skin
inflammation?5, whereas it could in y5* mice, presumably because TCR-Cyl ablation also
inactivates pro- inflammatory dermal y0 cells53. Additionally, acute Binl1 or Skint disruption did
not obviously affect KLR expression profiles. Possibly, these additional impacts of TCR-Cy1
ablation reflect loss of responses to clonotypic ligands that BTNL-reactive human and mouse

YOTCRs have been shown to have34.

However, no known Binl-equivalents exist for dermal Vy6Vd1 TCRs, that may instead be
polyreactive’3. Nonetheless, such reactivities were not placed into the context of real-time TCR-
dependence in non-challenged mice, as observed here. Moreover, human V31 cells showed
TCR-dependence even in culture, which possibly reflects ligand-independent YOTCR signalling
for which precedent exists>¢. Either way, it now seems highly unlikely that there are any tissue-
intrinsic YO T cell compartments that do not depend on ongoing TCR signalling, and hence for Y0
T cell-mediated immunosurveillance to occur, a cancer or other lesion must be conducive to TCR
function, whether or not this includes ligand provision. This must inform the therapeutic

deployment of YO T cells.

For Vy5* DETC and Vy7* gut IEL, that undergo developmental TCRVY chain-dependent selection,
barely a few hundred genes tiny showed real-time TCR-dependence, as if the TCR already
played a major part en route to the cells’ steady-state maturation. To put this into context, 6337
DEGs distinguished systemic mouse IFNy-producing from IL-17-producing cells>’. Although not
at this scale, dermal Y0 cells showed much greater real-time impact of TCR ablation than BTNL-
selected cells, akin to conventional resting T cells, despite their commonly displaying
preactivation-associated markers, e.g., CD4458. Blood-derived human V31 cells, for which there
is also no known TCR-mediated selection element, also showed many TCR-dependent DEGs,
although conclusions need to be qualified by the cells’ virus-immortalised status3?. Interestingly,
there was also unexpected cell type-specific variation in the impact of TCR-ablation on CD3

protein expression.
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Given the differences in their degrees of TCR-dependence, it was striking that diverse Y0 cell

types, including an immortalised human V31 cell line, shared a core phenotype connecting the
TCR to blue-ribband immune regulators, specifically: TIGIT and KLRs that regulate cell
responsiveness; Xcl1 which contributes to priming immune responses in tissues and to proliferative
T cell bursts??; IL-13 implicated in maintaining tissue integrity; CD103 and CD69 that contribute
to homing and tissue-localisation; and Jun and JunB that regulate cell state, often under stress,
and with potential to increase FAO via CPT1A gene regulation®®. Although the direction of TCR-
dependent regulation varied according in different Y0 cell types, these specific pathways were
repeatedly affected by TCR ablation, by contrast to others, e.g., functional skewing, for which

there was no apparent real-time requirement for continued TCR expression.

TCR ablation did not simply revert T cells to wholly innate or immature states, e.g., by
upregulating PLZF, Roryc, and Bhlhe40, or Rag1 / Rag 2, and it did not necessarily induce novel
states: for example, Y0* DETC showed several transcriptional and morphological changes akin
to w.t. DETC from u.v.-irradiated mice that may reflect pathophysiologic transitions in TCR-
mediated regulation?5.  Strikingly, TCR-dependent effects had impacts on chromatin,

transcription, and surface protein expression, that commonly seemed independent of each other.

Consistent upregulation of CD103, which is TGFf-regulated, may reflect the fact that TCR
signals ordinarily moderate the impact of tissue-processed TGF[3 which is required for Trm cells
but which in excess could be immunosuppressive®!. This will be germane to surveillance of TGFf3-
rich microenvironments, a major issue in cancer immunotherapy. Universal 1I13 upregulation
evokes its upregulation in vivo during nutrient deprivation42, together with several other Th2-
associated cytokines that were also upregulated in the TCR-ablated human Vo1 cells that we
generated. These factors may contribute to wound-healing, and we concur with speculation that

under metabolic stress, cytolytic and Th1-immune functions may become secondary to functions

sustaining tissue integrity.

In sum, our findings show an unequivocal real-time dependence of tissue-intrinsic Y0 T cells on

TCRYd function, questioning the classification of prominent y0 T cell subsets as innate. However,
the TCR-dependence also may not be typically adaptive, i.e., driving clonal expansion and
memory. Rather, it may in part sustain polyclonal competences, e.g., metabolic adaptability, or
responsiveness to Type | IFN37 or other stimuli. Thus, our findings seemingly extend the prism

through which TCR biology should be viewed, with inevitable potential to improve Y0 T cell-
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based immunotherapies including those utilising V017 cells, by ensuring that target lesions are

strongly conducive to TCR signalling3.
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Figure 1

Schematic of the Cy1 gene cluster and experimental analysis of TCR deletion and y6 T cell dynamics.



(a) The mouse Cy1 gene cluster, showing Vy7, Vy4, Vy6, Vy5, Jy1, and Cy1 gene segments; sgRNA
target sites are indicated, as are LoxP sites [black arrows]; enhancer location (green oval) and exon
sizes.

(b) The four mouse TCRy gene clusters V (variable) and J (junctional) gene segments showing enhancer
locations (green ovals). Vg3Jg3Cg3 is shaded white because it is a presumed pseudogene (see text).

(c) Confocal microscopy images of whole-mount ear skin preparations, illustrating TCRyS (left) CD45
(right) staining in y8'°R and y8* mice. Scale bars (white) represent 100pm.

(d) Confocal microscopy of whole-mount ear skin preparations stained for CD3 in y&'°R and y&* mice
(top left and centre) and for TCRB in y6* (top right)[scale bars represent 100pm]; lower panels, flow
cytometry of intracellular CD3 levels in epidermal CD45*F4/80M9)TCRb(Me9)CcD19(Me9)|-A/1-E(e9) cells in
y6TCR and y&X mice with signal shown in red and isotype control in grey.

(e) Flow cytometry of surface CD3 and CD103 expression on live epidermal single cell suspensions
from y&'CR and y&* mice (representative dot plots (left); TCRS protein expression on gated cells shown

6TCR

in righthand plots (y mice, grey; y6X mice, red).

(f) CD25 expression following overnight culture with or without plate-bound anti-CD3 (bar graphs, (left)
and TCRd expression (right) on cells unstimulated (upper), or aCD3 aCD3-stimulated (lower); y6T¢R
mice, grey; y6X mice, red.

(g) Left panels: representative gating of CD45F4/80"e9)TCRbMe9)CD19(ed)|-A/I-E(e9) epidermal cells
(dump channel) from y&'°R and y6X mice. Middle panels: Surface TCRS expression for the gated
CD45*Dump Channel(9 cells, with percentages of TCR8* cells and gMFI indicated. Right panel: DETC

quantification as a percentage of live CD45*Dump Channel™9 cells in y6TR (n=4) (grey) and y&* (n=4)
mice (red).

(h) Confocal microscopy of whole-mount ear skin preparations showing gfp and CD45 expression and

merged images, in y6* mice homozygous for Rosa26.mTmG, 4 weeks after tamoxifen treatment (scale
bars represent 100pm).

(i) Quantification of gfp™ dermal CD45" cells over 2-5 weeks following cre activation by tamoxifen
treatment in y§'°R and y6X mice homozygous for Rosa26.mTmG. Bar graph shows data from y6T¢R
(n=8) (grey) and y&* (n=10)(red) mice.

Data pooled from at least two independent experiments. Dots represent individual mice; bars represent
mean + sd. Statistical significance assessed using unpaired two-tailed t-tests: ns, not significant, *P <
0.05.



Epidermis
1204
oy, 100, Max
w I "
Z 90
30| I
0 Min
0
C
Dermis
150
100 CD69 FJComp-GFP-A
N
' 3 ! Max
z b 5
2 50
0 i I
: : . Min
0 50 100 150 0
tSNE_1
Epidermis
100 100 100
80 | 80 80
60 60 60
x | 40 > | 40 x | 40
© © ©
?_ 20 ?_ 20 ] ?_ 20
o [s} o
EANE B > Xlo
0 10 10°% 0 0 104 10°
CD103 CD69 ICOS
f . . - . .
CD103 expression CD69 expression Tigit expression Lag3 expression Icos expression
*kk *k%k *kk *k%k *%*
30000 25000 - 8000+ 6000 300
20000 6000 [ J
20000~ 4000 - 200
T E 15000 T - °
1000-{
= = [ ]
10000 = -
10000 2000 100+
5000 SO0
0 S " 0 N — E— O— S T 0—_|_|_
VBTCR >< vaTCR V6X VGTCR X V5TCR >( vaTCR Véx
g
Dermis
100 100 100 100
80 80 80 80
60 60 60 60
<’§ 40 | % 40 é 40 é 40
= = = =
~5 20 4 «5 20 B 20 “5 20
R® 01 \, R 0 B 0 y ® 01
0 o 10° 0 100 10° 0 100 108 Figure 2
CD103 CD69 Tigit Tags
Figure 2

Flow cytometry and t-SNE analysis of epidermal and dermal y6 T cells from y5"°R and y6X mice.

(a) t-SNE analysis of epidermal lymphocytes of y&'CR (grey, n=2) and y&* (red, n=2) mice. Epidermal
CD45*Dump(™e9) cells were gated and concatenated for analysis. t-SNE was performed using 10,000
iterations, incorporating all fluorescent parameters except those used for gating, viability and those



directly associated with the TCR (CD3, TCRy5, and TCRaB). Samples from y8'°R and y&* mice were
analyzed together in the concatenated dataset but are displayed separately.

(b) Relative expression of markers indicated shown on concatenated t-SNE plots for y8'°R and y6* cells
from (a).

(c) t-SNE analysis of dermal of TCR&* cells of y6T°R mice (grey, n=4) and gfp* cells of y6X mice (red,
n=5). Cells were gated and concatenated for analysis as in (a), and t-SNE plots determined having
excluded those used for gating (TCRd and gfp), viability, CD3, TCRa, and tdTomato. Samples were
analyzed together in the concatenated dataset but are displayed separately.

(d) Relative expression of markers indicated shown on concatenated t-SNE plots for y§'°R and y6* cells
from (c).

(e) Flow cytometry comparing epidermal CD45*Dump(™9) lymphocytes from y&6TCR (grey) and y& (red)
mice. Representative histograms for indicated marker expression.

(f) Quantification of expression (MFI) for markers as shown in (e) in CD45*Dump(9 lymphocytes from
y6TR and y6X mice.

(g) Flow cytometry comparing dermal TCRd* lymphocytes from y&6'°R (grey) and gfp* lymphocytes from

y6*X (red) mice. Representative histograms for indicated marker expression.

Data pooled from at least two independent experiments. Dots represent individual mice; bars represent
mean * sd. Statistical significance assessed using unpaired two-tailed t-tests: ***P < 0.001, **P < 0.01.



Figure
a

3

Epidermis

V5TCR

Log,Fold Change (véx/viSTCR)

Epidermis Dermis
12
\ 30
Trgvs
9- Tigit\
— ®o—|[2ra —~ 204
= Cdz8 Ccls =
(] / ©
=6 Xclt =
& e Jun >
S ' 4 ° S
! Kira5 Cd7o 10+
34 113 =° J!Izb ° °
L]
Cist »
o) MM Kirbta’” Iing” Kira7 - - Gerg 5
-8 -4 0 4 8 5
Log,Fold Change (v6X/v6T°R)
C Epidermis
HALLMARK TNFA SIGNALING VIA NFKB ° padj
0.005
& HALLMARK MITOTIC SPINDLE ‘ 0.010
>
g 0.015
< HALLMARK MYC TARGETS V1 .
&
HALLMARK G2M CHECKPOINT{ @ Genecourit
® 170
@® 180
HALLMARK E2F TARGETsr ® 1%
-2 -1 0
Enrichment Score (NES)
d e
Epidermis Dermis
YGTCR V6X 6TCR
Ccl5 Tnfrsf9 &
 Kira7 1 itgae S
. Jdun Jun 'g)
. "3 3 ~
Junb ul Junb ;’
| ] ltgae Kira7 w
Tnfrsf9 ] B cazs =
Kira5 Ccl5
Cd69 [ | Cd69
Tigit Tigit
[ Cd28 Xcl
E Kirc1 Kirc1
| . Xelt Kira5
Kirb1a e | Kirb1a
‘m

ux
L B

050051 15
VST

Figure 3

-15-1-05 0 05 1 1.5
VST

-15-1-05 0 05 1 15
VST

Dermis

Pathways

HALLMARK OXIDATIVE PHOSPHORYLATION*I.

HALLMARK MITOTIC SPINDLE

HALLMARK APICAL JUNCTION

HALLMARK FATTY ACID METABOLISM

HALLMARK MYC TARGETS V1

Dermis
Y6X V6TCR vax
o | ==
% —
> >N
ey — c3
S = 5‘,7
0.£ ] S c
[=] o~
—_—mm
==
||
T = | %5
—_— >
T = =&
Se = —| Sc
_—
=
N o
-15-1-05 0 05 1 15
VS
@ rad
0.01
O 0.02
0.03
0.04
Gene count
o
® 140
@® 160
@ 180
-2 -1
Enrichment Score (NES)

f
20 — 0.30
k%%
T ns
15 - E 025
ce° l % =
Q
(&)
10 4 2 020 ®
°7 o =
: 3
5 - o0 0.15
0 T T 0.10 T T T T T T
YBTCR Yo Weeks after Tam: 0 1 2 0 1 2
yBTeR Vol

Transcriptional and functional differences in epidermal and dermal lymphocytes from y5"°R and y6*
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(a) Differential gene expression analysis from RNA-seq in epidermal CD45*Dump™9 lymphocytes (left)

and dermal gfp* lymphocytes (right) isolated from y&* and y6"R mice (n = 3 per group). Volcano plots
show significant differentially expressed genes that are downregulated (blue) and upregulated (red) in

yoX cells.



(b) Heatmaps showing significant differentially expressed genes (adjusted p-value < 0.05) in epidermal
CD45*Dump("9 lymphocytes (left) and dermal gfp* lymphocytes (right) of y6T°R and y6X mice. RNA-seq
data transcript counts were normalized through variance-stabilized transformation (VST). Numbers of
genes downregulated in y§* mice (blue) versus upregulated genes (red).

(c) Visualization of gene set enrichment analysis (GSEA) results of differentially expressed genes in

epidermal (left) and dermal (right) lymphocytes in y6X versus y6T°R cells. Dot plots show the top 5

significantly enriched gene sets ranked by normalized enrichment score (NES) using the MSigDB
Hallmark gene sets. Dot size is proportional to number of genes detected in each gene set while colour
represents significance (adjusted p-values indicated by scale).

(d) Heatmaps display VST-normalized values of representative genes in epidermal (left) and dermal
(right) lymphocytes from y6T°R and y8* mice. Genes selected based on their relevance to y6 T cell
activation, cytokine signalling, and tissue residency. Colour scale indicates relative expression levels,
ranging from low (blue) to high (red).

(e) Transepidermal water loss (TEWL) measured on ear skin from y8'°R (n=9) and y&* (n=8) mice two
weeks after tamoxifen treatment.

(f) Ear thickness measurement in y6'°R and y6* mice over time (0, 1, and 2 weeks) after tamoxifen
treatment.

Data pooled from at least two independent experiments. Dots represent individual mice; bars represent
mean t s.d. Statistical significance assessed using unpaired two-tailed t-tests: ns, not significant, ***P <
0.001.



Figure 4

a
yOTR:GFP yo*,GFP GFP* cells 4 weeks after Tam
60 XX¥
[ ]
404
=
i)
K]
I
w 20
o I
0 T
Yo' Rigfp*  y&%gfp*
c d
CD3 TCRd
1004 ., VBTCR
150
80
60 N :
] L' 100
z
404 ED" i
3 50 ]
= |2
ks
® 4
0.l T 7 T 0 T T 5
d 0 10 10t 100 0 50 100 150 0 50 100 150 . &
FasR tSNE_1 tSNE_1 ;
CD103 CD69 CD27 CD44 CD122
4
i
R ' 1 2 E
5 c 5 S
4 b — =
Q@ " = =
5 — = =
- =
Semes. C
— = c3
4100 A 100 4 100 = =l
= | 8~
80| 80-] 80 = =]
| = _ |
- =1 0 1 2
60 60 60+ ver
40+ 40+ 404
3 3 3
S | 204 = | 20 =| 20
5 5 5
2| o 2| ] 2| o] g
48 o 1¢ 1t LN 400 o 1P 1d* 100 yo'eR y5*
cD103 " CD69 i cp27 O W Jun
i | ]| | Junb
100 [ | Tigit
] Xcl1
80 Kira6
= Kira3
0 Kiret
60 B Kirn1
A
404 -15—-1-05§T051 15
x x
= x
= g 20 g
S k) k]
X * o B

v

CD122 e CD44

Figure 4

Phenotypic and transcriptonal characterization of intestinal IEL from y6"CR and y6* mice.

(a) Confocal microscopy images of distribution of gfp* lymphocytes (green) in the small intestines of
mice as indicated. Sections were co-stained for detection of ap T cells cells (blue). Scale bars represent
100um. Data are representative images from two independent experiments. For these experiments,



Rosa26.mTmGyd °R and Rosa26.mTmGy&* mice were treated with tamoxifen by oral gavage for 5
consecutive days.

(b) Quantification of gfp* lymphocyte frequencies per villi in frequency in Rosa26.mTmGy8' R and

Rosa26.mTmGy&*X mice four weeks after tamoxifen treatment. Dots represent one section; bars show
mean t s.d. *** = p < 0.001 by unpaired two-tailed t-test.

(c) Representative flow cytometry of FasR surface expression in intestinal IEL of y6TCR (grey) and y&*
(red) mice.

(d) Spectral flow cytometry of intestinal CD45*Dump(™9 cells. -SNE analysis was performed (10,000
iterations) including all fluorescent parameters except those markers previously gated, and those for
viability and TCR-associated molecules (CD3, TCRyS, TCRap, Vy7, and Vy4). y6T°R (grey, n=3) and y6*
(red, n=3) samples were analysed together and visualized separately (left). t-SNE plots of intestinal IEL
displaying expression of CD3, TCR9, Vy7, and Vy4 (right).

(e) Concatenated t-SNE plots of y6'°R and y6X IEL from (d) showing relative marker expression for
CD103, CDd69, CDd27, CD44 and CD122 (upper). Lower: conventional flow cytometry analysis

comparing intestinal IEL from y8TCR (black) and y& (red) mice for indicated markers.

(f) Heatmap showing significant differentially expressed genes (adjusted p-value < 0.05) in intestinal IEL
from y&'CR and y&* mice (indicated). RNA-seq data transcript counts were normalized through variance-

stabilized transformation (VST). Numbers of genes downregulated in y6* mice are shown in blue and
upregulated genes in red.

(g) Heatmap displaying VST normalized transcript expression values for specific genes in intestinal IEL
from y6TCR and y&* mice (indicated). Genes were selected based on trelevance to y& T cell activation,
cytokine signalling, and tissue residency. Colour scale indicates relative expression levels, ranging from
low (blue) to high (red).
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Figure 5
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Chromatin accessibility and gene regulation in y6* versus y cells.

(a) Chromatin accessibility analysis performed by ATAC-seq. Volcano plot illustrating genome-wide
differential chromatin accessibility between epidermal CD45*Dump(™9 [ymphocytes from y&* and



y6TR mice. Numbers of peaks with significant accessibility differences (FDR < 0.05) indicated; increased
(red) or decreased (blue) in y& cells.

(b) Same as in (a) but for intestinal IEL from y8* and y6T°R mice. Numbers of peaks with significant
accessibility differences (FDR < 0.05) indicated; increased (red) or decreased (blue) in y6X cells.

(c, ) Genome browser tracks of ATAC-seq and RNA-seq data showing altered chromatin accessibility
and gene expression for Ccl5 and 1113 (c), and Tigit and Xcl1 (e) in epidermal, CD45*Dump(™e9 y&X cells

compared to CD45*Dump("e9 y§TCR cells. For each gene locus, RNA-seq tracks (top) and ATAC-seq
tracks (bottom) of two paired samples from individual mice were included per genotype. Coordinates are
in kb.

(d, f) Quantification of ATAC-seq reads data across different chromatin accessible peaks within selected
loci shown in (c) and (e). Each bar represents read counts mean + s.d. per condition while dots represent
individual mice. Peak numbers correspond to different peak positions for each loci starting from the 5’
end of the track.

6TCR

(g) Same as in () but in gut IEL from y&* mice compared to y mice.

(h) Same as in (f) but for (g).
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Figure 6

Molecular profiling of human blood-derived HTLV1-immortalised V61" yd T cells following TRDV1
deletion.

(@) Principal component analysis (PCA) of RNA-seq data from HTLV1-immortalised blood-derived control
V61* (purple) and TRDV1 knockout (orange) cells. Percentage variance explained by PC1 and PC2 is



indicated in x and y axis, respectively.

(b) Differential gene expression analysis between TRDV1 KO and control V61" cells. Volcano plots show
significantly differentially expressed genes (adjusted p value < 0.05) downregulated (blue) or upregulated
(red) in TRDV1 KO cells. Selected genes are labelled (n = 2 per genotype). Numbers of DEGs upregulated

and downregulated in TRDV1 KO cells are indicated.

(c) Expression of selected genes in TRDV1 KO and control V617 y6 cells. Heatmaps display VST-
normalized transcript values. Genes were selected based on relevance to yo T cell activation, cytokine
signalling, and tissue residency (see text). Colour scale indicates relative expression levels, ranging from
low (blue) to high (red).

(d) Gene set enrichment analysis (GSEA) results of TRDV1 KO and control V617 cells. NES = normalized
enrichment score; p.adjust = Benjamini-Hochberg adjusted p value. GSEA plots show the running
enrichment score for the top 4 significantly enriched gene sets from Human MSigDB Hallmark gene sets
that were ranked based on their NES values. The green line indicates the position of the maximum
enrichment score and the black vertical lines show the location of enriched genes in the gene set within
the ranked list.

(e) Real-time mitochondrial metabolic profiling of TRDV7 KO cells (C4 and C5, red and white circles,

respectively) compared to parental V61 cells (D2, black circles) by quantification of oxygen
consumption rate (OCR). [i] Basal OCR; [ii] Normalised OCR percentage after sequential injections with

oligomycin (after 6! reading), FCCP (after 9'" reading) and rotenone together with antimycin A (after
12™reading); [iii] Normalised OCR percentage with inhibition of fatty acid oxidation (FAO) by injection
with etomoxir (after 3 reading) prior to sequential injections with oligomycin (after 6! reading), FCCP
(after 9"reading) and rotenone together with antimycin A (after 121" reading). Vertical dotted lines

indicate injection time points with black arrows indicating the injected inhibitor. M: medium only, O:
oligomycin, F: FCCP, R/A: rotenone together antimycin A, E: etomoxir.

(f) Same as in (e) but for quantification of extracellular acidification rate (ECAR).

For e and f, each dot marks the mean of 7-9 technical replicate wells for each time point reading per
sample. S.D. is also included. Statistical significance assessed using unpaired two-tailed t-tests: **** = p
< 0.0001.
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(b) Ear thickness monitored daily following Aldara or Vaseline application, starting seven days post-

tamoxifen in Terg1*/*TCREC™ERTZ (ydTCR) and Terg 1 fTCRECEERT? (yd¥) mice. Statistical analysis was
performed between groups on day 5.

(c) Tumour sizes measured at 1.5 weeks after subcutaneous B16-F10 melanoma cell injection into
Terg 1+ TCROCERTZ (ydTCR n= 35) and Terg 1V TCRECERTZ (yd* n=36) mice, starting seven days post-
tamoxifen. Upper panel shows individual tumour sizes per mouse; lower panel depicts tumour size
distribution across cohorts.

(d) Bar charts represent the quantification of apoptosis assays using Annexin V staining on B16-F10
melanoma cells co-cultured in vitro at a 1:3 target : effector ratio with cells derived following tamoxifen

administration to Terg1*/*TCR6CCERT2 (ydTCR) and Terg 1V ATCRECERT2 (ydX) mice. Dots represent
individual mice.

(e) Representative flow cytometry (left) of Annexin V staining of B16-F10 melanoma cells co-cultured in
vitro at a 1:3 target : effector ratio with cells derived following tamoxifen administration to

Terg 1+ TCROCERTZ (ydTCR) and Terg 1V TCRECERT2 (yd*) mice. The dashed vertical line on the
histogram represents annexin positivity, which was then quantified in the adjacent graph (right). Dots

represent individual mice. TCR in y6X was deleted in vitro with 40H-tamoxifen in short-term cultured
cells.

(f) Quantification of killing of NucLightRed-transduced B16 cells by y6 T cells in the presence of a green
fluorescent caspase-3 reagent, following co-culture in vitro with yd T cells. Cancer cell apoptosis is
measured as total Casp3 - 488 Area (um?/well).

(g) Representative flow cytometry of Annexin V staining of HT-29 colon carcinoma cells after co-culture
with TRDV7 knockout versus Control yd cells at 1:3 target: effector ratios. The dashed vertical line on the
histogram represents annexin positivity, which was quantified with numbers given in the upper right.

Data are pooled from at least two independent experiments. Dots represent individual mice; bars
represent mean * sd. Statistical significance was assessed using unpaired two-tailed t-tests: ns, not
significant; ***P < 0.001, **P < 0.01, *P < 0.05.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplementaryTable1v2.docx
e SupplementaryTable2v2.docx
e Figurelegendsv929051700.docx
e SuppFig1.pdf


https://assets-eu.researchsquare.com/files/rs-6803702/v1/41175566b5ed1487f4356ff1.docx
https://assets-eu.researchsquare.com/files/rs-6803702/v1/c0ad3d8f79e9dc43142d0547.docx
https://assets-eu.researchsquare.com/files/rs-6803702/v1/99a9c28438834be5c4cc985b.docx
https://assets-eu.researchsquare.com/files/rs-6803702/v1/2666683f1f91e89e352103b6.pdf

SuppFig1v2.pdf
SuppFig2.pdf
SuppFig3v2.pdf
SuppFig4v2.pdf
SuppFig5v2.pdf
SuppFigb6.pdf
SuppFig7V2.pdf
MXMv4.docx


https://assets-eu.researchsquare.com/files/rs-6803702/v1/204c315afa53b5812d511325.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/792e2d4e1fc90d927264ce62.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/6964893fabbe9377e2347056.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/cb79e98a598c1d7a28f57cce.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/c285beae7ea795bfad5b16af.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/a9ae9cc280b0e25c2dd94aa6.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/c073be15cb64c7adf4791854.pdf
https://assets-eu.researchsquare.com/files/rs-6803702/v1/8966ba432ab220ed5bb98850.docx

