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Abstract

Unconventional T cells, including mucosal-associated invariant T (MAIT), natural killer T (NKT),
and gamma-delta T (ydT) cells, comprise distinct T-bet”, IFN-y* and RORyt*, IL-17" subsets which
play differential roles in health and disease. NKT1 cells are susceptible to ARTC2-mediated P2X7
receptor (P2RX7) activation, but the effects on other unconventional T-cell types are unknown.
Here, we show that MAIT, y0T, and NKT cells express P2RX7 and are sensitive to P2RX7-
mediated cell death. Mouse peripheral T-bet" MAIT1, y8T1, and NKT1 cells, especially in liver,
co-express ARTC2 and P2RX7, which can be further upregulated by retinoic acid. Blocking
ARTC?2 or inhibiting P2RX7 protected MAIT1, y6T1, and NKT1 cells from cell death, enhanced
their survival in vivo, and increased the number of IFN-y-secreting cells without affecting I1L-17
production. Importantly, this revealed the existence of IFN-y and IL-4 co-producing
unconventional T-cell populations normally lost upon isolation due to ARTC2/P2RX7-induced
death. Administering extracellular NAD in vivo activated this pathway, depleting P2RX7-sensitive
unconventional T cells. Our study reveals ARTC2/P2RX7 as a common regulatory axis
modulating the unconventional T-cell compartment, affecting the viability of IFN-y- and IL-4-
producing T cells, offering important insights to facilitate future studies into how these cells can

be regulated in health and disease.
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Introduction

Unconventional T-cell lineages, including MR 1-restricted mucosal-associated invariant T (MAIT)
cells, CDI1d-restricted natural killer T (NKT) cells, and gamma-delta T (ydT) cells, are
characterised by their specificity for non-peptide antigens, and rapid and potent cytokine
production immediately upon activation (Godfrey et al., 2015). Their ‘innate-like’ effector
function is imbued during thymic development and is thought to be dependent on the master
transcription factor, promyelocytic leukemia zinc finger (PLZF) (Koay et al., 2016; Kreslavsky et
al., 2009; Lu et al., 2015; Pellicci et al., 2020; Savage et al., 2008). Developing MAIT, NKT, and
some yOT cells differentially switch on other lineage-defining transcription factors, including T-
bet, RORyt, and GATA-3, that drive their differentiation into mature and functionally distinct
subsets (Mayassi et al., 2021; Pellicci et al., 2020). Generally, T-bet” MAIT1, y3T1, and NKT1
cells produce IFN-y, whilst RORyt" MAIT17, y6T17, and NKT17 cells produce IL-17 (Lee et al.,
2020). Further highlighting their functional differences, MAIT1, yo6T1, and NKTI1 cells
preferentially accumulate in tissues such as liver and spleen, while their RORYyt" counterparts are
enriched within lymph nodes, lungs, and skin (Chandra et al., 2023; Crosby and Kronenberg, 2018;
Ribot et al., 2021; Salou et al., 2019). Though a subset of y0T and NKT cells can express GATA-
3 and mainly produce IL-4, many y0T and NKT cells express GATA-3 in addition to T-bet, and
characteristically co-produce IFN-y and IL-4 (Azuara et al., 1997; Gerber et al., 1999; Lee et al.,
2013; Lee et al., 2015; Narayan et al., 2012; Pereira et al., 2013). Similarly, RORyt" NKT17 cells
can also express GATA-3 and co-produce IL-17 and IL-4 (Cameron and Godfrey, 2018). Whilst
MAIT cells are known to potently produce IL-17 and IFN-y upon activation, a clear subset of IL-
4-producing MAIT cells has remained elusive (Lee et al., 2020; Pellicci et al., 2020; Salou et al.,
2019) despite low levels of IL-4 detected in the supernatants of stimulated mouse MAIT cells
(Rahimpour et al., 2015) and chronically stimulated human MAIT cells (Kelly et al., 2019). As
functionally distinct subsets of MAIT, y0T, and NKT cells play different and often opposing roles
in the immune response (Mayassi et al., 2021), understanding the mechanisms that govern their

diverse activity will provide insight into improving future immunotherapies that target these cells.

MAIT, ydT, and NKT cells are particularly abundant in liver, in which they comprise up to 50%
of T cells and are biased towards T-bet", IFN-y-producing functional subsets (Matsuda et al., 2000;
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Salou et al., 2019; Xu et al., 2023). As the liver plays a central role in both immune defence and
nutrient metabolism, amongst other roles, where gut-derived dietary and microbial antigens are
brought to the liver via the portal vein, immune homeostasis in this organ must balance tolerance
to innocuous antigens with resistance to pathogens (Protzer et al., 2012). Purinergic signaling may
represent a regulatory mechanism here, where the detection of purine nucleotides and related-
compounds, including ATP and nicotinamide adenine dinucleotide (NAD), is mediated by
purinergic receptors widely expressed on immune cells (Rissiek et al., 2013; Rissiek et al., 2014;
Rivas-Yanez et al., 2020). The release of intracellular ATP and NAD by stressed and/or damaged
cells into the extracellular space can be detected by NKT cells via the purinergic P2X7 receptor
(P2RX7) (Bovens et al., 2020; Rissiek et al., 2013; Rissiek et al., 2014). Whilst strongly activated
hepatic NKT cells can mediate liver injury, these cells are, in turn, regulated by tissue damage
following liberation of NAD and ATP and consequent P2RX7 activation (Bovens et al., 2020;
Kawamura et al., 2006).

In contrast to direct activation by ATP, P2RX7 can be indirectly activated by NAD in a manner
dependent on the ecto-ADP-ribosyltransferase, ARTC2.2 (ARTC2) (Rissiek et al., 2015; Rivas-
Yafiez et al., 2020). Extracellular NAD is a substrate for ARTC2, providing an ADP-ribosyl group
for ARTC2-mediated ADP-ribosylation of P2RX7, resulting in P2RX7 activation (Seman et al.,
2003). Although ARTC2-mediated P2RX7 activation is well characterised in mouse models,
ARTC2 is not expressed in humans (Haag et al., 1994). Other ADP-ribosyltransferases, such as
ARTCI1 and ARTCS, have ADP-ribosyltransferase activity, though it is unclear whether they
contribute to the NAD-mediated activation of human P2RX7 (Laing et al., 2011; Leutert et al.,
2018) (Cortés-Garcia et al., 2016; Hesse et al., 2022; Wennerberg et al., 2022). ATP- and NAD-
induced P2RX?7 activation both result in similar cellular and biochemical outcomes, where only
brief exposures to low concentrations of NAD is needed to robustly drive P2RX7 activation and
cell death (Rissiek et al., 2014). Accordingly, this is termed NAD-induced cell death (NICD)
(Seman et al., 2003), where P2RX7 activation is also associated with the loss of the co-stimulatory
molecule, CD27, from the cell surface, and reduced production of IFN-y and IL-4 by NKT cells
after stimulation (Borges Da Silva et al., 2019; Kawamura et al., 2006; Liu and Kim, 2019; Rissiek
et al., 2013). Though ARTC2 and P2RX7 are differentially expressed on NKT-cell functional
subsets (Borges Da Silva et al., 2019; Liu and Kim, 2019) it is unclear whether ARTC2-mediated
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98 P2RX7 activation affects specific cytokine-producing NKT-cell subsets. Furthermore, it is
99  unknown whether this axis regulates MAIT and yoT cells, and the homeostasis of their functional

100  subsets.

101 Here, we show that human liver and blood MAIT, yoT, and NKT cells express P2RX7 at higher
102 levels relative to conventional T cells. Within mouse models, peripheral T-bet” MAIT1, ydT1, and
103 NKT1 cells, and other PLZF" afT-cell subsets co-expressed high levels of ARTC2 and P2RX7 in
104  liver and, to a lesser extent, spleen. ARTC2 and P2RX7 expression could be further upregulated
105 in the presence of retinoic acid. In response to cell damage during organ processing, multiple
106  unconventional T-cell subsets upon cell culture exhibited a loss of surface CD27 expression and
107  underwent NICD, in a manner dependent on P2RX7 activation and ARTC2 activity. Nanobody-
108  mediated ARTC2 blockade or P2RX7 inhibition significantly increased the number of peripheral
109  IFN-y-producing, but not IL-17-producing, unconventional T cells upon stimulation ex vivo.
110  Importantly, this increase was predominantly attributable to increased IL-4 and IFN-y co-
111 producing unconventional and other T-cell types, especially within liver, suggesting that this
112 functionally distinct subset may be restrained by NAD released by damaged cells. Lastly, we show
113 that intravenous administration of exogenous NAD rapidly depleted liver PLZF'T-bet"
114 unconventional T cells in vivo, including poorly characterised PLZF" CD4" and PLZF" CD4CD§"
115 DN non-MAIT/NKT af3T-cell subsets, in an ARTC2-dependent manner. Overall, our findings
116  highlight the regulation of T-bet” unconventional T cells and other PLZF"T-bet" a3 T-cell subsets
117 by NAD-driven, ARTC2-mediated P2RX7 activation, where this axis may collectively modulate

118  these cells in the context of tissue damage and disease.
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119  Results
120  Human unconventional T cells express P2RX7

121  Analysis of a transcriptomic dataset (Gutierrez-Arcelus et al., 2019) on the four major
122 unconventional T-cell populations — MAIT, NKT, V31* y3T, and V82" y3T cells, indicated that
123 all these cell types express the P2RX7 gene (Fig. S1A). Indeed, human ydT and MAIT cells were
124 reported to express P2RX7 and yoT cells were susceptible to ATP-mediated P2RX7 activation and
125 cell death (Winzer et al., 2022). We examined P2RX7 protein expression on MR1-5-OP-RU
126  tetramer” MAIT cells, CD1d-a-GalCer tetramer™ NKT cells, and y8T-cell subsets from human
127 peripheral blood (Fig. 1A and Fig. S1B). This again demonstrated that P2RX7 is expressed by
128  human unconventional T cells, although there was a wide range of expression levels on these cell
129  types (Fig. 1A and Fig. S1B). P2RX7 expression was detected on both fresh blood samples and
130  cryopreserved samples (Fig. S1B). Furthermore, one donor (Donor 03) appeared to lack P2RX7
131  expression on both monocytes and T cells (Fig. S1B-C). This variability may be attributed to single
132 nucleotide polymorphisms within the highly polymorphic P2RX7 gene locus, which are common
133 in humans, impacting on P2RX7 protein expression and function (Fuller et al., 2009; Schéifer et
134 al.,, 2022). Taken together, these data support the concept that human unconventional T cells
135  express P2RX7. While we found an increase in P2RX7 expression amongst unconventional T cells
136  compared to conventional T cells (Fig. 1A and S1B, D), in some individuals P2RX7 was expressed
137  at similar levels across all T cells (Fig. 1A and S1B, D).

138  We next examined human liver samples from the Australian Donation and Transplantation
139  Biobank. Similar to blood, considerable inter-donor variability of P2RX7 expression was observed
140  on all liver T-cell types, with liver unconventional T cells, on average, labelling at a higher
141  intensity than conventional T cells (Fig. 1A), including CD4" and CD8" conventional T-cell
142 subsets defined by CD45RA, CD27, CD69, and CD103 (Fig. S1D). P2RX7 expression on liver T-
143 cell lineages also trended higher compared to their blood counterparts in unmatched blood donors,
144  and also between one paired liver and blood sample (Fig. 1A and S1D). Overall, these data
145  1illustrate that steady-state expression of P2RX7 is a feature of human unconventional T-cell

146  lineages.

147 Mouse T-bet” MAIT, yST, and NKT cells highly co-express ARTC2 and P2RX7
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148  We next used mouse models to examine the regulation of unconventional T cells by P2RX7
149  activation. Previous studies showed that expression of ARTC2 drives the NAD-mediated
150  activation of P2RX7, and co-expression of ARTC2 and P2RX7 has been characterised on
151  regulatory T cells and NKT-cell subsets (Di Virgilio et al., 2017; Rissiek et al., 2013; Schenk et
152 al., 2011; Scheuplein et al., 2009; Seman et al., 2003). We analysed the expression of ARTC2 and
153  P2RX7 on T cells across organs, focusing on the unconventional T-cell compartment and their
154  functional signatures (Fig. 1B-E and Fig. S2A-B). For liver and spleen T cells, dimensionality
155  reduction of flow cytometry analysis delineated clusters of MAIT, y8T, and NKT cells, defined by
156  labelling with MR1-5-OP-RU tetramer, anti-ydTCR, and CD1d-a-GalCer tetramer, where the
157  majority of MAIT and NKT cells, and a subset of y0T cells, expressed PLZF, the master
158  transcriptional regulator of unconventional T cells, and CD44 (Fig. 1C and Fig. S2A). Co-
159  expression of ARTC2 and P2RX7 on all T cells overlapped with markers such as CD38, CD44,
160 CD69, and PLZF (Fig. 1C, Fig. S2A), indicative of effector-memory T cells that are tissue-
161  associated (Stark et al., 2018). The MAIT, yoT, and NKT-cell clusters were divided into
162  ARTC2'P2RX7" and ARTC2P2RX7 populations, where this dichotomy appeared to correlate
163 with T-bet" and RORyt" clusters, respectively (Fig. 1C and Fig. S2A). Accordingly, these data
164  suggest that co-expression of ARTC2 and P2RX7 is a signature of multiple PLZF" unconventional

165  T-cell lineages in mice.

166  Across different organs, ARTC2'P2RX7" unconventional T cells were significantly more
167  abundant in liver and spleen than in thymus and inguinal lymph nodes (iLNs) (Fig. 1B). On
168  average, 45%, 55%, and 90% of mouse liver MAIT, ydT, and NKT cells, respectively, were
169  ARTC2'P2RX7" (Fig. 1B). While most NKT cells in spleen co-expressed ARTC2 and P2RX7,
170 only a minority of splenic MAIT and y3T cells were ARTC2"P2RX7" (Fig. 1B). To determine
171  whether ARTC2/P2RX7 expression was constrained to functionally distinct subsets of
172 unconventional T cells, we examined them for transcription factor co-expression (Fig. S2B). This
173 revealed that ARTC2"P2RX7" cells in liver were primarily T-bet” MAIT1, y8T1, and NKTT1 cells
174  (Fig. 1D-E). The results were similar in spleen, except for spleen ydT1 cells which were mostly
175  P2RX7. Furthermore, a subset of CD44"¢ ydT cells co-expressed ARTC2 and P2RX7 in thymus,
176  spleen, and iLNs (Fig. S2C). In contrast, few RORyt" MAIT17, y3T17, and NKT17 cells were
177  ARTC2'P2RX7", except a subset of NKT17 cells from spleen and liver (Fig. 1D-E). Taken
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178  together, these data suggest that ARTC2 and P2RX7 are mainly co-expressed by T-bet®, but not
179  RORyt", unconventional T cells, with the highest expression detected in liver and, to a lesser

180  extent, spleen.

181  Given that ARTC2 expression extended beyond MAIT and NKT cells in our analysis (Fig. 1C),
182 we also examined non-MAIT/NKT ofT cells. This revealed that many (~40-50%) CD44" CD4*
183 afiT cells co-expressed ARTC2 and P2RX7 in spleen and liver, and to a lesser extent, iLNs and
184  thymus (Fig. 1F-G and Fig. S2D). A significantly greater proportion of CD44" CD8" and CD44"
185 CD4CD8 DN afT cells were ARTC2"P2RX7" in liver relative to spleen, iLNs, and thymus (Fig.
186  1F-G and Fig. S2D). A subset of liver CD44" CD4" and CD44" CD4CD8 DN afT cells
187  expressed ARTC2 at a higher intensity (MFI) compared to ARTC2"P2RX7" CD8" T cells, though
188  these ARTC2" aBT cells were much rarer or absent in spleen, iLNs, and thymus (Fig. 1G and Fig.
189  S2D-E). In CD44"¢ a3T cells in thymus, spleen, and liver, CD4°CD8 DN a3T cells co-expressed
190  intermediate levels of ARTC2 and P2RX7 (Fig. 1F and Fig. S2D-E). Lastly, most CD44"¢ CD4*
191  and CD44"¢ CD8" affT cells within peripheral tissues expressed ARTC2 at an intermediate level,
192  though few expressed P2RX7 (Fig. S2D-E). As PLZF was only detected amongst CD44-
193 expressing affT and ydT cells (Fig. 1H and Fig. S2F), we next analysed the expression of PLZF
194  within CD44" ARTC2" non-MAIT/NKT of3T cells (Fig. 1G and Fig. S2E). Here, ARTC2" CD4*
195  and ARTC2" CD4-CDS8 DN afT cells expressed PLZF and were predominantly T-bet" (Fig. 1H).
196  Outofall ARTC2" y3T cells, only ARTC2" y8T cells expressed PLZF (Fig. S2F). Taken together,
197  these data reveal populations of effector-like, PLZF"T-bet” af T cells that mainly reside in the liver
198  alongside other ARTC2MP2RX 7" unconventional T-cell types.

199  As P2RX7 may play a role in NKT-cell homeostasis (Bovens et al., 2020; Liu and Kim, 2019), we
200 analysed the frequency and number of MAIT, y0T, and NKT cells, and non-MAIT/NKT a3 T cells
201  in P2rx77 mice (Fig. S3). The absolute numbers of lymphocytes across organs were not
202  significantly different between P2rx7-- and WT mice (Fig. S3B, C), except for in liver, where total
203  lymphocytes were slightly higher in P2rx7”- mice relative to WT mice (Fig. S3B). All T-cell
204  subsets were present at similar frequencies between P2rx7”- and WT mice, although some minor
205  but statistically significant differences were detected (Fig. S3C). As the frequency of total
206 ARTC2" and ARTC2" T cells and their expression of ARTC2 was similar between P2rx7”- and
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207  WT mice, these data collectively suggest that P2RX7 does not affect ARTC2 expression by subsets
208  of T cells (Fig. S3C-D) (Stark et al., 2018). We additionally examined the subset distribution of
209  MAIT, y8T, and NKT cells in P2rx7”- mice. Percentages of spleen MAIT1, y8T1, and NKT1 cells
210  and thymic MAIT1 cells were slightly but significantly decreased in P2rx7”- mice relative to WT
211  mice, with a concomitant increase in spleen and thymus MAIT17-cell and splenic NKT17-cell
212 frequencies (Fig. S3E). The numbers of liver MAIT1, ydT1, and NKT1 cells, and liver and spleen
213 NKT17 cells were slightly increased in P2rx7”- mice relative to WT mice (Fig. S3F). These
214  findings indicate that the expression of P2RX7 is not essential for the overall development of
215  unconventional T-cell lineages apart from a minor influence on unconventional T-cell functional

216  subset diversification in the thymus and spleen, and numbers in liver.
217  ARTC2 and P2RX7 expression on T cells is induced by retinoic acid

218  The liver is a major storage site for retinol and participates in retinoic acid metabolism (Blaner et
219 al., 2016), where the retinoic acid (RA)-induced, RA receptor alpha (RARa) can bind to the
220  enhancer region of P2rx7 (Hashimoto-Hill et al., 2017). RA can increase expression of both
221  P2RX7 and ARTC?2 on activated intestinal T-cell subsets, and P2RX7 on antigen-stimulated NKT
222 cells (Hashimoto-Hill et al., 2017; Heiss et al., 2008; Liu and Kim, 2019). We thus tested whether
223  exposure to RA can induce P2RX7 and ARTC2 on unconventional T cells without TCR
224  stimulation, particularly on thymic subsets that have the lowest steady state expression of both
225  molecules (Fig. 2 and Fig. 1D-E). Thymocytes were enriched for mature T cells, including thymic
226  MAIT, y0T, and NKT cells, which were confirmed to be predominantly ARTC2'P2RX7 (Fig.
227  S4A). These thymocytes were cultured in the presence of RA or vehicle control for 3 days (Fig.
228 2A-E). An increase in ARTC2 expression on cells following culture was observed within the
229  vehicle control, which may be attributed to trace amounts of RA present in the fetal bovine serum
230  used in the culture media (Fig. 2B-C and Fig. S4A) (Napoli, 1986). After RA treatment, a greater
231  proportion (46%) of thymic PLZF T-bet" T cells expressed P2RX7 relative to vehicle-treated cells
232 (8%), RA-treated PLZF'RORyt" T cells (18%), and RA-treated PLZF- T cells (2%) (Fig. 2B). In
233 line with the expression of ARTC2 by mature thymocytes (Koch-Nolte et al., 1999), over half of
234 thymic PLZF" T cells were ARTC2" after culture without RA (Fig. 2B). A moderate increase in
235  the frequency of ARTC2" cells was observed amongst thymic PLZF*T-bet" and PLZF" T cells,
236  and to a lesser extent, thymic PLZF'RORyt" T cells, after RA treatment (Fig. 2B).
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237  Within specific cellular lineages, a subset of thymic MAIT1, y0T1, and NKT1 cells, as well as
238  PLZF' non-MAIT/NKT afT cells, upregulated both markers to become ARTC2"P2RX7" after
239  RA exposure compared to vehicle treatment (Fig. 2C-E). This was also reflected in the higher
240  intensity in the expression of P2RX7 and ARTC2 (Fig. 2C-E). On average, an overall higher
241  proportion of thymic MAIT1 (50%), yoT1 (33%), NKT1 (28%), and PLZF" non-MAIT/NKT 3T
242 cells (CD4" = 65%, CD4CDS8" = 27%) were ARTC2'P2RX7" after RA treatment relative to
243 MAIT17 (9%) and y0T17 (1%) cells, with the exception of NKT17 cells (32%) (Fig. 2D). Only a
244  small subset of thymic PLZF- offT cells upregulated P2RX7 to become ARTC2'P2RX7" in
245  response to RA (Fig. 2B-D), where the increase in P2RX7 expression by PLZF- af3T cells was
246  less pronounced compared to PLZF" afT cell types (Fig. 2C-E).

247  Though some peripheral MAIT, y0T, and NKT cells express ARTC2 and P2RX7 at steady state,
248  the frequency of ARTC2"P2RX7" MAIT1, ydT1, and NKT1 cells from spleen and liver was also
249  increased after RA treatment (Fig. S4C-D). Increases in P2RX7 and ARTC2 expression occurred
250  to varying extents amongst most T-cell types from the spleen and liver post-RA treatment, in line
251  with previous reports activating peripheral T cells in the presence of RA in vitro (Hashimoto-Hill
252 et al., 2017; Heiss et al., 2008; Liu and Kim, 2019) (Fig. S4B-D). These findings indicate that
253 retinoic acid can induce the co-expression of ARTC2 and P2RX7 by T cells, and in particular
254 thymic PLZF"T-bet" unconventional T-cell types.

255  Unconventional T cells undergo ARTC2/P2RX7-dependent cell death and loss of surface CD27

256  To investigate the effects of P2RX7 activation on unconventional T cells, we used the release of
257  NAD by cells damaged during organ processing, which is sufficient to drive robust ARTC2-
258  mediated ADP-ribosylation of P2RX7 ex vivo (Scheuplein et al., 2009; Seman et al., 2003). While
259  ADP-ribosylation by ARTC2 can occur at 4°C, NAD-mediated P2RX7 activation only occurs at
260  37°C, leading to cell death and activating downstream ADAM metalloproteases that induce
261  ectodomain shedding of CD27 from the cell surface (Johnsen et al., 2019; Moon et al., 2006).
262  Thus, we analysed the ex vivo viability of MAIT, y0T, and NKT cells by labelling with Annexin
263V and 7-AAD. Compared to cells maintained at 4°C, a larger proportion of liver MAIT, yoT, and
264  NKT cells were at early (Annexin V© 7-AAD") or late (7-AAD") stages of cell death when
265 incubated at 37°C compared to those maintained at 4°C (Fig. 3A-B). This increase in cell death

10


https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; this version posted August 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

266  was inhibited when cells were isolated from mice pre-treated with the anti-ARTC2 nanobody (NB)
267  ‘st16’ prior to organ harvest (Rissiek et al., 2013) or when they were incubated in the presence of
268  the P2RX7 inhibitor, A438079 (Fig. 3A-C). Whilst increases in cell death were observed in spleen
269  unconventional T cells at 37°C, only spleen NKT-cell death was rescued by A438079 treatment
270  (Fig. 3C). As expected, no significant changes were seen in the proportion of 7-AAD" MAIT, yoT,
271 and NKT cells from thymus across all conditions (Fig. S5A).

272 We also examined the loss of surface CD27 by MAIT, yo6T, and NKT cells due to P2RX7 activation
273 at 37°C. The percentages of CD27" MAIT, y8T, and NKT cells, especially from liver and spleen,
274  were markedly decreased relative to control cells maintained at 4°C (Fig. 3D-E and Fig. S5B).
275  This was dependent on ARTC?2 activity, as it was blocked by pre-treatment of mice with the anti-
276  ARTC2 NB (Fig. 3D-E). Moreover, CD27 expression was also maintained on cells from P2rx7"
277  mice incubated at 37°C (Fig. S5C). The loss of CD27 by liver and spleen MAIT, y8T, and NKT
278  cells, and NKT cells from thymus and iLNs, was predominantly observed amongst T-bet" subsets,
279 with less or no impact on their RORyt" counterparts (Fig. 3E and Fig. S5D). In addition to CD44"
280  yoT cells (i.e., yO0T1 cells), we observed a reduced frequency of CD27-expressing CD44"¢ y3T
281  cells and some non-MAIT/NKT cell a3T-cell subsets from liver, spleen, iLNs, and, to a lesser
282  extent, thymus after incubation at 37°C (Fig. SSE-F). Expression of ARTC2 by liver MAIT, 3T,
283  and NKT cells incubated at 37°C was lower in cells from untreated control mice compared to cells
284  harvested from NB-treated mice (Fig. S5G), likely representing ARTC2 shedding following
285  P2RXT7 activation as previously reported on T cells (Menzel et al., 2015). Furthermore, P2RX7
286  was absent on liver MAIT, y0T, and NKT cells, regardless of temperature, without NB treatment,
287  yet was clearly present on these cells when mice had been treated with the anti-ARTC2 NB, which
288  is consistent with an earlier report on NKT cells (Borges Da Silva et al., 2019; Rissiek et al., 2013)
289  (Fig. S5G). Together, these findings indicate that exposure to NAD released by damaged cells can
290  result in the NICD of liver and spleen unconventional T cells in a manner dependent on ARTC2

291  activity and P2RX7 activation.

292 Given that TCR stimulation can modulate the sensitivity of some T cell subsets to ARTC2-
293 mediated P2RX7 activation (Faliti et al., 2019; Kahl et al., 2000; Proietti et al., 2014; Stark et al.,
294  2018), we investigated the loss of CD27 and death of T-bet” MAIT1 and NKT1 cells upon cell
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295  culture following cognate antigen encounter in vivo (Fig. 3F-H) After intravenous administration
296  of 5-OP-RU or a-GalCer, to stimulate MAIT and NKT cells, respectively, liver MAIT and NKT
297  cells upregulated CD69, indicative of their activation in vivo (Fig. S6B). In contrast to PBS-treated
298  mice, a significantly higher percentage of liver and spleen MAIT1 and NKT1, but not yoT1 cells,
299  from 5-OP-RU and a-GalCer treated mice were CD27" and a significantly lower percentage of
300 these cells were undergoing cell death (Zombie NIR") after the culture period (Fig. 3G-H). 5-OP-
301  RU-exposed MAIT1 and a-GalCer-exposed NKT1 cells had greatly reduced ARTC2 expression
302  (Fig. S6C-D), in line with ARTC2 shedding following TCR stimulation. Lastly, no decrease in
303  P2RX7 expression was found on stimulated MAIT1 and NKT]1 cells (Fig. S6C-D), in contrast to
304  previous reports in CD8" tissue-resident memory and T follicular helper T cells (Faliti et al., 2019;
305  Proietti et al., 2014; Stark et al., 2018). Instead, an increase in P2ZRX7 expression relative to PBS
306  control mouse cells was observed (Fig. S6C-D), likely representing the loss of ARTC2-mediated
307  P2RX7 downregulation ex vivo (Borges Da Silva et al., 2019). Overall, these results suggest that
308 cognate antigen encounter by liver MAIT1 and NKTI1 cells reduces their susceptibility to
309  extracellular NAD and NICD via the modulation of surface ARTC2 expression rather than
310  downregulation of P2RX7.

311  ARTC2 blockade improves recovery of unconventional T cells following adoptive transfer

312  As temperature is a factor in unconventional T cells undergoing NICD ex vivo, it was likely that
313 this would influence survival of these cells upon adoptive transfer in vivo (Fig. 4 and Fig. S7).
314  Lymphocytes harvested from liver and spleen of anti-ARTC2 NB-treated and untreated WT
315 C57BL/6 Ly5.1 mice were labelled with CTV and CFSE, respectively, mixed at a 1:1 ratio, and
316  transferred into WT Ly5.2 recipients. Though both NB-treated (CTV™") and untreated (CFSE")
317  donor cells were recovered from liver 8 days post-transfer, there was a strong and significant bias
318 toward NB-treated unconventional T cells, particularly NKT and MAIT cells, and to a lesser
319  extent, yOT cells regardless of their liver (Fig. 4B-C) or spleen (Fig. 4D-E) origin. The bias
320 towards NB-treated cells was also reflected in the ratios of NB-treated to untreated cells following
321  adoptive transfer (Fig. S7TA). In line with the comparatively low co-expression of ARTC2 and
322 P2RX7 by splenic yo0T cells, the average ratio of NB-treated to untreated splenic yoT cells
323  recovered from the spleen was similar to that prior to transfer (Fig. 1B, D, E and Fig. S2C),
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324  As a control for the efficiency of adoptive transfer from the different donors, the collective
325  population of non-T/non-B cells was analysed and were recovered at a ~1:1 ratio of NB-treated to
326  untreated cells (Fig. 4B-E and Fig. S7TA, B), though there was a slight but significant increase in
327  NB-treated, liver-derived non-T/non-B cells recovered from liver. In peripheral LNs (pLNs), a
328  significant increase in NB-treated, liver-derived yoT cells was found, though this was not observed

329  amongst MAIT cells or spleen-derived yoT cells (Fig. S7B).

330  Consistent with the earlier findings that ARTC2 and P2RX7 were predominantly expressed by
331  MAITI, yoT1, and NKTT1 cells, increases in donor cell recovery reflected significantly increased
332 recovery of these subsets, as defined by surface surrogate markers CD44 and CD319
333 (CD44°CD319") for these cells (Xu et al., 2023), although MAIT17 and NKT17 cells (defined as
334 ICOS*CD3197), and y8T17 cells (CD44MCD319°) were also increased in some cases (Fig. S7C).
335  Accordingly, these data demonstrate that anti-ARTC2 blockade within donor mice markedly
336  improves the survival and recovery of MAITI, yoT1, and NKTI1 cells after adoptive transfer,
337  particularly for MAIT and NKT cells, and liver-derived donor T-cell subsets.

338  P2RXT7 activation primarily depletes T cells that co-produce IFN-y and IL-4

339  Given the differential impact of ARTC2-mediated P2RX7 activation on T-bet" and RORyt"
340  unconventional T cells, we examined its effect on cytokine production by these cells (Fig. 5). On
341  average, 15%, 43%, and 46% of liver MAIT, CD44" y3T, and NKT cells, respectively, produced
342  IFN-y after stimulation with PMA and ionomycin (Fig. SB-C). Pre-treating mice with the anti-
343  ARTC2 NB increased these percentages to, on average, 50%, 57%, and 94%, respectively (Fig.
344  SB-C). Similar increases were observed when cells from NB-untreated mice were stimulated in
345  the presence of the P2RX7 inhibitor, A438079, or when comparing stimulated cells from WT and
346 P2rx7"- mice (Fig. 5B-C and Fig. S8A). Smaller increases were found amongst IFN-y-producing
347  MAIT and NKT cells from spleen, and no increase was seen in the percentage of IFN-y-producing
348  yoOT cells (Fig. 5C and Fig. S8A-B). Furthermore, the frequencies of IFN-y-producing non-
349  MAIT/NKT afT cells from liver, but not spleen, were significantly increased when stimulated in
350  the presence of A438079 (Fig S8C). In contrast, and as expected, similar percentages of IFN-y-

351  producing cells from thymus were observed across all conditions and between WT and P2rx7""
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352 mice (Fig S8A-C). While significant reductions were seen in the percentages of IL-17-producing
353  MAIT, yoT, NKT, and non-MAIT/NKT affT cells following NB- or A438079-treatment, this
354  likely reflected the increase in IFN-y-producing cells with treatment (Fig. SB-C and Fig. S§B-C),
355  because the absolute numbers of IL-17-producing cells were largely similar across all conditions,
356  with some minor exceptions (Fig. SC and Fig. S8C). Accordingly, these data suggest that I[FN-y-
357  butnot IL-17-producing unconventional T-cell populations from liver are selectively regulated by

358  ARTC2-mediated P2RX7 activation.

359  Whilst a subset of IFN-y-producing NKT and y0T cells can simultaneously secrete IFN-y and IL-
360 4 (Azuara et al., 1997; Cameron and Godfrey, 2018; Gerber et al., 1999; Lee et al., 2013; Lee et
361 al.,2015; Narayan et al., 2012; Pereira et al., 2013), a distinct population of IL-4-producing MAIT
362  cells has remained elusive. We examined the impact of blocking P2RX7 activation on IL-4
363  production by MAIT, yoT, and NKT cells, as well as other afT cells (Fig. SD-E and Fig. S8D).
364  In untreated WT mice, whilst IFN-y"TL-4" NKT cells represented on average 30% of liver NKT
365  cells, and IFN-y"IL-4" MAIT and y3T cells were barely detectable in livers and spleens (Fig. SD-
366 E). However, with anti-ARTC2 NB- or A438079-treatment, around 20% of liver MAIT and yoT
367  cells, and 80% of liver NKT cells, co-produced IFN-y and 1L-4 after stimulation, also reflected in
368  significant increases in IFN-y'IL-4"-cell numbers, respectively (Fig. SD-E and Fig. S8D).
369  Increases in the frequency and number of CD4" and CD4°CD8 DN non-MAIT/NKT ofiT cells
370  that co-produced IFN-y and IL-4 were found in liver and, to a lesser extent, spleen, following
371 P2RX7 inhibition or ARTC2 blockade (Fig. 5D-E and Fig. S8D). A small subset of IFN-y"IL-4*
372 CDB8" T cells was also found in liver in these blockade experiments. Generally, the most prominent
373  increases were seen in cells that produce both IFN-y and IL-4 over cells that produce either
374  cytokine alone, suggesting that P2RX7 activation impacts on the survival of the population of IFN-
375 vy and IL-4 co-producing cells, rather than directly regulating IL-4 production (Fig. SD-E and Fig.
376  S8D). We also analysed cytokine production by various T-cell types from lungs, iLNs, and thymus
377  following P2RX7 inhibition or NB-treatment (Fig. S8D). In these tissues, the number of IL-4-
378 and/or IFN-y-producing T-cell populations seemed less influenced by the treatment, with only
379  some moderate increases observed in lungs after stimulation (Fig. S8D). Furthermore, IL-4 and/or

380  IFN-y-producing MAIT cells were rare within lungs, iLNs, and thymus, regardless of NB- or
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381  A438079-treatment (Fig. S8D). Accordingly, these data suggest that ARTC2-mediated P2RX7
382 activation predominantly targets T cells, including unconventional T cells, from liver and spleen

383  and primarily affects subsets of these cells that co-produce IFN-y and IL-4.
384  Exogenous NAD selectively depletes liver T-bet* PLZF*ARTC2" T cells in vivo

385  We next examined whether tissue-damaged associated release of metabolites directly depletes
386  unconventional T cells in vivo, where administration of exogenous NAD is an established model
387  of triggering P2RX7 within mouse models (Bovens et al., 2020; Kawamura et al., 2006; Liu and
388  Kim, 2019; Stark et al., 2018). Thirty minutes after NAD administration, compared to PBS
389  controls, there was a sharp decrease in the percentage of all PLZF T-bet" T cells in liver (Fig. 6B),
390  including the frequency and number of T-bet” MAIT1, y3T1, and NKT]1 cells (Fig. 6C-D). This
391  depletion was specific to T-bet” cells in liver as the frequency and number of splenic T-bet"
392 MAITI, y8T1, and NKT1 cells, and number of RORyt" MAIT17, y8T17, and NKT17 cells in both
393  spleen and liver were similar between NAD- and PBS-treated mice (Fig. 6B-D and Fig. S9A).
394  Furthermore, PLZF*ARTC2" CD4" and PLZF*ARTC2" CD4-CD8" DN non-MAIT/NKT afT
395  cells from liver, but not spleen, were also markedly decreased in both frequency and number, in
396  line with the overall loss of liver PLZFARTC2" T cells within NAD-treated mice (Fig. 6B, D
397 and Fig. S9A-C). In contrast, the absolute numbers of non-PLZF*ARTC2" cells in liver were
398  unchanged between NAD- and PBS-treated mice (Fig. S9C). Aligning with the selective loss of
399  ARTC2" T cells (Fig. S9B-C), pre-treatment of mice with the anti-ARTC2 NB prior to NAD
400  administration at least partially blocked depletion of liver PLZF*T-bet" ARTC2" T cells, including
401  MAITI, y8T1, NKTI, and PLZF*ARTC2" non-MAIT/NKT af3T cells (Fig. 6B-D and Fig. S9B-
402  C). This suggested that the NAD-induced depletion of these cells is, at least in part, ARTC2-
403  dependent (Fig. 6B-D and Fig. S9B-C). In addition, we found that the MFI of T-bet, but not
404  RORqyt, within unconventional T-cell subsets from liver of NAD-treated mice was lower compared
405  to corresponding cells from PBS control mice (Fig. 6B-D and Fig. S9D). This decrease in T-bet

406  expression was seen to lesser extent in spleen unconventional T cells (Fig. 6B and Fig. S9D).

407  Given that exogenous NAD can deplete tissue-resident, CD69-expressing NKT and CD8" memory
408 T cells in liver (Bovens et al., 2020; Liu and Kim, 2019; Stark et al., 2018), we analysed whether
409  other CD69" unconventional T-cell subsets were affected by NAD administration (Fig. 6E-F and

15


https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; this version posted August 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

410  Fig. S9E-G). We found that CD69 marked most T-bet”, PLZF*, and ARTC2" T cells in livers of
411  PBS-control mice (Fig. 6E and Fig. S9E). In contrast, only a subset of CD69" T cells in spleen
412 were ARTC2" and expressed T-bet or PLZF (Fig. S9E-F). After NAD administration, the
413 frequency of total CD69" T cells decreased in livers, but not spleens (Fig. 6E-F and Fig. S9E-F).
414  The absolute numbers of liver CD69" and CD69- NKT cells were decreased in NAD-treated mice,
415  although the decrease in the former subset was more pronounced (Fig. 6F), in line with a previous
416  report (Bovens et al., 2020). CD69", but not CD69-, MAIT, y8T, and non-MAIT/NKT CD44" a3 T
417  cells were decreased in livers of NAD-treated mice (Fig. 6F and Fig. S9G). Lastly, anti-ARTC2
418  NB pre-treatment of mice at least partially prevented the decrease in liver CD69" cells (Fig. 6F
419  and Fig. S9G). Accordingly, these data indicate that systemic exposure of mice to NAD selectively

420  depletes multiple subsets of PLZF*T-bet” unconventional T cells within liver.

421
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422  Discussion

423 Unconventional T cells, including MAIT, yo6T, and NKT cells, and their functionally distinct
424  subsets, are present in most tissues where lymphocytes are found, and are collectively abundant in
425  liver (LeBlanc et al., 2022; Xu et al., 2023). How their rapid and diverse cytokine responses are
426  regulated to balance immune defence while limiting inflammation is poorly understood. Here, we
427  report that the tissue damage-associated metabolite NAD drives P2RX7 activation on multiple
428  unconventional T-cell subsets, which directly impacts on their survival. In addition to NKTT1 cells
429  (Borges Da Silva et al., 2019), peripheral MAIT1 and y8T1 cells, along with a subset of CD4" and
430 CD4CDS8 DN non-MAIT/NKT afT cells, highly co-expressed ARTC2 and P2RX7 in liver, and
431  to alesser extent, spleen. Hepatic ARTC2" non-MAIT/NKT aT cells were marked by expression
432 of CD69, CD44, and P2RX7, as well as the transcription factors PLZF and T-bet, implying a
433 similarity to other liver T-bet" unconventional T-cell lineages, i.e. MAIT1, y8T1, and NKT1 cells.
434 As T cells with intermediate expression of ARTC2 were PLZF", this suggests that expression of
435  PLZF may be linked to high expression of ARTC2 by T cells. It is plausible that factors within the
436  tissue microenvironment may also drive high co-expression of ARTC2 and P2RX7 on PLZF'T-
437  bet" unconventional T cells. Supporting this, the liver is the main vitamin A storage site within the
438  body (Blaner et al., 2016), where retinoic acid can induce expression of P2RX7 (P2rx7) and
439  ARTC2 (Art2b) at both the protein and mRNA level on activated T cells (Hashimoto-Hill et al.,
440  2017; Liu and Kim, 2019; Stark et al., 2018). Here, we show that retinoic acid upregulates the
441  expression of P2RX7 and ARTC2 on PLZFT-bet" unconventional T cells, particularly those from
442 thymus. Whilst the release of NAD by cells injured during routine organ processing (Scheuplein
443 et al., 2009; Seman et al., 2003) was sufficient to drive the NICD of, and loss of surface CD27
444  expression by, unconventional T cells ex vivo, this was reduced amongst MAIT1 and NKTT1 cells
445  following cognate antigen encounter. Administration of exogenous NAD also rapidly depleted
446 liver PLZF*ARTC2MT-bet” T cells, over other T-cell types, in vivo. In addition to P2RX7
447  inhibition reducing cell death ex vivo, nanobody-mediated ARTC2 blockade improved the
448  recovery of adoptively transferred unconventional T cells and partly rescued their NAD-induced
449  depletion in vivo, indicating a role for ARTC2-dependent P2RX7 activation in these cells’ survival.

450  Due to rapid degradation of NAD in vivo (Adriouch et al., 2007; Cockayne et al., 1998), we cannot
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451  formally exclude the role for NAD-derived breakdown metabolites, such as ADP-ribose

452  (Kawamura et al., 2006), in promoting the depletion of liver unconventional T cells in vivo.

453 Our findings suggest that blockade of ARTC2-dependent P2RX7 activation should be employed
454  in studies of unconventional T cells, and indeed all peripheral T cells, from liver and spleen ex
455  vivo. This will minimise alterations such as loss of surface CD27 expression and/or death of subsets
456  of'these cells, caused by exposure to NAD upon their isolation. Thus, key considerations for future
457  studies, and interpretation of past studies include: 1) the loss of surface CD27 by yo6T1 cells upon
458  cell culture, which may negate its use as a surrogate marker to identify IFN-y-producing yoT cells
459  (Ribot et al., 2009); ii) poor survival of T-bet", IFN-y and IL-4 co-producing T cells following
460  isolation from tissues, which may explain the lower amounts of IFN-y and IL-4 produced by
461  peripheral MAIT, NKT, and ydT cells relative to their thymic counterparts after stimulation ex
462  vivo; and iii) the previously unappreciated population of IFN-y and IL-4 co-producing MAIT cells.

463  In line with this, a key finding in this study was the association between regulation by ARTC2-
464  mediated P2RX7 activation, capacity to co-produce IFN-y and IL-4, and co-expression of T-bet
465 and PLZF. These findings support previous links between PLZF expression and the ability to co-
466  produce IFN-y and IL-4 within NKT and Vy17V6.3" y8T cells (Kovalovsky et al., 2008;
467  Kreslavsky et al., 2009), which is further corroborated by co-production of these cytokines by
468  MAIT cells and subsets of non-MAIT/NKT CD4" and CD4'CD8" afT cells. These observations
469  are in line with the notion that PLZF expression imbues developing T cells with an effector-
470  memory phenotype and ‘innate-like’ attributes (Kovalovsky et al., 2010; Kovalovsky et al., 2008;
471  Kreslavsky et al., 2009; Pellicci et al., 2020; Savage et al., 2008). It will be intriguing to explore if
472 the PLZF" apT cells examined here undergo a similar developmental program to that of MAIT,
473 y3T, and NKT cells in acquiring PLZF expression intrathymically. Though IFN-y and IL-4 are
474  often considered to mediate functionally opposing immune responses, the role for PLZF*
475  unconventional T cells that can rapidly produce both cytokines in these immune contexts remains
476  unclear. As cells that produced IL-17 alone were less susceptible to death by ARTC2-mediated
477  P2RX7 activation, this suggests that this pathway may act to primarily control innate-like T cells

478  that produce IFN-y and/or IL-4, in particular those found within the liver and spleen.
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479  Furthermore, IFN-y and IL-4 both have pleiotropic effects within and outside of the immune
480  system, and thus it is tempting to postulate that tissue damage-induced P2RX?7 activation acts to
481  prevent inappropriate and/or excessive cytokine production by peripheral unconventional T cells,
482  such as in the context of sterile liver injury (Woolbright and Jaeschke, 2017). Several studies
483  performed on individual T-cell lineages inform this speculation. For example, signalling through
484  CD27 is known to promotes the survival, expansion, and function of y0T1 cells (Ribot et al., 2010;
485  Ribot et al., 2009), suggesting that the ARTC2/P2RX7-dependent ectodomain shedding of CD27
486  from the surface of YT 1 cells may also act to supress IFN-y production by these cells. In addition,
487  IL-12, a pro-inflammatory cytokine which can stimulate unconventional T cells to produce IFN-y
488  in a TCR-independent manner (Darrigues et al., 2022), upregulates P2RX7 expression on CD8" T
489  cells (Stark et al., 2018). Though it is unknown whether IL-12 has a similar effect on
490  unconventional T cells, perhaps heightened P2RX7 expression upon inflammation may sensitize
491  cells to NICD. In turn, this axis may prevent the over-activation of IFN-y-producing T cells in the

492  context of inflammation, thereby reducing tissue damage and immunopathology.

493 It has been shown that ARTC2 can be shed from the surface of T cells after their activation (Kahl
494 et al., 2000) or following P2RX7 activation (Menzel et al., 2015). ARTC2 in solution can then
495  ADP-ribosylate cytokines such as IFN-y, interfering with its ability to signal through IFN-y
496  receptors (Menzel et al., 2021). Accordingly, liver ARTC2MP2RX7" T cells may represent a
497  reservoir of ARTC2 in a membrane bound state (Menzel et al., 2021), where upon T-cell activation
498  and/or tissue damage, the release of ARTC2 may function to limit IFN-y-mediated hepatic immune
499  responses. This is supported by the rapid loss of ARTC2 by activated MAIT1 and NKTT1 cells in
500 liver and spleen following antigen-encounter in vivo, which was associated with their increased
501  resistance to CD27 loss and cell death ex vivo. These findings suggest that TCR stimulation can
502  rescue PLZF'T-bet" unconventional T cells from tissue damage-induced, ARTC2/P2RX7-
503  mediated cell death, supporting the notion that recently activated T cells are resistant to NICD
504  (Rissiek et al., 2014; Rivas-Yafiez et al., 2020). The ARTC2-P2RX7 axis and its modulation
505  following TCR signalling may act to promote the survival of PLZF"T-bet” unconventional T cells
506 actively responding to infection over bystander cells inadvertently activated by inflammatory
507  stimuli, aligning with similar notions in T follicular helper cells (Faliti et al., 2019; Proietti et al.,

508  2014) and CD8" tissue-resident memory T cells (Stark et al., 2018).
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509  Asthe ARTC2 gene is nonfunctional in humans (Haag et al., 1994), it will be important for future
510  studies to elucidate whether P2RX7 activation in the collective human unconventional T-cell
511 lineages are similarly subjected to ADP-ribosylation by orthologous ADP-ribosyltransferases in
512 response to distinct tissue damage signals. Plausible family members within the human ARTC
513  genes, such as ARTC1 and ARTCS, contain catalytic motifs for NAD binding and may play a
514  similar role to mouse ARTC2 in terms of ADP-ribosylation of P2RX7 (Laing et al., 2011; Leutert
515 et al.,, 2018)Cortés-Garcia et al., 2016; Hesse et al., 2022; Wennerberg et al., 2022). Although
516  human unconventional T cells expressed P2RX7 to a greater extent than conventional T cells, we
517  did not observe evidence for their NICD in vitro, in line with a previous report on human regulatory
518 T cells (Cortés-Garcia et al., 2016). However, the overexpression of ARTC1 within some human
519  cancers relative to normal tissues (Lin et al., 2024; Tang et al., 2013; Wennerberg et al., 2022) may
520  drive the NICD of unconventional T cells within the tumours. Overall, there is emerging evidence
521  describing an interplay where phenotypically- and functionally-synonymous subsets of
522 unconventional T-cell lineages can exist within a competitive or compensatory niche, highlighting
523  that they may be regulated by overlapping homeostatic and/or environmental cues (Ataide et al.,

524 2022; Xu et al., 2023).

525  In summary, this study thus identifies the ARTC2-P2RX7 axis as a common modulator of
526  PLZF'T-bet" T-cell survival in the presence of tissue damage and damage-associated metabolites.
527  This has a profound effect on unconventional T-cell lineages including MAIT, yoT, and NKT cells,
528  but it is also more broadly active on other PLZF-expressing CD4" and CD4CDS8" T cells. These
529  findings pose important questions for the collective regulation of unconventional T cells and the
530  role for the ARTC2-P2RX7 axis in various disease contexts, also highlighting the need to inhibit

531  this axis for ex vivo studies of liver and spleen T cells.
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532 Methods:
533  Mice

534  6-to 12-week-old C57BL/6 (B6) WT mice were bred in-house in the Department of Microbiology
535  and Immunology Animal House, University of Melbourne. 10- to 12-week-old C57BL/6 Ly5.1
536  mice were purchased from ARC. P2rx7”~ mice (Solle et al., 2001) and matched B6 WT controls
537  were bred in-house at the Department of Anatomy and Physiology Animal House, University of
538  Melbourne . In some of these experiments, as indicated, additional B6 WT controls came from the
539  Department of Microbiology and Immunology Animal House, University of Melbourne. All mice
540  used in experiments were housed under specific-pathogen-free conditions and were age- and sex-

541  matched. All procedures on mice were approved by the University of Melbourne Animal Ethics

542 Committee (#1914739, #21651, and #24324).

543  Anti-ARTC2.2 nanobody administration and P2RX7 inhibition

544  Where specified, mice injected intravenously (i.v.) injected with 50ug of the anti-ARTC2 blocking
545  nanobody (NB) (s+16a; Treg Protector, BioLegend) diluted in PBS 30 minutes prior to culling and
546  organ harvest, as previously reported (Rissiek et al., 2013). The P2RX7 inhibitor, A438079
547  hydrochloride (A438079), (Santa Cruz Biotechnology) was dissolved in DMSO to a final
548  concentration of 50mM. To prevent activation of P2RX7, A438079 was added to cell suspensions

549  at4°C and prior to incubation at 37°C, or as otherwise indicated.

550  Preparation of cell suspensions

551  Mouse: Thymus, spleen, and lymph node cell suspensions were processed via gentle grinding
552 through a 30uM nylon cell strainer into ice-cold FACS buffer (PBS with 2% FCS). Spleen cell
553  suspensions were treated with red blood cell lysis buffer (Sigma-Aldrich) for 5 minutes at room
554  temperature before washing with FACS buffer. Liver cell suspensions were prepared by gently
555  grinding liver tissue through a 70uM nylon cell strainer into ice-cold FACS buffer. Liver
556  leukocytes were isolated via density gradient centrifugation using a 33% Percoll (Cytiva) solution
557  atroom temperature. Liver cells were subsequently treated with red blood cell lysis buffer for 10

558  minutes at room temperature before washing with FACS buffer. In some experiments, thymus cell

21


https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; this version posted August 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

559  suspensions pooled from 3-5 mice were labelled with anti-CD24 (J11D) prior to complement-
560  mediated (GTI Diagnostics) depletion of immature CD24" cells to enrich for mature T cells. After
561  depletion, viable CD24 cells were isolated via density gradient centrifugation using Histopaque-
562 1083 (Sigma-Aldrich). Where specified, spleen cell suspensions were subjected to a Histopaque-
563 1083 density gradient to isolate viable cells. Prior to harvest, lungs tissues were perfused with
564  PBS. Lungs were minced into small pieces and digested enzymatically in collagenase type III
565  (Worthington Biochemical Corporation; 3mg/mL in RMPI-1640 supplemented with 2% FCS) in
566  the presence of DNase I (Roche; Sug/mL) for 90 minutes at 37°C, with or without the P2RX7
567 inhibitor as specified. After digestion, cell suspensions were treated with red blood cell lysis buffer
568  (Sigma-Aldrich) for 5 minutes at room temperature before washing with FACS buffer. All cell

569  suspensions were kept on ice or at 4°C unless otherwise specified.

570  Human: Peripheral blood mononuclear cells (PBMCs) were isolated from healthy human
571  peripheral blood donors via standard density gradient centrifugation using Ficoll-Paque Plus
572 (Cytiva). PBMCs were either used in experiments on the same day as processing or cryopreserved
573  in liquid nitrogen for use at a later date. Human liver cell suspensions were generated either by
574  gentle grinding tissue pieces through a 70uM nylon cell strainer or via mechanical separation using
575  a gentleMACS Dissociator (Miltenyi Biotec). Liver cell suspensions were subjected to density
576  gradient centrifugation using 33% Percoll prior to treatment with red blood lysis buffer. All liver
577  cell suspensions were cryopreserved in liquid nitrogen prior to analysis. All procedures on human
578  samples were approved by the University of Melbourne Ethics Committee (#2023-13000-42773-
579 7 and human tissue immune responses #13009), and ADTB (HREC/48184/Austin-2019).

580 Tetramer Assembly

581  As previously described (Corbett et al., 2014; Reantragoon et al., 2013), tetramers of human and
582  mouse MR1-5-OP-RU were generated in-house by refolding MR1 monomers in the presence of
583  5-A-RU and methylglyoxal. Enzymatic biotinylation of MR 1-5-OP-RU monomers was conducted
584  in the presence of the BirA enzyme. Biotinylated monomers were purified through size exclusion
585  chromatography. Soluble monomers of human and mouse CD1d/B,m protein were made in-house
586  and biotinylated as previously reported (Gherardin et al., 2018). In brief, human and mouse CD1d-
587 a-GalCer monomers were made by loading purified CD1d-biotin protein with the a-GalCer
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588 analogue, PBS-44, a gift from P. Savage (Brigham Young University, Provo, UT). This was
589 conducted at a 6:1 (lipid:protein) molar ratio at room temperature overnight. Biotinylated
590 monomers of MRI-5-OP-RU were tetramerised to streptavidin conjugated to PE (SAV-PE;
591 Invitrogen) or BV421 (SAV-BV421; BioLegend). Biotinylated monomers of MR1-5-OP-RU or
592  CDIld-a-GalCer were tetramerised to streptavidin conjugated to PE (SAV-PE; BD Pharmingen),
593  BV421 (SAV-BV421; BiolLegend), or BV785 (SAV-BV785; BioLegend). All streptavidin
594  conjugates were added to biotinylated monomers across a series of 5 additions of one-fifth of the
595  required volume separated by 8-10 minute incubations at 4°C and in the dark, and with immediate

596  mixing after each addition.

597  Flow cytometry

598  Surface staining. Cells were labelled with 7-aminoactinomycin D (7-AAD; Sigma-Aldrich) or the
599  Zombie NIR fixable viability dye (BioLegend) and MR1-5-OP-RU tetramers conjugated to PE
600  (Invitrogen) or BV421 (BD Biosciences) for 30 minutes at 4°C or at room temperature and in the
601  dark. After washing, cells were labelled with CD1d-a-GalCer tetramers conjugated to BV421, PE,
602  or BV785 alongside a panel of cell-surface monoclonal antibodies (Table 1) for 30 minutes at 4°C

603  or at room temperature and in the dark.

604  Intracellular Transcription Factor Staining. After surface staining, cells were fixed and
605  permeabilised using the eBioscience Foxp3/Transcription Factor staining kit (ThermoFisher
606  Scientific) as per manufacturer guidelines. Cells were then stained for intranuclear transcription

607  factors (Table 1) for 60-90 minutes at 4°C and in the dark prior to acquisition on a flow cytometer.

608  Intracellular Cytokine Staining. Cell suspensions generated from anti-ARTC2 NB-treated or
609  untreated mice were stimulated with PMA (10ng/mL; Sigma-Aldrich) and ionomycin (1pg/mL;
610  Sigma-Aldrich) in the presence of both GolgiStop (1:1500) and GolgiPlug (1:1000) (BD
611  Biosciences) for 4 hours at 37°C. Cell suspensions from untreated mice were stimulated with or
612  without the P2RX7 inhibitor, A438709 (10uM). A438709 was added to cold stimulation media
613  before incubation at 37°C. After stimulation, cells were washed with FACS buffer and then stained
614  for cell surface markers. Cells were then fixed and permeabilised in accordance with the
615 manufacture’s guidelines using the BD Cytofix/Cytoperm kit (BD Biosciences). Cells were
616  subsequently stained for anti-IL-17A (AF647 or PerCP-CyS5.5; clone TC11-18H10; BD
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617  Biosciences), anti-IFN-y (FITC; clone XMG12; BioLegend, or PE-Cy7; clone XMG12; BD
618  Biosciences), and anti-1L-4 (AF647; clone 11B11; BD Biosciences).

619  After labelling, cells were filtered through a 50uM mesh filter immediately before acquisition on
620  a S-laser (355 nm, 405nm, 488nm, 561nm and 633nm) BD LSR Fortessa or Cytek Aurora. Flow
621  cytometric data was analysed using the FlowJo (BD) and OMIQ (Dotmatics) software.

622 In vitro culture experiments

623  To analyse the loss of CD27 from the cell surface, mouse cell suspensions were incubated at 4°C
624  or 37°C for 30 minutes before labelling with anti-CD27, unless specified otherwise. To analyse
625  phosphatidylserine exposure, cell suspensions were incubated at 4°C or 37°C for 90 minutes and
626  labelled with Annexin V-FITC or Annexin V-BV711 (BD Biosciences) in line with the
627  manufacturer’s guidelines. In antigen stimulation experiments, where specified, mice were 1.v.
628 injected with 5-OP-RU (200 picomoles), a-GalCer (2png), or PBS and culled 45-60 minutes later.
629  Liver and spleen cell suspensions were incubated for 40 minutes with or without the P2RX7

630  inhibitor, A438079 (10uM), at 37°C prior to analysis of CD27 expression and cell death.

631  For cell culture experiments using RA (all-frans retinoic acid; Sigma, R2625), RA was first
632  dissolved at 5SmM in ethanol. Pooled thymuses from 3-5 mice were subjected to complement-
633  mediated depletion of immature CD24" thymocytes prior to cell culture. To facilitate survival of
634  spleen and liver unconventional T cells ex vivo, mice were treated with the anti-ARTC2 NB prior
635  to organ harvest. Prior to cell culture, viable spleen cells were isolated via density gradient
636  centrifugation using Histopaque-1083. Cells were cultured with 20nM RA or with similarly-

637  diluted vehicle control for 3 days prior to analysis.

638  For experiments involving cell culture of human PBMCs with exogenous NAD or ATP, NAD and
639  ATP (Sigma) were dissolved in sterile PBS and pH was adjusted to ~7.4. 100mM solutions of ATP
640  and NAD were stored at -80°C as single-use aliquots. Freshly-isolated PBMCs were incubated for
641 10 minutes at 4°C with or without the P2RX7 inhibitor, A438079 (30uM) prior to incubation with
642 NAD (0mM, 0.3mM, or 3mM) or ATP (3mM) for 2 or 18 hours at 37°C. Alternatively,
643  cryopreserved human PBMCs were thawed using cell culture media pre-warmed to 37°C. Thawed

644  PBMCs were incubated for 10 minutes at 37°C with or without A438079 (30uM) prior to culture

24


https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; this version posted August 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

645  with 3mM NAD or ATP for 18 hours, as indicated, in the presence of rhulL-2 (50ng/mL;
646  PeproTech). Within these experiments, mouse spleen cell suspensions were also incubated at 4°C
647  for 10 minutes with or without the P2RX?7 inhibitor, A438079 (30uM) prior to incubation with
648  NAD (0.3mM or 3mM) for 2 hours at 37°C.

649  Adoptive Transfer of cells

650 C57BL/6 WT Ly5.1 mouse donors were either treated with the anti-ARTC2 NB or left untreated
651 30 minutes before organ harvest. Liver and spleen cell suspensions were generated as above. To
652  enrich for CD44" MAIT, y8T, and NKT cells, spleen cells were depleted of B220- and CD62L-
653  expressing cells via magnetic bead-based depletion (Miltenyi Biotec). Cells from anti-ARTC2 NB-
654  treated or untreated donor mice were labelled with CTV (Invitrogen) or CFSE (Invitrogen),
655  respectively, as per manufacturer’s guidelines. After labelling, donor cells were co-transferred at
656 a 1:1 ratio of total CTV'-to-CFSE" cells into C57BL/6 WT Ly5.2 recipients via an i.v. injection
657 into the lateral tail vein. Recipients received either co-transferred liver or spleen cells. Donor cells
658  were then recovered from recipient mice 8 days later from the liver, spleen, and pooled peripheral
659  (inguinal, axillary, brachial) lymph nodes. To facilitate recovery of donor T cells from the spleen,

660  recipient spleens were depleted of B220" cells using magnetic beads as described above.

661 NAD Administration

662  10mg of NAD (Sigma-Aldrich) was dissolved in PBS and pH was adjusted to ~7.4 prior to i.v.
663  injection into mice via the lateral tail vein. Mice were sacrificed 30 minutes later, and organs were

664  collected for flow cytometric analysis.
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690  Figure Legends:

691  Figure 1. Unconventional T cells express P2RX7 to greater extent than conventional T cells.
692  (A) Graph shows mean fluorescence intensity (MFI) of P2RX7 labelling on MAIT cells (MR1-5-
693  OP-RU tetramer"CD3"), V52", V817, and V81°V2 ydT cells (ydTCR'CD3™), NKT cells (CD1d-
694  a-GalCer tetramer*CD3™), and conventional T cells (conv. T; defined as non-MAIT/NKT ydTCR"
695  CD3"T cells) from human blood and liver. A total of 4 human liver and 18-19 blood donors were
696  analysed across 6 separate experiments. Half-shaded symbols represent matched blood and liver
697  samples from one donor. Due to their paucity, NKT cells within one liver and one blood donor
698  were not analysed. (B) Graph shows percentages of ARTC2"P2RX7" cells out of total MAIT, yoT,
699  and NKT cells from C57BL/6 WT mouse organs. Each symbol represents an individual mouse. A
700  total of 8 mice were analysed across 3 separate experiments. (C) UMAP representation of flow
701  cytometric analysis of liver T cells. UMAP plots were generated by concatenation of all (n = 2)
702  mice from one of two similar experiments. Red arrows within UMAP plots indicate various T-cell
703  populations. (D & F) Graphs show percentages of ARTC2"P2RX7" cells of T-bet” MAITI, y3T1,
704  and NKTI1 cells, RORyt" MAIT17, y8T17, and NKT17 cells (D), and CD44" and CD44"¢ non-
705  MAIT/NKT afT-cell CD4/CD8 subsets (F) from C57BL/6 WT mouse organs. (E & G) Flow
706  cytometric analysis of ARTC2 and P2RX7 expression by indicated cell types. Red arrows in (G)
707  indicate ARTC2" cells. (H) Flow cytometric analysis of PLZF and ARTC2, and T-bet and RORyt
708  expression on indicated non-MAIT/NKT offT-cell subsets. (A, B, D, F) Graphs depict individual
709  data points and mean = SEM. ns P>0.05, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 using a
710  Wilcoxon matched-pairs signed-rank test with a Bonferroni-Dunn correction for multiple
711  comparisons where required. (E, G, H) Numbers in plots represent percentage of gated cells. (D,
712 E, F) The percentages of ARTC2"P2RX7" thymic MAIT1 (D), iLN MAITI1 cells (E) and iLN
713 CD44"e CD4CDS8 T cells (F) could not be reliably determined (n.d.) due to their paucity. (E)
714  FACS plots generated by concatenation of all (n = 3) mice from one of three similar experiments.
715  With the exception of (H), all mice were injected with the anti-ARTC2 nanobody (clone: s+16)
716  prior to organ harvest.

717

718
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720  Figure 2: Retinoic acid induces expression of ARTC2 and P2RX7 on T cells.

721 (A) Experimental schematic. Mouse thymocytes were cultured for three days in the presence of
722 20nM all-trans retinoic acid (RA) or the vehicle control. 3 — 5 thymuses were pooled prior to
723  complemented-mediated depletion of immature CD24" thymocytes. (B & C) Flow cytometric
724  analysis of ARTC2 and P2RX7 expression by indicated thymic T-cell types 3 days after treatment
725  with RA or the vehicle control. Histogram and FACS plots show concatenated data from all
726  replicate samples from one of two similar experiments. (B) Numbers in histograms represent
727  percentages of P2RX7" and ARTC2" cells of indicated T-cell types. (C) Numbers within FACS
728  plots represent percentage of gated cells out of T-bet” MAIT1, ydT1, and NKT1 cells, or PLZF-
729  non-MAIT/NKT afT cells. (D) Graphs show the percentages of ARTC2'P2RX7" cells of
730  indicated T-cell types and mean fluorescence intensity (MFI) of P2RX7 and ARTC2 expression.
731  White- and purple-shaded circles represent data from vehicle or RA-treated cells, respectively.
732 Connecting lines represent paired data. Numbers above data points represent the average
733  percentage for indicated data sets. (E) Graphs show fold change in P2RX7 and ARTC2 MFI
734  amongst RA-treated cells relative to vehicle controls. Horizontal dotted lines represent a fold
735  change of 1. (D & E) Each symbol represents data from 3 — 5 pooled thymuses where total of 5
736  pooled thymus samples were analysed across 2 separate experiments. (E) Graphs depict individual
737  data points and mean = SEM.
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751  Figure 3: P2RX?7 activation on unconventional T cells induces cell death and loss of surface
752 CD27.

753 (A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody
754  (clone: s+16) (NB)-treated mice were cultured at 4°C or 37°C for 30 or 90 minutes prior to analysis.
755  Untreated mouse cells were cultured with or without the P2RX7 inhibitor (P2RX71), A438079
756  (10uM). (B) Flow cytometric analysis of liver MAIT, y0T, and NKT cells co-labelled with 7-AAD
757  and Annexin V after a 90-minute incubation. (C) Graphs depict percentage of 7-AAD™ (dead) cells
758  of total MAIT, y0T, and NKT cells from the liver and spleen. n = 3 separate experiments with a
759  total of 4-8 mice/group. ns P>0.05, *P<0.05 using a Mann-Whitney U test with correction for
760  multiple comparisons for the untreated groups. (D) Flow cytometric analysis of surface CD27
761  expression on total liver MAIT, y8T, and NKT cells. (E) Graphs depict percentages of CD27* cells
762 out of viable T-bet” MAIT1, y8T1, and NKT1 cells, and RORyt" MAIT17, ydT17, and NKT17
763 cells. n = 3-4 separate experiments with a total of 8-10 mice/group. ns P>0.05, *P<0.05, **P<0.01
764  using a Wilcoxon matched pairs signed rank test. Numbers in FACS plots represent percentage of
765  gated cells. (F) Experimental schematic. Mice were i.v. administered 5-OP-RU (200 pmol), a-
766  GalCer (2ng), or PBS and liver and spleens were harvested 45-60 minutes later. Liver and spleen
767  cells were cultured at 4°C or 37°C for 40 minutes with or without A438079 (10uM) prior to
768  analysis. (G & H) Graphs depict percentages of viable CD27" cells (G) or Zombie NIR" (dead)
769  cells (H) out of indicated cell-types. A total of 6 mice per group were analysed across 2 separate
770  experiments. ns P>0.05 (not shown), *P<0.05, **P<0.01 using a Mann-Whitney U test with a
771 Bonferroni-Dunn correction for multiple comparisons. (C, E, G, H) Graphs depict individual data
772  points and mean £ SEM. Each symbol represents an individual mouse.
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782  Figure 4. ARTC2 blockade improves recovery of adoptively transferred unconventional T
783 cells.

784  (A) Experimental schematic. Liver and spleen cells from anti-ARTC2 nanobody (clone: s+16)
785  (NB)-treated or untreated mice were labelled with CTV (NB-treated) or CFSE (untreated) prior to
786  co-transfer at a 1:1 ratio into recipient mice. Donor liver and spleen cells were recovered from
787  recipient mouse livers and spleens 8 days later. Donor and recipient spleen cells were subjected to
788  magnetic bead depletion of B220" and CD62L" cells, or B220" cells, respectively. (B & C) Flow
789  cytometric analysis of donor CD45.1" MAIT, y8T, NKT, and non-T/B cells sourced from liver (B)
790  orspleen (C) and recovered from liver and spleens of recipient mice 8 days after adoptive transfer.
791  Numbers in FACS plots represent percentage of gated cells. MAIT and y6T-cell FACS plots were
792 generated by concatenation of data from all (n = 3) mice of the same group from one of two similar
793  experiments. (C & E) Stacked bar charts depict the percentages of donor CTV™ (purple) and CFSE*
794  (green) cells upon recovery from recipient mice on day 8. Graphs depict individual data points and
795  mean + SEM. n = 2 separate experiments with a total of 6 recipient mice per group. ns P>0.05,
796  *P<0.05, **P<0.01 using a Wilcoxon matched-pairs signed-rank test for comparison between NB-
797  treated vs untreated.
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813  Figure 5. Blockade of ARTC2-mediated P2RX?7 activation preserves unconventional T cells
814  that co-produce IFN-y and IL-4.

815  (A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody
816  (clone: s+16) (NB)-treated mice were stimulated with PMA and ionomycin and analysed 4 hours
817  later. Untreated mouse cells were stimulated with or without the P2RX7 inhibitor (P2RX7i),
818  A438079 (10uM). (B & D) Flow cytometric analysis of IL-17A and IFN-y expression (B), and IL-
819 4 and IFN-y expression (D), by CD44" MAIT, y8T, and NKT cells, and indicated CD44" non-
820  MAIT/NKT afT-cell subsets. Numbers in FACS plots represent percentage of gated cells. (C &
821  E) The percentage (%) and absolute number (#) of IL-17ATFN-y"and IL-17A*IFN-y MAIT, yoT,
822  and NKT cells (C) and the percentages of IL-4/IFN-y subsets amongst the specified T-cell subsets
823  (E) were graphed. Each symbol represents an individual mouse. (C) n = 3-5 separate experiments
824  with a total of 8-12 mice/group. (E) n = 3 separate experiments with a total of 7-8 mice/group. n.s.
825  P>0.05 (not shown on graph) *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 using a
826  Wilcoxon matched-pairs signed rank test for +P2RX71 vs -P2RX71 or using a Mann-Whitney U
827  test with a Bonferroni-Dunn correction for multiple comparisons for all other comparisons
828  between conditions.
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844  Figure 6. NAD selectively depletes liver T-bet" unconventional T cells in vivo.

845  (A) Experimental schematic. Anti-ARTC2 nanobody (clone: s+16) (NB)-treated or untreated mice
846  were intravenously (i.v.) administered with nicotinamide adenine dinucleotide (NAD; 10mg) or
847  PBS 30 minutes prior to organ harvest. (B & C) Flow cytometric analysis of PLZF and T-bet
848  expression by liver T cells (B), and of RORyt and T-bet expression by liver MAIT, CD44" y3T,
849  and NKT cells (C). (D) Graphs depict the percentage and absolute number of, and fold change in
850  the MFI of T-bet expression within the indicated liver T-cell types. Percentages of T-bet” MAIT1,
851  yo8T1, and NKTI cells, RORyt" MAIT17, y6T17, and NKT17 cells are of total MAIT, y3T, and
852  NKT cells. Percentages of PLZF*ARTC2" CD4* and CD4 CDS$- cells are of total CD4* and CD4
853  CDS8 CD44" non-MAIT/NKT ofT cells. Fold change in T-bet expression is relative to PBS
854  control mouse samples. (E) Flow cytometric analysis of CD69, T-bet, and PLZF expression, as
855 indicated, by liver T cells. (F) Graphs depict the numbers of CD69" and CD69- MAIT, ydT, and
856  NKT cells, and non-MAIT/NKT affT-cell subsets from liver. n = 2 separate experiments with a
857  total of 6-7 mice/group. Each symbol represents an individual mouse. n.s. P>0.05, *P<0.05,
858  **P<(0.01 using a Mann-Whitney U test with a Bonferroni-Dunn correction for multiple
859  comparisons. (B, C, E) Numbers in FACS plots represent percentage of gated cells. (D & F) Graphs
860  depict individual data points and mean = SEM.
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Used in Mouse Experiments

Specificity Fluorochrome Clone Company/Source
CD16/32 N/A 2.4G2 Produced in-house
7-AAD N/A N/A Sigma-Aldrich
Zombie NIR Fixable | N/A N/A BioLegend
Viability Dye
Annexin V BV711 N/A BD Horizon
Annexin V FITC N/A BD Pharmingen
ARTC2 APC Nikal02 Novus Biologicals
B220 (CD45R) BUV496 RA3-6B2 BD Horizon
B220 (CD45R) BV786 RA3-6B2 BD Horizon
CD3 BUV395 145-2C11 BD Horizon
CD4 BUV395 GK1.5 BD Horizon
CD4 AF532 RM4-5 Invitrogen
CD8a BUVS805 53-6.7 BD Horizon
CD27 BUV737 LG.3A10 BD Horizon
CD27 BV605 LG.3A10 BD Horizon
CD38 FITC 90/CD38 BD Pharmingen
CD38 BV711 90/CD38 BD OptiBuild
CD44 AF700 M7 Invitrogen
CD45.1 PE-Cy7 A20 BD Pharmingen
CD62L APC MEL-14 Invitrogen
CD62L PerCP-Cy5.5 MEL-14 Invitrogen
CD69 BUV737 HI1.2F3 BD Horizon
CD319 APC 4G2 BioLegend
ICOS (CD278) BV711 C398.4A BioLegend
IFN-y PE-Cy7 XMG1.2 BioLegend
IFN-y FITC XMG1.2 BD Pharmingen
IL-4 AF647 11B11 BD Pharmingen
IL-17A AF647 TC11-18H10 | BD Pharmingen
IL-17A PerCP-Cy5.5 TC11-18H10 | BD Pharmingen
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P2RX7 PE 1F11 BioLegend
P2RX7 PE-Cy7 1F11 BioLegend
PLZF PE-Cy7 9E12 BioLegend
RORyt BV786 Q31-378 BD Horizon
RORyt PerCP-Cy5.5 Q31-378 BD Pharmingen
T-bet AF488 4B10 BioLegend
T-bet BV711 4B10 BioLegend
TCRpB APC-Cy7 H57-597 BD Pharmingen
y6TCR BV605 GL3 BioLegend
y6TCR BV605 GL3 BD OptiBuild
y6TCR FITC GL3 BD Pharmingen
Used In Human Experiments:
Specificity Fluorochrome Clone Company/Source
7-AAD N/A N/A Sigma-Aldrich
LIVE/DEAD Blue N/A N/A Invitrogen
Near-IR
LIVE/DEAD Fixable | N/A N/A Invitrogen
Near-IR
Zombie NIR Fixable | N/A N/A BioLegend
Viability Dye
CD3 AF700 UCHT?2 BD Pharmingen
CD3 BUV395 UCHT?2 BD Horizon
CD4 BUV496 SK3 BD Horizon
CD4 AF532 RM4-5 Invitrogen
CD8a BUVS805 SK1 BD Pharmingen
CDh14 BUV395 MoeP9 BD Pharmingen
CDh14 APC-Cy7 MoeP9 BD Pharmingen
CD14 BV570 MSE2 BioLegend
CD19 APC-Cy7 SJ25C1 BD Pharmingen
CD19 BV570 HIB19 BD Pharmingen
CD19 BUV737 SJ25C1 BioLegend
CD27 BV785 0323 BioLegend
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CD45 AF700 2D1 BioLegend

CD62L FITC DREG-56 BD Pharmingen

CDl61 PerCP-Cy5.5 HP-3G10 BioLegend

CDl61 PE-Cy7 HP-3G10 BioLegend

FcR Blocking N/A N/A Miltenyi Biotec

Reagent

P2RX7 AF647 L4 (Buell et al., 1998; Elhage et al., 2022)
Provided by Dr Xin Huang and Dr Ben Gu,
The University of Melbourne, Florey Institute
of Neuroscience and Mental Health.

Va7.2 BV711 3C10 BioLegend

Va7.2 BV605 3C10 BioLegend

Vol FITC TS8.2 Invitrogen

Vol VioBlue REA173 Miltenyi Biotec

Vo2 BV711 B6 BioLegend

Va2 BUVS563 B6 BD OptiBuild

ydTCR PE-Cy7 11F2 BD

ydTCR R718 11F2 BD OptiBuild
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Figure 1. Unconventional ' Tl &pFeR PIRR T %6 SR8 €Rtént than conventional T
cells.

(A) Graph shows mean fluorescence intensity (MFI) of P2RX7 labelling on MAIT cells (MR1-
5-OP-RU tetramer*CD3%), V52", V417, and V31'V52 y3T cells (ydTCR*CD3™"), NKT cells
(CD1d-a-GalCer tetramer'CD3"), and conventional T cells (conv. T; defined as non-
MAIT/NKT y8TCR'CD3" T cells) from human blood and liver. A total of 4 human liver and
18-19 blood donors were analysed across 6 separate experiments. Half-shaded symbols
represent matched blood and liver samples from one donor. Due to their paucity, NKT cells
within one liver and one blood donor were not analysed. (B) Graph shows percentages of
ARTC2'P2RX7" cells out of total MAIT, ydT, and NKT cells from C57BL/6 WT mouse
organs. Each symbol represents an individual mouse. A total of 8 mice were analysed across 3
separate experiments. (C) UMAP representation of flow cytometric analysis of liver T cells.
UMAP plots were generated by concatenation of all (n = 2) mice from one of two similar
experiments. Red arrows within UMAP plots indicate various T-cell populations. (D & F)
Graphs show percentages of ARTC2"P2RX7" cells of T-bet" MAITI, y8T1, and NKTI cells,
RORyt" MAIT17, y8T17, and NKT17 cells (D), and CD44" and CD44"¢ non-MAIT/NKT
afT-cell CD4/CD8 subsets (F) from C57BL/6 WT mouse organs. (E & G) Flow cytometric
analysis of ARTC2 and P2RX7 expression by indicated cell types. Red arrows in (G) indicate
ARTC2" cells. (H) Flow cytometric analysis of PLZF and ARTC2, and T-bet and RORyt
expression on indicated non-MAIT/NKT affT-cell subsets. (A, B, D, F) Graphs depict
individual data points and mean £ SEM. ns P>0.05, *P<0.05, **P<0.01, ***P<(.001,
*#%%P<0.0001 using a Wilcoxon matched-pairs signed-rank test with a Bonferroni-Dunn
correction for multiple comparisons where required. (E, G, H) Numbers in plots represent
percentage of gated cells. (D, E, F) The percentages of ARTC2"P2RX7" thymic MAITI1 (D),
iLN MAITT1 cells (E) and iLN CD44"¢ CD4 CD8" T cells (F) could not be reliably determined
(n.d.) due to their paucity. (E) FACS plots generated by concatenation of all (n = 3) mice from
one of three similar experiments. With the exception of (H), all mice were injected with the

anti-ARTC2 nanobody (clone: s+16) prior to organ harvest.
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Figure 2: Retinoic acid ind@E EAFa5§ion 0T ARTEZAHAPIRKRY on T cells.

(A) Experimental schematic. Mouse thymocytes were cultured for three days in the presence
of 20nM all-trans retinoic acid (RA) or the vehicle control. 3 — 5 thymuses were pooled prior
to complemented-mediated depletion of immature CD24" thymocytes. (B & C) Flow
cytometric analysis of ARTC2 and P2RX7 expression by indicated thymic T-cell types 3 days
after treatment with RA or the vehicle control. Histogram and FACS plots show concatenated
data from all replicate samples from one of two similar experiments. (B) Numbers in
histograms represent percentages of P2RX7" and ARTC2" cells of indicated T-cell types. (C)
Numbers within FACS plots represent percentage of gated cells out of T-bet” MAITI, y3T1,
and NKT1 cells, or PLZF non-MAIT/NKT afT cells. (D) Graphs show the percentages of
ARTC2'P2RX7" cells of indicated T-cell types and mean fluorescence intensity (MFI) of
P2RX7 and ARTC2 expression. White- and purple-shaded circles represent data from vehicle
or RA-treated cells, respectively. Connecting lines represent paired data. Numbers above data
points represent the average percentage for indicated data sets. (E) Graphs show fold change
in P2RX7 and ARTC2 MFI amongst RA-treated cells relative to vehicle controls. Horizontal
dotted lines represent a fold change of 1. (D & E) Each symbol represents data from 3 — 5
pooled thymuses where total of 5 pooled thymus samples were analysed across 2 separate

experiments. (E) Graphs depict individual data points and mean = SEM.


https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

A B C

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; l'hIS version posted August 11, 2024. The copyright holder for this preprlnt
(which was not certified by peer review) is-the-atther/furldetraateta s-grantec-bieRXNB: fesateeito display the preprintitv@erpetuiSpleanade

avaijglple under ag£BY-NEND, dORRE nationgl dicense.

Anti-ARTC2 A I f 401
> am ] 82| .. 7%

nanobody
Untreated (NB Hreated  \MAIT

¥ 2 .
tnd

4°Cor
37°C

yoT

+A438079
(P2RX7i)

30 min (CD27), or NKT

90 min (cell death)

0 10°10%10°

Annexin V (BV711) >
[Ja Untreated, 4°C [+ NB,4°C
[ Untreated, 37°C [l NB, 37°C
D Liver E E v Untreated, 37°C
+P2RX7i
Untreated NB-treated
4cC 37°C 4C 37’c Liver Spleen
2o 87 86.3 |{68.8 312 | {134 86.6 |{15.6 84.4
o._g_/ E** ﬂ** *%k k% E** Eﬂ *%k k%
o5 5 »
MAIT & 2
Pl
€3
x o
&) o
yoT "é%
8§
83
NKT 3 Ta-:
T £
ag
O%Q9
- 0 10° 10* 10°
CD27 (BUV737) >
F G
PBS . .
s o4 @ 37
a-GalCer, or CuII 4°Cor37°C C e3rc
5- OP RU (i.v.) +A438079 MAIT1 yoT1 NKT1
(P2RXT7i) r %
CD27, or 100+ - .
L_* e —> . —> cell death 80 %’ § i § J ? g
45-60 min 40 min ] 601 ] 1k
Liv 404P | | o [
~ 201 1 1
H 04°C @37°C ©37°C +P2RX7i X lells | H H H lle H Py
E‘:I ** *% *%
e
0O 100+ S @ 1@ 1@ e
O gof . 1
Liv Spl 28 ] 1
201 1 1
H ‘ _L! L]

0
%‘5 Oe o %5 Oe‘ < %5 Og )
Mo @ M ??‘ Y

Spl

—— Zombie NIR* (%)



https://doi.org/10.1101/2024.08.11.607476
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.11.607476; this version posted August 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

. . ilable under aC:C-BY-NC-ND 4§ Interaational kcense.
Figure 3: P2RX7 activatigh®0n"ihconventional T"CCIT{TAdHES cell death and loss of

surface CD27.

(A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody
(clone: s+16) (NB)-treated mice were cultured at 4°C or 37°C for 30 or 90 minutes prior to
analysis. Untreated mouse cells were cultured with or without the P2RX7 inhibitor (P2RX71),
A438079 (10uM). (B) Flow cytometric analysis of liver MAIT, y6T, and NKT cells co-labelled
with 7-AAD and Annexin V after a 90-minute incubation. (C) Graphs depict percentage of 7-
AAD" (dead) cells of total MAIT, y8T, and NKT cells from the liver and spleen. n = 3 separate
experiments with a total of 4-8 mice/group. ns P>0.05, *P<0.05 using a Mann-Whitney U test
with correction for multiple comparisons for the untreated groups. (D) Flow cytometric
analysis of surface CD27 expression on total liver MAIT, yoT, and NKT cells. (E) Graphs
depict percentages of CD27" cells out of viable T-bet™ MAIT1, y8T1, and NKT1 cells, and
RORyt" MAIT17, y8T17, and NKT17 cells. n = 3-4 separate experiments with a total of 8-10
mice/group. ns P>0.05, *P<0.05, **P<0.01 using a Wilcoxon matched pairs signed rank test.
Numbers in FACS plots represent percentage of gated cells. (F) Experimental schematic. Mice
were 1.v. administered 5-OP-RU (200 pmol), a-GalCer (2png), or PBS and liver and spleens
were harvested 45-60 minutes later. Liver and spleen cells were cultured at 4°C or 37°C for 40
minutes with or without A438079 (10uM) prior to analysis. (G & H) Graphs depict percentages
of viable CD27" cells (G) or Zombie NIR" (dead) cells (H) out of indicated cell-types. A total
of 6 mice per group were analysed across 2 separate experiments. ns P>0.05 (not shown),
*P<0.05, **P<0.01 using a Mann-Whitney U test with a Bonferroni-Dunn correction for
multiple comparisons. (C, E, G, H) Graphs depict individual data points and mean + SEM.

Each symbol represents an individual mouse.
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Figure 4. ARTC2 blockad¥MproVeés ¥eCovir) ot G6PaVATY tiifisferred unconventional
T cells.

(A) Experimental schematic. Liver and spleen cells from anti-ARTC2 nanobody (clone: s+16)
(NB)-treated or untreated mice were labelled with CTV (NB-treated) or CFSE (untreated) prior
to co-transfer at a 1:1 ratio into recipient mice. Donor liver and spleen cells were recovered
from recipient mouse livers and spleens 8 days later. Donor and recipient spleen cells were
subjected to magnetic bead depletion of B220* and CD62L" cells, or B220" cells, respectively.
(B & C) Flow cytometric analysis of donor CD45.1" MAIT, ydT, NKT, and non-T/B cells
sourced from liver (B) or spleen (C) and recovered from liver and spleens of recipient mice 8
days after adoptive transfer. Numbers in FACS plots represent percentage of gated cells. MAIT
and ydT-cell FACS plots were generated by concatenation of data from all (n = 3) mice of the
same group from one of two similar experiments. (C & E) Stacked bar charts depict the
percentages of donor CTV* (purple) and CFSE* (green) cells upon recovery from recipient
mice on day 8. Graphs depict individual data points and mean + SEM. n = 2 separate
experiments with a total of 6 recipient mice per group. ns P>0.05, *P<0.05, **P<0.01 using a

Wilcoxon matched-pairs signed-rank test for comparison between NB-treated vs untreated.
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Figure 5. Blockade of ARTEYMéfiated PYRXS AHVAI0A 5¥%Serves unconventional T
cells that co-produce IFN-y and IL-4.

(A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody
(clone: s+16) (NB)-treated mice were stimulated with PMA and ionomycin and analysed 4
hours later. Untreated mouse cells were stimulated with or without the P2RX7 inhibitor
(P2RXT7i), A438079 (10uM). (B & D) Flow cytometric analysis of IL-17A and IFN-y
expression (B), and IL-4 and IFN-y expression (D), by CD44" MAIT, y8T, and NKT cells, and
indicated CD44" non-MAIT/NKT afT-cell subsets. Numbers in FACS plots represent
percentage of gated cells. (C & E) The percentage (%) and absolute number (#) of IL-17A"
IFN-y* and IL-17A"TFN-y- MAIT, y3T, and NKT cells (C) and the percentages of IL-4/IFN-y
subsets amongst the specified T-cell subsets (E) were graphed. Each symbol represents an
individual mouse. (C) n = 3-5 separate experiments with a total of 8-12 mice/group. (E)n=3
separate experiments with a total of 7-8 mice/group. n.s. P>0.05 (not shown on graph) *P<0.05,
**P<0.01, ***P<0.001, and ****P<0.0001 using a Wilcoxon matched-pairs signed rank test
for +P2RX7i vs -P2RX7i or using a Mann-Whitney U test with a Bonferroni-Dunn correction

for multiple comparisons for all other comparisons between conditions.
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Figure 6. NAD selectively fpietey fiver T andSuEitieh s  cells in vivo.

(A) Experimental schematic. Anti-ARTC2 nanobody (clone: s+16) (NB)-treated or untreated
mice were intravenously (i.v.) administered with nicotinamide adenine dinucleotide (NAD;
10mg) or PBS 30 minutes prior to organ harvest. (B & C) Flow cytometric analysis of PLZF
and T-bet expression by liver T cells (B), and of RORyt and T-bet expression by liver MAIT,
CD44" y3T, and NKT cells (C). (D) Graphs depict the percentage and absolute number of, and
fold change in the MFI of T-bet expression within the indicated liver T-cell types. Percentages
of T-bet" MAITI, ydT1, and NKT1 cells, RORyt" MAIT17, y3T17, and NKT17 cells are of
total MAIT, y8T, and NKT cells. Percentages of PLZF*ARTC2" CD4* and CD4CDS" cells
are of total CD4" and CD4CD8 CD44" non-MAIT/NKT aBT cells. Fold change in T-bet
expression is relative to PBS control mouse samples. (E) Flow cytometric analysis of CD69,
T-bet, and PLZF expression, as indicated, by liver T cells. (F) Graphs depict the numbers of
CD69" and CD69" MAIT, yoT, and NKT cells, and non-MAIT/NKT affT-cell subsets from
liver. n = 2 separate experiments with a total of 6-7 mice/group. Each symbol represents an
individual mouse. n.s. P>0.05, *P<0.05, **P<0.01 using a Mann-Whitney U test with a
Bonferroni-Dunn correction for multiple comparisons. (B, C, E) Numbers in FACS plots
represent percentage of gated cells. (D & F) Graphs depict individual data points and mean =+
SEM.
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