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Abstract  21 

Unconventional T cells, including mucosal-associated invariant T (MAIT), natural killer T (NKT), 22 

and gamma-delta T (gdT) cells, comprise distinct T-bet+, IFN-g+ and RORgt+, IL-17+ subsets which 23 

play differential roles in health and disease. NKT1 cells are susceptible to ARTC2-mediated P2X7 24 

receptor (P2RX7) activation, but the effects on other unconventional T-cell types are unknown. 25 

Here, we show that MAIT, gdT, and NKT cells express P2RX7 and are sensitive to P2RX7-26 

mediated cell death. Mouse peripheral T-bet+ MAIT1, gdT1, and NKT1 cells, especially in liver, 27 

co-express ARTC2 and P2RX7, which can be further upregulated by retinoic acid. Blocking 28 

ARTC2 or inhibiting P2RX7 protected MAIT1, γδT1, and NKT1 cells from cell death, enhanced 29 

their survival in vivo, and increased the number of IFN-γ-secreting cells without affecting IL-17 30 

production. Importantly, this revealed the existence of IFN-γ and IL-4 co-producing 31 

unconventional T-cell populations normally lost upon isolation due to ARTC2/P2RX7-induced 32 

death. Administering extracellular NAD in vivo activated this pathway, depleting P2RX7-sensitive 33 

unconventional T cells. Our study reveals ARTC2/P2RX7 as a common regulatory axis 34 

modulating the unconventional T-cell compartment, affecting the viability of IFN-γ- and IL-4-35 

producing T cells, offering important insights to facilitate future studies into how these cells can 36 

be regulated in health and disease. 37 

38 
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Introduction 39 

Unconventional T-cell lineages, including MR1-restricted mucosal-associated invariant T (MAIT) 40 

cells, CD1d-restricted natural killer T (NKT) cells, and gamma-delta T (gdT) cells, are 41 

characterised by their specificity for non-peptide antigens, and rapid and potent cytokine 42 

production immediately upon activation (Godfrey et al., 2015). Their ‘innate-like’ effector 43 

function is imbued during thymic development and is thought to be dependent on the master 44 

transcription factor, promyelocytic leukemia zinc finger (PLZF) (Koay et al., 2016; Kreslavsky et 45 

al., 2009; Lu et al., 2015; Pellicci et al., 2020; Savage et al., 2008). Developing MAIT, NKT, and 46 

some gdT cells differentially switch on other lineage-defining transcription factors, including T-47 

bet, RORgt, and GATA-3, that drive their differentiation into mature and functionally distinct 48 

subsets (Mayassi et al., 2021; Pellicci et al., 2020). Generally, T-bet+ MAIT1, gdT1, and NKT1 49 

cells produce IFN-g, whilst RORgt+ MAIT17, gdT17, and NKT17 cells produce IL-17 (Lee et al., 50 

2020). Further highlighting their functional differences, MAIT1, gdT1, and NKT1 cells 51 

preferentially accumulate in tissues such as liver and spleen, while their RORgt+ counterparts are 52 

enriched within lymph nodes, lungs, and skin (Chandra et al., 2023; Crosby and Kronenberg, 2018; 53 

Ribot et al., 2021; Salou et al., 2019). Though a subset of gdT and NKT cells can express GATA-54 

3 and mainly produce IL-4, many gdT and NKT cells express GATA-3 in addition to T-bet, and 55 

characteristically co-produce IFN-g and IL-4 (Azuara et al., 1997; Gerber et al., 1999; Lee et al., 56 

2013; Lee et al., 2015; Narayan et al., 2012; Pereira et al., 2013). Similarly, RORgt+ NKT17 cells 57 

can also express GATA-3 and co-produce IL-17 and IL-4 (Cameron and Godfrey, 2018). Whilst 58 

MAIT cells are known to potently produce IL-17 and IFN-g upon activation, a clear subset of IL-59 

4-producing MAIT cells has remained elusive (Lee et al., 2020; Pellicci et al., 2020; Salou et al., 60 

2019) despite low levels of IL-4 detected in the supernatants of stimulated mouse MAIT cells 61 

(Rahimpour et al., 2015) and chronically stimulated human MAIT cells (Kelly et al., 2019). As 62 

functionally distinct subsets of MAIT, gdT, and NKT cells play different and often opposing roles 63 

in the immune response (Mayassi et al., 2021), understanding the mechanisms that govern their 64 

diverse activity will provide insight into improving future immunotherapies that target these cells.  65 

MAIT, gdT, and NKT cells are particularly abundant in liver, in which they comprise up to 50% 66 

of T cells and are biased towards T-bet+, IFN-g-producing functional subsets (Matsuda et al., 2000; 67 
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Salou et al., 2019; Xu et al., 2023). As the liver plays a central role in both immune defence and 68 

nutrient metabolism, amongst other roles, where gut-derived dietary and microbial antigens are 69 

brought to the liver via the portal vein, immune homeostasis in this organ must balance tolerance 70 

to innocuous antigens with resistance to pathogens (Protzer et al., 2012). Purinergic signaling may 71 

represent a regulatory mechanism here, where the detection of purine nucleotides and related-72 

compounds, including ATP and nicotinamide adenine dinucleotide (NAD), is mediated by 73 

purinergic receptors widely expressed on immune cells (Rissiek et al., 2013; Rissiek et al., 2014; 74 

Rivas-Yáñez et al., 2020).  The release of intracellular ATP and NAD by stressed and/or damaged 75 

cells into the extracellular space can be detected by NKT cells via the purinergic P2X7 receptor 76 

(P2RX7) (Bovens et al., 2020; Rissiek et al., 2013; Rissiek et al., 2014). Whilst strongly activated 77 

hepatic NKT cells can mediate liver injury, these cells are, in turn, regulated by tissue damage 78 

following liberation of NAD and ATP and consequent P2RX7 activation (Bovens et al., 2020; 79 

Kawamura et al., 2006).  80 

In contrast to direct activation by ATP, P2RX7 can be indirectly activated by NAD in a manner 81 

dependent on the ecto-ADP-ribosyltransferase, ARTC2.2 (ARTC2) (Rissiek et al., 2015; Rivas-82 

Yáñez et al., 2020). Extracellular NAD is a substrate for ARTC2, providing an ADP-ribosyl group 83 

for ARTC2-mediated ADP-ribosylation of P2RX7, resulting in P2RX7 activation (Seman et al., 84 

2003). Although ARTC2-mediated P2RX7 activation is well characterised in mouse models, 85 

ARTC2 is not expressed in humans (Haag et al., 1994). Other ADP-ribosyltransferases, such as 86 

ARTC1 and ARTC5, have ADP-ribosyltransferase activity, though it is unclear whether they 87 

contribute to the NAD-mediated activation of human P2RX7 (Laing et al., 2011; Leutert et al., 88 

2018) (Cortés-Garcia et al., 2016; Hesse et al., 2022; Wennerberg et al., 2022). ATP- and NAD-89 

induced P2RX7 activation both result in similar cellular and biochemical outcomes, where only 90 

brief exposures to low concentrations of NAD is needed to robustly drive P2RX7 activation and 91 

cell death (Rissiek et al., 2014). Accordingly, this is termed NAD-induced cell death (NICD) 92 

(Seman et al., 2003), where P2RX7 activation is also associated with the loss of the co-stimulatory 93 

molecule, CD27, from the cell surface, and reduced production of IFN-g and IL-4 by NKT cells 94 

after stimulation (Borges Da Silva et al., 2019; Kawamura et al., 2006; Liu and Kim, 2019; Rissiek 95 

et al., 2013). Though ARTC2 and P2RX7 are differentially expressed on NKT-cell functional 96 

subsets (Borges Da Silva et al., 2019; Liu and Kim, 2019) it is unclear whether ARTC2-mediated 97 
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P2RX7 activation affects specific cytokine-producing NKT-cell subsets. Furthermore, it is 98 

unknown whether this axis regulates MAIT and gdT cells, and the homeostasis of their functional 99 

subsets.  100 

Here, we show that human liver and blood MAIT, gdT, and NKT cells express P2RX7 at higher 101 

levels relative to conventional T cells. Within mouse models, peripheral T-bet+ MAIT1, gdT1, and 102 

NKT1 cells, and other PLZF+ abT-cell subsets co-expressed high levels of ARTC2 and P2RX7 in 103 

liver and, to a lesser extent, spleen. ARTC2 and P2RX7 expression could be further upregulated 104 

in the presence of retinoic acid. In response to cell damage during organ processing, multiple 105 

unconventional T-cell subsets upon cell culture exhibited a loss of surface CD27 expression and 106 

underwent NICD, in a manner dependent on P2RX7 activation and ARTC2 activity. Nanobody-107 

mediated ARTC2 blockade or P2RX7 inhibition significantly increased the number of peripheral 108 

IFN-g-producing, but not IL-17-producing, unconventional T cells upon stimulation ex vivo. 109 

Importantly, this increase was predominantly attributable to increased IL-4 and IFN-g co-110 

producing unconventional and other T-cell types, especially within liver, suggesting that this 111 

functionally distinct subset may be restrained by NAD released by damaged cells. Lastly, we show 112 

that intravenous administration of exogenous NAD rapidly depleted liver PLZF+T-bet+ 113 

unconventional T cells in vivo, including poorly characterised PLZF+ CD4+ and PLZF+ CD4-CD8- 114 

DN non-MAIT/NKT abT-cell subsets, in an ARTC2-dependent manner. Overall, our findings 115 

highlight the regulation of T-bet+ unconventional T cells and other PLZF+T-bet+ abT-cell subsets 116 

by NAD-driven, ARTC2-mediated P2RX7 activation, where this axis may collectively modulate 117 

these cells in the context of tissue damage and disease.   118 
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Results 119 

Human unconventional T cells express P2RX7 120 

Analysis of a transcriptomic dataset (Gutierrez-Arcelus et al., 2019) on the four major 121 

unconventional T-cell populations – MAIT, NKT, Vd1+ gdT, and Vd2+ gdT cells, indicated that 122 

all these cell types express the P2RX7 gene (Fig. S1A). Indeed, human gdT and MAIT cells were 123 

reported to express P2RX7 and gdT cells were susceptible to ATP-mediated P2RX7 activation and 124 

cell death (Winzer et al., 2022). We examined P2RX7 protein expression on MR1-5-OP-RU 125 

tetramer+ MAIT cells, CD1d-a-GalCer tetramer+ NKT cells, and gdT-cell subsets from human 126 

peripheral blood (Fig. 1A and Fig. S1B). This again demonstrated that P2RX7 is expressed by 127 

human unconventional T cells, although there was a wide range of expression levels on these cell 128 

types (Fig. 1A and Fig. S1B). P2RX7 expression was detected on both fresh blood samples and 129 

cryopreserved samples (Fig. S1B). Furthermore, one donor (Donor 03) appeared to lack P2RX7 130 

expression on both monocytes and T cells (Fig. S1B-C). This variability may be attributed to single 131 

nucleotide polymorphisms within the highly polymorphic P2RX7 gene locus, which are common 132 

in humans, impacting on P2RX7 protein expression and function (Fuller et al., 2009; Schäfer et 133 

al., 2022). Taken together, these data support the concept that human unconventional T cells 134 

express P2RX7. While we found an increase in P2RX7 expression amongst unconventional T cells 135 

compared to conventional T cells (Fig. 1A and S1B, D), in some individuals P2RX7 was expressed 136 

at similar levels across all T cells (Fig. 1A and S1B, D). 137 

We next examined human liver samples from the Australian Donation and Transplantation 138 

Biobank. Similar to blood, considerable inter-donor variability of P2RX7 expression was observed 139 

on all liver T-cell types, with liver unconventional T cells, on average, labelling at a higher 140 

intensity than conventional T cells (Fig. 1A), including CD4+ and CD8+ conventional T-cell 141 

subsets defined by CD45RA, CD27, CD69, and CD103 (Fig. S1D). P2RX7 expression on liver T-142 

cell lineages also trended higher compared to their blood counterparts in unmatched blood donors, 143 

and also between one paired liver and blood sample (Fig. 1A and S1D). Overall, these data 144 

illustrate that steady-state expression of P2RX7 is a feature of human unconventional T-cell 145 

lineages.  146 

Mouse T-bet+ MAIT, gdT, and NKT cells highly co-express ARTC2 and P2RX7 147 
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We next used mouse models to examine the regulation of unconventional T cells by P2RX7 148 

activation. Previous studies showed that expression of ARTC2 drives the NAD-mediated 149 

activation of P2RX7, and co-expression of ARTC2 and P2RX7 has been characterised on 150 

regulatory T  cells and NKT-cell subsets (Di Virgilio et al., 2017; Rissiek et al., 2013; Schenk et 151 

al., 2011; Scheuplein et al., 2009; Seman et al., 2003). We analysed the expression of ARTC2 and 152 

P2RX7 on T cells across organs, focusing on the unconventional T-cell compartment and their 153 

functional signatures (Fig. 1B-E and Fig. S2A-B). For liver and spleen T cells, dimensionality 154 

reduction of flow cytometry analysis delineated clusters of MAIT, gdT, and NKT cells, defined by 155 

labelling with MR1-5-OP-RU tetramer, anti-gdTCR, and CD1d-a-GalCer tetramer, where the 156 

majority of MAIT and NKT cells, and a subset of gdT cells, expressed PLZF, the master 157 

transcriptional regulator of unconventional T cells, and CD44 (Fig. 1C and Fig. S2A). Co-158 

expression of ARTC2 and P2RX7 on all T cells overlapped with markers such as CD38, CD44, 159 

CD69, and PLZF (Fig. 1C, Fig. S2A), indicative of effector-memory T cells that are tissue-160 

associated (Stark et al., 2018). The MAIT, gdT, and NKT-cell clusters were divided into 161 

ARTC2+P2RX7+ and ARTC2-P2RX7- populations, where this dichotomy appeared to correlate 162 

with T-bet+ and RORgt+ clusters, respectively (Fig. 1C and Fig. S2A). Accordingly, these data 163 

suggest that co-expression of ARTC2 and P2RX7 is a signature of multiple PLZF+ unconventional 164 

T-cell lineages in mice.  165 

Across different organs, ARTC2+P2RX7+ unconventional T cells were significantly more 166 

abundant in liver and spleen than in thymus and inguinal lymph nodes (iLNs) (Fig. 1B). On 167 

average, 45%, 55%, and 90% of mouse liver MAIT, gdT, and NKT cells, respectively, were 168 

ARTC2+P2RX7+ (Fig. 1B). While most NKT cells in spleen co-expressed ARTC2 and P2RX7, 169 

only a minority of splenic MAIT and gdT cells were ARTC2+P2RX7+ (Fig. 1B). To determine 170 

whether ARTC2/P2RX7 expression was constrained to functionally distinct subsets of 171 

unconventional T cells, we examined them for transcription factor co-expression (Fig. S2B). This 172 

revealed that ARTC2+P2RX7+ cells in liver were primarily T-bet+ MAIT1, gdT1, and NKT1 cells 173 

(Fig. 1D-E). The results were similar in spleen, except for spleen gdT1 cells which were mostly 174 

P2RX7-. Furthermore, a subset of CD44neg gdT cells co-expressed ARTC2 and P2RX7 in thymus, 175 

spleen, and iLNs (Fig. S2C). In contrast, few RORgt+ MAIT17, gdT17, and NKT17 cells were 176 

ARTC2+P2RX7+, except a subset of NKT17 cells from spleen and liver (Fig. 1D-E). Taken 177 
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together, these data suggest that ARTC2 and P2RX7 are mainly co-expressed by T-bet+, but not 178 

RORgt+, unconventional T cells, with the highest expression detected in liver and, to a lesser 179 

extent, spleen.  180 

Given that ARTC2 expression extended beyond MAIT and NKT cells in our analysis (Fig. 1C), 181 

we also examined non-MAIT/NKT abT cells. This revealed that many (~40-50%) CD44hi CD4+ 182 

abT cells co-expressed ARTC2 and P2RX7 in spleen and liver, and to a lesser extent, iLNs and 183 

thymus (Fig. 1F-G and Fig. S2D). A significantly greater proportion of CD44hi CD8+ and CD44hi 184 

CD4-CD8- DN abT cells were ARTC2+P2RX7+ in liver relative to spleen, iLNs, and thymus (Fig. 185 

1F-G and Fig. S2D). A subset of liver CD44hi CD4+ and CD44hi CD4-CD8- DN abT cells 186 

expressed ARTC2 at a higher intensity (MFI) compared to ARTC2+P2RX7+ CD8+ T cells, though 187 

these ARTC2hi abT cells were much rarer or absent in spleen, iLNs, and thymus (Fig. 1G and Fig. 188 

S2D-E). In CD44neg abT cells in thymus, spleen, and liver, CD4-CD8- DN abT cells co-expressed 189 

intermediate levels of ARTC2 and P2RX7 (Fig. 1F and Fig. S2D-E). Lastly, most CD44neg CD4+ 190 

and CD44neg CD8+ abT cells within peripheral tissues expressed ARTC2 at an intermediate level, 191 

though few expressed P2RX7 (Fig. S2D-E). As PLZF was only detected amongst CD44-192 

expressing abT and gdT cells (Fig. 1H and Fig. S2F), we next analysed the expression of PLZF 193 

within CD44+ ARTC2hi non-MAIT/NKT abT cells (Fig. 1G and Fig. S2E). Here, ARTC2hi CD4+ 194 

and ARTC2hi CD4-CD8- DN abT cells expressed PLZF and were predominantly T-bet+ (Fig. 1H). 195 

Out of all ARTC2+ gdT cells, only ARTC2hi gdT cells expressed PLZF (Fig. S2F). Taken together, 196 

these data reveal populations of effector-like, PLZF+T-bet+ abT cells that mainly reside in the liver 197 

alongside other ARTC2hiP2RX7+ unconventional T-cell types.  198 

As P2RX7 may play a role in NKT-cell homeostasis (Bovens et al., 2020; Liu and Kim, 2019), we 199 

analysed the frequency and number of MAIT, gdT, and NKT cells, and non-MAIT/NKT abT cells 200 

in P2rx7-/- mice (Fig. S3). The absolute numbers of lymphocytes across organs were not 201 

significantly different between P2rx7-/- and WT mice (Fig. S3B, C), except for in liver, where total 202 

lymphocytes were slightly higher in P2rx7-/- mice relative to WT mice (Fig. S3B). All T-cell 203 

subsets were present at similar frequencies between P2rx7-/- and WT mice, although some minor 204 

but statistically significant differences were detected (Fig. S3C). As the frequency of total 205 

ARTC2+ and ARTC2hi T cells and their expression of ARTC2 was similar between P2rx7-/- and 206 
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WT mice, these data collectively suggest that P2RX7 does not affect ARTC2 expression by subsets 207 

of T cells (Fig. S3C-D) (Stark et al., 2018). We additionally examined the subset distribution of 208 

MAIT, gdT, and NKT cells in P2rx7-/- mice. Percentages of spleen MAIT1, gdT1, and NKT1 cells 209 

and thymic MAIT1 cells were slightly but significantly decreased in P2rx7-/- mice relative to WT 210 

mice, with a concomitant increase in spleen and thymus MAIT17-cell and splenic NKT17-cell 211 

frequencies (Fig. S3E). The numbers of liver MAIT1, gdT1, and NKT1 cells, and liver and spleen 212 

NKT17 cells were slightly increased in P2rx7-/- mice relative to WT mice (Fig. S3F). These 213 

findings indicate that the expression of P2RX7 is not essential for the overall development of 214 

unconventional T-cell lineages apart from a minor influence on unconventional T-cell functional 215 

subset diversification in the thymus and spleen, and numbers in liver.  216 

ARTC2 and P2RX7 expression on T cells is induced by retinoic acid 217 

The liver is a major storage site for retinol and participates in retinoic acid metabolism (Blaner et 218 

al., 2016), where the retinoic acid (RA)-induced, RA receptor alpha (RARa) can bind to the 219 

enhancer region of P2rx7 (Hashimoto-Hill et al., 2017). RA can increase expression of both 220 

P2RX7 and ARTC2 on activated intestinal T-cell subsets, and P2RX7 on antigen-stimulated NKT 221 

cells (Hashimoto-Hill et al., 2017; Heiss et al., 2008; Liu and Kim, 2019). We thus tested whether 222 

exposure to RA can induce P2RX7 and ARTC2 on unconventional T cells without TCR 223 

stimulation, particularly on thymic subsets that have the lowest steady state expression of both 224 

molecules (Fig. 2 and Fig. 1D-E). Thymocytes were enriched for mature T cells, including thymic 225 

MAIT, gdT, and NKT cells, which were confirmed to be predominantly ARTC2-P2RX7- (Fig. 226 

S4A). These thymocytes were cultured in the presence of RA or vehicle control for 3 days (Fig. 227 

2A-E). An increase in ARTC2 expression on cells following culture was observed within the 228 

vehicle control, which may be attributed to trace amounts of RA present in the fetal bovine serum 229 

used in the culture media (Fig. 2B-C and Fig. S4A) (Napoli, 1986). After RA treatment, a greater 230 

proportion (46%) of thymic PLZF+T-bet+ T cells expressed P2RX7 relative to vehicle-treated cells 231 

(8%), RA-treated PLZF+RORgt+ T cells (18%), and RA-treated PLZF- T cells (2%) (Fig. 2B). In 232 

line with the expression of ARTC2 by mature thymocytes (Koch-Nolte et al., 1999), over half of 233 

thymic PLZF- T cells were ARTC2+ after culture without RA (Fig. 2B). A moderate increase in 234 

the frequency of ARTC2+ cells was observed amongst thymic PLZF+T-bet+ and PLZF- T cells, 235 

and to a lesser extent, thymic PLZF+RORgt+ T cells, after RA treatment (Fig. 2B).  236 
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Within specific cellular lineages, a subset of thymic MAIT1, gdT1, and NKT1 cells, as well as 237 

PLZF+ non-MAIT/NKT abT cells, upregulated both markers to become ARTC2+P2RX7+ after 238 

RA exposure compared to vehicle treatment (Fig. 2C-E). This was also reflected in the higher 239 

intensity in the expression of P2RX7 and ARTC2 (Fig. 2C-E). On average, an overall higher 240 

proportion of thymic MAIT1 (50%), gdT1 (33%), NKT1 (28%), and PLZF+ non-MAIT/NKT abT 241 

cells (CD4+ = 65%, CD4-CD8- = 27%) were ARTC2+P2RX7+ after RA treatment relative to 242 

MAIT17 (9%) and gdT17 (1%) cells, with the exception of NKT17 cells (32%) (Fig. 2D). Only a 243 

small subset of thymic PLZF- abT cells upregulated P2RX7 to become ARTC2+P2RX7+ in 244 

response to RA (Fig. 2B-D), where the increase in P2RX7 expression by PLZF- abT cells was 245 

less pronounced compared to PLZF+ abT cell types (Fig. 2C-E). 246 

Though some peripheral MAIT, gdT, and NKT cells express ARTC2 and P2RX7 at steady state, 247 

the frequency of ARTC2+P2RX7+ MAIT1, gdT1, and NKT1 cells from spleen and liver was also 248 

increased after RA treatment (Fig. S4C-D). Increases in P2RX7 and ARTC2 expression occurred 249 

to varying extents amongst most T-cell types from the spleen and liver post-RA treatment, in line 250 

with previous reports activating peripheral T cells in the presence of RA in vitro (Hashimoto-Hill 251 

et al., 2017; Heiss et al., 2008; Liu and Kim, 2019) (Fig. S4B-D). These findings indicate that 252 

retinoic acid can induce the co-expression of ARTC2 and P2RX7 by T cells, and in particular 253 

thymic PLZF+T-bet+ unconventional T-cell types. 254 

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

To investigate the effects of P2RX7 activation on unconventional T cells, we used the release of 256 

NAD by cells damaged during organ processing, which is sufficient to drive robust ARTC2-257 

mediated ADP-ribosylation of P2RX7 ex vivo (Scheuplein et al., 2009; Seman et al., 2003). While 258 

ADP-ribosylation by ARTC2 can occur at 4˚C, NAD-mediated P2RX7 activation only occurs at 259 

37˚C, leading to cell death and activating downstream ADAM metalloproteases that induce 260 

ectodomain shedding of CD27 from the cell surface (Johnsen et al., 2019; Moon et al., 2006). 261 

Thus, we analysed the ex vivo viability of MAIT, gdT, and NKT cells by labelling with Annexin 262 

V and 7-AAD. Compared to cells maintained at 4˚C, a larger proportion of liver MAIT, gdT, and 263 

NKT cells were at early (Annexin V+ 7-AAD-) or late (7-AAD+) stages of cell death when 264 

incubated at 37˚C compared to those maintained at 4˚C (Fig. 3A-B). This increase in cell death 265 
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was inhibited when cells were isolated from mice pre-treated with the anti-ARTC2 nanobody (NB) 266 

‘s+16’ prior to organ harvest (Rissiek et al., 2013) or when they were incubated in the presence of 267 

the P2RX7 inhibitor, A438079 (Fig. 3A-C). Whilst increases in cell death were observed in spleen 268 

unconventional T cells at 37˚C, only spleen NKT-cell death was rescued by A438079 treatment 269 

(Fig. 3C). As expected, no significant changes were seen in the proportion of 7-AAD+ MAIT, gdT, 270 

and NKT cells from thymus across all conditions (Fig. S5A).  271 

We also examined the loss of surface CD27 by MAIT, gdT, and NKT cells due to P2RX7 activation 272 

at 37˚C. The percentages of CD27+ MAIT, gdT, and NKT cells, especially from liver and spleen, 273 

were markedly decreased relative to control cells maintained at 4˚C (Fig. 3D-E and Fig. S5B). 274 

This was dependent on ARTC2 activity, as it was blocked by pre-treatment of mice with the anti-275 

ARTC2 NB (Fig. 3D-E). Moreover, CD27 expression was also maintained on cells from P2rx7-/- 276 

mice incubated at 37˚C (Fig. S5C). The loss of CD27 by liver and spleen MAIT, gdT, and NKT 277 

cells, and NKT cells from thymus and iLNs, was predominantly observed amongst T-bet+ subsets, 278 

with less or no impact on their RORgt+ counterparts (Fig. 3E and Fig. S5D). In addition to CD44hi 279 

gdT cells (i.e., gdT1 cells), we observed a reduced frequency of CD27-expressing CD44neg gdT 280 

cells and some non-MAIT/NKT cell abT-cell subsets from liver, spleen, iLNs, and, to a lesser 281 

extent, thymus after incubation at 37˚C (Fig. S5E-F). Expression of ARTC2 by liver MAIT, gdT, 282 

and NKT cells incubated at 37˚C was lower in cells from untreated control mice compared to cells 283 

harvested from NB-treated mice (Fig. S5G), likely representing ARTC2 shedding following 284 

P2RX7 activation as previously reported on T cells (Menzel et al., 2015). Furthermore, P2RX7 285 

was absent on liver MAIT, gdT, and NKT cells, regardless of temperature, without NB treatment, 286 

yet was clearly present on these cells when mice had been treated with the anti-ARTC2 NB, which 287 

is consistent with an earlier report on NKT cells (Borges Da Silva et al., 2019; Rissiek et al., 2013) 288 

(Fig. S5G). Together, these findings indicate that exposure to NAD released by damaged cells can 289 

result in the NICD of liver and spleen unconventional T cells in a manner dependent on ARTC2 290 

activity and P2RX7 activation.  291 

Given that TCR stimulation can modulate the sensitivity of some T cell subsets to ARTC2-292 

mediated P2RX7 activation (Faliti et al., 2019; Kahl et al., 2000; Proietti et al., 2014; Stark et al., 293 

2018), we investigated the loss of CD27 and death of T-bet+ MAIT1 and NKT1 cells upon cell 294 
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culture following cognate antigen encounter in vivo (Fig. 3F-H) After intravenous administration 295 

of 5-OP-RU or a-GalCer, to stimulate MAIT and NKT cells, respectively, liver MAIT and NKT 296 

cells upregulated CD69, indicative of their activation in vivo (Fig. S6B). In contrast to PBS-treated 297 

mice, a significantly higher percentage of liver and spleen MAIT1 and NKT1, but not gdT1 cells, 298 

from 5-OP-RU and a-GalCer treated mice were CD27+ and a significantly lower percentage of 299 

these cells were undergoing cell death (Zombie NIR+) after the culture period (Fig. 3G-H). 5-OP-300 

RU-exposed MAIT1 and a-GalCer-exposed NKT1 cells had greatly reduced ARTC2 expression 301 

(Fig. S6C-D), in line with ARTC2 shedding following TCR stimulation. Lastly, no decrease in 302 

P2RX7 expression was found on stimulated MAIT1 and NKT1 cells (Fig. S6C-D), in contrast to 303 

previous reports in CD8+ tissue-resident memory and T follicular helper T cells (Faliti et al., 2019; 304 

Proietti et al., 2014; Stark et al., 2018). Instead, an increase in P2RX7 expression relative to PBS 305 

control mouse cells was observed (Fig. S6C-D), likely representing the loss of ARTC2-mediated 306 

P2RX7 downregulation ex vivo (Borges Da Silva et al., 2019). Overall, these results suggest that 307 

cognate antigen encounter by liver MAIT1 and NKT1 cells reduces their susceptibility to 308 

extracellular NAD and NICD via the modulation of surface ARTC2 expression rather than 309 

downregulation of P2RX7. 310 

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

As temperature is a factor in unconventional T cells undergoing NICD ex vivo, it was likely that 312 

this would influence survival of these cells upon adoptive transfer in vivo (Fig. 4 and Fig. S7). 313 

Lymphocytes harvested from liver and spleen of anti-ARTC2 NB-treated and untreated WT 314 

C57BL/6 Ly5.1 mice were labelled with CTV and CFSE, respectively, mixed at a 1:1 ratio, and 315 

transferred into WT Ly5.2 recipients. Though both NB-treated (CTV+) and untreated (CFSE+) 316 

donor cells were recovered from liver 8 days post-transfer, there was a strong and significant bias 317 

toward NB-treated unconventional T cells, particularly NKT and MAIT cells, and to a lesser 318 

extent, gdT cells regardless of their liver (Fig. 4B-C) or spleen (Fig. 4D-E) origin. The bias 319 

towards NB-treated cells was also reflected in the ratios of NB-treated to untreated cells following 320 

adoptive transfer (Fig. S7A). In line with the comparatively low co-expression of ARTC2 and 321 

P2RX7 by splenic gdT cells, the average ratio of NB-treated to untreated splenic gdT cells 322 

recovered from the spleen was similar to that prior to transfer (Fig. 1B, D, E and Fig. S2C), 323 
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As a control for the efficiency of adoptive transfer from the different donors, the collective 324 

population of non-T/non-B cells was analysed and were recovered at a ~1:1 ratio of NB-treated to 325 

untreated cells (Fig. 4B-E and Fig. S7A, B), though there was a slight but significant increase in 326 

NB-treated, liver-derived non-T/non-B cells recovered from liver. In peripheral LNs (pLNs), a 327 

significant increase in NB-treated, liver-derived gdT cells was found, though this was not observed 328 

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

Consistent with the earlier findings that ARTC2 and P2RX7 were predominantly expressed by 330 

MAIT1, gdT1, and NKT1 cells, increases in donor cell recovery reflected significantly increased 331 

recovery of these subsets, as defined by surface surrogate markers CD44 and CD319 332 

(CD44+CD319+) for these cells (Xu et al., 2023), although MAIT17 and NKT17 cells (defined as 333 

ICOS+CD319-), and gdT17 cells (CD44hiCD319-) were also increased in some cases (Fig. S7C). 334 

Accordingly, these data demonstrate that anti-ARTC2 blockade within donor mice markedly 335 

improves the survival and recovery of MAIT1, gdT1, and NKT1 cells after adoptive transfer, 336 

particularly for MAIT and NKT cells, and liver-derived donor T-cell subsets. 337 

P2RX7 activation primarily depletes T cells that co-produce IFN-g and IL-4 338 

Given the differential impact of ARTC2-mediated P2RX7 activation on T-bet+ and RORgt+ 339 

unconventional T cells, we examined its effect on cytokine production by these cells (Fig. 5). On 340 

average, 15%, 43%, and 46% of liver MAIT, CD44+ gdT, and NKT cells, respectively, produced 341 

IFN-g after stimulation with PMA and ionomycin (Fig. 5B-C). Pre-treating mice with the anti-342 

ARTC2 NB increased these percentages to, on average, 50%, 57%, and 94%, respectively (Fig. 343 

5B-C). Similar increases were observed when cells from NB-untreated mice were stimulated in 344 

the presence of the P2RX7 inhibitor, A438079, or when comparing stimulated cells from WT and 345 

P2rx7-/- mice (Fig. 5B-C and Fig. S8A). Smaller increases were found amongst IFN-g-producing 346 

MAIT and NKT cells from spleen, and no increase was seen in the percentage of IFN-g-producing 347 

gdT cells (Fig. 5C and Fig. S8A-B). Furthermore, the frequencies of IFN-g-producing non-348 

MAIT/NKT abT cells from liver, but not spleen, were significantly increased when stimulated in 349 

the presence of A438079 (Fig S8C). In contrast, and as expected, similar percentages of IFN-g-350 

producing cells from thymus were observed across all conditions and between WT and P2rx7-/- 351 
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mice (Fig S8A-C). While significant reductions were seen in the percentages of IL-17-producing 352 

MAIT, gdT, NKT, and non-MAIT/NKT abT cells following NB- or A438079-treatment, this 353 

likely reflected the increase in IFN-g-producing cells with treatment (Fig. 5B-C and Fig. S8B-C), 354 

because the absolute numbers of IL-17-producing cells were largely similar across all conditions, 355 

with some minor exceptions (Fig. 5C and Fig. S8C). Accordingly, these data suggest that IFN-g- 356 

but not IL-17-producing unconventional T-cell populations from liver are selectively regulated by 357 

ARTC2-mediated P2RX7 activation.  358 

Whilst a subset of IFN-g-producing NKT and gdT cells can simultaneously secrete IFN-g and IL-359 

4 (Azuara et al., 1997; Cameron and Godfrey, 2018; Gerber et al., 1999; Lee et al., 2013; Lee et 360 

al., 2015; Narayan et al., 2012; Pereira et al., 2013), a distinct population of IL-4-producing MAIT 361 

cells has remained elusive. We examined the impact of blocking P2RX7 activation on IL-4 362 

production by MAIT, gdT, and NKT cells, as well as other abT cells (Fig. 5D-E and Fig. S8D). 363 

In untreated WT mice, whilst IFN-g+IL-4+ NKT cells represented on average 30% of liver NKT 364 

cells, and IFN-g+IL-4+ MAIT and gdT cells were barely detectable in livers and spleens (Fig. 5D-365 

E). However, with anti-ARTC2 NB- or A438079-treatment, around 20% of liver MAIT and gdT 366 

cells, and 80% of liver NKT cells, co-produced IFN-g and IL-4 after stimulation, also reflected in 367 

significant increases in IFN-g+IL-4+-cell numbers, respectively (Fig. 5D-E and Fig. S8D). 368 

Increases in the frequency and number of CD4+ and CD4-CD8- DN non-MAIT/NKT abT cells 369 

that co-produced IFN-g and IL-4 were found in liver and, to a lesser extent, spleen, following 370 

P2RX7 inhibition or ARTC2 blockade (Fig. 5D-E and Fig. S8D). A small subset of IFN-g+IL-4+ 371 

CD8+ T cells was also found in liver in these blockade experiments. Generally, the most prominent 372 

increases were seen in cells that produce both IFN-g and IL-4 over cells that produce either 373 

cytokine alone, suggesting that P2RX7 activation impacts on the survival of the population of IFN-374 

g and IL-4 co-producing cells, rather than directly regulating IL-4 production (Fig. 5D-E and Fig. 375 

S8D). We also analysed cytokine production by various T-cell types from lungs, iLNs, and thymus 376 

following P2RX7 inhibition or NB-treatment (Fig. S8D). In these tissues, the number of IL-4- 377 

and/or IFN-g-producing T-cell populations seemed less influenced by the treatment, with only 378 

some moderate increases observed in lungs after stimulation (Fig. S8D). Furthermore, IL-4 and/or 379 

IFN-g-producing MAIT cells were rare within lungs, iLNs, and thymus, regardless of NB- or 380 
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A438079-treatment (Fig. S8D). Accordingly, these data suggest that ARTC2-mediated P2RX7 381 

activation predominantly targets T cells, including unconventional T cells, from liver and spleen 382 

and primarily affects subsets of these cells that co-produce IFN-g and IL-4.  383 

Exogenous NAD selectively depletes liver T-bet+ PLZF+ARTC2hi T cells in vivo 384 

We next examined whether tissue-damaged associated release of metabolites directly depletes 385 

unconventional T cells in vivo, where administration of exogenous NAD is an established model 386 

of triggering P2RX7 within mouse models (Bovens et al., 2020; Kawamura et al., 2006; Liu and 387 

Kim, 2019; Stark et al., 2018). Thirty minutes after NAD administration, compared to PBS 388 

controls, there was a sharp decrease in the percentage of all PLZF+T-bet+ T cells in liver (Fig. 6B), 389 

including the frequency and number of T-bet+ MAIT1, gdT1, and NKT1 cells (Fig. 6C-D). This 390 

depletion was specific to T-bet+ cells in liver as the frequency and number of splenic T-bet+ 391 

MAIT1, gdT1, and NKT1 cells, and number of RORgt+ MAIT17, gdT17, and NKT17 cells in both 392 

spleen and liver were similar between NAD- and PBS-treated mice (Fig. 6B-D and Fig. S9A). 393 

Furthermore, PLZF+ARTC2hi CD4+ and PLZF+ARTC2hi CD4-CD8- DN non-MAIT/NKT abT 394 

cells from liver, but not spleen, were also markedly decreased in both frequency and number, in 395 

line with the overall loss of liver PLZF+ARTC2hi T cells within NAD-treated mice (Fig. 6B, D 396 

and Fig. S9A-C). In contrast, the absolute numbers of non-PLZF+ARTC2+ cells in liver were 397 

unchanged between NAD- and PBS-treated mice (Fig. S9C). Aligning with the selective loss of 398 

ARTC2hi T cells (Fig. S9B-C), pre-treatment of mice with the anti-ARTC2 NB prior to NAD 399 

administration at least partially blocked depletion of liver PLZF+T-bet+ARTC2hi T cells, including 400 

MAIT1, gdT1, NKT1, and PLZF+ARTC2hi non-MAIT/NKT abT cells (Fig. 6B-D and Fig. S9B-401 

C). This suggested that the NAD-induced depletion of these cells is, at least in part, ARTC2-402 

dependent (Fig. 6B-D and Fig. S9B-C). In addition, we found that the MFI of T-bet, but not 403 

RORgt, within unconventional T-cell subsets from liver of NAD-treated mice was lower compared 404 

to corresponding cells from PBS control mice (Fig. 6B-D and Fig. S9D). This decrease in T-bet 405 

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

Given that exogenous NAD can deplete tissue-resident, CD69-expressing NKT and CD8+ memory 407 

T cells in liver (Bovens et al., 2020; Liu and Kim, 2019; Stark et al., 2018), we analysed whether 408 

other CD69+ unconventional T-cell subsets were affected by NAD administration (Fig. 6E-F and 409 
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Fig. S9E-G). We found that CD69 marked most T-bet+, PLZF+, and ARTC2hi T cells in livers of 410 

PBS-control mice (Fig. 6E and Fig. S9E). In contrast, only a subset of CD69+ T cells in spleen 411 

were ARTC2hi and expressed T-bet or PLZF (Fig. S9E-F). After NAD administration, the 412 

frequency of total CD69+ T cells decreased in livers, but not spleens (Fig. 6E-F and Fig. S9E-F). 413 

The absolute numbers of liver CD69+ and CD69- NKT cells were decreased in NAD-treated mice, 414 

although the decrease in the former subset was more pronounced (Fig. 6F), in line with a previous 415 

report (Bovens et al., 2020). CD69+, but not CD69-, MAIT, gdT, and non-MAIT/NKT CD44hi abT 416 

cells were decreased in livers of NAD-treated mice (Fig. 6F and Fig. S9G). Lastly, anti-ARTC2 417 

NB pre-treatment of mice at least partially prevented the decrease in liver CD69+ cells (Fig. 6F 418 

and Fig. S9G). Accordingly, these data indicate that systemic exposure of mice to NAD selectively 419 

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

421 
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Discussion 422 

Unconventional T cells, including MAIT, gdT, and NKT cells, and their functionally distinct 423 

subsets, are present in most tissues where lymphocytes are found, and are collectively abundant in 424 

liver (LeBlanc et al., 2022; Xu et al., 2023). How their rapid and diverse cytokine responses are 425 

regulated to balance immune defence while limiting inflammation is poorly understood. Here, we 426 

report that the tissue damage-associated metabolite NAD drives P2RX7 activation on multiple 427 

unconventional T-cell subsets, which directly impacts on their survival. In addition to NKT1 cells 428 

(Borges Da Silva et al., 2019), peripheral MAIT1 and gdT1 cells, along with a subset of CD4+ and 429 

CD4-CD8- DN non-MAIT/NKT abT cells, highly co-expressed ARTC2 and P2RX7 in liver, and 430 

to a lesser extent, spleen. Hepatic ARTC2hi non-MAIT/NKT abT cells were marked by expression 431 

of CD69, CD44, and P2RX7, as well as the transcription factors PLZF and T-bet, implying a 432 

similarity to other liver T-bet+ unconventional T-cell lineages, i.e. MAIT1, gdT1, and NKT1 cells. 433 

As T cells with intermediate expression of ARTC2 were PLZF-, this suggests that expression of 434 

PLZF may be linked to high expression of ARTC2 by T cells. It is plausible that factors within the 435 

tissue microenvironment may also drive high co-expression of ARTC2 and P2RX7 on PLZF+T-436 

bet+ unconventional T cells. Supporting this, the liver is the main vitamin A storage site within the 437 

body (Blaner et al., 2016), where retinoic acid can induce expression of P2RX7 (P2rx7) and 438 

ARTC2 (Art2b) at both the protein and mRNA level on activated T cells (Hashimoto-Hill et al., 439 

2017; Liu and Kim, 2019; Stark et al., 2018). Here, we show that retinoic acid upregulates the 440 

expression of P2RX7 and ARTC2 on PLZF+T-bet+ unconventional T cells, particularly those from 441 

thymus. Whilst the release of NAD by cells injured during routine organ processing (Scheuplein 442 

et al., 2009; Seman et al., 2003) was sufficient to drive the NICD of, and loss of surface CD27 443 

expression by, unconventional T cells ex vivo, this was reduced amongst MAIT1 and NKT1 cells 444 

following cognate antigen encounter. Administration of exogenous NAD also rapidly depleted 445 

liver PLZF+ARTC2hiT-bet+ T cells, over other T-cell types, in vivo. In addition to P2RX7 446 

inhibition reducing cell death ex vivo, nanobody-mediated ARTC2 blockade improved the 447 

recovery of adoptively transferred unconventional T cells and partly rescued their NAD-induced 448 

depletion in vivo, indicating a role for ARTC2-dependent P2RX7 activation in these cells’ survival. 449 

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

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

Our findings suggest that blockade of ARTC2-dependent P2RX7 activation should be employed 453 

in studies of unconventional T cells, and indeed all peripheral T cells, from liver and spleen ex 454 

vivo. This will minimise alterations such as loss of surface CD27 expression and/or death of subsets 455 

of these cells, caused by exposure to NAD upon their isolation. Thus, key considerations for future 456 

studies, and interpretation of past studies include: i) the loss of surface CD27 by gdT1 cells upon 457 

cell culture, which may negate its use as a surrogate marker to identify IFN-g-producing gdT cells 458 

(Ribot et al., 2009); ii) poor survival of T-bet+, IFN-g and IL-4 co-producing T cells following 459 

isolation from tissues, which may explain the lower amounts of IFN-g and IL-4 produced by 460 

peripheral MAIT, NKT, and gdT cells relative to their thymic counterparts after stimulation ex 461 

vivo; and iii) the previously unappreciated population of IFN-g and IL-4 co-producing MAIT cells.  462 

In line with this, a key finding in this study was the association between regulation by ARTC2-463 

mediated P2RX7 activation, capacity to co-produce IFN-g and IL-4, and co-expression of T-bet 464 

and PLZF.  These findings support previous links between PLZF expression and the ability to co-465 

produce IFN-g and IL-4 within NKT and Vg1+Vd6.3+ gdT cells (Kovalovsky et al., 2008; 466 

Kreslavsky et al., 2009), which is further corroborated by co-production of these cytokines by 467 

MAIT cells and subsets of non-MAIT/NKT CD4+ and CD4-CD8- abT cells. These observations 468 

are in line with the notion that PLZF expression imbues developing T cells with an effector-469 

memory phenotype and ‘innate-like’ attributes (Kovalovsky et al., 2010; Kovalovsky et al., 2008; 470 

Kreslavsky et al., 2009; Pellicci et al., 2020; Savage et al., 2008). It will be intriguing to explore if 471 

the PLZF+ abT cells examined here undergo a similar developmental program to that of MAIT, 472 

gdT, and NKT cells in acquiring PLZF expression intrathymically. Though IFN-g and IL-4 are 473 

often considered to mediate functionally opposing immune responses, the role for PLZF+ 474 

unconventional T cells that can rapidly produce both cytokines in these immune contexts remains 475 

unclear. As cells that produced IL-17 alone were less susceptible to death by ARTC2-mediated 476 

P2RX7 activation, this suggests that this pathway may act to primarily control innate-like T cells 477 

that produce IFN-g and/or IL-4, in particular those found within the liver and spleen.  478 
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Furthermore, IFN-g and IL-4 both have pleiotropic effects within and outside of the immune 479 

system, and thus it is tempting to postulate that tissue damage-induced P2RX7 activation acts to 480 

prevent inappropriate and/or excessive cytokine production by peripheral unconventional T cells, 481 

such as in the context of sterile liver injury (Woolbright and Jaeschke, 2017). Several studies 482 

performed on individual T-cell lineages inform this speculation. For example, signalling through 483 

CD27 is known to promotes the survival, expansion, and function of gdT1 cells (Ribot et al., 2010; 484 

Ribot et al., 2009), suggesting that the ARTC2/P2RX7-dependent ectodomain shedding of CD27 485 

from the surface of gdT1 cells may also act to supress IFN-g production by these cells. In addition, 486 

IL-12, a pro-inflammatory cytokine which can stimulate unconventional T cells to produce IFN-g 487 

in a TCR-independent manner (Darrigues et al., 2022), upregulates P2RX7 expression on CD8+ T 488 

cells (Stark et al., 2018). Though it is unknown whether IL-12 has a similar effect on 489 

unconventional T cells, perhaps heightened P2RX7 expression upon inflammation may sensitize 490 

cells to NICD. In turn, this axis may prevent the over-activation of IFN-g-producing T cells in the 491 

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

It has been shown that ARTC2 can be shed from the surface of T cells after their activation (Kahl 493 

et al., 2000) or following P2RX7 activation (Menzel et al., 2015). ARTC2 in solution can then 494 

ADP-ribosylate cytokines such as IFN-g, interfering with its ability to signal through IFN-g 495 

receptors (Menzel et al., 2021). Accordingly, liver ARTC2hiP2RX7+ T cells may represent a 496 

reservoir of ARTC2 in a membrane bound state (Menzel et al., 2021), where upon T-cell activation 497 

and/or tissue damage, the release of ARTC2 may function to limit IFN-g-mediated hepatic immune 498 

responses. This is supported by the rapid loss of ARTC2 by activated MAIT1 and NKT1 cells in 499 

liver and spleen following antigen-encounter in vivo, which was associated with their increased 500 

resistance to CD27 loss and cell death ex vivo. These findings suggest that TCR stimulation can 501 

rescue PLZF+T-bet+ unconventional T cells from tissue damage-induced, ARTC2/P2RX7-502 

mediated cell death, supporting the notion that recently activated T cells are resistant to NICD 503 

(Rissiek et al., 2014; Rivas-Yáñez et al., 2020). The ARTC2-P2RX7 axis and its modulation 504 

following TCR signalling may act to promote the survival of PLZF+T-bet+ unconventional T cells 505 

actively responding to infection over bystander cells inadvertently activated by inflammatory 506 

stimuli, aligning with similar notions in T follicular helper cells (Faliti et al., 2019; Proietti et al., 507 

2014) and CD8+ tissue-resident memory T cells (Stark et al., 2018).  508 
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As the ARTC2 gene is nonfunctional in humans (Haag et al., 1994), it will be important for future 509 

studies to elucidate whether P2RX7 activation in the collective human unconventional T-cell 510 

lineages are similarly subjected to ADP-ribosylation by orthologous ADP-ribosyltransferases in 511 

response to distinct tissue damage signals. Plausible family members within the human ARTC 512 

genes, such as ARTC1 and ARTC5, contain catalytic motifs for NAD binding and may play a 513 

similar role to mouse ARTC2 in terms of ADP-ribosylation of P2RX7 (Laing et al., 2011; Leutert 514 

et al., 2018)Cortés-Garcia et al., 2016; Hesse et al., 2022; Wennerberg et al., 2022). Although 515 

human unconventional T cells expressed P2RX7 to a greater extent than conventional T cells, we 516 

did not observe evidence for their NICD in vitro, in line with a previous report on human regulatory 517 

T cells (Cortés-Garcia et al., 2016). However, the overexpression of ARTC1 within some human 518 

cancers relative to normal tissues (Lin et al., 2024; Tang et al., 2013; Wennerberg et al., 2022) may 519 

drive the NICD of unconventional T cells within the tumours. Overall, there is emerging evidence 520 

describing an interplay where phenotypically- and functionally-synonymous subsets of 521 

unconventional T-cell lineages can exist within a competitive or compensatory niche, highlighting 522 

that they may be regulated by overlapping homeostatic and/or environmental cues (Ataide et al., 523 

2022; Xu et al., 2023).  524 

In summary, this study thus identifies the ARTC2-P2RX7 axis as a common modulator of 525 

PLZF+T-bet+ T-cell survival in the presence of tissue damage and damage-associated metabolites. 526 

This has a profound effect on unconventional T-cell lineages including MAIT, gdT, and NKT cells, 527 

but it is also more broadly active on other PLZF-expressing CD4+ and CD4-CD8- abT cells. These 528 

findings pose important questions for the collective regulation of unconventional T cells and the 529 

role for the ARTC2-P2RX7 axis in various disease contexts, also highlighting the need to inhibit 530 

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

Mice 533 

6- to 12-week-old C57BL/6 (B6) WT mice were bred in-house in the Department of Microbiology 534 

and Immunology Animal House, University of Melbourne. 10- to 12-week-old C57BL/6 Ly5.1 535 

mice were purchased from ARC. P2rx7-/- mice (Solle et al., 2001) and matched B6 WT controls 536 

were bred in-house at the Department of Anatomy and Physiology Animal House, University of 537 

Melbourne . In some of these experiments, as indicated, additional B6 WT controls came from the 538 

Department of Microbiology and Immunology Animal House, University of Melbourne. All mice 539 

used in experiments were housed under specific-pathogen-free conditions and were age- and sex-540 

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

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

Anti-ARTC2.2 nanobody administration and P2RX7 inhibition  543 

Where specified, mice injected intravenously (i.v.) injected with 50µg of the anti-ARTC2 blocking 544 

nanobody (NB) (s+16a; Treg Protector, BioLegend) diluted in PBS 30 minutes prior to culling and 545 

organ harvest, as previously reported (Rissiek et al., 2013). The P2RX7 inhibitor, A438079 546 

hydrochloride (A438079), (Santa Cruz Biotechnology) was dissolved in DMSO to a final 547 

concentration of 50mM. To prevent activation of P2RX7, A438079 was added to cell suspensions 548 

at 4˚C and prior to incubation at 37˚C, or as otherwise indicated. 549 

Preparation of cell suspensions 550 

Mouse: Thymus, spleen, and lymph node cell suspensions were processed via gentle grinding 551 

through a 30µM nylon cell strainer into ice-cold FACS buffer (PBS with 2% FCS). Spleen cell 552 

suspensions were treated with red blood cell lysis buffer (Sigma-Aldrich) for 5 minutes at room 553 

temperature before washing with FACS buffer. Liver cell suspensions were prepared by gently 554 

grinding liver tissue through a 70µM nylon cell strainer into ice-cold FACS buffer. Liver 555 

leukocytes were isolated via density gradient centrifugation using a 33% Percoll (Cytiva) solution 556 

at room temperature. Liver cells were subsequently treated with red blood cell lysis buffer for 10 557 

minutes at room temperature before washing with FACS buffer. In some experiments, thymus cell 558 
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suspensions pooled from 3-5 mice were labelled with anti-CD24 (J11D) prior to complement-559 

mediated (GTI Diagnostics) depletion of immature CD24+ cells to enrich for mature T cells. After 560 

depletion, viable CD24- cells were isolated via density gradient centrifugation using Histopaque-561 

1083 (Sigma-Aldrich). Where specified, spleen cell suspensions were subjected to a Histopaque-562 

1083 density gradient to isolate viable cells. Prior to harvest, lungs tissues were perfused with 563 

PBS. Lungs were minced into small pieces and digested enzymatically in collagenase type III 564 

(Worthington Biochemical Corporation; 3mg/mL in RMPI-1640 supplemented with 2% FCS) in 565 

the presence of DNase I (Roche; 5µg/mL) for 90 minutes at 37˚C, with or without the P2RX7 566 

inhibitor as specified. After digestion, cell suspensions were treated with red blood cell lysis buffer 567 

(Sigma-Aldrich) for 5 minutes at room temperature before washing with FACS buffer. All cell 568 

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

Human: Peripheral blood mononuclear cells (PBMCs) were isolated from healthy human 570 

peripheral blood donors via standard density gradient centrifugation using Ficoll-Paque Plus 571 

(Cytiva). PBMCs were either used in experiments on the same day as processing or cryopreserved 572 

in liquid nitrogen for use at a later date. Human liver cell suspensions were generated either by 573 

gentle grinding tissue pieces through a 70µM nylon cell strainer or via mechanical separation using 574 

a gentleMACS Dissociator (Miltenyi Biotec). Liver cell suspensions were subjected to density 575 

gradient centrifugation using 33% Percoll prior to treatment with red blood lysis buffer. All liver 576 

cell suspensions were cryopreserved in liquid nitrogen prior to analysis. All procedures on human 577 

samples were approved by the University of Melbourne Ethics Committee (#2023-13000-42773-578 

7 and human tissue immune responses #13009), and ADTB (HREC/48184/Austin-2019). 579 

Tetramer Assembly 580 

As previously described (Corbett et al., 2014; Reantragoon et al., 2013), tetramers of human and 581 

mouse MR1-5-OP-RU were generated in-house by refolding MR1 monomers in the presence of 582 

5-A-RU and methylglyoxal. Enzymatic biotinylation of MR1-5-OP-RU monomers was conducted 583 

in the presence of the BirA enzyme. Biotinylated monomers were purified through size exclusion 584 

chromatography. Soluble monomers of human and mouse CD1d/b2m protein were made in-house 585 

and biotinylated as previously reported (Gherardin et al., 2018). In brief, human and mouse CD1d-586 

a-GalCer monomers were made by loading purified CD1d-biotin protein with the a-GalCer 587 
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analogue, PBS-44, a gift from P. Savage (Brigham Young University, Provo, UT). This was 588 

conducted at a 6:1 (lipid:protein) molar ratio at room temperature overnight. Biotinylated 589 

monomers of MR1-5-OP-RU were tetramerised to streptavidin conjugated to PE (SAV-PE; 590 

Invitrogen) or BV421 (SAV-BV421; BioLegend). Biotinylated monomers of MR1-5-OP-RU or 591 

CD1d-a-GalCer were tetramerised to streptavidin conjugated to PE (SAV-PE; BD Pharmingen), 592 

BV421 (SAV-BV421; BioLegend), or BV785 (SAV-BV785; BioLegend). All streptavidin 593 

conjugates were added to biotinylated monomers across a series of 5 additions of one-fifth of the 594 

required volume separated by 8-10 minute incubations at 4˚C and in the dark, and with immediate 595 

mixing after each addition.  596 

Flow cytometry 597 

Surface staining. Cells were labelled with 7-aminoactinomycin D (7-AAD; Sigma-Aldrich) or the 598 

Zombie NIR fixable viability dye (BioLegend) and MR1-5-OP-RU tetramers conjugated to PE 599 

(Invitrogen) or BV421 (BD Biosciences) for 30 minutes at 4˚C or at room temperature and in the 600 

dark. After washing, cells were labelled with CD1d-a-GalCer tetramers conjugated to BV421, PE, 601 

or BV785 alongside a panel of cell-surface monoclonal antibodies (Table 1) for 30 minutes at 4˚C 602 

or at room temperature and in the dark.  603 

Intracellular Transcription Factor Staining. After surface staining, cells were fixed and 604 

permeabilised using the eBioscience Foxp3/Transcription Factor staining kit (ThermoFisher 605 

Scientific) as per manufacturer guidelines. Cells were then stained for intranuclear transcription 606 

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

Intracellular Cytokine Staining. Cell suspensions generated from anti-ARTC2 NB-treated or 608 

untreated mice were stimulated with PMA (10ng/mL; Sigma-Aldrich) and ionomycin (1µg/mL; 609 

Sigma-Aldrich) in the presence of both GolgiStop (1:1500) and GolgiPlug (1:1000) (BD 610 

Biosciences) for 4 hours at 37˚C. Cell suspensions from untreated mice were stimulated with or 611 

without the P2RX7 inhibitor, A438709 (10µM). A438709 was added to cold stimulation media 612 

before incubation at 37˚C. After stimulation, cells were washed with FACS buffer and then stained 613 

for cell surface markers. Cells were then fixed and permeabilised in accordance with the 614 

manufacture’s guidelines using the BD Cytofix/Cytoperm kit (BD Biosciences). Cells were 615 

subsequently stained for anti-IL-17A (AF647 or PerCP-Cy5.5; clone TC11-18H10; BD 616 
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Biosciences), anti-IFN-g (FITC; clone XMG12; BioLegend, or PE-Cy7; clone XMG12; BD 617 

Biosciences), and anti-IL-4 (AF647; clone 11B11; BD Biosciences).  618 

After labelling, cells were filtered through a 50µM mesh filter immediately before acquisition on 619 

a 5-laser (355 nm, 405nm, 488nm, 561nm and 633nm) BD LSR Fortessa or Cytek Aurora. Flow 620 

cytometric data was analysed using the FlowJo (BD) and OMIQ (Dotmatics) software. 621 

In vitro culture experiments 622 

To analyse the loss of CD27 from the cell surface, mouse cell suspensions were incubated at 4˚C 623 

or 37˚C for 30 minutes before labelling with anti-CD27, unless specified otherwise. To analyse 624 

phosphatidylserine exposure, cell suspensions were incubated at 4˚C or 37˚C for 90 minutes and 625 

labelled with Annexin V-FITC or Annexin V-BV711 (BD Biosciences) in line with the 626 

manufacturer’s guidelines. In antigen stimulation experiments, where specified, mice were i.v. 627 

injected with 5-OP-RU (200 picomoles), a-GalCer (2µg), or PBS and culled 45-60 minutes later. 628 

Liver and spleen cell suspensions were incubated for 40 minutes with or without the P2RX7 629 

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

For cell culture experiments using RA (all-trans retinoic acid; Sigma, R2625), RA was first 631 

dissolved at 5mM in ethanol. Pooled thymuses from 3-5 mice were subjected to complement-632 

mediated depletion of immature CD24+ thymocytes prior to cell culture. To facilitate survival of 633 

spleen and liver unconventional T cells ex vivo, mice were treated with the anti-ARTC2 NB prior 634 

to organ harvest. Prior to cell culture, viable spleen cells were isolated via density gradient 635 

centrifugation using Histopaque-1083. Cells were cultured with 20nM RA or with similarly-636 

diluted vehicle control for 3 days prior to analysis.  637 

For experiments involving cell culture of human PBMCs with exogenous NAD or ATP, NAD and 638 

ATP (Sigma) were dissolved in sterile PBS and pH was adjusted to ~7.4. 100mM solutions of ATP 639 

and NAD were stored at -80˚C as single-use aliquots. Freshly-isolated PBMCs were incubated for 640 

10 minutes at 4˚C with or without the P2RX7 inhibitor, A438079 (30uM) prior to incubation with 641 

NAD (0mM, 0.3mM, or 3mM) or ATP (3mM) for 2 or 18 hours at 37˚C. Alternatively, 642 

cryopreserved human PBMCs were thawed using cell culture media pre-warmed to 37˚C. Thawed 643 

PBMCs were incubated for 10 minutes at 37˚C with or without A438079 (30µM) prior to culture 644 
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with 3mM NAD or ATP for 18 hours, as indicated, in the presence of rhuIL-2 (50ng/mL; 645 

PeproTech). Within these experiments, mouse spleen cell suspensions were also incubated at 4˚C 646 

for 10 minutes with or without the P2RX7 inhibitor, A438079 (30uM) prior to incubation with 647 

NAD (0.3mM or 3mM) for 2 hours at 37˚C.  648 

Adoptive Transfer of cells 649 

C57BL/6 WT Ly5.1 mouse donors were either treated with the anti-ARTC2 NB or left untreated 650 

30 minutes before organ harvest. Liver and spleen cell suspensions were generated as above. To 651 

enrich for CD44+ MAIT, gdT, and NKT cells, spleen cells were depleted of B220- and CD62L-652 

expressing cells via magnetic bead-based depletion (Miltenyi Biotec). Cells from anti-ARTC2 NB-653 

treated or untreated donor mice were labelled with CTV (Invitrogen) or CFSE (Invitrogen), 654 

respectively, as per manufacturer’s guidelines. After labelling, donor cells were co-transferred at 655 

a 1:1 ratio of total CTV+-to-CFSE+ cells into C57BL/6 WT Ly5.2 recipients via an i.v. injection 656 

into the lateral tail vein. Recipients received either co-transferred liver or spleen cells. Donor cells 657 

were then recovered from recipient mice 8 days later from the liver, spleen, and pooled peripheral 658 

(inguinal, axillary, brachial) lymph nodes. To facilitate recovery of donor T cells from the spleen, 659 

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

NAD Administration 661 

10mg of NAD (Sigma-Aldrich) was dissolved in PBS and pH was adjusted to ~7.4 prior to i.v. 662 

injection into mice via the lateral tail vein. Mice were sacrificed 30 minutes later, and organs were 663 

collected for flow cytometric analysis.  664 
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Figure Legends:  690 

Figure 1. Unconventional T cells express P2RX7 to greater extent than conventional T cells.  691 

(A) Graph shows mean fluorescence intensity (MFI) of P2RX7 labelling on MAIT cells (MR1-5-692 

OP-RU tetramer+CD3+), Vd2+, Vd1+, and Vd1-Vd2- gdT cells (gdTCR+CD3+), NKT cells (CD1d-693 

a-GalCer tetramer+CD3+), and conventional T cells (conv. T; defined as non-MAIT/NKT gdTCR-694 

CD3+ T cells) from human blood and liver. A total of 4 human liver and 18-19 blood donors were 695 

analysed across 6 separate experiments. Half-shaded symbols represent matched blood and liver 696 

samples from one donor. Due to their paucity, NKT cells within one liver and one blood donor 697 

were not analysed. (B) Graph shows percentages of ARTC2+P2RX7+ cells out of total MAIT, gdT, 698 

and NKT cells from C57BL/6 WT mouse organs. Each symbol represents an individual mouse. A 699 

total of 8 mice were analysed across 3 separate experiments. (C) UMAP representation of flow 700 

cytometric analysis of liver T cells. UMAP plots were generated by concatenation of all (n = 2) 701 

mice from one of two similar experiments. Red arrows within UMAP plots indicate various T-cell 702 

populations. (D & F) Graphs show percentages of ARTC2+P2RX7+ cells of T-bet+ MAIT1, gdT1, 703 

and NKT1 cells, RORgt+ MAIT17, gdT17, and NKT17 cells (D), and CD44hi and CD44neg non-704 

MAIT/NKT abT-cell CD4/CD8 subsets (F) from C57BL/6 WT mouse organs. (E & G) Flow 705 

cytometric analysis of ARTC2 and P2RX7 expression by indicated cell types. Red arrows in (G) 706 

indicate ARTC2hi cells. (H) Flow cytometric analysis of PLZF and ARTC2, and T-bet and RORgt 707 

expression on indicated non-MAIT/NKT abT-cell subsets. (A, B, D, F) Graphs depict individual 708 

data points and mean ± SEM. ns P>0.05, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001 using a 709 

Wilcoxon matched-pairs signed-rank test with a Bonferroni-Dunn correction for multiple 710 

comparisons where required. (E, G, H) Numbers in plots represent percentage of gated cells. (D, 711 

E, F) The percentages of ARTC2+P2RX7+ thymic MAIT1 (D), iLN MAIT1 cells (E) and iLN 712 

CD44neg CD4-CD8- T cells (F) could not be reliably determined (n.d.) due to their paucity. (E) 713 

FACS plots generated by concatenation of all (n = 3) mice from one of three similar experiments. 714 

With the exception of (H), all mice were injected with the anti-ARTC2 nanobody (clone: s+16) 715 

prior to organ harvest.  716 

 717 

 718 

 719 
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Figure 2: Retinoic acid induces expression of ARTC2 and P2RX7 on T cells. 720 

(A) Experimental schematic. Mouse thymocytes were cultured for three days in the presence of 721 

20nM all-trans retinoic acid (RA) or the vehicle control. 3 – 5 thymuses were pooled prior to 722 

complemented-mediated depletion of immature CD24+ thymocytes. (B & C) Flow cytometric 723 

analysis of ARTC2 and P2RX7 expression by indicated thymic T-cell types 3 days after treatment 724 

with RA or the vehicle control. Histogram and FACS plots show concatenated data from all 725 

replicate samples from one of two similar experiments. (B) Numbers in histograms represent 726 

percentages of P2RX7+ and ARTC2+ cells of indicated T-cell types. (C) Numbers within FACS 727 

plots represent percentage of gated cells out of T-bet+ MAIT1, gdT1, and NKT1 cells, or PLZF- 728 

non-MAIT/NKT abT cells. (D) Graphs show the percentages of ARTC2+P2RX7+ cells of 729 

indicated T-cell types and mean fluorescence intensity (MFI) of P2RX7 and ARTC2 expression. 730 

White- and purple-shaded circles represent data from vehicle or RA-treated cells, respectively. 731 

Connecting lines represent paired data. Numbers above data points represent the average 732 

percentage for indicated data sets. (E) Graphs show fold change in P2RX7 and ARTC2 MFI 733 

amongst RA-treated cells relative to vehicle controls. Horizontal dotted lines represent a fold 734 

change of 1. (D & E) Each symbol represents data from 3 – 5 pooled thymuses where total of 5 735 

pooled thymus samples were analysed across 2 separate experiments. (E) Graphs depict individual 736 

data points and mean ± SEM. 737 

 738 
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Figure 3: P2RX7 activation on unconventional T cells induces cell death and loss of surface 751 

CD27.  752 

(A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody 753 

(clone: s+16) (NB)-treated mice were cultured at 4˚C or 37˚C for 30 or 90 minutes prior to analysis. 754 

Untreated mouse cells were cultured with or without the P2RX7 inhibitor (P2RX7i), A438079 755 

(10µM). (B) Flow cytometric analysis of liver MAIT, gdT, and NKT cells co-labelled with 7-AAD 756 

and Annexin V after a 90-minute incubation. (C) Graphs depict percentage of 7-AAD+ (dead) cells 757 

of total MAIT, gdT, and NKT cells from the liver and spleen. n = 3 separate experiments with a 758 

total of 4-8 mice/group. ns P>0.05, *P≤0.05 using a Mann-Whitney U test with correction for 759 

multiple comparisons for the untreated groups. (D) Flow cytometric analysis of surface CD27 760 

expression on total liver MAIT, gdT, and NKT cells. (E) Graphs depict percentages of CD27+ cells 761 

out of viable T-bet+ MAIT1, gdT1, and NKT1 cells, and RORgt+ MAIT17, gdT17, and NKT17 762 

cells. n = 3-4 separate experiments with a total of 8-10 mice/group. ns P>0.05, *P≤0.05, **P≤0.01 763 

using a Wilcoxon matched pairs signed rank test. Numbers in FACS plots represent percentage of 764 

gated cells. (F) Experimental schematic. Mice were i.v. administered 5-OP-RU (200 pmol), a-765 

GalCer (2µg), or PBS and liver and spleens were harvested 45-60 minutes later. Liver and spleen 766 

cells were cultured at 4˚C or 37˚C for 40 minutes with or without A438079 (10uM) prior to 767 

analysis. (G & H) Graphs depict percentages of viable CD27+ cells (G) or Zombie NIR+ (dead) 768 

cells (H) out of indicated cell-types. A total of 6 mice per group were analysed across 2 separate 769 

experiments. ns P>0.05 (not shown), *P≤0.05, **P≤0.01 using a Mann-Whitney U test with a 770 

Bonferroni-Dunn correction for multiple comparisons. (C, E, G, H) Graphs depict individual data 771 

points and mean ± SEM. Each symbol represents an individual mouse.  772 
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Figure 4. ARTC2 blockade improves recovery of adoptively transferred unconventional T 782 

cells. 783 

(A) Experimental schematic. Liver and spleen cells from anti-ARTC2 nanobody (clone: s+16) 784 

(NB)-treated or untreated mice were labelled with CTV (NB-treated) or CFSE (untreated) prior to 785 

co-transfer at a 1:1 ratio into recipient mice. Donor liver and spleen cells were recovered from 786 

recipient mouse livers and spleens 8 days later. Donor and recipient spleen cells were subjected to 787 

magnetic bead depletion of B220+ and CD62L+ cells, or B220+ cells, respectively. (B & C) Flow 788 

cytometric analysis of donor CD45.1+ MAIT, gdT, NKT, and non-T/B cells sourced from liver (B) 789 

or spleen (C) and recovered from liver and spleens of recipient mice 8 days after adoptive transfer. 790 

Numbers in FACS plots represent percentage of gated cells. MAIT and gdT-cell FACS plots were 791 

generated by concatenation of data from all (n = 3) mice of the same group from one of two similar 792 

experiments. (C & E) Stacked bar charts depict the percentages of donor CTV+ (purple) and CFSE+ 793 

(green) cells upon recovery from recipient mice on day 8. Graphs depict individual data points and 794 

mean ± SEM. n = 2 separate experiments with a total of 6 recipient mice per group. ns P>0.05, 795 

*P≤0.05, **P≤0.01 using a Wilcoxon matched-pairs signed-rank test for comparison between NB-796 

treated vs untreated.  797 
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Figure 5. Blockade of ARTC2-mediated P2RX7 activation preserves unconventional T cells 813 

that co-produce IFN-g and IL-4.   814 

(A) Experimental schematic. Liver and spleen cells from untreated or anti-ARTC2 nanobody 815 

(clone: s+16) (NB)-treated mice were stimulated with PMA and ionomycin and analysed 4 hours 816 

later. Untreated mouse cells were stimulated with or without the P2RX7 inhibitor (P2RX7i), 817 

A438079 (10µM). (B & D) Flow cytometric analysis of IL-17A and IFN-g expression (B), and IL-818 

4 and IFN-g expression (D), by CD44+ MAIT, gdT, and NKT cells, and indicated CD44+ non-819 

MAIT/NKT abT-cell subsets. Numbers in FACS plots represent percentage of gated cells. (C & 820 

E) The percentage (%) and absolute number (#) of IL-17A-IFN-g+ and IL-17A+IFN-g- MAIT, gdT, 821 

and NKT cells (C) and the percentages of IL-4/IFN-g subsets amongst the specified T-cell subsets 822 

(E) were graphed. Each symbol represents an individual mouse. (C) n = 3-5 separate experiments 823 

with a total of 8-12 mice/group. (E) n = 3 separate experiments with a total of 7-8 mice/group. n.s. 824 

P>0.05 (not shown on graph) *P≤0.05, **P≤0.01, ***P≤0.001, and ****P≤0.0001 using a 825 

Wilcoxon matched-pairs signed rank test for +P2RX7i vs -P2RX7i or using a Mann-Whitney U 826 

test with a Bonferroni-Dunn correction for multiple comparisons for all other comparisons 827 

between conditions.  828 
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Figure 6. NAD selectively depletes liver T-bet+ unconventional T cells in vivo. 844 

(A) Experimental schematic. Anti-ARTC2 nanobody (clone: s+16) (NB)-treated or untreated mice 845 

were intravenously (i.v.) administered with nicotinamide adenine dinucleotide (NAD; 10mg) or 846 

PBS 30 minutes prior to organ harvest. (B & C) Flow cytometric analysis of PLZF and T-bet 847 

expression by liver T cells (B), and of RORgt and T-bet expression by liver MAIT, CD44+ gdT, 848 

and NKT cells (C). (D) Graphs depict the percentage and absolute number of, and fold change in 849 

the MFI of T-bet expression within the indicated liver T-cell types. Percentages of T-bet+ MAIT1, 850 

gdT1, and NKT1 cells, RORgt+ MAIT17, gdT17, and NKT17 cells are of total MAIT, gdT, and 851 

NKT cells. Percentages of PLZF+ARTC2hi CD4+ and CD4-CD8- cells are of total CD4+ and CD4-852 

CD8- CD44hi non-MAIT/NKT abT cells. Fold change in T-bet expression is relative to PBS 853 

control mouse samples. (E) Flow cytometric analysis of CD69, T-bet, and PLZF expression, as 854 

indicated, by liver T cells. (F) Graphs depict the numbers of CD69+ and CD69- MAIT, gdT, and 855 

NKT cells, and non-MAIT/NKT abT-cell subsets from liver. n = 2 separate experiments with a 856 

total of 6-7 mice/group. Each symbol represents an individual mouse. n.s. P>0.05, *P≤0.05, 857 

**P≤0.01 using a Mann-Whitney U test with a Bonferroni-Dunn correction for multiple 858 

comparisons. (B, C, E) Numbers in FACS plots represent percentage of gated cells. (D & F) Graphs 859 

depict individual data points and mean ± SEM. 860 

 861 

  862 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 33 

References 863 

Adriouch, S., S. Hubert, S. Pechberty, F. Koch-Nolte, F. Haag, and M. Seman. 2007. NAD+ Released 864 
during Inflammation Participates in T Cell Homeostasis by Inducing ART2-Mediated Death of 865 
Naive T Cells In Vivo1. The Journal of Immunology 179:186-194. 866 

Ataide, M.A., K. Knopper, P. Cruz de Casas, M. Ugur, S. Eickhoff, M. Zou, H. Shaikh, A. Trivedi, A. 867 
Grafen, T. Yang, I. Prinz, K. Ohlsen, M. Gomez de Aguero, A. Beilhack, J. Huehn, M. Gaya, 868 
A.E. Saliba, G. Gasteiger, and W. Kastenmuller. 2022. Lymphatic migration of unconventional T 869 
cells promotes site-specific immunity in distinct lymph nodes. Immunity 55:1813-1828 e1819. 870 

Azuara, V., J.P. Levraud, M.P. Lembezat, and P. Pereira. 1997. A novel subset of adult gamma delta 871 
thymocytes that secretes a distinct pattern of cytokines and expresses a very restricted T cell 872 
receptor repertoire. European journal of immunology 27:544-553. 873 

Blaner, W.S., Y. Li, P.J. Brun, J.J. Yuen, S.A. Lee, and R.D. Clugston. 2016. Vitamin A Absorption, 874 
Storage and Mobilization. Subcell Biochem 81:95-125. 875 

Borges Da Silva, H., H. Wang, L.J. Qian, K.A. Hogquist, and S.C. Jameson. 2019. ARTC2.2/P2RX7 876 
Signaling during Cell Isolation Distorts Function and Quantification of Tissue-Resident CD8+ T 877 
Cell and Invariant NKT Subsets. The Journal of Immunology 202:2153-2163. 878 

Bovens, A.A., T.H. Wesselink, F.M. Behr, N.A.M. Kragten, R.A.W. Lier, K.P.J.M. Gisbergen, and R. 879 
Stark. 2020. Murine iNKT cells are depleted by liver damage via activation of P2RX7. European 880 
journal of immunology 50:1515-1524. 881 

Buell, G., I.P. Chessell, A.D. Michel, G. Collo, M. Salazzo, S. Herren, D. Gretener, C. Grahames, R. 882 
Kaur, M.H. Kosco-Vilbois, and P.P. Humphrey. 1998. Blockade of human P2X7 receptor 883 
function with a monoclonal antibody. Blood 92:3521-3528. 884 

Cameron, G., and D.I. Godfrey. 2018. Differential surface phenotype and context-dependent reactivity of 885 
functionally diverse NKT cells. Immunology and cell biology  886 

Chandra, S., G. Ascui, T. Riffelmacher, A. Chawla, C. Ramírez-Suástegui, V.C. Castelan, G. Seumois, H. 887 
Simon, M.P. Murray, G.Y. Seo, A.L.R. Premlal, B. Schmiedel, G. Verstichel, Y. Li, C.H. Lin, J. 888 
Greenbaum, J. Lamberti, R. Murthy, J. Nigro, H. Cheroutre, C.H. Ottensmeier, S.M. Hedrick, 889 
L.F. Lu, P. Vijayanand, and M. Kronenberg. 2023. Transcriptomes and metabolism define mouse 890 
and human MAIT cell populations. Sci Immunol 8:eabn8531. 891 

Cockayne, D.A., T. Muchamuel, J.C. Grimaldi, H. Muller-Steffner, T.D. Randall, F.E. Lund, R. Murray, 892 
F. Schuber, and M.C. Howard. 1998. Mice deficient for the ecto-nicotinamide adenine 893 
dinucleotide glycohydrolase CD38 exhibit altered humoral immune responses. Blood 92:1324-894 
1333. 895 

Corbett, A.J., S.B. Eckle, R.W. Birkinshaw, L. Liu, O. Patel, J. Mahony, Z. Chen, R. Reantragoon, B. 896 
Meehan, H. Cao, N.A. Williamson, R.A. Strugnell, D. Van Sinderen, J.Y. Mak, D.P. Fairlie, L. 897 
Kjer-Nielsen, J. Rossjohn, and J. McCluskey. 2014. T-cell activation by transitory neo-antigens 898 
derived from distinct microbial pathways. Nature 509:361-365. 899 

Cortés-Garcia, J.D., C. López-López, N. Cortez-Espinosa, M.H. García-Hernández, J.M. Guzmán-Flores, 900 
E. Layseca-Espinosa, L. Portales-Cervantes, and D.P. Portales-Pérez. 2016. Evaluation of the 901 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 34 

expression and function of the P2X7 receptor and ART1 in human regulatory T-cell subsets. 902 
Immunobiology 221:84-93. 903 

Crosby, C.M., and M. Kronenberg. 2018. Tissue-specific functions of invariant natural killer T cells. 904 
Nature Reviews Immunology 18:559-574. 905 

Darrigues, J., V. Almeida, E. Conti, and J.C. Ribot. 2022. The multisensory regulation of unconventional 906 
T cell homeostasis. Seminars in immunology 61-64:101657. 907 

Di Virgilio, F., D. Dal Ben, A.C. Sarti, A.L. Giuliani, and S. Falzoni. 2017. The P2X7 Receptor in 908 
Infection and Inflammation. Immunity 47:15-31. 909 

Elhage, A., R.J. Turner, P. Cuthbertson, D. Watson, and R. Sluyter. 2022. Preparation of the Murine Anti-910 
Human P2X7 Receptor Monoclonal Antibody (Clone L4). Methods Mol Biol 2510:77-98. 911 

Faliti, C.E., R. Gualtierotti, E. Rottoli, M. Gerosa, L. Perruzza, A. Romagnani, G. Pellegrini, B. De Ponte 912 
Conti, R.L. Rossi, M. Idzko, E.M.C. Mazza, S. Bicciato, E. Traggiai, P.L. Meroni, and F. Grassi. 913 
2019. P2X7 receptor restrains pathogenic Tfh cell generation in systemic lupus erythematosus. 914 
Journal of Experimental Medicine 216:317-336. 915 

Fuller, S.J., L. Stokes, K.K. Skarratt, B.J. Gu, and J.S. Wiley. 2009. Genetics of the P2X7 receptor and 916 
human disease. Purinergic Signal 5:257-262. 917 

Gerber, D.J., V. Azuara, J.P. Levraud, S.Y. Huang, M.P. Lembezat, and P. Pereira. 1999. IL-4-producing 918 
gamma delta T cells that express a very restricted TCR repertoire are preferentially localized in 919 
liver and spleen. Journal of immunology 163:3076-3082. 920 

Gherardin, N.A., M.N.T. Souter, H.F. Koay, K.M. Mangas, T. Seemann, T.P. Stinear, S.B.G. Eckle, S.P. 921 
Berzins, Y. d'Udekem, I.E. Konstantinov, D.P. Fairlie, D.S. Ritchie, P.J. Neeson, D.G. Pellicci, 922 
A.P. Uldrich, J. McCluskey, and D.I. Godfrey. 2018. Human blood MAIT cell subsets defined 923 
using MR1 tetramers. Immunology and cell biology 96:507-525. 924 

Godfrey, D.I., A.P. Uldrich, J. McCluskey, J. Rossjohn, and D.B. Moody. 2015. The burgeoning family 925 
of unconventional T cells. Nature immunology 16:1114-1123. 926 

Gutierrez-Arcelus, M., N. Teslovich, A.R. Mola, R.B. Polidoro, A. Nathan, H. Kim, S. Hannes, K. 927 
Slowikowski, G.F.M. Watts, I. Korsunsky, M.B. Brenner, S. Raychaudhuri, and P.J. Brennan. 928 
2019. Lymphocyte innateness defined by transcriptional states reflects a balance between 929 
proliferation and effector functions. Nature communications 10:687. 930 

Haag, F., F. Koch-Nolte, M. Kuhl, S. Lorenzen, and H.G. Thiele. 1994. Premature stop codons inactivate 931 
the RT6 genes of the human and chimpanzee species. J Mol Biol 243:537-546. 932 

Hashimoto-Hill, S., L. Friesen, M. Kim, and C.H. Kim. 2017. Contraction of intestinal effector T cells by 933 
retinoic acid-induced purinergic receptor P2X7. Mucosal immunology 10:912-923. 934 

Heiss, K., N. Jänner, B. Mähnß, V.a. Schumacher, F. Koch-Nolte, F. Haag, and H.-W. Mittrücker. 2008. 935 
High Sensitivity of Intestinal CD8+ T Cells to Nucleotides Indicates P2X7 as a Regulator for 936 
Intestinal T Cell Responses1. The Journal of Immunology 181:3861-3869. 937 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 35 

Johnsen, B., K.E. Kaschubowski, S. Nader, E. Schneider, J.-A. Nicola, R. Fliegert, I.M.A. Wolf, A.H. 938 
Guse, V.O. Nikolaev, F. Koch-Nolte, and F. Haag. 2019. P2X7-mediated ATP secretion is 939 
accompanied by depletion of cytosolic ATP. Purinergic Signalling 15:155-166. 940 

Kahl, S., M. Nissen, R. Girisch, T. Duffy, E.H. Leiter, F. Haag, and F. Koch-Nolte. 2000. 941 
Metalloprotease-Mediated Shedding of Enzymatically Active Mouse ecto-ADP-ribosyltransferase 942 
ART2.2 Upon T Cell Activation1. The Journal of Immunology 165:4463-4469. 943 

Kawamura, H., F. Aswad, M. Minagawa, S. Govindarajan, and G. Dennert. 2006. P2X7 receptors 944 
regulate NKT cells in autoimmune hepatitis. Journal of immunology 176:2152-2160. 945 

Kelly, J., Y. Minoda, T. Meredith, G. Cameron, M.-S. Philipp, D.G. Pellicci, A.J. Corbett, C. Kurts, D.H. 946 
Gray, D.I. Godfrey, G. Kannourakis, and S.P. Berzins. 2019. Chronically stimulated human 947 
MAIT cells are unexpectedly potent IL-13 producers. Immunology & Cell Biology 97:689-699. 948 

Koay, H.F., N.A. Gherardin, A. Enders, L. Loh, L.K. Mackay, C.F. Almeida, B.E. Russ, C.A. Nold-Petry, 949 
M.F. Nold, S. Bedoui, Z. Chen, A.J. Corbett, S.B. Eckle, B. Meehan, Y. d'Udekem, I.E. 950 
Konstantinov, M. Lappas, L. Liu, C.C. Goodnow, D.P. Fairlie, J. Rossjohn, M.M. Chong, K. 951 
Kedzierska, S.P. Berzins, G.T. Belz, J. McCluskey, A.P. Uldrich, D.I. Godfrey, and D.G. Pellicci. 952 
2016. A three-stage intrathymic development pathway for the mucosal-associated invariant T cell 953 
lineage. Nature immunology 17:1300-1311. 954 

Koch-Nolte, F., T. Duffy, M. Nissen, S. Kahl, N. Killeen, V. Ablamunits, F. Haag, and E.H. Leiter. 1999. 955 
A new monoclonal antibody detects a developmentally regulated mouse ecto-ADP-956 
ribosyltransferase on T cells: subset distribution, inbred strain variation, and modulation upon T 957 
cell activation. Journal of immunology 163:6014-6022. 958 

Kovalovsky, D., E.S. Alonzo, O.U. Uche, M. Eidson, K.E. Nichols, and D.B. Sant'Angelo. 2010. PLZF 959 
induces the spontaneous acquisition of memory/effector functions in T cells independently of 960 
NKT cell-related signals. Journal of immunology 184:6746-6755. 961 

Kovalovsky, D., O.U. Uche, S. Eladad, R.M. Hobbs, W. Yi, E. Alonzo, K. Chua, M. Eidson, H.J. Kim, 962 
J.S. Im, P.P. Pandolfi, and D.B. Sant'Angelo. 2008. The BTB-zinc finger transcriptional regulator 963 
PLZF controls the development of invariant natural killer T cell effector functions. Nature 964 
immunology 9:1055-1064. 965 

Kreslavsky, T., A.K. Savage, R. Hobbs, F. Gounari, R. Bronson, P. Pereira, P.P. Pandolfi, A. Bendelac, 966 
and H. von Boehmer. 2009. TCR-inducible PLZF transcription factor required for innate 967 
phenotype of a subset of gammadelta T cells with restricted TCR diversity. Proceedings of the 968 
National Academy of Sciences of the United States of America 106:12453-12458. 969 

Laing, S., M. Unger, F. Koch-Nolte, and F. Haag. 2011. ADP-ribosylation of arginine. Amino Acids 970 
41:257-269. 971 

LeBlanc, G., F.K. Kreissl, J. Melamed, A.L. Sobel, and M.G. Constantinides. 2022. The role of 972 
unconventional T cells in maintaining tissue homeostasis. Seminars in immunology 61-973 
64:101656. 974 

Lee, M., E. Lee, S.K. Han, Y.H. Choi, D.I. Kwon, H. Choi, K. Lee, E.S. Park, M.S. Rha, D.J. Joo, E.C. 975 
Shin, S. Kim, J.K. Kim, and Y.J. Lee. 2020. Single-cell RNA sequencing identifies shared 976 
differentiation paths of mouse thymic innate T cells. Nature communications 11:4367. 977 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 36 

Lee, Y.J., K.L. Holzapfel, J. Zhu, S.C. Jameson, and K.A. Hogquist. 2013. Steady-state production of IL-978 
4 modulates immunity in mouse strains and is determined by lineage diversity of iNKT cells. 979 
Nature immunology 14:1146-1154. 980 

Lee, Y.J., H. Wang, G.J. Starrett, V. Phuong, S.C. Jameson, and K.A. Hogquist. 2015. Tissue-Specific 981 
Distribution of iNKT Cells Impacts Their Cytokine Response. Immunity 43:566-578. 982 

Leutert, M., S. Menzel, R. Braren, B. Rissiek, A.-K. Hopp, K. Nowak, L. Bisceglie, P. Gehrig, H. Li, A. 983 
Zolkiewska, F. Koch-Nolte, and M.O. Hottiger. 2018. Proteomic Characterization of the Heart 984 
and Skeletal Muscle Reveals Widespread Arginine ADP-Ribosylation by the ARTC1 985 
Ectoenzyme. Cell Reports 24:1916-1929.e1915. 986 

Lin, T., S. Zhang, Y. Tang, M. Xiao, M. Li, H. Gong, H. Xie, and Y. Wang. 2024. ART1 knockdown 987 
decreases the IL-6-induced proliferation of colorectal cancer cells. BMC Cancer 24:354. 988 

Liu, Q., and C.H. Kim. 2019. Control of Tissue-Resident Invariant NKT Cells by Vitamin A Metabolites 989 
and P2X7-Mediated Cell Death. The Journal of Immunology 203:1189-1197. 990 

Lu, Y., X. Cao, X. Zhang, and D. Kovalovsky. 2015. PLZF Controls the Development of Fetal-Derived 991 
IL-17+Vgamma6+ gammadelta T Cells. Journal of immunology 195:4273-4281. 992 

Matsuda, J.L., O.V. Naidenko, L. Gapin, T. Nakayama, M. Taniguchi, C.R. Wang, Y. Koezuka, and M. 993 
Kronenberg. 2000. Tracking the response of natural killer T cells to a glycolipid antigen using 994 
CD1d tetramers. The Journal of experimental medicine 192:741-754. 995 

Mayassi, T., L.B. Barreiro, J. Rossjohn, and B. Jabri. 2021. A multilayered immune system through the 996 
lens of unconventional T cells. Nature 595:501-510. 997 

Menzel, S., T. Koudelka, B. Rissiek, F. Haag, C. Meyer-Schwesinger, A. Tholey, and F. Koch-Nolte. 998 
2021. ADP-Ribosylation Regulates the Signaling Function of IFN-gamma. Frontiers in 999 
immunology 12:642545. 1000 

Menzel, S., B. Rissiek, P. Bannas, T. Jakoby, M. Miksiewicz, N. Schwarz, M. Nissen, F. Haag, A. 1001 
Tholey, and F. Koch-Nolte. 2015. Nucleotide-Induced Membrane-Proximal Proteolysis Controls 1002 
the Substrate Specificity of T Cell Ecto–ADP-Ribosyltransferase ARTC2.2. The Journal of 1003 
Immunology 195:2057-2066. 1004 

Moon, H., H.-Y. Na, K.H. Chong, and T.J. Kim. 2006. P2X7 receptor-dependent ATP-induced shedding 1005 
of CD27 in mouse lymphocytes. Immunology Letters 102:98-105. 1006 

Napoli, J.L. 1986. Quantification of physiological levels of retinoic acid. Methods Enzymol 123:112-124. 1007 

Narayan, K., K.E. Sylvia, N. Malhotra, C.C. Yin, G. Martens, T. Vallerskog, H. Kornfeld, N. Xiong, N.R. 1008 
Cohen, M.B. Brenner, L.J. Berg, and J. Kang. 2012. Intrathymic programming of effector fates in 1009 
three molecularly distinct γδ T cell subtypes. Nature immunology 13:511-518. 1010 

Pellicci, D.G., H.F. Koay, and S.P. Berzins. 2020. Thymic development of unconventional T cells: how 1011 
NKT cells, MAIT cells and gammadelta T cells emerge. Nature reviews. Immunology 20:756-1012 
770. 1013 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 37 

Pereira, P., C. Berthault, O. Burlen-Defranoux, and L. Boucontet. 2013. Critical Role of TCR Specificity 1014 
in the Development of Vγ1Vδ6.3+ Innate NKTγδ Cells. The Journal of Immunology 191:1716-1015 
1723. 1016 

Proietti, M., V. Cornacchione, T. Rezzonico Jost, A. Romagnani, C.E. Faliti, L. Perruzza, R. Rigoni, E. 1017 
Radaelli, F. Caprioli, S. Preziuso, B. Brannetti, M. Thelen, K.D. McCoy, E. Slack, E. Traggiai, 1018 
and F. Grassi. 2014. ATP-gated ionotropic P2X7 receptor controls follicular T helper cell 1019 
numbers in Peyer's patches to promote host-microbiota mutualism. Immunity 41:789-801. 1020 

Protzer, U., M.K. Maini, and P.A. Knolle. 2012. Living in the liver: hepatic infections. Nature Reviews 1021 
Immunology 12:201-213. 1022 

Rahimpour, A., H.F. Koay, A. Enders, R. Clanchy, S.B. Eckle, B. Meehan, Z. Chen, B. Whittle, L. Liu, 1023 
D.P. Fairlie, C.C. Goodnow, J. McCluskey, J. Rossjohn, A.P. Uldrich, D.G. Pellicci, and D.I. 1024 
Godfrey. 2015. Identification of phenotypically and functionally heterogeneous mouse mucosal-1025 
associated invariant T cells using MR1 tetramers. The Journal of experimental medicine 1026 
212:1095-1108. 1027 

Reantragoon, R., A.J. Corbett, I.G. Sakala, N.A. Gherardin, J.B. Furness, Z. Chen, S.B. Eckle, A.P. 1028 
Uldrich, R.W. Birkinshaw, O. Patel, L. Kostenko, B. Meehan, K. Kedzierska, L. Liu, D.P. Fairlie, 1029 
T.H. Hansen, D.I. Godfrey, J. Rossjohn, J. McCluskey, and L. Kjer-Nielsen. 2013. Antigen-1030 
loaded MR1 tetramers define T cell receptor heterogeneity in mucosal-associated invariant T 1031 
cells. The Journal of experimental medicine 210:2305-2320. 1032 

Ribot, J.C., M. Chaves-Ferreira, F. d’Orey, M. Wencker, N. Gonçalves-Sousa, J. Decalf, J.P. Simas, A.C. 1033 
Hayday, and B. Silva-Santos. 2010. Cutting Edge: Adaptive Versus Innate Receptor Signals 1034 
Selectively Control the Pool Sizes of Murine IFN-γ– or IL-17–Producing γδ T Cells upon 1035 
Infection. The Journal of Immunology 185:6421-6425. 1036 

Ribot, J.C., A. deBarros, D.J. Pang, J.F. Neves, V. Peperzak, S.J. Roberts, M. Girardi, J. Borst, A.C. 1037 
Hayday, D.J. Pennington, and B. Silva-Santos. 2009. CD27 is a thymic determinant of the 1038 
balance between interferon-gamma- and interleukin 17-producing gammadelta T cell subsets. 1039 
Nature immunology 10:427-436. 1040 

Ribot, J.C., N. Lopes, and B. Silva-Santos. 2021. gammadelta T cells in tissue physiology and 1041 
surveillance. Nature reviews. Immunology 21:221-232. 1042 

Rissiek, B., W. Danquah, F. Haag, and F. Koch-Nolte. 2013. Technical Advance: A new cell preparation 1043 
strategy that greatly improves the yield of vital and functional Tregs and NKT cells. Journal of 1044 
Leukocyte Biology 95:543-549. 1045 

Rissiek, B., F. Haag, O. Boyer, F. Koch-Nolte, and S. Adriouch. 2014. ADP-Ribosylation of P2X7: A 1046 
Matter of Life and Death for Regulatory T Cells and Natural Killer T Cells. In Springer 1047 
International Publishing, 107-126. 1048 

Rissiek, B., F. Haag, O. Boyer, F. Koch-Nolte, and S. Adriouch. 2015. P2X7 on Mouse T Cells: One 1049 
Channel, Many Functions. Frontiers in immunology 6:204. 1050 

Rivas-Yáñez, E., C. Barrera-Avalos, B. Parra-Tello, P. Briceño, M.V. Rosemblatt, J. Saavedra-Almarza, 1051 
M. Rosemblatt, C. Acuña-Castillo, M.R. Bono, and D. Sauma. 2020. P2X7 Receptor at the 1052 
Crossroads of T Cell Fate. International Journal of Molecular Sciences 21:4937. 1053 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 38 

Salou, M., F. Legoux, J. Gilet, A. Darbois, A. du Halgouet, R. Alonso, W. Richer, A.G. Goubet, C. 1054 
Daviaud, L. Menger, E. Procopio, V. Premel, and O. Lantz. 2019. A common transcriptomic 1055 
program acquired in the thymus defines tissue residency of MAIT and NKT subsets. The Journal 1056 
of experimental medicine 216:133-151. 1057 

Savage, A.K., M.G. Constantinides, J. Han, D. Picard, E. Martin, B. Li, O. Lantz, and A. Bendelac. 2008. 1058 
The transcription factor PLZF directs the effector program of the NKT cell lineage. Immunity 1059 
29:391-403. 1060 

Schäfer, W., T. Stähler, C. Pinto Espinoza, W. Danquah, J.H. Knop, B. Rissiek, F. Haag, and F. Koch-1061 
Nolte. 2022. Origin, distribution, and function of three frequent coding polymorphisms in the 1062 
gene for the human P2X7 ion channel. Front Pharmacol 13:1033135. 1063 

Schenk, U., M. Frascoli, M. Proietti, R. Geffers, E. Traggiai, J. Buer, C. Ricordi, A.M. Westendorf, and 1064 
F. Grassi. 2011. ATP inhibits the generation and function of regulatory T cells through the 1065 
activation of purinergic P2X receptors. Sci Signal 4:ra12. 1066 

Scheuplein, F., N. Schwarz, S. Adriouch, C. Krebs, P. Bannas, B. Rissiek, M. Seman, F. Haag, and F. 1067 
Koch-Nolte. 2009. NAD+and ATP Released from Injured Cells Induce P2X7-Dependent 1068 
Shedding of CD62L and Externalization of Phosphatidylserine by Murine T Cells. The Journal of 1069 
Immunology 182:2898-2908. 1070 

Seman, M., S. Adriouch, F. Scheuplein, C. Krebs, D. Freese, G. Glowacki, P. Deterre, F. Haag, and F. 1071 
Koch-Nolte. 2003. NAD-Induced T Cell Death. Immunity 19:571-582. 1072 

Solle, M., J. Labasi, D.G. Perregaux, E. Stam, N. Petrushova, B.H. Koller, R.J. Griffiths, and C.A. Gabel. 1073 
2001. Altered cytokine production in mice lacking P2X(7) receptors. The Journal of biological 1074 
chemistry 276:125-132. 1075 

Stark, R., T.H. Wesselink, F.M. Behr, N.A.M. Kragten, R. Arens, F. Koch-Nolte, K. van Gisbergen, and 1076 
R.A.W. van Lier. 2018. T RM maintenance is regulated by tissue damage via P2RX7. Sci 1077 
Immunol 3: 1078 

Tang, Y., Y.L. Wang, L. Yang, J.X. Xu, W. Xiong, M. Xiao, and M. Li. 2013. Inhibition of arginine 1079 
ADP-ribosyltransferase 1 reduces the expression of poly(ADP-ribose) polymerase-1 in colon 1080 
carcinoma. Int J Mol Med 32:130-136. 1081 

Wennerberg, E., S. Mukherjee, R.M. Sainz, and B.M. Stiles. 2022. The ART of tumor immune escape. 1082 
Oncoimmunology 11:2076310. 1083 

Winzer, R., A. Serracant‐Prat, V.J. Brock, C. Pinto‐Espinoza, B. Rissiek, M. Amadi, N. Eich, A. 1084 
Rissiek, E. Schneider, T. Magnus, A.H. Guse, B.P. Diercks, F. Koch‐Nolte, and E. Tolosa. 1085 
2022. P2X7 is expressed on human innate‐like T lymphocytes and mediates susceptibility to 1086 
ATP‐induced cell death. In European journal of immunology. Wiley, 1805-1818. 1087 

Woolbright, B.L., and H. Jaeschke. 2017. The impact of sterile inflammation in acute liver injury. J Clin 1088 
Transl Res 3:170-188. 1089 

Xu, C., S. Li, T.S. Fulford, S.N. Christo, L.K. Mackay, D.H. Gray, A.P. Uldrich, D.G. Pellicci, I.G. D, 1090 
and H.F. Koay. 2023. Expansion of MAIT cells in the combined absence of NKT and 1091 
gammadelta-T cells. Mucosal immunology  1092 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 39 

  1093 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607476doi: bioRxiv preprint 

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


 40 

Table 1 – List of monoclonal antibodies and live/dead cellular dyes used. 1094 

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 

Viability Dye 

N/A N/A BioLegend 

Annexin V BV711 N/A BD Horizon 

Annexin V FITC N/A BD Pharmingen 

ARTC2 APC Nika102 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 BUV805 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 IM7 Invitrogen 

CD45.1 PE-Cy7 A20 BD Pharmingen 

CD62L APC MEL-14 Invitrogen 

CD62L PerCP-Cy5.5 MEL-14 Invitrogen 

CD69 BUV737 H1.2F3 BD Horizon 

CD319 APC 4G2 BioLegend 

ICOS (CD278) BV711 C398.4A BioLegend 

IFN-g PE-Cy7 XMG1.2 BioLegend 

IFN-g 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 

RORgt BV786 Q31-378 BD Horizon 

RORgt PerCP-Cy5.5 Q31-378 BD Pharmingen 

T-bet AF488 4B10 BioLegend 

T-bet BV711 4B10 BioLegend 

TCRb APC-Cy7 H57-597 BD Pharmingen 

gdTCR BV605 GL3 BioLegend 

gdTCR BV605 GL3 BD OptiBuild 

gdTCR FITC GL3 BD Pharmingen 

Used In Human Experiments: 

Specificity Fluorochrome Clone Company/Source 

7-AAD N/A N/A Sigma-Aldrich 

LIVE/DEAD Blue 

Near-IR 

N/A N/A Invitrogen 

LIVE/DEAD Fixable 

Near-IR 

N/A N/A Invitrogen 

Zombie NIR Fixable 

Viability Dye 

N/A N/A BioLegend 

CD3 AF700 UCHT2 BD Pharmingen 

CD3 BUV395 UCHT2 BD Horizon 

CD4 BUV496 SK3 BD Horizon 

CD4 AF532 RM4-5 Invitrogen 

CD8a BUV805 SK1 BD Pharmingen 

CD14 BUV395 MφP9 BD Pharmingen 

CD14 APC-Cy7 MφP9 BD Pharmingen 

CD14 BV570 M5E2 BioLegend 

CD19 APC-Cy7 SJ25C1 BD Pharmingen 

CD19 BV570 HIB19 BD Pharmingen 

CD19 BUV737 SJ25C1 BioLegend 

CD27 BV785 O323 BioLegend 
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CD45 AF700 2D1 BioLegend 

CD62L FITC DREG-56 BD Pharmingen 

CD161 PerCP-Cy5.5 HP-3G10 BioLegend 

CD161 PE-Cy7 HP-3G10 BioLegend 

FcR Blocking 

Reagent 

N/A N/A Miltenyi Biotec 

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 

Vd1 FITC TS8.2 Invitrogen 

Vd1 VioBlue REA173 Miltenyi Biotec 

Vd2 BV711 B6 BioLegend 

Vd2 BUV563 B6 BD OptiBuild 

gdTCR PE-Cy7 11F2 BD 

gdTCR R718 11F2 BD OptiBuild 
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Figure 1. Unconventional T cells express P2RX7 to greater extent than conventional T 

cells.  

(A) Graph shows mean fluorescence intensity (MFI) of P2RX7 labelling on MAIT cells (MR1-

5-OP-RU tetramer+CD3+), Vd2+, Vd1+, and Vd1-Vd2- gdT cells (gdTCR+CD3+), NKT cells 

(CD1d-a-GalCer tetramer+CD3+), and conventional T cells (conv. T; defined as non-

MAIT/NKT gdTCR-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, gdT, 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+ MAIT1, gdT1, and NKT1 cells, 

RORgt+ MAIT17, gdT17, and NKT17 cells (D), and CD44hi and CD44neg non-MAIT/NKT 

abT-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 

ARTC2hi cells. (H) Flow cytometric analysis of PLZF and ARTC2, and T-bet and RORgt 

expression on indicated non-MAIT/NKT abT-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≤0.001, 

****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 MAIT1 (D), 

iLN MAIT1 cells (E) and iLN CD44neg 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 induces expression of ARTC2 and P2RX7 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+ MAIT1, gdT1, 

and NKT1 cells, or PLZF- non-MAIT/NKT abT 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. 
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Figure 3: P2RX7 activation on unconventional T cells induces 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 (P2RX7i), 

A438079 (10µM). (B) Flow cytometric analysis of liver MAIT, gdT, 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, gdT, 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, gdT, and NKT cells. (E) Graphs 

depict percentages of CD27+ cells out of viable T-bet+ MAIT1, gdT1, and NKT1 cells, and 

RORgt+ MAIT17, gdT17, 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 i.v. administered 5-OP-RU (200 pmol), a-GalCer (2µg), 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 blockade improves recovery of adoptively transferred 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, gdT, 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 gdT-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 ARTC2-mediated P2RX7 activation preserves unconventional T 

cells that co-produce IFN-g 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 

(P2RX7i), A438079 (10µM). (B & D) Flow cytometric analysis of IL-17A and IFN-g 

expression (B), and IL-4 and IFN-g expression (D), by CD44+ MAIT, gdT, and NKT cells, and 

indicated CD44+ non-MAIT/NKT abT-cell subsets. Numbers in FACS plots represent 

percentage of gated cells. (C & E) The percentage (%) and absolute number (#) of IL-17A-

IFN-g+ and IL-17A+IFN-g- MAIT, gdT, and NKT cells (C) and the percentages of IL-4/IFN-g 

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 depletes liver T-bet+ unconventional T 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 RORgt and T-bet expression by liver MAIT, 

CD44+ gdT, 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+ MAIT1, gdT1, and NKT1 cells, RORgt+ MAIT17, gdT17, and NKT17 cells are of 

total MAIT, gdT, and NKT cells. Percentages of PLZF+ARTC2hi CD4+ and CD4-CD8- cells 

are of total CD4+ and CD4-CD8- CD44hi 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, gdT, and NKT cells, and non-MAIT/NKT abT-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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