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ABSTRACT
We recently identified the adenosine-5′-diphosphate (ADP)–ribosyltransferase-1 (ART1) as a novel 
immune checkpoint expressed by cancer cells. ART1 utilizes free nicotinamide adenine dinucleotide 
(NAD+) in the tumor microenvironment (TME) to mono-ADP-ribosylate (MARylate) the P2X7 receptor 
(P2X7R) on CD8 T cells, resulting in NAD-induced cell death (NICD) and tumor immune resistance. This 
process is blocked by therapeutic antibody targeting of ART1.
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Adenosine-5′-diphosphate (ADP)-ribosylation is an evolutio
narily conserved regulatory mechanism used by several bacter
ial toxins to modify host cell proteins involved in the 
pathogenesis of common human diseases. ARTD (diphtheria 
toxin-like) family mono-ADP-ribosyltransferases (mARTs), 
including poly-ADP-ribose-polymerase (PARP)7 and 
PARP16, are increasingly recognized as promising therapeutic 
targets for cancer.1 In contrast to these intracellular mARTs, 
the less studied ARTC (clostridia toxin-like) family members, 
which include ART1, are glycosylphosphatidylinositol (GPI)- 
linked and can be expressed on the cell surface.2 Although 
most gene expression databases show low ART1 expression 
levels, ART1 protein is strongly expressed by many human 
cancers in the Human Protein Atlas. While ART1 may have 
intrinsic pro-tumor effects via MARylation of cancer cell sur
face receptors, previous studies describing how ART2 (an 
ARTC family member not expressed in humans) regulates 
tissue immune homeostasis in models of acute inflammation, 
raised the intriguing possibility that ARTC family members 
could modulate the immune landscape also in tumors. 
Adriouch, Stark et al. describe how bystander (antigen-naive) 
T cells are eliminated by NAD-induced cell death (NICD) via 
ART2-mediated MARylation of P2X7 receptor (P2X7R) in cis, 
while antigen-primed T cells reduce their susceptibility to 
NICD by downregulating ART2 and P2X7R and by upregulat
ing the ecto-NADase CD38 to remove free NAD+ from their 
microenvironment. Thus, ART-mediated NICD constitutes an 
immune homeostatic mechanism that favors persistence and 
expansion of antigen-specific T cells.3,4

In our recently published manuscript, we provide the first 
evidence that tumors co-opt the NICD pathway by upregulating 
ART1 and MARylating P2X7R on tumor-infiltrating CD8 T cells 
in trans, leading to their elimination by NICD (Figure 1).5 CD38 
expression, which is upregulated on T cells upon activation and 

differentiation, appears cytoprotective as blockade of CD38 
enhanced MARylation and NICD. We further demonstrate 
that knockdown or blockade of ART1 promoted infiltration of 
P2X7R+ CD8 T cells and reduced tumor burden in orthotopic 
models of lung cancer and melanoma. Similarly, in human lung 
tumors, we demonstrated that higher ART1 protein expression 
was associated with decreased infiltration of P2X7R+ CD8 
T cells. Analysis of data from The Cancer Genome Atlas 
(TCGA) showed that high ART1 mRNA expression was asso
ciated with low expression of CD8 T cell cytotoxicity and immu
noregulatory genes.

Notably, as an extracellular enzymatic target, ART1 should 
be highly druggable. To that end, we developed therapeutic 
monoclonal antibody candidates for preclinical studies. Our 
lead candidate, 22C12, effectively bound to both mouse and 
human ART1 and potently inhibited ART1 enzymatic activity. 
Intratumoral and systemic deliveries of 22C12 increased tumor 
infiltrating P2X7R+ CD8 T cells and decreased tumor burden in 
flank and orthotopic tumor models. Treatment with 22C12 
increased the proportion of Ki67+ and programmed cell death- 
1 (PD-1)+ CD8 T cells. When we further evaluated distinct 
populations of P2X7R+ CD8 T cells, we found a notable increase 
in the absolute number of tissue resident memory (TRM: 
CD62L−CD44+CD69+) P2X7R+ CD8 T cells. This raises inter
esting questions regarding the role of P2X7R expression and 
ART1-induced NICD in CD8 T cell development and in regula
tion of other populations of immune cells in the TME. P2X7R is 
known to be widely expressed in immune cells, where activation 
by extracellular ATP is generally thought to stimulate antitumor 
immunity.6 Correspondingly, in some murine models, tumor 
development has been shown to be more aggressive in P2X7R- 
deficient animals.7 In line with this observation, recent work has 
demonstrated that P2X7R expression is critical for memory CD8 
T cell differentiation and that P2X7Rhigh CD8 T cells 
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preferentially generate long-lived central memory T cells (TCM) 
and TRM populations, important subsets for tumor immune 
surveillance that have been shown to be susceptible to 
NICD.3,8 Interestingly, P2X7R is also expressed in antigen- 
presenting dendritic cells (DC) where its activation leads to 
increased production of interleukin (IL)-18 in a NOD-, LRR- 
and pyrin domain-containing protein 3 (NLRP3)-dependent 
manner, in turn activating other immune cells to produce 

interferon-γ (IFN-γ) and increase tumor immunogenicity.9 

Treatment of lung and melanoma tumor-bearing mice with 
a P2X7R activator potentiated the anti-tumor effect of anti-PD 
-1 antibody, with combined treatment leading to tumor regres
sion and memory antitumor immune responses.10

Collectively, these data present a powerful case for the role 
of ART1 as a new immune checkpoint in solid tumors, whose 
effects are mediated by NICD of P2X7R+ immune cells. 

Figure 1. ART expression in tumor cells subverts immune homeostasis via NICD. NICD is a tissue immune homeostatic mechanisms that ensures local enrichment of 
antigen-specific T cells to promote targeted immune responses. In a tumor setting: (a) antigen-naïve intratumoral CD8 T cells are eliminated by NCID through mono- 
ADP-ribosylation (MARylation) of the P2X7R by ART2 in cis. (b) Activated tumor antigen-specific T cells avoid NICD by downregulating ART2 and P2X7R while 
upregulating the ecto-NADase CD38 thus depleting free NAD+ locally. (c) By expressing ART1, tumor cells MARylate the P2X7R on tumor antigen-specific CD8 T Cells in 
trans, thus eliminating them from the tumor microenvironment. Here, CD38 expression by CD8 T Cells remains an important cytoprotective factor against ART1- 
mediated NICD. NICD, NAD-induced cell death; NAD+, nicotinamide adenine dinucleotide; ADPR, adenosine-diphosphate-ribose; cADPR, cyclic ADPR, P2X7R, P2X7 
receptor; ART1, ADP-ribosyltransferase-1; ART2, ADP-ribosyltransferase-2; TCR, T cell receptor; MHC, major histocompatibility complex.
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P2X7R+ CD8 T cells and DCs appear to be critical for generat
ing immune responses and tumor memory.8,9 In a subset of 
patients with ART1high tumors, P2X7R+ anti-tumor memory 
T cell progenitors as well as DCs may be depleted through 
NICD, thus abrogating, at both the priming and effector level, 
the ability of the patient to mount effective immune responses 
against their cancer. This tumor defense mechanism is likely 
particularly engaged at times of ongoing cellular stress or cell 
death when NAD+ is released in the TME to serve as a substrate 
for ART1. We therefore hypothesize that combining an anti- 
ART1 therapeutic with cytotoxic therapies, such as chemother
apy or radiotherapy, will be particularly beneficial. Because 
ART1 blockade increased the proportion of tumor infiltrating 
Ki67+/PD-1+ CD8 T cells, we also envision a role for combin
ing an anti-ART1 therapeutic with PD-1/programmed death- 
ligand 1 (PD-L1) inhibitors in ART1high tumors. In addition, 
our findings have implications for strategies targeting P2X7R 
or CD38. By preventing NICD of P2X7R+ immune cells, an 
anti-ART1 therapeutic might work synergistically with P2X7R 
agonists to enhance the anti-tumor immune response. 
Conversely, the treatment of ART1high tumors with anti- 
CD38 antibodies might have the detrimental effect of preser
ving NAD+ in the TME to serve as a substrate for ART1- 
induced MARylation and NICD of immune cells. This effect 
may be exacerbated in patients whose T cells are primed 
against their tumor, such as following immunotherapy. 
Indeed, clinical lung cancer trials utilizing anti-CD38 antibo
dies combined with PD-1/PD-L1 inhibitors have to date been 
unsuccessful.

In conclusion, while more attention has historically been 
given to poly-ADP-ribosyltransferases as cancer therapeutics, 
mono-ADP-ribosyltransferases are increasingly recognized for 
playing a role in cancer progression. MARylation may signifi
cantly alter cell signaling pathways in tumor cells through post- 
translational modification of key regulatory proteins. Our 
recent findings show that MARylation also regulates the anti
tumor immune response by modifying cell surface proteins in 
immune cells in trans. As such, mono-ADP-ribosyltransferases 
are bona fide therapeutic targets. As new techniques are devel
oped to better identify targets of MARylation, we expect that 
interest in ART family members and biology will continue to 
grow.
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