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Editorial on the Research Topic

The Versatile Role of Nicotinamide Adenine Dinucleotide in Immunity

Nicotinamide adenine dinucleotide (NAD) is a highly abundant intracellular molecule, well known
for its role as energy currency. However, intracellularly, NAD and its metabolic products ADP-
ribose (ADPR), 2’-deoxy-ADPR (from 2’deoxy-NAD), cyclic ADPR (cADPR) and nicotinic acid
adenine dinucleotide phosphate (NAADP) are also important second messengers essential for
leukocyte Ca2+ signaling (1). Metabolism of these signaling molecules, as well as their exact
molecular targets, are still unknown in many aspects, despite their importance in the regulation of
innate and adaptive immunity.

Outside of cells, only a few cell surface receptors were identified, i.e. P2Y1 and P2Y11, that can
sense extracellular NAD. However, the signaling functions of NAD is broadened by various
nucleotide-degrading ecto-enzymes that can generate a variety of other nucleotide metabolites:
ecto-CD38 metabolizes NAD into ADPR and cADPR, ecto-nucleotide pyrophosphatases (ENPPs)
such as ENPP1 generate adenosine monophosphate (AMP) directly from NAD or from ADPR,
thereby providing substrate for CD73-catalyzed adenosine generation and ligands for P1 receptors.
Ecto-ADP-ribosyltransferases (ARTCs) utilize extracellular NAD to covalently attach ADPR groups
to arginine residues on different cell surface proteins, including P2X7, resulting in a post-
translational modification that can significantly affect the function of the modified target (2). In
summary, NAD and its metabolites inside and outside of cells can have a remarkable impact on
many different regulatory pathways of immunity.

This Research topic comprises 9 articles containing six original research articles, two reviews and
one perspective article, all focusing on the role and function of extracellular NAD and intracellular
NAD-derived metabolites as modulators of immunity. Three original articles investigated the cell
surface ADP-ribosyltransferase ARTC2.2 which utilizes NAD to ADP-ribosylate mainly arginine
residues on various cell surface target proteins. Leutert et al. identified several new ARTC2.2. targets
on murine T cells. After isolating proteins from T cells incubated with NAD and subsequent mass
spectrometry analyses, they identified 93 ADP-ribosylated peptides corresponding to 67 distinct
protein. The ecto-5′-nucleotidase CD73 was among the newly identified ARTC2.2 targets and
Leutert et al. could demonstrate that ADP-ribosylation of CD73 diminishes its capability to convert
org November 2021 | Volume 12 | Article 81028014
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adenosine monophosphate into adenosine. Of note, ARTC2.2
also exists in a soluble form, as it can be proteolytically cleaved
from the cell surface (3). Based on that Menzel et al. investigated
whether cytokines are potential targets for ADP-ribosylation by
soluble ARTC2.2. They could demonstrate that several cytokines,
such as interferon gamma (IFNg), interleukin 17A (IL-17A), IL-2
and IL-6 can be ADP-ribosylated by soluble ARTC2.2. For IFNg
Menzel et al. identified the ADP-ribosylation site and revealed
that the attachment of the ADP-ribose group diminished IFNg-
induced STAT1 phosphorylation in macrophages. Finally,
Gondé et al. presented a methodological approach relying on
adeno-associated viral vectors (AAVs) coding for nanobody-
based biologics targeting ARTC2.2 or P2X7, a prominent target
of ARTC2.2. Following intramuscular injection of AAV coding
for ARTC2.2/P2X7 nanobodies, functional modulation of their
respective target could be demonstrated in vivo. This approach
was additionally used to express nanobody-based heavy-chain
antibodies, eliciting long-term depletion of T cells expressing
high levels of ARTC2.2 or P2X7. This approach extends the
available tool box to study ARTC2.2 or P2X7 functions in vivo
and offers the possibility to modulate the function of ARTC2.2
and/or P2X7, or to deplete cells expressing these targets.

CD38 is another ecto-enzyme utilizing NAD as substrate. It can
serve as NAD glycohydrolase or as cyclic ADP-ribose synthase,
generating ADP-ribose or cyclic ADP-ribose from NAD,
respectively. With their review article, Morandi et al. provide an
update on the role of CD38 in the anti-tumor immune response.
They highlight the importance of pathways such as the CD38/
CD203a-concerted generation of immunosuppressive adenosine
from ADP-ribose, the impact of extracellular NAD level on the T
cell mediated anti-tumor response and discuss the use of new
pharmacological inhibitors of CD38. Along this line, Baum et al.
describe in their original article the generation of several new CD38-
targeting heavy-chain antibodies. Some of these biologics inhibited
CD38 cyclase activity, measured by the inhibition of the conversion
of nicotinamide guanine dinucleotide (NGD, an NAD analog) to
cyclic guanosine diphosphate ribose (cGDPR). Further, some clones
exhibited potent complement-dependent cytotoxicity against
CD38-expressing tumor cell lines. Additionally to its role in the
anti-tumor immune response, or as target in tumor
immunotherapy, CD38 has been attributed both positive and
negative modulatory role in autoimmunity, depending on the
disease setting (4). In their original article, Martıńez-Blanco et al.
demonstrate that CD38-deficiency ameliorates disease symptoms in
a graft-versus-host mouse model for systemic lupus erythematosus
(SLE). In their model, Cd38–/– mice had lower frequencies of
follicular helper T cells, germinal center B cells, plasma cells and
T-bet+CD11chi B cells, and lower levels of anti-ssDNA
autoantibodies when compared to WT B6 mice. With this
Frontiers in Immunology | www.frontiersin.org 25
knowledge, new therapeutic strategies based on e.g. CD38-
blocking antibodies or pharmacological approaches targeting
CD38 enzymatic activity may arise as promising potential option
to treat SLE. Furthermore, CD38 is part of a network of intracellular
and extracellular enzymes that regulate the synthesis or degradation
of NAD. This network is completed by NAD-engaged receptors and
NAD-derived metabolites and referred to as NADome. In their
review article Audrito et al. highlight the role of the extracellular part
of the NADome in immunomodulation and its possible
implications for therapeutic approaches.

Inside the cells, NAD is the basis for the production of
intracellular second messengers. NAADP, a potent trigger of
Ca2+ release from intracellular stores (5), can be generated
intracellularly in acidic lysosomes in a base-exchange reaction
from nicotinamide adenine dinucleotide phosphate (NADP)
and nicotinic acid. With their perspective article, Walseth and
Guse provide a view back to the discovery of NAADP and forth
to the identification of new NAADP receptors, such as HN1L/
JPT2. Upon NAADP-induced Ca2+ release, Ca2+-microdomain
formation occurs at the junctions between the plasma membrane
(PM) and the endoplasmic reticulum (ER) in less than a second.
In their original article, Gil et al. provide a computational model
to describe the evolution of cytosolic and ER Ca2+ concentrations
in a three-dimensional ER-PM junction.

In summary, the articles published within this Research Topic
greatly contribute to further extending our knowledge on NAD
and its metabolites as regulators of immunity, both inside and
outside of cells.
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Murine T cells express the GPI-anchored ADP-ribosyltransferase 2.2 (ARTC2.2) on the

cell surface. In response to T cell activation or extracellular NAD+ or ATP-mediated

gating of the P2X7 ion channel ARTC2.2 is shed from the cell surface as a soluble

enzyme. Shedding alters the target specificity of ARTC2.2 from cell surface proteins to

secreted proteins. Here we demonstrate that shed ARTC2.2 potently ADP-ribosylates

IFN-γ in addition to other cytokines. Using mass spectrometry, we identify arginine 128

as the target site of ADP-ribosylation. This residue has been implicated to play a key

role in binding of IFN-γ to the interferon receptor 1 (IFNR1). Indeed, binding of IFN-γ to

IFNR1 blocks ADP-ribosylation of IFN-γ. Moreover, ADP-ribosylation of IFN-γ inhibits the

capacity of IFN-γ to induce STAT1 phosphorylation in macrophages and upregulation of

the proteasomal subunit ß5i and the proteasomal activator PA28-α in podocytes. Our

results show that ADP-ribosylation inhibits the signaling functions of IFN-γ and point to

a new regulatory mechanism for controlling signaling by IFN-γ.

Keywords: purinergic signaling, ADP-ribosylation, T cells, interferon-gamma, NAD+

HIGHLIGHTS

- Shed ARTC2.2 ADP-ribosylates several cytokines with a preference for IFN-γ.
- ADP-ribosylation of IFN-γ at Arg128 inhibits its function.
- Our study uncovers a novel pathway to regulate IFN-γ signaling by ADP-ribosylation.

INTRODUCTION

ARTC2.2 is a toxin-related, GPI-anchored ecto-ADP-ribosyltransferase expressed on the surface
of murine T cells (1, 2). ARTC2.2 catalyzes arginine-specific ADP-ribosylation of P2X7
and other cell surface proteins in response to NAD+ released from damaged cells (3, 4).
Akin to phosphorylation, ADP-ribosylation is a reversible posttranslational modification that
regulates the function of target proteins (5, 6). The targets of ADP-ribosylation are mainly
ecto-domains of membrane proteins like P2X7, integrins or Fc-gamma-receptors (4, 7).
Further, ADP-ribosylation of soluble proteins has been described previously, for example,
ARTC1-mediated ADP-ribosylation of HNP-1 reduces the antimicrobial activity of HNP-1 (8).
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We previously observed that ARTC2.2 is shed by a
metalloprotease following T cell activation as well as upon
activation of the P2X7 ion channel (9, 10). Release of ARTC2.2
from the cell surface redirects the enzymatic activity of ARTC2.2
from cell surface bound membrane proteins to soluble proteins
in the extracellular milieu (10). We hypothesized that the
release of ARTC2.2 from the cell surface into the inflammatory
environment has immunoregulatory functions by regulating
cytokine signaling. ARTC2.2 is expressed in mice and other
rodents. In humans and other primates ARTC2.2 represents
a nonfunctional pseudogene (11) but other members of
the ADP-ribosytransferase family, for example, ARTC1 are
expressed (12).

The goal of this study was to identify potential target cytokines
of shed ARTC2.2. Using radio-ADP-ribosylation and mass
spectrometry analyses we identified IFN-γ as a major target of
shed ARTC2.2. We identified the ADP-ribosylation site on IFN-γ
and assessed the effects of ADP-ribosylation on the signaling
functions of IFN-γ by flow cytometry and immunoblot analyses.
Our results show that ADP-ribosylation inhibits the signaling
functions of IFN-γ and point to a new regulatory mechanism for
controlling signaling by IFN-γ.

MATERIALS AND METHODS

Mice and cells – C57BL/6 mice were bred at the animal
facility of the University Medical Center (UKE). ARTC2−/−

mice (13) were backcrossed to C57BL/6 wild-type (WT) mice
for more than 12 generations. All animal experiments were
performed in accordance with local regulations (registration
number ORG153).

DC27.10 lymphoma cells (14), kindly provided by Bernhard
Fleischer, Bernhard Nocht Institute for Tropical Medicine,
Hamburg, were cultured in RPMI-1640 supplemented with 10%
FCS, 2mM glutamine, 2mM sodium pyruvate. An expression
construct encoding ARTC2.2 (Genebank AJ489297) with an N-
terminal FLAG-tag was transfected into DC27.10 lymphoma
cells using jetPEI transfection reagent (Q-Biogen) and stable
transfectants were obtained by selection of neomycin-resistant
cells and cell sorting (4).

Radio-ADP-ribosylation assays – Recombinant cytokines
were obtained from Immunotools, recombinant IFNR1-Fc was
obtained from R&D Systems. Recombinant murine cytokines
(0.1–0.5 µg) and serum proteins from ARTC2−/−mice (50 µg)
were incubated with 20 ng shed ARTC2.2 and 1µM 32P-NAD+

for 20min. Reactions were stopped by addition of NuPAGE
SDS sample buffer and SDS-PAGE was performed using Novex
NuPAGE precast 12% Bis-Tris gels (Invitrogen). Gels were
stained with Coomassie brilliant blue and dried in cellophane
sheets. Dried gels were subjected to autoradiography by exposure
of an X-ray film (Hyperfilm, GE-Healthcare) at−80◦C.

Standard Abbreviations: Ab, ATP, LPS, C-terminal, N-terminal, Da, EC50, FCS,

i.v. IFN, IL, GPI, NAD, mAb.

Abbreviations: ARTC, ADP-ribosyltransferase subgroup related to Clostridial

C2/C3 toxins; ARTD, ADP-ribosyltransferase subgroup related to Diphtheria

toxin; ARH, arginine ADP-ribosylhydrolase.

Purification of ARTC2.2 – Shed ARTC2.2 was purified as
described before (10). Briefly, DC27.10 cells stably transfected
with ARTC2.2 were treated for 20min at 37◦C with 1mM
ATP. ARTC2.2 was purified from the cell supernatant by affinity
chromatography on immobilized anti-FLAG mAb M2 (Sigma)
and concentrated via ultra centrifugal filters (Amicon).

Mass spectrometry analyses – Recombinant IFN-γ (1 µg)
was incubated with 5µM NAD+ in the absence or presence
of purified shed ARTC2.2 (50 ng) for 60min at 37◦C. After
SDS-PAGE, the excised IFN-γ bands were digested with either
chymotrypsin or endoproteinase Glu-C (Glu-C). Resulting
peptides were separated and analyzed by nano-ion pair reversed
phase HPLC coupled online to an Orbitrap LTQ Velos mass
spectrometer. Collision-induced dissociation (CID), Higher-
energy collisional dissociation (HCD) andMS3 experiments were
used to identify ADP-ribosylation sites.

IFN-γ signaling assays – Recombinant ADP-ribosylarginine
hydrolase ARH1 was produced as described previously (15).
Murine IFN-γ (1 µg) was ADP-ribosylated by incubation for
60min at 37◦Cwith 10µMNAD+ and ARTC2.2 (50 ng). For de-
ADP-ribosylation, ADPR-IFN-γ was further incubated with an
excess of ARH1 (1 µg) for 60min at 37◦C. For monitoring IFN-
γ induced phosphorylation of STAT1 in peritoneal macrophages,
C57BL/6 mice were sacrificed and peritoneal macrophages were
harvested via peritoneal lavage. 2 × 105 cells were incubated at
37◦C in RPMI containing serial dilutions of IFN-γ, ADPR-IFN-γ
or de-ADP-ribosylated IFN-γ (de-ADPR-IFN-γ). After 30min,
cells were washed, fixed with 2% PFA and stained with FITC-
conjugated anti-CD11b (mAbM1/70, Biolegend). Cells were then
washed, permeabilized at 4◦C using Phosflow Perm Buffer III
(BD) and stained with anti-phospho STAT1 (mAb pY701, BD
PhosFlow) on ice. Cells were washed twice and analyzed by
flow cytometry.

For monitoring IFN-γ induced upregulation of
immunoproteasome components, terminally differentiated
mouse podocytes (16) were incubated for 24 h with IFN-γ,
ADPR-IFN-γ or de-ADPR-IFN-γ (100 ng/ml). Cells were
harvested and solubilized in tissue protein extraction reagent
(TPER, Pierce) for 20min at 4◦C. Clarified lysates were size
fractionated on precast SDS-PAGE gels (NuPAGE R©, Thermo-
Fischer) and blotted onto PVDF membranes. Blots were
subjected to immunodetection with antibodies directed against
β5i and PA28-α (ab3329, Abcam and #2408, Cell Signaling).
Immunodetection of β-actin (clone AC-15, Sigma) was
performed as a loading control. Bound antibodies were detected
with the enhanced chemiluminescent system (GE Healthcare)
using peroxidase-conjugated anti-rabbit Ig or anti-mouse Ig
antibodies (Jackson Immunoresearch Laboratories).

RESULTS

Shed ARTC2.2 Preferentially
ADP-Ribosylates IFN-γ
The observation that shed ARTC2.2 ADP-ribosylates distinct
serum proteins (10) prompted us to determine whether
ARTC2.2 preferentially ADP-ribosylates certain cytokines. We
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therefore incubated shed ARTC2.2 with individual recombinant
cytokines in the presence of 32P-NAD+ and monitored covalent
incorporation of radioactivity into cytokines by autoradiography
after SDS-PAGE (Figure 1 right panel). The results show that
shed ARTC2.2 ADP-ribosylates IFN-γ, IL-2, IL-6, and IL-17
(Figure 1 without arrow). When incubated with a cocktail of
cytokines, ARTC2.2 potently ADP-ribosylates IFN-γ in addition
to other cytokines (Figure 1B, arrow). Similarly, when incubated
in serum spiked with IFN-γ, ARTC2.2 preferentially ADP-
ribosylated IFN-γ (Figure 1C).

IFN-γ forms a homodimeric bioactive cytokine by a covalent
disulfide bridge between the C-terminal cysteine residues
(Cys133). Shed ARTC2.2 effectively ADP-ribosylates the native
IFN-γ homodimer, as revealed by autoradiography after non-
reducing SDS-PAGE (Figure 1C). Analysis of IFN-γ under
reducing conditions reveals a discernible shift in migration
of the IFN-γ band in Coomassie-stained SDS-PAGE after
incubation with shed ARTC2.2 and NAD+ (Figures 1D,E, lane
2 vs. lane 1), suggesting that ARTC2.2 ADP-ribosylates both
molecules of the IFN-γ homodimer, since the presence of
ADP-ribosylated and non-ADP-ribosylated IFN-γ should result
in two bands after size fractionation by reducing SDS-PAGE.
Consistently, pre-ADP-ribosylation of IFN-γ by preincubation
with ARTC2.2 and non-radioactive NAD+ for 60min prevented
subsequent incorporation of radiolabel during further incubation
with 32P-labeled NAD+ (Figure 1D). Addition of recombinant
ADP-ribosylarginine hydrolase 1 (ARH1) to ADP-ribosylated
IFN-γ caused a shift in migration back to that of native
IFN-γ (Figure 1E, lane 3), consistent with removal of the ADP-
ribose moieties from both molecules of the IFN-γ homodimer.
This shift in migration by ADP-ribosylation and de-ADP-
ribosylation can be seen in the Coomassie-stained gel without
autoradiography (Figure 1E).

In order to identify the target arginine for ADP-ribosylation
of IFN-γ, we subjected ADP-ribosylated recombinant IFN-γ
to LC-MS/MS following in-gel digestion with chymotrypsin
and Glu-C (Figure 2A). MS2 analyses revealed a combined
sequence coverage of 100% (Figure 2B red). Both Higher-
Energy Collisional Dissociation (HCD) and Collision Induced
Dissociation (CID) of ADP-ribose containing peptides
yielded a characteristic MS fingerprint with the major sites
of fragmentation occurring at the pyrophosphate bond and
the terminal adenine. Manual inspection of the HCD-MS2

spectra from chymotrypsin-generated peptides revealed a
single peptide—R126KRKRSRC133–exhibiting this characteristic
ADP-ribose fingerprint with very little peptide-backbone
fragmentation (Figure 2C). This peptide contains four arginines
and the protein’s C-terminus. Fragmentation of the ADP-ribose
moiety during CID results in the conversion of the ADP-
ribosylated arginine to ornithine. The intact ornithine containing
peptide can be further isolated in tandemmass spectrometry and
subjected to MS3 analysis for peptide sequencing (17). Applying
this strategy to the ADP-ribosylated peptide allowed assignment
of ornithine at R128 (Figure 2D). Similarly, LC-MS analyses
of peptides generated by in-gel digestion with Glu-C resulted
in a single peptide - S123SLRKRKRSRC133 - exhibiting the
characteristic ADP-ribosyl-arginine fragments (Figure 2B). A

targeted MS3 experiment again assigned R128 as ornithine (not
shown). Together, these results unambiguously identify R128
as the target site of IFN-γ for ADP-ribosylation by ARTC2.2.
A model of mouse IFN-γ in complex with IFN-γ receptor 1
(IFNR1) based on the published 3D-crystal structure of human
IFN-γ with the Ectromelia virus IFN-γ binding protein (pdb
code 3bes) (18) indicates that R128 participates in binding to
IFNR1 by forming a salt bridge to E174 of IFNR1 (Figure 2E).

ARTC2.2-Catalyzed ADP-Ribosylation
Inhibits the Signaling Function of IFN-γ
On the basis of the structure model of IFN-γ in complex with
IFNR1 (Figure 2E), we hypothesized that R128 is not accessible
for ADP-ribosylation when IFN-γ is bound to IFNR1. To test
this hypothesis, we allowed IFN-γ to form a complex with
the recombinant extracellular domain of IFNR1 and analyzed
whether IFN-γ is still accessible in this complex for ADP-
ribosylation by shed ARTC2.2. The results show that ADP-
ribosylation of IFN-γ is blocked in the presence of IFNR1 and
that IFNR1 itself is not a target for ADP-ribosylation (Figure 3A).

In order to determine whether ADP-ribosylation of IFN-γ
impinges on its signaling function, we used two established
cellular assays, that is, IFN-γ-induced phosphorylation of
signal-transducer-and-activator-of-transcription-1 (STAT1) in
macrophages and IFN-γ-induced expression of the immune
proteasome component β5i and the proteasomal activator
PA28-α in podocytes (Figures 3B,C). The results show
that ADP-ribosylation reduces potency of IFN-γ to induce
phosphorylation of STAT1 in primary peritoneal macrophages
by approximately four-fold (Figure 3B). De-ADP-ribosylation of
IFN-γ with ARH1 restores its original potency to induce STAT1
phosphorylation. Similarly, ADP-ribosylation of IFN-γ inhibits
its capacity to induce expression of β5i and PA28-α by murine
podocytes (Figure 3C, lane 3), whereas de-ADP-ribosylation of
IFN-γ by ARH1 restores its capacity to induce expression of β5i
and PA28-α (Figure 3C, lane 4).

DISCUSSION

Our results confirm that shed ARTC2.2 preferentially ADP-
ribosylates secretory proteins (10). To identify possible soluble
targets we performed a comparative radio-ADP-ribosylation
assay with different cytokines and recombinant soluble ARTC2.2
and 32P-NAD+. In these experiments ARTC2.2 showed a
propensity to ADP-ribosylate IFN-γ. Moreover, we identified
R128 as the ADP-ribosylation site of IFN-γ and showed that
ADP-ribosylation of IFN-γ inhibits its signaling function.

Arginine ADP-ribosylation is a reversible posttranslational
protein modification: ARH1 catalyzes hydrolysis of the ADP-
ribose residue from arginine (19). Our results show that
recombinant ARH1 can de-ADP-ribosylate IFN-γ and thereby
restore the signaling capacity of IFN-γ. In this context, it is
important to note that ARH1 lacks anN-terminal signal sequence
for export from cells by a classical secretion pathway via the
ER and Golgi apparatus and, thus, presumably is expressed
as a cytosolic enzyme. It remains to be established whether
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FIGURE 1 | Shed ARTC2.2 preferentially ADP-ribosylates IFN-γ. (A–D) Purified shed ARTC2.2 (50 ng) was incubated for 15min with 32P-NAD+ (1µM) and (A)

individual recombinant cytokines (500 ng), (B), a cocktail of cytokines (500 ng each), (C), serum spiked with IFN-γ, or (D) IFN-γ that had been pre-ADP-ribosylated or

not by incubation for 30min with shed ARTC2.2 and non-radioactive NAD+. Reactions were stopped by the addition of SDS-PAGE sample buffer. Proteins were size

fractionated by SDS-PAGE and stained with Coomassie (Co). 32P-ADP-ribosylated proteins were detected by autoradiography (Ar). The gels in A, B, and D were run

under reducing conditions, the gel in C was run under non- reducing conditions. In C, alb indicates the prominent 65 kDa band corresponding to endogenous albumin

in murine serum. In D the prominent bands at 65 kDa represents bovine albumin that was added as carrier protein. (E) IFN-γ was sequentially ADP-ribosylated then

de-ADP-ribosylated as described in the methods. Proteins were analyzed by SDS-PAGE and Coomassie-staining. Results are representative of three or four

independent experiments.
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FIGURE 2 | IFN-γ is ADP-ribosylated by ARTC2.2 at R128. (A) Recombinant IFN-γ was incubated in the absence (lane 1) or presence (lane 2) of shed ARTC2.2 and

NAD+. Bands corresponding to unmodified and ADP-ribosylated IFN-γ (arrow) were excised from the gel and subjected to in-gel digestion with chymotrypsin or Glu-C

protease. (B) Peptides identified by MS-MS analyses are indicated in red and blue for chymotrypsin and Glu-C, respectively. Potential target arginine residues for

ADP-ribosylation are marked by asterisks. Peptides exhibiting the characteristic ADP-ribose fragmentation fingerprint are underlined. (C) HCD-MS2 spectrum of the

ADP-ribose-containing C-terminal peptide generated from IFN-γ by chymotrypsin cleavage, showing the characteristic ADP-ribosyl fragments. The most intense peak

corresponds to a fragment resulting from the conversion of ADP-ribosyl-arginine to ornithine (loss of ADP-R-carbodiimide). (D) MS3-CID spectrum of the

ornithine-containing peptide generated by MS2. (E) Model of interaction between murine IFN-γ and IFNR1. IFN-γ and IFNR1 were modeled onto the co-crystal

structures of human IFN-γ and Ectromelia virus IBPECTV (PDB ID: 3bes) using Swiss Model. Models were aligned to 3bes in Pymol. R128 of IFN-γ and E174 of IFNR1

are presented as sticks with oxygen atoms in red and nitrogen atoms in blue—the corresponding residues in human IFN-γ and IBPECTV form a salt bridge. The

C-terminal amino acids (R132 and C133) of murine IFN-γ could not be modeled since the corresponding residues of human IFN-γ are not visible in 3bes.
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FIGURE 3 | ADP-ribosylation inhibits the signaling function of IFN-γ. (A) Recombinant IFN-γ and the ectodomain of IFNR1 were preincubated for 1h at 4◦C before

addition of shed ARTC2.2 and 32P-NAD+. After further incubation for 15min, reactions were stopped by addition of SDS-PAGE sample buffer. Proteins were

size-fractionated by SDS-PAGE and visualized by Coomassie staining (Co). ADP-ribosylated proteins were detected by autoradiography (Ar). (B, C) IFN-γ signaling

assays were performed using unmodified IFN-γ, ADP-ribosylated IFN-γ and de-ADP-ribosylated IFN-γ prepared as described in the methods. (B) Peritoneal

macrophages were incubated for 20min with serial titrations of IFN-γ, ADP-ribosylated IFN-γ (ADPR-IFN-γ), or de-ADP-ribosylated IFN-γ (de-ADPR- IFN-γ). Cells

were then fixed, permeabilized, and stained with a fluorochrome-conjugated mAb against phosphorylated STAT1 (pSTAT1) before flow cytometry analyses. (C)

Differentiated podocytes were incubated for 24 h in the absence of IFN-γ (control), or presence of either IFN-γ, ADPR-IFN-γ, or de-ADPR-IFN-γ. Cells were washed

and lysed in TPER. Insoluble material was removed by centrifugation and solubilized proteins were analyzed by SDS-PAGE and immunoblot analyses. Components

β5i of the immunoproteasome and the proteasomal activator PA28-α and β-actin as loading control were detected with appropriate primary and secondary antibodies.

Results are representative of three independent experiments. (D) Schematic model illustrating the proposed regulation of IFN-γ signaling by ADP-ribosylation.

ARTC2.2-catalyzed ADP-ribosylation of IFN-γ inhibits IFNR1 activation and thereby phosphorylation of STAT1 and activation of the immunoproteasome in

macrophages (M) and podocytes (P), respectively. By inhibiting IFN-γ signaling, this pathway may tip the balance from a Th1 toward a Th2 response.
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ARH1 can be released from cells by non-classical secretion
system, for example, analogous to other cytosolic enzymes
and cytokines that lack a signal sequence such as adenosine
deaminase, PBEF1/NAMPT, IL-1β and IL-18 (20–22).

Using LC-MS/MS, we identified R128 as the target site
for ADP-ribosylation by ARTC2.2 (Figure 2). This site was
confirmed in peptides derived from two different proteases
(chymotrypsin, Glu-C). R128 is located in a highly basic region,
just five amino acid residues upstream of the C-terminal cysteine.
Arginines in other proteins that function as ADP-ribosylation
targets of vertebrate ARTCs typically lie in regions with high
pKa (23). Consistently, R128 is flanked on either side by lysine
and arginine residues. Previous functional and structural studies
revealed a crucial role of the C-terminus of IFN-γ for receptor
binding and biological activity (18, 24–26). Deletion of the C-
terminus or site directed mutagenesis of the basic residues in
this region markedly reduce the capacity of IFN-γ to bind to
its receptor (24, 26). Importantly, site-directed mutagenesis of
R129 of human IFN-γ–that is, the residue corresponding to the
R128 ADP-ribosylation site of murine IFN-γ–drastically reduced
receptor binding and biological activity (25).

The C-terminus is not resolved in known structures of
IFN-γ, either alone or in complex with its receptor, IFNR1
(27, 28). However, R129 of human IFN-γ is visible in the
co-crystal structure of IFN-γ bound to IBPECTV, a viral
protein homologous to IFNR1. Interestingly, this residue
forms a salt bridge to a conserved aspartic acidic residue in
IBPECTV (18) that corresponds to E174 of IFNR1. It is thus
conceivable that a bulky, negatively charged ADP-ribose moiety
at R128 would disturb this interaction and lead to reduced
biological activity.

IFN-γ is secreted mainly by activated Th1 effector cells
and is an important endogenous mediator of immunity and
inflammation. It plays a key role in macrophage activation and
T cell differentiation (29). Excessive IFN-γ can lead to tissue
damage and autoimmunity (26, 30, 31) as illustrated by the severe
inflammatory disease in mice deficient in suppressor of cytokine
signaling 1 (SOCS1), one of several known attenuators of IFN-γ
expression (32). It was also shown that C-terminal truncation of
IFN-γ bymatrixmetalloproteinase 12 controls IFN-γ signaling to
resolve inflammation and that this negative feedback mechanism
is often defective in autoimmune diseases (26).

Recent studies indicate that the IFN-γ/STAT-1 signaling
pathway in macrophages regulates and is regulated also by
intracellular ADP-ribosylransferases, for example, ARTD8 and
ARTD9 (33–37). Interestingly IFN-γ signaling stimulates the
activity of these members of the ARTD family, and these enzymes
in turn modulate IFN-γ signaling by ADP-ribosylating STAT1.

ADP-ribosylation provides an additional, posttranslational
means for regulating IFN-γ signaling. However, given the locally
restricted release of ARTC2.2 and IFN-γ from activated T cells,
and of NAD+ as substrate from lysed or damaged cells, the total
amount of ADP-ribosylated IFN-γ in vivo is likely to be low.
Currently available tools lack the sensitivity to monitor ADP-
ribosylation of IFN-γ in vivo. ARTC2.2 is expressed in mice and
other rodents but is not expressed in humans and other primates

which carry a nonfunctional ARTC2.2. pseudogene (11). Since
ADP-ribosylation of IFN-γ is mediated by soluble ARTC2.2, it
is conceivable that other members of the ADP-ribosytransferase
family for example, ARTC1 (7, 12) could replace this function
in humans.

Considering that IFN-γ drives differentiation of effector
T cells to Th1 cells, and conversely that neutralizing IFN-γ
promotes differentiation to Th2 cells, we hypothesize that
ADP-ribosylation of IFN-γ might be involved in endogenous
regulatory mechanisms to tip the balance from a Th1 to
a Th2 immune response and thereby to diminish unwanted
autoimmune responses (Figure 3D).

In summary, our results uncover a hitherto unrecognized
mechanism to control signaling by IFN-γ via reversible ADP-
ribosylation by the shed ectodomain of ARTC2.2. Our findings
point to new avenues for modulating inflammatory reactions
by pharmacologically blocking or enhancing ADP-ribosylation
of IFN-γ, for example, by suitable decoy-peptides or by
targeting recombinant ecto-ADP-ribosyltransferase ARTC2.2
or ADP-ribosylarginine hydrolase ARH1 to IFN-γ at sites
of inflammation.
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Nicotinamide adenine dinucleotide (NAD+) is an important molecule that functions as a co-
enzyme in numerous metabolic processes. Generated both through de novo synthesis
and via salvage pathways, NAD+ is the substrate for a variety of NAD+-consuming
enzymes. Among them is CD38, a cell surface ecto-enzyme widely expressed on
different types of cells and endowed with the function of cADP-ribose synthases/NAD+

glycohydrolase. Surface CD38 expression is increased in different hematological and solid
tumors, where it cooperates with other ecto-enzymes to produce the immunosuppressive
molecule adenosine (ADO). Few studies have explored the correlation of NAD+ levels with
T-cell mediated anti-tumor response in preclinical models. We therefore discuss these
novel findings, examining the possible contribution of NAD+ depletion, along with ADO
production, in the immunosuppressive activities of CD38 in the context of human tumors.
Lastly, we discuss the use of pharmacological inhibitors of CD38 and supplementation of
different NAD+ precursors to increase NAD+ levels and to boost T cell responses. Such
molecules may be employed as adjuvant therapies, in combination with standard
treatments, for cancer patients.

Keywords: NAD+, human tumors, immune response, CD38, T cells
INTRODUCTION

Nicotinamide adenine dinucleotide (NAD+) and its reduced/phosphorylated forms (NADH,
NADP+ and NADPH) are key molecules in cellular metabolism and energy production, acting as
hybrid-accepting and hybrid-donating co-enzymes in different biological reactions. NAD+ and
NADH are then inter-converted by hybrid transfer and not consumed (1). NAD+ can be generated
de novo starting from tryptophan, which is converted to N-formylkynurenine by indoleamine
dioxygenase or tryptophan dioxygenase. Other enzymes are involved in converting N-
formylkynurenine to nicotinic acid mononucleotide (NaMN), which is adenylated by adenyl-
transferases to generate nicotinic acid adenine dinucleotide (NaAD), finally converted to NAD+ by
NAD+ synthetase (1). NAD+ can also be obtained through different salvage pathways, starting from
nicotinic acid (Na) which is converted to NaMN by Na phosphoribosyltransferase (Naprt) or
starting from nicotinamide (Nam) and nicotinamide riboside (NR). The latter are converted to
nicotinamide mononucleotide (NMN) by Nam phosphoribosyltransferase (Nampt or PBEF) and
nicotinamide riboside kinases (NamRK), respectively. NMN is finally converted to NAD+ by
adenyl-transferases (1). In contrast with metabolic reactions, NAD+ is consumed during its
org April 2021 | Volume 12 | Article 658263116
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conversion to Nam by different enzymes involved in process
related to gene expression, Ca2+ mobilization, cell death and
aging (1). These enzymes are defined as NAD+-dependent ADP-
ribosyl transferase, and include i) ADP-ribose transferases or
poly(ADP-ribose) polymerases, (ii) cADP-ribose synthases and
(iii) sirtuins (NAD+-dependent protein deacetylases) (1).
INHIBITION OF ANTI-TUMOR IMMUNITY

The Role of cADP-ribose Synthases/
NAD+glycohydrolase
CD38 and its homologue CD157 belong to the family of cADP-
ribose synthases/NAD+ glycohydrolases. CD38 is also part of an
alternative ecto-enzymatic pathway, which involves CD203a/
ENPP1 and CD73, to produce adenosine (ADO) and inosine
(INO) (2, 3). CD38 expression and its role in the inhibition of
anti-tumor immune response has been described in solid (4) and
hematological (5–8) tumors. CD38 expression is increased
during inflammation and tumor transformation, and is
paralleled by CD73 up-regulation (9, 10). In chronic
lymphocytic leukemia (CLL), increased CD38 expression is
associated with unfavorable prognosis (11), along with T cell
inhibition (12). Taken together, these observations suggest that
increased CD38 expression is directly related to anti-tumor
immune response suppression and/or inhibition of migration
(13). Indeed, CD38hi CLL cells have high NAD+ glycohydrolase
enzymatic activity that leads to ADO production (11) (through
the concerted activity of CD203a/ENPP1 and CD73) and, more
importantly, to extracellular NAD+ consumption.

The role of CD38 in tumor-mediated inhibition of T cell
functions has been extensively studied in the multiple myeloma
(MM) model, where malignant plasma cells (PC) grow in a
hypoxic bone marrow (BM) niche (6, 14). The niche contains a
purinome, represented by different molecules interacting with
extracellular nucleotides, including channels, transporters,
catabolizing enzymes, intermediate products and receptors. As
a result of the activity of this complex network, ADO is produced
by canonical and alternative enzymatic pathways, starting from
ATP or NAD+, respectively (3, 14). In the canonical pathway,
CD39 converts extracellular ATP to AMP, whereas in the
alternative pathway CD38 converts b-NAD+ to ADPR and
Nam and CD203a/ENPP1 converts ADPR to AMP. Finally,
both pathways converge to CD73, which de-phosphorylates
AMP to ADO (2). The expression of ectoenzymes belonging to
alternative pathway is discontinuous in the MM niche, since PC
express CD38, whereas CD203a and CD73 are detectable at very
low expression (15). However, the latter molecules are highly
expressed by osteoblasts, osteoclasts and BM stromal cells, thus
confirming the existence of the complete pathway within BM
niche (6, 14). ADO exerts immunosuppressive functions, by
i) inhibiting tumor cell lysis by T and NK cells, ii) inducing
M2 macrophages and tolerogenic dendritic cells (DC) and
iii) inducing Treg expansion (6). In this context, NAD+

consumption in the BM niche may account for additional
immunosuppressive feature of CD38, since the alternative
Frontiers in Immunology | www.frontiersin.org 217
pathway is more active than the canonical counterpart in
hypoxic conditions and at a low pH (14). Accordingly,
therapeutic anti-CD38 mAbs Daratumumab and Isatuximab
are able to modulate the NAD+ glycohydrolase enzymatic
activity of CD38, likely affecting ADO production on the one
hand, and NAD+consumption on the other (6, 16). The degree of
modulation is significantly different, Isatuximab scoring the
highest level (15, 17).

We elsewhere described the expression and function of ADO
generation pathways in primary melanoma cells (18). In these
tumor cells, CD38 and CD73 expression was constantly detected,
whereas CD39 and CD203a were highly expressed in some
primary melanoma cells, and low to absent in the others.
Accordingly, ADO production was different, depending on the
expression of each ectoenzyme (18). Melanoma cells inhibited T
cell proliferation, and such inhibition was only partially reverted
using inhibitors of ADO receptors: this suggests that other
mechanisms may be involved. In this regard, T cell
proliferation was restored by using kuromanin, a specific CD38
inhibitor, providing indirect evidence for the central role played
by CD38 in melanoma-mediated immunosuppression (18). We
hypothesize that NAD+ consumption may represent an
additional immunosuppressive mechanism in in vitro
experiments and may also represent a strategy enacted by
melanoma cells in vivo in the tumor microenvironment to
inhibit anti-tumor immune response. In this context,
inoculation of Nam in a mouse model of melanoma
significantly increased anti-tumor immune response through
the induction of IFN-g secretion (19). In addition, in
preclinical models of melanoma, mice receiving Nam displayed
a higher T cell infiltration within the tumor than those receiving
placebo (20). Taken together, these studies support the role of
NAD+ as an essential cofactor for anti-tumor T cell response
in melanoma.

Recent studies showed that some purinergic ectoenzymes
metabolize cyclic dinucleotides, such as 2’,3’cyclic GMP-AMP
(cGAMP) (21). CD203a/ENPP1 metabolizes cGAMP generating
AMP and GMP (22). cGAMP is an activator of the stimulator of
interferon genes (STING), which stimulate innate immunity. In
brief, cyclic GMP-AMP synthase (cGAS) senses DNA released
from tumors and catalyzes the conversion of GTP and ATP to
cGAMP, which subsequently activates STING to activate the
transcription of type 1 IFN and other cytokines, and by activating
DC (21). Links between the cGAS-STING pathway with
CD203a/ENPP1 and NAD+ have recently emerged whereby
the hydrolysis of cGAMP by CD203a/ENPP1 attenuates cGAS-
STING signaling and NAD+ cleavage (23, 24). Indeed, bacterial
STING, containing a NADase-TIR domain, recognizes cyclic
dinucleotides in a conformation similar to cGAMP in complex
with human STING, allowing for b-NAD+ hydrolysis (22).
NAD+ cleavage activity of bacterial TIR domains is conserved
in the mammalian SARM1 (sterile alpha and TIR motif
containing 1) NAD+-glycohydrolase (23, 25). In mice, high
cGAMP correlated with high anti-tumor activity, by a direct
triggering of the STING-dependent pathway. Consequently,
inhibitors of CD203a/ENPP1 (26) could have anti-tumor
April 2021 | Volume 12 | Article 658263
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activity by inhibiting the conversion of extracellular b-NAD+ to
ADO and by inhibiting cGAMP degradation and, therefore, the
secretion of SASP (senescent-associated secretory phenotype)
factors which were found to increase CD38 expression (27, 28).
All these findings are schematized in Figure 1.

The Direct Role of NAD+

Recently, several reports investigated whether NAD+ might play
a direct role in modulating anti-tumor immune response. In
particular, extracellular levels of NAD+ are relevant for T cell
functions. A study compared the metabolic activity of a hybrid T
cell population with characteristics of both Th1 and Th17 cells,
referred to as Th1/17 cells, to Th1 and Th17 cells (29). Indeed,
Th1/17 cells display a unique metabolic phenotype, with high
glutaminolysis and medium levels of glycolysis. The study
showed that Th1/17 cells expressed 34 times more intracellular
NAD+ levels than Th17 cells, due to glutaminolysis. In addition,
NAD+ depletion, obtained through pharmacological inhibition
Frontiers in Immunology | www.frontiersin.org 318
of Nampt using FK866, downregulated IFN-g/IL-17+ cells in
Th1/17 cells. More importantly such cells, adoptively transferred
to tumor-bearing mice, failed to control tumor growth unlike
untreated cells, thus demonstrating that NAD+ is essential for
anti-tumor activity of Th1/17 cells (29). Sirt1, a NAD+-
dependent protein deacetylase, is a key factor, being higher in
Th1/17 cells than in other subsets. Moreover, cells treated with
Sirt1 inhibitors and Sirt-1-KO T cells displayed fewer IL-17+

cells. Accordingly, tyrosinase-reactive hybrid Th1/17 cells
differentiated ex vivo in the presence of Ex527 (Sirt1 inhibitor)
displayed a lower anti-tumor activity than untreated cells in a
murine melanoma model. Similar results were obtained using
Sirtfl/flCD4Cre mouse splenic T cells retrovirally transduced with
TRP-1 TCR and programmed to the hybrid Th1/17 phenotype.
These findings confirmed that Sirt1 deacetylase activity is
required for Th1/17 cells anti-tumor functions (29). While
investigating the target of Sirt1 activity, the researchers found a
reduced acetylation status in Th1/17 cells, which is partially
FIGURE 1 | The role of cADP ribose synthase and cGAS/STING pathway in the inhibition of anti-tumor immune response. This cartoon describes the mechanism(s)
underlying the inhibition of the immune response against tumor cells by CD38. On one hand, CD38 co-operates with other ectoenzymes (CD203a/ENPP1, CD73,
CD39) in the production of the immunosuppressive molecule ADO. On the other hand, CD38 depletes NAD+ from the extracellular environment, especially in
conditions with low pH and hypoxia, thus inhibiting tumor cell lysis. cGAS (on the left) metabolizes 2’,3’cyclic GMP-AMP (cGAMP) dinucleotide also acting as
modulator of the immune system. Hydrolysis of cGAMP by CD203a/ENPP1 attenuates cGAS-STING signaling and the cleavage of NAD+.
April 2021 | Volume 12 | Article 658263
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reverted when NAD+ levels are decreased using pharmacological
inhibitors. In particular, they analyzed Foxo1, a transcription
factor involved in the responses of memory T cells, which is
regulated by phosphorylation and acetylation. Foxo1
phosphorylation, which correlated with its internalization and
degradation, was found to be the highest in Th17 cells, and at
medium levels in Th1/Th17 cells. In contrast, Foxo1 acetylation,
which attenuates its function, is reduced in both Th1 and Th1/17
cells. Thus, the transcriptional activity of Foxo1 is the highest in
Th1/17 cells due to phosphorylation/acetylation balance, which
leads to higher levels of the Foxo1 target genes Klf2 and Ccr7 in
Th1/17 cells than in Th17 and Th1 cells. This implies an
increased Th1/17 cells homing to the lung, liver, spleen, and
lymph nodes after adoptive transfer. Lastly, pharmacological
inhibition of NAD+ and Sirt1 leads to direct inhibition of Klf2
and Ccr7, thus confirming that the NAD+-Sirt1 axis regulates
differentiation, migration, effector functions and the anti-tumor
response of Th1/17 cells (29).

The role of NAD+ in the metabolic reprogramming of T cells
and in T-cell mediated anti-tumor immune response was further
demonstrated using CD38KO cells. Such cells lack CD38 NAD-
ase activity, and consequently have higher levels of NAD+ and
Sirt1 activity. Moreover, they display enhanced expression of the
glutaminolysis pathway and of the mitochondrial biogenesis
regulator PGC1a, thus confirming a metabolic phenotype
similar to that of Th1/17 cells. More importantly, they
controlled tumor growth in animal models more efficiently
than wild-type cells, with an increased cytokine production
within the tumor microenvironment. These observations
suggested that CD38 loss, and consequent extracellular NAD+

increase, is the key to implement anti-tumor activity of T cells
in vivo. This conclusion was reinforced by additional studies
were T cells were treated with TGF-b (which mimics tumor
immune suppression) and then with anti-CD38 antibody (29).
Such cells were lower in CD38 expression and higher in cytokine
production and Sirt1 activity than untreated cells. Accordingly,
tumor-bearing mice undergoing adoptive transfer of T cells after
anti-CD38 treatment had longer survival times and better
control of tumor growth than mice treated with anti-CD38 or
T cells alone (29).

The role of Sirt2 in the differentiation of effector memory
T cells (TEM) was analyzed in breast cancer patients (30).
Patients express lower levels of Sirt2 in T lymphocytes than the
controls, and patients with high levels of Sirt2 exhibited a
higher percentage of TEM than patients with low Sirt2
expression. The percentage of TEM was highest in patients
with the worst prognosis, since such cells differentiate from
naïve T cells and are mobilized to exert an anti-tumor response.
The role of Sirt2 was unambiguously demonstrated in Sirt2-/-

mice, where naïve T cells were more abundant than TEM. Sirt2
acted through the GSK-3b deacetylation (30). This study
confirmed that Sirt2, a NAD+ dependent deacetylase, is
pivotal in the differentiation of naïve T cells to TEM. Thus,
high levels of NAD+ in the tumor microenvironment are
required for Sirt2 activation and, in turn, for T cell
differentiation and for achieving powerful anti-tumor
Frontiers in Immunology | www.frontiersin.org 419
immune response. In contrast, NAD+ depletion, as observed
in different human tumors, may lead to immune suppression.

A novel study analyzed the role of NAD+ in the activation of
the anti-tumor T cell response (31). Genetic and metabolic
analysis of the Jurkat T-ALL cell line allowed the genes
involved in T cell activation to be identified. Nampt was
proved as a key factor for T cell activation in both analysis,
and three compounds known to target Nampt (FK866, STF-
118804, and GMX1178) as the most disruptive to T cell
activation (31). Accordingly, FK866 was able to inhibit T cell
activation, as witnessed by the downregulation of CD69, CD25
and ICOS activation markers, inhibition of calcium flux and
phosphorylation of signaling proteins. Interestingly, NAD+

intracellular levels were restored by adding NAD+ to the
culture medium, thus suggesting that T cells are able to uptake
NAD+ from the environment. This was able to restore T cell
activation, confirming that high NAD+ levels are essential for T
cell activation (31). Appealing results were obtained by
comparing the NAD+ levels of tumor infiltrating lymphocytes
(TIL) and peripheral blood lymphocytes (PBL), in samples from
ovarian cancer patients and from melanoma preclinical models.
NAD+ levels were significantly lower in TIL than in PBL, thus
suggesting that the tumor microenvironment induced NAD+

depletion in infiltrating lymphocytes. Accordingly, the authors
observed an increased nicotinate and nicotinamide metabolism
KEGG pathway in TIL as compared to PBL (31). The salvage
NAD+ synthesis pathway represents the principal source of
NAD+ in T cells, since Nampt knockdown induced a decrease
of about 50% of intracellular NAD+ levels (31). Pathways
regulated by NAD+ in T cells were also analyzed, revealing that
inhibition of NAD+ synthesis by FK866 altered the levels of
metabolites belonging to the glutaminolysis, glycolysis and citric
acid cycle pathways, thus affecting mitochondrial oxidative
phosphorylation, both in Jurkat cells and in PBL. Also here it
was confirmed significant decreases in lactate, citric acid,
succinic acid and oxoglutaric acid, along with an increase in
glucose and glutamine. As a final result, NAD+ deprivation
reduced the number of mitochondria and their respiratory
capacity, leading to lower ATP levels in T cells (31). Notably,
this study analyzed the role of NAD+ in CAR-T cell functions
against solid tumors. It was confirmed that NAD+ depletion by
FK866 decreased ex vivo cytotoxic potential of CD19-41BB CAR
T cells, through the downregulation of Granzyme B, IL-2 and
IFN-g secretion. In contrast, increased NAD+ intracellular levels
(achieved by Nampt overexpression) enhanced tumor cell killing
by CAR T cells (31). In line are the results obtained in vivo using
mice subcutaneously inoculated with K562-CD19 tumor cells
and then treated with CD19-41BB CAR T cells. A cohort of mice
underwent intraperitoneal injection of Nam, which increased
NAD+ intracellular levels in CAR T cells, about as much as
NAD+ itself. This cohort showed an increased number of tumor-
free mice, prolonged survival rates and a higher percentage of
lymphocytes infiltrating the tumor, as compared to mice treated
with CAR T cells alone. A reasonable conclusion is that
supplementation with NAD+ precursors may increase tumor
killing and CAR T cell therapeutic functions (31). Furthermore,
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Nam supplementation may increase the success of therapeutic
strategies based on the blockade of immune checkpoints (ICB).
Mice inoculated with B16F10 and MC38 tumor cell lines were
then treated with anti-PD1 and anti-CTLA4, respectively, in the
presence (or absence) of Nam supplementation. In both cases,
the therapeutic effect of ICB was increased in mice inoculated
with Nam, showing limited tumor growth and longer survival.
Infiltration of T lymphocytes in the tumor was also increased,
thus indicating that Nam was able to activate the anti-tumor
T cell response (31). Similar results have been obtained in a
mouse model of melanoma (19), where Nam administered alone
as a therapeutic agent reduced tumor growth and prolonged the
survival of mice. Higher levels of IFN-g-producing cells were
found in the peripheral blood of mice treated with Nam than in
untreated mice. In addition, different cytokines/chemokines were
modulated in Nam-treated mice (but not in untreated mice),
including an increase of IL-5 and Eotaxin and a decrease of IL-
10, IL-12, IL-3 and RANTES. Thus, Nam treatment is able to
Frontiers in Immunology | www.frontiersin.org 520
increase IFN-g secretion, which is pivotal for the anti-tumor
immune response, and to modulate the balance of cytokine/
chemokine in the periphery (19). These studies confirmed the
role of NAD+ in the activation of anti-tumor T cell response and
clarified one of the mechanisms underlying T cell inactivation
after NAD+ depletion, centered on metabolic reprogramming.
More importantly, NAD+ and its precursors have been proposed
as an adjuvant therapeutic strategy to improve the clinical
outcome of adoptive T cell therapy in patients with solid tumors.

The effects of NAD+ deprivation was analyzed on different T
cell subsets and on different types of T cell response (32). Nampt
serum levels were higher in transplanted patients with acute
severe GvHD than in those with no signs of GvHD. Furthermore,
Nampt was predominantly expressed by T lymphocytes in
colonic sections of patients, and the same results were
observed in mice receiving allogenic BM transplantation.
Furthermore, mice receiving allogeneic BMT and treated with
FK866 were clinically protected against GvHD, as witnessed by a
FIGURE 2 | The direct role of NAD+ in T cell function. In T cells NAD+ intracellular levels are increased by NAMPT (nicotinamide phosphoribosyltransferase) which
converts NAM to NAD+. High intracellular levels of NAD+ correlated with high activity of Sirt1 deacetyase activity, which in turn activate Foxo1and increase the
expression of downstream genes Klf2 and Ccr7. These effects correlated to the increase of T cell functions, including tumor cell lysis. NAD+ can be uptake from
extracellular space, where it may be depleted by CD38 enzymatic activity. Thus, mAbs targeting CD38 may block NAD+depletion and increase T cell functions.
Supplementation of NAM may also augment NAD+ levels, thus increasing tumor cell lysis. On the other hand, NAMPT inhibitors block the conversion of NAM to
NAD+, thus inhibiting T cell functions.
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decreased weight loss, reduced clinical GvHD scores, normal
colon length and reduced histological severity scores in colon
and liver (32). Accordingly, mice treated with FK866 showed
fewer donor T cells and more Tregs in spleen and liver than
untreated mice. Worth noting, memory T cells and other
immune cell populations, including monocytes, macrophages,
DC and NK cells, were not affected by FK866 treatment. Such
treatment induced apoptosis in donor-derived T cells in spleen
and liver. In addition, no effects were observed in mice receiving
syngenic BMT, thus suggesting that inhibition of Nampt only
affects alloreactive T cells (32). Upon TCR stimulation, Nampt
mRNA was upregulated in effector cells but not in Tregs: these
effects were paralleled by increased intracellular NAD+ levels. In
line with this observation, FK866 treatment reduced viability and
downregulated IFN-g and TNF-a production only in effector T
cells, mediated by NAD+ depletion. In contrast, FK866
significantly up-regulated FoxP3 expression in Tregs, through
the inhibition of Sirt1-mediated acetylation, thus increasing their
regulatory functions (32). Lastly, the authors setup a graft-
versus-leukemia (GvL) experimental model, where mice
underwent syngenic or allogenic BMT and then inoculated
with leukemia or lymphoma cell lines. Mice receiving syngenic
BMT rapidly developed metastatic tumors, and tumor spread
was abrogated with FK866 treatment, thus suggesting a direct
anti-tumor effect of this molecule. In contrast, mice receiving
allogeneic BMT display a limited tumor burden (due to GvL) and
a severe GvHD. In these mice, FK866 treatment reduced GvHD
and suppressed tumor growth. The study demonstrated that
FK866 abrogated tumor cell proliferation by depleting
intracellular NAD+ (32). Thus, NAD+ is necessary for T cell
proliferation and T cell responses. Targeting NAD+ salvage
pathway may be useful for the treatment of GvHD in
transplanted patients, since Nampt activity and NAD+ levels
are the highest in allogeneic T cells, without affecting GvL and
anti-tumor activity. Figure 2 describes the role of NAD+ in anti-
tumor T cell responses.
DISCUSSION

This mini review reports on recent evidence highlighting the role
of NAD+ as a key factor in the anti-tumor T cell response. To
date, a handful of studies indicate that NAD+ administration
may boost the anti-tumor activity of canonical and engineered
T cells in preclinical models of human tumors. NAD+ depletion
brought about by immunosuppressive mechanisms, which
involve NAD+-consuming enzymes, may dampen T cell
Frontiers in Immunology | www.frontiersin.org 621
functions. Based on these findings, it appears that CD38
immunosuppressive activity in human solid and hematological
tumors, which hinges upon the production of the inhibitory
molecule ADO, might exploit NAD+ consumption as well. This
feature is more relevant in the specific microenvironment of the
BM niche in MM, which is characterized by hypoxia and low pH,
thus rendering the alternative pathway (which consumes NAD+)
more effective than the canonical one. In conclusion, NAD+

balance must be taken into account in the treatment of cancer
patients, and enzymes involved in NAD+ synthesis and
catabolism may represent novel targets for adjuvant therapies,
contributing to the success of adoptive T cell therapies. Indeed,
recent studies have addressed the efficacy of CD38 inhibitors (i.e.
kuromanin) in preclinical models of CLL (33, 34) in combination
with standard therapies. In addition, Nam has been administered
in combination with radiotherapy or chemotherapy to patients
with different solid tumors, obtaining promising effects (35).
Thus, pharmacological interventions aimed at restoring NAD+

levels may increase the efficacy of standard therapies for patients
with solid and hematological tumors. In this line, other NAD+

precursors, such as NR and NMN, have been recently proposed
to revert NAD+ depletion in multiple organ fibrosis (36) and
aging (37), respectively. Finally, five clinical studies using Nam as
adjuvant therapy are currently ongoing for cancer patients
(www.clinicaltrials.gov).
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The NADase CD38 is induced by factors secreted from senescent cells
providing a potential link between senescence and age-related cellular NAD
(+) decline. Biochem Biophys Res Commun (2019) 513(2):486–93. doi:
10.1016/j.bbrc.2019.03.199

28. Covarrubias AJ, Kale A, Perrone R, Lopez-Dominguez JA, Pisco AO, Kasler
HG, et al. Senescent cells promote tissue NAD+ decline during ageing via the
activation of CD38+ macrophages. Nat Metab (2020) 2:1265–83. doi: 10.1038/
s42255-020-00305-3

29. Chatterjee S, Daenthanasanmak A, Chakraborty P, Wyatt MW, Dhar P,
Selvam SP, et al. CD38-NAD(+)Axis Regulates Immunotherapeutic Anti-
Tumor T Cell Response. Cell Metab (2018) 27(1):85–100 e8. doi: 10.1016/
j.cmet.2017.10.006

30. Jiang C, Liu J, Guo M, Gao X, Wu X, Bai N, et al. The NAD-dependent
deacetylase SIRT2 regulates T cell differentiation involved in tumor immune
response. Int J Biol Sci (2020) 16(15):3075–84. doi: 10.7150/ijbs.49735

31. Wang Y, Wang F, Wang L, Qiu S, Yao Y, Xiong X, et al. Potentiating the anti-
tumor response of tumor infiltrated T cells by NAD+ supplementation.
bioRxiv (2020) 2020.03.21.001123. doi: 10.1101/2020.03.21.001123

32. Gerner RR, Macheiner S, Reider S, Siegmund K, Grabherr F, Mayr L, et al.
Targeting NAD immunometabolism limits severe graft-versus-host disease
and has potent antileukemic activity. Leukemia (2020) 34(7):1885–97. doi:
10.1038/s41375-020-0709-0

33. Manna A, Kellett T, Aulakh S, Lewis-Tuffin LJ, Dutta N, Knutson K, et al.
Targeting CD38 is lethal to Breg-like chronic lymphocytic leukemia cells and
Tregs, but restores CD8+ T-cell responses. Blood Adv (2020) 4(10):2143–57.
doi: 10.1182/bloodadvances.2019001091

34. Manna A, Aulakh S, Jani P, Ahmed S, Akhtar S, Coignet M, et al. Targeting
CD38 Enhances the Antileukemic Activity of Ibrutinib in Chronic
Lymphocytic Leukemia. Clin Cancer Res Off J Am Assoc Cancer Res (2019)
25(13):3974–85. doi: 10.1158/1078-0432.CCR-18-3412

35. Nikas IP, Paschou SA, Ryu HS. The Role of Nicotinamide in Cancer
Chemoprevention and Therapy. Biomolecules (2020) 10(3):477. doi:
10.3390/biom10030477

36. Shi B, Wang W, Korman B, Kai L, Wang Q, Wei J, et al. Targeting CD38-
dependent NAD(+) metabolism to mitigate multiple organ fibrosis. iScience
(2021) 24(1):101902. doi: 10.1016/j.isci.2020.101902

37. Chini CCS, Peclat TR, Warner GM, Kashyap S, Espindola-Netto JM, de
Oliveira GC, et al. CD38 ecto-enzyme in immune cells is induced during aging
and regulates NAD(+) and NMN levels. Nat Metab (2020) 2(11):1284–304.
doi: 10.1038/s42255-020-00298-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer SD declared a shared affiliation with the authors AH and FMa to the
handling Editor.

Copyright © 2021 Morandi, Horenstein and Malavasi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2021 | Volume 12 | Article 658263

https://doi.org/10.3389/fimmu.2019.00760
https://doi.org/10.1152/physrev.00035.2007
https://doi.org/10.1152/physrev.00035.2007
https://doi.org/10.1016/j.febslet.2011.04.036
https://doi.org/10.1111/j.1600-065X.1998.tb01574.x
https://doi.org/10.1111/j.1600-065X.1998.tb01574.x
https://doi.org/10.4161/cbt.6.3.3762
https://doi.org/10.1182/blood.V94.6.1840.418k06_1840_1847
https://doi.org/10.1182/blood.V94.6.1840.418k06_1840_1847
https://doi.org/10.1172/JCI35017
https://doi.org/10.1182/blood-2011-06-275610
https://doi.org/10.3390/cells4030520
https://doi.org/10.3390/cells4030520
https://doi.org/10.1111/bjh.17329
https://doi.org/10.1016/j.imlet.2018.04.005
https://doi.org/10.3390/cells8121522
https://doi.org/10.18632/oncotarget.4693
https://doi.org/10.1186/s13046-020-01719-3
https://doi.org/10.1039/C9PP00388F
https://doi.org/10.1038/s41467-018-06922-7
https://doi.org/10.1111/febs.15640
https://doi.org/10.1038/s41586-020-2719-5
https://doi.org/10.3390/molecules24224192
https://doi.org/10.1038/s42255-019-0161-5
https://doi.org/10.19080/IJCSMB.2018.05.555655
https://doi.org/10.1016/j.bbrc.2019.03.199
https://doi.org/10.1038/s42255-020-00305-3
https://doi.org/10.1038/s42255-020-00305-3
https://doi.org/10.1016/j.cmet.2017.10.006
https://doi.org/10.1016/j.cmet.2017.10.006
https://doi.org/10.7150/ijbs.49735
https://doi.org/10.1101/2020.03.21.001123
https://doi.org/10.1038/s41375-020-0709-0
https://doi.org/10.1182/bloodadvances.2019001091
https://doi.org/10.1158/1078-0432.CCR-18-3412
https://doi.org/10.3390/biom10030477
https://doi.org/10.1016/j.isci.2020.101902
https://doi.org/10.1038/s42255-020-00298-z
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Khaled Machaca,

Weill Cornell Medicine-Qatar,
Qatar

Reviewed by:
Alexei Tepikin,

University of Liverpool,
United Kingdom
Ghanim Ullah,

University of South Florida,
United States

*Correspondence:
Geneviève Dupont
gdupont@ulb.ac.be

Specialty section:
This article was submitted to

Cytokines and Soluble
Mediators in Immunity,
a section of the journal

Frontiers in Immunology

Received: 28 January 2021
Accepted: 06 April 2021
Published: 28 April 2021

Citation:
Gil D, Guse AH and Dupont G (2021)

Three-Dimensional Model of Sub-
Plasmalemmal Ca2+ Microdomains
Evoked by the Interplay Between

ORAI1 and InsP3 Receptors.
Front. Immunol. 12:659790.

doi: 10.3389/fimmu.2021.659790

ORIGINAL RESEARCH
published: 28 April 2021

doi: 10.3389/fimmu.2021.659790
Three-Dimensional Model of Sub-
Plasmalemmal Ca2+ Microdomains
Evoked by the Interplay Between
ORAI1 and InsP3 Receptors
Diana Gil 1, Andreas H. Guse1 and Geneviève Dupont2*

1 The Ca2+ Signalling Group, Department of Biochemistry and Molecular Cell Biology, University Medical Center Hamburg-
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Ca2+ signaling plays an essential role in T cell activation, which is a key step to start an
adaptive immune response. During the transition from a quiescent to a fully activated
state, Ca2+ microdomains characterized by reduced spatial and temporal extents are
observed in the junctions between the plasma membrane (PM) and the endoplasmic
reticulum (ER). Such Ca2+ responses can also occur in response to T cell adhesion to
other cells or extracellular matrix proteins in otherwise unstimulated T cells. These non-
TCR/CD3-dependent Ca2+ microdomains rely on D-myo-inositol 1,4,5-trisphosphate (IP3)
signaling and subsequent store operated Ca2+ entry (SOCE) via the ORAI/STIM system.
The detailed molecular mechanism of adhesion-dependent Ca2+ microdomain formation
remains to be fully elucidated. We used mathematical modeling to investigate the
spatiotemporal characteristics of T cell Ca2+ microdomains and their molecular
regulators. We developed a reaction-diffusion model using COMSOL Multiphysics to
describe the evolution of cytosolic and ER Ca2+ concentrations in a three-dimensional ER-
PM junction. Equations are based on a previously proposed realistic description of the
junction, which is extended to take into account IP3 receptors (IP3R) that are located next
to the junction. The first model only considered the ORAI channels and the SERCA
pumps. Taking into account the existence of preformed clusters of ORAI1 and STIM2,
ORAI1 slightly opens in conditions of a full ER. These simulated Ca2+ microdomains are
too small as compared to those observed in unstimulated T cells. When considering the
opening of the IP3Rs located near the junction, the local depletion of ER Ca2+ allows for
larger Ca2+ fluxes through the ORAI1 channels and hence larger local Ca2+

concentrations. Computational results moreover show that Ca2+ diffusion in the ER has
a major impact on the Ca2+ changes in the junction, by affecting the local Ca2+ gradients in
the sub-PM ER. Besides pointing out the likely involvement of the spontaneous openings
of IP3Rs in the activation of SOCE in conditions of T cell adhesion prior to full activation, the
model provides a tool to investigate how Ca2+ microdomains extent and interact in
response to T cell receptor activation.

Keywords: non-TCR/CD3-dependent microdomains, Calcium Signaling, T-cells, COMSOL, computational model,
Store operated calcium entry (SOCE)
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INTRODUCTION

T cell stimulation initiates a cascade of intracellular events
among which increases of the free cytosolic Ca2+ concentration
(CC), having well-defined spatio-temporal characteristics, play a
crucial role. In particular, Ca2+ controls many processes that are
essential for an adaptive immune response such as
transcriptional activation, proliferation, differentiation or
secretion of cytokines (1). As in most non-excitable cells, the
classical model for Ca2+ signaling in T cells considers as first step
the formation of D-myo-inositol 1,4,5-trisphopshate (IP3) and
subsequent activation of IP3R (2). Another Ca2+ mobilizing
second messenger, nicotinic acid adenine dinucleotide
phosphate (NAADP) has been shown to be also involved
through its action on type 1 ryanodine receptor (RYR1) (3, 4).
Both IP3R and RyR1 release Ca2+ from the endoplasmic
reticulum (ER), which results in a significant decrease of the
luminal Ca2+ concentration and thereby stimulates capacitative
or store operated Ca2+ entry (SOCE) (see (5) for review) via the
ORAI/STIM system. The Ca2+ filling state of the ER is indeed
detected by Ca2+ sensors stromal interaction molecules 1
(STIM1) and 2 (STIM2) located in the ER membrane (6, 7).
Upon a decrease in ER Ca2+, Ca2+ dissociates from STIMs and
STIM molecules aggregate and move to so-called “junctional
spaces”. These junctions, also called “puncta”, are regions of the
cell where the ER is located in close proximity of the plasma
membrane (PM), thereby creating a 10-20 nm gap of cytosol
between the two membranes (8). There, STIM molecules can
recruit ORAI1 to form active Ca2+ channels that allow Ca2+ to
enter from the extracellular medium into the cytosol (1, 9). The
relation between SOCE and the ER Ca2+ concentration (CS) is
non-linear and generally described by a decreasing Hill function
of CS, with a KD for half activation of the order of ~200 μM when
it depends on the dissociation of Ca2+ from STIM1 and of ~400
μM when it depends on the dissociation of Ca2+ from STIM2 (6,
10, 11). Since resting CS is in the range 400-600 μM depending
on the cell type (12), STIM1 is activated only upon conditions of
massive ER depletion, while STIM2 has a greater sensitivity to
small decreases in CS.

Global Ca2+ signaling is often preceded by local Ca2+ signals
known as “Ca2+microdomains” that occur as a signaling transition
state between quiescence and full activation of cells (13).
Interestingly, a role for ORAI/STIM proteins in Ca2+

microdomains occurring in the process of immune synapse
formation was described (14). High-resolution Ca2+ imaging
revealed that T cell Ca2+ microdomains occur as a signaling
transition during the first ~15 s following cell activation by TCR/
CD3 and show well-defined spatio-temporal dynamics. Such Ca2+

increases appear randomly in timeand last for 64± 3ms [computed
from the data of (4)]. Ca2+ microdomains extent on 0.216 mm2 ±
0.004 and display an average amplitude of 325 ± 11 nM (3, 4). They
are initiated by NAADP signaling acting on RYR1 and strongly
depend on ORAI1 and both STIM1 and STIM2.

Similar Ca2+ microdomains can moreover occur in the
absence of T cell activation via TCR/CD3 (non-TCR/CD3-
dependent Ca2+ microdomains). These small signals are more
Frontiers in Immunology | www.frontiersin.org 224
than four times less frequent than those occurring in the first
seconds following stimulation and are shorter [44 ± 4 ms,
computed from the data of (4)] but display similar amplitudes
(290 ± 12 nM). This amplitude is not affected by the absence
RYR1, which indicates that NAADP-evoked Ca2+ release is not
significantly involved in the creation of non-TCR/CD3-
dependent Ca2+ microdomains. In contrast to TCR/CD3-
dependent Ca2+ microdomains, the non-TCR/CD3-dependent
microdomains rely on T cell adhesion to other cells or proteins of
the extracellular matrix (ECM), integrin evoked IP3 signaling
and subsequent SOCE via the ORAI/STIM system (15). In these
conditions, pre-formed complexes of ORAI1 and both STIM1
and STIM2 have been obtained by FRET experiments and super-
resolution microscopy (4, 15).

Non-TCR/CD3-dependent Ca2+ microdomains are the
signature of a basal, low-level Ca2+ entry in resting T cells.
How partial and local depletion in CS allows Ca

2+ to enter into
the cytosol through preformed assembly of ORAI1 and STIM
molecules, cannot be resolved experimentally on the single
channel level given that current Ca2+ imaging systems are
characterized by spatial and temporal resolutions in the range
of several hundreds of nanometers and tens of milliseconds, e.g.
368 nm and 20 to 25 ms, respectively (3). Here, we used
mathematical modelling to further investigate the molecular
origin of non-TCR/CD3-dependent Ca2+ microdomains. In
particular, we quantitatively explored the relation between the
Ca2+ concentration in a PM junction and in its adjacent ER upon
opening of pre-formed ORAI1/STIM2 channels, under different
conditions triggering channel opening and for various spatial
geometries of the junction.

Mathematical modeling has been much used in the field of
Ca2+ signaling to help deciphering its sophisticated spatio-
temporal organization and its versatility (16). In particular,
small-scale Ca2+ events corresponding to the spontaneous,
stochastic opening of a few IP3R have been much investigated
theoretically (17–22). Similarly, simulations of Ca2+ fluxes in
realistic geometries have been very useful to explore the relation
between microscopic structures and cellular responses in cardiac
cells (23, 24).

How SOCE interferes with Ca2+ signaling has mainly been
investigated in models that do not take the detailed arrangement
of the Ca2+ stores and fluxes into account. Using an ad hoc
dependence of the SOC current on ER Ca2+ concentration, Ong
et al. (25) showed that the re-localization of STIM1 near ORAI1
channels, and thus the status of SOCE, depends on the Ca2+

concentration just beneath the ER membrane. A molecular
description of a Ca2+-dependent ORAI1-STIM1 binding was
introduced by Liu et al. (26), who fitted their model to reproduce
data of SOCE activation in human Jurkat leukemic T cells (10). A
theoretical study closely based on experimental observations in
airway smooth muscle cells enlightened the primary role played
by SOCE in the maintenance of agonist induced Ca2+ entry (27).
A similar, phenomenological description of SOCE was
introduced in an extended model of Ca2+ signaling and
transcription factor activation in T-lymphocytes (28). In
another recent study, Yoast et al. (29) used mathematical
April 2021 | Volume 12 | Article 659790
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modelling to back-up their experimental investigation of the
relation between the precise composit ion of ORAI
heteromultimers and global Ca2+ signaling that differentially
activates NFAT-mediated transcriptional responses.

Other mathematical models have focused on the spatial
aspects of SOCE-mediated influx, and more especially on the
influence of the geometry of the ER-PM junction on the spatio-
temporal characteristics of Ca2+ entry. These models describe
Ca2+ signaling in one PM-ER junction. Unequivocal theoretical
considerations allowed establishing the highly local character of
the ORAI1-mediated Ca2+ profile through ORAI1 in a realistic
junction geometry (30). A 3D spatial model was developed by
Samanta et al. (31) to investigate the effect of clustering within
the ER-PM junction of RBL-1 cells. They concluded that ORAI1
clustering increases both the amplitude and the spatial spread of
the Ca2+ signal in the junction in response to a massive decrease
in ER Ca2+. A more detailed description of the junction, taking
into account the sub-PM ER and the activity of the SERCAs in
the junction, was later developed by McIvor et al. (32). The
model allowed to investigate the microscopic patterning of the
Ca2+ signal in the junction and the replenishment of the ER after
significant depletion, in conditions encountered when cells are
treated with massive doses of SERCA inhibitors.

In this study, we adapt the model proposed by McIvor et al.
(32) to investigate the molecular origin of the non-TCR/CD3-
dependent Ca2+ microdomains that have been observed in T cells
Frontiers in Immunology | www.frontiersin.org 325
adhering to poly-L-lysine coated surface (4). After describing the
mathematical model, we successively simulate situations with
and without IP3Rs in the sub-PM ER membrane. We found that
the local ER depletions created by their spontaneous activity are
necessary to account for experimental observations about the
average amplitude of Ca2+ microdomains in T cells. We also used
the model to investigate the impact of Ca2+ diffusion in the ER
and of the distance between ORAI1 channels and found that only
the former factor has a significant impact on the characteristics
of the Ca2+ signals in the PM-ER junction.
DESCRIPTION OF THE MATHEMATICAL
MODEL

Our model is based on the realistic 3-dimensional mathematical
description of the junction proposed by McIvor et al. (32). In this
study, the authors investigated Ca2+ dynamics associated with
SOCE in conditions corresponding to a significant depletion of
the ER, up to [Ca2+] = 150 mM. Here, we used a modified version
of this model to investigate the origin of the non-TCR/CD3-
dependent Ca2+ microdomains described by Diercks et al. (4).

Spatial Geometry
Model geometry is shown in Figure 1. It represents a portion of
ER surrounded by cytoplasm, with the specificity that the ER and
A B

C

FIGURE 1 | Schematic representation of the model geometry of the ER-PM junction and sub-PM ER used to investigate the origin of the Ca2+ microdomains in T
cells. (A) Frontal diagram showing the dimensions of the cone that represents the sub-PM ER, of the junction and of the portion of the cytosol considered in the
simulations. ORAI1 channels are in blue, SERCA pumps in yellow and IP3Rs in green. Plain lines represent membrane boundaries; dashed lines, fictitious limits
between the junction and the cytosol and double lines indicate the limits of the simulated system. The resting Ca2+ concentrations considered as initial conditions
and boundary conditions in the two compartments are indicated. (B) 3D view of the model geometry (C) Upper view of the positions of the ORAI1 channels on the
PM, in green, and of the ERM, in purple, using COMSOL. Not to scale. This geometry is based on McIvor et al. (32). See text for details.
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the PMmembranes are very close to one another. The part of the
ER that is closest to the PM is called sub-PM ER (25) and is
described by a conic domain. The up and bottom faces have
diameters of 200 nm and 400 nm, respectively. The depth of the
sub-PM is 485 nm (32). The bottom face stands for the sub-PM
ER limit, where it coincides with the bulk of the ER (ERBulk). The
sub-PM ER is embedded in a cubic cytosolic domain of 400 nm x
400 nm that includes the ER-PM junction itself, represented as a
cylindrical sub-domain of 200 nm in diameter that extends 15
nm from the ER membrane (ERM) up to the PM. The rest of the
cube corresponds to the cytosol adjacent to the junction (Figures
1A, B). The lateral faces of the cube are in contact with the bulk
cytosol of the cell.

We include five ORAI channels on the PM as estimated by
Hogan (30) and ten SERCA pumps as proposed by McIvor et al.
(32), both placed at the rim of concentric rings with a 40 nm and
70 nm radius, respectively (Figure 1C). The corresponding inter-
channel distances are thus 47 nm for ORAI1s, as estimated by
Samanta et al. (31) and 44 nm for SERCAs. The arrangement of
SERCAs as a ring around the ORAI1s in the junction follows the
arrangement proposed by Alonso et al. (33). As will be explained
in the “Results” section (15), IP3Rs have to be considered in the
simulations to describe junctional Ca2+ microdomains in T cells.
Thus, a cluster of eight IP3Rs is included at the boundary
between the sub-PM ER and the cytosol. Spatial arrangement
of the IP3Rs is based on the work by Thillaiappan et al. (34), who
reported clusters of native immobile ‘licensed’ IP3Rs residing
alongside the ER-PM junction and facing the PM. The IP3R
inter-channel distance varies from 30 nm up to 200 nm (34–36).
We chose 90 nm for symmetry reasons and use the same distance
to the ER membrane. Actually, as detailed in the next section,
this location simply reflects that IP3R’s colocalize with
SOC channels.

Continuous black lines in Figure 1A represent membranes
and thus correspond to no flux boundary conditions, except
across channels and pumps. The black dashed lines represent
symbolic boundaries between the ER-PM junction and the
cytosol, through which Ca2+ actually diffuses freely. Dirichlet
boundary conditions corresponding to the initial Ca2+

concentrations are imposed at the outer boundaries
represented by double bold lines, blue to the cytosol and
yellow to ERbulk as in McIvor et al. (32). Thus, we fix the free
cytosolic [Ca2+] CC at 30 nM at the boundaries between the
junction and the cytosol. This is in agreement with the brief and
local nature of Ca2+ microdomains (30). Similarly, because the
regulation of SOCE is governed mainly by [Ca2+]ER in close
proximity to the junction (25), a constant ER Ca2+ concentration
equal to 400 mM, corresponding to the Ca2+ resting
concentration in the bulk of the ER, is imposed at the bottom
boundary of the sub-PM ER domain. All parameter values are
given in Table S1.

Ca2+ Dynamics
The model describes the evolutions of Ca2+ concentration in the
cytosol (CC) and in the sub-PM ER (Cs). These concentrations
obey the diffusion equations
Frontiers in Immunology | www.frontiersin.org 426
∂CC

∂ t
− DC ∇2 CC = 0  , (1a)

∂CS

∂ t
− DS ∇

2 CS = 0  , (1b)

where DC and DS stand for the Ca2+ diffusion coefficient in the
cytosol and in the ER, respectively. Default values for these
coefficients are 220 and 10 mm2/s (32). Ca2+ fluxes are taken into
account in the boundary conditions that are schematized in
Figure 1, described in the previous section and detailed in the
Supplementary Information.

The flux through the ORAI channel is given by Eq. 2, with
IORAI the maximal single channel current, F the Faraday
constant, z the charge of a Ca2+ ion and AO the surface of the
channel pore:

JORAI = f Cloc
S

� � IORAI
F · z · Ao

(2)

The function f, which takes discrete values between 0 and 1,
allows to consider the different opening states of the ORAI1
channel. These states relate to the local concentration of Ca2+

around the mouth of the IP3R (Cloc
S )

In the model, this concentration was evaluated as the average
[Ca2+] in a 108 nm3 volume surrounding each IP3R. Each
volume is independently sensed by one associated ORAI1
channel. This modelling assumption, through which we
explicitly consider SOC channels located in very close
proximity of immobile IP3Rs, is based on considerations
described in Thillaiappan et al. (34). Eq. 2 implies that the
exact distance between ORAI1’s and IP3R’s will not change the
outcome of the simulations, as a consequence of the fact that
STIM molecules are not modelled explicitly. Function f was
defined on the basis of the relation between the SOC current and
[Ca2+]ER measured by Luik et al. (10) in Jurka T cells, while
taking into account that STIM2 has a lower KD for Ca2+ than
STIM1. This relation was combined with the results of Li et al.
(37) on the graded activation of ORAI1 channels in HEK cells
(see Figure S1 and Supplementary Information for a detailed
explanation). A similar graded description of the different
opening states of ORAI1 depending in that case on the
number of STIM1 attached is used in Schmidt et al. (38).
Because we investigate conditions of full ER, STIM1 that has a
high affinity for Ca2+ is not explicitly considered in the present
simulations (39).

The flux through the IP3R is given by Eq. 3, with IIP3R the
current through the IP3R and AIP3R the surface of the channel
pore. The second factor allows to scale the current to take the
actual gradient across the channel pore into account, where CS,0

and CJ,0 represent resting concentrations of Ca
2+ in the ER and in

the cytosol (40). A unitary IP3R current of 0.064 pA (41) has
been estimated at the baseline concentration difference.

JIP3R =
IIP3R

F · z · AIP3R
·
(Cs − CC)
(Cs,0 − CC,0)

(3)
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The SERCA pumps are considered as bidirectional. We used
the same kinetic expression as McIvor et al. (32). As in the latter
study, we did not include Ca2+ buffering explicitly, given both the
short time scales considered and the fact that local Ca2+ buffers
are near saturation given the high Ca2+ concentrations reached
around the channel mouths. Values of parameters are taken from
McIvor et al. (32) and indicated in Table S1. For the processes
that were not considered in this previous study, parameter values
are discussed in the text and indicated in the figure legends or in
the Supplementary Information.

To solve the partial differential equations (PDE), we used the
finite element method (FEM) and simulation software COMSOL
Multiphysics 5.5 (http://www.comsol.com) instead of using
Green’s functions as it was done in McIvor et al. (32). This
choice is based on the considerable extra flexibility and accuracy
provided by the software, since it includes a specific physics-
controlled domain discretization and solver configuration, which
permits geometry modifications or model expansions. The
computational capacity of the software also allowed us to
rapidly perform a large number of simulations to explore
various possible biological situations.
RESULTS

Are ORAI1 Channel Openings Sufficient to
Explain Non-TCR/CD3-Dependent Ca2+

Microdomains Mechanistically?
Non-TCR/CD3-dependent Ca2+ microdomains last for 44 ±
4 ms and reach amplitudes of 290 ± 12 nM (4). Further, such
Ca2+ microdomains were not decreased in T cells devoid of
RYR1 (4). To determine whether ORAI1 channel openings are
sufficient to explain non-TCR/CD3-dependent Ca2+

microdomains mechanistically, in a first approach, we used our
model to predict the amplitude and spatial extent of the changes
in junctional [Ca2+] induced by the opening of ORAI1 channels,
in the presence of SERCA pumps as schematized in Figure 1.
IP3Rs are not considered in these first simulations. The ER is
assumed to be full to reproduce the situation of unstimulated T
cells in which Ca2+ microdomains have been observed. In
consequence, ORAI1 channels open at 21% of their full
current when attached to Ca2+-unbound STIM2 (Figure S1).
This situation is assumed to correspond to the spontaneous
opening of an ORAI1 channel in the conditions of a full ER,
mediated by a pre-formed ORAI1-STIM2 complex from which
ER Ca2+ spontaneously dissociates due to a random fluctuation.
In Figure 2, we considered an opening duration of 44 ms, based
on the observed lifespan of the microdomains. Opening of one
ORAI1 channel leads to a Ca2+ increase up to 4 mM at the
cytosolic mouth of the channel. Because of the steep Ca2+

gradient across the PM, Ca2+ increases nearly instantaneously
at the channel mouth. When ORAI1 closes, the microdomain
disappears as soon as ORAI1 closes, given the small size of the
domain respective to the cytosol. The spatial extent around the
channel mouth is approx. 40-50 nm in diameter, which much
exceeds the dimension of the channel pore, due to diffusion.
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However, this spatial extent remains significantly below the
optical resolution of most current live cell imaging systems,
preventing meaningful comparison with experimental data.
The amplitude of the average Ca2+ increase in the junction is
however below the experimentally determined lower limit
(Figures 2C, H). From these computational results, one can
conclude that the experimentally observed microdomains do not
correspond to the opening of one ORAI1 channel in the
conditions of full ER. If three or more ORAI1 open
simultaneously, this creates a Ca2+ signal just below the plasma
membrane that can be classified as a microdomain, as defined by
Diercks et al. (4). For five open channels, the Ca2+ signal has an
amplitude of 252 nM and a spatial extent of 0.04 mm2. It is worth
noticing that five ORAI1 channels simultaneously open at 21%
during 44 ms correspond to the entry of ~300 Ca2+ ions in the
junction. However, given the small volume of the junction and
the high diffusion coefficient of free Ca2+ (220 mm2/s), the time of
residence of an ion in the junction is of the order of 0.045 ms.
Because of this small residence time and of the activity of SERCA
pumps, average numbers of free Ca2+ ions in the microdomain
evaluated on the basis of the simulated concentrations thus
remain smaller than one.

The Ca2+ signals created by the simultaneous opening of five
ORAI1 channels are thus not compatible with the average
amplitude of 300 nM observed experimentally. This indicates
that even in the unlikely situation of a simultaneous opening of
the five ORAI1 channels of the junction in conditions of a full
ER, the amount of Ca2+ entering in the simulated junction is too
small to account for experimental observations (Anim. S1).
Indeed, SERCA pumps, which may in principle attenuate the
Ca2+ increase, have a very limited activity in these conditions.
The maximal Ca2+ concentration at the ER mouth of simulated
pumps does not exceed 402 mM. In conclusion, simulations of
the Ca2+ fluxes in and out the PM-ER junction show that the
spontaneous opening of ORAI1 channels in a conductance state
that corresponds to a full ER cannot account for the non-TCR/
CD3-dependent Ca2+ microdomains observed in T cells.

Concerted Activity of IP3R and ORAI1
Channels Mimics Non-TCR/CD3-
Dependent Ca2+ Microdomains
Junctional small-scale Ca2+ increases thus probably involve an
ER-related component. RYRs are not significantly involved in
the formation of non-TCR/CD3-dependent microdomains in T
cells (4). We thus explored the possible involvement of IP3Rs. It
is indeed well known that in resting cells, some IP3R can open in
the presence of the basal IP3 concentration to release luminal
Ca2+ and create short-lived blips or puffs of Ca2+ in the
cytoplasm (13, 42). Thillaiappan et al. (34) have shown that
Ca2+ puffs occur nearly exclusively at immobile puncta close to
the PM and proposed that these IP3Rs may provide local ER
depletion closest to the PM where SOCE can occur. We thus
reasoned that Ca2+ microdomains in T cells may be associated
with the opening of immobile IP3Rs located close to the
junctions, either spontaneously or due to receptors other than
TCR/CD3. Indeed, evidence for integrin evoked IP3 was obtained
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recently (15). In this scenario, microdomains would result in part
from Ca2+ flowing through the IP3Rs located near the junction
and in another part from the ORAI1-mediated Ca2+ entry that
follows the local, IP3-induced decrease in ER Ca2+.

We tested this hypothesis computationally by including IP3Rs
in the model, as schematized in Figure 1. In Figure 3 increasing
numbers of IP3Rs are opened during 44 ms, to simulate the
stochastic opening of these receptors in the presence of a basal
concentration of IP3. ORAI1 channels then open according to the
ER Ca2+ concentration around the closest IP3Rs. In this situation,
Ca2+ microdomains with realistic amplitudes and invading the
whole junction are created when 2 to 5 IP3Rs are assumed to open
simultaneously (Anim. S2a). Clearly, two sources of Ca2+

contribute to this Ca2+ event: first, Ca2+ released by nearby
IP3Rs can diffuse in the junction as discussed below. Second, the
local depletion at the luminal extremity of the IP3R activates
ORAI1 opening and Ca2+ influx from the extracellular medium.
Frontiers in Immunology | www.frontiersin.org 628
Because in the luminal region surrounding an open IP3R, ER Ca2+

drops to 330 mM, closest ORAI1 channels open half-maximally
(Figure S1), generating a Ca2+ flux through ORAI1 that is more
than twice the one occurring in the absence of IP3R. The
combination between the Ca2+ fluxes through the IP3R and
ORAI1 allow the formation of a Ca2+ microdomain in the
junction that agrees with observations in T cells. Figure 6A
shows that the Ca2+ concentration at the cytosolic side of the
IP3R reaches ~16 mM (Anim. S3a, S4a, S5a & S6a). However, IP3Rs
are not in the junction itself and the contribution of ER Ca2+ in
Ca2+ microdomains is rather limited, as attested by simulations
that do not consider Ca2+ entry (Figure 4). The local depletion
created by the InsP3-induced Ca2+ release however plays a crucial
role in allowing ORAI1 to open to a larger extent than with a full
ER. As visible in Figure 3, when more than 6 IP3Rs open
simultaneously, the Ca2+ increase in the domain much exceeds
those observed experimentally. This is in agreement with the fact
A

G H

B C

D E F

FIGURE 2 | Simulated Ca2+ microdomains resulting from the opening of ORAI1 channels under the conditions of a full ER. (A) Upper view of the arrangement of the
ORAI1 channels on the PM of the junction using COMSOL. (B–F) Steady-state Ca2+ profiles in the junction when opening 1 (B) to 5 (F) ORAI1 channels
simultaneously. Left bars indicate the color codes, together with the minimal and maximal concentrations reached in the related panels. Shown are the profiles 22ms
after opening of the ORAI1s, but these stabilize very rapidly, after a few ms. (G) Extended color code with marking of the smallest amplitude experimentally
considered to correspond to a microdomain and of the average amplitude of microdomain in unstimulated T cells (4). (H) Evolution of the amplitude of the simulated
Ca2+ microdomains with the number of simultaneously open ORAI1 in the junction, showing that experimentally observed microdomains cannot result from the sole
opening of the ORAI1 in conditions of a full ER that only allows for a partial opening of these channels (see text).
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A B C

D E F

G

J
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FIGURE 3 | Simulated Ca2+ microdomains resulting from the opening of the IP3Rs adjacent to the junctions, which in turn induces the opening of ORAI1 channels in
the junctions as a result of local depletion of ER Ca2+. (A) Upper view of the arrangement of the ORAI1 channels on the PM of the junction (red dots) and of the
adjacent IP3Rs (blue lines) using COMSOL. (B–I) Steady-state Ca2+ profiles in the junction when opening 1 (B) to 8 (I) IP3Rs simultaneously. Left bars indicate the
color codes, together with the minimal and maximal concentrations reached in the related panel. Shown are the profiles 22ms after opening of the IP3Rs. Upon
depletion of local Ca2+ in the ER, which is quasi-instantaneous, ORAI1 channels open to an extent that depends on this local concentration, as defined by the
function f (see Supplementary Information). ORAI1 opening is assumed to occur immediately after depletion because ORAI1-STIM2 aggregates are pre-formed
(4). (J) Evolution of the amplitude of the simulated Ca2+ microdomains with the number of simultaneously open IP3Rs in the junction, showing that experimentally
observed microdomains can in principle result from the opening of ORAI1 channels induced by the spontaneous opening of a few IP3Rs near the junction, in
conditions of a full ER.
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that only a fraction of IP3Rs can spontaneously open at basal IP3
concentration. Thus, non-TCR/CD3-dependent Ca2+

microdomains such as those observed in T cells can be
reproduced with the model when considering both the ORAI1
channels located in the junction and the adjacent IP3Rs.

The Diffusion Coefficient of Ca2+ in the ER
Dramatically Affects the Amplitude of Non-
TCR/CD3-Dependent Ca2+ Microdomains
Much uncertainty remains as to the exact value of the diffusion
coefficient of Ca2+ in the ER (21, 32, 43, 44). We thus took profit
of the possibility offered by computational modelling to analyze
the effect of changing the value of this key parameter. Increasing
DS from 10 (43, 44) to 110 (21) has a drastic effect on the
dynamics of junctional Ca2+. Such a change could be related to a
decrease in the buffering capacity of the ER, or to a change in the
tortuosity that characterizes this organelle. As seen in Figure 5,
opening of one IP3R with a high value of DS suffices to create an
extended microdomain whose amplitude exceeds the
experimental average junctional amplitude. Interestingly,
simulations show that in this case, ORAI1 channels never open
in a more than minimal conductance state because the Ca2+

concentration in a region surrounding an open IP3R does not
drop below 360 mM, which is larger than the 330 mM reached in
the same volume when DS=10 mm2/s (Anim. S2b). Changes in
the value of the diffusion coefficient much affects the Ca2+ profile
near the mouth of the channel (Figure 6A). When the diffusion
coefficient increases, Ca2+ is replenished faster. This does not
only affect the state of ORAI1, but also the flux through the IP3R.
The concentration difference between the luminal and cytosolic
extremities of the channel is indeed larger than in the slow
diffusion situation, which increases the Ca2+ flux (Figure 6B).
Such effect is also visible in Figure 7 where the Ca2+ profiles in
the presence of ORAI1 channels can be compared for the two
values of the diffusion coefficient (Anim. S3b, S4b, S5b & S6b).
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Simulations thus predict that if Ca2+ diffusion inside the ER is
fast (DS = 110 mm2/s), non-TCR/CD3-dependent Ca2+

microdomains could occur in the absence of extracellular Ca2+

or in T cells that do not express ORAI1, which does not agree
with experimental observations (4).

ORAI1 Channel Clustering Without Major
Effect On Non-TCR/CD3-Dependent Ca2+

Microdomains
Another factor that may have an influence on the amplitude of
the Ca2+ microdomain is the distance between ORAI1 channels
in the ER-PM junction. This was investigated in our simulations
by decreasing the distance between ORAI1 channels from 47 to
37.7 nm. As shown in Figure 8, channel clustering has a very
limited effect on the characteristics of the Ca2+ microdomains,
resulting in a slight increase in the amplitude of the Ca2+ signal in
the junction. This conclusion does not depend on the value of the
diffusion coefficient in the ER (not shown). Actually, clustering of
the ORAI1 channels could increase the amplitude of the
microdomain if either Ca2+ diffusion in the junction or Ca2+

pumping was affected by the inter-channel distance. Since Ca2+

increases near ORAI1 channels always remain highly localized in
both situations, diffusion is not much affected. SERCA pump
activity associated with an active microdomain based on
clustered or non-clustered ORAI1 channels are shown in
Figure 9. Steady-state Ca2+ fluxes through SERCA pumps
when IP3Rs and ORAI1 channels are open are clearly not
much sensitive to the conditions, whatever the value of the
Ca2+ diffusion coefficient in the ER. Interestingly, pumps are
not saturated in contrast to the situation encountered with a
highly depleted ER (32).
DISCUSSION

Ca2+ signaling is fundamental for activation of T cells, where it
largely relies on SOCE. Although SOCE controls physiological
functions at the cellular level, it creates highly heterogeneous
local Ca2+ signals. Given that Ca2+ channels, pumps and
downstream signaling molecules are controlled locally, cellular
Ca2+ dynamics results from the detailed regulation of SOCE in
an ensemble of compartmentalized microdomains.

In the present modeling study, we have investigated Ca2+

dynamics in a confined configuration corresponding to a
junctional cytosolic space and the adjacent sub-PM ER, taking
into account Ca2+ influx through ORAI1 and IP3R, Ca2+

pumping into the ER through SERCA, and diffusion within the
cytosolic and ER compartments. Our main aim was to gain
insight into the mechanistic origin of the Ca2+ microdomains
observed in non TCR/CD3 stimulated T cells that have been
reported in Diercks et al. (4). These are short-lived (<50 ms), low
amplitude (~300 nM) Ca2+ increases located just below the PM.
Their spatial spread is most probably below the spatial resolution
of the optical imaging system, i.e. 368 nm. Importantly, they do
not involve Ca2+ release through RYR1, but we obtained initial
evidence for a signaling pathway evoked by weak cell adhesion to
FIGURE 4 | Evolution of the amplitude of the simulated Ca2+ microdomains
with the number of simultaneously open IP3Rs in the junction in the presence
and in the absence of ORAI1s in the junction. The blue curve (with ORAI1)
corresponds to the situation considered in Figure 3. The theoretical situation
of a junction that does not contain ORAI1 channels (green curve) allows to
appreciate that the contribution of Ca2+ released through the IP3Rs to the
Ca2+ microdomain is rather limited.
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FIGURE 5 | Influence of the value of the Ca2+ diffusion coefficient in the ER (DS) on the Ca2+ microdomains in the ER-PM junction. (A) Upper view of the
arrangement of the ORAI1 channels on the PM of the junction (red dots) and of the adjacent IP3Rs (blue lines) using COMSOL. (B–I) Steady-state Ca2+ profiles in the
junction when opening 1 (B) to 8 (I) IP3Rs simultaneously with DS = 110 mm2/s. Left bars indicate the color codes, together with the minimal and maximal
concentrations reached in the related panels. Shown are the profiles 22ms after opening of the IP3Rs. Upon depletion of local Ca2+ in the ER, which is quasi-
instantaneous, ORAI1 channels open to an extent that depends on this local concentration, as defined by the function f (see Supplementary Information). ORAI1
opening is assumed to occur immediately after depletion because ORAI1-STIM2 aggregates are pre-formed (4). (J) Evolution of the amplitude of the simulated Ca2+

microdomains with the number of simultaneously open IP3Rs in the junction. Results obtained with the default value for DS (10 mm2/s) corresponding to the results
shown in Figure 3 are also indicated for comparison.
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A

B

FIGURE 6 | Analysis of the influence of the presence of IP3Rs and of the value of the Ca2+ diffusion coefficient in the ER, DS. (A) Ca
2+ concentration around the

luminal mouth of an IP3R for the two values of DS considered in the simulations. The largest this value, the fastest the replenishment around an open channel.
(B) Fluxes through open IP3Rs for the two values of DS considered in the simulations. Because of faster replenishment around an open channel when DS is larger,
the concentration gradient around the two extremities of the channel pore is larger, and hence the flux.
A B C

D E F

FIGURE 7 | Cross-section of the Ca2+ profiles in the junction, in the cytosol adjacent to the junction and in the sub-PM ER during microdomain for two values of the
Ca2+ diffusion coefficient in the ER, DS. (A–C): microdomains created by the opening of 2, 5 and 7 IP3Rs, respectively, for DS = 10 mm2/s. Local depletion of ER
Ca2+ provokes the opening of the nearby ORAI1s. This situation corresponds to the one shown in Figure 3. (D–F): microdomains created by the opening of 2, 5
and 7 IP3Rs, respectively, for DS = 110 mm2/s. Local depletion of ER Ca2+ provokes the opening of the nearby ORAI1s. This situation corresponds to the one shown
in Figure 5. For all panels, the upper right bar indicates the color code of Ca2+ concentration in the cytosol while the lower right bar indicates the color code of Ca2+

concentration in the ER.
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FIGURE 8 | Influence of the distance between ORAI1 channels on the Ca2+ microdomains in the ER-PM junction. The situation is similar to the default situation
shown in Figure 3, except for the distance between ORAI1 channels that is here equal to 37.7 nm (clustered) instead of 47 nm (non-clustered). (A) Upper view of
the arrangement of the ORAI1 channels on the PM of the junction (red dots) and of the adjacent IP3Rs (blue lines) using COMSOL. (B–I) Steady-state Ca2+ profiles in
the junction when opening 1 (B) to 8 (I) IP3Rs simultaneously. Left bars indicate the color codes, together with the minimal and maximal concentrations reached in
the related panel. Shown are the profiles 22ms after opening of the IP3Rs. Upon depletion of local Ca2+ in the ER, which is quasi-instantaneous, ORAI1 channels
open to an extent that depends on this local concentration, as defined by the function f (see Supplementary Information). ORAI1 opening is assumed to occur
immediately after depletion because ORAI1-STIM2 aggregates are pre-formed (4). (J) Evolution of the amplitude of the simulated Ca2+ microdomains with the
number of simultaneously open IP3Rs in the junction. Results obtained with the default value of the inter-ORAI1 channels distance (47 nm, non-clustered)
corresponding to the results shown in Figure 3 are also indicated for comparison.
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b1-integrins, IP3 signaling, and ORAI activation via pre-formed
complexes with STIM1 and STIM2 (15). Weak adhesion of T
cells migrating to inflamed tissue occurs during leukocyte rolling
in venules, during diapedesis and migration through basement
membrane and interstitium. Thus, such weak adhesion processes
during the T cell’s journey into the inflamed area may lift the
activation status from a non-activated, quiescent cell to a pre-
activated T cell. This shift in activation state would then facilitate
full activation through the TCR/CD3 complex by local antigen-
presenting cells.

For that purpose, we modified several aspects of the spatial
model of SOCE previously proposed by McIvor et al. (32). First,
we considered the situation of a full ER with CS = 400 mM, while
the former study focused on a massively depleted ER, i.e. CS =
150 mM. This change affects initial and boundary conditions, but
also led us to consider the sub-maximal conductance states of
ORAI1 corresponding to not fully STIM-bound ORAI channels
(37, 45, 46). We indeed hypothesized that a larger CS results in a
reduced availability of Ca2+-unbound STIM that are susceptible
to bind to and open ORAI1. This assumption agrees with the
observed relationship between the SOC current and CS reported
at the whole cell level (7, 10). Second, we took into account the
presence of IP3Rs in regions of the ER membrane close to the
junctional space, following a spatial arrangement suggested by
Thillaiappan et al. (34). As a consequence, we also considered a
slightly larger portion of the cell than McIvor et al. (32). From a
technical point of view, we resorted to COMSOL Multiphysics,
which allowed us extra flexibility and considerably reduced the
computing time. This software not only allows to simulate
realistic geometries but is also very well adapted to the
computational study of Ca2+ dynamics in confined domains in
which steep concentrations gradients arise, as for example in
Frontiers in Immunology | www.frontiersin.org 1234
FIGURE 10 | Schematized representation of the proposed mechanism
underlying the spontaneous formation of Ca2+ microdomains in T cells.
(A) The smallest microdomains arise from nano-scale [Ca2+] fluctuations in
the sub-PM ER leading to the opening of ORAI1 channels STIM2 inherently
co-localized with STIM2. (B) Following a short, spontaneous activation of one
or a few IP3Rs close to the junction, Ca2+ is released from the sub-PM ER
into the cytosol. (C) The resulting local Ca2+ depletion close to the IP3R’s
mouth provokes the unbinding of Ca2+ from STIM2, which further activates
ORAI1 channels. This results in larger Ca2+ signals in the microdomains. Red
spots represent Ca2+ ions.
FIGURE 9 | Ca2+ fluxes through SERCA pumps in different simulation
conditions showing that pumps are not saturated during Ca2+ microdomains.
The curve represents the rate of pumping as a function of cytosolic Ca2+, as
given by Eq. S19, with CS = 400 mM. Yellow symbols correspond to the
opening of the 4 IP3Rs nearest to the SERCA, with the circle corresponding
to DS = 10 mm2/s and the star to DS = 110 mm2/s. Green symbols
correspond to the opening of the 4 IP3Rs furthest from the SERCA, with the
circle corresponding to DS = 10 mm2/s and the star to DS = 110 mm2/s. The
red diamond refers to a situation with closed IP3Rs, 5 ORAI1 channels of the
junction being open as in Figure 2.
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dendritic spines (47). Additionally, it allows to easily include,
remove or spatially rearrange the model’s components (like
pumps, channels or Ca2+ stores) in order to match
experimental conditions, as it was done by Maccari et al. (48)
to show the role of mitochondria relocation and PMCA pumps
accumulation at the immunological synapse in global Ca2+

increase during T cell polarization.
Based on our simulations, we concluded that the concerted

activity of IP3R and ORAI1 channels is responsible for non-TCR/
CD3 dependent Ca2+ microdomains in T cells via the
mechanism schematized in Figure 10, where two different
states are described. In a first state (Figure 10A), nano-scale
[Ca2+] fluctuations in the sub-PM ER (25) are sensed by STIM2
inherently co-localized with ORAI1 (7, 15). The latter ORAI1
channels are then activated shortly and partially (37) and form
small microdomains. Although it is likely that these ORAI1-
based microdomains correspond to some of the events observed
in the absence of TCR/CD3 stimulation, they cannot account on
their own for all the events reported since even 5 simulated
ORAI1 channels simultaneously open in the junction do not
increase [Ca2+] up to a level that corresponds to the experimental
average [Ca2+]. In a second state (Figure 10B), following a short
activation of one or a few immobile IP3Rs close to the junction
(34), Ca2+ is released through IP3Rs from the sub-PM ER into the
cytosol. The resulting local Ca2+ depletion close to the IP3R’s
mouth provokes the unbinding of Ca2+ from STIM2, which
further activates ORAI1 channels (Figure 10C) increasing Ca2+

in the junction and thus forming larger non-TCR/CD3-
dependent Ca2+ signals in the microdomains. Although it is
important that the IP3Rs are located close to the junction to
create local depletions that can be sensed by SOC channels,
simulations suggest that these receptors are not located inside the
junction (34). Indeed, if this would be the case, their opening
would generate an increase in junctional Ca2+ concentration that
would much exceed the observed amplitude of a microdomain.
Such a computational observation is expected given the
respective values of the currents through ORAI1 and IP3Rs.

We also used the model to investigate the impact of the
distance between ORAI1 channels in the junction. In agreement
with the results of McIvor et al. (32), we found that ORAI1
clustering has a limited effect on the characteristics of the Ca2+

microdomain, both in the presence and in the absence of IP3Rs.
Clustered ORAI1 channels lead to higher local [Ca2+], an effect
that is compensated by the reduced extent of the Ca2+ increase.
In contrast, the value of the Ca2+ diffusion coefficient in the ER
(Ds) has a drastic effect on the Ca

2+ microdomain in the junction.
Agreement with observations could only be reached when
considering Ds = 10 mm2/s, i.e. a value that is ~20 times
smaller than the value reported for the cytoplasm. This smaller
value could result from molecular crowding in the lumen (43)
and from the tortuosity of the tubular network of the ER (49).
The latter effect is expected to be particularly strong in the sub-
PM regions of the ER adjacent to the junctions.

At this stage, the contribution of IP3Rs has been included in a
simple way. It is well established that the opening of these
channels is stochastic and regulated by cytosolic Ca2+ (17, 50),
Frontiers in Immunology | www.frontiersin.org 1335
two factors that need to be considered in a refined version of the
model. In particular, we have shown here that local depletion of
CS following the opening of an IP3R favors the opening of
ORAI1. However, resting STIMs negatively regulate IP3R’s
activity (51). Moreover, the entry of Ca2+ through ORAI1
could further activate Ca2+ release through the IP3R. These two
feed-forward loops are expected to be particularly significant
when IP3 is produced, as it is the case upon the intermediate
phase of TCR/CD3 stimulation, e.g. after the initial phase of
NAADP/RYR1 signaling in the first 15 s (3, 4, 52).

Next, a quantitative model describing Ca2+ microdomains
elicited by NAADP/RYR1 signaling, e.g. NAADP/RYR1-
dependent increased number of microdomains and transition
of Ca2+ microdomains into global Ca2+ signaling in the first 15 s
of directed TCR/CD3 signaling, should be established. Such an
extended model including a detailed description of the interplay
between SOCE dynamics, NAADP signaling, RYR1s and IP3Rs
should improve our detailed understanding of the first steps of T
cell activation.
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The term NADome refers to the intricate network of intracellular and extracellular enzymes
that regulate the synthesis or degradation of nicotinamide adenine dinucleotide (NAD) and
to the receptors that engage it. Traditionally, NAD was linked to intracellular energy
production through shuffling electrons between oxidized and reduced forms. However,
recent data indicate that NAD, along with its biosynthetic and degrading enzymes, has a
life outside of cells, possibly linked to immuno-modulating non-enzymatic activities.
Extracellular NAD can engage puriginergic receptors triggering an inflammatory
response, similar - to a certain extent – to what described for adenosine triphosphate
(ATP). Likewise, NAD biosynthetic and degrading enzymes have been amply reported in
the extracellular space, where they possess both enzymatic and non-enzymatic functions.
Modulation of these enzymes has been described in several acute and chronic conditions,
including obesity, cancer, inflammatory bowel diseases and sepsis. In this review, the role
of the extracellular NADome will be discussed, focusing on its proposed role in
immunomodulation, together with the different strategies for its targeting and their
potential therapeutic impact.

Keywords: nucleotides, NAD, signaling, DAMPs, immune cell regulation, immunometabolism, tumormicroenvironment
INTRODUCTION: THE MANY FACES OF NAD, FROM ENERGETIC
FACTOR TO DANGER SIGNAL

NAD is an essential intracellular metabolite with key roles in energy metabolism and electron
transfer (1–7). In addition, NAD is a cofactor for different families of enzymes, including sirtuins
and poly-ADP-ribosyl polymerases (PARPs). NAD can be present outside of cells, with levels
fluctuating widely in response to extracellular signals (8–11). A firm observation is that under steady
state extracellular (e)NAD levels are thousands of times lower (nM) compared to the intracellular
ones (µM-mM) (7, 12–16).

However, during conditions of cellular stress, such as those observed in an inflamed
microenvironment, or during hypoxia, or in conditions of shear stress due to physical distortion,
plasma membrane damage, stress elicited by cytotoxic agents, NAD concentrations may rapidly
spike. This observation, together with the finding that some purinergic receptors are activated by
NAD suggested that eNAD serves as a “danger signal” that alerts the immune system to tissue
damage (8–10, 12, 17–20). According to this view, eNAD could be considered as damage-associated
molecular pattern molecule (DAMP), able to activate the innate immune system, like what has been
org August 2021 | Volume 12 | Article 704779138
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shown for pathogen-associated molecular patterns (PAMPs) (18,
21–24). For example, released eNAD from active neuronal cells
can serve as neurotransmitter and neuromodulator (25–27); or
in a mouse model of inflammation, induced by injection of
polyacrylamide beads, eNAD reached a concentration of 10mM
acting as danger signal (28).

NAD release may occur by several mechanisms involving
active exocytosis, or diffusion through transmembrane
transporters (e.g., pannexin, connexin) in living cells, or
passive leakage across the membrane from necrotic or injured
cells (15, 29–32).

Homeostasis is rapidly restored through a scavenging circuit
operated by nucleotide-catabolizing enzymes that produce the
immunosuppressant adenosine (ADO) and inosine, which can
re-enter the cell, reconstituting the nucleotide pool (5, 33–36).
All these mechanisms of nucleotide/nucleoside release to alert or
switch off the immune system, respectively, are enhanced during
acute and chronic inflammation, including cancer (29, 37, 38).
Even though very unlikely, eNAD synthesis has not been
conclusively ruled out, also in consideration of the presence of
several key NAD biosynthetic enzymes (NBEs) (16, 39).
Frontiers in Immunology | www.frontiersin.org 239
INTRACELLULAR AND EXTRACELLULAR
NAD-METABOLIZING MACHINERY

The biosynthesis of NAD takes place in different locations in the
cell, through one de novo pathway starting from the catabolism
of tryptophan, and via degradation of vitamin B3 precursors. The
latter is considered a salvage pathway that occurs through the
metabolism of three precursors [i.e. nicotinic acid (Na),
nicotinamide (Nam) and nicotinamide riboside (NR)]. In the
majority of tissues, intracellular NAD is generated mostly from
Nam, which is the degradation product of all NAD-consuming
signaling reactions (6, 40–42). Under normal conditions >70% of
the cellular NAD content is stored and is utilized in the
mitochondria primarily for metabolic purposes (16, 43). The
cytosolic and nuclear NAD pools serve primarily to sustain
activity of PARPs and sirtuins, which are NAD-dependent
enzymes with key roles in regulating DNA repair and
epigenetic controlling of gene transcription, respectively
(Figure 1) (7, 44, 45). NAD levels can therefore restrict the
activity of these two classes of NAD-metabolizing enzymes.
Intriguingly, NAD can rapidly shuttle between different cellular
FIGURE 1 | Schematic representation of the NADome. Schematic representation of the network of substrates/ligands, NAD-metabolizing cell surface and
intracellular enzymes and their products in the extracellular and intracellular space. Biological functions regulated by NAD-related enzymes and products are listed.
NAD, nicotinamide adenine dinucleotide; NADP, NAD phosphate; eNAD, extracellular NAD; Nam, nicotinamide; NR, nicotinamide riboside; Na, nicotinic acid;
NAMPT, nicotinamide phosphoribosyltransferase; NAPRT, nicotinate phosphoribosyltransferase; NRK, nicotinamide riboside kinase; ARTs, mono adenosine
diphosphate (ADP)-ribose transferases; PARPs, poly ADP-ribose polymerases; ADPR, ADP ribose; cADPR, cyclic ADP ribose; NAADP, nicotinic acid adenine
dinucleotide phosphate; Ca2+, calcium; NMN, nicotinamide mononucleotide; ADO, adenosine; AMP, adenosine monophosphate; ENPP1; ectonucleotide
pyrophosphatase/phosphodiesterases; TLR4, toll-like receptor 4.
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compartments to reconstitute the pool that allows enzyme
activation, as has recently been shown (46). When in the
extracellular space, eNAD functions are linked to the
modulation of cell surface P2X and P2Y purinergic receptor
families, thereby acting in an apparently enzyme-independent
way and eliciting pro-inflammatory immune responses
(Figure 1). In addition, within the extracellular space, a
complete network of different ectonucleotidases can rapidly
hydrolyze eNAD generating intermediates that modulate
signaling, cell metabolism, adhesion, migration and activate
immunoregulatory circuits (14, 39, 47), as summarized in
Figure 1 . eNAD is degraded by different classes of
ectoenzymes: the NADases CD38 and CD157 (48–50), the
ADP-ribosyltransferases (ARTs) (51), the Ectonucleotide
Pyrophosphatase/Phosphodiesterase 1 (ENPP1) and the ecto-
5′-nucleotidase CD73 (34, 52, 53). NADase, ENPP1 and CD73
can lead to the formation of ADO, a potent natural
immunosuppressive factor mediating the activation of the
inhibitory P1 purinergic receptors (34, 54, 55). In addition,
eNAD can be cleaved to nicotinamide mononucleotide (NMN)
and subsequently dephosphorylated to NR by CD38 and CD73
(53, 56, 57). All these intermediates can enter the cell as NAD
precursors and can be used by NBEs, reconstituting the
intracellular pool (57, 58) (Figure 1).

In the next sections of this review, we will summarize the role
of eNAD, its derived-metabolites and a set of NAD-dependent
enzymes, giving examples of their role in the regulation of
specific immune responses.
eNAD AND PURINERGIC RECEPTORS

The idea of purinergic signaling, i.e., of nucleotides acting as
extracellular signaling molecules, was initially put forward by the
seminal work of Geoff Burnstock in 1972 (59, 60).

Since then, this complex network of receptors has
progressively been unveiled to reveal seven evolutionarily
conserved subtypes of the P2X ion channel receptors and eight
subtypes of the P2Y G protein-coupled receptor, all with roles in
immune cell activation (5, 24, 61). On the contrary, four subtypes
of the ADO P1 receptors on effector T cel ls have
immunosuppressive effects. Shifting the balance from pro-
inflammatory P2R signaling to anti-inflammatory P1R
signaling or vice versa, the purinergic signaling system fine-
tunes immune cell functions (5). eNAD can bind different
subtypes of purinergic P2 receptors as summarized in Figure 2.

For example, eNAD activates human granulocytes by binding
P2Y11 and triggering: (i) overproduction of cyclic (c)AMP,
(ii) activation of protein kinase A, (iii) stimulation of ADP-
ribosyl cyclase and overproduction of cyclic ADP-ribose
(cADPR), a universal calcium (Ca2+) mobilizer, and (iv) influx
of extracellular Ca2+, ultimately causing increased proliferation
and migration (62). eNAD can bind P2Y1 and P2Y11 in human
monocytes activated with lipopolysaccharide (LPS), triggering a
transient rise in intracellular Ca2+, which is caused by a release of
Ca2+ from IP (3)-responsive intracellular stores and an influx of
extracellular Ca2+ (63). eNAD has also been identified as an
Frontiers in Immunology | www.frontiersin.org 340
agonist at P2Y1 receptors in human embryonic kidney (HEK)
cells and mouse colonic muscle (27, 64). Moreover, binding to
postsynaptic P2Y1 receptors, like ATP, eNAD also acts as a
neurotransmitter, released by stimulated terminals of
mammalian central nervous system and peripheral nervous
system neurons (65). In addition, it has been shown that
purinoceptors, including P2X1, P2X4, and P2X7, are engaged
in eNAD-mediated signaling (27, 63, 66). However, more
experimental data should be published to confirm this direct
binding of NAD per se.

eNAD may also engage P2X7R receptors, the main eATP
receptor, extensively studied in the context of inflammation and
immunity (24). P2X7R signaling is a major regulator of the
intensity and duration of inflammatory responses (24, 67, 68).
The receptor/channel is prominently expressed on all cells of
innate and adaptive immunity and aberrant signaling has been
linked to diverse inflammatory and autoimmune diseases, as
recently reviewed in (5, 24). P2X7R signaling mediates NLR
family pyrin domain containing 3 (NLRP3) inflammasome
activation, cytokine, and chemokine release [i.e., interleukin
(IL)-1b, tumor necrosis factor (TNF), IL-6, monocyte
chemoattractant protein-1 (MCP-1/CCL2)], T lymphocyte
survival and differentiation, transcription factor activation, and
cell death (24, 69, 70). At inflammatory sites, P2X7R could also
be bound directly by alternative ligands, including eNAD that
accumulates at sites of inflammation and tissue damage (28). In
murine T lymphocytes, eNAD serves as an ADP-ribose donor to
ADP-ribosylate the P2X7R at arginine 125, close to the ATP-
binding pocket (71). This reaction, catalyzed by the plasma
membrane enzyme ART2.2, causes long-lasting activation of
mouse P2X7R, negatively affecting T-regulatory (Treg) and
natural killer T (NKT) cell survival and arguing in favor of a
direct role of eNAD in the pathophysiological mechanism of
P2X7R activation. The reduction of Treg function via NAD-
induced gating of P2X7 can be employed in vivo as a strategy to
promote the antitumor response of effector T cells. Systemic
injection of NAD results in the selective depletion of Tregs via
NAD-mediated activation of P2X7, which enhances anticancer
immune responses in several mouse tumor models (20, 72).
While highly interesting and potentially relevant for human
immune responses, this mechanism of P2X7R activation via
eNAD is demonstrated only in mouse models: additional
research is needed to determine whether it is relevant for
human immune responses too.
eNAD DEGRADATION-SIGNALING
SYSTEM IN REGULATING IMMUNE
RESPONSES

One of the reasons why eNAD levels are generally low is that
there are several extracellular enzymes that rapidly transform it,
guaranteeing recycling of a high energy molecule through the
generation of products that can be easily up-taken by cells. The
intermediates, however, have a life of their own as signaling
molecules, thereby modulating activity of immune cells.
August 2021 | Volume 12 | Article 704779
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The best-known NAD-degrading/signaling systems rely on the
activity of CD38, an immunomodulatory enzyme (Figure 3).

Human CD38, the main member of the NADase/ADPR
cyclase family that includes also CD157/BST-1, is a surface
glycoprotein characterized by a relatively large extracellular
domain that contains the catalytic site, a single transmembrane
pass, and a short cytoplasmic tail (73, 74). CD38 is a
multifunctional ectoenzyme, involved in the catabolism and
degradation of eNAD (under normal pH) and NAD phosphate
(NADP, under acidic pH), producing ADP ribose (ADPR)
together with signaling metabolites involved in intracellular
Ca2+ mobilization. The main catalytic activity is the NAD
glycohydrolase that generates Nam and ADPR. CD38 can also
act as NAD cyclase, producing cADPR, which is then hydrolyzed
to ADPR. Lastly, in the presence of NADP and Na, under acidic
pH levels, CD38 can generate nicotinic acid adenine dinucleotide
phosphate (NAADP) (49). The finding of an extracellular
enzymatic activity of CD38 leading to the generation of
Frontiers in Immunology | www.frontiersin.org 441
messengers that enter cells to induce intracellular Ca2+ fluxes
remains an unsolved “topological paradox” (49, 75). More recent
data have enriched the picture by showing that CD38 can also be
found in the nucleus and mitochondrial membrane and that a
soluble form of CD38 is most likely present in the cytoplasm,
leading to the hypothesis of a compartmentalized generation of
NAD-derived signaling metabolites (49, 76–78). ADPR, cADPR
and NAADP share the ability to mobilize Ca2+ ions from
intracellular stores: cADPR binds to ryanodine receptors (RyR)
expressed on the endoplasmic reticulum, ADPR binds to
membrane melastatin related transient receptor potential
cation channels TRPM2 (49, 79) and NAADP binds to
receptors expressed by acidic organelles, such as lysosomes,
suggesting a role as Ca2+ messenger in the endocytic pathway
(80). It is therefore likely that during an immune response, NAD,
released outside of cells due to local conditions of inflammation
and cellular damage is converted into Ca2+-active metabolites
through the action of CD38 expressed by activated lymphocytes,
FIGURE 2 | eNAD and purinergic signaling. Pathological or physiological stimuli, including hypoxic and inflammatory conditions, metabolic and cellular stress,
promote the release of NAD from the cell. NAD can then bind to P2X (isoforms P2X1, P2X4, P2X7) and P2Y (isoforms P2Y1, P2Y11), activating several intracellular
signaling and modulating immune responses.
August 2021 | Volume 12 | Article 704779
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which in turn contribute to lymphocyte activation through Ca2+

signaling (80–82).
There is a second alternative possibility that is gaining

momentum in the context of tumor immunosuppression.
According to this hypothesis, ADPR could also be short-
circuited to ADO via the action of CD203, which generates
AMP from ADPR and CD73 (53, 83, 84), which cleaves the last
phosphate, generating ADO (49). In this way, CD38 could
contribute to the generation of a tumor-favorable environment,
as recently demonstrated in tumors characterized by a large T
cell infiltrate (85). Therefore, it seems that according to the
environment, CD38 can generate both immune-boosting and
immune-suppressive metabolites, thereby activating or
suppressing immune responses.

These at times opposing roles of CD38 in defining immune
responses are in part confirmed by studies on CD38-deficient
mice. Interestingly, when the animals are kept in clean facilities
without infectious challenges, they grow and develop normally,
without major defects (86). On the other hand, during infections
they show impaired lymphocyte activation and homing and are
ultimately more susceptible to death due to sepsis (87, 88). CD38-
Frontiers in Immunology | www.frontiersin.org 542
deficient animals also show reduced tumor formation, attributed
to the lack CD38-mediated immunosuppression.

In the human system, CD38 is widely expressed on the
surface of immune cells, particularly in conditions of cellular
activation. On the cell surface, CD38 is part of the
immunological synapse, forming lateral associations with
critical receptors on T, B, and myeloid cells, thereby
positioning itself at the center of action (48, 49). In fact, it was
reported that CD38 localizes in close contact with T cell receptor
(TCR), the B cell receptor (BCR), and key chemokine receptors,
among other molecules (89). Perhaps the best understood
function of CD38 is in the regulation of T lymphocyte
functions, where the enzyme works again different ways (90–93).

First, CD38-dependent-Ca2+ signaling directly contributes to
T cell activation, likely providing an essential second signal that
drives gene expression and consequently differentiation,
development, and cytotoxicity (93–95).

As a second level of T cell regulation, the NAD/CD38 axis was
proposed to control T cell metabolic reprogramming needed for
full T lymphocyte activation through the modulation of sirtuin
activity (90, 96). Several studies are shedding light on this
FIGURE 3 | eNAD and enzymatic/functional extracellular machinery in regulating immune responses. Extracellular NAD can also be metabolized by a series of
enzymes of the cell surface that are involved in scavenging of nucleotides. The end product of the reaction, adenosine, can then be internalized and reconverted to
related nucleosides (e.g., ATP or NAD). In particular, CD38 hydrolyzes NAD to generate intermediates (cADPR and ADPR), potent intracellular Ca2+-mobilizing
agents, through binding RyR or TRPM2 receptors. CD38 activation induces migration, proliferation, and modulation of immune responses, specifically T cell
functions, as detailed in the text. In addition, CD38 activity releases nicotinamide (the main NAD precursor) that can be internalized into the cell and, together with a
second precursor nicotinic acid, converted in NAD by NAMPT and NAPRT activities, respectively, increasing intracellular NAD levels and affecting sirtuins and PARPs
(NAD-consuming enzymes) functions. NAMPT and NAPRT can be secreted/released in the extracellular space acting as cytokine-like proteins. Finally, NAD and ATP
can be converted in adenosine. ATP is metabolized by CD39 to AMP that is further hydrolyzed by ecto-5’-nucleotidase/CD73 which promotes the formation of
adenosine. Adenosine then activates adenosine receptors (purinergic receptor P1). The final outcome depends on the relative concentrations of substrates and
products and on the expression of nucleotide-metabolizing ecto-enzymes and NAD-biosynthetic enzymes. NAD, nicotinamide adenine dinucleotide; NADP, NAD
phosphate; NAMPT, nicotinamide phosphoribosyltransferase; NAPRT, nicotinate phosphoribosyltransferase; PARPs, poly ADP-ribose polymerases; ADPR, ADP
ribose; cADPR, cyclic ADP ribose; NAADP, nicotinic acid adenine dinucleotide phosphate; ATP, adenosine triphosphate; AMP, adenosine monophosphate; P1,
adenosine purinergic receptor; RYR, ryanodine receptors; TRPM2, transient receptor potential melastatin-related 2; i, intracellular; e, extracellular.
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molecular circuit as an important metabolic checkpoint
contributing to several aspects of cellular energy metabolisms,
including glycolysis, oxidative phosphorylation (OXPHOS),
glutaminolysis, which are strictly associated with T cell
functional fate (90, 93, 97, 98). According to the models
proposed, expression of CD38 on the cell surface would limit
intracellular NAD levels, negatively impacting on the activities of
the NAD-dependent enzymes SIRT1 and SIRT3, which are
deacetylases with fundamental roles in epigenetic regulation
(93). Lastly, recent data indicate that CD38 is highly expressed
by specific subsets of immunosuppressive tumor infiltrating
lymphocytes, including regulatory T cells and T helper 17 cells
(90, 99–101). Expression of the molecule occurs often in
association with exhaustion markers, such as programmed cell
death protein 1 (PD-1), pointing to an active role of CD38 in
modulating T cell fate toward the generation of an immune
tolerant landscape in tumors, likely through the generation of
ADO (90) (Figure 3).

What remains unclear so far is what are the factors that tip the
balance in favor of Ca2+-active metabolites and hence immune
activation or in favor of ADO and hence immunosuppression (93,
94, 102–104). Therefore, inhibition of CD38 is a valid therapeutic
strategy to reestablish a functional immune surveillance (105),
open the way to combination therapies with immune checkpoint
inhibitors, as discussed in a separate paragraph.
eNAD BIOSYNTHETIC-SIGNALING
SYSTEM IN REGULATING IMMUNE
RESPONSES

Beside NAD-consuming, also NBEs were reported in the
extracellular compartment. The best known and characterized
among them is nicotidamide phosphoribosyltransferase
(NAMPT), which catalyzes the conversion of Nam to NMN in
the presence of phosphoribosyl pyrophosphate (PRPP) and ATP
(7, 44).

The presence of NAMPT in biological fluids is now well
established: however, several years were needed before realizing
that a cytokine promoting B cell differentiation and originally
described in mid-nineties (106), and an extracellular adipokine
called visfatin were in fact the same protein as NAMPT (11, 107,
108). Of note, different cell types, including neutrophils,
monocytes, macrophages, and cancer cells secrete eNAMPT in
the extracellular space in response to inflammation, cellular
stress, infections, and hypoxic conditions, among others. In
human plasma eNAMPT normal levels are in the low
nanomolar range (2-4 ng/ml), but it is over-expressed in
several inflammatory and metabolic disorders, including
cancer, where concentrations can increase 10-20 times (11, 108).

The second NBE dosed in biological fluids is nicotinic acid
phosphoribosyltransferase (NAPRT), which controls the NAD
generation pathway starting from Na. While the NAMPT
pathway is probably the predominant one in most cells and
tissues, considering that all NAD-consuming enzymes generate
Nam, the activity of NAPRT is believed to boost NAD levels in
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stress conditions (44, 109–111). Information on eNAPRT is far
more limited, even though concentration data indicate again a
physiological level in low nanomolar range (1-2 ng/ml), raising
sometimes dramatically, particularly during sepsis (112).

Whether these enzymes are active in the extracellular
compartment remains uncertain, mainly because of the
absence of detectable PRPP levels, an essential co-factor to
produce NMN and nicotinic acid mononucleotide (NaMN). In
addition, the rest of the enzymatic cascade producing NAD has
never been reported in the extracellular space (109). From data
present in the literature, we can exclude a direct eNAD synthesis
in physiological conditions, but we cannot exclude a site-specific
and transient eNAD synthesis in inflammatory conditions, due
to release of intracellular molecules (ATP, PRPP) and enzymes.
In favor of a compartment-specific function, the active forms
of these enzymes are in a dimeric conformation, but within the
extracellular compartment they should be in a monomeric,
and hence inactive, form (113). Lastly, functional studies have
shown that eNAMPT and eNAPRT, genetically modified to be
enzymatically inactive, retain their pro-inflammatory properties
(112) (Figure 3).

A second area of investigation concerns the mechanisms of
trafficking of these enzymes from the intracellular to the
extracellular space, which appear “non-classical”, as secretion is
unaffected by monensin and brefeldin A, two inhibitors of the
classical endoplasmatic reticulum (ER)–Golgi secretory pathway
(114–117). An interesting finding indicates that NAMPT secretion
could be regulated through SIRT1- and SIRT6-deacetylation,
thereby linking NAD-biosynthetic and -consuming enzymes, and
potentially suggesting eNAMPT secretion as regulatory mechanism
to decrease its intracellular concentrations (118, 119). Recent
evidence showed that eNAMPT is carried in extracellular vesicles
(EVs) through systemic circulation in mice and humans. EV-
contained-eNAMPT is internalized into cells, enhancing NMN
and hence NAD synthesis (120). eNAMPT is actively secreted via
exosomes also from microglia during neuroinflammation due to
ischemic injury (121). These findings support the possibility of
metabolic exchange between tumor/inflammatory and immune
cells and vice versa within the site of inflammation or the tumor
microenvironment (TME), as previously described for other
cytokines and metabolic molecules (122, 123).

The conclusion from these data is that outside of cells it is
unlikely that NAMPT and NAPRT function as NAD-producing
enzymes, raising the alternative possibility that they possess
different functions. In fact, eNAMPT can directly bind Toll-
like receptor 4 (TLR4) (112, 124) and C–C chemokine receptor
type 5 (CCR5) (125), which might explain how the protein is
involved in the activation of an inflammatory signature. The
binding with TLR4 was demonstrated in different cellular
models, leading to activation of specific intracellular signaling
pathways (e.g., STAT3, NF-kB, Akt, P38) within minutes, and
activation of inflammasome in few hours (112, 124).

Less recently, it was reported that eNAMPT can selectively
inhibit infection of monocytes by human immunodeficiency
virus (HIV) and this activity was linked to a direct interaction
with CCR5, shown using surface plasmon resonance (SPR)
(126). More recently, Torretta et al. suggested that eNAMPT
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acts as a natural antagonist of CCR5 in cancer cells (125). Within
the cancer microenvironment, eNAMPT seems to contribute to
shape an immunotolerant environment, mostly acting on the
myeloid component. We described a role for eNAMPT in the
differentiation of circulating monocytes from chronic
lymphocytic leukemia (CLL) patients toward tumor-supporting
M2 macrophages (127). Recently, it was demonstrated that
iNAMPT acts also on myeloid-derived suppressor cells
(MDSCs) via a SIRT1/hypoxia-inducible factor (HIF)-1a axis,
promoting their mobilization (128). The activation of these
circuits creates an immunosuppressive and tumor-promoting
microenvironment (Figure 3).

Much less is known on eNAPRT, even though from early
information it seems to possess properties similar to NAMPT
when in extracellular fluids. Managò et al. demonstrated that
eNAPRT binds TLR4 on macrophages triggering NF-kB
activation and pro-inflammatory cytokines secretion (112).
Moreover, eNAPRT shares with eNAMPT the activation of a
transcriptional program, maybe mediated by the induction of
macrophage colony-stimulating factor (M-CFS), to force
monocyte differentiation into macrophages. In turn,
macrophages are a source of eNAMPT and eNAPRT in vivo
(112). Even if several issues remain to be investigated, a
functional role of these enzymes in primary innate immunity
responses is clearly emerging, opening the way to target these
enzymes to modulate inflammation.
IS THE NADome A THERAPEUTIC
TARGET?

Alterations in the NADome have been described in several
human diseases, including inflammatory conditions (gastric
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and intestinal inflammatory diseases, graft-versus-host disease,
sepsis and multiple organ failure, allergies particularly in the
lungs, atherosclerosis, age-associated insulin resistance,
neuroinflammation/degeneration), autoimmune diseases
(multiple sclerosis, psoriasis, systemic lupus erithematosous),
cardiovascular diseases and cancer (7, 55, 129).

In addition to their role in shaping the immune system and in
creating immunosuppressive conditions, in some instances
NAD-metabolizing enzymes are considered biological
prognostic markers and therapeutic targets. Among them, the
most promising are CD38, CD73 and NAMPT and the disease
setting is cancer (Figure 4).

CD38 is expressed in hematological malignancies, including
acute B lymphoblastic leukemia (B-ALL), acute myeloid
leukemia (AML), mantle cell lymphoma (MCL), CLL, multiple
myeloma (MM) and NK/T cell leukemia (T-ALL) (55, 94, 102,
105, 130–132). The role of CD38 has been widely explored and
defined in CLL and in MM. On CLL B lymphocytes, CD38
associates with the BCR complex [BCR/CD81/CD19/CD21] and
cooperates to amplify the signal transduction driving cell
proliferation (55, 133, 134).

Patients with CLL with a higher proportion of leukemic cells
expressing CD38 ≥30% experience a shorter time to first
treatment and a more aggressive clinical course with inferior
overall survival compared to patients who have <30% of CD38+

CLL cells, thus establishing surface CD38 as a marker of poor
prognosis (135–137).

MM is a plasma cell neoplastic aggressive disease with a median
overall survival of 4.4–7.1 years (138). CD38 is highly and
ubiquitously expressed on MM cells and at low levels on normal
lymphoid and myeloid cells (49, 139). Daratumumab is a first-in-
class anti-CD38 therapeutic monoclonal antibody (mAb) approved
in 2015 for the treatment of relapsed/refractory MM (140).
FIGURE 4 | CD38, CD73 and NAMPT as markers and therapeutic targets in pathological conditions. CD38, CD73 and NAMPT expression levels increase in several
pathological conditions. These molecules become markers of aggressive disease. In the lower part of the cartoon specific pharmacological inhibitors and/or blocking
antibodies, currently in preclinical or clinical trials for each target are listed.
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The documented mechanisms of action include antibody-
dependent cell cytotoxicity (ADCC), complement dependent
cytotoxicity (CDC), antibody-dependent cellular phagocytosis
(ADCP), and inhibition of CD38 enzymatic activities and
induction of apoptosis in a caspase-dependent manner (132,
141, 142). This Ab is now used in combination with other
drugs; however, the density of CD38 molecules on MM cells is a
predictive factor to the efficacy and durability of daratumumab
treatment (143). In CLL, CD38 engagement by daratumumab
modulates BCR signaling and enhances the anti-CLL activity of
ibrutinib, an inhibitor of BCR signaling (144). In addition, CD38 is
highly expressed in different solid tumors (i.e., gliomas, pancreatic
cancer, non-small cell lung cancer, melanoma, hepatocellular
carcinoma), generally associated to increased aggressiveness and
creating a tumor-supportingmicroenvironment (145), providing a
rationale for the expansion of daratumumab’s field of action.

Targeting CD73 to interfere with the degradation of AMP
into ADO, reducing the generation of an immunosuppressed
and pro-angiogenic niche that promotes the onset and
progression of cancer, is an attractive therapeutic option (146).
CD73 expression is higher in the majority of human solid
tumors. Its expression and activity are closely associated with
tumor invasiveness and metastasis (147, 148).

Inhibition of CD73 using either mAb or small molecule
inhibitors such as a,b-methylene-ADP (APCP) have
demonstrated antitumor activities in preclinical tumor mouse
models (148, 149). Furthermore, a number of anti-CD73 mAbs
(MEDI9447, BMS986179, SRF373/NZV930, CPI-006/CPX-006,
IPH5301, TJ004309) and selective inhibitors (LY3475070,
AB680, CB-708) are being tested in early phase clinical trials,
as recently reviewed in (147, 150).

Therefore, combination therapies with CD73 blocking Abs or
small molecule inhibitors and other therapeutic strategies
including immune checkpoint blockade, adoptive T cell
therapy, agonistic immunotherapy, chemotherapy, and
radiation therapy, could have synergic effects in various
cancers boosting immune response to keep the tumor cells in
control, as emerged by recent studies (148, 151).

The first NAMPT inhibitor FK866 (also known as APO866)
was described in 2003 by Hasmann et al. (152) Since that, several
specific NAMPT inhibitors were developed as recently reviewed
in in (7, 153, 154). The rationale was mainly supported by the
over-expression of NAMPT in cancer cells, as extensively
described by us and by several research groups (11, 108, 117,
127, 155–158).

This led to a first wave of molecules that entered clinical trials
for cancer therapy; however, no molecules reported to have
progressed to later stages [www.clinicaltrials.gov (7, 153)].

Toxicity of old inhibitors and rescue mechanisms by the
activation of other NBEs following NAMPT block, have
limited the use of NAMPT inhibitors as single agents.
However, increasing evidence suggests that a better selection of
tumor subtype rely exclusively on NAMPT activity to generate
NAD, as well as novel drugs less toxic, could open a second life
for NAMPT inhibition strategy. Moreover, a combination
between NAMPT inhibitors and selective inhibitors of
Frontiers in Immunology | www.frontiersin.org 845
oncogenic signaling driving cancer progression could be
therapeutically exploited as suggested (11, 117, 159).

An unknown notion is whether these inhibitors could also
affect eNAMPT activity, even if, as mentioned before, the
enzymatic activity of eNAMPT is controversial. Travelli et al.
developed novel inhibitors that can’t cross the plasma membrane
and have more activity to block eNAMPT form, demonstrating
reduced growth of triple negative mammary carcinoma in mice
(160). On the other hand, there is also intense research to
develop a blocking antibody to neutralize eNAMPT and reduce
its “cytokine-like activity” within the TME. The group of Garcia
firstly has devised a polyclonal eNAMPT neutralizing antibody
(pAb) (161). They used this Ab in different models of
inflammation and cancer, including lung injury and prostate
cancer. Recently, in acute respiratory distress syndrome (ARDS)
they demonstrated the highly significant contribution of
endothelial cell (EC)-derived NAMPT to the severity of
inflammatory lung injury in preclinical ARDS models.
Intravenous delivery of either eNAMPT-neutralizing pAb/mAb
significantly attenuated inflammatory lung injury in mouse
model. In vitro studies on EC demonstrated that eNAMPT-
neutralizing antibodies strongly abrogate eNAMPT-induced
TLR4 pathway activation (162). In invasive prostate cancer
(PCa) Sun et al. proved the activity of eNAMPT in supporting
the invasive features of PCa, and the tumor blocking activity of
the anti-eNAMPT neutralizing antibody in a pre-clinical in vivo
model of PCa invasion (163). In parallel, the group of Prof.
Genazzani in Italy is developing a novel monoclonal antibody
(C269) that neutralizes in vitro the cytokine-like action of
eNAMPT and that reduces its serum levels in rodents. This Ab
is able to significantly reduce acute and chronic colitis in two
models of induced-colitis (164), suggesting a role of eNAMPT
in the pathogenesis of inflammatory bowel disease (IBD) and
the therapeutic potential of its neutralization in this pathology.
The general idea of targeting eNAMPT in tumors and
in inflammatory diseases is increasing to counteract the
extracellular functions of this protein, mainly linked to the
activation of TLR4 and modulation of immune responses.
The best option could be to combine i/eNAMPT targeting with
immunomodulatory agents to obtain a tumor growth regression
and a concomitant reversion of immunosuppressive conditions,
acting on the immune system. In support of this, two papers
demonstrated that NAMPT inhibitors enhance the anti-tumor
efficacy of immune checkpoint inhibitors, i.e. antibody against
PD-1 (128, 165).
CONCLUSIONS AND FUTURE
PERSPECTIVES

Since the discovery of the presence of extracellular nucleotides
such as ATP and NAD released from intracellular stores in
conditions of cell stress or inflammation, they are considered
“danger signals” to alert the immune system, participating in the
recruitment, activation, and differentiation of immune cells, and
promoting the production and release of pro-inflammatory
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cytokines. Within the TME, extracellular nucleotides create pro-
tumor conditions acting directly on tumor aggressive features but
also on immune cells promoting a general immunosuppression.

The extracellular machinery that regulates eNAD functions is
complex, as we summarized in this review several eNAD-
metabolizing enzymes rapidly degrade it into metabolites that in
turn can function as signaling messengers or can be internalized
and used to reconstitute the intracellular NAD pool. Directly,
eNAD can bind purinergic receptors and activate signaling. The
effects of eNAD are therefore dependent on the presence of
receptors, metabolizing enzymes and cellular stress conditions
within the microenvironment. Understanding this intricate
machinery remains the most important challenge to develop
therapeutic strategies to modulate expression of these extracellular
nucleotides, relative enzymes, and receptors to re-educate the
immune system in different diseases, including cancer.
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On murine T cells, mono-ADP ribosyltransferase ARTC2.2 catalyzes ADP-ribosylation of
various surface proteins when nicotinamide adenine dinucleotide (NAD+) is released into
the extracellular compartment. Covalent ADP-ribosylation of the P2X7 receptor by
ARTC2.2 thereby represents an additional mechanism of activation, complementary to
its triggering by extracellular ATP. P2X7 is a multifaceted receptor that may represents a
potential target in inflammatory, and neurodegenerative diseases, as well as in cancer. We
present herein an experimental approach using intramuscular injection of recombinant
AAV vectors (rAAV) encoding nanobody-based biologics targeting ARTC2.2 or P2X7. We
demonstrate the ability of these in vivo generated biologics to potently and durably block
P2X7 or ARTC2.2 activities in vivo, or in contrast, to potentiate NAD+- or ATP-induced
activation of P2X7. We additionally demonstrate the ability of rAAV-encoded functional
heavy chain antibodies to elicit long-term depletion of T cells expressing high levels of
ARTC2.2 or P2X7. Our approach of using rAAV to generate functional nanobody-based
biologics in vivo appears promising to evaluate the role of ARTC2.2 and P2X7 in murine
acute as well as chronic disease models.

Keywords: P2X7 (purino) receptor, AAV vectors, nanobodies (VHH), animal models, extracellular ATP (eATP),
extracellular NAD+, methodological approach
INTRODUCTION

Nicotinamide adenine dinucleotide (NAD+) is a key molecule in cellular metabolism and acts as an
intermediate in several essential enzymatic reactions (1). In addition, in response to cellular stress,
intracellular NAD+ is released into the extracellular compartment and serves as a substrate for
various ectoenzymes (2, 3). Mono-ADP ribosyl transferases (ART) represent a family of
ectoenzymes that use extracellular NAD+ to catalyze posttranslational modification of cell surface
proteins by the transfer of ADP-ribose to specific amino-acid residues (4, 5). In mice, the ART
org August 2021 | Volume 12 | Article 704408151
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Gondé et al. AAVnano to Evaluate ARTC2.2 and P2X7 In Vivo
family comprises six members: ARTC1-5, including two
isoforms of ARTC2, termed ARTC2.1 and ARTC2.2 (6). While
ARTC2.1 is enzymatically inactive in the absence of reducing
agents, ARTC2.2 is active in standard conditions and is able to
ADP-ribosylate multiple cell-surface protein-targets when
NAD+ is present in the extracellular space (7, 8). ARTC2.2 is
localized predominantly on the surface of murine T cells as a 35
kDa GPI-anchored ectoenzyme. Although its levels of expression
varies depending on mouse strain and cell-activation status,
membrane expression of ARTC2 remains overall higher on
CD8+ T cells as compared to CD4+ T cells (9). When murine
T cells are exposed to micromolar levels of extracellular NAD+,
ARTC2.2 catalyzes the ADP-ribosylation of exposed arginines in
several cell surface protein targets, including the purinergic
P2X7, a well described protein expressed by immune cells and
involved in immune regulation (10, 11).

P2X7 assembles at the cell surface as a homo-trimeric receptor
that forms a nonselective ion channel upon gating with high
extracellular ATP concentrations (i.e., in the hundreds
micromolar range). Depending on ATP concentration and on
the extent of cell exposition, activation of P2X7 receptor can lead
to multiple cellular events starting by the rapid activation of surface
metalloproteases (leading to shedding for instance of CD62L and
CD27) and by the externalization of phosphatidylserine (11).
Prolonged P2X7 receptor activation induces the formation of
nonselective pores and to massive membrane depolarization,
ultimately leading to cell death (3). Interestingly, prolonged P2X7
activation can also be triggered by brief exposition to extracellular
NAD+. Indeed, in the presence of extracellular NAD+, ARTC2.2
catalyzes covalent ADP-ribosylation of P2X7 at the arginine
residue 125, located in the vicinity of the ATP-binding site, and
thereby triggers the activation of P2X7 receptor (10). Remarkably,
much lower concentrations of extracellular NAD+ (i.e., in the
micromolar range) are sufficient to activate P2X7 receptor and to
induce cell death (12, 13). This process was termed NAD-induced
cell death (NICD) and demonstrated to play a major role in vivo in
the fate and regulation of immune cells that express high levels of
ARTC2.2 and P2X7, including regulatory T cells (Treg), invariant
NKT cells, follicular helper T cells (Tfh), and tissue-resident
memory T cells (TRM) (12, 14–18).

Nanobodies are derived from unconventional natural
antibodies devoid of light chains that are found in llamas and
other camelids (19–21). The single-chain variable fragment of
the so-called heavy-chain antibodies is termed VHH or
nanobody. Nanobodies exhibit similar specificities and
affinities than conventional antibodies but are smaller in size
(15 kDa) and present a complementary determining region 3
(CDR3) that is usually longer, with the remarkable propensity to
reach protein cavities that are otherwise difficult to target with
conventional antibodies, offering opportunities to engineer these
molecules into original biologics (22). Such cavities often
Abbreviations: NAD+, nicotinamide adenine dinucleotide; ART,
ADPribosyltransferase; hcAb, heavy chain antibody; dimHLE, dimer half-life
extended; rAAV, recombinant adeno-associated virus used as a vector;
AAVnano, methodological approach based on the injection of rAAV encoding
for nanobody-based biologics.
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correspond to functional regions and allosteric sites, conferring
to nanobodies the ability to act as modulators of enzyme and
receptor activities (e.g., potentiating or blocking). Anti-ARTC2.2
nanobodies have been isolated by phage display from llamas
immunized with cDNA expression vectors encoding full-length
ARTC2.2 (23). Nanobodies s-14, s+16a, s+16b and l-17 are able
to bind with high specificity cell line stably transfected to express
ARTC2.2. In addition, T cells can be protected from NICD by
ARTC2.2-blocking nanobodies s+16a, s+16b and l-17, but not s-
14 (23). In additional studies, intravenous (i.v.) injection of the
ARTC2.2-blocking nanobody s+16a prevented NICD in cells co-
expressing ARTC2.2 and P2X7 ex vivo as well as in vivo.
ARTC2.2 antagonism has hence been recognized as a crucial
step for the functional studies of Treg, NKT and TRM subsets
(14–16, 24). Anti-P2X7 nanobodies were generated in a similar
manner (25, 26). Taking advantage of the single-chain structure
of nanobodies, we derived highly specific P2X7-potentiating
nanobody 14D5 and P2X7-blocking nanobody 13A7 either as
homodimers fused to the Alb8 albumin-binding nanobody
(i.e., to provide improved half-life in vivo) or fused to the Fc-
region of mouse conventional antibody to reconstitute the
bivalent heavy chain antibody (hcAb) format of camelids (25,
27). Nanobody-based hcAb therefore offer the possibility not
only to increase their half-life in vivo but also to provide effector
functions related to the Fc-region that can bind to Fc-receptors
(FcR) at the surface of immune cells or activate the classical
complement cascade (26). Depending on the isotype, it is then
possible to promote antibody-dependent cell cytotoxicity
(ADCC), complement-dependent cell cytotoxicity (CDC) and
antibody-dependent phagocytosis (ADCP). Interestingly, hinge
and/or Fc-region engineering can further enhance Fc-fused
nanobody half-life or fine tune effector properties by
enhancing or abolishing FcgR and/or complement related
effector functions (28).

In this study, we report two different strategies for
manipulating the ARTC2.2/P2X7 pathway in vivo, with the
aim of better addressing the versatile role of NAD+ and ATP
in immune cells. For that, we developed a methodology that rely
on nanobody-based biologics expressed directly in vivo upon a
single intramuscular (i.m.) administration of recombinant AAV
vectors (rAAV) encoding the biological constructs. We
demonstrated here the ability to durably block the activity of
ARTC2.2 enzyme or of the P2X7 ion channel in vivo upon a
single i.m. injection of the rAAV encoding a construct containing
the ARTC2.2-blocking nanobody s+16a, or a construct
containing the P2X7-blocking nanobody 13A7. In addition, we
provide evidence that P2X7 can be potentiated in vivo using an
rAAV encoding a construct containing the P2X7-potentiating
nanobody 14D5. In another strategy, based on the fusion of
specific nanobodies to mouse IgG2a, to generate a heavy chain
antibody (hcAb) format, we demonstrate durable depletion of
cells expressing high levels of ARTC2.2 in vivo. These
methodologies represent valuable tools that might be used in
future studies to better delineate the role of the NAD+/ARTC2.2/
P2X7 pathway in vivo in various pathophysiological situations
including inflammatory diseases, and immune responses to
infectious pathogens or to tumor cells.
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MATERIAL AND METHODS

Mice, Reagents, Antibodies
C57BL/6 wild-type mice obtained from Janvier Labs were used
for all experiments. Mice were housed in a specific pathogen-free
facility and were aged of 8 weeks at the beginning of experiments.
All animal experiments were approved by the local institutional
ethic committee.

Adenosine 5’-tri-phosphate disodium salt (A2383) and
b-nicotinamide adenine dinucleotide hydrate (N7004) were
purchased from Sigma Aldrich. Red blood cell (RBC) lysis/
fixation Solution, True-Nuclear transcription factor buffer set,
fluorochrome-conjugated streptavidin, and antibodies to CD45
(clone 30-F11), CD4 (RM4-5), CD8 (53-6.7), CD25 (PC-61),
CD19 (1D3/CD19), B220 (RA3-6B2), FoxP3 (MF-14), CD27
(LG.3A10), CD62L (MEL-14), CD69 (H1.2F3) or P2X7R (1F11),
and purified CD16/CD32 (TruStain FcX) were obtained from
Biolegend or Sony Biotechnology. Rabbit polyclonal antibody
K1G, specific to mouse P2X7, was described in our previous
studies (12, 13). K1G was used to stain P2X7 at the surface of
blood myeloid cells as illustrated in Supplemental Figure 3,
using a secondary donkey anti-rabbit IgG from Jackson
ImmunoResearch. Biotinylated polyclonal antibody specific to
mouse IgGa was obtained from Jackson ImmunoResearch and
monoclonal ant ibody to ARTC2.2 (Nika102) from
Novus Biologicals.

Flow Cytometry Analyses
For evaluation of P2X7 and ARTC2.2 expression on T cells,
splenocytes were collected and single-cell suspensions were
prepared and washed using standard procedures. Cells were
stained with fluorochrome-conjugated antibodies, including
anti-P2X7 and anti-ARTC2.2 or related isotype controls before
fixation and red blood cell lysis using the RBC lysis/fixation
Solution (Sony biotechnology).

For evaluation of P2X7-dependent shedding of CD27 and
CD62L upon ex vivo exposition to NAD+ or ATP, blood samples
were collected, washed, resuspended into PBS (without Ca2+ and
Mg2+), and divided into 4 tubes. Cells were then treated with 30
µM ATP, 150 µM ATP, or 30 µM NAD+, or left untreated. After
incubation for 15 min at 37°C, cells were washed in cold D-PBS
containing 10% FBS, and stained on ice with fluorochrome-
conjugated antibodies before fixation and RBC lysis. The
percentages of cells co-expressing CD27 and CD62L were then
evaluated by flow cytometry.

For evaluation of the binding of the dimHLE constructs on
liver NKT cells and liver TRM, single cells suspension were
prepared and stained with a mouse IgG1 mAb that specifically
recognizes the Alb8 nanobody (kindly provided by Dr. Catelijne
Stortelers, Ablynx nv, Zwijnarde, Belgium), followed by a
secondary mouse IgG1-specific mAb. To evaluate the levels of
occupation of the target protein, cells were incubated in vitro
with a saturating concentration of the same recombinant
nanobody construct as the one produced in vivo, followed by
the same secondary detection reagents. This allowed estimation
of signal saturation that correlates with target occupation by
bounded biologics. Similar MFI were obtained with or without
Frontiers in Immunology | www.frontiersin.org 353
addition in vitro of the corresponding recombinant nanobody
construct, confirming that target occupancy reached saturation
in vivo (data not shown). To distinguish vascular T cells from
liver parenchyma cells, a fluorochrome-conjugated CD45-
specific mAb has been injected i.v. (CD45iv) 3 min before
sacrifice and preparation of liver lymphocytes. This procedure
allowed the staining of vascular T cells in vivo (CD45ivhigh) while
liver resident T cells remained mostly unstained (CD45ivlow).
Untransduced mice additionally received 50 µg of recombinant
s+16a-dim construct (i.e., a dimer of s+16a that does not contain
the Alb8 nanobody, and that cannot be detected by the anti-Alb8
mAb77 detection system) 30 min before organ collection to
prevent NICD and cell loss ex vivo during cell preparation, as
described earlier (15, 18). All cells were counterstained with
mAbs directed against CD45 (coupled to a different
fluorochrome than CD45iv), CD4, and CD69 (marker of tissue
resident lymphocytes). To distinguish the NKT subset, cells were
stained with PE-conjugated CD1d-tetramer loaded with, an
analogue of a-galatosylceramide (aGal/Cer), kindly provided
by the NIH tetramer core facility.

For evaluation of the binding capacity of the nanobody-based
hcAb on T cells surface, samples were collected, washed,
resuspended into FACS buffer and stained with isotype specific
secondary antibodies, i.e. Ab directed against mouse IgG1 (to
detect 13A7-IgG1LSF hcAb), or Ab directed against mouse IgG2a
(for detection of 7E2-IgG2a or s-14-IgG2a hcAb). Cells were
washed and counterstained with fluorochrome-conjugated
antibodies directed against the indicated cell surface markers.

Flow cytometry measurements were performed using a
LSRFortessa or a FACSCanto-I (BD Biosciences) apparatus
and subsequent analyses were performed using FlowJo
software (Tree Star, Ashland, OR).

Nanobody Constructs
Some of the constructs used in this study were based on
nanobody dimers (“dim” format) fused to the Alb8 anti-
albumin nanobody (half-life extended “HLE” format) (25, 29).
14D5-dimHLE and s+16a-dimHLE were constructed by fusing
the coding sequences of two 14D5 nanobodies or two s+16a
nanobodies using a 35-GS linker (GGGGS)7. These
homodimeric bivalent constructs were then fused to the anti-
albumin nanobody Alb8 via a 9-GS linker (GGGGSGGGS) (25).
The P2X7-blocking 13A7-IgG1LSF hcAb was constructed by
fusing the nanobody 13A7 to the hinge region and Fc region
of a mutated mouse IgG1 antibody carrying the “LSF”mutations
(T252L, T254S, T256F) (30). For the design of the depleting
hcAb constructs 7E2-IgG2a and s-14-IgG2a, anti-P2X7
nanobody 7E2 or anti-ARTC2.2 nanobody s-14, were fused to
the hinge and Fc-region of a mouse IgG2a using 5-GS
linker (GGGGS).

Production of rAAV and Muscle
Transduction
For the production of rAAV, all constructs were cloned into a
pFB plasmid under the control of either a CBA promoter (for
rAAV1 constructs encoding 14D5-dimHLE, 13A7-IgG1LSF and
s+16a-dimHLE) or under the related CASI promoter (for rAAV8
August 2021 | Volume 12 | Article 704408
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constructs encoding 7E2-IgG2a and s-14-IgG2a) (31, 32).
Production, purification, and titration of rAAV1 and rAAV8
were performed by Virovek (Hayward, California, USA) using
the baculovirus expression system in Sf9 insect cells (31). For
muscle transduction, mice hind legs were shaved under
anesthesia and 100 µL diluted rAAV were injected into 4
gastrocnemius muscle sites to reach a total dose of 1011 viral
genomes (vg) per mouse.

NAD+ Treatment In Vivo
Injections of rAAV encoding either 13A7-IgG1LSF hcAb or
14D5-dimHLE were performed i.m. on day 0 and followed 28
days later by the i.v. injection of 30 mg NAD+ diluted in 200 mL
PBS (pH adjusted to 7.4) as described earlier (24). Splenocytes
were collected 24 h later and single-cell suspensions were
prepared on ice and stained with fluorochrome-coupled
antibodies. After fixation, RBC lysis, permeabilization and
intracellular staining, single cell suspensions were analyzed by
flow cytometry. Absolute cell numbers collected for each spleen
was evaluated by direct enumeration using an automated cell
counter (ADAM-MC apparatus). Percentages of CD4+ and
CD8+ T cells were determined by flow cytometry and
compared to CD19+ B cells taken as an NAD+-insensitive
reference population.

Statistical Analysis
All data are shown as mean values and error bars represent
standard error of the mean (SEM). Statistical comparison
between experimental groups was performed using one-way
analysis of variance (ANOVA). Differences were considered
statistically significant when p values were less than 0.05 (*),
0.01 (**), or 0.001 (***). All calculations were performed using
the Prism software (Graphpad, La Jolla, CA).
RESULTS

Nanobody Constructs and rAAV Used
to Study the Role of ARTC2.2 and
P2X7 In Vivo
The ARTC2.2/P2X7 axis regulates murine T cell function,
differentiation and cell fate. Both proteins are expressed on T
cell subsets but at different cell surface levels. Consistent with
previous studies (12, 13, 24), P2X7 and ARTC2.2 were detected
on CD4+CD25+ Treg, CD4+CD25- conventional CD4+ T cells
(Tconv), and on CD8+ T cells. P2X7 is expressed at higher level
on the surface of Treg and to a lesser extent on CD4+ Tconv and
on CD8+ T cells (Figure 1A, upper panels). ARTC2.2 is
expressed at higher levels on CD8+ T cells as compared to
CD4+ T cell subsets (Figure 1A, lower panels). To explore the
role of P2X7 and ARTC2.2 in vivo , we developed a
methodological approach based on rAAV encoding various
formats of P2X7-specific or ARTC2.2-specific nanobody-based
constructs. To increase their half-life and avidity, we developed
bivalent nanobodies fused to the albumin-specific nanobody
Alb8 (dimer Half-Life Extended format, termed “dimHLE”)
Frontiers in Immunology | www.frontiersin.org 454
(Figure 1B). In a second approach, we fused nanobodies to the
hinge and Fc region of conventional IgG antibodies (heavy-chain
antibodies format, “hcAb”) (Figure 1B). Mouse IgG1 Fc subclass
is known to only mediate low, if any, effector functions as it binds
to the inhibitory FcgRIIB and to only one member of the
activating receptors, the low affinity FcgRIII (33). IgG1 also
binds to the neonatal FcRn involved in antibody recycling and
persistence in vivo. To further increase the half-life of our
constructs, we took advantage of the described “LSF” point
mutations (i.e., T252L, T254S, T256F), known to further
ameliorate in vivo persistence by increasing the binding to
FcRn (30), to generate the mIgG1LSF hcAb construct
(Figure 1B). In contrast to mouse IgG1, mIgG2a subclass
binds all mouse activating FcgR and triggers Fc-related effector
functions (Figure 1B) (33).

In our methodological approach to target ARTC2.2 and P2X7
on T cells in vivo, implemented and evaluated here, we injected
rAAV1 or rAAV8 encoding nanobody-based constructs instead of
the corresponding purified recombinant proteins. Both rAAV1
and rAAV8 serotypes are known to efficiently transduced muscle
cells upon i.m. injection. We aimed at eliciting directly in situ the
long-term and stable production of the selected construct
following a single administration of the corresponding rAAV.
This approach was termed AAVnano (Figure 1C).

We explored here two complementary strategies for
manipulating in vivo the NAD+ pathway dependent on
ARTC2.2 and P2X7. (Figure 2). The first strategy relies on the
propensity of nanobodies to bind to functional sites and thereby
modulate their enzymatic activity or receptor functions. We used
constructs based on nanobodies selected for their remarkable
ability to block ARTC2.2 enzymatic activity (nanobody s+16a,
used here as a dimHLE format), to inhibit gating of the P2X7 ion
channel (nanobody 13A7, used as IgG1LSF hcAb format), or to
potentiate P2X7 activity (nanobody 14D5, used as dimHLE
format) (Figure 2A). The choice of the format for each
biological construct (i.e., dimHLE, or IgG1LSF hcAb formats)
was based on preliminary experiments comparing the efficacy of
each formats (data not shown). The second strategy relies on the
possibility to deplete target cells expressing high levels of ARTC2.2
or P2X7. For that, we used hcAb engineered to contain the mIg2a
Fc-region, known to promote binding to FcR on immune cells and
to promote ADCC by NK cells, ADCP by macrophages, and to
facilitate CDC upon engagement on the classical complement
pathway (Figure 2B). To facilitate the interpretation of their effect
in vivo, these latter constructs were based on other nanobodies that
do not modulate the functional activity of their target (i.e.,
ARTC2.2-specifc nanobody s-14 (23) and P2X7-specifc
nanobody 7E2 (25)) that were fused to the hinge and Fc-region
of mouse IgG2a (Figures 1B, C).

Functional Modulation of ARTC2.2 or P2X7
Using rAAV Coding for Biologics With
Blocking or Potentiating Properties
To evaluate our AAVnano approach and the ability of our
constructs to modulate their target proteins, we first indirectly
studied the activity of P2X7 and ARTC2.2 on T cells harvested
August 2021 | Volume 12 | Article 704408
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FIGURE 1 | AAVnano methodological approach to study the role of P2X7 or
ARTC2.2 in vivo. (A) Expression of ARTC2.2 and P2X7 T cell subsets.
Splenocytes from C57BL/6 mice were stained with fluorochrome-conjugated
monoclonal antibodies directed against P2X7 (clone 1F11), or ARTC2.2 (clone
Nika102), or with the corresponding isotype controls (grey), and were
analyzed by flow cytometry. Cells were gated on CD4+CD25- T cells (Tconv,
depicted in blue), on CD4+CD25+ (Treg, depicted in red), or on CD8+ T cells
(depicted in green) to evaluate the cell surface levels of P2X7 or ARTC2.2 on
each subset. The numbers in the upper right quadrants indicate the mean
fluorescence intensity (MFI). Staining was performed using fluorochrome
conjugated antibodies specific to CD45 (coupled to BV510), CD4 (BV786),
CD8 (BV605), CD25 (PE-Cy7), P2X7 (BV421) and ARTC2.2 (AF647).
(B) Schematic representation of nanobody-based constructs. ARTC2.2-
specific and P2X7-specific nanobodies (VHH) are engineered either as bivalent
dimers fused to the albumin-specific nanobody Alb8 (dimer half-life extended,
termed “dimHLE”), or as heavy-chain antibodies (termed hcAb) when fused to
the hinge and Fc-region of conventional mouse IgG antibodies. For the latter,
nanobodies were fused to either a mouse IgG1 hinge/Fc-region bearing the
LSF mutations (i.e., T252L, T254S, T256F) to produce hcAb with no/low Fc-
effector functions, or to the hinge/Fc-region of mouse IgG2a to generate cell-
depleting hcAb. (C) Schematic representation of the AAVnano methodological
approach and the structure of the transgenes incorporated in the rAAV (of
serotype 1 or 8). The illustrated transgenes encode the nanobody-based
constructs depicted in (B) Upon a single i.m. injection of the rAAV, the
nanobody-based biologics are produced in vivo by the transduced muscle
cells under the control of a CBA (rAAV1) or a CASI (rAAV8) promoter (Prom.).

Gondé et al. AAVnano to Evaluate ARTC2.2 and P2X7 In Vivo
from AAVnano injected mice. Exposure of T cells to ATP or
NAD+ induces the shedding of CD27 and CD62L by
metalloproteases and this can be used as a sensitive assay to
monitor P2X7 receptor activation (13, 24). For that, we injected
Frontiers in Immunology | www.frontiersin.org 555
rAAV1 encoding 13A7-IgG1LSF hcAb (i.e., to inhibit P2X7),
14D5-dimHLE (i.e., to potentiate P2X7), or s+16a-dimHLE (i.e.,
to inhibit ARTC2.2). Blood cells were collected 17-120 days after
rAAV injection, incubated at 37°C in the absence or in the
presence of NAD+ (30 µM) or ATP (30 mM or 150 mM) to assay
ex vivo P2X7-dependent shedding of CD27 and CD62L.
Representative data obtained 30 days after AAVnano injection
are shown in Figure 3. Comparable results were obtained from
the earliest studied time point at day 17 to the last time point of
the study at day 120. The results show that T cells from
untransduced mice displayed P2X7-dependent shedding of
CD27 and CD62L within 15 min after incubation with ATP or
NAD+ (Figures 3A, B). This was noticeably more pronounced
on CD4+CD25+ Treg that express higher levels of P2X7 as
compared to Tconv and to CD8+ T cells (Figure 3B). Injection
of AAVnano coding for 14D5-dimHLE sensitized T cells to
P2X7-dependent shedding, notably also on the T cell subsets that
express the lowest levels of P2X7 (i.e., Tconv and CD8+ T cells)
as compared to untransduced control mice. In contrast, mice
injected with the AAVnano coding for 13A7-IgG1LSF hcAb were
almost completely protected from NAD+- and ATP-induced
P2X7 activation, and only Treg cells displayed limited CD27
and CD62L shedding when incubated with the highest dose of
ATP (Figure 3B). T cells from mice injected with the AAVnano
coding for s+16a-dimHLE were protected from NAD+-induced,
but not from ATP-induced shedding of CD27 and CD62L, as
expected from a nanobody construct that inhibits ARTC2.2
activity (Figure 3B). For comparison, we also evaluated the
effects mediated by recombinant nanobody-based biologics
added directly in vitro on cells from untreated animals
(Supplemental Figure 1). We observed in dose-response
experiments that each recombinant construct used at
August 2021 | Volume 12 | Article 704408
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A
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FIGURE 2 | Strategies used to manipulate ARTC2.2 or P2X7 functions in vivo or to deplete T cells expressing these proteins. (A) Modulation of ARTC2.2 and P2X7
activity using nanobody-based constructs. Two pathways can lead to the activation of P2X7 at the surface of mouse T cells. The ATP pathway involves direct gating
of P2X7 ion channel by extracellular ATP. The NAD+ pathway involves a post-translational modification of P2X7 catalyzed by the ectoenzyme ARTC2.2 resulting in its
covalent ADP-ribosylation. The 14D5-dimHLE construct probably binds to an allosteric site on P2X7 and potentiates gating of the ion channel triggered by either ATP
or NAD+. The s+16a-dimHLE construct was designed to block ARTC2.2 enzymatic activity in vivo and thereby to inhibit activation of P2X7 by the NAD+ pathway
(but not the ATP pathway). The 13A7-IgG1LSF hcAb construct inhibits P2X7 gating and can be used to inhibit both ATP and NAD+ pathways. (B) Other nanobody-
based constructs were designed to favor depletion of their target cells in vivo. For that, nanobodies s-14 and 7E2, that bind respectively to ARTC2.2 and P2X7 but
do not modulate their functions, were fused to the hinge and Fc-region of mIgG2a. The resulting mIgG2a hcAb could mediate cell depletion through different
mechanisms such as complement-dependent cytotoxicity (CDC), antibody-dependent cell cytotoxicity (ADCC) that rely on NK cells, and antibody-dependent cell
phagocytosis (ADCP) involving macrophages.
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saturating doses in vitro induced a comparable effect that the one
observed ex vivo on cells collected from AAVnano transduced
mice. These data hence suggest that i.m. injection of AAVnano
induce in vivo production of each encoded construct in sufficient
quantity to substantially inhibit or potentiate the functional
activity of their target, at a level that appears to be similar to
the one obtained in vitro with saturating doses of each given
recombinant nanobody construct.

Evaluation of Tissue Resident T Cells
In Vivo Following Administration of rAAV
Coding for Biologics
To determine whether our methodological approach could be
used to reach ARTC2.2 and P2X7 on tissue resident T cells, we
next sought to detect the presence of the biologics on resident
liver T cells 120 days after rAAV injection. For that, we focused
at the end of the experiment (i.e., upon sacrifice of animals) on
Frontiers in Immunology | www.frontiersin.org 757
liver tissue-resident memory T cells (TRM) and for comparison
on liver vascular T cells as well. Liver TRM co-express higher
levels of ARTC2.2 and P2X7 than conventional T cells (18)
(Figure 4). In order to discriminate tissue resident from vascular
lymphocytes, we intravenously injected a fluorochrome-
conjugated CD45-specific mAb 3 min before sacrifice. In this
short period of time, the injected antibody stains vascular, but
not tissue resident lymphocytes (34). In order to detect the
rAAV-encoded s+16a-dimHLE or 14D5-dimHLE, we used a
monoclonal antibody (mAb77) that specifically recognizes the
Alb8 nanobody, and for detection of 13A7-IgG1LSF, we used a
mouse IgG1-specific secondary antibody. We further stained
cells with a CD4-specific mAb and an aGal/Cer-loaded CD1d
tetramer to distinguish NKT cells from other CD4+ T cells. NKT
cells are also known to co-express high levels of ARTC2.2 and
P2X7 and to be highly sensitive to NAD+ induced cell death
(NICD) (18). Cells were counterstained with a fluorochrome-
A

B

FIGURE 3 | AAVnano modulate P2X7-dependent shedding of CD27 and CD62L ex vivo. C57BL/6 mice were injected i.m. with PBS (control) or with rAAV1 encoding
P2X7-potentiating 14D5-dimHLE, P2X7-blocking 13A7-IgG1LSF hcAb or ARTC2.2-blocking s+16a-dimHLE. Blood samples were collected at different time points ranging
from day 17 to day 120 after rAAV injections. Cells were then incubated for 15 min at 37°C with PBS, 30 µM ATP, 150 µM ATP or 30 µM NAD+ to induce P2X7-
dependent shedding of CD27 and CD62L on T cells. Representative results obtained 30 days after rAAV injection are shown. (A) Representative flow cytometry plots
illustrating shedding of CD27 and CD62L on gated CD4+CD25- T cells harvested from control mice. Numbers indicate percentages of CD27+CD62L+ cells. (B) Mean
percentages of CD27+CD62L+ cells among gated CD4+CD25+, CD4+CD25- and CD8+ T cells after incubation with PBS (grey), 30 µM NAD+ (red), 30 µM ATP (cyan) or
150 µM ATP (blue). Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to APC-Cy7), CD4 (FITC), CD8 (PE-Cy7), CD25 (PE),
CD27 (PerCP-Cy5.5) and CD62L (APC). Errors bars represent the SEM, n=3.
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conjugated mAb against CD69, a marker that is highly expressed
by many tissue resident T cells but by only few if any vascular T
cells (35, 36). Untransduced mice were used as control and were
given recombinant s+16a-dim 30 min before sacrifice to prevent
NICD and cell loss during preparation as described before (15,
18). The results confirmed the higher level of ARTC2.2-specific s
+16a-dimHLE bound at the surface of CD69+ TRM as compared
to tissue resident CD69- CD4+ T cells and to vascular CD4+ T
cells (Figures 4B, C, panels 3). Also, higher expression of P2X7
Frontiers in Immunology | www.frontiersin.org 858
was detected at the surface of CD69+ TRM compared to other
CD4+ subsets (Figures 4B, C panels 4). In mice injected with
rAAV1 encoding the ARTC2.2-specific s+16a-dimHLE, we
observed high proportions of NKT cells and CD69+ TRM as
expected from an ARTC2.2-blocking biologics that protect from
NICD that occurs during cells preparation (Figures 4A, B,
panels 3). In contrast, liver lymphocytes obtained from mice
injected with rAAV1 encoding the P2X7-potentiating 14D5-
dimHLE show markedly reduced percentages of tetramer-
A

B

C

FIGURE 4 | Nanobody-based biologics produced in vivo following rAAV injection reach ARTC2.2 and P2X7 expressed at high levels by TRM located in the liver
parenchyma. C57BL/6 mice were injected i.m. with rAAV1 encoding P2X7-blocking 13A7-IgG1LSF hcAb, P2X7-potentiating 14D5-dimHLE, or ARTC2.2-blocking
s+16a-dimHLE, or with PBS (untransduced). 120 days after rAAV injection mice received an intravenous injection of fluorochrome-conjugated CD45-specific mAb
(CD45iv) 3 min before sacrifice. Untransduced mice additionally received 50 µg of recombinant s+16a-dim construct 30 min before organ collection to prevent NICD
and cell loss ex vivo during cell preparation, as described earlier (15, 18). Cells extracted from the liver were then counterstained with mAbs directed against CD45,
CD4, and CD69 (i.e., a marker of tissue resident lymphocytes) and with a CD1d-tetramer (CD1dtet) loaded with aGal/Cer (specifically labels the invariant T cell
receptor of NKT cells). (A) Representative flow cytometry plots illustrating liver CD4+ T cells and CD4+CD1dtet+ NKT cells (panels 1-4), and the gating of
parenchymal (CD45ivlow) and vascular (CD45ivhigh) CD4+CD1dtet- lymphocytes (panel 5). (B, C) Representative flow cytometry plots illustrating the detection of the
nanobody-based constructs on the cell surface of tissue resident CD45ivlow (B) and vascular CD45ivhigh (C) CD4+CD1dtet- T cells. To detect cell surface bound
dimHLE constructs, cells were stained with Alb8-specific mAb77 (mouse IgG1) followed by an mIgG1-specific secondary mAb. To detect cell surface bound 13A7-
IgG1LSF, cells were stained directly with the secondary mIgG1-specific mAb. Positive (pos) control staining was performed with liver cells from untransduced mice
using the P2X7-specific 13A7-dimHLE, mAb77, and the mIgG1-specific secondary mAb. Negative (neg) control staining was performed with the secondary detection
reagents alone. Numbers indicate the percentages of cells in the respective quadrants or gates (A, panel 5). Staining was performed using fluorochrome conjugated
antibodies specific to CD45 (coupled to PerCP-Cy5.5 for the one injected i.v. and to AF700 for the one added in vitro), CD4 (APC), CD69 (FITC), mouse IgG1
(BV421) and CD1dtet (coupled to PE).
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stained NKT cells and of CD69+ TRM (Figures 4A, B, panels 2),
i.e. a cell populations that display high cell surface level of P2X7
(Figure 4B, panel 4). This likely reflects 14D5-dimHLE
enhanced cell death of these subsets due to NAD+ released
during liver collection and cell preparation (34). Liver
lymphocytes recovered from mice injected 120 days earlier
with rAAV1 encoding the P2X7-blocking 13A7-IgG1LSF,
contained high proportion of NKT cells (Figure 4A, panel 1)
and of CD69+ TRM (Figure 4B, panel 1), indicating that binding
of 13A7-IgG1LSF rendered these subpopulations resistant to
NICD during cell preparation. However, the low level of
staining with the IgG1-specific secondary antibody (Figure 4B,
panel 1) suggests that this hcAb induced down modulation of cell
surface P2X7, possibly by hcAb-induced endocytosis. This was
not due to low binding of 13A7-IgG1LSF at the surface of these
cells as incubation of the cells ex vivo with a saturating dose of
recombinant 13A7-IgG1LSF followed by IgG1-specific secondary
antibody did not increased the staining (data not shown).
Similarly, in mice injected with rAAV1 encoding 14D5-
dimHLE or s+16a-dimHLE, incubation of cells ex vivo with a
saturating dose of the corresponding recombinant protein,
followed by the appropriate secondary detection reagent, did
not increased the staining intensity (not shown). This data
indicate that each of these nanobody-based constructs
produced in vivo achieved full occupancy of their respective
target proteins expressed on vascular and tissue resident CD4+ T
cells, as expected from their continuous endogenous production
mediated by rAAV1 injection 120 days earlier.

Functional In Vivo Modulation of ARTC2.2
or P2X7 by rAAV Encoded Biologics
We next evaluated the effect of these biological constructs in vivo.
First, we confirmed the absence of cell depletion using these
AAVnano by evaluating the percentages of CD4+CD25+ Treg,
CD4+CD25- Tconv, and CD8+ T cells, throughout the study
(data not shown). We then injected NAD+ i.v. and evaluated in
vivo the modulating effect of the P2X7-specific constructs. As we
previously demonstrated that the injection of 60 mg NAD+

provokes the depletion of 80% of Treg (24), we injected here a
limited dose of 30 mg of NAD+ in order to evaluate the
potentiating effect of 14D5-dimHLE. For that, mice were
injected again with each AAVnano, followed 28 days after by
the i.v. injection of 30 mg NAD+. Depletion of cell subsets was
evaluated by collection and analyses of splenocytes one day after.
As expected, untransduced mice showed a limited yet significant
depletion of splenic Treg (Figures 5A, B), but not of other T cell
subsets that express lower levels of P2X7. In contrast, mice
injected with the AAVnano encoding 13A7-IgG1LSF hcAb were
protected from NAD+-induced Treg depletion. Remarkably,
mice injected with the vector encoding the P2X7-potentiating
construct 14D5-dimHLE showed significantly enhanced cell
depletion, not only for Treg but also for the less sensitive
Tconv and CD8+ T cell subsets, confirming the potentiating
effect observed ex vivo (Figures 3B, 5B). These data provide
evidence that P2X7 activity at the surface of T cell subsets can be
modulated in vivo following a single injection of a rAAV1
Frontiers in Immunology | www.frontiersin.org 959
encoding blocking or potentiating anti-P2X7 nanobody-
based biologics.

Depletion In Vivo of Cells Expressing
ARTC2.2 or P2X7 Using rAAV Coding for
Nanobody-Based hcAb
Upon binding, conventional antibodies can promote target cell
depletion through their Fc-related effector functions. We aimed
here at evaluating P2X7-specifc and ARTC2.2-specific hcAb that
contain a neutral nanobody (i.e., a nanobody that bind to its
target but does not modulate its function) fused to the mouse
IgG2a Fc-region, for their capacity to promote cell depletion in
vivo. For that, we used again rAAV coding for these constructs
that we termed 7E2-IgG2a hcAb for the one targeting P2X7, and
s-14-IgG2a hcAb for the one directed against ARTC2.2. First, we
evaluated the binding of each of these constructs to the surface of
mouse T cell subsets. For that, serum from mice injected 63 days
earlier with hcAb-encoding rAAV8 were collected and used as a
source of hcAb. These sera were then incubated with splenocytes
harvested from untreated naive mice and bound hcAb were
detected by a IgG2a-specific secondary antibody (Figure 6A).
Results confirmed higher binding of s-14-IgG2a hcAb on the
surface of the CD8+ T cell subsets in agreement with the higher
expression of its ARTC2.2 target on this subset (Figure 1A). 7E2-
IgG2a hcAb was found to bind at lower levels than s-14-IgG2a
hcAb at the surface of each studied T cell subsets, in agreement
with the lower expression of P2X7 as compared to ARTC2.2 on
these cell populations. Yet, 7E2-IgG2a hcAb was found to bind
better on Treg than on Tconv and CD8+ T cells (Figure 6A), in
agreement with the higher expression of P2X7 on Treg
(Figure 1A). Titration analyses indicated that around 1 ml of
serum contained saturating amounts of hcAb (Figure 6B). These
results indicate that 7E2-IgG2a and s-14-IgG2a hcAb are
produced in saturating amounts in vivo at least 63 days
following a single i.m. injection of rAAV.

For comparison, and to evaluate the kinetic and relative
abundance of hcAb production in vivo, we also used sera (or
plasma) collected at different time points from another experiment
to stain HEK293-ARTC2.2 or HEK293-P2X7 cell lines expressing
high and stable levels of surface ARTC2.2 or P2X7, obtained by
retroviral transduction of the parental HEK-293 cell line
(Supplemental Figure 2). The data confirm that 7E2-IgG2a
hcAb and s-14-IgG2a hcAb are detectable in the circulation at
the earlier time point studied (i.e., at day 13 post rAAV8 i.m.
injection), are produced in all animals that were studied at a rather
similar level, and slowly accumulate to reach a maximum
concentration between 45 and 66 days post rAAV8 injection
and remains stable thereafter (Supplemental Figure 2).

We next analyzed the level of target cell depletion overtime
induced by the production of ARTC2.2-specific or P2X7-specific
hcAb in vivo. Results obtained with the P2X7-specific 7E2-IgG2a
hcAb showed a modest depletion of Treg, reaching 18 ± 4% at
day 25 post rAAV injection. The proportions of CD4+CD25-

Tconv and CD8+ T cells were only slightly decreased in mice
producing 7E2-IgG2a hcAb, consistent with lower levels of P2X7
on these subsets (Figures 6A–C). In contrast, in mice producing
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ARTC2.2-specific s-14-IgG2a hcAb, we found a substantial
depletion of the three T cell subsets analyzed. Depletion was
most pronounced for CD8+ that express the highest level of
ARTC2.2. This construct was indeed found to deplete 85 ± 3% of
CD8+ T cells, 65 ± 6% of Tconv, and 66 ± 5% of Treg 25 days post
rAAV8 injection. The level of depletion was slightly higher at day
82 post rAAV8 injection (Figure 6C). For comparison, CD19+ B
cells (that do not express P2X7 nor ARTC2.2) and myeloid non-
granulocytic CD11b+ cells (that do express very little, if any,
ARTC2.2 and low level of P2X7) were also enumerated in the
blood at the same time point. Data demonstrated the absence of
depletion of these subsets in agreement with their absence of
expression or low expression of ARTC2.2 and/or P2X7
(Supplemental Figure 3). These findings illustrate the long-
term and stable depleting effects of the target T cells elicited by
these IgG2a hcAb upon a single i.m. injection of the
corresponding hcAb-encoding rAAV8.
Frontiers in Immunology | www.frontiersin.org 1060
DISCUSSION

Surface expression of the ectoenzyme ARTC2.2 is restricted to T
cells and is found at higher levels on murine CD8+ T cells as
compared to CD4+CD25+ Treg or CD4+CD25- Tconv
(Figure 1A) (9). P2X7 is expressed by multiple cells, including
immune cells of the myeloid and lymphoid compartments. On
murine T cells, P2X7 is differentially expressed on T cell subsets,
and was found to be expressed at higher levels on NKT cells,
Treg, Tfh, and TRM (12, 14–18). The homotrimeric P2X7
receptor is known to form an ATP-gated ion-channel
connected to multiple signaling pathways that regulate cell
phenotype, functions, differentiation and survival (11). For
murine T cells, P2X7 activation can be triggered by two
complementary pathways. As in myeloid and non-immune
cells, the P2X7 receptor can be gated by the presence of
relatively high concentrations of extracellular ATP (i.e., 30 to
A

B

FIGURE 5 | AAVnano modulate in vivo the sensitivity to NAD+-induced cell death. C57BL/6 mice were injected i.m. with PBS (control) or with rAAV1 encoding the
P2X7-potentiating 14D5-dimHLE construct or the P2X7-blocking 13A7-IgG1LSF hcAb construct. 28 days later mice were injected i.v. with PBS or 30 mg NAD+.
Splenocytes were collected one day after and analyzed by flow cytometry to evaluate the levels of P2X7-dependent T cell depletion induced by NAD+ injection.
(A) Representative flow cytometry plots showing the relative percentages of cells in each group. In the upper panels, CD4+, CD8+ and CD19+ lymphocytes were
concatenated in the same subpopulation and analyzed together to visualize the level of depletion of CD4+ and CD8+ (CD4-/CD19-) T cells as compared to NAD+-
insensitive CD19+ B cells. In the lower panels, the gated CD4+ cells were analyzed for both, expression of Foxp3 and CD25 to evaluate the percentages of Treg
depletion in each group. Numbers indicate the percentage of cells in each indicated gate. (B) Absolute numbers of cells collected from spleen of untransduced
control mice (grey) or from mice injected with rAAV encoding 14D5-dimHLE (red) or for 13A7-IgG1LSF hcAb (blue). Each group was injected i.v. either with PBS (-) or
with 30 mg of NAD+ (+). Error bars represent the SEM. The statistical analysis was performed using one-way ANOVA (n=3 in each group, *p < 0.05, **p < 0.01).
Staining was performed using fluorochrome conjugated antibodies specific to CD45 (coupled to BV510), CD4 (APC-Cy7), CD8 (BV605), CD19 (PerCP-Cy5.5), CD25
(PE) and FoxP3 (BV421).
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300 µM range) that can be released from dying or stressed cells.
In addition, in murine T cells, extracellular NAD+ was found to
trigger activation of the P2X7 receptor at low micromolar
concentrations (12, 24). The mechanism involves the ARTC2.2
catalyzed covalent ADP-ribosylation of P2X7 on R125 in the
vicinity of the ATP-binding site (23). Although much was learnt
during the last years on the multifaceted P2X7 receptor, the
relative contribution of the ATP and NAD+ pathways their
activation in vivo, their precise immunoregulatory roles, and
their contribution in pathophysiological conditions, remain to be
better addressed and studied. The AAVnano approach described
here uses rAAV for durable production of nanobody-containing
Frontiers in Immunology | www.frontiersin.org 1161
biologics in vivo. This could be used in future studies to better
delineate ARTC2.2 and/or P2X7 functions in animal models of
acute as well as chronic diseases.

Our results show that a single injection of rAAV1 or rAAV8
encoding P2X7-specific or ARTC2.2-specific nanobody-based
constructs (Figure 1) can inhibit or in contrast potentiate
ATP- or NAD+-induced activation of P2X7 ex vivo on splenic
T cells harvested from these mice. As one hallmark associated
with P2X7 receptor activation, we used a sensitive ex vivo assay
based on metalloprotease-dependent shedding of CD27 and
CD62L from the T cell surface. Our data demonstrate that a
single injection of a rAAV encoding the P2X7-blocking 13A7-
A

B

C

FIGURE 6 | AAVnano encoding nanobody-based IgG2a hcAb mediate depletion of cells expressing high levels of P2X7 or ARTC2.2. C57BL/6 mice were injected
with PBS (untransduced, grey) or with rAAV8 encoding 7E2-IgG2a (blue) or s-14-IgG2a (red) hcAb. (A, B) Sera were collected 63 days post rAAV8 i.m. injection. To
monitor the levels of hcAb in serum, splenocytes from an untreated naive C57BL/6 mouse were incubated with diluted serum, washed and bound hcAb were
detected with an IgG2a-specific secondary antibody. (A) Flow cytometry analyses illustrating the binding of each nanobody-based IgG2a hcAb on the indicated
subset of splenic cells from an untreated mouse when using 10 ml of pooled sera collected from rAAV injected mice. (B) Splenocytes from an untreated mouse were
incubated with serial dilutions of sera to titrate the relative abundance of the two hcAb. For both hcAb, serum volumes between 1-10 µL were enough to saturate the
signal. (C) To evaluate depletion of T cell subsets in vivo, blood samples were collected 25 days and 82 days after i.m. injection of rAAV encoding the indicated
IgG2a hcAb. Cells were stained with fluorochrome-conjugated antibodies and analyzed by flow cytometry. Normalized percentage of CD4+CD25-, CD4+CD25+ and
CD8+ T cells are shown, as compared to the percentages of cells found in the control group taken as 100%. Staining was performed using fluorochrome conjugated
antibodies specific to CD45 (coupled to PerCP-Cy5.5), CD4 (APC-Cy7), CD8 (PE-Cy7), CD25 (PE) and biotinylated antibody to mouse IgGa and streptavidin-APC.
Errors bars represent the SEM and statistical analyses were performed using one-way ANOVA (n=7 in each group, *p < 0.05, **p < 0.01, ***p < 0.001).
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IgG1LSF hcAb protects T cells from NAD+- as well as ATP-
induced CD27 and CD62L shedding (Figure 3B). Similarly,
injection of a rAAV encoding the ARTC2.2-blocking s+16a-
dimHLE completely inhibits NAD+- but not ATP-induced
shedding of CD27 and CD62L (Figure 3B). Remarkably, the
P2X7-potentiating 14D5-dimHLE sensitized T cells to NAD+- as
well as ATP-induced shedding of CD27 and CD62L. This is
noticeable also for Tconv and CD8+ T cells that express low levels
of P2X7 and are therefore less sensitive to activation of P2X7
than Treg (Figure 3B).

Analysis of vascular and tissue resident liver T cells from mice
sacrificed 120 days after injection of AAVnano revealed full
occupancy of ARTC2.2 by s+16a-dimHLE on CD4+ T cells in the
vasculature and liver parenchyma (Figures 4B, C and data not
shown). Moreover, the high recovery of CD69+ TRM indicates
that this cell population is fully protected from NAD-induced
cell death (NICD) during cell preparation in these mice
(Figure 4B). Much lower numbers of NKT cells and CD69+

TRM (i.e., the cell populations with the highest cell surface levels
of P2X7) were recovered from mice injected with the rAAV1
encoding 14D5-dimHLE, consistent with its P2X7-potentiating
activity that might enhance cell death in vivo and/or during cell
preparation. High numbers of liver TRM were recovered from
mice expressing in vivo the P2X7-blocking 13A7-IgG1LSF hcAb,
consistent with its protective role on NICD. The low staining of
these cells with the IgG1-specific secondary Ab, possibly reflects
hcAb induced endocytosis of P2X7 by these cells.

We next evaluated directly in vivo the potential of these
endogenously produced constructs to modulate P2X7 receptor
activation. We previously reported that a single i.v. injection of
60 mg NAD+ depletes about 80% of CD4+CD25+Foxp3+ Treg
following ARTC2.2-dependent activation of P2X7 (24). We
injected here a lower dose of 30 mg NAD+ to better evaluate
the potentiating effect of 14D5-dimHLE. The results indeed
demonstrate that this dose depletes 41 ± 18% of the Treg cells
in untransduced control mice, while 68 ± 9% Treg cells are
depleted by the same treatment in animals whose muscle cells
had been transduced with rAAV1 coding for 14D5-dimHLE
(Figure 5B). Even the less sensitive Tconv and CD8+ T cells,
which were not affected by 30 mg NAD+ in untransduced mice,
were significantly depleted in animals expressing 14D5-dimHLE
(although to a lesser degree than Treg). These results are
consistent with the data obtained ex vivo, that 14D5-dimHLE
potentiates P2X7 function also in T cell subsets that display lower
P2X7 surface expression. Taken together, these data demonstrate
that the AAVnano approach described here is a feasible
approach to reproducibly modulate ARTC2.2 or P2X7
functional activities in vivo.

Several small molecules P2X7 blockers have been developed
by pharmaceutical and biotechnology companies in the past
years since P2X7 is a potential target in inflammatory diseases
and in cancer (37–41). Several studies have indeed evidenced that
pharmacological blockade of P2X7 is associated with therapeutic
benefits in pre-clinical animal models of inflammation, pain,
autoimmune and neurodegenerative diseases, and cancer.
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Given that many cancer cells express high levels of P2X7
receptors (notably mutated, truncated, or splice variants that
are not able to trigger P2X7-dependent cell death), and that its
tonic activation in the tumor microenvironment is associated
with tumor proliferation and invasiveness, P2X7-blockade was
envisioned as a possible cancer therapy. This was demonstrated
in several animal studies (42, 43). Using our AAVnano approach,
coding for the P2X7-blocking 13A7-IgG1LSF hcAb, we recently
reported a similar finding (44). This suggests that the AAVnano
methodological approach, in addition to knock-out models and
small molecule inhibitors, represents an alternative and
complementary possibility to validate in vivo the importance of
P2X7 target in various animal models.

In addition to P2X7-blockers, some compounds were recently
identified as positive allosteric modulators of P2X7 activation
(45–47). As for the 14D5-dimHLE biologics described here, these
molecules offer the interesting perspective to potentiate P2X7
only in the microenvironment in vivo where NAD+ and/or ATP
are present in the extracellular space in sufficient quantities
to trigger P2X7-gating, as for instance in the tumor
microenvironment (48). One such small-molecule positive
allosteric modulator of P2X7, named HEI3090, has recently
shown promising results in mouse models of non-small cell
lung cancer and melanoma (49). Interestingly, the mechanism
involves the stimulation of immune cells (i.e., dendritic cells, NK
cells, and CD4+ effector T cells), and production of IL-18. This
finding underscores the notion that P2X7 stimulation may
indeed be beneficial in certain circumstances. Since both,
blocking or potentiating P2X7 seems to be beneficial in some
cancer models, the AAVnano approach described here, allowing
both modalities to be studied using the same approach, might be
used in future studies as a tool to extend our knowledge on the
positive and negative functions of P2X7 in different
disease models.

Another potential application that we explored here is the
development and use of nanobody-based hcAb to promote cell
depletion in vivo. We exploited the natural ability of Fc-region to
bind to FcR on immune cells and to mediate Fc-related effector
functions and/or to induce the activation of the classical
complement pathway. For that, we fused P2X7-specific or
ARTC2.2-specific nanobodies to the hinge and Fc region of
mouse IgG2a to generate nanobody-based hcAb. We then
evaluated the capacity of these biologics to mediate the
depletion of target-expressing cells in vivo following i.m.
injection of rAAV8 that encode these constructs. In line with
the cell surface levels of ARTC2.2 and P2X7 on T cell subsets, our
results revealed that the ARTC2.2-specific s-14-IgG2a hcAb
mediated considerably higher cell depletion than the P2X7-
specific 7E2-IgG2a hcAb (Figure 6C). Also, when considering
each construct individually, the relative level of cell depletion of
each T cell subset was found to correlate with the relative
abundance of the target protein at the cell surface. Thus, the
ARTC2.2-specific s-14-IgG2a hcAb depleted the CD8+ subset
more efficiently than the other two subsets (Figures 6A, B).
Similarly, although at lower levels, the P2X7-specific 7E2-IgG2a
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hcAb depleted Treg more efficiently than the other two subsets
(Figures 6A–C). Hence, cell depletion appeared in our models to
depend on the level of the target antigen at the surface of each T
cell subset. Higher target antigen levels might indeed promote
higher FcgR cross-linking on the surface of effector cells, as well
as a higher propensity to bind C1q and to activate the
complement cascade. However, we cannot exclude that other
factors may contribute to the differences observed in the level of
depletion with these two hcAb. Factors such as the location of the
epitope recognized by the nanobody, the lateral mobility of the
target protein at the cell surface (i.e., ARTC2.2 is GPI-anchored
protein while P2X7 is a two-transmembrane domain protein), its
degree of oligomerization (ARTC2.2 is a monomer while P2X7
forms a homotrimeric ion channel), may also influence the level
of cell depletion. Nonetheless, high levels of cell depletion that
reached up to 85% of CD8+ cells were reproducibly obtained in
vivo using the rAAV coding the ARTC2.2-specific s-14-IgG2a
hcAb and this level of depletion was remarkably maintained
throughout the study until the latest time point studied
(Figure 6C). We propose that this strategy may be used to
deplete cells that express the highest levels of ARTC2.2 in vivo
and provides a tool for studying the NAD+/ARTC2.2 signaling
pathways. In parallel, increasing the depleting efficiency of P2X7-
specific hcAb may also be of interest for translational preclinical
cancer studies. As mentioned earlier, P2X7 is expressed at the
surface of many cancer cells. Depleting P2X7-specific hcAb may
thus be used directly to eliminate tumor cells and additionally to
deplete Treg (i.e., T cells expressing higher levels of P2X7)
potentially resulting in the induction of two synergistic anti-
tumor mechanisms.

In this proof-of-principle study, we illustrated the potential of
two methodological approaches to study ARTC2.2 and P2X7
function in animal model using rAAV. The aim of AAVnano is
to bypass the need to produce and characterize recombinant
proteins in vitro, to avoid protein injections every 1-2 days, and
to favor a stable concentration and bioavailability. We
demonstrate that a single i.m. injection of a rAAV encoding a
nanobody-based biologic was sufficient to elicit long-term
modulation of ARTC2.2 or P2X7 activity, or depletion of the
cells expressing these proteins at high cell density. We propose
that the AAVnano methodology may be used in future studies
for further evaluating the role of ARTC2.2 and/or P2X7 in
animal models of various diseases where these proteins have
been implicated.

Although this methodological approach have many
advantages, including the possibility to explore in parallel
potential long-term side effects in vivo (i.e, on-target long-term
effects as well as off-target effects), AAVnano have also some
limitations. Considering the potential long-term side effects,
animals remained healthy in our studies during the entire
observation period (until day 120) and we did not observed
any conspicuous signs of disease or side effects. We cannot
however ruled-out that the biologics that were evaluated here
induce other effects that we did not fully explored. The P2X7-
specific hcAb that we evaluated here may for instance deplete or
influence other cells than the studied T cells as for instance
Frontiers in Immunology | www.frontiersin.org 1363
myeloid cells or microglial cells known to also express P2X7.
Even if we did not notice any significant depletion of CD11b+

myeloid cells in blood during our analyses (Supplemental
Figure 3), more detailed investigations will be required in
future studies to evaluate this possibility, notably in tissue-
resident cells as well as in diseased animal models. Apart from
unanticipated side effects, one obvious limitation of our
AAVnano approach is the difficulty to evaluate the candidate
nanobody-based biologics in therapeutic schemes. Indeed, AAV-
based transgenic expression in vivo usually require 10 to 14 days
before the biologics can be significantly produced and detected in
the circulation. This period can however be reduced to 2 to 4
days using a “self-complementary” (sc) transgene instead of the
“single-stranded” (ss) transgene packaged in classical rAAV
vectors. Production and use of scAAV may represent therefore
an interesting alternative to the ssAAV used in this study when
rapid production of the biologics is required (as in therapeutic
protocols or for treating tumors). Hence, AAVnano represents at
least a method of choice in chronic situations and as a first in vivo
approach to evaluate efficacy and absence of long-term side
effects before evaluation of the corresponding selected
recombinant biologics in therapeutic and translational models.

Interestingly, the rAAV encoding P2X7-specific constructs
described here represent to our knowledge the first tools that can
be used in vivo to either inhibit or potentiate the P2X7 receptor
durably, offering the possibility of evaluating the role of P2X7 in
various pathophysiological animal models. This methodical
approach may be particularly promising for the reevaluation of
the role of P2X7 in cancer as well as in inflammatory and
neurodegenerative diseases where conflicting results have been
obtained so far using knock-out models and/or repetitive
administration of small-molecule inhibitors.
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47. Stokes L, Bidula S, Bibič L, Allum E. To Inhibit or Enhance? Is There a Benefit
to Positive Allosteric Modulation of P2X Receptors? Front Pharmacol (2020)
11:627. doi: 10.3389/fphar.2020.00627

48. Di Virgilio F, Dal Ben D, Sarti AC, Giuliani AL, Falzoni S. The P2X7 Receptor
in Infection and Inflammation. Immunity (2017) 47:15–31. doi: 10.1016/
j.immuni.2017.06.020

49. Douguet L, Janho Dit Hreich S, Benzaquen J, Seguin L, Juhel T, Dezitter X,
et al. A Small-Molecule P2RX7 Activator Promotes Anti-Tumor Immune
Responses and Sensitizes Lung Tumor to Immunotherapy. Nat Commun
(2021) 12:653. doi: 10.1038/s41467-021-20912-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Gonde,́ Demeules, Hardet, Scarpitta, Junge, Pinto-Espinoza, Varin,
Koch-Nolte, Boyer and Adriouch. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
August 2021 | Volume 12 | Article 704408

https://doi.org/10.1038/nbt0797-637
https://doi.org/10.1007/978-1-61779-095-9_10
https://doi.org/10.1038/nature10660
https://doi.org/10.1126/science.1118948
https://doi.org/10.1038/nprot.2014.005
https://doi.org/10.1016/j.immuni.2014.12.007
https://doi.org/10.1038/nri.2015.3
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1016/j.neuropharm.2015.12.001
https://doi.org/10.1007/s11302-017-9593-0
https://doi.org/10.1007/5584_2017_59
https://doi.org/10.1016/bs.apcsb.2015.11.004
https://doi.org/10.1016/bs.apcsb.2015.11.004
https://doi.org/10.1038/s41568-018-0037-0
https://doi.org/10.1038/s41388-019-0684-y
https://doi.org/10.1158/0008-5472.CAN-11-1947
https://doi.org/10.3389/fonc.2020.01699
https://doi.org/10.1124/pr.113.008003
https://doi.org/10.3389/fphar.2018.00039
https://doi.org/10.3389/fphar.2018.00039
https://doi.org/10.3389/fphar.2020.00627
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1016/j.immuni.2017.06.020
https://doi.org/10.1038/s41467-021-20912-2
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Jose Carlos Alves-Filho,

University of São Paulo, Brazil

Reviewed by:
Akio Ohta,

Foundation for Biomedical Research
and Innovation, Japan

Daniele Carvalho Nascimento,
University of São Paulo, Brazil

*Correspondence:
Björn Rissiek

b.rissiek@uke.de
Mario Leutert

mleutert@uw.edu

Specialty section:
This article was submitted to

Cytokines and Soluble
Mediators in Immunity,
a section of the journal

Frontiers in Immunology

Received: 30 April 2021
Accepted: 02 August 2021
Published: 24 August 2021

Citation:
Leutert M, Duan Y, Winzer R,

Menzel S, Tolosa E, Magnus T,
Hottiger MO, Koch-Nolte F and
Rissiek B (2021) Identification of

the Mouse T Cell ADP-Ribosylome
Uncovers ARTC2.2 Mediated Regulation

of CD73 by ADP-Ribosylation.
Front. Immunol. 12:703719.

doi: 10.3389/fimmu.2021.703719

ORIGINAL RESEARCH
published: 24 August 2021

doi: 10.3389/fimmu.2021.703719
Identification of the Mouse T Cell
ADP-Ribosylome Uncovers ARTC2.2
Mediated Regulation of CD73
by ADP-Ribosylation
Mario Leutert1,2*, Yinghui Duan3, Riekje Winzer4, Stephan Menzel4,5, Eva Tolosa4,
Tim Magnus3, Michael O. Hottiger1, Friedrich Koch-Nolte4 and Björn Rissiek3*

1 Department of Molecular Mechanisms of Disease, University of Zurich, Zurich, Switzerland, 2 Department of Genome Sciences,
University of Washington, Seattle, WA, United States, 3 Department of Neurology, University Medical Centre Hamburg-
Eppendorf, Hamburg, Germany, 4 Institute of Immunology, University Medical Centre Hamburg-Eppendorf, Hamburg, Germany,
5 Mildred Scheel Cancer Career Center HaTriCS4, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

Mouse T cells express the ecto-ADP-ribosyltransferase ARTC2.2, which can transfer the
ADP-ribose group of extracellular nicotinamide adenine dinucleotide (NAD+) to arginine
residues of various cell surface proteins thereby influencing their function. Several targets
of ARTC2.2, such as P2X7, CD8a and CD25 have been identified, however a
comprehensive mouse T cell surface ADP-ribosylome analysis is currently missing.
Using the Af1521 macrodomain-based enrichment of ADP-ribosylated peptides and
mass spectrometry, we identified 93 ADP-ribsoylated peptides corresponding to 67
distinct T cell proteins, including known targets such as CD8a and CD25 but also
previously unknown targets such as CD73. We evaluated the impact of ADP-
ribosylation on the capability of CD73 to generate adenosine from adenosine
monophosphate. Our results show that extracellular NAD+ reduces the enzymatic
activity of CD73 HEK cells co-transfected with CD73/ARTC2.2. Importantly, NAD+

significantly reduced CD73 activity on WT CD8 T cells compared to ARTC2ko CD8 T
cells or WT CD8 T cells treated with an ARTC2.2-blocking nanobody. Our study provides
a comprehensive list of T cell membrane proteins that serve as targets for ADP-
ribosylation by ARTC2.2 and whose function may be therefore affected by
ADP-ribosylation.

Keywords: NAD, CD73, ADP-ribosylation, T cells, ARTC2.2
INTRODUCTION

Ecto-ADP-ribosyltransferases (ARTCs) are cell surface enzymes that utilize extracellular
nicotinamide adenine dinuleotide (NAD+) to covalently attach the ADP-ribose group of NAD+

to arginine residues of various cell surface proteins under the release of nicotinamide (1, 2). The
mouse ARTC family consist of six members: GPI-anchored ARTC1, ARTC2.1 and ARTC2.2,
ARTC3, ARTC4 and the soluble ARTC5 (3). ARTC2.1 and ARTC2.2 are the ARTCs predominantly
expressed by cells of the murine immune system (4). ARTC2.1 is highly expressed on the cell surface
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of innate immune cells such as macrophages and microglia (5)
and to some extent on T cells (6). In contrast, ARTC2.2 is highly
expressed on most T cell populations. Further, it is worth noting
that the ARTC2.1 encoding gene, Art2a, is inactivated by a
premature stop codon in the C57BL/6 (B6) mouse strain,
whereas other strains such as Balb/c carry an intact Art2a gene
(7). Therefore, in B6 mice, ecto-ARTC activity in the immune
system is limited to the T cell compartment.

Results from ADP-ribosylation assays using 32P-NAD+ or
etheno-NAD+ as substrate, revealed that ARTC2.2 ADP-ribosylates
a broad spectrum of membrane proteins (8–11). So far, a limited
number of ARTC2.2 targets have been characterized. Among them
are cell surface receptors such as the interleukin 2 (IL-2) receptor
alpha subunit (CD25) (12) and the alpha chain of CD8 (CD8a) (13)
molecule, both chains of the integrin LFA1 (11) and the ATP-gated
ion channel P2X7 (14).

The functional impact of ADP-ribosylation on the target
protein has been extensively studied in case of P2X7. ADP-
ribosylation of P2X7 mediates NAD+-induced cell death of T
cells co-expressing ARTC2.2 and high levels of P2X7, such as
regulatory T cells (Tregs), natural killer T cells, T follicular helper
cells and tissue-resident memory T cells (14–19). Consistently,
injection of NAD+ induces temporary depletion of Tregs, thereby
favoring anti-tumor responses (15). Cells expressing both
ARTC2.2 and P2X7 are particularly affected by NAD+ released
during cell preparation procedures, i.e. isolation of T cells from
spleen, resulting in extensive cell death in subsequent in vitro
assays or upon adoptive cell transfer (20). Further, it has been
shown that ADP-ribosylation of CD25 dampens IL-2 signalling
by regulatory T cells, as the presence of NAD+ reduced STAT1
phosphorylation in response to IL-2 stimulation (12). ADP-
ribosylation of CD8a inhibits binding to MHCI and ADP-
ribosylation of LFA-1 inhibits homotypic binding to LFA1 on
other cells (13, 21)

Apart from interference with target protein function, ADP-
ribosylation can also affect the binding of monoclonal antibodies.
For example, binding of clone 53-5.8 to CD8a is inhibited by
ADP-ribosylation whereas clone H35-17.2 is unaffected (13).
Similarly, ADP-ribosylation of P2X7 affects binding of clone
Hano43, whereas clone Hano44 is unaffected (22).

The functional and technical consequences of ADP-ribosylation
of cell surface proteins warrant proteomic investigation of the
tissue- or cell-specific ADP-ribosylome. A comprehensive list of
ADP-ribosylted target proteins opens the perspective to investigate
the potential impact of this post-translational modification on the
target protein function. For this, we recently developed a method
combining Af1521 macrodomain-based enrichment of ADP-
ribosylated peptides with mass spectrometry analyses to identify
ADP-ribosylation sites across the proteome (23). Using this
approach we previously generated ADP-ribosylomes of HeLa
cells and mouse liver (23), mouse skeletal muscle and heart (24),
mouse embryonic fibroblasts (25) and mouse microglia (26). The
goal of this study was to subject mouse spleen T cells to a
comprehensive ADP-ribsylome analyses in order to identify new
targets of ARTC2.2-mediated cell surface protein ADP-
ribosylation. From T cells incubated with NAD+, we identified 67
Frontiers in Immunology | www.frontiersin.org 267
ADP-ribosylated target proteins, including 48 plasma membrane
and 16 Golgi/ER proteins.
MATERIAL AND METHODS

Mice
C57BL/6 mice were used for all experiments. ARTC2ko mice
(Art2btm1Fkn, MGI#2388827) (27) were backcrossed onto the
C57BL/6J background for at least 12 generations. All mice were
bred at the animal facility of the University Medical Center
(UKE). All experiments involving tissue derived from animals
were performed with approval of the responsible regulatory
committee (Hamburger Behörde für Gesundheit und
Verbraucherschutz, Veterinärwesen/Lebensmittelsicherheit,
ORG722, N18/006). All methods were performed in
accordance with the relevant guidelines and regulations.

Preparation of Immune Cells
Spleen and liver tissue were mashed through a cell strainer (50
mL falcon strainer, 70 µm, GBO) using a syringe piston.
Additionally, liver leukocytes were purified by running a
percoll gradient. Cells were resuspended in 5 mL 33% percoll/
PBS in a 15 mL Falcon tube, and centrifuged at 1600 rpm, 12°C,
for 20 min. The pellet was washed once in PBS (ThermoFisher).
Single cell suspensions were kept in FACS buffer containing
1 mM EDTA (Sigma) and 0.1% bovine serum albumin (Sigma).
Erythrocytes were lyzed using an ACK lysis buffer (155 mM
NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2). Peritoneal
macrophages were harvested from the peritoneal cavity by lavage
with 5 mL cold PBS + 1 mM EDTA. In order to prevent T cell
surface ADP-ribosylation during cell preparation, some mice
were i.v. injected with 30 µg of the ARTC2.2-blocking nanobody
s+16a (28) 30 min prior to sacrificing.

Antibodies and Flow Cytometry
The following monoclonal antibodies were used for flow
cytometric analyses: anti-CD3e-PE (clone 17A2, Biolegend),
anti-ARTC2.2-AF647 [clone A109, Prof. Koch-Nolte (29)],
anti-CD73-PE (clone TY/11.8, Biolegend), anti-CD8a-FITC
(clone 53-6.7, Biolegend), anti-CD11b-FITC (clone M1/70,
Biolegend). For protein harvesting, CD3+ T cells from spleen
and liver were isolated by fluorescence activated cell sorting
(FACS) on a BD FACS Aria III.

T Cell Protein Harvesting
FACS-sorted spleen T cells where subjected to ex vivo treatment
with 50 µM NAD+ (Sigma) whereas a second preparation of
spleen T cells and the liver T cells were left untreated in order to
identify targets that were ADP-ribosylated during cell
preparation (30). NAD+ was washed away after 15 min of
incubation at 4°C and cells were subsequently treated with
ARTC2.2-blocking nanobody s+16a for 15 min to avoid ADP-
ribosylation of cell surface proteins by intracellular ADP-
ribosyltransferases during lysis with denaturing RIPA buffer (Sigma).
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Proteomic Sample Preparation and
ADP-Ribosylated Peptide Enrichment
For buffer exchange, protein reduction, alkylation, poly to mono-
ADP-ribose reduction by PARG (Poly(ADP-Ribose)
Glycohydrolase) and tryptic digestion a modified FASP (filter-
aided sample preparation) protocol (31) was applied. For each
sample 100-200 mg protein extracts were reduced in 1 mM DTT
for 30 min and subsequently transferred to a 0.5 mL molecular
weight cut off centrifugal filter unit (Microcon-30kDa Milipore,
Sigma) and centrifuged until all buffer was passed through the
filter. Samples were alkylated for 15 min using urea buffer
containing 20 mM chloroacetamide and washed once with 100
mL urea buffer (8 M Urea, 0.1 M Tris-HCl pH 8) and once with
100 µL PARG buffer (50 mM Tris-HCL pH 8, 10 mMMgCl2, 250
µM DTT, 50 mM NaCl). 0.5 µg recombinant PARG enzyme (in-
house) in 100 µL PARG buffer was added on to the filter and
incubated for 1 h. Filter was subsequently washed with 100 µL 50
mM ammonium bicarbonate buffer. On filter digestion was
performed in 100 µL 50 mM ammonium bicarbonate using
5 µg sequencing grade modified trypsin (Promega) at room
temperature overnight.

ADP-ribosylated peptide enrichment was performed as
previously described (23). The peptide mixture was diluted in
PARG buffer (50 mM Tris–HCl, pH 8, 10 mM MgCl2, 250 mM
DTT and 50mM NaCl) and binding was carried out for 2 h at
4°C using the Af1521 macrodomain GST-fusion protein coupled
to glutathione-Sepharose beads. Beads were washed three times
with PARG buffer and bound peptides were eluted three times
with 0.15% TFA. The resulting mixture was desalted using stage
tips packed with C18 filters.
Mass Spectrometry Data Acquisition
Samples were analyzed using an Orbitrap Q Exactive HF mass
spectrometer (Thermo Fisher Scientific) coupled to a nano
EasyLC 1000 (Thermo Fisher Scientific). Peptides were loaded
onto a reverse-phase C18 (ReproSil-Pur 120 C18-AQ, 1.9 mm,
Dr. Maisch GmbH) packed self-made column (75 mm × 150
mm) that was connected to an empty Picotip emitter (New
Objective, Woburn, MA). Solvent compositions in buffers A and
B were 0.1% formic acid in H2O and 0.1% formic acid in
acetonitrile, respectively. Peptides were injected into the mass
spectrometer at a flow rate of 300 nL/min and were separated
using a 90 min gradient of 2% to 25% buffer B. The mass
spectrometer was operated in data‐dependent acquisition mode
and was set to acquire full MS scans from 300–1700 m/z at
60,000 resolution with an automated gain control (AGC) target
value of 3 × 106 or a maximum injection time of 110 ms. Charge
state screening was enabled, and unassigned charge states and
single charged precursors were excluded. The 12 most abundant
ions on the full scan were selected for fragmentation using 2 m/z
precursor isolation window and beam‐type collisional‐activation
dissociation (HCD) with 28% normalized collision energy. MS/
MS spectra were collected with AGC target value of 1 × 106 or a
maximum injection time of 240 ms. Fragmented precursors were
dynamically excluded from selection for 20 s.
Frontiers in Immunology | www.frontiersin.org 368
Mass Spectrometry Data Analysis
MS andMS/MS spectra were converted to Mascot generic format
(MGF) by use of Proteome Discoverer, v2.1 (Thermo Fisher
Scientific). The MGFs were searched against the UniProtKB
mouse database (taxonomy 10090, version 20160902), which
included 24’905 Swiss-Prot, 34’616 TrEMBL entries, 59’783
reverse sequences, and 262 common contaminants. Mascot
2.5.1.3 (Matrix Science) was used for peptide sequence
identification with previously described search settings (32).
Enzyme specificity was set to trypsin, allowing up to four
missed cleavages. The ADP-ribose variable modification was
set to a mass shift of 541.0611, with scoring of the neutral
losses equal to 347.0631 and 249.0862. The marker ions at m/z
428.0372, 348.0709, 250.0940, 136.0623 were ignored for scoring.
S, R, T, K, E, D and Y residues were set as variable ADP-ribose
acceptor sites. Carbamidomethylation was set as a fixed
modification on C and oxidation as a variable modification on
M. Peptides are considered correctly identified when a mascot
score > 20 and an expectation value < 0.05 are obtained. ADP-
ribosylation sites were considered correctly localized with a
localization probability of > 70%.

Bioinformatic Analyses
For protein network visualization and GO enrichment analyses
cytoscape (33), STRING database (v. 11) (34) and the cytoscape
string app (35) were used. For the network visualization only
highest confidence interactions are shown (≥0.9) and proteins
were clustered using the cytoscape string app.

HEK Cell Transfection
Human embryonic kidney (HEK) 293T cells were transfected
with a pCMVSport6.1 plasmid encoding mouse Nt5e (CD73)
using jetPEI transfection reagent (Polysciences Europe).
Transfected cells were FACS-isolated every 3 - 4 days for high
CD73 expression in order to generate stably transfected HEK
cells. The stably transfected CD73+ HEK cells were then co-
transfected with pME plasmid encoding for Art2b (ARTC2.2) in
order to evaluate the impact of ADP-ribosylation on CD73
enzymatic activity.

AMP Degradation Assay
1 × 104 HEK 293 T cells were incubated with 50 mMNAD+ on ice
for 30 min. Cells were washed with FACS buffer twice (1410 rpm,
5 min, 4°C). Cells were resuspended in 100 mL FACS buffer,
subsequently 100 mL AMP were added to a final concentration of
10 mM and incubated at room temperature for 40 min. Cells were
spin down (1410 rpm, 5 min, 4°C) and 25 mL supernatant was
transferred to a solid white plate. 25 mL AMP-Glo Reagent I were
added per well, mixed and incubated at room temperature for 30
min. This was followed by addition of 50 mL AMP-Glo Detection
Solution per well and incubation for 60 min at room
temperature. Plate was read with a plate-reading luminometer.

HPLC CD73 Enzymatic Activity Assay
To determine the AMPase activity by high performance liquid
chromatography (HPLC), 0.2 × 106 CD8+ T cells or peritoneal
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macrophages were incubated with 1 µM 1,N6-etheno-AMP
(eAMP, Biolog) for 30 min at 37°C. After the incubation, cells
were removed (450 × g, 5 min, 4°C) and all samples were passed
through 10 kDa size exclusion filters (10,000 × g, 10 min, 4°C,
Pall Corporation) and stored at -20°C until analyses. The
analyses was performed on reversed-phase HPLC system
(Agilent Technologies) with a 250 mm × 4.6 mm C8 Luna
column (5 µm particle size, Phenomenex) as stationary phase.
The mobile phase consisted of different compositions of HPLC
buffer A (20 mM KH2PO4, pH 6.0) and B (50% buffer A, 50%
methanol), and elution of the nucleotides from the column
resulted from an increasing methanol content in the mobile
phase [0.0 min (0.0% buffer B), 5.0 min (0.0% buffer B), 27.5 min
(100.0% buffer B), 30.0 min (100.0% buffer B), 32.0 min (0.0%
buffer B), 43.0 min (0.0% buffer B)]. The signals in both systems
were detected by fluorescence detection (230 nm excitation
wavelength, 410 nm emission wavelength). Different amounts
of etheno-nucleotides (Biolog) were measured to quantify eAMP
and the degradation product etheno-adenosine (eADO).

Statistics and Software
For statistical analyses, GraphPad Prism 8 was used. Two groups
were compared using the student’s t test. Multiple groups were
compared using oneway ANOVA in combination with Dunnett’s
multiple comparison test. Analysis of flow cytometric data was
performed using FlowJo (Treestar). The structure model of mouse
CD73 (Q61503) was analyzed using Pymol software.
RESULTS

Identification of Potential ARTC2.2
ADP-Ribosylation Targets on T Cells
The aim of this study was to reveal potential ARTC2.2 ADP-
ribosylation targets of mouse T cells. These proteins are most likely
ADP-ribosylated on arginine residues facing the extracellular
environment. Based on our previous studies (24, 26) we
Frontiers in Immunology | www.frontiersin.org 469
hypothesized that it is possible to detect ARTC2.2 mediated
ADP-ribosylation by mass spectrometry even on proteins
extracted from relatively small numbers of FACS-sorted T cells.
We aimed tomap ADP-ribosylated proteins of T cells isolated from
mice under basal conditions [i.e. after encounter with endogenous
extracellular NAD+ in vivo or during cell preparation (30)] and
after ex vivo treatment with exogenous NAD+. For this we applied
our established mass spectrometry-based strategy with
modifications to make it applicable to low sample input (23, 26).

CD3+ T cells were FACS sorted from seven spleens and livers
of C57BL/6 mice. Aliquots of cells were incubated for 15min in
the absence or presence of exogenous NAD+. To prevent ADP-
ribosylation of intracellular proteins after cell lysis, cells were
incubated with the ARTC2.2-blocking nanobody s+16a for 15
min before lysis with RIPA buffer. Proteins were subjected to
filter-aided digestion and ADP-ribosylated peptides were
enriched using the Af5121 macrodomain (Figure 1A). Samples
were subsequently analyzed by mass spectrometry to identify
peptides and to localize ADP-ribosyl modification sites.
Importantly, we used higher-energy collisional dissociation
(HCD) for peptide fragmentation, since this allows efficient
identification of arginine ADP-ribosylated peptides due to the
stability of ADP-ribosyl-arginine but is less effective in localizing
serine and other O-linked ADP-ribosylations due to the lability
of this modification type in HCD (24, 32, 36).

We identified 93 unique ADP-ribosylated peptides
corresponding to 67 proteins (Supplementary Table 1). 49
ADP-ribosylated proteins were exclusively identified in T cells
treated with NAD+ (Figures 1B, C), 12 ADP-ribosylated
proteins were found in both untreated and NAD+ treated cells,
6 ADP-ribosylated proteins were only identified in the untreated
conditions. We obtained confident ADP-ribose site localizations
(localization probability >70%, considering R, S, T, Y, E, D, K as
variable ADP-ribose amino acid acceptor sites) for 35 unique R-
and 1 S-ADP-ribosylation sites (Figure 1C).

Taken together, our approach allowed us to identify a
considerable number of ADP-ribosylated proteins from a low
number of T cells. We observed induction of R-ADP-
A

B C

FIGURE 1 | The ADP-ribosylated proteome identified in T cells. (A) Schematic workflow of proteomic sample processing, digestion and ADPr-peptide enrichment
tailored to the low input protein amount obtained from FACS sorted T cells. (B) ADP-ribosylated proteins identified in the three different sample types depicted in a
Venn diagram. (C) Numbers of uniquely identified ADP-ribosylated proteins, unique ADP-ribosylated peptides and modified amino acids that were confidently
localized (localization probability > 70%). Modified arginine and serine sites were found.
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ribosylation upon treatment with exogenous NAD+ indicating
active ARTC2.2 on these cells.

Exogenous NAD+ Induces Extracellular
ADP-Ribosylation of Proteins Relevant for
the Immune Response
To functionally cathegorize the identified ADP-ribosylation T
cell target proteins, we performed gene-ontology (GO) term
enrichment analysis, protein-protein interaction network
visualization and literature comparisons. GO cellular
component (GOCC) term enrichment analyses revealed strong
enrichment for ADP-ribosylated proteins to be localized on the
cell surface and plasma membrane (Figure 2A), providing
further evidence that these proteins are most likely targets of
ARTC2.2. Other significantly enriched cellular components were
the endoplasmic reticulum and Golgi apparatus. GO biological
processes (GOBP) were enriched in immune system processes,
cell surface receptor signaling, cell adhesion and regulation of T
cell activity (Figure 2A). Reactome pathway enrichment analysis
provided additional separation of ADP-ribosylated proteins into
more specific functional terms such as antigen presentation,
signaling by interleukins, T cell receptor (TCR) signaling, and
integrin cell surface interactions (Figure 2A).

Next, we performed protein level visualization of all identified
ADP-ribosylated proteins by their association to Reactome
pathway terms, relevant protein features, and protein-protein
interactions. For this, we plotted the ADP-ribosylated proteins in
form of a STRING network (Figure 2B) (34). ADP-ribosylated
proteins with strong evidence for interactions among each other
are connected with a grey line and proteins that had no
interaction partners were preserved and shown as unconnected
nodes. ADP-ribosylated proteins are color coded based on their
affiliation to Reactome pathway terms identified in Figure 2A.
ADP-ribosylated proteins are additionally marked if they are
associated with the plasma membrane or cell surface (GOCC),
are an ADP-ribosyltransferase or were already identified under
basal conditions. The major hub of interacting proteins targeted
by ADP-ribosylation was identified to have a role in TCR
signaling, antigen presentation and cell surface integrin
interactions. Connected to this cluster was Nt5e (5-prime-
nucleotidase, CD73), a protein that hydrolyzes extracellular
AMP to adenosine (37). An additional hub of interacting
proteins consisted of the heteromeric IL-2 receptor complex,
including IL2Ra, IL2Rb and IL2Rg that were all found to be
ADP-ribosylated after addition of NAD+. We have previously
identified IL2Ra as a target of ARTC2.2 and shown that its ADP-
ribosylation functionally diminishes IL2 signaling (12). Most
ADP-ribosylated proteins present at basal conditions were
disconnected from these interaction hubs and less likely
localized to the cell surface (Figure 2B). Two ADP-
ribosyltransferases, ARTC2.2 (Art2b) and ARTD8/PARP14
(Parp14), were identified to be ADP-ribosylated, potentially by
auto modification. Both were found to be ADP-ribosylated under
basal and NAD+ treated conditions. Proteomic identification of
ADP-ribosylation sites on ARTCs have previously been observed
in mouse liver on ARTC2.2 (23), in mouse microglia cells on
Frontiers in Immunology | www.frontiersin.org 570
ARTC2.1 (26) and on ARTC1 in mouse heart and skeletal
muscle tissues (24). ARTC (auto-)ADP-ribosylation can thus
serve as a marker for ARTC activity. ADP-ribosylation by
ARTD8/PARP14 has previously been associated with immune
cell functions (38).

Next, we compared ADP-ribosylation levels of a few selected
sites among the different conditions and with our previously
published data on mouse liver (23) and microglia cells (26)
(Figure 2C). ADP-ribosylation of CD73 at R149 was found
exclusively on T cells treated with NAD+. Proteins that were
identified in multiple different sample types showed modification
on the same site (Pdia3, Slc44a2, Ptprc, Itgb2, Il2rg, H2-K1), or
on additional sites (Ptprc, Itgb2, H2-K1) (Figure 2C). As
exemplified by Pdia3 (a cytosolic protein exclusively modified
on R62) and Slc44a2 (a multispan transmembrane protein
exclusively modified on extracellular R130), R-ADP-
ribosylation showed high site specificity on some proteins. In
most of the analyzed cases, the R-ADP-ribosylation sites are
located on the extracellular domain of the protein. An exception
is the intracellular ARTD8/PARP14, which we found to be
modified on S842 under basal and NAD+ treated conditions,
consistent with our recent observation that ARTD8/PARP14 is
modified by O-linked ADP-ribosylation (24). In summary, we
identified numerous T cell surface proteins with immune system
relevant functions that are R-ADP-ribosylated, likely by
ARTC2.2, in the presence of exogenous NAD+.

ADP-Ribosylation of CD73 Reduces
the Capability of CD8 T Cells to
Generate Adenosine
The majority of the identified T cell surface ADP-ribosylation
targets are membrane proteins that act as receptors in cell
signalling, antigen presentation or cell-cell adhesion. Apart
from ARTC2.2 itself, CD73 was the only identified cell surface
enzyme to be ADP-ribosylated. CD73 is expressed on several cell
populations of the immune system, including regulatory T cells,
CD8+ T cells and macrophages. It converts extracellular adenosine
monophosphate (AMP) to adenosine (ADO) (Figure 3A), which
acts as an immunosuppressant e.g. by inhibiting T cell
proliferation (39). While ADP-ribosylation has been shown to
impact the function of several cell surface receptors, little is known
about the impact of ADP-ribosylation on the enzymatic activity of
cell surface enzymes. Therefore, we investigated the impact of
ADP-ribosylation on the catalytic activity of CD73. Analyses of the
3D structure model of mouse CD73 (Q61503) revealed that the
identified ADP-ribosylation site R149 (red) is distant to the active
site (yellow) of CD73 (Figure 3B).

We first tested the impact of CD73 ADP-ribosylation in HEK
cells stably transfected with mouse CD73 upon transient co-
transfection with an expression vector for ARTC2.2. We
pretreated these cells with NAD+ 24 h after transfection, and
FACS-sorted equal amounts of CD73+ARTC2.2– and
CD73+ARTC2.2+ HEK cells (Figure 3C). The gates during cell
collections were adjusted for equivalent cell surface levels of
CD73 on ARTC2.2– and ARTC2.2+ HEK cells. We then
performed a comparative AMP degradation assay with the
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collected CD73+ARTC2.2– and CD73+ARTC2.2+ HEK cells. We
found that NAD+-treated CD73+ARTC2.2+ cells were slightly
but significantly less potent in degrading AMP than NAD+-
treated CD73+ARTC2.2– HEK cells (Figure 3C), consistent with
an inhibitory effect of ADP-ribosylation on CD73 activity.
Frontiers in Immunology | www.frontiersin.org 671
We next analyzed the impact of NAD+ on the enzymatic
activity of CD73 on primary T cells. For this we chose CD8+ T
cells, which co-express ARTC2.2 and CD73, but are much less
sensitive to NAD+-mediated cell death along the ARTC2.2/P2X7
axis when compared to Tregs (15). We isolated CD8+ T cells
A

B

C

FIGURE 2 | Mouse T cell surface ADP-ribosylome analyses. (A) Gene ontology term enrichment was performed for ADP-ribosylated proteins identified in all
conditions against the whole mouse genome. Gene ontology biological processes (GOBP), gene ontology cellular components (GOCC) and Reactome pathways
were included. The q-values of selected and significantly enriched terms are plotted. Numbers of ADP-ribosylated proteins included in the specific terms are
indicated in brackets. (B) STRING protein-protein interaction network of ADP-ribosylated proteins identified in all conditions. Gene names of ADP-ribosylated proteins
are shown and high confidence protein-protein interactions (STRING interaction score ≥0.9) are indicated with grey lines. Protein nodes are color coded by their
affiliation to the Reactome pathways shown in (A) Proteins associated with the plasma membrane or cell surface are marked in orange. Proteins that were already
identified under untreated conditions are marked with a red line and the two identified ADP-ribosyltransferases with a dashed line. CD73 that was chosen for follow
up studies is highlighted. (C) ADP-ribosylation sites on selected proteins are plotted and compared to ADP-ribosylation sites identified in (23, 26).
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from untreated B6 WT mice, B6 WT mice treated with the
ARTC2.2 blocking nanobody s+16a in order to block ARTC2.2
already in vivo, or from B6 ARTC2ko mice. Of note, cell surface
levels of CD73 were comparable among WT and ARTC2.2ko
CD8+ T cells (Figure 3D). Since CD8+ T cells express much
lower cell surface levels of CD73 than CD73-transfected HEK
cells, we used an HPLC-based assay measuring the CD73-
dependent generation of etheno-adenosine (eADO) from
etheno-adenosine monophosphate (eAMP), as this was a more
sensitive approach compared to the AMP degradation assay. We
treated all three samples with NAD+ and quantified the
generation of eADO. Here, we observed that NAD+ treated
WT CD8+ T cells generated less eADO compared to CD8+ T
cells from s+16a treated WT mice or from ARTC2.2ko mice
(Figure 3D). Finally, we performed a similar assay with
peritoneal macrophages that express high surface level of
CD73 but lack ARTC2.2 expression. Here, NAD+-treated
peritoneal macrophages of WT mice generate slightly but
Frontiers in Immunology | www.frontiersin.org 772
significantly more eADO compared to ARTC2ko macrophages,
consistent with the fact that a larger fraction of WT peritoneal
macrophages expressed high level of CD73 when compared to
ARTC2ko peritoneal macrophages (Figure 3E). In summary, we
could demonstrate that in an NAD+-rich environment, CD73
enzymatic activity is dampened on cells co-expressing ARTC2.2.
DISCUSSION

In this study we investigated the T cell ADP-ribosylome with a
focus on ARTC2.2-mediated ADP-ribosylation of T cell surface
proteins. We identified 67 ADP-ribosylated target proteins 48 of
which are expressed at the cell surface and 16 of which in the ER
or the Golgi apparatus. Of the identified ADP-ribosylation sites
35 were on arginine residues and 1 on a serine residue. Many of
the identified target proteins are involved in immune system
processes such as signalling, cell adhesion and regulation of T cell
A B C

D E

FIGURE 3 | ARTC2.2-dependent regulation of CD73 enzymatic activity. (A) CD73 can degrade adenosine monophosphate (AMP) to adenosine ADO. ARTC2.2
ADP-ribosylates CD73 at R149, potentially interfering with enzymatic activity. (B) The structure model Q61503 of a mouse CD73 dimer is shown in cyan. ADP-
ribosylation site R149 (red) and substrate binding site (yellow) are indicated. (C) ARTC2.2+CD73+ and ARTC2.2–CD73+ HEK cells (n = 3) were incubated with NAD+,
FACS sorted and compared towards their capacity to degrade AMP in the AMPGlo assay. (D) Spleen CD8+ T cells from B6 WT, B6 WT treated with ARTC2.2-
blocking nanobody s+16a, and from ARTC2ko mice were analyzed towards CD73 and ARCT2.2 expression. After NAD+ treatment, FACS sorted cells (n = 4-5
technical replicates) were further subjected to an HPLC-based assay to measure their capacity to generate etheno-ADO (eADO) from etheno-AMP (eAMP).
(E) Peritoneal macrophages from B6 WT and ARTC2ko mice were analyzed towards CD73 and ARCT2.2 expression. After NAD+ treatment, FACS sorted cells (n =
6 technical replicates) were analyzed for their capacity to generate eADO. Statistical comparison of the two groups was performed by using the Student’s t test,
comparison of more than two groups was performed by using oneway ANOVA analyses with Dunnett’s multiple comparisons (p < 0.05 = */p < 0.001 = ***). Data
represent results from two (C, E) or three (D) independent experiments.
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activity. It is conceivably that ADP-ribosylation modifies the
function of many of these target proteins, thereby fine tuning
immune reactions (2, 20). As an example, we analyzed the
impact of ADP-ribosylation on the capacity of CD73 to
hydrolyze AMP into adenosine. Our results indicate that ADP-
ribosylation of CD73 leads to a reduced conversion of AMP
to adenosine.

In our study we analyzed the ADP-ribosylome of T cells
treated with or without exogenous NAD+. It is important to note
that NAD+ is also released during the preparation of murine T
cells (30), which is sufficient to allow the ADP-ribosylation of T
cell surface proteins. Therefore, we can not exclude that at least
some of the observed ADP-ribosylated T cell surface proteins
detected under basal conditions without addition of exogenous
NAD+, such as Slc44a2 or Itgal, identified in untreated T cells
from spleen or liver were modified during cell isolation. To
further investigate whether the observed ADP-ribosylation of
proteins occurred during the cell isolation or is catalyzed in vivo,
systemic injection of the ARTC2.2 blocking nanobody s+16a
prior to cell harvesting would prevent ADP-ribosylation during
preparation (17, 28). However, this would also block ADP-
ribosylation in vivo during the time between injection and the
sacrifice of mice, but would not prevent de-ADP-ribosylation by
enzymes. In order to identify further targets that are ADP-
ribosylated in vivo it might thus be necessary to block de-
ADP-ribosylation. Finally, it would also be interesting to
compare the ADP-ribosylome of different T cell types such as
CD4+ helper T cells, CD4+ regulatory T cells or cytotoxic CD8+ T
cells as well as the ADP-ribosylome of the same T cell population
from different organs, e.g. spleen and liver. However, this would
probably need large amounts of cell material to start with.

Our analyses of proteins derived from NAD+ treated T cells
identified known and new targets of ARTC2.2-mediated ADP-
ribosylation. We confirmed already known ARTC2.2 targets
such as CD25 (Il2rg), CD8b (Cd8b) and CD45 (Ptprc). For
CD25 we confirmed R196 (R178 in the mature protein) as
ADP-ribosylation site, as reported in a previous study (12).
Similarly, CD45 was found to be ADP-ribosylated on R331 of
cells analyzed in the microglia study (26). Of note, the T cells
used in this study were isolated from C57BL/6 (B6) mice,
whereas the microglia study used cells from Balb/c mice. B6
mice carry a premature stop codon in the gene for the ARTC2.1
(40), and B6 T cells therefore exclusively express ARTC2.2 as cell
surface ADP-ribosyltransferase (41). Balbc microglia express the
thiol-activated ARTC2.1, but not ARTC2.2 and Balb/c T cells co-
express ARTC2.1 and ARTC2.2 (5, 6). The finding of the same
ADP-ribosylated targets on microglia and T cells indicates that
these two closely related ADP-ribosyltransferases may share
common targets and modify common sites.

MHC class I (MHC-I) molecules are yet not well
characterized regarding the potential impact of ADP-
ribosylation. In this study we identified H2-D, H2-K and the
MHC-Ib molecule H2-Q to be ADP-ribosylated on T cells.
MHC-I molecules present endogenous peptides to CD8+ T
cells. Therefore, it would be interesting to test if MHC-I ADP-
ribosylation affects its interaction with the T cell receptor (TCR)
Frontiers in Immunology | www.frontiersin.org 873
or loading of the peptide to form the MHC-I/peptide complex.
Indeed, the identified R169 ADP-ribosylation site in H2-D1 is in
close proximity to the TCR interaction surface (see PDB file
5m01). Further, a former study showed that ADP-ribosylation of
the CD8b T cell coreceptor affects MHC-I/TCR interaction (13).
It would thus be interesting to investigate, whether MHC-I ADP-
ribosylation diminishes TCR binding in a similar fashion.
Moreover, it is tempting to speculate that MHC-I ADP-
ribosylation has an impact on TCR binding in an antigen-
specific fashion: introduction of an ADP-ribose group at the
MHC-I/TCR interaction site could lead to the activation of
alternative CD8+ T cell clones that recognize this modified
MHC-I/peptide complex. Future studies should address
this hypothesis.

The list of ADP-ribosylation targets on T cells identified here
is probably underestimated. The ATP gated P2X7 ion channel
for example, a prominent and well characterized ARTC2.2 target
on T cells (14), was not identified as target for ADP-ribosylation
by our MS approach. P2X7 is expressed on regulatory T cells,
NKT cells and CD4 effector/memory T cells (15, 17, 42) –
together these cells constitute only a minor fraction of the T
cells analyzed here. Therefore, the amount of available P2X7
proteins might have been below the detectable threshold.
Furthermore, it is possible that ADP-ribosylated peptides are
lost during sample preparation or mass spectrometry analysis
due to technical circumstances.

In this study, we focused on the functional impact of CD73
ADP-ribosylation. CD73 is a ecto-5´-nucleotidase that generates
immunosuppressive adenosine from AMP and thus plays a
critical role in balancing the course of an inflammatory
reaction (43). From a technical point of view, it is worth
noting that adenosine is rapidly degraded to inosine by
adenosine deaminase (ADA), both in vivo and in vitro. The
etheno-adenosine (eADO) used in our HPLC-based assay to
monitor and quantify CD73 enzymatic activity, however, is not a
substrate for ADA (44) and therefore much more stable. Further,
it has been recently shown that eADO is not taken up by cells via
adenosine transporters (45). Therefore, differential degradation
or uptake resulting in an experimental bias seems unlikely to
explain the impact of NAD+ on the CD73 enzymatic activity. The
identified ADP-ribosylation site at R149 is distant from the active
site of CD73 and is therefore likely to act allosterically. When
comparing CD8+ T cells and macrophages, NAD+ only had a
dampening impact on the catalytic activity of CD73 on CD8+ T
cells that co-express ARTC2.2 but not on macrophages that lack
ARTC2.2. Therefore, CD73 ADP-ribosylation might be a T cell-
specific mechanism that modulates CD73 activity in an NAD+

rich microenvironment, such as tumor tissue. Here, NAD+ could
be released along with ATP during tumor cell secondary
necrosis. Indeed, prostate cancer cell lines have been reported
to actively release intracellular NAD+ into the culture medium
(46). CD8+ T cells play a critical role in anti-tumor immune
responses. CD73 on CD8 T cells seems to significantly contribute
to the anti-tumor immunity response, since adoptively transferred
CD73-deficient ovalbumin-specific OT-I T cells were more potent
in killing OVA-expressing B16 melanoma tumors compared to
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WTOT-I T cells (47). This was accompanied by lower expression
levels of the exhaustion markers programmed cell death protein 1
(PD-1) and CD39, strengthening the role of CD73 as an immune
checkpoint and as a potential target in tumor therapy. Vice versa,
it would be interesting to evaluate whether ARTC2-deficient OT-I
T cells are less potent in killing OVA-expressing B16 melanoma,
as CD73 activity would not be dampened by NAD+ in the
tumor environment.

Interestingly, both ARTC2.2 and CD73 can be shed from T
cells (48, 49) and it has recently been shown that soluble
ARTC2.2 can ADP-ribosylate various cytokines, including
IFNg (50). Therefore, it would be interesting to elucidate
whether soluble ARTC2.2 could also ADP-ribosylate the
soluble form of CD73 and thereby control the cell-independent
generation of adenosine.
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CD38 Deficiency Ameliorates
Chronic Graft-Versus-Host
Disease Murine Lupus via a
B-Cell-Dependent Mechanism
África Martı́nez-Blanco1†, Marilú Domı́nguez-Pantoja1†, Marı́a Botı́a-Sánchez1†,
Sonia Pérez-Cabrera1, Nerea Bello-Iglesias1, Paula Carrillo-Rodrı́guez1,
Natividad Martin-Morales2, Antonio Lario-Simón3, Marı́a M. Pérez-Sánchez-Cañete4,
Laura Montosa-Hidalgo5, Salvador Guerrero-Fernández4, Victoria M. Longobardo-Polanco3,
Sandra Redondo-Sánchez4, Alberto Cornet-Gomez1, Marı́a Torres-Sáez1,
Ana Fernández-Ibáñez6, Laura Terrón-Camero7, Eduardo Andrés-León7,
Francisco O’Valle2, Ramón Merino8, Mercedes Zubiaur1* and Jaime Sancho1*

1 Department of Cellular Biology and Immunology, Institute of Parasitology and Biomedicine López-Neyra (IPBLN), Consejo
Superior de Investigaciones Cientı́ficas (CSIC), Granada, Spain, 2 Department of Pathology, Faculty of Medicine, University of
Granada (UGR), Granada, Spain, 3 Proteomics Unit, IPBLN, CSIC, Granada, Spain, 4 Flow Cytometry Unit, IPBLN, CSIC,
Granada, Spain, 5 Microscopy Unit, IPBLN, CSIC, Granada, Spain, 6 Scientific Instrumentation Center (CIC), UGR, Granada,
Spain, 7 Bioinformatics Unit, IPBLN, CSIC, Granada, Spain, 8 Department of Molecular and Cellular Signalling, Instituto de
Biomedicina y de Biotecnologı́a de Cantabria (IBBTEC), Consejo Superior de Investigaciones Cientı́ficas-Universidad de
Cantabria (CSIC-UC), Santander, Spain

The absence of the mouse cell surface receptor CD38 in Cd38−/− mice suggests that this
receptor acts as a positive regulator of inflammatory and autoimmune responses. Here,
we report that, in the context of the chronic graft-versus-host disease (cGVHD) lupus
inducible model, the transfer of B6.C-H2bm12/KhEg(bm12) spleen cells into co-isogenic
Cd38−/− B6 mice causes milder lupus-like autoimmunity with lower levels of anti-ssDNA
autoantibodies than the transfer of bm12 spleen cells into WT B6 mice. In addition,
significantly lower percentages of Tfh cells, as well as GC B cells, plasma cells, and T-
bet+CD11chi B cells, were observed inCd38−/−mice than in WTmice, while the expansion
of Treg cells and Tfr cells was normal, suggesting that the ability of Cd38−/− B cells to
respond to allogeneic help from bm12 CD4+ T cells is greatly diminished. The frequencies
of T-bet+CD11chi B cells, which are considered the precursors of the autoantibody-
secreting cells, correlate with anti-ssDNA autoantibody serum levels, IL-27, and sCD40L.
Proteomics profiling of the spleens from WT cGVHD mice reflects a STAT1-driven type I
IFN signature, which is absent in Cd38−/− cGVHD mice. Kidney, spleen, and liver
inflammation was mild and resolved faster in Cd38−/− cGVHD mice than in WT cGVHD
mice. We conclude that CD38 in B cells functions as a modulator receptor that controls
autoimmune responses.

Keywords: CD38, cGVHD lupus-like, T-bet+ B cells, anti-ssDNA antibodies, GC B cells, STAT1, type I IFN-
signature, inflammation
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INTRODUCTION

Systemic lupus erythematosus or SLE is an incurable systemic
autoimmune disease, which occurs predominantly in women of
childbearing age, characterized by the production of
autoantibodies that are deposited as immunocomplexes in
various organs (1). The SLE courses with periods of activity
and remission, resulting in accumulated damage over time (2). It
is a very heterogeneous disease from a clinical point of view and
difficult to follow (3). Hence, there is a need of experimental
lupus models to investigate the molecular mechanisms of the
disease and to discover new biomarkers that better reflect the
pathogenesis and activity of the disease and which may be of
diagnostic or therapeutic interest (4).

CD38 has an enormous potential to be used as a target to
inhibit the chronic inflammatory reactions linked to aging and
autoimmunity and to eliminate autoreactive plasma cells that
produce potentially harmful autoantibodies (5–7). Increased
CD38 expression greatly affects cellular metabolism by
lowering intracellular NAD+ levels and decreasing NAD-
dependent deacetylation performed by sirtuins (8). Thus, high
levels of CD38 lead to decreased CD8 T-cell-mediated
cytotoxicity and increased propensity to infections in patients
with SLE (9). The relevance to lupus is that abnormal NAD-
dependent deacetylation could be reverted pharmacologically or
with anti-CD38 therapy (10–12). In lupus models, this could also
be approached by analyzing the functional effect of CD38
deficiency (13–16). Using the pristane lupus model, we have
demonstrated the crucial role of CD38 in promoting aberrant
inflammation and lupus-like autoimmunity via an apoptosis-
driven mechanism, which requires TRPM2 expression (13).

A chronic graft-versus-host reaction (cGVHD) induced in
non-autoimmune C57BL6 mice (B6) by the adoptive transfer of
Ia-incompatible bm12 spleen cells results in a syndrome that
closely resembles SLE in the spectrum of autoantibodies and
immunopathology (17). In the cGVHD lupus model, the key
cellular mechanism that results in the loss of B-cell tolerance is
the interaction of donor bm12 CD4+ T cells with MHC class II
on host B6 B-cell surface, inducing high levels of circulating anti-
nuclear antibodies, concomitantly with large frequencies of T
follicular helper (Tfh) cells, germinal center (GC) B cells, and
plasma cells (18, 19). During T- and B-cell interactions,
allogeneic donor CD4+ T cells provide the abnormal T cell
help to the host B cells, which act as efficient APCs, and the
host B cells further augment the clonal expansion, differentiation,
and survival of pathogenic T cells. Therefore, this is a suitable
model to study the role of CD38 in autoreactive B cells using
CD38-deficient mice versus B6 WT mice as recipients.
MATERIAL AND METHODS

Mice
C57BL/6J (B6) (RRID: IMSR_JAX:000664) WT female mice
were from Charles River. B6(C)-H2-Ab1bm12/KhEgJ (bm12)
(RRID: IMSR_JAX:001162) female mice were from the Jackson
Frontiers in Immunology | www.frontiersin.org 278
Laboratory. B6.129P2-Cd38tm1Lnd/J (Cd38−/−) (RRID:
IMSR_JAX:003727) female mice were backcrossed for 12
generations to the C57BL/6J (B6) background and were bred
and maintained under specific pathogen-free conditions at the
IPBLN-CSIC Animal Facility in Granada, Spain. The
experimental procedures in animals at IPBLN-CSIC, Spain,
were approved by the Institutional Animal Care and Use
Committee. The procedures follow the ARRIVE guidelines (20)
in accordance with the U.K. Animals (Scientific Procedures Act,
1986) and associated guidelines (EU Directive 2010/63/EU for
animal experiments) and with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978).

The bm12-Inducible Model of Systemic
Lupus Erythematosus in C57BL/6 Mice
We adapted the bm12 transfer model, as originally described by
Morris et al. (21) and modified by Klarquist and Janssen (18).
Eight- to 18-week-old B6 WT or Cd38−/− female mice were
injected i.p. with 50–70 × 106 spleen cells from bm12 female
mice. Alternatively, bm12 female mice were injected i.p. with
50–70 × 106 spleen cells from WT or Cd38−/− female mice.

Flow Cytometry
To block non-specific Fc binding, single-cell suspensions of
spleens were incubated with anti-mouse CD16/32 (BD
Biosciences Cat# 553142, RRID: AB_394657), 1:200 dilution for
30–60 min, on ice in staining media (1× PBS, w/o calcium or
magnesium, 0.5% BSA, 2 mM EDTA). Cells were then separated
in different panels and stained with the following anti-mouse
antibodies: CD4-PercP (1:250 dilution) (BD Biosciences Cat#
561090, RRID: AB_10562560), TCR-b-FITC (1:500 dilution)
(BD Biosciences Cat# 553170, RRID: AB_394682), CXCR5-
biotin (1:350 dilution) (BD Biosciences Cat# 551960, RRID:
AB_394301), PD1-APC (1:350) (BD Biosciences Cat# 562671,
RRID: AB_2737712), CD19-PE-CF594 (1:350 dilution) (BD
Biosciences Cat# 562329, RRID: AB_11154580), CD138-PE
(1:350 dilution) (BD Biosciences Cat# 561070, RRID:
AB_2033998), B220-PE (1:350 dilution) (BD Biosciences Cat#
553089, RRID: AB_394619), CD95-Alexa Fluor 647 (1:350
dilution) (BD Biosciences Cat# 563647, RRID: AB_2738346),
GL7-FITC (1:350 dilution) (BD Biosciences Cat# 562080,
RRID: AB_10894953), CD38-FITC (1:350 dilution) (BD
Biosciences Cat# 558813, RRID: AB_397126), CD19-APC
(1:350 dilution) (BD Biosciences Cat# 550992, RRID:
AB_398483), CD183-VioBright FITC (1:50 dilution) (Miltenyi
Biotec Cat# 130-111-092, RRID: AB_2655744), CD11c-PE (1:50
dilution) (Miltenyi Biotec Cat# 130-110-701, RRID:
AB_2654708), and Streptavidin-PE (1:350) (BioLegend Cat#
405203). Flow cytometry analyses at IPBLN-CSIC were
performed as previously described (13, 14). Ten thousand to
200,000 events per sample were acquired either in a FACS Calibur
flow cytometer (BD Biosciences, RRID: SCR_000401) or FACS
Symphony (BD Biosciences) and analyzed with FlowJo software
v10.7.1 (BD Biosciences) (FlowJo, RRID: SCR_008520). Absolute
cell numbers were calculated by multiplying the percentages of
August 2021 | Volume 12 | Article 713697

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Martı́nez-Blanco et al. CD38 Role in cGVHD Lupus-Like
each cell type, referred to as live and singlet cells, with the total
number of live spleen cells/mouse counted immediately after
isolation by the Trypan blue method. Gating strategies for the
different cell subsets are shown in Figures S1–S4.

Intracellular T-bet or FoxP3 Staining
After cell surface staining, cells were washed, fixed, and
permeabilized using the FoxP3 Staining Buffer Set (Miltenyi
Biotec Cat# 130-093-142) and stained with anti-mouse
antibodies either T-bet-APC (1:50 dilution) (Miltenyi Biotec
Cat# 130-119-783, RRID: AB_2784464) or FoxP3-Alexa Fluor
488 (BD Biosciences Cat# 560407, RRID: AB_1645193) (1:250
dilution). Cells were then washed twice in Perm/Wash buffer
(Miltenyi Biotec Cat# 130-093-142), resuspended in staining
media, and analyzed by flow cytometry.

Cytokine Multiplex
The Bio-Plex Pro Mouse Cytokine Th17 kit assay custom 7-Plex
(BioRad Cat#LJ00000163, Standard Lot#: 64298607) and 10-Plex
kit assay (BioRad Cat#12010828, Standard Lot#64298607) were
used to simultaneously test cytokines IL-17F, IL-21, IL-22, IL-23,
IL-31, IL-33, and MIP-3a (7-Plex) and IL-17F, IL-21, IL-22,
IL-23, IL-25, IL-27, IL-31, IL-33, sCD40L, and MIP-3a (10-
Plex). The assay Bio-Plex Pro™ Mouse Cytokine Th17 Panel A
6-Plex Cat#M6000007NY was used to simultaneously quantify
cytokines IFN-g, IL-1b, IL-6, IL-10, IL-17A, and TNF-a. Assays
were performed according to the protocols of the manufacturers.
Analyses of experimental data were carried out using five-
parameter logistic curve fitting in a Luminex 200 (Luminex
100 or 200 Flow Cytometry Analyzer System, RRID:
SCR_018025) and in a Bio-Plex (BioRad, RRID: SCR_018026).

Histopathological Study
For conventional morphology, buffered 10% formaldehyde-
fixed, paraffin-embedded longitudinal mice kidney, liver, and
spleen sections in sagittal plane were deparaffinized in xylol and
rehydrated in ethanol of decreasing gradation. Tissue sections
were stained with hematoxylin–eosin (H&E), Masson’s
trichrome (MT), and periodic acid-Schiff (PAS). The presence
of glomerular lesions (glomerulosclerosis, mesangium increase,
crescent, immunocomplexes, and cells per glomerulus) was
assessed in at least 100 glomeruli. Tubulo-interstitial damage
(brush border loss, tubular dilation, tubular atrophy, hyaline
casts, tubular necrosis, tubular mitoses, fibrosis, and
inflammatory infiltrate) was also studied. Injury was graded
according to Shih et al. (22). A semiquantitative scale of 0 to
3.0 was considered: 0, normal; 0.5, small focal areas of damage; 1,
involvement of less than 10% of the cortex; 2, involvement of
10% to 25% of the cortex; and 3, involvement above 25% of the
cortex. A morphological study was done in a blinded fashion
(FO'V and NMM) on 3-mm sections with light microscopy, using
the most appropriate stain for each lesion. The presence of
steatosis, hydropic degeneration, inflammatory infiltrate,
cholestasis, mitosis, apoptosis, and cell binucleation was
assessed in liver sections using a semiquantitative scale of 0
to 4. A millimeter scale in the eyepiece of a microscope
Frontiers in Immunology | www.frontiersin.org 379
(BH2 Olympus (LabX, RRID: SCR_020338) with 40% objective
was used to count the leucocyte subset per mm2 in the spleen.

Serological Studies
Serum levels of IgG anti-ssDNA autoantibodies were measured
by ELISA, and the results were expressed in titration units (U/
ml) as previously described (23, 24). Total IgG serum levels were
measured by ELISA as previously described (23, 24).

Cellular Lysates
Isolated spleen cell count and viability was done on a
hemocytometer with 1:1 Trypan blue solution (Sigma-Aldrich
Cat# T8154). The spleen cells were washed thoroughly three
times with cold 1× PBS, pH 7.6, and 2 mM EDTA and filter
sterilized in 0.22 mm filter. The spleen cells were lysed 30 min on
ice, as previously described (24–26): 100 ml 1× lysis buffer/10
million cells; the 1× lysis buffer composition is as follows: 150
mM NaCl, 20 mM HEPES (pH: 7.6), 50 mM sodium fluoride, 1
mM EGTA, 0.5% NP-40, and small peptide inhibitors (SPI)
(stock, 50×) (25); 1 mM sodium orthovanadate, 10 mM
iodoacetamide, and 1 mM PMSF, as phosphatases inhibitors;
plus 0.25 µM trichostatin and 5 mM nicotinamide as acetylase
inhibitors. Micro BCA Protein Assay (ThermoFisher Cat#
23235) was used for the analysis of the protein concentration
of 17,000×g-clarified spleen cell lysates.

Mass Spectrometry Proteomics and
Data Processing
Thirty to 40 mg of protein from spleen cell lysates in 1× Laemmli
sample buffer was loaded on 4%–20% prestained gels (BioRad
Cat# 4568095). Electrophoresis was done at 200 V, in 25 mM
TrizMa OH, 192 mM glycine, and pH 8.3, 0.1% SDS buffer, until
the whole sample volume was introduced into the gel matrix. The
proteins in the gel were visualized by the exposure of the gel
during 1 to 5 min to UV light in a GelDoc EZ Image (BioRad). In
addition, gel was stained with SYPRO Ruby (BioRad Cat#
1703126) according to the protocol of the manufacturers. An
EXQuest Spot Cutter (BioRad) with the PDQuest Advanced
program was used to cut the protein bands of the gel.

Protein extracts were analyzed by liquid chromatography‐
tandem mass spectrometry (LC‐MS/MS) (Amazon Speed, Bruker)
at IPBLN-CSIC Proteomic Facility as described previously (26).
Protein identification was done with ProteinScape 4.0 (Bruker) and
MASCOT 2.4 data searching using the SwissProt database. For
label-free proteomic quantification, we used the exponentially
modified protein abundance index (emPAI) implemented into the
MASCOT data searching platform without any additional
experimental steps. In order to compare between different
samples, it is required to normalize emPAI values from MASCOT
search to the sum of all emPAI values. Thus, the protein content in
molar fraction percentage (M%) can be calculated using the
following formula: Protein content (M%) = emPAI/S(emPAI),
where S(emPAI) is the summation of emPAI values for all the
identified proteins (27). Two biological samples per mouse type and
three technical replicates per biological sample were analyzed [The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (28) partner
August 2021 | Volume 12 | Article 713697
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repository with the dataset identifier PXD026947 and 10.6019/
PXD026947]. We used ClueGO_v2.5.8 (29) and CluePedia_v1.5.8
(30) within the Cytoscape_v3.8.2 software environment (31) for
functional enrichment analysis of the lists of identified proteins.
Results are visualized as networks in which Gene Ontology (GO)
terms and pathways are grouped based on their biological role.
CluePedia allows to expand ClueGO terms into nested networks
with associated genes.

Bioinformatics Analysis
To reduce the dimensionality of the data and to represent the
samples based on the amount of variance they contain, a principal
component analysis (PCA) was performed to integrate the data
from all experiments. A total of 58 mice were used for this
purpose: those with complete experimental data for the 11
monitored variables (see Table S1 in the Supplementary
Material the total number of experiments and mice used per
experiment): for the first group of samples, “NT,” n = 8 mice—4
WT and 4 KOs; for the second week, n = 18 mice—11 WT and 7
KOs; for the fourth week, n = 17—7 WT and 10 KOs. Finally, for
the eighth week, n = 15 mice, of which 7 wereWT and 8 were KO.
First, for each time point, we used the turkey_mc_up function
from the bigutils package to infer possible outliers (32). It should
be noted that it is difficult to distinguish between a mouse with a
value that classifies it as an outlier and a mouse with a high
response. Therefore, to classify a mouse as an outlier in the total
set of variables, it should be an outlier in several variables. As an
example, we found that WT13-4 appears as a marginal outlier in
the CD4+ T, Tfh, and PC variables. Therefore, we decided to keep
it. Besides, the vast majority of mice were not marked as outliers
for any variable. Then, values were scaled, and subsequently, plots
were generated using the factoextra, ggfortify, and cluster R
packages (33–35).

Statistics
Statistical analyses were performed using the GraphPad Prism 9
software (GraphPad Prism, RRID: SCR_002798), using statistical
tests as indicated in the text. Statistical significance was visualized
as follows: ns = not significant (P > 0.05), * = P < 0.05, ** = P <
0.01, *** = P < 0.001, **** = P < 0.0001. All experiments have
been done using three or more mice and representative images
have been chosen for the figures.
RESULTS

Long-Term Decreased Frequencies and
Numbers of Tfh Cells in Cd38−/− Mice After
Adoptive Transfer of bm12 Spleen Cells
Selection, isotype switching, and expansion of GC B cells require
critical signals from Tfh cells. The adoptive transfer of bm12
lymphocytes into WT B6 mice (WT cGVHD) leads to the
expansion of donor-derived Tfh, expansion of recipient-derived
GC B cells and plasma cells, and production of ANAs including
anti-dsDNA, anti-ssDNA, anti-chromatin, and anti-RBC
antibodies (17). We assessed whether the lack of CD38
Frontiers in Immunology | www.frontiersin.org 480
expression on B cells impairs the expansion of Tfh cells. To this
end, 2, 4, and 8 weeks after transferring bm12 CD38-suficient
spleen cells into Cd38−/− mice (Cd38−/− cGVHD), the frequencies
and total numbers of Tfh cells (FoxP3−PD-1hiCXCR5+ within
CD4+ cells) were assessed in spleen and compared with basal
levels (Figures 1A, B). The whole gating strategy is shown in
Figure S1. The data showed that the frequencies and absolute
numbers of Tfh cells were significantly lower in CD38-deficient
mice as compared with B6 WT cGVHD mice throughout the
experiment (Figures 1C, D). Decreased frequencies and numbers
of CD4+TCR-b+ T cells in Cd38−/− cGVHD mice were only
shown 4 weeks after the adoptive transfer experiment
(Figures 1E, F). However, both WT and Cd38−/− recipients
developed similar levels of splenomegaly as judged by a similar
increase in the total number of splenocytes (Figure 1G). In
contrast, the increase in spleen size was more modest in Cd38−/
− than inWTmice, particularly at 8 weeks of the adoptive transfer
of bm12 cells, where these differences reached statistical
significance (Figure 1H). Since in this cGVHD model it is well
stablished that the initial expansion of Tfh cells comes from the
donor T cells, and to a very low extent from host T cells (18, 36),
our results suggested that the distinct allo-response elicited by
donor bm12 T cells in Cd38−/− recipient mice was dependent on
the host cellular environment.

Decreased Frequencies of GC B Cells and
Plasma Cells Upon Induction of cGVHD in
Cd38−/− Recipients
Tfh and GC B cells are reciprocally supportive of each other: the
frequency of Tfh is associated with the magnitude of the B-cell
response, and GC B cells have been shown to promote Tfh
expansion (36–38). In Figures 2A, B, the gating strategies used
to detect plasma cells and GC B cells are shown, respectively. The
whole gating strategy is shown in Figure S2. In agreement with
the data on Tfh cells, the expansion of GC B cells
(CD19+Fas+GL7+) in Cd38−/− recipient mice was significantly
lower than that observed in WT recipient mice (Figures 2C, D).
Moreover, the percentages and numbers of plasma cells, as
assessed by the high expression of CD138 in CD19int/low cells,
were significantly reduced in Cd38−/− versusWT cGVHD mice 4
and 8 weeks after the adoptive transfer of bm12 spleen cells and
not after 2 weeks (Figures 2E, F). Therefore, the observed
reduction in B-cell responses in the Cd38−/− cGVHD mice
could result from changes in reciprocal Tfh and B-cell
interactions, rather than a sole effect of the CD38 deficiency on
B cells. However, both WT and Cd38−/− mice were adoptively
transferred with bm12 CD38-suficient spleen cells that contain
the same initial numbers of allo-reactive donor bm12 CD4+ T
cells, which were fully functional. Moreover, WT and Cd38−/−

recipient mice share the same class II I-Ab allele, and the
frequencies and absolute numbers of CD19+ B cells did not
change significantly from 2 to 8 weeks after the adoptive transfer
(Figures 2G, H). In summary, the lower frequency of GC B cells
in Cd38−/− recipients compared with WT might be a direct
consequence of a defective allogeneic cell response of the Cd38−/−

B-cell counterpart, not from defective signals provided by the
donor bm12 CD4+ T cells.
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FIGURE 1 | Long-term decreased frequencies and numbers of T follicular helper (Tfh) cells in Cd38−/− mice after adoptive transfer of bm12 spleen cells. WT mice
(closed circles) or Cd38−/− mice (open circles) were i.p. injected with bm12 cells and euthanized at the indicated time points and spleens were analyzed.
(A, B) Representative flow cytometry contour plots showing gating strategy for Tfh cells. (A) First, gating on CD4+ cells, then gating on CXCR5+PD-1+. (B) Then, gating
on FoxP3− cells: CD4+PD-1hiCXCR5+FoxP3−. (C) Percentages of Tfh cells (of CD4+ T cells) in spleen at the indicated time points. (D) Total number of Tfh cells (in
spleen) over time. (E) Percentages of CD4+ T cells (CD4+TCR-b+) in spleens. (F) Total number of CD4+ T cells in spleen. (G) Total number of spleen cells over time.
(H) Spleen length (cm) over time upon the adoptive transfer. In all panels, the symbols are the mean values and the vertical bars represent ± SEM. P-values are shown
for Welch’s t-test. The results are cumulative data from two to four different experiments per time point and mouse type, each with three to five mice per experiment.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Decreased Frequencies and Numbers
of CD11chiT-bet+ B Cells in Cd38−/−

cGVHD Mice

B-cell-intrinsic expression of T-bet is required for the
development of autoantibody-mediated disease in lupus mouse
models, including in the cGVHD model (39, 40). Therefore, it
was of interest to assess whether the frequencies of CD11chiT-
bet+ B cells in Cd38−/− cGVHD mice were reduced as compared
with WT cGVHD mice. Figures 3A and S3 illustrate the gating
strategy used to identify the CD11chiT-bet+ cells within the
CD19+ B-cell subset. These cells were also positive for CD183
(CXCR3) on the cell surface, whose expression depends on the
transcriptional activity of T-bet (Figure S3). There was a
significant decrease in the frequencies and numbers of
CD11chiT-bet+ B cells in Cd38−/− cGVHD (Figures 3B, C).
This decrease in CD11chiT-bet+ B cells appeared to be long-
lasting as the differences with WT cGVHD mice were observed
up to 8 weeks after the induction of the disease. Moreover, the
Frontiers in Immunology | www.frontiersin.org 682
weak expansion of these cells in Cd38−/− cGVHD mice was even
more dramatic than in GC B cells.

Decreased Anti-ssDNA Autoantibody
Serum Levels in Cd38−/− cGVHD Mice
In Cd38−/− cGVHD mice, the anti-ssDNA levels were
significantly lower than those in WT recipient mice along the
study (Figure 3D). Total IgG, which reflects polyclonal B-cell
activation, followed different kinetics in Cd38−/− cGVHD mice,
with a peak 2 weeks after the adoptive transfer, diminishing
steadily afterwards (Figure 3E). In contrast, in WT cGVHD
mice, the IgG peak was at 4 weeks. It is worthy to note the
significant correlation between anti-ssDNA serum levels and the
frequencies of CD11chiT-bet+ B cells (Figure 3F).

Normal Expansion of Tfr Cells and Treg
Cells in Cd38−/− cGVHD Mice
Regulatory T cells (Treg) have been demonstrated to play vital roles
in suppressing cellular and humoral immune responses, i.e., by
A
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FIGURE 2 | Decreased frequencies of GC B cells and plasma cells upon induction of chronic graft-versus-host disease (cGVHD) in Cd38−/− recipients. WT (closed
circles) and Cd38−/− (open circles). (A) Representative flow cytometry plot showing CD19lo-intCD138hi plasma cells and CD19+CD138− B cells from the spleen cells
gated on singlets. (B) Flow cytometry plot of CD95+GL7hi GC B cells from gated CD19+CD138− cells. (C) Percentages of GC B cells (of CD19+ B cells). (D) Total
number GC B cells. (E) Percentages of plasma cells in spleen cells. (F) Total number of plasma cells in spleen cells. (G) Percentages of CD19+ B cells in the spleen.
(H) Total number of CD19+ B cells over time upon the adoptive transfer of bm12 cells. In panels (C–H) WT mice (closed circles) and Cd38−/− mice (open circles).
The symbols are the mean values and the vertical bars represent ± SEM. P-values are shown for Welch’s t-test. The results are cumulative data from two to four
different experiments per time point and mouse type, each with three to five mice per experiment. *P < 0.05, **P < 0.01, ***P < 0.001.
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suppressing autoreactive B-cell functions and subsequent
autoantibody production (41, 42). Tfr cells are a specialized
subset of effector Treg cells that gain access to the GC and
suppresses B-cell responses. Like Tfh cells, Tfr cells express high
levels of CXCR5 (which directs them to the GC), PD-1, and ICOS
(43–45). However, Tfr cells originate from natural Treg precursors
unlike Tfh cells, which originate from naive CD4+ T cells. Tfr cells
also differ from Tfh cells by expressing FoxP3 and Blimp-1.
Importantly, Tfr cells specifically and potently suppress both Tfh
and B cells in the GC reaction (45). The low frequencies and
numbers of Tfh cells (Figures 1C, D) and GC B cells (Figures 2C,
D) found in cGVHD Cd38−/− mice suggested that Tfr cells may
have increased presence in the GC of these mice. On the other
hand, it is important to note that in CD38-deficient mice, Treg and
iNKT cells are highly sensitive to NAD-induced cell death
activated by ADP ribosyltransferase-2 (ART2)-mediated ADP
ribosylation of P2X7 receptors (46, 47). The relatively low
numbers of these immunoregulatory CD4+ T-cell populations
greatly affect the outcome of a number of autoimmune or
inflammatory diseases in CD38-deficient mice (48–50).
Therefore, it was of interest to test whether the Treg cells may
have a role in the weak allogeneic response triggered by the i.p.
injection of bm12 cells into CD38-deficient mice, at the peak of the
GC formation (41, 47). Tfr cells were defined as FoxP3+ within the
CD4+CXCR5+ subset (Figure 4A), which also contains the Tfh
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cells (CD4+CXCR5+FoxP3−), whereas Treg cells were the FoxP3+

cellswithin theCD4+CXCR5− subset (Figure4C).Thewholegating
strategy is shown in Figure S4. According to Sage et al. (45), this
strategy better reflects the total number of Tfr cells, independently
of the expression of PD-1, and allows a better perception of the
developmentofTfr cells versus the expansionofprecursorTreg cells
(43, 45). Notably, the percentages of Tfr cells in Cd38−/−mice were
significantly higher than inWTmice under steady-state conditions
(Figure 4B), while the opposite occurs for Tregs (Figure 4D). Two
weeks after the adoptive transfer, both mice showed similar
frequencies of Tfr cells and Treg cells, despite some changes
occurred relative to basal levels (Figures 4B, D). Overall, these
results indicate that in Cd38−/− cGVHDmice, the Treg-dependent
Tfr expansion was quite similar to that in WT cGVHD.

Distinct Kinetic Profiles of PD-1+ and
PD-1− Tfr Cells in cGVHD Cd38−/− Versus
cGVHD WT Mice
Increased PD-1 expression on Tfr cells makes them less suitable
to perform their suppressive function (45); therefore, it was of
interest to assess whether there were differences in PD-1
expression in Tfr cells from cGVHD Cd38−/− mice versus WT
mice. In Figures 5A and S1, the gating strategy used to detect
PD1+ and PD-1− Tfr cells is shown. In non-treated Cd38−/−mice,
90% of the Tfr cells were PD-1−, with a significant decrease to
A B C

E FD

FIGURE 3 | (A–C) Decreased frequencies and numbers of T-bet+CD11chi B cells in Cd38−/− cGVHD mice. (D–F) Decreased anti-ssDNA autoantibody serum levels
in Cd38−/− cGVHD mice. Correlation with the frequencies of T-bet+CD11chi B cells. (A) Representative flow cytometry plot showing T-bet+CD11chi cells and
T-bet−/loCD11c− on gated CD19+ B cells from spleen. (B) Percentages of CD11chiT-bet+ cells (of CD19+ B cells). Mean ± SEM. P-values are shown for Welch’s t-
test. (C) Total number of CD11chiT-bet+ cells. Mean ± SEM. P-values are shown for Welch’s t-test. (D) Anti-ssDNA serum levels. Median values. P-values are shown
for Mann–Whitney test. (E) Total IgG serum levels. Median values. P-values are shown for Mann–Whitney test. (F) Positive correlation between anti-ssDNA serum
levels from cGVHD mice and the frequencies of CD11chiT-bet+ B cells (simple linear regression). The anti-ssDNA levels and frequencies are shown in log scale. The
results are cumulative data from two to four different experiments per time point and mouse type, each with three to five mice per experiment. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, *****P < 0.00001.
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about 50% 2 weeks after the adoptive transfer of bm12 cells,
remaining in that range thereafter (Figure 5B). In contrast, in
cGVHDWT mice, about 40% of the Tfr cells were PD-1−, with a
significant increase at 2 weeks, dropping down to 17% at 8 weeks,
where 84% Tfr cells were PD-1+ (Figure 5C). Absolute numbers
of PD-1+ and PD-1− Tfr cells reflected distinct kinetic profiles in
Cd38−/− mice versus WT mice. In cGVHD Cd38−/− mice, the
number of Tfr cells reached a maximum at 4 weeks with some
predominance of the PD-1− Tfr cells, while in cGVHDWTmice,
there was a progressive increase in the number of PD-1+ Tfr cells
over the PD-1− Tfr cells that reached statistical significance only
8 weeks after the adoptive transfer of bm12 cells (Figures 5D, E).
Therefore, there was a relatively balanced situation in terms of
the number of cells of each phenotype in both cGVHD Cd38−/−

mice and WT mice, which is clearly broken at 8 weeks.

Distinct Clustering of Cd38−/− cGVHD Mice
We used PCA, a multivariate statistical approach, to confirm and
select the best features for distinguishing the allo-response elicited
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by Cd38−/− cGVHD versusWT cGVHD mice and to discriminate
them from non-treated mice. Figure 6 shows in four panels the
score plots of the individual Cd38−/− and WT mice after the
adoptive transfer of bm12 cells at different time points. Each score
plot shows the distribution of mice according to the expression
variance of the 11 features tested (total number of seven T-cell and
B-cell subsets; anti-ssDNA, total IgG, spleen cell numbers, and
spleen length). Non-treated (Figure 6A) and cGVHD Cd38−/−

mice (Figures 6B–D) clustered in different areas than cGVHD
WT mice with the exception at 2 weeks where 5 out of 11 WT
mice overlapped with Cd38−/−mice (Figure 6B). This overlapping
is likely due to the heterogeneity of the allo-response at that time
and not to the presence of outliers (see outliers identification in the
Material and Methods). The feature loading plot with arrows was
useful to cluster each individual feature in an attempt to identify
strain-specific feature expression profiles that could be used to
distinguish the groups of mice analyzed (Figure S5). It is striking
to note that most of the features seemed to be clustered to the areas
where the cGVHD WT mice were located, which is in agreement
A B

C D

FIGURE 4 | Normal expansion of Tfr cells and Treg cells in Cd38−/− cGVHD mice. (A, C) Gating strategy used to detect total Tfr cells (independently of PD-1
expression) and Treg cells. (A) Representative flow cytometry plot showing FoxP3+ Tfr cells and FoxP3− Tfh cells on gated CD4+CXCR5+ T cells. (B) Frequencies of
Tfr cells (% of CD4+) in non-treated (NT) mice or after 2 weeks of i.p. injection of bm12 cells (cGVHD). (C) Representative flow cytometry plot showing FoxP3+ Treg
cells on gated CD4+CXCR5− T cells. (D) Frequencies of Treg cells (% of CD4+) in NT mice or after 2 weeks of i.p. injection of bm12 cells (cGVHD). In panels
(B) and (D) WT mice (closed circles) and Cd38−/− mice (open circles). Horizontal bars represent mean values and vertical bars ± SEM. The P-values are for
two-way ANOVA test for multiple comparisons (Fisher’s LSD test). ns, not significant (P > 0.05), *P < 0.05, **P < 0.01.
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with the fact that most of these features showed increased levels in
these mice. In non-treated mice, the distribution of the variables
was completely different, with most of them located in the upper
right quadrant in an intermediate area between non-treated
Cd38−/− and WT mice (Figure S5). Overall, these data suggest
that these 11 features could be useful to discriminate the ongoing
allo-immune response elicited by Cd38−/− mice versus WT mice.
Frontiers in Immunology | www.frontiersin.org 985
The major differences between Cd38−/− andWTmice to the bm12
challenge were observed at 4 and 8 weeks.

Abnormal Cytokine Serum Levels in
Cd38−/− cGVHD Mice
Analysis of serum levels for 10 Th17-mediated cytokines indicated a
distinct profile in Cd38−/− cGVHD mice, with significantly higher
A
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FIGURE 5 | Distinct kinetic profiles of PD-1+ and PD-1− Tfr cells in cGVHD Cd38−/− versus cGVHD WT mice. (A) Gating strategy to detect PD-1hiCXCR5+ FoxP3+ or
PD1−CXCR5+FoxP3+ Tfrs cells in spleen cells from cGVHD mice. Left panel: FoxP3 versus CD4 plot of gated CD4+CXCR5+PD-1− cells, showing the frequency of the PD-
1−FoxP3+ Tfr cells. Middle panel: PD-1 versus CXCR5 plot on gated CD4+ cells showing the gated CXCR5+PD-1hi and CXCR5−PD-1− subpopulations. Right panel: FoxP3
versus CD4 plot showing the frequencies of PD-1+FoxP3+ Tfr cells and PD-1−FoxP3− Tfr cells. (B) Kinetics of the frequencies of PD1+ (open red circles) and PD-1− (open
black circles) Tfr cells relative to total Tfr cells in spleen cells from cGVHD Cd38−/− mice. (C) Kinetics of the frequencies of PD1+ (closed red circles) and PD-1− (closed black
circles) Tfr cells relative to total Tfr cells in spleen cells from cGVHD WT mice. (D) Kinetics of total numbers of PD1+ (open red circles) and PD-1− (open black circles) Tfr cells
relative to total Tfr cells in spleen cells from cGVHD Cd38−/− mice. (E) Kinetics of total numbers of PD1+ (closed red circles) and PD-1− (closed black circles) Tfr cells relative
to total Tfr cells in spleen cells from cGVHD WT mice. The symbols are the mean values and the vertical bars represent ± SEM. P-values are shown for Welch’s t-test.
The results are cumulative data from two to three different experiments per time point and mouse type, each with three to four mice per experiment. *P < 0.05, **P < 0.01,
****P < 0.0001, *****P < 0.00001.
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serum levels of IL-22 and IL-23 relative to WT cGVHD mice at 4
and 2 weeks, respectively (Figures 7A, B). In contrast, IL-27 serum
levels were significantly increased in WT versus Cd38−/− cGVHD
mice 2 weeks after the adoptive transfer of bm12 cells (Figure 7C).
Likewise, sCD40L serum levels were higher in WT cGVHD at 8
weeks (Figure 7D). Serum levels for IL-17F, IL-21, IL-31, IL-33, and
MIP-3a were similar in both mouse types (Figure S6 of the
Supplementary Material). In a relatively small number of mice,
we were also able to test another panel of cytokines including IL-10,
IL-1b, IL-6, IL-17A, IFN-g, and TNF-a. As shown in Figure S7,
only IL-10 serum levels were significantly increased in bm12>WT
mice as compared with bm12> Cd38−/− mice, 2 weeks after the
adoptive transfer of bm12 cells. IL-10 has been related with
autoantibody production in SLE patients (51). Notably, IL-27
correlated positively with the frequencies of most of the T-cell
and B-cell subsets analyzed, with the exception of CXCR5+PD-1hi

Tfr cells and CD4+ T cells, while it correlated negatively with the
frequencies of CD19+ B cells (Figure 7E). Moreover, IL-27 levels
correlated with anti-ssDNA and total IgG levels. sCD40L followed a
Frontiers in Immunology | www.frontiersin.org 1086
similar path, although with a distinct and more restrictive profile
than IL-27. On the other hand, IL-22 correlated negatively with Tfh
cells, GC B cells, and CD4+ T cells. Note that many of these
correlations should be analyzed collectively and not individually.
Thus, IL-27 and sCD40L correlated positively with the CD11chiT-
bet+ B-cell frequencies and IL-27, sCD40L, and IL-23 with anti-
ssDNA levels (Figure 7E). In contrast, IL-27, IL-31, IL-21, and
MIP-3a correlated negatively with the frequencies of CD19+ B cells
(Figure 7E). Notable is the positive correlation found between IL-21
and the frequencies of the CXCR5+PD-1hi Tfr cell subset and IL-33
with CD4+ T cells, which may be related with similar
kinetic profiles.

Proteomic Profile From Spleens of cGVHD
WT Mice Reflects a STAT1-Driven Type I
IFN Signature
The cytokine network type I IFN–IL-27–IL-10 is augmented in
murine and human lupus (52), and IL-27 induces T-bet expression
via STAT1 signaling and class switching in B cells (53).
A B
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FIGURE 6 | Distinct clustering of Cd38−/− cGVHD mice. The PCA score plots show the distribution of mice according with two principal components that
accumulate the greatest variance (71%–85% range) of the 11 features (variables) tested. Principal component 1 (PC1, x-axis) X% and principal component 2 (PC2,
y-axis) Y%. Each panel represents one given time. (A) Non-treated (NT) healthy mice (n = 4, per mouse). (B) Two-weeks cGVHD (n = 11, WT; n = 7, KO). (C) Four-
weeks cGVHD (n = 7; WT; n = 10, KO). (D) Eight-weeks cGVHD (n = 7, WT; n = 8, KO). Each dot represents an individual mouse, and except for NT, they are
representative of two or more experiments. WT samples are represented by filled red circles. Cd38−/− samples with filled green circles.
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FIGURE 7 | Abnormal cytokine serum levels in Cd38−/− cGVHD mice. (A) IL-23. (B) IL-22. (C) IL-27. (D) sCD40L. In panels (A–D) WT mice (closed circles) and
Cd38−/− mice (open circles). The symbols are the mean values and the vertical bars represent ± SEM. P-values are shown for Welch’s t-test. The results are
cumulative data from two to three different experiments per time point and mouse type, each with three to five mice per experiment. (E) Matrix showing Spearman’s
r correlation values between cytokines serum levels (horizontal) and the frequencies of the T- and B-cell subsets analyzed + anti-ssDNA and total IgG. Asterisks
below r numbers denote statistical significance, which could be positive correlation (no sign) or negative correlation (−). *P < 0.05.
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Therefore, it was of interest to test whether the augmented serum
levels of IL-27 and increased T-bet expression found in B cells
from WT mice had a proteomic profile sustaining these findings.
To this end, a semiquantitative proteomic approach was taken
using the exponentially modified protein abundance index
(emPAI) and molar percentages (%M) described in the
Material and Methods section. Protein extracts from the spleens
of Cd38−/− and WT cGVHD mice and non-treated mice were
analyzed. Volcano plots showed significant differences in protein
abundance in the spleen lysates from bm12>Cd38−/− mice versus
bm12>WT mice, 2 weeks after the adoptive cell transfer
(Figure 8A). Among the proteins which showed increased
abundance in spleens of bm12>WT mice versus bm12> Cd38−/−
Frontiers in Immunology | www.frontiersin.org 1288
was STAT1 (Figure 8B). ClueGO functional enrichment analysis
showed that STAT1 was associated with a cluster of proteins in
GO terms including positive regulation of type I IFN production,
type I interferon production, positive regulation of interferon-
alpha production, interferon-beta production, and cellular
response to IL-7 (Figure 8C). A positive regulation of type I
interferon production was investigated in a subnetwork using
the CluePedia plug-in. STAT1 was clearly involved in the
regulation of the type I IFN signaling pathway with other
identified proteins (Figure 8D). STAT1 was also inserted in
other ClueGO functional terms including the IL-3 signaling
pathway and the TNF-a NF-kB signaling pathway, among
others (data not shown).
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FIGURE 8 | (A) Volcano plots showing the differences in protein abundance in spleens of bm12>Cd38−/− mice (open blue circles, upper left quadrant) relative to
bm12>WT mice (closed red circles, upper right quadrant), 2 weeks after the adoptive transfer. Each circle denotes a different protein, and those above the horizontal
dotted line showed statistical significant differences in abundance between mice. P < 0.05. (B) Histogram graph showing STAT1 protein abundance in spleens from
bm12>Cd38−/− versus bm12>WT mice at 2 weeks. Histograms represent the mean ± SEM, and the P-values are for unpaired t-test. Proteomic data shown in
panels (A, B) are from two biological replicas per mouse type and three technical replicas per sample. (C) Functionally grouped network of GO terms/pathways and
genes are visualized using the ClueGO/CluePedia application. Note that in this application the protein accession numbers of the identified proteins are transformed to
their gene names. Terms (large purple circles) are linked based on k score (≥0.3). Edges show the known expression. The edge thickness is scaled between the
minimum and maximum scores shown. The size of the terms is related with their statistical significance. (D) “Positive regulation of type I interferon production’”
pathway, which showed the highest statistical significance, was investigated in a subnetwork. Gene names of the identified proteins are highlighted in red. Genes not
included in the initial selection are highlighted in black. Known activation [activation symbols in green (arrows)] and inhibition (inhibitory symbols in red) effects are
shown. Stat1 and some of the genes of the identified proteins (highlighted in red) are acting as activators in this pathway. *P < 0.05.
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Tissue Alterations in cGVHD Mice
The comparative study of the spleen, liver, and renal tissues of
bm12>WT and bm12>Cd38−/− mice at 2, 4, and 8 weeks after the
adoptive transfer of bm12 cells is shown in the representative
microphotographs of Figures 9–11. In the spleen, a stronger
cellular response was observed in tissue sections from
bm12>WT mice as compared with bm12>Cd38−/− mice (panels
A and B in each figure), with a larger number of cells, that is
reflected by a significant increase in white pulp in bm12>WT
versus bm12>Cd38−/− (for a semiquantitative assessment, see
Table S2 in the Supplementary Material). In the liver, greater
areas of inflammatory infiltrates were detected in bm12>WT mice
relative to bm12>Cd38−/− mice, with the highest intensity at 4 and
8 weeks (panels C and D of each figure). In this sense, in
bm12>WT, the increased inflammation was quite patent around
the centrolobular vein in the liver (indicated by a black head arrow
in Figures 9C, 10C, 11C). Another striking difference in the liver
of these mice at 8 weeks was the evident signs of macrovesicular
steatosis in some of the bm12>WTmice (Figure 11C), which were
not observed in liver sections from bm12>Cd38−/− mice
(Figure 11D). No glomerular, tubulo-interstitial, or vascular
lesions were present in the renal parenchyma of bm12>WT and
bm12> Cd38−/− mice (panels E–J in Figures 9–11). However, in
bm12>WT mice, PAS staining showed inflammatory infiltrates
that appeared earlier and lasted longer than in bm12> Cd38−/−

mice (panels E–H, Figures 9–11). The foci of inflammatory
infiltrates were perivascular (Figures 10E, 11E), periglomerular
(Figure 11E), and tubulo-interstitial (Figure 11J), with few
hyaline casts (Figure 9E) and without the staining evidence of
the presence of glomerular immune complexes (see Table S3 in
the Supplementary Material for a semiquantitative assessment).
Renal lesions in non-treated control groups were absent (not
shown). MT staining in bm12>WT mice showed an increased
thickening process of the mesangium that was maximal at 4 weeks
(Figure 10I) and still detectable at 8 weeks (Figure 11I). In
contrast, MT staining in bm12>Cd38−/− mice showed mesangial
thickening in the glomeruli at 2 weeks (Figure 9J), which was
markedly reduced at 4 weeks (Figure 10J) and virtually absent at 8
weeks (Figure 11J). In summary, in Cd38−/− cGVHD mice, a
milder inflammatory reaction was observed in all tissues analyzed
as compared with WT cGVHD, and the histological evolution of
these tissue alterations suggests a faster resolution of the
inflammation in Cd38−/− mice.

Normal cGVHD Response in bm12 Mice
After the Adoptive Transfer of Cd38−/−

Spleen Cells
It has been described that TCR-activated Cd38−/− CD4+ T cells
show a hybrid Th1/Th17 phenotype exhibiting intrinsically higher
NAD+, enhanced oxidative phosphorylation, higher glutaminolysis,
and altered mitochondrial dynamics that vastly improved tumor
control (54, 55). These functional characteristics of Cd38−/− CD4+ T
cells may alter the cGVHD response in bm12 mice. To test this
hypothesis, we took the advantage that in the cGVHD lupus model
bm12 or C57BL/6 WT mice can serve as the donor or the recipient,
with similar outcomes (21). Therefore, we assessed whether the
Frontiers in Immunology | www.frontiersin.org 1389
FIGURE 9 | Representative microphotographs of the histological studies
performed on the spleen, liver, and kidney 3-mm sections at 2 weeks of the
adoptive transfer of spleen cells from female bm12 to female WT (left panels)
or to Cd38−/− (right panels) mice. (A, B) Spleen, (C, D) liver, and
(E–J) kidney. (A–D) Spleen and liver tissue sections stained with H&E.
(E–H) Kidney tissue sections stained with PAS. (I, J) Kidney sections stained
with Masson’s trichrome. Images were taken with a BH2 Olympus
microscope. (A, B) ×20 magnification; (C–F) ×10 magnification; (G–J) 40×
magnification. (H, J) Scale bar: 50 mm. Note in WT cGVHD mice and Cd38−/−

cGVHD mice the presence of mild perivascular chronic inflammatory infiltrate
in liver [black head arrow in (C) and (D)]. Note in WT cGVHD mice hyaline
casts in kidney [black arrow in (E)], periglomerular chronic inflammatory
infiltrate [black and white arrow in (I)], and increased glomerular size [asterisks
in (G) and (I)].
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FIGURE 10 | Representative microphotographs of the histological studies
performed on the spleen, liver, and kidney 3-mm sections at 4 weeks of the
adoptive transfer of spleen cells from female bm12 to female WT (left panels)
or Cd38−/− (right panels) mice. (A, B) Spleen, (C, D) liver, and (E–J) kidney.
(A–D) Spleen and liver tissue sections were stained with H&E. (E–H) Kidney
tissue sections were stained with PAS. (I, J) Kidney sections were stained
with Masson’s trichrome. Images were taken with a BH2 Olympus
microscope. (A, B) ×20 magnification; (C–F) ×10 magnification; (G–J) ×40
magnification. (F) Scale bar: 50 mm. Note in the liver from WT cGVHD mice
the presence of moderate/severe perivascular chronic inflammatory infiltrate
[black head arrow in (C)]. Note in the kidney of WT cGVHD mice the
presence of inflammatory infiltrate [small black arrow in (E)], periglomerular
chronic inflammatory infiltrate [black and white arrow in (I)], and increased
glomerular size with increased mesangial matrix [asterisks in (G) and (I)].
Frontiers in Immunology | www.frontiersin.org 1490
FIGURE 11 | Representative microphotographs of the histological studies
performed on the spleen, liver, and kidney 3-mm sections at 8 weeks of the
adoptive transfer of spleen cells from female bm12 to female WT (left panels)
or Cd38−/− (right panels) mice. (A, B) Spleen, (C, D) liver, and (E–J) kidney.
(A–D) Spleen and liver tissue sections were stained with H&E. (E–H) Kidney
tissue sections were stained with PAS. (I, J) Kidney sections were stained
with Masson’s trichrome. (A, B) ×20 magnification; (C–F) ×10 magnification;
(G–J) ×40 magnification. (G) Scale bar: 50 mm. Note in the liver from WT
cGVHD mice the presence of mild perivascular chronic inflammatory infiltrate
[black head arrow in (C)] and macrovesicular steatosis [black and white head
arrow in (C)]. Note in the kidney of WT cGVHD the periglomerular chronic
inflammatory infiltrate [small black arrow in (E)] and the increased glomerular
size [asterisks in (G) and (I)].
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same is true using Cd38−/− cells as donors instead of being
recipients. Two weeks after the adoptive transfer of Cd38−/− or
WT spleen cells, bm12 recipients showed comparable increases in
frequencies and absolute numbers of Tfh, GC B cells, plasma cells,
and CD11chiT-bet+ B cells (Figures 12A, B). In contrast, increased
frequencies and numbers of CXCR5+PD-1hi Tfr cells and low
frequencies and numbers of CD19+ B cells were shown
(Figures 12A, B), which were statistically significant for the
frequencies versus WT>bm12 mice. Likewise, anti-ssDNA and
total IgG serum levels were similar (Figures 12C, D). Moreover,
similar serum cytokine levels were observed in these mice, which is
in marked contrast with the data when Cd38−/− mice were the
recipients of bm12 cells (Figure S8).
DISCUSSION

In the cGVHD lupus model, the key cellular mechanism that results
in the loss of B-cell tolerance is the interaction of donor CD4+ T
cells with MHC class II on the host B-cell surface. Autoantibodies
are produced almost entirely by the host B cells. The transferred
Frontiers in Immunology | www.frontiersin.org 1591
donor B cells contributed neither to the autoimmune response nor
to the total serum Ig, with rare exceptions (56). Therefore, in the
bm12>Cd38−/− setting, the defective response of B cells is likely due
to the inability of Cd38−/− B cells to respond to an allogeneic
stimulus provided by donor bm12 CD4+ T cells. The defective B-cell
response was evidenced by the low frequencies of CD11chiT-bet+ B
cells, GC B cells, and plasma cells along the disease process. These
findings correlated with low levels of anti-ssDNA autoantibodies,
despite the relatively strong polyclonal activation as judged by a
significant increase in total IgG serum levels above basal levels.
Furthermore, CD38 deficiency in host mice results in diminished
generation of Tfh cells. Given that the transferred bm12-CD4+ T
cells were CD38 sufficient and the allo-reactive donor bm12 CD4+ T
cells activated by host MHC II provide cognate help for host B cells
to initiate lupus (36), these data support the role for Ag-presenting,
B-cell-intrinsic CD38 in the induction of autoreactive immune
responses. Alternatively, another antigen-presenting cell such as
CD8a+ DCs, known for its tolerogenic phenotype, may act in the
early phases of the allo-immune response (57).

Another interesting feature of this model is that when the
transferred donor cells were from CD38-deficient mice, the allo-
A B

C D

FIGURE 12 | Normal cGVHD response in bm12 mice after the adoptive transfer of Cd38−/− spleen cells. (A) Frequencies of the T- and B-cell subsets analyzed in
WT>bm12 mice (closed circles and open bars) and Cd38−/−>bm12 mice (open circles and gray bars), 2 weeks after the adoptive transfer of cells. (B) Total numbers
of the same subsets and mice of panel (A). (C) Anti-ssDNA serum levels. (D) Total IgG serum levels. Data in (A–D) are from one out of two independent
experiments, each symbol representing one mouse. In (A, B), P-values are for multiple t-tests corrected for multiple comparisons by the Holm–Šidák method.
In (C, D), the P-values are for unpaired t-test. ns, not significant (P > 0.05), *P < 0.05, **P < 0.01.
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immune response elicited by the interaction of donor Cd38−/− T
cells with the host bm12 B cells results in similar frequencies and
numbers of most T-cell and B-cell subsets analyzed in
comparison with the combination WT donor>bm12 recipient.
Moreover, the anti-ssDNA autoantibody response and cytokine
plasma levels were quite similar to those in the WT>bm12
setting. This was an important control for the experiments
where Cd38−/− mice were acting as recipients. Although in the
classical cGVHD model the expansion of Tfh cells comes
preferentially from the donor bm12 cells, a relatively small but
significant proportion of Tfh cells come from the recipientWTmice
(18). Therefore, recipient T cells may also participate somewhat in
the germinal center response, as some of them do develop a Tfh
phenotype. Given the fact that in the Cd38−/−donor>bm12 recipient
setting, where Cd38−/− Tfh cells are strongly expanded, they seem to
behave as WT Tfh cells, it is not expected that endogenous Cd38−/−

Tfh cells make any functional difference in the bm12> Cd38−/−

setting. To formally prove this hypothesis, it would require the use
of donor and recipient mice on different congenic backgrounds, e.g.,
using CD45.1 bm12 donors and CD45.2 WT or CD45.2 Cd38−/−

recipients in the adoptive transfer experiments would help to
follow-up the fate of donor and recipient cells in the GCs and,
eventually, to sort them out for functional studies.

It is worth noting that in the late phase of the allogeneic response
in WT mice, the proportion and numbers of PD-1+ Tfr cells were
significantly higher than PD-1− Tfr cells, while in Cd38−/− mice, the
two subsets were present in amore equilibrated situationwith a ratio
close to 1:1. This phenomenon occurred despite the fact that at
steady-state conditions the proportion and absolute numbers of PD-
1− Tfr cells inCd38−/−mice were abnormally high as compared with
those in WT mice. One could argue that since the expansion of Tfh
cells in Cd38−/− cGVHD mice was relatively low, while the initial
expansion of Treg cells and total Tfr cells was normal, those levels of
Cd38−/− Tfr cells would be suffice to efficiently inhibit Tfh cell
function. It is interesting to note that the expansion of
CXCR5+PD1hi Tfr cell in WT cGVHD mice and the high
expression of PD-1 make them less suitable to their suppressive
function as it has been highlighted by several studies in PD-1-
deficient mice (45). Moreover, the high expression of CD38 in WT
Bcellsmay suppress even further theCXCR5+PD1hi Tfr cell function
via adenosine-receptor signaling as it occurs in multiple myeloma
tumor cells,which arehighlypositive forCD38 expression andwhere
CD38 promotes tumor progression via the suppression of CD8+ T-
cell function (58). In this sense, in the murine system, B-cell follicles
arehighlypositive forCD38expression; however,CD38expression is
lowor negative inGCBcells and high inmemoryB cells and in other
B-cell subsets (59). Therefore, during the allo-immune response in
bm12>WT mice, it is feasible that the interaction of Tfr cells with
CD38+ B cells, other than GC B cells, may occur (45).

The most striking finding of this study is the defective
expansion of CD11chiT-bet+ B cells in Cd38−/− cGVHD mice,
which seems to be more severe than any other B-cell or T-cell
subset analyzed, with the exception of the CXCR5+PD-1hi Tfr cells
that follow similar kinetics. Moreover, the frequency of CD11chiT-
bet+ B cells correlates with anti-ssDNA autoantibodies and serum
levels of IL-27 and sCD40L. Increased serum levels of IL-27 were
Frontiers in Immunology | www.frontiersin.org 1692
only detected in WT cGVHD mice. sCD40L is elevated in SLE
patients, correlates with disease activity and anti-dsDNA
autoantibodies, and may have the capacity to activate B cells
(60, 61). Aberrant expression of CD40L in T cells might be
predicted to result in activation of bystander B cells, including
those that have encountered self-antigens, and to contribute to
autoantibody secretion. Elevated circulating sCD40L is likely to
reflect the chronic and multiclonal Th cell activation that is most
characteristic of SLE (61).

IL-27 is considered an inhibitory cytokine in the
differentiation of Th17 cells and induces T-bet expression via
STAT1 signaling and class switching in B cells (53). Moreover,
our label-free quantitative proteomics study demonstrates
increased abundance of STAT1 in WT cGVHD mice versus
Cd38−/− cGVHD mice (Figure 8B). In silico analysis of the
identified proteins showed that STAT1 is functionally
associated with proteins positively involved in the production
of type I IFN (Figure 8D). In this sense, dysregulation of the
IFN-I signaling pathway occurs in the bm12 cGVHD lupus-like
model (19) and in the pristane lupus model (62, 63), affecting
particularly B cells and autoantibody production. Thus, in the
pristane model, IRF9, STAT1, and IFNAR2 are required for IgG
autoantibody production and increased B-cell expression of
TLR7 and TLR9 (62, 63), while in the bm12 model, type I IFN
sensing by B cells decreases their threshold for BCR signaling and
increased their expression of MHC class II, CD40, and Bcl-6,
requirements for optimal GC B-cell functions (19). Moreover,
ablation of type I IFN sensing in B cells significantly reduces the
accumulation of GC B cells, plasmablasts, and autoantibodies
(19), which underscores the important contribution of direct
type I IFN sensing in the B-cell response and concomitant
autoantibody production.

B-cell-intrinsic expression of T-bet is required for the
development of autoantibody-mediated disease in lupus mouse
models, including in the cGVHD model (39, 40). Likewise,
several groups have reported the presence of CD11chiT-bet+ B
cells in several autoimmune diseases, including SLE. Thus, in SLE
patients, the expansion of B cells lacking IgD and CD27 [double
negative (DN)] reflects a subset of CXCR5−CD11c+T-bet+ cells
(DN2), which represent the precursors of autoantibody-producing
plasma cells, also termed by others as antibody-secreting cells
(ASCs) (64, 65). Interestingly, in SLE patients, the differentiation
of human CD11c+T-bet+ cells occurs outside the follicular zone, and
therefore, it is subjected to a distinct regulation than GC B cells,
which eventually also differentiate to ASCs. In contrast, most
murine T-bet+ B cells arise from germinal centers, since most
pathogens engender T-dependent immune responses, generally
skewed toward Th1 (66). Consistent with this view, the T-bet+ B
cells that accumulate with age fail to appear in CD154-deficient
mice and display somatic hypermutation (67). In addition, T-bet+ B
cells that emerge from adoptively transferred naive B cells require
cell-intrinsic MHC class II and CD40 expression (67). In this sense,
the cGVHD lupus model involves the adoptive transfer of bm12 T
cells into mismatched MHC class II recipients and requires
extensive cognate interaction between donor T cells and recipient
B cells. Together, these features implicate cognate T-cell help and
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participation in a germinal center reaction, all hallmarks of antigen-
experienced cells.

Excessive CD11c+T-bet+ B cells promote aberrant Tfh
differentiation and affinity-based GC selection in murine
lupus models, including the bm12 cGVHD model, through
their potent antigen-presenting function (68). In this sense,
ablation of B-cell-intrinsic T-bet reduces Ag presentation by
B cells, diminishing T-cell activation, inhibiting spontaneous
GC formation, and reducing B-cell differentiation into
autoantibody-producing plasma cells (39). Triggering of the
B-cell antigen receptor (BCR), IFN-g receptor (IFN-gR), and
TLR7 on B cells induces high levels of T-bet expression in
humans and mice (39, 65). Given the functional association of
CD38 with CD81, CD19, Lyn, Galphai-2, Hsc-70, and actin in
human B cells (69) and the presence of CD38 in B-cell-derived
exosomes associated with the signaling molecules CD81, Hsc-
70, and Lyn (69), it would be interesting to study whether any of
these receptor-mediated signaling events are affected by the
absence of CD38 in B cells.

In a previous study using the pristane lupus model, we
demonstrated the crucial role for CD38 in promoting aberrant
inflammation and lupus-like autoimmunity via an apoptosis-
driven mechanism, which requires TRPM2 expression (13). Mild
kidney inflammation, which usually takes 2 to 3 months to
develop in WT cGVHD mice, developed even milder and
resolved faster in Cd38− /− cGVHD mice. This weak
inflammatory reaction was also observed in other organs such
as the spleen and liver. An unprecedented result was the
inflammatory reaction surrounding the centrolobular vein of
the liver and the evident signs of macrovesicular steatosis in
some of the WT cGVHD mice, which to our knowledge has not
been reported before in this lupus model.
CONCLUSION

Taken together, the results of our study showed that the absence
of CD38 plays a significant role in the development of the bm12
cGVHD lupus model. Although we have not identified the
affected cells, all the experiments point out to a B-cell subset,
with the CD11c+T-bet+ B cells being the most affected by the
absence of CD38. Dysregulation of several cytokines and
increased protein abundance of STAT1 were also affected.
Collectively, these findings could enhance our knowledge of
the pathophysiological molecular processes involved in SLE,
providing strategies for early diagnosis of SLE and, in addition,
therapeutic strategies based on antibodies against CD38 and
pharmacological approaches targeting CD38 enzymatic activity
and/or the JAK/STAT proteins.
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CD38 is the major NAD+-hydrolyzing ecto-enzyme in most mammals. As a type II
transmembrane protein, CD38 is also a promising target for the immunotherapy of
multiple myeloma (MM). Nanobodies are single immunoglobulin variable domains from
heavy chain antibodies that naturally occur in camelids. Using phage display technology,
we isolated 13 mouse CD38-specific nanobodies from immunized llamas and produced
these as recombinant chimeric mouse IgG2a heavy chain antibodies (hcAbs). Sequence
analysis assigned these hcAbs to five distinct families that bind to three non-overlapping
epitopes of CD38. Members of families 4 and 5 inhibit the GDPR-cyclase activity of CD38.
Members of families 2, 4 and 5 effectively induce complement-dependent cytotoxicity
against CD38-expressing tumor cell lines, while all families effectively induce antibody
dependent cellular cytotoxicity. Our hcAbs present unique tools to assess cytotoxicity
mechanisms of CD38-specific hcAbs in vivo against tumor cells and potential off-target
effects on normal cells expressing CD38 in syngeneic mouse tumor models, i.e. in a fully
immunocompetent background.

Keywords: CD38, NAD+, antibody-dependent cellular cytotoxicity, complement-dependent cytotoxicity, multiple
myeloma, nanobody, heavy chain antibody, antibody engineering
Abbreviations: ADCC, antibody dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; CDR,
complementarity determining region; Fc, crystallizing fragment; hcAb, heavy chain antibody, Ig immunoglobulin; kDa,
kilodalton; MM, multiple myeloma; NAD+, nicotinamide adenine dinucleotide; mAb, monoclonal antibody; Nb, nanobody;
VHH, variable domain of a camelid heavy chain antibody.
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INTRODUCTION

NAD+ is released as an endogenous danger signal from cells during
inflammation (1, 2). CD38, a 43 kDa type II transmembrane protein
consisting of a short intracellular N-terminal domain, a
transmembrane helix and a long C-terminal extracellular catalytic
domain, is the major NAD+-hydrolyzing ecto-enzyme of mammals
(3–6). NAD+-hydrolysis by CD38 limits the availability of NAD+ for
extracellular-ADP-ribosyltransferases (7, 8), and generates the Ca2+

-mobilizing metabolites ADP-ribose and cyclic ADP-ribose (9)
that can be further hydrolyzed to immunosuppressive adenosine
by other ecto-enzymes (10). CD38 is highly expressed in
hematological malignancies including multiple myeloma (11, 12).
It has been proposed that the enzymatic activity of CD38
contributes to a microenvironment favourable for tumor survival
in the bone marrow niche (13, 14).

CD38 represents a promising target for monoclonal antibody
(mAb)-based immunotherapy of multiple myeloma (MM) (11,
15, 16). Several CD38-specific mAbs, including daratumumab
and isatuximab, have shown encouraging results in the clinic
(17–20). The anti-tumor effects of these mAbs presumably reflect
their ability to induce immune effector functions, such as
antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) (21). However,
these antibodies may also induce the depletion of CD38-
expressing NK cells and may have other off-target effects on
normal cells expressing CD38 (22, 23). Moreover, the use of
mAbs has disadvantages that include limited tissue penetration
due to their large size of approximately 150 kD (24, 25).

Nanobodies are recombinant, single antigen-binding
immunoglobulin variable domains (designated VHH) derived
from naturally occurring camelid heavy chain antibodies (hcAbs)
(26, 27). Nanobodies have several advantages over conventional
antibodies, including a 10-fold smaller size (15 kDa vs. 150 kDa) (28,
29). To endow immune-effector functions, nanobodies can be fused
to the hinge, CH2, and CH3 domains of a conventional mouse or
human IgG antibody to generate nanobody-based chimeric hcAbs
(30). These chimeric hcAbs lack the CH1 domain and the light
chain, resulting in approximately half the molecular size of a
conventional antibody (75 kDa vs. 150 kDa) (30).

Both, nanobodies and hcAbs are emerging as promising
theranostic molecules (31–34). For example, we have recently
shown that human CD38-specific hcAbs can be used to
effectively target human MM cells in xenograft mouse models
of systemic human lymphoma (35). Lack of reactivity with
mouse CD38, however, makes it difficult to understand and
assess potential off-target effects of such therapeutic antibodies
on immune cells that endogenously express CD38. Substituting
three amino acid residues in the CH2 domain of mouse IgG2a or
human IgG1 (L234A, L235A, P329G) eliminates complement
dependent cytotoxicity (CDC) as well as CD16-mediated
antibody dependent cellular toxicity (ADCC) (36). These so-
called LALA-PG mutants retain the thermostability and
pharmacokinetics of the parental IgG (36).

We aimed to develop mouse CD38-specific nanobodies and
hcAbs, to assess their binding epitopes, and to evaluate their
capacity to induce cytotoxicity against tumor cells expressing
Frontiers in Immunology | www.frontiersin.org 297
CD38 in vitro as a basis for future in vivo studies of syngeneic
MM models in immunocompetent mice.
METHODS

Mice and Cells
BALB/c and C57BL/6 mice were obtained from The Jackson
Laboratory or Charles River. Cd38-/- mice (3) were back-crossed
onto the BALB/c and C57BL/6 backgrounds for 8 –12
generations. The mouse EL4 (C57BL76N lymphoma, ATCC
TIB-39) and MOPC 315 (BALB/C myeloma, ATCC TIB-23)
cell lines were obtained from the American Type Culture
Collection. EL4 and MOPC 315 cells were cultured in
RPMI-1640 medium (Gibco, Life Technologies, Paisley, UK)
supplemented with 2 mM sodium pyruvate (Gibco), 2 mM
L-glutamine (Gibco) and 10% (v/v) fetal calf serum (Gibco).
Human HEK cells (ATCC CRL-1573) were transiently co-
transfected with expression vectors for nuclear GFP and mouse
CD38 (gene ID: 12494) or human CD38 (gene ID: 952) (37). The
human NK-92 cell line (ACC 488) was obtained from the DSMZ
German Collection of Microorganisms and Cell Cultures. NK-92
cells were stably transduced with mouse CD16 by retroviral
transduction using the pSF91 retroviral vector (35). The
sequence for CD16, i.e. the ectodomain of FcgRIII fused to the
transmembrane and cytosolic domains of FcϵRI, was kindly
provided by B. Clémenceau (Nantes, France). NK-92 cells were
cultured in alpha MEM culture medium (Gibco) supplemented
with 10% FCS (Gibco), 10% horse serum (Gibco), 100 IU/mL IL2
(Proleukin, Novartis) and 2 mM L-glutamine (Gibco). Primary
spleen cells were obtained from wild type and Cd38-/- mice by
passing spleen cell suspensions through a 70 µm cell strainer.

Selection and Sequencing of Mouse
CD38-Specific Nanobodies
Two llamas were immunized subcutaneously by ballistic cDNA
immunization with an expression vector encoding the full-length
open reading frame of mouse CD38. The VHH repertoire was
PCR-amplified from peripheral blood lymphocytes and cloned
into the pHEN2 phagemid vector as described previously (37).
Selection of specific phages was performed by sequential panning
of the phage library on primary splenocytes obtained from
Cd38-/- and WT mice. Following extensive washing, bound
phages were eluted by trypsinization. Plasmid DNA was
isolated from single colonies and subjected to sequence
analyses using pHEN2-specific forward and reverse primers (37).

The coding region of selected nanobodies was subcloned
using NcoI/PciI and NotI into the pCSE2.5 vector (38) (kindly
provided by Thomas Schirrmann, Braunschweig, Germany)
upstream of either a chimeric His6x-Myc epitope tag, the
coding region for the hinge and Fc domains of mouse IgG2a,
or the corresponding coding region for the LALA-PG mutant
(36) of mouse IgG2a (gene ID: 404711). Recombinant myc-his
tagged nanobodies and chimeric nanobody-mouse IgG2c heavy
chain antibodies were produced in transiently transfected
HEK-6E cells (39) (kindly provided by Ives Durocher, Ottowa,
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Canada) cultivated in serum-free medium. Six days post
transfection, supernatants were harvested and cleared by
centrifugation at 4000 rpm for 10 min. Nanobodies in cell
supernatants were quantified by SDS-PAGE and Coomassie
staining relative to marker proteins of known quantity as
described previously (37). Yields typically ranged from 0.5–3
mg Nb or hcAb per 10 µl of HEK-6E cell supernatant. Myc-His
tagged nanobodies were purified by immobilized metal affinity
chromatography using Ni-NTA agarose (Sigma, St Louis, MO),
hcAbs by affinity chromatography on protein A immobilized on
sepharose beads (GE Healthcare) (37).

Biolayer Interferometry
The extracellular domain of mouse CD38 (aa 45–304) with intact
glycosylation sites was produced as a secretory protein with a
chimeric His6x-Myc epitope tag in the pCSE2.5 vector. The
tagged protein was purified using immobilized metal affinity
chromatography (IMAC). Affinity of hcAbs to recombinant
mouse CD38 was determined by BLI-technology using a
fortéBIO BLItz instrument. Assays were performed at 20°C
with running buffer (PBS, 0.01% (m/v) BSA, 0.002% (v/v)
Tween-20). Protein A sensors were hydrated in running buffer
and loaded until saturation with hcAbs at 10 µg/ml. After
washing, purified mouse CD38 (1.8 µM) was allowed to
associate for 120 seconds on immobilized hcAbs, followed by
dissociation for 120 seconds. Respective binding curves were
referenced against antibody-loaded sensors receiving only buffer
for association and dissociation steps. Curve fitting and affinity
calculations were performed using Graph Pad Prism (version 7)
using non-linear regression and the build-in “association then
dissociation” method.

Flow Cytometry
Purified hcAbs were conjugated via amino groups to Alexa
Fluor647-fluorochrome according to the manufacturer’s
instructions (Molecular Probes, Thermo Fisher Scientific). For
epitope mapping analyses, EL4 cells were pre-incubated with a
saturating concentration (100 nM) of unconjugated hcAbs for 30
min at 4°C, followed by addition of Alexa Fluor647-conjugated
hcAbs (10 nM) and further incubation for 20 min at 4°C. Cells
were washed and analyzed by flow cytometry on a BD-FACS
Canto. Data was analyzed using the FlowJo software (Treestar).
The percentage of cross-blockade was calculated from mean
fluorescence intensities (MFI) as follows: (MFI in the absence of
competing Abs – MFI in the presence of competing Abs): (MFI
in the presence of competing Abs) x 100. Spleen cells were pre-
incubated with Fc-block (BioXcell, clone 2.4G2) to minimize
unspecific binding to Fc-receptors. Cells were then incubated
with Alexa Fluor647-conjugated hcAbs, FITC-conjugated anti-
B220 (BD biosciences, clone RA3-6B2), and Alexa Fluor 750 as a
viability dye (ThermoFischer). Gating was performed on Alexa
Fluor 750-low cells (live cells).

Fluorometric Enzyme Assays
EL4 cells (3 x 105 cells/well) were incubated at 37°C in the dark
for 20 min with hcAbs (10 or 100 µg/ml) or araF-NAD (10 µM)
before fluorescence measurements. After recording for 20 cycles,
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NGD+ (80 µM, Sigma, St Louis, MO) was added, followed by
further incubation in the dark at 37°C. Production of cGDPR was
monitored continuously for 50 min at 410 nm (emission
wavelength) with the excitation wavelength set to 300 nm,
using a Tecan Infinite M 200 microplate fluorimeter (37).
Readings (EX300/EM410) from wells without cells were
subtracted from all sample readings and values were plotted as
Relative Fluorescence Units (RFU) vs. time. The rate of cGDPR
production was calculated as the slope of the curves (RFU/s)
during the linear phase of the reaction, i.e. t = 500-1200 s.

CDC and ADCC Assays
To analyze the complement-dependent cytotoxicity (CDC)
mediated by hcAbs, EL4 or MOPC 315 cells were incubated
for 10 min at 4°C with hcAbs before addition of guinea pig serum
(25% v/v) as a source of complement. Cells were incubated for
120 minutes at 37°C, washed and resuspended in PBS/0.2% BSA/
propidium iodide before analysis by flow cytometry (35).

To analyze antibody dependent cellular cytotoxicity (ADCC)
mediated by NK-92 cells, EL4 or MOPC 315 cells were incubated
for 10 min at 4°C with hcAbs before addition of NK92 cells. In
order to distinguish NK92 effector cells from target cells, NK92
cells were prelabelled with eFluor 450 (ThermoFisher) for 20 min
at 4°C and washed three times before addition of hcAb-treated
target cells at an effector to target ratio [E:T] of 3:1. Cells were co-
incubated for 3 hours at 37°C, washed, and resuspended in PBS/
0.2% BSA/propidium iodide before flow cytometry (35). In order
to quantify cytotoxicity against target cells, gating was performed
on eFluor 450-negative cells. Dead target cells were quantified
using uptake of propidium iodide (PI) and decrease in forward
scatter (FCS) as indicators of cell lysis. As negative controls,
hcAbs carrying the ADCC and CDC abrogating LALA-PG
mutations (36) were used.

Statistical Analysis
Data were analyzed using GraphPad Prism version 7.00
(GraphPad Software). For enzyme inhibition assays, statistical
significance was calculated using one-way ANOVA followed by a
Bonferroni post hoc test for multiple comparisons. with P< 0.05
(*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****). Data for CDC
and ADCC assays in bar diagrams represent the mean ± SD from
three independent experiments.
RESULTS

Phage Display Selection Yields Five
Families of Mouse CD38-Specific
Nanobodies
We cloned the VHH-repertoire from blood lymphocytes of two
llamas immunized (40) with a mouse CD38-encoding cDNA
expression vector into M13 phage display libraries. Selection of
CD38-specific phages was achieved by first panning the libraries
on cells lacking CD38, i.e. splenocytes from CD38-deficient mice
and YAC-1 lymphoma cells to remove unspecific binders.
Libraries were then panned on cells expressing high levels of
September 2021 | Volume 12 | Article 703574
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CD38, i.e. splenocytes from WT mice and EL4 thymoma cells.
Sequencing of selected clones revealed 13 distinct clones (JK3,
JK5, JK13, JK16, NB3, NB7, NB11, NB22, NB24, NB28, NB32,
NB38, NB40 and NB42) that can be subgrouped into five distinct
nanobody families based on sequence similarities in the
framework and complementarity determining regions, with
CDR3 lengths ranging from three to 13 amino acid
residues (Table 1).

In order to generate nanobody-based mouse heavy chain
antibodies (hcAbs), the VHH-coding region was fused to the
hinge, CH2 and CH3 domains of mouse IgG2a. These hcAbs
were produced as secreted recombinant proteins in transiently
transfected HEK cells grown in serum-free medium. Affinities of
the hcAbs were determined by biolayer interferometry using the
recombinant ecto-domain of mouse CD38 (Table 1). The results
reveal moderate affinities in the two and three digit nanomolar
range; family 1 nanobodies had the lowest affinities (> 400 nM),
family 5 nanobodies the highest affinities (19-33 nM). In order to
verify the specificity of the selected antibodies, we performed
flow cytometry analyses of HEK cells co-transfected with GFP
and either mouse CD38 or human CD38 (Figure 1A). The
results show specific binding of the selected hcAbs to mouse
CD38 but not to human CD38. Flow cytometry analyses of
splenocytes obtained from wild type and from CD38-deficient
mice confirmed the specific binding of all hcAbs to native mouse
CD38 (Figure 1B).

Cross Blockade Analyses Reveal Binding
of Nanobody-Based hcAbs to Three Non-
Overlapping Epitopes of Mouse CD38
Next, we aimed to assess whether the identified anti-mouse
CD38-specific hcAbs recognize overlapping or distinct epitopes
on mouse CD38. To this end, we performed cross blockade flow
cytometry analyses. We monitored the binding of Alexa
Fluor647-conjugated hcAbs (JK3-hcAb, JK5-hcAb, JK13-hcAb,
JK16-hcAb) to EL4 thymoma cells in the presence of excess
unlabelled hcAbs (Table 2). The results show that the selected
hcAbs fall into three distinct binding groups. Group 1 hcAbs
Frontiers in Immunology | www.frontiersin.org 499
block binding of hcAbs derived from nanobodies JK3 and NB11
(both family 1). These nanobodies recognize an overlapping
epitope designated epitope 1. Group 2 hcAbs block binding of
hcAbs derived from nanobodies JK5 (family 2) and NB32
(family 3). These nanobodies recognize an overlapping epitope
designated epitope 2. Group 3 hcAbs block binding of hcAbs
derived from nanobodies JK13, JK16, NB3, NB7, NB22, NB24
(family 4) and NB38, NB40, and NB42 (family 5). These
nanobodies recognize an overlapping epitope designated
epitope 3. Remarkably NB32-hcAb (epitope 2), which has the
shortest CDR3, seemed to enhance binding of hcAbs that bind to
the epitope 1 (JK3-hcAb) and epitope 3 (JK13-hcAb, JK16-
hcAb). Note that JK13-hcAb and JK16-hcAb (both epitope 3)
blocked binding of JK3-hcAb (epitope 1), suggesting that these
hcAbs either sterically interfere with binding of JK3-hcAb or
alter the conformation of mouse CD38 so as to inhibit binding of
JK3-hcAb.

Nanobody-Based hcAbs of Families 4 and
5 Inhibit the GDPR Cyclase Activity of
Mouse CD38
To analyze the potential functional effects of the selected hcAbs
on the enzyme activity of mouse CD38 on cells, we employed a
fluorometric GDPR cyclase assay (37, 41–43). This assay uses
NGD+ (which carries a guanine nucleobase instead of adenine)
instead of NAD+ as substrate. We incubated CD38-positive EL4
cells with either CD38-specific hcAbs for 15 min before addition
of NGD+ and monitored the increased fluorescence of the
product cGDPR by fluorimetry (44) (Figure 2). The results
showed a continuous increase of cGDPR during incubation of
EL4 cells with NGD+ in the absence of antibodies. As a control,
we used the NAD+-analogue nicotinamide 2-deoxy-2-
fluoroarabinoside adenine dinucleotide (araF-NAD+), a highly
specific inhibitor of mouse CD38 (7, 45). Addition of araF-NAD+

effectively abrogated the increase of cGDPR, indicating that the
increased fluorescence is largely due to CD38 on the surface of
EL4 cells. Addition of hcAb from family 1 (JK3-hcAb), family 2
(JK5-hcAb), and family 3 (NB32-hcAb) had little if any effect on
the enzyme activity of EL4 cells (Figures 2A–C). Addition of
family 4 hcAbs (hcAbs NB3, NB7, NB22, NB24) showed
significant, but varying levels of enzyme inhibition
(Figure 2D). The most potent inhibitory effect of the GDPR
cyclase activity was observed for all tested hcAbs from family 5
(hcAbs NB38, NB40, NB42) (Figure 2E). Figure 2F allows for
direct visual comparison of the inhibitory effects of all tested
hcAbs and demonstrates the dose dependency of the hcAbs used.

All CD38-Specific hcAbs Mediate Effective
ADCC
To analyze the capacity of mouse CD38-specific hcAbs to induce
ADCC, EL4 thymoma cells or MOPC 315 myeloma cells were
used as target cells and NK-92 cells stably transfected with mouse
Fc-receptor III (CD16) were used as effector cells. Flow
cytometry analyses confirmed high expression of CD38 by EL4
andMOPC 315 cells (Figures 3 A, B, panel 1), while human NK-
92 cells were negative for mouse CD38 (not shown). To monitor
TABLE 1 | Characteristics of mouse CD38-specific nanobodies.

Clone Family FR2 CDR3 length KD (nM)

JK3 1 QREL YIVPYGTGSAYTV 13 > 500
NB11 1 QREL YIVPYGTGSAYTS 13 423
JK5 2 EREF DLFDRLVIPREST 13 102
NB32 3 QREV LNY 3 147
NB7 4 EREF WPPRSASWDDYDY 13 93
NB22 4 EREF WPPRSASWDDYDY 13 59
JK16 4 EREF WPQRSASWDDFDY 13 60
JK13 4 EREF WPPRAASWDDYDY 13 113
NB3 4 EREF WPPRAASWDEYDY 13 251
NB24 4 EREF WPPRAANWDEYDY 13 75
NB40 5 QREL DVVDDRGLGFDDY 13 19
NB42 5 QREL DVVDDRGLGFDDY 13 32
NB38 5 QREL DVVDSRGLGFDDY 13 33
Families were designated according to highly similar CDR3 and shared framework
sequences. Variant amino acid positions in the CDR3 within a family are highlighted in
grey. Affinities (KD) of nanobodies for the recombinant ecto-domain of CD38 were
determined by biolayer interferometry.
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ADCC, EL4 and MOPC 315 cells were incubated with eFluor
450-labelled NK92 cells in the absence or presence of Nb-based
mouse IgG2a hcAbs. To evaluate cell death, we monitored
uptake of propidium iodide and decrease in forward scatter by
flow cytometry (Figures 3 A, B, panels 2–4). The results show
that all analyzed hcAbs mediated effective killing of EL4 and
MOPC 315 target cells. In contrast, only background levels of cell
death were observed in the presence of mouse IgG2a hcAbs
carrying the three LALA-PG mutations that abrogate binding to
Fc-receptors (36).

CD38-Specific hcAbs of Families 2, 4, and
5 Mediate CDC
To analyze the potential of hcAbs to induce CDC, we incubated
EL4 and MOPC 315 cells with saturating amounts of mouse
IgG2a hcAbs and guinea pig serum as a source of complement.
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As indicators of cell lysis, we monitored permeabilization of cells
to the DNA-staining dye propidium iodide and decrease in
forward scatter using flow cytometry (Figure 4). The results
show that hcAbs JK5, JK13, and NB38 from families 2, 4 and 5
mediate effective CDC of EL4 and MOPC 315 target cells. In
contrast, only background levels of cell death were observed
when incubations were performed in the presence of the LALA-
PG mutants of the corresponding hcAbs that abrogate binding of
complement factor C1q (36).
DISCUSSION

From immunized llamas, we selected 13 mouse CD38-specific
hcAbs that derive from five nanobody families, each of which
carries a common framework region and a highly similar CDR3.
A

B

FIGURE 1 | Selected heavy chain antibodies specifically recognize mouse CD38. (A) HEK cells were transiently co-transfected with expression constructs for GFP
and either mouse CD38 (top rows) or human CD38 (bottom rows). Twenty-four hours after transfection, cells were incubated sequentially with selected nanobody-
rabbit IgG hcAbs and APC-conjugated anti-rabbit IgG. Control stainings were performed with an isotype control hcAb and with human CD38-specific JK36-hcAb.
Numbers indicate the percentage of cells in the respective quadrants. Data are representative of two independent experiments. (B) Splenocytes from wildtype (WT)
and Cd38-/- mice were incubated with Alexa Fluor 647-conjugated hcAbs, a FITC-conjugated B220-specific mAb, and Alexa Fluor 750 as vitality dye. Control
stainings were performed with an isotype control hcAb and a conventional mouse CD38-specific mAb (clone 90). Gating was performed on live (Alexa Fluor 750-low)
cells. Data are representative of two independent experiments.
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These hcAbs bind specifically to three distinct epitopes of
murine CD38.

All epitope 3-directed hcAbs (i.e., families 4 and 5) inhibited
the GDPR-cyclase activity in a dose dependent fashion. In
contrast, hcAbs of families 1, 2 and 3 had little if any effect on
the GDPR-cyclase activity. This NGD+-based assay is commonly
used to assess the effect of antibodies on CD38 enzyme activity
(37, 43, 46). A limitation of this assay is that it only allows an
estimate of the allosteric inhibitory effect of antibodies on the
GDPR-cyclase, but not necessarily on the ADPR-cyclase or
NAD-glycohydrolase activities of CD38. It is possible that
nanobodies might affect cyclase and NADase activities
differentially. Indeed, in a recent study we found that both,
daratumumab and human CD38-specific hcAb 1067, inhibited
the GDPR-cyclase and ADPR-cyclase activities of human CD38
(47), while neither daratumumab nor hcAb 1067 had any
detectable effect on the NADase activity of CD38. It has been
proposed that CD38 contributes to shaping an immunosuppressive
tumor microenvironment (TME) by fuelling the conversion of
NAD+ to immunosuppressive adenosine (14, 48–50). Since
inhibition of the NADase activity of CD38 is more relevant in
this context than inhibition of its cyclase activities, there remains a
need for better CD38-inhibitory antibodies.
September 2021 | Volume 12 | Article 703574
A
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FIGURE 2 | hcAbs of families 4 and 5 inhibit the GDPR-cyclase activity of mouse CD38. EL4 thymoma cells were incubated with the indicated hcAbs or 10 mM
araF-NAD+ for 15 min at 37°C before fluorescence measurements with a microplate reader. After the first 20 cycles, 50 mM NGD+ was added and kinetic
fluorescence reading (ex/em: 300/410 nm) was continued for 60 min. (A) Representative fluorimetry plots for cells incubated with the indicated hcAbs. Controls
included cells incubated with (green) or without (black) NGD+, and cells incubated with NGD+ and araF-NAD+ (red). Vertical dotted lines at 8 and 20 min depict the
time points used for calculation of slopes depicted in (B). (B) Each dot indicates the slope of the curve during the linear phase (t = 8-20 min), relative to the slope of
the curve obtained from control cells incubated with NGD+ alone (n = 3). Statistical significance was calculated using one-way ANOVA followed by a Bonferroni post
hoc test for multiple comparisons. ****p < 0.0001. Data are representative of three independent experiments.
TABLE 2 | Epitope mapping of nanobody-based mouse CD38-specific hcAbs.

ep Fam Nb JK3647 JK5647 JK13647 JK16647

1 1 JK3 98 17 27 18

1 1 NB11 74 5 17 29

2 2 JK5 29 97 33 5
2 3 NB32 -58 82 -22 -8

3 4 JK13 55 -5 99 100
3 4 JK16 79 25 95 98

3 4 NB3 -19 4 72 78

3 4 NB7 -22 0 71 82

3 4 NB22 -5 3 66 65
3 4 NB24 -27 0 75 79

3 5 NB38 6 15 79 83

3 5 NB40 0 14 75 77
3 5 NB42 12 13 76 75
EL4 thymoma cells were incubated for 30 min at 4 °C with unconjugated hcAbs (indicated
on the left) before addition of Alexa Fluor647-conjugated hcAbs (indicated on top). Cells
were further incubated for 30min at 4 °C, washed twice and analyzed by flow cytometry.
Numbers indicate the percentage maximal blockade of the mean fluorescence intensity of
cells labelled in the presence of competing hcAbs. Negative numbers indicate enhanced
labelling of cells in the presence of the competing hcAbs. Efficiency of inhibition is indicated
by different shades of grey (dark grey: > 80% inhibition, light grey: 50–80% inhibition). Self-
blockade by the nanobody used for labelling is indicated by highlighted boxes in the
diagonal. HcAbs that blocked binding of each other were assigned to the same epitope.
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The CD38-specific hcAbs from all five families, irrespective of
their binding epitopes induced potent ADCC of murine cell
lines. This in line with the results of our previous studies showing
that human CD38-specific nanobody-based hcAbs potently
induced ADCC of several human lymphoma and myeloma cell
lines, including LP-1 myeloma, CA-46 and Daudi Burkitt
lymphoma (35, 51).

Members of hcAbs families 2, 4 and 5, but not of families 1
and 3 also mediated CDC. These findings differ from those of our
previous studies with hcAbs directed against human CD38, in
which we found that the 22 nanobody-based hcAbs directed
against 3 different epitopes of human CD38 showed little if any
capacity to induce CDC against different human CD38
expressing lymphoma cell lines (35, 51). Similar findings were
Frontiers in Immunology | www.frontiersin.org 7102
reported for a panel of 42 human mAbs, of which only a single
Ab, daratumumab, was able to induce CDC (35, 52).

The ability of daratumumab to induce CDC was strongly
potentiated by point mutations of residue E345 or E430 that
facilitate oligomerization of CD38-bound antibodies into
ordered hexamers on the cell surface (53, 54). Similarly
introduction of the E345R mutation also markedly enhanced
the CDC potency of human CD38-specific hcAbs (51).

New structural insights regarding the CDC-inducing potency
have recently been obtained for antibodies directed against the
B-cell membrane protein CD20 (54). These Abs have been
subdivided into two groups, which either recruit complement
effectively (type I) or not (type II). A cryo-electron microscopy
analysis of the Fab fragments of such antibodies in complex
A

B

FIGURE 3 | hcAbs of all five families effectively induce antibody-dependent cellular cytotoxicity against CD38-expressing thymoma and myeloma cell lines. Cell surface
expression of CD38 by EL4 thymoma (A) and MOPC 315 myeloma (B) cells was assessed by flow cytometry using a fluorochrome-conjugated mouse CD38-specific
mAb and an isotype control (open histogram) (panel 1). To assess the capacity of hcAbs to induce ADCC, EL4 cells (A) or MOPC 315 cells (B) were co-cultured with
eFluor 450-labelled NK-92 cells for 3h at 37°C at an effector to target ratio of 3:1 in the presence of CD38-specific mouse IgG2a hcAbs from all five nanobody families.
As controls, we used the same mouse IgG2a hcAbs carrying the LALA-PG mutation that abrogate FcR-binding and a non-binding control hcAb. Cells were then
incubated with propidium iodide (PI) and analyzed by flow cytometry. Representative dot plots illustrate the clear separation of eFluor 450-postive effector cells and eFluor
450-negative target cells (panel 2). To assess cytotoxicity against target cells, gating was performed on eFluor 450-negative cells (panels 3, 4). Representative dot plots in
panels 3 and 4 illustrate the clear distinction of dead target cells (PI-positive, low forward scatter/FSC-A) from live target cells (PI-negative, FSChigh). Panel 3 shows the
results of cells incubated with JK5 hcAb, panel 4 shows the results of cells incubated with the isotype control hcAb. Numbers in panels 2-4 indicate the percentage of
cells in the indicated gated populations. Epitopes and nanobody families are indicated in parentheses behind the nanobody names. Data in bar diagrams represent
mean ± SD from three independent experiments.
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with full length dimeric CD20 found that the CD20 dimer
bound only one Fab arm of the type II mAb obinutuzumab,
but two Fab fragments of the type I mAbs rituximab and
ofatumumab (55). These findings indicate that type I
antibodies act as molecular seeds that allow formation of
oligomeric complexes, while type II antibodies preclude
recruitment of additional complexes. Since CD38 can also
form dimers and oligomers (6, 56), it is tempting to speculate
that mouse CD38-specific hcAbs of families 2, 4, and 5 can
similarly act as molecular seeds that facilitate formation of
oligomeric complexes of CD38 on the cell surface and thereby
enhance CDC.

In vivo studies are ultimately needed to assess the potential
therapeutic efficacy of the hcAbs reported here in mouse
myeloma models. Of note, we have previously shown that
nanobody-based hcAbs can achieve therapeutic efficacy in vivo
in xenograft mouse models using our previously generated
Frontiers in Immunology | www.frontiersin.org 8103
hcAbs directed against human CD38 (35). These human
CD38-specific hcAbs reduced the growth of a systemic
lymphoma and prolonged the survival of tumor bearing SCID
mice. The specificity for murine CD38 makes our hcAbs unique
tools to simultaneously assess the cytotoxicity mechanisms
of CD38-specific hcAbs in vivo against tumor cells and
their potential off-target effects on normal cells expressing
CD38 in syngeneic mouse tumor models, i.e. in a fully
immunocompetent background.
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FIGURE 4 | hcAbs of families 2, 4, and 5 mediate complement-dependent cytotoxicity of cells against CD38-expressing thymoma and myeloma cell lines. EL4
thymoma (A) and MOPC 315 myeloma (B) cells were incubated for 120 min at 37°C with the indicated CD38-specific mouse IgG2a hcAbs in the presence of 25%
guinea pig serum as a source of complement. The same serum was pretreated for 10 min at 70°C to inactivate complement components and used as a control
(heat-inactivated serum). As additional controls, we used LALA-PG mutant hcAbs (with abrogated C1q-binding) and a non-binding control hcAb. Cells were stained
with propidium iodide and analyzed by flow cytometry to quantify the percentage of dead (PI-positive, FSClow) cells. Gating was performed to exclude cellular debris
with very low FSC and low SSC. Numbers in panels 1-4 indicate the percentage of cells in the indicated gated populations. Data in the bar diagrams represent mean
± SD from three independent experiments.
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Nicotinic acid adenine dinucleotide 2’-phosphate (NAADP) is a naturally occurring
nucleotide that has been shown to be involved in the release of Ca2+ from intracellular
stores in a wide variety of cell types, tissues and organisms. Current evidence suggests
that NAADPmay function as a trigger to initiate a Ca2+ signal that is then amplified by other
Ca2+ release mechanisms. A fundamental question that remains unanswered is the
identity of the NAADP receptor. Our recent studies have identified HN1L/JPT2 as a high
affinity NAADP binding protein that is essential for the modulation of Ca2+ channels.

Keywords: NAADP, HN1L/JPT2, ryanodine receptor, two-pore channel, calcium signaling
INTRODUCTION

Nicotinic acid adenine dinucleotide phosphate was first described in 1995 as potent Ca2+ mobilizing
adenine nucleotide (1). NAADP’s biological activity was first observed in sea urchin egg
homogenates (1, 2), soon followed by reports describing NAADP evoked Ca2+ release in
invertebrates (1, 3, 4), mammalian and human cells (5–7). Obviously, NAADP signaling was
very successful in evolution since it operates in both invertebrate and vertebrates.

Here, we will highlight the steps of NAADP’s discovery, the tales and mysteries of its mode of
action, and finally discuss the unifying hypothesis of NAADP action that was published some years
ago (8).
NAADP: DISCOVERY IN SEA URCHIN EGG HOMOGENATE

Hon Cheung Lee’s laboratory at the University of Minnesota developed the sea urchin egg
homogenate system in 1985 in order to study D-myo-inositol 1,4,5-trisphosphate (IP3) induced
Ca2+ mobilization in vitro (2). The egg homogenate system contained Ca2+ pumps that were able to
pump Ca2+ into vesicles in an ATP-dependent manner and IP3 receptors that would release Ca2+

from the vesicles in response to the addition of IP3. Two important observations using the sea
urchin egg homogenate system were made in 1987 (9). The first was that nicotinamide adenine
dinucleotide (NAD) was able to release Ca2+, but only after a lag of several minutes. This
observation led to the discovery of cyclic ADP-ribose (cADPR) (10). The lag in the response to
NAD was due to the conversion of NAD to cADPR by ADP-ribosyl cyclases. The second
observation was that nicotinamide adenine dinucleotide (NADP) caused an immediate and
robust release of Ca2+ from the egg homogenate (9). Further examination of the NADP-induced
Ca2+ release revealed that the release was not due to NADP itself, but a contaminant in commercial
org September 2021 | Volume 12 | Article 7033261106
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sources of NADP that could be resolved chromatographically
from NADP (1). Alkaline treatment of NADP produced a 30-
fold enrichment of the active metabolite that released Ca2+ (1). In
1995, Aarhus and Lee demonstrated that the derivative produced
by alkaline treatment of NADP was nicotinic acid adenine
dinucleotide 2’-phosphate (NAADP) (1). Some of the basic
properties of NAADP-induced Ca2+ release as determined
using the sea urchin egg system are as follows. Ca2+ release by
NAADP was saturable with an EC50 of 30nM, making it the most
potent of the agents (IP3 and cADPR) known to mobilize Ca2+

from intracellular stores (1). NAADP-induced Ca2+ release
exhibited self-desensitization, but the action of NAADP was
not desensitized by preexposure to IP3 or cADPR (1).
Antagonists of IP3 or cADPR did not block NAADP-induced
Ca2+ release (1). In addition, the Ca2+ stores sensitive to NAADP
were distinct than those released by IP3 or cADPR as indicated
by density gradient fractionation of egg homogenates and
stratifying live sea urchin eggs by centrifugation. While IP3 and
cADPR appear to release Ca2+ from endoplasmic reticulum
stores, NAADP releases Ca2+ from a thapsigargin-insensitive
store that has the properties consistent with being acidic
lysosomal type organelles (11, 12). In the sea urchin egg
system, NAADP displays a unique self-inactivation mechanism
(13, 14). Subthreshold concentrations of NAADP inhibit
subsequent Ca2+ release by maximal concentrations of NAADP
in a time and concentration-dependent manner (13, 14).
NAADP was shown to be active in intact cells as microinjection
of NAADP into live sea urchin eggs resulted in Ca2+ mobilization
and induced a cortical reaction (1). NAADP has now been shown to
be active in many cell types [reviewed in references (15–18)].
NAADP: ENDO/SARCOPLASMIC
RETICULUM AND RYANODINE
RECEPTORS

The molecular mechanisms involved in Ca2+ mobilizing activity
of NAADP have been a matter of many discussions in the past
years: basically, two hypotheses evolved: (i) NAADP activates
type 1 ryanodine receptor (RYR1) localized on endoplasmic
reticulum (ER) Ca2+ stores, or (ii) NAADP’s target organelles
are acidic endo-lysosomal stores and Ca2+ mobilization proceeds
via two-pore channels (TPC).

In 1999 Cancela et al. proposed a model for pancreatic acinar
cells in which nanomolar concentrations of NAADP activate an
unknown NAADP receptor/Ca2+ channel that releases trigger
Ca2+ which then would be amplified by Ca2+ induced Ca2+

release (CICR) through RYR (19). A more direct effect of
NAADP on cardiac RYR (RYR2) was reported in 2001
showing Ca2+ release from cardiac microsomes; further, RYR2s
in lipid planar bilayers were activated by NAADP (20). However,
micromolar NAADP was used in (20) while in most other studies
nanomolar NAADP was sufficient to evoke Ca2+ release. One
year later, in a similar experimental approach in lipid planar
bilayers, low nanomolar NAADP (EC50 ~ 30 nM) increased the
open probability of RYR1 from skeletal muscle of RYR1 (21).
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However, others did not confirm RYR activation by NAADP in
lipid planar bilayers (22, 23). In 2003, in the nuclear envelope of
pancreatic acinar cells, NAADP-evoked Ca2+ release was not
affected by inhibition of lysosomal acidification, but was blocked
by antagonists of RYR, ryanodine and ruthenium red, as well as
by depletion of ER using SERCA inhibitor thapsigargin;
accordingly, it was hypothesized that NAADP acts on RYR,
but most likely indirectly via a NAADP binding protein
(NAADP BP) (24). In 2004 and 2005, RYR was identified as
major Ca2+ channel responding to NAADP in T cells; using a
combination of NAADP microinjection during Ca2+ imaging,
NAADP evoked local and global Ca2+ signaling was abolished by
either pharmacological inhibition or gene silencing of RYR (25).
More evidence for NAADP acting on RYR1 was obtained in
partially purified RYR1 preparations where NAADP facilitated
[3H]ryanodine binding, while this was blocked by a novel
NAADP antagonist, BZ194 (26). Collectively, these data
indicated that if an unknown NAADP receptor/Ca2+ channel,
as proposed by Cancela et al. (19), would be involved to produce
trigger Ca2+ ahead of activation of RYR by CICR, this process
must be working with very small and very fast Ca2+ signals. To
solve this problem, at least partially, high-resolution Ca2+

imaging was optimized for T cells and combined with NAADP
microinjections and specific gene knock-outs (27). Using high
spatiotemporal resolution (25 ms, 368 nm), for the first time
initial local Ca2+ signals of T cells were characterized; while
experiments with Ryr1-/-, Orai1-/-, Stim1-/- and Stim2-/- T cells
identified the protein products of these genes as major elements
essential for NAADP evoked Ca2+ signaling, evidence for
involvement of other ion channels was not obtained (27, 28).
Though further studies from Petersen and colleagues confirmed
that NAADP acts on ER stores via RYR in pancreatic acinar cell
function, they also emphasized that acidic stores and two-pore
channels (TPC) are additionally required (29).

However, as mentioned above, in a couple of systems, RYR1
did not respond to NAADP. Using overexpression of RYR1 in
HEK cells and intracellular dialysis of 10 nM NAADP did not
evoke Ca2+ signals above background (30). In a similar cell
model, HEK cell overexpressing RYR1, direct activation NAADP
(30 nM and 1 μM) activation of RYR1 by on-nucleus patch
clamp was not observed (31).

Taken together, these studies suggest two different roles for
RYR in NAADP signaling: (i) as amplifier of initial lysosomal
Ca2+ signals, or (ii) in a more direct sense as NAADP sensitive
Ca2+ channels. However, the latter results appear to be restricted
to T cells and pancreatic acinar cells. While in pancreatic acinar
cells also the endo-lysosomal system and TPCs were found to be
involved in NAADP signaling, in T cells a role of endo-lysosomes
remains to be confirmed (32).
NAADP: ACIDIC STORES AND
TWO-PORE-CHANNELS

The second hypothesis regarding NAADP’s mechanism of action
is that NAADP targets organelles that are acidic endo-lysosomal
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stores and Ca2+ mobilization proceeds via two-pore channels
(TPCs) Several laboratories have demonstrated that the two-pore
channel (TPC) family of endolysosomal proteins are regulated by
NAADP (33–35). The experimental approaches utilized to
support the role of TPCs in NAADP signaling, include
manipulation of TPC levels by overexpression (33–36) or
knockdown (33, 34), as well as electrophysiological analyses
(36–39). However, in some reports TPCs were found to be
activated primarily by phosphatidylinositol 3,5-bisphosphate
and to conduct Na+ currents rather than Ca2+ currents (40–42).

An important unresolved issue is whether TPCs directly
interact with NAADP. Most biological data suggest that while
TPCs are required for NAADP action, NAADP does not appear
to bind directly to TPCs. For instance, overexpression of
mammalian TPC2 slightly increased [32P]NAADP binding
activity, but the increment in binding was much lower than
the increase in TPC2 mRNA levels (3-fold versus 250-fold)
(34). [32P]NAADP binding activity was also found in
immunoprecipitates using antibodies to sea urchin TPCs (39).
The question of whether NAADP binds directly to TPCs was
assessed by photoaffinity labeling. [32P]-5-azido-NAADP was
synthesized and characterized as a photoaffinity probe for
NAADP binding sites (43–46). 5-azido-NAADP was previously
shown to release Ca2+ from sea urchin egg homogenates and
mammalian cells with high affinity (44, 47). Photoaffinity
labeling of sea urchin egg homogenates with [32P]-5-azido-
NAADP resulted in specific labeling of proteins with molecular
weights of 45, 40 and 30kDa, which are much smaller in size
than the TPCs expressed in sea urchin (45). These proteins
exhibited the properties of high affinity [32P]-NAADP binding
previously described in this system (45). The photolabeled
proteins were not recognized by antibodies to sea urchin TPCs
suggesting these proteins are immunologically distinct from
TPCs (45). A small amount (~5%) of the photolabeled 45 and
40kDa proteins were pulled down with antibodies to sea urchin
TPCs, suggesting an interaction between these proteins and
TPCs (45).

Photolabeling in mammalian cell extracts with [32P]-5-azido-
NAADP resulted in the specific labeling of 23kDa protein(s)
(44, 46). The photolabeling pattern was not changed by
overexpression of TPC isoforms (44). Photolabeling was also
unchanged in tissue samples form TPC1 or TPC2 knockout
mice (44). Similar results were also obtained with a TPC1/
TPC2 double knockout mouse model (48). The unchanged
photolabeling from overexpression and knockout models
indicates that the high affinity NAADP binding proteins
detected by [32P]-5-azido-NAADP in mammalian systems are
independent of TPC proteins. Overall, the data suggest that a
NAADP-sensitive complex containing the TPC channel and
high affinity NAADP binding protein(s) is responsible for
mediating NAADP-evoked Ca2+ release.

The identity of the high affinity NAADP binding
proteins identified via photoaffinity labeling is crucial to
our understanding of the mechanism by which NAADP elicits
Ca2+ release. The next section details our efforts to accomplish
this task.
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NAADP: UNIFYING HYPOTHESIS

One excellent possibility to identify proteins that specifically
bind small ligands is photoaffinity labelling. In 2012 independent
studies reported photoaffinity labelling experiments with [32P]-5-
N3-NAADP as PAL-ligand (44–46). The main, but unexpected
finding of all three reports was labelling of small soluble proteins
in mammalian cell extracts (44, 46). In the two reports conducted
in different mammalian cell lines and tissues, a protein double
band of 22/23kDa was labelled consistently by [32P]-5-N3-
NAADP and specificity was demonstrated by displacement of
the label by low nanomolar concentrations of ‘cold’ NAADP
(44, 46).

These novel findings resulted in the ‘unifying hypothesis’ (8).
The central idea of this hypothesis consists of a (small) NAADP
binding protein and a Ca2+ channel that is activated by the
NAADP binding protein in conjunction with NAADP. This idea
builds on an earlier report by Petersen’s group where binding
proteins for NAADP or cADPR were proposed to activate RYR
(24). The ‘unifying hypothesis’ helps to explain the fact that one
part of the community obtained evidence of RYR1 localized on
the ER as target of NAADP, but not for lysosomal TPCs, while
the other part reported data supporting TPCs localized on
lysosomes as NAADP’s target channels, but did not find
evidence for RYR in NAADP signaling (for details see
chapters above).

The molecular identification of the protein hidden in the 22/
23kDa band that was photoaffinity labelled turned out to be as
complicated as the design of NAADP analogues suitable for
photo-affinity labelling (48–50). Nine years after discovery of the
small soluble NAADP binding proteins and formulation of the
‘unifying hypothesis’, two back-to-back studies in Science
Signaling reported identification of a 21kDa NAADP binding
protein as haematological and neurological expressed 1-like
protein (HN1L)/Jupiter microtubule associated homolog 2
(JPT2) in March 2021 (51, 52). HN1L/JPT2 was purified
independently from erythrocytes and Jurkat T-lymphocytes
using photo-affinity labeling as selection criterion during
protein purification and enrichment steps. HN1L/JPT2, also
known as C16orf34, FLJ13092, KIAA1426, or L11, is a 20.1
kDa protein with broad expression in mammalian cell types (see
human protein atlas.org) and with orthologues throughout the
animal kingdom (51). Recombinantly expressed HN1L/JPT2
was specifically photo-affinity labelled, though displacement
by ‘cold’ NAADP was somewhat shifted to higher NAADP
concentrations (51, 52). Crucial experiments to validate HN1L/
JPT2’s role as signal transducer in NAADP signaling were (i)
decreased responsiveness of SKBR cells to microinjected
NAADP upon gene silencing of HN1L/JPT2 by shRNA (44)
and (ii) largely diminished initial Ca2+ microdomains upon
knock out of Hn1l/Jpt2 using CRISPR/Cas technology both in
human Jurkat T cells or in primary rat effector T cells (51).
Further, inHn1l/Jpt2-/- rat T cells, NAADP antagonist BZ194 did
not further enhance the Ca2+ phenotype suggesting that the same
signaling pathway is affected by both interventions (52). These
results confirmed the first part of the ‘unifying hypothesis’ since
September 2021 | Volume 12 | Article 703326
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the NAADP binding protein is not any more a faint band on a
phosphoscreen, but an identified protein to be further analysed
and validated by the scientific community. But what about the
second part of the ‘unifying hypothesis’, activation of different
ion channels? Roggenkamp et al. (52) reported co-localization of
HN1L/JPT2 with RYR already before T cell receptor (TCR)/CD3
stimulation using super-resolution microscopy (Figure 1) (52).
Further, TCR/CD3-dependent re-localization of HN1L/JPT2
from the cytosol towards the plasma membrane within seconds
was observed by super-resolution microscopy. Finally, HN1L/
JPT2 was detected by western blot in anti-RYR immunoprecipitates
from Jurkat T cells (52). Collectively these data confirm interaction
of HN1L/JPT2 with RYR.

But what about other proposed target channels for NAADP?
Gunaratne et al. (51) demonstrated co-immunoprecipitation of
HN1L/JPT2 when TPC1, but not TPC2, was pulled down from
HEK293 cells overexpressing GFP-tagged TPC1 or TPC2
demonstrating that HN1L/JPT2 may function as a switch point
to direct incoming signals either to RYR1 or TPC1 activation
(Figure 2). The fact that HN1L/JPT2 interacts with two different
ion channels nicely confirms the second part of the ‘unifying
hypothesis’ and paves the way for experiments to unravel the
molecular mechanism(s) opening this bifurcation onto one or
the other path.
Frontiers in Immunology | www.frontiersin.org 4109
DISCUSSION AND OUTLOOK

Despite confirmation of the main aspects of the ‘unifying’
hypothesis , several questions remain open. Though
photoaffinity labelling of HN1L/JPT2 and specific and high
affinity binding of [32P]NAADP were demonstrated (51, 52),
details of the molecular basis for NAADP binding to HN1L/JPT2
remain elusive. Under non-reducing conditions, recombinant
HN1L/JPT2 was detected in size exclusion-HPLC mainly as
dimer, though higher oligomers and monomers were observed,
too (52). It is currently unclear whether this might be an artefact
due to recombinant HN1L/JPT2 production, or whether there is
a biological background, perhaps related to regulation of HN1L/
JPT’s activity in NAADP signaling. Further, the binding site of
NAADP on HN1L/JPT2 so far has not been mapped. However,
understanding binding of NAADP would greatly facilitate
further structure-activity studies to translate the basic finding
of a novel signal transducer to pharmacology and hopefully to
therapy. What type of disease and therapy is meant? In 2010 it
was shown that NAADP signaling is an important determinant
of CNS autoimmunity (53); however, specific, high affinity
compounds antagonizing NAADP’s interaction with HNL1
that may be tested in multiple sclerosis animal model
experimental autoimmune encephalomyelitis are not yet known.
FIGURE 1 | HN1L/JPT2 co-localization with ryanodine receptors and scheme of Ca2+ microdomain formation by ryanodine receptors and ORAI1 channels in
ER-PM junctions of T cells. Left: Co-localization of HN1L/JPT2 with RYR shown by super-resolution microscopy in a single Jurkat T cell [image taken from Figure 6
of (45)]. From (52). Reprinted with permission from AAAS. Right: scheme of Ca2+ microdomain formation by RYRs and ORAI1 channels in ER-PM junctions of T
cells. Abbreviations used: STIM1/2, stromal interaction molecule 1 and/or 2.
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Next open question relates to the molecular basis for HN1L/
JPT2 binding to and activation of different Ca2+ channels. Like
for NAADP binding, we do not know the binding interface of
either side. However, also this protein-protein interaction would
be of high translational value for the same reasons as quoted for
the NAADP binding site at HN1L/JPT2 above. Another point
of interest is the interaction of HN1L/JPT2 with TPC isoforms.
Co-immunoprecipitation was only confirmed for TPC1, but not
for TPC2 (51). However, the molecular basis for this is unclear.
This differential binding of HN1L/JPT2 to TPC1, but not TPC2,
also opens the question of further, still unknown members of the
NAADP signalosome.

Further, the exact kinetic mechanism of NAADP-HN1L/JPT2-
Ca2+ channel interaction is unknown. Possible would be (i) that
NAADP binds HN1L/JPT2 first and afterwards to the Ca2+ channel
or (ii) that a fraction of HN1L/JPT2 is already bound to the Ca2+

channel before cell activation and operates like in a “waiting
position” until NAADP formation upon cell activation takes place.

It is possible that other NAADP binding proteins exist and
participate in NAADP signalsome. Zhang et al. have identified
Lsm12 as a high affinity NAADP binding protein that is essential
for NAADP -induced TPC2 activation (54). The Lsm12 data
suggest that NAADP signaling has more components that need
to be identified and studied.

In conclusion, the identification of HN1L/JPT2 constitutes a
milestone in Ca2+ signaling research, allowing for future
characterization of the molecular basis as well as for translational
Frontiers in Immunology | www.frontiersin.org 5110
research towards therapeutic applications. The ‘unifying
hypothesis’ was confirmed in its major aspects, however, the
current model does not explain the complexity and calls for
further investigation of the NAADP signaling pathway.
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