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Abstract

Nicotinic acid adenine dinucleotide phosphate (NAADP) is the most potent Ca**
mobilizing second messenger known to date. Major steps elucidating metabolism
and Ca?* mobilizing activity of NAADP are reviewed, with emphasis on a novel
redox cycle between the inactive reduced form, NAADPH, and the active
oxidized form, NAADP. Oxidation from NAADPH to NAADP is catalyzed in
cell free system by (dual) NADPH oxidases NOXS5, DUOXI1, and DUOX2,
whereas reduction from NAADP to NAADPH is catalyzed by glucose
6-phosphate dehydrogenase. Using different knockout models for NOX and
DUOX isozymes, DUOX2 was identified as NAADP forming enzyme in early
T-cell activation.

Recently, receptors or binding proteins for NAADP were identified: hemato-
logical and neurological expressed 1-like protein (HN1L)/Jupiter microtubule
associated homolog 2 (JPT2) and Lsm12 are small cytosolic proteins that bind
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NAADP. In addition, they interact with NAADP-sensitive Ca** channels, such as
ryanodine receptor type 1 (RYR1) or two-pore channels (TPC).

Due to its role as Ca®* mobilizing second messenger in T cells, NAADP’s
involvement in inflammation is also reviewed. In the central nervous system
(CNS), NAADP regulates autoimmunity because NAADP antagonism affects a
couple of T-cell migration and re-activation events, e.g. secretion of the
pro-inflammatory cytokine interleukin-17. Further, the role of NAADP in
transdifferentiation of IL-17-producing Th17 cells into T regulatory type 1 cells
in vitro and in vivo is discussed.

1

Keywords

(dual) NADPH oxidase - Ca®* signaling - HN1L/JPT2 - Inflammation - NAADP -
Ryanodine receptor type 1

The Ca** Mobilizing Second Messenger NAADP: Things
to Know at a Glance

The discovery of Ca** mobilizing second messenger nicotinic acid adenine dinucle-
otide phosphate (NAADP; Fig. 1) started when an (obviously impure) commercial
NADP preparation was shown to release Ca>* from sea urchin egg homogenates
(Clapper et al. 1987). Yet it took another 8 years until the structure of the impurity
was identified as NAADP (Lee and Aarhus 1995). While the initial characterization
of NAADP’s potential to release Ca®* was carried out in sea urchin egg
homogenates, rapidly thereafter NAADP’s activity was reported also in other cell
systems, e.g. ascidian oocytes (Albrieux et al. 1998), starfish oocytes (Santella et al.
2000), pancreatic acinar cells (Cancela et al. 1999), or human T-lymphocytes (Berg
et al. 2000).

Fig. 1 Structure of NAADP NAADP
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When comparing NAADP’s activity in sea urchin eggs and higher eukaryotic
cells, characteristic differences were observed, e.g. regarding NAADP
concentrations necessary for desensitization. The underlying mechanism has not
yet been fully resolved, but it appears that the NAADP receptors or binding proteins
from sea urchin egg homogenates and higher eukaryotic cells are different, as shown
by photoaffinity labeling (Lin-Moshier et al. 2012; Walseth et al. 2012b; vs Walseth
et al. 2012a). At least the NAADP receptors/binding proteins of higher eukaryotic
cells have meanwhile been identified as hematological and neurological expressed
1-like protein (HNI1L)/Jupiter microtubule associated homolog 2 (JPT2)
(Roggenkamp et al. 2021; Gunaratne et al. 2021). Briefly after the discovery of
HNIL/JPT2, a second NAADP receptor/binding protein, Lsm12, was described
(Zhang et al. 2021). NAADP receptors/binding proteins of higher eukaryotic cells
are not Ca** channels on their own, but upon NAADP binding activate Ca>*
channels (Fig. 2). This somewhat unexpected mechanism was first proposed for
pancreatic acinar cells (Gerasimenko et al. 2003) and later adopted as basis for a
“unifying hypothesis” to explain the fact that different Ca>* channels were reported
to be sensitive to NAADP (Guse 2012). The unifying hypothesis was modified in
2018 proposing more than one NAADP receptor/binding protein and at least two
Ca** channels that can be activated by NAADP (Guse and Diercks 2018). NAADP-
sensitive Ca”* channels so far identified are type 1 ryanodine receptor (RYR1)
(Hohenegger et al. 2002; Dammermann et al. 2009; Wolf et al. 2015) and
two-pore channels (TPC) (Zong et al. 2009; Brailoiu et al. 2009; Calcraft et al.
2009) (Fig. 2).

Another relevant topic in NAADP’s history is its biosynthesis. The multifunc-
tional NAD-glycohydrolase/ADP-ribosyl cyclase CD38 was early reported to syn-
thesize NAADP from NADP via the “base-exchange reaction” (Aarhus et al. 1995)
(Fig. 2). This happens under unphysiological conditions as far as the cytosol is
concerned, since the reaction requires excess of nicotinic acid (mM range) and
pH 4-5. Taking these “acidic” conditions into account, CD38-catalyzed synthesis
of NAADP in the acidic lumen of lysosomes was proposed (Fang et al. 2018; Nam
et al. 2020) (Fig. 2). However, intra-lysosomal synthesis of NAADP requires
transport of NADP and nicotinic acid into the lysosomal lumen and of NAADP
from the lumen back into the cytosol; currently, import of NADP by connexin-43
has been proposed (Nam et al. 2020) while the export protein for NAADP toward the
cytosol is unknown. However, alternative enzymes for NAADP synthesis have been
described recently, sterile alpha toll/interleukin receptor motif containing-1
(SARM1; reviewed in DiAntonio et al. 2021) and DUOX2 (Gu et al. 2021).
According to current knowledge, regulation of SARMI1 proceeds via the nicotin-
amide adenine dinucleotide (NAD)/nicotinamide mononucleotide (NMN) ratio
through the autoinhibitory ARM domain of SARMI: a high NAD concentration
keeps SARM1 inactive due to autoinhibitory activity of the ARM domain, whereas
decreasing endogenous NAD combined with increasing NMN induces a conforma-
tional change leading to activation of multifunctional enzymatic activities already
known from CD38. These are conversion of NAD to adenosine diphosphoribose
(ADPR) or cyclic adenosine diphosphoribose (cCADPR), or conversion of NADP
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Fig. 2 NAADP metabolism and signaling. Receptor evoked formation of NAADP proceeds via a
redox cycle between NAADPH and NAADP in T cells. Oxidation of NAADPH is catalyzed by dual
NADPH oxidase DUOX2 and reduction of NAADP by glucose 6-phosphate dehydrogenase
(G6P-DH). Another proposed way for NAADP synthesis is the base-exchange reaction from
NADP that can be catalyzed by CD38 or SARMI1. CD38-catalyzed NAADP formation in the
lysosomal lumen requires so far not identified transport systems for NADP and nicotinic acid
(substrates) into the lysosome and an export system for NAADP. SARMI activation is regulated by
the ratio of [NAD*)/[nicotinamide mononucleotide (NMN)]; excess of NMN binds to the
autoinhibitory ARM domain thereby activating SARMI1 enzyme function. Once formed, NAADP
binds to an NAADP receptor/binding protein, as proposed in the unifying hypothesis (Guse 2012);
currently, two such high affinity NAADP receptors/binding proteins were identified, HN1L/JPT2
(Roggenkamp et al. 2021; Gunaratne et al. 2021). While HN1L/JPT2 appears to activate both
RYRI (Roggenkamp et al. 2021) and TPC1 (Gunaratne et al. 2021), Lsm12 was found in a screen
toward proteins interacting with TPC2 (Zhang et al. 2021)

through the “base-exchange reaction” to NAADP (Zhao et al. 2019). Thus, so far
SARMI enzymatic activity appears to rather depend on NAD metabolism than on a
signaling process evoked by a receptor.

Since the current Handbook of Experimental Pharmacology recently published
two comprehensive reviews on NAADP signaling and endo-lysosomal Ca®*
channels (Galione et al. 2022; Rautenberg et al. 2022), in the next chapters I will
concentrate on the DUOX2-HN1L-RYR 1 axis, as described for T-lymphocytes
(or T cells). Further, NAADP’s relevance for inflammation will be discussed.
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2 A Novel Redox Cycle as Hub for NAADP Metabolism

Many cell types express CD38 and despite the non-physiological conditions required
for the “base-exchange” reaction in the cytosol (see above), CD38 was considered a
reasonable “prime” candidate for NAADP formation. However, when endogenous
NAADP was determined in lymphoid tissues spleen and thymus, no significant
difference between wild-type tissue and Cd38~ tissue was observed (Schmid
et al. 2011). Similar results were obtained in human myometrial cells (Soares et al.
2007). Further, primary T cells from Cd38~/~ mice were neither different from wild-
type T cells regarding initial, local Ca”* signals, defined as Ca®* microdomains
(Wolf et al. 2015), nor regarding global Ca®* signaling, indicating no acute role for
CD38 in NAADP formation. It should be noted here that NAADP formation
proceeds very rapidly in T cells; an about sevenfold transient increase over basal
concentration upon T-cell receptor (TCR)/CD3 stimulation was observed within 10s
post stimulation (Gasser et al. 2006). In 2015, I reviewed metabolism of NAADP
mentioning potential novel pathways for NAADP formation, . . .in theory there are
some more possibilities for NAADP formation: (1) conversion of NAADPH to
NAADP by NADPH oxidase, (2) conversion of NAAD to NAADP by a kinase,
and (3) conversion of NADP to NAADP by a deamidase” (Guse 2015). While
experimental evidence for options (2) or (3) have not been obtained in our hands,
and to the best of my knowledge also not by other laboratories, we discovered that
(dual) NADPH oxidase family (NOX/DUOX) members produce NAADP from its
reduced form, NAADPH, and are involved in generation of NAADP upon
TCR/CD3 stimulation (Gu et al. 2021).

The finding that NOX/DUOX enzymes might be involved in NAADP formation
is somewhat surprising. The general view of the role of NOX/DUOX is production
of reactive oxygen species (ROS), e.g. O, or H;O,, as main products, whereas
NADP, that is generated from NADPH, is considered a less important by-product
(Fig. 3a) (comprehensive review of NOX/DUOX by Buvelot et al. 2019). However,
the NOX/DUOX catalyzed reactions may also be seen from a different angle,
focusing on the product NAADP, as oxidized form of NAADPH (Fig. 3b). In fact,
Gu et al. (2021) demonstrated in cell free system that NOXS, used as a model
enzyme for the NOX subgroup of NOX/DUOX enzyme family, catalyzes the
formation of NAADP from NAADPH. Formation of NAADP takes part at the
cytosolic side of the plasma membrane and requires almost neutral pH
(pH optimum at approx. 7.5). K, and vy,x values are very much comparable
between the substrates NAADPH and NADPH (Gu et al. 2021). Also the dual
NADPH oxidases (DUOX) DUOX1 and DUOX?2 oxidized NAADPH to NAADP;
for DUOX2, the enzymatic activity was similar for the substrates NADPH or
NAADPH, while DUOX1 preferentially oxidized NADPH (Gu et al. 2021). The
substratt: NAADPH was synthesized by chemical reduction of NAADP and
characterized by photometry at 340 nm. As a technical note, NAADPH is not very
stable under oxidizing conditions; thus, buffers used for storage or the enzyme
assays should by free of dissolved O, and control samples without enzyme/protein
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Fig. 3 NAADP formation by A major substrate major product(s)
(dual) NADPH oxidases 20, =
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view of NADPH oxidase
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fraction should always be run in parallel to correct the enzymatic activity for
non-enzymatic degradation (oxidation) of NAADPH.

Though NAADP production by membranes overexpressing NOXS5, DUOX1, or
DUOX?2 was clearly demonstrated, the question remained whether the oxidation of
NAADPH to NAADP would play any role in intact cells. As in many similar
settings, knockout models were employed. T cells express mainly NOX1, NOX2,
and to a minor extent also DUOX1 and DUOX2 (Gu et al. 2021). Despite relatively
high expression levels of NOX1 and NOX2, no phenotype regarding TCR/CD3-
evoked Ca®* signaling was observed in T cells from NoxI ™~ or mCybb ™’ mice
(mCybb = gene name for gene of DUOX2) (Gu et al. 2021). In contrast, a functional
double knockout of DUOX1 and DUOX2 showed a very clear Ca®* phenotype:
almost complete lack of Ca** microdomains over the first 15 s upon TCR/CD3
stimulation and delayed onset of global Ca®* signaling combined with attenuated
Ca”* peak and plateau data (Gu et al. 2021); this functional double knockout of
DUOX1 and DUOX2 is due to gene deletion of the maturation factors DUOXA1
and DUOXA?2 (Grasberger and Refetoff 2006) resulting in lack of expression and
lack of correct trafficking of DUOX1 and DUOX2 (Gunaratne et al. 2021). To
clarify the role of each isozyme, DUOX1 or DUOX2, individual gene deletions were
made in rat effector T cells. Whereas DuoxI " T cells showed Ca®* microdomains
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almost identical to wild-type T cells over the first 15 s, in Duo2 ™"~ T cells Ca**
microdomains were diminished, in particular over the first 10s of stimulation
(Gu et al. 2021). These data suggested that DUOX2 plays the major role for
NAADP production leading to initial Ca®* microdomains in T cells; however,
from approx. 20s on the effect of single gene deletion of Duox2 vanished, while in
the functional double knockout of DUOX2 and DUOXI no Ca** microdomains
were observed above background at this time point. This indicates that DUOX1 may
substitute for DUOX2 in that period of time. However, this intricate relation clearly
requires further work in the future.

As mentioned above NOX and DUOX enzymes produce ROS while oxidizing
NADPH, but this is of course not restricted to this coenzyme, but also holds true for
NAADPH as substrate. It is well known that ROS, e.g. H,O,, interferes with Ca%*
signaling. Certain Ca®* channels, e.g. transient receptor potential melastatin 2, are
activated by H,O, (Wehage et al. 2002). The underlying mechanism is not fully
clarified, but likely is an indirect one evoked by an increase in cytosolic adenosine
diphosphoribose (ADPR) concentration, as discussed recently in Fliegert et al.
(2018). Further, it was reported that ROS-dependent sulfonylation inhibits sarco-
plasmic/endoplasmic reticular Ca®* ATPase 2 (SERCA2) (reviewed by Roscoe and
Sevier 2020). In both examples, ROS generation would also increase the free
cytosolic Ca** concentration. However, at this point it is necessary to take a closer
look to the concentrations and topology involved. Whereas TRPM2 activation or
SERCA?2 inhibition requires H,O, concentration in the micromolar range, the
concentration of the by-product H,O, during NAADP formation in T cells is in
the low nanomolar range (approx. 40 nM). Further, while formation of NAADP by
DUOX?2 takes place just below the inner leaflet of the plasma membrane, equimolar
H,0, is produced at the extracellular space, just above the plasma membrane.
Extracellular H,O, likely rapidly diffuses away from the plasma membrane and
may, likely only partially, be taken up by H,O,-transporting aquaporins 3 or
8 (da Silva and Soveral 2021), if such an uptake happens at all at such low H,0,
concentrations.

Nevertheless, no evidence for critical H,O, formation/uptake in the first 15 s of T
cell activation was obtained (Gu et al. 2021). However, at longer stimulation periods,
H,0, generation by DUOX1 that depends mainly (or exclusively) on NADPH as
electron donating coenzyme was shown to elevate the free cytosolic Ca** concen-
tration by increased activation of the p-myo-inositol 1,4,5-trisphosphate (IP3) signal-
ing pathway (Kwon et al. 2010).

Oxidation of NAADPH to NADP by NOX/DUOX enzymes only constitutes one
half of the newly described redox cycle as hub for NAADP metabolism. The second
half consists of reduction of NAADP to NAADPH. That this reaction works not only
for NADP, but also for NAADP, was shown by Genazzani’s group using glucose
6-phosphate dehydrogenase (G6P-DH) as catalyzing enzyme (Billington et al.
2004). Other major NADP-dependent dehydrogenases, e.g. 6-phosphogluconate
dehydrogenase, isocitrate dehydrogenase, or malate dehydrogenase did not convert
NAADPH to NAADP (Gu et al. 2021). Thus, at least so far the novel redox cycle
employs NOX/DUOX enzymes for oxidation and G6P-DH for reduction (Fig. 2).
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This redox cycle allows not only for very rapid formation of NAADP, but also for a
similarly rapid backward reaction to the inactive (regarding Ca>* release activity)
NAADPH. Nevertheless, since NAADP can also be degraded by CD38 (Schmid
et al. 2011) or by alkaline phosphatase (Schmid et al. 2012), the NAADP/NAADPH
redox cycle requires fill-up reactions for either NAADP or NAADPH that need to be
defined in the future.

3 Novel NAADP Receptors Coupling to Ca?* Channels

Ligand-activated ion channels form a significant group among ion channels. Since
IP;, the first Ca** mobilizing second messenger discovered, directly binds as
activating ligand to its target Ca>* channel, the IP5 receptor, researchers expected a
similar situation also for NAADP. Thus, it came as a big surprise when photoaffinity
labeling experiments using NAADP modified at the 5’-position of the nicotinic acid
moiety resulted in labeling of small cytosolic proteins, but not in labeling of the
candidate Ca®* channels RYR1 or TPC (Walseth et al. 2012a,b; Lin-Moshier et al.
2012). Since an NAADP binding protein was proposed earlier by Petersen’s group
(Gerasimenko et al. 2003), a unifying hypothesis to harmonize the different models
of NAADP’s mode of action was developed (Guse 2012). Central idea of the
unifying hypothesis is that NAADP binds to a receptor/binding protein which is
not an ion channel, but when bound to NAADP, activates an ion channel (Guse
2012). Though specific labeling of proteins by the photoaffinity probes developed by
Walseth and Slama (Jain et al. 2010; Lin-Moshier et al. 2012; Walseth et al.
2012a, b; Ali et al. 2014; Trabbic et al. 2015; Gunaratne et al. 2019; Asfaha et al.
2019; Su et al. 2021) was already possible in 2012, it took another 9 years until
identification of HN1L/JPT2 (Roggenkamp et al. 2021; Gunaratne et al. 2021), and
briefly thereafter of Lsm12 (Zhang et al. 2021) as NAADP receptors/binding
proteins.

HNI1L/JPT2 was identified independently in two different cell systems, human
Jurkat T-lymphoma cells (Roggenkamp et al. 2021) and human erythrocytes
(Gunaratne et al. 2021). However, in both projects classical column chromatography
for enrichment of NAADP binding proteins and detection by photoaffinity labeling
were employed. Gunaratne et al. (2021) in addition used an affinity purification
approach in which pre-purified cytosolic protein was first photoaffinity labeled by
the bifunctional photoprobe alkyne—*“all-in-one-clickable” (AIOC)-NAADP, which
in a second step was biotinylated by copper-catalyzed azide-alkyne cycloaddition.
Then, this adduct was bound to neutravidin agarose beads for purification from
unbound proteins. After another chromatography step, HN1L/JPT2 was identified
by mass spec as highly enriched candidate (Gunaratne et al. 2021). In contrast,
Roggenkamp et al. (2021) relied on a series of classical column chromatography
steps: anion exchange, cation exchange, and hydrophobic interaction resulting in
three candidates. A small molecular weight protein, approx. 22/23 kDa, was submit-
ted to mass spectrometry and HN1L/JPT2 (molecular mass 20.1 kDa) was detected
as one of the four most abundant candidates (Roggenkamp et al. 2021). However,
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HNIL/JPT2 was actually the only protein among these four proteins for which a
fully defined function was not available.

While both studies used comparable purification and detection approaches, dif-
ferent strategies for evaluating HN1L/JPT’s potential role in NAADP signaling were
pursued. Roggenkamp et al. (2021) used Crispr/CAS for gene deletion of Hnil/Jpt2
in human Jurkat T-lymphoma cells and global Ca®* signaling upon TCR/CD3
stimulation was similarly amended as for knockout of Duox2 (Gu et al. 2021):
delayed signal onset and decreased Ca”** peak and plateau values (Roggenkamp
et al. 2021). By transient re-expression of HNI1L/JPT2 in Hnll/Jpr2~~ Jurkat T
cells, this phenotype was at least partially compensated. A more direct effect was
expected for NAADP-dependent Ca”* microdomains in Hnll/Jpt2™"~ T cells. In
fact, TCR/CD3-evoked Ca** microdomains were almost absent in the first 15 s upon
stimulation. These results were confirmed in rat effector T cells; here, in addition, it
was shown that the changes of global Ca®* signaling upon TCR/CD3 stimulation of
Hnll/Jpt2™"~ T cells were almost identical to NAADP antagonism by BZ194
(Dammermann et al. 2009) and that both NAADP antagonism and knockout of
Hnll/Ipt2 were not different from each single intervention (Roggenkamp et al.
2021). These cell biology data were backed up by showing that HNI1L/JPT2
produced recombinantly in E. coli was specifically photoaffinity labeled
(Roggenkamp et al. 2021), using [**P]-azide-AIO-NAADP (Asfaha et al. 2019).

In contrast, Gunaratne et al. (2021) used gene silencing in HEK293 and U20S
cell lines and found significantly diminished photoaffinity labeling of an approx.
23 kDa band. Further, immunoprecipitation of HN1L/JPT2 from either erythrocyte
or U20S cell lysates resulted in almost selective photoaffinity labeling of the approx.
23 kDa band (Gunaratne et al. 2021). Also, a classical binding assay on PVDF plates
showed specific binding of HN1L/JPT2 for NAADP in the low nanomolar range
(Gunaratne et al. 2021).

Next question in both studies was the identity of the Ca®* channel involved in
HNIL/JPT2 signaling, as predicted by the unifying hypothesis (Guse 2012).
Co-immunoprecipitation experiments in HEK293 cells resulted in HNIL/JPT2—
TPCI1 interaction, but not in HNI1L/JPT2-TPC2 interaction (Gunaratne et al.
2021). In Jurkat T-lymphoma cells, evidence for interaction of HN1L/JPT2 and
RYR1 was provided by (1) co-localization studies using STED super-resolution
microscopy at approx. 40 nm spatial resolution and (2) co-immunoprecipitation of
HNIL/JPT2 with RYRI (Roggenkamp et al. 2021). Further, a TCR/CD3
stimulation-dependent re-localization of HN1L/JPT2 toward the plasma membrane
was observed, indicating that upon NAADP binding, HN1L/JPT2 re-localizes to
plasma membrane—ER junctions where RYR is localized in very close proximity to
Orail (Diercks et al. 2018).

The current situation for HN1L/JPT2 activity is schematically shown in Fig. 2
where HN1L/JPT2 may interact with both RYR1 and/or TPC1. Further characteri-
zation of this process is certainly necessary to better understand why NAADP in
some cell types appears to signal through RYRI1 and in others through TPCs. This
becomes further complicated by a second NAADP binding protein, Lsm12 (Zhang
et al. 2021). Lsm12 was found in a screen as interaction partner of TPC2, but not
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TPCI. It is currently unknown whether Lsm12 may also interact with other Ca®*
channels. The situation appears even more complex since a third NAADP binding
protein was detected, namely aspartate dehydrogenase domain-containing protein
(He et al. 2022). In contrast to HN1L/JPT2 and Lsm12, aspartate dehydrogenase
domain-containing protein showed a lower affinity for NAADP (Kd 455 nM; He
et al. 2022), as compared to HN1L/JPT2 (ICs( 20 + 3.6 nM; Gunaratne et al. 2021),
indicating that aspartate dehydrogenase domain-containing protein may not be
involved in NAADP signaling.

4 NAADP in Immunity and Inflammation

The chapters above are related to T cell activation, one of the central processes of the
adaptive immune system. Thus, NAADP signaling can be considered as one central
cytosolic process important for T cell activation. But what about inflammation? Is
there experimental evidence for a role of NAADP signaling in inflammatory
processes?

In the central nervous system (CNS) NAADP is a regulator of autoimmunity.
Effector T cells analyzed in the rat model of multiple sclerosis, the experimental
autoimmune encephalomyelitis (EAE), were affected in several aspects by NAADP
antagonism (Cordiglieri et al. 2010). NAADP antagonism markedly inhibited
(1) migration of T cells toward the blood—brain barrier, (2) re-activation of T cells
in the CNS, (3) antigen-evoked T-cell proliferation, and (4) secretion of
pro-inflammatory cytokines interferon-g and interleukin-17. As a result, EAE clini-
cal store was reduced significantly in animals treated with NAADP antagonist
BZ194 (Cordiglieri et al. 2010). CNS inflammation often leads to damage of neurons
resulting in paralysis. One mechanism discussed to be involved in neuronal damage
is excitotoxicity by glutamate (reviewed in Mandolesi et al. 2015). Recently, initial
evidence was presented that NAADP signaling may play a role in glutamate
signaling via metabotropic glutamate receptors; NAADP antagonists BZ194 or
Ned-19 resulted in a decrease of glutamate-evoked Ca®* signaling in cultured
hippocampal neurons (Hermann et al. 2020). However, details of NAADP signaling
and its role in excitotoxicity in neurons await further clarification.

IL17 is a pro-inflammatory cytokine that regulates neutrophil migration to sites of
inflammation. As mentioned above, IL-17 levels in the CNS were decreased upon
NAADP antagonism in EAE (Cordiglieri et al. 2010). In a recent study of gut
inflammation, NAADP antagonist Ned-19 evoked transdifferentiation of IL-17-
producing Th17 cells into IL-10-producing T regulatory type 1 cells in vitro and
in vivo (Nawrocki et al. 2021). Thus, pharmacological intervention in NAADP
signaling appears as a novel way to control plasticity of CD4+ T cells. When
duodenitis was induced in mice by anti-CD3 stimulation, NAADP antagonism
resulted in reduced systemic inflammation (Nawrocki et al. 2021).
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5 Conclusion

Research on NAADP signaling has suffered from the fact that major proteins
involved were unknown. This situation changed dramatically with newly identified
NAADP receptors/binding proteins and a redox cycle for oxidation and reduction of
NAADPH/NAADP. Both HN1L/JPT2 and Lsm12 are bona fide NAADP receptors/
binding proteins and likely constitute the connection between NAADP and
NAADP-sensitive Ca>* channels. The NAADPH/NAADP redox cycle allows for
very rapid NAADP formation upon receptor stimulation and reduction to inactive
NAADPH to rapidly terminate the signal. This fits to the rapid, but transient
increases of NAADP observed upon receptor stimulation in some cell systems
(Yamasaki et al. 2005; Gasser et al. 2006).

Still, open questions remain, e.g. how the NAADPH/NAADP redox cycle is kept
sufficiently filled for proper function of NAADP as Ca** mobilizing second mes-
senger, or how exactly NAADP-sensitive Ca®" channels RYR1 and TPC are
activated by which NAADP receptor/binding protein in which cell type.
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