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Abstract

Abstract

T cells are a fundamental component of adaptive immune responses and their dysfunctions
may lead to autoimmune and inflammatory disorders. Activation of the T cell receptor (TCR)
on the surface of T cells is required for immune responses. Once the TCR binds antigenic
peptides presented by the antigen-presenting cells (APCs), second messengers are generated
and are responsible for propagating signals into the intracellular region. An important
transduction mechanism is the rise in free cytosolic Ca®* concentration. Both Ca?* influx from
the extracellular space and Ca?* release from intracellular organelles contribute to the increase

in free cytosolic Ca?* concentration.

In CD4+ T cells, nicotinic acid adenine dinucleotide phosphate (NAADP) is rapidly generated
within seconds after TCR stimulation. When bound to an NAADP binding protein,
hematological and neurologically expressed 1-like protein/Jupiter microtubule-associated
homolog 2 (HN1L/JPT2), NAADP is targeting the type 1 ryanodine receptors (RyR1s) in the
membrane of the endoplasmic reticulum (ER) and triggering initial Ca?* signals, known as Ca**
microdomains. These initial Ca?* signals are subsequently enhanced by D-myo-inositol 1,4,5-
trisphosphate (InsP3)- and cyclic adenosine diphosphate ribose (CADPR)-induced Ca** release,
calcium-induced Ca** release (CICR) and store-operated Ca*" entry (SOCE). NAADP-evoked
initial Ca®* microdomains are critical for T cell activation and downstream function. However,

the NAADP forming enzyme in CD4+ T cells remains elusive.

Using a Ca?* imaging system with high spatial and temporal resolution (25 ms and 368 nm), it
is possible to examine Ca®* microdomains emerging within seconds following TCR activation.
In this study, the Ca®* microdomains formed within 15 s were used as primary read-out to
investigate NAADP synthesis upon T cell activation. In addition, NAADP-evoked initial Ca?*
signals are essential for subsequent global Ca?* signaling. Thus, global Ca?* signals within 13

min after TCR stimulation were also analyzed.

It has been revealed that CD38 and the NADPH oxidases are able to generate NAADP in a
cell-free system. In this study, CD4+ T cells derived from different mouse models and

CRISPR/Cas designed rat effector T cells were used to evaluate the involvement of these



Abstract

enzymes in NAADP synthesis in intact T cells, i.e., in Ca®* signaling in the early phase of T cell
activation. The absence of CD38 did not alter the formation of Ca®* microdomains nor
subsequent global Ca®* signaling, indicating that CD38 is not the NAADP forming enzyme in
CD4+ T cells. An isozyme of the NADPH oxidase family, namely dual NADPH oxidase 2
(DUOX2) was identified as responsible for NAADP generation upon T cell activation, given that
the absence of DUOX2 significantly reduced Ca** microdomain formation and global Ca®*
signals after TCR stimulation, consistent with previously published phenotypes when the
NAADP/Ca®" pathway was disrupted. Additionally, the role of H,0O2, a byproduct of DUOX
isozymes, in initial Ca?* signaling was also excluded: the H,O,-degrading enzyme catalase,
the ROS scavenger butylated hydroxy anisole (BHA), blocking H-O- uptake, and addition of
80 nM exogenous H»0; did not alter the formation of Ca** microdomains. Moreover, TCR/CD3
ligation-induced H2O. production is less than 300 nM within seconds post-stimulation, as

demonstrated by the ultra-sensitive H>O; indicator HyPer7.

Taken together, DUOX2 was found to play a critical role in NAADP production within seconds
after T cell activation and the byproduct H20 had no effect on initial Ca®* signaling during this

period.



Zusammenfassung

Zusammenfassung

T-Zellen gehdren zu den Hauptkomponenten der adaptiven Immunantworten und eine

Dysfunktion fuihrt zu Autoimmun- und Entziindungserkrankungen.

Die Aktivierung des T-Zell-Rezeptors (TCR) auf der Oberflache der T-Zellen ist fur die
Immunreaktion erforderlich. Sobald der TCR antigene Informationen von den Antigen-
prasentierenden Zellen (APCs) erkennt, werden sekundare Botenstoffe (second messengers)
gebildet, die fur die Weiterleitung der Signale in den intrazellularen Bereich verantwortlich sind.
Ein wichtiger Transduktionsmechanismus ist der Anstieg der freien Ca*-Konzentration im
Zytosol. Sowohl der Ca**-Einstrom aus dem Extrazelluldrraum als auch die Ca®*-Freisetzung
aus intrazelluldaren Organellen tragen hierbei zum Anstieg der freien zytosolischen Ca?*-
Konzentration bei. In CD4+-T-Zellen wird Nikotinsaure-Adenin-Dinukleotid-Phosphat (NAADP)
innerhalb von Sekunden nach der TCR-Stimulation gebildet. Wenn NAADP an das
hamatologisch und neurologisch exprimierte 1-dhnliche Protein/Jupiter microtubule-
associated homolog 2 (HN1L/JPT2) gebunden ist, werden initiale Ca?*-Signale, durch die
Offnung des Typ-1-Ryanodinrezeptors (RyR1s) in der Membran des endoplasmatischen
Retikulums (ER) ausgelést, die als Ca**-Mikrodoménen beschrieben sind. Diese initialen Ca**-
Signale werden anschlieend durch D-myo-Inositol-1,4,5-Trisphosphat (InsP3)- und zyklische
Adenindiphosphat-Ribose (cADPR)-induzierte Ca®*-Freisetzung sowie Calcium-induzierte
Ca®'-Freisetzung (CICR) und den speichergesteuerten Ca**-Einstrom (SOCE) verstéarkt. Die
durch NAADP ausgelésten initialen Ca®*-Signale sind fir die T-Zell-Aktivierung und deren
nachgeschaltete Funktion entscheidend. Das NAADP-bildende Enzym in T-Zellen ist jedoch

nach wie vor nicht bekannt.

Durch den Einsatz eines Mikroskops mit hoher raumlicher und zeitlicher Auflésung (25 ms und
368 nm) ist es mdglich, die innerhalb von Sekunden nach der TCR-Aktivierung entstehenden
Ca®*-Signale zu untersuchen. In dieser Arbeit wurden die innerhalb von 15 Sekunden
gebildeten Ca®*-Mikrodomanen als primare MessgroRe zur Untersuchung der NAADP-
Synthese nach der T-Zell-Aktivierung verwendet. Da die durch NAADP ausgeldsten initialen
Ca?*-Signale maRgeblich fiir die Entwicklung eines globalen Ca?*-Signals sind wurden dariiber

hinaus auch die globalen Ca®*-Signale innerhalb von 13 Minuten nach der T-Zell-Aktivierung

Xl



Zusammenfassung

analysiert.

Es hat sich gezeigt, dass CD38 und die NADPH-Oxidasen in der Lage sind, NAADP in einem
zellfreien System zu bilden. In dieser Studie wurden CD4+ T-Zellen aus verschiedenen
Mausmodellen und mit CRISPR/Cas entwickelte Ratten-Effektor-T-Zellen verwendet, um die
Beteiligung dieser Enzyme an der NAADP-Synthese in intakten T-Zellen zu untersuchen, d. h.

die Ca?* Signale wahrend der frilhen Phase der T-Zell-Aktivierung,.

Zusammenfassend lasst sich sagen, dass die Abwesenheit von CD38 weder die Bildung von
initialen Ca®*-Mikrodomanen noch die anschlieRenden globalen Ca*-Signale verandert, was
darauf hindeutet, dass CD38 nicht das NAADP-bildende Enzym in CD4+-T-Zellen ist. Ein
Isozym der NADPH-Oxidasen, namlich die duale NADPH-Oxidase 2 (DUOX2), konnte als
verantwortlich fir die NAADP-Bildung bei der T-Zell-Aktivierung identifiziert werden. Die
Abwesenheit von DUOX2 reduzierte signifikant die Bildung von initialen Ca**-Mikrodoménen
und die globalen Ca?*-Signale nach TCR-Stimulation, was mit den zuvor verdffentlichten
Phanotypen (ibereinstimmt, wenn der NAADP/Ca?*-Weg gestort ist. AuRerdem konnte die
Rolle von H20,, einem Nebenprodukt der DUOX-Enzyme, auf die Entstehung von initialen
Ca?*-Signalen ausgeschlossen werden: das H,O, abbauende Enzym Kalatase, der ROS-
Fanger Butylhydroxyanisol (BHA), die Blockierung der H.O2-Aufnahme und die Zugabe von
80 nM exogenoem H.O, veranderten die Bildung von initialen Ca®*-Mikrodomanen nicht.
Daruber hinaus liegt die H202-Produktion innerhalb 50 s nach der TCR-Stimulation unter 300

nM, wie mit dem H2Oz-indikator HyPer7 nachgewiesen wurde.

Insgesamt wurde festgestellt, dass DUOX2 innerhalb von Sekunden nach der T-Zell-
Aktivierung eine entscheidende Rolle bei der NAADP-Produktion spielt und dass das

Nebenprodukt H.O; in diesem Zeitraum keine Auswirkung auf die initialen Ca?* Signale hat.

Xl



Introduction

1. Introduction

1.1. T cells in immunity

The adaptive immune system provides specific and long-lasting protection against pathogens
and eliminates dead and faulty cells. T cells are one major component of the adaptive immune
responses and fight infections and cancer. On the other hand, abnormal functions of T cells
lead to autoimmune and inflammatory diseases. T cells can be further subdivided depending
on the co-receptor molecules on their cell surface, i.e., cluster of differentiation (CD)4 and CD8
expression. CD8+ T cells are T cytotoxic (Tc) cells that directly kill infected cells. CD4+ T cells,
also known as T helper (Th) cells, have limited cytotoxic activity and support the immune
responses by secreting cytokines to activate and regulate other immune cells (reviewed in

Kesarwani et al., 2013). This study focuses on CD4+ T cells.

Mature T cells that have not encountered antigens are referred to as naive T cells. Peptide
antigens, for instance, from ingested external bacteria, are presented to CD4+ T cells by major
histocompatibility complex (MHC) class Il molecules on the surface of the antigen-presenting
cells (APCs). Upon recognition, naive CD4+ T cells proliferate and differentiate into effector T
cells (Charles A Janeway et al., 2001). The different Th cells can be distinguished by the
cytokines they secret. For example, Th 1 cells are characterized by the secretion of interferon-
y (IFN-y) and tumor necrosis factor-a. (TNF-a), which then stimulate macrophages and B cells
(Alberts et al., 2002). Th 17 cells, which were identified later than the traditional Th 1 and Th 2
subsets, secret interleukin-17 (IL-17), IL-21 and IL-22 as their characteristic cytokines. Th 17
cells mediate host defense and are involved in the pathogenesis of many autoimmune
diseases (reviewed in Ouyang et al., 2008), such as multiple sclerosis: the development of
experimental autoimmune encephalomyelitis (EAE), the animal model of human demyelinating
diseases in the central nervous system (CNS), is significantly ameliorated in //-177 mice
(Komiyama et al., 2006). Nowadays, more and more Th subsets are being identified, which
participate in the immune responses with diverse functions. A brief overview is given in Table

1.

Table 1: CD4+ effector T cell subsets

This table is summarized from (Chen et al., 2019; Eagar and Miller, 2019; Fazilleau et al., 2009;

1
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McKinstry et al., 2010; Veldhoen et al., 2008; Zhu and Paul, 2008).

Th Subset Signature Functions
Cytokines
Th1 IFN-y, TNF-a, IL-2 Intracellular pathogens; autoimmunity
Th 2 IL-4, IL-5, IL-10, IL-13 | Extracellular parasites; allergy; asthma
Th9 IL-9, IL-10 Allergy; tumor immunity
Th 17 IL-17, IL-21, IL-22 Extracellular bacteria; fungi; autoimmunity
Th 22 IL-22 (IL-13, TNF-a) | Epidermal repair
T-follicular helper | IL-4, IL-21 Regulation of B cell-dependent immunity
Regulatory T cell | IL-10 Immune  tolerance; lymphocytes  homeostasis;
regulation of immune responses

1.2. Ca?* signaling upon T cell activation

T cell receptor (TCR) stimulation is fundamental to initiate the T cell response. The majority of
T cells are af T cells, based on the nature of TCR expression, which consists of TCR aff chains
and four CD3 subunits (y, 9, €, {) through non-covalent association. Furthermore, costimulatory
receptors, e.g., CD28, are required to completely activate naive T cells. The strength and
duration of TCR stimulation regulate subsequent T cell function, differentiation, and survival.
As a consequence of TCR engagement, second messengers are formed and transmit the

antigenic signals into the intracellular space (reviewed in Feske, 2007; Hwang et al., 2020).

Calcium ions (Ca?*) are a universal messenger molecule for signal transduction. Elevation of
free cytosolic Ca®* concentration is essential during T cell activation and reactivation. The free
cytosolic Ca?* concentration is from 20 to 100 nM in the absence of TCR stimulation (Diercks
et al., 2018; reviewed in Trebak and Kinet, 2019) and rises after T cell activation, originating
from both Ca®* entry from the extracellular space and Ca?* release from intracellular organelles.
On the other hand, for instance, plasma membrane Ca?* ATPases (PMCAs) and
sarcoplasmic/endoplasmic reticulum Ca®* ATPases (SERCAs) consume energy to pump Ca**
out of the cytosol. There are a number of Ca®* channels and Ca* pumps expressed in the
plasma membrane and the membrane of organelles that fine-tune the Ca?" signaling in T cells
spatially and temporally to enable complex immune responses (reviewed in Feske, 2013, 2007;

Trebak and Kinet, 2019).

Following TCR stimulation, Ca** mobilizing second messengers are formed. Nicotinic acid
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adenine dinucleotide phosphate (NAADP) is produced within seconds (Gasser et al., 2006),
and mediates the initial Ca?* release from the endoplasmic reticulum (ER) via an NAADP
binding protein, the hematological and neurological expressed 1-like protein/Jupiter
microtubule-associated homolog 2 (HN1L/JPT2), through the type 1 ryanodine receptors
(RyR1s) (Dammermann et al., 2009; Diercks et al., 2018; Langhorst et al., 2004; Roggenkamp
et al., 2021; Wolf et al., 2015). NAADP-induced initial Ca?* release functions as a co-agonist
to D-myo-inositol 1,4,5-trisphosphate (InsPs), which is formed with a peak at 3 min (Guse et
al., 1993) and further induces Ca?* release through InsPs receptors (reviewed in Berridge,
2016). Another Ca?* mobilizing second messenger, cyclic adenosine diphosphate ribose
(cADPR), is produced with highest amplitude from 10 min on (Guse et al., 1999) and induces
Ca?" release through the type 3 ryanodine receptors (RyR3s) (Kunerth et al., 2004). All these
three second messengers evoke Ca** release and lead to depletion of Ca?* in the ER, resulting
in activation of store-operated Ca®* entry (SOCE): the stromal interaction molecules (STIMs)
in the ER membrane sense depletion of Ca®" stores and then activate calcium release-
activated calcium channel protein 1 (ORAI1) at ER-PM (plasma membrane) junctions and
open the Ca?" release-activated Ca?* (CRAC) channel pore, leading to sustained Ca®" influx

(reviewed in Feske, 2013, 2007).

Apart from playing a role in SOCE after TCR stimulation, pre-clusters of STIMs and ORAI1
also contribute to the formation of smaller and lower Ca?* microdomains in the absence of TCR
stimulation (Diercks et al., 2018). Furthermore, P2X purinoreceptor cation channels (P2X
receptors) gated by adenosine triphosphate (ATP) are also involved in the formation of Ca?*

microdomains before and after TCR stimulation (Brock et al., 2022).

A brief introduction of Ca** signaling within minutes after TCR stimulation is shown in Fig. 1.
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Fig. 1: Ca?* signaling in the early phase of T cell activation.

Upon TCR/CD3 stimulation, the NAADP forming enzyme produces NAADP, which then triggers the initial
Ca?* release from the ER through RyR1 together with its binding protein HN1L/JPT2. ATP-gated P2X
receptors as well as clusters of STIMs and ORAI1 also contribute to the formation of Ca?* microdomains.
These initial Ca?* signals are then amplified by InsPs-induced Ca?* signals through CICR (Ca?*-induced
Ca?* release, indicted by the dashed arrow) and cADPR-mediated Ca?* release. Depletion of Ca?* stores
in the ER further stimulates SOCE (store-operated Ca?* entry), which leads to a sustained global Ca?*
response. Ca?* concentrations are reviewed in (Trebak and Kinet, 2019) and from (Diercks et al., 2018).
The insert is a summary from (Gasser et al., 2006; Guse et al., 1999, 1993). In the insert, the arrow
indicates the addition of anti-CD3 antibody (OKT3). The y-axis indicates the fold increase compared
with their baseline. Abbreviations: ORAI1: calcium release-activated calcium channel protein 1; STIM:
stromal interaction molecule; P2X: ATP-gated P2X purinoreceptor cation channel; HN1L/JPT2:
hematological and neurological expressed 1-like protein/Jupiter microtubule-associated homolog 2;
RyR: ryanodine receptor; InsP3: D-myo-inositol 1,4,5-trisphosphate; cADPR: cyclic ADP-ribose; PM:
plasma membrane; ER: endoplasmic reticulum. This figure was created with BioRender.com.

This thesis aims to better understand the NAADP/Ca?®* signaling pathway in the early phase of
T cell activation, as NAADP functions as the starting point of the Ca®* signaling chain after TCR

engagement.
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1.3. NAADP-induced Ca?* signaling in CD4+ T cells

In 1995, NAADP was first found to trigger Ca?* release from intracellular Ca?* stores using sea
urchin egg homogenates, and its signaling pathway is distinct from InsP3 and cADPR (Lee and
Aarhus, 1995). Further reports indicated that NAADP is rapidly formed upon various
stimulations and triggers initial Ca®* signals in many mammalian cells (Guse et al., 2013; Guse

and Lee, 2008), such as the human Jurkat T cell line (Gasser et al., 2006).

NAADP has unique properties in comparison to other Ca®* mobilizing second messengers,
such as self-desensitization: subthreshold concentrations of NAADP inactivate subsequent
NAADP-induced Ca®* responses in sea urchin eggs and homogenates (Aarhus et al., 1996;
Genazzani et al., 1996). In mammalian cells, high concentration (in the micromolar range) of
NAADP leads to self-inactivation (reviewed in Yamasaki et al., 2005), such as in pancreatic 3
cells (Masgrau et al., 2003) and in T cells (Berg et al., 2000). Especially, in T cells, 10 uM
NAADP not only desensitizes NAADP (50 nM)-induced Ca?* increases, but also inactivates
Ca?" responses mediated by InsPs (4 M), cADPR (10 uM) and TCR/CD3 ligation (Berg et al.,
2000). Such cross-desensitization was not observed in liver microsomes (Mandi et al., 2006)
nor in murine pancreatic acinar cells (Cancela et al., 1999). Moreover, the formation of NAADP
upon TCR/CD3 ligation shows a bell-shaped concentration-response curve. 5 ug/mL anti-CD3
antibody (OKT3) induces rapid NAADP generation, as shown in the insert in Fig. 1, whereas
0.1 pg/mL OKT3 induces the highest NAADP production and 10 pyg/mL OKT3 only slightly

increases NAADP concentration compared with its basal level (Gasser et al., 2006).

NAADP plays an essential role in T cell activation and downstream function, as the specific
NAADP antagonists BZ194 (Dammermann et al., 2009) and Ned19 (Naylor et al., 2009)
diminish global Ca®* signaling upon TCR stimulation and downstream events, such as
translocation of nuclear factor of activated T cells (NFAT), expression of proinflammatory
cytokines (e.g., IL-2, IL-17, and IFN-y), T cell proliferation as well as progression of
autoimmune and inflammatory diseases (Ali et al., 2016; Cordiglieri et al., 2010; Nawrocki et

al., 2021).

However, some questions about NAADP are still under debate, for instance, the ion channel(s)
5
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targeted by NAADP, which has been partially revealed after the identification of NAADP binding
proteins (Gunaratne et al., 2021; Roggenkamp et al., 2021; Zhang et al., 2021), and NAADP

forming enzyme(s), which was investigated in this thesis.

1.4. NAADP synthases and hydrolases in vitro

NAADP is a universal Ca* trigger and is effective in the low nanomolar range in many cells
(reviewed in Guse et al., 2013; Guse and Diercks, 2018). In Jurkat T cells, TCR stimulation
gives rise to a rapid NAADP increase from around 4 nM to approximately 34 nM in 10 s,
followed by a decrease back to about 10 nM in the following 10 s. Furthermore, there is a
second and long-lasting production phase with a moderate peak at 5 min around 15 nM, and
by 50 min it is almost back to the baseline level (Gasser et al., 2006). However, synthesis and

metabolism of NAADP in vivo are still controversially discussed.

It is known that the generation of NAADP by phosphorylation of nicotinic acid adenine
dinucleotide (NAAD) and deamidation of nicotinamide adenine dinucleotide phosphate (NADP)
has not been successfully identified (Lerner et al., 2001; Schmid et al., 2012). Moreover,

NAADP has been reported to be resistant to NADase and apyrase (Graeff and Lee, 2002).

The enzymes identified to date that are capable of forming and degrading NAADP in the cell-

free system are indicated in Fig. 2. The details are described below.
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Fig. 2: NAADP generation (arrows in red) and metabolism (arrows in blue) in vitro.

The pH values indicated are the optimal pH values for the reactions (Aarhus et al., 1995; Graeff et al.,
2006; Gu et al., 2021; Schmid et al., 2012) [except for Glu-6-P-DH, the experiment was carried out only
at pH 7.4 (Gu et al., 2021); production of NAADP from cADPRP was compared at pH 7.4 and pH 5
(Moreschi et al., 2006); NAADP production catalyzed by SARM1 was investigated only at pH 4 (Zhao et
al., 2019)]. When the reaction can be detected at neutral pH, the percentage of products compared to
that at the optimal pH is shown in the bracket. Nicotinic acid is present in the millimolar range.
Abbreviations: SARM1, sterile alpha and TIR motif-containing 1; NOX5, NADPH oxidase 5; Glu-6-P-DH,
glucose-6-phosphate dehydrogenase; AP, alkaline phosphatase; NADP, nicotinamide adenine
dinucleotide phosphate; NAADP, nicotinic acid adenine dinucleotide phosphate; NAADPH, the reduced
form of NAADP; ADPRP, 2’-phospho-ADP-ribose; cADPRP, 2'-phospho-cyclic ADP-ribose; NAAD,
nicotinic acid adenine dinucleotide.

1.4.1. NAADP synthesis and degradation by CD38

The cluster of differentiation 38 (CD38) is a 42-kilodalton glycoprotein and was first discovered
as a surface marker of lymphocytes (Reinherz et al., 1980). A number of reports have

demonstrated that CD38 exhibits a structural homology to adenosine diphosphate (ADP)-
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ribosyl cyclase of Aplysia californica, a species of sea slug, and therefore also functions as an
enzyme, catalyzing nicotinamide adenine dinucleotide (NAD) into adenosine diphosphate
ribose (ADPR) and cyclic ADP-ribose (cCADPR) as well as hydrolyzing cADPR into ADPR
(Howard et al., 1993; Summerhill et al., 1993; Takasawa et al., 1993; Zocchi et al., 1993). As
a multifunctional enzyme, it also catalyzes a so-called “base-exchange” reaction to produce

NAADP (Aarhus et al., 1995), and additionally degrades NAADP (Graeff et al., 2006).

Most CD38 proteins are expressed in type |l orientation, with their catalytic domain located in
the extracellular leaflet (Jackson and Bell, 1990). Moreover, CD38 is also described as a type
[Il protein in the opposite orientation, and type Ill CD38 is endogenously expressed in many
cells and is enzymatically active, for example, in Jurkat T cells (Fliegert et al., 2017; reviewed
in Lee and Zhao, 2019). Given the two opposing orientations of CD38 expressed in the cells,
the pH value of the reactions catalyzed by CD38 to produce and degrade NAADP is therefore

of interest.

The “base-exchange” reaction was the only identified reaction in vitro to produce NAADP for a
long time, consuming both NADP and nicotinic acid. Although NADP is only slightly different
from NAADP, as indicated in Fig. 2, it is not capable of inducing Ca*" release events. The
optimal pH for the “base-exchange” reaction is pH 4. At neutral pH, NAADP production is barely
detectable (Aarhus et al., 1995). Furthermore, NAADP synthesis through the “base-exchange”
reaction is crucially dependent on nicotinic acid. At pH 5, the half-maximal production of
NAADP was observed in the presence of 5 mM nicotinic acid. In the absence of nicotinic acid,
NADP is degraded into 2’-phospho-ADP-ribose (ADPRP) by CD38 (Aarhus et al., 1995).
Therefore, both an acidic pH and an excess of nicotinic acid are essential for the “base-

exchange” reaction to take place.

Another substrate of CD38 for the production of NAADP is 2’-phospho-cyclic ADP-ribose
(cADPRP). At pH 5 and in the presence of 5 mM nicotinic acid, CD38 converts cADPRP to
NAADP. The value is 43-fold higher than that at neutral pH. In the absence of nicotinic acid,
only hydrolysis of CADPRP to ADPRP by CD38 was reported (Moreschi et al., 2006). cADPRP
was identified as an endogenous nucleotide with a basal level at tens of fmol/mg protein in

bovine tissues (Vu et al., 1997). However, cADPRP has been described as a Ca?*-mobilizing
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agent (Guse et al., 1997; Vu et al., 1996). It is therefore questionable whether cADPRP could

be a precursor of NAADP.

Because the production of NAADP catalyzed by CD38 prefers an acidic pH, as described
above, this may occur in the lumen of acidic organelles, e.g., lysosomes and/or endosomes.
The expression of CD38 in early endosomes has been demonstrated in murine pancreatic
acinar cells, where CD38 is required for cholecystokinin (CCK)-stimulated NAADP production
(Cosker et al., 2010). In IL-8-treated lymphokine-activated killer (LAK) cells, CD38 was also
demonstrated to be involved in NAADP synthesis (Nam et al., 2020; Rah et al., 2010). The
same group also reported that CD38 is responsible for the formation of cADPR in LAK cells
(Park et al., 2019; Rah et al., 2010). In LP-1 cells (a human myeloma cell line) and CD38-
overexpressing HelLa cells and HEK293 cells, CD38 is transferred to the lysosomal
membranes by nanobody-induced endocytosis and then leads to an increase in NAADP in the
presence of 10 mM nicotinic acid (Fang et al., 2018). These pieces of evidence suggest that
endo/lysosomal (type IlI) CD38 is responsible for NAADP production. Along this line, a
transporter system is required to import the substrates NADP and nicotinic acid into the
endo/lysosomal lumen and transfer the product NAADP in the opposite direction. Connexin-
43 hemichannels have been shown to be involved in this transporter system (Ali et al., 2016;
Nam et al., 2020). Additionally, a nucleoside transport inhibitor, dipyridamole, inhibits NAADP-

induced Ca?* increase in LAK cells (Rah et al., 2010).

Meanwhile, there are some results that exclude CD38 as an NAADP forming enzyme. First of
all is the fact that CD38 is absent in some cell types where NAADP is detectable, e.g., HeLa
cells (Schmid et al., 2012). Further, Soares and coworkers demonstrated that CD38 does not
catalyze NAADP formation in human myometrial cells and CD38-overexpressing HL60 cells
(a human leukemia cell line) (Soares et al., 2007). A similar result was observed in Jurkat T
cells: knockdown of CD38 did not affect endogenous NAADP concentration at 10 s (the peak
of the first NAADP production phase) and 5 min (the peak of second production phase) after
TCR stimulation. Furthermore, in lymphoid tissues from Cd38” mice, the basal level of NAADP
is even higher than that in the WT control, indicating that CD38 instead works as an NAADP
degrading enzyme (Schmid et al., 2011). At neutral pH, CD38 hydrolyzes NAADP into ADPRP.

However, this reaction prefers a pH of 5, which is approximately 4-fold higher than that at
9
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neutral pH (Graeff et al., 2006). This pH value in the cell-free system indicates that CD38-
catalyzed degradation of NAADP may occur in the acidic compartments by type || CD38

preferably or maybe also by type Ill CD38 in the cytosol.

All these contrary observations lead us to question, whether CD38 is the enzyme responsible
for the rapid NAADP synthesis (or degradation) upon T cell activation. Therefore, the role of

CD38 in Ca?* signaling in the early phase of T cell activation was investigated in this thesis.

1.4.2. NAADP synthesis by SARM1

Sterile alpha and TIR motif-containing 1 (SARM1), also known as an NAD consuming enzyme,
has been linked to axonal degradation in a number of degenerative neuronal diseases.
Although SARM1 and CD38 have no sequence and structure similarity at all, it was found that
catalysis of SARM1 is very similar to that of CD38, i.e., producing ADPR and cADPR,
hydrolyzing cADPR, and catalyzing NAADP synthesis via the “base-exchange” reaction (Zhao
et al., 2019). In addition, the same group has recently demonstrated that acidic pH solely (less
than pH 5) can activate SARM1, implying that the catalytic compartment of SARM1 in the
endo/lysosomal lumen has physiological relevance (Zhao et al., 2021). SARM1 has a low
tissue specificity and can be found almost in all tissues. The involvement of SARM1 in NAADP

synthesis has to be further investigated.

1.4.3. NAADP degradation by AP

As mentioned above, NAADP can be degraded by CD38 ideally at pH 5. In cells lacking CD38,
e.g., Hela cells (a cell line derived from human cervical cancer cells), endogenous NAADP is
present. Alkaline phosphatase (AP) dephosphorylates NAADP into its inactive derivate NAAD
at an optimal pH between 8 and 9. The placental AP isozyme is the best candidate that works
as an NAADP metabolizing enzyme in HelLa cells (Schmid et al., 2012). AP is not detectable
in Jurkat T cells, and in agreement with this, no NAAD production was detected in the presence

of NAADRP in the cell-free system with isolated Jurkat T cell membranes (Schmid et al., 2012).

Furthermore, a 2’-specific Ca?*-dependent phosphatase was found in brain membranes, which
10
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is probably responsible for inactivating of NAADP-induced Ca?* signaling in the brain (Berridge

et al., 2002).

1.4.4. NAADP reduction by Glu-6-P-DH

Billington and coworkers have demonstrated that NAADP can be reduced by glucose-6-
phosphate dehydrogenase (Glu-6-P-DH) (Billington et al., 2004). Glu-6-P-DH is known to
oxidize glucose-6-phosphate, one of the major players in glycolysis, while reducing NADP to
NADPH. The enzymatic activity of Glu-6-P-DH that reduces NADP has been identified to be
approximately 7.5 nmol/min/mg protein in human lymphocytes (Al-Essa et al., 2013). Since
Glu-6-P-DH can reduce NAADP to NAADPH and since NAADPH does not activate Ca?*
release in sea urchin egg homogenates (Billington et al., 2004), Glu-6-P-DH may be involved

in termination of NAADP-induced Ca?* signaling.

1.4.5. NAADP synthesis by NOX5

A former colleague in the Department of Biochemistry and Molecular Cell Biology, Hannes
Roggenkamp, demonstrated that NADPH oxidase 5 (NOXS5) is able to oxidize NAADPH to
NAADP in a cell-free system (Gu et al., 2021). This finding is the basis of the present study
and gives us a new perspective on how NAADP is formed. As mentioned earlier, NAADPH
cannot induce Ca?®" release (Billington et al., 2004). Therefore, NAADPH was considered to be

a possible precursor of NAADP.

NOXS5 is one of the isozymes of the NADPH oxidase (NOX/DUOX) family, which has been
investigated as an enzyme system with reactive oxygen species (ROS) production as its main
function. NOX5 was discovered to be a homolog of the subunit gp91°" of NOX2, which differs
from other NOX isozymes as it contains four Ca**-binding EF-hand domains (Banfi et al., 2001;
Cheng et al., 2001). NOX5 does not require cytosolic organizer or activator subunits, as shown
below in Fig. 3, and it has been demonstrated to be active in the absence of cytosolic proteins
in a cell-free system (Banfi et al., 2004, 2001). Therefore, NOX5 was used as a standard model

to investigate the ability to oxidize NAADPH. The optimal pH of NOX5 for the oxidation of

11
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NAADPH is between 7 and 8, while that for NADPH is around 8 (Gu et al., 2021).

As mentioned above, NOX5 contains four EF-hand motifs and produces superoxide triggered
by Ca** elevations in a cell-free system. ECso of Ca?* for NOX5 was determined to be 1.06 yM
in the presence of 200 yM NADPH (Banfi et al., 2004). Phorbol 12-myristate 13-acetate (PMA),
a protein kinase C (PKC) activator, induces phosphorylation of NOX5 in a time-dependent
manner, elevating its Ca?* sensitivity, and therefore enhancing superoxide production (Chen et
al., 2014; Jagnandan et al., 2007; Serrander et al., 2007). At the same time, a calmodulin-
binding domain at the C-terminus was found to be relevant in its Ca®" sensitivity (Tirone and
Cox, 2007). Subsequently, calcium/calmodulin-dependent kinase Il (CAMKII) was identified to
phosphorylate NOX5 at residues Thr*®* and Ser*®® in the in vitro phosphorylation assay
(Pandey et al., 2011).

NOX5 is the only isozyme of the NOX/DUOX family reported to be absent in rodents

(Kawahara et al., 2007), which may suggest that Nox5 is not an essential gene for mammals.

1.5. Overview of NOX/DUOX family

Considering the ability of NOX5 to generate NAADP from its reduced form, a brief overview

may help us understand the NADPH oxidase family better.

Nowadays, seven isozymes of the NOX/DUOX family have been identified, namely NADPH
oxidase (NOX) 1-5 and dual NADPH oxidase (DUOX) 1 and 2. All isozymes contain a
conserved catalytic core comprising six (seven for DUOX isozymes) transmembrane domains,
including NADPH-binding domains and flavin adenine dinucleotide (FAD)-binding sites at C-
terminus in the cytosol. They are distinguished from each other by their structure at the N-
terminus, subunits, and regulatory proteins, as shown in Fig. 3. They use NADPH as electron
donor and molecular oxygen (O2) as electron acceptor to generate NADP and superoxide
radical anion or hydrogen peroxide (H202). ROS production has been considered as their
primary function, and ROS further affect signaling cascades (reviewed in Bedard and Krause,

2007).

12
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Fig. 3: Structure of isozymes in NADPH oxidase family.

The conserved catalytic core is indicated in blue and consists of six (or seven for DUOX1 and DUOX2)
transmembrane domains and a cytosolic C-terminus with NADPH- and FAD-binding domains. The
transmembrane subunit p22°"° and DUOX maturation factors (DUOXA1 and DUOXAZ2) are indicated in
red. The Ca?*-binding EF-hand motifs are shown in yellow. The cytosolic subunits are in other colors.
They transfer electrons across the membrane (indicated by the dashed arrow) to oxygen as the final
electron acceptor and release reactive oxygen species. This figure was modified from reviews
(Altenhofer et al., 2015; Bedard and Krause, 2007; Belarbi et al., 2017) and created with BioRender.com.

1.5.1. NOX1

NADPH oxidase 1 (NOX1) is the second isozyme identified in this family and exhibits around
60% similarity at the protein level to the prototype NOX2. The gene of NOX1 is located on the
X chromosome (reviewed in Bedard and Krause, 2007). It is found in several tissues (Buvelot
et al., 2019). In brain cells, the cellular location of NOX1 has been found at the membranes of
lysosomes and the nucleus (reviewed in Belarbi et al., 2017). In this study, the role of NOX1 in

Ca?" signaling during T cell activation was investigated.

The NOX1 complex is composed of five subunits (Fig. 3): NOX1 is the central catalytic core;

13
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p22P"* functions as a stabilizer and binding subunit; NOXO1 is shortened from NOX1
Organizer 1 (p47°"* homolog); NOXA1 is NOX1 Activator 1 (p67°"* homolog); and the small
GTPase Rac serves as guanosine-5'-triphosphate (GTP)-binding protein (Banfi et al., 2003).
In transfected cells, NOX1 can utilize the subunits p47°" and p67°" of NOX2 (reviewed in
Bedard and Krause, 2007). NOX1 is inactive in the absence of NOXA1 or NOXO1 and Rac is

directly involved in its activation (reviewed in Sumimoto, 2008).

Constitutive activity of the murine NOX1/NOXO1/NOXA1 complex was observed, whereas the
human NOX1 complex exhibited only weak constitutive activity. Whether this is a difference
between the two species remains unclear (reviewed in Bedard and Krause, 2007). In some
transfected cell lines, the PKC activator PMA elevates its superoxide production (Takeya et al.,
2003). NOX1 has a significantly higher affinity to NADPH in comparison to NADH as a
substrate (Yoshida et al., 2004).

1.5.2. NOX2

NADPH oxidase 2 (NOX2) was the first member of this family to be identified and is the best
studied isozyme due to its direct involvement in a hereditary disorder, chronic granulomatous
disease (CGD) (Bylund et al., 2005). It is expressed at a high level in neutrophils and
macrophages. Therefore, it is also referred to as “phagocyte NADPH oxidase”. However, it is
also found in many other cell types, e.g., B cells (reviewed in Bedard and Krause, 2007) and
T cells (Jackson et al., 2004). NOX2 is localized to intracellular and plasma membranes
(reviewed in Bedard and Krause, 2007; Belarbi et al., 2017). The role of NOX2 in Ca?* signaling

upon T cell activation was investigated in this thesis.

Functional NOX2 is composed of six subunits (Fig. 3): the main transmembrane subunit
gp91P"* (also known as NOX2, is encoded by Nox2, also called Cybb gene, located on the X
chromosome), a transmembrane subunit p22°"* that acts as a stabilizer, and the cytosolic
organizer p47°", the activator p67°"*, the regulator p40°"s, and the GTP-binding protein Rac.
The assembly of the NOX2 complex leads to the production of superoxide anion, and the
function of the enzyme is affected by mutations in any of the subunits. The role of NOX2 in

host defense is well described, most likely due to the “killing” effect and the modification of
14
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intracellular signaling by NOX2-derived ROS (reviewed in Bedard and Krause, 2007).

Its activity has been demonstrated to be regulated by PKC-induced phosphorylation (Raad et
al., 2009; Regier et al., 1999). NOX2 has also been identified to use NADH as a substrate, but
the K value is about 60-fold higher (47 uM for NADPH versus 2.7 mM for NADH) (Clark et al.,
1987).

1.5.3. NOX3

NADPH oxidase 3 (NOX3) is 56% identical to NOX2 and is highly expressed in the inner ear.
The enzymatic activity of NOX3 is dependent on p22P"* and is enhanced by NOXO1, p67°"
and p47°"* (reviewed in Bedard and Krause, 2007; Sumimoto, 2008). In a reconstituted
system, NOX83 is constitutively activated by NOXO1 (Fig. 3), and human NOX3 can be
regulated by the NOX2 subunits p47°" and p67°" (reviewed in Lambeth et al., 2007).

1.5.4. NOX4

NADPH oxidase 4 (NOX4) has only 39% similarity to NOX2. NOX4 is highly expressed in renal
epithelial cells and vascular endothelial cells (reviewed in Sumimoto, 2008). The functional
NOX4 complex requires only NOX4 and p22°"* and its activity is independent of cytosolic
subunits (Fig. 3). Once NOX4 is transfected into cell models, it appears to be constitutively
active without the requirement for any activators. A few studies indicate that NOX4 activity in
some cells is regulated by unidentified mechanisms (reviewed in Lambeth et al., 2007). The
majority of ROS generated by NOX4 are H2O2, and the minority are superoxide (Nisimoto et
al., 2014). A longer third extracellular loop was found in NOX4 as a switch from superoxide to
H2O, production. This loop could serve as a proton source to elevate the dismutation of
superoxide to form H»O, (Takac et al., 2011). Protein kinase G (PKG)-mediated
phosphorylation of the p22°" subunit has been reported to be involved in NOX4 activation

(Park et al., 2019).
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1.5.5. NOX5

NADPH oxidase 5 (NOX5) does not require any subunits for activation, and contains a long N-
terminus with four Ca?*-binding EF-hand domains (Fig. 3), as mentioned previously (Banfi et
al., 2004). NOX5 shows a restricted tissue distribution. By northern blot, NOX5 was detected
in the spleen and testis among various human tissues (Banfi et al., 2001). In a cell-free system,
ECso of Ca®" for NOX5 was determined to be 1.06 uM. Under the same conditions, NADH as
an electron donor leads to superoxide production of only around 25% compared to NADPH

(Banfi et al., 2004).

1.5.6. DUOX1 and DUOX2

Dual NADPH oxidase 1 and 2 (DUOX1 and DUOX2) share 83% similarity, and they are
approximately 50% identical to NOX2. In addition to the conserved catalytic core (six
transmembrane domains with NADPH- and FAD- binding domains), DUOX isozymes contain
a seventh transmembrane domain with a peroxidase-homologous domain facing the
extracellular space and, like NOX5, with two Ca*'-binding EF-hand motifs in the cytosol

(reviewed in Bedard and Krause, 2007; Buvelot et al., 2019).

So far, H,0- is the only product detected upon the activation of DUOX isozymes. Whether H20-
is their primary product due to the peroxidase-like domain or is formed after dismutation of
superoxide as in NOX4 is still controversial (reviewed in Buvelot et al., 2019). Some studies
have shown that they have no peroxidase activity (reviewed in Altenhéfer et al., 2015). DUOX1
and DUOX2 do not require subunits of NOX1 or NOX2, but the so-called DUOX maturation
factors, i.e., DUOXA1 and DUOXAZ2, respectively, have been demonstrated to be essential for
their enzyme activity (Fig. 3). In the absence of DUOXA1 and DUOXA2, DUOX isozymes
cannot be correctly glycosylated and are retained in the ER instead of being expressed at the
plasma membrane (Grasberger and Refetoff, 2006). Further reports suggest that the
maturation factors not only promote their maturation but also contribute to H.O. production,
given that the unpaired complex produces much less H2O, and leaks superoxide (Morand et
al., 2009) and transient expression of immature DUOX2 produces superoxide in a Ca®'-

dependent manner (Ameziane-El-Hassani et al., 2005). Functional EF-hand motifs are
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essential for the basal activity of both DUOX isozymes. Furthermore, treatment with ionomycin
(a Ca®" ionophore that increases intracellular Ca?* concentration) elevates their enzymatic
activity. Moreover, the activity of the DUOX1/A1 complex can be further enhanced by
phosphorylation at Ser®® catalyzed by cyclic adenosine monophosphate (CAMP)-dependent
protein kinase A (PKA), whereas the DUOX2/A2 complex requires PKC activation (Rigutto et
al., 2009).

Wu and coworkers reported the cryo-EM structure of the human DUOX1/A1 complex, which is
in a heterotetrameric form. They demonstrated that the EF-hand motifs and a regulatory
pleckstrin homology-like domain (PHLD) contribute to a conformational change at different
Ca?* concentrations. The ECso of Ca®* was determined to be 0.38 uM in a cell-free system (Wu
et al., 2021). Meanwhile, the cryo-EM structure of the murine DUOX1/A1 complex was also
resolved, which is 91% identical to the human complex. However, the conformation of the
murine complex changes from a “dimer of dimer” to a heterodimer in the presence or absence
of the substrate NADPH (Sun, 2020). Whether this is a difference between the two species or

a difference in sample preparation is unclear (Wu et al., 2021).

Both DUOX isozymes are highly expressed in the thyroid gland. However, only deficiency of
DUOX2 enzyme leads to congenital hypothyroidism, and DUOX1 may compensate for the
function of DUOX2, since the digenic mutations of DUOX1 and DUOX2 are associated with
the severe phenotype of congenital hypothyroidism (Aycan et al., 2017), and the functional
double knockout of DUOX1 and DUOX2 (DuoxA17/A2") leads to severe congenital
hypothyroidism in mice (Grasberger et al., 2012). In addition, DUOX isozymes are expressed
in a variety of epithelial cells as well as many other tissues (reviewed in Bedard and Krause,
2007) and are detectable in T cells (Kwon et al., 2010) and B cells (Singh et al., 2005). In this

thesis, the role of DUOX1 and DUOX2 in Ca?* signaling upon TCR stimulation was investigated.

1.5.7. Pharmacological inhibitors of NOX/DUOX family

Exploring pharmacological inhibitors of the NOX/DUOX family is a hot topic, because oxidative
stress is likely an underlying mechanism for many diseases, such as neurodegenerative

disorders (ND). Increased oxidant formation is known to be a central feature in ND (reviewed
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in Sorce et al., 2017). In one of the ND mouse models, upregulation of NOX2 and DUOXA was
observed in the spinal cord (Seredenina et al., 2016). Apocynin, commonly advertised as a
NOX inhibitor, has been shown to have beneficial effects on ND in some animal models.
However, it was later shown that apocynin is not a NOX inhibitor and instead functions as an
oxidant scavenger (reviewed in Sorce et al., 2017). ROS production is most commonly used
as an indicator to quantify the activity of these enzymes. Therefore, some inhibitors partially
function as ROS scavengers and/or have redox activity that interferes with the reagents used
in the enzyme assay. Furthermore, the highly conserved backbone of the NOX/DUOX family
makes it difficult to develop a selective inhibitor (reviewed in Altenhoéfer et al., 2015). Reis and
coworkers investigated twenty-four NOX inhibitors, and only three of them appear to provide
“real or clean” inhibition: DPI (diphenylene iodonium), VAS2870, and VAS3947 (Reis et al.,
2020).

DPI is the most commonly used inhibitor in NOX/DUOX studies. It potently inhibits all the
isozymes, most likely by irreversible binding to the FAD-binding domains (O’'Donnell et al.,
1993). Therefore, it also inhibits other flavoproteins involved in a wide range of biological
processes. DPI has also been demonstrated to be a potent inhibitor of cholinesterases with an
ICs0 in the micromolar range. In addition, DPI inhibits SERCA pumps in isolated microsomes
from pig coronary artery (30 uM DPI inhibits Ca®* uptake by 18%, whereas 1 uM thapsigargin

inhibits 71% as a positive control) (Tazzeo et al., 2009), which in turn induces SOCE.

VAS2870 and VAS3947 inhibit NOX isozymes by covalent ligation at the NADPH-binding
domains. VAS3947 significantly inhibits NOX4 after 10 min of incubation. Nevertheless, they
are pan-NOX inhibitors (Reis et al., 2020). Additionally, they have been reported to reduce
platelet activation through a NOX-independent pathway (Lu et al., 2019). An off-target effect of
VAS2870 is the direct modification of cysteine thiols of RyR1 (Sun et al., 2012).

Therefore, when using pharmacological NOX/DUOX inhibitors in cell-based experiments, both
the off-target effect as well as ROS scavenging and redox activity have to be considered. In
this study, CD4+ T cells derived from different mouse models were used to discriminate

between different NOX/DUOX isozymes.
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2. Study aims

T cell activation is a hallmark of the adaptive immune response. NAADP is produced within
seconds after the stimulation of T cell receptor. NAADP-induced Ca?* signals function as a
trigger of T cell activation and play a central role in subsequent global Ca?* signaling as well
as downstream events, and therefore in the progression of many inflammatory diseases. The
importance of NAADP in T cell activation led to the question: how is NAADP formed in CD4+
T cells? It has been known that CD38 generates NAADP in the cell-free system at acidic pH.
Further, in the course of the experimental part of this thesis, NADPH oxidases (NOX/DUOX)
were established as enzymes oxidizing NAADPH to NAADP. Hence, their potential roles in

intact CD4+ T cells stimulated via the TCR/CD3 complex were investigated in this thesis.

The rapid formation of NAADP upon TCR/CD3 ligation evokes initial local Ca®* signals, termed
Ca?* microdomains. Hence, Ca?* microdomains were used as the main read-out to identify the
NAADP forming enzyme in CD4+ T cells. Subsequent global Ca?* signals upon T cell activation

were also analyzed.

1) CD38 has long been the only identified enzyme capable of producing NAADP in cell-free
system. However, due to its ability to also degrade NAADP, the situation appears complex.

Therefore, Ca?* responses in T cells from Cd38” mice were first investigated.

2) The NADPH oxidase family, which produces NAADP from its reduced form in the cell-free
system, was then investigated. Since no selective pharmacological inhibitors were
available, primary CD4+ T cells isolated from different mouse models were used to
distinguish the isozymes expressed in T cells, namely NOX1, NOX2, DUOX1, and DUOX2.
Because the single knockout of DUOX1 and DUOX2 mouse models were not available,
the difference between DUOX isozymes was determined using CRISPR/Cas designed rat

CDA4+ effector T cells.

3) NADPH oxidases generate reactive oxygen species (ROS) as a second product. ROS
are known to act as signaling molecules. Therefore, several experimental approaches
were conducted to analyze effects of ROS on Ca** signaling in the first seconds after T

cell activation.
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3. Methods and materials

3.1. Materials

The following fluorescent dyes, kits, antibodies, chemicals, and adenine nucleotides standards

were used for this project. All compounds were prepared, stored, and used according to the

manufacturer’s instructions.

Table 2: List of compounds and devices used for Ca%* imaging

Product

Manufacturer

Ca?* indicators

Fura2-AM EMD Millipore, Merck, USA
Fluo4-AM Invitrogen, Life Technologies, USA
FuraRed-AM Invitrogen, Life Technologies, USA

T cell isolation

EasySep™ CD4+ T Cell Isolation Kit

STEMCELL Technologies, Canada

Cell Strainer (40 pmNylon, 352340)

BD Falcon, USA

antibodies

and magnetic beads

anti-mouse CD3 monoclonal antibody

BD Biosciences, USA

anti-mouse CD28 monoclonal antibody

BD Biosciences, USA

anti-rat CD3 monoclonal antibody

BD Biosciences, USA

anti-rat CD28 monoclonal antibody

BD Biosciences, USA

PureProteome™ Protein G Magnetic Beads

EMD Millipore, Merck, USA

additional compounds

thapsigargin EMD Millipore, Merck, USA

ionomycin Merck, Germany

EGTA Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

BZ194 provided from Prof. Chris Meier from Organic
Chemistry, University of Hamburg

catalase Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

BHA Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

DFP00173 Axon Medchem, Nederland

H202 Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie

GmbH, Germany

pCMV-HyPer7-MEM

Addgene #136465

Neon Transfection system 100 L kit

Invitrogen, USA

Pure water (Aqua)

B. Braun Melsungen, Germany

slides coating

PLL

Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
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Product

Manufacturer

GmbH, Germany

BSA SIGMA Life Science, USA
ACK buffer
NH4CI Merck, Germany
KHCO3 Merck, Germany
EDTA Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie

GmbH, Germany

Ca?* buffer

(D)-glucose * 6 H20

Merck, Germany

KCI Merck, Germany

MgSOg4 * 7 H20 Merck, Germany

NaCl Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

CaClz * 2 H20 Merck, Germany

NaH2PO4 ¢ H20 Merck, Germany

HEPES Carl Roth, Germany

Table 3: List of adenine nucleotides standards used for HPLC assay

Product Manufacturer

adenine Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
adenosine Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
ADP Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
ADPR Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
ADPRP Biolog, Germany

AMP Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
ATP Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
NAAD Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
NAADP Biolog, Germany

NAD Roche, Switzerland

NADP Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
NADPH Roche, Switzerland

nicotinic acid Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
nicotinamide Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany

Table 4: List of compounds and devices used for enzyme assay

Product Manufacturer
Enzyme assay buffer
FAD Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
phosphatidic acid Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
NTA Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
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Product Manufacturer

MgClz * 6 H20 Merck, Germany

CaClz * 2 H20 Merck, Germany

HEPES Carl Roth, Germany

EDTA Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany

HPLC buffer

KH2PO4 Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany

methanol Merck, Germany

TBAP Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany

NAADPH production

NAADP Biolog, Germany

NaHCOs Merck, Germany

natrium dithionite Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany

NaCl Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie GmbH, Germany
additional devices

VIVASPIN 500 Sartorius Stedim Lab, UK

HiTrap DEAE FF 1 mL column | GE Healthcare, Sweden

Table 5: List of other compounds used for buffer solution and medium

Product

Manufacturer

RPMI 1640 + GlutaMAX™-| + 25mM HEPES

Gibco, Life Technologies, USA

DEME (1X) + GlutaMAX™-|

Gibco, Life Technologies, USA

PenStrep

Gibco, Life Technologies, USA

PBS (Ca?*- and Mg**-free)

Gibco, Life Technologies, USA

NCS

Biochrom, Germany

FCS

Biochrom, Germany

sodium pyruvate

Gibco, Life Technologies, USA

L-asparagine

Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

2-mercaptoethanol (50 mM)

Gibco, Life Technologies, USA

MEM non-essential amino acids

Gibco, Life Technologies, USA

NaOH

J.T. Baker, Netherland

KOH

Merck, Germany

DMSO

Sigma-Aldrich Co, USA or Sigma-Aldrich Chemie
GmbH, Germany

3.2. Solutions

Ca?" buffer for imaging: 20 mM HEPES, 140 mM NaCl, 5 mM KCI, 1 mM MgSQO,, 1 mM CaCly,

1 mM NaH2POQOj4, 5.5 mM glucose; pH 7.4 adjusted with 7 M NaOH
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ACK buffer: 4.3 g NH4Cl, 0.5 g KHCO3, 0.00186 g Nax-EDTA in 400 mL H.O; pH7.2-7.4
PBS-T: 10 x PBS with 0.1% (v/v) Tween 20

Buffer for enzyme assay: 50 mM HEPES, 5.5 uM phosphatidic acid, 10 uM FAD, 450 uM NTA,
450 uM EDTA, 1 mM MgClz, 1.4 mM CaCly; pH 7.1 adjusted with 7 M NaOH

HPLC buffer A1 (with ion pair reagent): 20 mM KH2PO4, 1% (v/v) TBAP, pH 6.0 adjusted with
7 M KOH

HPLC buffer B1: 50% buffer A1 (v/v), 50% methanol
HPLC buffer A2 (without ion pair reagent): 20 mM KH2PO,, pH 6.0 adjusted with 7 M KOH
HPLC buffer B2: 50% buffer A2 (v/v), 50% methanol

Buffer for chemical NAADPH production: 744 yM NAADP, 400 mM NaHCOs3, 115 mM natrium

dithionite
Buffer A for NAADPH elution: 20 mM HEPES; pH 8.0 adjusted with 7 M NaOH

Buffer B for NAADPH elution: 20 mM HEPES, 300 mM NaCl; pH 8.0 adjusted with 7 M NaOH

3.3. Mediums

Medium for rat T cells: 96% (v/v) DMEM + GlutaMAX™ -l supplemented with 4.5 g/L D-glucose,
1% (v/v) MEM non-essential amino acids, 1% (v/v) sodium pyruvate (final concentration 1 mM),
1% (v/v) PenStrep (final concentration 100 U/mL), 1% (v/v) L-asparagine (final concentration

1 mM), 0.1% (v/v) 2-mercaptoethanol (final concentration 50 uM)

Medium for murine T cells and Jurkat T cells clone JMP: RPMI medium 1640 + GlutaMAX™ -
| supplemented with 25 mM HEPES and phenol red, additionally supplemented with 1% (v/v)
PenStrep (final concentration 100 U/mL) and 7.5% NCS

Medium for transfection: RPMI medium 1640 + GlutaMAX™ -1 + 25 mM HEPES, supplemented
with 10% (v/v) FCS
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3.4. Mouse models

Cd38" (B6.129P2-Cd38'™'-"Y/J) (Cockayne et al., 1998) and WT (C25BL/6) mice were bred in
the animal facility of the University Medical Center Hamburg-Eppendorf. In collaboration with
Prof. Hans-Willi Mittriicker, the isolated murine spleens and lymph nodes in DEME medium

were kept on wet ice before T cell isolation.

Nox1"" mouse model was reported in (Gavazzi et al., 2006). Nox2” (B6.129S-Cybb™'P"/J)
were purchased from the Jackson Laboratory. Breeding was performed by crossing
homozygote Nox1” or Nox2” females with WT males, giving rise to WT®**) or KOY") male
littermates. In collaboration with Prof. Katrin Schréder from Goethe-University Frankfurt, the
isolated murine spleens and lymph nodes were shipped to Hamburg in DEME medium on wet

ice.

3.5. Isolation of primary murine T cells

Before T cell isolation, the spleens and lymph nodes were kept in cold RPMI medium on wet
ice. Then they were crushed by pressing them into a sieve with a syringe plunger. Cells were
washed with additional medium through the filter and were centrifuged (1200 rpm, 5 min, 4°C).
Cells were then resuspended in ACK buffer and incubated on wet ice for 5 min to lyse the red
blood cells. After centrifuging the suspension (1200 rpm, 5 min, 4°C), the supernatant was
discarded. CD4+ T cells were isolated by EasySep™ Mouse CD4+ T Cell Isolation Kit by
negative selection. Briefly, unwanted cells are eliminated precisely using biotinylated
antibodies directed against non-CD4+ T cells that are coupled to streptavidin-coated magnetic
particles (RapidSpheres™). A magnet was used to remove the magnetic particles and bound

cells from the solvent. CD4+ T cells were present in the solution.

3.6. DUOX1 and DUOX2 single knockouts in rat effector T cells

In collaboration with Prof. Alexander Fligel from University Medical Center Goéttingen,
CRISPR/Cas designed DUOX1 and DUOX2 single knockout rat CD4+ effector T cells were

shipped to Hamburg in DMEM medium on wet ice.
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Briefly, retroviral short guide RNA expression constructs were cloned into a modified pMSCV
vector pMPuChe-U6zero from Clontech. A long terminal repeat (LTR) promoter drives
expression of a puromycin resistance gene linked to the red fluorescent protein mCherry. U6
promoter controls the expression of crRNA. Oligonucleotides targeted to protospacer in the
exon 2 of rat Duox1 gene (CCTGGATCCTCCTTTTTGGGATG) or exon 3 of rat Duox2 gene
(CCTGGGCGCTCTGTTGACTGGAC) were annealed and ligated into Bbs | digested vector.
Control short guide RNA was made to target intronic sequence in the rat Rosa26 locus. After
7 days of puromycin (1 ug/mL) selection, flow cytometry was used to sort survivor packaging
cells. These cells were then subcloned by limited dilution. Effector T cell lines specific for
ovalbumin or myelin basic protein on a transgenic background expressing Cas9 nuclease were
described previously (Fligel et al., 1999). In culture, more than 95% of cells were positive for

Cherry after two rounds of restimulation, as demonstrated by flow cytometry.

3.7. Imaging of initial Ca?* microdomains and analysis

Identification of local Ca?* microdomains, image processing, calibration, and comparison for
subcellular compartments has been reported in detail in (Diercks et al., 2019). Briefly, freshly
isolated murine CD4+ T cells or rat CD4+ effector T cells were loaded with a combination of
10 uM Fluo4-AM and 20 uM FuraRed-AM for 50 min at room temperature in RPMI medium
(murine T cells) or DMEM medium (rat T cells). In between, 2 mL medium was added at 20
min intervals. After washing, cells were resuspended in Ca?* buffer. The stimulating beads
were PureProteome™ Protein G Magnetic Beads coated with anti-CD3 and anti-CD28
antibodies. Coverslips were coated with bovine serum albumin (BSA; 5 mg/mL) and poly-L-

lysine (PLL; 0.1 mg/mL) to facilitate T cell adhesion.

Cells were preincubated at room temperature with 1000 to 2500 units/mL catalase for 5 min
(control with equal volume Ca?* buffer) or with 50 yM BHA for 5 min or with 25 yM DFP00173
for 10 min [control with 0.5% (v/v) DMSQ] before measurements. Commercial H.O, (10 M)
was diluted with commercial pure water to a 50 uM stock solution and then diluted into 0.8 uM
with Ca?* buffer. The H,O, stock solution was prepared shortly before the measurements and
kept on ice.
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Imaging was performed on a Leica IRBE2 microscope (100-fold magnification) using a Sutter
DG-4 light source and electron-multiplying charge-coupled device camera (C9100,
Hamamatsu). Exposure time was 25 ms (40 frames/s) in 14-bit mode with 2-fold binning. A
Dual-View module (Optical Insights, PerkinElmer Inc.) was used to split the emission
wavelengths, with filters: 480/40 for excitation; 495 for beam splitter; 542/50 for emission 1 and
650/57 for emission 2. Volocity software (version 6.6.2; PerkinElmer) was used for image
acquisition, and Ca?* microdomain analysis was done with MATLAB (MathWorks). All pixel
Ca?" concentration value in the microdomain was required to be at least within an increase
more than 90 nM, greater than the frame-specific mean Ca®* concentration of the considered
cell to identify Ca?* microdomain in cell images. A method called "dartboard projection" was
developed to compare subcellular compartments. Every individual cell was matched to a
circular, dartboard-like template. The recognized local Ca?* signals were allocated to the
relevant dartboard based on their geographical positions. Rotation was used to equalize each
dartboard to the bead contact site to 1 o'clock. The dartboard information for all individual cells
was then combined and analyzed. Data are shown as the mean of the number of Ca®*

microdomains per cell and frame.

3.8. Imaging of global Ca?* signals and analysis

Freshly isolated murine T cells or rat effector T cells were loaded with 4 yM Fura2-AM for 30
min at 37°C in RPMI medium (murine T cells) or DMEM medium (rat T cells). In between, 2
mL medium was added at 15 min intervals. Cells were washed twice, resuspended in Ca?*

buffer, and kept at room temperature for 20 min.

Cells were preincubated with 500 yM NAADP antagonist BZ194 [control with 1% (v/v) DMSO]
overnight at 37°C and 5% CO: in a humidified cell incubator; or with 1000-2500 units/mL
catalase for 5 min (control with equal volume Ca?* buffer) on coverslips coated with BSA (5
mg/mL) and PLL (0.1 mg/mL). Anti-CD3 antibody (final concentration: 1 pg/mL for rat T cells
or 10 pg/mL for murine T cells) was added at 2 min to stimulate T cells, and thapsigargin (final
concentration 1.67 uM) was added at 15 min as a positive control.

Imaging was carried out using a Leica IRBE microscope with 40-fold magnification. A Sutter
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DG-4 was used as a light source, and frames were acquired with an electron-multiplying
charge-coupled device camera (Hamamatsu). The time-lapse rate was 2 s/frame with a Fura2
filter set (excitation, HC 340/26 nm and HC 387/11 nm; beam splitter, 400 DCLP; emission,
510/84 nm; AHF Analysentechnik).

Before calculating the ratio of 340ex/380ex, the background was corrected. The free cytosolic
Ca®" concentration [Ca*']; was calibrated using the equation provided in (Grynkiewicz et al.,

1985):

R — Rmin F(380)max

Ca?*|, = Kd
[Ca™]; *Rmax — R F(380)min

Kd refers to the dissociation constant 224 nM. Rmax (ratio of 340ex/380ex) and F(380)max
(fluorescence upon excitation at 380 nm) were measured in Ca®* buffer with 5 yM ionomycin;
Rmin and F(380)min were measured in Ca** buffer containing 4 mM EGTA and 5 uM ionomycin

using WT murine or rat T cells, respectively.

3.9. Cell culture of Jurkat T cells

Jurkat T cells are an immortalized CD4+ human T cell line. In present study, a subclone
JMP was used. Jurkat T cells were cultured at 37°C and 5 % CO2in a COz2incubator. Every
2 to 3 days the cell density was determined and adjusted to a concentration of 0.3x10°

cells/mL with RPMI medium.

3.10. Determination of H202 using HyPer7 sensor

To examine H.02 generation, 2x10° WT Jurkat T cells (clone JMP) were electroporated with 5
Mg of pCMV-HyPer7-MEM according to the manufacturer's recommendation using the Neon
Transfection System (Invitrogen). V. Belousov kindly provided the vector (Addgene, plasmid
no. 136465) as a gift. Before transfection, cells were washed in phosphate-buffered saline
(PBS; without Ca** and Mg®") and resuspended in 100 ul of resuspension buffer R (an
Invitrogen proprietary buffer). Two 1400-V pulses, each lasting 20 ms, were used for

electroporation. After electroporation, cells were incubated overnight at 37°C and 5% CO- in
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humanized incubator.

For image acquisition, cells were seeded on coverslips coated with BSA (5 mg/mL) and PLL
(0.1 mg/mL) and images were acquired at 100-fold magnification using a spinning-disk
confocal imaging system (Visitron). HyPer7 fluorescence was acquired for 400 ms with 40%
laser power using 405 nm and 488 nm lasers. Emission from both lasers was measured using
a 525/50 emission filter in front of a sCMOS camera (Orca-Flash 4.0, C13440-20CU,
Hamamatsu). After 30 s, OKT3 (final concentration 1 pg/mL), Ca®* buffer, or the appropriate
H202 concentrations were added (final concentrations: 80 nM, 100 nM, 200 nM, 300 nM, 400
nM, and 10 uM). H.O, was freshly prepared as described in methods and materials section
3.7. Before calculating the ratio of 488ex/405ex, the background was corrected, and finally, the

ratio was normalized to the time point of stimulation (R/Rstim).

3.11.NAADPH production

The procedure for production of the reduced form of NAADP was described in a previous report
(Billington et al., 2004). 744 uM NAADP was dissolved in buffer containing 400 mM NaHCO3
and 115 mM sodium dithionite. Under a steady argon flow, the solution was incubated in the
dark for 2 h. Then, the solution was loaded onto a HiTrap DEAE FF 1 mL column using a
peristaltic pump at a 1 mL/min flow rate and equilibrated with 20 mM HEPES (pH 8.0). Alinear
gradient of 0 to 300 mM NaCl was then used to elute NAADPH. 1 mL fractions were collected,
12 ul of each fraction was then analyzed on HPLC, the fractions with the greatest absorption
at 340 nm were then used as substrate for the enzyme assay. The rest of the fractions was

immediately aliquoted, argon-treated, and stored at -80°C until used.

HPLC (Agilent Technologies, 1260 Infinity and 1200 Infinity) was used to control the quality
and quantity of each batch, using a BDS Multohyp 5u column (250 x 4.60 mm, particle size 5
pum). Buffer A1 [20 mM KH2POs4, 1% (v/v) tetrabutylammonium phosphate (TBAP) at pH 6.0]
and buffer B1 [50% (v/v) buffer A1, 50% (v/v) methanol] were used to analyze the product at a
flow rate 0.8 mL/min. The gradient was 30% buffer B1 (0 to 3.5 min), linearly increased B1 to
62.5% (3.5 to 11 min), 62.5% buffer B1 (11 to 15 min), linearly increased B1 to 100% (15 to 25

min), decreased B1 to 30% (25 to 27min), and 30% B1 (29 to 38 min). Because NADPH (6220
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1/cm/M) and NAADPH (6228 1/cm/M) have similar absorption coefficients at 340 nm (Billington
et al.,, 2004), NADPH was used as the standard for quantification of NAADPH. The
wavelengths of the diode array detector (Agilent Technologies) were 260 nm (for nucleotides)
and 340 nm (for the reduced form of nucleotides). ChemStation Software (Rev. C.01.05,

Agilent Technologies) was used for peak integration.

3.12. Enzyme assay in a cell-free system and HPLC conditions

In collaboration with Prof. Karl-Heinz Krause from the University of Geneva, membranes were
isolated from human DUOX1/A1 or human DUOX2/A2 overexpressing HEK293 cells, then
aliquoted and shipped on dry ice to Hamburg. Purification of these membranes was described
in detail in (Augsburger et al., 2019), and protein concentration was determined using the
Bradford reagent. Membranes were then immediately stored at -80°C and thawed shortly
before the measurements and incubated at 37°C in the enzyme assay buffer at pH 7.1
containing 50 mM HEPES, 5.5 uM phosphatidic acid, 10 uM FAD, 450 uM NTA, 450 uM EDTA,
1.4 mM CaClz, 1 mM MgCl, and 50 uM NAADPH or NADPH as positive control.

Samples were analyzed by HPLC (Agilent Technologies, 1260 Infinity and 1200 Infinity)
equipped with a C8 column [Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm, particle size
5 um)] and a guard cartridge (4 x 3.0 mm) containing a C8 filter element (Phenomenex).
Analysis was carried out at a flow rate of 0.8 mL/min in a running buffer A2 (20 mM KH.PO; at
pH 6.0) with a linear methanol gradient [buffer B2: 50% (v/v) buffer A2 and 50% (v/v) methanol].
The gradient was 0% B2 (0 to 5 min), linearly increased B2 to 25% (5 to 27.5 min), 25% B2
(27.5 to 30 min), decreased B2 to 0% (30 to 32 min), and 0% B2 (32 to 43 min). The
wavelengths of the diode array detector (Agilent Technologies) were 260 nm (for nucleotides)
and 340 nm (for the reduced form of nucleotides). ChemStation Software (Rev. C.01.05,
Agilent Technologies) was used for peak integration. Enzyme activity was calculated using the
difference in NAADP or NADP after incubation with and without enzyme-containing

membranes.
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4. Results

The physiological mechanism of generation of NAADP in CD4+ T cells is still unknown. In this
study, Ca*" microdomains generated within 15 s and global Ca®" signals up to 13 min after
TCR stimulation were monitored as read-out for the synthesis of NAADP in intact T cells. The

results section mainly consists of two parts:

In the first part, CD4+ primary T cells derived from different mouse models and CRISPR/Cas
designed rat CD4+ effector T cells were used. These T cells lack the enzymes reported to
synthesize NAADP in the cell-free system. One enzyme was identified that is responsible for

the rapid NAADP formation upon T cell activation.
In the second part, the role of H20x in initial Ca®* signaling upon T cell activation was excluded.

To obtain these data, master students Aileen Kriger and Franziska Mockl helped with a part

of the measurements and analyses.

4.1. Role of CD38 in Ca?* signaling upon TCR/CD3 ligation

CD38 has long been the only identified mammalian enzyme capable of synthesizing NAADP
in vitro, either by the “base-exchange” reaction (Aarhus et al., 1995) or from cADPRP
(Moreschi et al., 2006). Both reactions prefer an acidic pH and require the presence of nicotinic
acid in the millimolar range. Without nicotinic acid or at neutral pH, CD38 can hydrolyze NADP
and cADPRP into ADPRP (Aarhus et al., 1995; Moreschi et al., 2006). On the other side, CD38

can also function as an NAADP degrading enzyme (Graeff et al., 2006; Schmid et al., 2011).

Therefore, the role of CD38 in NAADP production (or NAADP metabolism) was first
investigated. In collaboration with Prof. Hans-Willi Mittricker from the University Medical
Center Hamburg-Eppendorf, CD4+ T cells isolated from spleens and lymph nodes of WT and

Cd38” mice were used. The results are summarized in Fig. 4.
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Fig. 4: Lack of CD38 has no effect on Ca?* microdomain formation or global Ca?* signals in
response to TCR stimulation.

CD4+ primary T cells were extracted from lymphoid tissues of WT or Cd38” mice and loaded with 10
MM Fluo4-AM and 20 uM FuraRed-AM for Ca?* microdomain imaging (A-C) or 4 uM Fura2-AM for global
Ca?* imaging (D). (A) High resolution Ca?* images of a WT T cell (left) and a Cd38™ T cell (right) after
stimulation with anti-CD3 and anti-CD28 coated beads (indicated schematically). The heatmap suggests
emission ratios between Fluo4 and FuraRed ranging from 0.1 to 1.0; ratio data was then transformed to
0 to 200 nM intracellular Ca?* concentration using external calibration. Scale bars are 5 ym for complete
cells and 1 um for the magnified region at the bead contact site. (B) Analysis of Ca?* microdomains in
whole cells within the first 15 s following bead stimulation, revealing the number of signals per confocal
plane per frame, average Ca?* concentration in responding cells, and percentage of activated cells. Data
are shown as mean + SEM and were collected from at least three independent experiments; cell
numbers are indicated in the column (WT n=38 cells; Cd38” n=31 cells); a non-parametric Mann-
Whitney U test revealed no significant differences. (C) Analysis of the number of signals per confocal
plane per frame and average Ca?* concentration in responding cells from (B) after bead stimulation in a
shorter period (5 s as indicated). No significant difference was observed in statistical analysis as in (B).
(D) Analysis of global Ca?* signals showing mean Ca?* traces after 10 uyg/mL anti-CD3 addition, basal
Ca?* concentration, the slope of Ca?* concentration increase within 100 s after stimulation, and peak (as
indicated) and plateau (at 816s) amplitudes. The data are mean + SEM from at least three different
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experiments; cell numbers are shown in legends (WT n=532 cells and Cd38" n=529 cells). Non-
parametric Mann-Whiney U test was used for statistical analysis: ** p<0.005, **** p<0.0001. This dataset
is modified from Fig. 1 in (Gu et al., 2021).

In the characteristic Ca®" images in Fig. 4A, the local Ca?* increase below the plasma
membrane near the stimulating site can be seen in both T cells from 0.13 s after stimulation.
Quantitative analysis of the formation of Ca?* microdomains in the whole cells indicated that
the absence of CD38 did not show any significant effect on the Ca* microdomain formation
within 15 s after stimulation: the average number of Ca?* microdomains was 0.62 signals per
frame in WT T cells and 0.83 signals per frame in Cd38” T cells, as shown in Table 6. The Ca?*
microdomains occurred in 60% of WT T cells with an average concentration of 313 + 30 nM
(mean = SEM), and more CD38-deficient cells (77%) showed the Ca®* microdomains with an
amplitude of 331 £ 34 nM (mean + SEM) (Fig. 4B). Furthermore, there was no significant

difference in shorter periods, as shown in Fig. 4C and Table 6.

Table 6: Number of Ca?* microdomains per frame (mean * SEM) in WT versus CD38-deficient T
cells shown in Fig. 4 B and C.

0-15s
WT (n=38) 0.62 +£0.16
Cd38” (n=31) 0.83+0.18
0-5s 5-10s 10-15s
WT (n=38) 0.48 £0.16 0.66 £ 0.18 0.71+0.19
Cd38" (n=31) 0.85+0.25 0.79+0.19 0.84 £0.19

Moreover, imaging data of global Ca** signals (Fig. 4D) confirmed that the absence of CD38
did not affect NAADP-induced Ca?* signaling upon T cell activation. Although a decreased
slope was observed in the absence of CD38 [0.19 + 0.04 nM/s (mean + SEM)] compared with
WT T cells [0.28 + 0.06 nM/s (mean + SEM)], the profile of global Ca?* signaling, e.g., peak
amplitude [269 + 14 nM (mean £ SEM) in WT cells versus 273 + 15 nM (mean £ SEM) in Cd38
’ cells] and plateau amplitude [108 + 5 nM (mean = SEM) in WT cells versus 116 + 6 nM (mean

+ SEM) in Cd38” cells], was almost identical.

Therefore, CD38 does not appear to function as either an NAADP synthesizing enzyme or its

major degrading enzyme in intact T cells upon TCR stimulation.
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4.2. Role of NADPH oxidases in Ca?* signaling upon T cell activation

A former colleague in the Department of Biochemistry and Molecular Cell Biology, Hannes
Roggenkamp, demonstrated that NOX5, as a standard model of the NOX/DUOX family, can
also oxidize NAADPH, and the optimal pH for oxidation of NAADPH is between 7 and 8 (Gu
et al., 2021). NOX5 is known to be absent in rodents (Kawahara et al., 2007). Among other
isozymes, NOX1, NOX2, DUOX1, and DUOX2 are detectable in murine and rat T cells by
gPCR (Gu et al., 2021). In this study, T cells extracted from different mouse models and

CRISPR/Cas designed rat T cells were used.

4.2.1. Role of NOX1 in Ca?* signaling upon TCR/CD3 ligation

NOX1 produces superoxide and requires two cytosolic subunits (Geiszt et al., 2003). The Nox1
gene is located on the X chromosome. A NOX1 deficient mouse model (Nox7"") was

established and described in (Gavazzi et al., 2006).

In collaboration with Prof. Katrin Schréder from Goethe University Frankfurt, CD4+ primary
murine T cells were isolated from lymphoid tissues of Nox7”- mice in comparison to male WT

littermates and the Ca?* response was analyzed (Fig. 5).
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Fig. 5: Absence of NOX1 affects neither Ca?* microdomain formation nor the global Ca?* signals
upon TCR stimulation.

CD4+ primary T cells were freshly isolated from lymphoid tissues of WT or NOX1-deficient mice and
were loaded with Fluo4-AM (10 uM) and FuraRed-AM (20 uM) for Ca?* microdomain imaging (A-C) or
Fura2-AM (4 uM) for global Ca?* imaging (D). (A) High resolution Ca?* images of a WT T cell (left) and
a Nox1”- T cell (right) after stimulation with anti-CD3 and anti-CD28 coated beads (indicated
schematically). The heatmap suggests emission ratios between Fluo4 and FuraRed ranging from 0.1 to
1.0; ratio data were then converted using external calibration corresponding to 0 to 200 nM intracellular
Ca?* concentration. 5 um scale bar is shown for whole cells and 1 um for the magnified region at the
bead contact site. (B) Analysis of Ca?* microdomains in the whole cells across the first 15 s after bead
stimulation shown as the number of signals per confocal plane per frame, average Ca?* concentration
in the responding cells, and the percentage of activation. Data are presented as mean + SEM and were
collected from at least three independent experiments; cell number indicated in the column (WT n=41
cells; Nox1- n=42 cells); no significant difference was indicated using a non-parametric Mann-Whitney
U test. (C) Analysis of the number of signals per confocal plane per frame and average Ca?*
concentration from (B) in a shorter period (5 s as indicated) after bead stimulation. Statistical analysis
as in (B), no significant difference was indicated. (D) Analysis of global Ca?* measurements showing
mean Ca?* traces upon 10 ug/mL anti-CD3 addition, basal Ca?* concentration, the slope of Ca?*
concentration increase within 100 s after stimulation and peak (as indicated) and plateau (at 816s)
amplitudes. Data are mean + SEM and were collected from at least three independent experiments; cell
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number is shown in legends (WT n=105 cells; Nox 1~ n=229 cells). No significant difference was shown
using a non-parametric Mann-Whiney U test. The global imaging data were published in (Gu et al., 2021)
in Fig. 3.

In the characteristic Ca?* images of the Nox7” T cell, strong Ca?* microdomain formation was
observed near the plasma membrane from 0.13 s after bead stimulation, like the WT T cell
(Fig. 5A). In the analysis of whole cells in the first 15 s post-stimulation (Fig. 5B), the NOX1-
deficient T cells showed no significant difference in the number of signals per frame compared
to the WT control (0.48 signals per frame in WT T cells versus 0.34 signals per frame in Nox 1"~
T cells, as shown in Table 7). The Ca®" microdomains occurred in 83% WT T cells with an
average Ca?" concentration of 247 + 11 nM (mean * SEM) and in 64% Nox1"" T cells with an
amplitude of 245 + 9 nM (mean £ SEM). Similar results in the number of signals per frame

could be observed in every 5 s period, as shown in Fig. 5C and Table 7.

Table 7: Number of Ca?* microdomains per frame (mean * SEM) in WT versus NOX1-deficent T
cells shown in Fig. 5 B and C.

0-15s
WT (n=41) 0.48+£0.13
Nox1”- (n=42) 0.34 £ 0.12
0-5s 5-10s 10-15s
WT (n=41) 0.38 £ 0.11 0.47 £ 0.14 0.59 £ 0.17
Nox1”- (n=42) 0.30 £ 0.11 0.32+0.11 0.42+0.17

Moreover, the deficiency of NOX1 did not affect the subsequent global Ca®* signals (Fig. 5D):
the average peak Ca®" concentration was 292 + 69 nM (mean + SEM) in WT cells and 339 +
45 nM (mean = SEM) in Nox7” T cells. The amplitudes in the plateau phase were similar as
well, 153 £ 27 nM (mean + SEM) in WT cells and 176 + 20 nM (mean + SEM) in knockout T

cells.

Therefore, NOX1 does not seem to be involved in NAADP synthesis upon TCR stimulation.

4.2.2. Role of NOX2 in Ca?* signaling upon TCR/CD3 ligation

Next, the role of NOX2 was analyzed. NOX1 and NOX2 have 60% sequence similarity at the
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protein level and both require cytosolic subunits and produce superoxide. Moreover, the
location of the Nox2 gene (also known as the Cybb gene) is also on the X chromosome

(reviewed in Bedard and Krause, 2007).

From our collaborator Prof. Katrin Schréder from Goethe University in Frankfurt, lymphoid
tissues of NOX2-deficient mice were shipped to Hamburg on wet ice. Ca®* signaling after TCR

stimulation was analyzed in isolated CD4+ T cells (Fig. 6).

A WT CD4+ primary murine T cell Nox2¥- CD4+ primary murine T cell

0.52s Bead 0.65s 7.5s 15.0s 20.0 s 0.52s Bead 0.65s 75s 15.0s 200 s
contact cof tact

mn\ Spum Ca2*

Raho [nM]
7 1.0 = 200
) 0.82

137
0.64
! 1 1 ! ! 0.46
ﬂ ﬂ a3 D

lum

0.13s 0.26s 0.39s 0.52s 0.655 : REY 0.26 0.39s 0.52s 0.65s
_— >

0-15 s post-stimulation

T (58 cells)
B 04 400 g 50 Nox2™ (48 colls
@
2 E S 4
g E 03 ig
2 § B 30 o
S a5 02 - . )
5=
a8 23
£ .2 0.1 100 @
S c z 10 4
-8 56 | 48 8 '
0.0 0 g 0
N
$g <& @ .
W N
510s 10-156s
basal Ca®* 9 )
D concentration signal onset velocity peak [Ca“7; plateau [Ca*"};
a-CD3
400 S WT (174 cells) 10 400 400
L Nox2"" (100 cells) D 08
300 : Pl 300
z S o6 = Z
L+ 200 = ha 200
& Eo04 o ‘o
© o g © © 100
100 100
% 02
0 T T T 0.0 0 0
0 200 400 600 800 4\’\ *’f« q"f‘\ q"f) q\« 4
time [s] S R W
&

Fig. 6: Lack of NOX2 affects neither the Ca2* microdomains nor the overall Ca?* signals after TCR
stimulation.

Freshly isolated CD4+ primary T cells from WT or NOX2-deficient mice's lymphoid tissues were loaded
with 10 uM Fluo4-AM and 20 uM FuraRed-AM for Ca?* microdomain imaging (A-C) or 4 uM Fura2-AM
for global Ca?* imaging (D). (A) High resolution Ca?* images of a WT T cell (left) and a NOX2-deficient
T cell (right) stimulated with anti-CD3 and anti-CD28 coated beads (indicated schematically). The
heatmap shows emission ratios between Fluo4 and FuraRed ranging from 0.1 to 1.0; ratio data was
then translated to 0 to 200 nM intracellular Ca?* concentration using external calibration. 5 um scale bar
is shown for complete cells and 1 um scale bar for the magnified region near the stimulating bead. (B)
Ca?* microdomains in whole cells within the first 15 seconds after bead stimulation, indicating the
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number of signals per confocal plane per frame, average Ca?* concentration in the responding cells,
and percentage of activated cells. Data are reported as mean + SEM and were obtained from at least
three different experiments; cell number is indicated in the column (WT n=56 cells; Nox2"- n=48 cells);
a non-parametric Mann-Whitney U test revealed no significant differences. (C) Analysis of the number
of signals per confocal plane per frame and average Ca?* concentration from (B) after bead stimulation
over a shorter period (as indicated). There is no significant change after statistical analysis, as shown in
(B). (D) Mean Ca?* traces following 10 pug/mL anti-CD3 addition, basal Ca?* concentration, the slope of
Ca?* concentration increase within 100 s of stimulation, and peak (as indicated) and plateau (at 816s)
amplitudes. The data are mean + SEM from at least three different experiments; cell numbers are as
stated in legend (WT n=174 cells; Nox2”- n=100 cells). A non-parametric Mann-Whiney U test was used
for the statistical analysis: **** p<0.0001. The global imaging dataset was published in (Gu et al., 2021)
in Fig. 3.

As shown in Fig. 6A, similar to the results of NOX1, a strong and fast Ca*" increase was
observed within 0.65 s in the Nox2”" T cell at the bead contact site. In whole cell analysis of
Ca?* microdomains within the first 15 s (Fig. 6B), 0.22 signals per frame were observed in WT
cells and 0.13 signals per frame were observed in Nox2” T cells, as shown in Table 8. Further,
a similar number of Ca?* microdomains was observed in the first 10 s. Except from 10 to 15 s,
there were 0.28 signals per frame in WT T cells and 0.10 signals per frame in Nox2”" T cells

(Table 8) with a high p value (0.7213), as shown in Fig. 6C.

Table 8: Number of Ca?* microdomains per frame (mean * SEM) in WT versus NOX2-deficent T
cells shown in Fig. 6 B and C.

0-15s
WT (n=56) 0.22 £ 0.076
Nox2”- (n=48) 0.13 £ 0.050
0-5s 5-10s 10-15s
WT (n=56) 0.19 £ 0.066 0.18 £ 0.078 0.28 £ 0.11
Nox2”- (n=48) 0.14 £ 0.057 0.15 £ 0.064 0.10 £ 0.045

Furthermore, absence of NOX2 did not influence the subsequent global Ca?* signals upon
TCR stimulation (Fig. 6D). Peak amplitudes were 302 + 14 nM (mean £ SEM) in WT cells and
286 + 19 nM (mean + SEM) in Nox2”" T cells and plateau amplitudes were 263 + 7 nM (mean

+ SEM) in WT cells and 249 + 9 nM (mean + SEM) in Nox2”" cells.

Hence, NOX2 is unlikely to be the enzyme involved in NAADP synthesis in T cells.
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4.2.3. The role of DUOX isozymes

DUOX1 and DUOX2 are unique members in this family: i) they require maturation factors
(DUOXA1 and DUOXA2, respectively) instead of cytosolic subunits; ii) their activation is
dependent on the binding of intracellular Ca?* on EF-hand motifs (like NOX5); iii) they contain
an extracellular peroxidase-homologs domain and produce H>O. upon activation (H2O:
production like NOX4) (reviewed in Bedard and Krause, 2007). They both share 50% identity
at the protein level with NOX2, and DUOX1 and DUOX2 share 83% sequence similarity (De
Deken et al., 2000). In the next step, the role of these two DUOX isozymes was further

investigated.

4.2.3.1. DUOX1 and DUOX2 oxidize NAADPH to NAADP in cell-free system

In collaboration with Prof. Karl-Heinz Krause from the University of Geneva, membranes
isolated from human DUOX1-DUOXA1 (hDUOX1/A1) and DUOX2-DUOXA2 (hDUOX2/A2)
over-expressing HEK293 cells were shipped in dry ice. Their enzyme activity was analyzed on

RP-HPLC (Fig. 7).
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Fig. 7: Synthesis of NAADP from its reduced form NAADPH in vitro by DUOX1 and DUOX2.

(A) Synthesis of NAADP from NAADPH (produced by chemical reduction see section 3.11.) in the
presence or absence of DUOX1- or DUOX2 containing HEK cell membranes (0.3 mg protein/mL) in the
buffer with 50 yM NAADPH or NADPH, 5.5 uyM phosphatidic acid, 1.4 mM CaClz, 1 mM MgClz, 450 uM
NTA, 450 uM EDTA, 10 uM FAD and 50 mM HEPES at pH 7.1. As described in section 3.12., samples
were analyzed by reversed-phase (RP)-HPLC. A characteristic HPLC chromatogram from five tests is
displayed. (B) Comparison of the enzyme activity of DUOX1 and DUOX2 using NADPH and NAADPH
as substrates. Enzyme activity was calculated by the increase in NAADP or NADP after incubation with
and without enzyme-containing membranes. Data are mean + SEM, n=5; Non-parametric Mann-
Whitney U test was used: * p<0.05. (C) Purity of NAADPH. The chemical reduction was used to create
NAADPH, then purified using semi-preparative HPLC. The image shows a typical HPLC chromatogram
from at least three different tests. The purity of the product was determined using RP-HPLC. NAADPH
was identified at wavelengths of 260 nm (top) and 340 nm (bottom). The latter wavelength was used to
detect the reduced form of nucleotides. This dataset was published in (Gu et al., 2021) in Fig. 2 and Fig.
S1.
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As shown in Fig. 7A, both DUOX1/A1 and DUOX2/A2 complexes oxidize NAADPH in the cell-
free system at neutral pH and 37°C. The purity of chemically reduced NAADPH is shown in
Fig. 7C, a small amount of NAADP is present (chemical production of NAADPH as described
in section 3.11.). Therefore, the enzyme activity shown in Fig. 7B was calculated from the
difference of NAADP (and NADP as positive control) after the incubation with and without
enzyme-containing membranes. DUOX2 complex did not show significant specificity
consuming NAADPH and NADPH [0.025 + 0.0029 nkat/mg protein (mean + SEM) for NAADPH
versus 0.041 + 0.0058 nkat/mg protein (mean £ SEM) for NADPH], whereas DUOX1 complex
significantly preferred NADPH as substrate [0.010 £ 0.0022 nkat/mg protein (mean + SEM) for
NAADPH versus 0.042 £ 0.0060 nkat/mg protein (mean £ SEM) for NADPH].

It is known that ECso of Ca®* for DUOX1/A1 complex is 0.38 uM (Wu et al., 2021). From other
publications we know that smaller and lower Ca?* microdomains are present close to the
plasma membrane in the absence of TCR stimulation, where the local Ca®* concentration is
supposed to be approximately 230 nM (Brock et al., 2022; Diercks et al., 2018). As for NOX1
and NOX2, any role of the DUOX isozymes in Ca?* signaling was further investigated in intact

T cells.

4.2.3.2. DUOX1 and DUOX2 affect Ca%?* microdomain formation differently

Since DUOX1 and DUOX2 single knockout mouse models were not available, CRISPR/Cas
designed CD4+ rat effector T cells from Prof. Alexander Fligel’s group in the University Medical
Center Géttingen were used for further analysis of Ca®* response to distinguish the DUOX
isozymes (Fig. 8). The expression and localization of DUOX1 and DUOX2 were validated by

STED super-resolution microscope (Gu et al., 2021).
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Fig. 8: Single knockouts of DUOX1 and DUOX2 in CD4+ effector rat T cells reduce Ca*
microdomain formation in the first 15 s.

CD4+ rat effector T cells created using CRISPR/Cas were loaded with 10 uM Fluo4-AM and 20 uyM
FuraRed-AM for Ca?* microdomain imaging. Ca?* images of a WT T cell (upper), a Duox1” T cell
(middle), and a Duox2” T cell (lower) following stimulation with anti-CD3 and anti-CD28 coated beads
(indicated schematically). The heatmap shows emission ratios between Fluo4 and FuraRed ranging
from 0.1 to 1.0; ratio data was then translated to 0 to 200 nM intracellular Ca?* concentration using
external calibration. 5 ym scale bar is shown for whole cells and 1 um scale bar for the enlarged region

at the bead contact site.
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In Fig. 8, increased local Ca** concentration close to the plasma membrane was observed in
the WT T cell already within 0.65 s; in this period, less Ca®" microdomains occurred in Duox1
~T cell and almost no Ca*" microdomains were seen in Duox2” T cell. In whole cell analysis
within first 15 s, there were 0.89 signals per frame in the WT T cells, 0.79 signals per frame in
Duox1” T cells and 0.70 signals per frame in Duox2” T cells. Then this dataset was further

analyzed in 5 s periods (Table 9).

Table 9: Number of Ca?* microdomains per frame (mean * SEM) in WT versus DUOX1- or DUOX2-
single knockout T cells in the first 15 s and in 5 s periods.

0-15s
WT (n=23) 0.89 % 0.29
Duox1” (n=23) 0.79 £ 0.26
Duox2” (n=25) 0.70 £ 0.26
0-5s 5-10s 10-15s
WT (n=23) 0.95+0.36 1.04 £0.39 1.33+£045
Duox1” (n=23) 042+0.13 0.60 £ 0.20 1.37 £0.52
Duox2” (n=25) 0.27 £ 0.11 0.60 £ 0.25 117 £0.45

As shown in Table 9, the differences between WT and DUOX1-and DUOX2-deficient T cells
are not significant using a non-parametric Kruskal-Wallis test and Dunn’s correction for multiple
testing. However, in the first 5 s, there were only 0.27 signals per frame in the absence of
DUOX2. Therefore, a finer analysis was performed and compared with other datasets as

shown below in Fig. 9.

A coworker in the Department of Biochemistry and Molecular Cell Biology, Aileen Krlger,
analyzed the initial Ca®* signaling in the CD4+ T cells derived from DuoxA17/A2” mice, the
functional double knockout mouse model of DUOX1 and DUOX2 as reported in (Grasberger
et al., 2013), and observed a strong phenotype in Ca®* microdomain formation upon TCR

stimulation (Gu et al., 2021). This dataset is shown in Fig. 9 A and B as a comparison.

It is also known that NAADP requires its binding protein HN1L/JPT2 to evoke initial Ca?*
release events (Roggenkamp et al., 2021). Ca?* microdomain formation at the bead contact

site in Hn1I”- CD4+ rat effector T cells is shown in Fig. 9C as a comparison.
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Fig. 9: DUOX2 is essential for initial NAADP formation

(A) The normalized number of signals per confocal plane per frame in DUOX1 and DUOX2 single
knockout T cells from Table 9 (no significant difference as revealed by non-parametric Kruskal-Wallis
test and Dunn’s correction for multiple testing) as well as in functional double knockout of DUOX1 and
DUOX2 T cells (Gu et al., 2021) in 5 s periods (as indicated) after bead stimulation. The data in the
functional double knockout T cells were performed by Aileen Kriger (WT: n=75 cells; DuoxA17//A2"
n=52 cells. Statistical analysis was carried out using a non-parametric Mann-Whitney U test, * p<0.05).
The percentage above column represents the reduction of Ca?* microdomains compared to WT control,
respectively. (B) Kinetics of the number of Ca?* microdomains in the subcellular layer underneath the
plasma membrane (as shown in the inset) near the stimulating bead (as shown by the arrow) 1 s before
and during the first 25 s after TCR stimulation. The data are the averages of at least three different
experiments. For multiple comparisons testing, the non-parametric and paired Friedman test and Dunn's
correction were used for WT against Duox 1”7 or Duox2” (**** p<0.0001). For the dataset of WT versus
DuoxA17/A27 T cells, statistical analysis was carried out using the non-parametric and paired Wilcoxon
test (**** p<0.0001). (C) Magnification of (B, upper) 1 s before and after the bead stimulation (upper)
and the kinetics of the number of Ca?* microdomains in the sublayer indicated in (B) in WT versus Hn1F
“rat T cells (lower, cell number as shown in the legends: WT n=21 cells; Hn1/”- n=21 cells). The data
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are the averages of at least three different experiments. Statistical analysis for WT against Duox 1 or
Duox2” (* p<0.05; **** p<0.0001) is the same as in (B); Wilcoxon matched-pairs signed rank test was
used for WT against Hn1/”- (**** p<0.0001). The dataset of DUOX1 and DUOX2 single knockouts was
published in (Gu et al., 2021) in Fig. 5; (C) of HN1L-deficient T cells was published in (Roggenkamp et
al., 2021) in Fig. 5.

The decrease of Ca?* microdomain formation compared with WT control in 5 s periods is shown
in Fig. 9A, including the data in DuoxA17/A2”- CD4+ primary murine T cells as a comparison.
In the first 5 s, the decrease of the signals per frame in Duox2” T cells was similar to that
observed in DuoxA17/A2” CD4+ murine T cells, above 70%, which indicates that DUOX2
seems to be the major enzyme responsible for NAADP formation in this period. In the following
5 s, reduced Ca?* microdomain formation were recovered in both Duox1” and Duox2” T cells,
which accounted approximately to half of the decrease in DuoxA17/A2” T cells. This indicates
that in the absence of single isozyme they may start to compensate each other. From 10 to 15
s, there was still 70% decrease in DuoxA17/A2” T cells, whereas no and only 13% reduction

was observed in Duox1” and Duox2” T cells, respectively.

Furthermore, in Fig. 9B, the kinetics of Ca?* microdomains in the sublayer underneath the
plasma membrane at stimulating site, significantly diminished formation of Ca?* microdomains
were seen in the Duox2” T cells from the very beginning after bead stimulation up to around
20 s, whereas in DuoxA17/A2” T cells a strong phenotype was shown throughout the first 25
s (Gu et al., 2021). A significant effect was observed in Duox2” T cells already in the first
second after bead stimulation (Fig. 9C upper), and a similar decrease was shown in Hn1/"
CD4+ rat effector T cells (Fig. 9C lower), i.e., in the absence of NAADP binding protein
(Roggenkamp et al., 2021). This further confirmed that DUOX2 plays a major role in NAADP
synthesis in the first seconds of T cell activation, and DUOX1 may partially and slowly
compensate DUOX2 to produce NAADP and therefore recover the formation of Ca®*

microdomains in the single knockout T cells.

4.2.3.3. DUOX1 and DUOX2 affect global Ca?* signaling differently

To further confirm the role of DUOX1 and DUOX2 in NAADP formation, global Ca®* signals in

the rat CD4+ effector T cells were measured. A specific NAADP antagonist BZ194 was used
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as control (Fig. 10). BZ194 is a specific NAADP antagonist and does not influence InsPs- and

cADPR-induced Ca?* signals (Dammermann et al., 2009). It has been used in many studies to

investigate the role of NAADP (not only but as examples in Cordiglieri et al., 2010; Diercks et

al., 2018; Nawrocki et al., 2021; Nebel et al., 2013; Zhang et al., 2018).
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Fig. 10: Single knockouts of DUOX1 and DUOX2 in CD4+ effector rat T cells influence global Ca?*

signaling differently.

WT versus Duox1”- or Duox2” T cells loaded with 4 uM Fura2-AM in terms of global Ca?* signaling. (A)
From left to right: kinetics of mean Ca?* traces after 1 ug/mL anti-CD3 stimulation, basal Ca?*
concentration, signal onset velocity (slope of Ca?* concentration from 120 s to 300 s), peak Ca?*
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concentration (WT in DMSO at 290 s; Duox1”- in DMSO at 332 s; Duox2” in DMSO at 346 s), and
plateau (at 816 s). The data are presented as means + SEM, with cell numbers specified in the legend
(WT in DMSO n=79 cells; Duox1”-in DMSO n=38 cells; Duox2” in DMSO n=84 cells). A non-parametric
Kruskal-Wallis test with Dunn's correction for multiple testing was used for the statistical analysis, *p<
0.05, **p<0.005, ****p<0.0001. (B) WT T cells treated with DMSO [1% (v/v)] versus WT T cells treated
with NAADP antagonist BZ194 (500 uM in DMSO) overnight. From left to right: kinetics of mean Ca?*
traces after anti-CD3 stimulation (1 pug/mL), basal Ca?* concentration, signal onset velocity, peak Ca?*
concentration (WT in DMSO at 290 s; WT with BZ194 at 396 s), and plateau Ca?* concentration (at 816
s). The data are shown as means + SEM, with cell numbers indicated in the legend (WT in DMSO n=79
cells; WT in BZ194 n=47 cells). Anon-parametric Mann-Whitney U test was used: **p<0.005, ***p<0.001.
(C) DMSO-treated Duox1” T cells versus BZ194-treated Duox1” T cells overnight as in (B). The
dynamics of mean Ca?* traces after 1 pug/mL anti-CD3 addition, baseline Ca?* concentration, signal
onset velocity, peak (Duox 77 in DMSO at 332 s; Duox1”- with BZ194 at 394 s) Ca?* concentrations, and
plateau (at 816 s) Ca?* concentrations are shown from left to right. The data are presented as means +
SEM, with cell numbers indicated in the legend (DMSO control n=38 cells; BZ194-treated Duox1”- n=71
cells). Statistical analysis was carried out as in (B); *p < 0.05, **p< 0.005. (D) DMSO-treated Duox2” T
cells versus BZ194-treated Duox2” T cells, treated as in (B). From left to right: kinetics of mean Ca?
traces after anti-CD3 addition (1 ug/mL), basal Ca?* concentration, signal onset velocity, peak (at 346 s)
and plateau (at 816 s) Ca?* concentrations. The data are presented as means + SEM, with cell numbers
as indicated in the legend (Duox2” in DMSO n=84 cells; BZ194-treated Duox2” n=48 cells). No
significant difference in statistical analysis as in (B). This dataset is modified from Fig. 6 in (Gu et al.,
2021).

In Fig. 10A, both Duox1” and Duox2” T cells showed delayed Ca*" signals as well as
decreased peak and plateau amplitudes (details see Table 10), the effect at the peak phase is
similar to that of NAADP antagonism as shown in Fig. 9B and Table 10. The phenotype
observed in Duox1” T cells was further diminished by BZ194 in the signal onset velocity. In
Fig. 9C, the slope of the Ca*" increase was 1.53 nM/s in DMSO-treated Duox1” T cells and
was only 0.66 nM/s in BZ194-treated Duox1” T cells. In contrast, global Ca?* signals in Duox2
~T cells were identical to that of NAADP antagonism. In Fig. 9D, the slope was 1.22 nM/s in
Duox2” T cells with DMSO and was 1.38 nM/s in Duox2” T cells treated with BZ194. These

data further indicate that DUOX2 plays a major role in NAADP formation upon T cell activation.
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Table 10: Parameters (mean + SEM) of global Ca?* signals in WT versus DUOX1- or DUOX2-single
knockout T cells shown in Fig. 10.

signal onset peak amplitude [nM] | plateau amplitude [nM]
velocity [nM/s]
WT [DMSQ] (n=79) 2.89+0.27 467 £ 43 393 £ 29
WT [BZ194] (n=47) 1.33+0.26 285 £ 35 286 + 33
Duox1”-[DMSQ] (n=38) | 1.53 +0.34 36175 249 £ 25
Duox1”-[BZ194] (n=71) | 0.66 +0.13 303 £ 35 272 £19
Duox2’- [DMSOQ] (n=84) | 1.22 +0.19 321+ 31 214 + 16
Duox2’~ [BZ194] (n=48) | 1.38 +0.27 313 £47 230 £ 19

The reduced signal onset velocity by BZ194 in Duox1” T cells may suggest that there might
be another Ca?* signaling pathway(s) involved. DUOX isozymes produce H2O; as a byproduct
and H2O; is known as one of the signaling molecules (reviewed in Di Marzo et al., 2018). Low
micromolar exogenous H,O, was reported to be able to increase the cytosolic free Ca*
concentration in endothelial cells (Avdonin et al., 2017). These led us to the second part of the
results section to understand the role of the byproduct H2O; in the early phase of T cell

activation.

4.2.3.4. Role of H202, the byproduct of DUOX forming NAADP

The role of the byproduct H2O: in the early phase of T cell activation was investigated in this
section using H.O.-degrading enzyme catalase, and a ROS scavenger butylated hydroxy

anisole (BHA), an inhibitor of H,O; transporter, as well as an ultra-sensitive H>O; indicator.

4.2.3.4.1. Catalase has no effect on Ca?* signaling

The peroxidase-like domain of DUOX1 and DUOX2 faces the extracellular space, and they
release H,O: into the extracellular space. It was reported that degradation of extracellular H2O»
by catalase inhibits the proliferation of fibroblasts (Preston et al., 2001). Therefore, primary
CD4+ T cells from WT mice were pre-incubated with catalase in the extracellular buffer to

cleave extracellular H.O2 and were used to analyze the Ca*" response upon TCR stimulation,
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as shown in Fig. 11.
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Fig. 11: H202-consuming catalase in extracellular buffer affects neither Ca?* microdomain
formation nor the global Ca?* signals in primary T cells upon TCR stimulation.

CD4+ primary T cells were extracted from lymphoid tissues of WT mice and labeled with Fluo4-AM (10
pM) and FuraRed-AM (20 uM) for Ca?* microdomain imaging (A-C) or Fura2-AM (4 uM) for global Ca?*
imaging (D). Before measurements, cells were treated in buffer or additional catalase (1000-2500
units/mL) for 5 min. (A) High resolution Ca?* images of a WT T cell (left) and a WT T cell incubated with
catalase (right) after stimulation with antibodies-coated beads (anti-CD3/anti-CD28) (indicated
schematically). The heatmap reveals emission ratios between Fluo4 and FuraRed ranging from 0.1 to
1.0; ratio values were then transformed to 0 to 200 nM intracellular Ca?* concentration using external
calibration. The whole cells have a scale bar of 5 um, the enlarged region near the bead contact site
has a scale bar of 1 um. (B) The number of signals per confocal plane per frame in whole cells within
the first 15 s after bead stimulation, as well as the average Ca?* concentration of the microdomains in
the responding cells and the percentage of stimulated cells, are displayed. Data are presented as mean
+ SEM and were obtained from at least three different experiments; cell number is indicated in the
column (WT n=41 cells; WT+catalase n=37 cells); a non-parametric Mann-Whitney U test revealed no
significant difference. (C) Analysis of the number of signals per confocal plane per frame and average
Ca?* concentration from (B) following bead stimulation in a shorter period (as indicated). No significant
difference was revealed in statistical analysis as in (B). (D) Mean Ca?* traces after 10 ug/mL anti-CD3
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addition, baseline Ca?* concentration, the slope of Ca?* concentration rise within 100 s after stimulation,
and peak (as indicated) and plateau (at 816 s) amplitudes are shown in the analysis of global Ca?
readings. The data are represented as mean + SEM and were gathered from at least three different
tests; the cell number is as stated in the legend (WT n=65 cells and WT+catalase n=163 cells). No
significant difference was observed using a non-parametric Mann-Whitney U test. This dataset was
published in (Gu et al., 2021) in Fig. 7 and S6.

As shown in Fig. 11A, both T cells with and without catalase showed similar formation of Ca?*
microdomains below the plasma membrane at the bead contact site. Further, whole cell
analysis confirmed that the addition of extracellular catalase did not result in a difference in
Ca?* microdomain formation, in neither the first 15 s (Fig. 11B and Table 11) nor the 5 s periods

(Fig. 11C and Table 11).

Table 11: Number of Ca?* microdomains per frame (mean * SEM) in WT T cells with and without
catalase shown in Fig. 11 B and C.

0-15s
WT (n=41) 0.43 + 0.096
WT + catalase (n=37) 0.41+£0.10
0-5s 5-10s 10-15s
WT (n=41) 0.34 + 0.083 0.44 £ 0.11 0.52+0.12
WT + catalase (n=37) 0.46 £ 0.10 0.33 £ 0.094 0.44 +£0.12

Moreover, in global Ca®* signals after TCR stimulation, the average Ca** concentration at the
peak was 486 + 56 nM (mean + SEM) in WT control cells and was 457 + 34 nM (mean + SEM)
in catalase-treated T cells. Additionally, the amplitude at the plateau phase was 137 £ 14 nM
(mean + SEM) in the cells without catalase and was 108 + 6 nM (mean £ SEM) in the cells with

catalase (Fig. 10D).

Therefore, removal of extracellular H,O- by catalase did not influence the Ca®* signaling upon

TCR stimulation.

4.2.3.4.2. Aquaporin3 inhibitor has no effect on Ca?* microdomain formation

Next, the diffusion of H.O» across the plasma membrane was considered. Aquaporins (AQPs),

also known as water channels, have been identified to facilitate H.O. distribution across
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cellular membranes, specially AQP3 and AQP8 in mammalian cells (reviewed in Bienert and
Chaumont, 2014; Di Marzo et al., 2018). AQP8 is not detectable in human lymphocytes (Moon
et al., 2004), and AQP3 mediated H>O. uptake was reported in CD4+ murine T cells (Hara-
Chikuma et al., 2012). Here, a specific AQP3 inhibitor DFP00173 (Sonntag et al., 2019) was
used to block the H.O, uptake through AQP3 (Fig. 12).

WT CD4+ primary murine T cell + DMSO WT CD4+ primary murine T cell + DFP00173

Bead contact 0.65s 75s 1505 200 s

Bead contagt 1505

0’0’0‘0‘6‘ .

Ratio  [nM]

' 0.82 |t 137
064 86
0.46 [ 44
0.28 8
01— 0

2 mm DMSO (42 cells)
o = DFP (52 celis)

:lljl]l

400+

O 300
. ]_[ ]_[ ]_[
4 2004
(o] Q O < O Q
9 N4 9 & 9 K o
N ° N © N °

0-5s 5-10s 10-16s

0-15 s post-stimulation

o
=1
@

number of signals/

confocal plane/frame
©c 0o 0 0 0 2 =

o
-3
o
(YIS

60

o
[>]
2% [nM]

o
S

number of signals/
confocal plane/frame
S
o

=}
N

N
o
ca“" [nM)

o
=]

o
o
N
o 8
percentage of activation [%)]

Fig. 12: DFP00173, an AQP3 inhibitor, has no effect on the formation of Ca?* microdomains in
primary T cells after TCR activation.

CD4+ primary T cells were extracted from lymphoid tissues of WT mice and loaded with 10 yM Fluo4-
AM and 20 uM FuraRed-AM for the Ca?* microdomain imaging. Before measurements, cells were
treated in DMSO [0.5% (v/v)] or DFP00173 (25 uM) for 10 min. (A) High resolution Ca?* images of a WT
T cell in DMSO (left) and a WT T cell treated with DFP00173 (right) after stimulation with anti-CD3 and
anti-CD28 coated beads (indicated schematically). The heatmap reveals emission ratios between Fluo4
and FuraRed ranging from 0.1 to 1.0; ratio data was then transformed to 0 to 200 nM intracellular Ca?*
concentration using external calibration. Scale bar of 5 um is shown for whole cells and 1 ym for the
enlarged region near the bead contact site. (B) Analysis of Ca?* microdomains in the whole cells across
the first 15 s after bead stimulation shows the number of signals per confocal plane per frame, average
Ca?* concentration in the responding cells, and the activation percentage. Data are presented as mean
+ SEM and were collected from at least three independent experiments; cell number is indicated in the
column (WT in DMSO n=42 cells and WT with DFP00173 n=52 cells); no significant difference was
shown using a non-parametric Mann-Whitney U test. (C) Analysis of the number of signals per confocal
plane per frame and average Ca?* concentration from (B) in a shorter period (as indicated) after bead
stimulation. Statistical analysis was carried out as in (B), no significant difference is detected. This
dataset was modified from Fig. 7 and S7 in (Gu et al., 2021).
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In the characteristic T cell pre-incubated with DFP00173, the formation of Ca?* microdomains
was similar to that in the DMSO-treated T cell (Fig. 12A). The average number of Ca?
microdomains within 15 s was 0.77 signals per frame in T cells with DMSO and was 0.76
signals per frame in DFP00173-treated T cells (Fig. 12B and Table 12). Again, in the 5 s periods
after bead stimulation, the number of Ca** microdomains per frame was almost identical in T

cells with and without AQP3 blockage (Fig. 12C and Table 12).

Table 12: Number of Ca?* microdomains per frame (mean * SEM) in WT T cells with and without
AQP3 inhibitor DFP00173 shown in Fig. 12 B and C.

0-15s
WT + DMSO (n=42) 0.77 £0.12
WT + DFP00173 (n=52) 0.76 £ 0.16
0-5s 5-10s 10-15s
WT + DMSO (n=42) 0.69 £ 0.11 0.75+0.13 0.87 £ 0.14
WT + DFP00173 (n=52) 0.73+0.14 0.74 £ 0.16 0.83+0.17

Taken together, blocking the uptake of H.O» by DFP00173, an AQP3 inhibitor, had no effect on

initial Ca®* response after TCR stimulation.

4.2.3.4.3. BHA has no effect on Ca?* microdomain formation

It was reported that in a transfected cell model, the transient expression of partially
glycosylated DUOX2 generates superoxide in a Ca?-dependent manner (Ameziane-El-
Hassani et al., 2005). Therefore, a membrane-permeable ROS scavenger butylated hydroxy
anisole (BHA) was used to scavenge ROS produced in the cytosol (Fig. 13). BHA is a lipophilic
organic compound and is commonly used as standard antioxidant in many studies to scavenge

free radicals and H.O..

51



Results

WT CD4+ primary murine T cell + DMSO WT CD4+ primary murine T cell + BHA

Bead contact

15.0s 200 s

0.82 | 137
' 064 s6
0.6 44
" 028 8
01—~ 0

0-15 s post-stimulation

400 100+

804

number of signals;
confocal planefframe

60

40

20

number of signals
confocal plane/frame
ercentage of activation [%]

04

o}

N
@ X

Q 05s 510 10-15s

O \s
9 XN
o\& @

Fig. 13: Membrane-permeable ROS scavenger BHA does not affect Ca?* microdomain formation
in primary T cells upon TCR stimulation.

For Ca?* microdomain imaging, CD4+ primary T cells were extracted from lymphoid tissues of WT mice
and loaded with Fluo4-AM (10 uM) and FuraRed-AM (20 uM). Before measurements, cells were
incubated in DMSO [0.5% (v/v)] or BHA (50 uM in DMSO) for 5 min. (A) High resolution Ca?* images of
a WT T cell preincubated in DMSO (left) and a WT T cell treated with BHA (right) after stimulation with
anti-CD3 and anti-CD28 coated beads (indicated schematically). The heatmap reveals emission ratios
between Fluo4 and FuraRed ranging from 0.1 to 1.0; ratio values were then transformed to 0 to 200 nM
intracellular Ca?* concentration using external calibration. The whole cells have a scale bar of 5 ym, and
the enlarged region near the bead contact site has a scale bar of 1 ym. (B) Analysis of Ca?*
microdomains in whole cells throughout the first 15 s following bead stimulation, revealing the number
of signals per confocal plane per frame, average Ca?* concentration in responding cells, and percentage
of activation. Data are reported as mean + SEM and were obtained from at least three different
experiments; cell number is indicated in the column (WT in DMSO n=65 cells and BHA-treated n=70
cells); a non-parametric Mann-Whitney U test revealed no significant difference. (C) Analysis of the
number of signals per confocal plane per frame and average Ca?* concentration from (B) following bead
stimulation in a shorter period (as indicated). No significant difference was detected in statistical analysis
as in (B). These results were published in (Gu et al., 2021) in Fig. 7 and S7.

As shown in Fig. 13A, BHA did not influence the increase of local Ca®* concentration below the
plasma membrane. The whole cell analysis confirmed that BHA had no effect on Ca*
microdomain formation upon TCR stimulation. In Fig. 13B and Table 13, the formed Ca?*
microdomains in the first 15 s were 0.71 signals per frame in DMSO-treated T cells and were

0.65 signals per frame in BHA-treated T cells. Further analysis in 5 s periods did not show any
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effect either (Fig. 13C and Table 13).

Table 13: Number of Ca?* microdomains per frame (mean * SEM) in WT T cells with and without
ROS scavenger BHA shown in Fig. 13 B and C.

0-15s
WT + DMSO (n=65) 0.71+0.12
WT + BHA (n=70) 0.65+0.12
0-5s 5-10s 10-15s
WT + DMSO (n=65) 0.61 £ 0.087 0.70£0.12 0.83+0.16
WT + BHA (n=70) 0.57 £ 0.10 0.58 £ 0.11 0.82+0.18

In summary, scavenging intracellular ROS by BHA did not affect initial Ca®* signals after TCR

stimulation.

4.2.3.4.4. Exogenous H:0; has no effect on Ca?* microdomain formation

As the byproduct of NAADP generation by DUOX isozymes, H20; is expected to be equal to
NAADP, approximately 34 nM at 10 s post TCR stimulation (Gasser et al., 2006). Considering
a higher local concentration near the plasma membrane, 80 nM exogenous H>O, was added
to WT murine CD4+ T cells instead of bead stimulation. Here, Ca?* buffer was added as a
negative control and thapsigargin, an inhibitor of sarco/endoplasmic reticulum Ca®* ATPase
(SERCA) that induces store-operated Ca®* entry (SOCE), was added as a positive control (see
Fig. 14).
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Fig. 14: Exogenous Hz0: at 80 nM does not increase Ca?* microdomains in primary T cells
without bead stimulation.

For Ca?* microdomain imaging, CD4+ primary T cells were extracted from lymphoid tissues of WT mice
and loaded with 10 uM Fluo4-AM and 20 uM FuraRed-AM. Analysis of Ca?* microdomains in whole cells
after addition of Ca?* buffer (negative control), 80 nM exogenous H202, and 1.67 uM thapsigargin
(positive control) in 5 s periods, shown as the number of signals per confocal plane per frame (top),
average Ca?* concentration in the responding cells (middle), and percentage of activated cells (bottom).
Data were obtained from at least three different experiments and are given as mean + SEM; cell number
is indicated in the legend (buffer control n=146 cells; 80 nM H202 n=231 cells and thapsigargin n=167
cells); statistical analysis was carried out using a non-parametric Kruskal-Wallis test and Dunn's
correction for multiple testing: *p<0.05. These data were modified from Fig. 7 in (Gu et al., 2021).

In Fig. 14A and Table 14, thapsigargin significantly increased Ca®* microdomain formation from

54



Results

10 to 15 s after the addition. In this period, the average number of Ca?* microdomains was
0.31 signals per frame after thapsigargin addition, 0.084 signals per frame after buffer addition,
and 0.11 signals per frame after 80 nM H>O, addition. Furthermore, thapsigargin also
increased the percentage of responding cells, from 25% in the first 5 s, then 35%, and 43% in
the last 5 s. In contrast, 80 nM H2O: did not elevate the number of Ca®* microdomains per
frame, and only approximately 30% of cells showed Ca*" microdomains (Fig. 14C and Table

14).

Table 14: Number of Ca?* microdomains per frame (mean * SEM) and percentage of responding
cells in WT T cells with 80 nM exogenous H202 shown in Fig. 14 A and C.

0-5s | 5-10s 10-15s
number of signals/confocal plane/frame
WT + buffer (n=146) 0.048 £ 0.014 0.060 £ 0.017 0.084 + 0.020
WT + 80 nM H202 (n=231) 0.044 + 0.0089 0.072 £ 0.014 0.11+£0.018
WT+ thapsigargin (n=167) 0.046 + 0.013 0.12+£0.032 0.31+£0.078
percentage of activation [%)]
WT + buffer (n=146) 21 25 27
WT + 80 nM H202 (n=231) 31 32 37
WT+ thapsigargin (n=167) 25 35 43

In short, 80 nM exogeneous H.O, did not elevate initial Ca** signals in the absence of TCR

stimulation.

4.2.3.4.5. No detectable H.0: production within 15 s post TCR/CD3 ligation

The classical substrate of the NOX/DUOX family is NADPH. Whether the activation of DUOX
isozymes after TCR stimulation results in endogenous H>O; production was analyzed using a
genetically encoded H20; indicator HyPer7 (Pak et al., 2020). The version targeted to the
cytosolic side of the plasma membrane (PRID: Addgene_136465) was used to determine

endogenous H;O; after TCR stimulation, as shown in Fig. 15.
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Fig. 15: No measurable H202 generation after TCR/CD3 stimulation by using ultrasensitive H20:
indicator HyPer7.

WT Jurkat T cells were transfected with 5 yg/mL pCMV-HyPer7-MEM (PRID: Addgene_136465) and
stimulated with buffer, OKT3 (1 pug/mL), or freshly diluted H202 (concentration as indicated). (A) Mean
tracings of the HyPer7-MEM 488ex/405ex ratio adjusted to the stimulation time point (R/Rstm). Cell
numbers are provided in the legends (buffer n=54 cells; OKT3 n=40 cells; 80 nM H202 n=36 cells; 100
nM H202 n=16 cells; 200 nM H202 n=18 cells; 300 nM H202 n=37 cells; 400 nM H202 n=43 cells; 10 uM
H202 n=42 cells). (B) Signal onset velocities (slopes within 15 s after addition) of the tracings in (A). The
data are provided as means + SEM and the cell numbers as shown in (A). The non-parametric Mann-
Whitney U test was used for statistical analysis, with no significant difference between buffer control and
1 ug/mL OKT3. This dataset was published in (Gu et al., 2021) in Fig.7.

As shown in Fig. 15 and Table 15, 10 uM H.O- resulted in a rapidly increased HyPer7 signal
within around 5 s after addition (slope 0.065 ratio/s), and 300 nM exogenous H-0- is sufficient
to evoke a detectable increase of the HyPer7 signal (slope 0.013 ratio/s). TCR stimulation by
OKT3 (slope 0.0078 ratio/s) did not result in statistically significant difference compared to the

buffer control (slope 0.0068 ratio/s).

Table 15: Slope of HyPer7 signals (mean * SEM) shown in Fig. 15B.

1 pg/mL OKT3 buffer
slope [ratio/s] | 0.0078 + 0.0011 0.0068 + 0.00075
H20: 80 nM 100 nM 200 nM 300 nM 400 nM 10 yM
slope [ratio/s] | 0.0083 + | 0.0065 <+ | 0.0078 + | 0.013 | 0.023 + | 0.065 *
0.0012 0.0018 0.0023 0.0020 0.0021 0.0076

As indicated by HyPer7, TCR/CD3 ligation induced H>O- production is less than 300 nM in

the analyzed period.
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5. Discussion

5.1. Key findings in this study

NAADP functions as a trigger for Ca®* signaling in many cells (reviewed in Guse and Lee,
2008). In T cells, it plays an essential role in T cell activation, differentiation, and function, and
is therefore critical in the progression of many inflammatory diseases (Ali et al., 2016; Berg et
al., 2000; Cordiglieri et al., 2010; Dammermann et al., 2009; Nawrocki et al., 2021). NAADP is
rapidly formed within 10 s after T cell activation and decreases over the next 10 s, followed by
a second production phase that peaks at 5 min after TCR stimulation in Jurkat T cells (Gasser
et al., 2006), as indicated in the insert in Fig. 16. The aim of this thesis was to answer the
question: which enzyme(s) produces NAADP in CD4+ T cells? Here, dual NADPH oxidase 2
(DUOX2) was identified as the major enzyme responsible for rapid NAADP generation upon

TCR stimulation (Fig. 16).
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Fig. 16: Ca?* signaling upon TCR stimulation and key findings in this thesis.

Upon TCR stimulation, NAADP is rapidly formed within 10 s [as shown in the insert in red (Gasser et al.,
2006)], and induces the initial Ca®* signals, termed Ca?* microdomains. In the first 15 s, the absence of
CD38, NOX1, and NOX2 did not influence Ca?* microdomain formation (shown in grey); DUOX2 was
established to be the major enzyme responsible for the rapid NAADP generation, whereas DUOX1 could
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compensate NAADP production in the absence of DUOX2. The byproduct H202, diffusing through the
PM via AQP3, had no effect on Ca?* microdomain formation during this period, as indicated in grey. Glu-
6-P-DH may be responsible for the rapid NAADP degradation from 10 to 20 s by reducing NAADP (Gu
etal., 2021). NAADP-induced Ca?* signals are then amplified by InsPs-induced Ca?* release [kinetics of
InsP3 production is shown in the insert in blue (Guse et al., 1993)], cADPR-induced Ca?* release [kinetics
of cADPR generation is shown in the insert in yellow (Guse et al., 1999)], Ca2?*-induced Ca?* release as
indicated by the dashed arrow and store-operated Ca?* entry, originating from clusters of STIMs and
ORAI1 as indicated in green. In the first 13 min after TCR/CD3 ligation, global Ca?* signals in T cells, in
which CD38, NOX1 and NOX2 were deleted, were identical to those in WT T cells. The phenotype of
global Ca?* signals in Duox2” T cells was identical to NAADP antagonism, whereas the peak in Duox1-
T cells was further delayed by the specific NAADP antagonist BZ194. In the insert, the arrow indicates
the addition of anti-CD3 antibody (OKT3). The y-axis indicates the fold increase compared with their
baseline. This figure was created with BioRender.com.

5.1.1. Understanding the role of CD38 upon TCR stimulation

In 1995, the first report indicated that CD38 can produce NAADP through the “base-exchange”
reaction in the cell-free system, which requires an acidic pH and nicotinic acid in the millimolar
range (Aarhus et al., 1995). Then accumulating reports pointed out that CD38 is responsible
for NAADP formation in some cell types (Cosker et al., 2010; Fang et al., 2018; Nam et al.,
2020; Rah et al., 2010). In contrast, other observations exclude CD38 as an NAADP forming
enzyme or even suggest it is an NAADP degrading enzyme (Schmid et al., 2011; Soares et al.,

2007).

In this study, the absence of CD38 did not influence initial Ca*" signals, termed Ca®'
microdomains, nor subsequent global Ca?* signals upon TCR stimulation in CD4+ primary
murine T cells. These results demonstrate that CD38 is not involved in the rapid NAADP
generation, which is consistent with the previous report that CD38 does not alter the
endogenous NAADP levels at 10 s after TCR stimulation in Jurkat T cells (Schmid et al., 2011).
Moreover, this may also suggest that CD38 is not the enzyme, at least not the major one,

responsible for the rapid degradation of NAADP from 10 to 20 s after T cell activation.

It should be noted that in this study, T cells were incubated in a neutral buffer and without the
presence of nicotinic acid. It is known that the “base-exchange” reaction requires an excess of
nicotinic acid, half the maximum of NAADP production was observed in the presence of 5 mM

nicotinic acid at pH 5 (Aarhus et al.,, 1995). In LP-1 cells and HEK293 cells expressing
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lysosomal CD38, CD38 elevates cellular NAADP levels in the presence of 10 mM nicotinic acid
(Fang et al., 2018). Nicotinic acid, also known as niacin or a form of vitamin Bs, is an essential
human nutrient. It can be synthesized from the amino acid tryptophan and is a precursor of
NAD and NADP. The recommended daily intake of nicotinic acid for adults is 14—18 mg/day,
which corresponds to 0.11-0.14 mmol/day (“Niacin,” 2014). Hence, it is unlikely that nicotinic
acid is present in the millimolar range in the cytosol under physiological conditions.
Nevertheless, it is worth considering whether T cells can reach higher local concentrations of
nicotinic acid, for instance, in lymph nodes or at inflamed site or under pathophysiological
conditions. Moreover, researchers also mentioned that lysosomal CD38 regulates cellular
NAADP levels via substrate access rather than enzyme activation (Fang et al., 2018). Whether
this mechanism represents a physiological role of CD38 in regulating NAADP in resting T cells

needs to be further investigated.

5.1.2. DUOX2, the major NAADP forming enzyme in CD4+ T cells

The NADPH oxidase family has been identified to generate NAADP from its reduced form
NAADPH in the cell-free system under physiological conditions (in this study and Gu et al.,
2021). NAADPH is not able to evoke Ca®" signals (Billington et al., 2004), so it is a possible
inactive precursor of NAADP. The isozymes in this family have a highly conserved catalytic
core (Fig. 3). NOX5 does not require any subunits for its activation, and consequently, it was
used as a standard model. The optimal pH of NOX5 for oxidation of NAADPH is between 7
and 8 (Gu et al., 2021).

NOXS5 is known to be absent in rodents (Kawahara et al., 2007), and from the other isozymes
expressed in murine primary CD4+ T cells, NOX1 and NOX2 did not influence Ca*
microdomain formation in the first 15 s nor subsequent global Ca** signaling up to 13 min upon
TCR stimulation. These results confirm with the observations from other groups: i) NOX1 and
NOX2 produce superoxide, and TCR/CD3 ligation induces the generation of superoxide mainly
from 45 to 90 min in Jurkat T cells (Kwon et al., 2010), and ii) oxidation of 2’,7’-
dichlorodihydrofluorescein diacetate [DCFDA, an H20; indicator, reported in (McLennan and

Esposti, 2000)] indicates that H>O, is produced within minutes after T cell activation (Jackson
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et al., 2004; Kwon et al., 2010, 2003). The deficiency of NOX2, i.e., the subunits gp91°"* and
p47°"* does not influence DCFDA oxidation in the first minutes after T cell activation in primary
murine T blasts (Jackson et al., 2004). iii) Furthermore, CD4+ T cells in Nox1”" mice produce
increased IL-2, IFN-y, and TNF-o (the characteristic cytokines of Th 1, as shown in Table 1)
after the infection of influenza A virus (Hofstetter et al., 2016). Similarly, the absence of NOX2
in CD4+ murine T blasts leads to an increase in the production of IL-2, IFN-y, and TNF, as well
as a decrease in the secretion of IL-4 and IL-5 (the signature cytokines of Th 2, as shown in
Table 1) (Jackson et al., 2004). In contrast, the expression of IL-2, IFN-y, and IL-17 (signature
cytokines of Th 1 and Th 17, as shown in Table 1) is downregulated in Duox1” and Duox2”
CDA4+ rat effector T cells (Gu et al., 2021), which is in line with the effect of NAADP antagonism

on T cell function (Ali et al., 2016; Cordiglieri et al., 2010; Dammermann et al., 2009).

Indeed, both DUOX isozymes oxidize NAADPH to NAADP under physiological conditions in
the cell-free system. Moreover, DUOX1 significantly preferred NADPH as a substrate, whereas
DUOX2 exhibited comparable enzyme activity for both substrates. Wu and coworkers solved
the cryo-EM structure of the human DUOX1/A1 complex. They reported that the hDUOX1/A1
complex is present in a heterotetrametric form. Briefly, a cytosolic layer consisting of a
regulatory PHL- domain and the Ca?*-binding EF-hand motifs contributes to a conformational
change at low- and high-Ca?*" states (Wu et al., 2021). This explains the fact that the treatment
with ionomycin increases DUOX1 (and DUOX2) enzyme activity (Rigutto et al., 2009).
Compared with the enzyme activity of hDUOX1/A1 for NADPH reported in (Wu et al., 2021),
approximately 2.2 nmol/s/mg protein at 50 yM NADPH, the enzyme activity of hDUOX1/A1 for
NADPH (0.042 nmol/s/mg protein) determined in this study is about 52-fold lower. This could
be due to different expression levels of hDUOX1/A1 in the HEK293 cell system or different
methods for determining protein concentration. The membranes used in this study were
determined using the Bradford reagent with bovine serum albumin (BSA) as a standard,
whereas the membranes they used were established by GFP-tagged DUOX1 (Wu et al., 2021),

which allows a more accurate determination of enzyme concentration.

The enzyme assay in this study was performed in a buffer with a concentration of 670 uM free
Ca?", which refers to the high Ca* state (= 500 uM) for hDUOX1/A1, and ECs, of Ca** for the

hDUOX1/A1 complex is 0.38 pM in the presence of 100 uM NADPH (Wu et al., 2021). It is
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known that in the absence of TCR stimulation, there are smaller and less frequent Ca?*
microdomains close to the plasma membrane, where the average Ca*" concentration reaches
200 to 250 nM (Brock et al., 2022; Diercks et al., 2018). This Ca** concentration is much lower
than that in the cell-free enzyme assay. Therefore, it is then questionable whether the DUOX1
(and DUOX2) complex may be activated in intact T cells? The studies of NOX5 may give us a
hint. NOX5, as mentioned above, another isozyme with Ca?*-binding EF-hand domains like
DUOX1 and DUOX2, was reported to have an ECso around 1 uM of Ca?* in the cell-free system
(Banfi et al., 2004). In intact Cos-7 cells, PMA-dependent phosphorylation increases the
sensitivity of NOX5 to Ca?* (Chen et al., 2014; Jagnandan et al., 2007; Serrander et al., 2007).
Furthermore, a calmodulin-binding domain is found at the C-terminus of NOX5, which is
involved in its Ca®* sensitivity (Tirone and Cox, 2007). In a later study, calcium/calmodulin-
dependent kinase Il (CAMKII) was reported to phosphorylate NOX5 in the in vitro
phosphorylation assays directly (Pandey et al., 2011). In this regard, phosphorylation may
function similarly to DUOX1 and DUOX2 complexes, which require cAMP-dependent PKA and
PKC, respectively, in Cos-7 cells (Rigutto et al., 2009). Therefore, in intact T cells, the
DUOX1/A1 and DUOX2/A2 complexes may be able to generate NAADP in the presence of

200 to 250 nM local Ca?* near the plasma membrane.

As shown in this study, the absence of DUOX isozymes impaired Ca®* signaling in intact T
cells. However, their effect on Ca** signaling was different. First, NAADP is produced in the
first 10 s after TCR stimulation in Jurkat T cells (Gasser et al., 2006). When both DUOX
isozymes are nonfunctional in T cells (DuoxA17/A2”), the formation of Ca?* microdomains was
reduced by more than 70% within 15 s after TCR stimulation (Gu et al., 2021). A comparable
reduction was observed only in the first 5 s in Duox2” T cells; in the following 5 s, the decrease
in Ca®* microdomains in single knockout T cells was around half that in functional double
knockout T cells; from 10 to 15 s, DUOX1 no longer affected Ca?* microdomain formation, and
only a 13% reduction was observed in DUOX2-deficient T cells. Furthermore, a substantial
reduction can be observed in the sublayer below the plasma membrane at the stimulating site
in the DuoxA17/A2” T cells throughout the first 25 s after bead stimulation (Gu et al., 2021),
whereas the absence of DUOX2 resulted in a significantly decreased formation of Ca?

microdomains from the first second up to around 20 s. It appears that DUOX1 is able to slowly
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compensate for the generation of NAADP in the lack of DUOX2, and therefore, to recover Ca?*
microdomain formation. Moreover, the apparent phenotype observed in the first second at the
bead contact site in Duox2” T cells is similar to that in DuoxA17/A2" T cells (Gu et al., 2021),
in the absence of the NAADP binding protein HN1L/JPT2 (Roggenkamp et al., 2021), as well
as in Ryr1” T cells and NAADP antagonism (Diercks et al., 2018). Additionally, the byproduct
H.0, had no effect on Ca?®" signaling in the first 15 s after TCR stimulation. Second, NAADP-
induced initial Ca®* signals are essential for subsequent global Ca®* signals (reviewed in Wolf
and Guse, 2017). Global Ca®* signals in DUOX2-deficient T cells were identical to global Ca?*
signals observed upon NAADP antagonism. All of the above results suggest that DUOX2 is
the primary enzyme responsible for the rapid NAADP generation upon T cell activation, and

that DUOX1 can compensate for NAADP production in the absence of DUOX2.

5.2. Limitations of this study

The role of CD38, NOX1, NOX2, and the synergy of DUOX1 and DUOX2 in Ca?* signaling
was examined in freshly isolated primary murine CD4+ T cells, which are a mixture of naive,
memory, and effector T cells, whereas the effect of DUOX1 or DUOX2 alone was determined
in rat CD4+ effector T cells constructed with CRISPR/Cas, because the individual knockout
mouse models were not available. Differences between naive, memory, and effector T cells
have been reported, such as responsiveness to antigen and requirement for co-stimulation
(reviewed in Berard and Tough, 2002; Croft, 1994). Because the concentration of OKT3 alters
NAADP production in Jurkat T cells (Gasser et al., 2006), 1 uyg/mL anti-CD3 antibody was used
to stimulate rat effector T cells for global Ca?* signaling, whereas 10 pyg/mL anti-CD3 antibody
was used to stimulate primary murine T cells. Cordiglieri and coworkers reported that naive
and memory T cells are less susceptible to NAADP antagonist BZ194, but this effect correlated
with different expression of RyR1 (Cordiglieri et al., 2010). Although i) the Ca?* signaling
observed in this study was very similar after TCR stimulation in murine and rat T cells, and ii)
Ali and coworkers also reported a similar profile of NAADP-induced Ca®* signaling as well as
downstream events in murine naive and effector T cells (Ali et al., 2016), it is still not clear

whether the upstream mechanism of NAADP-induced Ca?* signaling, i.e., regulation of NAADP
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production, is altered in different CD4+ T cell subsets or even in the two species.

The enzyme assay of DUOX1 and DUOX2 was performed with the human DUOX1- and
DUOX2-complexes, and their role in intact T cells was investigated in primary murine T cells
(Gu et al., 2021) and rat T cells. The cryo-EM structures of the murine and human DUOX1
complexes were recently published by two independent groups. Although the murine DUOX1
shares about 91% sequence identity with the human ortholog, they reveal two different
activation modes: the murine complex shows a conformational change from an inactive state
“dimer of dimer” to an active state “heterodimer” in the absence or presence of NADPH,
respectively (Sun, 2020), whereas the human complex is present in a heterotetrameric form
with the conformational change of the regulatory PHL-domain and EF-hand motifs in the
intracellular layer in the low and high Ca*" states (Wu et al., 2021). This difference was
mentioned in the latter publication, and the authors concluded that it remains unclear whether

it results from different protein preparation procedure or different species (Wu et al., 2021).

More direct evidence that DUOX2 is the NAADP forming enzyme will be provided measuring
the endogenous level of NAADP in the absence of DUOX2 after TCR stimulation using the
enzymatic cycling assay described in (Gasser et al., 2006). However, this enzymatic cycling
assay requires 1.6x10® Jurkat T cells for one data point. Considering the diameter of murine
and rat T cells, which is around half that of Jurkat T cells, too many mice would be required to
attain one data point. Consequently, the endogenous NAADP will be possibly determined until

a stable DUOX2 knockout or knockdown Jurkat T cell line is established.

Furthermore, the results of this study only suggest that DUOX2 (and DUOX1) is responsible
for NAADP generation within seconds after T cell activation, i.e., the first NAADP production
phase, as indicated in Fig. 17. It is unclear whether they also play a role in the second NAADP
production phase. A decreased plateau amplitude of global Ca?* signals was observed in both
Duox1” and Duox2” T cells, and the decrease was identical to the global Ca*" signal-
phenotype during NAADP antagonism. However, cADPR-induced Ca?* release and store-
operated Ca?* entry play a significant role in maintaining cytosolic free Ca®* concentration in
this phase (reviewed in Feske, 2007). It is unclear how NAADP, produced in its second

production phase, contributes to the maintenance of cytosolic free Ca®* concentration. If a
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NAADP sensor may be established in the future, it may allow to monitor NAADP generation in
living cells. In that case, this would be a better solution to explore further details of the

NAADP/Ca* signaling during T cell activation.

5.3. H20: in the early phase of T cell activation

Another issue that was clarified in this study is that the byproduct H20- did not affect the initial
Ca?" signaling within seconds of T cell activation. The kinetics of ROS production after T cell
activation are shown in Fig. 17. H.O2 production indicated by HyPer7 (Pak et al., 2020) within
the first 30 s after OKT3 stimulation was measured in this study, and ROS production indicated
by DCFDA and dihydroethidium (DHE) has been reported previously (Kwon et al., 2010).
DCFDA is commonly used to characterize cellular H.O, production (McLennan and Esposti,
2000), and DHE is commonly used as a probe for superoxide production (Zamzami et al.,
1995). Dye oxidation was calculated as the percentage of increased fluorescence of stimulated
cells compared with non-stimulated cells, as described in (Kwon et al., 2010). HyPer7 signals
after OKT3 stimulation or the addition of 300 nM H.O2 shown in Fig. 17 were calculated in the

same way, relative to the buffer control.
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Fig. 17: Kinetics of production of Ca?* releasing second messengers and ROS in the first 12 min
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upon TCR/CD3 ligation.

NAADP is rapidly produced within 10 s after TCR/CD3 ligation, followed by a second production phase
peaking at around 5 min (Gasser et al., 2006). InsPs is subsequently produced with a peak at 3 min
(Guse et al., 1993). cADPR shows a sustained production with highest amplitude from 10 min on after
T cell activation (Guse et al., 1999). The right y-axis indicates the percentage of increased fluorescence
of HyPer7, DCFDA, and DHE compared with their signals without T cell activation. HyPer7 is an
ultrasensitive H202 indicator (Pak et al., 2020) used in this study to measure H202 production (see results
section 4.2.3.4.5). The solid grey line in the first 30 s shows the increased HyPer7 signals after T cell
activation, and the dashed grey line shows the heightened HyPer7 signals after 300 nM H202 addition
for comparison. The horizontal dashed line in this period indicates the zero point of the right y-axis.
DCFDA and DHE oxidation was reported in (Kwon et al., 2010). The arrow indicates that anti-CD3
antibody (OKT3) stimulates Jurkat T cells.

Many reports indicate the oxidation of DCFDA after T cell activation, e.g., a peak of DCFDA
oxidation at around 6 min in Jurkat T cells, as shown in Fig. 17 (Kwon et al., 2010), as well as
in human and murine T blasts (Jackson et al., 2004; Kwon et al., 2003). However, this
fluorogenic dye, DCFDA, is sensitive not only to H202 but also to other ROS, such as hydroxyl
radical, hydroperoxides, and peroxynitrite, albeit with reduced sensitivity (Yang et al., 2014).
The ultrasensitive H.O: indicator HyPer7 used in this study is more suitable for studying
physiological H20O. production in real-time imaging with high specificity (Pak et al., 2020). To
better understand the role of DUOX isozymes or H-O, in Ca*" signaling, it is meaningful to
know the physiological H2O2 concentration over a long period of time after T cell activation. In
addition, the low oxidation of DHE reported in (Jackson et al., 2004; Kwon et al., 2010, 2003)
also indicates that in the early phase of T cell activation, H2O; is produced directly rather than

by dismutation of superoxide.

It is known that in CD4+ T cells, RyR1 is involved in NAADP-induced Ca?®* signaling
(Dammermann et al., 2009; Diercks et al., 2018; Roggenkamp et al., 2021; Wolf et al., 2015),
and the formation of Ca?* microdomains within 15 s after bead stimulation are highly reduced
in the absence of RyR1 (Diercks et al., 2018). Millimolar concentrations of H.O, have been
reported to affect the gating mechanism of the Ca?* release channel in the sheep cardiac
sarcoplasmic reticulum (SR) (Boraso and Williams, 1994). Further, a reversible sulfhydryl
modification at RyR1 by H>O- in the millimolar range has been reported in the SR of rabbit
skeletal muscle (Han et al., 2006). In this study, i) TCR/CD3 ligation-induced H>O» production
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was less than 300 nM within seconds post-stimulation, as indicated by HyPer7 (Fig. 16); ii) 80
nM exogenous H,0> did not affect the initial Ca?* signals within 15 s post-stimulation; iii) ROS
scavengers, i.e., catalase and BHA, and blocking H.O. uptake had no effect on Ca*
microdomain formation after bead stimulation; iv) a significant phenotype in Ca?* microdomain
formation was already shown in the first second after TCR stimulation in the DUOX2-deficient
T cells. All the results above demonstrate that the phenotype of Ca** microdomain formation
observed in this study is most likely not due to the modification of RyR1 by H>O». However,
whether H,O, at physiological concentrations regulates the Ca?* release via ryanodine

receptors in the later phase of T cell activation requires further investigation.

The peak of global Ca?* signals at around 3 min after TCR/CD3 stimulation in Duox1” T cells
was further diminished by BZ194, suggesting a different signaling pathway involved. Kwon and
coworkers reported a similar phenotype of global Ca®* kinetics after TCR stimulation in DUOX1
knockdown Jurkat T cells. However, the underlying mechanism was identified as
phosphorylation of a cytosolic phosphatase, Src-homology 2 domain (SH2)-containing protein
tyrosine phosphatase (PTP) 2 (SHP-2), by DUOX1-generated H2O,, which then
phosphorylates ¢ chain-associated protein kinase of 70 kD (ZAP-70) and influences
phospholipase C-y1 (PLC-y1), and therefore, the InsP3/Ca?* signaling pathway (Kwon et al.,
2010). Actually, ROS production has been considered to be the primary function of the NADPH
oxidase family, and ROS further affect signaling molecules, e.g., by inhibiting phosphatases,
activating kinases, and directly affecting Ca*" signaling pathways (reviewed in Bedard and
Krause, 2007). Having found NAADP synthesis by DUOX isozymes in this study, it is worth
considering whether the NAADP/Ca?* signaling pathway is also involved in the phenotype
published previously. More likely, these DUOX isozymes influence Ca** signaling and T cell
activation via both NAADP and H2O; production. In line with this, except for the role of DUOX
isozymes in Ca?" microdomain formation within the first 15 s observed in this study, the
oxidation of DCFDA at 10 min after TCR stimulation is highly reduced in the absence of
InsP3sR1 and PLC-y1, suggesting that H.O; is also produced downstream of the InsPs/Ca?*
signaling pathway and requires InsPz-induced Ca?* release. Moreover, the oxidation of DCFDA
from 15 to 60 min after TCR stimulation is significantly reduced in DUOX1 knockdown Jurkat

T cells (Kwon et al., 2010). These results suggest that DUOX1 is also active from 10 to 60 min
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after T cell activation. Whether DUOX2 also plays a role in H,O> (and NAADP) production

during this period needs to be further investigated.

5.4. Outlook
5.4.1. Usage of different substrates

As mentioned above, strong oxidation of DCFDA has been observed within 10 min after TCR
stimulation (Jackson et al., 2004; Kwon et al., 2010, 2003), and endogenous concentrations of
NAADP are known to be in the low nanomolar range upon T cell activation (Gasser et al., 2006),
as indicated in Fig. 17. Therefore, DUOX1 (and maybe also DUOX2) also oxidizes NADPH to
produce H2O2. To date, in the studies of DUOX1 and DUOX2, H202 production is generally
used to indicate their enzyme activity. However, in cell-based experiments, it is not possible to
distinguish which substrate is consumed. It is the first time, in this study, that their enzyme
activity was compared for NADPH and NAADPH as substrates: DUOX1 significantly preferred
NADPH over NAADPH, while DUOX2 showed comparable activity for both substrates. From
previous observations, we know that i) DUOX1 and DUOX2 produce more H>O» when
intracellular Ca®* concentration elevates (Rigutto et al., 2009), ii) and DUOX1 exhibits a
conformational change at different Ca®* concentrations (Wu et al., 2021), iii) and that, in
addition, cAMP-dependent PKA and PKC further increase H2O, generation by DUOX1 and
DUOX2, respectively, in Cos-7 cells (Rigutto et al., 2009). Whether their enzyme activity for
NADPH and NAADPH alters at different Ca** concentrations or in the presence of protein

kinases will be very meaningful to be further investigated.

Although DUOX1 and DUOX2 share 83% similarity at the sequence level (De Deken et al.,
2000), they appear to play distinct biological roles, for example, in congenital hypothyroidism
(reviewed in Buvelot et al., 2019), and in the Ca?* signaling in CD4+ T cells, as shown in this
study. So far, only the cryo-EM structure of the DUOX1/DUOXA1 complex has been elucidated
(Sun, 2020; Wu et al., 2021). It is unclear whether DUOX1 and DUOX2 have different activation
mechanisms upon T cell activation, e.g., phosphorylation by protein kinases, or different
structures, or both, such that they have different substrate preferences and affect Ca**

signaling differently.
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5.4.2. Endogenous NAADPH pool in T cells

The generation of NAADP by DUOX isozymes points out an endogenous NAADPH pool in T
cells. NADP and its reduced form are critical for cellular redox metabolism. The cytosolic
NADPH/NADP ratio was determined to be approximately 20 in Saccharomyces cerevisiae, a
species of yeast (Zhang et al., 2015) and this ratio was calculated to be 85 to 100 in the
cytoplasm of rat liver (Veech et al., 1969). If NAADPH and NAADP have the same ratio, the
cytosolic NAADPH should be in the nanomolar range, given that the basal concentration of
NAADP in Jurkat T cells is 4.4 £ 1.5 nM (Gasser et al., 2006). Therefore, a sensitive method
will be required to investigate the endogenous NAADPH pool. The enzymatic cycling assay
has a low detection limit for measuring endogenous NAADP in the low nanomolar range
(Gasser et al., 2006). In addition, NAADP and NAADPH can be separated by anion exchange
column (see methods and materials section 3.11.). It is possible to detect and quantify the
endogenous NAADPH pool in Jurkat T cells by using a modified enzymatic cycling assay. The
modification could be, for instance, a reducing condition during the sample preparation to

protect the endogenous NAADPH from spontaneous oxidation.

NAADP-induced Ca*" signaling is essential for T cell activation and downstream events
(reviewed in Guse and Wolf, 2016; Wolf and Guse, 2017). Moreover, NAADP also functions
as a trigger to stimulate Ca?* signaling in many other cells (reviewed in Guse and Lee, 2008).
The cytosolic NAADPH pool has to be maintained in non-stimulated cells for the rapid NAADP
synthesis upon stimulation. It is known that CD38 and alkaline phosphatase consume NAADP
(Graeff et al., 2006; Schmid et al., 2012, 2011). Therefore, theoretically, there must be enzymes
that provide NAADPH without the requirement for stimulation. The modified enzymatic cycling

assay could also be a solution to investigate this question.

5.4.3. NOX/DUOX as NAADP forming enzyme in other cell types

The NAADP synthesis by DUOX isozymes observed in this study provides a new perspective
on whether they also function as NAADP forming enzymes in other cells. So far, only NOXS5,
DUOX1, and DUOX2 have been investigated in the cell-free system that they can oxidize

NAADPH under physiological conditions (in this study and Gu et al., 2021). Based on the highly
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conserved catalytic core in this family, as shown in Fig. 3, all the isozymes are likely capable

of oxidizing NAADPH.

In the absence of NOX4, decreased Ca®" signaling was observed in IL-8-treated LAK cells,
and researchers came to the conclusion that NOX4-derived H>O, oxidizes and activates type
[l CD38, which subsequently generates cADPR (Park et al., 2019). The same group also
reported that CD38 is responsible for the synthesis of NAADP in LAK cells (Nam et al., 2020;
Rah et al., 2010). A similar phenotype, i.e., decreased cytosolic Ca®* concentration in the
absence of NOX4, was observed in skeletal muscle myocytes. This led to the conclusion of a
similar mechanism: oxidative modification of RyR1 by NOX4-derived H»O,. Furthermore,
enhancement of mitochondrial ROS production and inhibition of xanthine oxidase have no
effect on RyR1 activity in SR vesicles (Sun et al., 2011). Xanthine oxidase is another source
of intracellular ROS (Ardan et al., 2004; McNally et al., 2003). Despite the fact that different
cell types have distinct Ca®* signaling networks, for instance, cADPR is produced earlier and
Ca?" release evoked by InsP3 or cADPR is required for NAADP production in LAK cells (Rah
etal., 2010), it would be worthwhile to investigate further whether NOX4 can directly synthesize
NAADP and, as a result, its absence reduces the Ca?* signals. Furthermore, pharmacological
inhibitors have been used in some studies to distinguish the isozymes of this family. However,
to date, there is no selective inhibitor. Moreover, many inhibitors have ROS scavenging and
redox activity (reviewed in Altenhdfer et al., 2015; Reis et al., 2020). Whether DUOX isozymes
also contribute to the phenotypes reported previously may be also an interesting point to be

followed.

Additionally, the phenotype in global Ca** signals in the absence of NOX4 in skeletal muscle
myocytes is almost abolished at 1% O, which demonstrates a physiological role of NOX4 in
regulating skeletal muscle cells at different O, concentrations, for instance, before and after
exercise (Sun et al., 2011). This observation may also indicate that the NOX/DUOX family
plays a critical role in T cell activation by sensing O» concentrations in different tissues, altering
NAADP and ROS generation, and consequently regulating T cell activation at different

physiological O2 concentrations, which merits further investigation.
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