UH

‘21 Universitdt Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

The Role of P2X4 and P2X7 on the Formation of

Ca2* Microdomains in T cells

Dissertation

Zur Erlangung der Wurde des Doktors der Naturwissenschaften
des Fachbereichs Biologie der Fakultat fir Mathematik, Informatik und Naturwissenschaften

der Universitat Hamburg

vorgelegt von

Valerie Johanna Brock

aus Celle, Deutschland

Hamburg, 2022



Folgende Gutachter empfehlen die Annahme der Dissertation:
Prof. Dr. rer. nat. Dr. med. habil. Andreas H. Guse

Prof. Dr. Eva Tolosa

Datum der Disputation: 21.09.2022



Content

CONTENT

ABBREVIATION |
ABSTRACT \")
ZUSAMMENFASSUNG VII
1. INTRODUCTION 1
1.1  Immunity 1
1.1.1 TCR stimulation 1
1.2  Calcium: Universal signaling ion 3
1.2.1 Ca?* signalingin T cells 3
1.3  Purinergic signaling in immunity 6
1.3.1 ATP release 8
1.3.2 P2X channels 9
1.3.3 P2Y receptors 11
1.3.4 Purinergic Ca?* signaling in T cells 12
1.4 Ca* imaging: Ca®" indicators 13
1.4.1 Ca imaging: image restoration 15
1.5 Study objective 16
2. PUBLICATIONS 18
2.1. Publication| 18
2.1.1 Publication I: Contribution 36
2.2  Publication Il 37
2.2.1 Publication II: Contribution 51
2.2.2 Publication II: Paper of the Month 52
3. DISCUSSION 53
3.1 Summary of the results implemented in this thesis 53
3.2  Ca* signaling: image restoration 53
3.3  The complexity of the Ca?** channel network 55
3.4 P2X4 and P2X7: structural and functional differences 57
3.5 ATPrelease 61
3.6 Species-dependent differences: transferability of mouse data 63
3.7 Cell type-specific signaling and channelopathy 65
3.8 Outlook 68
REFERENCES 71
FIGURE INDEX 92
ORAL AND POSTER PRESENTATIONS 93
EIDESSTATTLICHE VERSICHERUNG 94
ACKNOWLEDGEMENTS 95




Abbreviation

Abbreviation

A, Ala alanine

AC adenylate cyclase

ADP adenosine diphosphate

AM acetoxymethyl

AMD age-related macular degeneration

AMP adenosine monophosphate

AP activator protein

APC antigen-presenting cell

approx. approximate

ARTC2.2 ecto-adenosine diphosphate-ribosyltransferase C2.2
ATP adenosine 5 -triphosphate

BD blind deconvolution

BCR B cell receptor

C, Cys cysteine

[Ca; free cytosolic calcium concentration

CAD CRAC activation domain

cADPR cyclic adenosine diphosphate ribose

CALHM1 calcium homeostasis modulator 1

CaM calmodulin

cAMP cyclic adenosine monophosphate

CaVv voltage-activated calcium channel

CBX carbenoxolone

CC1 coiled-coil 1 region

CLL chronic lymphocytic leukemia

CNX connexin hemichannels

CR calretinin

CRAC calcium release activated calcium (channel)
DAG diacylglycerol

DC dendritic cell

DPA dipicolylamine

E, Glu glutamic acid

ectodomain  extracellular domain

EF-SAM EF-hands and sterile a motif

eNTPDase1 ecto-nucleoside triphosphate diphosphohydrolase 1
ER endoplasmic reticulum

ERK extracellular signal-regulated kinase

FRET Forster fluorescence resonance energy transfer
Gds3+ gadolinium

GECI genetically encoded calcium indicator

GFP Green Fluorescence Protein

GPCR heterotrimeric guanine nucleotide-binding protein-coupled receptor
G protein heterotrimeric guanine nucleotide-binding protein
H, His histidine

hMSC human bone marrow-derived mesenchymal stem cells
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HN1L
hP2X3
HPLC
l, lle
IP3
IPsR
IRF
ITAM
JPT2
Kad

L, Leu
LAT
M, Met
MAC
MAM
MAP
MAIT
MCU
NAD+
NAADP
NFAT
NKG2D
NKT
P, Pro
P1

P2
P2X
P2Y
PANX1
PIP,
PKA
PKC
PLCy1
PM
PMCA
pMHC
PSF
PTK
Pyk2
R, Arg
rP2X7
RYR
S, Ser
S1P
SERCA
SH2
SNP

hematological and neurological expressed 1-like protein
human P2X3

high performance liquid chromatography
isoleucine

D-myo-inositol 1,4,5-trisphosphate
D-myo-inositol 1,4,5-trisphosphate receptor
interferon regulatory factor

immunoreceptor tyrosine-based activation motif
Jupiter microtubule-associated homolog 2
effective dissociation constant

leucine

linker of activated T cells

methionine

maxi-anion channel

mitochondria-associated membranes
mitogen-activated protein

Mucosa-associated invariant T cells
mitochondrial calcium uniporter

nicotinamide adenine dinucleotide

nicotinic acid adenine dinucleotide phosphate
nuclear factor of activated T cells

activating natural killer cell receptor

natural killer T cells

proline

adenosine receptor

purinergic receptor

purinergic ligand-gated cation channels
purinergic heterotrimeric guanine nucleotide-binding protein-coupled receptor
pannexin-1 hemichannel
phosphatidylinositol 4,5-bisphosphate

protein kinase A

protein kinase C

phospholipase C y 1

plasma membrane

plasma membrane calcium transporter
peptide-loaded major histocompatibility complex
point spread function

protein tyrosine kinase

proline-rich tyrosine kinase 2

arginine

rat P2X7

ryanodine receptor

serine

sphingosine-1-phosphate

sarco/endoplasmic reticulum calcium ATPase
Src homology 2

single nucleotide polymorphism
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SNR
SOAR
SOCE
SR
Src
STIM1
STIM2
T, Thr
TCR
TLR
™
TPC
TRP
UDP
UTP
VNUT
VRAC
Y, Tyr
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signal-to-noise ratio

STIM1 ORAI activating region

store-operated calcium entry

sarcoplasmic reticulum

sarcoma

calcium sensors stromal interaction molecule 1
calcium sensors stromal interaction molecule 2
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T cell receptor
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transmembrane domain

two-pore channel

non-selective transient receptor potential
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vesicular nucleotide transporter
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Abstract

Abstract

The adaptive immune response is initiated by the activation of T cells. Following this activation,
calcium (Ca?*) signals translate an external stimulus into intracellular responses. These signals
are characterized by initial, spatiotemporally restricted Ca2+ microdomains in T cells. T cell
receptor (TCR) stimulation triggers the formation of second messengers like D-myo-inositol
1,4,5-trisphosphate (IPs), cyclic adenosine diphosphate ribose (cADPR) or nicotinic acid
adenine dinucleotide phosphate (NAADP). The recently identified hematological and
neurological expressed 1-like protein (HN1L)/ Jupiter microtubule-associated homolog 2
(JPT2) orchestrates the NAADP activating the ryanodine receptors (RYR) in the membrane of
the endoplasmic reticulum (ER). The RYR releases Ca?* from the ER. Thus, the Ca?* release-
activated channel (CRAC) ORAI1 initiates store-operated Ca?* entry (SOCE) through the
plasma membrane (PM). These spatiotemporally restricted Ca2* signals influence downstream
effects like the translocation of the nuclear factor of activated T cells (NFAT), which further
stimulate the production of cytokines and cell proliferation.

The visualization of highly dynamic Ca?* microdomain signals is challenging due to low signal-
to-noise ratios (SNR). Computational image restoration is one approach to improve the quality
of low SNR images. Hence, in this study, a deconvolution algorithm emphasizing the
characteristics of low SNR fluorescence images was extended for image sequences to
increase not only spatial resolution but also temporal resolution (2.1; Woelk et al., 2021).
Common algorithms were adjusted for single-frame images but also used on image sequences
regardless of the temporal relationships of a multi-frame series. The extended algorithm now
emphasizes both, the spatial and temporal features of an image sequence. Moreover, it was
tested on Ca?* microdomain sequences measured with different setups and compared with
common algorithms. Finally, the comparisons highlight the improvements of using our
extended algorithm on Ca?* microdomain visualization.

Additionally, in this thesis, for the first time, the purinergic ligand-gated cation channels (P2X)
P2X4 and P2X7 were demonstrated to influence the formation of the local, highly dynamic
Ca?* microdomains before and after T cell stimulation (2.2; Brock et al., 2022). Thus, using a
high-resolution live-cell imaging technique Ca?* microdomains were shown to be significantly
reduced in P2rx4” and P2rx77 T cells and cells incubated with pharmacological inhibitors or
inhibiting nanobodies for these channels after TCR/CD3 stimulation. Removal of the
extracellular adenosine 5°triphosphate (ATP), which activates the P2X channels, or inhibition
of the ATP releasing channel pannexin-1 (PANX1), significantly decreased the number of Ca?+
microdomains after T cell activation. Interestingly, P2X4 and PANX1 but not P2X7 influence

the formation of TCR/CD3-independent Ca%* microdomains, indicating different time periods
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of channel activity. These results and further colocalization analysis, global Ca®* imaging and
expression or proliferation analysis reveal functional differences between P2X4 and P2X7
activity.

In summary, this thesis established a computational approach to significantly improve the
resolution of dynamic Ca?* motions in fluorescence image sequences with very low SNRs.
Furthermore, this work highlights the previously unexpected influence of the purinergic
channels P2X4, P2X7 and the ATP-releasing channel PANX1 on the formation of Ca2*

microdomains, the fine-tuning of which may direct the adaptive immune response.
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Zusammenfassung

Zusammenfassung

Die adaptive Immunantwort wird initiiert durch die Aktivierung von T Zellen. In Folge dieser
Aktivierung wird durch Calcium (Ca?*) Signale ein externer Stimulus in eine intrazellulare
Antwort Ubersetzt. Diese Ca?* Signale sind in T Zellen durch sogenannte initiale, rdumlich und
zeitlich begrenzte Ca?* Mikrodoménen charakterisiert. Durch die Stimulation des T
Zellrezeptors (TCR) werden sekundare Botenstoffe wie D-myo-Inositol 1,4,5-Trisphosphat
(IP3), zyklische  Adenosindiphosphat  Ribose  (cCADPR)  oder  Nikotinséure-
adenindinucleotidphosphat (NAADP) gebildet. Das kuirzlich identifizierte Protein
»hematological and neurological expressed 1-like protein® (HN1L) / “Jupiter microtubule-
associated homolog 2” (JPT2) interagiert mit NAADP und aktiviert so Ryanodin Rezeptoren
(RYR) in der Membran des Endoplasmatischem Retikulums (ER). Ca2+ wird durch den RYR
aus dem ER freigesetzt. Der durch Ca?*-Freisetzung aktivierte Kanal (CRAC) ORAI1 initiiert
im Folgenden den ,store-operated Ca?+ entry“ (SOCE), dies fuhrt zu einem Ca?* Einstrom Uber
die Plasmamembran (PM). Die lokal und zeitlich begrenzten Ca? Signale beeinflussen
nachgeschaltete Effekte wie die Translokation des Transkriptionsfaktors ,nuclear factor of
activated T cells” (NFAT), der wiederum die Produktion von Zytokinen und die Zellproliferation
stimuliert.

Die Visualisierung der hochdynamischen Ca?* Mikrodoméanen ist aufgrund des geringen
Signal-Rausch-Verhéltnisses (SNR) eine Herausforderung. Computergestitzte Bild-
wiederherstellung ist ein Ansatz zur Verbesserung der Qualitat von Bildern mit niedrigem SNR.
Daher wurde in dieser Studie ein Dekonvolutionsalgorithmus, der die Merkmale von
Fluoreszenzbildern mit niedrigem SNR bertcksichtigt, fir Bildsequenzen erweitert, um nicht
nur die rdumliche, sondern auch die zeitliche Auflésung zu verbessern (2.1; Woelk et al.,
2021). Die Algorithmen, die im Allgemeinen verwendet werden, sind oft auf Einzelbilder
angepasst. Allerdings werden sie auch auf Bildsequenzen Bild-fuir-Bild angewendet, ohne die
zeitlichen Beziehungen einer Mehrbildserie zu berucksichtigen. Der erweiterte Algorithmus in
dieser Doktorarbeit geht nun sowohl auf die rdumlichen als auch die zeitlichen Merkmale einer
Bildsequenz ein. Daruber hinaus wurde er an Aufnahmen von Ca?* Mikrodoménen getestet,
die unter verschiedenen Bedingungen aufgenommen wurden, und mit herkdmmlichen
Algorithmen verglichen. Die Vergleiche zeigen eine deutliche Verbesserung, die unser
erweiterter Algorithmus bei der Visualisierung von Ca?* Mikrodoménen mit sich bringt.
Dartiber hinaus wurde in dieser Arbeit zum ersten Mal gezeigt, dass die purinergen
ligandengesteuerten Kationenkandle (P2X) P2X4 und P2X7 die Bildung der lokalen,
hochdynamischen Ca?* Mikrodoméanen vor und nach der Stimulation von T Zellen beeinflussen

(2.2; Brock et al.,, 2022). So konnte mit Hilfe eines hochauflésenden ,Live-Cell-Imaging“-
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Zusammenfassung

Verfahrens gezeigt werden, dass Ca?* Mikrodoménen in P2rx4 und P2rx7/ T Zellen sowie in
Zellen, die mit pharmakologischen Inhibitoren oder hemmenden Nanokdrpern fir diese Kanéle
inkubiert wurden, nach einer TCR/CD3-Stimulation signifikant reduziert sind. Die Entfernung
des extrazellularen Adenosintriphosphats (ATP), das die P2X-Kanéle aktiviert, oder die
Hemmung des ATP-freisetzenden Kanals Pannexin-1 (PANX1) verringerte die Anzahl der
Ca?* Mikrodoméanen nach der T Zell Aktivierung signifikant. Interessanterweise beeinflussen
P2X4 und PANX1, nicht aber P2X7, die Bildung von TCR/CD3-unabhéangigen Ca?*
Mikrodomanen, was auf unterschiedliche Zeitpunkte der P2X-Kanalaktivitat hinweist. Diese
Ergebnisse sowie Ko-Lokalisationsanalysen, globale Ca2* Messungen und Expressions- bzw.
Proliferationsanalysen weisen auf funktionelle Unterschiede zwischen P2X4 und P2X7 hin.

Zusammenfassend zeigt diese Doktorarbeit einen computergestitzten Ansatz auf, um die
Auflésung von dynamischen Ca?* Bewegungen in Fluoreszenzbildsequenzen mit sehr
geringen SNRs deutlich zu verbessern. Daruber hinaus hebt diese Arbeit den bisher
unerwarteten Einfluss der purinergen Kanale P2X4, P2X7 und des ATP-freisetzenden Kanals
PANX1 auf die Bildung von Ca?* Mikrodoméanen hervor, deren prazise geregelten Dynamiken

die adaptive Immunantwort lenken kdnnten.
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1 Introduction

1. Introduction

1.1 Immunity

Immunity is the ability of an individual to defend and protect itself against foreign cells such as
pathogens, or other external stimuli. Therefore, the immune system is essential to achieve this
defensive and protective function. It consists of two major pathways, the (i) innate and the (ii)
adaptive immune response (Abbas et al., 2018). Both make use of specific cells and soluble
components. The (i) innate immune response, which constitutes the natural or native immunity,
acts immediately through for example (e.g.), macrophages, neutrophils, or dendritic cells
(DCs), after the infiltration of a pathogen. The (ii) adaptive immune system is more specific
and effective against many microbial antigens and can develop an immunological memory
(Murphy et al., 2009). Within an adaptive immune response, lymphocytes can recognize
antigens via specific antibodies to differentiate and mature.

There are two groups of lymphocytes, the B and T cells with diverse functions and antibody
specificities and structures. While B cells recognize an antigen via the B cell receptor (BCR)
and differentiate into memory cells or plasma cells afterwards (Harwood & Batista, 2010), naive
T cells differentiate to effector or memory T cells after activation (Masopust & Schenkel, 2013).
Effector T cells can be divided into different subtypes: the more prominent CD4+ helper T cell
and CD8+* cytotoxic T cell subsets and into the CD4+ regulatory T cells, natural killer T (NKT)
cells, yo T cells, as well as the Mucosa-associated invariant T (MAIT) cells (Abbas et al., 2018).
The T cell subsets exhibit many functions, e.g. CD4+ T cells produce several cytokines to
activate and recruit other effector cells, whereas CD8* T cells kill infected cells (Abbas et al.,
2018; Murphy et al., 2009).

1.1.1 TCR stimulation

T cells are key players of the adaptive immune response, and their activation and
differentiation are highly regulated. The T cell receptor (TCR) is the starting point of a signaling
cascade for translating extracellular signals into intracellular responses for cell-to-cell
communication and protection against pathogens and toxins (Mariuzza et al., 2020).

The receptor signals in association with a multi-subunit signaling machinery, the CD3
coreceptor (Birnbaum et al., 2014). The TCR/CD3 complex consists of an ap or a yd TCR
heterodimer noncovalently associated with invariant CD3 dimers, the CD3 y/&/e/C subunits
(Borst et al., 1984; Hwang et al., 2020; Mariuzza et al., 2020; Wucherpfennig et al., 2010).
Initially, an antigen-presenting cell (APC) presents a peptide-loaded major histocompatibility

complex (pMHC) class | or class Il to the TCR and initializes signaling cascades (Pettmann et
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al., 2018). In addition to pMHC binding, the signal is transmitted via the CD3 immunoreceptor
tyrosine-based activation motifs (ITAMs, Fig. 1.1) (Hwang et al., 2020). Co-stimulation of CD28
on the T cell surface by the, on APCs highly expressed, ligands B7.1 (CD80) and B7.2 (CD86)
enhances T cell response by regulating the transmission of the signal and the formation of
second messengers like IPs, nicotinic acid adenine dinucleotide phosphate (NAADP) and

cyclic adenosine diphosphate ribose (CADPR) (Acuto & Michel, 2003; Garcgon et aI 2008).
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Figure 1.1: lllustration of TCR stimulation. An APC presents the pMHC to the TCR receptor. The CD4 or CD8
coreceptors recruits Lck to the TCR. Lck phosphorylates (red dots) the ITAMS of the CD3 subunits and creates
binding sites for the ZAP70 kinase. Moreover, ZAP70 phosphorylates LAT or SLP-76, which forms various
signalosomes, like the clustering of LAT/Gabs/SLP-76, the activation of the Ras, mitogen activated protein (MAP)
kinase/ extracellular — signal regulated kinase (ERK) pathway or the phosphorylation and activation of the
phospholipase C y1 (PLCy1). Downstream signaling of Ca2+ is activated via the second messengers |IP3, NAADP
and cADPR or PKC signaling via DAG formation. Modified from Hwang et al. 2020.

Protein tyrosine kinases (PTKSs), like Lck, Fyn, and ZAP70, induce the phosphorylation of the
ITAMs. Following the TCR stimulation, Lck is recruited by the colocalization of CD4 or CD8
coreceptors to pMHC molecules, which phosphorylates the ITAMs and forms binding sites for
the ZAP70 kinase (Bu et al., 1995; Courtney et al., 2018). The quality and quantity of TCR
stimulation can generate diverse downstream signals, like the phosphorylation of the linker of
activated T cells (LAT) or SLP-76 by ZAP70 (Murphy et al., 2009). The phosphorylation of the
LAT protein creates Src homology 2 (SH2) binding sites (Wange, 2000). The SH2 binding sites
are essential for the formation of oligomeric signalosomes, like the clustering of

2
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LAT/Gabs/SLP-76, the activation of the Ras, mitogen-activated protein (MAP) kinase/
extracellular signal-regulated kinase (ERK) pathway or the phosphorylation and activation of
the phospholipase C y1 (PLCy1) (Abbas et al., 2018; Courtney et al., 2018; Wange, 2000).
PLCy1 further hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) generating D-myo-
inositol 1,4,5-trisphosphate (IPs) and diacylglycerol (DAG), which induce calcium (Ca?*)
signaling and the protein kinase C (PKC) pathway, respectively (Zeng et al., 2021). LAT and
PLCy1 interact within a positive feedback loop: LAT not only activates PLCy1, but PLCy1 can
also promote LAT cluster formation to protect its dephosphorylation by CD45 (Zeng et al.,
2021).

1.2 Calcium: Universal signaling ion

Ca?* is a universal signaling ion in eukaryotes (M. S. Islam, 2020). In cells, Ca?* ions convert
signals induced by external stimuli — like hormones, neurotransmitters, growth factors,
antibodies, mechanical-, electrical-, temperature- and pH changes, microbial invasion or
cytotoxic reagents — to internal responses by increasing the concentration of free cytosolic
Ca?+ ([Ca2*]i) from a basal level of approximate (approx.) 100 nM to approx. 1000 nM after
stimulation (Bootman & Bultynck, 2020; Cahalan & Chandy, 2009). Ca?* signals are highly
controlled. On the one hand, Ca?* signals are regulated precisely by several Ca2+ “buffering”
or modulating systems — like plasma membrane Ca?* transporters including ATPase (PMCA),
Na+*/Ca?+ exchanger and sarco/endoplasmic reticulum (SR/ER) Ca?+-ATPase (SERCA) or Ca?*
binding proteins including calmodulin (CaM) or calretinin (CR) (Bootman & Bultynck, 2020;
Schwaller, 2020). One the other hand, Ca?* releasing and entry mechanism — due to channel
activities of the ryanodine receptor (RYR) and the IPs; receptor (IPsR) or the Ca?* release
activated channel (CRAC) ORAI1 — increase [Ca?*]. These signaling machineries mediate
many cellular processes, like apoptosis, aging, early embryonic development, synaptic
transmission or gene expression (Bootman & Bultynck, 2020; M. S. Islam, 2020). The
tremendous contrasts in Ca?* concentration between the different cell compartments (cytosol:
~100 nM, ER: ~500 uM, lysosomes: ~500 yM) and the extracellular space (of approx. 1 to 2.5
mM) in resting cells allow for the rapid increase in [Ca?+]; after stimulation (Bootman & Bultynck,
2020; Guse et al., 2021).

1.2.1 Ca?*signaling in T cells
An accurate immune response requires a precisely coordinated signaling mechanism. Ca2*
serves as a very fast and highly controlled signaling ion acting intracellularly via Ca?* receptors,

channels, and sensing proteins.
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After TCR/CDS3 stimulation, Ca?* mobilizing second messenger molecules are formed, like
NAADP, IPs or cADPR (Trebak & Kinet, 2019). NAADP is orchestrated by the hematological
and neurological expressed 1-like protein (HN1L)/Jupiter microtubule-associated homolog 2
(JPT2) to activate RYR1s in the ER membrane or two-pore channels (TPCs) on lysosomes to
release Ca2* (Gunaratne et al., 2021; Roggenkamp et al., 2021). Moreover, IP; activates the
IPsR and cADPR the RYR2, both located at the ER membrane, to release Ca?+ (Trebak &
Kinet, 2019). The decreasing luminal Ca?* concentration inside the ER is sensed by the Ca?*
sensors stromal interaction molecules 1 (STIM1) and 2 (STIM2) located in the ER membrane,
too (Brandman et al., 2007; Liou et al., 2005).

In resting cells, the paired EF-hands and sterile a motif (EF-SAM) domain of STIM binds Ca?*
and thereby represent an autoinhibitory mechanism of STIM (Zheng et al., 2011). STIM1 and
2 show structural differences within the EF-SAM domain. The STIM1 EF-SAM domain has a
higher Ca?+ affinity and a lower SAM stability compared to STIM2, making STIM1 less
responsive to small changes in ER Ca?* (Brandman et al., 2007; Zheng et al., 2011). ER
depletion results in a conformational change of the coiled-coil 1 region (CC1) and STIM1 ORAI
activating region or CRAC activation domain (SOAR/CAD) of STIM protein. Thereby, STIM
extends via the CC1 the SOAR/CAD from the ER membrane to the plasma membrane (PM)
to interact with ORAI1 to activate this Ca2* channel and mediate store-operated Ca2+ entry
(SOCE) (Gudlur et al., 2020; Hirve et al., 2018).

Following TCR/CDS3 stimulation, Ca?* modulating systems, like mitochondrial Ca?+ uptake via
the mitochondrial Ca2* uniporters (MCUs) or the SERCA pump, maintain SOCE activity and T
cell activation (Trebak & Kinet, 2019). Likewise, mitochondria form membrane contact sites to
the ER membrane, called mitochondria-associated membranes (MAMSs). Such contact sites
consist of IP3Rs releasing Ca?* from the ER and MCUs promoting the Ca?+ uptake inside the
mitochondria (Gil-Hernandez et al., 2021; Trebak & Kinet, 2019). The increasing Ca?
concentration inside the mitochondria triggers adenosine 5°- triphosphate (ATP) production
(Brookes et al., 2004; Sparagna et al., 1995). Accordingly, MAMs directly connect TCR/CD3
stimulation and Ca?+ signaling with the cell’s energy metabolism (Brookes et al., 2004).
Moreover, the ATP produced in the mitochondria can be released from the T cell itself and
activate another group of channels at the PM, the purinergic ligand-gated cation (P2X)
channels or the purinergic heterotrimeric guanine nucleotide-binding protein (G protein)-
coupled receptors (GPCRs) P2Y (Blanchard et al., 1995; Yip et al., 2009). The P2X channels
are known to be implicated in the amplification of Ca?* signals (Woehrle et al., 2010; Yip et al.,
2009). Two other groups of PM channels mediate Ca?+ signals after TCR/CDS3 stimulation, the

non-selective transient receptor potential (TRP) channels and the voltage-activated Ca?+ (CaV)
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channels (Trebak & Kinet, 2019). The accumulation of Ca?* signals, due to the activity of all
these Ca?* release and entry channels, results in a global Ca?* response (Fig. 1.2).

The increase in [Ca?*]; activates calmodulin, which stimulates the phosphatase calcineurin to
dephosphorylate nuclear factor of activated T cells (NFAT). NFAT translocates into the
nucleus, mediates NFAT-dependent gene transcription, and thus initiates downstream effects

for T cell differentiation and cytokine production (Macian, 2005).
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Figure 1.2: Ca2* signaling in T cells. After TCR/CDS3 stimulation second messengers like IP3 via the cleavage of
PIP2, cADPR or NAADP via the NAADPH oxidation by DUOX1/2 are produced. They stimulate Ca2* channels
located in the ER membrane. ER Ca2+ depletion is sensed by STIM1/2, activating the store-operated Ca2+ channels
ORAI1. Ca?tis transported inside the mitochondria to increase ATP synthesis. The ATP is transported outside the
cell via the PANX1 hemichannel and activates the purinergic channels P2X1, P2X4 and P2X7. Together with the
PM channels TRP and CaV a global Ca2* response is generated. Increasing [Ca?+]i activates calmodulin to stimulate
calcineurin for the dephosphorylation of NFAT, which translocates into the nucleus to initiate NFAT-dependent
transcription.

Global Ca?+ signaling describes the increase of whole [Ca%*] in the T cell cytosol and
demonstrates the activation of a T cell for differentiation, secretion, energy production, and
other downstream effects (Cahalan & Chandy, 2009; Vig & Kinet, 2009). Further, advanced
Ca?* imaging techniques uncovered a subdivision of this global Ca?* response into
spatiotemporally restricted signals that regulate T cell activation (Guse et al., 2021). These
spatiotemporally restricted signals were named differently due to their Ca?* concentration, their
size, and the cell type in which they occur, like Ca?+ sparks, blips, quarks, and microdomains
(Guse et al., 2021).
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The so-called Ca?* microdomains are the initial signals in T cells occurring in hundreds of
milliseconds after TCR/CD3 stimulation (Wolf et al., 2015). Ca2* microdomains showed a
diameter of approx. 0.4 um and Ca?+ concentrations of approx. 200-400 nM (Diercks et al.,
2018; Guse et al., 2021; Wolf et al., 2015).

T cells occur in different activation states, in (i) a quiescent state during the circulation in the
blood, (ii) a pre-activated state upon the adhesion to, e.g. endothelial cells and (iii) a full
activation state after TCR/CD3 stimulation (Guse et al., 2021). High resolution Ca?* imaging
methods were used to visualize the different activation states. Diercks and colleagues (2018)
demonstrated a pre-clustering of STIM1/2 with ORAI1 and the formation of non-TCR/CD3
dependent Ca?* microdomains. A similar SOCE implication in invading cancer cells on
spontaneous Ca?+ glows was visualized using a genetically encoded Ca?* indicator (GECI)
called GCaMP6f (Lu et al., 2019). It has been shown, that non-TCR/CD3 dependent Ca2*
microdomains in T cells are infrequent and show a lower amplitude than those after TCR/CD3
stimulation (Diercks et al., 2018). Newest findings of our group suggest such infrequent Ca?+
microdomains to be adhesion-dependent in T cells (Mariella Weif3, Lola Hernandez and Bjérn
Diercks, unpublished results). Recently, the involvement of the IPsRs in the formation of the
non-TCR/CD3 dependent Ca?* microdomains was uncovered (Gil et al., 2021), highlighting

the complex network of Ca?* signaling already during the (ii) state.

1.3 Purinergic signaling in immunity

The purinergic signaling cascade involves the release of nucleotides like ATP and uridine 5’-
triphosphate (UTP), their activity sites and their degradation (Fig. 1.3).

ATP acts as an energy carrier that is mandatory for cell functions and metabolism (Bonora et
al., 2012; Corriden & Insel, 2010). However, it also promotes apoptosis as well as cell death
(Blanchard et al., 1995; Zamaraeva et al., 2005), and serves as a danger signal (Gazzerro et
al., 2019; Linden et al., 2019). Released ATP influences cell functions in an autocrine or
paracrine manner and the release itself is not only due to tissue damage or cell death, but a
controlled mechanism in intact cells to alter physiological processes, like neutrophile
chemotaxis or T cell activation (Bours et al., 2006; Junger, 2011; Trabanelli et al., 2012).

The intra- and extracellular concentrations of ATP differ a lot: the cytosolic ATP concentration
is between 3 and 10 mM, but the assumed extracellular ATP concentration is about 10 nM,
demonstrating a huge efflux gradient up to approx. 108-fold (Schwiebert & Zsembery, 2003).
Schwiebert and Zsembery (2003) claim that only 1 % or less of the intracellular ATP pool needs
to be released to activate the ATP receptors. Thus, extracellular signaling can occur without
compromising cellular metabolism or essential enzymatic reactions (Schwiebert & Zsembery,
2003).
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Extracellular ATP activates the purinergic receptors (P2) at the PM of cells (Burnstock &
Boeynaems, 2014; Linden et al., 2019). P2 receptors are divided into the ligand-gated cation
channels, P2X, and the purinergic heterotrimeric GPCRs P2Y (Schenk et al., 2011).

After TCR/CDS stimulation [Ca2] rises and is buffered by mitochondria to increase ATP
synthesis (Schenk et al., 2008). For signal amplification, ATP is released from the stimulated
T cell several minutes after stimulation via the ATP releasing pannexin-1 (PANX1)
hemichannels and activates in an autocrine manner the P2X channels. Activation of the P2X
channels promote immune cell activation and pro-inflammatory responses, like the initiation of
the MAP kinase signaling and the production of pro-inflammatory cytokines like IL-2 (Frascoli
et al., 2012; Junger, 2011; Schenk et al., 2008; Yip et al., 2009).

Several ectoenzymes are involved in the extracellular metabolism of nucleotides, like ecto-
nucleoside triphosphate diphosphohydrolase 1 (eNTPDase1) CD39 (He et al.,, 2005;
Horenstein et al., 2013; Linden et al., 2019). CD39 is expressed in many immune cells: about
90 % of B cells and monocytes, whereas only 6 % of T cells and NK cells express CD39.
Moreover, the expression of CD39 is upregulated after T cell activation (Pulte et al., 2007).
CD39 hydrolyzes ATP to adenosine diphosphate (ADP) and further to adenosine
monophosphate (AMP). P2X receptors can primarily be activated by ATP, whereas ADP, UTP,
and ATP can activate P2Y receptors. P2Y receptors are important key regulators during the
immune response and implicated for example in chemotaxis, phagocytosis, and granule
release and especially in PLCg activation and cyclic AMP (cAMP) inhibition (Junger, 2011; Le
Duc et al., 2017).

AMP is dephosphorylated by the ecto-5"-nucleotidase CD73 to adenosine and initializes an
anti-inflammatory response via the activation of adenosine receptors P1 (Antonioli et al., 2013).
P1 receptors are G-protein-coupled receptors, comparable with P2Y receptors, but use
adenosine as a substrate (Borea et al., 2018). Increasing adenosine levels stimulate the P1
receptors, like A1, A2a, A2g, and A3. The receptors differ in their adenosine affinities (between
1-1000 nM) and have a wide range of effects on immune cells, for example, the inhibition of
reactive oxygen species, immunosuppression, or the inhibition of pro-inflammatory cytokines,
making P1 receptors an attractive therapeutic target (Borea et al., 2018; Flogel et al., 2012;
Muller & Jacobson, 2011).
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Figure 1.3: Purinergic signaling cascade. ATP is released via PANX1 and other ATP releasing channels or via
exocytosis. The released ATP activates the P2X channels. The ectoenzyme CD39 hydrolyzes ATP to ADP and
further to AMP. ATP and ADP stimulate the P2Y channels. P2X and P2Y activation initiates pro-inflammatory
responses. AMP, moreover, is hydrolyzed to adenosine by the most prominent ecto-5"-nucelotidase CD73. Anti-
inflammatory responses are induced by the activation of P1 receptors by the adenosine.

1.3.1 ATP release

Since ATP molecules cannot simply diffuse across the PM and there is a huge gradient
between intra- and extracellular ATP levels, there are several mechanisms of cellular ATP
release (Fig. 1.3) (Schwiebert & Zsembery, 2003; Taruno, 2018). ATP can be released
uncontrolled from damaged cells (Cook & McCleskey, 2002) or controlled via exocytosis or
ATP releasing channels (Pankratov et al., 2007; Taruno, 2018; Y. Wang et al., 2013).

In T cells and microglia, a vesicular nucleotide transporter (VNUT) was identified to be
responsible for ATP storage and vesicular exocytosis (Imura et al., 2013; Tokunaga et al.,
2010). Tokunaga and colleagues (2010) showed that TCR/CD3-dependent ATP release was
not only due to ATP releasing channels but also due to vesicular exocytosis by VNUT.
Moreover, the vesicular ATP release in microglia and T cells depends on increasing [Ca?*]..
Five ATP releasing channels are recently confirmed: the connexin (CNX) hemichannels,
PANX1, Ca?* homeostasis modulator 1 (CALHM1), volume-regulated anion channels
(VRACs), and the maxi-anion channels (MACs) (Taruno, 2018).

VRACs and MACs can be activated by osmotic stress and cell swelling, and hence, regulate
cell volume. Furthermore, MACs are sensitive to gadolinium (Gd3*) (M. R. Islam et al., 2012;
Jentsch, 2016). In macrophages and microglia, it was shown that the second messenger
sphingosine-1-phosphate (S1P), produced after the activation of toll-like receptors (TLR2 and
TLR4), stimulates VRAC-dependent ATP release, activation of P2X channels, and cell
migration (Burow et al., 2015; Zahiri et al., 2021). Details of the physiological role of VRAC-
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and MAC-dependent ATP release still remain unclear as their molecular identity is not
confirmed until now (Burow et al., 2015; Taruno, 2018).

CNX hemichannels, CALHM1, and PANX1 show structural and functional similarities. A single
subunit of these channels consists of four transmembrane helices. CNX hemichannels and
CALHM1 are formed by hexamers, whereas PANX1 is formed by heptamers (Ma et al., 2016;
Oshima, 2014; Ruan et al., 2020; Siebert et al., 2013). CNX form gap junctions for direct cell-
to-cell communication between neighboring cells, while PANX1 preferably acts as a
hemichannel to release small molecules from the cytoplasm (Vultaggio-Poma et al., 2020).
Altered extracellular Ca?+ concentrations activated CALHM1 and CNX hemichannels, and all
three channels, CALHM1, CNX, and PANX1 hemichannels, were triggered by membrane
depolarization (Siebert et al., 2013).

For the opening of PANX1, more mechanisms were postulated. PANX1 is activated not only
by membrane depolarization but also by caspase cleavage, mechanical stress, increasing
[Ca?]; levels, or increasing extracellular potassium (K*) levels, and a few more mechanisms

are reviewed by Taylor and colleagues in detail (Dosch et al., 2018; Taylor et al., 2015).

1.3.2 P2X channels

In mammals, seven subtypes of the P2X family were described, P2X1-P2X7. Evolutionary
relationships within the seven subtypes were discovered: e.g. it is likely that P2rx4 and P2rx7
shared the same ancestral gene and emerged after gene duplication (Hou & Cao, 2016).
Moreover, P2rx4 and P2rx7 are located next to each other on the same chromosome and
functional interactions were proposed while a heteromerization of the two channels was not
confirmed (Boumechache et al., 2009; Hou & Cao, 2016; Kopp et al., 2019).

The P2X receptors form trimeric channels and each dolphin-like subunit consists of a C- and
N-terminus located intracellularly, two transmembrane domains (TM1 and TM2) and a large
extracellular domain (ectodomain) including the ATP binding site (Browne, 2012;
Habermacher et al., 2016). The dolphin-like shape of the P2X subunit is comparable for all
subtypes, whereas the P2X7 channel exhibit a unique cytoplasmic ballast (Fig. 1.4). This part
contains three 3 strands forming an antiparallel B sheet tailed by eight a helices, separated by
loops forming a helical bundle (McCarthy et al., 2019). ATP binding to the trimeric P2X
channels leads to an opening of the channels permeable for small mono- and bivalent cations,
like Ca2+, Na*, and K+.

After persistent ATP binding, the P2X channels are desensitized and, to this end, get inactive
again. Different desensitization kinetics are mentioned for the P2X subtypes. While P2X1 and

P2X3 channels desensitize fast, P2X2, P2X4, and P2X5 show slower desensitization, and for
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P2X7, no desensitization is described (Habermacher et al., 2016; McCarthy et al., 2019; North,
2002).

Under physiological conditions, ATP is found in complexes with bivalent cations, like
magnesium (Mg?*) (Di Virgilio et al., 2001). MgATP? complexes show different actions on the
P2X subtypes. P2X2, P2X4, and P2X7 receptors are assumed to need free ATP for their
activation, whereas P2X1 and P2X3 receptors are also sensitive to MgATP?- (Li et al., 2013;
Markwardt, 2021). Mg?* ions themselves inhibit P2X channel activation (McCarthy et al., 2019),
for P2X2 by binding to the ATP inside the agonist binding pocket and for P2X3, most likely by
binding to the central chamber at the threefold axis (Li et al., 2013). Such results indicate a

modulating role of bivalent cations on the activation of P2X channels.
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Figure 1.4: P2X monomer structure. A) P2X4 monomer has a dolphin like structure. a helices (TM1-2 and a 2—
5), B strands (B 1—14), disulphide bonds (SS1-5), and attached glycans (g2 and g4) are indicated. The structure of
the P2X4 subunit is comparable for all P2X channel subtypes. B) The P2X7 monomer exhibits a unique cytoplasmic
ballast (as indicated in the dark red square). It contains three B strands forming an antiparallel § sheet that is tailed
by eight a helices, separated by loops forming a helical bundle. Modified from A) Kawate et al., 2009 and B)
McCarthy et al., 2019.

Furthermore, the subtypes show not only different desensitization properties and sensitivities
to bivalent cations but also get activated by different concentrations of ATP. P2X1, P2X3, and
P2X5 are sensitive to ATP in the nanomolar range, whereas P2X2 and P2X4 get activated in
the low micromolar range. P2X7 can be activated by ATP concentrations higher than 100 yM
(Kaczmarek-Hajek et al., 2012). ATP concentrations in the micromolar range trigger P2X7
functioning as an ion channel, whereas high concentrations in the millimolar range trigger

P2X7-mediated cell death (Junger, 2011).
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P2X7 is the most studied P2X channel because it regulates many inflammatory responses and
its ability to form a non-selective macropore (Grassi, 2020; Linden et al., 2019). Different
mechanisms of pore formation are discussed. One described mechanism is the so-called “pore
dilation” hypothesis. It proposes that the pore formation is a function of the P2X7 channel itself
and the ability of the channel to increase its permeability on its own. Another described
mechanism for the pore formation is the interaction of the P2X7 channel with other channel
proteins to generate a macropore, like the PANX1 hemichannel (Kopp et al., 2019).
Furthermore, a P2X7-unique ATP-independent activation pathway is postulated in murine
cells. In the presence of NAD*, the ecto-ADP-ribosyltransferase ARTC2.2 catalyzes the ADP-
ribosylation of the P2X7 receptor resulting in channel opening and induction of cell death (Er-
Lukowiak et al., 2020; Rivas-Yanez et al., 2020).

P2X1, P2X4, and P2X7 channels are described to be implicated in Ca?* signaling in T cells
and to influence the activation of the NFAT and cytokine production (Woehrle et al., 2010; Yip
et al., 2009).

1.3.3 P2Y receptors

P2Y receptors belong to the rhodopsin-like GPCR family, the largest group of GPCRs in
vertebrates and eight subtypes (P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11-14) are described (Le
Duc et al., 2017). The GPCRs bind G proteins at the inner surface of the cell that form
heterotrimeric complexes consisting of Ga subunit that is closely associated with GBy
subunits. G proteins are divided into four subtypes Gs, Gio, Gg/11, and Gi2/13(Neves et al., 2002).
Activation of the P2Y receptor leads to a dissociation of the G protein from the receptor and
dissociation of the G protein subunits from each other to activate or deactivate other effector
proteins (Erb & Weisman, 2012). Due to their G protein coupling, P2Y receptors are also
divided into two subfamilies. The Gg11 coupled subfamily includes P2Y1, P2Y2, P2Y4, and
P2Y11 receptors stimulating PLC, whereas the Giq coupled subfamily consists of the P2Y12-
14 subtypes inhibiting adenylate cyclase (AC) (Jacobson et al., 2012; Von Kugelgen &
Hoffmann, 2016).

P2Y1, P2Y11, P2Y12, and P2Y13 are activated by adenine nucleotides, whereas P2Y4 and
P2Y6 are activated via pyrimidine nucleotides. P2Y2 is sensitive to ATP and UTP and P2Y14
to uridine diphosphate (UDP)-sugars (Chambers et al., 2000; Kolen & Slegers, 2006; Le Duc
et al., 2017). Previous studies show the influence of the P2Y receptors on immune responses,
like modulation of Ca?+ fluxes, chemotaxis, phagocytosis, or cell migration (Le Duc et al.,
2017). Accordingly, one example is the P2Y1 receptor in macrophages. This receptor is
proposed to be implicated in neutrophil migration in inflammatory tissues by increasing the
secretion of the chemokine CXCL2 (Zhang et al., 2021).
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Another pro-inflammatory pathway is influenced by P2Y11. The receptor is assumed to be
sensitive to nicotinamide adenine dinucleotide (NAD+*) and NAADP. Once P2Y11 is activated,
it stimulates PLC to increase the intracellular production of IP; and, consequently, [Ca2*].
Additionally, P2Y11 activity is coupled to activation of the AC increasing cCAMP concentrations
(Moreschi et al., 2008).

Furthermore, P2Y receptors like P2Y1, P2Y2, or P2Y11 are co-expressed with P2X receptors,
like P2X1 or P2X7, to potentiate and fine-tune their activity (Dreisig et al., 2018; Vial et al.,

2004), indicating a regulatory function of P2Y receptors on P2X receptor activity.

1.3.4 Purinergic Ca?* signaling in T cells

As previously described in 1.2.1, activation of T cells leads to increasing Ca?* concentrations
inside the cytosol. Rapid Ca?* buffering occurs through the activity of MCUs, raising Ca?* levels
inside the mitochondria. It is postulated that the Ca?* uptake into the mitochondria elevates
ATP production and that TCR/CDS3 stimulation triggers the mitochondria to accumulate at the
immune synapse (Ledderose et al., 2014).

ATP is mentioned to be released from the T cell after TCR/CD3 stimulation via the PANX1 that
translocates to the immune synapse within 5 min after TCR/CD3 stimulation (Woehrle et al.,
2010). Another study suggests, that TCR/CD3-dependent ATP release is not only due to
PANX1 channel activity, but also due to the channel activity of gap junction hemichannels,
MACs and interestingly also due to exocytosis (Tokunaga et al., 2010).

Extracellular ATP stimulates the P2X channels (Fig. 1.5). The P2X1, P2X4, and P2X7
channels are assumed to be implicated in Ca2* influx after TCR/CD3 stimulation (Woehrle et
al., 2010; Yip et al., 2009). P2X1 and P2X4 moreover co-localize with STIM1 and ORAI1 in
activated T cells (Woehrle et al., 2010), suggesting an amplifying effect of P2X channels on
Ca?* signaling. The purinergic activation of T cells leads to downstream effects, like NFAT
activation and cytokine production (Manohar et al., 2012; Yip et al., 2009).

Stimulation of chemokine receptors promotes the clustering of P2X4 channels and
mitochondria at the front of cells for local Ca?* and ATP raises to induce T cell migration
(Ledderose et al., 2018). Furthermore, paracrine ATP is sensed by P2X4 and P2X7 in
unstimulated T cells resulting in Ca?* waves and a reduced T cell motility. This might be a

specific mechanism of T cells for advanced DC scanning (C. M. Wang et al., 2014).
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Figure 1.5: Purinergic signaling after TCR/CD3 stimulation. The TCR/CDS3 stimulation of a T cell triggers the
production of ATP, which is released from the cell via PANX1. Autocrine and paracrine released ATP activates
P2X1, P2X4 and P2X7. Ca2* signals were amplified by the activity of P2X4 and P2X7. From Junger, 2011.

1.4 Ca?* imaging: Ca?+ indicators

Ca?* signals promote the conversion of external stimuli into internal responses in cells, like the
activation of T cells (Guse et al., 2021; Trebak & Kinet, 2019).

To study [Ca?*],, intracellular Ca2* indicators are needed. The first chemical Ca2* indicators,
which were membrane permeable, were introduced in 1981 by R. Tsien. He masked the
indicators by acetoxymethyl (AM) groups orchestrating the indicators through the PM into the
cytosol, where the AM groups were cleaved by unspecific esterases making the indicators
polar and unable to diffuse through the PM and hence accumulate in the cytosol (Meldolesi,
2004; Tsien, 1981). In 1985, the nowadays very commonly used chemical indicators Fura-2
and Indo-1 were developed. Compared to older indicators, the advantages of these indicators
are that they exhibited lower Ca?+ affinities, higher fluorescence intensity and ratiometric
properties. The binding of Ca?* to Fura-2 shifts the excitation from the Ca2* free form at 380

nm to 340 nm, whereas the emission stays the same (Fig. 1.6). The shift in the excitation can
be used for calculating the ratio.
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Figure 1.6: Excitation spectra for 1 yM Fura-2. Upon Ca?* binding the excitation is shifted from 380 nm to 340
nm. This shift enables the use of the indicator for ratiometric calculations. Ratiometric Ca2+ measurements have
many advantages compared to single-wavelength measurements, e.g. movements of a cell or its” plasticity
influencing the fluorescence intensity will be negligible due to the calculation of the ratio. From Grynkiewicz et al.,
1985.

In contrast to Fura-2, Indo-1 shows dual emission spectra upon Ca?* binding at the same
excitation wavelength (Grynkiewicz et al., 1985). Today a long list of chemical Ca?* indicators
is available including single-, dual-excitation and dual-emission-wavelength fluorescent dyes,
ranging from a maximum effective dissociation constant Kq of 110 nM (quin2) to a minimum Kgy
of 90 000 nM (Fluo-5N) (Meldolesi, 2004).

Another group of Ca?+ indicators are the GECls. They are based on the Green Fluorescence
Protein (GFP) and other fluorescence protein family members. A Ca2* binding moiety is fused
to the fluorescence protein to create a chimeric construct sensing Ca?+ alteration that can be
expressed in different cell types or fused to single channels of interest, like the SOCE channel
Orail (Demuro & Parker, 2006; Dynes et al., 2016; Mank & Griesbeck, 2008).

Comparison of chemical and genetically encoded Ca?* indicators showed an advantage of
chemical Ca?+ dyes. They combine high Ca?* sensitivities with fast binding kinetics (Mank &
Griesbeck, 2008), making chemical Ca?+ dyes good tools for measuring rapid Ca?* alterations
in cells, whereas GECls are more suitable for single-channel recordings.

Analysis of local and spatiotemporally restricted signals, like the Ca?* microdomains, using the
common techniques was challenging for a long time due to their rapid and dynamic formation.
A ratiometric technique was developed based on the combination of two existing dyes, Fluo-4
and FuraRed. Loading of T cells with the two dyes show similar Ca2* binding and
photobleaching properties and a similar subcellular distribution. This technique improves
spatial and temporal resolution (approx. 0.368 ym and 40 fps) for subcellular Ca?* imaging (C.
M. Wang et al., 2014; Wolf et al., 2015).
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1.4.1 Ca?* imaging: image restoration

The output of high-resolution life cell imaging measurements depends not only on the quality
of the fluorescent indicators but also on the acquisition setups, like microscope type, objective,
exposure time and the camera used. All these parameters influence the fluorescence of the
dye or fluorescent protein due to photobleaching and phototoxicity. To prevent damages by
phototoxicity or photobleaching, the light exposure, imaging speed or spatial resolution are
adjustable key factors (Ettinger & Wittmann, 2014; Weigert et al., 2018). Especially the nature
of Ca?* microdomains being highly dynamic, fast fugitive signals makes them a challenging
task for imaging approaches. Imaging speed and spatial resolution need to be as high as
possible, resulting in the usage of a low exposure time and, to this end, in low signal-to-noise
ratios (SNRs) and image degradation.

Noise is one cause of image degradation (Wallace et al., 2001). The source of noise in
microscopy approaches is known. Noise can occur due to the signal itself (“photon shot noise”)
or from the digital imaging system (Wallace et al., 2001). Since the source of noise and the
mechanism through it are understood, it is possible to calculate a statistical distribution of
noise; one characterizes the signal-dependent noise (“Poisson distribution”) and another one
the imaging system-dependent noise (“Gaussian distribution”) (Wallace et al., 2001).
Moreover, other factors than noise cause image degradation. One of these factors is blurring
(Young, 1989). The three-dimensional shape of imaged cells is responsible for emitting light
from different planes. A microscope detector senses light from the cell section, which the
microscope objective focuses on. Additionally, it senses emitted light from the out-of-focus cell
sections. Out-of-focus light is one reason for image degradation and define the blurring of an
image. It can be characterized by the so-called “point spread function” (PSF, Fig. 1.7) (Sarder
& Nehorai, 2006).

+3.0 um +2.0 um +1.0 um 0.0 um =-1.0 um -2.0 ym =3.0 um

Figure 1.7: Point-spread-function. Theoretically predicted PSF for a 100X, 1.35 NA Olympus UplanApo
objective. Distances above and below focus are sown from +3.0 ym to -3.0 ym. Modified from McNally et al. 1999.

The PSF is a spatiotemporally independent parameter depending on the microscope setup
(Anastasopoulou et al., 2019). On the one hand, a point of light source from one plane spreads
light to another plane of an object (McNally et al., 1999). On the other hand, the light intensity
of one plane is spread due to diffraction and variations inside the system (Sage et al., 2017).

The sum of these “point-spread-functions” of each plane composes an image and can be used

15



1 Introduction

to deconvolve an image. The PSF is obtained experimentally or mathematically (Markham,
1999).

Computational restoration techniques utilize the knowledge about degradation causes like
noise distribution or blurring and the PSF to reconstruct an image with the closest possible
conformance with the original object (Arigovindan et al., 2013; Sarder & Nehorai, 2006;
Schaefer et al., 2001; Weigert et al., 2018).

There are many different conventional deconvolution techniques, most of which can be broadly
categorized into “deblurring” and “image restoration” algorithms. Deblurring algorithms operate
in a 2-D fashion plane-by-plane, whereas image restoration algorithms are 3-D and work
simultaneously on every pixel in an image stack (Wallace et al., 2001). Deblurring algorithm
includes algorithms like the “no-neighbors methods” or “neighboring methods”. In contrast,
image restoration algorithms are methods like “linear methods” (e.g., inverse filtering or Wiener
filtering), nonlinear iterative methods (e.g., Janson Van Cittert or Tikhonov-Miller), statistical
methods, and blind deconvolution (BD) (Sage et al., 2017; Sarder & Nehorai, 2006; Wallace
et al.,, 2001). Additionally, for iterative methods, mathematically assumptions of the original
object can also be used to improve the deconvolved result: e.g. when we assume that an
object is relatively smooth, noisy results with rough edges can be eliminated (Wallace et al.,
2001). This technique is called regularization, narrowing possible estimations produced by an
iterative algorithm concerning to some assumptions about the original object (Poggio et al.,
1988; Wallace et al., 2001).

Many deconvolution algorithms perform poorly on measurable subcellular details in the
presence of noise. Arigovindan and co-workers (2013) introduced a unique logarithmic
(entropy-like) regularization term that emphasizes the stabilization of the noise, known as noise
regularization. The regularization is adapted to the spatial features of the fluorescence signal
to increase spatial smoothness and image resolution for low SNR images (Arigovindan et al.,
2013).

1.5 Study objective

The activation of T cells initiates the adaptive immune response. Following TCR/CD3
stimulation, Ca?+ signals translate the external stimulus into intracellular responses.
Uncovering the dynamic mechanism of Ca?+ signaling is essential for comprehending T cell
activation and downstream events.

Analysis of Ca2+ microdomains in different mouse models identified several key players of Ca2*
release and entry involved in the formation of these signals: Milliseconds after TCR/CD3
stimulation, the second messenger NAADP was shown to activate RYR1 via HN1L/JPT2,

resulting in a Ca?* release from the ER. Furthermore, it was demonstrated that ER depletion
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is sensed by STIM1/2 stimulating the SOCE channel ORAI1. The ATP-gated channels P2X4
and P2X7 were demonstrated to foster Ca2* signals during later steps of T cell activation;
however, their impact on the formation of Ca?* microdomains was unknown. While ATP acts
as an extracellular signaling molecule and Ca?+ as an intracellular signaling ion, the P2X
channels directly connect extracellular and intracellular signaling cascades.

The main objective of this thesis was to uncover the role of P2X4 and P2X7 on the formation
of Ca?* microdomains. Therefore, Ca?* live-cell-imaging was performed using P2rx4” and
P2rx7- CD4+ T cells, antagonists or inhibiting nanobodies. Additionally, apyrase, an ATP
degrading enzyme, and an antagonist for the ATP releasing channel PANX1 were used to
analyze the role of extracellular ATP on the formation of Ca2* microdomains. Downstream
events, like the expression of CD69 or Nur77, were analyzed to elucidate and differentiate the
channel functions of P2X4 and P2X7 and their impact on the immune response.

Although, the Ca?* imaging approach enabled the discovery of short-lived Ca?* microdomains,
the approach is technically limited by its spatial and temporal resolution. Computational
restoration of low SNR images can further increase their quality afterwards. Thus, advanced
computational solutions for image sequences were tested to improve temporal resolution and

visualization of Ca2+ microdomains.
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Abstract: Live-cell Ca* fluorescence microscopy is a cornerstone of cellular signaling analysis and
imaging. The demand for high spatial and temporal imaging resolution is, however, intrinsically
linked to a low signal-to-noiseratio(SNR) of the acquired spatio-temporalimage data, which impedes
on the subsequentimage analysis. Advanced deconvolution and image restoration algorithms can
partly mitigate the corresponding problems but are usually defined only for staticimages. Frame-hy-
frame application to spatio-temporalimage data neglects inter-frame contextual relationships and
temporal consistency of the imaged biological processes.Here, we propose a variational approach to
time-dependentimagerestorationbuilt on entropy-based regularization specifically suited to process
low-and lowest-SNR fluorescence microscopy data. The advantage of the presented approach is
demonstrated by means of four datasets: synthetic data for in-depth evaluation of the algorithm
behavior; two datasets acquired for analysis of initial Ca?* microdomains in T-cells; finally, to
illustrate the transferability of the methodical concept to different applications, one dataset depicting
spontaneous Ca%* signaling in jGCaMP7b-expressing astrocytes. To foster re-useand reproducibility,
the source code is made publicly available.

Keywords: Ca2* imaging; fluorescence microscopy; live-cell imaging; low signal-to-noiseratio;
deconvolution; image restoration

1. Introduction

T-cellactivation representsthe on-switchof the adaptive immune system [1]. Within
tens of milliseconds after activation, highly dynamic, spatio-temporally restricted Ca%*
signals, termed Ca?* microdomains, start occurring [1,2], but the molecular machinery
underlying this processstill remains elusive. To better understand the principles of the
formation and the temporal propagation of these signals aswell as the contributions and
roles of different components, high-resolution live-cell fluorescence microscopy is required,
ideally implemented with both the spatial and the temporal resolution as high as possible.
However, high-resolutionCa?* imaging has severe limitations: Low photon doses due
to phototoxicity and photobleaching as well as the fugitive nature of Ca?* signals in
combination with out-of-focuslightlead to an intrinsically low signal-to-noiseratio(SNR)
[3]. This, in turn, significantly impedes the identification and detailed analysis of Ca2*
microdomains and their spatio-temporalarchitecture.

The analysis of initial Ca?* microdomains in T-cellsand the corresponding need to
reliably identify related signaling events in live-cellimaging data with poor SNR forms

Int. ). Mol. Sci. 2021,1,0. https://doi.org/10.3390/ijms1010000
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the basis and motivation of the presentwaork, but it is only one example application; a
related prominent Ca2* imaging application is, e.g.,capturing Ca2* waves with a high
imaging speed (often >80Hz) and corresponding short exposuretimes [4]. However, the
general challenge to extract meaningful information from low-SNR image time series data
is applicable to many applications in the contextof spatio-temporalfluoresence microscopy.
Techniques to increase the quality of captured images are typically referred to as image
restoration or deconvolution.

In recent years, microscopy image restoration has been increasingly tackled using
deep learning methods [5,6], but a systematic problem with these approaches remains the
risk of hallucinations, i.e., the generation of structures not presentin the acquired imaging
data [7]. In addition, extensive amounts of suitable training data are usually required,
limiting their applicability.

Conventional approaches, in contrast, work purely on the image data to be processed.
They include classic, straight-forward methods, such as nearest neighbor deconvolution
or naive inverse filtering, which are computationally inexpensive but have drawbacks
such as poor noise reduction and the introduction of ringing artifacts. More sophisticated
methods are often formulated as iterative algorithms and variational models, with a variety
of data fidelity and regularization terms being proposed in literature. The mostcommon
approaches are (regularized) inverse filtering, including, e.g., Wiener filtering [8,9] and
(regularized) Lucy-Richardson (LR) deconvolution [10,11].Foran overview, please refer
to, e.g., [12,13].

Most functional formulations are, however, rather general, and the resulting algo-
rithms perform poorly in low-SNR scenarios[14]. In 2013,Arigovindan et al. introduced
a functional formulation that was tailored to the specific characteristics of fluorescence
microscopy [14]. In particular, they proposed an entropy-like formalism in combination
with a second order derivatives-based regularization functional that suppressesnoise but
still preserves objectdetails. A central rationale behind their formulation was, e.g.,that, in
contrast to general imaging data, in fluorescence microscopy data, "high intensity points
are more sparsely distributed and are co-localizedwith high-magnitudederivative points”
[14]. The presentedresults were impressive especially for low-SNR conditions. However,
although motivated by demands of spatio-temporalimaging, the proposed formulation ad-
dressed only frame-by-framedeconvolution, i.e., the resulting algorithm was to be applied
independently to each frame. While this is commonto mostimage restoration methods
(both deep learning and conventional approaches), recentwork illustrated the benefits of
taking the spatio-temporalnature of the acquired data into account [15,16].

In the presentwork, we extend the principle of entropy-like deconvolution proposed
by [14] and suggesta novel variational approach tailored to image restoration of spatio-
temporal fluoresence microscopy. The proposed approach utilizes the temporal information
available in the imaging data to further improve image quality and SNR at low exposure
times, thus enabling imaging with a higher temporal resolution. To foster re-usingthe
developed methods,the source code is freely available at https://github.com/IPMI-ICNS-
UKE/TDEntropyDeconvolution , accessedon 260ctober 2021.The repository also covers
an implementation of the approach described in [14] to be applied to static microscopy
data (no publicly available source code provided with the original publication). The
corresponding practical notes are given in Appendix A.2; further documentation and
example scripts are provided as a part of the repository.

The advantage of the proposed approach is illustrated for four datasets. The first three
datasets are related to the analysis of Ca?* microdomains in T-cells: (1) a synthetic dataset
with simulated Ca?* signals and noise patterns to systematically evaluate the algorithm
performance; two super-resolution spinning disc microscope datasets, one acquired with a
genetically encoded Ca2* indicator tagged to a lysosomal channel (2) and the other one to
study the free cytosolic Ca2* concentration ([Ca2*])(3) in Jurkat T-cells.The fourth dataset
illustrates the use in different application contexts. Here, confocal data of spontaneous
Ca?* signals in branches of an astrocyte in a mouse brain slice.
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2. Results
2.1. Synthetic Data
A comparison of the effects of the different deconvolution approaches for an example

of the generated synthetic data with different noise levels is given in Figure 1. The simulated
ground truth data are shown in Figure la.

a without input noise b low input noise

medium input noise

Figure 1. Example of synthetic data processedwith the different deconvolution methods. (a) Sample
frame of synthetic data without any added noise and before applying the PSF. The yellow box
indicates the region of interest pictured in panels (b-d), which show input noisy images for various
noise levels as well as image restoration results. The parameters for the entropy deconvolution are
A =0.land (TD ER: A = 0.1,Ay = 0.1)and € = 0.001.LR: Lucy-Richardson deconvolution; ER:
entropy regularization-baseddeconvolution (static); TD ER: time-dependententropy regularization-
based deconvolution.

The region of interest (ROIl) indicated by the yellow box is then focused on in the
panels (b-d), which are all structured in the sameway: The left upper image representsthe
noisy ROI of the image that is input into the deconvolution algorithms. The other images
are the corresponding restored image ROl for LR deconvolution (right upper image), static
entropy-baseddeconvolution (ER, left lower image) and the proposed temporal entropy-
based deconvolution (TD ER, right lower image). The input noise levels are as follows: (b)
low noise, () medium noiseand (d) high noise.

For all noise levels, the proposed time-dependent algorithm presents the smallest
amount of background noise and highestSNR after image restoration, with the discrepancy
between time-dependentand static deconvolution becoming most evident for the high
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noise level (i.e., low-SNR) input data as in panel (d). In contrast to the entropy-based
approaches, LR deconvolution tends to introduce ringing artifacts to the result, which

amplify the background noise for low-SNR input data. Merely for the lowest noise level

shown in panel (b), the LR algorithm performs best, as it sharpens the signal, whereas the
entropy algorithms tend to blur it instead.

The corresponding quantitative analysis is presented in Figure 2, showing the mean
normalized SSIM as well as the estimated background noise for the image restoration
approaches as a function of the input Gaussian noise level and averaged over different
Poisson noise levels.
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Figure 2. (a) The SSIM of the different image restoration methods, averaged over all time frames of
25different, randomly generated synthetic datasets, such asthe one in Figure 1a, normalized with

respectto the SSIM between the noisy and the original image as a function of the input Gaussian

noise. Thus, avalue larger than one indicates image quality improvement compared to the noisy
input image. The measurement points correspond to the average values obtained for three different
Poisson noise levels, and the error bars indicate the influence of varying the Poisson noise levels

in terms of the standard deviation of the respective different simulations. TD ER SSIM values are
significantly higher than ER values and ER SSIM values significantly higher than LR values, except
for the smallest Gaussian noise level (p <0.05;paired, one-sidedWilcoxon signed-rank test with

Bonferroni correction; based on the SSIM values of the random synthetic time series,with the values

averaged over Poisson noise levels). (b) The results of the Gaussian noise estimationas a function of
the input Gaussian noise for the different deconvolution methods as well as for the original noisy
image, where the latter is pictured in greys and representsa plausibility check of theapplied noise
estimationapproach.TD ER values are significantly lower than ER values and ER values significantly
lower than LR values for all Gaussian noise levels.

The SSIM is calculated according to Equation (2) for the individual frames of the
restored images and the original input data and averaged over all time frames. In the
diagram, the respective SSIM values are normalized by dividing the SSIM obtained for an
image restoration approach by the SSIM for comparison of the noisy input data and the un-
derlying original data. Thus, SSIM values larger than one indicate an image improvement
in termsof SSIM.

The quantitative data support the visual impression. The TD ER algorithm performs
best,exceptfor very low noise values, where the LR deconvolution reveals higher SSIM
values. With increasing noise,image quality improvement by LR deconvolution drastically
decreasesin terms of SSIM (normalized SSIM values = 1;a value of 1 indicates similar
SSIM of the noisy input image and the restored image). Better results are obtained using
the entropy approaches(ER: normalized SSIM of approximately 1.7;TD ER: normalized
SSIM of approximately 2.4),which are optimized for processinglow-SNR fluorescence
microscopy data. The amount of Poisson noise has a comparatively small influence on the
result, as can be seen by the error bars in Figure 2a, which show the standard deviation for
processingsimilar image series with different Poisson noise levels.
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The estimated Gaussian noise variance of the image background depicted in Figure 2b
is in line with the SSIM results and the visual impression. The grey line representsa
consistency check of the automated background noise estimation method, as it shows the
estimated Gaussian noise variance of the noisy input image as a function of the input
Gaussian noise variance. The linear relationship indicates the reliability of the respective
results.

Both the ER and the TD ER algorithms considerably decreasethe measured back-
ground noise,while the LR algorithm appears to magnify it with an increasinginput noise
level, in agreementwith the visual impression of Figure 1b,c. The LR results are also the
only ones that depended on the input Poisson noise level, with the standard deviation
indicating this influence as explained and visualized in Figure 2a. The remaining back-
ground noise of the images obtained by both entropy algorithms as well as the background
noise of the original noisy images differ only a little for different Poisson levels, and the
respective error bars are too small to be pictured in Figure 2a. Overall, the smallestamount
of background noise is presentin the images generated using the TD ER algorithm.

2.2. Live-Cell Fluorescence Microscopy

In Figure 3, representative frames of the acquired image sequencesof dataset 2 and
the corresponding outputs of the deconvolution approaches are shown.

raw LR ER TD ER
(=2
o
e f g h

£
(=)

v wn

E T

[

3

(o]

Q

>

[
£
o
<
o
wv
£
(=)
(=]
<

Figure 3. Comparison of the different deconvolution methods for TPC2-R.GECO.1.2 images captured

with different exposure times. (a,e,i,m): raw data, captured at 100ms, 150ms, 200ms and 400ms;
(b,f,j,n): imagesdeconvolved using MATLAB’s Lucy-Richardson (LR) algorithm; (c,g,k,0):images
deconvolved using the staticentropy algorithm (ER); (d,h,l,p): images deconvolved with the time-
dependent entropy algorithm (TD ER). Parameters for the entropy algorithms are A\ = 2.0and (TD

ER: A = 2.0,Ar = 2.0)and € = 0.001.
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Movies corresponding to the results at 100ms exposureare provided as Supplemen-
tary Videos S1-54, see Supplementary Materials.

The data representCa2* released through the two pore channel 2 (TPC2) on lysosomes
in Jurkat T-cellsusing TPC2-R.GECO.1.2. With this low affinity genetically encoded Ca?*
indicator, only Ca2* at the mouth of the TPC pore can be visualized.

The first column shows raw images captured with exposure times of 100ms(a), 150ms
(e), 200ms (i) and 400ms (m). The second column depicts the corresponding deconvolution
results obtained with the MATLAB implementation of the LR algorithm for theseexposure
times. Images restored by the ER deconvolution (A = 2.0)are shown in the third column,
and the corresponding results for the proposed TD ER approach A = 2.0,Ar = 2.0)are
given in the fourth column. In both the static and time-dependententropy algorithms,
£ = 0.00L

It can be clearly seenthat the noise level in the raw images increasessignificantly when
reducing the exposuretime from 400ms to 100ms. The Lucy-Richardson deconvolution
increases the noise level even further for lower exposuretimes, while the entropy-based
algorithms perform much better (third and fourth column). The time-dependentalgorithm
(rightmost column) shows the least amount of noise while recovering much of the original
signal. This effectis especially pronounced for the lower exposure times, where in the
raw image, hardly any signal can be discerned, while our algorithm managesto recover a
relatively clear signal. For very high exposuretimes, such as 400ms shown in the last row
of Figure 3, the improvement is, however, minimal at best. While, even here, background
noise is reduced, the signal also appears slightly blurred.

A more detailed look at the signal recovery is given in Figure 4.
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Figure 4, Comparison of the different deconvolution methods for a time series of dataset 2, captured
at 100ms exposuretime. (a) Raw image. (b) Deconvolved with the MATLAB Lucy-Richardson
algorithm. (c) Deconvolved by ER with A = 2.0.(d) Deconvolved with the proposedTD ER with
(A = 2.0,\7 = 2.0). Each panel includes a zoomed-inregion of interestindicated in yellow. (e-h) The
intensity profile plotted along the blue line in the frames above. All entropy-basedalgorithms here
use £ = 0.001.

Here, the results for the different deconvolution methods are shown for aROI of a
time series captured with 100ms exposure time. The first column, Figure 4a, shows the
raw image of a single time frame in total (first row) with a zoomed-inROI below. Panel

24



2 Publications

Int. J. Mol. Sci. 2021,1,0

Publication |

70of 17

Fluo-4

Fura Red

(e) represents an intensity profile along the blue line in the zoom plot. The same structure
applies to the other columns, with (b-d) showing the deconvolution results of the LR, ER
and TD ER algorithms, respectively,and (f-h) showing the correspondingintensity profiles
along the pictured blue lines. The intensity plots illustrate that the LR deconvolution seems
to sharpen the signal butalso amplifies the noise; based on the intensity profile, it is difficult
to distinguish the signal from noise. The ER algorithm clearly recovers the signal while
reducing the noise,and the TD ER further enhancesthe SNR.

Tofurther illustrate the potential of the proposed approach, two additional live-cell
imaging datasets were processed and analyzed.

The results obtained on dataset 3 are illustrated in Figures 5 and 6. Shown in Figure
Sais an image frame captured using Fluo-4 (upper row) and Fura Red (lower row) as
indicator dyes. The frame correspondsto a time point shortly after T-cellactivation. The
panels show, from left to right, the original raw data and the deconvolution results obtained
with the LR, the ER and the TD ER algorithms. Similar to the above experimentsand
datasets, the least amount of background noise is presentboth visually in () and, in terms
of estimated Gaussian background noise, quantitatively in (b) and (c) in the output images
ofthe TD ER algorithm. In fact, entropy deconvolution eliminates the background noise
almost entirely. The numbers given in (b) and (c) are shown as a ratio, i.e., the noise level
after image restorationdivided by the estimated noise level of the raw data. Thus, values
< lrepresent a decrease of background noise.

background noise

ER TDER

background noise

na
LR ER TDER

Figure 5. Panel (a): Deconvolution results for [Ca2*]; imaging and frames using Fluo-4(upper row) and FuraRed (lower
row) as the indicator dye. From leftto right: raw image, LR, ER and TD ER result. Entropy-baseddeconvolution parameters
were A = 0.4(TD ER: A = 0.4 A1 = 0.4)and € = 0.001.Panels (b,c) show the estimated background noise remaining in the
deconvolved images, normalized to the background noise of the raw image for the different deconvolution methods.

Performing the postprocessing process as described in [2] (rigid registration of the
two channel time series data, bleaching correction, cell segmentation), the two-channel
image data were then combined to ratio images representing the free cytosolic Ca?* con-
centration, [Ca?*];. One exemplary cell is shown in Figure 6,where (a-d) show the ratio
images computed based on the aligned and processed raw images, the images after LR
deconvolution, and after ER and TD ER image restoration. Panels (e-h) show the intensity
profile along the blue line in the images above. While the ratio of the raw channels appears
to be very grainy, the Ca2* microdomains in the deconvolved images, in particular for ER
and TD ER, can be much more easily distinguished from noise.
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ratio
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Figure 6. The ratio of the deconvolution results ofthe two channels from Figure 5 after postprocessing
accordingto [2]. (@) Fluo-4/FuraRed ratio of raw images, (b} ratio of LR results, (c) ratio of ER results
and (d) ratio of TD ER results. Panels (e-h) show the intensity profile plotted along the blue line in
the frames above.

The results for dataset 4,a jGCaMP7b-expressing astrocyte in a mouse brain slice, are
shown in Figure 7, illustrating the transferability of the developed approach to different
application contextsthan Ca?* microdomain analysis.

1.0
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Figure 7. Deconvolution results for a jGCaMP7b-expressingastrocyte in a mouse brain slice. (a) Raw image, (b) LR result,
(€) ER result and (d) TD ER result. Entropy parameters hereare A = 0.05and (A = 0.05,Ar = 0.05)and € = 0.001.Panels
(e-h) show the intensity profile plotted along the blue line in the frames above. Panel (i) shows the amount of background
noise remaining in the image after the application of the different deconvolution algorithms, normalized to the noise level
of the original data.

While the original SNR for the input data appears to be already quite good for the
large and brightly labeled cell body, the fine cell branches barely stand out against the
background. Here, the entropy algorithms both considerably decrease the amount of back-
ground noise, making it easier to separate the delicate structures of the astrocyte branches
from the background. For a visual impression, see Figure 7a-d and Supplementary videos
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S$5-S8. Quantitatively, the background noise reduction is shown in Figure 7iin the mea-
surement of the background noise variance of the deconvolved images, again normalized
onto the original noise level. The intensity profile plotted in panels (e) and (f) further
confirms that the SNR, while already acceptablein the raw image, is further improved by
the entropy algorithms, as shown in (g) and (h).

The computation time for a 500 x 500pixel time series with 100frames using the
two entropy algorithms ranges between a few seconds and a few minutes on a standard
desktop PC depending on the convergence of the algorithm, which, in turn, depends on
the input data.

3. Discussion

Motivated by theintrinsically low-SNR for live-cell Ca?* image sequencesacquired
by fluorescence microscopy at both high spatial resolution and high temporal resolution,
we proposed the integration of the temporal dimension of the respective image data
into variational image restoration. Method development built on an image restoration
specifically tailored to particularities of fluorescencemicroscopy [14]. Here, (1) we extended
the underlying entropy-basedregularization and the dedicated numerical solving scheme
to spatio-temporalimage sequences,(2) demonstrated the superiority of the proposed time-
dependent image restoration approach compared to static entropy-basedimage restoration
and commonLR deconvolution and (3) made the source code publicly available.

Demonstration of the advantages of the proposed image restoration approach was
based on synthetic aswell as real live-cell Ca?* imaging data, with two of the latter being
acquired in the contextof Ca?* microdomain formation analysis after T-cellactivation and
one additional datasetshowing a jGCaMP7b-expressingastrocyte in a mouse brain slice.
For all datasets, the observed effectswere consistent: The time-dependentdeconvolution
considerably reduced the level of noise, in particular for low-SNR input image sequences.
Therefore, we expectthe approach to be promising for live-cell imaging data acquired in
different application contexts.

For high(er) SNR input image sequences,the quantitative evaluation has, however,
shown that the performance of the common LR deconvolution is on par with both entropy-
based image restoration approaches. Mareover, visually, the entropy approaches tend
to blur spots of high Ca2* concentration (also particularly visible for high-SNR input
data). We hypothesize that this is due to the present data fidelity term of the functional
in Equation 1 and will, in the future, adjust the functional by changing the term from
least squares to a Poisson noise-specificterm, as low photon rates typical for fluorescence
microscopy tend to obey Poisson statistics. This, however, requires a different numerical
schemeand algorithm for the minimization of the overall functional and is beyond the
scope of the present paper.

Moreover, at the moment, it is also not clear whether there exists theoretically and/or
practically a lower SNR threshold below which the entropy-basedimagerestorationwill
fail. Similarly, we testedthe TD ER algorithm on imaging data acquired with a frame rate
up to 40Hz. It remains to be shown that it also performs as expected for faster image
acquisition as well as for different magnification Ca®* imaging data. We expectthat faster
and higher spatial resolution imaging leads to more continuous representation of the
biological processesand structures as well as less discontinuous between-frame sample
movement and motion of intracellular structures. Thus, in principle, the TD ER model
should benefit from it when compared to static image restoration approaches. However,
this is currently a hypothesis to be tested in future work, including in-depthcomparison
to the performance of other methodical approachesthan LR deconvolution when applied
to corresponding data. We therefore encourage other researchers to test the proposed
algorithm on their data and to contact us—both in the case of problems and to share their
experience and positive examples—to further optimize the proposed image restoration.
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4. Materials and Methods
4.1. Mathematical Formulation

Following the conceptof variational image deconvolution, the proposed approach
builds on a common quadratic data fidelity term [13,14]but extended to spatio-temporal
image data, i.e. ||Hv; —w||2, where w; is the measured image at time or framet, H is the
distortian matrix, and v, the sought solution. The direct minimization of the data fidelity
term would, in practice, suppress high-frequency components of the solution and poses,
mathematically, an ill-posed problem.

Thus, additional regularizing terms need to be included in the functional to be min-
imized. As described in the introduction, in [14], an algorithm specifically tailored to
fluorescencemicroscopy was introduced. The main innovation was using second deriva-
tives for a spatial smoothnessenforcing regularization functional in an entropy-like term.
Here, we expanded this approach to also include a functional term that enforces smooth-
ness in the time domain. Similar to the motivation formulated for the spatial domain
in [14]—sparsity of high-intensity signals and high-magnitude derivatives—which we
consider also applicable to the temporalcharacteristics of, e.g.,Ca%* microdomains, we also
chose an entropy-like structure for the temporal regularization functional.

data fidelity spatial regularization

T T M
Vopt = argmin Z Hv; — wy 247 Z Z log |:Vf ovi—+ Z(LiV[» oLjvs) +e¢

veRK | #1 t1m 1 i "
1)
K
—I—/\TZlog vov+Z(D,-voD,-v)+£ +AN n-v ,
o1 i [ non-negativity

temporal regularization

where v € RK is a vectorized processedtime series comprised of T frames, each a Ny X Ny
dimensionalimage,M = Ny - Ny and K = M - T. Each individual frameis denoted by the
subscriptt € { 1,..., T}, i.e., vy € RM. The measuredimagetime series is vectorized in the
variable w € RK, with w; € RM being the vectorized time frame at time t, and vopt € R€
refers to the sought solution in terms of optimality with regard to the defined functional.
The operatorand distortian matrix H € RM*M s in our case, the point spread function
(PSF) in Toeplitzform.

The operatorsL; € RMXM in the spatial regularization term representthe discretized
second derivative filters in spatial directions, where the sum over i runs over 3?/ax?,3%/ay?
and 2%/axay. The operator - © - refers to the Hadamard, or element-wise, product. In the
temporal regularization term, the D; € RK*K refer to the discretized second derivative
filters containing the derivatives with respectto time. In this case,the sum over i runs over
3%/a2, 3 faxatand 2%/ ayat.

The sum over mruns over all pixel within onetime frame,som & { 1..M = N, - N},
while gis acompositeindex referring to a pixel within a specifictime frame and running
over all pixelsin all time frames,i.e.,,d € { 1...K= Ny - Ny - T} . In our notation, the value
of a pixel in a specific time frame can thus be addressed by either vg or [Vim.

The vector n € RX ensures positivity of the result and contains the entries ng, where
ng = 0if vg = 0and ng = V2 if vg < 0.

The parameters A, At and Ay are Lagrange parameters to weigh the regularization
terms. They are to be determined empirically. £ is a small positive constantto avoid the
occurrence of log(0) in the regularization terms.

The first term in the cost function, i.e., the data fidelity term in Equation (1), ensures
the agreementwith the forward model, i.e., the image distortion wy = Hv;. The second
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term, controlled with Lagrange parameter A and denoted as spatial regularization in
Equation (1), is known from [14] and denotes the regularization functional enforcing
smoothnesswithin the spatial dimensions of the image. New in our proposed method is
the third term proportional to At. This regularization functional enforces smoothnessover
time. The last term proportional to Ay is a standard term to avoid negative pixel values in
the resulting image.

The optimal solution of the problem in Equation (1) is found using an iterative mini-
mization algorithm detailed in Appendix A.

Note that the static entropy-based image restoration algorithm described in [14] is
alsoincluded as a limit for Ay — 0 in the above description. Whenever this algorithm is
referred to in the following for comparison purposes, this means our implementation with
AT setto zero. We choosethe abbreviations ER for the static entropy deconvolution and
TD ER for the time-dependententropy deconvolution.

4.2. Experiments: Imaging Data and Evaluation

The performance of the proposed spatio-temporal deconvolution was tested and
compared to static entropy—-baseddeconvolution and standard LR deconvolution (imple—
mentation of the MATLAB Image Processing Toolbox2019a)by means of four different
datasets: a synthetic image dataset, two fluorescence microscopy image datasets acquired
in the contextof Ca2* microdomain analysis in T-cellsand a last dataset acquired by confo-
cal fluorescence Ca2* imaging of an astrocyte in an acute mouse brain slice to illustrate
transferability of the proposed methodical developments to a different application context.

4.2.1.Dataset 1: Synthetic Image Data

The simulation of Ca?* fluorescence microscopy time series data started on a black
canvas. To generate a texture, Perlin noise was added [5]. The texture was used to
place "glowing” spots (small Gaussian intensity peaks) in a randomly clustered manner.
Afterwards, the Perlin noisewas removed, and the spotswere moved over time according
to Brownian motion.

Todegrade the images for deconvolution evaluation purposes, they were first con-
volved with a PSF. The applied PSF was the same as used for the real microscopicdata
of dataset 3 (see below). Then, Poisson and Gaussian noise were added. The noise levels
were varied to analyze the performance of the image restoration algorithms as a function
of input image data SNR. This can also be interpreted to simulate different exposuretimes.

Poisson noise was varied by dividing the signal by a parameter before calculating
the Poisson distribution. The result was re-scaled by this same parameter to preserve
the original dynamic range. The Gaussian noise was varied by adding Gaussian noise
with different variances. Since the exactvalues of these parameters are rather arbitrary
in synthetic images, we scaled them to dimensionless noise levels to betterillustrate the
amount of noise presentin the images. The exact parameters and generation methods can
be seenin the published source code.

Different to subsequentreal live-cell microscopy imaging data, the synthetic imaging
data allow for a quantitative comparison of sought optimal images, i.e., the original input
images before degradation by the PSF and noise application. For evaluation purposes,we
calculated the structural similarity index (SSIM) between patches of the original images
Vorig and the restored images Vgec, given by

(2u"uri§u"dec + Cl)(zo-"ovigvde( +¢c2)
(uearig + u%dp: + cl)(o\zfurig + q’zdsr +c)’

SS'M(Vorig, Vdec) = @)

where px denotes the average and of the variance of the intensity values of image patch
x, while oyy denotes the covariance between two image patches x and y. ¢; and c; are
small constants.
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Moreover, as an approach that requires no ground truth reference images for a quanti-
tative assessmentof image restoration success,the Gaussian noise variance of the image
background was estimated according to the patch-basedapproach presented in [17].

4.2.2 Dataset2: Genetically Encoded Ca?* Indicator for Optimal Imaging (GECO) Tagged
to Lysosomal TPC2 in Jurkat T-cells

The second dataset was acquired in the context of the analysis of the role of Ca?*
release processesduring the formation of initial Ca?* microdomains in T—cells. Jurkat
T-cellswere transiently transfected with two pore channel 2 (TPC2) fused to a low affinity
genetically encodedCa?™ indicator for optical imaging (GECO-1.2). Previously, this GECO
was tagged to ORAL channels in the plasma membrane, and only Ca2* entry through
Orail was visualized [18]. Here, only Ca?* released from the lysosomes through TPC2
should be detected.

The images were acquired with a 100-foldmagnification objective (Zeiss, Jena, Cer-
many) fitted in a super-resolution spinning disc microscope (Visitron) and a scientific
complementary metal-oxide-semiconductor camera (Orca-Flash 4.0,C13440-20CU,Hama-
matsu Photonics, Hamamatsu, Japan). Different times of acquisition were used for time
lapse series (100 ms, 150 ms, 200ms, 400ms), a 561 nm laser adopted to excite TPC2-
R.GECO.1.2, and the emission wavelength was detected at 606/54nm.

4.2.3.Dataset 3: Free Cytosolic Ca?* Concentration Imaging in Jurkat T-cells

The third dataset depicts the free cytosolic Ca2* concentration ([Ca2*]) of Jurkat
T-cellsimmediately after T-cell activation. Imaging was performed as detailed in [1,2].
The cells were loaded with Fluo4-AM and Fura Red-AM. For T-cellstimulation, protein
G beads (Merck Millipore, Burlington, MA, USA) were coatedwith antibodies(human
anti-CD3 (OKT-3)). The images were acquired with a super-resolution spinning disc
microscope (Visitron, Puchheim, Germany) with 280-foldmagnification (100-foldobjective
and 2.8-foldsuper-resolution spinning disc) and a Prime 95B back-illuminated sCMOS
camera(Teledyne Photometrics, Tucson,AZ, USA). A dual-view module (Optical Insights,
PerkinElmer Inc., Waltham, MA, USA) was used to split the emissionwavelengths (laser:
excitation 488;beam splitter, 495;emission 1, 542/50;emission 2,650/57). The exposure
time was 30ms.

4.2.4.Dataset 4: Confocal Ca?* Imaging in Astrocytes In Situ

The fourth dataset was aquired in an astrocyte in an acute mouse brain slice. The
genetically encoded Ca?* indicator jGCaMP7b (Addgene # 171118)wassubcloned into a
AAV-PhP.eB vector under the control of the GFAP promoter,and viruses were systemically
applied by retrobulbar injection [19]. After 14days, JGCaMP7b-expressing astrocytes were
visualized with a confocal fluorescence microscope (eC1, Nikon, Dusseldorf, Germany;
equipped with a 16xobjective,NA 0.8)in acute brain slices of the olfactory bulb using a
488nm laser for excitation (emission filter S15/15)at a frame rate of 1 Hz.
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Abbreviations
The following abbreviations are used in this manuscript:

ER static entropy deconvolution

GECO  genctically encoded Ca?™ indicator for optimal imaging
LR Lucy-Richardson

PSF Point spread function

ROI Region of interest

SNR Signal-to-noise ratio

SSIM Structural similarity index
TDER time-dependent entropy deconvolution
TPC two pore channel

Appendix A. Algorithm Details
Appendix A.1. Minimization of Cost Functional (1)

As described in the main text, our algorithm is conceptually an extension of the
entropy deconvolution proposed by Arigovindan et al. [14]. There was, however, no
corresponding source code available. We, therefore, developed the program completely
from scratch with the ideas in [14] as a starting point. Introduced in Section 4, the cost
functional to minimize is given by

T T M
Uivy =Y [[Hv i —w|[?+A )Y ) log [v, cvi+ 3 (LivioLiv) +E:|
1 =1 m—1 7 m
K=1-M (Al
+Ar Z log|vevi Z(D,‘VOD;V) I e ANV
=1 i v

Taking the derivative and setting it to zero leads to the following minimality condition

H™Hv, + Acovi+AY L{coLiv:)
i

(A2)
+ [Arkov+ArY D] (keDjv) +Ayn'c vj| —H w,
§

i

for the #-th time frame. The elements of the vector ¢ are given by

2
M
Citmy = vf‘f,m} + 2<Z L‘-’HU“',-:.) i @3
i =1

i

where (t, m1) denotes a composite index to reference both the time frame t and pixel location
m. The elements of the vector k are given by
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K 2
ke = |22+ E( 3 L),-ﬂv,) +& . (A4)

i =1
Since Equation (A2) is solved iteratively, a starting condition is needed. It is useful

to define an approximation that can be easily inverted. Extending the ansatz in [14], we
choose the following initial condition for the {-th time frame

HTHv]Y | A (1 'y L,TL‘-) v Ay K] Yy D,.TD,-) viui'] =HTw;. (A3
i i ¢
Note that the matrices H, L; and D; are circulant to represent the convolution. There-

fore, they are diagonalized by the discrete Fourier transform. This leads to the following
solution to Equation (A5):

% — P diag(hT)w, (A6)

where

a1

. = diag(h")diag(h) + A (1 + Zding(i;)diag(f?))

' (A7)

+ AT (1 + Ediag(a,-)diag(a?)) .
i

3

Here, * denotes the Fourier transform and diag{x} the diagonal matrix with entries x
along the diagonal. For circulant matrices, the eigenvalues are given by one of its rows (all
other rows are permutations), and the Fourier transform is simply a diagonal matrix with
these values along the diagonal.

Going back to the full problem, the left-hand side of Equation (A2) can be re-written
as a single operator as

Av=b>b, (A8)

whereb;, — H'w,, and v again denotes the entire time series. The solution, i.e., v, can be
found iteratively following the ansatz of [14] with

vl_’k+'| - Vlfkjl ~ Ty I:Al_’k])—‘l [b _ Aufk;-v'

(A9)

where k is the iteration index, {; a damping factor and A} an approximation of A%} that
can be inverted easily. Here

A — pidiag(m'“Hp,, (A10)

where P is the inverse Fourier transform of (\-"'?)_1, where P is given by FEquation (A7)
and (:lizl‘s,_-;(m"’x"-= ) is the diagonal approximation of A with
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m = Agnf® — A (c}‘*‘ + Y Li{Le J) + Ay (k'l*i' +y D;(Dl-k‘ll:-’}) +h, (Al
7 7 P

where the vectors candk are given by Equations (A3) and (A4), and the vector h is constant
with elements

=YY HZ vk < {1,..,M}. (A12)
To facilitate notation in the algorithm, some abbreviations are introduced as follows

RE"U" b — Aklgla

= H w; HTHvik;I Act) o v;‘k‘.' A ZL‘T o L;vi“)
i

(A13)
I {Aark® ov® - Ap Y DT (k-.’kj C,Dl_‘,u:k:-) | Ann' o v[k}]
i t
with ¢ and k given by Equation (2?) and Ay = 100A. Another definition is
— (A7 b — A _ Pridiag(m™ (PR . (Al4)

To evaluate the “goodness” of the iteration result, the following measure is introduced
el =Y (RN, (A15)
ij ’

The resulting deconvolution algorithm is given in Algorithm 1.

Algorithm 1: Deconvolution

input :measured image w, PSF H, differential operators L;, D;, Lagrange
parameters A, Ay, offset £, max iterations Nmax, tolerance &

output:deconvolved time series vop

initialization: calculate initial guess ¢\" — P, 'diag(h*)W, for each time frame f;

setd — 0.8;

while k < Ny, and ¢ = § do

calculate U™!

while &%} =
calculate #(8 = vi& | g Utk
calculate R = b Ayl
calculate g%} Lﬁ(ﬁ}‘;')z;
set{ = 0.7¢;

end

set el¥+1} 'Z;
sot R 1 — R4,
set ikl — ;,-;k,l;
set k=k+1;

end
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AppendixA.2. Practical Notes

It should be noted that to facilitate notation, especially for the time dependence, matrix
notation has been used throughout the previous section(s). However, it is computationally
highly impractical to implement the algorithm exactly this way due to the enormous matrix
sizes. In our implementation, the matrix product between a circular matrix and a vector,
such as the image degradation denoted by Hv is actually implemented as a convolution
h «v, where h(x,y) is the point spread function and v(x, y) the image function depending
on pixel values x,y. A matrix product with a transposedmatrix, such as HTv, is equivalent
to convolution with a shifted kernel or a cross correlation, i.e., h-v.

The parameters A, A1, Ay andeas well as the maximum number of iterations N need
to be determined empirically and can be widely different dependent on the type of data.
In practice, Ay is set to 100- A, and € is simply a small humber, such as 0.001.The best
maximum number of iterations is often only N = 1. This leaves A and At to be chosen,
which often work bestwhen they are of a similar order of magnitude. Thus, effectively,
only one parameter has to be chosen.

The source  code is written in Python and provided at
https://github.com/IPMI-ICNS-UKE/TDEntropyDeconvolution, accessedon260ctober
2021.The repository also provides a detailed documentation on how to use the code and
example scripts for synthetic datasets, such as those shown in Figure 1. The example scripts
can be used as starting point. At the moment, the code is implemented for 2D (i.e., static
data, processedby the static ER algorithm) and 2D+ttime series data. If you are interested
in using the approach for 3D and 3D+tdata, please contact us. For the TD ER approach,
the time series data have (technically) to consist of at least three frames. The maximum
frame number and the maximum size of the frames is limited by the computer hardware.
Currently, a time series of 600frames, each of size 500x 500pixels, occupies approximately
2.4GB RAM; however, for a frame size of 2048x 2048pixels, the demand increases to 40
GB. As the run time also scaleswith O(n log n) with n as the number of pixels of the time
series, we recommend working on pre-definedregions of interest.
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2.1.1 Publication I: Contribution

In this publication, a deconvolution algorithm (Arigovindan et al., 2013) was extended by a
regularization term emphasizing the time dependency of an image sequence, S.10 term (1).
The algorithm can be used to deconvolve Ca?* microdomain sequences or other low SNR
image sequences to increase the resolution of the sequence computationally. The algorithm
was tested on different image sequence datasets. Two datasets concern Ca?* imaging in T
cells. In one of these datasets, lysosomal TPCs of Jurkat T cells were tagged with a genetically
encoded Ca2+* indicator to visualize local lysosomal Ca2+ release. For the other dataset, Jurkat
T cells were loaded with Fluo4 and FuraRed to visualize cytosolic Ca2* microdomains.
Moreover, the algorithm by Arigovinian and co-workers (Arigovindan et al., 2013) was
implemented and tested on static images in our lab. | was involved in data acquisition and
implementing the algorithm in the Calcium Signaling working group. Since the algorithm was
written in the scripting language Python, | was responsible for installing all necessary programs
to run the script in the laboratory of the Calcium Signaling group and for testing the script itself
and the user-friendliness of the script. Moreover, | assisted adjusting the algorithm's
parameters, e.g., for the analytical calculation of the PSF, for the microscope system used for

the data acquisition. | was also involved in reviewing and editing the manuscript.
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Initial T cell activation is triggered by the formation of highly dynamic, spatiotemporally restricted Ca** micro-
domains. Purinergic signaling is known to be involved in Ca?* influx in Tcells at later stages compared to the initial
microdomain formation. Using a high-resolutionCa?* live—cellimaging system, we show that the two purinergic
cation channels P2X4 and P2X7 not only are involved in the global Ca?* signals but also promote initial Ca** micro-
domainstens of milliseconds after Tcell stimulation. TheseCa** microdomains were significantly decreased in Tcells
from P2rx4~/~and P2rx7~/~mice or by pharmacological inhibition or blocking. Furthermore, we show a pannexin-1-
dependent activation of P2X4in the absenceof Tcell receptor/CD3stimulation. Subsequently, upon Tcell receptor/
CD3 stimulation, ATP releaseis increased and autocrine activation of both P2X4 and P2X7 then ampilifies initial

Ca®* microdomainsalready in the first second of Tcell activation.

INTRODUCTION
Efficient immune responserequires precisely coordinated signaling
pathways, both for cell-to-cellcommunication and for intracellular
signal transdudtion. Important examplesfor these molecules involved
in T cell activation are Ca®*ions thatactintracellularly or adenosine
triphosphate(ATP) asa proinflammatory purinergic mediator(1, 2).
The signaling pathways of these molecules are prominent targets for
therapeutics(3-6). As T cell activation and signaling provide many
potential spots for medical intervention, uncovering interactions
betweendifferent signaling moleculeswill improve therapeutical
p roaches.T cell receptor (TCR)/CD3 complex-stimulatedinitial
a“* microdomains in T cells are evoked by the production of
nlcotmlc aqd adeninedinucleotide phosphate(NAADP), the most
potent Ca?*-mobilizing second messenger(7), targeting ryanodine
receptortype 1 (RYR1). Furthermore, RYR1 and ORAI1 channels,
the latter activated by clusters of “stromal interacting molecule”
(STIM) 1and 2, closely collaborate in this process, likely in endo-
plasmic retlculum (ER>-plasma membrane(PM) junctions (8, 9).
These mmal Ca’* microdomains are described as short-lived, highly
dynamic Ca®* signals with amplitudes of approximately 200to 400nM
in primary mouseT cells arising in tens of milliseconds to seconds
after stimulation of the TCR/CD3 complex(8, 9). Furthermore, pre-
formed clustersof STIM1 and ORAIL were foundin T cells, result-
ingin lower and less frequent Ca?* microdomains already without
dlirect stimulation of the TCR/CD3 complex, suggestinga low-grade
preactivation of thesecells (9). Recently, a long sought-afterNAADP
binding protein named “hematological and neurological expressed
1-likeprotein” (HN1L)/*Jupiter microtubule associatedhomolog2”
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(PT2) wasfound (10, 11). Knockout (KO) of HN1L/JPT2 signifi-
cantly reduced the number of Ca* microdomains in primary T cells
(10), similarto inhibition of NAADP by NAADP antagonistBZ194
treatmentor KO of RYR1 (8, 9). TargetingNAADP signalingin arat
model of experimental autoimmune encephalomyelitis by BZ194
resulted in decreased proinflammatory cytokines and attenuated
clinical symptoms(6).

P2X channels are ligand-gatedion channels activated by ATP
(12-14). The two purinergic channels P2X4 and P2X7 have been
shownto play anessentialrole in T cell function (15) and to ampli-
fy global Ca®* signaling during T cell activation (16-18). Targeting
P2X7 in amousemodel of contacthypersensitivity, a P2X7-inhibiting
nanobody, namely, 13A7-HLE, decreasedlocal inflammation by
reducing inflammatory cytokine levels (19).

It is known that purinergic signaling is conneaedto Ca?*signaling:
An increasing Ca2* concentration via store-operatedCa’ *entry (SOCE)
throughORAI1 duringT cell activation promotesthe production of
ATP inside the mitochondria immediately after TCR stimulation
(18). ATP is transported to the cytosol and is subsequentlyreleased
via pannexin-1(PANX1) hemichannels,whereit activates P2X4 and
P2X7 channelsin an autocrine manner, resulting in an influx of Ca?*.
These Ca®* signalswerevisualized several minutes after TCR stimu la—
tion (16-18).Impaired purinergic signaling caused by inhibition
of the P2X4 channel in human and mouseT cells prevents T cell
proliferation and migration (20), demonstrating the important
physiological role of purinergic signaling on general T cell function.

In the present study, by using P2rx4~/~and P2rx7 =/~ T cells or
inhibiting compoundsor nanobodies,we showthat P2X4 and P2X7
arealready mvolved in the initial stepofT cell activation, the gener-
ation of initial Ca?* microdomains tens of milliseconds after TCR
stimulation. By inhibition of PANX1 or degradationofextracellular
ATP, we demonstratethatPANX1 delivers ATP for the extracellular
activation of the two P2X channelsin this initial stepof T cell acti-
vation. Moreover, we showthat low-gradepreactivation of unstim-
ulated T cells not only is dependent on the interaction of STIM1
and ORAI1 (9) butalsorelies on basalATP releasevia PANX1 and
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autocrine activation of P2X4. Thus, our dataindicate that purinergic
signaling not only amplifies global Ca?* events during T cell activa—
tion but also plays an essential role in fine-tuning the basal activity
andtheinitial activation of T cells, openingup advancedpossibilities
for clinical interventions.

RESULTS
P2X4 and P2X7 are involved in the formation ofinitial Ca%*
microdomains in primary T cells
To analyze the impact of P2X4 and P2X7 on initial Ca®* micro-
domains, we used a high-resolution Ca?* live—cell imaging system
with an acquisition rate of 40 frames/s(8, 9) and freshly |solated
primary CD4* T cells from wild-type WT), P2rx4~'~and P2rx7~/~
mice on a BALB/c background(21). Cells were stimulated with
anti-CD3/anti-CD28-coated beadsto mimic animmune synapseand
stimulation via TCR/CD3 complexplus costlmulanon via CD28
(further termed TCR/CD3 stimulation). Initial Ca®* microdomains
were analyzed in a period from 0.5s before and up to 15s after bead
contact (Fig. 1A). Directly (50 to 100ms) after bead contact, WT
T cells (Fig. 1A top) showed increasing Ca?* signals, starting with
single local Ca’* microdomains at the bead contact site and result-
ing in Ca?* events spreadmg through the whole cell after 15s. In
contrast, T cells from P2rx4~*~and P2rx7~/“mice (Fig. 1A, middle
and bottom) showed decreased Ca2+ microdomains directly in the
initial period after beadcontact. Ca?*microdomains in the first 15s
occurred in 82% of the WT cells with an amplitude of 329+ 14nM
and a frequency of approximately 0.29signals per frame, which is
equivalent to 12signals per second.In P2rx4~~and P2rx7 T cells,
microdomains only occurred in 55 and 66% of the cells, with a sig-
nificantly lower frequency of approximately O. 08signals per frame
(3 signals per second) and 0.1 S|gna|s per frame (5 signals per sec—
ond; Fig. 1B). Moreover, the Ca’* signals from P2rx4 T cells had
a significantly lower amplitude of 2667 nM compared to the WT
cells. By analyzing every 5 to 255 after TCR stimulation (Fig. 1C),
we observeda significantly decreasednumber of Ca®*signals for cells
from P2rx4~/~between 5 and 25 s after TCR stimulation, whereas
cells from P2rx7~/~"mice only show significantly decreasedCa®* sig-
nals between5 and 10s compared to WT cells. The number of these
highly dynamic Ca®* microdomains directly at the artificial immune
synapsewas also deareasedin the KOs 50to 100ms after stimulation
comparedto theWT (Fig. 1D), revealingan impactof P2X4 and P2X7
on Ca®* microdomains tens of milliseconds after T cell stimulation.
Next, we compared the differences obtained by gene KOs
(WT versus P2rx4~/~or P2rx7~")to pharmacological inhibition
using the chemical inhibitors for P2X4, 5-BDBD (22, 23)(fig. S1)
and PSB-15417(24) (Fig. 2), and the inhibitory nanobody against
P2X7, 13A7-dim-Alb(19) (Fig. 2). In control cells, Ca®* micro-
domains occurred again directly (50 to 100ms) after bead contact,
whereas cells with inhibited P2X4 or P2X7 channels just showa
few Ca®* signals (Fig. 2A). In the first 15 s upon TCR stimulation,
the Ca®* microdomains were significantly decreased for both
P2X4- and P2X7-inhibited cells, compared to the respective con-
trols (Fig. 2B). The amplitude of the Ca?* microdomains from cells
upon P2X4 inhibition wasagain 5|gn|f cantly reduced(Fig. 2B). The
significantly decreasednumberof Ca>*microdomains byinhibition
of P2X4 and P2X7 as well as the decreasedamplitude in cells
upon P2X4 inhibition are in line with the results from P2X4 and
P2X7 KO mice(Fig. 1).

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

Furthermore, between2.5s beforeand upto 255 after TCR stim-
ulation, a significant and consistent decreaseof Ca®* signals for the
cellswith inhibition of P2X4 (Fig. 2C, left) and P2X7 (Fig. 2C, right)
was observed.

To analyze Ca’* entry at the artificial immune synapse,we fur-
ther compared Ca’* microdomains in the outer sublayer of the cells
at the contact site with the stimulating beads. The number of signals
upon P2X4 and P2X7 inhibition was significantly reduced after
TCR/CD3 stimulation comparedto controls (Fig. 2D). Our results
of P2X4 inhibition by PSB-15417wereconfirmed with a secondin-
hibitor for this channel, 5 BDBD (fig. S1). Here, we also observed
significantly reduced Ca?* signalsin the first 15 after TCR/CD3
stimulation (fig. S1B) aswell asdirectly after stimulation at the arti-
ficial |mmune synapse(fig. S1D). These results substantiatethat
initial Ca* entry events were driven by P2X4 and P2X7 channels,
leading to the question of interaction of the two channels during
this initial phase.P2X4 and P2X7 show the highest sequencesimi-
larity compared to other P2X family members,and the P2rx4 gene
is located downstream of the P2rx7 gene on the same chromosome
(25, 26). Moreover, homotrimers of P2X7 were already coimmuno-
precipitated with P2X4 in macrophages,and Boumechache and
colleagues (27) suggestedan interaction of the channels inside the
receptor complexes.To analyze colocalization during the formation
of initial Ca®* signals at the plasma membrane, superresolution
imaging with optical reassignment(SoRa) was performed using
directly conjugated nanobodieswith the fluorophores CF568 and
A647 against P2X4 and P2X7. Colocalization of the proteins was
analyzed only at the plasma membrane of T cells to study the
impact of interaction of P2X4 and P2X7 on Ca®* influx (fig. S2A).
During the basalstatewithout stimulation, P2X4 and P2X7 proteins
located at the plasma membrane show a slight colocalization of
about 11%, and after a short (10-s)activation with soluble anti-CD3,
colocalization increased to 15% (fig. S2B). In the first 10 s after
stimulation of the cells, no significant increasein colocalization was
observed,but after a longer activation time of 5 min, a significantly
increased colocalization of P2X4 and P2X7 was observed(fig. S2B).
These resultsnndlcate the interaction of P2X4 and P2X7 during
global Ca* events, but for the generation of the initial Ca®* micro-
domains, an extensive interaction of P2X4 and P2X7 seemsnot to
be necessary.

Next, we analyze downstream signaling in P2rx4~/~or P2rx7~/~
CD4'T cells, asit was reported that CD4*T cells from mice showed
decreasedmigration upon inhibition of P2X4 and, to alesserextent,
P2X7 and P2X1 channels (20). Accordlngly we observeda signifi-
cantly decreasedand delayed global Ca?* responseafter T cell stim-
ulation with soluble anti-CD3 in P2rx4~/~and P2rx7 '~ compared
to CD4*WT cells (fig. S3, A to C). This further correlateswith
decreased expression of immediate early geneNur77 after 18 hours
for which the expression level closely reflects the strength of TCR
stimulation (28) and decreasedproliferation of CD4* T cells for
P2rx7~'~;however, expression of activation marker CD69 was not
affected(fig. S3, D to H).

Immediate ATP release following TCR stimulation activates
P2X4 and P2X7

P2X4 and P2X7 are activated by extracellular ATP binding to the
channels, resulting in Ca* influx into T cell (16, 17,29). Do we ob-
serve the sameeffects asabove in Figs. 1 and 2 by removing the P2X4
and P2X7 channel activator, the extracellular ATP? To addressthis

20f13

39

ZzZ0z 01 .(Jun.lq:):] uo SINQuIry YOuoQIGSIaR)ISIOATUN) PUN SRS IR T10'000018 Mmaa 2 sd))y WOty poprojumog]



2 Publications

SCIENCE ADVANCES | RESEARCH ARTICLE

Publication Il

AWT

0525

No. of signals/
confocal planefframe

No. of signals/y O
confocal sublayer/frame

=

o
'S

o o
MW

o
=

-1.0

-2.5-0

-0.5

0-5

5-10 10-15 15-20 20-25
Time (s)
— WT
— P24
P27
T Ll I T 1
0.2 0.4 06 0.8 1.0
Time (s)

Percentage of

No. of signals/
confocal planefframe
o o o o o
f

sy woy paproumogg

Mean number of signals/
confocal sublayer

;\3100
) 80
8
= 60
=
'g 40
2
2 20
o
0 \
S & 7
& oo
T &

*k

B A
&
Kk

In

& &4

Q(L(" de‘

w
[=3
o

Ca®* (nM)
n
8

(=]
o

0

0.4

0.3 Fokk
*%

0.

0.1

0.

o
é&&& Q’L‘*

Fig. 1. Decreased Ca®* microdomains in T cells from P2rx4~/~andP2rx7~/"KOmice. Ca’*imagingof CD4™Tcells ofWTor P2rx4~~andP2rx7~/ “mice.Cellswerestim-
ulated with anti-CD3 fanti-CD28-coated beads. A minimum of 10different mice were used. (8 to D) Data are means +SEM; WT, n=46 cells; P2rx4~~,n=47 cells; P2rx7~'~,
n=39 cells. Statistical analysis by Kruskal-Wallis test. () Representative cells of WT or P2rx4~'~andP2rx7 /' ~wereshown for 0.52 s before and up to 15 after stimulation
with anti-CD3/anti-CD28-coatedbeads (scale bar, 5mmaswell as for 0to 0.65sin 0.13-sstepszoomed into the region of bead contact (scale bar, 1 mm).(8) Quantification
of the first 15 safter bead contact for CD4* T cells of WT or P2r«d ™ ~andP2rx7~~mice.The percentage of responding cells, the number of Ca’* microdomains per frame for
whole cells (confocal plane), and the average Ca?* concentration of these signalsare shown. (€) Quantification of the numberof Ca?*microdomains per framefor the period
2.5t0 0's before and every 5 s after bead contact up to 25 s after bead contact. (D) Analysis ofthe Ca**microdomains in the first second before and after TCRstimulation
for the sublayersat the contact site (as indicated in red) (left). Quantification of the signalsin the first second after bead contact {right). *P <0.05,**P <0.005,"*"P <0.001.

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

30f13

40

ZZOT 01 AIrnagag uo SIQuIry YoYloLgIQSIan)ISIdALD) pun IR J1 T10 20U Mam



2 Publications Publication Il

SCIENCE ADVANCES | RESEARCH ARTICLE

*%
ngo-
G » 80
S5
g © 60
£
g3 o
T O
o 2 0
L
o L
S 4 ® &
(P\\\\ '\‘? \sc\‘\nf\e
R
‘@0 qg& & ¢
°1 5 10
© 1.59 1.
% % * *kk
e = | —
£ 81,0
28
Za 0.5
© Tos4
P §D.a
Z =
8
© 0.0 0.0
S A e ®
SO D\e‘ AY
&8
\?0 & Q
S500
23
a0
=
E 300
£
ﬁzoo-
100
o
S A P N
& o
co““@" &
‘!?_,O & o <
<
C 257 m omso contral 0207 H ContolNo
»
- 52.0_ M PSB-15417 T §1 ’ [ P2X7 Nb ok
8=
TG R
S5 23
-t »310
ER-R K] °%F
28 }:
205+ z«gu,s
Q

0.0~ 0. ||
0-5 5-10 10-15 15-20 20-25 -25-0 0-5 5-10 10-15 16-20 20-25
D Time (s) = Time {s)
@
£ 041 i1 — DMSOcontol — ContolNb 8 , 067 %# 04
ol — PSB-15417 P2XTNb 3 = had
4 § 067 <8 03
c > © Qo4
o T =3
- o
@ 2 0.4 o= 02
G E&
=l 2802
Z S 0.2 c & 0.1
£ §°
8 0.0+ s T T T = 00 0.0
10 -05 000 02 04 06 08 1.0 S AP
\« N
Time i5) SRS
O ¥ & ¢
G
<
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were compared (left), aswell as the control Nb with the P2X7-Nb(right). (D) Analysis of the Ca**microdomainsin the first second before and after TCRstimulation forthe
sublayers at the contact site (as indicated in red) (left). Quantification of the signals in the first second after bead contact (right). P <0.05,**P <0.005,"*P <0.001.
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question, we added apyrase, which hydrolyzes tri-and dlphosphate
groups of nucleotides (30, 31). Three minutes before Ca’* imaging,
WT CD4'T cellswereincubatedwith apyrase(10 U/ml). After 1min
of measurement,we stimulated the cells with anti-CD3 /anti-CD28-
coatedbeadsWT cells without apyrase incubation showedlocal Ca?*
microdomains increasing more and more after 15's after bead con-
tact throughthe cell (Fig. 3A, top) In comparison, cells treatedwith
apyrase showed decreasedlocal Ca®* microdomains (Fig. 3A, bottom).
In the first 15 s after activation in cells treatedwith apyrase, micro—
domains occurred with a significantly deareasedfrequency compared
to the WT (WT, approximately 0.97signals per frame; apyrase, ap-
proximately 0.25signalsper frame;Fig. 3B). In addition, investigating
5-speriods after TCR/CD3 stimulation also significantly reduced
Ca’* signals in cells treated with apyrase between Qand 25 s com-
pared to WT T cells not treated with apyrase that were observed
(Fig. 30). We concludle that the missing extracellular ATP because
of degradatlon by apyrase(Fig. 3) resulted in decreasednumbers of
initial Ca* microdomains. As control, the same experiment was
carried out using apyrasethat was inactivated by boiling for 30min
(fig. S3). T cells incubated with boiled apyrase did not show any
altered Ca®* response (fig. S4). These results suggesta very fast re-
leaseof ATP into the extracellular space.In addition, directly at the
artificial immune synapse, we observed a reduced number of Ca®*
microdomains tens of milliseconds after stimulation in cells incu-
bated with apyrase (Fig. 3D). Thus, ATP seemsto be released
immediately after stimulation of T cells, promoting the actlvanon
of the purinergic channels P2X4 and P2X7 to generateCa%* micro-
domains during the initial phaseof Ca?* signaling.

To further understand the mechanismof ATP release,we started
totreatWT CD4'T cellswith amimeticinhibitor peptidefor PANX1,
termed °panx1.PANX1 is part of a family of glycoproteins, con-
sisting of three family membersPANX1 to PANX3 (32), expressed
in CD4" T cells (33) acting as the main ATP-releasing channel
(34, 35) A typical T cell treated with the PANX1 inhibitor showed
less Ca’* signals after bead contact than the WT cell in the first 0.65s
and at the later time point of 15 s after T cell stimulation (Fig. 4A,
top). Zoomed into the artificial immune synapsesecondsafter stim-
ulatlon only very few signals were detected for cells treated with

panxl F|g 4A, bottom). Quantifying the first 15s after beadcon-
tact, Ca>* microdomains were significantly reduced in cells treated
with °panx1comparedto WT T cells (Fig. 4B). To compare the
temporalrole of ATP releaseand the activation of the P2X channels
in relatlon to the formation of Ca?* microdomains, the number of
Ca?* microdomains was again analyzed 2.5 s before and in 5-ssteps
after T cell stimulation (Fig. 4C). T cells with reduced ATP release
dueto the inhibition of PANX1 showedsignificantly decreasedCa®*
signals between Oand 55, 5and 10s,and 10and 15 s. The initial
Ca’* microdomains at the artifi C|aJ immune synapsesignificantly
decreasedin T cells treated with °panxlcompared to WT T cells
alreadly in the first second after bead contact (Fig. 4D). Together,
T cells reveal a very fast apyrase-or ®panx1-sensitiveATP release
into the extracellular spacevia PANX1, which is responsiblefor the
actlvatlon of P2X4 andP2X7, resultingin theamplification ofinitial
Ca’* microdomains.

Basal ATP release via PANX1 activates P2X4

in unstimulated T cells

To understand the fine-tuning of the Ca?* signals after T cell stim-
ulation, Diercks et al. (9) showedin 2018that lower and lessfrequent

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

Ca®* microdomains in the absenceof TCR/CD3 stimulation were
already produced by preformed clusters of STIM1 and ORAIL.
Therefore, we analyzed these Ca>* microdomains using a high-
resolution Ca’* live-cell imaging system(8, 9) in P2X4 and P2X7
KO T cells, in cells treatedwith the P2X4 |nh|b|tor PSB-15417,0rin
cells treated with the PANX1 inhibitor panxlln the absenceof
TCR/CD3 stimulation (Fig. 5,A to ). Ca>* microdomainsoccurred
in nonstimulatedWT or control T cells already with a lower fre-
quency of approximately 0.07to 0.2 signals per frame compared to
Ca®* microdomains upon TCR/CD3 stimulation with a frequency
of approximately 0.3 to 1.0 signals per frame (Figs. 1 to 4B and
5, A to C, number of signals per confocal plane per frame). P2X4
KO cells showed, in the absenceof TCR/CD3 stimulation, signifi-
cantly reduced Ca2+ microdomain numbers during a 15-speriod
without stimulation, whereas P2rx7~~cells showed no altered Ca?*
responsecomparedto WT cells (Fig. 5A). The amplitude of the
5|gnals in P2rx7~~T cells did not show differences to WT cells.
Ca’* signals were also significantly reduced in cells upon P2X4 in-
hibition by PSB-15417(24), but theamplitude of the signals was not
altered(Fig. 5B).

These results indicate a role of P2X4, but not of P2X7, in basal
Ca** signaling in T cells in the absenceof TCR/CD3 stimulation.
Moreover, we demonstratethat the autocrine release of ATP is re—
sponsiblefor activating P2X4in unstimulated cells by inhibiting the
ATP releasechannel PANXL, In T cells treated with Ppanx1,the
number and amplitude of Ca®* signals were significantly decreased
comparedtothe WT (Fig. 5C).

Together, the results reveal two different mechanisms, one for
T cells in the absenceof TCR/CD3 stimulation and one for the
first secondsin activated T cells (Fig. 6, A and B). In the absenceof
TCR/CD3 stimulation, lower and lessfrequent Ca>* microdomains
(Figs. 5,A to C, and 6A) were promotedvia STIM1 and ORAIL (9),
resulting in the activation of PANX1 (36, 37). Subsequently,a low
basal ATP releasevia PANX1 activatesP2X4. After TCR/CD3 acti-
vation, increasing ATP releasetriggers not only P2X4 but now also
the Iess sensitive P2X7 channel (38), leading to the formation of
Ca** microdomains within tens of m1II|seconds (Figs. 1,2,and 6B)
comparable to our previous model of Ca>* microdomain formation
dueto RYR1 or ORAI1 andSTIM1/2 (8-10).

DISCUSSION

T cell Ca?* microdomains are evoked upon TCR/CD3 stimulation
by the production of NAADP that bindsto HN1L/JPT2 and targets
RYR1, aswell as clustersof STIM1/2 with ORAI1 (8-10). Using
specific inhibitors and cells from suitable KO mice, we identified
two purinergic cation channels, namely, P2X4 and P2X7, which are
involved in forming initial Ca** microdomains in tens of milliseconds
after TCR/CD3 stimulation. In a similar setupto ourexperiments,a
reduced number of Ca** microdomains within the first second after
TCR/CD3 stimulation was demonstrated for Orail™~, Stim1~/~,
Stim2~/~,and Stim1~/~/2~"~aswell as Ryr1~/~ T cells or by NAADP
antagonismby BZ194 (9) and recently byknocking out the NAADP
receptor HN1L/JPT2 (10). The mteractlon betweenSTIM1/2 and
ORAI1/2/3 and the alteration in Ca®* signaling profiles (9) are pre-
dicted to have an important influence on downstream effects, like
theactivation of the nuclear factor of activated T cells (NFAT) (39).
It was shown that the lossof either STIM1 or STIM2 impairs both the
formation of Ca?* microdomains (9) and translocation of NFAT1
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means=SEM; WT, n=39 cells; cells treated with °panx1,n =48 cells. Statistical analysis by an unpaired two-tailed Mann-Whitney test. (A} Representative cells of WT or
cells treated with ’panx1were shown for 0.52s before and up to 15 s after stimulation with anti-CD3/anti-CD28-coatedbeadsfor whole cells (scale bar, 5mmjaswell as
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treated with ‘°panx1.The percentage of responding cells, the number of Ca?*microdomains per frame for whole cells {confocal plane), and the average Ca*concentration
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and NFAT4 (40). Furthermore, antagonizingNAADP by BZ194 andlossof P2X7 resultedin diminished NFAT activation (17,42,43).
results in decreasedtranslocation of NFAT and attenuateddlinical ~ The similarities of downstream effectsand alteration in initial Ca**
scoresin rat experimental autoimmune encephalomyelitis (6, 41).  signaling betweenthe known channels involved in eary T cell ac-
NFAT activation is alsoknown to betriggered by purinergic signaling, tivation and the two purinergic cation channels P2X4 and P2X7
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CD4* T cells of WT mice or P2rx4™'~and P2rx7~*~mice.WT cells were incubated with

orwithout PSB-15417(1 mMjfor the inhibition of P2X4 or 200 mMPANX1 inhibitor

9panx120min before measurements. For the P2X4-inhibiting compound, a DMSO control (0.01%) was used. A minimum of four different mice were used. (A to C)

Percentage of responding cells, number of Ca’* microdomains per frame for whole

cells {confocal plane), and average Ca’ concentration of these signals. Data are

means=SEM; statistical analysis was done by a Kruskal-Wallistest or an unpaired two-tailed Mann-Whitney test. (A} Quantification of 15swithout stimulation for CD4™~

T cells of WT or P2rx4~"~and P2rx7~~mice. WT, n =44 cells; P2rx4~/~,n=45 cells; P2rx
DMSO control or cells treated with PSB-15417.DMSO control, n =35 cells; cells treated

77/~ ,n=52 cells. (B) Quantification of 15 swithout stimulation for CD4* T cells of a
with PSB~15417,n=26 cells. (C) Quantification of 15swithout stimulation for CD4*

Tells of WT or cells treated with °panx1.WT, n=40 cells; cells treated with °panx1,n =47 cells. P <0.05, **P <0.005, ***P <0.001.

analyzed in this study are notable. Thus, we needto expand our model
of initial T cell activation, including the purinergic pathway on a
level equivalenttoSOCE andNAADP signaling(Fig. 6B). Upon TCR

stimulation, not only the NAADP/HN1L-JPT2/RYR1 axistogether
with SOCE throughSTIM1/2 and ORAI1 butalsoP2X4 and P2X7
are involved in the formation of initial Ca®* microdomains.

An interplay of SOCE with purinergic sighalingwasalready found
by Woehrle and colleagues(16) in Jurkat T cells, revealing colocal-
ization of ORAI1 and STIM1 with P2X4 within 30 min of stimula-
tion at the immune synapse. The low colocalization of P2X4 and
P2X7 during the formation of initial Ca®*microdomains beforeand

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

after T cell stimulation in the current study indicates no interaction
of these channels in the basal state of T cells and the first tens of
milliseconds after TCR stimulation. In contrast, at later time points,
an increased colocalization was observed, consistent with earlier
studies (27, 44). It was not confirmed that P2X4 and P2X7 form
stable heteromers (45), and a mutual interaction for global Ca®*
signals could be assumedbecauseof the impact of both channels on
later stagesof Ca®* signaling (12-14, 16-18, 46) and the increased
colocalization of P2X4 and P2X7 after 5 min of TCR stimulation
(fig. S2). In addition, we showedthe influence of both channels on
theinitial stepsof T cell activation and Ca2* microdomain formation,
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in formation in preactivated state and milliseconds after T cell activation. Ca’*signalingbeforeandmillisecondsafterstimu—:

lation of the TCR.Blue dots indicate Ca®*signals, and dotted arrows indicate lower amounts of Ca®~or ATPcompared to solid arrows. Figures were created with BioRender.
(A) A basal activity of Tcellsisdue to preformed clustersof STIM1and ORAl1resulting in lower and lessfrequent Ca?*microdomains.PANXlisprobably activated by these
Ca**microdomains and releases low concentrations of ATP,which activates the sensitive purineraic channel P2X4,which also results in lower and less frequent Ca?micro—
domains. (B) Upon TCR stimulation, on the one hand, RYR1 is activated, probably by NAADP bound to HN1L/JPT2, resulting in local and transient Ca’~release. NAADP-
evoked Ca’* release through RYR1 contributes directly to highly dynamic Ca®~microdomains and promotes the activation of STIM1/2and thus SOCE through ORAIL
channels, leading to an amplification of initial Ca*"microdomains. On the other hand, increasing Ca?* concentrations foster ATPrelease via PANX1 upon TCRstimulation,
which activates P2X4 and the less sensitive P2X7 channel in an autocrine manner,and further promote again an amplification of initial Ca? ' microdomains.

but only P2X4 seemsto be necessaryfor basal T cell activity without
TCR/CD3 stimulation. Together, the results of colocalization and
Ca**imagingindicate different time slots of P2X4 and P2X7 activity.
Whereas P2X4 seemsto be already active during antigen-presenting
cell (APC) recognitionand initial T cell activation, P2X7 is activated
not until the initial TCR/CD3 stimulation. The different activation
periods of P2X4 and P2X7 may influence downstream mechanisms,
such as cytokine expression, T cell migration, or proliferation.

Several downstreameffectsin mice were previously described, for
example,by Ulmann and co-workers(47) for P2X4 and Chesselland
co-workers(48) for P2X7, who analyzed prostaglandin E; and differ-
entcytokine levels, like interleukin-6 (IL-6), in P2rx4 ' orP2rx7 '~
mice after induced inflammatory pain, suggestinga prominent role
of both purinergic channels during initial inflammatory signaling
pathways.In humanJurkat T cells with silenced P2rx4 or P2rx7,IL-2
transcription after stimulation with anti-CD3 /anti-CD28-coated
beadsshoweda significantly lower response(16, 17). Moreover, in-
hibition of P2X4 and, to a lesser extent, P2X7 or P2X1 leads to
decreasedproliferation, and only inhibition of P2X4 reduced the
migration of CD4* T cells from mice (20). When combining these
publ|shed and our own data, the following model was generated:
Initial Ca®* microdomains of P2rx4~/~or P2rx7~/"T cells are de-
creasedin the first tens of milliseconds after T cell stimulation, result-
ing in a delayed global Ca?* responsewithin minutes and decreased
expressionof the activation marker Nur77 after 18 hours, apparently
translating into reduced proliferation in P2rx7~/~(fig. $3,G and H)
and migration of T cells upon P2X4 inhibition (20).

ATP acts as an essential extracellular signaling molecule, with a
crudial role in many cellular processeslike cell-to—cellcommunication,

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

inducing apoptosis, inflammatory reactions, or tumor growth (49-53).
For example,human CD4™ T cells incubated with 250nM ATP
showed increased secretion of cytokines like IL-2 (52). Our study
suggeststhatATP releasethrough PANX1 activates P2X4 and P2X7
channels in an autocrine fashion (Figs. 3 and 4), consistent with
earlier investigations (16, 46,54, 55). Hence, removal of extracellular
ATP orinhibition of ATP releasesignificantlydecreasedinitial Ca?*
microdomains that were observedin tens of milliseconds after TCR/
CD3 stimulation (Figs. 3D and 4D), revealing a very fast release of
ATP and activation of the two P2X channels.Mitochondrial ATP
production and release were also shown for this early
after T cell stimulation (18), once more connectingCa“* signaling to

purinergic s:gnahng,wherebyATP production in the mitochondria

dependson initial Ca?* signalingin T cells (56, 57).
More insights into the kinetics of this complex processwere ob-

tained by analyzing Ca?* microdomains in T cells in the absenceof ;
TCR/CD3 stimulation. The fast releaseof ATP can beexplalnedby :

the basalactivity of PANX1 activating P2X4 to promoteCa’* micro-
domains (Fig. 5C). After TCR/CD3 stimulation, the ATP release
seemsto he fostered to fully activate P2X4 and the less sensitive
P2X7 channel (38) to promote Ca®* microdomains. A basal T cell
activity wasalso shown by preclusteredSTIM1 and ORAIL, promoting
Ca®* microdomains with lower amplitude and frequency already
beforeT cell stimulation (9). We are now able to showthe involve-
ment of basal ATP release becauseof PANX1, resulting in P2X4
activation and the formation of less frequent Ca?* microdomains in
unstimulatedT cells (Fig. 5, A to C). A basal mitochondrial ATP
production in unstimulated cells claimed by Ledderose and col-
leagues(58) supports our findings of basalATP releasevia PANX1
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and preactivation of P2X4. Moreover, another purinergic channel,
P2X1, was recently implicated in this basal phaseof CD4™ T cell
function, being activated by lower ATP concentrations than P2X4
or P2X7 (58). In unstimulatedjurkat T cells, P2X1 and P2X7 acton
the activity of mitochondria to produce ATP, revealing a positive
feedback loop of purinergic signaling during basal T cell activity
(59). The importance of the precisely regulated ATP homeostasisis
elucidated in cancer cells. Here, the fine-tuningof extracellular ATP
concentrations through the purinergic axis of P2X4, P2X7, and
PANX1 can decide betweena pathwayof survival and tumor growth
and aP2X7-mediatedcell death (59-61). Different ATP concentra-
tions induce different cellular responses.While ATP in the lower
nanomolar range(1 to 50nM) doesnot alter either proliferation or
cell death of activated conventional CD4* T cells and regulatory
T cells, intermediate concentrations of ATP (250nM) resultin the
activation of conventional CD4*T cells. High concentrations (1mM)
of ATP decrease expression of CD54, CD49d, and CD25 during
activation of conventional CD4™ T cells but enhance proliferation,
adhesion capacity, and migration of regulatory T cells (52). A low
permanent ATP releasein unstimulated T cells and the formation
of Ca?*microdomains might benecessary,or at least supportive, for
a fast immune responseand APC recognition. To this end, the in-
teraction of purinergic and Ca?* signaling in T cells not stimulated
via the TCR/CD3 complex might be an early step of the immune
responseto be targeted for development of therapeutic interventions.
One issue needsto beaddressedat this point: There is a hugediffer-
encein the sensitivity to ATP concentrations in humansand mice.
Cell deathis induced in mice by ATP concentrationsin the micro-
molar range, whereasin humans millimolar concentrations are
needed(62). One possible explanation might be the missing P2Y11
channel in mice (63). P2Y11 inhibits the P2X7-dependentpore
formation and, to this end, P2X7-mediatedcell death, but not Ca%*
signaling (64). Interaction betweenP2X and P2Y receptors seemsto
be adjustablekey in ATP balance; P2X1 activity, for example,was
shown to be potentiated by coexpressionwith P2Y1 and P2Y2 (65).
P2X and P2Y interactions during Ca’* signaling and microdomain
formation require further investigations, and the difference between
human and mouse channel expression needsto be kept in mind.

In conclusion, we identify a previously unknown function of
P2X4 that is required for the formation of Ca?* microdomains in
the absenceof TCR/CD3 stimulation, probably via a low basal ATP
releasevia PANX1 (Fig. 6A). Moreover, we showthat both P2X4
and P2X7 havea central rolein initial Ca?*microdomain formation
(Fig. 6B) already in tens of millisecondsafter T cell stimulation, be-
causethese Ca’* microdomains were blocked by hydrolyzing extra-
cellular ATP or blocking PANX1. There are several mechanismsof
PANX1activation (35), buthowPANXLis activatedduringbasal T cell
activity is still unclear and needsto be addressedin further investi-
gations. It was recently describedthat PANX1 is activated by in-
creasing Ca>* concentrations (36, 37). To this end, the activation of
PANX1 in the absenceof TCR/CD3 stimulation might be dueto
preclusteredSTIM1 and ORAI1 promoting Ca>*microdomains (9).

MATERIALS AND METHODS

Study design

The aim of the study wasto analyze the influence of purinergic sig-
naling on the formation of Ca>* microdomains in T cells. Primary
murine CD4* T cells were used,and Ca?* imagingwas done in cells

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

with pharmacologicalor geneticinhibition of P2X4, P2X7, or PANX1

channels. Ca®>* microdomain acquisition and detection was per—
formed as previously described (66). The Ca®* microdomain detec-
tion threshold for microdomains after activation was setto 112nM

and for microdomains without TCR/CD3 stimulation to 90nM CaZ*.
T cells with global and not spatiotemporally restricted Ca®* ampli-
tudes above the threshold of 90nM were considered as preactivated
and not included in this study. Colocalization of P2X4 and P2X7
before and after T cell activation was analyzed using SoRa. Down-
stream effectswere analyzedin WT and genetically inhibited P2X4
and P2X7 CD4* T cells using flow cytometry. All Ca®* imaging
experimentswere done three or more times to achieve cell numbers
of aminimum of 20.All other experiments were done three times.

Reagents

The Ca?*indicators Fluo4-AM and FuraRed-AM were obtainedfrom
Life Technologies. They weredissolvedin dimethyl sulfoxide(DMSO),
and aliquots were stored at —20°Cuntil measurements. The mono-
clonal antibodies (mAbs) anti-mouseCD3 and anti-mouseCD28
were obtained from BD Biosciences. The inhibiting compound
5-BDBD was purchased from Tocris; PSB-15417was provided by
C. Miiller (Department of Pharmacy, University of Bonn); and the
P2X7-inhibiting nanobody 13A7-dim-Alband the control nanobody
dummy-dim-Alb (19) as well as directly conjugated nanobodies
againstP2X4 (dimer +CF568) and P2X7 (dimer +A647) were pro-
vided by F. Koch-Nolte (Department of Immunology, University
Medical Centre Hamburg Eppendorf). All other reagentswere
ordered from Sigma-Aldrich.

Animal models

P2rx4™/~(P2rx4™™ %5 MGl (Mouse Genome Informatics):3665297)
and P27~ ~mice(P2rx7™%: MGI:2386080) were backcrossed for

13 generations onto the BALB/c background and were used for

experimentsalongwith WT BALB/c mice. All micewerebredat the
animal facility of the University Medical Center (UKE). All experi-
ments involving tissue derived from animals were performed with

the approval of the responsible regulatory committee (Hamburger

Behorde fur Gesundheit und Verbraucherschutz, Veterinarwesen/

Lebensmittelsicherheit, ORG 941).

Isolation of primary T cells

T cells were isolated from freshly dissected spleensand lymph nodes

of WT or KO mice on a BALB/c background.The spleensand
lymph nodes were ground through a cell strainer (@ 40 mm)jusing £
the upturned plungerofasyringein 30ml of RPMI  1640containing
25mM Hepes and GlutaMAX-1 (Gibco, Life Technologies), adding
penicillin and streptomycin (100 U/ml) and 7.5% (v/v) newborn

calf serum (Biochrom, Merck Millipore). Cell suspensionwas cen-
trifuged (1200rpm, 5 min, 4°C), and the cell pellet was dissolvedin
5 ml of ammonium-chloride—potassium buffer [4.3 g of ammonium
chloride, 0.5 g of KHCO3, and 0.0186gof Na;-EDTA in 400ml of
H,0 (pH 7.2to 7.4)] for 3 to 5 min for lysis of the erythrocytes.
After incubation, the lysis was stopped by adding 25 ml of RPMI

medium and by centrifuging at 1200rpm, 5 min, and 4°C. The
supematant was discarded, and cell pellet was dissolved in 2 ml of
Dulbecco’s phosphate-bufferedsaline(DPBS) without CaCl;
and MgCl, (Gibco, Life Technologies). CD4™ T cells were isolated
using a negative selection kit according to the manufacturer’s
protocol(EasySepMouseCD4*T Cell EnrichmentKit, STEMCELL
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Technologies Inc). The purity of cells was analyzed by fluorescence-
activated cell sorting (FACS) andwas up to 97to 98%.

Local Ca>* imaging in primary T cells and Ca2*

microdomain detection

Freshly isolated CD4* T cells from WT or P2rx4 ™~/ ~orP2rx7 '~ mice
were loaded in RPMI (see above) with the two Ca®* dyes Fluo4
(10 mM)and FuraRed (20 mM),and Ca®* imaging with a frame rate
of 40frames/swas done as described in detail by Diercks etal. (66).
Cells were resuspendedin Ca?* buffer [140 mM NaCl, 5 mM KCl,
1mM MgS0O;, 1 mM CaClz, 20mM Hepes (pH 7.4), LmM NaH;PO4,
and 5mM glucose] and imaged for 3 min on coverslips coated with
5 miofbovine serum albumin 8SA) (5 mg/mi)and 5 mlofpoly-L-lysine
(0.1 mg/ml). After the first minute, they were either stimulated or
not stimulated with anti-CD3/anti-CD28-coated beadsadding 10ml
of the bead solution with a pipette, and Ca®* changeswere recorded
for the last 2 min of measurements.During the postprocessing,all
T cells were normalized on bead contact site and time.

For direct inhibition of P2X4 and P2X7, cells were incubated for
30min before the Ca>* measurementswith a P2X4-inhibiting com-
pound (5-BDBD, 10mM) aswell as PSB-15417(1 mM) or a P2X7-
inhibiting nanobody (13A7-dim-Alb, 1 mg/ml).The compounds
wereresolvedin DMSO; to thisend,aDMSO control (0.01and 0.1%)
for the measurements was used, as well as a nanobody control
(dummy-dim-Alb; 1 mg/miforthe measurementswith the inhibit-
ing nanobody. The addition of apyrase(10 U/ml) 3min beforemea-
surementswas usedto remove the extracellular ATP. Moreover, a
negative control was produced by heating the apyraseup for 30min
at 70°C. To inhibit the PANX1 hemichannel, cells were incubated
with the PANX1 mimetic peptide °panx1(67) at a concentration of
200mMfor 20 min.

Ca** microdomains, defined as small, compact connected setsof
pixels with high [Ca®*]; values, were detectedwith a threshold of
112nM in cells activated with anti-CD3 /anti-CD28-coated beads
or without stimulation with a threshold of 90nM in an automated
MATLAB script (66). To analyze Ca®* microdomains developing
close to the beadcontact (as shownin Figs. 1D to 4D), the cell shapes
were approximatedto be circular, all cells of the considered group/
condition rotated such that the bead contact sites agreedfor the cells,
and the cell areas were subdivided in a dartboard-like manner
detailed in (66). Ca®>* microdomain statistics (number of micro-
domains, associated Ca®* concentration) were then computed for
the different dartboard compartments and specified time windows.
For Figs. 1D to 4D, the three outer compartments at the bead con-
tact site that are highlighted in red in figures were analyzed.

Colocalization analysis with SoRa

Primary CD4™ T cells from BALB/c mice were left unstimulated or
stimulated with soluble anti-CD3 (0.5 mg/ml)for 10s or 5 min and
were seededon slides coatedwith poly-L-lysine (0.1 mg/ml). The cells
werefixedwith 4% (w/v) paraformaldehyde(Alfa Aesar) for 15min
and permeabilizedwith 0.05% (v/v) saponin (Fluka) againfor 15min.
They wereincubated ovemight at 4°Cwith 10% (v/v) of fetal bovine
serum to block unspecific binding sites. Cells were stained with di-
rectly conjugated nanobodies against P2X4 (dimer + CF568; 1:50)
and P2X7 (dimer +A647;1:50)(provided by T. Stahler, Department
of Immunology, University Medical Centre Hamburg Eppendorf)
for 1 hour. Slides with fixed cells were mounted on coverslips upside
downwith Abberior Mount solid at4°C overnight. Image acquisition

Brock et al., Sci. Adv. 8, eabl3770 (2022) 4 February 2022

was done usinga superresolutionspinning disk microscope(Visitron),
aCSU-W1 SoRa optic (2.8%; Yokogawa), a x 100magnification
objective (Zeiss), and a scientific Complementary metal-oxide-
semiconductor camera (Ora-Flash 4.0,C13440-20CU,Hamarmatsu).
The following lasers and filters were used: aP2X4-CF568: excitation,
561 nm laser; emission filter, 609/54nm; aP2X7-A647: excitation,
640nm laser, emission, 700/75nm.Image deconvolution was based
on the principle of Arigovindan et al. (68) [reimplemented and
adaptedby Woelk etal. (69)]. For colocalization analysis, the train-
able wekaWaikato environment for knowledgeanalysis) segmenta-
tion plugin and awatershedsegmentationwere usedin F|JI (version
2.1.0/1.53dtoimprove the separation of the single proteins, which
were detected. Only proteins near the plasma membrane were
analyzed for colocalization. For the calculation and quantification
of the colocalization of P2X4 andP2X7, aMATLAB  script, basedon
the published study by Nauth et al. (70), was used.

Global Ca?* imaging in primary T cells

Freshly isolated CD4" T cells from WT, P2rx4 '~ ,or P2rx7 -/~ mice
were loaded in 500mlofRPMI (see above) with 4 mMFura2-AM for
35 min at 37°C. After 20 min of incubation, 2 ml of medium was
added. After Fura2 loading, cells were washedwith Ca%* buffer [140mM
NaCl, 5 mM KCl, 1 mM MgSO4, 1 mM CaCl;, 1 mM NaH;PO;,
20mM Hepes,and 5.5mM glucose(pH 7.4)(NaOH), sterile-filtered]
(10). Ca*imaging was performed using a Leica IRBE microscope
equipped with a 40-foldobjective and an electron-multiplying
charge—coupled device camera (C9100-13,Hamamatsu). As a light
source, a Sutter DG-4 High Speed Wavelength Switcher with the
following filter setwas used: excitation, hard—coatedHC) 340/26nm
and HC 387/11nm; beam splitter, 400DCLP; emission, 510/84nm
(10). Cells were imaged with an exposure time of 20 ms for 340and
380nm for 10min on slides coated with 5 mlof BSA (5 mg/ml) and
5 milof poly-t-lysine (0.1 mg/ml) and stimulated with 10 mlof solu-
ble anti-CD3 after 2 min. Image acquisition was done in 16-bit
modewith Volocity software(PerkinElmer), and postprocessing
like background correction, splitting of the fluorescence channels,
and selection of the regions of interest was performed with FiJI
software (version 2.1.0/1.53c).

Flow cytometry

Spleen cells were isolated by pressing the organ successively through
70-and 40-mmcellstrainers. Erythrocytes were depleted with lysis
buffer[155mM NH,Cl, 10mM KHCO3, 10mMEDTA (pH 7.2)).

Cells were incubated in 500mlof Iscove’s modified Dulbecco’s £
medium (IMDM) - supplementedwith fetal calf serum, glutamine,
gentamicin, and 2-mercaptoethanol.Cells were simulated for 18hours
with anti-CD3e mAb (1 mg/ml,clone145-2C11,BioLegend, San Diego,

CA) and anti-CD28 mAb (1 mg/ml;clone 37.51,BioLegend). For
extracellular antibody staining, cells were incubatedin PBS with
1% rat serum and anti-Fc¢ receptor mAb (10 mg/ml)(clone 2.4G2,
BioXCell, West Lebanon,NH). Cells were incubatedwith a fixable
deadcell stain (Alexa Flour 750carboxylic acid, succinimidyl ester,
Invitrogen, Eugene, OR), AF700-conjugatedanti-CD4mAb (clone
RM4-5, BioLegend), and BV605-conjugatedanti-CD69 mAb (clone
H1.2F3, BioLegend) for 20min onice. Intracellular antibody staining
wasconductedwith the Foxp3 /Transcription Factor Staining Buffer
Set (Invitrogen) according to the manufacturer’sprotocol. Cells were
stained with phycoerythrin—conjugatedanti-NUR77 mAb (clone
12.14 Invitrogen). Cells were analyzedusing a FACSCelesta flow
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cytometer(BD Biosciences,Franklin Lakes,NJ) and Flowo software
(Tree Star, Ashland, OR).

For the proliferation assay,spleencells were incubated for 10min
at room temperaturewith carboxyfluorescein diacetate succinimidyl
ester (CFSE) proliferation dye (5 mM;Invitrogen). The cells were
washed twice and then incubated with anti-CD3e mAb (1 mg/ml;
done 145-2C11,BioLegend) and anti-CD28 mAb (1 mg/ml.done37.51,
BioLegend) in supplementedIMDM. After 3 days, cells werestained
with APC-conjugated anti-CD4 mAb (clone RM4-5, eBioscience,
San Diego, CA) and a fixable dead cell stain (Alexa Flour 750car-
boxylic acid, succinimidyl ester, Invitrogen) and analyzedby FACS.

Statistics

All dataare presentedas means+SEM of independent experiments
performed as at least triplicates. Data were analyzed using MATLAB
software(MathWorks) and Prism 9 (GraphPad Software). Groups
were comparedusing Mann-Whitney U or Kruskal-Wallis testsor
two-wayanalysis of variance (ANOVA) and Dunnett’s multiple
comparisons test. A P value of 0.05was considered as significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https:/ /science.org/doi/10.1126/
sciadv.abl9770

Viewjrequest a protocol for this paper from Bio-protacol.
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2.2.1 Publication II: Contribution

In this publication, the roles of the purinergic cation channels P2X4 and P2X7 and of the ATP
releasing channel PANX1 on the formation of Ca?* microdomains were analyzed using a high-
resolution live-cell-imaging system as described earlier by our group (Diercks et al., 2019; Wolf
et al., 2015). | performed all Ca2* microdomain measurements in murine CD4+ T cells in the
presence and absence of direct TCR/CD3 stimulation with and without anti-CD3/anti-CD28
coated beads. To elucidate the influence of P2X4, P2X7 and PANX1 on the formation of Ca2+
microdomains, | used a wide set of approaches, including knockout mouse models, chemical
antagonists, inhibiting nanobodies, apyrase and inactivated apyrase. Additionally, | was
responsible for the co-localization measurements of P2X4 and P2X7 using super-resolution
imaging with optical reassignment (SoRa) to analyze the interaction of the channels.
Downstream effects of the P2X4 and P2X7 channel deficiency were studied. Thus, | measured
global Ca?* signals in the T cells loaded with Fura-2. Finally, | carried out the statistical data

analysis, prepared the figures and wrote the first draft of the manuscript.
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P2X4 and P2X7 are essential players in basal T cell activity and Ca?* signaling
milliseconds after T cell activation

Brock, Valerie J, Wolf, Insa M A, Er-lukowiak, Marco Lory, Niels, Stahler, Tobias, Woelk, Lena-Marie, Mittriicker, Hans-Willi,
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ABSTRACT:

Initial T cell activation is triggered by the formation of highly dynamic, spatiotemporally
restricted Ca?* microdomains. Purinergic signaling is known to be involved in Ca?* influx in T
cells at later stages compared to the initial microdomain formation. Using a high-resolution
Ca?* live-cell imaging system, we show that the two purinergic cation channels P2X4 and P2X7
not only are involved in the global Ca?* signals but also promote initial Ca?* micro- domains
tens of milliseconds after T cell stimulation. These Ca?* microdomains were significantly
decreased in T cells from P2rx4™ and P2rx7~ mice or by pharmacological inhibition or
blocking. Furthermore, we show a pannexin-1— dependent activation of P2X4 in the absence
of T cell receptor/CD3 stimulation. Subsequently, upon T cell receptor/CD3 stimulation, ATP
release is increased and autocrine activation of both P2X4 and P2X7 then amplifies initial Ca?*
microdomains already in the first second of T cell activation.

STATEMENT:

Although, the ATP-gated channels P2X4 and P2X7 were shown to influence global Ca®*
signals and the immune response some years before, their role in the formation of initial Ca**
signals in the first milliseconds after T cell activation was still unclear. In this publication, we
show for the first time the role of P2X4 and P2X7 on the formation of Ca?* microdomains before
and after T cell stimulation. The infrequent, T cell receptor stimulation independent Ca®*
microdomains are promoted by P2X4 but not by P2X7. In contrast, only P2X7 influence the
expression of NUR77 and the proliferation of the T cells. The results highlight the functional
differences of P2X4 and P2X7 and opens up advanced possibilities for clinical interventions
based on these differences.

BACKGROUND:

This work was mainly performed in the Ca?* Signalling Group, Department of Biochemistry and
Molecular Cell Biology, by the first authors Valerie J. Brock and supervised by Bjérn-Philipp
Diercks.Importantly, the project was supported by the DFG SFB1328 “Adenine Nucleotides in
Immunity and Inflammation” project A02, A03, A11 and Z02.
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3. Discussion

3.1 Summary of the results implemented in this thesis

The aim of this PhD project was to understand the impact of purinergic signaling on the
formation of initial Ca?* microdomains. The visualization of Ca?* signals, especially of the
spatiotemporally restricted Ca?* microdomains, is challenging. To this end, an advanced image
deconvolution algorithm was adjusted for Ca?+ imaging sequences. The unique algorithm,
which emphasizes the time dependency of an imaging sequence for image reconstruction,
was tested on different datasets concerning Ca?* imaging: (i) one synthetic dataset with
simulated Ca?* signals, (ii) two datasets visualizing Ca?* microdomains with different Ca?+
indicators in T cells and (iii) another dataset of spontaneous Ca?* signals in astrocytes.

As major part, we analyzed the role of the ATP-gated cation channels P2X4 and P2X7 on the
formation of Ca?* microdomains using either knockout mice, pharmacological antagonists or
inhibiting nanobodies. For the first time, P2X4 and P2X7 channels were shown to promote the
formation of Ca2* microdomains milliseconds after T cell stimulation. Moreover, this thesis
hypothesized that extracellular ATP released from the activated cell via PANX1, fosters the
Ca?* microdomain formation by activating the P2X channels. In CD4+ T cells, in the absence
of direct TCR/CD3 stimulation, the purinergic axis of P2X4/PANX1 triggered the formation of
Ca?* microdomains with lower amplitude and frequency compared to those occurring after
TCR/CD3 stimulation. Co-localization analysis of P2X4 and P2X7 revealed no functional
interaction of the two channels during the formation of initial Ca2* microdomains in the absence
or presence of TCR/CD3 stimulation. An extended (5 min) stimulation of the T cell with an anti-
CD3 antibody increased colocalization of P2X4 and P2X7. Finally, global Ca®* signaling was
decreased in both, P2rx4/- and P2rx7+. In contrast, only in T cells of P2rx7-, but not of P2rx4-
~, the expression of NUR77 and the proliferation of the T cells was reduced, revealing

functional differences of the two purinergic channels in T cells.

3.2 Ca?* signaling: image restoration

Deconvolution techniques can improve the resolution of a blurred image or reconstruct the
blurred image of an object (Wallace et al., 2001). Several image restoration techniques have
been developed and are suitable for different approaches, like photography (Kang, 1998) and
microscopy (McNally et al., 1999; Sage et al., 2017). This thesis aimed to extend a

deconvolution algorithm suited for fluorescence image sequences of Ca2* microdomains.
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Common algorithms are often optimized for natural images and applied to fluorescence images
regardless of their highly different characteristics. Fluorescence images generally show small,
single structures on dark backgrounds, whereas natural images, e.g. photos, contain different
structural elements with smooth transitions of brighter to darker elements and more colors
(Dey et al., 2006; Kang, 1998; McNally et al., 1999; Schelten et al., 2015). Deconvolution
algorithms generate estimations of an original object to create an image of it (Wallace et al.,
2001). To this end, different approaches are needed for fluorescence images compared to
other images. Arigovindan and colleagues (2013) assume that fluorescence images are
characterized by sparsely distributed high-intensity points. They introduced an “entropy-like”
regularizer term with a logarithmic weighting that has a more pronounced sparsifying effect for
the intensity variations in fluorescence images. They claim and experimentally show that their
algorithm captures the spatial image patterns of fluorescence images better than commonly
used modern methods (Fig. 3.1), e.g. Huygens constrained maximume-likelihood method
(Arigovindan et al., 2013).

ER-Decon Huygens

xy scale bar Depth color map

—

1um 6 um 10 um

Figure 3.1: Spatial image patterns were captured better by the “entropy-like” deconvolution algorithm (ER-
Decon). Depth color-coded z-projections of deconvolved live images of yeast Zip1 filament. Raw image (left, RAW).
Image after deconvolution with the “entropy-like” algorithm (middle, ER-Decon) and after deconvolution with
Huygens constrained maximum-likelihood method (right, Huygens). Modified from Arigovindan et al. 2013.

The algorithm emphasizes the spatial characteristics of a fluorescence image, whereas it does
not address the temporal characteristics of an image sequence. The Ca?* microdomain
measurements we usually perform, are sequences and not single-frame images. The spatial
features of a single frame can change in a series of multiple frames. Deconvolution algorithms
like the “entropy-like” algorithm deal with this only for every single frame (Arigovindan et al.,
2013), while temporal relationships are not considered. Thus, the “entropy-like” algorithm,
including the spatial regularization (Arigovindan et al., 2013), was extended during this thesis

by the time-dependency of an image sequence. The advantage of the extended algorithm is a
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new regularizer term utilizing now the temporal information of an image sequence to improve
the temporal resolution (Woelk et al., 2021). To this end, not only Ca2* imaging sequences will
benefit from the new deconvolution algorithm but also a wide range of other molecular
fluorescence approaches analyzing time-dependent changes.

Although deconvolution techniques can enhance the spatial and temporal resolution of a
blurred image, artifact formation is a problem. Artifacts are characterized by the loss of very
dim signals and structures or the blurring or “blowing up” of very bright signals (Wallace et al.,
2001). For example, the Lucy-Richardson algorithm often produces intensity oscillation
artifacts due to a noise amplification after a small number of iterations, which can be clearly
improved by a specific regularization term (Dey et al., 2006). Here, our algorithm tends to blur
only spots of very high Ca?+ concentrations, which might be due to the commonly used data
fidelity component of the algorithm that suppresses high-frequency components (Woelk et al.,
2021). In future approaches, this commonly used data fidelity component needs to be adjusted
to improve the algorithm for high SNR images.

The algorithm was written using the scripting language Python, enhancing the portability to
different platforms like Windows or Macintosh (Chapman & Chang, 2000). Moreover, Python
is easy to read for a wide community and the established code consists of only a few data-
dependent adjustable parameters (Arigovindan et al., 2013; Woelk et al., 2021), increasing
user-friendliness. The adjustable parameters influence the smoothness and restoration of
weak intensities in the spatial and temporal direction (Arigovindan et al., 2013; Woelk et al.,
2021) and the iterative nature of the algorithm might increase artifacts by amplifying it
(Anastasopoulou et al., 2019). Anastasopoulou and colleagues (2019) described the
appearance of artifacts in their image with a higher iteration number during their optimization
of parameters for a different iterative deconvolution algorithm. Nevertheless, iterations do not
necessarily increase artifact formation. Thus, the adjustable parameters must be chosen

thoughtfully, depending on the used algorithm and the input data.

3.3 The complexity of the Ca2* channel network

The formation of Ca?* microdomains is a quite complex network of different, interacting key
players of Ca2* release and entry channels (Brock et al., 2022; Diercks et al., 2018; Gu et al.,
2021; Roggenkamp et al., 2021; Wolf et al., 2015). The second messenger NAADP, which is
rapidly produced by the NADPH oxidase DUOX2 (Gu et al., 2021) and orchestrated by the
NAADP-binding protein HN1L/JPT2, targets the RYR1 channel in the ER membrane
(Roggenkamp et al., 2021). Ca?+ release from the ER is sensed by STIM1 and STIM2,
activating SOCE by ORAI1 (Diercks et al., 2018). We recently published the role of the ATP-
gated cation channels P2X4 and P2X7 on the formation of Ca?* microdomains (Brock et al.,
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2022), pointing out another, so far unknown key player of the Ca?* microdomain formation
network. A question that arises is why Ca?* microdomain formation is influenced by such a
huge network of different channels and proteins? Since global Ca?* signaling maintains many
diverse cell responses, like cytokine expression, cell metabolism, migration, invasion and
differentiation (Bootman & Bultynck, 2020; Gu et al., 2021; Ledderose et al., 2018; Macian,
2005; Y. Wang et al., 2020), the versatility of interacting proteins forming Ca2* microdomains
might direct the responses of the cells depending on their physiological needs.

The translocation of NFAT to the nucleus was shown to be triggered by Ca?* signals formed
by NAADP-mediated RYR1 activity, SOCE and purinergic signaling via the P2X channels
(Dammermann et al., 2009; Emrich et al., 2021; Prasai et al., 2011). The structure of the NFAT
DNA-binding domain is highly flexible, permitting the interaction with many different
transcription partners, like the activator protein (AP) 1 or the interferon regulatory factor 4
(IRF4) (Jain et al., 1992; Macian, 2005; Rengarajan et al., 2002). Thus, NFAT activation
induces diverse T cell responses, like the expression of different cytokines, proliferation and
differentiation (Amasaki et al., 2002; Macian, 2005; Yoshida et al., 1998).

Kar and colleagues (2011) revealed that local Ca?+ signals have a greater impact on the
initiation of the translocation of NFAT1 than long-lasting global Ca?+ signals. Additionally, they
proposed a so-called "short term memory" of the NFAT1 translocation to maintain gene
expression long after the initiation by local Ca?* signals (Kar et al., 2011). In hippocampal
neurons, a similar observation was described. After a short 3 min depolarization, a persistent,
heightened level of nuclear NFATc4 was detected up to 60 min (Oliveria et al., 2007).
Incubation of the cells with a fast Ca2+ chelator (BAPTA) and a slow chelator (EGTA) indicated
the dependency of NFAT translocation on spatiotemporally restricted Ca2* signals. NFATc4
translocation was strongly suppressed by BAPTA, whereas EGTA treatment did not alter
NFATc4 movement (Oliveria et al., 2007). The dependency of NFAT translocation on
spatiotemporally restricted Ca?* signals and the versatility of the output of NFAT gene
transcription seems to be one part of the explanation for the utility of the complex network of
Ca?* microdomain modulators.

However, cell migration has also been described to be dependent on precisely coordinated
Ca?+ signals. In non-excitable melanoma cells, it was shown that their ability to initiate
invadopodia formation, degradation of extracellular membrane and migration into tissues, is
coordinated by a SOCE-dependent Ca2*/calmodulin — proline-rich tyrosine kinase 2 (Pyk2) —
sarcoma (Src) kinase pathway (Lu et al., 2019). They observed spontaneous “Ca?+ glows”
originated exclusively from Ca?* entry and not from Ca?* release from cellular Ca?* stores.
Moreover, they demonstrated that SOCE-mediated Src activation only occurs in adherent cells

due to the activation of the cell adhesion kinase Pyk2 (Lu et al., 2019). Newest findings in an
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osteosarcoma cell line suggest that the migratory ability is affected by different SOCE levels
due to constitutively active STIM1 or dominant negative STIM1 (Lin et al., 2022). Many studies
discuss the impact of SOCE on adhesion and migration (Hammad & Machaca, 2021; Lin et
al., 2022; Lu et al., 2019), although, Ca?*+ signals promoted by P2X4 were implicated in T cell
migration (Ledderose et al., 2018). After T cell activation, P2X4 is activated at the front of the
cell, while P2Y11 receptors at the back trigger mitochondrial trafficking to the activation site to
stabilize the formation of the immune synapse and amplify Ca?+ signals promoted by P2X7
(Ledderose et al., 2020). This mechanism highlights the role of precisely localized Ca?* signals
to initiate directed cell migration.

All these cellular processes need energy. Accordingly, Ca?* signaling is linked to energy
metabolism of a cell. Stimulation of T cells rapidly increases ATP production inside the
mitochondria which translocate towards the immune synapse (Ledderose et al., 2014, 2018).
Already in unstimulated cells a basal IPsR-MCU-mediated Ca?* transfer from the ER into the
mitochondrion is essential for optimal mitochondrial activity and cellular bioenergetics
(Cérdenas et al., 2010). The mitochondria not only sense IPsR-mediated Ca?+ signals for their
energy production, but also were shown to regulate SOCE by buffering high [Ca?]
concentrations, which otherwise results in a negative feedback loop inhibiting SOCE (Hoth et
al., 1997).

Conclusively, these data reveal the complexity of the Ca2* microdomain network and the

interplay with ATP and purinergic signaling, and finally highlight the importance of fine-tuning it.

3.4 P2X4 and P2X7: structural and functional differences

In this thesis, we analyzed the influence of P2X4 and P2X7 on the formation of Ca?*
microdomains and identified different time periods of action of the two channels (Brock et al.,
2022).

Analysis of the structure might give insights into the functional differences, although the
structure of the P2X channels show many similarities. Especially the overall shape of the
dolphin-like extracellular and transmembrane domains is comparable (Hattori & Gouaux, 2012;
Mansoor et al., 2016; McCarthy et al., 2019). Three ATP-binding sites are present in a trimeric
P2X channel at each interface of a subunit pair (Hattori & Gouaux, 2012). The ATP-binding
sites are located in the extracellular domains and coordinated by the head, left flipper and
upper body of one subunit and by the dorsal fin and lower body of the neighboring subunit
(Hattori & Gouaux, 2012; Sheng & Hattori, 2022). The naming of the structural elements is
related to the dolphin-like shape of the P2X channels. The ATP forms a U-shape with the (-
and y-phosphates folded towards the adenine ring inside the binding pocket (Hattori & Gouaux,

2012). Comparison of, e.g. the human P2X3 (hP2X3, a P2X channel with a high ATP affinity)
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and rat P2X7 (rP2X7, the P2X channel with the lowest ATP affinity) demonstrated that the U-
shape form of ATP and the shape of the occupied binding pocket are virtually identical
(McCarthy et al., 2019). Thus, we will have a deeper look into the channel structures, to identify
structural differences, that might correlate with the functional differences observed in this
thesis.

Differences of the ATP binding pocket demonstrate one first insight into channel differences.
The binding pocket of the rP2X7 comprises a narrow channel (Fig.2, <11 A orifice) in the apo
state, whereas the hP2X3 binding pocket shows a wider channel (Fig. 3.2, 17 A orifice)
(McCarthy et al., 2019). This observation correlates with the size of ATP of 14 A (Azarashvili
et al., 2011), limiting the ligand access for a channel with a smaller orifice. Moreover, this
correlation might be related to the different ATP affinities of the channels. While P2X3 is
sensitive to ATP concentrations in the nanomolar range, P2X7 gets activated at ATP
concentrations in the micromolar range (Kaczmarek-Hajek et al., 2012). In contrast, the P2X4
channel shows intermediate ATP affinities between P2X3 and P2X7, that also correlates with
an intermediate ATP binding pocket orifice of approx. 15 A of the zebrafish P2X4 (zfP2X4)
structure (Fig. 3.2). The ligand accessibility might explain the different times of activity of P2X4
and P2X7 observed in this thesis. Since ATP can access the P2X4 channel easier due to the
wider orifice compared to the one of P2X7, P2X4 might be activated earlier and, like proposed
before, is more sensitive to ATP. More experiments are needed to confirm the effects of the
ligand accessibility on the differences in ATP affinity of the P2X channels.

Moreover, in the binding pocket of the P2X4 channel, an amino acid substitution of leucine

rP2X7

low ATP affinity high ATP affinity intermediate ATP affinity

Figure 3.2: Extracellular orthosteric binding site. Comparison of the binding pocket orifice of the rP2X7 and
hP2X3 in the apo state with the binding pocket of the zfP2X4 in the apo state. Figures of rP2X7 and hP2X3 modified
from McCarthy et al. 2019. zfP2X4 crystal structure published by Hattori and Gouaux 2012 and displayed with
PyMOL (Version 2.5.2, Schrddinger, LLC.). Distance measurement of the zfP2X4 orifice by PyMOL.

(Leu) at L214 of the dorsal fin domain alters ligand binding and signal transduction (Zhang et
al., 2014). The L214 directly hydrophobically interacts with the ATP and influences channel
desensitization (Zhang et al., 2014). In contrast, in the P2X3 channel the residue serine (S)

275 in the left flipper is implicated in ATP binding and desensitization (Petrenko et al., 2011).
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Zhang and colleagues (2014) tested for the P2X4 channel different amino acids substitutions
at the position L214, which resulted in more rapidly desensitizing channels, like the isoleucine
(lle) of P2X1 and the methionine (Met) of P2X3 channel. Under natural conditions, the P2X4
channels show a slower desensitization compared to P2X1 and P2X3, whereas no
desensitization has been described for P2X7 (Habermacher et al., 2016; McCarthy et al.,
2019). The substitution of Leu in the residue L214 in P2X4 with lle increases and with Met
decreases the desensitization rate. Consequently, they hypothesized that this residue might
influence agonist orientation inside the binding pocket (Zhang et al., 2014).

These results demonstrate the structural influence on the different ATP affinities, which are
linked to functional differences of the P2X channels. In this thesis, the P2X4 channel, but not
the P2X7, was demonstrated to influence TCR/CD3-independent Ca2* microdomains (Brock
et al., 2022), correlating with its higher ATP affinity. Since a first, so far measurable, ATP burst
occurs within 30 seconds after T cell stimulation (Ledderose et al., 2014), a lower ATP release
might appear already in the absence of direct TCR/CDS3 stimulation, which can activate the
more sensitive P2X4 channel. These assumed spatiotemporally restricted ATP microdomains
need further investigations. Additionally, the different channel desensitization rates could be
associated with the different time spots of P2X4 and P2X7 activity. For P2X7, no
desensitization is described (McCarthy et al., 2019), correlating with the greater impact of
P2X7 on the downstream signals in T cells, like its influence on the expression of NUR77
(Brock et al., 2022).

Another approach to explain the functional differences of P2X channels is an additional key for
channel desensitization introduced in 2016 by Mansoor and colleagues. They claim that the
cytoplasmic cap, found in the crystal structure of the hP2X3, stabilizes the channel opening
and, to this end, sets the rate for channel desensitization (Mansoor et al., 2016). Removal of
the flexible cytoplasmic cap leads to a recoil of the TM2 for channel desensitization (Mansoor
et al., 2016). Analysis of the rP2X7 channel structure confirmed the influence of the
cytoplasmic cap on channel desensitization. In rP2X7, the cytoplasmic cap is anchored by long
fatty acids and this prevents the TM2 recoiling for channel desensitization (McCarthy et al.,
2019). The differences of the cytoplasmic cap in P2X3 and P2X7 are associated with the
variations in desensitization of these channels. Since the proposed structure of the P2X4
channel is truncated in the cytosolic region (Hattori & Gouaux, 2012; Kawate et al., 2009), no
cytoplasmic cap for this channel is described so far. It can be assumed that the P2X4 channel
shows structural characteristics of the cytoplasmic cap between the fast-desensitizing P2X3
channel and the non-desensitizing P2X7 channel due to its intermediate desensitization
properties. Further investigations in the structure of the cytosolic region of the P2X4 channel

are needed to confirm this assumption. The structural analysis of the P2X channels, and further
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the implication of different amino acid residues and channel domains on ATP binding
properties and channel desensitization demonstrate the complexity of the P2X channel gating.
Thus, the complexity of P2X channel gating may explain the wide range of functional activities
of the P2X channels, especially of P2X4 and P2X7.

As mentioned before, we demonstrated different time periods for P2X4 and P2X7 activity.
While P2X4 is already active prior direct TCR/CD3 stimulation, P2X7 gets activated after
TCR/CD3 stimulation (Brock et al., 2022), possibly due to the specific ATP binding properties
of P2X4 and P2X7. The early activity of P2X4 might forward a rapid response within
milliseconds to an external T cell stimulus. Following T cell stimulation, P2X4 but not P2X7
translocates to the immune synapse (Woehrle et al.,, 2010). Both channels promote the
formation of Ca2* microdomains after TCR/CDS3 stimulation (Brock et al., 2022), and further
amplify the Ca?* signals for a global Ca?* response and T cell activation (Brock et al., 2022;
Trebak & Kinet, 2019; Woehrle et al., 2010; Yip et al., 2009). The P2X7 channel might have a
higher impact on the amplification of the Ca?* response because of the non-desensitizing
properties of this channel. The cytosolic ballast of P2X7 contains a binding site for guanine
nucleotides and a dinuclear zinc ion complex (McCarthy et al., 2019), indicating interactions of
P2X7 with other proteins, which might also alter channel functions compared to other P2X
channels.

Functional differences of P2X4 and P2X7 are described, e.g. their influence on cell migration.
Stimulation of human CD4+ T cells and of the human leukemia cell line Jurkat with the
chemokine CXCL12, which binds to the chemokine receptor CXCRA4, triggers T cell migration
to the APC controlled by the accumulation of mitochondria with the P2X4 receptor at the front
of the T cells (Ledderose et al., 2018). In this context, inhibition of the P2X7 channel did not
alter migration speed, whereas inhibition of P2X4 decreased migration speed (Ledderose et
al., 2018). The cell migration (speed and range) was correlated with the expression level of
CD69 (Ledderose et al., 2018), which is a marker for early T cell activation (Ziegler et al.,
1994). Inhibition of P2X4 significantly decreased CD69 expression after stimulation with the
chemokine, whereas inhibition of P2X7 did not effect it (Ledderose et al., 2018).

Additionally, in human PBMC cells stimulated with soluble anti-CD3, the CD69 expression was
decreased in T cells after P2X4 inhibition (Ledderose et al., 2020). The proposed stimulation
condition ensures that the CD4+ T cells directly interact with APCs to achieve the required co-
stimulation with the CD28 co-receptor for a complete T cell activation (Ledderose et al., 2020).
In contrast, in this thesis, the CD69 expression was not altered in murine P2rx4- and P2rx7-
T cells after stimulation with soluble anti-CD3 and anti-CD28 (Brock et al., 2022), indicating a
possible stimulus-dependent activation of P2X4 to promote migration of the T cell to the APC,

which is followed by the T cell activation. The activity of P2X4 during cell migration further
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correlates with the low-grade activity of P2X4 in the absence of direct TCR/CDS3 stimulation
described in this thesis (Brock et al., 2022). P2X4 might act as a precursor to promote T cell
migration to the APC to initiate Ca?* microdomain formation and to stabilize the immune
synapse followed by a fostered ATP release and production, P2X7 stimulation and a strong
activation of the T cell.

Consequently, the P2X7 channel activity might be required for a strong T cell response, which
is reflected by the decreased expression level of Nur77 (a marker of the strength of T cell
stimulation) in murine P2rx7-- T cells (Brock et al., 2022). Analysis of the responses of the
P2X4 and P2X7 channels to different stimuli in human and murine T cells will further elucidate
the functional differences of these two channels during the T cell activation. Furthermore,
investigations in the structural difference of P2X4 and P2X7, will help to produce highly specific

antagonists and agonists for their functional differentiation.

3.5 ATP release

The P2X channels, analyzed in this thesis, are ATP gated. Extracellular ATP is proposed to
activate the channels for opening and Ca?* influx. Hence, the first approach to analyze the
impact of extracellular ATP on the formation of Ca?* microdomains after TCR/CD3 stimulation
was to remove the extracellular ATP. To this end, T cells were incubated with apyrase, which
is an ATP degrading enzyme (Handa & Guidotti, 1996), resulting in significantly reduced Ca?
microdomains (Brock et al., 2022). Moreover, previous publications have highlighted the
PANX1 channel releasing the ATP after T cell stimulation to activate the P2X channels
(Schenk et al., 2008; Woehrle et al., 2010). Thus, we analyzed Ca2* microdomains in cells
incubated with a PANX1 antagonist in the presence and absence of direct TCR/CD3
stimulation (Brock et al., 2022). TCR/CD3-independent Ca?* microdomains were reduced after
PANX1 inhibition, indicating a required ATP release during this stage of T cell activity. ATP
release independent of cell stimulation was already proposed in other cell types. In human
bone marrow-derived mesenchymal stem cells (hMSCs), spontaneously occurring Ca?
oscillations were evoked by CNX hemichannel-mediated ATP release (Kawano et al., 2006).
Since many studies reveal the role of ATP acting as an autocrine and paracrine signaling
molecule (Bours et al., 2006; Junger, 2011; Trabanelli et al., 2012), a precise release of
spatiotemporally restricted ATP microdomains in the absence of direct TCR/CD3 stimulation
is not unlikely to forward rapid responses.

The release of ATP is a well-organized mechanism mediated by a wide range of releasing
channels and proteins or exocytosis (Pankratov et al., 2007; Taruno, 2018; Y. Wang et al.,
2013). A huge variety of pharmacological and biological antagonists were used to identify and

differentiate ATP releasing channels like CNX, PANX1 or voltage-regulated channels
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(VRAC/MACs) in many cell types (Lohman & Isakson, 2014). The proposed specific gap
junction blocker carbenoxolone (CBX) inhibits not only PANX1 and different CNX (Bruzzone
et al., 2005) but also VRAC-mediated currents (Benfenati et al., 2009; Zahiri et al., 2021).
Hence, CBX is only one example demonstrating the specificity issues of the pharmacological
antagonists for ATP releasing channels.

Since the specificity of pharmacological approaches to distinguish between the ATP releasing
channels was unsatisfactory, another method was introduced producing specific mimetic
peptides mimicking primary amino acid sequences of the CNX or PANX1 channels (Dahl et
al., 1994; Lohman & Isakson, 2014). The initial idea of these mimetic peptides was to imitate
the docking gate of gap junction channels (Dahl et al., 1994; J. Wang et al., 2007). The
peptides were used to inhibit CNX or PANX1 channels specifically. However, an inhibitory
effect of CNX mimetic peptides on PANX1 was demonstrated and vice versa, hypothesizing
the mechanism of action of these “mimetic” peptides is by a steric channel block rather than
mimicking some gap junction protein characteristics (J. Wang et al., 2007).

The antagonist for PANX1 used in this theses was the mimetic peptide °Panx1 (Brock et al.,
2022). Thus, we cannot exclude the role of CNX in the release of ATP during the formation of
Ca?* microdomains. Analysis of CNX in lymphocyte subpopulations reveal the surface
expression of the CNXs Cx40 and Cx43, which were upregulated after cell stimulation (Oviedo-
Orta et al., 2000). Additionally, an ATP release via vesicular exocytosis after T cell stimulation
was reported in previous studies (Tokunaga et al., 2010). Hence, the ATP releasing
mechanism during the formation of Ca?* microdomains needs to be addressed in more detail.
Knockout models and more specific pharmacological approaches, as well as the development
of highly specific inhibiting nanobodies for CNX and PANX1 like those already available for
P2X7 (Danquah et al., 2016), might be suitable strategies to validate the results.

For PANX1, a knockout mouse line is available, but it is bred on C57BL/6J background
(Vandenbeuch et al., 2015). We performed all mouse experiments implemented in this study
on the Balb/C background due to a single nucleotide polymorphism (SNP) of P2rx7. Different
mouse lines carry either a proline (Pro) or a Leu at the position 452 of the C-terminal tail of the
P2X7 receptor, influencing P2X7 mediated pore formation (Adriouch et al., 2002), but not Ca?*
flux (Le Stunff et al., 2004; Sorge et al., 2012). The P2rx4- C57BL/6J mouse was backcrossed
from a Balb/C background and differs from the WT C57BL/6J in the single nucleotide
polymorphism of P2rx7, leading to a higher P2X7 surface expression and a higher sensitivity
to ATP and NAD+ compared to the WT (Er-Lukowiak et al., 2020). Although Ca?* signaling is
not directly influenced by the SNP, we decided to work on the Balb/C background to enable
comparability of T cells from P2rx4” and P2rx77- and the corresponding WT. Accordingly,
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analysis of the inhibited PANX1 channel were performed on the same mouse background, on

which no PANX1 knockout is available.

3.6 Species-dependent differences: transferability of mouse data
The influence of the purinergic signaling via PANX1, P2X4 and P2X7 on the formation of Ca?*

microdomains described in this thesis was studied in primary murine T cells. Using knockouts
of P2X4 and P2X7 enabled a clear differentiation of the channel function, especially in the
formation of TCR/CD3-independent Ca?* microdomains. As we have seen for the
differentiation of ATP releasing channels, pharmacological antagonists are often lacking
specificity, while side effects cannot be excluded for a knockout as well as pharmacological
approaches. In the study implemented in this thesis, we used both knockout and
pharmacological or nanobody-mediated inhibition of P2X4 and P2X7, verifying the functional
effects (Brock et al., 2022). The aim of analyzing the influence of these channels on the
formation of Ca?* microdomains was to elucidate the mechanism of T cell activation as an
initial part of the adaptive immune response, thus opening up new possibilities for therapeutic
targets. Accordingly, it might be interesting to discuss if and to what extent the data acquired
using murine T cells are transferable to humans.

A very remarkable difference is the P2Y11 receptor that is expressed in human but not in
murine cells (Dreisig & Kornum, 2016). The P2Y11 receptor is associated with an ATP-, NAD+-
or NAADP-mediated Ca?* and AC signaling as well as cAMP production (Dreisig & Kornum,
2016; Moreschi et al., 2006, 2008). Moreover, P2Y11 was shown to influence P2X7. The
GPCR receptor affects the sensitivity of P2X7 to ATP and protects the cells against pore
formation and cell death, whereas P2X7-associated Ca?* signaling is not influenced (Dreisig
et al., 2018). Dreisig and colleagues (2018) postulated that the decreased responsiveness of
naive human CD8+* T cells to ATP was due to the P2Y11 receptor expression. Since murine T
cells lack the P2ry11, the species-dependent differences in ATP responsiveness might also
be due to this receptor, although some studies hypothesize the existence of a P2Y11-like
protein in mice (Bourguignon et al., 2019; Prada et al., 2019). In retinal microvessels from rats,
a similar P2X7-mediated cell death preventing mechanism due to another P2Y receptor than
P2Y11 was shown, namely P2Y4 (Sugiyama et al., 2005). P2Y4 was found to prevent pore
formation after ATP induction (Sugiyama et al., 2005), implying that P2Y11 functions might be
replaced by the activity of other receptors in species lacking the P2Y11 receptor or, like
proposed before, by a P2Y11-like protein.

Ledderose and co-workers (2020) also demonstrated the unique role of P2Y11 on P2X
channels. During the formation of an immune synapse, P2Y11 via the cAMP/protein kinase A

(PKA) pathway together with P2X4 orchestrates mitochondria to the front of the cell to foster
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localized ATP release to enhance P2X4- and P2X7-mediated Ca?* signaling and cell migration
(Ledderose et al., 2020). The P2Y11 receptor is a good example of receptor-dependent
differences in human and murine cells. This GPCR influences the sensitivity of the P2X7
receptor and functions with the P2X4 receptor in a cooperative manner. The impact of the
receptor on the formation of Ca?* microdomains due to its ability to alter P2X channel function
is still unclear since we performed our analysis in murine T cells. Further investigations on the
interaction of P2X and P2Y receptors and the formation of P2X-mediated Ca2* microdomains
in human CD4+T cells are required.

Beside interaction partners of the purinergic channel can differ in murine and human cells, the
P2X7 channel, e.g. shows species-dependent structural differences. The P2X7 channel
activation kinetics were demonstrated to speed up during repeated stimulation with ATP
(McCarthy et al., 2019; Roger et al., 2010). This phenomenon, called channel facilitation, was
not due to an increased channel expression at the PM, but due to some biophysical properties
of the channel (Roger et al., 2010). The human and rat P2X7 channel differ in channel
facilitation. The hP2X7 facilitates slower than the rP2X7. Interestingly, these differences are
due to a CaM-binding site in the C-terminal end of the rP2X7, which is absent in the hP2X7
(Roger et al.,, 2010). The recently published full-length structure of rP2X7 highlights the
cytosolic ballast as an important channel compartment for interactions with other proteins
(McCarthy et al., 2019). A structural comparison of this region in different species may reveal
functional differences between human and other species.

Functional differences were observed here in comparison to previous studies. We performed
expression analysis of, e.g. CD69 in P2X4 and P2X7 knockout mice and analyzed the
proliferation of CD4+ T cells (Brock et al., 2022). The expression of CD69, a marker for early T
cell activation, was not altered in murine CD4+ T cells of P2rx4/-and P2rx7 after TCR/CD3
stimulation, whereas the proliferation of these cells was significantly decreased in T cells of
the P2rx7 mice (Brock et al., 2022). In contrast, in human CD4+ T cells stimulated with
CXCL12, the CD69 expression was significantly decreased after P2X4 inhibition, but not after
P2X7 inhibition, while the proliferation of these cells was decreased for both inhibiting
conditions (Ledderose et al., 2018). While the different stimuli might trigger these differences,
it is also possible that they are species-dependent.

Many studies use knock-out or knock-in mouse models to mimic human diseases. However,
drastic functional differences are shown for the P2X2 receptor in humans and mice in response
to zinc (Tittle & Hume, 2008), pointing out that the transferability of mouse models on human
diseases cannot be generalized.

Species differences were not only observed for purinergic signaling but also Ca?* signaling via

SOCE. In T cells of human ORAI1-deficient patients, a complete absence of CRAC currents
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is observed (Feske et al., 2006), whereas mice lacking ORAI1 showed only reduced currents
(Gwack et al., 2008). Moreover, STIM1 deficient mice were demonstrated to be resistant to
different diseases, e.g. experimental immune thrombocytopenia or acute pneumonitis (Braun
et al., 2009), whereas patients with a STIM1 deficiency exhibit these diseases (Picard et al.,
2009). These results demonstrate species-dependent differences in the output of ORAI1 and
STIM1 deficiency in humans and mice.

Although the results discussed above reveal species-dependent differences in purinergic and
Ca?+ signaling, many functional results were similar between humans and mice. The approach
to analyze the channel- and receptor-mediated signaling using mouse models enhance our
knowledge of these pathways and their impact on the immune response. P2X4 and P2X7, e.g.
were demonstrated to influence Ca?* signaling in primary murine and human CD4+ T cells after
TCR/CD3 stimulation and in both species, P2X4 but not P2X7 was shown to be implicated in
a state of T cell activity prior to TCR/CD3 stimulation (Brock et al., 2022; Ledderose et al.,
2018). Additionally, the inhibition of P2X7 decreased in both, mice and humans, the release of
proinflammatory cytokines like IL-13 (Danquah et al., 2016).

Moreover, similarities were observed in STIM1 deficient mice and humans in the agonist-
selected T cell (e.g., Tregs and NK T cell) development (Fuchs et al., 2012; Oh-Hora et al.,
2013; Picard et al., 2009). Comparative analysis of the pathology and signaling pathways of
human and mouse data with single-channel deficiencies are essential for clinical trials of
related diseases and the development of new therapeutics. Not only the similarities, but also
the differences of these data are important to enhance our knowledge of the signaling

mechanisms and their influence on immune responses.

3.7 Cell type-specific signaling and channelopathy

Ca?+ and ATP are common signaling molecules, influencing cell functions in various cell types.
In the study included in this thesis, we used murine CD4+ T cells to analyze the purinergic-
signaling-dependent Ca?* microdomain formation (Brock et al., 2022). These cells exhibit an
aB TCR heterodimer in their TCR/CD3 complex (Borst et al., 1984). Another T cell subset
exhibit the yd TCR heterodimer, and thus were named yd T cells. yd TCRs are less expressed
in the circulating T cells of humans; less than 10 % exhibit this TCR subtype (Carding & Egan,
2002). This T cell subset, of which the majority are Vy9Vd2+, have many innate cell-like
features like a fast activation after recognition and the recognition of stress-related non-peptide
antigens, like the phosphoantigen (pAg) isopentenyl pyrophosphate (IPP) (Bonneville et al.,
2010; Carding & Egan, 2002). The purinergic receptors A2a, P2X4, P2X7 and P2Y11 are
highly expressed in these cells (Manohar et al., 2012). Expression analysis of CD69 in yo T

cells stimulated with anti-CD3/anti-CD28-coated beads and incubated with inhibitors for these
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purinergic receptors reveal no differences compared to the WT. In contrast, after stimulation
of the cells with IPP, inhibition with suramin, a non-specific P2 receptor inhibitor, decreased
the expression levels of CD69 significantly. In addition, inhibition of P2X4 significantly reduced
the expression of TNF-a and INF-y after stimulation with anti-CD3/anti-CD28-coated beads or
IPP, indicating the unique role of P2X4 on the activation of yd T cells (Manohar et al., 2012).
Vyovd2+ T cells display a delayed and long-lasting Ca?+ response compared to conventional
CD4+ T cells after TCR/CD3 or pAg-mediated stimulation (Nedellec et al., 2010). The
restrained and delayed response in Vy9Vd2+ T cells was sped up and enhanced by the co-
stimulation of the activating NK cell receptor (NKG2D) and regulated by a PKC8 transduction
pathway (Nedellec et al., 2010). The atypical Ca?+ response properties of the Vy9Va2+ T cells
and the special role of P2X4 above P2X7 on the functions of these cells, reveal differences in
activation cascade between yd and CD4+ T cells.

The activation of B cells was linked to Ca?* signaling via the interaction of STIM and ORAI,
comparable to CD4+ T cells (Berry et al., 2020). Interestingly, the strength of BCR stimulation
controls cell survival, cell-cycle entry and proliferation. While a low BCR stimulation forwarded
cell death relative to untreated cells, an increased stimulation strength improved cell viability,
cell numbers, the number of dividing cells and the number of divisions per cell (Berry et al.,
2020). Thus, Ca?* signaling is related to a variety of functions in different cell types and fine-
tuned by similar mechanisms, including, among others, SOCE and ATP-gated P2X channels.
Moreover, unraveling the Ca?* signaling network in specific cell types, like in this thesis, the
influence of P2X4 and P2X7 on the formation of Ca2+* microdomains in CD4+ T cells, will
increase our understanding of transferable key regulators for other cell types. The extent of
the influence of a specific channel or receptor on one or another cell function might vary
between the different cell types, but a few of the key players were already extensively
analyzed, demonstrating great therapeutic targets treating a wide range of diseases.

Besides the development of channel-specific therapeutic, the identification and analysis of the
pathology of diseases related to the deficiency of a specific Ca2* channel are also of great
interest. The pathology of such disease is linked to the functional outcomes of channel activity,
and therefore increases our knowledge of single-channel specificities. Diseases that contribute
to the dysfunction or deficiency of a single ion channel or transporter are called
channelopathies (Vaeth & Feske, 2018). The ORAI1 and STIM1 dysfunction-related diseases
are collectively called CRAC channelopathy.

CRAC channelopathy is characterized by immunodeficiency, autoimmunity, altered
lymphocyte function and non-immune symptoms like congenital muscular hypotonia or
ectodermal dysplasia (Lacruz & Feske, 2015; Lian et al., 2018; Picard et al., 2009). Patients

with the CRAC channelopathy due to a loss of function mutation or null mutation of ORAI1
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have an impaired T cell function, characterized by a defective proliferation after stimulation
and diminished cytokine production, e.g., IL-2, IL-22, TNF-a and INF-y (Lian et al., 2018).
These findings are similar to patients with a deficiency in STIM1 (Fuchs et al., 2012; Picard et
al., 2009). The immunodeficiency associated with CRAC channelopathy seems to be due to
the reduced T cell and not B cell function, since the B cell development and antibody responses
are unaffected in mice lacking STIM1 and STIM2 (Matsumoto et al., 2011).

The P2X gene family exhibit a large set of SNPs with gain or loss of functions of the concerning
receptor, implicated in various disease. Especially SNPs of the P2X7 channel are investigated
intensively (Caseley et al., 2014). The variety of SNPs of a specific P2X channel results in a
wide range of disease associations, whereby a generalized phenotype for patients with a, e.g.
P2X4 or P2X7 deficiency, like the postulated phenotypes of the CRAC channelopathy, is not
defined so far.

The loss of function mutation Y315C in the P2X4 receptor, e.g., was demonstrated to increase
pulse pressure in a large white test cohort (Stokes et al., 2011). The same SNP in the P2rx4
was shown to be implicated in an age-related macular degeneration (AMD). Patients with AMD
contain this variant 2-fold more frequently than the healthy control cohort (Gu et al., 2013).
This loss of function mutation influences the P2X7-mediated phagocytosis implying an
interaction of this P2X4 variant with the P2X7 channel and an effect, especially on
macrophages. Additionally, the mutated P2X4 receptor was much less sensitive to ATP (Gu
et al., 2013; Stokes et al., 2011). Modeling of the P2X4 Y315C variant reveals that this SNP
influences the shape of agonist binding inside the binding pocket for ATP (Stokes et al., 2011).
Since this loss of function often occurs in a heterozygous inheritance with the WT P2X4 variant
(Stokes et al., 2011), the effects of the SNP might be rescued to some extent. Interestingly,
this SNP in the P2X4 channel is sometimes coinherited with a SNP in the P2X7 channel,
increasing the effects described for the P2X4 Y315C mutation (Gu et al., 2013).

As mentioned before, SNPs of the P2X7 are quite frequent in the human P2X7 channel leading
to various gain or loss of function mutations (Caseley et al., 2014). One SNP of the P2X7
channel was already introduced in this thesis, the amino acid polymorphism at position 451 of
the C-terminal tail of the mouse P2X7 channel, influencing P2X7-mediated pore formation
(Adriouch et al., 2002), but not Ca?* flux (Le Stunff et al., 2004; Sorge et al., 2012). The SNP
variant varies between different mouse strains in its amino acid residue (Pro or Leu) and needs
to be considered while working with transgenic mice (Er-Lukowiak et al., 2020). As mentioned
above, this SNP was the reason for us to work on the Balb/C mouse background in this thesis
(Brock et al., 2022). Additionally, the P451L mutation was examined to be associated with
reduced neuropathic and inflammatory pain (Sorge et al., 2012). Accordingly, several other

SNPs imply the association of P2X7 with neuropathic and inflammatory pain like the gain of
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function mutations A348T and H155Y (McHugh et al., 2012; Ursu et al., 2014). Moreover,
these mutations were mentioned to be related to gender-dependent differences in the
prevalence of pain disorders (Ursu et al., 2014). While a pain reduction in the loss of function
mutation R270H is controversially discussed (Ursu et al., 2014), a decreased Ca?* flux and
pore formation ability were demonstrated. More recent studies investigating the role of R270H
in pain intensity and chronic inflammation reduction strengthen the association of P2X7 in this
context (Kambur et al., 2018; Sorge et al., 2012).

Another loss of function mutation (homo- and heterozygote), E496A in the C-terminal tail of
the P2X7 channel, was three-fold higher in patients with chronic lymphocytic leukemia (CLL)
(Wiley et al., 2002) and patients carrying this polymorphism of the 1513C instead of the 1513A
allele had a better overall survival (Thunberg et al., 2002). This observation is contrary to the
reduced susceptibility of leukemic B cells to undergo ATP-induced apoptosis and the
prolonged survival in vivo (Wiley et al., 2002).

The highly variable P2X genes result in a huge set of SNPs with implications in different human
diseases. For the P2rx7 gene, e.g. 32 non-synonymous SNPs were postulated so far (Fuller
et al., 2009). The coinheritance of different SNPs of P2rx7 or SNPs of P2rx7 and P2rx4 alter
postulated effects of a single SNP (Fuller et al., 2009; Gu et al., 2013), thus resulting in
ambiguous pathologies of P2X4- and P2X7-related diseases compared to the clearer
pathology of ORAI1/STIM1 deficiencies.

However, the SNPs of the P2X channels are possibly useful as biomarkers for certain
diseases. Moreover, combining the pathology of such diseases with molecular analysis of the
signaling pathways of single channels will help to identify their physiological role in an

organism.

3.8 Outlook

Here, we developed a deconvolution script adjusted for Ca?* imaging sequences and analyzed
Ca?* microdomains evoked by the activation of the purinergic ATP-gated channels P2X4 and
P2X7.

The new deconvolution script (Woelk et al.,, 2021) was not used on the data of the
measurements of the Ca2* microdomains evoked by P2X4 and P2X7 channel activity (Brock
et al.,, 2022) so far. In future investigations on Ca?* microdomains, the use of this new
deconvolution script will computationally increase the resolution of the Ca?+ signals and might
give new insights into subcellular features of these signals. The implication of RYR1, IPsR and
ORAI1 on the formation of Ca2* microdomains is a well-studied topic of the last decades
(Diercks et al., 2018; Trebak & Kinet, 2019; Wolf et al., 2015), whereas the role of P2X

channels on the initial formation of Ca?* signals was not established. The activity of P2X4 and
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P2X7 during the first seconds after T cell stimulation highlights their role for the adaptive
immune response, although the polymorphic nature of the P2X gene (Caseley et al., 2014;
Fuller et al., 2009) appears to impede a clear identification of the channel physiology and
pathology. Moreover, stimulus- and cell-type-dependent differences of Ca?* microdomains
formation need further investigations which might elucidate channel specifications for a certain
stimulus or cell type, like the role of the P2X4 channel in orchestrating the response of yd T
cells (Manohar et al., 2012).

The thesis established the role of purinergic signaling of PANX1, P2X4 and P2X7 on the initial
T cell activation using Ca?* measurements, however the ATP, released via PANX1 and
activating the P2X channels, is not visualized in this thesis. Future studies focusing on ATP
live-cell imaging during the T cell activation are needed to elucidate the ATP kinetic during cell
activation.

Several studies investigated the role of ATP during the cell activation using luciferin/luciferase
assays or high-performance liquid chromatography (HPLC) measurements (Burow et al.,
2015; Ledderose et al., 2014; Manohar et al., 2012; Yip et al., 2009), hence not reflecting the
real-time ATP kinetic at the cell surface during the activation.

Another approach is to bind an ATP sensor to specific cell compartments. One possibility for
this approach is to generate fluorescent, genetically-encoded ATP sensors, which can be
transfected into cells (Imamura et al., 2009; Pellegatti et al., 2008). The Fdrster fluorescence
resonance energy transfer (FRET)-based ATP indicator ATeam is constructed of the € subunit
of the bacterial FoF1 ATP synthase linked at the C- and N-terminus with a CFP and YFP.
Imamura and co-workers (2009) demonstrated that the ATP affinity of the ATeam is in the high
micromolar to the low millimolar range but can be adjusted by substituting the € subunit with
that of a different bacteria or by introducing point mutations into the interface between the N-
and C- terminal domains of the € subunit. Moreover, the ATeam exhibits a high selectivity for
ATP above other nucleoside polyphosphates. For primary cells, the use of genetically-encoded
indicators is limited since the transfection of primary cells is challenging and often troubled with
a low efficiency and bad cell viability (Kumar et al., 2021; Tay, 2020).

Additionally, chemosensors were developed for measuring the ATP concentrations in cell
compartments and at the cell surface. Hence, a promising approach is the use of metal
chelators coupled with a chromophore, like the dipicolylamine (DPA)-Zn(ll) complex (Kurishita
et al., 2012; Moro et al., 2010). The coupling of these complexes to a specific linker enables
the sensors to localize in the PM or other cell compartments, like the mitochondria or at the
surface of nanoparticles (Kurishita et al., 2012; Ledderose et al., 2018; Moro et al., 2011). One
advantage of these chemosensors is the possibility of an “on-line” usage, thus no transfection

is needed. The indicators are sensitive in the low micromolar range and sufficient changes in
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the fluorescence intensity are observed for ATP and ADP. These chemosensors also sense
(with a lower affinity) other nucleoside polyphosphates, e.g. GTP or UDP (Kurishita et al., 2012;
Moro et al., 2011), thus, they are not highly selective for ATP.

A recently published sensor for ATP combines the advantages of the genetically-encoded
indicators based on the bacterial FoF1 ATP synthase with high selectivity for ATP and the
chemosensor with the ability for an “on-line” usage. The so-called ATPOS sensor is based, as
mentioned, on the € subunit of a bacterial FoF1 ATP synthase, like the ATeam, and enhanced
by a cysteine point mutation at which a small-molecule fluorophore is conjugated (Kitajima et
al., 2020). It can be linked to the PM of cells via a biotin-streptavidin linkage, thus it can be
added to the cells just prior to the measurements. The ATPOS sensor has a high ATP
selectivity and a high ATP affinity in the range of high nanomolar to several micromolar. The
binding kinetics, association and dissociation, of the ATPOS indicate that the sensor is fast
enough to follow ATP dynamics in the time scale of seconds (Kitajima et al., 2020). To this
end, the sensor might be a nice tool to analyze spatiotemporally restricted ATP signals after T

cell stimulation in future approaches.
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