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Summary

1 Summary

The immune system is optimized to provide protection against pathogens while maintaining immune
tolerance to self-antigens. During the establishment of an immune response, components of the innate
system are essential for the early constraint of the infection and for orchestrating activation, expansion and
differentiation of cells of the adaptive immune system. T cells of the adaptive immune system represent a
stronger mean of defense with increased protection during recall responses. In this regard, the establishment
of the adaptive immune response relies on the activation and programing of naive T cells into effector cells
after proper cognate antigen recognition, which allows the primed T cells to proliferate and differentiate into
cells with a variety of functions needed to fight against the pathogen. Following pathogen clearance, the
majority of effector cells die, leaving behind different memory T cell subsets. These memory cells are
different in their functions and migratory properties, thereby mediating rapid and specific immune responses
upon re-infection. One of the most important mediators of T cell activation is the second messenger Calcium
ion (Ca?"), which control complex and essential effector functions such as proliferation, differentiation,
metabolism, cytokine secretion and cytotoxicity. In this regard, inadequate Ca?* regulation can lead to
various autoimmune, inflammatory and immunodeficiency syndromes.

In the first part of this work, we studied the Ca?* profiles of human T helper subtypes and proposed different
mechanisms that may contribute to their Ca?* differences in phenotypes following store operated Ca?* entry
(SOCE). We also investigated the Ca?* profiles of regulatory T cells and found out that in vivo regulatory T
cells, as the in vitro regulatory T cells, showed the highest Ca?* SOCE peak. Our results indicate that a lower
expression of Orai2 in regulatory T cells than in conventional T cells may contribute to the higher Ca?* peak.
Interestingly, memory T cells polarized into Th17 cells showed the highest expression of ATP2B4 among
the CD4" T helper subtypes, which lead us to investigate the role of PMCAs in fate decisions within the
CD4* T cell compartments.

In the second part of this work, we show how plasma membrane Ca** ATPase isoform 4 (PMCAA4) regulates
the levels of intracellular Ca?* within the CD4* T cell compartment. Modulation of PMCA either by
allosteric inhibition of PMCA4 pump activity through pharmacological inhibition or siRNA-mediated
downregulation increased SOCE in memory but not in naive CD4* T cells. Importantly, downregulation of
PMCA4 in naive CD4* T cells, followed by polyclonal stimulation, decreased the percentage of primed cells
expressing effector markers upon activation indicating a role of PMCA during the effector phase of the T
cell response. Furthermore, we showed for the first time that PMCAA4 is differentially expressed in human
CD4* T cell compartments which resulted in distinct store operated Ca?* entry profiles. Along this line,
PMCA4 was increasingly up-regulated in the order naive, central memory (CM) T cells, effector memory
(EM) and effector memory RA positive (EMRA*) T cells, which corroborated its role in memory fate
decisions during T cell responses. On the other hand, analysis of calcium signals after disturbing
mitochondrial function in naive and memory T cells in both resting and under activation with a polyclonal
stimulus, showed that memory cells rely more on PMCAA4 for controlling the amplitude and dynamic of
SOCE, while naive T cells make preferential use of mitochondrial Ca?* uptake to shape SOCE.



Summary

To unravel the underlying mechanism of regulation of expression of PMCA, in silico analysis of
transcription factors binding to the promoter of the PMCA4 identified Yin Yang 1 (YY1) as a potential
transcription factor. This prediction was further confirmed by chromatin immunoprecipitation (ChiP).
Furthermore, time-dependent protein expression of YY1 and PMCAA4, following activation of naive T cells
together with in vitro polarization into Thl or regulatory T cells specific subtypes, revealed a dual role of
YY1 in PMCA4 expression. In this regard, YY1 may act directly or indirectly as a repressor of PMCA4
during the Ca?*-driven activation with the termination of its repressive activity once the cells are engaged to
the memory lineage, thereby reestablishing the homeostatic Ca?* levels needed for the culmination of
immune response.
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2 Introduction

2.1 CD4* T cell responses and memory formation
2.1.1 Origin and maturation of T lymphocytes

The cells of the immune system are derived from bone marrow-resident hematopoietic stem cells (HSCs)
that give rise to a variety of progenitor populations generating all lineages of cells found in mature blood.
In the bone marrow, HSC develop into a common myeloid progenitor (CMP) or a common lymphoid
progenitor (CLP) (Orkin & Zon, 2008). The CMP gives rise to erythrocytes, platelets, basophils, eosinophils,
monocytes and dendritic cells (DCs) (Akashi et al., 2000), whereas the CLP gives rise to B cells, T cells,
natural Killer cells and some DCs (Kondo et al., 1997). While the maturation of B cells from a CLP occurs
mostly in the marrow and fetal liver before birth, precursors of T lymphocytes leave the fetal liver before
birth and the bone marrow later in life and migrate to the thymus to complete their maturation. The majority
of T cells harboring T cell receptors (TCR) with yd chains arise from fetal liver HSCs, whereas cells
harboring TCR with aff chains from bone marrow-derived HSCs (Mold et al., 2010). Despite their different
anatomical origin, the early events of maturation are similar. Most CLP express the C-C chemokine receptor
type 7 (CCR7) and C-C chemokine receptor type 9 (CCR9), allowing their chemiotaxis from the bone
marrow to the thymus attracted by their CC-chemokine ligand 19 (CCL19), CC-chemokine ligand 21
(CCL21) and CC-chemokine ligand 25 (CCL25). CCL19 and CCL21 are the ligands of CCR7 and are
expressed by stromal cells, whereas CCL25 is the ligand for CCR9 and is expressed by medullary dendritic
and cortical epithelial cells in the thymus (Uehara et al., 2002; Zlotoff et al., 2010). Due to the thymus does
not contain self-renewing progenitors depends on the constant recruitment of precursors. The CLP entering
the thymus differentiate into an early thymic progenitor (ETP) that localizes in the outer cortical region of
the thymus and subcapsular sinus (Figure 1). The ETPs are multipotent cells with the ability to generate all
lineages of lymphocytes. The final commitment to a specific T lineage depends on the transcriptional
program triggers during signaling through several cell surface receptors expressed on ETPs. In these cells,
the cleavage of surface Notch family proteins after interacting with its ligand on surrounding cells, induce
migration of the cleaved intracellular portion of Notch proteins resulting in gene modulation (Dontje et al.,
2006). For instance, Notch proteins collaborate with the transcription factor GATA-3a, Runx1 and E-box
proteins, to commit developing lymphocytes to the T lineage (Carpenter & Bosselut, 2010; Dontje et al.,
2006). These transcription factors induce downstream genes further required for the development of aff T
cells such as components of the pre-TCR and the VVDJ recombination machinery. On the other hand, the
cytokine interleukin-7 (IL-7), (produced by stromal fibroblasts in the bone marrow and by cortical epithelial
cells in the thymus) is required for the proliferation of ETPs (Peschon et al., 1994; Plum et al., 1996), thereby
increasing the number of progenitors of T cells that give rise to antigen-specific T cells after VDJ
recombination. The ETP contains TCR genes in germline configuration, and does not express TCR, CD3, {
chains, CD4 or CD8; therefore, are considered double negative (DN) and pro-T cells (cells in a pro-T cell
stage). During the pro-T cell stage, recombination activating gene 1 and 2 (Ragl and Rag?2) are expressed
and rearrangement at TCR [ locus take places in a step-wise manner through sequential phenotypic stages
from DN1 to DN3 (Carpenter & Bosselut, 2010). This process consists in the assembly of V, D and J gene
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segments to produce rearranged V genes that encode the antigen-receptor variable region (V). Maximal
variability is achieved by adding or removing nucleotides being joined together. In fact, it has been shown
that repertoire of lymphocytes harboring distinct antigen specificity is around 107 or more (Cano R & Lopera
H, 2013). Because of the deletion and untemplated addition of nucleotides during Rag mediated
recombination, the majority of the rearrangements are out-of-frame and fail to produce genes encoding a
functional protein (Carpenter & Bosselut, 2010). If a pro-T cell rearranges successfully its TCR-B chain
gene, then the B chain is expressed on the surface in association with the invariant protein pre-Ta, CD3 and
¢ proteins forming the pre-T cell receptor (pre-TCR). Only developing T cells that synthesize the TCR-
chain protein and assemble a pre-TCR can continue the maturation process, whereas cells that failed undergo
programed cell death (Carpenter & Bosselut, 2010). The assembly of the pre-TCR provides signals for
survival, proliferation, allow 3 chain allelic exclusion and drive the transition from the double-negative to
the double-positive stage of thymocyte development (Carpenter & Bosselut, 2010; von Boehmer & Fehling,
1997). Following pre-TCR formation, the synthesis of a chain starts in CD4*CD8" double-positive (DP)
cells. A second increase in Rag gene expression at the late stage of pre-T cells promotes a gene
recombination, which is characterized for only V to J rearrangement at the o chain locus. Contrary to the B
chain locus, little or absent exclusion allelic has been shown for the a chain locus, making possible the co-
existence of TCR-a receptors with different a chains but a unique B chain. In the double positive stage, the
co-expression of TCR a. chain, CD3 and ( proteins lead to assembly of the complete TCR-af. As results of
rearrangement of the TCR a gene, the TCR 0 locus lying between V segments (common to both o and o
loci) and Ja segments is deleted, which commit the T cells to the af T cell lineage. Next, a process of
negative and positive selection allows preserving useful cells and eliminating potentially harmful ones, as
well as allow to the thymocytes to mature into CD4* or CD8* T cells. In the thymic cortex, DP thymocytes
with randomly generated specificities interact with thymic epithelial cells (TEC) displaying a variety of self-
peptides bound to the major histocompatibility complex (MHC) class | and class 11 (found in most of the
vertebrates) or to the human leukocyte antigen (HLA) complex class | and class Il (in humans). Therefore,
DP T cells that do not find any “self-antigen-MHC-complex” die by apoptosis, whereas T cells that
recognize this complex with intermediate affinity and avidity are rescued from apoptosis (Positive selection)
(Figure 1). In parallel to this process DP cells develop into single positive CD4 or CD8 based on which
MHC molecules (MHC class Il or MHC class | molecules) are recognized by the TCR. Therefore, positive
selection permits the commitment of the DP thymocytes towards a single T cell lineage that is restricted to
MHC. Subsequently, SP cells enter the medulla of the thymus and interact with self-antigens presented by
medullary thymic epithelial (mTEC) cells and DCs. T cells with TCRs recognizing with high affinity or
avidity “self-antigen-MHC-complex” are deleted in a process known as negative selection (a process
essential for central tolerance) (Figure 1) (von Boehmer & Melchers, 2010) or may develop into Regulatory
T (reg T) cells, which harbor receptors with higher avidity for self than conventional MHC Il-restricted cells
(Bautista et al., 2009; Josefowicz & Rudensky, 2009). Thereby, negative selection assuring the destruction
of potentially autoreactive cells while preventing autoimmunity (Anderson & Takahama, 2012). Cells that
survive negative selection become naive T cells that leave the thymus and become effector cells with
specialized phenotypes after proper cognate peptide-MHC (cognate p-MHC) recognition inside the
secondary lymph nodes (SLN).
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Figure 1: Overview of T cell development and maturation.

A subset of hematopoietic stem cells (HSC) in bone marrow initiates the transcription of recombination
activating gene 1 and 2 (RAG1 and RAG2) and develops into common lymphoid progenitors (CLP). A
small subset of the CLP migrates to the thymus via blood vessels to give rise to early thymic progenitors
(ETP). Within the thymic cortex, ETP differentiate into double negative (DN) cells (CD4CD8"). At the
DN2 stage of development, cells express the Rag proteins to start T Cell Receptor (TCR) gene
rearrangement, as well as proteins needed (CD3 chains, kinases and phosphatases) for TCR assembly and
its downstream signaling. At DNAS cells can follow divergent pathways, either they form of8 chains and
give rise to CD4* or CD8* T cells with a af TCR or form yd chains and give rise to Y8 T lymphocytes.
The expression of the B chain at this stage enables the expression of CD4 and CD8 double positive cells
(DP). At this point, the DP cells with TCRs with intermediate affinity and avidity for self-peptides are
selected. The epithelial cells of the thymic cortex (cTEC) present self-peptides in the context of the class
I and class Il HLA molecules. Only 1 to 5% of the DP cells harboring TCRs with intermediate affinity
for self-peptides are programmed to survive, whereas cells that fail to recognize self-peptides-HLA
complex undergo apoptosis. Positive selection also allows HLA restriction, cells that bind to HLA-I
develop into CD4°'CD8" and those that bind to HLA-II develop into CD4*CD8". Afterwards, single
positive (SP) cells entering the medulla of the thymus go through negative selection. SP cells interact with
a range of self-antigens presented by medullary thymic epithelial cells (nTEC) and dendritic cells (DCs)
and those that bind with high avidity or affinity to self-peptides-HLA-I or self-peptides-HLA-II molecules
die by apoptosis, guaranteeing that only non-reactive cells endure. Cells that pass negative selection
mature into naive T cells that leave the thymus and migrate through lymph nodes searching their cognate
antigen to differentiate into effector T cells. Figure taken from (Cano R & Lopera H, 2013).

2.1.2 Activation and differentiation of human naive CD4* T Cells

T cell responses are elicited inside the germinal centers of the lymph nodes (LN). There, the binding of
cognate p-MHC on Antigen Presenting Cells (APC) to the T cell receptor complex on T cells initiates the
signaling cascade that ends with the acquisition of effector functions on T cells. Optimal priming in CD4*
T cells can last 1 to 2 days (Gasper et al., 2014) and requires not only antigen recognition but also cell-to
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cell contact, co-receptors molecules, and cytokine signaling. Interactions between the co-receptors CD4 or
CD8 and invariant parts of the p-MHC complex are needed to stabilize the TCR-agonist p-MHC complex
on APC or target cells respectively, as well as for early signal transduction (Artyomov et al., 2010). On the
other hand, the ligation of TCR and co-receptors is an indispensable step in the signaling cascade
downstream TCR, but not enough to activate naive T cells which require interactions through their
stimulator molecules CD28 with CD80 (B7-1) and CD86 (B7-2) located on activated APC, triggering their
optimal differentiation into effector cells and avoidance of anergy (Beyersdorf et al., 2015). Although some
proteins downstream of the TCR pathway require stimulation through CD28 coreceptors, others are CD28
stimulation-independent, yielding a model in which CD28 co-stimulation amplifies TCR stimulation (Acuto
& Michel, 2003). On the other hand, antigen recognition by T cells in conjunction with CD28 activation
induces the expression of the ligand for CD40 (CD40L) on activated T cells. CD40L is generated rapid and
transiently by activated T cells and interactions CD40L with CD40 on B cells are important for the
differentiation, proliferation, immunoglobulin (lIg) isotype switching and generation of memory B cells
(Elgueta et al., 2009). CD40L also engages CD40 on APC and may stimulate or increase the expression of
B7 molecules on the APC, thereby increasing APC activation and the secretion of cytokines such as
interleukin 12 (IL-12) that activate T cells. The binding of B7 to CD28 lowers the threshold sensitivity to
p:MHC-TCR signalling (Riha & Rudd, 2010). Thus, B7 and CD40L pathways stimulate each other. Solid
evidence has demonstrated that Ca?* is the main messenger molecule inducing CD40L gene transcription.
For instance, dephosphorylation of the nuclear factor of activated T-cells (NFAT) by the Ca?*-dependent
phosphatase calcineurin (CaN), leads to NFAT activation and its nuclear translocation. Next, nuclear NFAT
cooperates with activating protein 1 (AP-1) to mediate CD40L transcriptional regulation (Fuleihan et al.,
1994). In this line, Cyclosporine A (CsA), a potent inhibitor of CaN eliminates CD40L expression on normal
T cells (Fuleihan et al., 1994). The emerging role of CD40L in immunity-associated inflammation implicates
CDA40L as a player in systemic lupus erythematous (SLE) (Desai-Mehta et al., 1996; Katsiari et al., 2002),
rheumatoid arthritis (RA) (Berner et al., 2000; Harigai et al., 1999), in transplantation (Yu et al., 2001) and
even in atherosclerosis (Mach et al., 1998; Schonbeck & Libby, 2001).

T cell activation is usually observed in a time scale of hours to days (Gasper et al., 2014). Lymphocytes
constantly migrate from the blood to secondary lymphoid organs (SLO) and egress from SLO to the blood
one or two times per day during homeostasis in search of cognate antigens (Girard et al., 2012). Post-thymic
naive T cells require IL-7 and self-p-MHC signals for their homeostatic survival. These interactions generate
sub-mitogenic signals that keep the naive T cells alive and in interphase (Boyman et al., 2009; Surh &
Sprent, 2008). Thus, naive T cells hardly divide and their frequency are kept after the onset of thymic atrophy
at puberty (Tough & Sprent, 1994). Naive lymphocytes enter the LN node via high endothelial venules
(HEVs) or afferent lymphatic vessels and egress through cortical sinuses, medullary sinuses and the efferent
lymphatic vessel in the medulla (Girard et al., 2012). The entry of circulating lymphocytes to the LN starts
with the binding of the homing receptor L-selectin (CD62L), constitutively expressed on naive T cells, to
the endothelium of the HEVs (YYang, S et al., 2011). CD62L decelerates lymphocytes by interacting with
ligands expressed on HEVs and subsequently a signaling cascade beginning with triggering of CCR7,
expressed also constitutively in naive T cells, leads to firm arrest and lymphocyte transmigration into the
LN (Warnock et al., 1998). Therefore, the expression of these molecules on lymphocytes guarantees their
binding to the LN. Recent evidence also suggested that naive T cells have to home to SLN in order to
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maintain a stable population size. In this line, a subset of glycoprotein gp381 stromal cells in secondary
lymphoid organs, termed fibroblastic reticular cells, has been reported to be a major source of IL-7 and also
the site of secretion of the CCR7 ligands: CCL19 and CCL21 (Link et al., 2007). Activation of naive T cells
after encountering the cognate p-MHC on the APC in the LN is followed by early and late surface expression
of activation markers such as CD69 (very early), Transferring Receptor (CD71) (late), Interleukin-2 receptor
alpha chain (CD25) (late) and Human Leukocyte Antigen-DR isotype (HLA-DR) (very late) (Reddy et al.,
2004). The molecule CD69 is a type Il membrane glycoprotein, member of the C-type lectin family and it
is the earliest activation marker in T cells. CD69 expression is increased in a time dependent manner within
2-3 hours (Cosulich et al., 1987) reaching a peak around 12 hours (Reddy et al., 2004; Ziegler et al., 1994).
Apart of TCR mediated activation, interferon-alpha/beta (IFN-o/B) and tumor necrosis factor-a. (TNF-a)
have been also shown to increase CD69 expression (Gonzalez-Amaro et al., 2013). The binding of CD69 to
galectin-1 (Gal-1), the most well described ligand of CD69, on DCs negatively modulates the in vitro
differentiation of T helpers-17 (Th17) cells (de la Fuente et al., 2014). Gal-1 also increases 1L-10 secretion
in T cells via activation of the aryl hydrocarbon receptor (AHR) pathway (Cedeno-Laurent et al., 2012).
CD69 regulates the activator of Signal Transducer and activator of Transcription 5 (STATS5) and competition
of STATS with Interleukin-6-dependent binding of STAT3 to IL-17 enhancer sequences inhibited Th17
responses (Martin et al., 2010). In fact, CD69 deletion exacerbated Th1l and Th17 responses after TCR
activation (Yang, XP et al., 2011) and affected the number of Foxp3* reg T in vitro and in vivo in a cell
transfer-induced colitis model (Radulovic et al., 2012). CD69 can also bind to the sphingosine 1-phosphate
receptor type 1 (S1PR1) which induces S1PR1 internalization and degradation resulting in T cell retention
in LNs (Bankovich et al., 2010; Shiow et al., 2006). Interestingly blocking SIP1R1 internalization has been
shown to promote Th17 polarization and exacerbated autoimmune neuroinflammation (Garris et al., 2013).
Other publications have shown a role of CD69 in metabolism such as amino acid uptake by interaction with
amino acid transporter LAT1 though mammalian target of rapamycin complex 1 (mTORc1) activation
(Cibrian et al., 2016).

Almost parallel to CD69 expression, IL-2 is produced within a few hours reaching a peak at 12 hours. TCR
stimulation leads to AP-1 activation, which together with NFAT, join to composite regions in the IL-2
promoter (Muller & Rao, 2010). IL-2 signaling promotes expansion, survival and activation of T
lymphocytes. IL-2-deficient mice develop severe autoimmunity with reduced fraction of regT and very high
effector or conventional T cell fraction (Furtado et al., 2002). Unlike CD8 T cells, both naive and memory
CD4* T cells are resistant to proliferation induced by IL-2 in the absence of TCR activation (Gesbert et al.,
2005). In CD4* T cells, TCR engagement results in downregulation of cyclin dependent kinase inhibitors
(CDKIs) and upregulation of IL-2Ra (CD25) on the plasma membrane, which allows the entry into the cell
cycle and increase the response to IL-2 (Gesbert et al., 2005; Liao et al., 2013). IL-2 signaling during priming
also leads to late upregulation of interleukin-7 receptor a (IL-7ra. or CD127) on the proliferating effectors,
thereby favoring the survival of effector cells that are committed to the memory pool (Dooms et al., 2007).

CD25 is considered to be the most prominent cellular activation marker; its expression increases within 24
hours following TCR stimulation and can last for a few days (Jackson et al., 1990; Reddy et al., 2004). This
activation event guarantees the entry, survival, proliferation and differentiation of T-cells into the LN. The
majority of activated T cells inside the LN rapidly express a new array of selectins in order to migrate to
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nonlymphoid tissues. For instance, selectin ligands on activated T cells bind to CD62P (P-selectin) and
CDG62E (E-selectin) expressed by endothelial cells in order to enter the skin (Bajnok et al., 2017).

The complex process of differentiation to effector cells within the LN is determined by the type of receptor
activated on the APC which in turn depends on the nature of the antigen or threat, the load of antigen, the
strength of interactions p-MHC-TCR, costimulatory signals between the APC and T cells and cytokines
produced by APC and other innate cells during the ongoing infection. The early host-pathogen interactions
result in an infection milieu that provides the proper cytokines to allow T helper differentiation. Cytokine
signals help drive the CD4 lineage commitment by switching on specific transcriptional programs while
maintaining other expressed to low levels. As a consequence of integration of signals coming from TCR
and cytokine receptors, different effector T helper cells (Th1, Th2, Th9, Th17, Th22, Tfh (T follicular helper
cells), iregT (induced regulatory T cells) are generated. The T helper cell subsets can be defined by the
production of a set of specific cytokines and their transcription factor signatures. Briefly, the generation of
different T helper subsets is explained. Intracellular pathogens such as virus bind to Toll like Receptors on
DC to induce IL-12 secretion, which induced the expression of T- bet (master regulator of Thl) and
production of interferon-y (IFN-y) (Biedermann et al., 2004). IL-12 and IFN-y act together to induce T-bet
expression, which results in additional IFN-y amplifying the Th1 response. INF-y stimulates macrophages
to kill infected cells, as well as promotes the production of opsonizing antibodies (Sallusto, 2016; Sher &
Coffman, 1992). On the other hand, extracellular pathogens such as parasites are cleared by Th2 cells. IL-4
promotes Th2 differentiation by activating STAT6 and subsequently GATA Binding Protein 3 (GATA-3)
expression (master regulator of Th2) expression, thereby resulting in IL-4, IL-5 and IL-13 production (Th2
cytokine signature) (Zhang et al., 1997). Th2 cells also stimulate the production of IgE, and recruit
eosinophils and mast cells to fight against extracellular pathogens. Another subtype is the Th17; its main
function is the recruitment of leucocytes such as neutrophils to fight against extracellular bacteria and fungi.
Signaling through STATS3 leads to the expression of the retinoic acid receptor-related orphan nuclear
receptor yt (ROR-y1) (Th17 master regulator) and their key cytokines IL-17A-F, IL-21 and IL-22 (Ivanov
etal., 2006; Yang et al., 2008). Notably, Th17 have been involved in the pathogenesis of several autoimmune
diseases (Infante-Duarte et al., 2000). A new subset, known as Th9, is the main source of IL-22. The
cytokines IL-4 and TFG-B promote Th9 differentiation with a transcriptional program characterized by the
expression of GATA-3, IRF-4 and PU.1 (Anuradha et al., 2013; Staudt et al., 2010). This subset, as the Th2,
is generated against extracellular pathogens (Anuradha et al., 2013). One of the most recently discovered
subtypes is the Th22, involved in wound repair and maintenance of tissue homeostasis (Eyerich et al., 2009).
Th22 cells produce 1L22 but not I1L-17, which makes them functional different to Th17 cells. The cytokines
IL-6 and TNF-a are required for Th22 differentiation (Duhen et al., 2009), as well as the AHR (Trifari et
al., 2009). So far, its master regulator remains unknown.

Within the germinal center in the follicles localize with B cells a subset known as Tfh. They originate not
only from naive CD4* T cells upon stimulation with IL-21 and IL-12, but also from activated T cell subtypes
without terminal lineage commitment. The high expression of surface molecule CXCR5 on these cells
facilitate their migration into the B cell follicles where they establish contacts with B cells (Forster et al.,
1996). The generation of these cells rely on the engagement of ICOS in T cells with ICOSL in B cells within
the germinal centers. These cells express the B cell lymphoma-6 (BCL-6) (Choi et al., 2013) as its main
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transcriptional factor and the main cytokine that they produce is IL-21 (Bryant et al., 2007), which is
required for the development of the germinal centers and the generation of plasma B cells (Ozaki et al.,
2004).

Importantly, the balance between inflammation and tolerance is maintained by a subset of T cells with
suppressive properties known as regulatory T cells (Sakaguchi et al., 1995). These cells are divided in natural
regulatory T cells (nregT) and inducible regulatory T cells (iregT). The nregT develop in the thymus upon
recognition of self-antigens and its master regulator is the transcription factor forkhead FoxP3 (Fontenot et
al., 2003), whereas the iregT generate from naive CD4" T cells upon particular conditions of antigen
stimulation and cytokine milieu, FoxP3 expression is inducible in this cells. The iregT can be further divided
in Trl (Groux et al., 1997) and Th3 (Doetze et al., 2000) regulatory T cells depending on whether they
produce IL-10 or Transforming Growth Factor-B (TGF-p) respectively.

While it was believed that the T cell response was characterized by terminal differentiation of the T helper
subtypes, it has been shown that most of the subsets show plasticity when influenced by cytokines within
their microenvironment, mainly upon inflammatory conditions. In this line, upon inflammatory conditions
Th17 cell producing INF-y (Th17/Thl) (Bending et al., 2009), Th17 producing IL-10 and regT cells
producing Th17-like cells (in the presence of IL-2 and IL1-B) (Deknuydt et al., 2009) or IL-6 and TGF-p
(Zhou et al., 2008) have been found. The subtypes Thl and Th2 are considered less flexible, due to mutual
exclusion of Thl and Th2 master regulators. Nevertheless, some studies have shown Th2 lineage flexibility.
Upon viral infections Th2 cells were able to produce both IL-4 and INF-y (Hegazy et al., 2010). Also they
are able to adopt a Tfh phenotype by stimulation with IL-21 (Glatman Zaretsky et al., 2009). In addition,
Tth showed the higher plasticity giving rise to Th1l and Th2 cells (Reinhardt et al., 2009).

After primary antigen encounter some subsets of T helper cells have the capacity to survive into memory
cells and mount recall responses with stronger potential to fight the pathogen upon subsequent antigen
exposure (Oestreich & Weinmann, 2012; Pepper & Jenkins, 2011). Although some general concepts about
how memory CD4* is generated are widely accepted, different theories have been proposed in order to
explain the variety of memory subtypes with different functions and lineage plasticity. The following section
addresses fundamental aspects of CD4" memory formation.

2.1.3 CD4* immunological memory formation

2.1.3.1 Factors determining memory formation

The kinetic of T cell response has been reviewed elsewhere (Ahmed & Gray, 1996; Kaech et al., 2002). The
integration of TCR signals, stimulatory molecules and cytokine local milieu determine the effector subset
and the progeny of memory T cells that remain stable for years in given individual. The traditional memory
paradigm relies on a lineal model of memory generation that proposed that the clearance of the pathogen is
followed by a contraction phase where more of expanded T helpers die and only a few, approximately 5%,
persist as a quiescent memory population for extended periods of time. The duration of the CD4 T cell
contraction phase may occur over 1-2 weeks (Pepper & Jenkins, 2011) or up to 4 weeks (Whitmire et al.,
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2009). During this process most of the expanded cells (90-95%) are programmed to die, thereby resulting
in the cessation of the effector functions (Ahmed & Gray, 1996; Pepper & Jenkins, 2011). The magnitude
of the contraction phase is determined by the ratio of pro-apoptotic and apoptotic signals that dictate the
final fate of the effector population. One of the most important cytokines driving memory formations is IL-
2, required for naive T cells during early and late effector phases to efficiently generate memory T cells.
Different roles of IL-2 on memory generation have been demonstrated. First, IL-2 induces upregulation of
CD127 and its permanent expression, allowing a subset of effector T cells to compete for IL-7, necessary
for long term memory survival (McKinstry et al., 2014). Second, IL-2 increases the expression of B cell
lymphoma 2 (Bcl-2), an anti-apoptotic protein and decrease the expression of Bim (pro-apoptotic molecule).
The ratio Bcl-2/Bim determines which effector cells are programed to die or survive during the memory
checkpoint (Marrack & Kappler, 2004; McKinstry et al., 2014). Third, IL-2 reduces the expression of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), favoring survival of effectors and memory
generation (Li et al., 2007; McKinstry et al., 2014). On the other hand, it has been proposed that interactions
CD70 on APC with CD27 in effector T cells during the late effector phase improved memory generation
mainly by enhanced IL-2 production (McKinstry et al., 2014). Therefore, not only p-MHC-TCR interactions
but also signals through co-stimulatory molecules favor IL-2 production and therefore the fitness of some
effector cells and memory generation. Following encounter with the same antigen, memory T cells go
through a second expansion phase that is much faster than the primary expansion and followed by a
contraction phase. Again, when the threat is eliminated, most of the cells die, leaving this time secondary
effector memory T cells with enhanced functionality (Fuse et al., 2008; Razvi et al., 1995). Memory T cells
are able to respond faster and more efficiently upon secondary exposure to previously encountered microbial
pathogens because they have a lower activation threshold and are less co-stimulation dependent (MacLeod
etal., 2010). Contrary to naive T cells, which form CD40L de novo, memory T cells store preformed CD40L
(Koguchi et al., 2012), allowing its rapid mobilization upon T cell activation. Furthermore, their frequencies
are considerably higher than those of naive T cells (Blattman et al., 2002; Farber et al., 2014), which
increases both the probability of cognate antigen encounter and the number of effector cells (MacLeod et
al., 2009). Importantly, loss of repressive chromatin modifications in memory T cells (Hashimoto et al.,
2013; Komori et al., 2015; Nakayama & Yamashita, 2009), together with increased messenger ribonucleic
acid (mRNA) stability (Jeltsch & Heissmeyer, 2016) and more efficient translation of cytokine mRNAs
(Swanson et al., 2002), contribute to their robust and faster response. Unlike naive T cells, which circulate
between secondary lymphatic tissues and blood, memory T cells circulate between lymphatic, blood, and
peripheral tissues (Mora & von Andrian, 2006).

Multiple studies have demonstrated that TCR signaling strength influences memory CD4 formation. TCR
signaling strength depends on the affinity of the TCR heterodimer for antigenic p-MHC molecules, the
concentration of antigen and co-stimulatory molecules (determine TCR signal amplification) and the
duration of the TCR-pMHC interaction (determine signaling duration). Along this line, it has been
demonstrated that high avidity clones gain a survival advantage over clones with low avidity (Lanzavecchia
& Sallusto, 2002; Malherbe et al., 2004). However, studies by Williams et al, using a model of Lymphocytic
Choriomeningitis virus (LCMV)-specific CD4" T cell clones with different avidity for p-MHCII, showed
that the memory pool was favored mainly by prolonged interaction of TCR-p-MHCII interactions, with
avidity having no significant role on memory formation (Williams et al., 2008). On the other hand, in in
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vivo models some but not all CD4* T cell clones present in the memory pool showed a notable primary
response. In this study, Thl cells harboring TCRs recognizing two closely related Listeria monocytogenes
peptides were compared: one mounted a robust primary effector response but weaker secondary response,
while the other responded meagerly during the primary challenge but more robustly during the secondary
challenge (Weber et al., 2012). Furthermore, the precursor frequency of antigen-specific cells also
determines the overall activation and fate of the precursor pool (Chu et al., 2010; Jenkins & Moon, 2012).
For CD4* T cells was observed that high precursor frequency can adversely impact memory formation,
which was correlated with a decrease in the interactions p-MHC on DC and precursors CD4* T cells (Celli
et al., 2007).

Due to the differences observed in different experimental conditions, the paradigm of memory generation
explained by only a linear generation model has been questioned and numerous models of CD4 memory
formation have been proposed with the aim to unravel this diversity.

2.1.3.2 Models of CD4* T cell memory generation and CD4* T cell memory subsets

The linear model for memory formation (naive to effector to memory) is widely accepted. Nevertheless,
multiple studies have shown the existence of different CD4* effector lineages with distinct tissue-trafficking
specificities, effector responses, proliferative potential and plasticity among them, making this a complex
and heterogeneous pool. While it is clear that effector T cells derived from naive T cells, how these effector
T cells give rise to the heterogeneous population of memory T cells is still a controversial field with some
studies supporting that effector T cells give rise to memory cells (Ahmed & Gray, 1996; Lanzavecchia &
Sallusto, 2002), while others consider that an effector response is not needed for memory generation
(Arsenio et al., 2014; Chang et al., 2007). Based on accumulative experimental data, different models of
memory generation have been proposed in order to account for the differences observed. These models take
into account intrinsic and extrinsic factors such as the strength of the TCR stimulation and the cytokine
milieu, analysis of epigenetic modifications, transcriptome profile of isolated memory T cell subsets, as well
as the analysis of phenotypic and functional characteristics the in vitro generated or isolated memory subsets.

On the other hand, some unlikely possibilities such as the idea that short-lived effector and long-lived
memory cells derive from different naive T cell clones have been experimentally disproven by single cell
adoptive transfer or barcoding approaches (Gerlach et al., 2013; Tubo et al., 2013). The Linear model (Figure
2a) assume that naive T cells are activated by their cognate antigen and transiently become effectors. These
effector T cells transiently express a large number of genes, which makes their phenotype hard to predict,
but it is known that activation markers such as CD38 and HLA-DR (Odumade et al., 2012), CD69 and CD25
are overexpressed (Reddy et al., 2004) and sometimes co-expression of CD45RA and CD45R0 have been
detected at high levels (Mahnke et al., 2013). In the contraction phase most of the effectors die and some
activated T cells will persist into any of numerous memory subsets generated through successive
development from naive T cells (Ahmed & Gray, 1996; Kaech et al., 2002). Memory T cells have been
proposed to be generated in the order Central Memory (CM) T cells, Effector Memory (EM) T cells and
Effector Memory CD45 Revertants, named Terminal Effector (TE) T cells or sometimes Effector Memory
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RA positive (EMRA) T cells (Durek et al., 2016; Kaech et al., 2002; Sallusto & Lanzavecchia, 2001),
however this is still a subject of controversy because conversion of EM to CM has also been proposed
(Moulton et al., 2006). The EMRA T cells are likely formed with repeated re-stimulation of memory T cells
(Macallan et al., 2017). Another model known as the Bifurcate, Disparate or Asymetric model (Figure 2b)
suggests that the fate decision is made very early in the immune response, with the first asymmetric cell
division. After antigen recognition, a T cell divide into two daughter cells, the distal daughter cell turn into
CM T cells, whereas the proximal daughter cell turn into EM and effector T cells, the latter undergoing
apoptosis during antigen withdrawal (Arsenio et al., 2014; Chang et al., 2007). In this model memory cells
are generated independently of effector cells. A third model, in which TCR signaling strength dictate the
fate of the memory subsets generated was also proposed. This model suggest that strong antigenic or long
p-MHC interaction favor EM over CM generation (Lanzavecchia & Sallusto, 2002). This model is based on
experimental data supporting that naive CD4* T cells primed with weak antigen proliferate but they do not
develop effector functions, but they can migrate to LN, proliferate and differentiate in response to the antigen
in in vivo transfer experiments. On the other hand, naive T cells primed with strong antigen produced Thl
and Th2 cytokines, migrated to secondary tissue but not LN (lezzi et al., 2001). In this model, if the cells do
not establish a durable interaction p-MCH-TCR early during T cell priming die by neglect, whereas strong
interactions p-MHC-TCR due to a high ratio APC/T cells lead to T cell deletion by activation induced cell
death (AICD), as seen in a system where interaction APC/T cell have been evaluated (Stoll et al., 2002)
(Figure 2c). In a fourth model, known as simultaneous model integrates aspects of the previous models. This
model is based on data on memory generation from Thl and Tfh subsets. The model proposed that the
duration of TCR signaling strength accompanied by the cytokine microenvironment (IL-2, 1L-12, and IL-
21), as well as interactions between T cells and B cells within the follicles determine the fate of the memory
subset generated (Figure 2d). Upon this condition, during the primary response naive T cells can give rise
to Thl or Tfh cells depending on the TCR strength and the polarizing milieu. For instance, increased TCR
signaling strength under exposure to varying concentrations of 1L-12 generates cells with intermediate to
high expression of T-bet and Blim-1, which the latter inhibiting BCL-6 expression. A higher ratio T-
bet/BCL-6 favor the generation of short live Th1 effector cells with high expression of T-bet (Th1SLECSs)
and Th1l memory precursor cells with intermediate levels of T-bet (Th1MPC), the latter subset can give rise
to EM or CM cells upon recall responses (Gasper et al., 2014). Indeed Th1 cells with EM and CM phenotype
has been found (Pepper et al., 2010). Alternatively, weaker TCR signaling strength upon IL-2 limiting
conditions, exposure to 1I-21 and interaction with B cells (through 1COS signaling) induce a population of
Tth-like cells with high plasticity and the potential to give rise to EM, CM and Tth memory T cells, which
may generate Thl cells or other T helper subsets upon recall responses (Figure 2d). On the other hand,
evidence that other T helper subsets enter the memory pool is less abundant. In vitro polarization of CD4*-
purified OT-II cells into Th2 showed that two pools of cells CD62L* and CD62L"are generated, representing
CM and EM respectively (Mackenzie et al., 2014). Furthermore, in vitro polarized Th2 cells from naive
TCR-transgenic cells survived long time following transfer into nonlymphophenic naive recipients (Lohning
et al., 2008). On the other hand, recently Vesely and colleagues showed evidences that Th17 cells are also
able to enter the memory pool. From their experiments, Th17 cells produced after immunization with heat-
killed Klebsiella gave rise to lung CD4* resident memory T cells, which were maintained in the lung by IL-
7 producing lymphatic endothelial cells (Amezcua Vesely et al., 2019). Other model known as self-renewing
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effector model has also been proposed. In this model, naive T cells give rise to either CM or effector T cells
with self-renewing potential. These cells can migrate to lymphoid tissues, where they proliferate and develop
into EM T cells with the ability to migrate to sites of infection. In this model, TE or EMRA T cells are
proposed to derive from EM T cells (Ahmed et al., 2009). Last but not least, a new subset of T memory stem
cells (TSCM) has been identified in CD8" and CD4* T cell compartments (Gattinoni et al., 2017). These
cells express naive markers such as CD45RA, CCR7, CD62L and IL-7Ra, but unlike naive cells, they
express CD95, interleukin-2 receptor B (IL-2RpB), chemokine C-X-C motif receptor 3 (CXCR3) and higher
levels of lymphocyte function-associated antigen-1 (Gattinoni et al., 2011). Furthermore, mouse CD8*
TSCM can produce CM and EM-like cells and have shown the highest reconstitution and antitumor capacity
in adoptive transfer experiments (Gattinoni et al., 2011; Zhang, Y et al., 2005). Although human CD8"
TSCM have been generated in vitro from naive precursors through activation of the WNT-B-catenin
signaling pathway or using inhibitors of glycogen synthase kinase-3f3, experiments with CD4* TSCM are
still lacking. Therefore, how these cells emerge during the immune response and their contribution to
memory CD4 T cell formation are questions that remain to be addressed.

Although the exact mechanism of memory generation is not fully understood, the phenotypic characteristics
and functional properties of this heterogeneous pool have been extensively studied. It is well known that
EM T cells express low levels of CD62L and do not express CCR7, while CM T cells express CCR7 and
CD62L and undergo homeostatic proliferation in lymphoid tissues. While naive T cells migrate to the
secondary lymphoid tissues, effector T cells migrate to peripheral tissues that are susceptible to pathogen
attack. Generally, peripheral effector and EM T cells are post-mitotic cells with markers of terminal
differentiation, lack of proliferative capacity and are unable to migrate back to secondary lymphoid tissues
(Ahmed et al., 2009). Although CM T cells that remain in SLO resemble more naive T cells regarding their
trafficking, proliferative potential and decreased effector functions, their gene expression pattern of effector
molecules is not consistently similar to that of naive T cells. In this regard, CM T cells unlike EM cells
produce to a lesser degree IL-4 and IFN-y but more IL-2 and show enhanced proliferative capacity
(Reinhardt et al., 2001; Wang et al., 2012). Thus, CM T cells upon subsequent encounter with cognate
antigens in lymphatic tissues generate more rapidly a large pool of antigen-specific effector T cells, thereby
allowing a faster and stronger immune response (Bradley et al., 1993). Furthermore, CD4* CM T cells confer
more powerful B cell help, which leads to faster B cell proliferation, class switching, as well as increased
antibody production (Fazilleau et al., 2007; Hale & Ahmed, 2015) .In agreement with the idea of TE cells
arising from EM cells, IL-15 has been shown to expand a subset of CD45RA re-expressing EM cells known
as TE (Lugli et al., 2010). CD45RA*CCR7~ TE cells are generally found in the CD8* compartment (Sallusto
etal., 1999), remain CCR7-CD62L", are often negative for CD27 and CD28 and own the shortest telomeres
among T cells (Romero et al., 2007). TE cells express markers of senescence, including KLRG-1, CD57
(Brenchley et al., 2003; Henson & Akbar, 2009) and they show phosphorylation of histone H2AX (Di Mitri
et al., 2011) and low proliferative and functional capacity (Geginat et al., 2003), indicating terminal
differentiation.
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Figure 2: Models of memory CD4* generation.

(a) Linear differentiation model. In this model priming of naive T cells with Antigen-bearing Antigen-
Presenting Cells (Ag-bearing APC) give rise to effector T cells that proliferate and eradicate the pathogen.
Upon Ag withdrawal 95% of the effector cells die leaving behind a small number of memory T cell subsets,
that can be further divide in Effector Memory (EM) T cells and Central Memory (CM) T cells. It has been
proposed that memory generation occurs sequentially from CM to EM, but also from EM to CM. (b)
Bifurcate model of memory generation. In this model, T cell memory diversity is preceded by asymmetric
generation of naive T cells. During this process two cells are generated, with the proximal cell to the immune
synapse giving rise to effector populations (Effector and EM T cells), whereas the distal cells give rise to
CM T cells. (c) Progressive differentiation model. The duration and intensity of antigenic stimulation
(represented by the thickness and length of the solid arrows) determine the fate of the memory population.
The role of homeostatic cytokines in T cell differentiation is indicated by the dotted lines. AICD: activation-
induced cell death. (d) Simultaneous model. This model proposed that strong TCR signaling along with
varying IL-2 and IL-12 signaling induce high T-bet expression and Thl differentiation. Continued
interactions p-MHC-TCR and high IL-2 and IL-12 concentrations lead to terminal Thl effector cell
differentiation (TE-Th1Thet"e") or Th1 memory precursors (MPEC-Th1 Thet™). The latter gives rise to
both primary effector memory and primary central memory Thl. T helper follicular (Tfh) cell differentiation
occurs upon sustained interaction of naive T cells with B cells, which induce upregulation of BCL-6 that
repress T-bet expression, favoring Tth cell differentiation or CM T cell generation. After Ag withdrawal,
cells undergo contraction and survival terminal Th1 or terminal Tfh retain lineage commitment and generate
secondary Thl or Tth memory T cells respectively; whereas Th1 CM T cells and CM T cells generated
from BCL6"9" memory precursors are more flexible and generate different T helper subsets upon recall
responses.
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2.2 T cell metabolism as a regulator of activation and memory formation

Effector differentiation from naive CD4* T cells entails dramatic reprograming of T cell metabolism to
fulfill the demands of increased biosynthesis and energy utilization needed for proliferation and
differentiation. During the contraction phase, survival CD4" T cells go through crucial points to develop
into competent memory cells with long lasting time life and with capability to recover their proliferative and
functional capacity upon antigen re-encounter. During this transition effector T cells shift from an active
and greatly proliferative state to a resting and vigilant memory state (Pearce et al., 2013). This is
accomplished through metabolic and epigenetic alterations occurring during differentiation of naive CD4*
T cells, which are metabolically quiescent and have low rates of nutrient uptake, glycolysis and biosynthesis.
Naive T cells use the glucose-derived pyruvate along with fatty acid and amino acid oxidation via TCA
cycle in order to generate reducing equivalent to produce adenosine triphosphate (ATP) via oxidative
phosphorylation (OXPHOS) inside the mitochondria (Maclver et al., 2013). Once the cells get activated,
aerobic glycolysis and lipid biosynthesis rather than oxidation is increased. The switch to aerobic glycolysis,
even in the presence of oxygen, is a characteristic not only of lymphocytes but also of highly proliferative
cells such as cancer cells (Koppenol et al., 2011) which obtain the glycolytic intermediates for cell growth
and division thought the conversion of pyruvate to lactic acid to prioritize efficient and rapid biosynthesis
over efficient energy/ATP production (Maclver et al., 2013). In this line, depriving activated T cells from
glucose impairs TCR induced proliferation and T cell mediated immunity (Gerriets et al., 2015). At the end
of an immune response, the pool of remaining memory T cells has to return to lipid oxidation to generate
efficient energy.

Naive T cells maintain their basal energy requirements through cell-extrinsic signals. Both, the IL-7R and
TCR, are important for this process. IL-7 is a pro-survival factor for early thymocytes, resting peripheral
naive and memory T cells. In fact, defects in this pathway can induce severe combined immunodeficiency
in mice and humans (Tan et al., 2001). For instance, IL-7 is important for phosphorylation of STATS, as
well as regulates glucose uptake through the activation of the PI3K/Akt/mTOR exe (Pallard et al., 1999;
Wofford et al., 2008). IL-7 signaling is also important for the expression of the anti-apoptotic protein BCI-
2 (Maraskovsky et al., 1997). After T cell activation, metabolism requirements increase to fulfill the
biosynthesis of different cellular constituents such as proteins, lipid membranes and nucleic acids. One of
the most important transcriptional regulators upon TCR activation is the myelocytomatosis oncogene
transcription factor c-Myc. In T cells, c-Myc is rapidly induced in response to p-MHC-TCR signals and its
expression is kept by costimulatory receptors and cytokines such as IL-2 throughout the proliferative
response (Lindsten et al., 1988; Preston et al., 2015). Besides, high c-Myc expression is only maintained in
proliferating T cells with high rate of aminoacid uptake, and when protein synthesis or aminoacid uptake
are limited C-Myc expression declines rapidly (Preston et al., 2015). Some of the different processes
regulated by c-Myc in activated T cells are glutamine and glucose metabolism, as well as mitochondrial
biogenesis. Particularly, c-Myc can induce the expression of all glycolytic genes, including the glucose
transporter type 1 (Glutl), lactate dehydrogenase A (LDHA), hexokinase 2 (HK2), pyruvate kinase muscle
isozyme M2 (PKM2) (Dang et al., 2009), glutaminase and the glutamine transporters SLC3a2, SLC5A1 and
SLC7AL (Gao et al., 2009; Wise et al., 2008). The transcription factor c-Myc also promotes T cell growth
and entry into the cell cycle (Lindsten et al., 1988; Wang et al., 2011). In this regard, acute genetic deletion
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of c-Myc prevented the expression of glutaminolytic and glycolytic genes in stimulated T cells, which
resulted in a lack of proliferation of c-Myc-defficient T cells. Also, c-Myc is crucial for T cells to generate
a-ketoglutarate via glutaminolyisis upregulation (Wang et al., 2011), which may be important not only in
aerobic glycolysis to feed the TCA cycle but also to allow the citrate, generated through glycolysis, to exit
the mitochondria to be employ in biosynthesis of lipids. Furthemore, a-ketoglutarate is a precursor for
polyamine synthesis, with the latter having an important role in DNA synthesis (Wang et al., 2011).

Another important metabolic trigger is the signaling through CD28, which enhances glycolysis through the
activation of PI3K/ Akt/ mTOR exe, promoting effector differentiation and clonal expansion (Frauwirth et
al., 2002). Akt not only promotes Glutl cell surface expression but also increases glycolytic rate through
direct phosphorylation of glycolytic enzymes. For instance, HK2 activity is increased by Akt- dependent
phosphorylation (Miyamoto et al., 2008). Besides, Akt-dependent activation of mTORCL1 further stimulates
aerobic glycolysis, as well as integrate pathways to enhance cell growth through lipid synthesis (Chi, 2012).
This is coordinated with an Akt/mTORC1-dependent decrease in expression of the enzyme Carnitine
palmitoyl transferase | (CPT1), a rate-limiting factor in long-chain fatty acid oxidation. Reduced CPT1
activity affects fatty acid oxidation, thereby preserving them for cell growth rather than energy generation
(Porstmann et al., 2008). The mTORC1 complex have been target using the immunosuppressant rapamycin,
which prevents glycolysis upregulation on activated T cells and inhibits T cell proliferation inducing anergy
(Powell & Delgoffe, 2010).

Despite the glycolytic nature of T cell activation, activated T cells also upregulate OXPHQOS. Chang et al
showed that the extracellular acidification rate (ECAR), an indicator of aerobic glycolysis, and the oxygen
consumption rate (OCR), an indicator of OXPHOS, of in-vitro and in-vivo activated T cells are higher than
in naive T cells, indicating that activated T cells use both aerobic glycolysis and OXPHOS. Besides
inhibition of ATP synthase with olygomycin impaired the proliferation and activation of T cells and
activated cells cultured in the presence of galactose to enforce respiration were able to proliferate albeit to
a lesser extension as in the presence of glucose. When these cells were culture in the presence of galactose
plus olygomicin did not proliferate and die, suggesting an important role of OPXHOS. The author showed
that aerobic glycolysis is important for effector functions such as INF-y production by T cells (Chang et al.,
2013; Sena et al., 2013).

Furthermore, mitochondrial Reactive Oxygen Species (ROS) can augment NFAT activity needed for IL-2
production, as well as one carbon metabolism to support purine and thymidine synthesis (Sena et al., 2013),
which highlights the importance of ROS for T cell activation. Hence, effector T cells that have diminished
cell size, make less use of aerobic glycolysis, show reduced Akt or mTOR activity and a lesser mitochondrial
membrane potential are more metabolically fit to mature into a long-lived memory T cell with CM cell
features (Crompton et al., 2015; Pearce et al., 2009). Besides, studies using mice have shown that memory
T cell formation relies on the transition from a highly anabolic state in effector cells to a more quiescent and
catabolic state in memory cells; in which the shift from glycolysis to OXPHOS is essential (van der Windt
& Pearce, 2012) (Pearce et al., 2009). Memory T cells have distinct mitochondrial morphology from effector
T cells, for instance CM cells and 1L-15 derived memory T cells have tighter cristae formation (Buck et al.,
2016), which has been linked to more efficient OXPHOS (Cogliati et al., 2016). Likewise, memory T cells

exhibit more fused mitochondria networks than effector T cells, with the latter showing more isolated or
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punctate mitochondria (Buck et al., 2016). In this line, T cells lacking the optic atrophy 1 protein, an inner
mitochondrial membrane protein, had defective memory T cell development due to loose cristae. Besides,
mitochondrial remodeling of cultured T cells induced more fused mitochondria and subsequently T cells
with memory-like characteristics and anti-tumour functions as seen after their adoptive transfer in vivo.
Further supporting this concept, loss of methylation controlled j protein, a negative regulator of
mitochondrial respiratory chain efficiency, results in augmented mitochondrial metabolism in effector T
cells, increased cell survival during the contraction phase and subsequent improved T cell antiviral
protective immunity (Champagne et al., 2016). Although, memory T cells use mostly mitochondrial
metabolism, as seen by the preferential use of OXPHOS over aerobic glycolysis, a study showed that CM
cells from CD8" T cells may be more reliant on mitochondrial OXPHOS than EM cells (Ecker et al., 2018;
Phan et al., 2016).In addition, increasing aerobic glycolysis in mice affected the generation of CM T but
enhanced EM T cell formation (Sukumar et al., 2013), indicating that the ratio OXPHOS/ glycolysis may
impact and even control subset differentiation.

The above evidences show that metabolic reprograming of naive T cells following antigen encounter is
indispensable for proliferation, effector functions and memory fate commitment.

2.3 TCR signaling and downstream pathways

The TCR is a heterodimer composed for af3 or y6 chains and is the central receptor required for T cell
activation (Abraham & Weiss, 2004). These heterodimers are associated with a CD3 signaling hexamer
formed by one homodimer of ¢-chains (CD3(() and two heterodimers formed by € and y or & chains (CD3gy
or CD3¢d). The CD3 chains contain cytosolic immunoreceptor tyrosine-based activation motifs (ITAMs)
that allow TCR signal transduction inside the cell. Upon TCR activation, tyrosine kinases (PTKs) of the Src
family, in particular Lck and Fyn (associated to CD4/CD8 co-receptors or the TCR), phosphorylate the
tyrosine residues in the ITAMs. Tyrosine phosphorylation of CD3( chain provides the binding site for (-
chain-associated protein kinase of 70 kDa (ZAP-70) via its SH2 domain. Subsequently ZAP70 becomes
activated by Lck or Fyn-dependent phosphorylation of its tyrosine residues (Zhang et al., 1998). One of the
most relevant ZAP-70 targets is the transmembrane adapter protein linker for the activation of T cells (LAT),
which acts as docking sites for effector enzymes containing SH2 domains such as phospholipase Cy (PLC-
v). LAT has nine tyrosine residues which becomes rapidly phosphorylated upon TCR engagement.
Phosphorylated tyrosine residues serve as binding sites for proteins such as PLC-y1, the p85 subunit of
phosphoinositide 3-kinase (PI13K) and the adapter proteins: growth factor receptor-bound protein 2 (GRB2)
and GRB2-related adapter downstream of Shc (Gads). Other important protein involved in TCR signaling
is SLP-76, which is recruited to activated LAT via their binding partner Gads. In this line, some elegant
studies have shown that cells lacking LAT or SLP-76 fail to transduce TCR signals, which resembles the
phenotype of Syk/ZAP-70 or Lck/Fyn double-deficient T cells (Koretzky et al., 2006; Liu et al., 1999).

TCR activation leads to the activation of PI3K signaling pathway, which is important for T cell activation
and combine numerous receptor pathways. In naive T lymphocytes, low levels of phosphatidylinositol
(3,4,5)-trisphosphate (PtdIns (3,4,5)P3 or PIP3) are maintained by IL-7 signaling, which are increased in
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response to TCR triggering. PI3K is the enzyme in charge of phosphorylates phosphatidylinositol-4,5-
bisphosphate (PtdIns-4,5-P2 or PIP2) to form PIP3. PIP3 produced upon TCR clustering binds to PH
domains in TEC family kinases (Itk and Btk, GEFs for Rho family GTPases) to promote activation of PLC-
v and subsequent hydrolysis of PIP2, which results in release of soluble inositol 1,4,5-trisphosphate or
inositol trisphosphate (InsP3 or IP3) to initiate Ca?" mobilization and accumulation of dialcylglycerol
(DAG) in the plasma membrane, with the latter activating protein kinase C (PKC) isoforms to the inner
membrane of the cell. On the other hand, PIP3 not only binds to the TEC family kinases but also to the
kinases PDK1 and AKT (also known as PKB) (Hemmings & Restuccia, 2012). PDK1-mediated
phosphorylation of Akt, in its catalytic domain, activates the enzyme. Activated AKT migrates to the
nucleus, where it phosphorylates FOXO transcription factors, thereby promoting their nuclear exclusion and
inhibition (Hay, 2011; Ouyang & Li, 2011). FOXO proteins regulate the expression of the zinc-finger
transcription factor KLF2, required for T cells to control the expression of chemokine receptors and adhesion
molecules important for traffic to secondary lymphoid tissues (Hedrick, 2009; Lorenz, 2009). AKT can also
activates mTORCL1 via a Rheb-GTPase proteins (Huang & Manning, 2009). The mTORCL exe integrates
antigen, cytokine receptors and nutrients signals to orchestrate T cell differentiation (Powell & Delgoffe,
2010). In this line, mMTORC1 regulates important genes encoding cytolytic molecules, effector cytokines, as
well as chemokine and adhesion receptors (Sinclair et al., 2008). Some phosphatases, such as PTEN and
SHIP dephosphorylate PIP3 and therefore are considered negative regulators of the PI3K pathway (Harris
et al., 2008).

InsP3 binds to the InsP3 receptor (InsP3R) in the membrane of the endoplasmic reticulum (ER) to initiate
release of Ca?* from ER (main Ca?* store). The decrease in ER Ca?* stores activates store-operated calcium
release-activated Ca?* (CRAC) channels in the plasma membrane (Lewis, 2001; Parekh & Penner, 1997)
increasing the [Ca?]i for a period of minutes to hours (potentially days). As a consequence of Ca?* influx,
several Ca%*-dependent proteins and pathways are activated, such as the serine/threonine phosphatase CaN
and its downstream target transcription factor NFAT, Ca?*-CaM dependent protein kinase (CaMK) and its
target cyclic AMP-responsive element-binding protein (CREB), myocyte enhancer factor 2 (MEF2) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB). Calcineurin-NFAT is one of best
characterized signaling pathways. Increases in [Ca?*]i result in binding of Ca?*-Calmodulin (Ca?*-CaM) to
CaN and triggering of its phosphatase activity (Crabtree & Olson, 2002). CaN in turn dephosphorylates
NFAT proteins unmasking their nuclear localization sequence (NLS), followed for a rapid translocation of
NFAT proteins into the nucleus. Furthermore, CaN masks NFAT nuclear export signals (NES) and
maintains NFAT in its dephosphorylated form, thereby guaranteeing nuclear retention of NFAT (Crabtree
& Olson, 2002; Macian et al., 2001). Regulation of gene expression by NFAT is highly dependent on
maintained Ca?" influx and CaN activity. In conditions where [Ca?*]i levels decrease or after incubation of
T cells with CsA (a potent CaN inhibitor), rapid rephosphorylation of NFAT is observed. Protein kinases
such as PKA and GSK3 rephosphorylate NFAT and expose its NES, which triggers its immediate nuclear
export. On the other hand, some cytosolic kinases keep NFAT from moving to the nucleus by either masking
the interaction sites of NFAT with CaN or by disrupting the NLS (Beals et al., 1997; Katzav, 2004).

On the other hand, PLC-y-mediated hydrolysis of PIP, produces DAG which binds with high affinity to the
Ras/Rap guanyl-releasing protein (GRP) family of guaninenucleotide exchange factors (GEFs), to protein
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kinase C (PKC) and protein kinase D (PKD). PKC signaling is essential for efficient TCR-induced cytokine
production and PKC-mediated phosphorylation of RapGEF2 essential for GTPaseRapl activation, which
controls the activity of the integrin LFAL and hence lymphocyte adhesion (Kinashi & Katagiri, 2005). Another
important target of DAG/PKC is the Ras guanyl nucleotide-releasing protein (RasGRP), which is recruited to the
membrane through a DAG-binding domain and activates a guanine nucleotide-binding protein known as Ras.
The activation of Ras results in the activation of the serine-threonine kinase Raf-1 that subsequently activates
mitogen-associated protein kinases (MAPKSs), among them Erkland Erk2 (extracellular signal-regulated kinase
1 and 2 respectively). The Raf/MAPK/ERK pathway controls the levels of the transcription complex c-Jun/c-
Fos, known as AP-1, as well as CD69 expression (D'Ambrosio et al., 1994).

The second major intracellular pathway triggered by DAG activates a PKC family member known as PKC6,
wich binds to DAG through its lipid-binding domain. PKC6 deficient T cells fails to induce IkB degradation
upon T cell activation, which leads to cytosolic NF-xB retention. Upon resting conditions NF-kB is forming
a complex with its inhibitor IxB and therefore it remains in the cytosol. During T cell activation, IkB is
targeted by the IkB kinase (IKK) complex , ubiquitinylated and subsequently degraded, thereby allowing
NF-kB nuclear translocation and the transcriptional expression of NF-kB-dependent-genes, some of them
involved in the survival, homeostasis and function of activated T lymphocytes (Schulze-Luehrmann &
Ghosh, 2006; Sommer et al., 2005).

2.4 Ca’ signalingin T cells
2.4.1 Store Operated Ca?* entry (SOCE)

In a variety of non-excitable cells, Ca?" is released from the ER through inositol 1,4,5-trisphosphate
receptors (InsP3R) and ryanodinereceptors, while extracellular Ca?* can enter from several channels. Among
these channels Ca?* release-activated Ca?* (CRAC) channels in the plasma membrane that open after
intracellular Ca?* store depletion, remain the most well described Ca?* influx pathway in lymphocytes
(Lewis, 2001; Parekh & Penner, 1997). The main components of the SOCE machinery are ORAIl and STIM
proteins. There are three ORAI isoforms expressed in human T cells (ORAI1-ORAI3). Although they
possess similar functional properties in overexpression systems, they are different in their tissue expression
pattern, pharmacological properties and inactivation characteristics (DeHaven et al., 2007; Lis et al., 2007).
ORALI1 localizes in the plasma membrane and appears to be the predominant isoform mediating SOCE in
lymphocytes (Feske, 2007; Hogan et al., 2010). Transcript levels of murine ORAIL are specifically abundant
in cells of the immune system, while ORAI2 transcripts are elevated in the spleen, lung, brain and small
intestine, whereas ORAI3 transcripts are high in various solid organs (Prakriya & Lewis, 2015). Expression
of ORAI2 is also reported in dendritic cells, macrophages, mast cells (Hoth & Niemeyer, 2013), regT
(Kircher et al., 2018) and it is higher in naive T cells than in effector T cells (Hoth & Niemeyer, 2013).
ORAI1 constitutes the major pore-forming subunit of the CRAC channel. ORAIL N and C-termini are
cytoplasmic. The C-terminus of ORAIL has a coiled-coil (CC) domain that contains a binding site for STIM1
and the N-terminus include two inhibitory phosphorylation sites and a calmodulin binding domain (CaM-
BD) (Kawasaki et al., 2009; Mullins et al., 2009). On the other hand, STIM molecules are single-pass
transmembrane proteins into the ER membrane. Their N-terminus localizes in the ER lumen and contains a
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EF-hand Ca?* binding domain that senses the levels of Ca?* in the ER (Figure 3). Mutations in the EF-hand
domain of STIM that compromised Ca?* binding resulted in constitutive Ca?* influx in the absence of ER
Ca?* store depletion (Liou et al., 2005; Zhang, SL et al., 2005). The C-terminus of STIM1 contains the
second and third coiled-coil domains (CC2 and CC3), which are part of a minimal CRAC channel activation
domain known as CAD, SOAR (STIM Orai-activating region), OASF (Orail-activating small fragment)
(Kawasaki et al., 2009; Park et al., 2009) (Figure 3), which binds directly to Orail to activate CRAC
channels. Purified CAD/SOAR/OASF is enough to activate Orail in cells with full Ca?* ER stores (Park et
al., 2009).

SOCE is initiated in T cells after engagement of p-MHC on APC to the TCR complex in T cells inducing
cleaves of PIP2 into IP3 and DAG (Figure 3). The former binds to IP3R in ER membrane leading to store
depletion. Ca?* depletion from ER stores (~0.5-1mM) is rapidly sensed by the EF-hand domains of STIM
proteins (Cahalan & Chandy, 2009; Liou et al., 2005), inducing their activation, oligomerization and
redistribution into discrete puncta located in junctional ER sites that are as close as 10 to 25nm from to
plasma membrane (Luik et al., 2008) (Figure 3). In these puncta, ORAIL channels are allosterically activated
by direct interaction of the CAD domain of STIMs with both N- and C-terminal regions of ORAI1 (Luik et
al., 2006) (Figure 3). Interestingly, a mutation on STIM1 resulted in a mutant protein (amino acid 1-440),
that was able to form puncta and bind to ORAIL, but failed to induce SOCE following store depletion (Park
et al., 2009). Therefore, clustering and activation of CRAC channels are detachable mechanisms. In T cells,
STIM1 and ORAI1 play important roles. Both STIM1 and ORAIL translocate to the immunological synapse
between APC and T cells, co-localizing with TCR, costimulatory molecules and tyrosine-phosphorylated
molecules (Lioudyno et al., 2008; Quintana et al., 2011). This interface coincides with local Ca?* influx
from the extracellular space (Quintana et al., 2011). Colocalization of these molecules at the contact site
between T cell and APC is crucial to increase and sustain local Ca?* influx in the vicinity of immunological
synapse.

Several lines of evidence highlight the importance of SOCE in T cells. For instance, TCR-dependent Ca
influx and store operated Ca?* influx are not additive and their corresponding currents properties are alike
(Premack et al., 1994; Zweifach & Lewis, 1993). In addition, SOCE was abolished in T cells of
immunodeficient patients with inherited mutations of the ORAIL gene (Feske et al., 2005; Partiseti et al.,
1994), as well as in in vitro polarized CD4* and CD8" cells of knockout mice lacking Orail or knock-in
mice expressing the non-functional Orai1l-R93W mutant protein (McCarl et al., 2010; Vig et al., 2008). On
the other hand, STIML1 is considered to play a main role as activator of the CRAC channel whereas STIM2
play a lesser albeit important role in T-lymphocytes. In murine T cells, STIML1 is constitutive expressed in
naive T cells while STIM2 expression is only increased during differentiation into T helper cells in vitro.
The oligomerization kinetics is also different with STIM2 responding to smaller decrease in ER Ca?*
(Brandman et al., 2007) and with a ~3.5-4 times slower unfolding of the EFh-SAM domain than STIM1
(Stathopulos et al., 2009). On the other hand, STIM1 senses the depletion of ER Ca?* stores and activates
SOCE early during the immune response, whereas STIM2 sensitivity to initial Ca?* depletion is smaller.
Nevertheless, STIM2 acts in resting cells with Ca?*-full stores to regulate basal Ca*" influx, as well as
throughout the late stages, when Ca?* store refilling is taking place. At this point, STIM1 becomes inactive
by rebinding of Ca?*, while STIM2 is still active due to the its lower EF-hand affinity for Ca?*, that permits
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mild oligomerization of STIMZ2 in resting ER Ca?* concentrations (Brandman et al., 2007; Oh-hora & Rao,
2008). Therefore, STIM1 seems to have a main role during strong TCR stimulation leading to significant
store depletion, while STIM 2 may be more related to weaker stimulus inducing partial store depletion
(Shaw & Feske, 2012). Loss of function mutation in STIM1 in human patients or STIM deletion in mice
abolished almost completely SOCE. In contrast, STIM2 deletion had no significant effect on SOCE peak
but impaired sustained Ca?* influx, important for maintained nuclear NFAT activity and both IL-2 and INF-
v production (Oh-hora & Rao, 2008). Only STIM17/STIM27 in mice completely abolished SOCE in T and
B cells, highlighting the role of STIM2. In this way, all mutations affecting CRAC channels and SOCE
result in CRAC channelopathy, defined by severe immunodeficiency, autoimmunity, congenital myopathy
with atrophy of type Il muscle fibers and ectodermal dysplasia with anhydrosis and a dental enamel
calcification defect (Feske, 2010). On the other hand, differentiation of mouse Th17 cells requires SOCE
and SOCE deficient T cells have failed to induce autoimmunity in a mouse model for ulcerative colitis and
Crohn’s disease inflammatory bowel disease (IBD) (McCarl et al., 2010) and a mouse model for multiple
sclerosis (experimental autoimmune encephalomyelitis) (Ma et al., 2010), in both Th17 cells played an
important role during the pathogenesis of the disease. On the other hand, gain-of-function mutations in
ORAI1 and STIM1 have also been described. These mutations lead to constitutive and increased CRAC
channel activation and distinct syndromes. A mutation in exon 7 of STIM1 (¢c.910C>T) produces a single
amino acid change, STIM1 p.R304W in the C-terminus of STIM1, leading to two different syndromes;
Stormorken syndrome and York platelet syndrome, both characterized by bleeding tendency due to
thrombocytopenia and platelet defects, among others symptoms. In lymphocytes from patients with
Stormorken syndrome constitutive activation of STIM1 without store depletion in the absence (Morin et al.,
2014) or presence (Misceo et al., 2014) of Ca?* extracellular was shown, but the exact molecular mechanism
is not well understood. Other mutation on STIM1 (STIM1 p.D84G mutation), located in the EF hand Ca?*
binding domain of STIM1, causes a non-syndromic TAM and Stormorken-like syndrome. The Stormorken-
like syndrome resembles clinically the Stormorken syndrome but lacks miosis as a clinical symptom.
Myoblast generated from patients with this mutation also shown high basal Ca?* levels in the absence of
extracellular Ca?* and strong Ca?* influx after Ca?* addition to the extracellular medium without previous
store depletion(Bohm et al., 2013). Furthermore, gain of functions mutation on ORAI1 have been found
which also leads to constitutive CRAC channel activation in the absence of store depletion in patient
myotubes (Endo et al., 2015). These mutations result in two missense mutations in ORAIL, ¢.292G>A and
€.412C>T, that lead to single amino acid substitutions in the first (ORAIL p.G98S) and second (ORAIL
p.L138F) transmembrane domain of ORAI1 (Endo et al., 2015).

2.4.2 Other Ca? permeable ion channels in T cells

Besides SOCE, other channels contribute to the net Ca?* influx in T lymphocytes. These channels are L-
type voltage-gated Ca?*, K* channels, ATP-responsive purinergic P2 receptors, transient receptor potential
(TRPC) channels, TRPV channels and some TRPM channels (Feske, 2007; Scharenberg et al., 2007).
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Figure 3. Ca?* influx pathways in T cells.

The binding of peptide-MHCII (p-MHCII) to the T cell receptor (TCR) induces downstream activation of
tyrosine kinases, such as LCK and ZAP70, resulting in tyrosine phosphorylation and activation of
Phospholipase C-y1 (PLC-y1). PLC-y1 hydrolyzes the membrane phospholipid PIP2 into InsP3 and DAG.
InsP3 binds to InsP3 receptors (IP3R) in the ER membrane, releasing Ca?* from ER stores. The fall in ER
[Ca?*])i is sensed by the EF hand domain in STIM1 resulting in unfolding of the STIM1 N-terminus and
multimerization. STIM1 multimers translocate to ER-plasma membrane junctions and form clusters or
puncta, in which ORAI1 channels are recruited. A minimal CRAC channel activation domain (CAD) located
in the C-terminus of STIM1 (green boxes) is sufficient to bind and activate ORAI1 and SOCE. The CAD
domain has two coiled (CC) domains, which interact with a CC domain in the C-terminus (red boxes) and
N-terminal regions (not shown) of ORAI1. The Ca?* influx elevates [Ca?']i and activates the calcineurin
(CN)-NFAT pathway. NFAT induces gene transcription in cooperation with other transcription factors (AP-
1, NK-B among others), resulting in a metabolic switch, proliferation, differentiation and cytokine
expression. Upon TCR activation, some mitochondria translocate and localized beneath to the mouth of
ORAI1 channels, which allows them to take large amount of incoming Ca?* and maintain channel activity
by preventing its Ca?*-dependent inhibition (CDI). Mitochondria can also dissipate the high Ca?* micro-
domains close to PMCA, thereby reducing the Ca?-microdomain dependent modulation of PMCA, Ca?*
extrusion and preserving Ca?* for signaling. Abbreviations: SAM, sterile-alpha motif CaM: calmodulin.
Figures shown in (Feske et al., 2012) were taken as basis for this figure.
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The K* channels provide the electrical driving force for Ca?* entry by regulating the negative membrane
potential (Vm). The depolarizing inward Ca?* current through CRAC channels is counterbalanced by K*
required for efficient signal transduction (Cahalan & Chandy, 2009). The predominate K* channels
regulating membrane voltage (Vm) in lymphocytes are the voltage-activated K* channel (Kv1.3) (Attali et
al., 1992; Beeton et al., 2006; Grissmer et al., 1990) and the Ca?* activated K* channel (KCa3.1) (Grissmer
et al., 1993; Partiseti et al., 1992). The Kv1.3 channel contains voltage sensors to sense depolarization of
the membrane potential, while KCa3.1 opens after biding of Ca?*to CAM, which is constitutively bound to
the channel (Xia et al., 1998). KCa3.1 channel activity is regulated by the class 1l PI3K , whose function
among others, is to increase the concentration of plasma membrane PI(3)P (Srivastava et al., 2006). The
contribution of Kv1.3 and KCa3.1 to Ca?" influx in T cells depended on their expression levels and state of
activation. For instance, resting naive human T lymphocytes mainly express Kv1.3 channels and Kv1.3
channels contribute to the overall activation of naive T cells (Leonard et al., 1992), whereas activated T cells
upregulate KCa3.1, which play an important role in TCR-stimulated Ca?* influx and proliferation (Fanger
et al., 2000). Besides, EM and CM cells have preferential use of K* channels (Cahalan & Chandy, 2009;
Srivastava et al., 2006). In this line, EM cells at the inflammation sites particularly upregulate Kv1.3 and
produce IFNy, IL-5 and IL-4 , while CM cells in mucosal lymphoid organs and lymph nodes upregulate
KCa3.1 upon activation (Beeton et al., 2006).

Voltage-gated Ca?* channel (Cav channels) are found mostly in excitable cells, such as neurons and muscle
cells and induce Ca?* influx after membrane depolarization. In human T cells, all members of the L-type
family of CaV (CaV1.1, 1.2, 1.3 and 1.4) are expressed, as well as their regulatory p3 and B4 subunits
(Badou et al., 2006; Kotturi & Jefferies, 2005). T cells lacking B3 or harboring a mutation in 34 gene showed
impaired Ca?* influx after TCR stimulation but not after thapsigargin treatment (Badou et al., 2006).
However, it has been suggested that membrane depolarization does not activate Cav channels in T cells and
that alternative gating mechanisms for Cav channels may exist in T cells. It has been proposed that a giant
scaffold PDZ protein known as AHNAK1 controls Ca?* entry in T cells (Matza et al., 2008). It is believed
that AHNAKI interacts with the B regulatory subunit of Cavl.l channels to determine Cavl.1 plasma
membrane localization. AHNAK1-deficient mice show altered Ca?" influx, proliferation, and cytokine
secretion. However, it remains unknown the molecular mechanism by which AHNAKZ1 controls Cav
channel gating.

TRP channels are six-transmembrane cation-permeable channels that regulate intracellular levels of Na,
Ca?" and Mg?*. Both Jurkat T cell lines and human T lymphocytes express functional TRPC1, TRPC3,
TRPC6, TRPV6, TRPM2, TRPM4 and TRPM7 (Gamberucci et al., 2002; Philipp et al., 2003). The majority
of TRP channels are permeable and non-selective to some cations such as Ca?* and Na*. TRPMZ2 is one of
the most studied TRP channels in T cells. TRPM2 is a non-selective Ca?* permeable channel that is activated
by intracellular second messengers such as ADP-ribose (ADPR), cyclic ADPR (cADPR) nicotinamide
adenine dinucleotide (NAD*) and hydrogen peroxide (H20>), (Massullo et al., 2006; Perraud et al., 2001).
Upon TCR activation, ADPR activates the channel by binding to the channel’s enzymatic Nudix domain,
whereas CADPR either directly gate the channel at concentrations above 100 uM or increases the sensitivity
of the channel to ADPR at concentrations below 10 pM. Therefore, both ADPR and cADPR can contribute
to Ca?" influx via TRPM2 in T cell lines. On the other hand, H,O; produced during inflammatory pathologies
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induces Ca?* influx trough TRPM2 channels, thereby contributing to ROS-induced pathologies (Di et al.,
2011).

Seven P2X receptors (P2X1-P2X7) are ATP-gated channels with significant Ca?* permeability. Each P2X
receptor forms either homomeric or heteromeric P2X receptors. P2X1, P2X2, P2X6 and P2X7 subunits are
found in T cells. Extracellular ATP activates the channel resulting in Ca?* influx (Khakh, 2001).
Furthermore, TCR activation leads to rapid release of ATP, which activates P2X7 receptors. Activation of
P2X7 results in Ca?* influx and calcineurin-dependent pathways, T and B cell proliferation and 1L-2
production (Woehrle et al., 2010). This autocrine activation seems to activate T cells through Ca?" influx
(Yip etal., 2009).

These results point out the important role of non-store-operated Ca?* channels regulating Ca?* influx and
[Ca?*]iin T cells. Nonetheless, TRP- or P2X receptor-deficient mice do not shown major abnormalities of
T cell development and functions (Solle et al., 2001).

2.5 Mechanisms of Calcium Clearance in T Cells

Ca?" is involved in almost all aspects of cell life such as excitability, exocytosis, motility, transcription and
programmed cell death. Therefore, cells evolve all types of mechanisms that allow them to integrate and
transduce Ca?* rise, while avoiding Ca?* overload induced cell death. In lymphocytes, Ca?* signal can adopt
different patterns, from spikes to oscillations to sustained plateaus, depending on the needs of cell (Berridge
& Dupont, 1994; Dolmetsch et al., 1998). For instance, the spike and plateau phases activate different
downstream pathways implied in B cell activation (Dolmetsch et al., 1998). In lymphocytes, SOCE is
considered the main Ca?* entry pathway in T cells, which is tightly controlled directly or indirectly by Ca?*
extrusion mechanisms on plasma membrane such as ATPases and Na*/Ca?* exchanger, as well as through
K* channels, mobile Ca?* buffers and organelles such as mitochondria and ER. The combined action of these
Ca? regulatory mechanisms controls the time course and amplitude of Ca?* signals. Regardless of the several
studies to unravel the role of Ca?* sources in T cell signaling, mechanisms that clear cytosolic Ca?* also
determine the amplitude, duration and outcome of Ca?" signals.

2.5.1 Plasma Membrane Calcium ATPases (PMCAS)

2.5.1.1 General properties of PMCAs

Plasma membrane Ca?*-ATPases (PMCAs) are tightly regulated Ca?* extrusion pumps that provide fine-
tuning of intracellular calcium concentrations. There are four expressed isoforms in mammalian tissues
(PMCA1, PMCA2, PMCA3 and PMCAA4), each encoded by a different gene (ATP2B1-ATP2B4) on
chromosomes 12g21.3, 3p25.3, Xg28, and 1g32.1 in humans respectively. Alternative RNA splicing at sites
A and C in PMCA protein structure, leads to the production of multiple splice variants for each PMCA
isoform (Strehler, 2013) (Figure 4). Over 30 different PMCA splice forms can thus be generated for each
PMCA isoform. PMCA1 and PMCA4 are ubiquitous, whereas PMCA2 and PMCAS3 are more tissue-
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specific with a higher prevalence in nervous system and skeletal muscle. Absence of PMCAL in mice results
in embryolethality, loss of PMCAZ2 results in deafness and ataxia and loss of PMCAA4, the main calcium
efflux protein in sperms, leads to male infertility with few overt effects (Okunade et al., 2004; Prasad et al.,
2007).

PMCAs are members of the large family of P-type ion pumps, which form a phosphorylated intermediate
during the reaction cycle. Contrary to SERCA pump, which transport 2Ca?" ions per ATP hydrolyzed, the
PMCA pump hydrolizes 1ATP molecule per Ca? ion transported (Niggli et al., 1981). PMCAs are single
polypeptides containing between 1100 to 1250 amino acids and with a molecular mass of 125 to 140 kDa.
They contain 10 membrane-spanning segments and their N-terminal and C-terminal are located in the
cytosolic side, as the two major intracellular loops (Di Leva et al., 2008) (Figure 4). The first intracellular
loop has been proposed to mediate long-range transmitting conformational changes during the transport
cycle and is called actuator domain (A domain). The second one is the major catalytic domain containing
the nucleotide-binding (N domain) and catalytic phosphorylation domain (P domain). The N-domain binds
ATP to act as a kinase phosphorylating its own P domain (Toyoshima et al., 2000) (Figure 4). In addition,
an invariant aspartate residue located in P-domain is transiently phosphorylated during ATP hydrolysis,
which is the hallmark of the P-type ATPase family (Palmgren & Nissen, 2011). The long C-terminal tail is
crucial for pump regulation, this contains an auto-inhibitory and a CaM-BD, which partially overlaps with
the auto-inhibitory domain (Di Leva et al., 2008) (Figure 4). The auto-inhibitory domain interacts not only
with the first cytosolic loop, but also with the catalytic core of the pump (Falchetto et al., 1991), to maintain
the PMCA in a relatively inactive state at low [Ca?*]i (Figure 4). A crystal structure of the autoinhibited state
of the enzyme showed that its C-terminal regulatory domain interacts with the catalytic core, avoiding
substrate and ATP access in the absence of Ca?*-CaM. The elevation in the cytoplasmic Ca?* results in an
increase in the formation of Ca?*-CaM bound to the CaM-BD in the C-terminal of the pump, displacing it
from its binging to its catalytic part and subsequently removing the autoinhibition of the pump (Goldberg et
al., 1996) (Figure 4). While unstimulated PMCA pumps have poor affinity for Ca?*, the binding of Ca?*-
CaM leads to a decrease of the Kd for Ca?* from 10-20 uM to less than I uM (Carafoli et al., 1992; Enyedi
et al., 1987). A second CaM-BD with much lower affinity for CaM has also been identified (Tidow et al.,
2012), which is located downstream of the high affinity one in some splicing variants, supporting the idea
that alternative splicing might be a general mechanism for PMCAs in mediating fine-tuning Ca?* signaling.

The activity of PMCAs is also influenced by the phospholipid composition in the surrounding plasma
membrane, in this regard, acidic phospholipids and polyunsaturated fatty acids activate the pump by binding
to two distinct regions: one is the CaM-BD (Brodin et al., 1992), and the second region is situated in the
first cytosolic loop of the pump (Brini et al., 2010) Polyphosphoinositides in particular, are the most potent
stimulators of PMCAs (Niggli et al., 1981). Acidic phospholipids are capable to reduce the Michael constant
(Km) of the Ca?*- CaM (0.4 ~ 0.7 mM) to as low as 0.3mM, would render PMCAs insensitive to Ca**-CaM
stimulation (Missiaen et al., 1989; Niggli et al., 1981).In contrast, CaM doesn’t exert the same effect on
acidic phospholipids, meaning acidic phospholipids are capable of further reducing the Km of the Ca?*-CaM
stimulated pump (Niggli et al., 1981).

30



Introduction

Inactive Activated

N z P
Splice Site A = N /Splice Site g _
AV
Ca?'-CaM
CPpzBD

| Phospholipid binding-domain @ Aspartate residue

« CaM-BD interaction sites @ ATP binding region

Figure 4: Model of the PMCA in its autoinhibited form (left) and upon stimulation (right).

Binding of Ca?*-CaM onto the COOH terminal of the pump induces a conformational change in the pump
structure (right). The PMCAs are thought to consist of 10 transmembrane segments, and their NH2 (N) and
COOH (C) terminal regions localize to the cytoplasm. The conserved aspartate residue (D), that form the
phosphorylated intermediate during the reaction cycle, phospholipid binding-domain, the calmodulin-
binding domain (CaM-BD) and the CaM-BD interaction sites located on the intracellular loops are indicated.
The first intracellular loop is called actuator domain (A). The second intracellular loop is the major catalytic
domain containing the phosphorylation domain (P) and the nucleotide-binding domain (N). The sites on the
protein that can be affected due to splicing at sites A and C are shown. The PDZ domain binding/putative
COOH-terminal targeting domain is drawn as a rectangle at the C-terminus. Furthermore, the first and major
catalytic loop are represented differently in the inhibited (left) and stimulated (right) state to indicate
conformational changes induced by the binding of Ca?*-CaM (hatched oval) to the autoinhibitory CaM-BD.
Figure modified from (Strehler & Zacharias, 2001).

2.5.1.2 PMCA transcriptional control and interaction partners

The transcriptional regulation of PMCA genes remain poorly understood, but they are differentially
regulated during distinct embryonic development, as well as in different tissues in response to different
stimulus (Ritchie et al., 2011). ATP2B1 is expressed early on during embryogenesis and it’s kept during the
whole organism life. In this line, germ line knockdown of both copies of ATP2BL1 is embryonic lethal. In
spite of its almost constitutively expression, ATP2B1 have been shown to be regulated by different
transcription factors. In mouse vascular smooth cells, the early response transcription factor c-Myb
repressed ATP2B1 transcriptional expression during the G1/S phase of the cell cycle (Afroze & Husain,
2000). Early studies of the ATP2B1 gene showed that its transcriptional control is mediated by Protein
Kinase C and protein Kinase A, both mediators of hormone-induced second messenger (Ca?*-cAMP), that
may act through transcriptions factors as CREB. ATP2B1 transcriptional control is also mediated by vitamin
D,1,25 (OH)2 D3, which strongly induces PMCA expression in the osteoblast, small intestine and kidney
distal tubules (Glendenning et al., 2001; Kip & Strehler, 2004; Pannabecker et al., 1995). On the other hand,
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little is known about transcriptional regulation of the ATP2B4 gene. In this regard, few studies have shown
that c-Myc binds directly to a regulatory region of the ATP2B4 promoter to mediate transcriptional
downregulation of PMCAA4b during B cell differentiation (Habib et al., 2007). Induction of PMCA4b has
also been demonstrated in duodenum cells in response to the synthetic anti-inflammatory steroid,
dexamethasone (Kim et al., 2009). Besides, splicing on site A and C on PMCAs results in functional changes
of the PMCAs, which depend on the cell type and differentiation stage.

In addition to containing the Ca?*-CaM binding site, the COOH-terminal region of the Ca?" pumps is target
of phosphorylation by protein kinases A and C (Carafoli, 1994; Penniston & Enyedi, 1998) and target of
calpain proteases (Carafoli, 1994). The C-terminal sequence of the b- and most c- and d- splice variants of
all PMCAs can bind to PDZ domain-containing proteins, which include members of the Ca?-CaM-
dependent serine protein kinase (CASK), membrane-associated guanylate kinase (MAGUK) family, Na*/H*
exchanger, neuronal nitric oxide synthase (nNOS), LIM family protein CLP36, homer protein Ania-3,
PMCA-interacting single-PDZ protein (PISP) and regulatory factor 2 (NHERF2) and (Stafford et al., 2017).
Additional proteins were shown to bind to the N-terminal tail or distinct regions of the intracellular loops of
some PMCAs such as RASSF-1(Armesilla et al., 2004), CaN (Buch et al., 2005) and al-syntrophin
(Williams et al., 2006). Most of the differences among isoforms and splice variants are located in their
COOH-terminal tail, making this region a good target of differential phosphorylation. For instance, PKA
phosphorylates Ser-1178 in hPMCALb within the sequence KRNSS increasing pump activity and similar
sequence (KQNSS) has been found in only other PMCA isoform (PMCA2b) (James et al., 1989), suggesting
that only certain PMCA isoforms are target of PKA phosphorylation. On the other hand, Enyedi et al.
showed that PKC affected a region of 20 residues located downstream of the CaM-BD, that overlaps with
the autoinhibitory domain of the pump. Phosphorylation by PKC released the inhibition conferred by that
region, but only partially stimulated PMCA4. Nevertheless, PMCA pump only showed full activity in the
absence of the inhibitory effect of the CaM-BD site. These results reinforce in vivo data showing that PKC
moderately stimulates the pump, but enhances the effect of Ca?*-CaM on PMCA activation (Smallwood et
al., 1988). Besides, it has been shown that tyrosine phosphorylation on PMCA in human platelets causes
PMCA downregulation (Dean et al., 1997). It is believed that PMCA can direct its partner proteins to a
particular sub-domain with low calcium levels reducing their activity. For instance, it has been proposed
that PMCAA4b tether nNOS to low calcium micro-environment, which results in significant inhibition of
nNOS activity and nitric oxide synthesis (Schuh et al., 2001). PMCA interacts with CaN and leads to
inhibition of the CaN-NFAT activity (Buch et al., 2005; Wu et al., 2009). Baggott and colleagues showed
that PMCAA4 deficient mouse lung endothelial cells (MLEC) exhibited increased NFAT activation following
stimulation (Baggott et al., 2014); and in PC12 cells downregulation of PMCA2 or PMCA3 induced a
permanent increase in the intracellular Ca?* levels in resting cells and subsequent activation of NFAT1
(NFATc2) and 3 (NFATCc4), as well as reduction of dopamine secretion (Kosiorek et al., 2014). An opposite
role of PMCA4 on NFAT activity has been shown in vascular smooth muscles cells (VSMC), where
PMCA4b knockout VSMCs decreased NFATc3 expression (Afroze et al., 2014). On the other hand, the
release of cytochrome C from the mitochondria along with the activation of both caspases and calpains may
induce cleavage and PMCA inactivation (Schwab et al., 2002) through internalization and degradation of
the protein (Chami et al., 2003). Interestingly, caspase-3-mediated cleavage of PMCA4b generates a
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fragment of approximately 120 kD lacking the autoinhibitory domain and showing constitutive activity
(Paszty et al., 2007).

Recently, using high-resolution functional proteomics combined with multi-epitope and knockout controlled
affinity purification, Schmidt et al. identified two Ig domain-containing proteins: neuroplastin (NPTN or
Np) and basigin (also known as CD147 or EMMPRIN), as essential auxiliary subunits of PMCAs. The
authors showed that native PMCASs form heteromeric complexes consisting of two pore-forming PMCAL-
4 subunits and two of the single-span membrane proteins (neuroplastin or basigin). Formation of a complex
of neuroplastin or basigin with PMCAs 1-4 occurred in the endoplasmic reticulum and it was essential for
the stability of the pump , as well as for its successful delivery to the cell surface (Schmidt et al., 2017). In
the rodent brain, neuroplastin exists as two splice variations highly glycosylated, Np65 and Np55, which
differ by a single Ig domain at the extracellular N-terminus of the protein, resulting in molecular weights of
40 and 28 kDa as indicated after deglycosylation (Korthals et al., 2017). While in mouse brain Np65 and
Np55 could be detected, in mouse T lymphocytes NPTNS55 is the only variant and its expression is increased
after activation of purified lymphocytes on immobilized anti-CD3/anti-CD28 antibodies (Korthals et al.,
2017).

2.5.1.3 Regulation of intracellular Calcium levels by PMCAs

Two Ca?" extrusion mechanisms operate in Jurkat T cells: the PMCA and the Na*/Ca?* exchanger
(Balasubramanyam et al., 1993; Gardner & Balasubramanyam, 1996). PMCAs provide the dominant
mechanism for Ca?* clearance in human T cells (Balasubramanyam et al., 1993) and while some publications
have shown a contribution of Na'/Ca?* exchanger (Balasubramanyam et al., 1993; Gardner &
Balasubramanyam, 1996), other publications state that their contribution to Ca?* clearance is not significant
in Jurkat T cells (Bautista et al., 2002), in human T cells and the human T cell clone P28 (Donnadieu &
Trautmann, 1993). After an increase in [Ca?'];, PMCA activity rise in two phases: a rapid increase in pump
activity occurs due to increased Ca?* occupancy of the pump’s transport site (Bautista & Lewis, 2004) a
subsequently a several-fold further increase happens over tens of seconds when [Ca?*]; exceeds several
hundred nanomolar (Bautista et al., 2002). Bautista and colleagues experiments showed that increasing the
capacitative Ca?* entry (CCE) from 15 to 40s in Jurkat T cells, reduced the initial time constant of recovery
after Ca?* removal and that PMCA modulation augmented further PMCA activity by increasing both the
affinity (reduced Km) and the maximal rate of the PMCA (Vmax) (Bautista et al., 2002). This modulation
has been shown to be reversed slowly with a time constant of 400s after [Ca?']; returns to basal levels, giving
the pumps a “memory” of the [Ca?*]; rise. By slowly up-regulating activity, the pump fine tunes its activity
to equilibrate Ca?* influx and extrusion rate, and reach steady [Ca?*]i plateau, even at micromolar levels of
[Ca?]i which exceeds the Km for the pump (200 nM). Thus, PMCA modulation is important for the stability
and dynamic of Ca?* signaling in T lymphocytes by stimulating extrusion and increasing PMCA activity to
respond dynamically to higher Ca?* load avoiding toxic levels of [Ca?*].. In this line, cardiac and hair cells
generating rapid signaling, express an quick modulated isoform, PMCAZ2a, while Jurkat T cells engaged in
slower signals, mostly express a isoform with slow modulation, PMCA 4b (Caride et al., 2001).
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2.5.2 Regulation of intracellular Calcium levels by Mitochondria

Mitochondria are the main machinery for ATP production and essential regulators of Ca?* signaling in
several types of cells. Mitochondrial uptake of Ca?* through the mitochondrial Ca?* uptake/uniport in the
inner membrane (MtCU) (Gunter & Pfeiffer, 1990) is driven by the large negative mitochondrial membrane
potential. The accumulated Ca?* inside the mitochondrial matrix is released slowly through an antiporter by
exchanging Ca?" with Na*, known as NCLX (Na2?*/Ca?*exchanger) (Demaurex et al., 2009). This mechanism
that maintain mtCU-induced Ca?" accumulation while preventing matrix Ca?* overload, avoid apoptosis due
to accumulation of mitochondrial Ca?* (Palty et al., 2010). The low affinity of mtCU for Ca?* (Kd of 10-15
uM) under physiological conditions, is overcome for the ability of mitochondria to localize at microdomains
of high Ca? or by interactions at interface between ER and mitochondria through mitochondrial-associated
ER membranes (MAMSs), which allows Ca?* elevations being transmitted to mitochondria (Duchen et al.,
2008). In this line, the apparent Ca?*-sensitivity of the mitochondrial calcium uniporter 1 (MICU1) of
approximately 4-5 uM (Waldeck-Weiermair et al., 2015) coincides quite well with the ion concentrations at
the contact sites between the ER and mitochondria (Giacomello et al., 2010). However, higher affinity
mitochondrial Ca?* uptake has been observed in many studies (Santo-Domingo & Demaurex, 2010). The
regulation of mitochondrial processes within microdomains relies on the dynamic morphology and motility
of mitochondria. These organelles are able to adapt their morphology and spatio-temporal properties by
branching, fission and fusion events to respond accordingly to the cell needs (Frieden et al., 2004). Besides,
mitochondria can stablish stabile interactions with plasma membrane and ER proteins through plasma
membrane-associated membranes (PAM), which are microdomains of the plasma membrane interacting
with the ER and mitochondria and allow the interchange of proteins, lipids, and metabolites among these
organelles (Koziel et al., 2009). The modulatory role of mitochondria on SOCE has been widely
demonstrated; Hoth et al, have shown that the TG-insensitive store (mitochondria) regulates SOCE Ca?
signals by sensing local Ca?* elevations near to CRAC channels. This TG-insensitive store played an
essential role sustaining high rate of Ca®* entry and a high [Ca?*]i plateau after Tg-induced SOCE (Hoth et
al., 1997; Quintana et al., 2007). This store showed a high capacity without no saturation signs to [Ca®*];
higher than 1.8 uM, as well as a Ca**-dependence on loading Ca?*. The Ca?* dependence appeared to be
biphasic, so that low [Ca?*]i induced low rate of uptake, whereas higher [Ca?*]i produced a faster nonlinear
rate (Hoth et al., 1997). In agreement with these results, others have shown that Ca?* uptake by mitochondria
occurs within 8-10s at physiological levels of [Ca®7]i and using the fluorescent indicator rhod-2 or
mitochondrially targeted proteins like aequorin, rapid uptake was detected after activation of IP3-sensitive
Ca? stores (Rizzuto et al., 1993). Bautista et al also evaluated the role of mitochondria to SOCE. From their
results, inhibiting mitochondrial Ca?* uptake with antimycin plus oligomycin changed the time recovery
after 40s Ca?* pulse, to a single exponential decay with a time constant value that was between the fast and
slow time constant values obtained under control conditions. They attributed their results to the capacity of
mitochondria to take calcium up during increased Ca?* influx and release it when the [Ca?*]; falls below 400
nM (Bautista et al., 2002; Colegrove et al., 2000; Hoth et al., 1997). From all these results is clear that
mitochondria affect the time course of Ca?* recovery.

On the other hand, Quintana and colleagues showed that under physiological conditions; for instance, after
immune synapse formation (IS), mitochondrial control of Orai channels is more efficient due to sustained
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global Ca? signals are significantly bigger than in the presence of Tg-mediated SOCE. This was possible
to the redistribution of mitochondria to less than 200nm from the plasma membrane and accumulation of
mitochondria beneath the IS (Figure 3). Besides, this effect is enhanced due to accumulation of STIM1,
Orail and PMCA at the IS. In this way, mitochondria at the IS dissipates the high Ca?* micro-domains and
increases global Ca?* by buffering Ca?* deep into the cytosol, as well as reduces the Ca?*-microdomain
dependent modulation of PMCA, resulting in enhanced global Ca?* signals needed for NFAT activation and
differentiation of T cells (Figure 3). In contrast, in absence of IS, mitochondria are located further away
from plasma membrane as at the 1S, which make local Ca?* signal higher and global Ca?* signal smaller.
This induces slow Ca?*-dependent Orai channel inactivation and increases PMCA4 activity, resulting in less
efficient NFAT activation (Quintana et al., 2011).

Due to the amplitude and shape of the SOCE are strongly influenced by the buffering capacity of
mitochondria, analyzing mitochondrial function during activation and differentiation of lymphocytes may
provide new insights and a better understanding on how this complex process takes place.

2.5.3 Calcium Regulation by SERCA

Sarco-endoplasmic reticulum Ca?*-ATPases (SERCA) pumps excess Ca?" from the cytosol into the ER
lumen. They are the main intracellular Ca?* storage organelle, with a steady-state Ca?* concentration of
approximately 1mM, close to extracellular concentrations, and with significant heterogeneity in Ca2* levels
among its different regions (Rizzuto et al., 2012). Low-affinity, high-capacity buffers like calsequestrin and
calreticulin soak up the incoming Ca?*, increasing the storage and Ca?* buffering capacity of the ER
(Mekahli et al., 2011). Ca?* release from the ER predominantly occurs via the IP3R and the ryanodine
receptor (RyR) (Mekahli et al., 2011) and their contribution to cytosolic Ca?* clearance is minimum in T
cells (Bautista et al., 2002; Dolmetsch & Lewis, 1994); nonetheless, SERCA is an essential component of
the Ca?* signaling machinery in T lymphocytes. Some SERCA isoforms such as SERCA2b and SERCA3
are expressed in T cell lines and human T cells, and their expression vary with the activation state of the
cell. Treatment with phorbol-ester and ionomycin resulted in a two-fold upregulation of SERCA2b, while
SERCAS drops by 90% in approximately 1 to 3 days (Launay et al., 1997). Although the repercussion of
these changes are not understood, they may be determined by the relative localization of the SERCA
isoforms and their close positioning to stores implied in gating CRAC channels. On the other hand, it is
clear that SERCA controls Ca?* signaling through ER store refilling and therefore SOCE, but it doesn’t have
a direct role in Ca?* clearances unless mitochondria is present. In experiments by Bautista et al, ER store
refilling retarded the slow phase of Ca?* clearance rate only after prolonged periods of Ca?" influx (40s),
effect that was abolished when mitochondria function was impaired with antimycin Al plus oligomycin,
highlighting the role of ER mediated-store refilling only in the presence of functional mitochondria.
Inhibition of both mitochondria and SERCA abolished the slow phase of Ca?" clearance. The authors
explained these findings to the communication network between SERCA and mitochondria, with the latter
releasing Ca?* that is take up by SERCA and later is released through IP3R located on the ER membrane,
thereby slowing the slow phase of Ca?* clearance (Bautista et al., 2002). Taken together, we can conclude
that PCMA is the main Ca?* extrusion mechanism in Jurkat T cells and that it is entirely responsible for
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controlling Ca?* clearance in the absence of functional SERCA and mitochondria. The spatiotemporal Ca?*
signals induced after p-MHC-TCR engagement are integrated in a more complex network that lead to the
polarization and accumulation of SOCE and Ca?* related proteins at the IS, decreasing the local Ca?* signals
while increasing global Ca?* and therefore the activation state of T-cells.

2.6 Yin Yang 1 transcription factor: Structure and function

Yin Yang 1 (YY1) was discovered as a transcription factor that may act as activator or repressor of its target
genes, depending on the presence or not of the viral oncoprotein E1A, hence its name Yin Yang 1. YY1
belongs to the zinc-finger transcription factor family and is a member of the polycomb group (PcG) protein
complexes. As a part of the PcG complex, YY1 acts as the DNA targeting subunit of PcG complex,
maintaining repressed transcriptional states (Atchison et al., 2003). Studies have shown its role as a
transcriptional repressor, activator, or an initiator element binding protein required in dissimilar cellular
processes, such as embryogenesis, differentiation, development, proliferation, tumorigenesis, and apoptosis
(Gordon et al., 2006). While mice with complete ablation of the YY1 gene died at embryonic stage, mice
lacking one YY1 allele showed significant growth delay and developmental abnormalities (Donohoe et al.,
1999).

The YY1 gene contains five highly conserved exons encoding a protein with 414 amino acid residues and
an predicted molecular weight of 44 kDa, but running in SDS-polyacrylamide gel at around 68 kDa due to
posttranslational modifications (Galvin & Shi, 1997; Gordon et al., 2006). The C-terminus domain of YY1
(aa 298-397) (Galvin & Shi, 1997; Shi et al., 1991) contains four C2H2-type zinc-finger that binds to the
DNA to repress their target genes. Other domain, rich in glycine residues, located between amino acids 157
and 201 also possess transcriptional repression activity. Two intriguing consensus motif are found within
the gliycin-rich motif at amino acids position 176-182 (GxxxxGK) and 189-195 (GXGxxG), but less is
known about their contribution to transcriptional repression. On the other hand, the N-terminal region of
YY1 acts as a potent activation domain. This region contains 2 clusters: an acidic cluster (aa 43-53)
composed by 11 acidic amino acids and 1 histidine-cluster (aa 70-80) formed by 11 consecutive histidines.
(Shietal., 1991).

YY1 can regulate several genes, many of them involved in cancer growth and progression, such as c-Myc,
E1A, ERBB2, c-fos and p53.3,4 (Gordon et al., 2006; Sui et al., 2019). Different models of transcriptional
regulation by YY1 have been suggested based on experimental data. For instance, it has been suggested that
competition of YY1 with activators in overlapping binding sites decreases promoter activity resulting in
gene-specific repression of transcription. Other theory proposes that YY1 negatively regulates nearby
promoter-bound activators (Galvin & Shi, 1997). On the other hand, transcriptional activation has been
suggested though displacement of YY1 by transcriptional activators, an example of this is the displacing of
YY1 by NF-kB increased expression, which relieves its repressive effect (Lu et al., 1994). Others have
proposed that YY1 can repress their target genes via direct physical binding; for instance, the YY1 zinc-
finger motifs interacted with the basic leucine zipper region (bZIP) on the bound CREB protein to the c-fos
promoter (Guo et al., 1997). Moreover, Galvin and Shi have argued against the DNA-binding model, they
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showed that YY1 interferes with the communication of CREB independently of physical interactions with
DNA, which resulted in a delayed CREB-mediated activation (Galvin & Shi, 1997). Other models exemplify
the ability of YY1 to recruit co-repressors that facilitate transcriptional repression or induce condensation
of chromatin or chromatin remodeling to support Y'Y 1-mediated DNA interaction and repression (Thomas
& Seto, 1999). YY1 also repress two important cofactors involved in viral regulation, interferon beta (IFN-
B) and gamma (IFN-y). In this line , YY1 binds to the IFNB promoter to either activate or repress
transcriptional activity of IFNB, based on its interaction with HDACs, (Weill et al., 2003). YY1 has been
shown to bind to two sites of the IFNG promoter inducing repression of basal IFNG transcription by either
activating the BE silencer element in cooperation with an AP2-like nuclear protein or by blocking AP1
interactions with DNA (Ye et al., 1996).

While the C-terminal of YY1 plays a role in nuclear retention, its N-terminal domain allows low affinity
association into the nucleus, and it is not needed for nuclear retention. Last but not least, YY1 is regulated
by multiple types of post-translational modifications including poly ADP-ribosylation, acetylation, P-linked
glycosylation. S-nitrosylation, sumoylation, phosphorylation, methylation and ubiquitination, as well as it
is target of caspases. For instance, YY1 methylation by SET7/9 at two lysine residues was shown important
for its in vitro DNA binding activity in culture cells, impacting cell proliferation (Zhang et al., 2016). In
addition, phosphorylation of YY1 by CK2a at serine 118 in the transactivation domain of YY1, proximal to
the caspase-7 cleavage site, protects from apoptosis, whereas knockdown of CK2a enhanced YY1 cleavage
under apoptotic conditions (Riman et al., 2012). Two other groups have shown almost at the same time the
importance of ubiquitination as an essential mechanism regulating YY1 activity. They showed that Smurf2
Ubiquitin ligase ubiquitinates YY1 and targets it to degradation (Jeong et al., 2014; Ramkumar et al., 2013).
The different roles that YY1 plays according to the context and stage of differentiation of the cells, along
with the tight regulation at translational level, make YY1 a complex and versatile transcription factor with
a wide spectrum of functions.

In the current work, we demonstrated that YY1 binds to the PMCA4 promoter and may regulate the fate of
naive T cells upon activation and memory generation.
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3 Materials

3.1 Antibodies

Materials

Table 1: Primary and secondary antibodies used for Western Blot and Chromatin Immunoprecipitation

N . Catalo -
Antibodies Class/Clone  Host/lIsotype Supplier 9 Dilution
number
Primary Antibodies
. Monoclonal .
Anti-PMCA4 ATPase JA9 Mouse IgG1  Thermofisher MA1-914 1:500
Anti-Orail Polyclonal Rabbit Sigma 08264 1:1000
Anti-STIM1 Polyclonal Rabbit 1gG Proteintech 11565-1-A 1:1000
Anti-STIM2 Polyclonal Rabbit Sigma S8572 1:1000
Anti-YY1 menoclonal Rabbit  Cell Signaling 463055 - 000WE)
D5D9Z gnaling 1:50 (ChIP)
Monoclonal
Anti-GAPDH Rabbit Cell Signaling 2118 1:2000
14C10
. . Monoclonal
Anti- B-actin Mouse I1gG1 Abcam ab6276 1:1000
AC15
Anti-NFAT1 Polyclonal Rabbit Cell Signalin 4389 1:1000 (WB)
y dnating 1:50 (ChIP)
Go-ChIP-Grade™ Polyclonal
rade y Rabbit IgG  Biolegend 910806 1:100
Isotype Citrl 29108
Mouse 1gG, k isotype .
Monoclonal Mouse 1gG1 Biolegend 401401 1:100
control
Secondary Antibodies
anti-Rabbit 19G HRP- Donkey GE NG R
linked F(ab'): ) Healthcare '
anti-Mouse 1gG HRP- Sheep GE NAG31 1-5000
linked whole Ab Healthcare '
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Table 2: Primary antibodies used in flow cytometry

Antigen Fluorophore Supplier Order number
CD4 PerCP-Cy5.5 Biolegend 300530
CD127 (IL-7Ra) Alexa Fluor® 700 Biolegend 351344
CD25 FITC Biolegend 302604
CD45R0O PE-Cy7 Biolegend 304230
CD197(CCRY) Alexa Fluor® 647 Biolegend 353218
CD45RA PE Biolegend 304108
CD62L Pacific Blue Biolegend 304826
CD69 Pacific Blue Biolegend 310919
CD154 APC Biolegend 310809
human TruStain FcXtm - Biolegend 422302
IFN-y FITC BD 561053
T-Bet Brilliant Violet™ 421 BD 563318
GATA3 PE-Cy™7 BD 560405
IL-17A PE BD 560486
FoxP3 PE BD 560046
ROR-yt Alexa Fluor® 647 BD 563620
IL-4 Alexa Fluor® 647 BD 500712

3.2 DNA oligos
Table 3: DNA oligos used in gPCR, PCR and transient knockdown

Identifier Primer sequence or order number/ Supplier
ATP2B4 variant a (CCDS 3097.7) F 5-AGGCGAGGTAGAGCAAGAAAAG-3'
+ variant b (CCDS 1440.1) R 5-GTGTGCTTGTCAGTGGGAGAA-3'
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Materials

Primer sequence or order number/ Supplier

ATP2B4 variant a (CCDS 3097.7)
ATP2B4 variant b (CCDS 1440.1)
Interferon gamma (INFG)

Foxp3

TBP

STIM1

STIM2

Orail

Orai2

Orai3

TRPM2

PTK2

CACNA2D2

TRPC1

CAMK2D

PMCA4 promoter region primers
Hs_YY1 1 SG QuantiTect Primer Assay
Hs_ATP2B1 QuantiTect Primer Assay
Hs_ATP2B2 QuantiTect Primer Assay
Hs_ATP2B3 QuantiTect Primer Assay
Hs_TBP_1_ SG QuantiTect Primer Assay

Hs_TRPC3_1 SG QuantiTect Primer Assay

40

5-AACCGTATCCAGACTCAGATCG-3'
5'-CAAGGTGTTGACCCATGTTCTG-3'

5-TCCAGACTCAGATCAAAGTGGT-3'
S-ATGCTTTCGTGGAGGGAACT-3'

5-TGTCCAACGCAAAGCAATAC-3'
5'- TCGACCTCGAAACAGCATCT-3'

5'-CAAGTTCCACAACATGCGAC-3'
5-CTGAAGAAGGCAAACATGCG-3

5'-CGGAGAGTTCTGGGATTGT-3'
5-GGTTCGTGGCTCTCTTATC-3'

5-CAGAGTCTGCATGACCTTCA-3'
5-GCTTCCTGCTTAGCAAGGTT-3'

5-GTCTCCATTCCACCCTATCC-3'
5-GGCTAATGATCCAGGAGGTT-3'

5-ATGAGCCTCAACGAGCACT-3'
5-GTGGGTAGTCGTGGTCAG-3'

5-TGGAACTGGTCACCTCTAAC-3'
5-GGGTACTGGTACTGCGTCT-3'

5-GTACCGGGAGTTCGTGCA-3'
5-GGTACTCGTGGTCACTCT-3'

5-GAACTCTAACCTGCACGCCT-3
5-GAGGAGGGTCTTGTGGTTCG-3'

S-GTGCTCTTGGTTCAAGCTGGA-3'
5'-GCAAGATGTGTGGGATTGCAG-3'

5-AGCTGGTTCCAAGCAGACC-3'
3-CGTTTACCGAGCCGAAGTAG-5'

5-GCGTGCGACAAGGGTGAC-3'
5'-ACAGCATTTCTCCCAAGCACAT-3'

5-GAAGCTGATGCCAGTCATTGTA-3'
S-TGACTTCAGGTCCCTGTGAA-3'

5'-CACCACCGTGCCAGCTAA-3'
3-GAAGGGTGCTAGTTGGACA-5'

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
QT00052738/ Qiagen

QT00087045/ Qiagen

QT00046123/ Qiagen

QT00090643/ Qiagen

QT00000721/ Dharmacon

QT00025025/ Qiagen
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Identifier Primer sequence or order number/ Supplier

Hs_TRPC6_1 SG QuantiTect Primer Assay QT00037660/ Qiagen

Accell Human ATP2B4 siRNA' SMART pool E-006118-0005/ Dharmacon

Accell Human Control siRNA Kit K-005000.R1-01/ Dharmacon

3.3 Cytokines and neutralizing antibodies

Table 4: Polarizing cytokines and neutralizing antibodies

Reagent Supplier Product number
Human IL-12, premium grade Miltenyi Biotech 130-096-705
Human IFN-g1b, premium grade Miltenyi Biotech 130-096-482
Human TGF-R1, premium grade Miltenyi Biotech 130-095-066
Human IL-2, premium grade Miltenyi Biotech 130-097-748
Human IL-23, research grade Miltenyi Biotech 130-095-758
Human IL-1B, premium grade Miltenyi Biotech 130-093-897
Human IL-4, premium grade Miltenyi Biotech 130-093-917
Human Anti-IL-4 pure, functional grade Miltenyi Biotech 130-095-753
Human Anti-IL-12 pure, functional grade Miltenyi Biotech 130-095-755
Human Anti-1L-10 pure, functional grade Miltenyi Biotech 130-096-041
Human Anti-IFN-y pure, functional grade Miltenyi Biotech 130-095-743

3.4 Key chemicals

Table 5: Key chemicals and reagents

Key Chemicals Supplier Product/Order number
Ammonium persulfate (APS) Sigma Aldrich 248614-56
Albumin from bovine serum (BSA) Thermo Fisher Scientific C3100MP
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Key Chemicals Supplier Product/Order number
Calcium chloride solution (CaCly) J.T. Baker 0504
Complete Protein Inhibitor Merck 05892791001
Dimethylsulfoxid (DMSO) Sigma Aldrich D4540-100ML
Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich E9884

Ethanol Sigma Aldrich 32205

Fetal calf serum (FCS) Thermo Fisher Scientific 10270-106
Methanol Fisher Chemical M3950
Natriumazid (NaN3) Sigma Aldrich S8032
Isopropanol Sigma Aldrich 19516

Sodium chloride solution (NaCl) Sigma-Aldrich S9888
Penicillin/Streptomycin Sigma Aldrich P4333-100ML
4-(2-hydroxyethyl)-1 piperazineethanesulfonic Sigma H7523

acid HEPES

Precision Plus Protein Dual Color Bio-Rad 161-032
Sodium dodecyl sulphate (SDS) Acros organics 327315000
(I\_II_EINITIES) Tetramethylethylendiamin S AT T9281
Tween-20 Sigma Aldrich P1379
-Mercaptoethanol Acros Organics 125472500
Agarose Broad Range T846.3 Carl Roth GmbH T846.3
Chloroform 99 % (500 ml) Sigma C-2432
Diethylpyrocarbonat (DEPC) Sigma D5758
Fura-2AM Invitrogen F1221
lonomycin (1mg) Calbiochem 407950
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Key Chemicals Supplier Product/Order number
Poly-L-ornithine hydrobromide Sigma P3655
Thapsigargin (TQg) Invitrogen T7458
Trizol Reagent Invitrogen 15596-026
Peroxidase from horseradish Serva 31943
Propidium lodide (PI) VWR BTIU40016
3.5 Solutions

Table 6: Standard solutions and media composition

Solutions

Composition/ Catalog number

Key Solutions for Western Blots
RIPA lysis buffer 1x

DM lysis buffer 1x

Laemmli buffer 5x

Stacking buffer
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50 mM Tris

150 mM NacCl

0.1% SDS

1% NP40

0.5% Sodium deoxycholate
in PBS; pH 7.5

20 mM Tris

10 mM KCL

10% glycerin (v/v)

0.5% n-Dodecyl B-D-maltoside (DMM)
in PBS; pH 7.4

125 mM Tris pH 6.8
2.5% SDS

0.1% Bromphenol blue
60% Glycerin

25% PB-Mercaptoethanol

0.5 M Tris-HCI
0.4% SDS
in H2O dest; pH 6.8
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Solution Composition/ Catalog number
Separating buffer 1.6 M Tris-HCI
0.4% SDS

in H20 dest; pH 8.8

Electrophoresis running buffer 25 mM Tris
190 mM glycine
0.1% SDS
in H20 dest; pH 8.3

Blotting buffer 20% Methanol
1% SDS
250 mM Tris-HCI
1.92 M Glycin
in H2O dest; pH 8.3

Tris-buffered saline with Tween 20 10x (TBST 10x) 5 mM Tris-HCI
1.5 mM NaCl
in H2O dest; pH 7.5

Tris-buffered saline with Tween 20 1x (TBST 1x) 0.1% Tween
10% TBS 10x
in H2O dest; pH 7.5

Preparation of primary antibody for Western Blot 1% BSA
0.02% NaN3
in PBS
Preparation of secondary antibody for Western Blot 5% skimmed milk
in TBST 1x

Ringer solutions (Physiological solutions for Ca?* imaging)

Ringer solution without Ca?* 145 mM NaCl
4 mM KCI
10 mM Glucose
10 mM HEPES
2 mM MgCl,
1 mM EGTA
Osmolarity: ~310 mosm; pH 7.4
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Solutions

Composition/ Catalog number

Annexin binding buffer 10x

Buffers for ChIP Assay

Coupling buffer
(to conjugate Abs to protein A/G agarose beads)

Lysis buffer used after fixation and crosslinkers of proteins

Binding buffer

Low-salt buffer

High-salt buffer

LiCl buffer
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0.1 M Hepes

1.4 M NaCl

25 mM CaCl; solution
in H20 dest; pH 7.4

0.01 M sodium phosphate
0.15 M NaCl
pH 7.2

20 mM Tris

100 mM KClI

10% glycerine (v/v)

0.5% n-Octyl-B-D-glucopyranoside

20 mM Tris,
100 mM KClI
10% glycerine (v/v)

50 mM Tris/HCI
150 mM NacCl
0.1% SDS

0.1% NaDoc

1% Triton X-100
1mMEDTA

50 mM Tris/HCI
500 mM NaCl
0.1% SDS

0.1% NaDoc

1% Triton X-100
1mM EDTA

10 mM Tris/HCI

250 mM LiCl

0.5% IGEPAL CA-630
0.5% NaDOC

1 mMEDTA
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Solution Composition/ Catalog number
TE buffer 10 mM Tris/HCI
1 mM EDTA

Dulbecco’s Phosphate Buffered Saline (1x) (DPBS)

Hank’s BSS (1x) (HBSS)

LSM 1077 Lymphocyte Separation Media (Ficoll)

AIM-V Medium

14190-094 Invitrogen/Gibco

H15-009 PAA Laboratories

C-44010 PromoCell

Thermo Fisher Scientific

3.6 Key Kkits, devices and special laboratory equipment

Table 7: Key kits, devices and special laboratory equipment

Kits /Devices

BCA Protein Assay Kit

Clarity Western ECL

Negative CD4" Isolation Kit

MitoProbe DilC1 assay kit

Super ScriptTMII Reverse Transcriptase
Zombie Aqua Fixable Viability Kit
QuantiTect SYBR Green Kit
MitoTracker-Red

MACS SmartStrainers, 30 uM

RNeasy Plus Micro kit (50)

RNeasy Plus Mini Kit (50)

Protein A/G Plus Agarose, 2ml

PVDF Membranes

Falcon® 96-Well flat bottom for cell culture

Zombie NIR™ Fixable Viability Kit

Supplier Catalog number
Thermo Fisher Scientific 23225
Bio-Rad 1705060
Miltenyi Biotec 130-096-533
Thermoscientific M34151
Life technologies 18064-014
Biolegend 423101
Qiagen 204145
Thermoscientific M22425
Miltenyi 130-098-458
Qiagen 74034
Qiagen 74134

Santa Cruz Biotechnology Sc-2003
Merck IPVH 0001
VWR 353219
Biolegend 423105
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Kits /Devices Supplier Catalog number
BD Fixation/Permeabilization Solution Kit BD 554714
5188-5242/5973-
H i i Agilent
G3 Human gene expression v3 microarray gilen 1507/5188-5242A
ChemiDoc TM XRS Bio-Rad -

CO2 Inkubator Heracell 150i
CO2 Inkubator Heraeus
Infinite M200 Pro

pH Elektrode Accumet Basic

CFX96TM Real-Time System
C1000TM Thermal Cycler

Cell Observer Primo Vert
NanoDrop One Spectrophotometer
FACSVerse™

Qsonica Sonicator Q700

FACSAria lll

Thermo Fisher Scientific
Thermo Fisher Scientific
Tecan

Thermo Fisher Scientific

BioRad

Zeiss
Thermo ScientificT™
BD Biosciences

Thermoscientific

BD Biosciences

47



Methods

4 Methods

4.1 Isolation of PBMC from peripheral blood

Blood samples were collected from healthy donors in the Institute of Clinical Hemostaseology and
Transfusion Medicine, Saarland University, Homburg. Research was approved by the local ethical
committee (83/15; FOR2289-TP6, Niemeyer/Alansary). To isolate the PBMC, the LRS or Amicus
chambers, containing residual blood from preparative hemapheresis kits were used as a source of PBMCs.

A 50 ml Leucosep tube was loaded with 17 ml LSM 1077 lymphocyte separation medium and centrifuged
for 30 s (1000 g, RT) to allow the medium pass through the filter. The LSM 1077 lymphocyte separation
medium is a Ficoll based separated solution composed by a hydrophilic polymer of sucrose which allows
the separation of cells according to their own density during centrifugation. The LRS or Amicus chambers
are flushed with approximately 30 ml of Hank’s BSS and collected in the prepared Leucosep tube. Following
the Leucosep tube containing the cells was centrifuged at 450 g at RT for 30 min, without brake and low
acceleration (Acc.:1). After centrifugation, the PBMC were enriched in the white ring between the yellowish
colored blood plasma and the colorless separation medium. The blood plasma was aspirated and discarded,
while the white PBMC ring was transferred to a new 50 ml tube and filled up to 50 ml with Hank’s BSS.
After a further centrifugation step at 250 g for 15 min at RT, erythrocytes were lysed by incubating the cell
pellet with 2 ml erythrocyte lysis buffer for 2 min. Erythrocytes debris were removed by washing with 50
ml of Hank’s BSS at 200 g for 10 min at RT. The remaining PBMCs were resuspended in 20 ml PBS
supplemented with 0.5% BSA and the cell suspension filtered using a 30 um pore size strainer. Finally, the
cell concentration was determined using the Z2 counter from Beckman Coulter and 0.4x10° or 0.8x10°
PBMC were resuspended in AIMV medium at a final concentration of 5.92x10° cells/ml and 2 ml of the
cell suspension was added into each well of a 6 well plate and incubated overnight at 5% CO2 and 37°c to
allow the adherence of cells to the bottom of the plate.

4.2 lIsolation of CD4* T cell subtypes from peripheral blood
4.2.1 Staining Procedure

Total CD4* T cells were isolated from the non-adherent fraction after overnight incubation of PBMCs either
by FACS sorter or using a CD4" negative isolation Kit (Miltenyi, #130-096-533) followed by automated
cell isolation system (Miltenyi, AutoMACS), according to the manufacturer’s instructions. For isolation of
CD4" specific subtypes, the enriched fraction containing mostly cells in suspension, were harvested in 50
ml tubes and centrifuged at 300 rcf for 10 min at 22°C. The pelleted cells were washed two times with 45
ml of cold PBS + 0.5% BSA, by moving the tube up and down slowly approximately 10 times, followed by
centrifugation at 320 rcf for 5 min at 4°C. After the second washing, the PBMC were mixed with a blocking
reagent specific for the Fc-receptors (human TruStain FcXtm) at a final dilution of 1/50 and incubate for 10
min at RT. This step prevents the binding of Fc-receptors on remaining APCs to the antibodies used for cell
staining. Next, without washing a mix of fluorescent-conjugated monoclonal antibodies specific for cluster
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of differentiations (CD) expressed on CD4" subtypes, was added to a final dilution of 1:40, mixed well and
incubated for 45 min in ice protected from light. The mix of antibodies used varies depending on the target
population to sort (Table 8). Afterward, 45 ml of PBS+0.5% BSA was added to the cells and washed by
moving the tube up and down slowly approximately 10 times followed centrifugation at 320 rcf for 5 min
at 4°C. This washing step was performed two times more as described before. After washing, the cells were
resuspended in 4 ml of PBS+0.5% BSA and the cell suspension passed through a 30 or 40 uM cell strainer
in order to get rid of agglomerates formed due to cell debris. The filtrated cells were directly collected in 4
ml sterile FACS tubes and subsequently Propidium lodide (PI) was added to a final concentration of 1 ug/ml
to the suspension cells. Post sorted CD4* T cell subtypes were seeded at density of 2x10° cells/ml in AIMV
medium containing 1% Pen/Strep and cultured for at least 24 h before conducting experiments. The medium
culture of regulatory T cells was also supplemented with 10ng/ml of recombinant human IL-2.

Table 8: Mix of antibodies used for sorting CD4* T cell subtypes out of PBMC

Subtypes Antibodies

Total CD4*: (CD4*CD127") CD4-PerCP-Cy5.5

Naive: (CD4*CD127""CD25 CD45R0O) CD127-Alexa Fluor® 700
Memory: (CD4*CD127"9"CD25 CD45R0%) CD25-FITC

RegT: (CD4*CD127"°“CD25 CD45R0O") CD45RO0O-PE-Cy7

Naive: (CD4*CD127""CD25 CD45ROCCR7*) CD4-PerCP-Cy5.5

EM: (CD4*CD127""CD25 CD45RO*CCRT") CD127-Alexa Fluor® 700

CM: (CD4*CD127""CD25 CD45RO*CCR7*) CD25-FITC

EMRA: (CD4*CD127""CD25 CD45ROCCR7") CD45R0O-PE-Cy7
CCRT7-Alexa Fluor® 647

4.3 Flow Cytometry and Fluorescence Activated Cell Sorting analysis
4.3.1 The principle of Flow Cytometry

In flow cytometry the sample is hydrodynamically focused in the core stream and single cell or particle
passed through an analytical laser beam source for interrogation. Once a fluorescent sample is intercepted
by the lasers, an optical-to-electronic system registers the light scattered and fluorescence emitted from the
cells or particles, thereby allowing drawing conclusions about the properties of the cells. Cellular
components such as cell membranes, granular material, nucleus, as well as cell shape and surface
topography contribute to the scattering of the light. Hence, forward scatter light (FSC) is a measure of
diffracted light that is proportional to the cell-surface area or size of cell or particles and is measured along
the path of the laser beam in the forward direction. On the other hand, sideward scatter light (SSC) represents
refracted and reflected light product of a change in the index of refraction at any cell interface and it is
recorded at 90 degrees to the laser beam, being proportional to cell granularity or internal complexity. In
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addition to size and granularity analysis, flow cytometry facilitates expression analysis by labeling samples
with a mix of fluorescent-labeled antibodies specific for different epitopes, simultaneously allowing the
identification of complex populations harboring specific expression patterns.

On the other hand, Fluorescent Activated Cell Sorting (FACS) shares the same principle as flow cytometry,
but unlike flow cytometry, samples that were interrogated by the laser beam are not subsequently discarded
to the waste but rather separated and further processed. In this regard all FACS equipment are equipped
with a sorting feature that allows to sort populations after the population of interest have been defined on a
data acquisition plot. Once a target particle is detected, an electrical charge is applied to the stream so that
the droplet containing that particle breaks off from the stream. Subsequently, the charged droplet passes by
two strongly charged (2000-6000 volts) deflection plates and depending on the droplet’s charge polarity,
the droplet is deflected to the left or right. Uncharged droplets are left unaffected and directed from the
straight stream to the waste aspirator. In order to guarantee the precision of the sorting process, the drop
delay (time between particle interrogations and droplet breakoff point) should be calculated and kept
constant during the whole sorting procedure. Other parameters such as the flow rate, sort precision mode
among others determine the efficiency and purity of the sorted populations.

In the context of this work, two flow cytometers were used for the analysis of cells; a BD FACSVerse™
Flow Cytometer for flow cytometry analysis and BD FACSAria™ III Sorter for isolation and separation of
interested populations.

4.3.2 FACSVerse cytometer

Flow cytomery analysis of cells was done using a FACSVerse flow cytometer by Becton Dickinson and BD
FACSuite™ software equipped with three lasers; a blue laser: 488 nm, filters: 530/30, 575/26, 670/14,
695/40, 780/60; a red laser (640 nm), filter: 660/20, 780/60; violet laser: 405 nm, filter: 450/40, 525/50).
The measured data were displayed either in a histogram as percentages, the median fluorescence intensity
(MFI) of a population or as a dot plot where individual fluorescent values for each cells are plotted. For
guantification, gates were set to define cellular populations based on the measured expression of surface
markers characteristic of each, as mentioned in the result section. The analysis of the data was carried out
using the FlowJo software 10.0.7.

4.3.3 FACSAria Il sorter cytometer

The sorting of CD4* subtypes was performed on a FACSAria Il sorter cytometer at the Core Facility
Cytometry of the Physiology department, Centre for Integrative Physiology and Molecular Medicine,
Saarland University. The FACS Sorter was integrated with a FACSDiva software version 6.1.3 and
equipped with 4 lasers, allowing the detection up to 11 different colors. The four lasers consist on a blue (B)
laser: 488 nm, filter 503/30, 695/40; red (R) laser: 633 nm, filters: 660/20, 730/45, 780/60; near ultra violet
(nUV) laser: 375 nM, filters: 510/50,450/40 and yellow and green (Y/G) laser: 561 nM, filters: 582/15,
670/14, 610/20, 780/60. The configuration selected for sorting was (3B-3R-2nUV-4YG) and the nozzle size
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used 70 uM. Before starting, the FACS machine was prepared for aseptic sorting and the drop delay was
automatically calculated using fluorescent Acudrop BD beads before running each sorting. After successful
drop delay calculation, proper compensation was done and cells were sorted at 4°c at 10000 events/s
reaching sort efficiency higher than 95% in most of the cases. The purity of the cells was further confirmed
post-sorting and it was more than 99%.

4.3.4 Post sorting analysis of sorted CD4* T cell compartments

Post sorting analysis of CD4" compartment was done immediately after sorting of the CD4" compartments.
Briefly 0.2x10° cells were washed in FACS buffer two times at 320 g for 5 min at 4°c and 50 pl of a mix of
monoclonal antibodies specific for CD4, CD45R0O, CD45RA and CCR7 was added at a final dilution of
1:40. Following, cells were incubated for 25 min on ice protected from light. After staining cells were
washed two times with 2 ml FACS buffer and re-suspended in 400 ul FACS buffer and analyzed by flow
cytometry using a FACSVerse (BD) flow cytometer.

4.3.5 Analysis of compartment distribution and activation markers by flow cytometry

Approximately 0.2x10° siRNA-transfected and stimulated cells were harvested in 4 ml FACS tubes and
right after 1 ml of PBS was added to the tubes. The suspension cells were subjected to the magnetic field of
magnetic separator (DynaMag Miltenyi), in order to remove the anti-CD3/CD28 magnetic beads. The non-
bound fraction was then collected in a new 4 ml FACS tubes and washed to times with 2 ml of PBS by
centrifugation at 320g for 5 min and 4°C. Next, cells were stained with 25 pl of viability dye (Zombie Aqua
Fixable Viability Kit, Biolegend) to a final dilution 1:1000 at room temperature (RT) and protected from
light. Cells were washed two times with 2 ml FACS buffer by centrifugation at 320 g for 5 min at 4°C.
Subsequently, a 25 ul mix of monoclonal antibodies specific for CD4 (dilution 1/40), CD45RO (dilution
1/40), CCR7 (dilution 1/40), CD62L (dilution 1/100), CD25 (dilution 1/40) or a mix of monoclonal
antibodies specific for CD69 (dilution 1/100) and CD154 (dilution 1/40) were added and incubated for 25
min on ice protected from light. After staining, cells were washed two times with 2 ml FACS buffer and re-
suspended in 400 ul FACS buffer and analyzed by flow cytometry using a FACSVerse (BD) flow cytometer.

4.3.6  Mitochondrial staining

4.3.6.1 Active membrane potentials staining (DilC1 Staining)

For analysis of active membrane potentials, 0.2 x10° cells/ml were incubated or not with CCCP to a final
concentration of 50 pM in warm phosphate-buffered saline and incubated at 37°C and 5% CO2 for 5 min.
Next, DilC1 was added to a final concentration of 50 nM and cells were incubated at 37°C, 5% CO2 for
additional 20 min. DilC1 stained cells were washed once with 2 ml of warm phosphate-buffered saline and
the DilC1(5)-stained cells resuspend in 50 ul of 1x annexin binding buffer followed by addition of 2.5 ul
annexin V conjugate (annexin V-Alexa Fluor® 488 conjugate, VV13241) and 0.5 pul of'a 100 pg/ml propidium
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iodide solution. Samples were incubated at 37°C, 5% CO2 for additional 15 min. After incubation 400 pl
annexin binding buffer were added into each tube and samples were analyzed on a FACSVerse Cytometer.

4.3.6.2 Mitochondria size staining

For analysis of mitochondria size, 0.2x10° cells were resuspended gently in 1 ml of prewarmed (37°C)
staining solution containing the MitoTracker-Red probe at a final concentration of 25 nM and incubated
under growth conditions at 37°C, 5% CO2 for 20min. After incubation, the MitoTracker-Red-stained cells
were washed once with 2 ml of warm phosphate-buffered saline and the MitoTracker-Red-stained cells
resuspended in 50 pl of 1x annexin binding buffer followed by addition of 2.5 ul annexin V conjugate
(annexin V-Alexa Fluor® 488 conjugate) and 0.5 ul of a 100 pg/ml propidium iodide solution. Samples
were incubated at 37°C, 5% CO2 for additional 15 min. After incubation 400 pl annexin binding buffer was
added into each tube and samples were analyzed on a FACSVerse cytometer.

4.4 Invitro polarization of naive CD4* T cells into CD4* T helper subtypes

The in vitro polarization of naive CD4* T cells was done according to the protocol previously developed in
our group (Kircher et al., 2018). Briefly, 2x10° cells/ml in AIMV medium without FCS but containing 1%
Pen/Strep were seeded in 12 well flat bottom plates and stimulated with anti-CD3/CD28 coated expander
beads (Dynabeads® Human T-Activator CD3/CD28) for 7 days to 1:10 bead: cell ratio under control non-
polarized cells (ThO) or polarized conditions. ThO were cultured with anti-INFy (20 pg/ml), anti-IL4 (10
pg/ml) and IL-2 (10 ng/ml); Th1l with IL-12 (20 ng/ml), INFy (5 ng/ml), anti-IL4 (10 pg/ml) and IL-2 (10
ng/ml); regulatory T cells (regT) with TGF-B1 (5 ng/ml), anti-INFy (20 pg/ml) and IL-2 (10 ng/ml); Th2
with anti-INFy (20 ug/ml), anti-IL-12 (10 pg/ml), anti-IL10 (10 pg/ml), IL-2 (10 ng/ml) and IL-4 (30 ng/ml)
and Th17 with L-6 (30 ng/ml), IL-1B (10 ng/ml), IL-23 (100 ng/ml), anti-INFy (20 pg/ml), anti-IL4 (10
pg/ml) and TGF-B1 (0.1 ng/ml).

4.5 Intracellular staining of cytokines and transcription factors

At the end of polarization period, 0.25 x10°to 0.5x10° cells were re-stimulated with 5 ng/ml PMA and 500
ng/ml ionomycin for 4 h in presence of Golgistop (according to manufacturer's instructions, BD). Next, cells
were harvested and the antiCD3/CD28 beads removed. After washing two times the cells with PBS, cells
were stained with a viability dye (Zombie NIR Fixable Viability Kit, Biolegend) at a final dilution of 1:1000
for 20 min at RT, followed by surface staining for CD4 and eventually fixed and permeabilized using
commercial buffer (BD FixPerm Solution). Antibodies used for staining were supplied from Becton
Dickinson and are shown in (Table 2). Flow cytometric analysis was performed using a FACSVerse
cytometer.
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4.6 Microarray analysis of ThO, Thl and regT subtypes

To perform a microarray gene expression of ThO and regT subtypes, naive T cells from 5 donors were
polarized into Thl or regT subtypes as previously described (section 4.5) and total RNA was isolated using
Trizol as explained in section 4.8.1. The quality of the isolated RNA was insured by measuring the RNA
integrity number (RIN) using Agilent 2100 Bioanalyzer (Agilent Biotechnologies). Expression analysis was
performed using Gene Expression Hybridizaiton Kit (5188-5242-A), (Agilent Biotechnologies). RNA
processing and microarray hybridization were performed at the Department of Human Genetics of the
University Hospital of Saarland, Prof. Dr. Eckart Meese’s lab with the help of Dr. Nicole Ludwig. The RNA
was amplified and labeled using a G3 Human gene expression v3 microarray (Agilent), following the
manufacturer’s instructions. Analysis of the microarray data was done in collaboration with the Department
of Clinical Bioinformatics, University of Saarland, Prof. Dr. Andreas Keller’s lab with the help of Dr.
Mustafa Kahraman and also using Advaita Bioinformatics/iPathwayGuide software (Advaita, Plymouth,
MI, USA) (Ahsan & Draghici, 2017). Volcano Plots were built using the negative log (base 10) of the
adjusted p-value (obtained using a False Discovery Rate approach) and log (base 2) of the fold change in
gene expression. Most differentially expressed genes were selected using thresholds of 0.6 for expression
change and 0.05 for significance. For gene ontology analysis, p-value correction was done using the elim
and weight pruning method, that eliminates duplicates or redundant entrances (Alexa et al., 2006).

4.7 Transfection

For downregulation of PMCA, 2x10° cells were seeded in 96-well plate in Accell siRNA Delivery Media
(ADM, Horizon) supplemented with 10 ng/ml of recombinant IL-2 and transfected with 1 uM accell siRNA
targeting ATP2B4 (Accell Human ATP2B4 siRNA - SMARTpool, E-006118-00-0005, Horizon) or non-
silencing control RNA (Accell Non-targeting Pool, D-001910-10-05, Horizon) in 100 ul final volume
according to the manufacturer’s instructions. Seventy-two hours later cells were harvested for mRNA or
functional analysis (see sections compartment distribution and SOCE measurement).

4.8 RNA isolation and cDNA synthesis

For Isolation of total RNA from cells two methods were used depending on the number of available cells.
In the cases where more than 2x10° cells were available, isolation was done using Trizol reagent whereas
for smaller numbers of cells we used RNeasy Plus Micro kit from Qiagen (up to 5x10° cells) or the RNeasy
Mini Kit Qiagen (from 1x106 cells) following the manufacturer’s instructions.

4.8.1 Trizol isolation of total MRNA

Total RNA from CD4* T cells were isolated using 800 pl of Trizol reagent containing Phenol and
Guanidiniumthiocyanate. Samples were stored at -80°C in Trizol prior to further handling. Upon use, cells
were thawed at RT and centrifuged at 12000 g for 10 min at 4°C to remove the cell debris. Cell lysis and
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digestion of endogenous RNAses are achieved by adding guanidine thiocyanate solution. The supernatant
was further incubated at RT for 5 min and 200 pl chloroform were added and mixed with vigorous shaking,
then samples were incubated for 2 to 3 min at RT and centrifuged at 12000 g for 15 min at 4°C. After
centrifugation, three liquid layers were detectable; where the upper aqueous layer contained the RNA, the
intermediate layer DNA and the lower organic layer proteins. The RNA-containing fraction was transferred
to a fresh tube and was pulled down by addition of 1 pl glycogen (Invitrogen) and 500 pl isopropanol
followed by incubation at RT for 10 min. After centrifugation at 1200 g for 10 min at 4°c the supernatant
was removed and RNA was washed with 1 ml ethanol 75% in DEPC-treated H.O. RNA pellets were dried,
suspended in 10 pl DEPC-treated H,O. The integrity of the RNA was confirmed by a 2% agarose gel. RNA
concentration was determined using a 1 pl of SiRNA using a nanoDrop One Spectrophotometer. The ratio
of absorbance 260 to 280 and 260 to 230 were used to determine purity of the total MRNA. The ratio of
absorbance 260 to 280 indicates contaminants that absorb at 280 nm such as proteins, whereas the ratio of
absorbance 260 to 230 nm indicates contaminants that absorb at 230 nm such as guanidine thiocyanate
(GTC), guanidine hydrochloride (GuHCI), EDTA, non-ionic detergents like Triton™ X-100, some proteins
and phenol.

4.8.2 RNA isolation using Kits

MRNA samples derived from CD4* naive and memory T cell populations, as well as CD4* T cell
compartments were isolated using either RNeasy Plus Micro kit or the RNeasy Mini Kit from Qiagen. The
lysis of the cells was done with buffer RLT provided in the kit by vortexing for 1 min. Samples were either

stored at -80°c or immediately processed following manufacturer’s instructions.

4.8.3 cDNA synthesis

The synthesis of complementary DNA (cDNA) from an RNA sequence of a particular gene is achieved by
reverse transcription. This step is important in order to generate a template for further amplification by real
time PCR. Synthesis of cDNA was carried out using a standard PCR-cycler with 0.2 to 0. 8 pg of total
MRNA. In a first step, annealing was achieved by adding 1 pl oligo-dT-primers (0.5 pg/ul) and 1 ul of
mixture of dNTPS for strand synthesis. Following heating at 65°C for 5 min; 1 ul DTT (0.1 M), 4 ul 5x first
strand buffer and 1 ul RNAse OUT (RNAse out Kit) were added and subsequently heated for another 2 min
at 42°C. Amplification was performed in a final step, where 1 pl Supercript Il Reverse Transcriptase was
added following incubation at 42°C for 50 min. Next, the temperature was increased to 72°C for 15 min to
promote complete synthesis of all PCR products and the procedure ended with a cool down (4°C). PCR
mixes without mMRNA were used as general control for extraneous nucleic acid contamination.

4.9 Quantitative (real-time) polymerase chain reaction (QRT-PCR)

The cDNA obtained from reverse transcription is employed as template for quantitative PCR. Contrary to
conventional PCR, in each real-time PCR cycle the resulting DNA products are monitored in a real-time
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manner by measuring the fluorescence generated by intercalating DNA-dye such as SYBR green or by
sequence-specific probes. In each cycle the fluorescence is recorded and when a fluorescent signal crosses
the fluorescence threshold value (set as approximately 10 times the standard deviation of the fluorescence
value of the baseline) a threshold cycle (Ct) is generated. This Ct is defined then as the cycle number at
which the fluorescent signal of the reaction crosses the threshold. Once the amplification reaction is
completed, the template is melted to determine non-specific bindings. As the temperature of the reaction
rises, a melting curve is generated. This melting curve represents the fluorescence measured when double-
stranded DNA, labeled with fluorescent molecules, dissociates or “melts” into single-stranded DNA
(ssDNA). This is a straightforward way to check the presence of primer-dimer artifacts and to ensure
reaction specificity.

Table 9: PCR conditions for quantitative real-time PCR

Step Time Temperature

Initial heat activation for HotStar Tag DNA Polymerase 15 min  95°C

Denaturation 30sec  95°C

Annealing 30sec  58°C 45

Extension 30sec  72°C cycles
Plate Read

Denaturation 30s 95°C

Melt curve 5s 65°C-95°C, increment 0.5°C

In this work, the cDNA obtained from reverse transcription was amplified by using specific primer pairs for
the genes of interest. Specific primers for the detection of STIM1-2, Orail-3, ATP2B4, ATP2B4a and
ATP2B4b as well as YY1 were used (primer sequences are listed in Table 3). The protocol for DNA
amplification is shown in Table 9 and consists of three temperature steps: the procedure starts with an
increase in temperature that allows the template, as well as further resulting amplicons being denaturalized,
the second step provides the optimal annealing temperature for binding of the primers to their
complementary sequence, and the third step allows the binding of DNA polymerase to its DNA template
and DNA synthesis. To quantify the level of gene expression the QuantiTect SYBR Green PCR Kit from
Qiagen was used, which provides all the components necessary for the amplification such as HotStarTag®
DNA Polymerase and SYBR Green among others. SYBR Green dye intercalates to double strand DNA
giving a fluorescence signal proportional to the amount of cDNA on the samples. The analysis of the PCR
results is based on the 22T method (Garson et al., 2009; Livak & Schmittgen, 2001). The expression of
target genes was normalized to the reference gene TATA-box binding protein (TBP), and in most of the
cases a second reference gene RNA Polymerase (RNAPol) was used. All templates were tested in duplicates
or triplicates.
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4.10 Western Blot

Western blot (Immunoblotting) technique was used to determine PMCA, STIM, Orail and YY1 protein
levels. For quantification of protein content, cell lysates were produced using a lysis buffer 1x (develop in
the group of Prof. David Mick, Center of Human and Molecular Biology (ZHMB), Saarland University)
supplemented with a cocktail of protease inhibitors (here named DM Lysis buffer 1x) while shaking at
approximately 400 rpm during overnight incubation at 4°C. The next day, lysates were stored at -80°C till
sample processing or immediately sonicated with a Qsonica Sonicator Q700 (Thermoscientific) for 3
minutes under the following conditions: 5% amplitude, laps 15 min, pause 10 min. Later, samples were
centrifuged at 15000 rpm for 20 min at 4°C to get rid of debris and protein determination was done by
bicinchoninic acid (BCA) protein assay following the manufacturer’s instructions. After protein
guantification, 10 to 50 pg of proteins were diluted in Laemmli buffer 1x and denaturalized at 65°C for 15
min. Denaturalized samples and dual color marker were separated in a discontinuous SDS-PAGE gel (5 or
7% stacking gel and 10 or 15% separating gel) at constant voltage of 150 mV in 1xSDS-running buffer. The
ionic detergent SDS binds to proteins, to create negatively charge complexes, that are separated based on
their size during electrophoresis. All buffers used are shown in Table 6 with single reagents indicated in
Table 5. Separated proteins were blotted onto nitrocellulose membranes at constant current of 350 mA for
90 min in blotting buffer. The transfer is essential for exposure of epitopes on the membrane surface where
binding of the detecting antibody is feasible. The membranes were blocked in 5% skimmed milk in PBS-T
for one hour to avoid unspecific binding of antibodies in the successive steps. Membranes were incubated
with the primary antibody overnight at 4°C. After overnight incubation, the membranes were washed three
times with PBS-T and incubated with the pertinent secondary antibody at RT for one hour. The membranes
were washed again four times with PBS-T and a final washing step with TBS. Antibody bound protein
fractions were detected with the ECL chemiluminescent solution in the ChemiDocTM XRS system.
Different exposure times were used depending on the primary antibody. To quantify protein levels,
membranes were treated with a primary antibody against the house-keeping protein GAPDH or B-actin. The
guantitative analysis of protein levels was based on the volume of the bands, which takes into account that
the density of a given band is measured as the total volume under the three-dimensional peak (length and
width=area plus chemiluminescent signal emitted from the blot=peak hight (3rd dimensional peak). The
background subtraction was done by using rolling disk background subtraction. Quantification was done
using the Image Lab software (Bio-Rad).

4.11 Single cell Ca?* imaging
4.11.1 Principle

T cells were loaded in suspension with 1 uM Fura-2AM in AIMV medium at room temperature for 25-30

minutes and seeded on 0.1 mg/ml poly-ornithine coated glass coverslips. Fura-2AM is a

polyaminocarboxylate fluorophore that binds divalent ions such as Ca?" and is conjugated to an

acetoxymethylester-group (AM). The AM-group enables the dye to permeate into cells where it is

hydrolyzed by esterases in the cytosol to yield Fura-2. Fura-2AM is a ratiometric calcium indicator with

high affinity for Ca?* and UV light excitable. The ratiometric characteristics of the dye rely on two
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absorption spectral peaks at 340 and 380 nm and one emission peak at 510 nm. Addition of Ca?* increases
the fluorescence of Fura-2AM when excited at 340nm and decreases the fluorescence from excitation at 380
nm. Therefore, after background subtraction, the intensity of emitted light recorded with 340 nm excitation
divided by the intensity of emitted light recorded with 380 nm can be presented as a 340/380 ratio and
reflects changes in [Ca?*];, as well as allows to cancel out variations in dye loading. As described by
Grynkiewicz and colleagues, the ratio values of Fura-2AM obtained after excitation at the two wavelengths
can be converted to a Ca?* concentration if the minimal and maximal [Ca?*]; values using the cell type under
study are determined using a specific equipment combination in a process called calibration using the
following equation:

(R-Rmin)  Fmax

Equation 1:  Calcium (nM)=Kd(Fura) X Rmax-R) ~ Fmin

where R is the ratio value of the background corrected fluorescence registered from cells during the
experiment; Rmin is the fluorescence ratio (F340/F380) in the absence of extracellular calcium and under
conditions where intracellular Ca?* stores have been depleted for 30 min with Tg and ionomycin and Rmax
is the fluorescence ratio (F340/F380) at 20 mM Ca?* and thus at the maximal [Ca?']; in the plateau state.
Fmax represents the fluorescence of Fura-2AM in 0 mM Ca?* and thus free Fura-2AM at 380 nm and Fmin
the fluorescence in 20 mM (in the plateau state) at 380 nm. K is the dissociation constant of Fura-2 for Ca?*
at 37°C (224 nM) (Grynkiewicz et al., 1985).

4.11.2 Method

T cells were loaded in suspension with 1 uM Fura-2AM in AIMV medium at room temperature for 20-25
min, briefly centrifuged, resuspended in 0.5 mM Ca?* ringer solution and seeded on glass coverslips
previously coated with 0.1 mg/ml poly-ornithine. Coverslips were placed into a measuring chamber,
connected to a perfusion system and data was recorded using a set-up composed of an inverted microscope
with a 20x objective lens, an infrared lamp, a xenon-lamp with control unit (Polychrome V monochromator)
and a CCD camera. The microscope was equipped with a dichroic (DC) mirror or beam splitter (LP 410)
for Fura-2AM measurements. The standard measuring protocol known as store depletion protocol included
perfusion of solutions with different calcium concentrations (Ringer’s solutions) (Table 6) in the presence
of Tg to inhibit SERCA and achieve store depletion and therefore CRAC channel activation. The protocols
started with perfusion of a 0.5 mM Ca?* solution, which allows measuring basal Ca?" concentrations,
following 0 mM Ca?* solution, which allows Ca?* to be pumped out of the cells and the remaining being
chelated by EGTA. Full SOCE activation was measured by perfusing a 0 mM Ca?* solution containing Tg
for 10 min followed by a 0.5 mM Ca?* solution plus Tg in order to estimate the Ca?* influx via activated
Orais channels. SOCE was stopped by a 0 mM Ca?* solution plus Tg, which allows measurement of only
Ca?* extrusion. Where indicated cells were treated with 1 uM CCCP or 5 uM or 20 uM Caloxin-1C2 acutely
together with the 0.5 mM Ca?* ringer solution. Images were analyzed using the TillVision software followed
by Igor software. Analyzed parameters include: maximum [Ca?']; (Peak), steady state [Ca?*]i analyzed as
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the average [Ca?*]i 25 s before removal of [Ca?], (Plateau) and the fraction of retained [Ca?*]; (Plateau/Peak)
calculated for each cell independently.

For the analysis of the efflux rates, cells within 200 nM or 500 nM [Ca?*]; peak or [Ca?"]i plateau (iso-cells)
were grouped and the inverse of the time constants (rate constant) of single cells were calculated by fitting
single or double exponential decay to the decline in [Ca?"]i after maximal store depletion or after Ca?*y
removal. Where indicated, the fitting was performed after averaging iso-cell traces and fitting the average
curves to double exponential decays, the decay rates were represented as time constants then.

4.12 Transcription factors binding site (TFBS) analysis

A 5000 base pair long sequence upstream to the start codon of ATP2B4 was used for as a potential promoter
sequence for ATP2B4. Prediction of transcription factor potentially regulating PMCA4 was done using the
algorithms provided by three different databases: ChlP-Seq (Ambrosini et al., 2016), HOCOMOCO
(Kulakovskiy et al., 2018) and Promo V3 (Messeguer et al., 2002). Identification of transcription factor
binding sites (TFBS) was done by Ensembl Transcription Factor tool (Ensembl Regulatory Build) (Zerbino
et al., 2015) and making use of the matrix-based transcription factor binding site in JASPAR database
(Fornes et al., 2020). Results obtained from the independent databases were subject to Venn analysis using
the online tool Venny 2.1 (Oliveros, 2007) to detect common results (Table 10).

4.13 Chromatin Immunoprecipitation (ChlIP)

To test binding of transcription factors to PMCA4b promoter region, antibodies against transcription factors
(YY1 or NFAT, 3 ug each) or isotype control antibodies (rabbit IgG or mouse IgG respectively) were
coupled to protein A/G agarose beads in coupling buffer (0.01 M sodium phosphate, 0.15 M NaCl, pH 7.2)
overnight at 4°C and then cross-linked to the beads using 5 mM of the cross-linker BS3. In parallel, human
CD4* T cells were harvested, washed and then cross-linked with PBS containing 5 mM of the cross-linker
DSP and 3% PFA for 20 min at 4°C. Excess crosslinker and PFA were quenched by 125 mM Glycine in
PBS. Cell pellets were lysed in 20 mM Tris, 100 mM KCI, 10% glycerine (v/v), 0.5% n-Octyl-B-D-
glucopyranoside. Finally, lysates were subjected to chromatin shearing with Qsonica Sonicator Q700 in
total processing time of 4 min, 20 s laps of 40% amplitude and 10 s pauses. Clear lysates were diluted to 1
ml with binding buffer (20 mM Tris, 100 mM KCI, 10% glycerine (v/v)). An aliquot of 50 ul was kept as
an input control. Lysates were incubated with preclearing beads (isotype 1gG bound beads) for 3 h at 4°C,
unbound lysate was allowed to bind to control 1gG (a fresh aliquot of isotype 1gG bound beads) for 3 h at
4°C and finally, unbound lysate was bound to chromatin IP beads (transcription factor bound beads) for 3 h
at 4°C. Beads collected at different steps were washed with standard low salt, high salt, LiCl buffer and
finally with TE according to Thermoscientific protocol. Finally, DNA was eluted with 1% SDS in 100 mM
NaHCO3, purified using DNA purification kit (Qiagen) and used as template to test for binding of the
PMCA4b promoter region using Q5 hot start polymerase (NEB biolabs) and the primers: forward 5-
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CACCACCGTGCCAGCTAA-3’, reverse 3-GAAGGGTGCTAGTTGGACA-5. Amplicons were
visualized by DNA agarose and identity was confirmed by Sanger sequencing.

4.14 Statistical analysis

For analysis of Ca?* imaging data, 100-400 cells were measured per experiment and data shown represent
the average of averages of independent measurements (n=5-18) obtained from 3-11 donors. Data is
presented as mean = S.E.M or SD. Data was tested for normal distribution. When comparing two groups,
statistical significance was tested by performing unpaired two-tailed Student t-test for normally distributed
data sets and Mann-Whitney test when samples are not normally distributed. Comparing more than two
groups was done using Kruskall-Wallis one-way analysis of variance (ANOVA) for not normal distributed
samples or conventional ANOVA when data showed normal distribution and equal variance. Asterisks
indicate significant differences for different p values as follows: * p<0.05, ** p<0.01, *** p< 0.001.
Statistical analysis was performed using Graphpad Prism and OriginPro Software.
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5 Results

5.1 Characterization of Ca?* profiles of human T helper subtypes

5.1.1 Invitro polarization using naive CD4* T cells result in subtypes with specific cytokine
signature and Ca?* phenotypes

In the first phase of this project we characterized the Ca?* profiles of human CD4* T helper subtypes (Th1,
Th2, Th17 and regT). While the polarizing conditions for Thl and regT cells were already stablished in our
group (as mentioned in the methods section), polarization of Th17 and Th2 cells from total CD4* T cells
was challenging, showing limited efficiency. With the goal to generate a higher number of 1L-4 producing
Th2 cells and IL-17 producing Th17 cells while reducing the number of non-specific cytokine producing
cells, we investigated new experimental conditions. In order to optimize the Th17 polarizing conditions, we
cultured total CD4* T cells with decreasing concentrations of TGF-R1, an important inductor of regT cells
and also needed for Thl7 generation (Bettelli et al., 2006). Interestingly, low concentration of TGF-R1
(between 0.1 and 1 ng/ml) induced the highest numbers of IL-17, Ror-yt and Ror-yt/IL-17 positive cells
while decreasing the number of Foxp3 positive T cells in two donors (Figure 5d). Nevertheless, when we
attempted polarization of Th17 from naive CD4* T cells, neither IL-17 nor Ror-yT positive cells were
detected (Figure 5c¢). Indeed, polarization of memory sorted CD4* T cells into Th17 cells using our previous
stablished Th17 conditions and TGF-R1 concentrations of 0.1 ng/ml resulted in stable and higher production
of IL-17 producing cells (Figure 5c), as well as improved the efficiency of polarization by reducing donor
to donor variability.

Henceforth, we sorted naive and memory CD4* T cells to obtain the desired T helper’s subtypes following
the strategy shown in (Figure 10a). We attempted polarization of Thl, Th2 and regT out of naive CD4* T
cells, while Th17 cells were polarized from memory CD4* T cells. Control populations (ThO) were similarly
stimulated but kept in non-polarizing medium. After 7 days of culture in the presence of polarizing cytokine
cocktails and using different stimulation intensities (see material and methods) for each subtype, the
generation of T helper subtypes was evaluated by intracellular staining of both cytokines and transcription
factors characterizing each population, INF-y for Thl, IL-4 for Th2, IL-17 for Th17 and the transcription
factor FoxP3 for regT (Figure 5a and b). Under specific Thl polarizing conditions the number of INF-y
producing cells was significantly higher than their correspondent cytokine levels in control conditions
(Th01:10 and Th01:20) and Th2 and regT subtypes but not in ThO 1:50 and Th17 cells. The number of IL-
4 producing cells was also significant higher in cells polarized under Th2 polarizing medium than in Thi,
regT, Thl7 subtypes and control conditions (Th01:10 and Th01:50). regT cells expressed significantly
higher levels of the signature transcription factor FoxP3 than the other subtypes (Figure 5a and b). Th17
cells also showed a significant higher production of IL-17 as compared to the other subtypes, as well as
INF- v production (Figure 5a and b). The fraction of IL-17 positive cells originated from Ror-yt positive but
INF-y negative cells (Figure 5c¢). Importantly Th2 and Th17 cells were not significant different to their
respective controls ThO (Figure 5b).
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Next, we characterized the calcium profiles of in vitro polarized cells using a Tg-store depletion protocol.

The calcium profile of in vitro polarized cells using naive CD4* T cells was not different from that of in
vitro polarized cells using total CD4* T cells (Kircher et al., 2018). Th1 cells showed reduced both Ca?*
peak and Ca?* plateau than control non-polarized but similarly stimulated ThO (bead: cell ratio of 1:10)
(Figure 6a and d).
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Figure 5: In vitro polarization using naive CD4" T cells results in subtypes with specific cytokine

signature.

(a) Flow cytometry analysis of in vitro polarized T helper subtypes (Th1, Th2, Th17 and regT) after 7
days of polarization. (b) Quantification of cytokine expression in T helper subtypes and their
corresponding controls (Th01:10, Th01:20 and Th01:50) from 5 to 6 donors. (c) Flow cytometry analysis
of 11-17 and Ror-yt expression in in vitro polarized Th17 and control Th01:50 using either naive CD4* T
cells or memory CD4* T cells as starting population. (d) TGF-R1 dose dependent effect on IL-17, INF-y
and I1L4 production and FoxP3 and Ror-yt expression (representative of two experiments). Data represent
mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, *** p<0.001, using unpaired two-

tailed Student t-test.
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The regT exhibited the highest Ca?* peak among the subtypes and control conditions, but its Ca?* plateau
was not significantly different from that of the ThO stimulated with a bead: cell ratio of 1:10, but significantly
different from those of the other subtypes (Figure 6a and d). The Ca?" peak of Th2 cells was only
significantly different from that of the regT, while its Ca?* plateau was significantly different from that of
ThO stimulated with the bed: cell ratio of 1:50 and to that of the Th17 cells and regT (Figure 6b and d). Th17
cells exhibited the smallest Ca?* signals and Ca?* plateau among the subtypes. The Ca?* peak of Th17 cells
was only different from that of the regT cells and Th01:10, whereas the Ca?" plateau was significantly
different from that of the regT, Th2 and controls Th01:10 and Th01:20 (Figure 6¢ and d). Importantly, we
did not detect significant differences in Ca?* peak among control non-polarized cell stimulated at different
bead: cell ratio intensities, but the Ca?* Plateau of control non polarized Th01:50 cells, which derived from
memory CD4* T cells were significantly different as compared to Th01:10 and Th01:20, with the two latest
derived from naive CD4" T cells.
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Figure 6: In vitro polarized CD4* subtypes have distinct SOCE phenotypes following Tg-induced
activation.

(a, b, c) Average traces showing changes in [Ca?*]i over time of in vitro polarized T helper subtypes and
their corresponding controls in response to 0.5 mM Ca?*, solution after Tg-induced store depletion. Data
represent average obtained from 8 to 10 independent Ca?* measurements (~100-300 cells), representative
of 8 to 11 donors. (d) Corresponding statistics of [Ca?*]i influx rate, [Ca?]i peak and [Ca?*]i plateau. Data
represent mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, *** p<0.001, using one-
way analysis of variance (ANOVA).
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5.1.2 Transcriptome analysis of ThO, Thl and regT subtypes identifies differentially
expressed Ca?* homeostasis relevant genes

Due to the finding that Th1 and regT showed the strongest differences in Ca?* peak and plateau among the
subtypes, our next goal was to study the underlying mechanisms leading to these differences in Ca?*
phenotypes. First, we evaluated some Ca?* related genes using quantitative PCR (Figure 7f). Interestingly,
no TRPC channels were differentially expressed, but PMCA4 was significantly increased in Th17 cells and
increased expression was also detected in control Th01:50 and Th1 albeit no significant (Figure 7f). As the
underlying mechanism may be challenging to unravel by evaluating only individual genes, we performed a
transcriptome analysis (see material and methods) of ThO, Th1 and regT subtypes. The (Figure 7a) shows a
hierarchical clustering of Th0, Thl and regT polarized subtypes (5 replicates each), in which genes with
similar expression pattern across replicates are clustered together, while samples are grouped into ThO, Thl
or regT based on their resulting gene cluster patterns. The range of expression levels of each gene is
represented using a heatmap with a bar color scale at the top left of the graph (Figure 7a). As expected, the
replicates were located within the same group (for ThO: red, Th1: blue and regT: green), with only one ThO
replicate being grouped within the Thl group. Interestingly, clustering analysis revealed that ThO and regT
fall into the same cluster and are distant to Th1.

Next, we screened for differentially expressed genes in Thl and regT subtypes. The (Figure 7b) shows two
Volcano Plots, where significantly differentially expressed genes are shown towards the right or left of the
threshold (0.6) used to select the differentially expressed genes. The volcano Plot of ThO versus Thl shows
that 946 were differentially expressed out of a total of 24459 genes with measured expression. On the other
hand, analysis of differently expressed genes in ThO versus regT identified 470 differentially expressed
genes out of a total of 24466 genes with measured expression. Next, we screened for signature genes of each
subtypes. The (Figure 7c) shows that each subtype expressed either Thl or regT signature genes. As
expected, gene expression analysis of SOCE components (STIM1, STIM2 and Orail-Orai3) confirmed that
the main components of the SOCE pathway doesn’t change among Th1 and regT subtypes.

In order to select the most relevant genes that potentially contribute to the observed differences in SOCE
phenotypes between Thl and regT subtypes, we performed a meta-analysis. The (Figure 7d) shows that 110
genes are not differentially expressed between the two subgroups (ThO vs regT and ThO vs Thl) and
therefore they are not differentially expressed between Thl and regT. However, 360 genes were uniquely
differentially expressed in ThO vs regT, while 836 genes in ThO vs Th1. Having a number of genes that were
uniquely differentially expressed in Th1l and regT subtypes, the next was to unravel the fraction of genes
involved in cellular Ca?* ion homeostasis. The (Figure 7€) shows a gene ontology meta-analysis of Ca?*
related genes that were differentially expressed in Thl and regT groups. A total of 17 differentially expressed
genes out of a total of 369 genes related to cellular Ca?* ion hemostasis were identified in ThO vs regT
(pvalue=0.018), while 30 differentially expressed genes out 369 genes related to cellular Ca?* ion hemostasis
were identified in ThO vs Thl (pvalue=0.269). From these ATP2B4, P2RX5 and TRPM2 were exclusively
differentially expressed in ThO vs Thl and showed the highest fold change among the total genes.
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Figure 7: A microarray data analysis of Th0, Th1 and regT subtypes identifies relevant Ca?* genes.
(a) Hierarchical cluster of genes and sample replicates (ThO, Thl and regT) from 5 donors. (b) Volcano
Plots of ThO vs regT and ThO vs Thl obtained using a threshold of 0.05 for statistical significance (p-
value) and a log fold change (logFC) of expression with absolute value of at least 0.6. (c) Log of the FC
of signatures genes and SOCE components in regT and Thl subtypes. (d) Meta-analysis of significantly
differentially expressed genes in ThO/regT vs ThO/Th1. (€) Gene ontology meta-analysis of Ca?* relevant
genes. (f) Relative mRNA expression of TRPC1, TRPC3, TRPC6 and ATP2B4 in in vitro polarized T
helper subtypes (4 donors) calculated by real time gPCR using the 222 method. Data in f represents
mean £ SD. Asterisks indicate significance at * p<0.05, using one-way analysis of variance (ANOVA).
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As ATP2B4 was significantly upregulated in Th17 cells that were polarized from memory CD4" T cells,
and its expression seems to be also increased in Th1 cells (Figure 7e and f) and memory ThO control (Figure
7f), we were particularly interested in unraveling the role of PMCA4 in the generation of subtype specific
responses.

5.1.3 Invivo sorted regulatory T cells recapitulate in vitro polarization

To investigate if the Ca?* phenotypes of in vitro polarized cells resemble those of in vivo differentiated cells
regT, we sorted in vivo generated both regT and conventional or effector T cells (Tcon) out of PBMC,
following the strategy shown in (Figure 8a). The purity of the sorted population was evaluated by
intracellular staining of the master regulator of regT (FoxP3) and surface staining of IL-2R (CD25) (Figure
8b and c), which are constitutively expressed in regT. As expected, the number of FoxP3 and CD25 positive
cells was significantly higher in sorted regT than in Tcon (Figure 8c). Interestingly, in vivo sorted regT
showed SOCE with higher Ca?* peak than conventional CD4* T cells, but unaltered plateaus. In contrast to
in vitro polarized regT cells (Figure 7c), in vivo regT showed a reduced expression of Orai2 compared to
Tcon, while no differences in other SOCE proteins was founded (Figure 8f). Next, we evaluated the
expression, in in vivo sorted T cells, of some genes that were either differentially expressed or not in our
microarray analysis of ThO vs regT. In accordance with the gene expression profile of in vitro ThO vs regT,
TMEMBG63, PTK2 and CACNA2D2 were significantly downregulated in in vivo differentiated regT vs Tcon,
while TRPC1, TRPM2 and ATP2B4 were not (Figure 9a).

Due to regT showed increased Ca?* peak but reduced plateau and as we sow before, in vitro polarized cells
using memory CD4" T cells showed the smallest plateau among the subtypes (Figure 7d), we wondered if
the ratio naive vs memory CD4" T cells is altered in regT vs Tcon. Surprisingly, the ratio of memory T cells
vs naive was significantly higher in regT than in Tcon (Figure 9b).

On the other hand, mitochondria has been shown to modulate SOCE in T cells by inhibiting the Ca%
dependent inactivation of Orai channels (Hoth et al., 1997; Quintana et al., 2007). Therefore, we were
interested in evaluating the role of mitochondria shaping SOCE in in vivo sorted regT. We use an uncoupler
of mitochondrial oxidative phosphorylation, carbonyl cyanide m-chlorophenyl hydrazine (CCCP, 1 uM) to
block mitochondrial Ca?* uptake. Acute application of CCCP after Tg-induced store depletion led to a
significant inhibition of SOCE plateau in both regT and Tcon, while the SOCE peak remained unaltered
(Figure 9c-e). Interestingly, although mitochondria size of Tcon and regT were similar (Figure 9f), regT
shows less active mitochondrial potential than Tcon (Figure 9g).
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Figure 8: In vivo sorted regT cells recapitulate the phenotype of in vitro differentiated regT.

(a) Representative flow cytometry image with gating strategy used to isolate regulatory T cells (regT) out
of PBMC. Cells were gated from the singles/Lymphocytes/Propidium lodide negative (PI") gate and
sorted as conventional T cells (Tcon (CD127""CD25°)) and regT (CD127"°“CD25%) by Fluorescence
Activated Cell Sorting. Gating Strategy is shown in red color upper the plots. (b) Representative flow
cytometry analysis of FoxP3 expression in Tcon and regT. (c¢) Quantification of FoxP3 and CD25
expression in Tcon and regT. (d) Average traces showing changes in [Ca?*]; over time of Tcon and regT
isolated as shown in (a) in response to 0.5 mM Ca?*, solution after Tg-induced store depletion. Data
represent average obtained from 7 independent Ca?* measurements (~100-400 cells), representative of 6
donors. (e) Corresponding statistics of [Ca?']i influx rate, [Ca?*]i peak and [Ca?']i plateau. (f)
Quantification of the expression of SOCE genes (STIM1, STIMZ2, Orail-Orai3) in Tcon and regT in cells
sorted as in a. Data represent mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, ***
p<0.001, using unpaired two-tailed Student t-test.
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Figure 9: Ca?* regulatory mechanisms in in vivo sorted regulatory T cells.

(a) Fold changes differences in gene expression of Ca?* relevant genes in regulatory T cells (regT) vs
conventional T cells (Ton) calculated by real time qPCR using the 2-24¢t method. Selected genes were
taken from the gene expression microarray data of in vitro differentiated ThO vs regT. (b) Representative
flow cytometry analysis showing percentage of naive and memory T cells in Tcon and regT and ratio of
memoy vs naive T cells in both Tcon and regT from 10 donors. (c, d) Average traces showing changes in
[Ca?*]i over time of Tcon and regT isolated in response to 0.5 mM Ca* solution after Tg-induced store
depletion. Data represent average obtained from 5 to 6 independent Ca?" measurements (~100-400 cells),
representative of 3 donors. (e) Corresponding statistics of [Ca?"]; influx rate, [Ca?']i peak and [Ca*'];
plateau. (f) Analysis of mitochondria size in naive and memory resting and activated CD4* T cells using
Mitotracker-Red. (g) Analysis of mitochondria potential (A%¥m) in Tcon (balck) and regT (red) CD4* T
cells stained with the mitochondrial membrane potential indicator DilC1. Data in b, e, f and g represents
mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, *** p<0.001, using unpaired two-
tailed Student t-test.
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5.2 Differential expression of PMCAA4b results in distinct SOCE profiles in naive and
memory CD4* T cells

In the first part of this work, we characterized SOCE profiles of in vitro polarized human CD4* T cell
subtypes and observed that polyclonal stimulation of naive and memory cells with anti-CD3/CD28-coated
beads, under non-polarizing conditions (control cells), showed differential SOCE profiles along with
upregulation of PMCAA4 in the activated memory cells (Kircher et al., 2018). Therefore, we were interested
in unraveling the role of PMCAs during activation and differentiation of human CD4" T cells. First, we
sorted naive (CD4*CD127""CD25CD45R0") and memory (CD4*CD127""CD25 CD45R0O"*) populations
out of the human peripheral blood mononuclear cells (PBMCs) using the fluorescence activated cell sorting
(FACS) strategy shown in (Figure 10a) that excluded regulatory T cells (CD4*CD127"°%CD25%), which are
able to suppress the expansion and differentiation of naive and memory T cells in vivo (van Herwijnen et
al., 2012) and in vitro (Venken et al., 2007). One day after sorting, we measured global Ca?* signals
following Tg-induced store depletion. The SOCE profile of naive and memory T cells was different. The
magnitude of the SOCE peak and the steady state plateau of naive T cells were 13% and 45% higher than
the corresponding values of memory T cells respectively (Figure 10b). This observation indicates that at
relatively similar [Ca?*];, memory T cells were able to clear more calcium that naive T cells. As shown in
(Figure 10c), both populations are not significant different in basal Ca?* and influx rate, but there was a
tendency to lower basal [Ca?*]i and higher influx rates in memory T cells (Figure 10c). The plateau and the
ratio plateau/peak were significantly reduced in memory compared to naive T cells (Figure 10c). The higher
plateau/peak ratio in naive T cells indicates again a slower decay of Ca?* signals. To have a direct estimate
of the decay rate, taking into account that different [Ca?*]; levels may influence the [Ca?"]i clearance rates
in T cells (Bautista et al., 2002; Bautista & Lewis, 2004), we binned the cells into groups of similar peak or
plateau [Ca?*]; (iso-cells) and calculated the decay rate constants of individual cells in presence or absence
of Ca%, (Figure 10d and e). In both populations, the decay rates were dependent on [Ca*]; in agreement
with (Bautista et al., 2002; Bautista & Lewis, 2004). The analysis of the rate constants of iso-cells, showed
faster decay rates in memory compared to naive T cells, independent of the [Ca%]i. The number of cells
showing peak [Ca?*]i> 2 uM or plateau > 1.5 uM was limited thereby hampering the statistical analysis.

To determine whether differential expression of SOCE components can account for the differences in Ca?*
profiles between naive and memory cells, we analyzed their expression at mMRNA and protein levels. None
of SOCE proteins was significant differently expressed between naive and memory CD4* T cells, but a 47%
increase in STIM1 mRNA levels together with a 31% Orail transcripts and 10% protein levels was observed
in memory T cells (Figure 11a-c). Due to the spatiotemporal profile of Ca?* signals in T cells dependent not
only on Ca?" entry pathways but also on the action of extrusion mechanisms on plasma membrane such as
ATPases (Bautista et al., 2002; Bautista & Lewis, 2004), we evaluated the levels of transcripts of the fours
PMCAs (ATP2B1-4) isoforms in total CD4* T cells by real time gPCR. We detected transcripts of ATP2B1
and ATP2B4, with the latter showing a significantly higher expression level (Figure 11d). To identify the
splice variant(s) expressed in CD4* T cells, we designed splice-specific primers for ATP2B4a, ATP2B4b or
a primer combination for both of them and analyzed the corresponding expression. The (Figure 11e) shows
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Figure 10: Naive and memory CD4+ T cells have distinct SOCE profiles.

(@) Representative flow cytometry image with gating strategy used to isolate human naive
(CD4*CD127""CD25-CD45R0") or memory (CD4*CD127""CD25CD45R0*) T cells by Fluorescence
Activated Cell Sorting. Gating Strategy is shown in red color upper the plots. (b) Average traces showing
changes in [Ca?"]iover time of naive and memory CD4* T-cells isolated as shown in (a) in response to 0.5
mM Ca* solution after Tg-induced store depletion. Data represent average obtained from 18 and 17
independent Ca?" measurements (~100-300 cells), representative of 11 donors. (c) Corresponding
statistics of basal [Ca%'];, Influx rate, [Ca?']; peak, [Ca?"]i plateau and ratio Plateau/Peak. (d, €) Average
rate constants values of iso-cells plotted against their respective [Ca®']i peak (d) or [Ca®*]i plateau (e)
intervals. Data represent mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, ***

p<0.001, using unpaired two-tailed Student t-test (c) or Kruskall-Wallis one-way analysis of variance
(ANOVA) (d and e).
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that ATP2B4b is the predominantly expressed splice variant in total CD4* T cells, in accordance with
published results (Caride et al., 2001). To investigate whether naive and memory cells have different
expression of PMCA4 which possibly underlies the observed SOCE profiles we analyzed the expression of
ATP2B4 in naive and memory T cells using splice-specific primers (Figure 11f and g). Memory T cells
expressed significantly higher levels of ATP2B4 than naive T cells (Figure 11f). In addition, levels of
detected PMCA4 proteins were significantly higher in memory T cells (Figure 11h and i). We could hardly
detect ATP2B4a in naive and memory sorted T cells (Figure 11g). These results implicate that ATP2B4b is
the main isoform in naive and memory CD4* T cells populations and it may cause the faster decay in memory
T cells.
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Figure 11: Upregulation of PMCAA4b in memory T cells is responsible for SOCE differences.

(a) Relative expression of STIM1-2 and Orail-3 mRNA in naive and memory sorted CD4* T cells
calculated by real time gPCR using the 24¢t method. (b) Representative of 5 independent western blots
analyzing expression of STIM1-2 and Orail in naive and memory CD4* T cells. (¢) Quantification of
protein expression represented in b. (d) Relative mRNA expression of the four isoforms of PMCAs in
total CD4* T cells calculated by real time PCR using the 22t method. (e) Relative expression of both
splices variants ATP2B4a and ATP2B4b in total CD4" T cells. (f, g) Relative expression of total ATP2B4
(f) or splice variant ATP2B4a (g) in naive and memory T cells. (h) Representative of 7 independent WB
showing expression of PMCA4 in naive and memory T cells. (i) Quantification of protein expression
shown in (h). Data represent mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01, ***
p<0.001 using unpaired two-tailed Student t-test (e and f), Mann-Whitney test (i) or one-way analysis of
variance (ANOVA) (d).
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5.3 Pharmacological inhibition or downregulation of PMCA reverses SOCE phenotypes of
memory CD4* T cells

In order to test whether PMCA has a direct role in the differences in Ca?* phenotypes in naive and memory
T cells we used specific inhibitors of PMCASs known as Caloxin1lC2 (C1C2). C1C2 is a short peptide that
specifically inhibits PMCAs by binding to the allosteric sites of the protein and it has an isoform-selective
activity depending on the used concentration (Pande et al., 2011). The reported constant of inhibition (Ki)
for PMCA4 is 2-5uM while Ki values higher than 20uM have been shown to inhibit all PMCAs isoforms
(Pande et al., 2011). Neither 5SuM nor 20uM C1C2 applied acutely during the steady state of the Ca?* re-
adition protocol altered the SOCE response in naive T cells (Figure 12a). In contrast, blocking PMCA in
memory T cells not only increased its SOCE peak to the same level of the SOCE peak in naive T cells but
also increased significantly the plateau (Figure 12b and c). The Inhibition of PMCA resulted in similar
inhibition with both C1C2 concentrations, however the 20 uM C1C2 resulted in significantly higher
plateau/peak compared to the control cells (Figure 12c). In a second approach we downregulated ATP2B4
using a sequence-specific ATP2B4-siRNA. The efficiency of knockdown attained was 61% and 80% in the
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Figure 12: Pharmacological inhibition of PMCA reverses SOCE phenotype of memory cells.

(a, b) Traces showing average [Ca?*]i over time of naive (a) and memory (b) CD4* T cells in response to
changes in extracellular solutions shown on the bar above in the absence (control naive cells (black) and
memory control cells (red)) or presence of 5 uM (gray) or 20 uM (dark grey) Caloxin1C2. (c) Bar graphs
showing analyzed SOCE parameters measured in (a, b). Data represent mean + SEM obtained from 7-10
independent measurements (~100-200 cells each) from 5 donors. Asterisks indicate significance at *
p<0.05 using Kruskall-Wallis one-way analysis of variance (ANOVA).
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Figure 13: Downregulation of PMCAA4 reverts SOCE phenotypes of memory T cells.

(a) Average [Ca?*); traces over time in response to changes of 0.5 mM Ca?", solution (see bar above the
traces). SOCE was measured in naive and memory CD4* T cells transfected with non-silencing RNA
(dark grey or red) or transfected with ATP2B4 targeting siRNA (grey or light red). (b) Corresponding
statistics of [Ca2*]i influx rate, [Ca?*]; peak, [Ca?*]i plateau and ratio plateau/peak of SOCE measured in
(). (c) Time constants obtained from fitting a double exponential decay to the decline in [Ca?*]iof average
iso-cells traces measured in (a) after removal of extracellular Ca%". (d) mRNA expression levels of
ATP2B4 in sorted naive (CD4'CD127""CD25CD45R0O) and memory (CD4*CD127"9"CD25
CD45R0O*) CD4* T cells after transfecting cells with a non-targeting siRNA (control) or a siRNA
targeting ATP2B4 (ATP2B4-siRNA) for 72 hours. (e) Percentage of change in ATP2B4 or ATP2B1 after
ATP2B4 siRNA knockdown. Data represent mean £ SEM obtained from 7-10 independent measurements
(~100-200 cells each) from 5 donors (b), 4 donors (d) and 4 and 2 donors (d and e). Asterisks indicate
significance at * p<0.05 using Kruskall-Wallis one-way analysis of variance (ANOVA).
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donors evaluated (Figure 13d), whereas ATP2B1 was in average slightly reduced (less than 18%) in the two
donors evaluated (Figure 13e). While the SOCE profile of naive cells was not altered by transfection with
the ATP2B4-siRNA, the SOCE peak of memory T cells showed a 16% increase and thus became
comparable to that of naive T cells. Similarly, the plateau [Ca?"]i was increased by 52% to be now not
significantly different from that of naive cells (Figure 13a and b). Furthermore, the fraction plateau/peak
was significantly increased in memory T cells transfected with the ATP2B4-siRNA compared to memory
control T cells (Figure 13a and b).

Next, we estimated the rates of Ca?* clearance of average iso-cells by performing double-exponential curve
fits to the decline phase of [Ca?']; after removal of extracellular Ca?* (Figure 13c). The biphasic decay of
Ca?* signals after removal of extracellular Ca?* shows a faster phase with a shorter time constant (taul) and
a second slower phase with a longer time constant (tau2). While the fast (taul=22) and slow phase (tau=95)
of decay were not altered in naive T cells transfected with ATP2B4-siRNA compared to naive control cells
(taul=22) and (tau2=90) (Figure 13c), memory T cells transfected with ATP2B4-siRNA showed a 27% and
45% increase in their fast and slow time constants respectively (Figure 13c). Noteworthy is that, control
memory T cells had shorter time constants of both decay phases when compared to control naive T cells, in
agreement with analysis in (Figure 10e). Together, these results indicate that downregulation of PMCA4 in
memory but not in naive T cells changed the time course of SOCE, providing evidence that PMCA4 plays
a differential role in Ca?" homeostasis in memory T cells compared to naive T cells.

5.4 PMCAA4 regulates the compartment stoichiometry of the CD4* T cells

Due to the differential expression of PMCA4 in naive and memory populations, we hypothesized that PMCA
is also differentially regulated upon activation of naive T cells and differentiation into effectors and memory
cells. We predict that this regulation is important to establish and maintain Ca?* levels that meet requirements
of long-lived memory cells after termination of the immune response. To test this hypothesis, we isolated
naive T cells out of PBMCs as shown in (Figure 10a). One day after isolation, cells were transfected either
with a non-targeting RNA or an ATP2B4-specific SiRNA for 3 days. After this time, naive T cells were
polyclonally stimulated with anti-CD3/antiCD28 coated beads. Medium was supplied with fresh siRNA to
maintain the downregulation during the experimental procedure (Figure 14a). After 24 hours, we measured
compartment distribution through changes in the surface markers CD62L and CD45R0O. The former is
constitutively expressed in naive cells, needed for entry to SLC and upon TCR engagement is rapidly shed
from the surface (Butcher & Picker, 1996; Hamann et al., 2000; Steeber et al., 1996). On the other hand,
CD45RO0 is absent in naive T cells and its expression identifies cells in transition to or already differentiated
into memory cells (Deans et al., 1989; Hermiston et al., 2003). Therefore, based on the expression of these
molecules, CD4* T cells can be assigned into the compartments naive (CD62L*CD45R0"), effector (CD62L"
CD45R0"), effector memory (EM) (CD62L CD45R0O"), or central memory (CM) (CD62L*CD45R0O")
(Figure 14a) (Sallusto et al., 1999). Downregulation of ATP2B4 followed by 24 hours of polyclonal
stimulation resulted in higher fraction of cells retained in the naive compartment and less cells undergoing

73



Results

differentiation into the effector compartment (Figure 14b and c), whereas the expression of CD45RA and
CCRY7 were unaffected (Figure 15a and b). We also tested whether downregulation of PMCAA4 affects early
activation events. While the earliest activation marker CD69, a type Il membrane glycoprotein involved in
lymphocytes trafficking to the lymph nodes was not altered, CD154 (ligand for CD40) was up-regulated
significantly (Figure 14d and e). Furthermore, CD25 (a chain of the high-affinity IL-2 receptor), important
for T cell survival, was not differentially regulated (Figure 15c).
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Figure 14: PMCA4 regulates the compartment stoichiometry of the CD4* T cells.

(a) Schematic representation of the experimental design: naive T cells isolated from human PBMCs by
flow cytometric sorting were transfected the day after with either a non-targeting siRNA (control) or with
SiRNA targeting ATP2B4 for 72 hours, following stimulated with anti-CD3/CD28 coated beads in the
presence of fresh siRNA for 24 hours more and then analyzed by flow cytometric analysis. (b)
Representative counter plot of activated naive cells showing % of positive cells for the markers CD45R0O
and CDG62L in cells treated as in (a). (c) Statistical analysis of cells measured in the naive
(CD62L*CD45R0"), Effector (CD62L"CD45R0O"), EM (CD62L"CD45R0O") and CM (CD62L*CD45R0O")
compartments. (d) Representative counter plot image showing % of positive cells for the markers CD69
and CD154 in cells treated as shown in (). (e) Statistical analysis of cells analyzed in (d). Data represent

mean + SEM. Asterisks indicate significance at * p<0.05, *** p<0.001 using one-way analysis of variance
(ANOVA).
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These results indicate that PMCA4 plays an important role in compartment stoichiometry during activation

and it may regulate directly or indirectly surface molecules needed to mount an efficient immune response
during cognate antigen recognition.

Besides we analyzed the expression of memory markers at different time points (Figure 15d) in order to
follow the compartment distribution upon our conditions of strong stimulation (1:1 bead:cell ratio), which
may favor the generation of particular CD4* subtypes. From this experiment is clear that only CD62L is
rapidly downregulated following activation and CD4* compartments are produced within 24 hours based on
CD62L expression but not CCR7, with the former being lost at later time points. This explains why we did
not detect changes on compartment distribution based on CCR7 expression in the experiment shown in
(Figure 15a). On the other hand, CD45R0O expression increased at 24 hours but cells still remained CD45RA,
indicating early steps in the pathway of memory T cell formation.
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Figure 15: PMCA4 regulates the compartment stoichiometry of the CD4* T cells.

(a-c) Analysis of surface markers upon stimulation of naive T cells with anti-CD3/CD28 beads to bead
to cell ratio 1:1 for 24 hours, in the presence of a non-targeting SiRNA or siRNA targeting ATP2B4.
Naive T cells were transfected either with a non-targeting siRNA or siRNA targeting ATP2B4 for 72
hours previously to activation. (d) Stack columns represent the expression kinetic of CCR7, CD62L,
CD45RA and CD25 on naive T cells stimulated for 4, 8, 24 and 80 hours with anti-CD3/CD28 coated
beads to a bead:cell ratio of 1:1. Data represent mean + SEM.
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55 PMCA4 is differentially expressed in the in vivo differentiated CD4* T cell
compartments and results in distinct SOCE profiles

The findings that reduced levels of PMCA4 affected the generation of effector cells in our in vitro activation
model prompted us to investigate whether in vivo differentiated CD4* compartments express PMCA4
differentially. To answer this question, we sorted CD4* T cell compartments from human PBMCs based on
the surface markers CD45R0 and CCR7 as shown in (Figure 16a). Purity of the sorted populations was
checked by surface marker analysis following sorting. Cells that were CD45RO"CCR7*CD45RA" are
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Figure 16: CD4" T cell compartments show differential expression of PMCA4.

(a) Gating strategy used to sort CD4* T cell compartments out of PBMC is shown upper the dot plots
graphs in red color. CD4* T cell compartments were sorted from Conventional T cells (Tcon) population
by exclusion of regulatory Tcells (regT). Naive (CD45ROCCR7"), Terminal effector cells (CD45RO"
CCRT"), EM (CD45RO*CCR7") and CM (CD45RO*CCR7*) T cells. (b) Representative post-sorting flow
cytometric analysis of CD4* compartments, where CD45 positive cells are shown. (c, d) gRT-PCR
analysis of CD4* T cell compartments sorted as in (a) showing relative expression of IFNG (c) and
ATP2B4 (d) normalized to TBP. (e, f) Western blot (e) and quantification (f) of PMCA4 levels in CD4*
T cell compartments from one healthy donor. Data represent mean = SEM. Asterisks indicate significance
at * p<0.05, **p<0.01, using one-way analysis of variance ANOVA.
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defined as naive cells (N), CCR7"CD45RO CD45RA" terminally differentiated effector memory cells
(EMRA), CCR7"CD45RO*CD45RA" effector memory (EM) and CD45RO*CCR7*CD45RA" as central
memory cells (CM) (Figure 16b). EMRA cells are a poorly characterized population with low frequency in
human PBMC (~2-16% of the CD4" T cells) (Amyes et al., 2005), they express CD45RA and share
properties with the short lived effector cells such as potent cytotoxic activity due to high INF-y and reduced
IL-2 production, show multiple signatures of senescence and end-stage differentiation (Durek et al., 2016;
Henson et al., 2012; Sallusto et al., 1999). To confirm the functional properties of the sorted populations,
we measured IFNG mRNA levels. EMRA and EM populations exhibited the higher expression of IFNG
followed by CM, whereas it was not detectable in naive T cells (Figure 16¢). Analysis of PMCA4 expression
at mRNA (Figure 16d) and protein levels (Figure 16e and f) revealed a hierarchical expression of PMCA4
with the EMRA T cells having the highest expression, followed by EM, CM and naive T cells. In line with
expression analysis, SOCE measurement after Tg-induced store depletion showed that CD4* T cell
compartments have distinct SOCE profiles with comparable Ca?* peaks, but distinct decay rates (Figure 17a
and b). In addition, EMRA cells exhibited the lowest [Ca?*]; plateau and plateau/peak ratio followed by EM,
CM and naive (Figure 17a and b), which correlates with their PMCAA4 expression levels (Figure 16d-f).
Furthermore, we analyzed the decay rates of iso-cells in presence of (Figure 17c) or absence of Ca?*, (Figure
17d) by fitting the decline on [Ca?*]i of individual iso-cells to a single exponential decay. Fitting to a single
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Figure 17: CD4* compartment shown distinct SOCE profiles.

(a) Average traces showing changes of [Ca?']; over time in response to Ca?*o re-addition. (b) Statistical
analysis of SOCE Parameters in sorted CD4* compartments shown in (a). (c, d) Rate constants of each
individual cell analyzed in (a) plotted against their respective [Ca?*]i intervals Peak (c) or Plateaus (d).
Data represent mean = SEM obtained from 6 independent measurements (~100-200 cells each) from 3
donors. Asterisks indicate significance at * p<0.05, **p<0.01, *** p<0.001 using one-way analysis of
variance ANOVA (b) or Kruskall-Wallis one-way analysis of variance (ANOVA) (c and d).
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exponential decay was selected over double exponential decay fitting due to not all cells (~20%) showed a
two phase decay in Ca?* decline, which could have impaired the final results. On the other hand, in cases
where the two phases in Ca?* decline were calculated (Figure 13c), iso-cell traces were average so that the
effect of this small cell population lacking a two phase decay was overcome. Thus the decline of [Ca®];
after Ca?* removal was calculated by fitting to a double exponential decay, reaching R? values higher than
99% in all curve fittings performed. Curve fitting analysis (Figure 17c and d) confirmed that CD4* T cell
compartments show different efflux rates that correlate to the expression levels of PMCA4. Together, this
data strongly highlights the importance of Ca?*-dependent PMCA regulation in the differentiation and fate
determination of naive T cells when an immune response is elicited.

5.6 Mitochondrial contribution to Ca?* homeostasis depends on the cellular compartment
and activation state of CD4* T cells

Mitochondria are pivotal organelles in T cells; they are not only the main machinery of ATP production but
also have an essential role in metabolism, which is programed to function accordingly to the activation of a
T cell. Naive T cells are small and quiescent and mainly use the energy derived from glucose, fatty acids
and aminoacids via the tricarboxylic acid cycle (TCA), where pyruvate is converted to acetyl-CoA thereby
generating reducing equivalents that fuel oxidative phosphorylation (OXPHOS) and ATP synthesis.
Activated T cells, on the other hand, make preferential use of aerobic glycolysis in order to produce
biomolecules required for differentiation and proliferation. Contrary to the former, memory T cells rely
exclusively on fatty acid oxidation (FAQ) to fuel oxidative phosphorylation (OXPHOS) (Buckler & Turner,
2015; Sena et al., 2013). In addition to their central metabolic role, mitochondrial Ca** uptake contributes
to sustained Ca?* signaling in activated T cells (Hoth et al., 1997; Quintana et al., 2011), as well as they can
function as sinkers increasing or decreasing Ca?* clearance on T cells (Bautista et al., 2002). Modulation of
the mitochondrial Ca?* uptake during long time activation of T cell activation is not fully understood.
Therefore, we assessed the contribution of mitochondrial Ca?* uptake in naive and memory CD4* T cells in
both states, resting and upon long term activation. Acute disruption of mitochondrial membrane potential
(A¥m) with carbonyl cyanidem chlorophenyl hydrazine (CCCP), a protonophore that dissipates AYm and
is able to block mitochondrial Ca?* uptake (Hoth et al., 1997), led to significant reduction of SOCE in both
resting naive and memory cells, with naive cells being more susceptible to immediate inhibition of the SOCE
peak (Figure 18a and c) in agreement with previous results in Jurkat T cells (Hoth et al., 1997). On the other
hand, in naive T cells activated for 4 days, disruption of A¥m led to a significant enhancement of SOCE
(Figure 18e), reproducing our previous observations with naive cells polarized in vitro for 7 days into Thl
and regT (Kircher et al., 2018). Surprisingly, when memory T cells were activated for 4 days with anti-
CD3/CD28 coated beads and acutely treated with CCCP, they showed SOCE with mild increase of the peak
and mild decrease in plateau level that together result in a significant lower ratio plateau/peak compared to
control, indicating an enhanced Ca?* clearance (Figure 18h and i). To isolate possible effects of [Ca?*]i on
Ca®" clearance, we analyzed the time constants of the decline in [Ca?"]i of average iso-cells after Ca*"
removal. The kinetic of Ca?* clearance during Ca?* removal followed a decay course characterized by a
single phase of Ca?* clearance in activated naive T cells treated with CCCP, whereas two phase decay was
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Figure 18: Mitochondrial contribution to Ca?" homeostasis depends on the cellular compartment

and activation state of CD4* T cells.

Average traces showing changes of [Ca%']i over time in response to Ca%", solution containing DMSO
(control) or carbonyl cyanide chlorophenyl hydrazine (CCCP) (see bar above the traces and legends).
SOCE was measured in resting naive T cells (a), resting memory T cells (c), naive T cells activated for 4
days (e) or memory T cells activated for 4 days (h). Bar graphs showing analyzed SOCE parameters
measured in a, ¢, e and h (b, d, f, i). Time constants calculated by fitting to a single or double exponential
decay the decline in [Ca?']; of average iso-cells following Ca?"o removal (g, j). Data represent mean +
SEM obtained from 6-8 independent measurements (~100-200 cells each) from 4 donors. Asterisks
indicate significance at * p<0.05, *** p<0.001 using one-way analysis of variance (ANOVA).
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observed in activated naive control (Figure 18g). On the other hand, activated memory T cells treated with
CCCP showed 2 phase decay, with the first time constants (t1) increasing a 40%, whereas the slow phase of
decay (t2) decreased a 52% compared to memory control (Figure 18j). In parallel, we measured the effects
of CCCP-induced mitochondrial depolarization in resting and activated T cells by flow cytometry. Although
mitochondrial mass was measured in murine CD4* T cells (Baixauli et al., 2015), mitochondrial mass of
human CD4" naive and memory is still lacking. Therefore, we stained resting naive and memory cells with
the plasma membrane permeable mitochondria targeted dye, Mitotracker-Red. Resting naive and memory
cells showed comparable mitochondrial mass (Figure 19a and b) and shift in A¥m upon treatment with
CCCP (Figure 19c and d). Interestingly, Mitotracker-Red staining in naive cells activated for 4 days revealed
two populations of cells, where cells with bigger mitochondrial mass were bigger in size as detected by
forward scatter plots (Figure 19a) indicating that they underwent activation and became highly proliferative
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Figure 19: Mitocondria size and Mitochondrial potential in resting and activated naive and memory
T cells.

(a) Analysis of Mitochondria size in resting naive (blue) and memory (red) human CD4* T cells stained
with Mitotracker-Red and analyzed by flow cytometry. (b) Quantification of Mitochondria size in naive
and memory resting and activated T cells. (¢) Analysis of Mitochondria potential (A¥m) in naive (blue)
and memory (red) human CD4* T cells stained with the mitochondrial membrane potential indicator
DilC1, in resting or after 4 days of stimulation with anti-CD3/CD28 coated beads. Continuous lines
represent control cells (DMSO treated) and dotted lines represent cells treated with CCCP preceding flow
cytometry analysis (see materials and methods). (d) Quantification of A¥m in naive and memory resting
and activated CD4* T cells shown in b. Data represents mean £ SEM from 3donors.
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blast T cells. This mitochondrial size distinction following activation was less prominent in memory cells,
probably due to the fact that resting memory cells have less energetic and biosynthethic needs associated
with proliferation and differentiation (Bevington et al., 2017; Desdin-Mico et al., 2018). In contrast to the
resting cells, treatment of activated cells by CCCP resulted in a wider depolarization shift in naive than
memory cells (Figure 19¢c and d). Together, these results indicate that mitochondrial Ca*" uptake
differentially modulate SOCE following primary and secondary TCR stimulation.

5.7 Transcriptional control of PMCA4 results in biphasic expression following activation

The experiments performed so far showed clearly that the expression pattern of PMCAA4 correlates with the
activation and differentiation stage of CD4* T cells. Therefore, we asked: what are the mechanisms
underlying such a tight regulation. Too little is known about transcriptional regulation of PMCA. NFAT1
has been proposed to regulate PMCA4 through a negative loop during osteoclastogenesis, where NFAT1
stimulates PMCA4 transcription and PMCA4 mediated Ca?* flux prevents NFATc1 activation (Kim et al.,
2012). Findings by others have shown PMCAs as negative regulators of calcineurin-mediated signaling
pathways (Boczek et al., 2017; Buch et al., 2005). Therefore, we screen potential transcription factors that
could bind to the promoter region of PMCAA4 using available ChIP-seq information (Ambrosini et al., 2016)
combined with TFBS prediction databases such as HOCOMOCO (Kulakovskiy et al., 2018) and Promo 3
(Farre et al., 2003; Messeguer et al., 2002). The resulting analysis (Figure 20a) shows the 33 transcription
factors (Table 10) that were commonly predicted by all three databases. As the transcription factor YY1 was
predicted with the highest, the next aim was to confirm binding of YY1 to the promoter region of PMCA4
experimentally. Because our preliminary experiments showed that a conventional protocol of chromatin
immune precipitation (ChlP) experiment was prone to misleading positive results, we applied a rigorous
protocol that eliminates all unspecific binding using isotype control antibody bound beads in a “pre-
clearing” step (Figure 20D first lane). The efficiency of elimination of unspecific binding was demonstrated
by applying the pre-cleared lysate to fresh isotype control antibody-bound beads (Figure 20b second lane).
Finally, the ability of YY1 to bind to the promoter region was tested by using an Y'Y 1-specific antibody to
immunoprecipitate YY1 and the bound genomic DNA, which was then amplified with specific primers,
designed based on the predicted binding domains. In parallel, we used an anti-NFAT antibody to serve as
an additional control for the specificity of binding. Results of the ChIP experiments showed that YY1, but
not NFAT, was able to bind the promoter region of PMCA4 as visualized on agarose gels (Figure 20b). The
identity of the amplicon was further confirmed by sequencing. Finally, we investigated time dependent
changes in PMCAA4 levels following activation in more detail. In contrast to observations made in Jurkat T
cells where PMCA4 was upregulated after acute (1 to 6 h) stimulation with PHA (Ritchie et al., 2012), we
observed that compared to unstimulated cells, primary human CD4* T cells stimulated for 4 h using anti-
CD3/CD28 coated beads resulted in reduction of PMCA4 protein levels to 47.8% (2 donors, data not shown).
This reduction was maintained upon extending stimulation time to 24h (Figure 20c and d). Interestingly, the
reduction of PMCAA4 levels following 24 h stimulation was accompanied by a 210% increase in YY1 protein
levels (Figure 20d). Next we evaluated the expression of YY1 in resting and activated naive and memory
cells at different time points. Naive and memory resting cells have no differences in YY1 protein levels
(Figure 20e and g), but YY1 was strongly increased in both populations during the first 24 hours of activation
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with anti-CD3/CD28 (Figure 20e) as seen before in total CD4" stimulated T cells (Figure 20c). Naive cells
maintained high YY1 expression up to 96 hours, thereafter YY1 levels returned to resting levels to further
decrease at 168 hours of activation (Figure 20e, f and h). An inverse correlation between YY1 and PMCA4
expression patterns was found during the time course of stimulation. PMCA4 expression was decreased
upon 96 hours, time at which it started to increase (Figure 20e, f and h). On the other hand, although YY1
expression increased in memory T cells at 24 hours of activation, this increase was less clear at later time
points, where YY1 was detected as a faint double band, maybe product of protein degradation or
translational modifications (Figure 20e and f). This double band pattern was also detected at later time points
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Figure 20: Transcriptional control of PMCAA4 results in biphasic expression following activation.
(a) Venn diagram showing the overlapping results obtained from three databases (HOCOMOCCO, Promo
V3 and ChiP-seq) used to predict transcriptional factors binding to PMCA4 promoter region. (b) Agarose
gel showing PCR amplicons obtained with specific primers designed to amplify a 410 base pair-long
fragment of ATP2B4b promoter region. Poly chain reactions (PCRs) were performed using chromatin
DNA purified from total lysate (Input) or after immune precipitation by pre-clearing beads, beads bound
to IgG control antibodies, beads bound to anti-NFAT (upper row, Chromatin-IP) or to anti-Y'Y1 (lower
row, Chromatin-IP). (c) Representative of 4-5 western blots (WB) and corresponding quantification (d)
of total CD4" T cells stimulated for 24 hours with anti-CD3/CD28 coated beads at 1:1 bead:cell ratio. (e)
Representative WB showing expression of PMCA4 and YY1 in naive and memory cells left un-stimulated
or stimulated for 24, 48h or 96 hours with 1:1 bead:cell ratio. (f) Representative WB showing expression
of PMCA4 and YY1 in unstimulated or stimulated naive and memory cells for 96h or 162h with anti-
CD3/CD28 coated beads at 1:1 bead:cell ratio. (g) Quantification of PMCA4 and YY1 expression on
resting naive and memory of 5 donors. (h) Fold changes in PMCA and YY1 protein expression over time
in naive stimulated versus unstimulated ones. Naive cells were stimulated with anti-CD3/CD28 coated
beads at 1:1 bead:cell ratio for 24h (2donors), 48h (2donors), 96h (3donors) and 162h (1donor). Data in
(d, g and h) represents mean + SEM.
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in naive T cells stimulated up to 168 hours (Figure 20f ), time point at which we detected a biphasic change
in PMCA4 expression. Long term stimulation of naive T cells with anti-CD3/CD28 coated beads, without
inclusion of polarizing cytokines indispensable for final commitment of activated cells in terminally
differentiated T helper cells, leads to generation of highly proliferative blast cells (Bevington et al., 2017).
To examine possible role of PMCAA4 expression in full differentiated T cells, we subjected the naive cells
to in vitro polarization providing stimulatory, co-stimulatory and cytokine mediated signals necessary for
differentiation of naive cells into Thl or regT cells (Kircher et al., 2018). The polarized cells showed the
expected differential expression of IFNG (Figure 21f) and FOXP3 (Figure 21g), the hallmarks of Th1 and
regT populations respectively. Importantly, terminally differentiated effector cells, Thl and regT, showed
an upregulation of PMCA4 that was most significant for cells polarized into Thl or regT while the control
stimulated non polarized cells (Th0) underwent milder upregulation of PMCA4 (Figure 21a and b).
Strikingly, levels of YY1 followed the reverse pattern we saw before upon long term activation (168 h),
thought independent of polarizing cytokines (Figure 21a and ¢). YY1 in polarized T cells, mainly Th1l was
again seen as a double band when blot membrane were exposure for longer times, see right panel in (Figure
21a). The decrease in YY1 expression may indicate reduced transcription of YY1 gene. In order to answer
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Figure 21: Cytokine signaling is needed to induce PMCA4 expression through down regulation of
YY1 protein.

(a) Representative of 5 western blots showing PMCAA4 and YY1 protein levels in in vitro polarized ThO,
Thl and Regulatory T cells (regT), to the right YY1 bands at 1800sec of overexposure time. (b, c)
Quantification analysis shown in (a) from 5 donors normalized to 3-actin. (d-g) Relative mRNA expression
of YY1(d), ATP2B4 (e), IFNG (f), and FOXP3 (g) in resting naive (non-activation control), ThO (non-
polarization control), Thl or regT cells normalized to the TATA binding protein (TBP) and calculated
using the 22T method. Data represent mean + SEM. Asterisks indicate significance at * p<0.05, ** p<0.01,
*** n<0.001 using one-way Analysis of VVariance (ANOVA).
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that, we measured YY1 transcripts levels in polarized T cells. Unexpectedly, YY1 mRNA levels were almost
not unaltered (Figure 21d), which indicates that posttranslational modifications on YY1 can target YY1 for
protein degradation.

Collectively, these results indicate that T cells may adapt the expression levels of PMCA4 during activation

states under the transcriptional repressive control of YY1, probably targeting YY1 for degradation and
allowing the expression of YY1 target genes, such as ATP2B4 and INFG.
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Trancription factor/ TSS Cell TSS Cell TSS Cell TSS Cell
Gene ID 500 types | 1000 types | 5000 types | 10000 | types
YY1 [7528] 170 13 257 13 653 13 905 13
JUN [3725] 138 7 182 7 347 7 543 11
SP1 [6667] 101 7 152 7 355 8 496 8
E2F1 [1869] 81 4 110 4 205 4 298 5
FOS [2353] 78 5 144 5 345 5 582 6
ETS1[2113] 77 8 94 8 213 8 322 8
MAZ [4150] 73 6 111 6 244 6 317 6
TBP [6908] 70 5 102 5 189 5 276 5
IRF1 [3659] 66 3 101 3 191 3 281 4
ATF3 [467] 63 6 93 6 215 6 336 11
GATAL [2623] 54 3 102 3 214 3 367 4
RXRA [6256] 54 3 78 5 178 5 235 6
GATAZ2 [2624] 42 4 65 5 149 6 273 9
PAX5 [5079] 38 5 51 6 93 6 138 7
USF2 [7392] 38 5 64 6 206 6 313 6
IRF2 [3660] 34 2 53 2 88 2 112 2
MYB [4602] 33 3 55 3 87 3 106 3
NFIC [4782] 30 2 45 2 84 2 121 2
ELK1 [2002] 29 5 49 5 145 5 226 5
SRF [6722] 29 2 36 2 107 3 147 3
LEF1 [51176] 27 2 41 2 106 2 183 2
CEBPA [1050] 24 4 46 6 79 6 89 7
HNF4A [3172] 24 2 40 3 119 4 136 5
WT1 [7490] 23 1 36 1 76 1 110 1
NFATCL/T2 [4772] 16 2 18 2 34 2 42 2
MEF2A [4205] 13 2 17 2 39 2 59 2
ETS2 [2114] 9 2 10 2 28 2 63 2
AHR [196] 8 2 9 2 15 2 26 3
HNF1A [6927] 8 1 14 1 20 1 37 1
NFKB1 [4790] 2 1 2 1 8 1 34 2
STATA4 [6775] 2 1 2 1 4 1 12 1
VDR [7421] 2 1 12 3 17 4 23 4

Table 10: Highest scored predicted transcription factors

Common Transcription factor binding to the promoter of ATP2B4 obtained from published ChiP-seq data
and found in Promo V3 and Hocomoco are shown. Scores are calculated based on the probability of binding
to a sequence of 500, 1000, 5000 and 10000 nucleotides long from the starting transcription site (TSS) in
the ATP2B4 gene. The number of cell types in which each transcription scored are shown as well.
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6 Discussion

Activation of T cells by second messenger Ca?* is an indispensable step for T cells expand clonally and to
mount a robust effector response against pathogens during the primary immune challenge. As result of the
primary immune response, an array of memory T cells with specific effector functions and stronger potential
to mount a second immune response to cognate antigen are generated. The amplitude and dynamic of Ca?*
signals in T cells dictate how these signals are integrated and transduced to produce functional diversity and
immune specificity among T cell subtypes. Among the mechanism controlling the amplitude and kinetic of
SOCE, main entry Ca?" pathway in T cells, are the plasma membrane Ca?* ATPases, mitochondria,
endoplasmic reticulum, Ca?* buffers among others. In the current work, we investigated how Ca?* signals
are fine-tuned during activation of CD4* T cells to regulate the stoichiometry of CD4* T cell compartments
and thus the outcome of an immune response.

6.1 Characterization of Ca?* profiles of human T helper subtypes and their regulatory
mechanisms

The first part of this work characterizes the Ca?* profiles of human in vitro polarized T cells (Thi, Th2,
Th17, regT) and in vivo sorted regT, as well as investigates possible mechanisms that may contribute to the
differences in Ca?* phenotypes among subtypes. Human T helper subtype isolation may be challenging due
to their low frequency in human blood. Hence, in vitro polarization of T helper subtypes using naive CD4*
T cells allows to generate a big number of T helper subtypes for further studies. In vitro polarization of total
CD4* T cells have been already established in our group by varying both the concentration of polarizing
subtype specific cytokines and stimulation intensity of TCR and CD28 co-stimulatory molecule (Kircher et
al., 2018). The fact that we could only differentiate Th17 cells using memory CD4* T cells but not naive
CD4* T cells (Figure 5c) agrees with published data (van Beelen et al., 2007). The decrease in regT along
with the increase in Th17 cells using the lowest TGF-B1 concentration (Figure 5d) can be explained by the
synergic role of TFG-§ and IL-6 in promoting Th17 differentiation from murine naive T cells, while
inhibiting the generation of TGF-R-induced regT (Bettelli et al., 2006). On the other hand, while murine
naive CD4* T cells own a stronger potential to develop into Th17 effector cells, generation of human Th17
seems to be restricted to a small subset of naive CD4" T cells bearing the cell surface marker CD161 (Cosmi
et al., 2008), which explains the lack of IL-17 producing cells when polarization into Th17 starting from
naive CD4" T cells was attempted. The generation of IL-17 producing cells was also dependent on low
intensity stimulation (bead: cell ratio of 1:50), as also shown by other groups (Purvis et al., 2010).

T cell fate decisions greatly depend on the TCR stimulation intensity (antigen nature, antigen load and
duration of the contact between APC and T cells), which explains the fact that control cells stimulated at
different bead: cell ratio (bead cell ratio 1:10, 1:20 and 1:50) produce different cytokine patterns (Figure
5b). In fact, prolonged DC-naive T cell contact was required for Thl polarization and by increasing the
antigen load, Thl was favored over Th2 polarization (van Panhuys et al., 2014). On the other hand, brief
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stimulation was sufficient to induce Th2 differentiation independently of the Th2 cell-polarizing adjuvants
used (van Panhuys et al., 2014), which explains why stimulating control ThO cells with a bead: cell ratio of
1:20 was enough to induce a Th2-cell-differentiation program (Figure 5b). On the other hand, it has been
proposed that regT induced by weak agonist peptides do not persist compared with those generated using
high affinity peptides (Gottschalk et al., 2010). Despite the specificity, only a fraction of the in vitro
polarized cells produced the signature cytokines or transcription factor, which can be explained by findings
of Helmstetter and colleagues. They showed that a stimulus may induce different cell decisions with only a
percentage of cells producing the specific cytokine (Helmstetter et al., 2015).

As expected, the Ca?* phenotypes of in vitro polarized T helper subtypes using naive CD4* T cells resembled
those observed among T helper subsets polarized from total CD4* T cells (Kircher et al., 2018). Possible
mechanisms leading to differences among subtypes has been already explored (Kircher et al., 2018).
Therefore, in the first part of this work we explored new mechanisms that may contribute to the differential
SOCE phenotypes among subtypes, based mainly in new gene expression data. Along this line, Th17 cells
showed a smaller Ca?* plateau than other subtypes, except for Th1, which may be a result of increased
expression of PMCAA4 in Th17 and Thl (Figure 7e and f) and in accordance with published data, Th1 and
Th17 phenotypes showed little specie dependent differences (Weber et al., 2008). A higher Ca?* peak and
plateau in regT compared to Thl (Figure 6d) may be explained due to increased expression of ATP2B4
along with decreased expression of TRPM2 in Th1l (Figure 7e and f). Decreased expression of ATP2B4 may
enhance Ca?* extrusion and decrease [Ca?]i, whereas downregulation of TRPM2, a non-selective and Ca?*
permeable channel may contribute to the decrease in [Ca®']i following TCR activation. Although some
TRPC channels were expressed in T cells (TRPC1, TRPC3, TRPC6) (Figure 7f), previous data for our group
showed that neither the GsMTx4 blocker nor the Sr?* cation (to which TRPC are more permeable than Orail)
unmasked a TRPC contribution (Kircher et al., 2018).

Interestingly, the Ca?* phenotype of in vivo isolated regT resembled that of the in vitro differentiated regT.
Unlike in vitro differentiated regT, a decreased expression of Orai2 (Figure 8f) may explain the differences
in Ca?* phenotypes between regT and Tcon. Indeed, our group have previously shown that downregulating
Orai2 in Jurkat T cells enhanced SOCE (Alansary et al., 2015), and naive CD4* T cells isolated from Orai2
"~showed increased SOCE (Vaeth et al., 2017). A decrease in Orai2 may favor the coupling of more STIM
molecules to Orail, which possess a faster EF-hand unfolding kinetic and thus responds faster to increasing
[Ca?]i. On the other hand, an unaltered plateau in regT versus Tcon can be explained by a higher ratio of
memory T cells versus naive T cells in regT than Tcon. Notably, ATP2B4 was not significant upregulated
at MRNA levels in regT vs Tcon (Figure 9a), probably because Tcon are also composed for naive and
memory populations, masking the differences at mMRNA level. On the other hand, mitochondria contribution
to SOCE has been extensively studied (Hoth et al., 1997). Our results show a role of mitochondria in SOCE
in both Tcon and regT. CCCP mediated mitochondrial depolarization equally affected the Ca?* Plateau of
both regT and Tcon, ruling out a differential role of mitochondria to SOCE.

Cluster analysis of our microarray data showed that ThO and regT are more similar in their gene expression
pattern than Thl (Figure 7a and d), which coincided with a higher number of genes that are uniquely
differentially expressed in Thl (836) versus 360 genes uniquely differentially expressed in regT. The results
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of the microarray data confirmed that the subtypes generated showed their correspondent cytokine profiling
while non-specific transcriptional programs were turned off (Figure 7c). From the gene-ontology meta-
analysis of genes involved in Ca?*ion homeostasis, we could identify genes that are uniquely expressed in
each subtype and thus play a unique role. Interestingly, we confirmed that in vivo regT, as in vitro
differentiated regT, have decreased expression of the calcium voltage-gated channel auxiliary subunit
alpha2delta 2 (CACNAD2D), protein tyrosine kinase 2 (PTK2) and TMEM63C. CACNAD2D encodes the
auxiliary subunit 0232 voltage gated Ca?* channels, the direct contribution of which to Ca?* signaling in T-
cells is controversial, therefore unraveling the role of this subunit in regT may contribute to a better
understanding of the role of voltage gated Ca?* channels in T cells. PTK2 also known as FAK (focal adhesion
kinase) is a cytoplasmic non-receptor mediated tyrosine kinase that acts as a kinase mediating integrin-
dependent tyrosine phosphorylation. The kinase activity of FAK leads to signaling via PI3K/Akt and MAPK
pathways and inhibits apoptosis (Mierke, 2013). Pharmacological inhibition of tyrosine kinases was recently
shown to reduce total regT populations while leading to accumulation of naive regT, thus introducing
potential therapies for immune diseases such as graft-versus-host disease (Marinelli Busilacchi et al., 2018).
On the other hand, TMEM-63 is a member of the transmembrane TMEM®63 protein family representing
possible candidates for osmoreceptor transduction channel (Zhao et al., 2016). Information concerning the
function of this protein in CD4" cells or regT is completely lacking.

Further studies are needed to unravel the role of these candidates in the generation of subtype specific Ca?*
responses and to better understand the fine tuning mechanisms leading to differential Ca 2* phenotypes and
responses among T helper subtypes.

Taking into account that control stimulated naive ThO and memory ThO showed distinct SOCE phenotypes
and that ATP2B4 was higher expressed in memory ThO and Th17, the latter being polarized using memory
CD4* T cells, we proceed to investigate whether unstimulated cells like ThO have the same differences.

6.2 Differential expression of PMCA4b results in distinct SOCE profiles in naive and
memory CD4* T cells

Analysis of Ca?* signals after Tg-induced SOCE in naive and memory sorted T cells (Figure 10b), revealed
a differential SOCE phenotype in both populations. Resting memory T cells not only showed a tendency to
lower basal [Ca?*]; (Figure 10c) but also accommodate less [Ca?']; as a result of a faster Ca?* clearance
mechanism, leading to significantly lower [Ca?"]; plateau than in naive T cells (Figure 10b and c). Taking
into account the Ca?* dependence modulation of PMCA function, a more rigorous analysis was performed.
By fitting a single exponential decay to the decline of [Ca?*]i of the iso-cells (cells with similar [Ca?*]; peak
or plateau), either after maximal CRAC channel activation (Figure 10d) or following Ca**, removal (Figure
10e), we confirmed that the rate constants of the decay in [Ca?*]iwere higher in memory than naive T cells.
This means that memory T cells independent of [Ca?];are able to clear faster cytosolic Ca?* than naive T
cells. Unaltered expression of SOCE components (Figure 11a-c) along with a dominant expression of
PMCAA4 over others PMCA isoforms not only in total CD4* T cells (Figure 11d), but also in sorted memory
T cells (Figure 11f and h-i), indicate that the differences in the SOCE phenotypes are due to differences in
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extrusion mechanisms and not to differences in the amount of incoming Ca?* through CRAC channels. The
differences in SOCE peak between naive and memory T cells can be explained by the homeostatic role of
PMCA maintaining low resting levels of intracellular Ca?* and for the higher availability of transport sites
in memory T cells (Bautista et al., 2002), that even though when PMCA is slowly modulated during
maximum Ca?* entry can favor the extrusion of Ca?* resulting in a mild decrease in the SOCE peak.

Moreover, using primers specific for variants ATP2B4a and ATP2B4b, we demonstrated that PMCA4b is
the main variant in total CD4" cells, whereas ATP2B4a is absent (Figure 11e). In line with these results,
splice specific analysis in sorted naive and memory T cells showed that the higher ATP2B4 expression in
sorted memory T cells (Figure 11f) is due to ATP2B4b, because ATP2B4a was almost undetectable in sorted
naive and memory T cells (Figure 11g).

These results confirm that PMCAA4b is the main isoform expressed in T cells, with a more dominant role in
[Ca?*]i clearance in memory than in naive T cells.

6.3 Pharmacological inhibition or downregulation of PMCA reverses SOCE phenotypes of
memory CD4* T cells

While two Ca?* extrusion mechanisms operate in lymphocytes, the PMCA and the Na*-Ca?* exchanger
(Balasubramanyam et al., 1993; Gardner & Balasubramanyam, 1996), other publications have shown that
PMCA is the sole mechanism for Ca?* clearance when SERCA and mitochondria are inhibited excluding a
significant role of the Na*-Ca?* exchanger on Ca?* Clearance (Bautista et al., 2002; Donnadieu et al., 1992;
Donnadieu & Trautmann, 1993). In order to answer whether the increased expression of PMCA4b in
memory T cells is responsible for faster [Ca?*]; clearance rates after Tg-induced SOCE, we used either the
allosteric inhibitor of PMCAs, Caloxin1C2 (C1C2) or we knockdown PMCA4 expression by using a
PMCAA4 specific siRNA. The advantage of using C1C2 over other PMCA inhibitors is its greater affinity
(20 times higher affinity for PMCAA4 than that of caloxin-1b1) and isoform selectivity (10 fold higher affinity
for PMCA4 than for PMCAL, 2 or 3). Therefore, we decided to use 5 uM and 20 uM C1C2, due to their
relative closeness to the published inhibition constants (ki) values for PMCA4 and PMCAL in erythrocyte
ghosts (Pande et al., 2011). While the SOCE phenotype in naive T cells was not affected by inhibition of
the pump activity with either C1C2 concentration (Figure 12a), the plateau in memory cells increased
significantly, with the highest C1C2 concentration having a more significant effect on the decay rate
compared to control memory (Figure 12b and c). Interestingly, treating memory cells with C1C2 reverted
the differences in SOCE peak observed in control conditions (compare the peak values of [Ca?]iin control
naive and memory vs memory cells treated with 5 uM and 20 uM C1C2 (Figure 12c)). Therefore, we
confirmed that the differences on SOCE peak between naive and memory T cells (also seen in Figure 10b)
are indeed due to differential expression of PMCA. Although effects of both C1C2 concentrations were
comparable on the plateau [Ca?*]iin memory T cells, only 20 uM showed significant differences versus
memory control on plateau/peak fraction. Taking into account that the higher concentration blocks more
than 50% of the PMCAA4 pump activity (published ki for PMCA4=2.3 uM =+ 0.3) and only 50% of PMCA1
pump activity (published ki for PMCAL (21 uM % 6) (Pande et al., 2011), we hypothesize that the significant
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differences seen with 20 uM may be in part due to inhibition of PMCA4 rather than PMCAT inhibition.
Taking into account that both C1C2 concentrations affected the plateau of memory T cells to the same extent
(Figure 12b and c), we conclude that PMCA4 is the main isoform responsible for Ca?* extrusion during
SOCE in memory T cells, whereas it plays a less important role in resting naive T cells. In a second approach,
we downregulated PMCA4 using a siRNA targeting ATP2B4 (Figure 13d and e). The effective reduction of
the ATP2B4 mRNA levels after ATP2B4-siRNA in both naive and memory cells together with the absence
of compensatory effects on ATP2B1 levels product of ATP2B4 knockdown confirmed the efficacy of the
SiRNA. On the other hand, the small decrease in ATP2B1 expression levels along with the functional results
using C1C2 excluded possible redundancy. Again, the differences in SOCE peak between naive and memory
T cells in control conditions were reverted by ATP2B4 knockdown (Figure 13a and b), confirming that the
differences in peak are due to differential expression of PMCA4. Downregulation of ATP2B4 affected only
the fraction plateau/peak in memory T cells (Figure 13b) and the fast and slow phases of [Ca?']; clearance
in memory T cells (Figure 13c), whereas naive T cells remained unaffected. Interestingly, in memory T cells
the effect on the slow phase was greater than that on the fast phase, probably due to secondary mechanisms
influencing the slow phase of decay such as mitochondria. Mitochondrial Ca?* uptake in conditions of
ATP2B4 downregulation might be increased compared to control conditions, releasing it when [Ca?*]; falls
below 0.4 uM, therefore retarding the slow phase of Ca?* clearance (Bautista et al., 2002; Hoth et al., 1997).
These results strongly confirm the importance of PMCAA4 as the main mechanism for Ca?* extrusion in CD4*
T cells and the responsible for the differences in SOCE phenotypes between naive and memory T cells.

6.4 PMCAA4 regulates the compartment stoichiometry of the CD4* T cells

The findings that PMCA4 plays a differential role in antigen-experienced T cells or memory T cells
compared to naive T cells, which have not been exposed to cognate-p-MHCII, led us to hypothesize that
PMCA4 expression levels upon stimulation of naive CD4* T-cells with anti-CD3/CD28 coated beads could
regulate the time course and generation of specific CD4* subsets. While CD45RA and CD45R0 are surface
markers characteristics for naive and memory respectively (Deans et al., 1989), T cells can be also classified
using the differentiation markers CD62L and CCR7 as naive (CD45ROCD62L*CCR7Y); effector
(CD45ROCD62L"CCR77), central memory (CD45RO*CD62L*CCR7*) and effector memory
(CD45RO*CD62L CCRT") (Sallusto et al., 1999). CD62L (ligand for L-selectin) and CCR7 (CC chemokine
receptor) are constitutively co-expressed on naive CD4* T cells and are lost after TCR engagement, with a
different time dependence though (Figure 15d). These differences might be explained by the different half-
live expression of both molecules following activation, which guarantees a stepwise activation of
downstream molecules needed for lymphocytes entry and retention into the LN. First, L-selectin mediates
the tethering and rolling of naive lymphocytes in HEVs of LN and it is cleaved from the cell surface within
minutes after cellular activation by cis-acting cell surface proteases (Griffin et al., 1990; Zhao et al.,
2001).This explains the rapid shedding detected as early as 4 hours after activation (Figure 15d).
Subsequently, extravasation into the LN starts with the binding of chemokine CCL21 to its counter-receptor
CCR7 (a G protein-coupled receptor), which triggers an intracellular signaling cascade ending in the
activation of LFAL integrin, firm arrest of lymphocytes and extravasation into the LN (Campbell et al.,
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1998; Zarbock et al., 2012). This multistep fashion mechanism might explain the differences in kinetic
observed between CCR7 and CD62L, with the former being lost form the surface at latter times followed
activation (Figure 15d). In fact, the transition from naive T-cells into effector memory (EM) T-cells implies
L-selectin shedding, as well as transcriptional inhibition of the L-selectin gene, which mobilizes the EM
cells from secondary lymphoid organs toward peripheral tissues, while CM once out of the lymph nodes are
able to re-express CD62L and CCR7 allowing them the immune surveillance of peripheral lymph nodes
(Galkina et al., 2003; lvetic et al., 2019). In our in vitro stimulation model, activation of naive cells after
downregulation of ATP2B4 resulted in a decrease in the fraction of activated cells in the effector cell
compartment (Figure 14b and c). In addition we observed a decrease in the percentage of cells in the EM
compartment and an increase in the central memory compartment though to a lesser degree (Figure 14b and
c). It is known that both, circulating naive and CM T cells express high levels of CD62L, which allows
trafficking to lymph nodes, while the effector and effector memory do not need CD62L and they are mainly
trafficking to peripheral tissue (Ahmed et al., 2009). A possible explanation for the altered stoichiometry of
cells under siRNA conditions could be that PMCA4 may regulate directly or indirectly the expression of
CD62L. It is known that CaM binds to the cytoplasmic tail of L-selectin in resting lymphocytes inhibiting
the shedding of CD62L and thereby protecting the extracellular domains from photolytic cleavage. After
activation, it is believed that CaM induces a conformational change in the extracellular domains of L-selectin
that expose the cleavage site resistant to proteolysis (Ivetic et al., 2019). It is not clear whether CaM binding
to the L-selectin tail is a calcium dependent or independent process, with experiments supporting both views
(Killock et al., 2009; Matala et al., 2001). Although our results indicate that CD62L is rapidly lost following
activation (Figure 14c and Figure 15d), a sustained increase in [Ca®']ias result of ATP2B4 knockdown
significantly reduced the fraction of cells lacking CD62L compared to control, indicating a Ca?* independent
mechanism.

Analysis of the expression pattern of CCR7 in the compartments after 24 hours of stimulation revealed that
most of the cells remained CCR?7 positive with just a few of them also positive for CD45RO (Figure 15a
and d). Interestingly, the fraction of cells developing memory phenotype within 24 hours of activation
remained CD45RA positive (Figure 15b) indicating that these cells are in an intermediate state of memory
development, which is reached at later time points of stimulation (Figure 15d) (Birkeland et al., 1989; Deans
et al., 1989). Therefore, analysis using either CD62L or CCR7 will result in different patterns of
compartment stoichiometry depending on the stimulation duration, and both can be employed in order to
follow the dynamic of the differentiation.

Activation of the TCR complex happens within seconds and results in the subsequent activation of gene
transcription programs responsible for regulation of the cell cycle, proliferation and commitment to different
T helper lineages. This process is accompanied by de novo protein synthesis and their insertion to the cell
surface, which is a pre-requisite for signaling and lymphocyte trafficking (mobilization). In this regard, we
were interested in knowing if changes in compartment distribution after PMCA knockdown are preceded
by early changes during the activation process. Analysis of early activation markers such as CD69 and
CDA40L (CD154) are indicators of the activation stage of T cells following TCR engagement. While no
changes in CD69, the earliest activation marker (Cosulich et al., 1987; Reddy et al., 2004) were detected,
CD40L was significantly upregulated in naive cells treated with ATP2B4-siRNA versus control following
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24 hours of stimulation (Figure 14d and e). The differences observed can be explained by different
mechanisms of regulation. CD69 is rapidly upregulated after TCR engagement at mRNA (within 30 min of
activation, reaching a peak of expression to 60 min) (Ziegler et al., 1994), while protein level are detected
after 2 hours (Cosulich et al., 1987), remaining elevated 24 hours and declining thereafter (Reddy et al.,
2004). Due to the fact that CD69 activation and expression are regulated by the Ca?* dependent activation
of PKC, but not on Ca?" alone (Testi et al., 1989), it is possible that an elevated [Ca?*]; due to PMCA4
knockdown exceeds the threshold for PKC activation and consequent regulation of CD69 expression levels.
On the other hand, CD40L mRNA expression reach a maximum after 1 to 2 h after T cell activation, and
protein expression at the cell surface peaks within 4 to 6 hours, its transcription is controlled by [Ca?'];
through Ca?*/CaM-NFAT mediated activation and with the cooperation of activating protein 1 (AP-1)
(Fuleihan et al., 1994). Thereby, a rise in [Ca®']; upon ATP2B4 downregulation might explain the increase
in CD40L following stimulation. Furthermore, increased CD40L expression has been shown in patients with
systemic lupus erythematosus (SLE), which has been correlated with supranormal cytoplasmic Ca?* fluxes
in circulating T and B cells (Liossis et al., 1998; Liossis et al., 1996). Another study revealed that rheumatoid
arthritis patients have more than 10% of CD4*CD40L" T cells which correlated with a more active disease.
(Berner et al., 2000; MacDonald et al., 1997). Thereby, tight regulation of PMCA may be essential for
maintaining the immune balance. It is known that high-dose antigen or strength of TCR stimulation in vitro
induces higher Ca?* influx and CD40 upregulation on T cells, favoring Th1 polarization while blockade of
CD40-CD40L interactions, as well as low dose antigen favors Th2 polarization (Ruedl et al., 2000).
Therefore, CD40-CD40L interactions dictate the fate of T helper subtypes upon physiological conditions
and during more pro-inflammatory conditions where aberrant CD40L expression has been detected.
Therefore these results suggest a main role of PMCAA4 controlling the fate of T cells through fine tuning of
[Ca?"]..

Last but not least, analysis of CD25 expression, which is upregulated within 24 hours and remains elevated
for a few days (Laurence et al., 2007) reveled that more than the half of the cells were able to upregulate the
CD25 molecule at 24 hours of stimulation, with no differences in the number of CD25* cells transfected
with ATP2B4-siRNA versus control (Figure 15c), meaning that cells were equally able to entry the cell
cycle and proliferate.

6.5 Differential expression of PMCAA4 in in vivo differentiated CD4* compartments re-
capitulates in vitro phenotypes and results in distinct SOCE profiles

The role of PMCA in the generation of different compartments in our in vitro model of CD4* T cell
compartment generation, prompted us to think that analysis of in vivo differentiated compartments not only
may re-capitulate the observed phenotypes in vitro but also could give new insights about the role of PMCA4
during T cell differentiation. Next, we sorted CD4" compartments out of PMBC as shown in (Figure 16a).
Importantly, while sorting we realized that in just few donors (~8%) a negative population for CD45R0O and
CCR7 was found. This population showed a frequency that varied between donors from 0 to 3% of the CD4*
T cells, whereas this population was up to 13% of the CD4* T cells in only one donor. A post sorting analysis
of the compartments revealed that the scarce population was CD45RA positive, an existing memory
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population known as EMRA, while EM and CM CD4" T cell populations remained CD45RA negative as
seen by others (Figure 16b) (Amyes et al., 2005; Roetynck et al., 2013). The EMRA population is defined
as memory T cells that re-express the CD45RA markers (Amyes et al., 2005; Libri et al., 2011), which is
gradually lost during the differentiation of naive T cells to memory (Akbar et al., 1988; Deans et al., 1989).
Highly differentiated populations EMRA-like CD4* T cells have been shown to accumulate in older adults
(Dunne et al., 2002; Libri et al., 2011), patients with persistent viral infections (Akbar & Fletcher, 2005;
Appay et al., 2002) and those with inflammatory syndromes such as rheumatoid arthritis (Goronzy &
Weyand, 2005) which explain the low frequency we observed. The expression levels of INFG mRNA in the
sorted CD4" compartments confirmed that the sorted populations are also functionally different. While
INFG mRNA was lacking in naive T cells, the effector population showed a strong increase in INFG
followed by CM population (Figure 16c¢). Interestingly, and in line with our previous results, PMCA4 was
differentially expressed within the memory compartments, with an increase in the order CM, EM, EMRA
whereas naive T cells showed the lowest PMCA4 expression as expected (Figure 16d-f). Next, analysis of
Tg-induced SOCE phenotypes revealed a main role of PMCAA4 controlling SOCE in CD4* compartments,
which correlated with their differential expression of PMCA4 (Figure 17a). While the EMRA and EM
showed the lowest plateau and plateau/peak ratio among all subtypes (Figure 17aand b), CM T cells showed
a more naive-like SOCE phenotype with lower plateau/peak ratio (Figure 17a and b), which make them
significant different to the effector populations and closer to the naive ones. Analysis of the decline in [Ca?'];
of iso-cells at relative equal [Ca?*]i peak (Figure 17c) or [Ca?*]i plateau (Figure 17d) confirmed our results
and showed significant differences in the rate constants among subtypes. These results strongly support the
role of PMCA4 in decisions of lineage commitment in an immune response. In addition, our data shed lights
on the controversial memory generation theories. It has been proposed that memory T cells are generated
after antigen recognition either by asymmetric cell division independently but parallel to the generation of
effector cells (Bifurcative or Disparate Model) (Arsenio et al., 2014) or sequentially from effector cells
(linear differentiation model) (Ahmed & Gray, 1996; Kaech et al., 2002). In line with the latter model, the
finding that CM cells showed a naive-like SOCE phenotype which correlated with an intermediate level of
PMCA4 suggests that the theory of a linear differentiation model where CM T cells give rise to EM T cells
and the latter to terminal differentiated or EMRA T cells may explain better the differences in PMCA
expression among compartments. In fact, we saw that sorted EM T cells stimulated in vitro with anti-
CD3/CD28 coated beads for different times were more resistant to changes in phenotypes than sorted CM
T cells (data not shown) and published results (Sallusto et al., 1999). Furthermore, from Dureck and
colleagues studies, sorted CD4* compartments showed not only loss of partially methylated domains in the
order naive, CM, EM and EMRA but also analysis of changes in their transcriptomes grouped the samples
along a progressive naive-CM-EM-EMRA cell differentiation axis; thereby suggesting that the linear model
of memory generation is the most likely one (Durek et al., 2016).
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6.6 Mitochondrial contribution to Ca?* homeostasis depends on the cellular compartment
and activation state of CD4* T cells

It has been proposed that PMCA is the main mechanism for Ca?* clearance in T cells when SERCA and
mitochondria are inhibited (Bautista et al., 2002). In this line, Quintana and colleagues have shown that the
sustained signaling required for efficient T cell activation is achieved by bringing in close proximity
mitochondria and ORAI channels and by reorganizing PMCA close to mitochondria at the plasma
membrane upon immune synapse formation. This re-distribution supports mitochondrial Ca" uptake, thus
guarding against accumulation of Ca?" in microdomains close to Orai channels, thereby preventing Ca?*-
dependent channel inactivation and reducing local Ca?* dependent modulation of PMCA. This complex
formation allows mitochondria to shuttle Ca?* away from the plasma membrane deep into the cytosol
enhancing activation of Ca?* dependent transcription factors such as NFAT and thereby T cell activation
(Quintana et al., 2011; Quintana et al., 2007). On the other hand, besides energy production in the form of
ATP, mitochondria are important regulators of T cell metabolism and they have emerged as a signaling
platform that coordinates T cell fate decisions involved in T cell activation and differentiation (Bantug et
al., 2018). Although the role of mitochondria regulating SOCE upon immune synapse formation have been
extensively studied (Demaurex et al., 2009; Hoth et al., 1997; Parekh, 2008; Quintana et al., 2011), its role
in modulation of SOCE during T cell differentiation is much less understood. Therefore, we wanted to
evaluate the role of mitochondria on SOCE in naive and memory CD4" lymphocytes upon resting and
activation conditions. While blocking mitochondrial Ca?* uptake in naive cells expressing low levels of
PMCA4 (Figure 18a and b), induced immediate ORAI channels inactivation due to [Ca?*]iaccumulation as
shown by others (Hoth et al., 1997; Zweifach & Lewis, 1995), resting memory T cells were initially more
resistant to Orai channel inactivation but unable to sustained [Ca?"]i signals (Figure 18c and d) likely due to
the lower transport capacity of PMCA that cannot fully prevent Ca?* dependent inactivation of the channel
(Brini et al., 2013) and saturates to such as low [Ca?']i of 0.4 uM (Bautista et al., 2002). A sustained Ca?*
signal is needed for NFAT translocations and I1L-2 production (Oh-hora & Rao, 2009; Quintana et al., 2011)
and for signaling pathways downstream to TCR leading to synthesis of cytokines and biomolecules, as well
as for supporting mitochondrial functions (Angajala et al., 2018; Gunter et al., 1994; Satrustegui et al., 2007)
and is therefore essential for the differentiation of the highly proliferative T cells. Our findings indicate that
to maintain sustained Ca?* levels, TCR induced-activation leads to rapid downregulation of PMCA (Figure
18e and Figure 20e) to decrease Ca?* efflux. In this regard, activation-induced downregulation of PMCA in
activated naive T cells or proliferating T blast induced a significant rise in [Ca?']i upon CCCP treatment
(Figure 18e and f) and a more prominent decay than in control activated, which together with the higher
mitochondrial mass and higher differences in mitochondrial potential versus control (Figure 19a-d) highlight
the importance of mitochondria over PMCA during proliferation of blast T cells. Conversely, memory T
cells after prolonged activation still have more PMCA levels than the activated naive and less than the
resting memory (Figure 20e). Due to mitochondria takes a larger amount of Ca?* after immune synapse
formation than after TG stimulation (Quintana et al., 2007), thereby prolonging Ca?* influx and reducing
the size of Ca?* microdomains that inhibits Ca?* dependent up-modulation of PMCA (Quintana et al., 2011;
Quintana et al., 2007); activated memory T cells are now able to sustain Ca?* signals better (Figure 18h)
than the resting memory (Figure 18c), while CCCP-induced depolarization of mitochondria membrane in
activated memory T cells restored PMCA modulation as seen by significant differences in the ratio
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plateau/peak (Figure 18i). Interestingly, analysis of [Ca?*]; extrusion rate in cells with similar [Ca?*]i plateau
after Ca?*o removal revealed new insights. While the [Ca?*]i decay in naive T cells following activation is
characterized for 2 phases (Figure 18g); inhibition of mitochondria in the almost absence of PMCA changed
the time course of Ca?* clearance to only one phase decay (Figure 18g). This might be explained by the
differential contribution of mitochondria to different phases of Ca?* clearance. In activated naive (DMSO
control) mitochondria probably accelerates the first phase of Ca?* clearance by taking Ca2* up when [Ca?'];
rise (taul=29 s) and retards the second phase of Ca?* clearance by releasing it when [Ca?*]; falls below 400
nM (tau2=349 s) (Bautista et al., 2002). This 2 phase decay mechanism changed to only one phase decay
(tau=74) when mitochondria function was impaired in activated naive T cells (Figure 18g) likely due to the
absence of mitochondrial contribution to Ca?* clearance that induced immediate Ca?* accumulation upon
conditions where PMCA4 was extremely reduced (Figure 20e) and the only mechanism for Ca?* clearance
in the absence of functional SERCA and mitochondria. Indeed, upon these conditions the time constant
value of Ca?" clearance was between the fast and slow time constant values measured under control
conditions, which indicates that mitochondria changed the time recovery to a single exponential decay.

On the other hand, upon activation of memory T cells we were still able to detect 2 phases of clearance upon
CCCP treatment (Figure 18j) due to Ca?* clearance is mainly performed by PMCA (Figure 20e) in the
absence of mitochondria and SERCA (Bautista et al., 2002). The 40% increase in taul along with 52%
decrease in tau2 in activated memory treated with CCCP compared to activated memory control might again
be explained by the mitochondrial contribution to both phases of Ca?* clearance. Upon these conditions the
slowdown of the faster phase of Ca?* clearance can be explained due to the absence of mitochondrial Ca?*
uptake, while the slow phase is accelerated compared to memory control cells likely due to up-modulation
of PMCA induced by Ca? accumulation during the first phase.

Interestingly, CCCP treatment in activated naive T cells is not accompanied by Orai channel inactivation as
in resting cells (Figure 18e). We reason this finding to the mitochondrial sodium-calcium-exchanger (NCX)
acting in reverse mode upon CCCP, transporting Ca?* into the matrix in exchange of Na* ions (Samanta et
al., 2018). In this regard, the reverse mode was shown to operate only when mitofusin 2 was downregulated
in depolarized mitochondria. Interestingly, activated T cells have been shown to have low levels of mitofusin
(Dasgupta et al., 2015) and fissed mitochondria, whereas fussed mitochondria directs memory
differentiation maintaining the cells in a quiescent state (Buck et al., 2016). This data highlights the
importance of different mechanisms acting together in order to regulate SOCE during the establishment of
an immune response. Besides stand out the solely role of mitochondria in naive T cells and the indisputable
contribution of PMCA during homeostasis and commitment to more differentiated T cells stages.

6.7 Transcriptional control of PMCAA4 results in biphasic expression following activation

The differences in the expression pattern of PMCA4 among compartments, as well as the tight regulation of
PMCA expression during activation, prompted us to examine possible transcriptional mechanisms
regulating PMCAA4. Using a combination of transcription factor databases, we scored common transcription
factors in all databases able to bind to 500, 1000, 5000 and 10000 nucleotide-long sequences upstream to
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the start codon of the ATP2B4 gene (Figure 20a and Table 10). Interestingly, YY1 came out with the highest
score (Table 10). YY1 is a Zn finger transcription factor that can act as activator or repressor or an initiator
binding protein (Krippner-Heidenreich et al., 2005). Moreover, YY1 is associated with the polycomb group
(PcG) of protein complexes, important maintaining genes in a repressed state to sustain T cell fate (Otte &
Kwaks, 2003). Next, ChlP assays confirmed the binding of YY1 to the ATP2B4 promoter sequence (Figure
20b). Analysis of the kinetics of PMCA4 and YY1 expression in sorted naive and memory T cells (Figure
20e) revealed that: first YY1 is not differentially expressed in naive and memory resting T cells (Figure 20e
and g) and second that both PMCA4 and YY1 expression pattern are altered during the time course of
activation in different patterns (Figure 20e and h), as also seen on total CD4" cells (Figure 20c and d).
Importantly, stimulation of naive CD4* T cells for up to 168 hours (7 days) inversed the expression level of
PMCA4 and YY1 expression (Figure 20f and h). This effect was further enhanced by adding Thl or
regulatory T cell (regT) specific polarizing cytokines (Figure 21a-c), which also reduced YY1 levels in ThO
and Thl and to a lesser extent in regT (Figure 21a and c¢). The finding that both ThO cells and stimulated
naive T cells for 7 days also showed increased PMCA4 expression along with reduced YY1 expression raise
the possibility that under conditions of high strong TCR signaling either by increased bead:cell ratio or
prolonged TCR stimulation, T cells may become polarized even in the absence of cytokines. In this line, T-
bet expression have been shown to be induced upon strong TCR signaling strength in naive CD4" T cells in
the absence of cytokines (Placek et al., 2009). Furthermore, overexposure bands together with analysis of
YY1 mRNA levels, confirm that indeed YY1 downregulation is induced by protein degradation and not by
transcriptional regulation in terminally differentiated Thl, regT and in ThO (Figure 21a and d). We reason
these findings to the fact that YY1 upregulation is needed to represses PMCA4 expression during activation
and once the cells are committed to a certain T helper lineage, YY1 is target to degradation which allows
PMCA4 upregulation and re-stablishing basal [Ca?']; levels, thereby preventing apoptosis and cell death. In
fact, Smurf-2, an E3 Ubiquitin ligase, ubiquitinates YY1 and targets it to the proteosome for degradation,
which suppress cell proliferation and c-Myc expression (Jeong et al., 2014; Ramkumar et al., 2013). In
addition, YY1 protein levels were increased in lymphomas derived from smurf-2 knockout mice, but in
contrast the transcripts were largely unchanged (Ramkumar et al., 2013). Other studies have also shown that
YY1 binds to the promoter of c-Myc in ChIP assays and this binding is enough to upregulate c-Myc
expression (Hsu et al., 2008; Ramkumar et al., 2013; Riggs et al., 1993). Importantly, c-Myc has been shown
to bind to the PMCA4 promoter (Habib et al., 2007; Zeller et al., 2006) and c-Myc rescued B cell
differentiation in the absence of pre-BCR formation by decreasing PMCA4 expression and Ca?* efflux in
purified B cells from Ep-myc mice (a transgenic mouse model which express c-Myc exclusively in B lineage
cells throughout development); whereas PMCA4 was increased in sorted pro-B cells deficient in both N-
and c-Myc genes, both variants expressed in B-Lymphocytes (Habib et al., 2007). On the other hand, YY1
have also been shown to be target of caspases which may explain the double band detected upon long term
activation of naive and upon polarizing conditions (Krippner-Heidenreich et al., 2005). Therefore, these
results are consistent with a mechanism in which YY1 upregulation-induced TCR controls c-Myc and
PMCA4 expression guaranteeing proper activation and differentiation while avoiding improper immune
response.
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7 Conclusion and outlook

In the first part of this work we establish new conditions for the polarization of in vitro polarized human T
helper subtypes and showed that the Ca?* phenotypes of human in vitro polarized T helper subtypes are
distinct, as it has have been previously shown in our group using similar protocols (Kircher et al., 2018)
Besides, we proposed mechanisms that may differentially control Ca?* signals among ThO, Thl and regT
based on gene expression data. On the other hand, we demonstrated that in vivo polarized regulatory T cells,
as the in vitro polarized regulatory T cells, showed increased Ca?* signals after Tg-induced store operated
Ca?" entry, which may be in part due to decreased expression of Orai2 in regulatory T cells versus
conventional T cells. Importantly, ThO and T17 memory T cells that were originated from memory CD4" T
cells, showed increased expression of ATP2B4 compared to other subtypes, which led us to hypothesize
that PMCAs play important roles in CD4* T cell fate decisions. Thus, the next step was intended to study
the role of PMCAs on CD4" T cell fate decisions and compartment stoichiometry.

Our findings that PMCAA4 is differentially expressed within the CD4* compartments, which correlated with
its ability to regulate distinct the course and amplitude of SOCE in both resting and activated T cells,
highlight a main role of PMCAA4 in final T cell fate decisions. Although the role of PMCA shaping SOCE
in T cells has been previously studied (Bautista et al., 2002; Quintana et al., 2011), our data indicates a more
complex level of regulation, in which the T cells are able to adapt their levels of PMCA4 in accordance with
the stage of differentiation and their needs during the course of the immune response. In this line, we showed
that naive T cells expressed low levels of PMCA4 and PMCA4 levels are further reduced during TCR
activation, allowing prolonged Ca?" signals important for NFAT nuclear retention and therefore clonal
expansion and synthesis of effector molecules. Indeed, it is known that sustained TCR signaling is required
to initiate effector function (Goldsmith & Weiss, 1988) and earlier disruption of p-MHC:TCR interactions
yielded greater impairment of cytokine secretion (Valitutti et al., 1995) and memory formation. On the other
hand, memory T cells are epigenetically different to naive T cells; they show demethylation at the loci of
several important effector molecules like 1L-4 and IFN-y and express higher NFAT protein levels than the
counterpart naive ones, all together allow them to mount a faster effector response within minutes (Dienz et
al., 2007; Rogers et al., 2000). Therefore, just an initial burst of TCR in memory T cells may be enough to
respond to low affinity p-MHC:TCR binding, which may induce Ca?* transients rather than sustained Ca?*
signals. On the other hand, strong p-MHC:TCR can lead to prolonged TCR contact and sustained Ca?*
signals amplifying the accumulation of intracellular calcium (Rosette et al., 2001; Wulfing et al., 1997). In
accordance with this, we have seen that prolonged and strong stimulation of both naive and memory T cells
induced downregulation of PMCA4 leading to prolonged Ca?" signals which may preserve Ca?* for
intracellular processes.

Interestingly, naive, CM, EM and EMRA cells have different patterns of PMCA4 expression, which allow
them to mount different responses upon antigenic stimulation, thereby inducing different effector responses.
It has been suggested that CM may need weaker TCR stimuli for their generation, whereas stronger antigenic
stimuli may induce EM (Lanzavecchia & Sallusto, 2002). In this line, regulation of the magnitude and
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duration of Ca?" signals by PMCA4 may activate specific signaling pathways during antigen-driven
responses and influence memory fate decisions.

Interestingly, while PMCAA4 does not play a main role in Ca?* clearance in naive T cells, it is clear that naive
T cells are able to clear intracellular Ca?* through mitochondrial Ca?* uptake, which may preserve most of
the calcium coming inside the cells for signaling and ATP generation to support the high energy demand of
the proliferating lymphaoblast.

Last but not least, our data shed lights about a possible role of YY1 on ATP2B4 promoter repression during
activation of naive T cells. We hypothesize that increased YY1 levels early during activation may induce
PMCA4 downregulation to allow sustained Ca?* signals required for proper activation of effector T cells.
This repressive effect may revert after programing of lymphoblast under polarizing cytokine conditions
leading to memory differentiation, which induces YY1 downregulation and releases its repressive effect on
PMCA4 expression.

Further experiments such as a Luciferase Reporter Assay in which the PMCA4 promoter is cloned upstream
the luciferase gene can help us to establish a functional connection between the presence of YY1 and the
transcriptional activity of genes under the ATP2B4 promoter and therefore new insights about how YY1
dependent-modulation of PMCAA4 regulates memory decisions during T cell activation.
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8 Abbreviations

ADPR: ADP-ribose

AHR: Aryl hydrocarbon receptor

AHR: Hydrocarbon receptor

AICD: activation induced cell death

AP-1: Activating protein 1

APC: Antigen presenting cells

ATP: Adenosine triphosphate

BCL-2: B cell lymphoma 2

BCL-6: B cell lymphoma-6

Ca?": lonized cytoplasmic calcium Il
cADPR: Cylic ADP-ribose

CaM: Calmodulin

CaM-BD: Calmodulin binding domain

CaN: Calcineurin

CCL19: CC-chemokine ligand 19

CCL21: CC-chemokine ligand 21

CCL25: Chemokine ligand 25

CCR7: C-C chemokine receptor type 7
CCR9: C-C chemokine receptor type 9
CD25: Interleukin-2 receptor alpha chain
CD40L.: Ligand for CD40

CD62L: L-selectin

CLP: Common lymphoid progenitor

CM: Central memory

CMP: Common myeloid progenitor

c-Myc: Myelocytomatosis oncogene transcription factor
CRAC: calcium release-activated Ca?*
CREB: cyclic AMP-responsive element-binding protein
CsA: Cyclosporine A

CXCR3: Chemokine C-X-C motif receptor 3
DAG: Diacylglycerol

DCs: Dendritic cells

DN: Double negative

DP: Double positive

EM: Effector memory

EMRA/TE: Effector memory CD45RA positive/ terminal effector
ER: Endoplasmic reticulum

ETP: Early thymic progenitor
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Gal-1: Galectin-1

GATA: GATA binding protein

Glutl: Glucose transporter type 1

H202: Hydrogen peroxide

HEV: High endothelial venule

HK2: Hexokinase 2

HLA-DR: Human leukocyte antigen-DR isotype
HSCs: Hematopoietic stem cells

IFN-o/B: Interferon-alpha/beta

IFN-y: Interferon-y

Ig: Immunoglobulin

IL: Interleukin

IL-2Ro or CD25: Interleukin-2 receptor alpha chain
IL-7ra: Interleukin-7 receptor o or CD127

InsP3 or IP3: Inositol 1,4,5-trisphosphate or inositol trisphosphate
InsP3R: Inositol 1,4,5-trisphosphate receptor or Inositol trisphosphate receptor
iRegT: Induced regulatory T cells

IS: Immune synapse

LCMV: Lymphocytic choriomeningitis virus

LN: Lymph nodes

MAPKSs: Mitogen-associated protein kinases

MEF2: Myocyte enhancer factor 2

MRNA: Messenger ribonucleic acid

mTEC: Medullary thymic epithelial cell

mTORc1: Mammalian target of rapamycin complex 1
NCLX: Na?*/Ca*exchanger

NFAT: Nuclear factor of activated T cells

NF-kB: kappa-light-chain-enhancer of activated B cells
NLS: Nuclear localization sequence

nNNOS: Nitric oxide synthase

NO: Nitric oxide

NPTN or Np: Neuroplastine

OXPHOS: Oxidative phosphorylation

P13K: Phosphoinositide 3-kinase

PKC: Protein kinase C

PKD: Protein kinase D

PKMZ2: Pyruvate kinase muscle isozyme M2

PLC-y: Phospholipase Cy

PMCA: Plasma membrane Ca?* ATPase

p-MHC: Peptide-MHC

PtdIns(3,4,5)P3 or PIP3: Phosphatidylinositol (3,4,5)-trisphosphate
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PtdIns-4,5-P2 or PIP2: Phosphatidylinositol-4,5-bisphosphate
RA: Rheumatoid arthritis

Ragl: Recombination activating gene 1

Rag2: Recombination activating gene 2

reg T: Regulatory T cells

ROR-yt: Acid receptor-related orphan nuclear receptor yt
ROS: Reactive oxygen species

S1PR: Sphingosine 1-phosphate receptor

SERCA: Sarco-endoplasmic reticulum Ca?*-ATPases
SLE: Systemic lupus erythematous

SLN: Secondary lymph nodes

SLO: Secondary lymphoid organs

SOCE: Store operated Ca?* entry

SP: Single positive

STAT: Signal transducer and activator of transcription
STIM: Stromal interaction molecule

TCR: T cell receptor complex

TEC: Thymic epithelial cell

Tth: T follicular helper cells

TG: Thapsigargin

TGF-B: Transforming growth factor-

Th: T helper

TNF-a: Tumor necrosis factor-a

YY1:YinYang 1

ZAP-70: Protein kinase of 70 kDa
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