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SUMMARY

1 SUMMARY

Na“/H" exchanger 1 (NHE1) is fundamentally critical for the maintenance
of cytosol pH homeostasis as well as cell volume regulation in a variety of cells
including CD4" T cells. Reactive oxygen species (ROS) formation is paralleled
by activation of the NHE1. ROS formation in CD4" T cells plays a decisive role
in regulating inflammatory responses. As a candidate, Parkinson disease
related gene DJ-1/Park7 is a redox-sensitive chaperone protein counteracting
oxidation and presumably contributing to the control of oxidative stress
responses and thus inflammation. DJ-1 gene deletion intensifies the
progression of Parkinson’s disease presumably by augmenting oxidative
stress. In this thesis, studies were carried out to find out whether DJ-1 is
expressed in CD4" T cells and affects ROS production as well as NHE1 in
those cells. Furthermore, DJ-1 and NHE1 transcript and protein levels were
quantified by gRT-PCR and immunoblotting respectively, intracellular pH (pHi)
utilizing bis-(2-carboxyethyl)-5-(and-6)-carboxy  fluorescein (BCECF)
fluorescence, NHE activity from recovery after removal sodium followed by a
activation by an ammonium pulse, and ROS production utilizing 2’7" —
dichlorofluorescin diacetate (DCFDA) fluorescence. Immunoblot data suggests
that DJ-1 protein was abundantly found in CD4" T cells. ROS formation, NHE1
transcript levels, NHE1 protein, and NHE activity were higher in CD4" T cells
from DJ-1 deficient mice than from wild type mice in CD4" T cells. Antioxidant
N-acetyl-cysteine (NAC) and protein tyrosine kinase (PTK) inhibitor
staurosporine decreased the NHE activity in DJ-1 deficient CD4" T cells, and
blunted the difference between DJ-1" and DJ-1"* CD4" T cells, an
observation pointing to a role of ROS in the up-regulation of NHE1 in DJ-1""
CD4" T cells. Together these results suggest that DJ-1 is a powerful regulator

of ROS production as well as NHE1 expression and activity in CD4" T cells.
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SUMMARY

Further studies were carried out to identify whether CD4" T cells subtypes or
helper T cells (Th) such as Th1, Th2, Th9, Th17 and iTregs development and
functions were also governed by NHE1 or not, we measured the NHE1 activity
in these cell types. Th cells subsets were characterized by flow cytometry and
intracellular pH measured using 2',7'-Bis-(2-Carboxyethyl)-5-(and-6)- Carboxy-
-fluorescein-Acetoxymethyl Ester (BCECF-AM) dye. NHE1 activity was
estimated by ammonium pulse technique. Surprisingly, Th9 cells had
significantly higher intracellular pH and NHE1 activity among other Th cells
(Th1/Th2/Th17) and iTregs. NHE1 transcripts and protein expression were
significantly higher in Th9 cells than in other Th cells subsets. Inhibition of
NHE1 by NHE1-siRNA in Th9 cells downregulated IL-9 production. Functional
NHE1 activity as well as development and IL-9 production of Th9 cells was
further impaired by pharmacological inhibition of protein kinase Akt1/Akt2. Our
findings reveal that Akt1/Akt2 sensitive NHE1 could be an important
physiological regulator of Th9 cell differentiation and function. Thus, this thesis
highlights the novel role of DJ-1 protein in the regulation of NHE1 in immune
helper CD4" T cells and NHE1 could regulates Th9 cells development and

functions.
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ZUSAMMENFASSUNG

2 ZUSAMMENFASSUNG

Na’/H* Austauscher 1 (NHE1) sind fundamental entscheidend bei der
Erhaltung der zytosolischen pH-Homdoostase sowie bei der Regulation des
Zellvolumens in einer Reihe von Zellen, einschlieBlich der CD4" T-Zellen. Die
Bildung von reaktiven Sauerstoffspezies (ROS) wird von einer Aktivierung des
NHE1 begleitet. Die ROS-Bildung in CD4" T-Zellen spielt eine entscheidende
Rolle in der Regulierung der inflammatorischen Antwort. Potentiell involviert ist
das Parkinson-assoziierte Gen DJ-1/Park7, ein Redox-sensitives
Chaperone-Protein, das einer Oxidation entgegenwirkt und vermutlich zur
Kontrolle der oxidativen Stressreaktion und dadurch der Inflammation beitragt.
Eine Deletion des DJ-1 Gens \verstarkt die Progression der
Parkinson-Krankheit vermutlich durch eine Erh6hung des oxidativen Stresses.
In dieser Arbeit wurden Studien durchgefuhrt, um herauszufinden, ob DJ-1 in
CD4" T-Zellen exprimiert wird und die ROS-Produktion sowie NHE1 in diesen
Zellen beeinflusst. Weiterhin wurden DJ-1- und NHE1-Transkripte und
Proteinlevels durch qRT-PCR und Immunoblotting jeweils quantifiziert, der
intrazellulare pH (pHi) mittels bis-(2-carboxyethyl)-5-(and-6)-Carboxy
fluorescein (BCECF)-Floureszenz, die NHE-Aktivitat von der Erholung nach
Entfernung von Natrium gefolgt von einer Aktivierung durch ein
Ammonium-Puls, und die ROS-Produktion mittels 2’,7’-Dichloro
fluorescindiacetat (DCFDA)-Floureszenz gemessen. Die Immunoblot-Daten
deuten darauf hin, dass das reichlich DJ-1-Protein in CD4" T-Zellen gefunden
wurde. Die ROS-Bildung, NHE1 Transkript-Level, NHE1-Protein und
NHE-Aktivitat waren héher in CD4" T-Zellen von DJ-1-defizienten Mausen als
in denen von Wildtyp-Mausen. Das Antioxidans N-Acetylcystein (NAC) und
der Protein-Tyrosin-Kinase (PTK)-Inhibitor Staurosporin verringerten die
NHE-Aktivitat in DJ-1-deficienten CD4" T-Zellen und dampften den
Unterschied zwischen DJ-1" und DJ-1"* CD4" T-Zellen, eine Beobachtung,
die auf eine Rolle von ROS in der Hochregulation von NHE1 in DJ-1-/- CD4"
T-Zellen hindeutet. Zusammen weisen die Ergebnisse darauf hin, dass DJ-1
ein machtiger Regulator der ROS-Produktion sowie der NHE1-Expression und
-Aktivitat in CD4" T-Zellen ist. Weitere Studien wurden durchgefiihrt, um die
Frage zu klaren, ob die Entwicklung und Funktion der CD4" T-Zell-Subtypen
oder T-Helferzellen (Th) wie Th1, Th2, Th9, Th17 auch durch NHE1 geregelt
werden oder nicht, wir maRen die NHE1-Aktivitat in diesen Zelltypen.
Th-Zellen-Subtypen wurden mittels Durchflusszytometrie und intrazellularem
pH mittels BCECF-AM-Farbung charakterisiert. Die NHE1-Aktivitdt wurde
mittels der Ammonium-Puls-Technik abgeschéatzt. Uberraschenderweise
hatten Th9-Zellen ein signifikant hoheres intrazellulares pH und NHE1-Aktivitat
verglichen zu anderen Th-Zellen (Th1/Th2/Th17) und iTregs.
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NHE1-Transkripte und -Proteinexpression waren signifikant hdher in Th9-Zells
als in anderen Th-Zell-Subtypen. Eine Inhibition von NHE1 durch NHE1-siRNA
in Th9-Zellen regulierte die IL-9-Produktion herunter. Die funktionelle
NHE1-Aktivitat als auch -Entwicklung und IL-9-Produktion von Th9-Zellen
wurden daruber hinaus durch eine pharmakologische Inhibition der
Proteinkinase Akt1/Akt2 beeintrachtigt. Unsere Ergebnisse zeigen, dass das
Akt1/Akt2-sensitive NHE1 ein wichtiger physiologischer Regulator der
Th9-Zell-Differenzierung und -Funktion sein konnte. Daher hebt diese Arbeit
die neue Rolle des DJ-1-Proteins in der Regulierung von NHE1 in
Immun-CD4"-T-Helferzellen hervor, und dass NHE1 die Entwicklung und
Funktion der Th9-Zellen regulieren konnte.
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SCIENTIFIC BACKGROUND

3 SCIENTIFIC BACKGROUND

3.1 Adaptive Immunology

Other than the first line of body resistance, which called the innate
immune response, there is a substantially more advanced guard line called
adaptive immune response (Bonilla and Oettgen 2010). To eliminate
pathogens the first line and the second line need to cooperate, and in most
cases the innate responses call up the adaptive immune response. The
striking difference in-between innate and adaptive response is the specificity
among them (Bonilla and Oettgen 2010). The adaptive immune response is
very particular to the pathogens that enact them. Alongside the memory effect
of some members in the adaptive immune system, the body benefit from the
first hit of the pathogens, such as the body recovered from some specific virus
infection (measles) will remember the hit and protect from the same infection
enduring(Bonilla and Oettgen 2010).

The concept of adaptive immunity can be divided in to cellular immunity
and humoral immunity. Cellular immunity, which recognize the non-self-cells,
abnormal cells and microbes, and is, ended up to eliminated by the cytotoxic T
cells and other Cells (Bonilla and Oettgen 2010). Humoral immunity which
correlated with B cells took after by the antigen exposure, antibody secretion
from the Plasma cells, and the memory effect for the memory B cells. Both T
cells and B cells have their unique receptors, TCRs and BCRs respectively
(Germain 2001). During T cells differentiation, TCRs are generated through
their developmental pathway by DNA recombination in the thymus. Major
histocompatibility complex (MHC) molecules present the antigen followed the
formation of processed peptides, which can be recognized by TCRs (Germain
1994). Each TCR and BCR has its conserve and variable region, resulting the
combination of a huge diversity of receptors (Germain 2001). Due to huge
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Adaptive Immunology

diversity, T cells and B cells recognize the diverse array of pathogens, in the
mean while; cytotoxic T cells development and antibody production are
triggered, as well as the generation of memory cells (Akira 2011). The
accompanying figure outlined the procedure in adaptive immunity (Akira 2011).
The foundation of adaptive immunity is specificity, plasticity and memory, all
coordinated to the construction and homeostasis of functional lymphocyte

repertoires (Blattman, Sourdive et al. 2000)
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Adaptive Immunology
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| |
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Antibody Memory B cells
Complement
cascade
Classical
pathway
Figure 1 Adaptive Immunity

Outline of the construction of adaptive immune system, the system can be
divided into two main brunches, which are T cell immunity and B cell immunity.
Followed by T cell releasing, different subtype of T cell accumulated and
contribute to the adaptive immunity. On the other hand, in B cell immunity,
initiated plasma cells and memory cells built together the humoral immunity.
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CD4+, CD8+ T cells and Dendritic Cells

3.2 CD4*, CD8" T cells and Dendritic Cells

The CD4 molecule is a glycoprotein, which has been found on the surface
of cell membrane, such as T helper (Th), monocytes, macrophages and
dendritic cells. The CD4 protein is encoded by the CD4 gene in humans and
mice,(Honczarenko, Kulczycki et al. 1977). The major function of CD4" T cells
is to provide help to other immune cells (Zhu and Paul 2008).The CD4" T cells
play a variety of roles by recognizing MHC class |l molecules, such as
activating the innate immune response, adaptive immune response, Killer T
cells, and some non-immune cells, and also act as a regulatory immune

response (Zhu and Paul 2008).

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 14



CD4+, CD8+ T cells and Dendritic Cells
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Figure 2 Helper function of CD4" T cells to APCs

After migrating to sites of infection, effector CD4" T cells that recognize
antigens on antigen-presenting cells (APCs) produce an array of effector
cytokines that contribute to the character of the inflammatory responses in the
tissue. Some products of highly activated effector CD4" T cells, such as
interleukin-10 (IL-10), dampen inflammation and regulate immunopathology,
whereas others, such as interferon-y (IFN y ), are pro-inflammatory and
activate macrophages, which in turn drive further inflammation. The production
of IL-10 by effector CD4" T cells can have a profound impact on the outcome
of a viral infection (Swain, McKinstry et al. 2012).
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CD4+, CD8+ T cells and Dendritic Cells

The CD8" (cytotoxic) T cells, like CD4'T cells, are generated in the
thymus and express the T cell receptor (Tscharke, Croft et al. 2015). The
difference between CD8 and CD4 molecule is laid on that cytotoxic T cells
recognize MHC class | molecules which have been found on all nucleated cells
(Tscharke, Croft et al. 2015). For the cytosolic pathogen defensing cytotoxic T
cells play a crucial role following three major mechanisms: secretion cytotoxic
cytokines such as primarily TNF-a and IFN-y; releasing cytotoxic granules
such as perforin, and granzymes; destruction of infected cells via Fas/FasL

interactions (Varga, Wissinger et al. 2000).
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Figure 3 CD8" T cells Immune response

CD8+ T cells recognize peptides presented by MHC Class | molecules, found
on all nucleated cells. The CD8 heterodimer binds to a conserved portion (the
a3 region) of MHC Class | during T cell/antigen presenting cell interactions
From Erika Wissinger, Imperial College London, UK.
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One of the antigen-presenting cells (APCs) called Dendritic cells (DCs),
addressed for their formation, dendritic shapes, can trigger the adaptive
immune responses and promote the function of the immune system (Lipscomb
and Masten 2002). Paul Langerhans first described DCs in human skin in 1868
but thought they were cutaneous nerve cells. DCs are bone marrow derived
leukocytes and are contributed as the most potential APC. They can also be
propagated in vitro from bone marrow and peripheral cycling system followed
by introducing growth factors, such as granulocyte macrophage-colony
stimulating factor (GM-CSF).

DCs can specifically capture and present antigens, converting proteins to
peptides that are presented on major histocompatibility complex molecules, in
most case MHC |l which can then be recognized by T cells (Roghanian,
Williams et al. 2006, Young, Waller et al. 2008). DC subsets playing differing
roles in defining the outcome of an immune response, although clearly some
plasticity within defined subsets is possible so that each subset can exert
tolerating and polarizing influences on responding T cells (Patterson 2000).

DCs degrade antigens within a MHC class ll-rich endosomal compartment
(MIIC) yet preserve sufficient peptide structure to be expressed on their cell
surface bound to MHC class Il molecules (ten Broeke, Wubbolts et al. 2013).
DCs take up antigens by phagocytosis, utilizing membrane receptors to trigger
uptake, by receptor-mediated pinocytosis in clathrin-coated pits and by
fluid-phase pinocytosis (Garrett, Chen et al. 2000). DCs can take up whole
cells, including necrotic and apoptotic cells. They can also acquire antigens
from live cells for presentation to cytolytic T cells (Harshyne, Watkins et al.

2001)
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3.3 CD4" T cells signaling

Unactivated T cells get activated through the Linker for activation of T
cells (LAT) signaling (Keller, Zaidman et al. 2016). When APC present the
antigen to T cell, MHC class Il get recognized by TCR variety ligation part,
SRC superfamily protein tyrosine kinases (PTKs) LCK connected with CD4
and FYN bind with CD3 are activated, leads to phosphorylation of CD3 ¢-chain
of the TCR complex and bind activated SYK-family PTKs-{-chain-associated
protein of 70kD (ZAP70). When ZAP70 get activated, it phosphorylates LAT.
LAT then phosphorylates SLP76 (SRC-homology 2 (SH2)-domain-containing
leukocyte protein of 76 kD) and recruits SH2-domain-containing proteins
growth factor receptor-bound protein 2 (GRB2), GRB2-related adaptor protein
(GADS) and phospholipase C-y1 (PLC-y1) 4(Abraham and Weiss 2004).
The hydrolysis of phosphatidylinositol 4,5-bisphosphate to inositol
3,4,5-triphosphate (IP3) and diacylglycerol (DAG) have been supported by
both LAT and SLP76 associates with the SH3 domain of PLC-y1 activation
(Yablonski, Kadlecek et al. 2001). Accumulated IP3 ended up to increases of
cytosolic free Ca2+ concentration, as a secondary signal it leads to IL-2 gene
expression, cell cycle entry and T cell effector functions. Production of DAG
can activate both protein kinase C-8 (PKC-6) and RAS guanyl
nucleotide-releasing protein (RASGRP). Phosphorylated LAT also recruits the
SH2 domain of GRB2 (Houtman, Yamaguchi et al. 2006), and therefore, the
GRB2-associated RAS guanosine nucleotide-exchange factor (GEF),
son-of-sevenless (SOS), as the regulator of RAS indicates the additional
possible mechanism of RAS activation through LAT. Tyrosine- phosphorylated
SLP76 also associates with the RHO-family GEF, VAV1, and the adaptor
protein, NCK (Abraham and Weiss 2004). A threesome complex of SLP76,
VAV1 and NCK-associated p21-activated kinase 1 (PAK1) as their
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consequential role of SLP76, reveals a potential mechanism for SLP76
regulation of actin cytoskeletal rearrangements following TCR stimulation.
CD28 is a 44-kDa homo-dimeric protein involved in T-cell costimulatory
signaling pathways (Rudd, Taylor et al. 2009). One of the main signaling
pathways regarding to CD28 on T cell function regulation is CD28-PI3K
signaling. PI3K production of PIP2 and PIP3 lipids bind the pleckstrin
homology (PH) domains within proteins such as phosphoinositide-dependent
protein kinase 1 (PDK1) (Alessi, Deak et al. 1997). PDK1 and PKB can
themselves then phosphorylate and regulate multiple pathways linked to
protein synthesis, cellular metabolism, and cell survival (Rudd and Schneider

2003).
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Figure 4 Proximal signalling complexes and downstream responses
induced by T-cell receptor (TCR) ligation.

Antigen presenting cells expose the MHC class Il to T cell by counteract with

TCR, thus triggered T cell signaling pathways contribute to cell cycle entry,

IL-2 gene expression and T cell effector functions (Abraham and Weiss 2004).
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3.4 T helper Cells

With specific MHC Il receptor, CD4" T cells recognize antigens presented
by antigen presenting cells such as dendritic cells by which they get activated
and participate in the regulation of the immune response during infections,
autoimmunity and cancer. In the importance of adaptive immunity, activated
CD4" T cells can be shaped during their development from conventional T
cells. CD4" T cells participate as a crucial role in the effector adaptive immune
system (Zhu and Paul 2010). CD4" T cells can be differentiated into various
subtypes based on their cytokine secretion, such as Th1, Th2, Th9, Th 17 and
regulatory T cells.

IFN-vy, TNF-a producing T helper 1 (Th1) cells (Zhou, Chong et al.
2009, Zhu and Paul 2010). Th1 participate in the defense process of
preventing intracellular parasites. IL-4 producing Th2 cells (Kudo, Ishigatsubo
et al. 2013). In the functional aspect of Th2 cells, controlling extracellular
pathogens and parasites as well as play an important role of allergy and
anthemia. IL-17 producing Th17 cells (Bettelli, Carrier et al. 2006, Korn,
Mitsdoerffer et al. 2008, Awasthi and Kuchroo 2009) defensing against the
pathogens, and take part in the autoimmunity, transplant rejection and cancer
immunology. IL-9 producing Th9 cells (Dardalhon, Awasthi et al. 2008,
Dardalhon, Collins et al. 2015, Kaplan, Hufford et al. 2015), which is a
relatively new subtype play an important role in INF-y dependent antitumor
immunology as well as allergic inflammation in lungs and tuberculosis. TGF- B
and IL-10 producing suppressive regulatory T cells (Tregs) (Schmitt, Haribhai
et al. 2012). Unlike other effect T cells play a suppression role in controlling the
balance of T cells subsets in inflammation process and other abnormal
abundance of effect T cells. A great deal of experimental efforts attempted to

decipher the development and functions of various Th cells subsets. However,
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the development and functions of Th9 cells remained incompletely

understood.
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Figure 5 Summary of T helpers development

By introducing cytokines in different combination such as IFN-y, IL-12, IL-4
TGF-B, IL-6, IL-4 and IL-2, Naive T cells get differentiated into several
subtypes such as Th1, Th2, Th17, Th9 and Treg. Differentiated T cells get
involved into regulation of immune system by secretion of varieties of
cytokines.
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3.5 Intracellular pH

In term of the prototypical mammalian cell, under physiological conditions,
the extracellular pH is slightly alkaline (~7.3—7.4) (Casey, Grinstein et al. 2010).
In some conditions, such as more alkaline environment-alkaline medium, cell
itself will monitor to avoid intensely acidification. The intracellular pH (pHi) will
turn into slightly acidification. In the process of cytosol acidification, there are
two aspects was majorly discussed to illustrate the phenomenon (Casey,
Grinstein et al. 2010). In one hand, the electrical potential across the
membrane, which is negative inside, drives the uptake of positively charged
protons and the efflux of negatively charged bases, such as HCO3—, through
conductive pathways (Casey, Grinstein et al. 2010). In another hand, net acid
equivalents are generated by various metabolic reactions (for example, ATP
production in the cytoplasm by glycolysis and in mitochondria by oxidative
phosphorylation), a situation that is exacerbated during bursts of activity, such
as in muscle contraction or on activation of leukocytes by pathogens (Grinstein,

Furuya et al. 1986).
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Figure 6 Schematic of cytosolic pH in cell organelles

The pH of individual cellular organelles and compartments in a prototypical
mammalian cell. The values were collected from various sources. The
mitochondrial pH refers to the matrix, that is, the space contained by the inner
mitochondrial membrane. (Casey, Grinstein et al. 2010)
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3.6 lon carriers that regulate cytoplasmic pH

The cytoplasm has a tendency to acidify owing to the activities of various
of metabolic pathways, such as the ATP formation in the cytoplasm by
glycolysis that generates lactate (the anaerobic segment in the figure) and the
oxidative phosphorylation in mitochondria that produces CO2 (the oxygen
consuming part appeared in the following figure 7 (Casey, Grinstein et al.
2010). The transcendent pH-administrative transporters that are in charge of
alkalization are the plasma membrane sodium hydrogen exchangers (NHEs)
and sodium bicarbonate co-transporters (NBCs) (Grinstein, Furuya et al. 1986).
A set number of cell sorts additionally alkalinize their cytosol through the
activities of sodium dependent chloride bicarbonate exchangers (NDCBEs)
(Casey, Grinstein et al. 2010). These transporters utilize the energy stored in
the internally coordinated electrochemical Na+ gradient that is built up by
sodium potassium ATPase pumps (NKAs) to drive solute transport (Casey,
Grinstein et al. 2010). These alkalinizing components are counteracted the
activities of plasma membrane chloride bicarbonate or anion exchangers
(AEs), which acidify the cell. Plasma membrane Ca?-ATPases (PMCAs),
which exchange cytosolic Ca?* for extracellular H*, likewise acidify the cytosol
in response to boosts that exchange intracellular Ca®*. In tissues experiencing
anaerobic metabolism, alkalinization might be favoured by monocarboxylate—

H* co-transporters (MCTs; for example, in muscle).
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Figure 7 lon carriers that regulate intracellular pH

The most studied transporters, which take part in the regulation of intracellular
pH. Sodium ion, hydrogen, bicarbonate, chloride, ATP and other related
elements construct the network in pH regulation. (Casey, Grinstein et al. 2010)
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3.7 Sodium hydrogen exchanger

Sodium hydrogen exchanger (NHE) is a group of ATP-independent
membrane glycoprotein transporters that are included in the control of pH in
cytosol, as well as after hormones and mitogens reaction cell volume and the
cellular responses (Valles, Bocanegra et al. 2015). The transporters intervene
the concurrent efflux of a hydrogen ion and the influx of a sodium ion transport
the plasma membrane (Mahnensmith and Aronson 1985). The internal
coordinated electrochemical Na* gradient drives this process. There are nine
known mammalian NHE isoforms (NHE1-9), all of which contrast in particular
biological function as well as subcellular localization (Bobulescu and Moe
2009). Furthermore, except their basic contribution in the media of cytosolic
pH and cell volume, the NHE family has additionally been embroiled in
diseases including hypertension and organ ischemia (Murphy and Eisner
2009). Whilst the particular system by which NHE activity impacts blood
pressure still depending on necessary further studies, it has been
recommended to include the inversion of the Na*/Ca?* exchanger (NCX); this
prompts expanded intracellular Ca®* concentration, leads to vascular smooth

muscle cell contraction (Iwamoto, Kita et al. 2005).
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Figure 8 A representative topology model of the NHE1 glycoprotein

displaying the extracellular and intracellular cytosolic domains.

A schematic shows the tracing pathways followed by hydrogen exchange, the
certain binding point counteract with Sgk1 and Akt then activated the related
cell signaling pathways (Mohamed, Iman A et al. 2015).
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NHE1 serves as an important alkalinizing mechanism of the cell in
defense of H" derived from metabolism or electrically-driven H*-accumulation.
In addition, NHE1 constitutes a major pathway for Na+ influx into the cell and
when coupled to CI' and H20 uptake, it represents a mechanism for
restoration of cell volume following cell shrinkage. (Donowitz, Ming Tse et al.
2013). NHE1 is also involved in cell migration (Denker, Huang et al. 2000).
NHEZ2 is involved in some intestinal and renal Na absorption and there is
recent evidence that it has a role in repair of epithelial damage (Xue, Aihara et
al. 2011). NHE3 is reused between apical membranes and the cytosol
compartment of epithelial cells where it has a noteworthy contribution in renal
and intestinal Na* retention (D'Souza, Garcia-Cabado et al. 1998). Beside their
parts in managing intracellular pH and cell volume, Majorly considerable
studies are still needed in NHE4, NHE5, NHE6, NHE7, NHE8 and NHE9
(Lemasters, Bond et al. 1996).
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Figure 9 NHE regulates various cellular physiological function

A summary of four major role of NHE in cell function regulation. Beside the role
of maintains the pH homeostasis, combine with EGF Ang Il, exchange of
hydrogen leads to regulate the cell growth, hypertrophy and differentiation.
Cross talk with F-Actin NHE regulates the cell migration. The entry of sodium
leads to activation of calcium transportation ended up to influence the cell
injury or cell death.
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3.8 DJ-1

DJ-1, initially distinguished as an oncogene product, a pervasively
expressed protein associated in cellular transformation, oxidative stress
function, and regulation of transcripts. (Mitsumoto and Nakagawa 2001, Zhong,
Kim et al. 2006) DJ-1 assumes an imperative part of cell resistance by dampen
p53-Bax-caspase signaling pathway. The defensive impacts of DJ-1 on
program cell death are associated with its ability of decreasing Bax expression
by dampen p53 transcriptional activity (Bonifati, Rizzu et al. 2003, Fan, Ren et
al. 2008).. DJ-1 (PARKY7) has been identified as the gene linked to early-onset
familial Parkinson’s disease. DJ-1 decreases the sensitivity to excytotoxicity
and ischemia proved by DJ-1 knockout model, in another word, production of
DJ-1 could reverse this sensitivity and indeed enhancing cytoprotection
(Aleyasin, Rousseaux et al. 2007). Oxidative stress is caused by the
imbalance of the reactive oxygen species production and inhibition. As an
oxidation-reduction escort DJ-1 protects neurons against oxidative stress and
apoptosis (Bonifati, Rizzu et al. 2003, Billia, Hauck et al. 2013). From tumor
hypoxia adaption model, DJ-1 protein has been investigated and revealed the
dependent function in cell survival process, through the AKT related signaling
pathways, involves in both AKT/mTOR (Vasseur, Afzal et al. 2009) and
PTEN/AKT signaling (Billia, Hauck et al. 2013, Klawitter, Klawitter et al. 2013,
Dongworth, Mukherjee et al. 2014). DJ-1 counteracts oxidative stress by
specifically decreasing reactive oxygen species (ROS) upon oxidative
alteration of a conserved cysteine residue or through stabilizing antioxidant
transcription factors, for example, erythroid related factor 2 (NRF2) (Clements,

McNally et al. 2006, Moscovitz, Ben-Nissan et al. 2015, Shi, Lu et al. 2015).
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3.9 ROS and NHE1

Recently study shows that ROS production relies on the activity such as
H" extrusion by the Na*/H" exchanger NHE1 (Rotte, Pasham et al. 2010, Rotte,
Pasham et al. 2011, Yang, Bhandaru et al. 2012, Alvarez and Villa-Abrille
2013, Prasad, Lorenz et al. 2013, Qadri, Su et al. 2014, Park, Lee et al. 2015),
which takes part in the control of intracellular pH (pHi) (De Vito 2006) and of
several further cellular functions, for example, cell volume, cell proliferation
and motility of cells (Putney and Barber 2004, De Vito 2006). NHE1 is
ubiquitously expressed (Lacroix, Poet et al. 2004, Putney and Barber 2004,
Fliegel 2005, De Vito 2006, Abu Jawdeh, Khan et al. 2011) and the most vital
Na’/H" exchanger isoform in the homeostasis modification of intracellular pH
(pHi) (De Vito 2006).

Past studies revealed that Na'/H" exchanger activity in CD4" T cells is
sensitive to various stimuli including growth factors (EGF, angiotensin Il) and
cytokines including IL-2 and IFN-y (Wakabayashi, Shigekawa et al. 1997,
Lacroix, Poet et al. 2004, Chang, Wang et al. 2010). The present study
investigated the effect of DJ-1 on ROS production/generation and Na'/H*
exchanger activity in CD4" T cells, which are required for the support of
effective immune responses against different intracellular or extracellular
pathogens and autoimmune disorders (Bluestone, Mackay et al. 2009,
Abou-Jaoude, Monteiro et al. 2014, Bonelli, Shih et al. 2014,
Brucklacher-Waldert, Carr et al. 2014, Hale and Ahmed 2015).

But the role of DJ-1 on Na*/H" exchanger activity regulation has not been

defined.
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4 AIMS OF THE THESIS

® To identify the role of DJ-1 deficiency on NHE1 transcript and protein level
as well as Na*/H" exchanger (NHE) activity in activated CD4" T cells.

® To decipher the regulatory function of intracellular pH and NHE1 in the
development of T helper (ThO/Th1/Th2/Th9/Th17 and iTregs) cells.

® To examine the function of the NHE1 in Th9 cells development and
functions.
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5 MATERIALS AND METHODS

5.1 Mice strains

DJ-1"" and DJ-1*"* (10-12 week-old) mice on a C57BL/6 background were
used for the experiments as described earlier (Billia, Hauck et al. 2013) and
kept under standard husbandry conditions. DJ-1*"* and DJ-17" mice were
obtained by breeding DJ-1*" heterozygous male and female mice. C57BL/6
mice (8-10 weeks) were used for the Th cells experiments and kept in a
conventional specific pathogen free facility. All the animal work was performed
according to the EU Animals Scientific Procedures Act and the German law for
the welfare of animals. The procedures were approved by the authorities of the
state of Baden-Wurttemberg and the research has been reviewed and
approved by an Institutional Animal Care and Use Committee. For each
experiment 5-6 independent mice were used and data shown in each figure is

representative of MeanstSEM of independent mice experiment.

5.2 Naive T cells isolation

To perform the Th differentiation or iTreg induction experiments, naive
CD4*CD62L"""CD25 T cells were isolated using magnetic bead selection
from spleen and lymph nodes as described earlier (Singh, Dyson et al. 2011,
Singh, Chen et al. 2015). To isolate the CD4" T cells, spleen and lymph nodes
(inguinal, axillary, brachial, mediastinal, superficial cervical, mesenteric) were
collected from the mice and macerated using syringe plunger. Cell suspension
was centrifuged at 600xg at 4°C for 5 minutes and cells pellet treated with RBC
lysis buffer for 1 minute and washed three times. After washing cells were kept
on roller at 4°C (cold room) for 30 minutes in the presence of 40pl/mouse
antibody mix containing anti-CD8, anti-MHC II, anti-CD11b, anti-CD16/32,
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anti-CD45R, and Ter-119 (Dynabeads® Untouched™ Mouse CD4 cells Kkit,
Invitrogen). Cells were washed after antibody incubation and Dynabead was
added and incubated at 4°C (cold room) for 30 minutes on roller to deplete the
CD8" T cells, B cells, NK cells, monocytes/macrophages, dendritic cells,
erythrocytes and granulocytes and isolated CD4" T cells. Further, to isolate
CD4'CD25" T cells, purified CD4" T cells were incubated with 2 pl/mouse
biotinylated-anti-CD25 (7D4 clone; BD Biosciences, UK) for 30 minutes in cold
room on roller, washed and kept for 15 minutes with 20pl/mouse
streptavidin-Microbeads (Miltenyi Biotech, Germany) for the indirect magnetic
labelling of CD25" T cells. Using MACS separation columns CD4°CD25" T
cells were positively selected and remaining cells were CD4°CD25 T cells
(Niedbala, Besnard et al. 2014). To enrich naive CD4*CD62L""™*CD25 T cells
from CD4"CD25 T cells, these cells were again incubated with 10 pl/mouse
biotinylated-anti-CD62L (clone MEL-14; BD Biosciences) for 30 minutes in
cold room on roller, washed and kept for 15 minutes with 20upl/mouse
streptavidin-Microbeads for the indirect magnetic labelling of CD62L" T cells.
Using MACS separation columns naive CD4*CD62L"9"*CD25 T cells were
positively selected. Remaining cells were CD4"CD62L"CD44"CD25 T cells.
Purity of these cells was checked by flow cytometry. As a result more than 90%
cells were positive for naive T cells.

Purified CD4* T cells (1x10° cells) from DJ-1*"* and DJ-1"" mice were
activated in the presence of anti-CD3:anti-CD28 (1:2) (eBioscience, Frankfurt,
Germany) for 1-3 days in R10 medium at 37° C in a 5% CO; incubator. The
cultured cells were used for pH measurements, immunoblotting, and
g-RT-PCR. Further inhibitors used were cariporide (10 uM) (Sigma, Munich,
Germany), antioxidant N-acetyl-cysteine (NAC; 10 uM) (Sigma) and ROS

scavenging enzyme catalase (10 uM) (Sigma).
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5.3 Th cells differentiation

Naive CD4'CD62L"9"*CD25 T cells were activated in the presence of
plate-bound anti-CD3/anti-CD28 antibodies (eBiosciences, Frankfurt,
Germany) with a ratio of 1:2::anti-CD3:anti-CD28 (1ug/ml anti-CD3: 2 pg/ml
anti-CD28) for Th1, Th2 and iTregs and 1:10::anti-CD3:anti-CD28 (1 pg/ml
anti-CD3: 10 pyg/ml anti-CD28) for Th9 and Th17. Briefly, T naive cells were
differentiated into Th1 using 20 ng/ml recombinant-IL-12 (eBiosciences,
Frankfurt, Germany), anti-IL-4 (5 pg/ml; eBiosciences, Frankfurt, Germany),
Th2 using 20 ng/ml recombinant-IL-4 (eBiosciences, Frankfurt, Germany),
anti-IFN-y (5 pg/ml; eBiosciences, Frankfurt, Germany), Th9 using 2.5 ng/ml
recombinant-TGF-B, 40 ng/ml recombinant-IL-4, anti-IFN-y (10 pyg/ml), Th17
using 2.5 ng/ml recombinant-TGF-3, 50 ng/ml recombinant-IL-6 (eBiosciences,
Frankfurt, Germany), anti-IFN-y (5ug/ml), anti-IL-4 (5 pg/ml) and anti-IL-2 (5
ug/ml; eBiosciences, Frankfurt, Germany) and iTregs using 2.5 ng/ml
recombinant-TGF-B, 5 ng/ml recombinant-IlL-2 (eBiosciences, Frankfurt,
Germany), cultured for 3-4 days (Zhou, Chong et al. 2009, Perumal and
Kaplan 2011, Kudo, Ishigatsubo et al. 2013, Chatterjee, Schmidt et al. 2014,
Singh, Garden et al. 2015). Cells were harvested at day 3 and used for
intracellular staining for characterising the Th cells using flow cytometry,

g-RT-PCR, pHi, NHE1 activity and immunoblotting experiments.
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5.4 Intracellular pH (pHi) measurement

Equipment for pHi imaging

Names

Manufacturer and country of origin

Discofix® Stopcock for Infusion
Therapy

Centrifuge RotiFix 32

Camera Proxitronic

Eppendorf pipettes 1000 pl, 100
ul, 10 wpl

Eppendorf cups 1.5, 2 ml

Filter Set for BCECF-AM

Filter tips 10, 100, 1000ul

Filter wheel

Heraeus Incubator

Lamp XBO 75

Metafluor software

Microscope Axiovert 100
Microscope cover glasses round,
30mm diameter, 0.13-0.16 mm

Multiwell™ 6 well

Needles BD Microlance ™3,

B.Braun, Melsungen, Germany

Hettich Zentrifugen, Tuttlingen, Germany
Proxitronic, Bensheim, Germany

Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

AHF Analysentechnik AG, Tubingen,
Germany

Biozym  Scientific, Hess. Oldendorf,
Germany

Sutter Instrument Company, Novato, USA
Thermo Electron Corporation, Dreieich,
Germany

Leistungselektronik Jena GmbH, Jena,
Germany

Universal Imaging, Downingtown, USA
Zeiss, Oberkochen, Germany

Karl Hecht KG, Sondheim, Germany

Becton Dickinson Labware, Franklin
Lakes, USA

Becton Dickinson Labware, Franklin
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1.2X40mm Lakes, USA
Objective neo fluar 40x/1.3 oil Carl Zeiss, Oberkochen, Germany
PP-Test Tubes 15, 50 ml Greiner bio-one, Frickenhausen, Germany

Syringde BD 10ml, Leur-Lok™ Becton Dickinson Labware, Franklin

Tip Lakes, USA

Syringde BD, Perfusion™ 50ml Becton Dickinson Labware, Franklin
Lakes, USA

Tissue Culture Dishes 35x10 mm Becton Dickinson Labware, Franklin

Lakes, USA
. -
7
3
8
2
9 P e

Figure 10 Intracellular pHi imaging setup.

1-Micrsocope, 2-Camera control panel, 3-Camera, 4-Shutter, 5-Light source,
6-Xenon lamp control panel, 7-Perfusion system, 8-Flow heating system,

9-Measuring chamber

pH measurement chemicals

Substances Manufacturer and country of origin

Ampuwa Fresenius KABI, Bad Homburg,
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CaCl, x 2 H,O
CXCL12

Ethylene glycol tetraacetic acid

(EGTA)
BCECF-AM
Glucose

HEPES

Immersol 518F
KCI

LPS

MgSO,4 x 7 H20
Na;HPO,4 x 2 H,0
N-Methyl-D-glucamin (NMDG)
NaCl
Poly-L-Lysine

Phosphate buffered saline (PBS)

Silicone

Trypan blue solution 0,4%

Germany
Carl Roth, Karlsruhe, Germany
Peprotech, Germany

Sigma, Taufkirchen, Germany

Invitrogen, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
Carl Zeiss, Gottingen, Germany
Carl Roth, Karlsruhe, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany
Sigma, Taufkirchen, Germany

GIBCO, Carlsbad, Germany

Grease Carl Roth, Karlsruhe, Germany

Sigma, Taufkirchen, Germany

pH measurement buffer composition

Table | Standard HEPES solution

Substance [mM/L]

NaCl 115
KCl 5
MgSO4*7H,0 1.2
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Intracellular pH (pHi) measurement

HEPES 32.2
Na;HPO,4*2H,0 2
CaCl,*2H,0 1

Glucose 10

pH 7.4 (NaOH): H,O (at the 37 °C)
Table Il Na* free solution

Substance [mM/L]

NMDG 132.8
KCI 3
CaCly*2H,0 1
MgSO4*7H20 1.2
KH2PO4 2
HEPES 32.2
Mannitol 10
Glucose 10
HCL approx. 109

pH 7.4 (HCL); H,0
(at the 37 °C)

Table Ill Standard NH,CI

Substance [mM/L]
NMDG 122.8
KCI 3
CaCl,*2H,0 1
MgCl>*6H20 1.2
KH2PO4 2
HEPES 32.2
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Intracellular pH (pHi) measurement

Glucose 10
HCL approx. 109
NH4CI approx. 20

pH 7.4 (HCL or NMDG); H,0 (at the
37 °C)

Table IV High K+ for Calibration

Substance [mM/L]

NMDG 32.8
KClI 105
CaCl,*2H,0 1

MgSO04*7H.0 1.2
HEPES 32.2

Mannitol 5

pH 7.0 (HCI); H2O (at the 37 °C)

Cytosolic pH (pHi) was measured in Th cells as described previously
(Salker, Zhou et al. 2015) using pH sensitve BCECF, AM dye (Life
Technologies, USA). Naive T cells were differentiated into Th cells and after 3
days of differentiation of various subsets of Th cells were subjected to
measurement of pHi with and without treatment. To measure the pHi and
NHE1 activity of Th cells subsets, 300 u| of cells were collected and were
fixed on a coverslip coated by Poly-L-lysine (Sigma, Germany), which was
then placed in a chamber. Th cells were co-incubated with 10 yM BCECF, AM
(Life Technologies, USA) for 15 min at 37°C. Once the incubation was finished,
chamber was then placed on the stage of an inverted microscope (Zeiss
Axiovert 135) with epifluorescence mode 40x oil immersion objective (Zeiss
Neoplan, Germany). BCECF was successively excited at 490/10 nm and

440/10 nm, and the resultant fluorescent signal was monitored at 535/10 nm
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Intracellular pH (pHi) measurement

using an intensified charge-coupled device camera (Proxitronic, Germany) and
specialized computer software (Metafluor, USA). Approximately 30-40 cells
were outlined and monitored during the course of the measurements of
BCECF, AM fluorescence. The results from each cell were averaged and used
for final data analysis.

High-K*/nigericin calibration technique was applied for converting intensity
ratio (490/440) data into pH; values. The cells were perfused at the end of each
experiment for 5 minutes with standard high-K*/nigericin (10 pg/ml) solution
(pH 7.0). The intensity ratio data thus obtained were converted into pH values
using the rmax, rmin, PKa values previously generated from calibration
experiments to generate a standard nonlinear curve (pH range 5 to 8.5) (Rotte,
Pasham et al. 2010).

For acid loading, Th cells were transiently exposed to a solution
containing 20 mM NH4CI leading to initial alkalinization of pH; due to entry of
NH; and binding of H" to form NH,"*. The acidification of pHi upon removal of
ammonia allowed calculating the mean intrinsic buffering power (3) of the cell.
Assuming that NH;" and NH; are in equilibrium in cytosolic and extracellular
fluid and that ammonia leaves the cells as NHs:

B = A[NH4"]/ A pH;,

where ApH; is the decrease of cytosolic pH (pHi) following ammonia
removal and A [NH,'] is the decrease of cytosolic NH," concentration, which
is equal to the concentration of [NH4']; immediately before the removal of
ammonia. The pK for NH;"/NHj3 is 8.9 and at an extracellular pH (pH,) of 7.4
the NH," concentration in extracellular fluid ([NH4]o) is 19.37 [20/(1+10PHOPK)).
The intracellular NH," concentration ([NH4];) was calculated from:

[NH,4]i = 19.37 - 10PHoPH!
The calculation of the buffer capacity required that NH,* exits completely.

After the initial decline, pH; indeed showed little further change in the absence
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Surface and intracellular antibodies staining

of Na*, suggesting that there was no relevant further exit of NH,4".

To calculate the A pH/min during re-alkalinization, a manual linear fit was
placed over a narrow pH range with time which could be applied to all
measured cells.

The solutions used in the pHi and NHE1 measurements were composed
of (in mM) as described earlier (Zhou, Pasham et al. 2015): standard Hepes:
115 NaCl, 5 KCI, 1 CaCl,, 1.2 MgSOg4, 2 NaH,PO4 10 glucose, 32.2 Hepes;
sodium free Hepes: 132.8 NMDG CI, 3 KCI, 1 CaCly, 1.2 MgSOs, 2 KH2POy,,
32.2 Hepes, 10 mannitol, 10 glucose (for sodium free ammonium chloride 10
mM NMDG and mannitol were replaced with 20 mM NH4CI); high K" for
calibration 105 KCI, 1 CaCly, 1.2 MgSO,4, 32.2 Hepes, 10 mannitol, 5 yM
nigericin. The pH of the solutions was titrated to 7.4 or 7.0 using HCI/NaOH,
HCI/NMDG and HCI/KOH, respectively, at 37°C.

5.5 Surface and intracellular antibodies staining

Th cells were characterised by using surface and intracellular staining with
relevant antibodies. In brief, Th cells were stimulated with anti-CD3/anti-CD28
or 1 mg/ml PMA (Sigma, Germany) and 1 mg/ml lonomycin (Sigma, Germany)
for 4 hours and after 2 hours of PMA+lonomycin treatment 1 pg/ml Brefeldin A
(eBiosciences, Frankfurt, Germany) was added to the cultured cells for 2 hours.
After 4 hours, cells were collected and used for surface staining for various
antibodies dependent on the experiment (anti-Foxp3-APC and anti-IFN- y
-FITC; eBiosciences, Frankfurt, Germany, anti-IL-4-PE anti-IL-17A-PE; BD
Bioscience, UK, anti-IL-9-PE; Biolegends, USA), and washed with PBS. Cells
were fixed with Foxp3 fixation/permeabilization buffer (eBiosciences, Frankfurt,
Germany) for intracellular staining and incubated for 30 minutes. After

incubation, cells were washed with 1x permeabilization buffer (eBiosciences,
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q-RT-PCR

Frankfurt, Germany) and intracellular monoclonal antibodies were added and
incubated for additional 30 minutes. Cells were washed again with
permeabilization buffer and PBS was added to acquire the cells on flow

cytometry (FACSCalibre™, BD Bioscience, Heidelberg, Germany).

5.6 g-RT-PCR

Total MRNA was isolated from different Th cells (ThO, Th1, Th2, Th9, and
Th17) and iTregs using mRNAeasy isolation kit (QIAGEN, Germany) as
described by the manufacturer. 1 uyg mRNA was converted into cDNA using
Superscript [l cDNA synthesis kit (Life Technologies, Germany). Briefly, in 10
Ml reactions, 10 ng cDNA, 2X SYBR green mastermix (Peqlab, Germany) and
250 nM primers (Sigma, Germany) were used for g-RT-PCR reactions.
g-RT-PCR run and data analysis was performed as described previously
(Soroosh and Doherty 2009) for NHE-1 (F primer:
5-TCGCCCAGATGACCACAATTT-3 and R primer:
5-GGGGATCACATGGAAACCTATCT-3') and GAPDH (F  primer:
5-CGTCCCGTAGACAAAATGGT-3 and R primer: 5- TTG ATG GCA ACA
ATC TCC AC-3’) using universal cycling conditions (95°C for 3 minutes, 95°C
for 10 seconds and 60°C for 1 minute for 40 cycles followed by melting curve

analysis).

5.7 Semi-quantitative-RT-PCR for NHE1 isoforms

Total MRNA was isolated from 3 days activated CD4" T cells using the
mRNAeasy isolation kit (QIAGEN, Germany) as described by the
manufacturer. 1.0 uyg mRNA was converted into cDNA using the Superscript Il|
cDNA synthesis kit (Invitrogen, Germany). Briefly, in 10 pl reactions, 10 ng
cDNA, 2x Taq polymerase Master-mix (Peglab, Germany) and 250 nM primers
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Semi-quantitative-RT-PCR for NHE1 isoforms

were used for RT-PCR reactions (Singh, Ferreira et al. 2010). NHE isoforms
primers used in reactions are described in a table below with their product size.
PCR was run using standard PCR conditions (95°C) for 3 minutes, 95°C for 15
seconds, 60°C for 30 seconds and 72°C for 30 second for 40 cycles followed

by final extension at 72°C for 10 minutes. All primers were purchased from

Sigma.

S.N. Primers name Primer sequences Product
size

1 NHE1 F TCGCCCAGATGACCACAATTT 172bp

2 NHE1 R GGGGATCACATGGAAACCTATCT

3 NHE2 F TGGCCAAGATTGGTTTTCATCTC 197bp

4 NHE2 R TGGCATGAAGTAGCCAGCAT

5 NHE3 F TCAGTGGCTTGATGGGTGAA 71bp

6 NHE3 R AGCTGCAATGAGGCTACCAA

7 NHE4 F AACCCACAGATGATGATGGCA 117bp

8 NHE4 R TCTTCATAGGGATCACTGCCTG

9 NHES5 F ATGGTGTGGCTAATCCCGAA 73bp

10 NHE5 R ACTGCAGCTGTGTCCTGAAA

11 NHEG6 F TGTTTGCTGGTCTTCGTGGT 70bp

12 NHE6 R TGTCGTGCATAAGTGGCAGT

13 NHE7 F TCTCGAAGTCGAAGCAAGCA 144bp

14 NHE7 R GATGGCAACAAAAGCACCGA

15 NHES8 F TTGAAGTCGCATTGGTGGAG 95bp

16 NHE8 R TGCAGATGGCTTCTTTGAAACAG

17 NHE9 F TGTTTTCAGGTTTGCGAGGTGT 70bp
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Immunoblotting

18 NHE9 R TGTTTGGGCTGAGATTCCG

19 SLC4a1F GGCACCTACACACAGAAACTCT 128bp
20 SLC4a1 R ACGGAGGCAAACATCATCCA

21 SLC4a2 F TAAAGCACAGCCACCCAAGT 188bp
22 SLC4a2 R TGGTAGCTCACGCTCTCTAT

23 SLC4a4 F TTTAGCAACCCTGATAATGGCAG 160bp
24 SLC4aF R CCCCAACAAGCACATTGGAA

5.8 Immunoblotting

Naive T cells were differentiated into ThO, Th1, Th2, Th9, Th17 and iTregs
from WT mice. After 48 hours of incubation, Th cell and iTregs were washed
once with PBS and equal amount of H,O and 2X Lammelli’s Buffer added for
cell lysis. Proteins were denatured at 95°C for 5 minutes and stored at -20°C.
Sample proteins were loaded on 10% SDS-PAGE gel and run for 80-120 V for
120 minutes. Proteins were electrotransferred onto membranes. Membranes
were probed with the indicated primary antibodies for NHE1 (1:1000 NHE1
rabbit antibody from Genetex®, USA), followed by HRP-conjugated secondary
antibodies (1:2000 Cell Signalling, Germany). Membranes were washed and
visualized with enhanced chemiluminescence detection system (ECL; Life
Technologies, Germany) and data were analysed using Image J software.

CD4" T cells from DJ-1*"* and DJ-17" mice were activated in the presence
of anti-CD3:anti-CD28 (1:2) (eBioscience) for collecting the samples for
immunoblotting. Activated T cells were washed once with PBS and equal
amounts of H,O and 2 x Lamelli buffer added for cell lysis. Proteins were
denatured at 95° C for 5 minutes followed by storage at -20° C. Sample

proteins were loaded on 10% SDS-PAGE gel run for 120 V per gel for 100-120
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ROS production

minutes. Proteins were electro-transferred onto PVDF membranes (GE
healthcare, Freiburg, Germany). Membranes were probed with the indicated
primary antibodies (DJ-1 (1:1000; #5933), p-AKT(S473) (1:1000; #9271);
GAPDH (1:1000; #2118), (Cell Signaling Technology, Leiden, The
Netherlands) and NHE1 (1:1000; #GTX85046); GeneTex, Irvine, USA)
followed by HRP-conjugated secondary antibodies (1:2000; Cell Signalling).
Membranes were washed and visualized with enhanced chemiluminescence
detection system (ECL; peqlab, Erlangen, Germany). Blot image quantification

was done by ImageJ software.

5.9 ROS production

To determine ROS production in 3 days activated CD4" T cells from both
DJ-1*"* and DJ-17, approximately 2x10° cells were co-incubated with 10 pM
2’ I’'—dichlorofluorescin diacetate (DCFDA) (Sigma) for 30 min in the dark at
room temperature. Cells were then washed with 100 r | PBS and then
resuspended into 200 ul of fresh PBS. Furthermore, ROS in T cells were
detected by Flow cytometry using the FACS Calibur (BD Biosciences,
Heidelberg, Germany). DCFDA fluorescence intensity was measured in FL-1
with as excitation wavelength of A 488 nm and an emission A wavelength of
530 nm. Geometric mean of the FL-1 signal intensity was used to show the
amount of ROS production. Cell volume was reflected by the geometric mean
of forward scatter. Data were analysed with flow FlowJo (Treestar,USA)

software.

5.10 siRNA transfection of T cells

Naive T cells were transfected with siRNA-control and siRNA-NHE1 using

DharmaFECT3 transfection reagent (Dharmacon, USA) as recommended by
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Statistical analysis

manufacture’s guidelines. Briefly, Naive T cells were washed 3x with PBS to
remove any residual serum and antibiotics from the cells and 0.75 - 1x10° cells
per well cultured in the presence of antibiotic free media in 24 well plate coated
with anti-CD3::anti-CD28. Final concentration of 200nM of non-targeting
siRNA-control and siRNA-NHE1 was added to 500 ul of media and cells were
incubated with Th9 differentiating conditions as described earlier. Cells were

further incubated for 4 days and stained for IL-9/Foxp3 antibodies.

5.11 Statistical analysis

Prism software (GraphPad software) was used for statistical analyses.
Student’s t-test was used for significance. Flow cytometry data were analysed
by Flowjo (Treestar, USA). Figures were made in Excel and GraphPad prism
software. ImageJ was used for WB data analysis. P values of equal or less

than 0.05 were considered significant.
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RESULTS AND DISCUSSION

6 RESULTS AND DISCUSSION

Part1: Role of DJ-1 protein in NHE1 activity:

In this chapter, | have described how DJ-1 protein is involved in the regulation
of NHE1 activity and the mechanisms how DJ-1 is possibly controlling the
NHET1 activity and ROS production
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Enhanced Na+/H+ exchanger activity in DJ-1 deficient CD4+ T cells

RESULTS:

6.1 Enhanced Na'/H® exchanger activity in DJ-1
deficient CD4" T cells

To find out the impact of DJ-1/Park-7 on the activated CD4" T cells, a ratio
matric imaging system was utilized. As the nature of BCECF-AM followed by
duplicate emission florescence 490/440. The impact of DJ-1 deficiency on
Na'/H" exchanger activity and intracellular pH (pHi) was detected at day 2 of
activated CD4" T cells. The initial pHi was not significantly different between
DJ-1" CD4"* T cells and DJ-1"* CD4" T cells. Na*/H* activity of CD4" T cells
was subsequently measured using the ammonium pulse technique as
described in method section. In following Fig.11 A and B, the addition of NH4Cl
to the extracellular bath was followed by a sharp cytosolic alkalinization due to
NHj; entry into the cells followed by binding of cytosolic H" to form NH4". The
subsequent removal of NH4Cl was followed by sharp cytosolic acidification due
to NH3 exit and cellular H" retention in a totally non-sodium environment. As
long as Na* was absent, neither in DJ-1"" CD4" T cells nor in DJ-1" CD4"* T
cells, acidification was followed by significant realkalinization. Thus, the cells
did not express appreciable Na*-independent H* extrusion irrespective of
absence or presence of DJ-1. Addition of Na* was followed by a recovering
process since cell has to rescue its self into the initial level of pH;, this part was
considered to reveal Na*/H" exchanger activity. After 2 days of CD4" T cell
activation, the pH; recovery following addition of Na* was significantly more
rapid in DJ-17" CD4" T cells than in DJ-1"* CD4" T cells, illustrating higher
Na*/H* exchanger activity in DJ-17" CD4* T cells. No significant difference of
buffer capacity was observed between DJ-1"* CD4* T cells and DJ-17 CD4" T
cells. Thus, following activation, DJ-1 deficiency enhanced Na® dependent

realkalinization reflecting enhanced Na*/H" exchanger activity.
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Figure 11 DJ-1 deficiency enhances Na*/H" activity in CD4" T cells.

A,B. Original tracings reflecting alterations of cytosolic pH (pH;) following an
ammonium pulse in CD4" T cells isolated after 2 days of activation from
DJ-1"* (A) and DJ-1" (B) mice. To load the cells with H*, 20 mM NH,Cl was
added and Na* removed (replaced by NMDG) in a first step, NH,Cl removed in
a second step, Na* added in a third step and nigericin (pH, 7.0) applied in a
fourth step to calibrate each individual experiment.

C-E. Arithmetic means £ SEM (n = 3 - 5 independent experiments) of cytosolic
pH (pH;) prior to the ammonium pulse (C) Na*-dependent recovery of cytosolic
pH (ApH/min) following an ammonium pulse (D) and buffer capacity (E) in 1
or 2 days activated DJ-1"* CD4" T cells (black bars) or DJ-1"- CD4" T cells
(white bars). ** indicates statistically significant difference (p<0.005) between
DJ-1""" and DJ-17" CD4" T cells.
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DJ-1 deficiency enhances the mRNA and protein expression of NHE1 in CD4+ T cells

6.2 DJ-1 deficiency enhances the mRNA and

protein expression of NHE1 in CD4" T cells

Functional NHE1 was upregulated in DJ-1 deficient T cells but how DJ-1
deficiency is affecting NHE1 at transcript or protein level is not known. Thus,
NHE1 transcription and/or translation, quantitative RT-PCR and
immunoblotting, respectively, were performed. As illustrated in the following
figure, the abundance of mRNA (Fig.12 A) and protein (Fig.12 B, C) was
significantly higher in DJ-1"- CD4" T cells than DJ-1"* CD4" T cells. Western
blotting of NHE1 yielded two bands. The top band was used for quantification
(Fig.12 B, C). We also verified the presence of DJ-1 protein expression in
CD4" T cells in both mice strains by immunoblotting (Fig.12 B). As expected,
DJ-1" CD4" T cells did not express DJ-1 protein whereas DJ-1 was
abundantly present in DJ-1*"* CD4" T cells. To find out whether NHE1 was
expressed in the cell membrane and in mitochondria, we stained the cells with
NHE1 antibody and visualized NHE1 in both DJ-1"" and DJ-1*"* CD4" T cells
using the confocal microscopy. As a result expression of NHE1 was higher in
DJ-1"" CD4" T cells than in DJ-1"* CD4" T cells, whereby NHE1 was mainly
localized in the cell membrane (Fig.12 D). Additional experiments identified
different NHE isoforms (Fliegel 2005) in CD4" T cells. All NHE isoforms were
present except NHE3 in CD4" T cells (Fig.12 D). Thus, in summary CD4" T
cells express various NHE isoforms and NHE1 expression is significantly

higher in DJ-17" deficient CD4" T cells than in DJ-1*"* CD4* T cells.
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§ WB data were kindly provided by Xiaolong Shi, Tubingen University.
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Figure 12 DJ-1 deficiency enhances NHE1 mRNA transcript and protein

levels in CD4" T cells

A. Arithmetic means + SEM (n = 3 - 5) of NHE1 mRNA levels in DJ-1*"* (black
bar) and DJ-17"" (white bar) CD4" T cells activated in the presence of anti-CD3
and anti-CD28 for 3 days.

B. Original Western blots showing DJ-1, NHE1 and GAPDH protein
abundance in DJ-1*"* and DJ-1" CD4" T cells.

C. Arithmetic means + SEM (n = 3 - 5) of NHE1 mRNA levels in DJ-1"* (black
bar) and DJ-17" (white bar) CD4" T cells activated in the presence of anti-CD3
and anti-CD28 for 3 days.

D. Characterisation of NHE1 in DJ-1"" and DJ-1"" CD4" T cells by confocal
microscopy. NHE1 expression (green) and nuclear staining (DRAQS5) is shown
in upper and lower panel for DJ-1"* and DJ-17- CD4" T cells. NHE1 appears to
be express mostly on cell the membrane.

E. Expression of different NHE isoform (1-9) from DJ-1*"* and DJ-1"" CD4* T
cells activated in the presence of anti-CD3 and anti-CD28 for 3 days by
RT-PCR. CD4" T cells express most of the NHE isoforms expect NHE3.
*(p<0.01), **(p<0.008) indicate statistically significant difference between
DJ-1""" and DJ-17" CD4" T cells.

§ WB data were kindly provided by Xiaolong Shi, Tubingen University.
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ROS in CD4+ T cells is upregulated in the absence of D]-1

6.3 ROS in CD4" T cells is upregulated in the

absence of DJ-1

Recently study reveals DJ-1 deficiency leads to oxidative stress (Shi, Lu
et al. 2015). Oxidative stress may in turn stimulate expression of NHE1 (De
Vito 2006). To uncover the link between ROS and DJ-1 in CD4" T cells, we
measured ROS abundance using Flow cytometry utilizing 2,77 -
dichlorofluorescin diacetate (DCFDA), a fluorogenic dye that measures
hydroxyl, peroxyl and other reactive oxygen species (ROS) activity within the
cell later deacetylated by cellular esterases to a non-fluorescent compound,
which is later oxidized by ROS into 2’, 7’ —dichlorofluorescein (DCF). DCF is a
highly fluorescent compound, which can be detected by fluorescence
spectroscopy with maximum excitation and emission spectra of 495 nm and
529 nm respectively. As illustrated in Fig.13 A, B, By detecting FL-1
fluorescence, ROS level was indeed significantly enhanced in DJ-17 CD4* T

+/+

cells as compared to DJ-1""" CD4" T cells. According to the forward scatter,
cell volume was similar in both DJ-17" CD4" T cells and DJ-1""* CD4" T cells

(Fig.13 C,D).
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Figure 13 Enhanced ROS production but normal forward scatter in

DJ-17 CD4* T cells

A. Representative FACS histograms depicting ROS-dependent DCFDA
fluorescence in CD4" T from DJ-1"" knockout mice (DJ-17, red) and their wild
type littermates (DJ-1""*, blue) following 3 days of activation in the presence of
anti-CD3 and anti-CD28 (upper panel).

B. Arithmetic means £+ SEM (n = 3-5 independent experiments) of the ROS
Geometric Mean Fluorescence (MFI) intensity in DJ-1" (white bars) and
DJ-1*"* (black bars) CD4" T cells following 3 days of activation.

C. Representative FACS histograms depicting forward scatter of CD4" T from
DJ-1"" knockout mice (DJ-17, red) and their wild type littermates (DJ-1", blue)
following 3 days of activation in the presence of anti-CD3 and anti-CD28
(upper panel).

D. Arithmetic means £+ SEM (n = 3-5 independent experiments) of forward
scatter of DJ-17 (white bars) and DJ-1** (black bars) CD4* T cells following 3
days of activation.*(p<0.05) indicates statistically significant difference
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Na+/H+ exchanger activity is decreased by NHE1 inhibitor cariporide, antioxidant NAC and catalase

6.4 Na'/H" exchanger activity is decreased by NHE1
inhibitor cariporide, antioxidant NAC and
catalase

In order to further elucidate the mechanisms achieving and regulating Na*
dependent realkalinization, experiments were performed in DJ-17" CD4" T cells
in the absence and presence of NHE1 inhibitor cariporide (10 uM), of
antioxidant N-acetyl-cysteine (NAC; 10 uM) and of ROS scavenging enzyme
catalase (10 uM). The respective original tracings are illustrated in Fig.14 A-C.
As shown in Fig.14 D, cariporide treatment (Fig.14 D), but not NAC treatment
(Fig.14 E) or catalase treatment (Fig.14 F) significantly reduced the pHi of
DJ-1""CD4" T cells. Na*-dependent cytosolic alkalinisation was significantly

blunted by each, cariporide (Fig. G), NAC (Fig.14 H) and catalase (Fig.14 ).
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Figure 14 Attenuation of NHE1 activity by cariporide, NAC and catalase

in DJ-1- CD4" T cells

A-C. Original tracings of typical experiments as described in Fig.1 for
determination of pH; and Na*/H* exchanger activity in CD4" T cells from DJ-1""
mice without (left panels) and with (right panels) treatment with Cariporide (10
uM), (A, 15 minutes), NAC (10 uM), (B, 4 hours) and catalase (10 uM), (C, 4
hours) after 3 days of activation.

D-F. Arithmetic means £ SEM (n = 3 - 5 independent experiments) of cytosolic
pH prior to the ammonium pulse (pH;) in DJ-17" CD4" T cells without (white
bars) and with (grey bars) treatment with cariporide (D), NAC (E) and catalase
(F).

G-l. Arithmetic means + SEM (n = 3 - 5 independent experiments) of
Na*-dependent recovery of cytosolic pH (ApH/min) in DJ-17" CD4" T cells
without (white bars) and with (grey bars) treatment with cariporide (10 uM) (G),
NAC (H) and catalase (I). *(p<0.05), **(p<0.01) indicate statistically significant
difference.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 58



Cariporide, NAC and catalase reduce the ROS production

6.5 Cariporide, NAC and catalase reduce the ROS

production

As illustrated in Fig.15 A-F, treatment with cariporide (10 uM), NAC
(10 uM), and catalase (10 uM), each significantly decreased ROS
production in DJ-17- CD4" T cells. As shown in Fig.15 G-M, cariporide and
NAC treatment, but not catalase treatment, significantly decreased cell

volume.
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Figure 15 Impact of cariporide, NAC and catalase on ROS abundance

and forward scatter in DJ-17- CD4" T cells

A-C. Representative FACS histograms depicting ROS-dependent DCFDA
fluorescence in CD4" T from DJ-17" knockout mice (DJ-17") without (red lines)
and with (blue lines) treatment with Cariporide (10 uM), (A, 15 minutes), NAC
(10 uM), (B, 4 hours) and catalase (10 uM), (C, 4 hours) after 3 days of
activation.

D-F. Arithmetic means + SEM (n = 3 - 5 independent experiments) of
ROS-dependent DCFDA fluorescence in DJ-17" CD4" T cells without (white
bars) and with (grey bars) treatment with cariporide (D), NAC (E) and catalase
(F).

G-l. Representative FACS histograms depicting forward scatter of CD4™ T
from DJ-17" knockout mice (DJ-17") without (blue lines) and with (red lines)
treatment with cariporide (G, 15 minutes), NAC (H, 4 hours) and catalase (1, 4
hours) after 3 days of activation.

K-M. Arithmetic means + SEM (n = 3 - 5 independent experiments) of forward
scatter of DJ-1" CD4" T cells without (white bars) and with (grey bars)
treatment with cariporide (K), NAC (L) and catalase (M). **(p<0.01),
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***(p<0.001) indicate statistically significant difference.
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6.6 Protein tyrosine kinase (PTK) inhibitor
significantly reduces the NHE1 and ROS

production

DJ-1 redox-sensitive chaperone protein may play a role in the redox
regulation of T cell receptor (TCR) signaling. Therefore, we studied
whether protein tyrosine kinase (PTK) activation is involved in ROS
production and NHE activation. As a result PTK inhibitor staurosporine
(100 nM; for 4 hours treatment after 3 days of activation) significantly
decreased the NHE1 activity in DJ-17" CD4" T cells (Fig.16 A). Further,
ROS production was also significantly reduced after application of PTK
inhibitor staurosporine to DJ-17" CD4* T cells (Fig.16 B). In theory, the
link of ROS production and NHE1 activity may have resulted from Ca**
influx in activated T cells. We thus performed the experiments in the
presence and absence of a Ca?* buffer. As a result, the buffer did not

appreciably alter pHi and NHE1 activity (Fig.16 C).
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Figure 16 Effect of protein tyrosine kinase (PTK) inhibitor
staurosporine and extracellular free Ca?* for pHi and NHE1

regulation and ROS production in DJ-1"- CD4* T cells

A. Original tracings of typical experiments as described in Fig.1 for
determination of pH; and Na*/H* exchanger activity in CD4" T cells from DJ-1""
mice without (left panels) and with (right panels) treatment with Staurosporine
(100 nM) (4 hours), after 3 days of activation. Arithmetic means + SEM (n = 3
independent experiments) of pHi and A pHi/minutes (NHE activity) of DJ-1"
CD4" T cells without (white bars) and with (grey bars) treatment with
Staurosporine. ***(p<0.001) indicate statistically significant difference.

B. Arithmetic means + SEM (n = 3 independent experiments) of
ROS-dependent DCFDA fluorescence in DJ-17" CD4" T cells without (white
bars), Ca®* free buffer (grey bars) and treatment with Staurosporine (dark grey
bars). ***(p<0.001) indicate statistically significant difference.

C. Original tracings of typical experiments as described in Fig.1 for
determination of pH; and Na*/H* exchanger activity in CD4" T cells from DJ-1""
mice with (left panels) and without (right panels) Ca?*, after 3 days of activation.
Arithmetic means + SEM (n = 3 independent experiments) of pHi and A
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pHi/minutes (NHE activity) of DJ-17~ CD4" T cells with (white bars) and without
(grey bars) Ca?".
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6.7 HCO3; has no effect on NHE1 production

Besides NHE, other exchanger or transporters such as CI/HCOg3" or
Na“’-HCO3 may be involved in pHi regulation in CD4" T cells. Abnormalities in
pHi regulation by these mechanisms could lead to immune dysfunctions. As
there is an evidence that the Ae2a gene or Slc4a4 mRNA (an acid loader with
electroneutral and Na* independent CI'/HCOj; anion exchanger) in CD8" T
cells is involved in pHi regulation by exchanging bicarbonate for chloride
across the plasma membrane in an electroneutral fashion (Concepcion, Salas
et al. 2014). We measured the mRNA expression level of SLC4a1, SLC4a2
and SLC4a4 by q-RT-PCR for DJ-1*"* and DJ-1" CD4* T cells and found no
significant difference (Fig.17 A). Further, we performed twin NH4CI pre-pulse
protocol for DJ-17" and DJ-1"* CD4* T cells showing the time scale of the
experiments in both HEPES and HCOg3', however, we did not observe any
significant difference for pHi in HEPES and HCO;3; in 2 pulse chase
experiments (Fig.17 B).
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Figure 17 HCO3 has no impact on pHi and NHE1 regulation in DJ-17"

CD4" T cells
A. mMRNA expression of SLC4a1, SLC4a2 and SLC4a4 by g-RT-PCR for
DJ-1"* and DJ-17" CD4" T cells (n = 3 independent experiments).
B. Original tracings of typical experiments for determination of pH; in CD4" T
cells from DJ-1"* and DJ-17" mice with HEPES (Na* free) and HCO3 solutions
(n = 3 independent experiments).
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DISCUSSION 1

This part of the thesis described a novel functional role of the DJ-1 protein,
i.e. the regulation of NHE1 activity and ROS production in CD4" T cells. These
findings are the first to uncover enhanced Na*/H* exchanger 1 activity in DJ-1
deficient CD4" T cells, which is evident with no treatment with cytokines (IL-2,
IFN- v ), growth factors (EGF, angiotensin 1) and hormones (glucocorticoids)
(Chang, Wang et al. 2010, Voelkl, Pasham et al. 2013, Chatterjee, Schmidt et
al. 2014, Qadri, Su et al. 2014). The impact of DJ-1 on NHE1 expression is
somehow evidence to the effect of DJ-1 on NHE1 activity. It is proved follow
higher abundance of NHE1 mRNA levels and NHE1 protein abundance. NHE1
as a transmenberane protein is exist in the plasma membrane of most
mammalian cells and described as the housekeeping isoform of NHE family
(Fliegel 2005, De Vito 2006). Other NHE isoforms such as NHE6 and NHE7
are exclusively found in intracellular organelles such as mitochondria and
trans-Golgi (De Vito 2006). In CD4" T cells, the NHE1 protein is mostly
localized in the plasma membrane, as apparent from confocal microscopy.
Localization to other structures cannot be discounted, nonetheless.

T-cell receptor initiation by lectin, antibodies and cytokines leads to the
activation of the amiloride-sensitive NHE activity (Lacroix, Poet et al. 2004,
Fliegel 2005, De Vito 2006, Chang, Wang et al. 2010). To our best knowledge,
the expression of the NHE1 in T cells was transcendent compared to other
NHE isoforms, at least compare with NHE2 and NHE3. In our study we also
characterized all NHE isoforms (1-9) by RT-PCR and we also discovered
comparative results as beforehand depicted (Wakabayashi, Shigekawa et al.
1997, Lacroix, Poet et al. 2004, Fliegel 2005, De Vito 2006, Chien, Liao et al.
2007, Chang, Wang et al. 2010, Odunewu and Fliegel 2013). NHE5, NHESG,
NHE8 and NHE9 were also expressed in wild type CD4" T cells. However,
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DJ-1" CD4" T cells predominantly expressed NHE1, which is transparently
evidenced by the PCR gel imaging. Previous findings suggested that the DJ-1
protein is associated in the control of ROS production (Billia, Hauck et al. 2013,
Shi, Lu et al. 2015). Thus, the higher NHE1 mRNA and protein as well as
Na“/H" exchanger activity could have been due to enhanced ROS production
in DJ-17" CD4* T cells. The impact of ROS production on Na*/H* exchanger
activity is apparent from the sharp decrease of Na'/H" exchanger activity
following treatment of the cells with antioxidant NAC, and in the presence of
the ROS scavenging enzyme catalase. DJ-1 redox-sensitive chaperone
protein may play a role in the redox regulation of TCR signaling. Our data
suggested that PTK is involved in regulation of NHE1 production as PTK
inhibitor staurosporine blocks the NHE1 activity as well as ROS production in
DJ-1" CD4" T cells. This observation suggests that DJ-1 plays a role in the
regulation of TCR signaling. Removal of extracellular Ca** had, however, no
effect on pHi and NHE1 activity in DJ-1" CD4" T cells.

Beyond its role in the regulation of cytosolic pHi, Na*/H" exchanger
activity also participates in the regulation of cell volume, which involves parallel
activity of Na’/H" and CI/HCO3 exchanger (Boyarsky, Ganz et al. 1988, Watts,
George et al. 2013, Lee, Mele et al. 2014). The carriers mediate the entry of
NaCl in exchange for H" and HCOj3", which are replenished from CO, and are
thus not osmotically relevant (Lang, Busch et al. 1998, Hoffmann, Lambert et
al. 2009). Increase of cell volume in a timely fashion is a prerequisite for cell
proliferation and stimulation of cell proliferation is paralleled by a shift of the
Na’/H* exchanger cell volume regulatory set point to larger volumes (Lang,
Busch et al. 1998, Allantaz, Cheng et al. 2012, Feske, Skolnik et al. 2012,
Chatterjee, Schmidt et al. 2014). However, we did not observe significant
differences of cell volume between DJ-1*"* and DJ-17 CD4" T cells. Since the

formation of ROS is paralleled by activation of NHE1, it is necessary to study
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whether the link of DJ-1 to responses on ROS production and NHE1 activity
increase are dependent on intracellular calcium elevation or Ca®" influx in
activated T cells. Furthermore, there is a possibility that other acid or base
transporting carriers or exchangers are expressed to control the pHi in DJ-17"
CD4" T cells such as CI'/HCO;3 or Na'-HCOj3". However, we did not observe
any significant difference in pHi after the twin NH4CI pre-pulse experiments
performed in the presence of either HEPES or HCO3'.

According to previous studies, progesterone induces cytosolic
acidification in human T cells (Chien, Liao et al. 2007, Chang, Wang et al.
2010). These observations lead to the conclusion that inhibition of NHE1
activity by progesterone contributes to acidification in human T cells. Further,
the expression of NHE1 mRNA was also increased in human lymphocytes
during metabolic acidosis (Lacroix, Poet et al. 2004, Odunewu and Fliegel
2013). It is well known that cytosolic pH modifies the ROS production, which
may regulate the NHE1 activity or conversely ROS is activating the NHE1
activity (Meima, Webb et al. 2009, De Giusti, Caldiz et al. 2013, Salker, Zhou
et al. 2015, Zhou, Pasham et al. 2015). A recently published study also
suggested that regulatory T cells also have enhanced production of ROS in
DJ-1"" mice (Singh, Chen et al. 2015). The enhanced ROS production in DJ-1
deficient CD4" T cells strengthens the idea that a relationship occurs between
DJ-1/ROS/NHE1 activities. According to observations of others (Lim and
Zhang 2013, Parsanejad, Bourquard et al. 2014, Shi, Lu et al. 2015) and us
(Singh, Chen et al. 2015), we suggest that the DJ1-ROS-NHE1 relationship
appears to be general mechanism in other cell types, such as neurons,
muscles etc. Possibly DJ1 dysfunction can be rescued by down-regulating
NHE1 using pharmacological inhibitors. It is tempting to speculate that NHE1
inhibitors could be used for the treatment of Parkinson’s disease.

These data suggest that DJ-1 deficient CD4™ T cells are prone to
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upregulate NHE1 due to ROS production during the activation of T cells with
anti-CD3 and anti-CD28 antibodies. The significance of Na*/H® exchanger
activity for ROS production is illustrated by the observation that ROS
production is inhibited by NHE1 blocker cariporide. In conclusion, this study
discloses a novel impact of DJ-1 on ROS production, NHE1 expression, and
NHE1 activity in activated CD4" T cells.

In the future, it is worthy to investigate a role of various of ion channels
like NHE, AE, NBC, NCX, and MCT in the universal physiological network by
alteration of DJ-1 in nervous immune cells like Neuroglia utilizing ratio-matric
imaging system which may contribute to understand more about the role of

physiological factors in DJ-1 related Parkinson diagnose and treatment.
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Part2: Potential role of NHE1 activity in T helper 9 (Th9)

cells:

In this chapter, | have described how pH and NHE1 activity are upregulated in
various Th cells subsets and how NHE-1 could be affecting the development
and functions of Th9 cells in vitro.
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RESULTS:

6.8 Characterisation of Th cells subsets at mRNA

and protein level

In this part of thesis, | intend to characterize Th cells subsets and iTregs,
naive CD4" T cells were differentiated into Th1, Th2, Th9, Th17 and iTregs in
presence of various cytokines recombinant proteins and antibodies described
in methods. As shown in the following Fig.18 A, we measured the respective
cytokines and transcription factors of particular Th cells subsets and iTregs,
respectively, by flow cytometry to identify whether cells are differentiated
appropriately into particular Th cells lineage. Further, we performed q-RT-PCR
for Th cells subsets to explore whether Th cells subsets are truly unique
(Fig.18 B). IFN- v is produced by the majority of Th1 cells, but not by other Th
cells subsets, while IL-4 is produced by Th2 cells but not by other Th cells. IL-9
is largely produced by Th9 cells. However, a little amount of IL-9 is also
produced by iTregs and Th2 cells. Th17 cells produce mainly IL-17 (Fig.18 B).
These results suggested that our naive T cells were correctly differentiated

into various Th cells subsets and iTregs.
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Figure 18 Differentiation of Th cells and iTregs

A. Naive T cells were differentiated into Th cells and iTregs as described in
methods and stained for corresponding cytokines. Each Th cells subsets is
specific for respective cytokines and transcription factor (Th1; IFN-y, Th2; IL-4,
Th9; IL-9, Th17; IL-17A and iTregs; Foxp3) expression at protein level. FACS
plot shown here is representative for 5-6 independent experiments.

B. Naive T cells were differentiated in Th cells and iTregs as described in
methods sections and RNA was isolated to perform g-RT-PCR. Each Th cells
subsets is specific for respective cytokines and transcription factor (Th1; IFN-y,
Th2; IL-4, Th9; IL-9, Th17; IL-17A and iTregs; Foxp3) expression at transcript
level.

§ mRNA and Protein data were kindly provided by Dr. Yogesh Singh,
Tubingen University.
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6.9 NHE1 expression in Th cells subsets

Transcript levels of NHE1 were quantified in various Th cells subsets and
iTregs by g-RT PCR. NHE1 mRNA transcript levels were significantly higher in
Th9 cells than in ThO, other Th cells subsets (Th1, Th2 and Th17) and iTregs
(Fig.19 A). To confirm this finding, we measured the NHE1 protein by
immunoblotting and found very similar results as those of transcript levels
(Fig.19 B). Similar to transcript levels, NHE1 protein levels were higher in Th9

cells than in any other Th cells subsets and iTregs.
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Figure 19 NHE1 expression in Th cells subsets and iTregs at mRNA and

protein level

A. Naive T cells were differentiated in Th cells and iTregs as described in
methods sections and RNA was isolated for g-RT-PCR quantifying NHE1
transcript levels. Th9 cells have significantly higher NHE1 RNA expression
than other Th cells subsets and iTregs. Arithmetic means + SEM (n = 5
independent experiments) of the Th cells mRNA level. *indicates statistically
significant difference (*p<0.05).

B. NHE1 protein expression in Th cells subsets and iTregs. NHE1 expression
was statistically significantly higher in Th9 than in other Th cells subsets and
iTregs. Arithmetic means + SEM (n = 5 independent experiments) of the NHE1
protein level in Th cells. *indicates statistically significant difference (*p<0.05).
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6.10 pHi and NHE1 activity in Th cells

In order to test, whether enhanced NHE1 expression in Th9 cells resulted in
enhanced Na*/H" activity and alkaline cytosolic pH (pHi), pHi was estimated
from BCECF fluorescence using Fluorescence Microscopy. We found that ThO,
Th2 and iTregs had similar pHi values (Fig.20 A,B). To our surprise, Th1 cells
had the lowest pHi compared with all Th cells subsets including iTregs (Fig.20
A,B). In contrary, Th9 had significantly higher pHi than any of the other Th cells
subsets including iTregs (Fig.20 A,B). Na*/H" activity was measured utilizing
the ammonium pulse technique. In this method, addition of 20 mM NH4CI
replacing NaCl in the superfusate was followed by NH3 entry into the cells with
subsequent transient cytosolic alkalinisation due to binding of H" to NH3 thus
forming NH;". Subsequent removal of NH;Cl was followed by cytosolic
acidification due to NH3 exit with cytosolic dissociation of NH;* and retention of
H*. In the absence of Na" realkalinization was negligible in all Th cells subsets
as well as iTregs. Thus, none of the Th cells subsets and iTregs expressed an
appreciable Na® independent H" extruding transport system. However, the
subsequent addition of Na* was followed by rapid cytosolic realkalinization, an
observation pointing to NHE activity (Fig.20 A,C). NHE activity was
significantly higher in Th9 cells than in other Th cells and iTregs (Fig.20 A,C).
Thus, these data strongly suggested NHE1 could be involved in Th9 cells

development or functions.
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Figure 20 pHi and NHE1 activity in Th cells subsets and iTregs

A. Alterations of cytosolic pH (pHi) following an ammonium pulse in Th cells
subsets and iTregs. To load the cells with H*, 20 mM NH4Cl was added and
Na* removed (replaced by NMDG) in a first step, NH4Cl removed in a second
step, Na* added in a third stem and nigericin (pHo 7.0) applied in a fourth step
to calibrate each individual experiment. Original tracing of typical experiments
for pHi measurement and Na*/H" exchanger activity in Th cells subsets and
iTregs

B. Arithmetic means £+ SEM (n = 3-5 independent experiments) of cytosolic
pH prior to the ammonium pulse (pHi) in Th cells subsets and iTregs.
*indicates statistically significant difference (*p<0.05).

C. Arithmetic means + SEM (n = 3-5 independent experiments) of
Na’-dependent recovery of cytosolic pH (ApH/min) in Th cells subsets and
iTregs. *indicates statistically significant difference (*p<0.05).
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6.11 NHE1 activity is dependent on Akt signalling
in Th9 cells

Previous studies have suggested that AKT signalling is involved in NHE1
regulation (Wu, Khan et al. 2004, Meima, Webb et al. 2009, Abu Jawdeh,
Khan et al. 2011). Akt/mTOR signalling events are further involved in the
development of Th cells subsets (Pierau, Engelmann et al. 2009, Lee,
Gudapati et al. 2010, Kim, Sklarz et al. 2013) and iTregs (Haxhinasto, Mathis
et al. 2008). However, the role of Akt/mTOR signalling has not been defined in
Th9 cells development. To identify the possible role of Akt and NHE1 in Th9
cells development, we explored the phosphorylation of Akt at S473 site and
found that Th9 cells have significantly higher rates of Akt phosphorylation than
the other Th cells subsets and iTregs (Fig.21 A). Therefore, we reasoned that
increased phosphorylation level of Akt leads to enhanced expression of NHE1
in Th9 cells compared with other Th cells subsets including iTregs. To explore
whether Akt influenced NHE1 expression, we differentiated naive T cells into
Th9 cells in presence and absence of Akt1/2 inhibitor and measured NHE1
activity. As shown in Fig, B, Akt inhibition significantly decreased NHE1 activity.
Moreover, inhibition of Akt reduced the expression of IL-9 (Fig.21 C). Those
data reveal that AKT is crucial for the up-regulation of NHE1 activity and IL-9

production in Th9 cells.
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Figure 21 Regulation of NHE1 activity and IL-9 production by Akt in Th9

cells

A. Characterisation of Akt in Th cells subsets and iTregs. Phosphorylation of
Akt at Ser 473 is significantly higher in Th9 cells compared to iTregs.
Arithmetic means £+ SEM (n = 5 independent experiments) of the Th cells
protein level. *indicates statistically significant difference (*p<0.05).

B. Naive T cells were differentiated into Th9 cells with and without Akt1/2
inhibitor (0.3uM) and pHi as well as NHE1 activity measured. Original tracing
of typical experiment for pHi measurement and Na‘'/H" exchanger activity in
Th9 cells and after treatment of Akt1/2 inhibitor. Arithmetic means £+ SEM (n =
3-4 independent experiments) of cytosolic pH prior to the ammonium pulse
(pHi) and Na'-dependent recovery of cytosolic pH (A pH/min) in Th9 cells
with and without Akt1/2 inhibitor. *indicates statistically significant difference
(*p<0.05).

C. A representative FACS plot showing differentiated Th9 cells with and
without Akt1/2 inhibitor (0.3 pyM). Data shown here are representative of n=3
experiments.*indicates statistically significant difference (***p<0.0005).

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 79



NHE1 is directly involved in regulation of IL-9 production

6.12 NHE1 is directly involved in regulation of IL-9

production

To uncover the importance of NHE1 in Th9 cells functions and development,
we used NHE1-siRNA to knock-down NHE1 in Th9 cells. The transfection
efficiency of siRNAs was tested using control siRNA which was labelled with
FAM dye. FAM fluorescence was measured by flow cytometry. As a result
more than 90% CD4" T cells were positive for FAM dye (green colour) (data
not shown). After siRNA treatment, pH and NHE1 activity were measured
using BCECF. As a result knock-down of NHE1 drastically reduced the activity
of the Na*/H" exchanger (Fig. 22 A, C) and decreased intracellular pH (Fig 22
A, B). NHE1 knock-down further reduced IL-9 production (Fig.22 D) and the
ability of Th9 cells becoming Tregs (Fig.22 E). Thus, NHE1 is apparently an

essential component of Th9 cells development.
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Figure 22 Regulation of Th9 cells and iTregs development by NHE1

A. Alterations of cytosolic pH (pHi) following an ammonium pulse in
transfected Th9 cells with control and NHE1 siRNAs. To load the cells with H”,
20 mM NH,Cl was added and Na* removed (replaced by NMDG) in a first step,
NH,Cl removed in a second step, Na* added in a third step and nigericin (pHo
7.0) applied in a fourth step to calibrate each individual experiment. Original
tracings of typical experiments for pHi measurement and Na*/H" exchanger
activity in Th cells subsets and iTregs

B. Arithmetic means + SEM (n = 3-5 independent experiments) of cytosolic
pH prior to the ammonium pulse (pHi) in siRNA control and siRNA NHE1 Th9
cells. *indicates statistically significant difference (*p<0.05).

C. Arithmetic means + SEM (n = 3-5 independent experiments) of
Na’-dependent recovery of cytosolic pH (ApH/min) in siRNA control and
siRNA NHE1 Th9 cells. *indicates statistically significant difference (*p<0.05).
D. Differentiation of Th9 cells transfected with control and NHE1 siRNAs. At
day 4 day, Th9 cells were activated with PMA, lonomcyin and Brefeldin for 2
hours and stained for IL-9 and Foxp3. Representative FACS plots show the
Th9 differentiation after knock-down of NHE1.

E. Arithmetic means + SEM (n = 3-5 independent experiments) of IL-9 and
Foxp3 expression in siRNA control and siRNA NHE1 Th9 cells. *indicates
statistically significant difference (***p<0.001, *p<0.05).
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In this part of thesis, to understand more about how NHE function in the
Th cells pro-activation process, the characteristics of NHE from several Th
cells subsets (ThO, Th1, Th9 and Th17) and suppressive T cell were further
tested. The present study reveals a totally novel importance of intracellular pH
regulation and Na’/H" exchanger activity in development and functions of Th
cells subsets, in particular of Th9 and iTregs.

Past reports shows that IL-2 signalling can prompt the NHE1 activity in
human T cells (GORDON B. MILLS 1986). In our study, we also got
comparable results as described earlier in murine T cells (Chien, Liao et al.
2007, Chang, Wang et al. 2010). Further experiments suggested that among
Th cells subsets, variety of intracellular pH, which is governed by Na'/H"
exchanger activity of specific Th cells. Na'/H" exchanger activity is highly
sensitive to intracellular pH and is switched off upon cytosolic alkalinisation
(Wakabayashi, Shigekawa et al. 1997). Th9 cells had the highest and Th2
cells the lowest Na*/H" exchanger activity compared to other in vitro induced T
helpers (ThO, Th1 and Th17) and suppressive T cell. Up-regulation of Na*/H"
exchanger activity in Th9 cells enhances the extrusion of H* thus contributing
to the maintenance of alkaline pHi. Moreover, NHE1 mRNA and protein levels
were higher in Th9 cells than in any other Th cells and iTregs.

In addition, this study uncovered the important regulation role of Akt on
NHE1 activity in Th9 cells. Akt is known to govern the signalling for other Th1,
Th2, Th17 cells subsets and iTregs. However, the role of Akt has not been
defined in Th9 cells. We found that Th9 cells had the highest level of Akt
phosphorylation. This could be due to high Rictor activity in Th9 cells
compared with iTregs. This higher activity of Akt could affect the NHE1 activity

in Th9 cells as previous studies suggested a role of Akt in regulating the NHE1
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activity (Wu, Khan et al. 2004, Meima, Webb et al. 2009, Zhou, Pasham et al.
2015). Akt could also be required for up-regulation of IL-9 cytokine expression,
as Akt inhibition decreased the production of IL-9 in Th9 cells. It appears that
Akt is critically important for regulating function and development of Th9.

GITR signalling has been shown as a tool of regulating the Th9/iTregs
balance in cancer (Kim, Kim et al. 2015, Xiao, Shi et al. 2015). Our studies
suggest that NHE1 may have the instrumental effect for the Th9/iTregs axis
associated with GITR signalling. From the analysis of our siRNA knock-down
data it is tempting to speculate that NHE1 is essential for Th9/iTregs axis in
cancer patients. Tumor cells generate lactate thus leading to a highly acidic
environment (Cairns 2015). An adequate immune response against tumor
cells requires survival of the respective immune cells in the acidic environment.
Enhanced NHE1 activity may indeed confer some protection against an acidic
environment. On the other hand, cytosolic alkalinisation is known to stimulate
glycolysis (Boiteux and Hess 1981, Heinrich, Melendez-Hevia et al. 1999,
Tennant, Duran et al. 2010), which may support energy supply to Th9 cells. It
can be explained by the enhanced glycolysis in Th9 cells contributes to
deprivation of neighbouring cancer cells from glucose. Clearly, Unmistakably,
extra trial exertion is required to characterize the role of NHE1 activity for Th9
survival and function.

In summary, we have shown that NHE1 is required for the development
of Th9 cells. These data will help to understand the physiological function of
Th9 cells. Thus it is tempting to speculate that NHE1 could contribute to the
cancer metabolism checkpoint therapy.

In the future, it would be very interesting to investigate especially how
the high NHE activity is involved in the regulation of Th9 cell functions in vivo.
For example, as a key member of antitumor immune system, it is worthy to test

the role of high NHE activity in assistance to Th9 function in the tumour niche.
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SUMMARY

To sum up both the result chapters, this thesis described that DJ-1
protein is very crucial to maintain the ROS production and NHE1 activity. In
addition to this, further NHE1 is also involved in the development and functions
of Th9 cells. This thesis, elucidate the novel role of NHE1 in CD4" helper T
cells and potential implications of NHE1 in Parkinson’s disease as well as in

cancer pathogenesis.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 84



REFERENCES

7 REFERENCES

Abou-Jaoude, W., P. T. Monteiro, A. Naldi, M. Grandclaudon, V. Soumelis, C.
Chaouiya and D. Thieffry (2014). "Model checking to assess T-helper cell
plasticity." Front Bioeng Biotechnol 2: 86.

Abraham, R. T. and A. Weiss (2004). "Jurkat T cells and development of the
T-cell receptor signalling paradigm.” Nat Rev Immunol 4(4): 301-308.

Abu Jawdeh, B. G., S. Khan, |. Deschenes, M. Hoshi, M. Goel, J. T. Lock, K.
Shinlapawittayatorn, G. Babcock, S. Lakhe-Reddy, G. DeCaro, S. P. Yadav, M.
L. Mohan, S. V. Naga Prasad, W. P. Schilling, E. Ficker and J. R. Schelling
(2011). "Phosphoinositide binding differentially regulates NHE1 Na+/H+
exchanger-dependent proximal tubule cell survival." J Biol Chem 286(49):
42435-42445.

Akira, S. (2011). "Innate immunity and adjuvants." Philos Trans R Soc Lond B
Biol Sci 366(1579): 2748-2755.

Alessi, D. R., M. Deak, A. Casamayor, F. B. Caudwell, N. Morrice, D. G.
Norman, P. Gaffney, C. B. Reese, C. N. MacDougall, D. Harbison, A.
Ashworth and M. Bownes (1997). "3-Phosphoinositide-dependent protein
kinase-1 (PDK1): structural and functional homology with the Drosophila
DSTPKG61 kinase." Curr Biol 7(10): 776-789.

Aleyasin, H., M. W. Rousseaux, M. Phillips, R. H. Kim, R. J. Bland, S.
Callaghan, R. S. Slack, M. J. During, T. W. Mak and D. S. Park (2007). "The
Parkinson's disease gene DJ-1 is also a key regulator of stroke-induced
damage." Proc Natl Acad Sci U S A 104(47): 18748-18753.

Allantaz, F., D. T. Cheng, T. Bergauer, P. Ravindran, M. F. Rossier, M. Ebeling,
L. Badi, B. Reis, H. Bitter, M. D'Asaro, A. Chiappe, S. Sridhar, G. D. Pacheco,
M. E. Burczynski, D. Hochstrasser, J. Vonderscher and T. Matthes (2012).
"Expression profiling of human immune cell subsets identifies miRNA-mRNA
regulatory relationships correlated with cell type specific expression." PLoS
One 7(1): €29979.

Alvarez, B. V. and M. C. Villa-Abrille (2013). "Mitochondrial NHE1: a newly
identified target to prevent heart disease." Front Physiol 4: 152.

Awasthi, A. and V. K. Kuchroo (2009). "Th17 cells: from precursors to players

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 85



REFERENCES

in inflammation and infection." Int Immunol 21(5): 489-498.

Bettelli, E., Y. Carrier, W. Gao, T. Korn, T. B. Strom, M. Oukka, H. L. Weiner
and V. K. Kuchroo (2006). "Reciprocal developmental pathways for the
generation of pathogenic effector TH17 and regulatory T cells." Nature
441(7090): 235-238.

Billia, F., L. Hauck, D. Grothe, F. Konecny, V. Rao, R. H. Kim and T. W. Mak
(2013). "Parkinson-susceptibility gene DJ-1/PARKY protects the murine heart
from oxidative damage in vivo." Proc Natl Acad Sci U S A 110(15): 6085-6090.

Blattman, J. N., D. J. Sourdive, K. Murali-Krishna, R. Ahmed and J. D. Altman
(2000). "Evolution of the T cell repertoire during primary, memory, and recall
responses to viral infection." J Immunol 165(11): 6081-6090.

Bluestone, J. A., C. R. Mackay, J. J. O'Shea and B. Stockinger (2009). "The
functional plasticity of T cell subsets." Nat Rev Immunol 9(11): 811-816.

Bobulescu, I. A. and O. W. Moe (2009). "Luminal Na(+)/H (+) exchange in the
proximal tubule." Pflugers Arch 458(1): 5-21.

Boiteux, A. and B. Hess (1981). "Design of glycolysis." Philos Trans R Soc
Lond B Biol Sci 293(1063): 5-22.

Bonelli, M., H. Y. Shih, K. Hirahara, K. Singelton, A. Laurence, A. Poholek, T.
Hand, Y. Mikami, G. Vahedi, Y. Kanno and J. J. O'Shea (2014). "Helper T cell
plasticity: impact of extrinsic and intrinsic signals on transcriptomes and
epigenomes." Curr Top Microbiol Immunol 381: 279-326.

Bonifati, V., P. Rizzu, F. Squitieri, E. Krieger, N. Vanacore, J. C. van Swieten,
A. Brice, C. M. van Duijn, B. Oostra, G. Meco and P. Heutink (2003).
"DJ-1( PARK7), a novel gene for autosomal recessive, early onset
parkinsonism." Neurol Sci 24(3): 159-160.

Bonilla, F. A. and H. C. Oettgen (2010). "Adaptive immunity." J Allergy Clin
Immunol 125(2 Suppl 2): S33-40.

Boyarsky, G., M. B. Ganz, R. B. Sterzel and W. F. Boron (1988). "pH
regulation in single glomerular mesangial cells. |. Acid extrusion in absence
and presence of HCO3." Am J Physiol 255(6 Pt 1): C844-856.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 86



REFERENCES

Brucklacher-Waldert, V., E. J. Carr, M. A. Linterman and M. Veldhoen (2014).
"Cellular Plasticity of CD4+ T Cells in the Intestine." Front Immunol 5: 488.

Cairns, R. A. (2015). "Drivers of the Warburg phenotype." Cancer J 21(2):
56-61.

Casey, J. R., S. Grinstein and J. Orlowski (2010). "Sensors and regulators of
intracellular pH." Nat Rev Mol Cell Biol 11(1): 50-61.

Chang, C. P., S. W. Wang, Z. L. Huang, O. Y. Wang, M. I. Huang, L. M. Lu, D.
C. Tarng, C. H. Chien and E. J. Chien (2010). "Non-genomic rapid inhibition of
Na+/H+-exchange 1 and apoptotic immunosuppression in human T cells by
glucocorticoids." J Cell Physiol 223(3): 679-686.

Chatterjee, S., S. Schmidt, S. Pouli, S. Honisch, S. Alkahtani, C. Stournaras
and F. Lang (2014). "Membrane androgen receptor sensitive Na+/H+
exchanger activity in prostate cancer cells." FEBS Lett 588(9): 1571-1579.

Chien, E. J., C. F. Liao, C. P. Chang, H. F. Pu, L. M. Lu, M. C. Shie, D. J. Hsieh
and M. T. Hsu (2007). "The non-genomic effects on Na+/H+-exchange 1 by
progesterone and 20alpha-hydroxyprogesterone in human T cells." J Cell
Physiol 211(2): 544-550.

Clements, C. M., R. S. McNally, B. J. Conti, T. W. Mak and J. P. Ting (2006).
"DJ-1, a cancer- and Parkinson's disease-associated protein, stabilizes the
antioxidant transcriptional master regulator Nrf2." Proc Natl Acad Sci U S A
103(41): 15091-15096.

Concepcion, A. R., J. T. Salas, S. Sarvide, E. Saez, A. Ferrer, M. Lopez, A.
Portu, J. M. Banales, S. Hervas-Stubbs, R. P. Oude Elferink, J. Prieto and J. F.
Medina (2014). "Anion exchanger 2 is critical for CD8(+) T cells to maintain pHi
homeostasis and modulate immune responses." Eur J Immunol 44(5):
1341-1351.

D'Souza, S., A. Garcia-Cabado, F. Yu, K. Teter, G. Lukacs, K. Skorecki, H. P.
Moore, J. Orlowski and S. Grinstein (1998). "The epithelial sodium-hydrogen
antiporter Na+/H+ exchanger 3 accumulates and is functional in recycling
endosomes." J Biol Chem 273(4): 2035-2043.

Dardalhon, V., A. Awasthi, H. Kwon, G. Galileos, W. Gao, R. A. Sobel, M.
Mitsdoerffer, T. B. Strom, W. Elyaman, I. C. Ho, S. Khoury, M. Oukka and V. K.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 87



REFERENCES

Kuchroo (2008). "IL-4 inhibits TGF-beta-induced Foxp3+ T cells and, together
with TGF-beta, generates IL-9+ IL-10+ Foxp3(-) effector T cells." Nat Immunol
9(12): 1347-1355.

Dardalhon, V., M. Collins and V. K. Kuchroo (2015). "Physical attraction of Th9
cells is skin deep." Ann Transl Med 3(6): 74.

De Giusti, V. C., C. I. Caldiz, I. L. Ennis, N. G. Perez, H. E. Cingolani and E. A.
Aiello (2013). "Mitochondrial reactive oxygen species (ROS) as signaling
molecules of intracellular pathways triggered by the cardiac renin-angiotensin
[l-aldosterone system (RAAS)." Front Physiol 4: 126.

De Vito, P. (2006). "The sodium/hydrogen exchanger: a possible mediator of
immunity." Cell Immunol 240(2): 69-85.

Denker, S. P., D. C. Huang, J. Orlowski, H. Furthmayr and D. L. Barber (2000).
"Direct binding of the Na--H exchanger NHE1 to ERM proteins regulates the
cortical cytoskeleton and cell shape independently of H(+) translocation." Mol
Cell 6(6): 1425-1436.

Dongworth, R. K., U. A. Mukherjee, A. R. Hall, R. Astin, S. B. Ong, Z. Yao, A.
Dyson, G. Szabadkai, S. M. Davidson, D. M. Yellon and D. J. Hausenloy
(2014). "DJ-1 protects against cell death following acute cardiac
ischemia-reperfusion injury." Cell Death Dis 5: e1082.

Donowitz, M., C. Ming Tse and D. Fuster (2013). "SLC9/NHE gene family, a
plasma membrane and organellar family of Na(+)/H(+) exchangers." Mol
Aspects Med 34(2-3): 236-251.

Fan, J., H. Ren, N. Jia, E. Fei, T. Zhou, P. Jiang, M. Wu and G. Wang (2008).
"DJ-1 decreases Bax expression through repressing p53 transcriptional
activity." J Biol Chem 283(7): 4022-4030.

Feske, S., E. Y. Skolnik and M. Prakriya (2012). "lon channels and
transporters in lymphocyte function and immunity." Nat Rev Immunol 12(7):
532-547.

Fliegel, L. (2005). "The Na+/H+ exchanger isoform 1." Int J Biochem Cell Biol
37(1): 33-37.

Garrett, W. S., L. M. Chen, R. Kroschewski, M. Ebersold, S. Turley, S.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 88



REFERENCES

Trombetta, J. E. Galan and |. Mellman (2000). "Developmental control of
endocytosis in dendritic cells by Cdc42." Cell 102(3): 325-334.

Germain, R. N. (1994). "MHC-dependent antigen processing and peptide
presentation: providing ligands for T lymphocyte activation." Cell 76(2):
287-299.

Germain, R. N. (2001). "The T cell receptor for antigen: signaling and ligand
discrimination." J Biol Chem 276(38): 35223-35226.

GORDON B. MILLS, R. K. C., ' EDWARD J. CRAGOE, JR.,* SERGIO
GRINSTEIN," AND ERWIN W. GELFAND (1986). "Activation of the Na+/K+
antiport is not reuired for lectin-induced proliferation of human T lymphoyctes."
The Jounral of Immunology 136(No.4 Febraury 15): 1150-1154.

Grinstein, S., W. Furuya and W. D. Biggar (1986). "Cytoplasmic pH regulation
in normal and abnormal neutrophils. Role of superoxide generation and
Na+/H+ exchange." J Biol Chem 261(2): 512-514.

Hale, J. S. and R. Ahmed (2015). "Memory T follicular helper CD4 T cells."
Front Immunol 6: 16.

Harshyne, L. A., S. C. Watkins, A. Gambotto and S. M. Barratt-Boyes (2001).
"Dendritic cells acquire antigens from live cells for cross-presentation to CTL."
J Immunol 166(6): 3717-3723.

Haxhinasto, S., D. Mathis and C. Benoist (2008). "The AKT-mTOR axis
regulates de novo differentiation of CD4+Foxp3+ cells." J Exp Med 205(3):
565-574.

Heinrich, R., E. Melendez-Hevia, F. Montero, J. C. Nuno, A. Stephaniand T. G.
Waddell (1999). "The structural design of glycolysis: an evolutionary
approach." Biochem Soc Trans 27(2): 294-298.

Hoffmann, E. K., |. H. Lambert and S. F. Pedersen (2009). "Physiology of cell
volume regulation in vertebrates." Physiol Rev 89(1): 193-277.

Honczarenko, K., J. Kulczycki and P. Nowacki (1977). "[Clinical diagnosis of
Creutzfeldt-Jakob disease based on a case report]." Neurol Neurochir Pol
11(2): 233-237.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 89



REFERENCES

Houtman, J. C., H. Yamaguchi, M. Barda-Saad, A. Braiman, B. Bowden, E.
Appella, P. Schuck and L. E. Samelson (2006). "Oligomerization of signaling
complexes by the multipoint binding of GRB2 to both LAT and SOS1." Nat
Struct Mol Biol 13(9): 798-805.

Hussain, K., C. E. Hargreaves, A. Roghanian, R. J. Oldham, H. T. Chan, C. I.
Mockridge, F. Chowdhury, B. Frendeus, K. S. Harper, J. C. Strefford, M. S.
Cragg, M. J. Glennie, A. P. Williams and R. R. French (2015). "Upregulation of
FcgammaRllb on monocytes is necessary to promote the superagonist activity
of TGN1412." Blood 125(1): 102-110.

Iwamoto, T., S. Kita and T. Katsuragi (2005). "Salt-sensitive hypertension,
Na+/Ca2+ exchanger, and vascular smooth muscle." Trends Cardiovasc Med
15(8): 273-277.

Kaplan, M. H., M. M. Hufford and M. R. Olson (2015). "The development and
in vivo function of T helper 9 cells." Nat Rev Immunol 15(5): 295-307.

Keller, B., |. Zaidman, O. S. Yousefi, D. Hershkovitz, J. Stein, S. Unger, K.
Schachtrup, M. Sigvardsson, A. A. Kuperman, A. Shaag, W. W. Schamel, O.
Elpeleg, K. Warnatz and P. Stepensky (2016). "Early onset combined
immunodeficiency and autoimmunity in patients with loss-of-function mutation
in LAT." J Exp Med.

Kim, I. K., B. S. Kim, C. H. Koh, J. W. Seok, J. S. Park, K. S. Shin, E. A. Bae, G.
E. Lee, H. Jeon, J. Cho, Y. Jung, D. Han, B. S. Kwon, H. Y. Lee, Y. Chung and
C. Y. Kang (2015). "Glucocorticoid-induced tumor necrosis factor
receptor-related protein co-stimulation facilitates tumor regression by inducing
IL-9-producing helper T cells." Nat Med 21(9): 1010-1017.

Kim, J. S., T. Sklarz, L. B. Banks, M. Gohil, A. T. Waickman, N. Skuli, B. L.
Krock, C. T. Luo, W. Hu, K. N. Pollizzi, M. O. Li, J. C. Rathmell, M. J. Birnbaum,
J. D. Powell, M. S. Jordan and G. A. Koretzky (2013). "Natural and inducible
TH17 cells are regulated differently by Akt and mTOR pathways." Nat Immunol
14(6): 611-618.

Klawitter, J., J. Klawitter, E. Agardi, K. Corby, D. Leibfritz, B. D. Lowes, U.
Christians and T. Seres (2013). "Association of DJ-1/PTEN/AKT- and
ASK1/p38-mediated cell signalling with ischaemic cardiomyopathy."
Cardiovasc Res 97(1): 66-76.

Korn, T., M. Mitsdoerffer, A. L. Croxford, A. Awasthi, V. A. Dardalhon, G.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 90



REFERENCES

Galileos, P. Vollmar, G. L. Stritesky, M. H. Kaplan, A. Waisman, V. K. Kuchroo
and M. Oukka (2008). "IL-6 controls Th17 immunity in vivo by inhibiting the
conversion of conventional T cells into Foxp3+ regulatory T cells." Proc Natl
Acad SciU S A 105(47): 18460-18465.

Kudo, M., Y. Ishigatsubo and I. Aoki (2013). "Pathology of asthma." Front
Microbiol 4: 263.

Lacroix, J., M. Poet, C. Maehrel and L. Counillon (2004). "A mechanism for the
activation of the Na/H exchanger NHE-1 by cytoplasmic acidification and
mitogens." EMBO Rep 5(1): 91-96.

Lang, F., G. L. Busch, M. Ritter, H. VOIkl, S. Waldegger, E. Gulbins and D.
Haussinger (1998). "Functional Significance of Cell Volume Regulatory
Mechanisms." Physiol Rev 78: 246-248.

Lee, K., P. Gudapati, S. Dragovic, C. Spencer, S. Joyce, N. Killeen, M. A.
Magnuson and M. Boothby (2010). "Mammalian target of rapamycin protein
complex 2 regulates differentiation of Th1 and Th2 cell subsets via distinct
signaling pathways." Immunity 32(6): 743-753.

Lee, S., M. Mele, P. Vahl, P. M. Christiansen, V. E. Jensen and E. Boedtkjer
(2014). "Na,HCO -cotransport is functionally upregulated during human breast
carcinogenesis and required for the inverted pH gradient across the plasma
membrane." Pflugers Arch.

Lemasters, J. J., J. M. Bond, E. Chacon, I. S. Harper, S. H. Kaplan, H. Ohata,
D. R. Trollinger, B. Herman and W. E. Cascio (1996). "The pH paradox in
ischemia-reperfusion injury to cardiac myocytes." EXS 76: 99-114.

Lim, K. L. and C. W. Zhang (2013). "Molecular events underlying Parkinson's
disease - an interwoven tapestry." Front Neurol 4: 33.

Lipscomb, M. F. and B. J. Masten (2002). "Dendritic cells: immune regulators
in health and disease." Physiol Rev 82(1): 97-130.

Mahnensmith, R. L. and P. S. Aronson (1985). "The plasma membrane
sodium-hydrogen exchanger and its role in physiological and
pathophysiological processes." Circ Res 56(6): 773-788.

Meima, M. E., B. A. Webb, H. E. Witkowska and D. L. Barber (2009). "The

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 91



REFERENCES

sodium-hydrogen exchanger NHE1 is an Akt substrate necessary for actin
filament reorganization by growth factors." J Biol Chem 284(39): 26666-26675.

Mitsumoto, A. and Y. Nakagawa (2001). "DJ-1 is an indicator for endogenous
reactive oxygen species elicited by endotoxin." Free Radic Res 35(6):
885-893.

Moscovitz, O., G. Ben-Nissan, |. Fainer, D. Pollack, L. Mizrachi and M. Sharon
(2015). "The Parkinson's-associated protein DJ-1 regulates the 20S
proteasome." Nat Commun 6: 6609.

Murphy, E. and D. A. Eisner (2009). "Regulation of intracellular and
mitochondrial sodium in health and disease." Circ Res 104(3): 292-303.

Niedbala, W., A. G. Besnard, D. C. Nascimento, P. B. Donate, F. Sonego, E.
Yip, R. Guabiraba, H. D. Chang, S. Y. Fukada, R. J. Salmond, E. Schmitt, T.
Bopp, B. Ryffel and F. Y. Liew (2014). "Nitric oxide enhances Th9 cell
differentiation and airway inflammation." Nat Commun 5: 4575.

Odunewu, A. and L. Fliegel (2013). "Acidosis-mediated regulation of the NHE1
isoform of the Na(+)/H(+) exchanger in renal cells." Am J Physiol Renal
Physiol 305(3): F370-381.

Park, S. Y., Y. J. Lee, E. J. Cho, C. Y. Shin and U. D. Sohn (2015). "Intrinsic
resistance triggered under acid loading within normal esophageal epithelial
cells: NHE1- and ROS-mediated survival." J Cell Physiol 230(7): 1503-1514.

Parsanejad, M., N. Bourquard, D. Qu, Y. Zhang, E. Huang, M. W. Rousseaux,
H. Aleyasin, I. Irrcher, S. Callaghan, D. C. Vaillant, R. H. Kim, R. S. Slack, T. W.
Mak, S. T. Reddy, D. Figeys and D. S. Park (2014). "DJ-1 interacts with and
regulates paraoxonase-2, an enzyme critical for neuronal survival in response
to oxidative stress." PLoS One 9(9): e106601.

Patterson, S. (2000). "Flexibility and cooperation among dendritic cells." Nat
Immunol 1(4): 273-274.

Perumal, N. B. and M. H. Kaplan (2011). "Regulating 119 transcription in T
helper cells." Trends Immunol 32(4): 146-150.

Pierau, M., S. Engelmann, D. Reinhold, T. Lapp, B. Schraven and U. H.
Bommhardt (2009). "Protein kinase B/Akt signals impair Th17 differentiation

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 92



REFERENCES

and support natural regulatory T cell function and induced regulatory T cell
formation." J Immunol 183(10): 6124-6134.

Prasad, V., J. N. Lorenz, M. L. Miller, K. Vairamani, M. L. Nieman, Y. Wang
and G. E. Shull (2013). "Loss of NHE1 activity leads to reduced oxidative
stress in heart and mitigates high-fat diet-induced myocardial stress." J Mol
Cell Cardiol 65: 33-42.

Putney, L. K. and D. L. Barber (2004). "Expression profile of genes regulated
by activity of the Na-H exchanger NHE1." BMC Genomics 5(1): 46.

Qadri, S. M., Y. Su, F. S. Cayabyab and L. Liu (2014). "Endothelial Na+/H+
exchanger NHE1 participates in redox-sensitive leukocyte recruitment
triggered by methylglyoxal." Cardiovasc Diabetol 13: 134.

Roghanian, A., S. E. Williams, T. A. Sheldrake, T. |. Brown, K. Oberheim, Z.
Xing, S. E. Howie and J. M. Sallenave (2006). "The antimicrobial/elastase
inhibitor elafin regulates lung dendritic cells and adaptive immunity." Am J
Respir Cell Mol Biol 34(5): 634-642.

Rotte, A., V. Pasham, M. Eichenmuller, H. Mahmud, N. T. Xuan, E. Shumilina,
F. Gotz and F. Lang (2010). "Effect of bacterial lipopolysaccharide on
Na(+)/H(+) exchanger activity in dendritic cells." Cell Physiol Biochem 26(4-5):
553-562.

Rotte, A., V. Pasham, M. Eichenmuller, W. Yang, M. Bhandaru and F. Lang
(2011). "Influence of dexamethasone on na+/h+ exchanger activity in dendritic
cells." Cell Physiol Biochem 28(2): 305-314.

Rudd, C. E. and H. Schneider (2003). "Unifying concepts in CD28, ICOS and
CTLA4 co-receptor signalling." Nat Rev Immunol 3(7): 544-556.

Rudd, C. E., A. Taylor and H. Schneider (2009). "CD28 and CTLA-4
coreceptor expression and signal transduction." Immunol Rev 229(1): 12-26.

Salker, M. S., Y. Zhou, Y. Singh, J. Brosens and F. Lang (2015). "LeftyA
sensitive cytosolic pH regulation and glycolytic flux in Ishikawa human
endometrial cancer cells." Biochem Biophys Res Commun.

Schmitt, E. G., D. Haribhai, J. B. Wiliams, P. Aggarwal, S. Jia, L. M.
Charbonnier, K. Yan, R. Lorier, A. Turner, J. Ziegelbauer, P. Georgiev, P.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 93



REFERENCES

Simpson, N. H. Salzman, M. J. Hessner, U. Broeckel, T. A. Chatila and C. B.
Williams (2012). "IL-10 produced by induced regulatory T cells (iTregs)
controls colitis and pathogenic ex-iTregs during immunotherapy." J Immunol
189(12): 5638-5648.

Shi, S. Y., S. Y. Lu, T. Sivasubramaniyam, X. S. Revelo, E. P. Cai, C. T. Luk, S.
A. Schroer, P. Patel, R. H. Kim, E. Bombardier, J. Quadrilatero, A. R. Tupling,
T. W. Mak, D. A. Winer and M. Woo (2015). "DJ-1 links muscle ROS
production with metabolic reprogramming and systemic energy homeostasis in
mice." Nat Commun 6: 7415.

Singh, Y., H. Chen, Y. Zhou, M. Fdller, T. W. Mak, M. S. Salker and F. Lang
(2015). "Differential effect of DJ-1/PARK7 on development of natural and
induced regulatory T cells." Scientific Reports 5: 17723.

Singh, Y., J. Dyson and O. A. Garden (2011). "Use of SNARF-1 to measure
murine T cell proliferation in vitro and its application in a novel regulatory T cell
suppression assay." Immunol Lett 140(1-2): 21-29.

Singh, Y., C. Ferreira, A. C. Chan, J. Dyson and O. A. Garden (2010).
"Restricted TCR-alpha CDR3 diversity disadvantages natural regulatory T cell
development in the B6.2.16 beta-chain transgenic mouse." J Immunol 185(6):
3408-3416.

Singh, Y., O. A. Garden, F. Lang and B. S. Cobb (2015). "MicroRNA-15b/16
Enhances the Induction of Regulatory T Cells by Regulating the Expression of
Rictor and mTOR." The Journal of Immunology.

Soroosh, P. and T. A. Doherty (2009). "Th9 and allergic disease." Immunology
127(4): 450-458.

Swain, S. L., K. K. McKinstry and T. M. Strutt (2012). "Expanding roles for
CD4(+) T cells in immunity to viruses." Nat Rev Immunol 12(2): 136-148.

ten Broeke, T., R. Wubbolts and W. Stoorvogel (2013). "MHC class Il antigen
presentation by dendritic cells regulated through endosomal sorting." Cold
Spring Harb Perspect Biol 5(12): a016873.

Tennant, D. A., R. V. Duran and E. Gottlieb (2010). "Targeting metabolic
transformation for cancer therapy." Nat Rev Cancer 10(4): 267-277.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 94



REFERENCES

Tscharke, D. C., N. P. Croft, P. C. Doherty and N. L. La Gruta (2015). "Sizing
up the key determinants of the CD8(+) T cell response.”" Nat Rev Immunol
15(11): 705-716.

Valles, P. G., V. Bocanegra, A. Gil Lorenzo and V. V. Costantino (2015).
"Physiological Functions and Regulation of the Na+/H+ Exchanger [NHE1] in
Renal Tubule Epithelial Cells." Kidney Blood Press Res 40(5): 452-466.

Varga, S. M., E. L. Wissinger and T. J. Braciale (2000). "The attachment (G)
glycoprotein of respiratory syncytial virus contains a single immunodominant
epitope that elicits both Th1 and Th2 CD4+ T cell responses." J Immunol
165(11): 6487-6495.

Vasseur, S., S. Afzal, J. Tardivel-Lacombe, D. S. Park, J. L. lovannaand T. W.
Mak (2009). "DJ-1/PARKY is an important mediator of hypoxia-induced cellular
responses." Proc Natl Acad Sci U S A 106(4): 1111-1116.

Voelkl, J., V. Pasham, M. S. Ahmed, B. Walker, K. Szteyn, D. Kuhl, B. Metzler,
I. Alesutan and F. Lang (2013). "Sgk1-dependent stimulation of cardiac
Na+/H+ exchanger Nhe1 by dexamethasone." Cell Physiol Biochem 32(1):
25-38.

Wakabayashi, S., M. Shigekawa and J. Pouyssegur (1997). "Molecular
physiology of vertebrate Na+/H+ exchangers." Physiol Rev 77(1): 51-74.

Watts, B. A, 3rd, T. George and D. W. Good (2013). "Lumen LPS inhibits
HCO3(-) absorption in the medullary thick ascending limb through
TLR4-PI3K-Akt-mTOR-dependent inhibition of basolateral Na+/H+ exchange."
Am J Physiol Renal Physiol 305(4): F451-462.

Wu, K. L., S. Khan, S. Lakhe-Reddy, G. Jarad, A. Mukherjee, C. A.
Obejero-Paz, M. Konieczkowski, J. R. Sedor and J. R. Schelling (2004). "The
NHE1 Na+/H+ exchanger recruits ezrin/radixin/moesin proteins to regulate
Akt-dependent cell survival." J Biol Chem 279(25): 26280-26286.

Xiao, X., X. Shi, Y. Fan, X. Zhang, M. Wu, P. Lan, L. Minze, Y. X. Fu, R. M.
Ghobrial, W. Liu and X. C. Li (2015). "GITR subverts Foxp3(+) Tregs to boost

Th9 immunity through regulation of histone acetylation." Nat Commun 6: 8266.

Xue, L., E. Aihara, T. C. Wang and M. H. Montrose (2011). "Trefoil factor 2
requires Na/H exchanger 2 activity to enhance mouse gastric epithelial repair.”

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 95



REFERENCES

J Biol Chem 286(44): 38375-38382.

Yablonski, D., T. Kadlecek and A. Weiss (2001). "ldentification of a
phospholipase C-gamma1 (PLC-gamma1) SH3 domain-binding site in SLP-76
required for T-cell receptor-mediated activation of PLC-gamma1 and NFAT."
Mol Cell Biol 21(13): 4208-4218.

Yang, W., M. Bhandaru, V. Pasham, D. Bobbala, C. Zelenak, K. Jilani, A.
Rotte and F. Lang (2012). "Effect of thymoquinone on cytosolic pH and
Na+/H+ exchanger activity in mouse dendritic cells." Cell Physiol Biochem
29(1-2): 21-30.

Young, N. T., E. C. Waller, R. Patel, A. Roghanian, J. M. Austyn and J.
Trowsdale (2008). "The inhibitory receptor LILRB1 modulates the
differentiation and regulatory potential of human dendritic cells." Blood 111(6):
3090-3096.

Zhong, N., C. Y. Kim, P. Rizzu, C. Geula, D. R. Porter, E. N. Pothos, F.
Squitieri, P. Heutink and J. Xu (2006). "DJ-1 transcriptionally up-regulates the
human tyrosine hydroxylase by inhibiting the sumoylation of pyrimidine
tract-binding protein-associated splicing factor." J Biol Chem 281(30):
20940-20948.

Zhou, L., M. M. Chong and D. R. Littman (2009). "Plasticity of CD4+ T cell
lineage differentiation." Immunity 30(5): 646-655.

Zhou, Y., V. Pasham, S. Chatterjee, A. Rotte, W. Yang, M. Bhandaru, Y. Singh
and F. Lang (2015). "Regulation of Na+/H+ Exchanger in Dendritic Cells by
Akt1." Cellular Physiology and Biochemistry 36(3): 1237-1249.

Zhu, J. and W. E. Paul (2008). "CDA4 T cells: fates, functions, and faults." Blood
112(5): 1557-15609.

Zhu, J. and W. E. Paul (2010). "Heterogeneity and plasticity of T helper cells."
Cell Res 20(1): 4-12.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 96



REFERENCES

ACKNOWLEDGEMENTS

| hereby wish to express my deep gratitude for the tremendous opportunity to
complete my Dissertation for the degree doctor rerum naturalium (Dr. rer. nat.)
at the Institute of Physiology, Eberhard-Karls-Universitat in Tubingen,
Germany.

In particular, | would like to thank my Ph.D. advisor, Professor (Dr) Florian
Lang, for his constant support, guidance and inspiration. | have greatly
benefited from his excellent technical advice.

| would like say thank my immunology supervisor Dr. Yogesh Singh for
introducing me to the fancy immunology knowledge ocean for provoking
suggestions and stimulating discussions during the progress of the work. |
would like to specially thank to him for a thorough correction of my thesis.

| am very thankful to my colleagues and friends Shaqgiu Zhang, Ni Zeng,
Guoxing Liu, Xiaolong Shi, Annia Umbach, Christina Leibrock, loana Alesutan,.
| also like to thank Tanja Loch, Lejla Subasic and Mr. Farooq for their help and
support.

| am especially thankful to Elfirade Faber for her help with genotyping and
most importantly for her care and support throughout my Ph.D. work. | would
also like to thank Uwe Schuler. | also would like to thank all the secretaries and
administrative staff of Prof. Lang.

Finally, | would like to thank all other colleagues from the Institute of
Physiology for their valuable help and support.

Most important of all, | would like to express my gratitude to my family for being
an unstinting source of support and encouragement. This task never
completes without the mention of my beloved mother Ms.Shuxia Zhou and my
wife Ms.Wen Liu.

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 97



PUBLICATIONS

PUBLICATIONS

A. Published Papers (* Co-First Authorship)

1.

Zhou Y, Pasham V, Chatterjee S, Rotte A, Yang W, Bhandaru M, Singh Y,
Lang F.Regulation of Na+/H+ Exchanger in Dendritic Cells by Akt1. Cell
Physiol Biochem 2015;36:1237-1249

Zhou Y*, Salker MS*, Singh Y, Brosens J, Lang F. LeftyA sensitive cytosolic
pH regulation and glycolytic flux in Ishikawa human endometrial cancer cells.
Biochem Biophys Res Commun. 2015 May 8;460(3):845-9.(Joint-first
authorship)

Singh Y, Chen H, Zhou Y, Foller M, Mak TW, Salker MS, Lang F. Differential
effect of DJ-1/Park-7 on development of natural and induced regulatory T cells.
Sci Rep.2015 Dec 4;5:17723.

Bissinger R, Malik A, Bouguerra G, Zhou Y, Singh Y,Abbés S,Lang F.
Triggering of Suicidal Erythrocyte Death by the Antibiotic lonophore Nigericin.
Basic Clin Pharmacol Toxicol. 2015 Oct 12.

Li H, Wang P, Liu Q, Cheng X, Zhou Y, Yaping Xiao. Cell cycle arrest and cell
apoptosis induced by Equisetum hyemale extract in murine leukemia L1210
cells, J Ethnopharmacology, 2012 Nov 21;144(2):322-7.i10-index

Cheng X, Xiao Y, Wang X, Wang P, Yan H, Zhou Y and Quanhong Liu. The
ethyl acetate fraction of Polytrichum commune L.ex Hedw induced cell
apoptosis via reactive oxygen species in L1210 cells, J Ethnopharmacol, 2013
Jul 30;148(3):926-33.

Zhou Y. Innovated method on cell biology teaching[J] Journal of Yantai
University ,2009,22:265-266(In Chinese)

B. Publication under revision or in prep

1.

Zhou Y, Shi X, Chen H, Salker MS, Foller M,Mak TW, Singh Y, Lang F.
DJ-1/Park-7 sensitive pH and sodium hydrogen exchanger 1 (NHE1) activity in
CD4" T cells. J Cell Physiol (Under revison)

Zhou Y*, Singh Y*, Shi X, Umbach AT, Salker MS, Lang KS, Cobb BS, Lang F.
T helper-9 (Th-9) cells are distinct from other Th cells subsets and induced
regulatory T cells (iTregs) in pH and sodium hydrogen exchanger 1 (NHE1)
regulation. (J Biol Chem) (Under revison) (Joint-first authorship)

Zhou Y, Salker MS, Singh Y, Lang F. Differential effect of ASM on
development of induced regulatory T cells (submitted)

Zhou Y, Salker MS, Singh Y, Lang F. The regulation effect on regulatory T cell
development by Nicotinamide (in prep)

Singh Y, Munzer P, Shi X, Zhou Y, Schimidt S, Umbach AT, Salker MS, Lang
F A differential Ca2+ influx activity distinguishes the IL-9 producing T helper-9
(Th-9) cells from other Th cells subsets and iTregs (in prep)

Yogesh Singh, Shaqiu Zhang, Kubra Vurat, Christopher Schipp, Bernart Alvira,
Abul Fajol, Yuetao Zhou, Hong Chen, Anja T Umbach, Madhuri S Salker,

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 98



PUBLICATIONS

Lionel Apetoh, Graham Pawelec, Roland H Wenger, Florian Lang. Role of
HIF-2a in the development of CD4" T helper 9 (Th9) cells and induced
regulatory T cells (in prep)

7. Yogesh Singh, Shaqgiu Zhang, Bernat Elvira, Nour Alowayed, Yuetao Zhou,
Hong Chen, Madhuri S Salker, Ivan Sabolic, Karl S Lang, Hermann Koepsell®,
Florian Lang" Sodium-glucose transport protein 1 (SGLT1) is indispensable for
Th17 cells development (in prep)

C. Published abstracts:

1. Y Zhou, MS Salker, Y Singh, JJ Brosens, F Lang. Lefty A sensitive cytosolic pH
regulation and glycolytic flux in Ishikawa cells. Acta Physiologica 213, 82-82
(Conference Abstract)

2. Y Singh*, Y Zhou*, AT Umbach, MS Salker, F Lang.IL-9 producing T helper-9
(Th-9) cells are distinct from-Th1-/-Th2/Th17 cells subsets and iTregs in sodium
hydrogen exchanger 1 (NHE1) activity and pH regulation. Acta Physiologica
213, 52-52 (Conference Abstract)

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 99



CURRICULUM VITAE

CURRICULUM VITAE

Name: Yuetao Zhou Sex: Male Citizenship: Chinese
Date of birth: 04/27/1988 Place of Birth: Baoji, Shaanxi, China
Tel: +8618709272166 E-mail: yuetaoz@gmail.com;

Address: Gmelin Street 5, Tuebingen, Germany, D-72076

EDUCATION:

2013-Present PhD. in Biology. University of Tuebingen (Elite University)
Department of mathematic and nature science, Tuebingen,
Germany

2010-2013 M.Sc in Cellular Biology ShaanXi Normal University, College of
Life Sciences, Xi'an, China.

2006-2010 B.Sc Biotechnology,University of Yantai Biochemistry School,

Yantai, China

RESEARCH EXPERIENCE

Sept2013-Present Uni Tuebingen PhD Studentship working with Professor Florian
Lang and Dr Yogesh Singh on Immune cell physiology and
Immune cell development. (Uni Tuebingen, Tuebingen,
Germany)

Summer 2014 6 weeks working with Professor Stefan Stevanovi¢ on Adaptive
Immunity (Uni Tuebingen, Tuebingen, Germany)

June2010-June2013 SNNU Msc Studentship working with Professor Quanhong Liu
on Traditional medicine tummor therapy and Sonodynamic
Therapy. (College of Life Sciences, ShaanXi Normal University,
Xi'an, China.)

Mar2009-June2010 Lab work on Genetic Diversity and Differentiation in
Mitochondrial ND5 Gene of Swimming Crab Portunus

Trituberculatus (University of Yantai,Yantai,China)

Jan-May2010 Lab work on University of Yantai Extracting Cordyceps Sin
ensis Tailing Polysaccharide by Microwave

Effect of DJ-1 on Na'/H" exchanger 1 (NHE1) activity in CD4" T cells and role of NHE1 in T helper cells 100



