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1. SUMMARY

Dendritic cells (DCs) are specialised antigen pmgsg cells, linking innate and
adaptive immunity. They are stimulated by bactei@bpolysaccharides (LPS), which
trigger the formation of reactive oxygen specie®8R In macrophages, ROS formation
is paralleled by the activation of the Wa" exchanger, a transporter involved in the
regulation of cytosolic pH and cell volume. Thegaet study was undertaken to unravel
the possible role of N#H" exchanger in the activation of DCs.

In the first step, using quantitative real time RP@nalysis the expression of
Na'/H* exchanger (NHE) isoforms in bone marrow-derivedus@oDCs was analysed.
The expression of NHE1 was highest among the varisaforms known to be localised
in the cell membrane, so the study focussed onfuhetional significance of NHE1
isoform.

Exposure of DCs to LPS, within 4 hours led to adged cytosolic acidification
paralleled by a transient time and dose dependergase of N#aH" exchanger activity.
Moreover, LPS increased forward scatter in FAC8ectng increase of cell volume,
enhanced ROS formation, decreased apoptosis amuilsted release of TNé&- An
NHE1 inhibitor cariporide (10 uM) significantly bited the effects of LPS on NH*
exchanger activity, on cell swelling, on ROS forioat on TNFe. secretion as well as
antiapoptotic effect of LPS. Néd™ exchanger activity was stimulated by oxidativessr
as induced by tert-butyl-hydroperoxide (10 uM) dmRiS induced stimulation of NHE
activity was abolished in the presence of ROS ¢bedgTempol, Tiron and Vitamin C).
These data indicate that LPS treatment leads to @ation, which in turn leads to
transient upregulation of the NB* exchanger in DCs. On the other hand, upregulation
of Na'/H" exchanger is required for the effects of LPS on dd@ival, cell volume and
ROS formation.

The function of DCs is regulated by the phosphdatites 3 (P13)-kinase pathway.
On the other hand, PI3-kinase is an important eggulof diverse transporters including
the Na/H" exchangers (NHE). The next step of this study teaslucidate the role of
PI3-kinase in regulation of NHE activity, cell vohe, ROS formation and migration.

LPS-induced upregulation of N&* exchanger activity, cell swelling, enhancement of
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ROS production and stimulation of migration weré sagnificantly blunted by PI3K
inhibitors Wortmannin (1 uM) or LY294002 (10 pMJhe present observations disclose
a critical role of PI3K signalling in the regulati@f DC function following exposure to
LPS.

The oxidative stress responsive kinase 1 (OSR4gtisated by WNK (with no K
kinases) and in turn stimulates the thiazidesessitia-Cl cotransporter (NCC) and the
furosemide sensitive Na-K-2Cl cotransporter (NKGR)s contributing to transport and
cell volume regulation. Little is known about ex@maal functions of OSR1. The present
study analysed the impact of decreased OSR1 actmitthe function of DCs. For this
purpose, DCs were isolated from bone marrow ofrbeygous WNK resistant OSR1
knock in mice ¢sr*') and wild type micedsr''"). DCs express WNK1, WNK3, NCC,
NKCC1 and OSR1. NKCC1 phosphorylation was redupesi® DCs. Cell volume and
cytosolic pH were similar irosr<' and osr¥™ DCs, but N&H* exchanger-activity and
ROS-production were higher iosr' compared toosr'DCs. Prior to LPS treatment,
migration was similar irosr' andosr¥™ DCs. LPS (1 pg/ml), however, increased the
migration ofosr"" DCs but not obsr' DCs. NHEL1 inhibitor cariporide (10 uM), which
virtually abrogated N#&H" exchanger activity in both genotypes, decreaséd/alime,
intracellular ROS formation, and cytosolic pH t@mater extent imsr<' than inosr™"
DCs. LPS increased cell volume, Wd" exchanger activity, and ROS-formation in
osrV'DCs but not inosr'DCs and blunted the difference betwassr andosr*" DCs.
Na'/H* exchanger activity irosr'" DCs was increased by NKCC1 inhibitor furosemide
(100 nM) to values similar to thosedsr™ DCs. Oxidative stress (induced by 10 pM tert-
butyl-hydroperoxide) increased MH" exchanger activity imsr"" DCs but not inosr
DCs and reversed the differences between the geemtyCariporide blunted LPS
induced cell swelling and ROS formation asr'¥™ DCs. In conclusion, partial OSR1
deficiency influences N#&H'-exchanger-activity, ROS-formation and migration of

dendritic cells.
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2. Zusammenfassung

Dendritische Zellen (DZ) sind spezialisierte, Aetigprasentierende Zellen, die
angeborene und erworbene Immunitat verbinden. Sexdem durch bakterielle
Lipopolysaccharide (LPS) stimuliert, was zur Bildureaktiver Sauerstoffspezies (ROS)
fuhrt. In Makrophagen fiihrt die Bildung von ROS eimer Aktivierung des N&H™-
Austauschers, eines Transportproteins, das an dgul&ion des cytosolischen pH-
Wertes und des Zellvolumens beteiligt ist. Die agénde Arbeit wurde durchgefuhrt,
um die mogliche Rolle des N&™ Austauschers bei der Aktivierung von DZ zu
untersuchen.

Im ersten Schritt wurde mit Hilfe der Real Time PQiRe Expression der
Isoformen des N@H" Austauschers in DZ analysiert. Von den verschieddsoformen
die in der Zellmembran exprimiert werden, war digession des NHE1 am hdochsten,
weshalb sich diese Studie auf die funktionale Sikpmz der NHE1L-Isoform
konzentriert.

Die Behandlung der DZ mit LPS fuhrte innerhalb vénStunden zu einer
schrittweisen cytosolischen Ansduerung begleitet @mem zeit- und dosisabhangigen
Anstieg der Aktivitat des N#H'-Austauschers. AuRerdem filhrte die Behandlung mit
LPS zu einem Anstieg des Vorwartsstreulichtsigies der Durchflusszytometrie was
die Erhohung des Zellvolumens zeigt, des weiterenvermehrter ROS-Bildung,
verminderter Apoptose und einer erhdhten Freisgtziam TNFe. Der NHE1-Inhibitor
Cariporid (10 uM) hob die Effekte von LPS auf dia"Mi*-Austauscher-Aktivitat, auf
das Zellvolumen, auf die Bildung von ROS, auf dFFfo Sekretion und auch auf die
antiapoptotischen Effekte von LPS auf. Die Aktivitles N&/H'-Austauschers wurde
durch oxidativen Stress (induziert durch 10 uM Fertyl-hydroperoxid) stimuliert und
eine durch LPS hervorgerufene Stimulation der NH&wAtat wurde in Gegenwart von
ROS-Chelatoren (Tempol, Tiron und Vitamin C) aufgeén. AbschlieRend l&sst sich
sagen, dass die Behandlung mit LPS zur Bildung R@$8 fuhrt, was wiederum eine
voriibergehende Hochregulierung des’/Na Austauschers in DZ zur Folge hat. Eine
Hochregulierung des NéH™ Austauschers ist ebenfalls erforderlich fiir diéeEe von

LPS auf das Uberleben von DZ, das Zellvolumen uadidung von ROS.
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Die Funktion von DZ wird durch den PhosphoinosBo{PI13)-kinase Signalweg
reguliert. Zudem ist die PI3-kinase ein wichtigeedglator diverser Transporter
einschlieRlich des N#H" Austauschers (NHE). Im nachsten Schritt dieseeiroll die
Rolle der PI3-kinase bei der Regulation der NHE iAlit, des Zellvolumens, der
Bildung von ROS und der Migration aufgeklart werdeRS-induzierte Effekte wie der
Anstieg der N&H'-Austauscher-Aktivitat, die Zunahme des Zellvolusiendie
Steigerung der Bildung von ROS sowie die Stimutatier Migration wurden durch die
PI3K Inhibitoren Wortmannin (1 uM) oder LY294002D(fuM) signifikant reduziert. Die
vorliegenden Beobachtungen weisen auf eine krigieblle des PI3K-Signalweges bei
der Regulation der Funktion von DZ nach Behandluwitg_PS hin.

Die oxidative-stress-responsive-kinase 1 (OSR1J wurch den WNK (with no
K kinases) Signalweg aktiviert und stimuliert iteeits die Thiazid-sensitiven Na-Cl
Kotransporter (NCC) und die Furosemid-sensitivenrKN2aCI Kotransporter (NKCC)
und tragt so zur Regulation des Elektolyttransgoried des Zellvolumens bei. Es ist
wenig Uber extrarenale Funktionen von OSR1 bekamlié vorliegende Studie
beschéftigt sich mit dem Einfluss von verminde@&R1-Aktivitat auf die Funktion von
DZz. Dafur wurden DZ aus dem Knochenmark von hetggoten, WNK-resistenten
OSR1 knockin Mauserog™') und Wildtyp Mausendsr*'™) gewonnen. Die DZ zeigten
die Expression von WNK1, WNK3, NCC, NKCC1 und OSHIie NKCC1 in den
osr¥'DZ zeigten weniger Phosphorylierung. Das Zellvolamumd der cytosolische pH-
Wert waren ahnlich in densr' und osrV'DZz, aber sowohl die Aktivitat des Kai*
Austauschers als auch die Bildung von ROS waratemosr<'DZ starker erhéht als in
denosrV'DZ. Vor der Behandlung mit LPS war das Migratiorsedten vonosr™ und
osr'V'DZ &hnlich. LPS (1pg/ml) filhrte jedoch zu einem #et der Migration bei den
osr'V'DZ, nicht jedoch bei densr*'DZ. Der NHE1-Inhibitor Cariporide (10pM), der die
Aktivitat des N&/H*-Austauschers in beiden Genotypen nahezu aufheb jtiosr' DZ
das Zellvolumen starker abnehmen alo#n""DZ und erniedrigte auch deutlicher die
intrazellulare ROS-Produktion, und den cytosolische-Wert. Die Behandlung mit LPS
fiihrte zu einem Anstieg des Zellvolumens, def/N&Austauscher-Aktivitat, und der
ROS-Produktion irosrV'DZ jedoch nicht imsr<'DZ und hob die Unterschiede zwischen

o' andosrV'DZ auf. Die N&/H'-Austauscher-Aktivitat in densr"DZ wurde durch

10
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den NKCC1-Inhibitor Furosemid (100 nM) auf Wertenlith denen deosr'DZ erhéht.
Oxidativer Stress (10 uM Tert-butyl-hydroperoxidh@&hte die NHH™ Austauscher-
Aktivitat in den osr"'DZ aber nicht in derosr“'DZ und revidierte den Unterschied
zwischen den Genotypen. Die Behandlung mit Camjeokehrte den LPS-vermittelten
Anstieg des Zellvolumens und der ROS Produktiomst” DZ um. Daraus lasst sich
schlieBen, dass eine partielle OSR1 Defizienz di&/HN Austauscher Aktivitat, die

ROS-Bildung und die Migration von dendritischen |2el beeinflusst.

11
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3. INTRODUCTION

Immune system

Immune system consists of the network of molecutedls, tissues and organs
that work together to protect the body. The cefigolved are white blood cells, or
leukocytes, beloging either to innate or to adaptmmunity that combine to seek out

and destroy disease-causing organisms or substances

Innate immune system

The innate immune system is a non specific firs¢ lof the defense mechanism
for protecting the host from an invading microlppathogen. The innate immune system
includes phagocytic cells, natural killer (NK) &licomplement system and interferons
(IFNs). Leukocytes, macrophages and dendritic cedfsch engulf and kill microbes, are
collectively called phagocytes. The cells of theate immune system recognize, and
respond to, pathogens in a non-specific way. Inmateunity is found in all classes of
plants and animals. Recent studies have showith@atnate immune system possesses a
greater degree of specificity than previously begvand is highly developed in its
ability to discriminate self from foreign pathogengnate immune recognition is
mediated by pattern recognition receptors (PRRBichware germline encoded, and each
receptor has broad specificiies for conserved amyariant features of
microorganisms[1]. PRRs selectively bind to ess¢mibmponents of pathogens, known
as pathogen associated molecular patterns (PAMIheSf the most important PRRs

are the toll like receptors (TLRs)[2].

The major functions of the vertebrate innate immsystem include[2-4]:

* recruiting immune cells to sites of infection, thgh the production of cytokines.

» activation of the complement cascade to identifstérda, activate cells and to
promote clearance of dead cells or antibody congslex

» the recognition and removal of foreign substancesgnt in organs, tissues, the

blood and lymph, by specialized white blood cells.



Introduction "

« activation of the adaptive immune system throughogess known as antigen

presentation.

* acting as a physical and chemical barrier to inbestagents.

The components of innative immunity

Natural Killer Cells (NK cells) are bone marrow derived granular lymphocytessaapr
throughout the body, which mediate cellular cytotiy, produce chemokines and
inflammatory cytokines, such as IFN-and TNFe[5-11]. They are an important
constituent of innate resistance to viruses andiebac and also provide immune
surveillance against the development of tumourd[@8R-NK cells also interface with
adaptive immunity by stimulating dendritic cellsddoy promoting T cell responses[19].
Eosinophils are white blood cells (WBCs), they produce andesttiverse biologically
active molecules, including cytotoxic, cytostimwligt proteins, lipid mediators, chemo-
tactic peptides and cytokines[20-22]. They also tigpate in Kkilling of
multicellular parasites and certain infections @ntebrates[23]. Along with mast cells,
they also control mechanisms associated with allangl asthma[24].

Basophils,are the granulocytes, which are rapidly recruitéd the bone-marrow, small
intestine, blood stream, and other tissues duriegmimth infections and allergic
inflammation[25;26]. They are probably important diaors for inducing and
maintaining the Th2 response because they are portamt source of the cytokine
interleukin-4 and exert functions similar to antigeresenting cells (APCs)[27;28].
Neutrophils are the WBCs, which play an important role in hdsfense against
microbial pathogens and in the inflammatory reacilibey generates reactive oxygen
species (ROS) such as hydrogen peroxideOgH hydroxyl radical (Oh) and
hypochlorous acid (HOCI)[29]

Mast cells are resident in several types of tissues, maikily, @irways, and intestines.
Mast cells can participate in direct killing of amgsms by phagocytosis and ROS
production [30;31]. Mast cells are algovolved in adaptive immunity, since they can
present antigens and secrete cytokines and cheasj80].

13
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Macrophagesare specialized phagocytic cells, found in alluess The major functions
of macrophages are antigen presentation, phagosytnd immunomodulation[32;33].
Macrophages also secrete IL-1, IL-6, TNF, and iMF—cytokines[32].

Dendritic cells are specialised antigen presenting cells; they play a key role in

phagocytosis. DCs are discussed in a separatesecti
Neutrophils, monocytes, dendritic cells, mast calfsel macrophages are collectively

called as phagocytic cell3heir role is to phagocytose (engulf and then stigeellular

debris and pathogens, either as stationary or &derzells.

Immune SYStem

Innate

l l

Bloodbourne

Physical bariers

b
l Complement Phagocytes
cascade
Skin
Mucous membraes l Macrophages —
Saliva Dendritic cells ——
Flushing action of Alternative Natural killer cells
Urine and tears pathway Eosinophils
Stomach acid Basophils
Neutrophils

l

PR

Stops infection

Before it enters the body Death of dangerous

organisms

Direct killing
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Adaptive

Antigen presentation

| l

T cell immunity
Cell-mediated immunity
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Humoral immunity
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il |
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| |

A
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virus or otherwise
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Complement
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Figure 1:Immune system

Adaptive immune system

Classical
— pathway

Vertebrates depend on innate immune responsefiraslae of defense, but they
can also mount much more sophisticated defenséed @laptive immune responses.

The innate responses call the adaptive immune msgigointo play and both work

14
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together to eliminate pathogens. Unlike innate imentesponses, the adaptive responses
are highly specific to the particular pathogen timaticed them. They can also provide
long lasting protection. A person who recovers fromeasles, for example, is protected
for life against measles by the adaptive immundesys although not against other
common viruses, such as those that cause mumpsc&enpox[34].

Adaptive immunity is further divided into humorammunity and cellular
immunity. Humoral immunity is involved in the eradtion of microbes present in the
blood or fluid by generating antibodies, which areduced by B-cells. On the other
hand, cellular immunity is responsible for the éation of cancer cells and microbes
hidden inside cells, and is mediated by killer TisceT-cells and B-cells express unique
T-cell receptors (TCRs) and B-cell receptors (BGRa$pectively and recognize a vast
number of different antigens. TCRs and BCRs areeggad by DNA recombination
during the differentiation of T and B-cells. EacBH and BCR is composed of a variable
region, encoded by different gene segments anchstanat region. Each member of the
gene segment, encoding the variable region, isorahdjoined to the other members,
resulting in the creation of a huge diversity afeptors. When a huge repertoire of TCRs
and BCRs are generated in a ready made mannerepketoire includes receptors that
react with components of the host. Lymphocytes dwanibg self reacting receptors are
then excluded during differentiation. When a patrogwvades the body, T and B-cells
with the corresponding receptors are activated, kitldr T-cell development and
antibody production are induced. At the same timemory T and B-cells are
generated[35].

Dendritic cells

Dendritic cells (DCs) are APC involved in the iation of both innate and
adaptive immunity and thus critically important ftme regulation of the immune
response[36-38]. They are unique among APCs ande hHaeen referred to as
“professional” APCs, since the principal functiohXCs is to present antigens, and since
only DCs have the ability to induce a primary imrauresponse in resting naive T
lymphocytes[39]. To perform this function, DCs aapable of capturing antigens,

process and present them on the cell surface aldtiy appropriate costimulation

15
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molecules. They aslo play an important role indbgelopment of T cell immunity and

the establishment of immunological memory[40;41].

DC precursors

der o 4
sl DO |’
Pathogens * * \Lﬁj}‘ 0"‘3 \-v-é ")

(virus, Bacteria) \ o \.’o L \
9\3/ RN

Migration
Blood vessels

Bone marrow

o®
Adaptive ‘Q
immunity

Migration
Maturation
ymphatic vessels

Thymus
auto reactive T cells

Lymphoid organs

Figure 2: DC biology - differentiation, migration, antigen presentation, and tolerance[42].

DCs are surveillance cells, generated in the boaeraw, which migrate as
precursor cells to sites of potential entry of pg#ns such as skin, respiratory tract, and
lung, where they reside as immature cells in théhela of skin and mucosal tissues
(Fig. 2). DCs of bone marrow origin express myelmdrkers CD13, CD33 and CD11c
and have a common progenitor with monocytes, méaggs and granulocytes. They are
involved in stimulating naive T-cells. In contradgyymphoid DCs, which develop
simultaneously with T-cells in the thymus from anwoon populationand express

lymphoid markers such as CD8a, are involved inrémoval of potentially autoreactive

16
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T lymphocytes upon their development. Immature Brés myeloid origin also have a
crucial role in the maintenance of peripheral @hee to self antigens[43]. They are
involved in the differentiation of regulatory T-tefrequired for the maintenance of self-
tolerance[43]. Resident immature DCs have the tgbib take up antigens, via both
receptor and non-receptor mediated mechanisms egréde them in endocytic vesicles
to produce antigenic peptides capable of bindingneor histocompatibility complex
(MHC). In response to danger signals, DCs incrga®eluction of proinflammatory
cytokines (IL-10, IL-6, IL-12, IL-4 and TNd&), expression of co-stimulatory molecules
(CD40, CD80, CD86, MHC class Il, and ICAM-1) [44hd acquisition of the
responsiveness to homeostatic chemokines, includB@L1l9 and CCL21 via
upregulation of the chemokine receptor CCR7. Sulesatity, DCs enter the draining
lymph nodes in the T-cell rich zone, present thecessed antigens to T lymphocytes in
an MHC restricted fashion [41;45] to induce theatiaation and differentiation into
effector cells. After antigen presentation, matid€s are programmed to undergo
apoptosis. Some immature DCs can migrate dirently thymus and lymphoid tissues,
where they participate actively in the T-cell edigra or selection and the elimination of
autoreactive T-cells. Activated T-cells eliminaterabes and B-cells mature into plasma
cells secreting antibody that neutralize pathogét]s|

The role of dendritic cells in innative and adaptie immunity

Phagocytosis

Along with macrophages and neutrophils, DCs aresidened as professional
phagocytes. However, unlike other phagocytes, D€gatent antigen-presenting cells
and are not directly involved in immediate pathogésarance. Like macrophages, DCs
are present in all peripheral tissues and accumudatthe sites of pathogen entry.
Immature DCs express a large array of phagocytiept®rs, including lectins, scavenger
receptors, and pathogen receptors[37]. DCs alsoesgpa variety of TLRs and other
PRRs. Different DC subpopulations express diffeqg@mgocytic receptors, performing
therefore a selective uptake of different partickesr example, splenic CD8+ DCs take
up apoptotic bodies much more efficiently than ofD€s in the spleen [46]. CD8- DCs,
in contrast, phagocytose Leishmania more efficjethihn the CD8+ subset[47;48].
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After taking up pathogens, infected or apoptosietisc DCs process antigens
derived from these patrticles into peptides and lteebse peptides on MHC class | or
MHC class Il molecules. DCs take up pathogens mipperal tissues, undergo particular
maturation programs selectively in response tcedsfit pathogens, migrate to lymphoid
organs, and present antigen to T lymphocytes ttatai antigen-specific immune
responses. Thus, DCs are specialized in linkingtenand adaptive immune responses,
rather than directly eliminating pathogens[49](f3)-

pathogen

TLR

agocytos|

Antigen
Naive

\presentation
T cells

‘ Co-stimulatory| \
molecules
- —_— L4
Dendritic cells

Inflammatory
cytokines

Innate immunity ———o, Adaptive immunity

Figure 3:Innate and adaptive immunity[49]

Migration

During their life cycle, DCs migrate from the blotwperipheral tissues and from
peripheral tissues to lymphoid organs. Migratorgparties of DCs are of fundamentally
importance for their function. The migratory cappaf DCs following antigen capture is

regulated by chemokines released by the targatetiss\d by modulation of surface
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adhesion molecules. Differentiation and migratidnD&s are parallel processes that
follow a unidirectional path from progenitors iretbhone marrow[50;51], then precursors
migrated in bloodstream[52], and finally fully déflentiated, immature DCs residing in
DC pool at the peripheral tissues. After migratini@ peripheral tissues, DCs survey the
environment, sample antigenic materials, and trédwvelugh afferent lymphatics to reach
draining LNs where they present the collected anisgto T cells[53;54]. Stimulation of

DCs with microbial products and inflammatory cytods leads to induction of DC

maturation and up-regulation of CCR7, a chemokeezptor that drives their migration

to the lympoid organs[55;56]. CCR7 has two ligan@&L21, which is produced by

endothelial cells of lymphatic vessels and stroo®dls present in the T cell zone, and
CCL19, which is produced by stromal cells and matdCs in the T cell zone[57-60].

These chemokines attract CCR7 receptors of mat@setD migrate to lympoid organs.

T cell activation

DCs are the most effective APCs for inducing mdtanaof naive T cells because
they express the highest concentration of MHC dlas®lecules on their surface. MHC
class | peptides are categorized by endogenougeaiti processing via the cytosolic
pathway, and MHC class Il peptides are categoripe@xogenous antigenic processes
via the endocytic pathway. MHC class Il moleculagage specific T cell receptors[37].
Moreover, DCs are equipped with costimulatory moles. DC costimulatory molecules
include members of the B7 family, TNF family andratellular adhesion molecules,
which are critical for the activation of T cellsdafor the proper homing of DCs before
and after antigen capture. If this costimulatorylenale signal is missing, then the T cell
is normally anergized, becoming unreactive to atibn.

The ability of DCs to induce CD# cells to differentiate into the Thl or Th2
phenotype is dependent on IL-12 production. IL-§2aicytokine, mainly produced by
DCs in response to antigenic stimulation. It iswnas a T cell-stimulating factor, which
can stimulate the growth and function of T-cells also plays a key role in the
development of Thl responses, leading to {Fdd IL-2 production by Thl cells. These

cytokines can, in turn, promote T cell responsa&sraacrophage activation[61]. IF{Nin
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synergy with other cytokines, such as TWNF-activates macrophages to control

intracellular infection[61;62].

Immune tolerance

Tolerance is the specific inability of a host topasd to antigens, which is
generated both centrally and peripherally. Certskdrance occurs in the thymus for T
cells and in the bone marrow for B-cells. T cefiattmight inadvertently respond to DCs
carrying self-peptides are deleted during ontogenyhe thymus. T cells that fail to
respond to stimuli in the thymus die from negleathile T cells that recognize
MHC/peptides with high avidity undergo apoptosisl ane deleted, this latter process is
called negative selection. T cells that recogniel with low avidity in the thymus
survive, a process called positive selection, &athn the periphery where they respond
only to antigens presented in the context of seHlQv Thymic epithelial cells are
responsible for presenting self-peptides in thetexdnof MHC for positive selection.
Both thymic DCs and thymic epithelial cells contrié to negative selection[63-66].
Peripheral tolerance mechanisms include T cell hjedt cell anergy, and active
suppression by T regulatory cells. In the normathbself-antigens are presented, no T
cells should be available to respond, because mifaleolerance induction. However, if
T cells recognize only low levels of MHC/peptideyvie a low affinity for their cognate
ligand, or receive no costimulation from DCs, ti@gome anergic or undergo apoptosis.
For example, immature DCs treated with IL-10 failrhature and, as a result, induce
anergy in responder T cells[67]. Once generatecerggm T cells can suppress
development of an immune response by directly sgging the expression of MHC
class Il, CD80, and CD86 on DCs in culture[68].eQulatory cells play a role in the
expression of tolerance and it is likely that thesdls are stimulated initially by
DCs[69;70]. T regulatory cells that secrete suppvesfactors like 1L-10, TGF- b, both
IL-10 and TGF- b, and those that suppress by @&dlleontact can suppress ThO, Thil,
and Th2 T cells. T regulatory cells are typicalgngrated when responder T cells are
stimulated repeatedly in the presence of high teweéllL-10[71], a cytokine that can be
secreted by DCs. DCs secrete IL-10 and inhibit T p®liferation, cytokine secretion

and IgE production in an antigen-specific mafigr
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Generation of memory

The role of the DC in CD8 T cell memory is not clg&known but it has been
reported that memory CD8 T cell persistence wasidggnt on the balance of IL-15
with IL-2[73]. DCs secrete IL-15 [74,;75] therefgpkying an indirect role in CD8 T cell
memory.Van Essen et al. [76]has demonstrated tB&t Tcell memory depend on DCs
to process and present antigen. The source ofrithigea was thought to be antigen-
antibody complexes on follicular dendritic celld(Es). This study also demonstrated a
requirement for B cells to maintain memory develepi likely to facilitate the

development of FDCs and to secrete the complexifgmntibody[64].

B cell stimulation/function

Beside activating naive T cells, DCs also playla no stimulating B cells in both
lymph node T cell areas and germinal centers[37Ts stimulate B-cells indirectly by
activating T-cells to upregulate CD40L and secigteell helper factors. Additionally
DCs can also interact directly with CD40-activatedve B cells to induce proliferation
within the paracortical areas of the lymph node[Flrthermore DCs can play a role in
B cell differentiation into IgM-secreting plasmalls [78;79] through IL-12 dependent
mechanism. However, plasma cell differentiation edso be facilitated by other DC
cytokines[78]. DCs can capture and present unpseckantigen to B cells and induce an
IgG switch both in vitro and in vivo[80] A uniqueDiE population exists in the germinal
centers of secondary lymphoid tissue and is ingmorin B cell recall responses[81].
FDCs along with memory B cells play an importanéna maintaining serum antibodies
for long periods after exposures to infectious #g[éd].

Reactive oxygen species

Reactive oxygen species (ROS) are oxygen-deriveall smolecules, including
oxygen radicals [superoxide £, hydroxyl (*OH), peroxyl (R@), and alkoxyl (ROs)]
and certain nonradicals that are either oxidiziggnés and/or are easily converted into
radicals, such as hypochlorous acid (HOCI), 0zo@g), (singlet oxygen (1€), and
hydrogen peroxide (¥D;)[82]. ROS are produced in response to growth facto

cytokines, G protein—coupled receptor agonistshear stress[83].
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ROS have important signaling properties in manyscaicluding DCs. DCs are
equipped with a membrane localized electron trarisggstem, nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase, that redunelecular oxygen to superoxide
anions at the expense of NADPH[84-86]. ActivatmihDCs may thus initiate/include
ROS-mediated autocrine/paracrine regulatory funstitNADPH-oxidase is activated by
a large number of receptor-binding agonists, indggbarticles that trigger phagocytosis,
chemoattractants, and other “danger molecules.” piteeise receptor repertoire thus
determines the responsiveness of the cells totecplar agonist [87]. A role for NADPH
oxidase in phagosomal function was reported bec®hASBPH oxidase activity was
required to the efficient killing of intracellul&scherichia coli in human DCs [88]. The
phagosomal pH in DCs is controlled through an d@guiim of the activities of two
multimolecular complexes present on the membraribese compartments: the NADPH
oxidase NOX2 and V-ATPase [47] and H+ channel[89].

ROS affect the maturation state, the production aadretion of cytokines,
[85;88;90;91]and the antigen presenting capacitip©t&. The cells become functionally
more efficient when exposed to ROBhus, ROS could serve as endocrine regulators of
DC function and thereby influence the nature oféhsuing immune response. There is
evidence that ROS change the outcome of the DQO-Trderraction[85]. Even though
ROS-deficient DCs have retained the capacity taigedT cell proliferation in vitro, T-
cells activated in the absence of ROS exhibit tared differentiation profile[88].

Toll Like Receptors

Initial recognition of microbes in thedy is based on germ line encoded pattern
recognition receptors (PRR) that selectively biaccomponents of pathogens, know as
pathogen associated molecular patterns (PAMP). Suntiee most important PRRs are
the TLRs, 13 of which have been recognized in malsinfid.R1 to TLR13[92],. TLRs
together with the Interleukin-1 receptors form a&emor superfamily, known as the
"Interleukin-1 Receptor/Toll-Like Receptor Superibfh all members of which have a
so-called TIR (Toll-IL-1 receptor) domain in commoFfhey recognize the PAMPs of

bacterial, fungal and viral components (Fig. 4)[35]
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Activation of TLRs signaling pathways leads to tineluction of various genes that
function in host defence, including inflammatorytakines, chemokines, MHC and co-
stimulatory molecules. TLRs are abundant on théase of macrophages, neutrophils
and DCs, as well as on the epithelial cells lirtimg lung and gut.

Lipopolysaccharides (LPS) were first identifiednasst potent TLR ligands. LPS
are found in the outer cell walls of Gram-negatdaeteria and are recognized by TLR4
[93;94].Lipid containing components from the cellis of a variety of microorganisms
are recognized by TLR2 and related TLRs, such a@&1ITand TLR6 [95-97]. TLR5 is
involved in recognition of flagellin which elicitsunosal immune responses by acting on
epithelial cells or macrophages. TLR5 is also esged in DCs residing in the mucosa
[98]. Bacterial and viral DNAs are recognized byRA. Their activity is dependent on
unmethylated CpG motifs, which are more abundanbanterial than in mammalian
DNA[99]. Single-stranded viral RNA is recognized BY.R7 and also by its close
relative, TLR8 [100;101]. These interactions aréical for sensing RNA viral infection.
RNA viral infection also induces the productiondduble stranded RNA (dsRNA) in
infected cells, and these dsRNAs can act as imnadjevants after recognition by
TLR3[102]. TLR11 has been shown to be expressetladder epithelial cells and
mediate resistance to infection by uropathogenitdre in mouse [103].

Individual TLRs are differentially distributed withthe cell. TLR1, TLR2 and
TLR4 are expressed on the cell surface. In contidd$k3, TLR7, TLR8 and TLR9 have
been shown to be expressed in intracellular comgatsnsuch as endosomes [49]. The
latter is understandable because nucleic aciderab®dded inside the pathogens. In the
endosome of virus infected cells, the nucleic a@ads released from the virus and
encounter their respective TLRs. Consistent with, thucleic acid-recognizing TLRs are

expressed mainly in phagocytes[104].
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Figure 4:TLR ligands and signalling[35]

endosome

TLR signalling pathways

MyD88-dependent pathway

The activation of TLR signaling pathways originabesn the cytoplasmic TIR domains.
The TIR domain is conserved among all TLRs, exdeptTLR3. In the signaling
pathway downstream of the TIR domain, a TIR donwntaining adaptor, MyD88, has
been first characterized to play a crucial role]1Qfpon stimulation, MyD88 recruits IL-
1 receptor-associated kinase (IRAK) to TLRs throuméraction of the death domains of
both molecules (Fig. 4). Toll-interacting protelfQLLIP) can also associate with IRAK
and the TIR domains of the receptors, and rectRifK to the receptor complex [106].

IRAK is activated by phosphorylation and then asges with TNF receptor-associated
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factor 6 (TRAF6) [107] leading to the activation BAK1 and MAP kinase kinase 6
(MKK®) signaling pathways, which inturn leads teethctivation of c-Jun N-terminal
kinase (JNK), NF«B and p38 MAP kinase respectively [108].

Macrophages and DCs derived from MyD88 knockoutendic not produce the cytokines
IL-13, TNF-a, IL-6 and IL-12 when stimulated with LPS, polyl®ALP-2 or CpG,
which signal through TLR4, TLR3, TLR2 and TLR9, pestively[102;109-111].

Consequently, MyD88-deficient mice are completelsistant to endotoxic shock [109].

MyD88-Independent pathway

MyD88-deficient bone marrow derived DCs (BMDCs)nsilated with LPS,
polylC or CpG fail to produce IL-12 or IL-6. Howayehey can still induce activation of
NF-kB, JNK and p38, which upregulate expression of Md@d co-stimulatory
molecules, such as CD80 and CD86, when treated MAth or polylC, but not when
stimulated with CpG[102;110;112]. These resultsidatkt that TLR4 and TLR3 are
sufficient for DC maturation by MyD88-independengraling pathway(s). MyD88-
dependent signalling pathway is necessory forridadtion of IL-6 and 1L-12[110;112].
TIR domain—containing adaptor protein (TIRAP)/MyDB&8aptor-like (Mal) shown to
function downstream of TLR4[113;114]. TIRAP poss&ssa C-terminal TIR domain like
MyD88 but lacks an N-terminal death domain. TIRARBariates with the TIR domain of
TLR4, and a dominant-negative form of TIRAP inksbTLR4 mediated activation, but
not TLR9 or IL-1R mediated activation of NF--B, icating that TIRAP regulate
activation of the MyD88- independent pathway[11RIRAP also associates with the
protein kinase PKR and two PKR-regulatory protelR8CT (PKR-activating protein)
and p58, indicating that PKR functions downstrealmTlRAP. Indeed, PKR can be
activated by LPS thrugh the MyD88-independent path{t14] but PKR-deficient cells
shows impaired LPS signalling [115]. Taken togethiais indicates that TLR4 uses two
adaptors with TIR domains MyD88 and TIRAP whiabtntrol activation of distinct

signal-transduction pathways[114].
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TLR independent signaling

TLRs recognize pathogens at either the cell surtadgsosome/endosome membranes,
but not in the cytosol. The cytosolic pathogens @etected by various cytoplasmic
PRRs, which activate a number of signaling pathwakey are the NLR proteins and the
CARDhelicase proteins. These protein families areolved in the recognition of
bacterial and viral components, respectively [1M]Rs consist of a C-terminal LLR
domain, a central NOD and an N-terminal effectomdm that initiates signalling. The
minimal components of peptidoglycan are recognizgdNOD1 and NOD2, leading to
NF-xB activation and inflammatory response inductiob/][L Consistently, macrophages
lacking either NOD1 or NOD?2 fail to produce cytoé&smin response to the corresponding
ligands [118]. In addition to NOD1 and NOD2, seVelRlRs are present in the
cytoplasm. These NLRs are involved in inflammasdarenation and the production of
mature IL-1 and IL-18[35;119].

Fibroblasts lacking both MyD88 and TRIF can stiltlice the IFN in response to RNA
virus infection, indicating the existence of TLRig@pendent virus detectors[120;12Ah
RNA helicase, retinoic acid-inducible gene | (RIG-fecognise viral invasion in
cytoplasm and induces type 1 IFNs in a TLR-indepahdnanner [122;123]. RIG-I
possess two N-terminal caspase-recruitment dom@mAdRDs) followed by an RNA
helicase domain. The CARDs are responsible forasigansduction, which leads to the
activation of NFkB and IRF3/7 via their adaptor molecule, IBNbromoter stimulator 1
(IPS-1), which is located on the outer membraneitdchondria [124;125].

Phosphatidylinositol 3-kinases in the TLR signalliig

Phosphatidylinositol 3-kinaseqPl 3-kinases or PI3Ks) are a family of enzymes
involved in cellular functions such as cell growgholiferation, differentiation, motility,
survival and intracellular trafficking [126]. PIRBnase is a lipid kinase that catalyzes the
transfer of the-phosphate group of ATP to the D-3 position of R$d(3,4,5)P3 (PIP3),
and targets Akt/PKB, Bruton’s tyrosine kinase (BRPK, atypical PKCs, phospholipase
Cg and other enzymes. Previous studies have shawPi 3-kinase is involved in the
regulation of DC functions[127-130]. PI3-kinase prgsses the IL-12 production
triggered by TLR signalling and limits the Thl patation [131]. Inhibition of PI3-
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kinase enhances IFBl-synthesis [132]. On the other hand, LY294002, & Rhase
inhibitor abolished NFReB activation and IL-23 production[133Wloreover,the classd
PI3 kinase @10y crucially regulates neutrophil chemoattractanticetl migration to the
site of infection[134-136] PI3 kinase also playsimportant role in the ROS production
by the binding to p4)”{137;138].

P13 kinase pathway is also involved in the redatatof Na/H* exchanger in
fibroblasts. Downstream targets of the PI3 kinas¢hway include the serum and
glucocorticoid inducible kinase SGK1, which in turapregulates the N&*
exchanger[139]. However, nothing is known aboutrtile of PI3K in the regulation of

Na'/H" exchanger activity of DCs.
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Figure 5: Signal transduction pathway involving PI3s in immune cells [140]
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The oxidative stress-responsive kinase 1

The oxidative stress-responsive kinase 1 (OSRX) evaginally identified and named
because of its sequence similarity to SOK1 (Ste2@amt stress responsive kinase-1)
[141]. OSR1 is commonly expressed in all tissudsimst abundant in heart and skeletal
muscle [141]. The distribution of OSR1 at the orgarissue level largely overlaps with
SPAK [142;143]. OSR1 and SPAK have been suggesté@ toupled to cellular events
such as cell differentiation, cytoskeleton reareangnt, cell proliferation, and
transformation[144-148]In addition, extensive biochemical and physiatagistudies
demonstrate that OSR1 and SPAK are also involveddmegulation of ion homeostasis
and volume control in mammalian cells. OSR1 isvatéid by WNK (with no K kinases)
and in turn stimulates the thiazide-sensitive Nadotransporter (NCC) and the
furosemide-sensitive Na-K-2Cl cotransporter (NKGR)s contributing to transport and
cell volume regulation. For example, during hyperosc stress, OSR1 and SPAK
interact with and activate NKCC1 (NK*/2CI" Cotransporter-1). WNK1 is reported as a
substrate of Akt, a kinase strongly regulated bguiim, and Thr-60 of WNK1 is
phosphorylated by insulin [149}. wasreported thaPI3 Kinase and WNK4 are involved
in theinsulin inducedohosphorylation of SPAK and NCC[150]. However étts known
about extra renal functions of OSR1 and the posgsible of OSR1 in the activation of
DCs.

Intracellular pH and immune response

The maintenance of intracellular pH (pkh a controlled physiological range is
critical for normal cellular functions. In factd activity of intracellular enzymes, the
interaction of cytoskeletal elements and the ratavlach cells grow and differentiate
depend on pifit51]. In immune cells the plasmamebrane transpoNetype H ATPase
(V-ATPase), NHE, Nadependent and independent CI-/HCO3- exchangersalbabe-
gated H channels contribute to pHhomeostasis [152-154]. In this connection, V-
ATPase and NHE-mediated”Hefflux counteract the dangerous effects of exwessi
intracellular acidification, whereas Nadependent and independent /BCO3
exchangers can in addition protect the cells frgmosolic alkalinization by controlling

the efflux of bicarbonate [155-157]. In additionpam depolarization of the plasma
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membrane and/or strong intracellular acidifactiomitage-gated Hchannels create a'H
efflux, and thus contribute to pHomeostasis[158].

Several phagocytic functions are strictly connéd¢tethe cellular acid-base status.
Generally, an intracellular acidification represeah inhibitory condition for chemotaxis,
cell migration, ROS generation and the release/tafkines, but at same time it promotes
phagocyte spreading and adherence. Moreover, thke bmse status also influences
monocytic differentiation[159-161]..

Sodium/ Hydrogen Exchanger

Among several Htransport systems utilizing by the cells to mirdensignificant
pH; fluctuations, the best known system is represerigdthe sodium/ hydrogen
exchanger (NHE) family. NHE exchanges™Nar H" according to their concentration
gradients, thus promoting the regulation of; @id cell volume [162]. However, the
function of NHE is not restricted to pHomeostasis but seems to play a key role also in
the modulation of proliferation, differentiationjrsival, apoptosis, migration as well as
cytoskeletal organization [49;158;163-167] (Fiy.6

The nine members of the NHE family described so (MHE1-9) show a
particular tissue distribution patterfihe first five isoforms are expressed largely & th
plasma membrane, whilst the other isoforms (NHE6R&e been shown to reside
predominantly intracellularly, although NHE8 hasebeshown to reside also in the
plasma membrane of epithelial cells [168;169]. T$&form NHE-1 is found in the
plasma membrane of most mammalian cells and is abyndescribed as the
housekeeping isoform[165]. It regulates cell volueswed pH, cell morphology and
cytoskeletal organization. Other isoforms have aemestricted tissue distribution and
appear to regulate more specialized functions. NHEHE-3 and NHE-4 are expressed
predominantly in the kidney and gastrointestinatty while NHE-5 is expressed mainly
in the brain[165;170]. Two other classes of NHHasms NHE-6 and NHE-7 seem to be
exclusively localized in intracellular organellegck as mitochondrial and trans-golgi,
respectively. These isoforms are also expresséidsnes with high metabolic rates such
as heart, brain and skeletal muscle [171;172]. Récenew isoforms NHE-8 and NHE-9
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have been discovered but their intracellular l@edion is not yet completely elucidated
[173;174].
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Figure 6:Physiological functions of NHE-1[166].

(a) Growth factors can stimulate NHE-1, this leaddo increased cell growth, cell differentiation and
hypertrophy. (b) NHE-1 exchanges N& for H™ according to their concentration gradient and
promotes the regulation of cytoplasmic pH (pk and cell volume. (c) During ischemia—reperfusion

NHE-1 activation increases intracellular N4 thus stimulating the Na&/Ca** exchanger; the

subsequent increase of intracellular calcium induce cell death. (d) NHE-1 through its interaction
with ERM proteins can operate on cytoskeletal protins and modulate cell migration[166].

It has been reported in monocytic cells that NHEtgbutes to pHregulation
at rest or after intracellular acidification[1756]7 As reported earlier for macrophages,
also in monocytic cell line U937 the role of thessnsporters in pHegulation seems to
be strictly dependent on the initial setpoint of #H77;178].
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Role of NHE in ROS formation

ROS are diffusible and short-lived, localizing tR©OS signal at the precise
subcellular compartment after receptor activatoedgsential for specific redox signaling
events. Several enzymes, including the mitochohdhgtron transport system, xanthine
oxidase, cytochrome p450, NADPH oxidase, uncoudid synthase (NOS) and
myeloperoxidase, have been reported to produce RO%ever, the major source of
ROS appears to be the NADPH oxidase. In phagocgtls, NADPH oxidases consist of
membrane-associated cytochrome b558, comprising daglytic gp91phox and
regulatory p22phox subunits, and cytosolic comptsencluding p47phox, p67phox,
p40phox, and the small GTPase Racl [179]. In naypdic cells, several homologues
of gp91phox (also termed as Nox2) including Noxdx8l Nox4, and Nox5, as well as
the dual oxidases (Duox; Duox1 and Duox2), have eéentified [180;181]

The generation of ROS has been connected to stesp®nses, apoptosis,
aging and death [182;183]. In recent years, howebher “bad reputation” of D, and
other ROS molecules has been changed. These nedeard now being recognized as
molecules of life that are essential to the propevelopment and proliferation of the
cells. It has been known for some time that lowedosf HO, have mitogenic effects and
can mimic the function of growth factors [184;185].

The enzyme NADPH oxidase plays a crucial role irsthdefense by
producing ROS. Phagocytic cells through the NADPKkidase dependent ROS
generation can counteract and kill invading micsjh86]. NADPH dependent ROS
production occurs according to the following reawti

NADPH + 20— NADP+ H" + 20,

In macrophages and other specialized phagocyiis, ¢8¢ADPH oxidase activity
is diminished by an increase in cytosolit ¢bncentration. In this connection, NHE could
play a homeostatic role to counteract a potenti@solic acidification.

It has been reported that in Nadepleted medium or in the presence of amiloride,
cytoplasmic acidification was observed in liver mghages upon activation of NADPH
oxidase by zymosan or PMA. No such effects wereedesi at physiological

concentrations of Ng187].
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Role of NHE in cell volume regulation

The maintenance of adequate cell volume is ondefriost important factor not only in
defining intracellular osmolality and cell shapat blso in the regulation of other cellular
functions, such as transepithelial transport, ntigna growth, survival, and the
regulation of intracellular metabolism[188]

Exposure of cells to hypertonic medium or cellutas of osmolytes leads to exit
of water according to the osmotic gradient and ttuusell shrinkage. The following
regulatory cell volume increase is accomplishedidry uptake [189]. Cell shrinkage
leads to activation of the N&*-2CI cotransporter and/or the combined activation ef th
Na'/H" exchanger in parallel to the (ICO3; exchanger [189]. The 'Hand the HC®
extruded by the N#H" exchanger and the GICO3 exchanger, respectively, are
replenished in the cell from GQria H,COs. The net effect of those two carriers is thus
NaCl entry. N& accumulated by either R ™-2CI cotransport or NdH" exchange is
extruded by the N#&K"™ ATPase in exchange for’KThus, the transporters eventually
lead to uptake of KCI. Several NK*-2Clcotransporter [190] and N exchanger
isoforms [189] have been cloned, which do not elive cell volume regulation. For
instance, the N#&H" exchangers NHE-1, NHE-2 and NHE-4 are activatechhg NHE-3
is inhibited by cell shrinkage [189].

It has been reported that in the alveolar macrophaHE exerts a minor role for pH
setpoint regulation, but it seems to play a kelg for cellular volume regulation in
hyperosmotic conditions[191]. Since it is known tthaodification of cell volume
represents an upstream signal able to activataceitular messengers and thus promote
different cellular responses [192], it is conceiealtnat NHE could be a crucial target for
any phagocytic activity coupled with cellular volanalterations. Several phagocytic
functions, including chemotaxis and the responsehmoattractants depend on cellular
volume, and NHE-dependent volume regulation coeloresent an important step for
phagocytic cell migration to different microenviraants such as interstitial fluids, tumor

tissues and abscesses [192].
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Role of NHE in migration

Cell migration is important for many physiologicahd pathophysiological
processes such as embryogenesis, immune defencedweealing or metastasis. In
fibroblasts along with intracellular pH and celblume regulation, NHE1 is also
involved in cell migration[193]. NHE1 acts dowream of RhoA and contributes to the
integrin-induced cytoskeletal reorganization[19MHE1 mutations in fibroblasts that
disrupt ERM binding, but not ion translocation,dsao impaired organization of focal
adhesions and actin stress fibers, and an irregalbshape and impaired adhesions[195].
Thus, the colocalization of ERM proteins and NHEpears to facilitate modulation of
cytoskeletal dynamics required for cell migratiaNHEL is required for the cytoskeletal
anchoring and polarity and its activity makes andigant contribution to cell adhesion,

motility and migration[193].

Rationale for the present studies

The stability of cytoplasmic pH (pHin a controlled physiological range is
critical for normal cell functions such as the wityi of intracellular enzymes, the
interaction of cytoskeletal elements, cell probfison and differentiation [151]. In case of
dendritic cells (DCs), several phagocytic functi@me strictly connected to intracellular
pH; such as chemotaxis, cell migration, reactive orygpecies (ROS) generation,
cytokine release, phagocyte spreading and adhdi&®:&61;166]. Moreover, it has
been shown that the acid-base status also inflsenoenocytic differentiation[176].
Several H transport systems in cells aid in minimising sfigaint pH fluctuations.The
sodium/ hydrogen exchanger (NHE) family, is onehssigstem, which exchanges Nar
H* based on their concentration gradients. IndeedHNaxchangers have been reported
to regulate cell proliferation, differentiation, rsival, apoptosis, migration as well as
cytoskeletal organization[158;163-167].

Bacterial lipopolysaccharides (LPS) are known statars of DCs and are known
to trigger the formation of ROS[85;196]. In macragks, ROS formation is paralleled by
activation of the N&H® exchanger[191;197-202]. However, the role of "/N&

exchangers in the DC activation has not been gsuiiedetail and it is interesting to
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verify the effect LPS on N#H" exchangers and the significance of & exchangers in
DC functions.

On the other hand it has been shown that regulatiddC function involves the
phosphoinositide 3- kinase (PI3 kinase) pathway{120]. PI3 kinase is activated by
LPS and provides a negative feedback regulationilel?2 production[129;131].
Therefore, it is also important to elucidate whettlee Nd/H® exchanger in DCs is
regulated by PI3-kinase dependent signaling andtheheP13-kinase sensitive NH"
exchanger activity participates in the regulatibD@ functions.

It has beeralsoreported that PI13-Kinase and WNK4 are involvedha insulin
inducedphosphorylation of SPAK and NCC[150]. The oxidatsteess-responsive kinase
1 (OSR1) is activated by WNK (with no K kinasesgan turn stimulates the thiazide-
sensitive Na-Cl cotransporter (NCC) and the furademsensitive Na-K-2Cl
cotransporter (NKCC) thus contributing to transpamtd cell volume regulation along
with NHE. Thus,it is necessary to know whether the decreased OSRAtyaalters the

DC function.

AIMS OF THE STUDY

1. To study the expression of NH" exchangers in DCs and to identify the
prominent isoforms expressed in DCs.

2. To determine the effect of LPS on Ma" exchanger activity in DCs and to study
their possible role in the activation of DCs.

3. To analyze the role of PI3- kinase in the regutattbNa’/H" exchanger activity.

4. To elucidate the significance of cell volume regog mechanisms in DC
functions using cells obtained from mice with dased OSR1 activity.
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4. MATERIALS AND METHODS

MATERIALS
Equipment

Eppendorf Centrifuge 5415R

Eppendorf Pipets 10@0 200ul, 20ul, 10ul

Fluorescence microscope
Fluorescence Microscopy

low lightCCD camera

LSM 510 confocal microscope
Lambda 10-2 Sutter Instrument
Lamp ebx 75 isolated

Light cycler

FACS-Calibur

FACS tubes, 1,3ml, PP, round bottom
Incubator

MagNa Lyser

Mastercycler gradient

Metaflour Image Analyzer software

Microflow Biological Safety Cabinet

Microscope Stemi 2000
Milli-Q

pH Meter 765
Vortex

Hinz GmbH, Hangh@ermany.
Eppendorf, Hamburg, Germany.
Axiovert, Zeissa,J&ermany.

Proxitronic, Bensheim, Germany.

Zeiss, Jena, Gaym
Novato, USA.
Leika, Jgparmany.
Roche Diagnostics, Mannheiner@any.
Becton Dickinson, Heidelbergr@any.
reii@r bio-one, Frickenhausen.
Heraeus, Hanau.
Roche Diagnostics, Mannhei@;n@&ny.
Eppendadmburg, Germany.
MDS Analyticachnologies,
Toronto,Canada.
Nalge Nunwjesbaden-Bierbach,
Germany.
Zeiss, J&&many.
MILLIPORE, S.A. Molsheim France.
Germany.
Knick, Zweibrtcken, Germany.

Labnet Abimed, Langenfeld, Germany.
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Chemicals

BaCbx2H,O
BCECF

Carl Roth, Karlsruhe, Germany.

Molecular Probes, Leiden, Netherlands.

(2',7',-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluescein)

BD FACS Flow solution
Buffer —formamide

BSA bovine serum albumine
CaCbx2H,0

Cariporide

DCFDA

Diethyl ether

EDTA

(Ethylenediamine tetraacetic acid)
Ethanol absolute (99%)
ECL kit

(enhanced chemiluminescence)
Formaldehyde solution
Glucose

GM-CSF

HCI

HEPES

KoHPOx2H,0

KCI

KH,PO,

LPS (Lipopolysaccharide)
from Escherichia coli
LY294002

Lysis buffer

Mannitol

Becton Dickinson, Heidelberg
Sigma, Taufkirchen, Germany.
Sigma, Kmahen, Germany.

Carl Roth, Karlsruhe, Germany.

Sigma, Schnelldorf, Germany.
Carl Roth, Karlsruhe, Germany.

Sigma, Taufkirchen, Germany.

Sigma, Taufkirchen, Genyna

Amersham, Freiburg, Germany.

Sigma-Aldrich, Taufkirchen, Germany
Carl Roth, Karlsruhe, Germany.
Preprotech, Tebu-bio, Rocky Hill, NJ.
Sigma, Taufkirchen, Germany.
Sigma, Taufkirchen, Germany.
Sigma, Taufkirchen, Germany.
Carl Roth, Karlsruhe, Germany.
Sigma, Taufkirchen, Germany.

Sigma-Aldrich, Germany.

Sigma-Aldrich, Germany.
Pierce, Rockford, USA.
Sigma, Taufkirchen, Germany.
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MgSO,

NacCl

N-Methyl-d-glucamine (NMDG)
Nigericin

PBS (Phosphate buffer saline)
Phorbol ester

Protease inhibitor cocktail
RPMI 1640

Sigma, Taufkirchen, Germany.
Sigma, Taufkirchen, Germany.
Sigma, Taufkirchene@any.
Sigma, Taufkirchen, Germany.
GIBCO, Karlsruhe.
Sigma, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
GIBCO, Carlsbad, Germany

Sterilium Carl Roth, Karlsruhe, Germany.

TBOH Sigma-Aldrich, Taufkirchen, Germany.
TEA buffer Sigma, Taufkirchen, Germany.
(triethanolamine acetic anhydride)

Tempol Sigma, Taufkirchen, Germany.

Tiron Sigma, Taufkirchen, Germany.

Tris buffer Sigma, Taufkirchen, Germany.

Tween-20 Sigma-Aldrich, Taufkirchen, Germany.

Wortmannin Sigma-Aldrich, Taufkirchen, Germany.

Kits and Antibodies

FITC-conjugated anti-mouse CD11c
TNFa ELISA kits

BD Pheningen, Heidelberg, Germany
BD PharMingen, Heidelberg, Germany.

Animals

All animal experiments were conducted accordinG&man law for the welfare
of animals and were approved by local authoritizgandritic cells (DCs) were cultured
from bone marrow of 7-11 weeks old female C57/Bhite (Charles River, Sulzfeld,
Germany)[144;203], heterozygous OSR1 knockin mase"{) and respective wild type
mice osr'"). osr™' and osr'™" mice were kindly provided by D. Alessi, Universiof
Dundee, UK. As described earlier[204], the knoakilce carry a mutation of the T-loop
Thr residue in OSR1 (Thr185) to Ala preventing\aation by WNK isoforms. Mice had

free access to control diet (1314, Altromin Heider@ermany) and tap drinking water.
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METHODS

Cell Culture

Bone marrow-derived cells were flushed out of theitees from the femur
and tibia with PBS. Cells were then washed twict \WMPMI and seeded out at a density
of 2 x 1@ cells per 60-mm dish. Cells were cultured for 6dayRPMI 1640 (GIBCO,
Carlsbad) containing: 10 % fetal calf serum (FCBY% penicillin/streptomycin, 1 %
glutamine, 1 % non-essential amino acids (NEAA) #&na5 % p-mercaptoethanol.
Cultures were supplemented with granular monocgileny stimulating factor (GM-
CSF, 35 ng/mL, Preprotech Tebu) and fed with fresddium containing GM-CSF on
days 3 and 6. At day 280% of the cells expressed CD11c, which is a madkemouse

DCs. Experiments were performed at days 7-9 of Di@ice.

Immunostaining and flow cytometry

Cells (4 x 16) were incubated in 100 pl FACS buffer (phosphattebed saline
(PBS) plus 0.1% FCS) containing fluorochrome-coajed antibodies at a concentration
of 10 pg/ml. A total of 2 x 10cells were analyzed. Staining with FITC-conjugaded-
mouse CD11c (BD Pharmingen, Heidelberg, Germang) wsad as a positive marker for
dendritic cells. After incubating with the antiboftyr 60 minutes at 4°C, the cells were

washed twice and resuspended in FACS buffer fov igtometric analysis.

Treatments

Stock solutions of LPS were prepared in culturediom@ whereas all other
substances were dissolved in sterile distilled wathe cells were treated by adding the
substances to the cell suspension at the indidatatl concentrations and incubating

accordingly at 37°C in a humidified 5 % g@mosphere.

Determination of cell volume

Cell volume was determined by the forward scatteflow cytometric analysis.

Briefly, 2 x 10 cells were taken in a culture dish and treateth WRS (with or without
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cariporide). After the treatment, cells were cdie centrifuged, the pellet was
resuspended in FACS buffer and analysed with flggoroetry (FACS-calibur from

Becton Dickinson; Heidelberg, Germany).

Determination of ROS production

ROS production in DCs was determined utilizirig’2ichlorodihydrofluorescein
diacetate (DCFDA)[205]. Briefly, 2 x fGcells were taken in a culture dish and treated
with LPS (with or without cariporide). After theetmtment, cells were collected and
DCFDA (Sigma, Schnelldorf, Germany) was added t® ¢kll suspension at a final
concentration of 10 pM. After 30 minutes of incubatin the dark at 37°C, cells were
centrifuged and the pellet was washed twice wittrdald PBS. The pellet was then
resuspended in FACS buffer and the fluorescence amatysed with flow cytometry
(FACS-calibur from Becton Dickinson; Heidelberg, r@any). DCFDA fluorescence
intensity was measured in FL-1 with an excitaticvelength of 488 nm and an emission

wavelength of 530 nm.

Phosphatidylserine translocation

Apoptotic cell membrane scrambling was evidencednfannexin V binding to
phosphatidylserine at the cell surface[206]. Tosthend, the percentage of
phosphatidylserine-translocating cells was evathidtg staining with FITC-conjugated
Annexin V. In brief 4x10 cells were harvested and washed twice with Annesxishing
buffer (AWB, 10mM Hepes/NaOH, pH 7.4, 140 mM Na&InM CacC}). The cell pellet
was resuspended in 100 ml of Annexin-V-Fluos labglisolution (Roche) (20 ml
Annexin-V-Fluos labelling reagent in 1 ml AWB), uigated for 15 min at room

temperature. After washing with AWB, cells were lgpad by flow cytometry.

Measurement of intracellular pH

For digital imaging of cytosolic pH (pH cells were incubated in a Hepes-
buffered Ringer solution containing 10 pM 2'7'-Bisrboxyethyl)-5(6)-
carboxyfluoresceinacetoxymethylester (BCECF-AM Mollar Probes, Leiden, The
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Netherlands) for 15 min at 37°C. After loading, tileamber was flushed for 5 min with
Ringer solution to remove any deesterified dye. pédusion chamber was mounted on
the stage of an inverted microscope (Zeiss Axiov&b), which was used in the
epifluorescence mode with a 40 x oil immersion otiye (Zeiss Neoplan, Germany).
BCECF was successively excited at 490/10 and 44@#i,0and the resultant fluorescent
signal was monitored at 535/10 nm using an intestsi€harge-coupled device camera
(Proxitronic, Germany) and specialized computetvgfe (Metafluor, USA). Between
10-20 cells were outlined and monitored during terse of the measurements. The
results from each cell were averaged and takefifaranalysis. Intensity ratio (490/440)
data were converted into pHvalues using the high-¥nigericin calibration
technique[207]. To this end, the cells were pedusethe end of each experiment for 5
minutes with standard high“Kigericin (10 pg/ml) solution (pH 7.0). The intéygatio
data thus obtained were converted into pH valuesguthe Fkax Imin, PKa values
previously generated from calibration experimentgénerate a standard nonlinear curve
(pH range 5 to 8.5).

For acid loading, cells were transiently exposea@ tolution containing 20 mM
NH,CI leading to initial alkalinization of cytosolicH (pH;) due to entry of Nkl and
binding of H to form NH,;"[207]. The acidification of cytosolic pH upon renabwof
ammonia allowed calculating the mean intrinsic éuffg power () of the cells[207].
Assuming that N and NH are in equilibrium in cytosolic and extracellufarid and
that ammonia leaves the cells asi\NH

B =A[NH4]/ApH;,

whereApH,; is the decrease of cytosolic pH (pkbllowing ammonia removal and
A[NH,"i is the decrease of cytosolic hHconcentration, which is identical to the
concentration of [NEf]; immediately before the removal of ammonia. The foK
NH;/NH3 is 8.9 [208] and at an extracellular pH @pdf 7.4 the NH" concentration in
extracellular fluid ([NH'o) is 19.37 mM [20/(1+1%"°P]. The intracellular N
concentration ([NH|;) was calculated from:

[NHg]i = 19.37- 10°7°PH mMm
To calculate the\pH/min during re-alkalinization, a manual linear\ias placed

over a narrow pH range (pH 6.7 to 6.9) which cdagdapplied to all measured cells.
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The solutions were composed of (in mM): standargdde 115 NaCl, 5 KCI, 1
CaCh, 1.2 MgSQ, 2 NaHPO, 10 glucose, 32.2 Hepes; sodium free Hepes: 132.8
NMDG, 3 KCI, 1 CaCl, 1.2 MgSQ, 2 KH,PQ,, 32.2 Hepes, 10 mannitol, 10 glucose
(for sodium free ammonium chloride 10 mM NMDG andrmnitol were replaced with 20
mM NH,4CI); high K for calibration 105 KCI, 1 Cagl 1.2 MgSQ, 32.2 Hepes, 10
mannitol, 5 uM nigericin. The pH of the solutionsaswtitrated to 7.4 or 7.0 with
HCI/NaOH, HCI/NMDG and HCI/KOH, respectively, at&7.

Real time PCR

To evaluate OSR1 or NHE transcript levels, mRNAralance was determined
by quantitative real-time PCR. To this end, totdARwas isolated using the Trifast
Reagent (Peqlab, Erlangen, Germany) accordingetondnufacturer’s instructions. RNA
was reverse-transcribed using oligo(gh} primers (OSR1) and random hexamers
(Roche Diagnostics, Penzberg, Germany) and SupptStrReverse Transcriptase.
Then, quantitative real time PCR was performed wlith BioRad iCycler i Real-
Time PCR Detection System.

OSR1 mRNA expression was analysed using the TagMane Expression Assay
Reactions were performed using Universal TagMantétaas per the manufacturer’s
reccomendations (Stepl: 50°C for 2 minutes : Step52C for 10 minutes; Step 3: 40
cycles of thermal cycling at 95°C for 15 sec. af8Gfor 60 sec)

NHE mRNA expression was analysed using the iTatj F4BR Green system according
to manufacturer’s reccomendations (Step 1: 95°Q@ fianin; Step 2: 40 cycles of 95°C for
15 sec, 55°C for 15 sec and 68°C for 20 sec).

Calculated mRNA expression levels were normalizethé expression levels of
TBP in the same cDNA sample. Relative quantificatiof gene expression was

calculated according to tReACt method.

For the amplification we used the following priméss3’orientation):
Nhel, fw TCTGATGGTGCTGGCAGTAG rev; ATGTCCCAGGTCTTACGC

Nhe2, fw TTGAAATGGCAGAGACAGGGA rev CATTTCGCCTGGCGTAL;

Nhe3, fw GTCACCCAGGATGTAGCCTCTG rev GGTGGCACCCTGGAGGAT,;
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Nhe4, fw ATGCGGAAAGGCCAGAGTCT rev TCTCTCCTTGCTGCCRGG;

Nhe6, fw TGCCTGGCTCTTTCGGATG rev AGCAGGCTGGGAGTGTES,

Nhe7, fw GCAGGAAAGTGCATGGATATTCA rev GGAGAGTGGTGGTAGCGGG;
Nhe8, fw CTCGTGGACATCGAGGATGC rev AGGTGCTCTGACTCGAC;
Nhe9, fw ACGAAGACAGAGAGTGCACAGCT rev GTGGTGGTCAGTGRSGGC;
Thbp, fw CACTCCTGCCACACCAGCTT rev TGGTCTTTAGGTCAAGTACAGCC.
OSR1, Fw TTTCTCAGCTGAGGTCTCCCCG

Rev TGCCATCATCAGGAATATCCGAGCC

Western blotting

DCs (2 X 16 cells) were washed twice with PBS, then solubiliize lysis buffer
(Pierce) containing protease inhibitor cocktailg{8a-Aldrich, Schnelldorf, Germany).
Samples were stored at -80°C until use for Wedtstiing. Cell lysates were separated
by 7.5 % SDS-PAGE and blotted on nitrocellulose tnemes. The blots were blocked
with 5% BSA in triethanolamine-buffered saline (TB&d 0.1% Tween-20. Then the
blots were probed overnight with primary antibicdanti p-Akt (1:1000, Cell Signaling),
anti Akt(1:1000, Cell Signaling), GAPDH (1:1000, IC8ignaling) and anti p-NKCC1
[209] (1:5000) antibodies diluted in 5% milk in PEB®d 0.1% Tween-20, washed 5
times, probed with secondary antibodies conjugatigid horseradish peroxidase (1:2000)
for 1 h at room temperature, and washed final ®sinAntibody binding was detected
with the enhanced chemiluminescence (ECL) kit (Asheam, Freiburg, Germany).

Densitometer scans of the blots were performedyulumantity One (BioRad).

Determination of migration

For migration assays transwell inserts (BD Falc68087) and BD BioCod
Matrigel™ Invasion Chambers (BD Biosciences 354480) werd ugth a pore diameter
size of 8 um. The transwells were placed in a 24-@&dl culture plate containing cell
culture medium (750 pl) with or without chemokingahd 21 (CCL21, 250 ng/ml,
Peprotech) in the lower chamber. The upper chamberrs filled with 500 pl cell culture
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medium containing DCs at a concentration of 50,680s/ml. The chamber was placed
in a 5% CQ 37°C incubator for 4 hours. In the following, then-migrated cells were
removed by scrubbing with a cotton-tipped swabt¥ow times and washing with PBS.
The membrane was removed with a scalpel and fime?4 paraformaldehyde (PFA) for
15 mins. The migrated cells were then identified dbgining with 4',6-diamidino-2-
phenylindole (DAPI).

Statistics

Data are provided as means + SEMrepresents the number of independent
experiments. All data were tested for significanseng Student’s unpaired two-tailéd

test or ANOVA and only results with p < 0.05 wermnsidered statistically significant.
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5. RESULTS

Effect of bacterial lipopolysaccharide on N¥H"* exchanger activity

Quantitative real time PCR analysis was carried toutdentify the prevailing
Na'/H" exchanger isoforms expressed in the dendritis.cal illustrated in Fig. 7, the
DCs expressed mainly the NHE1 and NHEG6 isoformsthien studies were aimed at
elucidating the functional significance of NHE1fmon which is known to be expressed

in the cell membrane as compared to NHE6 isofornthvis known to be expressed in
mitochondrial membrane[210].

2.5

2.0

15

1.0

05 -

0.0 , , , ‘ e .

NHE1 NHE2 NHE3 NHE4 NHE6 NHE7 NHES8 NHE9
Relative expression of NHE isoforms in mouse dendritic cells

Copies NHE/Tbp

Figure 7:NHE expression in mouse bone marrow derivieDCs.

Arithmetic means =+ SEM (n = 3 independent experitsieof relative NHE mRNA expression in DCs.
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To determine, whether the NH® exchanger is functional in DCs, the pH
recovery of the cells after ammonium pulse was oreas using the BCECF
fluorescence. In this maneuver, MH is added to the perfusate. BEnters the cells,
binds H to form NH," and thus leads to a transient cytosolic alkaliivra(Fig. 8). The
subsequent removal of N&I leads to exit of Nklleaving H behind. The Htrapped in
the cell leads to cytosolic acidification (Fig. 8 the absence of Nathe average
cytosolic pH declined further after an ammoniumspulrevealing that the cells did not
express sufficient levels of Réndependent H extrusion mechanisms to maintain or
recover cytosolic pH (table 1). The addition of Need, however, to a rapid pH recovery
pointing to the operation of a N&* exchanger. The Nalependent pH recovery was
blunted in the presence of NHEL1 inhibitor cariper{#ig. 9, table 1).

Treatment of DCs with LPS did not significantly ext the buffer capacity of the
cells (table 1). Accordingly, the relation betwadhtransport across the cell membrane
and cytosolic pH was comparable in the presenceardnce of LPS. As revealed from
the ammonium pulse experiments, a 4-hr LPS tredtmvan followed by a marked and
statistically significant increase in Ndependent realkalinization (table 1, Fig. 8). In
order to determine the concentration of LPS triggerhalf maximal effects, NHE
activity of DCs was studied at varying LPS concatmtns (100 ng/ml - 10 pg/ml). A
sigmoidal dose response curve was obtained (Figw@h a peak response at 1 pg/ml
LPS. The following experiments were performed aursding LPS concentration (1
png/ml). Further experiments were performed to elaie the time course of the LPS
effect on NHE activity. As shown in Fig 8c, LPS |i/ml) increased NHE activity

within one hour.
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Figure 8: LPS treatment leads to stimulation of NHEactivity in DCs

Alterations of cytosolic pH (phiin bone marrow derived DCs following an ammonipuatse. To load the
cells with H, 20 mM NH,CI was added and Naemoved (replaced by NMDG) in a first step (seesba
below each original tracing), N8I removed in a second step, Nalded in a third step and nigericin (pH
7.0) applied in a fourth step to calibrate eaclividdal experiment.

a. Original tracings (x SEMS) illustrating alterateof cytosolic pH in typical experiments prior igpper
left) and 4 hours following treatment with LPS 1@§'ml (upper right) or LPS 1 pg/ml (lower left) bPS
10 pg/ml (lower right panels).

b. Dose response curve of LPS: Arithmetic means + SEM- 3 independent experiments) of ‘Na
dependent recovery of cytosolic pH in DQ@gK/min) following an ammonium pulse prior to (LPS
pa/ml) or 4 hours following treatment with varyingpncentrations of LPS. * indicate statistically
significant difference from control (LPS ‘0’ pg/ml)

c. Time response curve of LPS: Arithmetic means * SEM= 3 independent experiments) of ‘Na
dependent recovery of cytosolic pH in D@pK/min) following an ammonium pulse prior to (tirpeint
‘0’ hrs) or following treatment LPS at differentrté points. * indicate statistically significant féifence

from control (time point ‘0’ hrs).
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To determine NHEL contribution in LPS stimulated Ectivity, further series
of experments was performed with specific NHE1 liitor cariporide. Treatment of DCs
with LPS (1 pg/ml) was followed by a marked andistizally significant increase in
Na'-dependent realkalinization within 1 and 4 houmblg 1, Fig. 9). Again, in the
absence of Nathere was a further acidification, i.e. acceledatealkalinization
following LPS treatment was due to Naependent Hextrusion pointing to stimulation
of Na'/H" exchanger activity (Fig. 9). The increase in"MlM& exchanger activity was
blunted in the presence of the NHE1 inhibitor carigle (10 uM) (Fig 9). Accordingly,
LPS significantly increased the cariporide sensitigalkalinization (from 0.12 to 0.38
pH units/minute). The N&#H* exchanger activity declined thereafter to values
significantly below the N#H" exchanger activity prior to LPS treatment (Fig. 9)
Treatment of DCs with LPS did not significantly nifgdcytosolic pH within the first 4
hours, indicating that the N&d™ activity required cytosolic acidification and/drat it
was paralleled by enhanced Heneration. LPS did not affect the buffer capaoityhe
cells (table 1). Accordingly, the accelerated rahfiization following LPS treatment was
due to enhanced Hransport across the cell membrane and not daedeeased buffer

capacity.
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Figure 9: LPS induced NHE stimulation is sensitivéo NHE1 inhibition.

a-c. Alterations of cytosolic pH in typical experimer{& prior to, or following a 4 hours treatment with
LPS (1 pg/ml) ) in the absence and)(in the presence of cariporide (10 uM).

d. Arithmetic means + SEM (n = 4 independent experisleof N&-dependent recovery of cytosolic pH in
DCs (ApH/min) following an ammonium pulse prior to (whhaer), following addition of LPS (1 pg/ml) in
the absence (black bars) or presence (hatched tfacsyiporide (10 puM). Alternatively, cariporideas
added without LPS (grey bars). * indicates sigaifit difference (p<0.01) from control (value priar t
LPS). # indicates significant difference (p<0.0bnfi respective LPS treatment.

Na'/H" exchangers are known to regulate the cell volunmk are known to be
critically important for the Reactive oxygen speci€ROS) formation in the DCs.
Therefore, cell volume and ROS formation was suidisy FACS analysis in LPS-
stimulated DCs. The treatment of DCs with LPS wathiw 4 hours followed by an
increase in forward scatter, pointing to an inceeas cell volume (Fig. 10). Forward
scatter was not increased following simultaneogsattment of DCs with LPS and

cariporide (Fig. 10). Despite the decline of NHHE\aty, cell volume remained larger at
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later stages of LPS treatment (not shown), whicly pwint to a set point shift of cell

volume regulation.
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Figure 10: LPS induced cell volume increase is setige to NHE1 inhibition.

a. Representative FACS histograms depicting the fohgaatter in murine DCs without treatment (control
black line) and after a 4 hours treatment with I(P$Lg/ml) in the absence (green line) and presério&
line) of cariporide.

b. Arithmetic means + SEM (n = 5-6 independent experits) of forward scatter in DCs incubated for 4
hours without (white bars) or with LPS (1 pg/mli)tire absence (black bars) or presence (hatchejl dfars
cariporide (10 uM). * (p<0.05) indicate significadifference from untreated (control) group; # (B8).

indicate significant difference from LPS in the abse of cariporide.

The role of NHE1 in LPS-induced ROS formation wasded in DCs in the
presence and absence of cariporide. LPS enhaneddrthation of ROS, an effect again
significantly reduced upon simultaneous treatmeitt wariporide, pointing to a critical
role of NHE1 in ROS formation (Fig. 11). ROS formoat tended to be decreased in
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cariporide treated cells, a difference, howevet, neaching statistical significance (Fig
11).
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Figure 11: LPS induced ROS production is sensitivedo NHE1 inhibition.

a. Representative FACS histograms depicting ROS-digrerDCFDA fluorescence in murine DCs
without treatment (control, black line) as welladter a 4 hours treatment with LPS (1 pg/ml) in the
absence (green line) and presence (pink line) mpaade. Cells treated for 30 minutes with thedadit t-
butylhydroperoxide (0.3 mM) were used as positioetol (blue line).

b. Arithmetic means + SEM (n = 5-6 independent experits) of the percentage of ROS positive DCs
incubated for 4 hours without (white bars) or wifdS (1 pug/ml) in the absence (black bars) or prasen
(hatched bars) of cariporide (10 uM) as well athimpresence of cariporide (10 uM, grey bar) aléne.
(p<0.05) indicate significant difference from urtted (control) group; # (p<0.05) indicate signifita
difference from LPS in the absence of cariporide.
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To explore whether ROS formation is required fotivation of the N&H"
exchanger by LPS, ammonium pulse experiments wanged in DCs treated with LPS
in presence of ROS scavengers. Three different knR®S scavengers (Tempol, Tiron
and Vitamin C) were used at previously reportedceatrations[211]. In the presence of
ROS chelators LPS induced stimulation of NHE waentdd (Fig. 12, table 1).
Conversely, treatement of DCs with the the oxiddmityl hydroperoxide (200uM) was
followed by a significant increase in the NHE aityivFig. 12, table 1). Thus, ROS

activation participates in the stimulation of Wé" exchanger activity by LPS.
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Figure 12: LPS induced NHE stimulation is dependenon intracellular ROS.

a-d. Tracings illustrating alterations of cytosolic jHtypical experiments in 4- hour LPS treated D&s (
in the absence of ROS scavengeb},if the presence of Tempol (30 uMg) (n the presence of Tiron (1
M) or (d) in the presence of Vitamin C (50 pg/ml).

e. Arithmetic means + SEM (n = 3-5 independent experits) of N&-dependent recovery of cytosolic pH
in DCs (ApH/min) following an ammonium pulse prior to (whitar), following addition of LPS (1 pg/ml)

in the absence of ROS scavengers or oxidants (ldackor in the presence of Tempol (30 uM, hatched
bars), of Tiron (1 M, striped bar), or of Vitamin (60 pg/ml, crossed bar), or following treatmenthwi
butyl hydroperoxide (TBOH, 200 mM, light grey bar).indicates significant difference (p<0.01) from
control (value prior to LPS). # indicates signifitaifference (p<0.01) from respective LPS treatmen
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table 1:Cytosolic pH ApHi), buffer capacity and sodium independent pHovecy in

bone marrow-derived dendritic cells (DCs) prior (tmntrol) and following treatment

with lipopolysaccharide LPS (1 pg/ml).

Sodium Sodium
Buffer )
_ independent | dependent pH
Intracellular | Capacity Number
_ pH recovery |recovery (NHE
pH (units) (mM/pH o of cells
i (A pH activity, A pH
uni
units/minute) | units/minute)
control 722+0.01| 17.4+1.4 -0.090+0.013.169 +0.017 99
LPS 1hr 7.23+0.02| 13.9+2.1 -0.230+0.040.385+0.037% 53
LPS+ carip1hr 7.20+0.03| 16.4+1.8 -0.229+0.01©.023 +0.008 25
Cariporide 1 hr 716 +£0.04| 14.8+25 -0.116 +0.059.056 + 0.029 15
LPS4 hrs 7.20+0.02| 17.9+2.2 -0.104£0.019.402 £0.040* 42
LPS+ carip4 hrs 7.18+0.02| 14.4+0.9 -0.175+0.04D.053 +0.011 31
LPS+ Tempol 4 hrs 7.29+0.01| 17.0+1.1 -0.044+0.009.113+0.011| 112
LPS+ Tiron4 hrs 7.29+0.02| 20.6 +5.5| -0.055 + 0.0080.133 + 0.023 38
LPS+ Vitamin C 4 hrs 7.33+£0.02| 19.1+2.2 -0.054+0.00D.114 +0.022 43
t-butylhydroperoxide1 hr | 7.16 £0.02| 18.8+1.3 -0.063 £0.00D.241 + 0.026* 44
Cariporide 4 hrs 7.14 +0.03*| 19.5+2.2 | -0.010 £ 0.0090.049 + 0.022* 37

* indicates significant difference from the respeetcontrol value.

# indicates significant difference from the respeliPS treatment.

Further experiments were conducted to verify whetteatment with LPS and/or

cariporide affected cell survival. As shown in Fig3, LPS treatment significantly

reduced the percentage of Annexin V positive qaisiting to inhibition of dendritic cell

apoptosis. The effect was virtually abolished wkien cells were treated simultaneously
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with cariporide (Fig. 13). Cariporide alone did regnificantly modify DC apoptosis
(Fig 13).
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Figure 13: Cariporide abrogates effects of LPS onehdritic cell phosphotidyl exposure.

a. Representative FACS histograms depicting the espwa of annexin V in DCs cultured for 24 hours
without (control, black line) or with LPS (1 pg/mf) the absence (green line) and presence (piely bif
cariporide (10 pM) or with cariporide (10 uM, blliree)

b: Arithmetic means + SEM (n = 3 independent experita) of the percentage of annexin V-positive DCs
following a 24 hours culture without (control, waibar) or with LPS (1 pg/ml) in the absence (blaaRk

or presence (hatched bar) of cariporide (10 uMyibh cariporide alone (10 uM, grey bar). * (p<0.05)

indicates significant difference from control, #(05) indicates significant difference from LPS.
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To explore, whether NHE modified cytokine releasenf DCs, TNFe in the
supernatant was determined with ELISA. To this Bx@5 were stimulated with LPS (1
ug/ml, 4 h) in the absence or presence of th#HNaexchanger inhibitor cariporide (10
HM)[212]. As illustrated in Fig. 14, the releaseTddF-o following exposure to LPS was
significantly blunted in the presence of cariporid@ibus, LPS induced TNé&-production

was critically dependent on the activity of the’" M exchanger.

ctrl

Cariporide

LPS
LPS+Cariporide

2100

1000, *

8004

6004

R,

TNFa pg/ml

200

Figure 14: Cariporide abrogates LPS induced TNF-alpa secretion in DCs.

Arithmetic means = SEM (n = 4 independent experitsieaf TNFe concentration in the supernatant of
DCs cultured for 4 h with LPS (1 pg/ml) in the amse (black bar) or presence of 10 uM cariporide
(striped bars) as well as in the presence of cadpd10 uM, pointed bar) alone. * (p<0.05) indest

significant difference from control, # (p<0.05) sificant difference to LPS alone.
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Phosphoinositide 3-Kinase Dependent Regulation ofdVH"*
exchanger activity

Phosphoinositide 3 kinase (PI3 kinase) pathwaybleas previously reported to
be involved in activation of dendritic cells by L|R2$3]. Since NHE1 is important in cell
volume regulation, ROS production and release of@Nand since PI3 kinases are
known to be involved in regulation of NHE1 acti2§4], further set of experiments
focussed on the possible correlation between Piaskd activation and stimulation of
NHEL1 activity by LPS. Phosphorylation of Akt is aykdownstream event of PI3 kinase
signaling and therefore western blot analysis wasfopmed to determine Akt
phosphorylation as a readout of PI3 kinase actinityPS treated DCs. The total protein
abundance of Akt was not significantly differentween untreated and LPS treated DCs,
but the phosphorylated Akt protein was significarttigher in DCs treated with LPS
indicating the activation of the PI3 kinase pathwfig.15).
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Figure 15: LPS treatment leads to activation of PB kinase pathway.

a. Original Western blot illustrating the phosphotglh Akt (upper panels), total Akt (middle panelsjla
GAPDH (lower panels) prior to and 4 hours followingS treatment.

b. Arithmetic means £ SEM (n = 3 independent expenitsieof phosphorylated Akt abundance (relative to
GAPDH) in LPS treated (closed bars) and control @gen bars). * (p<0.05) indicates significant
difference between LPS treated and untreated DCs.

c. Arithmetic means + SEM (n = 3 independent expenitsieof total Akt abundance (relative to GAPDH)
in LPS treated (closed bars) and control DCs (dyzen).

In a next step, the role of PI3 kinase dependgmiating for the regulation of the
Na'/H* exchanger activity was determined. Previous erpants showed that a 4-hr LPS
treatment lead to a marked and statistically sigaift increase in Nadependent
realkalinization (Fig. 13b). To determine the pbksirole of PI3 kinase signalling, LPS
induced upregulation of the NHE activity was furtiséudied in the presence of varying

concentrations of phophoinositide (Pl) 3 kinasdhbitbrs wortmannin (0.1 pM — 5 pM)
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and LY294002 (1 pM — 50 pM). Inhibition of the PKnase by wortmannin or
LY294002 blunted the increase in Md" exchanger activity following LPS treatment in
a dose dependent manner (Fig. 16b). The effectR8 bn NHE activity was virtually
abolished in the presence of 1 pM wortmannin anquiDLY294002 (Fig. 16b). The
concentrations of wortmannin (1 pM) and LY29400® {@M) were used in further
experiments. In the absence of LPS inhibition & KRhase did not have any effect on the
Na'/H" exchanger activity and prior to LPS treatment thte of Nd-dependent pH
recovery was similar in the absence or presencecofmannin (1 uM) or LY294002
(10uM) (table 2).
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Figure 16: LPS induced NHE stimulation is dependenodn PI-3 kinase pathway.

a. Original tracings (x SEMS) illustrating alterateof cytosolic pH in typical experiments prior igpper
left) and 4 hours following treatment with LPS (@/ml) in the absence (upper right) or presence pML
Wortmannin (lower right) or 10 uM LY294002 (lowexfi panels).

b. Arithmetic means + SEM (n = 3 independent experisieof N&-dependent recovery of cytosolic pH in
DCs (ApH/min) following an ammonium pulse prior to (whtar) or 4 hours following treatment with LPS
in the absence (black bar) or the presence of Qi4%Wortmannin (light grey bars) or 1-50 uM LY29400
(dark grey bars). * (p<0.05) indicate statisticaignificant difference from control, # (p<0.05dinates

significant difference from absence of PI3 kinadshition.
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table 2:Cytosolic pH (ApHi), buffer capacity and sodium independent pH reovery in bone marrow-

derived dendritic cells (DCs) prior to (control) ard following treatment with lipopolysaccharide LPS
(1 pg/ml). Effect of PI3 kinase inhibitors.

Sodium Sodium
Buffer _
_ independent | dependent pH
Intracellular Capacity Number
_ pH recovery |recovery (NHE
pH (units) (mM/pH o of cells
0 (A pH activity, A pH
uni
units/minute) | units/minute)
control (0.1 % 44
7.22 £0.02 179 +1.9 -0.019+£0.013.121 +0.035
DMS0O)
-0.222 + 96
LPS 7.17 £0.02 13.5+2.0 0.343 £ 0.037
0.033
Wortmannin 7.24+0.05| 139 +3.8 -0.033+0.018.144+0.039, 20
Wortmannin + -0.112 + 48
715+002 | 195%15 0.136 + 0.028
LPS 0.020
LY294002 7.22+0.05 | 12.2+2.2 | -0.051+£0.012 0.153 +0.043| 30
-0.032 =
LY294002+LPS 7.28£0.03 | 16925 0.016 0.157 £ 0.033 37

* (p<0.05) indicates significant difference frometrespective control value.

# (p<0.05) indicates significant difference from thespective value in the absence of PI3 kinasévitani
wortmannin or LY294002.

As the effect of LPS on NHE activity was abolishadhe presence PI3 kinase

inhibitors, experiments were conducted to verifyetiter the downstream effects of NHE

activation, i.e, cell volume increase, ROS productivere influenced by PI3 kinase

inhibitors.

According to FACS analysis, the treatment of thesihith LPS for 4 hours was

followed by an increase in forward scatter, reftegtcell swelling (Fig. 17a, b).
Treatment with wortmannin (1 pM) and LY294002 (1)uabrogated the effect of LPS
on cell volume of DCs. In the absence of LPS, meittortmannin (1 uM) nor LY294002
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(10 M) significantly modified the forward scat(&ig 14b).
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Figure 17: LPS induced cell volume increase is abgated upon inhibition of PI-3 kinase pathway.

a. Representative FACS histograms depicting the foiwscatter of murine DCs without treatment
(control, black line) as well as after 4 hours tneent with LPS (1 pg/ml) in the absence (green) lared
presence of 1 uM Wortmannin (pink line) or 10 uM294002 (blue line).

b. Arithmetic means + SEM (n = 3 independent expenitsieof the forward scatter of DCs prior to (white
bar) or following a 4 hours treatment with LPS hetabsence (black bar) or the presence of 1 uM
Wortmannin (light grey bar) or 10 uM LY294002 (dagley bar) or in the presence of 1 uM Wortmannin
alone (hatched bar) or in the presence of 10 uM 949®2 alone (dotted bar). * (p<0.05) indicate
statistically significant difference from contré!,(p<0.05) indicates significant difference fronsabce of

PI3 kinase inhibition.

2',7-dichlorodihydrofluorescein diacetate (DCFDA) flescence revealed that
LPS-stimulated formation of ROS was abolished legttnent with wortmannin (1 puM)
and LY294002 (10 uM) (Fig. 18a, b). Again, in #itesence of LPS, neither wortmannin
(1 M) nor LY294002 (10 pM) significantly altereddS formation (Fig 18b)
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Figure 18:LPS induced ROS generation is blunted upotreatment with PI-3 kinase inhibitors.

a. Representative FACS histograms depicting ROS-dig@nDCFDA fluorescence in murine DCs
without treatment (control, black line) as well after a 4 hours treatment with LPS (1 pg/ml) in the
absence (green line) and presence of 1 uM Wortmgpimk line) or 10 uM LY294002 (blue line).

b. Arithmetic means + SEM (n = 3 independent expenitseof the percentage of ROS positive DCs prior
to (white bar) or following a 4 hours treatmentwitPS in the absence (black bar) or the presendqudf
Wortmannin (light grey bar) or 10 uM LY294002 (dagley bar) or in the presence of 1 uM Wortmannin
alone (hatched bar) or in the presence of 10 uM949®2 alone (dotted bar). * (p<0.05) indicates
statistically significant difference from contred,(p<0.05) indicates significant difference fronsabce of

PI3 kinase inhibition.

Na'/H" exchangers are also known to be critically impurtéor cellular
migration[215]. Accordingly, a migration assay wasformed in the DCs treated with
LPS in the presence and absence of wortmannin (1pM)Y294002 (10 puM). A

transwell migration assay disclosed a stimulatdfgceé of LPS on migration. The effect
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was again significantly blunted in the presencevoftmannin (1 uM) or LY294002 (10
puM) (Fig. 19).
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Figure 19: LPS induced DC migration is inhibited upn blocking the PI-3 kinase signalling.

Arithmetic means + SEM (n = 12 cells out of 4 mé&aeh) of the normalized migration of DCs followiag
4 hours treatment with LPS in the absence (blackdrahe presence of 1 UM Wortmannin (light grey)b
or 10 uM LY294002 (dark grey bar). # indicates #igant difference from absence of PI3 kinase
inhibition. The number of LPS treated cells migngtin response to CCL21 in presence or absencé3of P
kinase inhibitors were expressed in percent of atigg cells receiving no LPS and no inhibitor bl t

respective solvent.

OSR1-sensitive regulation of N9¥H" exchanger activity

To explore further molecular mechanisms regulatitdE activity in dendritic

cells, the role of oxidative stress responsive $&n@®SR1 was studied.
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To determine the presence of a functional WNK digita pathway in murine
bone marrow-derived dendritic cells (DCs), RT-PCRswperformed. As shown in Fig.
20a. DCs express WNK1, WNK3, NCC and NKCC1 but®BAK. As illustrated in Fig.
20b, OSR1 mRNA is readily detectable in DCs andtthescript levels were similar in
OSR1 knockin mice dsr*') and wild type mice dsr'™) DCs. Furthermore, the
phosphorylation of NKCC1 was lower iwsr' DCs (Fig. 20c), indicative of reduced
OSR1 activity inosr' DCs.
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Figure 20 : WNK signalling pathway in murine bone narrow-derived dendritic cells

a. Agarose gel visualizing the products of RT-PCRtieas amplifying NCC, NKCC, WNK1, WNK3 and
SPAK from cDNA of murine DCs.

b. Arithmetic means + SEM (n = 5 mice) of relative RISmMRNA abundance in murine DCs from
heterozygous OSR1 knockin miaest') and wild type micedsr*'").

c. Original Western blot illustrating the expressioh plosphorylated and total NKCC1 in DCs from
heterozygous OSR1 knockin miaest') and wild type micedsr*'™).
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As OSRL1 is involved in regulatory cell volume irngse, the present study
determined the forward scatter of DCs in FACS &sialgs a measure of cell volume. As
illustrated in Fig. 18, no significant differenceasvobserved in forward scatter between
osr"' and osr". Confirning previous results, treatment a§"' DCs with LPS was
followed within 4 hours by an increase in forwamditser pointing to an increase in cell
volume (Fig. 21). In contrast, the forward scamérosr<' DCs was not significantly
modified by LPS treatment. As a result, following3$ treatment forward scatter was
significantly higher inosr" DCs than inosr! DCs. To elucidate the contribution of the
Na'/H* exchanger, experiments were performed in the alesenpresence of the NHE1
inhibitor cariporide. As a result, in both genotgp®rward scatter was significantly
decreased following treatment of DCs with cariper(&ig 21). The decrease of forward
scatter tended to be higher ™' DCs than inosr"" DCs, a difference, however, not

reaching statistical significance.
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Figure 21:LPS induced cell volume increase is bluetl in OSR Kl mice.

a. Representative FACS histograms depicting the fodvgaatter in DCs from heterozygous OSR1 knockin
mice sr™', right panel) and from wild type micest", left panel) without treatment (control, blackd)n
and after a 4 hours treatment with LPS (1 pg/mBhie absence (green line) and presence (pink tife)
cariporide or in the presence of cariporide aldieq line).

b. Arithmetic means + SEM (n = 6 independent expenitsieof forward scatter in DCs from heterozygous
OSR1 knockin micedsr™', black bars) and from wild type micest"", white bars) prior to or 4 hours
following exposure to LPS (1 pg/ml) in the abseaceresence of cariporide (10 pM) or in the presasfc
cariporide alone. * indicates significant differen¢p<0.05) fromosr"" DCs, # indicates significant
difference (p<0.01) from respective control valti)<0.05) indicate significant difference from resfive

absence of cariporide.

The lack of cell shrinkage in untreatest' DCs could have been due to the lack
of OSR1, NCC and/or NKCC expressionost" DCs or due to a compensatory increase
in Na'/H" exchanger activity isr' DCs. To explore that possibility, cytosolic pH was

determined in DCs utilizing BCECF fluorescence. dwing to the ammonium pulse, the
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Na'/H* exchanger activity was significantly higherds'' DCs than irosr™"" DCs.

As in all wild type DC studied before, treatment o&''" DCs with
lipopolysaccharide (LPS, 1 pg/ml) was followed witd hours by a significant increase
in Na'-dependent realkalinization (table 3, Fig. 22). ikgin the absence of Ndurther
acidification was observed, i.e. accelerated rdialization following LPS treatment was
due to N&-dependent Hextrusion pointing to stimulation of RKi&l* exchanger activity
(Fig. 22). The increase in N&i*™ exchanger activity was blunted in the presencthef
NHEZ1 inhibitor cariporide (10 uM) (Table 3). In deast to what was observed oar™""
DCs, treatment obsr DCs with LPS did not significantly modify N&d* exchanger
activity. Accordingly, following LPS treatment, N&® exchanger activity was
significantly lower inosr' DCs than inos'™™ DCs (Fig. 22). Thus, LPS treatment

reversed the difference between the genotypes ZBig.
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Figure 22:Defective regulation of NHE activity by LPS in OSR KI mice.

a. Alterations of cytosolic pH (pM in bone marrow-derived DCs following an ammonilpulse.
Representative experiments showing the time-deperadierations of cytosolic pH in dendritic celB{s)
from heterozygous OSR1 knockin miaes(', right panels) and from wild type micest"', left panels)
prior to (upper panels), or following (lower paneds4 hours treatment with LPS (1 pug/ml).

b. Arithmetic means + SEM (n = 6 independent experitsleaf N&-dependent recovery of cytosolic pH
(ApH/min) following an ammonium pulse in DCs from éreizygous OSR1 knockin micest®', black
bars) and from wild type miceog*"", white bars) prior to (left bars) or following ght bars) a 4-hour
treatment with LPS (1 pg/ml). * indicates signifitadifference (p<0.01) fronosr"" DCs, # indicates

significant difference (p<0.01) from respectiveuaprior to LPS exposure.

To determine, whether inhibition of NKCC1 with fisemide inosr'T DCs mimic
the effects seen iosr*' mice,osr™"" DCs were treated with furosemide (100 nM) and the

Na'/H* exchanger activity was studied. As seen in Fig. t28atment of DCs with
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furosemide led to significant increase in the baslH" exchanger activity. In analogy
to what had been observed @' DCs, the LPS-induced stimulation of a*

exchanger activity was reversed in the presenéerofemide (Fig. 23).
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Figure 23: NKCC1 inhibitor furosamide treatment of DCs reveals an OSR Kl type phenotype.

a. Representative experiments showing the time-dep@ndlterations of cytosolic pH in DCs from
heterozygous OSR1 wildtype mice prior to (uppergtei or following (lower panels) a 4-hr treatment
with LPS (1 pg/ml) in the presence (right panets) absence of furosemide (Furo, 100 nM).

b. Arithmetic means + SEM (n = 6 independent experisleaf N&-dependent recovery of cytosolic pH
(ApH/min) following an ammonium pulse in DCs from evilype mice prior to (control) or following 4-hr

treatment with LPS (LPS, 1 pg/ml) in the presenu# @bsence of furosemide (Furo, 100 nM). # indiate
significant difference (p<0.01) from control DCs, ihdicates significant difference (p<0.01) from
respective absence of LPS.
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Previous experiments have shown LPS-induced RQ84fon to account for the
LPS-induced stimulation of N&{™ exchanger activity (Fig. 12). Therefore, effecfs o
oxidative stress on N&H* exchanger activity were studied. Treatmenssf"" DCs for 2
hours with tert-butyl-hydroperoxide TBOOH (10 pM) induce oxidative stress was
followed by a significant increase in Ndependent realkalinization (table 3, Fig. 24).
Again, in the absence of Nafurther acidification was observed, i.e. acceksat
realkalinization following LPS treatment was dueN@-dependent Hextrusion pointing
to stimulation of N4¥H* exchanger activity. In contrast tsr''" DCs, treatment odsr*'
DCs with TBOOH did not significantly modify N&H* exchanger activity. Following
TBOOH treatment the NEH" exchanger activity was significantly lower asr' DCs
than inosr"’" DCs (Fig. 24). Thus, similar to LPS, TBOOH revershe difference
between the genotypes (Fig. 24).
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Figure 24: ROS induced stimulation of NHE activityis blunted in OSR KI mice.

a. Representative experiments showing the time-dep@ndlterations of cytosolic pH in DCs from
heterozygous OSR1 knockin miaast, right panels) and from wild type micest"", left panels) prior to
(upper panels), or following (lower panels) a 2reatment with t-butyl hydroperoxide (TBOOH, 10 uM)
b. Arithmetic means + SEM (n = 6 independent experisleaf N&-dependent recovery of cytosolic pH
(ApH/min) following an ammonium pulse in DCs from éreizygous OSR1 knockin micest<', black
bars) and from wild type miceg""", white bars) prior to (control, left bars) or fmiting a 2-hr treatment
with t-butyl hydroperoxide (TBOOH, 10 uM, right Isqr * indicates significant difference (p<0.01)rro

osrV" DCs, # indicates significant difference (p<0.0bnfi control.

The buffer capacity of the cells was not signifitauifferent betweerosr' DCs
andosr" DCs and was not significantly modified by expostaré PS or oxidative stress
(table 3).
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Table 3: Cytosolic pH ApHi), buffer capacity and sodium-independent pH reovery in bone
marrow-derived dendritic cells (DCs) isolated fromOSR1 knockin mice (osf') and from wild type
mice (ost"™) prior to (control) and following a 4 hours treatment with lipopolysaccharide LPS (1

pg/ml) or a 2 hr treatment with t-butyl hydroperoxide (TBOOH, 10 uM) in the absence or presence

of cariporide (10 pM).

Buffer Sodium- Sodium-
Intracellular Capacit independent pH| dependent pH | Numbe
H (units) (mlf)/l / Hy recovery recovery (NHE | rof
P unitr)) (ApH activity, A pH cells
units/minute) units/minute)
Control osr™ | 7.33+0.01 15.8+0.9] -0.066+0.007 0.141 +0.009199
o' | 7.35+0.01 15.1+1.1] -0.055+0.009 0.206+0.015 150
Cariporide osr™ | 7.28+0.03 18.3+1.5| -0.070+0.008 0.032+03012 41
alone o' | 7.26+0.04 | 17.8+1.4| -0.044+0.022 0.012+0%04 40
LPS 4 hrs oss™ | 7.35+0.01 145+22| -0.053+0.006 0.259 + 07018 200
o' | 7.33+0.01 14.4+0.9] -0.065+0.006 0.185+0.012 172
LPS 4 hrs + osr™ | 7.31+0.03 13.7+3.4| -0.071_+0.080 0.026 +8°00 46
cariporide osr' | 7.34+0.01 13.6+1.4| -0.042+0.006 0.019 +0%004 40
TBOOH oss™ | 7.24+0.02 | 16.0+1.4 | -0.054+0.014 0.229+0.02F 77
osr' | 7.23+0.02 | 140+1.2| -0.061+0.011 0.186+0.6019 98
TBOOH + oss™ | 6.99+0.04 | 143+1.2| -0.044+0.017 0.026+0.600 42
cariporide |0s™' | 6.99+0.02 | 157+14 | -0.068+0.017 0.022+0.608 47

* (p<0.05) indicates significant difference fronetrespective wild type value.

# (p<0.05) indicates significant difference from tiespective control value.

§ (p<0.05) indicates significant difference frone tibsence of cariporide.

Additional studies addressed the role of OSR1 @ndHE1L in LPS-induced
ROS formation. As illustrated in Fig. 25, prior E®S treatment, ROS formation was

significantly higher inosr' DCs than inosr'¥" DCs. Cariporide treatment did not affect
the intracellular ROS imsr''™ DCs but significantly decreased ROS formatiorosr®
DCs (Fig. 25). LPS enhanced the ROS formatioositl” DCs, but did not significantly
alter ROS formation s DCs. Accordingly, following LPS treatment, ROSrfation
was not significantly different betweesr DCs ancsr''™ DCs (Fig. 25).
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Figure 25: Defective production of intracellular ROS in OSR KI mice.

a. Representative FACS histograms depicting ROS-digren DCFDA fluorescence in DCs from
heterozygous OSR1 knockin micesi(, right panel) and from wild type miceg"", left panel) without
treatment (control, black line) and after a 4 hdvestment with LPS (1 pg/ml) in the absence (glee)
and presence (pink line) of cariporide or in thesence of cariporide alone (blue line).

b. Arithmetic means + SEM (n = 6 independent expenitseof the percentage of ROS-positive DCs from
heterozygous OSR1 knockin micesi(“', black bars) and from wild type micest"", white bars) prior to
or 4 hours following exposure to LPS (1 pg/ml) lue absence or presence of cariporide (10 uM) thieén
presence of cariporide alone. * indicates signiftcdifference (p<0.01) fronosr™* DCs, # indicates
significant difference (p<0.01) from respective tohvalue,® (p<0.05) indicate significant difference from

respective absence of cariporide.

Further experiments addressed the CCL21-inducedatiog of control- and LPS
(1 pg/ml) treated DCs. As presented in Fig. 26 ratign of DCs frompsr' mice tended
to be less pronounced than migration of DCs frond wype mice under control

conditions, a dfifference, however, not reachingtistical significance. LPS treatment
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markedly stimulated migration @&r'"" DCs but did not significantly affect migration of
osr DCs. Accordingly, upon LPS treatment migrationosf' DCs was significantly

less pronounced than migrationasf /" DCs (Fig. 26).

2001
— osrVT
I osr!

— 3+

1501

100 1

50 1

% normalized migrated cells

Control LPS

Figure 26: Decreased migration of DCs from osrKl mie

Arithmetic means + SEM (n = 6 independent experitsienf the normalized migration of DCs from
heterozygous OSR1 knockin miaesi(', black bars) and from wild type micest"'", white bars) following

a 4 hours treatment without (control, left bars)wath LPS (LPS, right bars) * indicates significant

+/+

difference (p<0.05) fronosr™" DCs, # indicates significant difference (p<0.0E)nfi respective control

value.
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6. DISCUSSION

Effect of bacterial lipopolysaccharide on N&H" exchanger activity

The first part of the study demonstrates that neubane marrow derived DCs express
functional N&/H® exchangers. Unlike reported for resident alveolaacrophages
[197;198;200;202] and peritoneal macrophages[1®1202], bone marrow derived DCs
recover their cytosolic pH following cytosolic affidation mainly by H extrusion via the
Na'/H" exchanger and not by Nandependent Hpumps or channels.

The study also shows that LPS increases cell volantetriggers the formation of
Reactive Oxygen Species (ROS), effects parallejedni requiring activation of the N&l*
exchanger NHE1. The increase in the /NA exchanger activity is evidenced from
accelerated Nadependent realkalinization, which is virtually fibloed in the presence of the
NHEL inhibitor cariporide. The inhibitor may affest addition the NHE2 isoform[216].
However, RT-PCR revealed in DCs predominant express NHE1 and virtually no NHE2
transcript levels. Along those lines, we could fiotl any published evidence that NHE2 is
expressed in DCs. Expectedly the inhibitor doessmadify the N&-independent pH changes.

ROS production is instrumental in the killing oftipagens and thus an important
element in the innate immune response[186]. Owiagtlie pH sensitivity of ROS
production[202;217], it requires parallel extrusioh H*. Thus, activation of the N&*
exchanger may support ROS production. It shouldpbeted out, however, that the
ammonium pulse experiments analysed/Naexchanger activity following marked cytosolic
acidification, which is known to stimulate NH* exchanger activity[218]. The N&d*
exchanger is expected to be less active withouor pacidification. Nevertheless, the
ammonium pulse unravels the marked upregulatioD®fNa’/H* exchanger activity by LPS
treatment. The inhibitory effect of cariporide sagty that the N&H" exchanger is relevant
for ROS formation even without prior acidificatiddowever, since NOX2 activity leads to a
strong membrane depolarization and NHE as an elesmtitral exchanger can only be
responsible for pH but not for charge compensatM@X2 also relies on the activity of the
H* channel Hv1 in DCs[219].

The activation of the N&* exchanger further leads to cell swelling. During
regulatory cell volume increase the N4’ exchanger operates in parallel to th&gHIZTOs
exchanger[220;221]. The tandem accomplishes thg ehtNaCl together with osmotically
obliged water. The Hand HCQ' exiting in exchange for NaCl are osmotically relevant as
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they are replenished in the cell by cytosolic fatiorafrom CQ, which can easily pass the
cell membrane[220;221]. Besides the “Md and CVHCO; exchanger, several other
transport systems participate in regulatory cellune increase, such as W&",2CrI
cotransport, Na channels and Necoupled uptake of organic osmolytes[220;221]. The
observation that LPS-induced cell swelling is adfudd in the presence of cariporide
highlights the significance of the NB"™ exchanger in cell volume maintenance of LPS-
treated DCs.

Cell volume has previously been shown to influeboth, formation of ROS and
antioxidative defence [222-225]. Cell shrinkage basn shown to interfere with generation
of ROS and the increase in cell volume followingp@sure to LPS may thus support the
formation of ROS. Besides ROS formation and celline, cytosolic pH modifies migration,
cytokine release, adherence, NO formation, pratfen and differentiation of macrophages
and/or monocytes[159-161;226-234].

According to annexin V binding, LPS treatment dasexl apoptosis of dendritic cells,
an effect again abrogated in the presence of aadigoNotably, addition of cariporide in the
absence of LPS did not significantly modify thevéual of DCs. In other cell types the
Na'/H" exchanger activity has been shown to foster [238}-2r inhibit [239-241] apoptosis.
The inhibitory effect of NAH™ exchanger activity on apoptosis was explained gy t
prevention of acidosis[240;241] or of cell shrigkf239].

The release of TNk-following exposure to LPS was significantly blusten the
presence of the NAH™ exchenger inhibitor cariporide, similar to otherligesuch as
monocytes[230] and alveolar epithelial cells[243R4A hus, LPS induced TNé&-production
was critically dependent on the activity of the'MH exchanger.

The present part of the study highlights the imguuze of N&H® exchanger-
dependent regulation of cell volume and cytosoliccdncentration for survival and proper
function of DCs. Previous observations have showet several DC functions, such as
maturation, antigen presentation, cytokine productand migration, depend on Ca
signaling[144;203;244-249]. It must be kept in miticht alterations of cytosolic pH do
influence cytosolic C4 activity [250-253]. Moreover, some effects of TlKe receptor
stimulation are not mediated by Calependent signaling[254]. Those functions mayart p
be mediated by N#H" exchanger activity and the resulting alteratiohsywosolic pH and/or

cell volume.
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In conclusion, the present part of the study dsedothat exposure of bone marrow
derived DCs to LPS stimulates the activity of th&/N" exchanger. The stimulation of the
carrier is required for the subsequent increaselinvolume and generation of ROS.

Phosphoinositide 3-Kinase Dependent Regulation ofdfH* exchanger

activity

Toll-like receptor signaling involves activation BIAP kinases and phosphoinositide
(PI) 3 kinase[255], signaling pathways known tomsfiate the activity of N#H"
exchangers[139;256-259]. Present experimemse conductedo determine the participation
of PI3 kinase signaling pathway in the W4 exchanger activation by LPS.

The present study further reveals that stimulatbrihe Nd/H* exchanger activity
requires functional PI3 kinase. Accordingly, phacoiagical inhibition of the PI3 kinase by
either wortmannin (1uM) or LY294002 (10 uM) abragmthe stimulating effect of LPS on
Na'/H" exchanger activity.

Inhibition of PI3 kinase further disrupts the etfe¢ LPS on the formation of ROS, It
indicates that PI3 kinase is involved in ROS praidm; which is important in DC
fuction[88;90;91].

The activation of the N#H" exchanger by LPS further leads to cell swellingai,
the effect of LPS on cell volume requires functioRE kinase, and is presumably related to
the activation of the N&H" exchanger.

LPS further stimulate the migration of D@s.vivo, DCs migrate to peripheral tissues
and from there to lymphoid tissues[254]. The fumetis again dependent on PI3 kinase
activity and presumably again involves PI3 kinasgpehdent activation of the NH*
exchanger. The carrier has previously been shovaupport the migration of a wide variety
of cells[165;166;260;261].

Pharmacological inhibition of P13 kinase in DCduieinces further functions including
K* channel activity and release of IL-12[127;131;26®hether or not those functions depend
on activation of the NaH" exchanger remains to be shown.

The PI3 kinase is activated by IGF1 and insulinf263]. Those hormones are thus expected
to influence regulation of cytosolic pH, cell volerand ROS formation in dendritic cells.

In conclusion, the present part of the study dsesothat exposure of bone marrow derived
DCs to LPS stimulates the activity of the' M4 exchanger, an effect requiring functional P13

kinase.

77



Discussion VI

OSR1-sensitive regulation of Na+/H+ exchanger acity

The present study reveals that WNK resistance dRD8&ffects N&H* exchanger
activity and formation of ROS in DCs. In the absen€ LPS cell volume was similar in DCs
from osr™ andosr™"", but Nd/H* exchanger activity and formation of ROS were digantly
higher inosr' DCs than inosr'¥" DCs. Similarly, LPS triggered the formation of ROS
activated the NaH" exchanger NHE1 and increased cell volumesn'™ DCs. All those
effects were blunted or even absenbsn DCs. Accordingly, LPS reversed the differences
of ROS formation, N&H* exchanger activity and cell volume betwesn DCs andosr""
DCs. The increase in Ria* exchanger activity imsr'" DCs following LPS treatment was
virtually abolished in the presence of cariporigdéjch inhibits both NHE1 and NHE2[216].
In DCs the NHEL, but not the NHE2 isoform is expesk(fig.7).

As shown in the present study, Wd" exchanger activation by LPS depends on ROS
formation. Conversely, ROS production is sensitiee cytosolic pH[217]. The higher
cytosolic pH and N&H* exchanger activity imsr' DCs thus presumably contributes to the
higher ROS production in those cells.

Na'/H* exchanger activity is enhanced asr' DCs despite the more alkaline pH,
which should actually decrease W4 exchanger activity[218]. At least in theory, the
stimulation of the N&H* exchanger imsr<' DCs could result from cell volume regulation.

The cell volume regulatory stimulation of the W4 exchanger may be required
because of the lacking OSR1-dependent stimulatiddkeCC in osr' DCs. OSR1 is known
to stimulate the NKCC and to participate in celllwoe regulation[145;266-272]. It is
tempting to reason that OSR1 deficiency leads toredsed NKCC activity, requiring
enhanced activity of the Néd™ exchanger for cell volume maintenance. We carulet out,
however, the possibility that OSR1 regulates '/N& exchanger directly, e.g. by
phosphorylating the carrier protein. As furosentigatment obsr'" DCs similarly increases
Na'/H" exchanger, a decreased NKCC activity at leastribmiés to the upregulation of
Na'/H" exchanger activity.

ROS also affect the maturation state, the prodoctiod secretion of cytokines, and
the antigen presenting capacity of DC[85;88;90;J1¢ells activated in the absence of ROS
exhibit an altered differentiation profile[88].

The present study did not address the functiorgadifitance of OSR1-sensitive DC
function. DCs are antigen-presenting cells criticahportant in the regulation of innate and

adaptive immunity[37;43;273;274]. To fulfill thedtiverse functions, DCs have to migrate
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into inflammatory tissues and return to secondamyphoid sites following microbial
challenge [275]. The blunted stimulation of migoatifollowing LPS treatment is expected to
compromise the function @sr' DCs. On the other hand, augmented ROS formatiamsrof
DCs is expected to foster the removal of pathod&@[ However, the difference of ROS
formation betweemnsr' andosr'¥™ DCs is lost following stimulation with LPS and emicad
ROS production in immature DCs may not be reletanthe power of the immune response.
Clearly, further studies will be required to eluatiel the impact of reduced OSR1 activity on

the immune system.
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7. ABBREVIATIONS

UM Micromolar

2-ME 2-mercaptoethanol

AlF Apoptosis inducing factor

ANOVA Analysis of Variance between groups

APC Antigen presenting cell

AWB Annexin washing buffer

BCR B cell receptor

CCL21 Chemokine ligand 21

DC Dendritic cell

ERK Extracellular signal-regulated protein kinase
ECL Enhanced chemiluminesee

FBS Fetal bovine serum

FACS Fluorescence-activatdtismating

GM-CSF Granulocyte-macrophage colony-stimulating factor
h Hour

HLA Human leukocyte antigen

IFN Interferon

lg Immunoglobulin

IL Interleukin

LPS Lipopolysaccharides

MAPK Mitogen-Activated Protein Kinase

mg Milligram

MHC Major histocompatibility complex

Min Minute

mi Milliliter

mM Millimolar (mmol/L)

NHE N#H" exchanger

NADPH Nicotinamide adenine dinucleotide phosphate
NEAA Non-essential Amino Acid Solution

NF-kB Nuclear factor 'kappa-light-chain-enhancer' of\ated B-cells
NK Natural killer cell

NKCC Na-K-ClI cotransporter



Abbreviations

OSR1
P/S
PBS
PI3 kinase
PS
RPMI
ROS
SEM
TBOOH
TBS
TCR

Th

TLR
TNF-a
WBC

Oxidative stress-respoadinase 1
Penicillin-streptomycin
Phosphate-Buffered Saline

Phosphoinositide 3 kinase
Phosphatidylserine
Roswell Park Memorial Institute

Reactive Oxygen Species
Standard error

Tert-butyl-hydroperoxide

Triethanolamine-buédrsaline
T cell receptor
T heper cell
Toll-like receptor
Tumor necrosis factor-alpha
White blood cell

Vi
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