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Introduction

1.INTRODUCTION

When all forces in a system are balanced to thetpdiere no change is occurring, the
system is said to be in a state sihtic equilibrium This fully obeys the laws of
thermodynamics, which establish that all systemthéuniverse tend imperatively to
increase their equilibrium (absolute stability).dontrast to stable systems that are in
thermodynamic equilibrium, systems that are fammfrequilibrium are inherently

unstable.

Living organisms are open systems that are neveguaitibrium until they die and the
absolute stability is our understanding of deativing organisms create internal
organization thanks to a continuous flow of enemgljich is known asdynamic
equilibrium (steady state). This dynamic equilibrium is adfiveegulated by living
systems in order to avoid being affected by extethanges. Claude Bernard reported
in 1853 [1] that the difference between a livingyamism and a non-living one is the
ability to regulate its internal environment, andaNgr Cannon defined this active
regulation ashomeostasig2]. Homeostasis is the condition of dynamic equilibr
between at least two system variables and it isvknthat the continuance of a living
system depends on its ability to maintain the hastasis. The capacity of maintaining
the internal organization and characteristics, pitesof the always varying external

environment, is what discerns life from death.

Normal development of an organism requires thervetgion of complex biological
processes that are strictly regulated to maintaih and tissue homeostasis. Living
organisms must be able to detect internal or eaterthanges and activate the control
mechanisms by which they can restore homeostakeserlinclude systems to control
cell growth and survival, as well as mechanismgrevent homeostatic imbalance.
Strictly regulated and highly complicated cellu#gnaling processes make homeostasis
possible. Alteration of any of these processedeaah to metabolic dysfunction or cause
illnesses such as autoimmune diseases, chroniamnfhtion, neural degeneration,

cardiovascular disorders, or cancer.

In multicellular organisms the immune system iseg factor managing tissue and cell

homeostasis.
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Introduction

1. Components of the Immune System

All cells of the immune system originate from a laaopoietic stem cell in the bone

marrow, which gives rise to two major lineages, geloid progenitor cell and a

lymphoid progenitor cell. These two progenitors egivise to the myeloid cells

(monocytes, macrophages, dendritic cells, megakstge and granulocytes) and

lymphoid cells (T cells, B cells and natural kill@&tK) cells), respectively. These cells

make up the cellular components of the innate @metific) and adaptive (specific)

immune systems (Figure 1.1).
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Figure 1.1. Scheme of hematopoiesi8dapted from [3].
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Introduction

1.1. THE INNATE IMMUNE SYSTEM

The innate immune system responds to pathogenaragke stimuli in a non-specific
way. The elements of the innate immune system dechnatomical barriers, secretory

molecules and cellular components.

Production of chemokines (which recruit leukocydes other immune cells), activation
of the complement cascade and activation of adaptimmune cells by antigen

presentation are the most important responsesiatenimmune system.

The innate immune cells include: Natural Killerlseiast cells, eosinophils, basophils;
and the phagocytic cells including macrophages,traphils and dendritic cells.
Nevertheless, concerning tissue homeostasis, tis¢ important ones are macrophages
because of their multiple functions in innate imityiand their capacity to activate the

adaptive immune system.

1.2. ADAPTIVE IMMUNE SYSTEM

Adaptive immune system is composed of specializtld and mechanisms that are able
to recognize and eliminate pathogens efficiently. dddition, adaptive immunity
develops memory cells for each eliminated pathogemder to respond in a faster and

stronger manner if the pathogen enters the orgaagam.

Lymphocytes are central to all adaptive immune oasps. They originate from stem
cells in the bone marrow and mature either in theebmarrow (B lymphocytes) or in
the thymus (T lymphocytes), after exiting the bom&row. T lymphocytes are further
divided into functional subsets: cytotoxic T lymglytes (CTL), which generate cell-
mediated immune responses and helper T lympho¢ytesells), which regulate the

immune system, governing the quality and strenfidléGnmmune responses.
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1.3. MACROPHAGES

Macrophages (frommakros "large” and phagein "eat") are the major leukocyte
orchestrating the innate immune system. Their pynfanction is the clearance of
invading pathogens, cell debris and apoptotic d®jilsa process called phagocytosis.
Nevertheless, their function goes beyond this sng#finition, as will be discussed

throughout this thesis.

These cells were first described as macrophagédieyetchnikoff after he saw large
mononuclear phagocytic cells on different tissud$acrophages are the major

phagocytic cells and they can acquire differentphology and localization in the body.

Macrophages are part of the innate and acquiredumityn therefore, they play very
important functions in the immune system, as wesllim the maintenance of tissue

homeostasis and the regulation of other importemtgsses, such as inflammation [4].

1.3.1 Macrophage generation and location

Macrophages are derived from bone marrow hematbposells and constitute the
terminally differentiated cell type from the monatear phagocytic cell lineage.
Monocytes are the immediate precursors of macraggghangd they also have relevant
functions in inflammation. Monocytes are liberatedm the bone marrow and they
circulate in the bloodstream where they are reeduiinto the sites of injury or
inflammation. During an inflammatory response maores differentiate into
macrophages within the tissue where they remaiil thdir function is completed.
Tissue macrophages can be found constitutively idero to contribute to the

maintenance of many biological processes.

1.3.2. Macrophage activation and function

Macrophage-activating stimuli are found in sites ioflammation and they are
commonly produced by macrophages themselves, otifflammatory cell types or

invading organisms. The surface of the macrophageguipped with many receptors,
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which interact with these stimuli and activate nagtrage functions such as
phagocytosis, adhesion, chemotaxis, secretion fiérdht molecules andantigen
processing and presentation. The most remarkabledital functions of macrophages

are:

1.3.2.1. Phagocytosis
The process of phagocytosis is complex and requiresimplication of recognition
receptors and initiation of signaling pathways tlead to cytoskeleton rearrangements.
The process begins with recognition of the partiolde engulfed. After recognition,
macrophages induce cytoskeleton rearrangementsasdhey can extend the plasma
membrane and surround the particle to be engulfée. particle is internalized by
vesicles called phagosomes and is digested in aifispeellular compartment.
Phagocytosis is a necessary mechanism not onlatimogen elimination but also in
antigen presenting processes, being an importahkt between acquired and innate
Immune systems.

1.3.2.2. Chemotaxis

Chemotaxis is described as the movement of cellsegponse to chemical stimuli
usually released by foreign pathogens or inflammnyatells. These stimuli are detected
by extracellular receptors and they initiate a algy cascade that provides the
rearrangement of cytoskeletal structures. Thesegegmake possible the movement of
the cell toward the origin of the stimulus and fipaell migration. Cell migration is a
key component of tissue homeostasis. Wound regaaid inflammatory response are

the examples of homeostatic processes in whichrighation is featured prominently.

1.3.2.3. Antigen processing and presentation

Antigen processing and presentation is necessargciguired immunity because it is a
mechanism to distinguish self antigens from foreagitigens. Macrophages, as well as
dendritic cells and B lymphocytes, are professiohaligen Presenting Cells (APC),
which means that they have the special machinepydoess and present antigens. This
is absolutely necessary for the specific detectbrpathogens and the subsequent
activation of acquired immunity. APCs can also potenrecruitment and proliferation

of T lymphocytes.
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1.3.2.4. Secretion

Once they are activated macrophages secrete mgmgliag molecules that enhance or
diminish inflammation as well as they contributeaatigen presentation, or assist in

wound healing. Important molecules secreted by opGges can be:

1.3.2.4.1. Enzymes

They are generally secreted in order to aid indigestion of cell debris or pathogens.
Some of them are released constitutively (i.e.2yse) but others depend on previous
activation of the macrophages; these include psetgalipases, deoxyribonucleases,

phosphatases, glycosidase, collagenases, elaatabsslfatases.

1.3.2.4.2. Cytokines

Cytokines (fromcyto “cell” and kinos “movement”) are small proteins generally
secreted by immune system cells. Cytokines cameénfte cell growth, differentiation

and they function in many different cell types. Maihages can release different
cytokines that regulate the immune system and teay exert different biological

functions. Some examples of cytokines released &grophages are TNF-a, IL-6, INF-
y or MCP-1.

1.3.2.4.3. Complement components

Macrophages can secrete components of both classichalternative complement
systems. The complement system participates in momagulatory functions including
lysing of foreign cells and promoting the recogmtiand uptake of particles by
phagocytosis. Complement factors can also promoseppress inflammatory response
by binding directly to complement receptors on itiecrophage surface. These include
C1, C2, C3, C4, C5, factor B, factor D, properdi3b inactivator and a-I1H. In addition
macrophage secreted proteases can generate aagweehts of the complement system
such as, C3a, C3b, C5a and Bb.

1.3.2.4.4. Coaqulation factors

The coagulation cascade is an important pathwayutdted in response to injury.
Coagulation factors recruit and activate plateletsrder to promote blood clotting and
deposition of fibrin. The coagulation cascade iseasial for wound healing.

Macrophages secrete coagulation factors VII, Dgnd V.
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1.3.2.4.5. Reactive oxygen species (ROS)

Reactive oxygen species are highly reactive moésctihat can oxidize and destroy
many molecules. Macrophages can secrete large damofithese cytotoxic molecules
to the extracellular matrix contributing to the ele$e against a possible infection.
Nevertheless, it has been demonstrated that lowats@f ROS can also act as second
messengers in some signaling pathways, which ysledid to cell proliferation or
angiogenesis. ROS are produced in activated maagesh by different enzyme
activities but the main enzymes involved in theduation of ROS in macrophages are
NADPH oxidase and iNOS.

1.3.2.4.6. Arachidonic acid (AA) and its metabdite

Macrophages are known to be important sourcesarfyats of the AA pathway, such
as, prostacyclin, thromboxane, prostaglandin @GE) and leucotriene BA4.
Macrophages contain the necessary enzyme compdioerggnthesis, metabolism and
control of these products. For instance, it is wWathwn that macrophages express PLA
activity, which generates AA by cleaving phosphidlipprecursors, as well as
lipooxygenase and ciclooxygenase activities, witatalyze the conversion of AA into
active prostacyclin, prostaglandins, leukotrienegshoomboxanes. The release of AA
metabolites has multiple functions on inflammati@amd on the regulation of
macrophage activation. For instance, macrophagesruortant sources of PG#&hich
regulate body temperature by its action on the thglamus, among other cell

functions.

1.3.3. Macrophages in pathology

Macrophages are essential cells for tissue hom@sstmd the regulation of many
biological processes but their functions must lgitly regulated since they can be
harmful for the organism. Dysfunction in maturitgigration or phagocytic response of
macrophages can lead to a reduced clearance afeution. In addition, increased and
non-regulated inflammatory responses of macrophagesalso be dangerous because

of an increase in the release of toxic molecules.

Thus, there are many ilinesses related to macr@ptigsregulation, most of them due to

the chronic inflammation produced by macrophagedatt, chronic inflammation is a
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major cause of many diseases including atherositerochronic obstructive pulmonary

disease, rheumatoid arthritis, inflammatory bowsédse, or cancer, among others.

When inflammation fails to subside, this unresolugthmmation can promote tumour
cell growth, survival and angiogenesis. Solid tursare infiltrated with leukocytes and
the cross-talk between neoplastic and blood cedls profound effects on tumour
progression. Leukocytes account for up to 50% af tbmour mass, the most

represented subsets being lymphocytes and macreplf@ly

It has been reported that the density of macroph&georrelated in most, though not

all, tumours with increased angiogenesis, tumouasion and poor prognosis [6, 7].
1.3.3.1. Tumour-associated macrophages (TAM)

Monocytes can be differentiated into two types acnophages with different functions:
tumour-suppressive and tumour-supportive macroghagd umour-supportive
macrophages are active in matrix remodeling, tisspair and angiogenesis, whereas
tumour-suppressive macrophages have microbiciddivitge immunostimulatory
functions and tumour cytotoxicity. During the acauation of somatic mutations of
oncogenes and oncosuppressor genes, various imeamige cell types, including
tumour-suppressive macrophages, are thought toressgpphe progression of cancer.
However, when such macrophages fail to suppresprbgression of tumours, other
macrophages, possibly tumour-supportive or tumespeated macrophage (TAM),
may support tumour growth and suppress the immasponse against cancer [8, 9].
Tumour-associated macrophages (TAM) are key regndabf the link between

inflammation and cancer.

The interaction between many stromal cell typeshvaancer cells further enhances
production of inflammatory cytokines, chemokinesatrnx-proteases, prostanoids,
growth factors, adaptive immunity suppressors amglogenesis related factors. These
substances transform the tumour microenvironmettaoit favors the survival, growth
and motility (Figure 1.3.3.1.1)
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Figure 1.3.3.1.1. Monocytes/macrophages are educdts support malignant progression of cancer
cells. Among the various inflammatory cell types ath fibroblasts in tumor stroma, tumor-associated
macrophages (TAM) are thought to play a critical rok in supporting the progression of cancer.
Monocytes/macrophages are recruited to the tumor, édcome TAM, and help creation of a
microenvironment that favors angiogenesis, migratio and growth of malignant cells. CSF-1,
colony stimulating growth factor-1; MCP-1, monocytes chemoattractant protein-1; MIP-1,

macrophage inhibitor protein-1; VEGF, vascular endohelial growth factor [10].

1.3.3.1.1. Secretion of growth factors, chemoki®sd matrix proteases

Many macrophage products released in the tumoomstrcan directly stimulate the
growth of tumour cells and/or promote tumour celpmation and metastasis. These
include epidermal growth factor (EGF), membershd FGF family, TGFb, VEGF,
chemokines and cytokines. It is well established dytokines, such as IL-1b, augments

metastasis.
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Macrophages can produce enzymes and inhibitorsrdtatlate the digestion of the
extracellular matrix, thus favoring tumour invasiohAMs produce several matrix-

metalloproteases (e.g. MMP2, MMP9) and activatéfdMPs, such as chemokines.

Strong evidence demonstrates that levels of MCR€ associated with TAM
accumulation and that MCP-1 may play an importasie rin the regulation of

angiogenesis [6].

1.3.3.1.2. Promotion of angiogenesis

TAMs contribute to tumour progression also by pmdg several factors which
enhance angiogenesis and the dissolution and rdimgdef the interstitial matrix.
Tumour angiogenesis is often activated during #myereneoplastic stages of tumour
development and is controlled by a number of pagsitir negative regulators produced
by cancer cells and tumour-associated leukocytds TJAM accumulation is associated
with increased angiogenesis and with the productibrangiogenic factors such as
VEGF and PDGF.

1.3.3.1.3. Stimulation of cell growth and inhibiti@f apoptosis. Implication of

Reactive Oxygen Species (ROS)

Stimulation of cell growth and inhibition of apopte are necessary processes for
tumour growth, either in macrophages or in tumoellsc Reactive oxygen species
(ROS) such as superoxide (®zand hydrogen peroxide §8,) are found in a large
number of tumours. ROS are conventionally thoughtydotoxic and mutagenic, and in
high levels they induce cell death, apoptosis arkscence. In contrast, ROS at low
levels function as signaling molecules to media&ie growth, migration, differentiation
and gene expression. It is known that in tumoulsd®DS contribute to angiogenesis
and mitogenesis (reviewed in [12]). Besides, moshdur cells seem to be more
resistant to oxidative stress, and this resistasmdd be a selective advantage for
tumour cell survival and growth. Several mechanisnay lead to oxidative stress in
tumour-bearing patients, among others chronic nmfteation. Inflammatory cells,
especially macrophages and neutrophils, may prodR@S which participate in
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carcinogenesis and tumour-associated immunosuppneds has been reported that
ROS production in neutrophils was higher in larg@axcinoma patients than in healthy
controls and that the more advanced the cancerth@sjore increased ROS production
[13].

1.3.3.1.4. Suppression of adaptive immunity

An additional characteristic of tumour-associateatrophages is the ability to suppress
the adaptive immune response through mechanisnsding poor antigen-presenting
activity and inhibition of T cell proliferation [14 A major advance in the field of
cancer immunology has been to understand how caetisrachieve a global shutdown
of immune-stimulating molecules, such as co-stitamamolecules and cytokines, in
the tumour microenvironment. TAMs produce and redeseveral immunosuppressive
cytokines, for instance IL-10. Moreover, they proedow levels of immunostimulatory
cytokines such as TNf- Suppression of adaptive immunity is a key prodessancer
development.

1. Sphingolipids. Metabolism and regulation of cell

homeostasis

Sphingolipids have been considered for many yesusimple structural components of
cells. Nevertheless, in the past few decades theg bBmerged as potent bioactive lipids
able to regulate many essential cell functions.irf@piipids are involved in cell and

tissue homeostasis as well as in the establishragdt progression of numerous

diseases.

Sphingolipids are lipids derived from the aliphatimino alcohol sphingosine (Figure
2.1). They were first discovered by Johann Ludwigh@/m Thudichum in 1870s in
brain extracts and he named them for the mythoddg®phinx because of their

enigmatic nature.
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Figure 2.1. Sphingosine structur..

Sphingosine is the basic structure of more compsphingolifds, such as
sphingomyeli, ceramides, glcosylcermides and complex glcosphingolipids In
addition to more complex sphingolipids, there als aome lys-sphingolipids tha
lack N-acyl substituers, for instance, sphingosine-phosphate, sphingosine-

phosphocoline or lys«-glycasphingolipids

In particlar, ceramids ar¢ the central core in sphingolipid metabolism andirafrom
being an essential part of the cell membrstructure they arc important signaling
molecules capable of regulaing cell proliferation, differentiation, adhesion, nmagjon

andapoptosis

2.1. CERAMIDES

Ceramidesconsist of esphingosine molecullinked to a fatty acid via an amide b
(Figure2.1.1). Unlike the sphingoid precursors, they are not deluh water ancthey
are located in membra compartments, including the sma membrar where they

participate in raft formatio

/\/\/\/\NWOH
W\/\/\/\/\/\H/NH H

O

Figure 2.1.1. Ceramide structure.
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There is a great variety of ceramides because ity acid can defer in length and in
the number of unsaturations, and each organismssue can synthesize different
ceramide species.

Ceramides can be generated by three major mechau(fsgure 2.1.2):
1. Thede novosynthesis pathway:

This is an anabolic route that begins with the emsation of the amino acid serine and
palmitoyl-CoA to form 3-ketosphinganine in a reaantithat is catalyzed by serine
palmitoyltransferase (SPT). Reduction of 3-ketosganine to sphinganine follows
immediately and afterwards acylation of sphinganiye dihydroceramide synthase
(CERS, also known as Lass) generates dihydroceeamite last step of this pathway is
catalyzed by a desaturase through introduction a@fans-4, 5 double bond in the

dihydroceramide molecule to yield ceramide.

2. Sphingomyelin hydrolysis:

The second major mechanism for ceramide genergiarcatabolic pathway involving
activation of sphingomyelinases (SMases). SMasesohyze sphingomyelin (SM) to
generate phosphorylcholine and ceramide directlye hctivation of SMases was
suggested to be a major route for the productiocesémide in response to cellular
stress. There are different types of SMases anddhe classified by their optimal pH
(acid, neutral and basic SMases). The oppositeiosas catalyzed by SM synthase
(SMS). This important enzyme can control the lewdlseramides and sphingomyelin
in cells. Specifically, SMS catalyzes the transfet phosphorylcholine from
phosphatidylcholine (PC) to ceramide, thereby ten diacylglycerol (DAG) and

lowering the levels of ceramide to produce SM.

3. The salvage pathway.

The third significant mechanism for generating ogde is the sphingosine salvage
pathway, in which sphingosine, produced from thetaimaism of complex

sphingolipids, is re-cycled to ceramide throughdbgon of ceramide synthase (CERS).

Ceramide levels can be also reduced by synthesmorg complex sphingolipids such

as glycosylceramides or complex glycosphingolipids.
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Figure 2.1.2. Sphingolipid metabolismCeramide can be generated by three major mechadisde

novopathway 2) Sphingomyelin hydrolysis 3) salvagépaty.

Apart from being the central lipid in the metaboli®f sphingolipids, ceramide is also

involved in the regulation of many signaling patlysa

It has been reported that ceramides are able tacéendell cycle arrest and promote
apoptosis, a form of programmed cell death [15, Ao, ceramides play important
roles in the regulation of autophagy, cell diffaration, survival, and inflammatory
responses [17-25], and have been associated vaithininresistance through activation

of protein phosphatase 2A and the subsequent depbgdation and inactivation of
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Akt (also known as protein kinase (BKB)) [26-28]. In addition, ceramides are key
mediators of radiation and chemotherapy effectstumours, bacterial and viral
infections, heat or UVA injury and ischemia-repsrtun injury (Reviewed in [29]).

Formation of ceramide is also relevant consideriagole as precursor of important
bioactive sphingolipids that can also regulate utatl functions. Ceramide and its
downstream metabolites have been suggested to waved in a number of
pathological states including cancer, neurodegéinera diabetes, microbial

pathogenesis, obesity, and inflammation.

Once synthesized, ceramide can be used for systlasicomplex sphingolipids,
through intervention of different biosynthetic enmss, including glycosyl or galactosyl
ceramide synthases to form cerebrosides or gaidg®sor it can incorporate a
phosphocholine head group from phosphatidylcho{fhR€) to form SM through the
action of SM synthases. Formation of glycosylcedmmis particularly important

because of its role in conferring drug resistanceimour cells [30].

2.2. SPHINGOSINE

Sphingosine (2-amino-4-octadecene-1, 3-diol) isl@rcarbon amino alcohol with an

unsaturated hydrocarbon chain (Figure 2.1).

Sphingosine can be metabolized from ceramide byathien of specific ceramidases
(Figure 2.1.2) and as well as ceramide, sphingosiredso bioactive. There are many
reports showing that protein kinase C (PKC) ishited by exogenous sphingosine, and
it has been also demonstrated that endogenousgrafed sphingosine can inhibit PKC
very potently [31]. In turn, sphingosine can cohtiee activity of other key enzymes
involved in the regulation of metabolic or cell sding pathways such as the fig
dependent form of phosphatidate phosphohydrolad®)P32, 33], phospholipase D
(PLD) [34], or diacylglycerol kinase (DAGK) [35, Bth a variety of cell types.

33



Introduction

2.3. SPHINGOSINE 1-PHOSPHATE (S1P)

Phosphorylation of sphingosine by sphingosine lkaaag$SphKs) produces sphingosine
1-phosphate (S1P) (Figure 2.3.1), which can regudatvariety of cellular functions

including cell growth and survival, differentiatioand angiogenesis [37-40].

Figure 2.3.1. Sphingosine 1-phosphate.

S1P was originally thought to be an intracellulacand messenger, but it was later
discovered that is also a ligand for G protein-dedpeceptors S1PR [41]. It is now
known that S1P receptors are members of the lysgbiodipid receptor family. These
were originally named endothelial differentiatioang (EDG) receptor family. Up to
date, five S1P receptors have been described, vdremamed S1P 1-5. Most of the
biological effects of S1P are triggered by sigralpathways through these cell surface

receptors.

2.4. CERAMIDE 1-PHOSPHATE (C1P)

A major metabolite of ceramide is ceramide 1-phaspliC1P). C1P was thought to be
not biologically active until 1995, when it wassfirdescribed as a stimulator of DNA
synthesis in rat fibroblasts [42, 43]. C1P is maipkoduced by ceramide kinase
(CERK) which phosphorylates ceramide at the C1 tposi and can be
dephosphorylated by phosphatase activity (Figutelp.
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Figure 2.4.1. C1P can be synthesized by CERIKigure taken from [44]

2.4.1. Ceramide Kinase (CERK)

CERK (EC 2.7.1.138) was first identified in braynaptic vesicles and it was reported
that this kinase phosphorylate ceramide speciji¢ab].

Human CERK has been cloned [46]. The protein sempuéias 537 amino acids with
two protein sequence motifs, an N-terminus thabemgasses a sequence motif known
as a pleckstrin homology (PH) domain (amino acigs121), and a C-terminal region
containing a Cd'calmodulin binding domain (amino acids 124-433).ingssite-
directed mutagenesis, it was found that leucinenlibe PH domain is essential for its
catalytic activity [46] and the integrity of the Rtémain is essential for the activity and

the location of the enzyme.

It has been established that CERK activity i§'Gependent and that it can be regulated
by phosphorylation/dephosphorylation. Apart fronedt processes, the PH domain of
CERK also has a myristoylation site and this cduddanother regulatory center [47].
The interaction between the PH domain of CERK amdsphatidylinositol 4,5-
bisphosphate regulates the plasma membrane taygatid C1P levels [48], and the

subcellular localization of CERK requires the iplay of their PH domain-containing
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N-terminal regions together with the C-terminal dans [49]. More recently, it has
been published that a conserved cystein motif irRKHs also essential for its

functionality [50].

It has been postulated that a transport proteirafaigle transport protein or CERT) is
required for CERK to phosphorylate ceramide. Thistgin utilizes the ceramide
transported to the trans-Golgi apparatus. This feag discovered by silencing CERT
with specific sSiRNA which resulted in a strong inition of newly synthesized C1P
[51]. However, this postulation remains controvarsis it was also reported that this
ceramide transport was not dependent on CERT [H2hce, there are still some

guestions concerning this concept that requirdéurinvestigation.

At the present time, CERK is considered to be thlg €1P source in mammalian cells.
However, it has been reported that bone marrowdénmacrophages from CERK null
mice (CERK-/- mice) still have significant levels ©1P [52]. This suggests that there
could be other metabolic pathways for generating.G¥e have previously speculated
two alternative pathways for generation of C1Pefiscmight be the transfer of a long
acyl-CoA chain to S1P by a putative acyl transferas cleavage of SM by a PLD-like
activity, similar to the one discovered in arthrdpor bacterial SMase D. However,
work from our own lab [53] and that of others [$#jve shown that acylation of S1P to
form C1P does not occur in mammalian cells. In @aldj we found no evidence for the
implication of SMase D activity in rat fibroblastdlonetheless, these possibilities

should be further explored in other cell types.

There are many papers reporting that C1P can bergiex intracellularly. For instance,
it has been published that C1P can be generategeutrophils after addition of

exogenous C6-ceramide [54]. Also, upon the recyclpathway of SM-derived

ceramide or ganglioside catabolism-derived sphimgosC1P generation can occur in
cerebral granule cells [55]. In addition, in A549nd) carcinoma cells C1P levels
increase when cells are treated with interleukipd5b] and in bone marrow-derived
macrophages C1P is generated upon addition of MiG&te culture medium [57].
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2.4.2. Putative receptor of C1P

Most of the biological functions of C1P can be ogjuced by increasing intracellular
C1P levels. However, it has recently been repdttatinot all of them can be achieved
with this strategy. For instance, C1P can indudengigration in Raw 264.7 cells but it
is not possible to stimulate chemotaxis by incregsntracellular C1P levels (i.e. with
IL-1B or with the calcium ionophore A23187 [58]). Thesult suggests that there may
be some kind of interaction between C1P and thenpamembrane that cannot be
achieved intracellularly. For this reason bindingeriments between C1P and cell
membranes were performed and so that a putatiept@cfor C1P could be detected.
This receptor turned out to be a Gi protein-coupkzkeptor (GPCR) with low affinity
for its substrate (Kd=7.8 uM) [58].

C1P is a key regulator of many proliferative patisvat has been implicated in the
induction of many proliferating signaling pathwaysd also in anti-apoptotic signaling

cascades. Moreover, C1P has emerged as a proindisanmolecule in different cell

types.

3. Sphingolipids and the immune system

In immune cells, sphingolipid metabolism resultstire formation of lipid second
messengers, including ceramide (Cer), sphingo8pe)( ceramide 1-phosphate (C1P),
and sphingosine-1-phosphate (S1P); all of them lsangenerated in a common
signaling pathway that might control major cell étinns including, cell proliferation,
survival, differentiation, or immune cell developmieAlthough, little is known about
the role of sphingolipids in immune cell functionisere are some interesting data that

underscore the importance of sphingolipids in icethunity (reviewed in [59]).
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3.1. SPHINGOLIPIDS AND MACROPHAGES

As mentioned before, macrophages are key cellsohied in orchestrating
inflammatory processes. Hence, their activation tniestightly regulated in order to
avoid tissue damage or chronic inflammation. Fas tteason, understanding the
macrophage homeostasis and the regulation of irded intracellular signaling
pathways is necessary to enlighten the importaficlingolipids in controlling cell
activation. This knowledge provides useful inforroatto develop proper therapeutical
tools for the treatment or prevention of this kofdlinesses.

3.1.1. CERAMIDE 1-PHOSPHATE IS A KEY REGULATOR OF ACROPHAGE
PROLIFERATION AND SURVIVAL

Our group has pioneered the studies concerningntpkcation of C1P in cell biology

[60-62]. As mentioned above, it was first demoristtathat C1P stimulates cell
proliferation in fibroblasts and macrophages [42, %7], and it was also found to be a
potent inhibitor of apoptosis [53, 63-65]. Sometlod signaling pathways involved in

these actions have already been described, ancthdigted below:

3.1.1.1. Mitogen-activated Protein Kinase (MAPK)

Mitogen-activated protein (MAP) kinases are sethrebnine-specific protein kinases
that respond to extracellular stimuli (mitogensmotic stress, heat shock and
proinflammatory cytokines) and can regulate manfulee activities. These include

gene expression, mitosis, differentiation, proatesn, and cell survival [66]. MAP

kinases are activated within the protein kinaseadss called “MAPK cascade”. Each
one consists of three enzymes: MAP kinase, MAP dankinase and MAP kinase
kinase kinase which are activated sequentially.r@tee many MAPK subfamilies,

such as, extracellular signal-regulated proteinag@#s (ERK1-2), c-Jun N-terminal
kinases (JNK), or p38. It has been demonstrateadhB can activate ERK1-2 and JNK
in BMDM and that this activation leads to cell pielation [57].
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3.1.1.2. Phosphatidylinositol 3-kinase (P13K)/ f@ia kinase B (PKB) pathway

Phosphatidylinositol 3-kinases (PI3Ks) are a fanufyenzymes involved in cellular
functions such as cell growth, proliferation, diffetiation, motility, survival and
intracellular trafficking, which in turn are invadd in the development of cancer. PI3Ks
are signal transducer enzymes capable of phosptiionylthe 8 position hydroxyl
group of the inositol ring of phosphatidylinosit@®tdins). The pleckstrin homology
domain of PKB binds directly to PtdIins(3,4,5)P3 &tdIns(3,4)P2, which are produced
in the plasma membrane by the active form of PIBKus PKB translocates to the
plasma membrane where it becomes phosphorylatezkpRbrylated PKB is further
activated in the cytosol where it exerts its fuoies by activating signaling cascades that
lead to cell proliferation and survival. Our grotgund that C1P also activates the
PI3K/PKB pathway [57].

3.1.1.3. Nuclear Factor kappa-light-chain-enhanoéactivated B cells (NkB)

NF-kB is a transcriptional factor involved in many oédr functions. However, with
regards to C1P-stimulted cell proliferation, ouoypw has demonstrated that NB-is
downstream of PISK/PKB, MAPK/ERK1-2 or JNK, and thactivation of this
transcriptional factor is necessary for the prodifere effect of C1P in macrophages
[57].

3.1.1.4. Acid Sphingomyelinase (A-SMase)

It has been reported that apoptotic bone marrowe@macrophages (BMDM) posses
high A-SMase activity and high levels of ceramidesipared to healthy cells [63, 67]
and that C1P blocked apoptosis in BMDM [64]. Inigegtion into the mechanism

whereby C1P exerts its anti-apoptotic effects destrated a complete inhibition of

both A-SMase and ceramide accumulation by C1Ptatirmacrophages [53]. C1P also
blocked the activity of A-SMase in cell homogenataggesting that inhibition of this

enzyme occurs by a direct physical interaction withP. Furthermore, it was also
reported that PIP3 (a major product of PI3K acgtivis a direct inhibitor of A-SMase

[68] and as mentioned before, PI3K is a targetd? ¢ BMDM.
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3.1.1.5. Serine palmitoyl transferase (SPT)

Our group also reported that ceramide levels wapgeased in apoptotic alveolar
macrophages (NR8383) and that C1P decreased ilifaceceramide accumulation
when these cells became apoptotic [65]. Howeveihése macrophages A-SMase was
only slightly activated, suggesting that this padlgwwas not the major mechanism
involved in the production of ceramides. Of intéresctivation of serine palmitoyl
transferase (SPT) appeared to be the major mechdisvhich ceramide levels were
increased in these cells. As mentioned before, SRMe key regulatory enzyme for
synthesis of ceramides log novopathway. We reported that C1P inhibits SPT agtjvit
causing a significant reduction in the levels ofracellular ceramides, and this

prevented the macrophages from entering apopts]s [

3.1.1.6. Mammalian Target of Rapamycin (mTOR)

MTOR is an important factor for the regulation @l groliferation. Our group has
demonstrated that C1P stimulates macrophage patlde through activation of the
mammalian target of rapamycin complex 1 (mTORC].[8n this work we also
reported that activation of RhoA/ROCK is essentiat the induction of cell

proliferation and that this event is upstream ofORIC1 activation.

3.1.1.7. Inducible Nitric Oxide Synthase (iNOS)

An important metabolite with cell signaling propestis nitric oxide (NO). NO can be
generated by three distinct nitric oxide synthasesironal NOS (nNOS or NOS 1),
endothelial NOS (eNOS or NOS II), and inducible N@ISOS or NOS Ill). While

NNOS and eNOS are constitutively expressed, INCGS imducible enzyme that can be
stimulated by different cytokines or endotoxins. rOgroup has reported that
upregulation of INOS and the subsequent produatioNO is another mechanism by

which C1P inhibits apoptosis and promotes cellisah70].
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3.1.2. CERAMIDE 1-PHOSPHATE AND THE CONTROL OF INAMMATION

Many inflammatory mediators are secreted by maagpk; these include chemokines,

cytokines, vasoactive amines, phospholipases aodasnoids.

Of interest, it was reported that C1P can stimustechidonic acid (AA) release and
prostaglandin formation [56]. AA is a polyunsatetfatty acid that is present in
phospholipids and can act as a second messengdiammatory pathways. AA can be
also secreted to the extracellular medium and aetigther cells in a paracrine manner.
AA can be generated by the action of phospholigas@LA,) activity, which cleaves
the fatty acid in the second position within thegpholipid molecule. Also, AA can be
generated from diacylglycerol (DAG) through cleawday diacylglycerol lipase. AA is
also a precursor of other pro-inflammatory molesulsuch as, porstaglandins,
leukotrienes or epoxyeicosatrienoic acid. It hasnbeeported that C1P can activate
group IV cPLA [71] by increasing the enzyme affinity for its stidate, mainly
phosphatidylcholine [72].

3.1.3 C1P AND THE REGULATION OF CELL MIGRATION

Recently, our group found that C1P can induce rogjration in Raw 264.7 leukemic
macrophages [58]. Macrophage chemotaxis was stietutay extracellular C1P and not
by intracellularly formed C1P. This fact suggestedt C1P could interact with cell
membrane sites or receptors to achieve this adtiavas observed that C1P interacted
with a putative membrane receptor [58]. Cell migmatwas potently induced by
exogenous C1P but not by any other related sphmidoincluding S1P and ceramides,
or structurally related phospholipids, such as phatidic acid. In addition to this, the
signaling pathways by which C1P exerted its chentmteunction were described.
These pathways include the MAPK/ERK, and PI3K/PKdhgva which converge in the

activation of the transcription factor NéB.
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3.1.1. Schematic representation (the multiple regulatory roles of C1P in macrophage respnses

3.2. SPHINGCLIPIDS AND NATURAL K ILLER CELLS

Natural killer cells (or NK cells) are a type oftojoxic lymphocyts that constitut a
major componet of the innate immune system. NK cells playsignifican role in
tumoul rejectior andsuppression aviral infections. They Kkill cells by releasing sm:
cytoplasmic granulecontainin¢ proteins called perforin and granzyme that caus

target cell tcundergcapoptosis

NK cells express EDG receptors (E-1, 3,6 and 8), which are receptdor S1F, as
mentioned befor [9]. Besides, it has been reported that S1P, alonly wgtclosely
related phospholip, dihydrosphingosir-1-phosphate (DHS1P), can activate NK «

chemotaxis through activation of heterotrimeric1@tgeins and PI3 [9].

There are also evidences suggesting tr-SMase,SMS and GCS are implicd in
interleukir-2 (IL-2) induced ceramide reduction in NK s, which rescues cells froi

apoptosig[73]. The authors of the latter reference reported that -2 withdrawal
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activates A-SMase and inhibits GCS and SMS, antdtiiese effects can be suppressed
by adding IL-2 into the culture medium. Intereshindhese authors observed that these
cells could not be rescued when the cells wereipuely treated with the PI3K
inhibitor Ly 294002.

3.3. SPHINGOLIPIDS AND CYTOTOXIC T LYMPHOCYTES (CTL )

The regulation of the surface expression level$ oéll receptor (TCR) is probably an
important mechanism by which T cell responsivenisssontrolled. The ability of
ceramide to induce a rapid TCR up-regulation irhbdD4+ and CD8+ cells has been
reported previously [74]. However, in Jurkat T selteramides can also exert the
opposite effect on TCR expression, depending ombation time and ceramide
concentration [75]. Thus, there are still many goes to be answered concerning the

role of sphingolipids in the regulation of T lymputybe responses.

3.4. SPHINGOLIPIDS AND CELL-MEDIATED CYTOTOXICITY

Cytotoxic T lymphocytes (CTL) and NK cells indugaoptosis in the target cell by two

major mechanisms:

1) C&*-dependent secretion of preformed cytoplasmic desnoontaining cytotoxic

molecules such as perforin and several serine ggete Perforin, a pore-forming
protein, allows the entry of granzymes (most imgotly serin proteases) into the
cytoplasm of target cells, where they induce apopiell death. Perforin/granzyme-
based cytolysis has been reported to occur witlereasing the cellular ceramide
content, therefore ruling out the possible contidruof the sphingomyelinase pathway

to this mechanism of cell death [76].

2) CD95 (Fas), a TNF receptor-like molecule, with ligand. CD95 system-mediated
cytotoxicity involves cross-linking of the Fas a®n with an agonist monoclonal
antibody resulting in a coordinated increase inirggdmyelinase activity, ceramide

levels, and cytotoxicity in susceptible tumour s¢ii7].
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Cytolysis induced by both granule-mediated and CbB&sed mechanisms exhibited the

typical features of apoptosis.

3.5. SPHINGOLIPIDS AND B LYMPHOCYTES

B lymphocytes require the expression of a surfaceRB(B cell receptor) for

development and survival and the signals convelgealigh the B cell antigen receptor
are crucial for B cell maturation and activity.i$t well established that in mature B
cells, BCR signaling results in activation whileimmature B cells signaling through
the BCR results in apoptosis, receptor editingrargy. Some reports have led to the
identification of glycosphingolipid and cholesterah plasma membrane

microdomains, or lipid rafts, which have been pimgabto function as platforms for
both signal transduction and membrane traffickiogiimmune cells. The presence of
phosphorylated proteins in the rafts following B@Ross-linking suggests that the
signal cascades are initiated and propagated fremrdfts. In addition, several reports
indicated the translocation of important proteisisch as phospholipase C2, into lipid
rafts upon BCR stimulation [78]. However, the imjamce of ceramides and

glycosphingolipids on raft-associated signalingceales remains to be determined.

The stimulation via antigen receptor in immaturedls and B cell lines leads to cell
death through apoptosis. The detailed signalingaes of this apoptotic pathway is still
unknown, but sphingolipid metabolites seem to belied in this signaling.

Another route by which ceramide could regulateitheune response is by activating
IL-6 production. IL-6 is a potent immunomodulatorhieh regulates B cell and

macrophage differentiation as well as T cell stemioh. Ceramide was discovered to be
a potent inducer of IL-6 release in human fibrotdand exogenous addition of SMase

seemed to have similar effects [79].
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2. OBJECTIVES

From the above comments, it is clear that C1P lisoactive sphingolipid metabolite
that is capable of regulating vital cellular fulmcts. However, the mechansims by which

C1P exerts its biological effects have only beguhd understood.

The present thesis was undertaken to elucidatdiadai mechanisms by which C1P
controls cell proliferation and cell migration, atwlassess whether C1P plays a role in
the activation of the immune system. Accordinghg specific objectives of this work

are as follows:

1. To study the mechanism by which C1P stimulatasrophage migration. Although
some of the pathways involved in the stimulationcefl chemotaxis by C1P have
already been put forward by our group, it is naaclwhether C1P can induce the
release of chemoattractant molecules. Therefoeepdssible implication of monocyte

chemoattractant protein-1 (MCP-1) in this proceskbe exhaustively studied.

2. Our group previously established that C1P iogahic for macrophages. However,
mitogenesis is a complex process that implicatesenaus pathways and mechanisms.
In the present work, the possible stimulation oflahelial growth factor (VEGF)
secretion by C1P, as well as the mechanisms ingdalvéhis process, will be examined.

3. Another feature of macrophages is the produatforeactive oxygen species (ROS),
which have been involved in the regulation of bstimulation of cell proliferation and
apoptosis. Therefore, the possible stimulation @SRproduction by C1P, and its
possible participation in the mitogenic or antiajpdip effects of C1P will be

investigated.

4. To study the possible implication of C1P in lymopyte activation
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3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Chemical products

Supplier

Reagents and products

Sigma-Aldrich

1-Aminobenzotriazole (ABT)

Acrylamide/bisacrylamide

Allopurinol

Ammonium persulfate
Apocynin
Bovine Serum Albumin (BSA)

diphenyleneiodonium chloride (DPI)

Eosin

Fibronectin

Gentamicin

Hematoxylin

IL-2

JE (MCP-1) from mouse
L-glutamine

LY 294002
N-acetylcysteine (NAC)
L-NG-Nitroarginine methyl
(Hydrochloride) (L-NAME)
PD 98059

Pertussis Toxin

Protease inhibitor cocktail

este
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rotenone

rottlerin
RPMI 1640
RS 102895

Scotts Tap Water Substitute Concentr;

(Blueing reagent)
SP 600125
Tween-20

ZM 39923 hydrochloride

nte

Matreya, LLC

N-hexadecanoyl-D-erythro-sphingosine-1-
phosphate (N-Palmitoyl-Ceramide
phosphate) (C1P)

Gibco (Invitrogen)

Fetal Bovine Serum (FBS)

Opti-MEM

Cell Signalling Technology

(Beverly MA, USA)

Ab Akt

Ab MCP-1
Ab p42/p44
Ab p47phox
Ab p65

Ab p85 subunit of PI3K

Ab p-Akt (Ser 473)

Ab p-cPLA2a (Ser505)

Ab p-p40phox (Thr154)

Ab p-p42/p44 (Thr202/Tyr204)
Ab p-p65 (Ser536)

Ab p-STAT3 (Ser 727)
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Ab p-VEGFR2 (Tyr 1175) (D5B11)

Ab rabbit IgG HRP-linked

Ab STAT3

Ab VEGFR2

Santa Cruz Biotechnology, Inc.

Ab cPLA2

Ab p-38 (THr 180/Tyr 182)-R
Ab p40phox

Ab total p40-phox (D-8)

Ab B-actin (H-196)

Akt2 siRNA

CKR-2 (M-50)

CKR-2 siRNA

Control siRNA

MCP-1 siRNA

Calbiochem- Novabiochem

corporation (USA)

(3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS)

“Annexin-V/PI| detection Kit

“NucBuster Protein Extration Kit
N-{(2S,4R)-4-(biphenyl-2-ylmethyl-isobutyl
amino)-1-[2-(2,4-difluorobenzoyl)-benzoyl]-
pyrrolidin-2-ylmethyl}-3-[4-(2,4-
dioxothiazolidin-5-ylidenemethyl)-
phenyllacrylamide (pyrrolidine-2)

phenazine methosulfate (PMS)

Phorbol-12-myristate-13-acetate (PMA)

BIO RAD

BCA assay reagents

Nitrocellulose membranes
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Protein markers

Cayman Chemical

“cPLA, assay kit”

Becton—Dickinson

Propidium lodide (PI)

ebioscience

CD11b-FITC antibody

CD3

CD4

CD54 (ICAM-1)-FITC antibody
CD69-FITC

CD8a

Dx5

MCP-1 neutralizing antibody (cell tested)

Mouse CCL2 (MCP-1) ELISA Ready-SE]
Go!

NK1.1

NKG2D

R&D Systems

“Mouse VEGF Quantikine” ELISA kit

Molecular Probes (Invitrogen)

5-(and 6-)-chloromethyl-20, 7(
dichlorodihydrofluorescein diacetate ace
ester (CM-H2DCFDA)

Oligofectaminé" Reagent

tyl

Perkin Elmer

[*H-Methyl]-thymidine (2.0 Ci/mmol)

[5,6,8,9,11,12,14,18(N)]-Arachidonic acid

Tocris Bioscience

10-DEBC

Go6976

GE HealthCare

Ficoll-Paque PREMIUN (d=1.084 g/mL)
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Lonza DMEM
Promega CellTiter96¢® AQueousOne Solution (MTS)
Applied Biosystem (Ambion) Aktl siRNA

Mapkl (Erk2) siRNA

Pik3rl (PI3K) siRNA

Merk Chemicals TLC silicagel 60

Other chemicals and reagents Analytic grade reagents

BHNB-C1P was synthesized as previously describe@] j8 the Department of
Chemistry and Biochemistry, Queens College of Tlty Oniversity of New York,
Flushing, New York (USA).

M-CSF was obtained from a fibroblast cell line, 29cells, which were generously
donated by Dr. U. P. Steinbrecher (University BhtiColumbia, Vancouver, Canada).
L-929 fibroblasts were incubated in T-175 flaskshm80 mL of DMEM supplemented
with 10% fetal bovine serum (FBS) for 2 weeks afteaching confluence. Then,
medium was centrifuged and filtered through Ou®2 pore filters. Harvested medium

was stored at -20 °C until use. This medium isedall-conditioned medium.

N-Acetyl-d-glucosamine-coated polyamidoamine dendrim(GN8) was kindly

provided by Prof. T.K. Lindhorst (Christiana Albied University in Kiel, Germany)

and Prof. V. Kren (Institute of Microbiology, Acadg of Sciences of the Czech
Republic, Prague, Czech Republic).
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5
AcHN OH
OH HNJLNH HN NH 0. OH
o T
/g‘f/ /r 5 OH
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O\/ ')
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HO NHAC

Figure 3.1.1.1. Scheme df-Acetyl-d-glucosamine-coated polyamidoamine dendrier (GN8) [81].

3.2. CELL LINES AND PRIMARY CELLS
3.2.1. J774A.1 cell line

J774A.1 cell line was purchased from ATCC (Manasd&s, USA) and cultured
following the manufacturer’s indications. J774Adlldine is a monocyte/macrophage
cell line obtained from a BALB/c mice with reticuticell sarcoma. Cells were grown
in 175 cnf flasks in DMEM supplemented with 10% FBS, 20 uMjlutamine and 50
mg/L gentamicin. Cells were incubated at constantperature (37 °C) and regulated
atmosphere (humidified atmosphere containing 5%)CG{d subcultured every 2-3

days maintaining cell density between 0.5-2 dls/10 mL.
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ATCC Number: TIB-67
Designation:  J774A.1

w. e%

Low Density Scale Bar=100ym  High Density Scale Bar = 100um

Figure 3.2.1.1. Micrograph of J774A.1 cells (takefrom the ATCC website).

3.2.2. Bone Marrow-derived Macrophages (BMDM)

Bone marrow-derived macrophages (BMDM) were isdldtem femurs of 6-8-week
old female CD-1 mice as described [82]. Ice-coldg@hate-buffered saline (PBS) was
used to perform perfusion of femurs and collectetiscwere plated in RPMI 1640
containing 20 puM L-glutamine, 100 mg/L gentamicio?d fetal bovine serum (FBS)
and 20% L-cell conditioned medium, as the sourcena€rophage-colony stimulating
factor (M-CSF) for 24 h [83]. The next day, non-ardnt cells were collected and
counted to finally be cultured for 4-6 days in g@me medium. After this incubation,
about 80% confluence was reached and 85% of theested monocytes had been

differentiated into macrophages.
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Figure 3.2.2.1. Phas-contrast image of bone marrov-derived monocytes cultured for ~6 days in
RPMI 1640 containing 0% FBS and 2(% L -cell conditioned medium

Cells were then incubated for 24in RPMI 1640 containing 10% FBS and 1.5%cell
conditioned medium, before be used in experiments. was established that th
concentration of -cell conditioned medium ierough to ensure cell viabili, without

stimulating cell proliferation (Figure 3.2.2).

2.5- 24h
I * 1
*

-,g 2.0-
53 ..
a @
8E
"E’E 1.0-
=
[+)]
o 0.5-

0.0-

Ctrioh 0 1 2 3 5 10
% LCM (M-CSF)

Figure 2.22.2. The M-CSF concentration determires cell viability in BMDM. Cells were incubate
for 24 h in RPMI supplemeted with 10% FBS ¢heindicated concenttions of L-conditioned mediun
Cell viability was measured bthe MTS-formazan method. Results are the mei SEM of three

independent experiments performed in triplicatgs(x05)
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3.2.3. Isolation and culturing of Spleen Mononucl€alls (SMC)

The spleen is an important organ in regards tossemt red blood cells and immune
system. Due to its functions, spleen is full of [@dod cells, lymphocytes (T and B),
Natural Killer cells (NK cells) and monocytes. Adilgh lymph nodes and peripheral
blood can be used as sources of immune system spleen is the most often used
lymphocyte source because it constitutes the nuestssible way to obtain them.

Spleens were isolated from 6-8-week old female @3@Bnice from Charles River
Laboratories International Inc. After a sterile raxtion, the spleen was dissociated
through a nylon mesh collecting all SMCs but cotinecand fatty tissue in RPMI 1460
containing plate. The cell suspension was gentpetped inside a centrifuge tube
containing Ficoll-Paque (without mixing both liggjdand centrifuged at 400 x g for 30
min. Ficoll-Paque is a sterile Ficoll PM400/sodiuhatrizoate solution of the proper
density (d=1.084 g/L), viscosity and osmotic pressto be used in mononuclear cell
isolation. After gradient centrifugation, cell sesgion was divided in three phases
(Figure 3.2.3.1).

_ | Medium
- > Mononuclear cells:
monocytes, lymphocytes
it > Ficoll-Pague
p=1. -
g”__

> Enythrocytes, granulocytes,
cell debris, aggregates. ..

Figure 3.2.3.1. Photograph of a SMC suspension aftgradient centrifugation using Ficoll-Paque.
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The mononuclear cell ring was collected and transteto a new sterile centrifuge tube
where cells were washed three times with fresh amadiy centrifugation at 500 x g for
5 min. After washing, the cell suspension was cednand immediately used for

different experiments.

3.2.4. Raw 264.7 cell line

Raw 264.7 cell line was generously donated by Ds. &teinbrechefUniversity British
Columbia, Vancouver, Canada). Raw 264.7 cells arnaocyte/macrophage cell line
obtained from belson murine leukemia virus-indutachour of BALB/c mice. Cells
were grown in 75 chflasks in DMEM supplemented with 10% FBS, 20 pM L-
glutamine and 50 mg/L gentamicin. Cells were intetaat constant temperature (37
°C) in a regulated atmosphere (humidified atmosphesntaining 5% C¢ and

subcultured every 2-3 days.

ATCC Number: TIB-71
Designation:  RAW-264.7

el

Low Density Scale Bar= 100um  High Density

L -
Scale Bar= 100pm

Figure 3.2.1.1. Micrograph of Raw264.7 cells (takeftom the ATCC website).
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3.3. METHODS

3.3.1. Delivery of C1P to cells in culture

An aqueous dispersion (in liposome form) of C1P added to cultured macrophages
as previously described [53, 57, 64]. Specificaliigck solutions were prepared by
sonicating C1P (5 mg) in sterile nanopure watem(3 on ice using a probe sonicator
until a clear dispersion was obtained. The finahcamtration of C1P in the stock
solution was approximately 2.62 mM. This procediseconsidered preferable to
dispersions prepared by adding C1P in organic stdvbecause droplet formation is

minimized and there are no organic solvent effentsells.

C1P was added to the culture medium in the micramoange, 20-50 pM. It is
important to keep in mind that this C1P is delivki® aqueous liposome and cells only
internalize little amount of these liposomes. It leeen demonstrated that after 2 h of
incubation with 25 uM C1P delivered in agueous dipoes only few nmoles of C1P
are incorporated per million cells [43]. Similarciease in intracellular C1P levels (4
nmoles/million cell) were achieved after treatmehfA549, HeLa or macrophages with
physiological concentrations of ATP (0.1 mM) orCimnophore A23187 (1 uM) [84].

Figure 3.3.1.1. Electron microscopy of C1P liposomes
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We also delivered C1P to cells by using the phbitdacaged C1P analog, BHI-C1P
[80], which was dissolved in ethanol at 1.62 mM. Thiksosere expced to 40-500
nm light in a transilluminator equipped with a 9lavhp for 60 min at a distance of
cm at 37 °Cin order to allowthe release of C: into the cytosol. In this case low
concentrations of cag-C1P were used because ce-C1P is solubldn ethanol and i

diffusesacrosscell membrane

Figure 3.31.2. Structure of cagec-C1P (adaptecfrom [80]).

3.3.2. Quantitative Enzyn-Linked Immunosorbent Assays (ELI
3.3.2.1. Determination of MCP-1 concentration in the culture medium

J77A.1 cells were seeded 24-well plates (1* cells/well) and incubatein DMEM
containing10% FB¢, overnight. The next dayells were washed twice with PBS, 1
medium was replaceby DMEM containingl% FBS and cells were incubated for Z
before adding any agor. This step i important because it has been published
refreshing the medium can generate rapid sphingoéipd DAG formatior[31]. Thus,
by incubating cells for 2 h before starting the assaycandiscard any interference
our results. After 2 tinhibitors or agonists were added and cells wetabatecfurther
for the indicatedperiods of tim. After incubationthe cell medum was collected int
microcentrifuge tubes and cells were scrappeddbrcounting.The tarvesed mediun
was centrifuged at 1000 x g for 5 min at 4 °C and supernatant was diluted

performing ELISA assa
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The MCP-1 concentration in the medium was deterchingng a kit named “Mouse
CCL2 (MCP-1) ELISA Ready-SET-Go!” according to timanufacturer’s instructions.

The coating of 96-well plates was performed addimg specific antibody to MCP-1
into the wells and incubating the plate overnightt 2C. Once capture antibody was
adhered to the plate, the wells were washed arakétbwith assay diluent for 1h. After
blocking, the wells were washed and the samples wédded in duplicates to the wells.
Along with the samples, serial dilutions of a stmbsolution of MCP-1 were added.
Samples were incubated overnight at 4 °C. Aftenlyation, the wells were washed and
the biotinylated-detection antibody was added. Tdmgibody binds to the MCP-1-
capture antibody complex. After 1 h of incubatidnma@m temperature and subsequent
washes, an avidin-HRP solution was added to thisaal it was incubated for 30 min.
This enzyme binds to the biotinylated-detectionitendty during this time period.
Finally, after the last wash, a 385-Tetramethylbenzidine (TMB) solution was added
as a substrate into the wells and this reactioreigeéad a chromophoric product. The
reaction was then stopped with 1 NS@, and the absorbance was read at 450 and 570
nm using the PowerWave™ XS Microplate Reader byTBkoand Gen5 software.
Before analyzing data, A570 values were subtratef450 values, in order to avoid
possible interferences, and the standard soluticer® used to perform a calibration
curve. Sample concentration values (pg/mL) obtaibgdhis calibration curve were

normalized by the number of cells counted in eaeh (mg/million cell).

}lr &:T ol f\\

Figure 3.3.2.1.1. Schematic representation of an ELFSexperiment.
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3.3.2.2. VEGF determination in the culture medium

Raw 264.7 cells were seeded in 6-well plates (@f5cells/mL) in DMEM
supplemented with 10% FBS and incubated overnighdllow cells to attach to the
plates. The next day, cells were washed and inedbat DMEM supplemented with
1% FBS. Agonists were added and 24 h later the meltlium was collected in
microcentrifuge tubes. Samples were centrifuged®000 x g for 5 min and the
supernatants were used for VEGF measurement. VEGHkceatration in the
supernatants was measured using a “Mouse VEGF {Riumit kit following
manufacturer’s instructions. This kit provides wated ELISA plates so that samples
and standard solutions were directly added to 9%6-ates and incubated for 2 h at
room temperature. In order to remove unbound nasegrihe wells were washed and a
HRP-conjugated detection antibody was added. Atkrof incubation, the wells were
washed again and TMB solution was added as a gelng substrate. Colour
development was stopped using the “Stop Solution!’ the absorbance was measured

as indicated above.

TME Substrate

-

™
\II

HRP HF;PT '15"
A
Y ¥ A Y

TMB

HiP Substrate
YJ Yellow

Figure 3.3.2.2.1. Schematic representation of an ELFSexperiment.

3.3.3. Determination of cell migration. Boyden cl@massay

Macrophage migration was measured using a Boydamisbr-based cell migration
assay, also called trans-well migration assay. 24-ehemotaxis chambers (Transwell,

Corning Costar) were used for the experiments afdré starting experiments, they
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were coated with 30 pg of fibronectin to allow cattachment. Cell suspensions (100
ul, 5:1¢ cells) were then added to the upper wells of 24-aleemotaxis chambers.
Agonists were then added to the lower wells dilute®00 ul medium supplemented
with 0.2% fatty acid-free bovine serum albumin (BS#d activated carbon. When
used, inhibitors were added to the upper and lavedis and pre-incubated for 1 h prior
to agonist addition. The cells were incubated i tipper chamber for 1 h inside the
incubator in order to ensure cell adhesion. Néw,upper chambers were located inside

the lower wells (Figure 3.3.3.1).

Upper
chamber

——— Cellsuspension
- > Filter covered with

fibronectin
Lower ] _
chamber < 1h Incubation
é é‘
Medium with :
agonists/inhibitors

Figure 3.3.3.1. Schematic representation of a Boydeshamber based cell migration assay.

After the indicated incubation time, non-migratesllc were removed with a cotton
swab, and the filters were fixed with formaldehy@&86 in PBS) for 30 min. Then,

formaldehyde was removed and the filters were sthimith hematoxylin for 2 h. After

removing hematoxilyn with water, the filters wenemersed in an acid alcohol solution
(70% ethanol/hydrochloric acid, 50:1 v/v) for fevecends and they were then
submerged in blueing agent for 2 min. Next, theefd were dehydrated with ethanol
and stained with eosin for 2 min. After hematoxiswosin staining, the filters were
placed on microscopy slides using mineral oil (dirgg bubbles between slides and
coverslips). Cell migration was measured countimg number of migrated cells in a
Nikon Eclipse 90i microscope equipped with NIS-E&ns 3.0 software. Cells were
counted in six randomly selected microscopy figlds well at 20x magnification. The
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numbe of migrated cellwas normalized by the number of migrated cells oncontrol

filter.

Figure 3.3.2.1. Pictures ofanalyzed filters. Cells were incubated with vehicle (left panel) orn@® C1P
(right parel). Micrograpts obtained iith Nikon Eclipse 90i microsco| equipped with NI-Elements 3.(

software usin@20 x magnificatior

3.34. Small interfering RN transfection protocc

Small interfering RNAs (siRNAs) assemble into erdonucleas-containing
complexes known as RMinduced silencing complexes (RISCsRISC is a
multiprotein complex that incorporates one strahd emall interfering RNA (SiRNA)
to be used it as a template for recognizing complementary mRNAeWit finds ¢
complementary strar RISC activatesaribonuclease and cleaves the RNA. Cleavac

cognate RNA takes place near the middle olbouncec region by the siRN/strand
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Figure 3.3.4. The mechanism of RNA interference (RNij

After the cleavage of the target mRNA, translatidrihe protein is inhibited, so that it

is said that the protein has been silenced.
SiRNA transfection protocols were performed follagimanufacturer’s instructions.
- siRNA transfection protocol for MCP-1 release expaments in J774A.1

J774A.1 cells were seeded in 24-well plates ¢&Is/well) in DMEM containing 10%
FBS. 4 h later, the medium was removed and the eedre washed twice with sterile
PBS. Cells were incubated for 24 h in 200 pL ofi-MiEM (without antibiotics) and
siRNA was added.

The following solutions were prepared (quantities @ach well):
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- Solution A: 1 pL of oligofectamine + 7.5 pL of opMEM (mixed and incubated for
5-10 min)

- Solution B: 2.5 of pL siRNA (from 20 uM siRNA stk) + 40 pL of opti-MEM

Solution A was added into solution B and mixed behy pipetting. The mixture was
incubated at room temperature for 15 min and 5M@fithe siRNA mixture was added
into each well. Cells were incubated for 4-5 h aftdr that time 250 pL of opti-MEM
supplemented with 20% FBS was added, without rengptiansfection mixture. This
culture was further incubated for 24 h and the mmediwas replaced by DMEM
containing 10% FBS. Cells were assayed for MCPldase experiments 24-48 h after
the addition of fresh growth medium.

- SIRNA transfection protocol for migration experiments in J774A.1

Macrophages were seeded in 60 mm diameter platgsL{L cells/well) in DMEM
containing 10% FBS. The medium was replaced byniL6opti-MEM and cells were
then incubated for 24 h. The siRNA was added falhgwhe next protocol:

- Solution A: 6 pL of oligofectamine + 30 pL of MEM (mixed and incubated for 5-
10 min).

- Solution B: 20 pL of sSiRNA (20 pM siRNA stock)360 pL of opti-MEM.

Solution A was added into solution B and mixed behy pipetting. The mixture was
incubated at room temperature for 15 min and 400fthe siRNA mixture were added
into each well. Cells were then incubated for 4-&nd after that time 2 mL of opti-
MEM containing 20% FBS was added into the wellghaiit removing the transfection
mixture. This culture was further incubated fort2&nd the medium was replaced by
fresh DMEM containing 10% FBS.

24 h after medium replacement, the cells were pe@@and counted in order to be
seeded (5-fa@ells/well) in the upper wells of 24-well chambested with fibronectin.
Migration protocol was performed as mentioned bef&emaining cells were lysed and
analyzed by Western blotting in order to determthe efficiency of the SiRNA

treatment.
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- siRNA transfection protocol for VEGF release expements in Raw 264.7

cells

Raw 264.7 cells were seeded in 6-well plates ¢&lls/well) in DMEM containing 10%
FBS. Then, the medium was removed and cells weshedhtwice with sterile PBS.
Cells were then incubated for 24 h in 800 puL ofi-OpEM (without antibiotics) and
then, siRNA was added.

The following solutions were prepared (quantities @ach well):

- Solution A: 4 pL of oligofectamine + 30 pL of MEM (mixed and incubated for 5-
10 min)

- Solution B: 10 pL of sSiRNA (from 20 uM siRNA stoc+ 175 pL of opti-MEM.

Solution A was added into solution B and mixed behy pipetting. The mixture was

incubated at room temperature for 15 min and 20@fthe siRNA mixture were added
into each well. The cells were then incubated fé&r 4 and after then 1000 puL of opti-
MEM supplemented with 20% FBS was added to theswelithout removing the

transfection mixture. Cells were further incubated 24 h and the medium was
replaced by DMEM containing 10% FBS. The cells wassayed for VEGF release
experiments 24-48 h after the addition of freshwghomedium.

3.3.5. Cell surface receptor staining
- Determination of ICAM-1 or CD11b expression in J774.1 cells

J774A.1. cells were seeded in 60 mm plates (25cels/well) and incubated in
DMEM containing 10% FBS, overnight. The medium waplaced with DMEM
containing 1% FBS and further incubated for 2 howigts were added to the cell
medium and, after the indicated incubation timefisavere washed and scrapped in 0.5
mL PBS containing 1% BSA. Cells were then colleatednicrocentrifuge tubes and,
after counting, the cell suspension was dilutedt@in 0.5-10cells/0.5 mL. The tubes
were centrifuged at 500 x g for 5 min at 4 °C aglspended in 200 pL of the blocking
solution (PBS containing 1% BSA and 10% FBS). Ce#se then blocked for 15 min

on ice, in order to avoid unspecific antibody bigh. After blocking, the cell
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suspension was washed and resuspended in 50 pBSténtaining 1% BSA and the
fluorescent antibody (1:1000 dilution) and incubater 1 h at 4 °C in the dark. Then,
the cells were washed and resuspended in 200 jaLpafaformaldehyde solution (2%
in PBS) for 15 min at 4 °C in the dark. After figincells were washed with PBS
containing 1% BSA and resuspended again in 0.5 rBIS Rvith 1% BSA. Cell

suspensions were transferred into cytometry tuB€EC-fluorescence from specific
antibodies was measured by flow cytometry usingiaiooled 488 nm argon—ion laser
(FACSCalibur, BD Biosciences) and CellQuest sofeM@ecton Dickinson), according

to the manufacturer’s instructions.

- Measurement of CD69 surface expression in spleen mmnuclear cells
(SMCs).

SMCs were obtained as mentioned above and theyseeed in microcentrifuge tubes
(1.5-16 cells/tube) in 1.5 mL of medium. After addition thie indicated agonists, cell
suspensions were placed into a culturing incubadter incubation, the cells were
centrifuged (500 x g, 5 min) and resuspended wigshf medium. Cells were then

seeded in 96-well round-bottom plates in triplicate

Cells were then centrifuged (500 x g, 5 min) ansuspended in a blocking solution
(10% mice serum diluted in PBS supplemented witi % sodium azide). After 30 min
of incubation on ice, the serum was removed byrifagation and the cells were
washed with PBS supplemented with 0.01% sodiumeaZithe cell phenotyping was
performed using an appropriate dilution of thedwaling fluorescent antibodies: CD3-
FITC (1:40), CD4-PerCP (1:200), CD8a-Alexa700 (DRODx5-PE (which binds
CD49b marker) (1:100), NK1.1-APC (1:100) and CDG97P(1:150). All antibodies
were diluted in PBS containing 0.01% of sodium ezaad 10 pL of this solution were
added into each well. Cells were then incubated efipropriate antibody solution for 1
h on ice in the dark. After incubation, the cellsres washed and resuspended in the
culture medium and a propidium iodide (PI) solutiwas added in the last step for
discarding non-viable cells. Single-stain contralsre included for further offline
compensation. The samples were analyzed by the FA®RFHI (Becton—Dickinson,
Franklin Lakes, NJ, USA). Evaluation of data wasfqened using a FlowJo version
6.1.1 software (Tree Star, Ashland, OR, USA). Adtadanalyse were performed using
PI negative cell population (live cells).
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Cell phenotype was determined using the followiambination

Monocyte CD3-,CD49L-, NK1.1-
Helper T cells (Th) CD3+, CD4+, CD8-
Cytotoxic T Lymphocyte (CTL) CD3+, CD«, CD8a+
Natural Killer cell (NK cell) CD3-, CD49b +, NK1.1-
Natural Killer T cell (NKT cell) CD3+, CD49b +, NK1.1

3.3.6. Measurement of intracellular reactive oxygen $gs

ROS production was determined wusing-(and ¢)-chloromethy-20,7(-
dichlorodihydrofluorescein diacetate, ¢l ester (CN-H2DCFDA). This is a cel-
permeant indicatothar aftel enterin¢ the cell it remains inside the cells. Intracellt

ROS drwesterify this compoun and it is converteto fluorescent DCF

A B

W
l.

Figure 3.3.€.1. The structures of A. carboxy-H2DCFDA and B. the deicetylated and oxidizec

product, dichlorofluorescein (DCF)

BMDMs were incubated in 35 mm diameter dishe5-1C cells/dish ancthey were
grown in RPMI 1640 containing 10% FBS and 20-cell conditioned medium (as tl
source of N-CSF) for «~6 days untilthey were about 80% conflueiCells were ther
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incubated for 24 h in RPMI 1640 containing 10% F&®I 1.5% L-cell conditioned
medium as reported previously [57]. Macrophagesewecubated in the presence or
absence of agonist, without refreshing the medamd, CM-H2DCFDA was added at 5
UM during the last 30 min of incubation, at 37 ¥Cthe dark. After incubation cells
were washed twice with PBS and lysed with 10 mMs-HCI buffer containing 0.5%
Tween-20 (pH 7.4). The homogenates were centrifuagetid,000 x g for 10 min to
remove cell debris. DCF fluorescence in the supgantawas measured using a
spectrofluorimeter with excitation and emission elangths of 490 nm and 522 nm,
respectively. Data were processed and normalizedhlioes obtained from untreated

controls.

3.3.7. Superoxide anion assay kit

BMDMs were incubated in 60-mm diameter dishes 5310 cells/dish and they were
grown in RPMI 1640 containing 10% FBS and 10% U-cehditioned medium until
they reached about 80% confluence. The cells wee incubated for 24 h in RPMI
1640 containing 10% FBS and 1.5% L-cell conditionsetlium as reported previously.
Macrophages were incubated in the presence or edseh40uM C1P, without
refreshing the medium. After 8 h cells were scrajpged collected in the assay medium
that was provided with the kit. Cells were therelysvith a Dounce homogenizer. Part
of the homogenate was centrifuged at 10,000 x g3fbrmin in order to remove
mitochondria and nuclei. Superoxide anion productivas measured using a
“Superoxide anion assay kit” according to the maaotufrer’s instructions. Superoxide

dismutase (SOD)-containing wells were used as negebntrols.

3.3.8. Determination of the phospholipasgRLAy) activity in vivo

The PLA activity in vivo can be measured quantifying thenegration of its product,

arachidonic acid (AA).

Macrophages were seeded in 35 mm diameter platsnaobated overnight in the
presence of 0.2xCi [°H]-AA. The next day, cells were washed in RPMI nueli

containing 0.2% BSA in order to remove non-incogted fH]-AA and then they were
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further incubated in RPMI supplemented with 0.1%ABfr 2 h. The assays were
started treating cells with the indicated agonietsdifferent periods of time. The cell
supernatants and the adherent cells were collentddHJAA was measured using a
liquid scintillation countePackard TRI CARB 2700 model.

Stimation of released AA was determined as indach&low:

[3H]AA in the medium
[3H]AA in the medium+[3H]AA in the adherent cells

Released AA

3.3.9. Determination of cPLActivity in vitro

BMDMs were incubated in 60 mm diameter dishes &ix3LJ cells/dish and they were
grown in RPMI 1640 supplemented with 10% FBS anth 20cell conditioned medium
until they reached about 80% confluence. Cells wieea incubated as described above.
Macrophages were treated with the indicated agowisinhibitors for 4 h. Cells were
washed and harvested in ice-cold buffer (1 mM EDBA, mM HEPES, pH 7.4).
Samples were sonicated and centrifuged at 10,09Cfor 15 min at 4°C. The cPLA
activity in the supernatant was determined usingpmmercial kit (see the Materials

section) according to the manufacturer’s instrungio

3.3.10. Arachidonic Acid (AA) delivery to the arllture

Arachidonic acid was treated with KOH (in equimatancentrations) prior to addition

to cells.
Arachidonic Acid + KOH < Potassium Arachidonate + HO.

The mixture was warmed to 37 °C and gently mixetdl thre solution was transparent.

Arachidonate was added to the cell culture atrtdeated concentrations.

3.3.11. Determination of PKC activity

BMDMs were incubated in 60 mm diameter dishes &t1® cells/dish and they were
grown in RPMI 1640 containing 10% FBS and 20% U-cehditioned medium until
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they reached about 80% confluence. Macrophages tvereincubated in RPMI 1640
containing 10% FBS and 1.5% L-cell conditioned mediand incubated as described
before. The cells were washed and harvested inattehomogenization buffer (50 mM
HEPES, 137 mM NaCl, 1 mM Mgg&ll mM CaCl, 1% (v/v) NP-40, glycerol 10%
(viv), 25 mM EDTA, NaP,O; 10 mM, 1 ug/mL protease inhibitor cocktail) as
described [67]. The samples were lysed and theenuare removed by centrifugation
at 500 x g for 5 min at 4°C. Membrane and solubéetions were separated by
ultracentrifugation at 100,000 x g at 4 °C for 3.nThen, the concentration of each
sample was determined by a BioRad commercial ki¢ theMaterials and Methods
section) and the activity of PKC was determinedngsthe Protein Kinase Non-
Radioactive kit from Calbiochem, according to thanufacturer’'s instructions (see

Materials section).

3.3.12. Determination of DNA synthesis

BMDMs were seeded at 5-1€ells/well in 12-well plates and they were gromrRPMI
1640 as previously described. The day before pmifagy the experiment, the medium
was removed and replaced with fresh RPMI 1640 supehted with 10% FBS and
1.5% L-cell conditioned medium. After 24 h, thelselere incubated in the presence or
absence of agonists for 24 fHJthymidine (0.5uCi/mL) was added for the last 2 h of
incubation. The medium was then removed and tHe wa&re washed twice with PBS.
Next, the cells were treated with trichloroacetidal 0 % for 5 min and the precipitated
material was dissolved in 0.3 M NaOH 1% SDS for ati87 °C. Aliquots of these
solutions were mixed with scintillation liquid arfjéH]Thymidine incorporation into
DNA was measured in the liquid scintillation courffackard TRI CARB 2700, TR.

3.3.13. Cell viability and proliferation assay

Cell viability and proliferation can be determingsing the MTS-formazan colorimetric
assay. This assay is based on the rate of redustitme tetrazolium dye, MTS. MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxygtiyl)-2-(4-sulfophenyl)-2H-

tetrazolium), in the presence of phenazine metfatsu(PMS) (5% v/v diluted in PBS

containing Mg" and C&"), reacts with mitochondrial dehydrogenases privdua
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formazan product that has a maximum absorbanc@0ab@0 nm in phosphate-buffered
saline. Generated formazan is proportional to thelver of viable cells in culture

(Figure 3.3.13.1).
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- =
8 W
I 1

0.754
0.50
0.254
0.00

Abs 490nm

0 10000 20000 30000 40000 50000 60000

Figure 3.3.13.1. Generated formazan is proportionato the number of viable cells in culture.
Different number of cells were seeded in 96-weliggs in RPMI 1640 supplemented with 10% FBS and
20% L-cell conditioned medium. 20 pL of MTS/PMS veakled into each well and after 2 h absorbance
was measured (490 nm). Absorbance of the mediuth@ui cells) was subtracted from each absorbace
value and results are the mean of three indepenelgmeriments. & 0.998 indicates the linearity

between cell number and absorbance values.

- SMCs were seeded at”1€ells/well in 96-well plates and the indicated migts
were added in triplicates (100 pL). Cells were timmubated for the indicated
periods of time.

- BMDMs were seeded at 5@ells/well in 96-well plates and incubated
overnight in RPMI 1640 supplemented with 10% FBSd &0% L-cell
conditioned medium as the source of M-CSF. The umdivas then replaced
with fresh RPMI 1640 supplemented with 10% FBS ah&% L-cell
conditioned medium in the presence or absenceaidisig and/or inhibitors, as
appropriate, and cells were incubated for 24 h.

- Raw 264.7 cells were seeded af tells/well in 96-well plates and incubated
overnight in DMEM supplemented with 10% FBS. Thetngay, the medium
was replaced by DMEM containing 1% FBS with or with agonists and cells

were incubated for 48 h.

After the indicated incubation time periods, 20 plLMTS/PMS were added and cells

were further incubated for 2 h. The absorbancemeaasured at 490 nm and absorbance
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of the medium (without cells) was subtracted frdinahsorbance values. The control

values were indicated as 100% of cell viability.
3.3.14. Measurement o] choline-labeled sphingomyelin levels

BMDMs were incubated in 60 mm diameter dishes at1® cells/dish and they were
grown in RPMI 1640 containing 10% FBS and 20% LU-cehditioned medium (as the
source of M-CSF) for 4-6 days until they were al®@f6 confluent. Macrophages were
labeled with [methyPH] choline chloride (0.5 pCi/mL) for O8 h in RPMI640
supplemented with 10% FBS and 1.5% L-cell condébmedium. After this time,
radioactivity was removed washing cells with PB&itaming 0.2% BSA. Cells were
then further incubated for 2 h in fresh RPMI 164fhtaining 1.5% L-conditioned
medium and 10% FBS in order to avoid rapid sphipgblformation. Cells were then
incubated in the presence or absence of agonisthéandicated times, and harvested
in 600 pL of distilled water. 2.5 mL of chloroforméthanol (2:1, v/v) were added and
after mixing the samples they were centrifuged GA0Lx g for 15 min. The organic
phase was dried down under nitrogen atmospherettandotal lipid extracts were
subject to a mild alkaline hydrolysis. This hydiy/was initiated by adding 0.25 mL
of chloroform and 0.25 mL of a 0.5 M NaOH soluti¢diluted in methanol) to the
samples and they were incubated at 37 °C overnighg. reaction was stopped by
adding 0.85 mL of chlorophorm, 0.25 mL of a 0.5 MCIHsolution (diluted in
methanol), 0.43 mL of distilled water and 0.5 mLabiloroform/methanol (2:1, v/v).
Tha samples were mixed and centrifuged in ordeseparate aqueous and organic
phases, and the organic phase was collected agdi divivn. Lipid extracts were loaded
in a silicagel plate and lipid separation was penked by a thin layer chromatography in
chloroform/methanol/acetic acid (50:30:8:5, viWHJsphingomyelin radioactivity was

determined by liquid scintillation counting.

3.3.15. Western blotting

Each cell type was seeded in different condition®rder to obtain optimum protein

concentrations.

- BMDMs were incubated in 60 mm diameter dishes &t1® cells/dish and
were grown in RPMI 1640 containing 10% FBS and 20%ell conditioned
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medium (as the source of M-CSF) for 4-6 days uitiidly were about 80%
confluent. The cells were then incubated for 24 RPMI 1640 containing 10%
FBS and 1.5% L-cell conditioned medium as repopteyiously.

- SMCs were obtained as mentioned before. Then, ¢lle were counted and
seeded in 1.5 mL centrifuge tubes at & ddlis/tube in RPMI 1640.

- J774A.1 cells were seeded in 60 mm diameter dighes-16 cells/plate) and
incubated overnight in DMEM containing 10% FBS.

- Raw 264.7 cells were seeded in 60 mm diameter sli§h@ cells/plate) and
incubated overnight in DMEM containing 10% FBS.

Then, all cell types were incubated with or withagbnists for the indicated incubation
times. Cells were washed with PBS and harvestel is&t-cold homogenization buffer
(50 mM HEPES, 137 mM NacCl, 1 mM Mgg€Il mM CaC}, 1% (v/v) NP-40, 10%

(v/v) glycerol, 2.5 mM EDTA, 10 mM N#&,O, 1 ul/mL protease inhibitor cocktail), as
described [67]. Samples were lysed by sonicatiod protein concentration was

determined by a BioRad commercial kit (seeNtaterials and Methodsection).

Samples (20-4Qg protein/sample) were mixed with loading buffer @25 mM Tris
pH 6.8, 50% (v/v) glycerol, 4% SDS, 0.08% (p/v) tkaphenol and 50 pL/miB-
mercaptoethanol). Samples were then heated at 9%or°@0 min and loaded onto
polyacrilamide gels (12% or 7.5% acrylamide) tofpen protein separation by SDS-
PAGE. Electrophoresis was run (120 V for 2 h aproxelectrophoresis buffer (1.92 M
glycin, 0.25 M Tris-HCIl and 1% SDS).

Proteins were then transferred onto nitrocellulpaper. Transference was run using
400 mA for 1 h and 15 min in ice-cold transfer leuf{14.4 g/L glycin, 3 g/L Tris,
Methanol 20%). In order to avoid unspecific antipdaindings, nitrocellulose paper
was blocked for 1 h with 5% skim milk in Tris-bufésl saline (TBS) containing 0.01%
NaN; and 0.1% Tween 20, pH 7.6. The skim milk was tteenoved and nitrocellulose
paper was incubated overnight with the primarytady diluted in TBS/0.1% Tween
(1:1000) at 4 °C. After three washes with TBS/0.I%een 20, the membranes were
incubated with horseradish peroxidase-conjugatecbrstary antibody at 1:4000
dilution in TBS/0.1% Tween for 1 h. Bands were wlized by enhanced
chemiluminescence and exposed films were analyyelinageJ software in order to

measure arbitrary intensity.

77



Materials and Methods

3.3.16. Determination of p47phox or PK@anslocation

BMDMs were incubated in 60 mm diameter dishes &t cells/dish and were grown
in RPMI 1640 containing 10% FBS and 20% L-cell dinded medium (as the source
of M-CSF) for 4-6 days until they were about 80%ftwent. Cells were then incubated
for 24 h in RPMI 1640 containing 10% FBS and 1.5%ell conditioned medium, as
described before. Cells were incubated in the piaser abscence of indicated agonists
for the necessary incubation time. Macrophages waished and harvested in ice-cold
homogenization buffer. Samples were lysed with aiide homogenizer and nuclei
were removed by centrifugation at 500 x g for 5 @iM°C. Membrane and soluble
fractions were then separated by ultracentrifugasin 100,000 x g at 4 °C for 30 min.
Then, the concentration of each sample was detedriiy BioRad commercial kit and
20-30 g of protein was loaded and separated by-BBSE, using 12% separating
gels. The translocation of p47phox and FBKWas analyzed measuring the presence of
these proteins in the membrane fraction by Wedbéstiing, using specific antibodies
to p47phox or p-PKE.

3.3.17. Determination of STAT3 and NB-+translocation into the nucleus

J774A.1 cells were seeded (0.25-t@lls/plate) in 60 mm diameter plates in DMEM
containing 10% FBS and incubated overnight. The day, the cells were washed and
medium was replaced by DMEM containing 1% FBS. Afzeh agonists were added
and cells were further incubated for the indicgtedods of time. Then, the cells were
washed and the nuclei were isolated using “NucBU$tBrotein Extraction Kit” from

Calbiochem according to the manufacturer's insiomst The concentration of
membrane and soluble fractions was determinedBipRad commercial kit and 20-30
ng of protein was loaded and separated by SDS-PA@GIiQ separating gels
containing 9% of acrylamide. The presence of p-S3ANd p-NF«B in nucleus or

cytoplasm was determined by Western blotting.
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3.3.18. Analysis of apoptosis by Annexin-V/Pl assay

Apoptosis is a fundamental mode of programmed de#ith. Apoptotic cells suffer
characteristic cell changes. These changes indielgbing, cell shrinkage, nuclear

fragmentation, chromatin condensation and chromas@NA fragmentation.

In the normal viable cells, phosphatidyl serine)(R3ocated on the cytoplasmic side of
the cell membrane. Upon induction of apoptosisidrafierations in the organization of
phospholipids in most of the cell types occursgieg to the exposure of PS on the cell
surface. Recognition of PS by phagocytesivo results in the removal of cells that are
programmed to dieln vitro detection of externalized PS can be achieved gtrou
interaction with the anticoagulant Annexin V. Iretpresence of calcium, rapid and high
affinity binding of Annexin V to PS occurs. Besid&sS translocation to the cell surface
precedes nuclear breakdown, DNA fragmentation, #mel appearance of most
apoptosis-associated molecules, making Annexin ndibg a marker of early-stage
apoptosis. Thus, FITC conjugate of Annexin V wasd,)sallowing determination of
apoptosis by flow cytometry. Propidium iodide waed to distinguish between viable,
early apoptotic and necrotic or late apoptoticxcedince membrane permeabilization is
observed in necrosis, necrotic cells bind AnnexifFIVC and hence stain with
propidium iodide, while propidium iodide will be @wded from viable (FITC negative)
and early apoptotic (FITC positive) cells. Finalg#s of apoptosis involve necrotic-like
disintegration of the total cell, thus cells indl@poptosis will be labeled with both FITC
and propidium iodide (Figure 3.3.18.1).
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Figure 3.3.18.1. Scheme of Annexin-V/Pl binding tocell components Image from

http://www.imgenex.com/apop_Kkits _list.php?id=76
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For detection of apoptotic SMCs, cells were incabian 24-well plates (1.5-i@ell/
well) in the presence or absence of the indicagahiats in 0.5 mL of RPMI 1640.
After 72 h, cells were stained for measurementpufptosis using “Annexin V-FITC
Apoptosis Detection Kit” according to manufactuserhstructions. Briefly, the cells
were collected and washed in microcentrifuge tubestrifuged at 1000 x g for 5 min
at room temperature). After washing, the cells waersuspended in binding buffer
provided by the kit and Annexin-V was added. Celise then incubated in the dark at
room temperature for 15 min. Then, samples werehacsind resuspended in 0.5 mL
of binding buffer, provided with the kit. Pl wasdsdl in the last step and the samples
were transferred to flow cytometry tubes in ordebé analyzed by FACSCalibur (BD
Biosciences) using CellQuest software (Becton Dis&n), according to the

manufacturer's instructions.

3.3.19. Statistical analyses

Statistical analyses were performed using two-da¢udent’s t-test, with the level of

significance set at p< 0.05.

Significancy and used symbols:

n.s p>0.05

* p<0.05, significant
** p<0.01, significant
ook p<0.001, significant

# symbol has been used instead of * symbol to coeipdibitor-treated cells versus
C1P-treated cells.
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Chapter 1. MCP-1 release and cell chemotaxis

4. CHAPTER 1

Ceramide 1-phosphate induces MCP-1 release and

macrophage chemotaxis.

1. Introduction of Chapter 1

Chemokines_(chentactic cytokineyare a family of small secreted proteins (8-12 kDa
that function as intercellular messengers to combigration and activation of specific
subsets of leukocytes. In addition, chemokines rdmurte to the regulation of gene

expression in target cells and help to control peiliferation and apoptosis.

The interest on these proteins was first provokgdhle observation of their elevated
levels in several inflammatory diseases includingumatoid arthritis, arteriosclerosis
and asthma. Although it is not clear whether exgesshemokine production might be
the cause or the consequence of these diseasexs lieen reported that neutralizing
endogenous chemokines reduces symptoms in autoismmdiseases, chronic
inflammation and cancer treatment (reviewed in 8%y wide range of clinically

important diseases are associated with chemokinégheir receptors, motivating the
appearance of many studies to understand the natedetails of the chemokine

function.

Chemokines exert their cellular effects by activatseven transmembrane—domain G-
protein—coupled receptors (GPCR). Whether a leuieocgsponds to a particular
chemokine is determined by its complement of chenekeceptors. The nomenclature
of the chemokine receptors follows the notatiorduee the chemokine subfamilies and

they are termed CCR110 (CC chemokine receptor-110), CXCR1-6, XCR1 and
CX3CR1.

The CC chemokine receptors (CCRs) are thought ¢édlgminantly signal via Gi/o-
coupled heterotrimeric G proteins to inhibit théhaty of adenylyl cyclase (AC) and to

regulate C& flux. However there is increasing evidence thaR8@re able to couple
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with a wider spectrum of G proteins to potentialifluence the activity of numerous

intracellular signalling pathways and gene tramgin events (Figure 1.2).

CCRs1,2b,

CCRs1,3,4,5 Ca?+ CCRs1-8

Figure 1.2 Intracellular signalling pathways activded by CC chemokine receptors, taken from [86].

Chemokines are secreted in response to signals asigbroinflammatory cytokines
which play an important role in selectively recingt monocytes, neutrophils, and

lymphocytes toward the chemokine source.

1.1 MCP-1/CCL2

Monocyte chemoattractant protein-1 (MCP-1 or CCI2}he first discovered human
CC chemokine. Human MCP-1 is composed of 76 amamdsaand is 13 kDa in size.
However, it can acquire different molecular massnf® because of O-glycosylations.
Glycosylation of MCP-1 has been shown to slighttgluce its chemotactic potency
[87].
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CCL2 is produced either constitutively or afteruotion by oxidative stress, cytokines,
or growth factors. Although it can be produced bwnyn cell types, including
endothelial cells, fibroblasts, epithelial cellsmath muscle cells, astrocytes,
monocytes and microglial cells, the major MCP-1 reeuwas found to be

monocytes/macrophages [88].

CCL2 mediates its effects through its receptor CCR2d, unlike CCL2, CCR2
expression is relatively restricted to certain g/é cells. There are two alternatively
spliced forms of CCR2, namely, CCR2A and CCR2B,aowhdiffer only in their C-
terminal tails. CCR2A is the major isoform expresd®y mononuclear cells and
vascular smooth muscle cells, whereas monocytes aatidated NK cells express
predominantly the CCR2B isoform [87].

1.2. CELL MIGRATION

Cell migration is part of the inflammatory responisés a complex process that requires
strict coordination of the following steps: celllazation, protrusion and cell adhesion.
These processes are regulated by complex signalétworks initiated by integrins and
other receptors. The regulation occurs throughl ld@nsient signals that retain polarity
of the cell and drive local remodeling, like agialymerization, adhesion, actomyosin
bundling and contraction, and microtubule dynamistin filaments, microtubules,
and cycling lipid vesicles span the cell and cdntie to integrate the processes that

mediate migration.

Cell migration is a key component for the homeadstasf the adult individual.
Therefore, any cell migration failure, or inappriepe migratory movements, can result
in severe defects such as immunosuppresion, autamandiseases, defective wound

repair or tumour dissemination.

Understanding the mechanisms that support cellatiggr is crutial for development of

new strategies for inflammation and cancer therapy.
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2. Results of Chapter 1

2.1. Ceramide 1-phosphate induces MCP-1 releaseldii74A.1 cells

We have previously reported that C1P is a potenénaattractant agent for
macrophages and that C1P exerts this action thrimigiaction with a putative receptor
for C1P [58]. Due to the importance of Monocyte fbattractant Protein-1 (MCP-1)
in inflammatory responses and immunity, it was int@ot to know whether C1P was

able to induce MCP-1 release in macrophages.

To test this hypothesis, we cultured J774A.1 mdtages and measured the MCP-1
concentration in the culture medium after incubatath different C1P concentrations
(Figure 2.1.1A) and after different incubation tengith the optimum concentration of
C1P (Figure 2.1.1B). These data suggest that Cdrifisantly stimulates MCP-1

release in a concentration- and time-depending srann
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Figure 2.1.1. C1P induces MCP-1 release in J774Armacrophages. A.Cells were seeded (10
cells/well) in 24-well plates and incubated ovehigh DMEM supplemented with 10% FBS. The next
day, the cells were washed and the medium wasoegplay DMEM supplemented with 1% FBS. After 2

h of incubation, the cells were further incubatathwhe indicated concentrations of C1P for 24 heri,h

the medium was collected and centrifuged. MCP-1 eoimations were measured using ELISA kits, as
indicated in theMaterials and Methodsection.B. The cells were treated as in panel A. They weea th
incubated with 20 uM C1P for the indicated periofime and the MCP-1 concentration in the medium
was determined. MCP-1 values were normalized tddte¢ cell number and the results are expressed as

the mean + SEM of 4 independent experiments peddrim duplicate (*p<0.05; ***p<0.001).
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2.2. C1P induces cell migration in a concentratiorand time-dependent manner

Because MCP-1 is a well-known and potent chemaa#tnd cytokine, experiments
were performed to test whether C1P was a chemottitamolecule for J774A.1 cells.
Figures 2.2.1A and 2.2.1B show that C1P stimulatels migration after 24 h of
incubation with different concentrations of C1P it after 4 h, time that was

sufficient for C1P to stimulate migration of Raw engphages [58].

A.
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Figure 2.2.1. C1P induces cell migration in J774A.tells Macrophage migration was measured using
the Boyden chamber-based cell migration assay. Gell§f cells/well) were plated in the upper wells of
24-well chambers coated with fibronectin, and predbated for 1 hA. C1P was added to the lower
wells at the indicated concentrations for 4 h. Data expressed as cell migration relative to thaber

of cells migrated in the control wells. Results tire mean + SD of 2 independent experimeBtLCells
were incubated with the indicated C1P concentration24 h. Data are expressed as cell migration
relative to the number of cells migrated in thetooinchamber and are the mean + SEM, n=3, except fo
the 20 uM point, which is the mean of 6 independsiperiments performed in duplicate (**p<0.01).
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2.3. MCP-1 induces cell migration in J774A.1 cells

Subsequently, the ability of MCP-1 to stimulatel amigration was studied. After
incubating cells with different concentrations ofCHM-1 for 24 h, we confirmed that
MCP-1 is a potent chemoattractant for macrophagagimal migration was attained at
150 ng/mL MCP-1 (Figure 2.3.1).

Relative cell migration

0 375 75 150 300 C1P

[MCP-1] (ng/ml)

Figure 2.3.1. MCP-1 induces cell migration in J774A in a concentration-depending manner.
Macrophage migration was measured using the Boylamlber-based cell migration assay. Cells (5:10
cells/well) were plated in the upper wells of 24iveambers coated with fibronectin, and pre-indeta

for 1 h. MCP-1 was added to the lower wells at tittdated concentrations and 20 uM C1P was used as
a positive control. Cells were incubated for 24 hsits are expressed as the number of migrated cells
relative to the number of cells migrated in thetominchamber and are the mean £ SEM of 8 indepénden

experiments (*p<0.05).

2.4 MCP-1 and C1P have additive effects on cell nration

Taking into account that C1P and MCP-1 are chemazént molecules, we wondered
if both molecules could act through the same slgmgaimechanisms. In order to clarify

this question we incubated the cells with the optimconcentrations of both molecules
simultaneously. It was observed that their effemts cell migration were additive

(Figure 2.4.1).
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Figure 2.4.1. Effect of MCP-1 and C1P on cell migradn. Macrophage migration was measured using
a Boyden chamber-based cell migration assay. Cellsf(cells/well) were plated in the upper wells of
24-well chambers coated with fibronectin, and prasbated for 1 h. The indicated MCP-1 concentrations
were added to the lower chamber, with (solid barsyithout (empty bars) 20 uM C1P and cells were
further incubated for 24 h. Results are expressedeasumber of migrated cells relative to the nundie
cells migrated in the control chamber and are tekanmt SEM of 4 independent experiments (*p<0.05
MCP-1-stimulated migration value with C1P versus MCé&bficentration without C1P).

The enhanced effect on cell migration observednoubating the cells with optimum
concentrations of both agonists suggests that mey act through different signalling

pathways.

2.5. Neutralization of MCP-1 impairs C1P-stimulatedmacrophage migration

Although the effect of C1P and MCP-1 on cell migmatis additive it was not clear to
which extent C1P depended on MCP-1 release or ddotors to achieve this action.
Therefore, experiments were aimed at elucidating foint. For this, a specific

antibody to neutralize the effect of MCP-1 was used
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Figure 2.5.1. C1P-stimulated cell migration can bénhibited using a specific anti-MCP-1 antibody
which neutralizes the actions of released MCP-Macrophage migration was measured using a Boyden
chamber-based cell migration assay. Cells (5eBlls/well) were plated in the upper wells of 2dHw
chambers coated with fibronectin, and pre-incubated 1 h in the presence of the indicated
concentrations of anti-MCP-1 antibody. Lower wellere/filled with the same antibody concentrations,
with (solid circles) or without (empty squares) |28 C1P. Results are the mean £ SEM of 4 independent

experiments (*p<0.05).

Figure 2.5.1shows that the specific anti-MCP-1 antibody deadaS1P-induced cell
migration significantly. However, there was stillramaining effect of C1P on cell
migration that could not be inhibited by the MCPahtibody, even when the
concentration of this antibody was markedly incegagFigure 2.5.1). These results
suggested that MCP-1 release was an importantop&iP-stimulated cell migration,

but that there were other mechanisms involvedigsabtion.

2.6. GPCRs are essential for C1P-induced MCP-1 redee and cell migration. Role

of a putative C1P receptor

As mentioned before, our group previously demotstrahat C1P stimulates cell
migration through interaction with a putative sfiedC1P receptor, which was found to
be a Gi Protein Coupled Receptor (GPCR) [58]. &gent widely used to characterize
the involvement of heterotrimeric Gi-proteins inlcggnalling processes is Pertussis

Toxin (Ptx). Ptx is a protein secreted Bgrdetella pertussignd is a member of the
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family of ADP-ribosylating bacterial toxins. In @d to test whether GPCRs are
involved in C1P-stimulated MCP-1 release and ceifjration, experiments were
performed using Ptx. It was observed that stimotatof MCP-1 release and cell
migration by C1P was highly sensitive to treatmernth this toxin. Also, it was

remarkable to see that very low amounts of Ptx vaereded to inhibit C1P-stimulated
MCP-1 release and cell migration. These data stiggas GPCRs are involved in the

stimulation of macrophage migration by C1P (Fig2u&1 and 2.6.2).
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Figure 2.6.1. Ptx completely blocks C1P-stimulateMCP-1 release Cells were seeded (16ells/well)

in 24-well plates and incubated overnight in DMEdpplemented with 10% FBS. The next day, the cells
were washed and the medium was replaced by DMEMlsoented with 1% FBS. After 2 h of
incubation, the cells were incubated overnight @bout 16 h) with the indicated concentrations of P
before C1P addition. Then, macrophages were incdldate24 h with 20 uM C1P. The medium was
collected and analyzed in order to measure the M@Brtentration as described in thiaterials and
Methodssection. MCP-1 values were normalized to the toéllnumber and the results are expressed as

the mean + SEM of 6 independent experiments peddrim duplicate (*p<0.05;***p<0.001).
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Figure 2.6.2. Ptx blocks C1P-stimulated cell migréon. Macrophage migration was measured using a
Boyden chamber-based cell migration assay. Cell®{8ells/well) were plated in the upper wells of 24-
well chambers coated with fibronectin, and pre-bated for 4 h in the presence of the indicated
concentrations of Ptx. Then, Ptx was added todhed chamber at the indicated concentrations, aith
without 20 uM C1P and the cells were further incabafior 24 h. Results are the mean + SEM of 4

independent experiments (*p<0.05).

Since like C1P, MCP-1 also acts through interactutth a Gi protein coupled receptor,
experiments were aimed at elucidating the extenpanticipation of each of these
receptors in the stimulation of cell migration b$RC There are two subtypes of MCP-1
receptors, CCR2, A and B, with the CCR2B recepsofarm being about five-fold
more sensitive to induction of chemotaxis by MCi#dn CCR2A.

Therefore, we performed migration experiments ust$y102895, a selective inhibitor
of CCR2B (Figure 2.6.3).
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Figure 2.6.3. Inhibition of CCR2B blocks C1P-stimuated cell migration. Macrophage migration was
measured using a Boyden chamber-based cell migrasisay. Cells (5-f@ells/well) were plated in the
upper wells of 24-well chambers coated with fibretive and pre-incubated for 1 h in the presence of
indicated concentrations of RS 102895. Then, thecated concentrations of RS 102895 were added to
the lower chamber, with or without 20 puM C1P. Cellsevincubated for 24 h before the determination of

the cell migration. Results are the mean + SEM ioidépendent experiments (**p<0.01).

As expected from the results shown in Figure 2.préincubation of the cells with the
selective inhibitor of CCR2B (RS 102895) at 10 ndtgmtly decreased C1P-stimulated
cell migration. Hence, it can be concluded thatM@P-1 receptor is a key factor for

this action.

Up to now, little is known about the putative Cldteptor. We reported that it is a
GPCR but its sequence and structure are still umknat present. Nonetheless, it was
observed that the putative receptor is specificGaP, as other related sphingolipids,
including ceramide, dihydroceramide, sphingosirid? 8r SM did not bind to it, nor did
they have any significant effect on macrophage atign [58]. In additon, we have now
found that phosphatidic acid (PA) is an antagonistolecule, as it binds tightly to the
receptor and blocks C1P-stimulated cell migratibigre 2.6.4). PA is a phospholipid
structurally related to C1P but does not stimutaté migration by its own [58].
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Figure 2.6.4. PA displaces®fP]-C1P binding to macrophage cell membranesBinding experiments
were performed with increasing concentrations ofuBig 8uM of [**P]-C1P. Non-specific binding was
performed in the presence of 400 C1P. The radioactivity of filter-bound radionudidvas quantified
by liquid scintillation counting and non-specifialues were subtracted from every value. Resultshare

mean of three independent experiments performeldipticate (Figure taken from the Doctoral Thesis of

Dr. Maria Granado, 2009).
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Figure 2.6.5. Pre-incubation with PA diminishes C1Ftimulated MCP-1 release Cells were seeded
(10* cells/well) in 24-well plates and incubated ovghiiin DMEM supplemented with 10% FBS. The
next day, the cells were washed and the mediumregaced by DMEM supplemented with 1% FBS.
After 2 h of incubation, J774A.1 cells were pretihated with the indicated concentrations of PAZ0r
min before 20 uM C1P addition, and cells were furtheubated for 24 h. The medium was collected and
analyzed to measure MCP-1 concentration. MCP-1 valigge normalized to the total cell number and

the results are expressed as the mean + SEM ofiépémdent experiments performed in duplicate

(**p<0.01).

94



Chapter 1. MCP-1 release and cell chemotaxis

-I- =1 Vehicle
4 I PA 30 M

Relative cell migration

L1 |

Control C1P

Figure 2.6.6. Effect of PA on C1P-stimulated cell ngration. Macrophage migration was measured
using a Boyden chamber-based cell migration assajs Ge1d cells/well) were plated in the upper

wells of 24-well chambers coated with fibronectamd pre-incubated for 1 h in the presence of the
indicated concentrations of PA. Then, the same eainations of PA were added to the lower chamber,
with or without 20 uM C1P. Cells were incubated fdri2before determination of cell migration. Results

are the mean + SEM of 3 independent experimentsipeed in duplicate (*p<0.05).

Figures 2.6.5 and 2.6.6 show that PA potently reduC1P-stimulated MCP-1 release

and cell migration.

Apart from these experimental approaches, additiexperiments were performed
using siRNA to silence specific genes that aretedl@o this C1P action. Treatment of
the macrophages with siRNA to silence MCP-1 or CGRaws that C1P-stimulated

cell migration was potently blocked (Figure 2.6.7).
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Figure 2.6.7. MCP-1 and CCR2 siRNAs reduce C1P-stiatated cell migration. Cells (1.5-18) were
seeded in 60 mm plates and the siRNAs were appdiedentioned in th&¥aterials and Methodsection.
After the SiRNA treatment, cells were scraped anshted in order to be plated (5*1¢®lIs/well) in the
upper wells of the Boyden chambers coated with fibodin. Cells were incubated for 1 h to allow cell
adhesion and then 20 uM C1P or vehicle were adddtettower chambers. Cells were incubated for 24
h. Data are expressed as cell migration relativiaeéonumber of cells migrated in the control chambe

Results are the mean + SEM of 4 independent expatinperformed in duplicate (*p<0.05; *p< 0.01).

Our group previously demonstrated that C1P actvite PISK/PKB, and MEK/ERK1-
2 pathways in BMDM leading to NkB activation, and that both of these pathways are
involved in the stimulation of cell migration by B164]. Therefore, we have now

examined the possible implication of these pathway31P-stimulated MCP-1 release.

2.7. The PI3K/PKB (Akt) pathway is involved in thestimulation of MCP-1 release
by C1P

Phosphoinositide 3-kinases (PI3K) have been lirtkeah extraordinarily diverse group
of cellular functions, including cell growth, pri@ration, differentiation, motility,
survival and intracellular trafficking. When PI3Is activated it produces PIP2 and
PIP3, which are located in the inner layer of thesma membrane. Akt translocates to
the plasma membrane where it becomes phosphonfigtptiosphoinositide-dependent
protein kinase 1 (PDK1). This phosphorylation diyi activates Akt which can
subsequently activate other enzymes, such as mBOR [Due to the importance of
this pathway in the regulation of cell motility, wested its possible implication in C1P-
induced MCP-1 release. For this, we used seleaihvibitors of PI3K and PKB as well
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as specific siRNA to silence the genes encodingtliese two enzymes. Selective
inhibitors of both PI3K and PKB blocked C1P-stintath MCP-1 release thereby
underscoring the importance of these enzymes inréggalation of this C1P action
(Figure 2.7.1).
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Figure 2.7.1. PI3K/PKB (Akt) pathway is implicated n C1P-stimulated MCP-1 release in J774A.1
macrophages.Cells were seeded (1@ells/well) in 24-well plates and incubated ovghiiin DMEM
supplemented with 10% FBS. The next day, the cedisewvashed and the medium was replaced by
DMEM supplemented with 1% FBS. After 2 h of incubat the cells were treated with different agonists
A. Cells were pre-incubated withuM Ly 294002 (the PI3K inhibitor) for 30 min prioo the addition of

20 uM C1P. Cells were incubated for 24 h and theurellmedium was collecte@®. Cells were pre-
incubated with 1 uM 10-DEBC (Akt inhibitor) for 30 mand then macrophages were incubated for 24 h
with 20 uM C1P. After this incubation, the mediumsweollected and the presence of MCP-1 was
measured by ELISA. The values were normalized éadkal cell number and the results are expressed a

the mean + SEM of 5 independent experiments peddrim duplicate (*p<0.05; **p<0.01; ***p<0.001).
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The implication of the PI3K/PKB pathway in C1P-stilsmted MCP-1 release was
further studied using specific SiRNA to PI3K andBRkSilencing of the genes encoding
for these kinases also blocked the release of MG#iulated by C1P (Figure 2.7.2).
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Figure 2.7.2. PI3K and Akt 1 siRNAs inhibit C1P-induced MCP-1 releaseCells were seeded in 60
mm dishes (1.5-fCcells/well) and the siRNA treatment was performeddascribed irMaterials and
Methodssection. Cells were then scraped and counted irr ¢odee seeded (f@ells/well) in 24-well
plates. The next day, cells were washed and theumedas replaced by DMEM supplemented with 1%
FBS. After 2 h of incubation, the cells were furtimecubated with or without 20 uM C1P for 24 h. The
culture medium was collected and the MCP-1 conteat determined by ELISA. MCP-1 concentration
was normalized to the total cell number and dataexpressed as the mean + SEM of 4 independent
experiments (n.s. p>0.05; *p<0.05; **p<0.01).

2.8. Involvement of MAP kinases in C1P-stimulated P-1 release

Our group previously showed that C1P can activa®®PMinases. Here, we have

studied the implication of these enzymes in Clingated MCP-1 release.

2.8.1. MAPK/ERK pathway

Extracellular signal-regulated kinases (ERKs) dassical MAP kinases that are widely
expressed and can be activated by many differémukt including growth factors,

cytokines, virus infection, ligands for heterotrince G protein-coupled receptors,
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transforming agents and carcinogens. We testedaavbether C1P was able to activate
MCP-1 through stimulation of these kinases. Fas,thie pre-incubated the cells with
PD98059 as a selective inhibitor of the MAP kindakat phosphorylates ERK1-2,
named MAP kinase kinase, or MEK. Figure 2.8.1.1Iwshthat PD98059 blocks C1P-
induced MCP-1 release suggesting that MEK/ERK1-2liglved in this process. The
phosphorylation of ERK1-2 induced by C1P is showlol.
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Figure 2.8.1.1. The MEK/ERK pathway is involved in thestimulation of MCP-1 release by C1P.
Cells were seeded (1@ells/well) in 24-well plates and incubated ovghtiin DMEM supplemented
with 10% FBS. The next day, the cells were washed #e medium was replaced by DMEM
supplemented with 1% FBS. After 2 h of incubatioellscwere pre-incubated with M PD 98059
prior to be incubated with 20 uM C1P for 24 h. MCiRr+the medium was measured by ELISA and the
results are the mean + SEM of 6 independent exeattisrperformed in duplicates (**p<0.01).

This observation was confirmed by using ERK siRN#gure 2.8.1.2 shows that C1P-
stimulated MCP-1 release was inhibited after silegof the genes encoding for ERK.

99



Chapter 1. MCP-1 release and cell chemotaxis

(0]
(@]
]

T = Vehicle
n.s. Il Control siRNA
Il ERK siRNA

a o =
o O o
1 1 1

MCP-1 release
(ng/10° cells)
N W D
? P 9

>(.

[N
o
[

o

Control Ci1pP

Figure 2.8.1.2. ERK siRNA inhibits C1P-induced MCP1 release Cells were seeded in 60 mm dishes
(1.5-16 cells/well) and the siRNA treatment was performediascribed in th&aterials and Methods
section. Cells were then scrapped and counted i&r tocbe seeded in 24-well plates{&6lls/well). The
next day, cells were washed and the medium waaceglby DMEM supplemented with 1% FBS. After

2 h of incubation, the cells were further incubateith or without 20 uM C1P for 24 h. The culture
medium was collected and the MCP-1 concentration watermined by ELISA. The MCP-1
concentration was normalized to the total cell nemdnd data are expressed as the mean + SEM of 5

independent experiments (*p<0.05).

2.8.2. p38 mitogen-activated protein kinases

p38 mitogen-activated protein kinases are a clddsnases that are activated by a
variety of cellular stresses including osmotic dhodnflammatory cytokines,
lipopolysaccharides (LPS), ultraviolet light andwgth factors. They are involved in a

signalling cascade controlling cellular responsesytokines and stress.

We found that treating the macrophages with SB 2024 selective inhibitor of p38,
C1P-induced MCP-1 release was reduced potentlychwinidicates that this kinase is
also involved in this process (Figure 2.8.2.1). spmrylation of p38 by the action of
C1P is shown below (Section 2.10).
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Figure 2.8.2.1. p38 MAPK is implicated in C1P stimlated MCP-1 release Cells were seeded (10
cells/well) in 24-well plates and incubated ovehtigyn DMEM supplemented with 10% FBS. The next
day, the cells were washed and the medium wasaeglay DMEM supplemented with 1% FBS. After 2
h of incubation, cells were pre-incubated withM SB 202190 prior to be incubated with or withoGt 2
UM C1P for 24 h. MCP-1 in the medium was measuredEb)SA and normalized to the total cell
number. Results are the mean + SEM of 3 indeperadgariments (*p<0.05).

2.8.3. INK pathway

c-Jun N-terminal kinases (JNKs) were originally ritited as kinases that bind and
phosphorylate c-Jun on Ser-63 and Ser-73 withitraisscriptional activation domain.

They also belong to the mitogen-activated protémage family, and are responsive to
stress stimuli such as cytokines, ultraviolet irméidn, heat shock and osmotic shock. It
has been suggested that this signalling pathwatribates to inflammatory responses
in mammals. To assess the possible implicatiohisfdinase in C1P-stimulated MCP-1
release we performed some experiments with SP60Q@L&6vel and selective inhibitor

of JNK (Figure 2.8.3.1).
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Figure 2.8.3.1. SP600125 reduces C1P-stimulated M@Prelease.J774A.1 cells were seeded in 24-
well plates (16 cells/well) and incubated overnight in DMEM suppknted with 10% FBS. The next

day, the cells were washed and the medium wasoegplay DMEM supplemented with 1% FBS. After 2
h of incubation, the cells were pre-incubated tfith indicated concentrations of SP 600125 for 30 mi
and then 2QuM C1P was added. After 24 h, the medium was colketed centrifuged. The MCP-1

concentration was measured by ELISA and normalirethe total cell number, as indicated in the
Materials and Methodsection. Results are expressed as the mean + SBMndkependent experiments

performed in duplicate (*p<0.05).

2.9. Implication of NF«kB and STAT-3 in C1P-stimulated MCP-1 release

The PI3K/PKB and MEK/ERK have been described todlea activation of

transcription factors. Because of their relatiopshiith expression of inflammatory
cytokines, we studied the possible implication wb ttranscription factors: nuclear
factor kappa-light-chain-enhancer of activated BscéNF-«xB) and signal transducer
and activator of transcription 3 (STAT3). The inggliion of these transcription factors

in C1Rstimulated MCPL release is discussed below.
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2.9.1. NFxB

NF-kB signalling plays an important role in inflammatjothe innate and adaptive
immune response and stress. Dysregulated signatlngoccur in inflammatory and
autoimmune diseases. NdB- is important in regulating cellular responsesause it is
present in cells in an inactive state and doesreqiire new protein synthesis to be
activated. Thus, it can be activated rapidly andig@pates in a variety of cell responses
such as cell proliferation, protection of apoptpsismmune system regulation,
inflammation and cell migration. The implication tfis transcription factor in C1P-
stimulated MCP-1 release was studied using SC-&t4 ATP-competitive 1KK-2
inhibitor. This inhibitor significantly reduced Ciftimulated MCP-1 release (Figure
2.9.1.1) suggesting its involvement in this proc@$e activation of NFkB by C1P was
evaluated by determining its translocation to theleus, as discussed below (Section
2.11).
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Figure 2.9.1.1. NFkB is implicated in C1P-stimulated MCP-1 releaseJ774A.1 cells were seeded in
24-well plates (1bcells/well) and incubated overnight in DMEM suppknted with 10% FBS. The next
day, the cells were washed and the medium wasaeglay DMEM supplemented with 1% FBS. After 2
h of incubation, the cells were pre-incubated #8huM SC-514 (IKK-2 inhibitor) for 30 min prior tioe
incubated with 20 uM C1P. After 24 h MCP-1 was meadwy ELISA and normalized to total cell
number. Results are the mean £+ SEM of 5 indeperedgrariments (**p<0.01).
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2.9.2. STAT3

STAT3 mediates the expression of a variety of genegsponse to cell stimuli, and
plays a key role in many cellular processes sucbedsgrowth and apoptosis. STAT
family members are phosphorylated by receptor-éssat kinases and then form
homo- or heterodimers that translocate to the oeitleus, where they act as

transcription activators.

It has been reported that STATS3 is implicated ilh mégration and invasion processes.
Therefore, the possible involvement of this traipdimmal factor in C1P-induced MCP-

1 release was tested. Stattic is a potent inhiwftd8TAT3. This inhibitor blocks the

binding of tyrosine-phosphorylated peptide motdsthe STAT3 SH2 domain thereby
blocking STAT3 activation, dimerization and nucléamslocation. Stattic was able to
significantly reduce C1P-induced MCP-1 release Wfgg2.9.2.1), suggesting its
implication in this process. The activation of STA Dy C1P was evaluated by

determining its translocation to the nucleus, asulsed below (section 2.11).
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Figure 2.9.2.1. C1P-stimulated MCP-1 release is raded by the STAT3 inhibitor Stattic. J774A.1
cells were seeded in 24-well plates“(&6lls/well) and incubated overnight in DMEM suppknted with
10% FBS. The next day, the cells were washed anthdddtum was replaced by DMEM supplemented
with 1% FBS. After 2 h of incubation, the cells weme-incubated with the indicated concentrations of
Stattic (pharmacological irreversible inhibitor®TAT3 activation) for 30 min before C1P addition. I€el
were incubated for 24 h, with or without 20M C1P. The medium was collected for MCP-1
determination, as described in thkaterials and Methodsection. Results are expressed as the mean +

SEM of 4 independent experiments (*p<0.05).
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STAT transcription factors are usually activated jlyosphorylation of a specific
tyrosine residue in the STAT protein which promotbe dimerization of STAT
monomers via their SH2 domain. The phosphorylabbrSTAT3 is carried out by
JAK3. To examine the implication of JAK3 we usededective inhibitor of this tyrosin
kinase, ZM 39923. We observed that this inhibileo&locked MCP-1 release.

100- _
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° - | =1 ZM 39923 50 nM
@ %\ I 7/M 39923 100 nM
p— *%*
3 O — * B ZM 39923 500 nM
~ S 50
-
oS
O ¢
S 254
0
Control C1P

Figure 2.9.2.2. The JAK3 inhibitor, ZM 39923, reducesC1P-stimulated MCP-1 releaseJ774A.1
cells were seeded in 24-well plates‘(&6lls/well) and incubated overnight in DMEM suppknted with
10% FBS. The next day, the cells were washed anth#dium was replaced by DMEM supplemented
with 1% FBS. After 2 h of incubation, the cells wgme-incubated with the indicated concentrations of
ZM 39923 for 30 min before C1P addition. The cellrevincubated for 24 h with 20M C1P and the
medium was collected for the MCP-1 determination.uResare expressed as the mean + SEM of 3
independent experiments (*p<0.05).
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2.10. C1P induces phosphorylation of ERK1-2, p38 MRK and Akt

As expected from the above results, C1P causedhginglption of ERK1-2, p38 and
Akt in J774A.1 cells (Figure 2.10.1).
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Figure 2.10.1. C1P induces the phosphorylation of BR p38 and Akt. Cells were seeded in 60 mm
dishes (2.5-T0cells/dish) and incubated overnight in DMEM suppéated with 10% FSB. The next day
the cells were washed and the medium was replagbdl® FBS. After 2 h, 20 uM C1P was added and
the cells were harvested after the indicated perifdtime.A. The presence of phosphorylated protein
was detected by Western blotting using specifigygdohal antibodies to each phosphorylated protein.
Equal loading of protein was monitored using a gjpeantibody to total protein of each kinase. Sani

results were obtained in each of 4 replicate erpemis.B. Results of scanning densitometry of the
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exposed film. Data are expressed as arbitrary ohitgtensity and are the mean + SEM of 4 indepahde

experiments (*p<0.05).

2.11. C1P induces translocation of STAT3 and NkB to the nucleus

The results shown in figures 2.9.1.1. and 2.9.Bdwsthe involvement of STAT3 and
NF-kB in C1P-stimulated MCP-1 release. The followingufes show that C1P
activated these transcription factors efficientNF-kB is inactive in the cytosol and
becomes activated when translocated to the nuclauthe cytosol, the p65 subunit
interacts with the IkB inhibitor to maintain NF-kiBactive. Phosphorylation of kB
leads to its degradation and releaseskBFso that it can reach the nucleus. The
possible activation of NkB by C1P was studied by Western blotting usingedéht
cell fractions. Our results show that, C1P incregs&TAT3 and p-p65 translocation to
the nucleus (Figure 2.11.1A and 1B) in a time-deeh manner. The maximal
translocation was attained at 3 h of incubatiom\&i® uM of C1P for both transcription

factors.
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Figure 2.11.2. C1P induces translocation of p-STAT&nd p-p65 to the nucleusCells were seeded in
60 mm of diameter dishes (2.5*1@lls/dish) and incubated overnight in DMEM suppéated with 10%
FSB. The next day, the cells were washed and théumedas replaced with 1% FBS. After 2 h, 20 uM
C1P was added and after each time point, the celte wollected. The nuclear extraction was performed
as described iMaterials and Methodsection.A. The presence of p-STAT3 in the nucleus and cytoso
was detected by Western blotting using a speciitibady to p-STAT3. Equal loading of protein was
monitored using a specific antibody to total STAB3.Results of scanning densitometry of the exposed
film. Data are expressed as arbitrary units ofrigity and are the mean + SEM of 3 independent
experimentsC. The presence of phosphorylated p65 protein wasgtén the nucleus and cytoplasm
by western blotting using a specific antibody tpg%. Equal loading of protein was monitored using a
specific antibody t@-actin.D. Results of scanning densitometry of the expoded ata are expressed

as arbitrary units of intensity and are the me&EM of 3 independent experiments.
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2.12. The pathways involved in C1P-stimulated MCP-telease are also necessary

for cell migration

The above results showing that MCP-1 release isoitapt for the stimulation of

macrophage migration by C1P, suggest that the @athwivolved in this process are
essential for stimulation of cell migration. Thisasv confirmed in the following

experiments using selective inhibitors of theséways (10 uM PD 98059 to inhibit
MEK, 1 uM 10-DEBC to inhibit Akt, 10 puM SB 202196 tnhibit p38 and 1 uM SP

600125 to inhibit JNK). All of these compounds deditally reduced C1P-stimulated
cell migration (Figure 2.12.1).
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Figure 2.12.1. PI3K/Akt and MAP kinases signallingpathways are involved in C1P-stimulated cell
migration. Macrophage migration was measured using a Boydemlmtrabased cell migration assay.
Cells (5-10 cells/well) were plated in the upper wells of 2dichambers coated with fibronectin, and
pre-incubated for 1 h in the presence of 10 uM BD59, 1 uM 10-DEBC, 10 pM SB 202190 or 1 uM
SP 600125. Then, the same inhibitor concentratieer® added to the lower chambers, with or without
20 uM C1P. Cells were incubated for 24 h beforerdatetion of cell migration. Results are the mean £

SEM of 4 independent experiments (*p<0.05).
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Similar experiments using inhibitors for the tramsiton factors NF-kB and STAT3
were used to test their implication in this proc@es used 25 uM SC-514 to inhibit NF-
kB and 0.5 uM Stattic to inhibit STAT3 activatiofe results shown in Figure 3.12.2

indicate that both transcription factors are imaottfor C1P-induced cell migration.
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Figure 2.12.2. STAT3 and NF«B are implicated in C1P-stimulated cell migration Macrophage
migration was measured using a Boyden chamber-baslednigration assay. Cells (5416ells/well)
were plated in the upper wells of 24-well chamhbzrated with fibronectin, and pre-incubated for ih h
the presence of vehicle, 25 pM SC-514 or 0.5 pMistarhen, the same inhibitor concentrations were
added to the lower chambers, with or without 20 CWMP. The cells were incubated for 24 h before

determination of the cell migration. Results arerttean + SEM of 4 independent experiments (*p<0.05).

2.13. C1P increases the expression of CD11b and I®AL. Involvement in C1P-

stimulated cell migration

In order to migrate from blood vessels to the ehelaim, monocytes need to attach
firmly to endothelial cells. This attachment to #redothelium is attained by interaction
of integrins or adhesion molecules with their liganincluding intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion roale-1 (VCAM-1) [89]. Also, it is

well established that ligation of chemokine receptancluding CCR2, induces surface

expression and activation of integrins [90, 91].
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The B2 integrin heterodimer CD11b/CD18 (Mac-1, CR3) imaltifunctional receptor
with significant and diverse roles in immunity amuflammation. The migratory
processes are mediated by interacting sets ofacilesion molecules, including the
CD11b/CD18-ICAM-1 pair, which has been experimdgptalimplicated in
atherosclerosis and other inflammatory conditiolisis abundantly expressed in
neutrophils and monocytes, and CD11b/CD18 playdain their migration to sites of
xtravascular inflammation. These adhesive intevasti are tightly regulated.
CD11b/CD18 activation can be induced upon stimoiaif other surface receptors,

such as chemotactic receptors [92] or TLRs [93].

Due to the importance of cell adhesion in cell migm, we hypothesized that C1P
could enhance the expression of CD11b and/or ICANIHis was tested by analyzing
CD11b and ICAM-1 expression using flow cytometryheT macrophages were
incubated for different periods of time with 20 uBAP and the changes in CD11b and
ICAM-1 expression were determined, as indicatedthe Materials and Methods
section. C1P enhanced the cell surface expresdio6bDd1b and ICAM-1 in the
macrophages (Figure 2.13.1).
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Figure 2.13.1. C1P enhances cell surface expressioh CD11b and ICAM-1. Macrophages were
seeded at 0.25-96ells/60 mm plate and incubated in DMEM supplementéth 10% FBS overnight.
They were then washed and further incubated fdn #RADMEM containing 1% FBS with or without 20
UM C1P. After incubation, the cells were washed serdpped and they were stained as described in the
Materials and Methodsection. The samples were analyzed by flow cytomé&&. A representative
histogram obtained with CD11b expressing cells itieen line) or without (solid purple area) 20 pM
C1P treatment. Similar results were obtained indefrendent experiment8. Results are expressed as
the CD11b-FITC GeoMean of fluorescence intensity (GMJEM of 5 independent experimeng. A
representative histogram obtained with ICAM-1 exgiras cells with (green line solid) or without (plep
area) 20 uM C1P treatment. Similar results wereinbthin 5 independent experimenis. Results are
expressed as the ICAM-1-FITC GeoMean of fluorescentensity (GM) + SEM of 5 independent

experiments (**p<0.01).
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3. Discussion of Chapter 1

The regulation of cell migration is a complex prezévolving hundreds of molecules.
It is necessary for tissue homeostasis, and igadrtar regulation of vital biological
processes including embryogenesis, organogenesisegeneration. In pathology,
production of abnormal migratory signals may indtiee migration of the wrong cell
type to the wrong place, which may have catastwpffects in overall health. Some
examples include autoimmune syndromes or the psamfemetastasis, in which tumour
cells abandom the primary tumour and migrate ttadtstissues where they generate
secondary tumours. Cancer cell migration is typrcetgulated by integrins, matrix-
degrading enzymes, and cell-cell adhesion moleci8eseral cytokines and growth
factors have been shown to stimulate invasion andet upregulated in a variety of
tumour types. For instance, it has been reportedMCP-1 recruits CCR2 expressing

inflammatory monocytes to lung and facilitates Bteamour metastasis in mice [94].

Our group previously reported that C1P is a chetra@ant molecule for leukemic
Raw246.7 macrophages [58] but the mechanisms iedobre not well known. We
have now demonstrated that C1P also stimulatesatiogrof a different population of
macrophages, J774A cells. Of interest, these tvypnlptions of macrophages responded
differently to treatment with C1P. In particular,hiét Raw 264.7 macrophage
migration occurred after 4h of incubation with C1H,74A.1 macrophages required
longer incubation time (24 h) to be stimulatedatidition, the extent of cell migration
was greater in the Raw 264.7 cells than in J774@8llawing treatment with C1P. The
reasons for these differences are not known aeptebut it is possible that different

signalling pathways are responsible for the regutadf cell migration in different cell

types.

In this thesis, we demonstrate that C1P is abiedoce the release of MCP-1, which is
a potent chemoattractant for macrophages. We fthatcheutralization of MCP-1 using
a specific antibody to MCP-1 inhibited C1P-stimathtcell migration. In addition,
silencing of the gene encoding for MCP-1 with specsiRNA also abolished the
migration of J774A.1 macrophages that was stimdléte C1P. These results suggest
that MCP-1 plays a key role in the regulation oll ceigration by C1P. Moreover,
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experiments using CCR2 siRNA and a CCR2B speaifiibitor demonstrated that this
protein takes part of the signalling cascade |legatbrmacrophage migration.

We next evaluated whether the stimulation of madcage migration by C1P was
elicited by interaction with a putative C1P receftbat we previously reported to exist
[58]). From the work of Granado and coworkers, weew that the putative C1P
receptor is couppled to Gi proteins, and it is gBmsto inhibition by PA in a specific
manner. Using PA as a C1P receptor antagonist we able to demonstrate the
implication of this receptor in C1P-stimulated MQRelease. It seems clear that C1P
causes the release of MCP-1 through activatiotsapecific receptor, and that this is a

major part of the mechanism by which C1P stimulatasrophage migration.

A typical MCP-1 release-inducing molecule is tumaacrosis factor: (TNF-0). It has
been reported that TNé-increases MCP-1 expression through activation38f, fERK
and JNK MAPK pathways and that the PI3K/PKB pathwsaglso involved [95-97].
Also, C-reactive Protein (CRP) is a well-known MCRecretion enhancer and it has
been demonstrated that ERK1-2 is also involvedis @ction [98]. Here we show that
p38, ERK and PI3K/PKB are implicated in C1P-stinbeth MCP-1 release and the
subsequent stimulation of J774A.1 macrophage magrat

MCP-1-induced cell migration has been tightly rethtto integrin expression and
activation. It has been demonstrated that moledikesCRP or LDL overexpress and
activate integrins in order to stimulate cell migya [98, 99]. In this work, we
demonstrate that C1P significantly increases th#ase expression of CD11b and
ICAM-1 after 24 h of incubation. Although ICAM-1 kagenerally been related to
endothelial cells, changes in the surface exprassiof ICAM-1 in
monocyte/macrophages has also been reported [98, I01]. The C1P-stimulated
increase in surface expression of ICAM-1 is morenpunced than that for CD11b.
Presumably, this occurs because CD11b expressionntrol macrophages is already
high and differences between control and C1P-satedl macrophages are harder to
detect.

NF-kB induces several cellular alterations associatéfi tumourigenesis including
self-sufficiency in growth signals, insensitivity tgrowth inhibition, resistance to
apoptotic signals, immortalization, angiogenesissue invasion and metastasis.

STATS, which is a point of convergence for numeroansogenic signalling pathways,
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is constitutively activated both in neoplastic aimd immune cells in the tumour
microenvironment and plays a role in oncogenesis dmth promoting cell
transformation and inhibition of apoptosis [102].C1P-treated J774A.1 macrophages
we have observed activation of both NB-and STAT3 transcription factors. Although
our experimental conditions do not emulate canc@raanvironment conditions, it
would be interesting to analyze the activity ofsheranscription factors in tumour

microenvironment conditions.

Summarizing, the scheme shown below emphasizesghelling pathways involved in
C1P-stimulated MCP-1 release and the subsequemiilation of J774A.1 macrophage

migration
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'| C1pP
|
P — A . —— RS102895
. T CCRaB :
\-CiPR Ab anti-MCP-1
------- e
PD98059 ~_ '
__— Ly294002
SP600125 _ SB202190
stattic —ff — ——10-DEBC

CTeINK TwErk p38  Akte— ||

MCP-1
release

T Integrin expression TCeII migration

115






Chapter 2

117



118



Chapter 2. VEGF secretion in Raw 264.7 cells.

5. CHAPTER 2

Ceramide 1-phosphate induces VEGF secretion in
Raw 264.7 cells

1. Introduction

Vascular endothelial growth factor (VEGF) is a sigrprotein that stimulates
vasculogenesis and angiogenesis. When blood dimulaesults inadequate, cells
secrete this angiogenic factor in order to supplygen to tissues. VEGF induces the
creation of new blood vessels during embryonic tgraent, after injury or physical

exercise and new vessels (collateral circulatiorfyfpass blocked vessels.

There are different types of VEGF proteins. The miagportant member is VEGF-A,
but there are also others, such as, placenta grfewtbr (PIGF), VEGF-B, VEGF-C and
VEGF-D. VEGF-C and VEGF-D regulate the lymphaticdethelial cells via their
receptor VEGFR-3. VEGF-A is commonly referred tov&sGF.

VEGF family members bind their corresponding receptVEGFR-1, VEGFR-2 and
VEGFR-3, found in the vascular endothelium. VEGR band VEGFR-1 and VEGFR-
2 and, although the binding affinity of VEGF towardEGFR-2 is lower than that for
VEGFR-1, selective activation of VEGFR-1 and VEGERas shown that VEGFR-2 is
the primary receptor transmitting VEGF signalsmdethelial cells [103].
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Figure 1.1. The VEGF family ligands and their recefors. VEGF, VEGF-B and PIGF bind VEGFR-1
and VEGFR-2 on the blood vascular endothelium. VEGG&Nd VEGF-D primarily bind VEGFR-3 on
lymphatic endothelium [104].

Although VEGF acts mostly on endothelial celldais been shown to also bind VEGF
receptors on hematopoietic stem cells, monocytepblasts and neurons [105]. VEGF
induces proliferation, sprouting, migration andddbrmation of endothelial cells [105].
VEGEF is also a potent survival factor for endothletiells during physiological and
tumour angiogenesis and it has been shown to intheexpression of antiapoptotic

proteins in the endothelial cells.

When VEGF is overexpressed, it can contribute seake. For instance, solid cancers
cannot grow beyond a limited size without an adégjiséood supply; cancers that can
overexpress VEGF are able to grow and metasta8izgiogenesis is stimulated by

angiogenic factors released by tumour cells, thootter cells, such as tumour-

associated macrophages (TAMs), also contribute rdsvancreasing the angiogenic

process.

1.1. ANGIOGENESIS

Angiogenesis is the physiological process involvihg growth of new blood vessels
from pre-existing vessels. It is a complex mulfisprocess of growth and remodeling
involving degradation of the extracellular matribEGM), cell migration and
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proliferation, as well as tube formation. Undermat conditions, this process requires a
balance between pro-angiogenic factors and anibgagic factors. Angiogenesis also
requires the activation of many receptors by tle@ich cognate ligand. These ligands
include vascular endothelial growth factors (VEGplgcental growth factor (PIGF),
fibroblast growth factors (FGF-1 and -2), plateletived growth factor (PDGF),
hepatocyte growth factor (HGF), angiopoietins (Angand -2), epidermal growth
factor/transforming growth factar-(EGF/TGFe) and others. VEGFs are known to

play the most important role in angiogenesis.

2. Results of Chapter 2

2.1. C1P does not stimulate VEGF secretion in J774RAcells

We first studied the possible induction of VEGF re¢ion by C1P using J774A.1
macrophages. However, incubating these macrophagik different CI1P

concentrations and for different periods of timd dot result in induction of VEGF

release in these cells (Figure 2.1.1).

VEGF release
(pg/ml)
©O O r B M DN W W
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Figure 2.1.1. C1P does not stimulate VEGF secretiom J774A.1 cells Cells were seeded (10
cells/well) in 24-well plates and incubated ovelighn DMEM containing 10% FBS. The next day, the
medium was replaced by DMEM supplemented with 1% FEBS8 after 2 h C1P was added at the
indicated concentrations. After 24 h, the mediuns wallected and centrifuged. The VEGF concentration
in the medium was measured usingMouse VEGF Quantikine” ELISA kit, as described in
Materials and MethodsResults are expressed as the mean = SEM of thospendent

experiments, performed in duplicate.
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To evaluate whether the lack of effect of C1P tonskate VEGF secretion was
universal or might be dependent on macrophage tyeeused Raw 264.7 cells. In
Section 2.2, the effect of C1P on VEGF secretiadissussed.

2.2. C1P induces VEGF secretion in Raw 264.7 cells

We tested whether C1P could induce VEGF secretioRaw 264.7 macrophages by
incubating these cells with different concentrasioh C1P for 24 h. It was observed that
C1P did stimulate the release of VEGF in theses ¢Eligure 2.1.1).

125+
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VEGF release (pg/ml)

0 15 30 50 60 PGE,

[C1P] (uM)

Figure 2.2.1. C1P stimulates VEGF secretion in a ogcentration-depending manner in Raw 264.7
cells Cells were incubated in 6-well plates (0.75-a@lIs/well) overnight in DMEM supplemented with
10% FBS. The medium was then removed and the celis incubated in DMEM supplemented with 1%
FBS. After 2 h, cells were further incubated witk thdicated concentrations of C1P or 100 ng/mL PGE
for 24 h. The medium was collected and centrifugelde VEGF concentration in supernatants was
measured and the results are expressed as theinf&aN of 4 independent experiments performed in
duplicate (*p<0.05).

2.3. Involvement of PI3K in C1P stimulated VEGF retase

To study the possible signalling cascades involredC1P-induced VEGF release,
pharmacological inhibitors were first used. The Ahkhibitor 10-DEBC was not
inhibitory, whereas the general inhibitor of PI3Ky 294002, and ERK1-2 inhibitor
(PD 98059) completely blocked C1P-stimulated VE@€rstion (Figure 2.3.1).
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Figure 2.3.1. PI3K is involved in C1P-stimulated VE® secretion Raw 264.7 cellsCells were
incubated in 6-well plates (0.75%1€ells/well) overnight in DMEM containing 10% FBShe next day,

the medium was replaced by fresh DMEM supplemenii#id 1% FBS and the indicated inhibitors were
added. After 30 min 50 uM C1P was added and the wadte further incubated for 24 h. The next day,
the culture medium was collected and centrifugetitae cells were harvested in lysis buffer in orber
measure protein concentration. The VEGF conceatrai supernatants was measured and the results are
expressed as the mean = SEM of 4 independent expets performed in duplicate (*p<0.05).

2.4. PI3K and ERK2 siRNAs inhibit C1P-stimulated VEGF release

In addition to pharmacological inhibition, we uss@®NA technology to specifically

silence the genes encoding for ERK (2), PKB (Akantl 2) or PI3K. It was observed
that ERK 2 siRNA, Akt 2 and PI3K siRNA significaptdecreased C1P-stimulated
VEGF release, whereas Akt 1 siRNAs had no effectagreement with the results

observed using pharmacological inhibitors (FigueD).
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Figure 2.4.1. PI3K, Akt 2 and ERK 2 siRNA, but notAkt 1 siRNA, inhibit C1P-stimulated VEGF
secretion in J774A.1 cellsCells were seeded in 6-well plates Y&@lls/well) and the SiRNA treatment
was performed as indicated in tMaterials and Methodsection. Cells were then treated with Akt 1
SiRNA (panel A), Akt 2 siRNA (panel B), PI3K siRNA (palnC) or ERK2 siRNA (panel D) as well as
with the control siRNA and the vehicle. After tneeent with siRNA, the cells were incubated with fresh
DMEM supplemented with 10% FBS for 24 h. Then, theliam was replaced by DMEM containing 1%
FBS and after 2 h, the cells were treated with dhavwit 50 uM C1P. After 24 h, the medium was
collected and centrifuged and VEGF secretion waasmed by ELISA, as mentioned before. Results are

expressed as the mean + SEM of 4 independent exgets (n.s.*>0.05; *p<0.05).

2.5. VEGF induces cell proliferation

Besides promoting angiogenesis, VEGF can exert ro#trgr functions. For instance, it
has been reported that VEGF stimulates cell pralifen and migration in different cell

types, including macrophages [106]. Therefore, @stetd to see whether VEGF could
induce proliferation of Raw 264.7 cells under oxperimental conditions. Figure 2.4.2
shows that VEGF does stimulate proliferation ofsthecells in a manner that was

concentration dependent.

124



]

(@]

o
5

**

D

o

o
1

300+

Relative cell growth (%)

N
o
o

50 1(')0 15'30 2('30
[VEGF] (ng/ml)

o

2.5.1. VEGF induces Raw 264.7 macrophage proliferati. Cells were seeded (1@ells/well) in 96-
well plates with DMEM supplemented with 10% FBS ahdy were incubated overnight. Then, the
medium was replaced by DMEM containing 0% FBS tiitd indicated concentrations of VEGF. After
48 h, cell growth was determined using the MTS-fazam assay. Results are expressed as fold
stimulation relative to the control value at O ldare the mean £ SEM of 6 independent experiments
performed in triplicate (*p < 0.05; **p<0.01).

2.6. C1P induces VEGFR-2 phosphorylation

It is known that VEGF up-regulates the expressibiVBGFR-2 in endothelial cells
[107]. Therefore, we examined whether C1P could acrease the expression of
VEGFR-2 in our cell system. We analyzed VEGFR-2regpion by Western blotting
and observed that C1P did not induce a significarease in VEGFR-2 expression at
the indicated periods of time (Figure 2.6.1). Nbedétss, we also studied the activation
of this receptor measuring the phosphorylationhef protein. Following its binding to
VEGF, VEGFR-2 dimerizes and undergoes autophosfdtay on tyrosine residues
within its cytoplasmic portion. Specifically, weustied the phosphorylation in Tyr 1175
residue, which is known to initiate the activatiointhe MAP kinase/ERK pathway that
regulates cell proliferation [108]. We observedtt@dP significantly increases the

phosphorylation level of this residue (Figure 2)6.1
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Figure 2.6.1. C1P induces VEGFR-2 phosphorylatianCells were seeded (1@ells/plate) in 60 mm
diameter plates with DMEM supplemented with 10% FBE they were incubated overnight. Then, the

medium was replaced by DMEM containing 1% FBS amdclls were incubated in the presence of 50
UM C1P for the indicated periods of tin®. Cells were then harvested in homogenization buefet
samples were analyzed by Western blotting. Theepias of p-VEGFR-2 and VEGF was determined
using a specific antibody to p-VEGFR-2 and VEGFR&spectively. Equal loading of protein was
monitored using a specific antibody fieactin. B. Results of scanning densitometry of the exposedl fil
Data are expressed as arbitrary units of intertdityhe phosphorylated protein, the total proteid #re
ratio of phosphorylated and total protein. Data expressed as the mean + SEM of 3 independent
experiments (*p<0.05).

2. Discussion of Chapter 2

Angiogenesis is essential for the growth of salichdurs because without stimulating
new vessel formation, oxygen and nutrients caneosupplied to the cells inside the
tumour. VEGF is a key factor for the stimulationawfgiogenesis, but it is also a potent
stimulator of cell growth. Therefore, apart frompiraving nutrient uptake for tumour
cells, it can also contribute to survival of mabaph cells. In this connection, C1P can
also contribute to cell survival but it has nevexeb implicated in angiogenetic

processes.

Here we demonstrate that C1P can induce VEGF satriet Raw 264.7 cells, but not
in J774A.1 macrophages, suggesting that this aetiarell specific. Furthermore, we
demonstrate that C1P-stimulated VEGF secretion esliated through activation of
PI3K. Also, Akt2 and ERK 2 seem to be involved listaction since silencing these

genes significantly decreases C1P-stimulated VE&esion. However, the fact that
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siRNA to Aktl is not inhibitory and that siRNA tok#& only inhibits C1P-stimulated
VEGF secretion partially suggests the existencetloér Akt isoforms involved in this

process.

Moreover, we have observed that VEGF induces celifpration in Raw 264.7 cells
and that C1P stimulates the phosphorylation of Tyell75 from the VEGFR-2
receptor. When this residue is phosphorylatedriggérs the activation of the MAP
kinase/ERK pathway which leads to cell proliferatim endothelial cells. Thus, it
seems that there could be a link between C1P-siieulicell proliferation and VEGF

secretion in Raw 264.7 macrophages.
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Chapter 3. Generation of Reactive Oxygen Species

6. CHAPTER 3

Generation of Reactive Oxygen Species (ROS) is a
key factor for stimulation of macrophage

proliferation by ceramide 1-phosphate

1. Introduction

Reactive oxygen species (ROS) are molecules witiaioed valence electrons that can
oxidize many cell components with high reactiviROS are generated in a wide variety of
biological contexts, both physiological and patlgodal, and in nearly all tissues and
organs of multicellular organisms, including animgllants, and even microbes. ROS are
being constantly produced in various normal cetlulwents and aerobic respiration
conforms their major source. ROS produced duriege¢hevents are generally counteracted
by several antioxidant compounds, including pratei large amount of ROS can also be
produced by inflammatory processes, ionizing rémiiatand many chemotherapeutic
drugs. If the production of ROS exceeds the capadithe antioxidant proteins, this may
cause the so-called “oxidative stress”; in a biaalsense, the oxidative stress may be
broadly defined as an imbalance between oxidardymtton and the antioxidant capacity

of the cell to prevent oxidative injury.

While severe oxidative stress is associated wighattivation of cell repair mechanisms,
apoptosis and sometimes necrosis, smaller pertansain oxidant burden appear to be

involved in growth factor or other receptor-medesggnalling pathways (Figure 1.1).

Physiologic
Hypoxic Redox Repair/Adaptive Apoptotic
Signaling  Signaling Signaling Signaling Necrosis

Oxidant burden

Figure 1.1. The relationship of oxidant burden to ological responsgfrom [109]).
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Oxidative stress is known to be implicated in mahyman diseases, including
atherosclerosis, neurodegenerative diseases, agidgcancer. However, there is still a
debate on whether oxidative stress is a causeconsequence of these diseases, mainly
due to a lack of our understanding of the mechasibsn which ROS function in both

physiological and pathological conditions.

ROS play an important role maintaining cellular leastasis and cell signalling processes
because they can activate a wide variety of cejpoases, including cell proliferation and

apoptosis.

There are several potential sources of ROS in roels$, including the mitochondria,
cytochrome P450-based enzymes, xanthine oxidaseupled NO synthases andA\NPH
oxidases (itotinamide_denine _thucleotide jmosphate-gidase) (also known as NOX).
Among these, the NADPH oxidases appear to be esdjyecnportant for modulating the
activity of diverse intracellular molecules and r&dling pathways. In macrophages,
several enzymes are now recognized as being paltgrable to produce ROS, perhaps the
most important of these is NADPH oxidase [110]. NAD oxidase is a membrane-bound
multicomponent enzyme that catalyzes the electranster from the substrate (NADPH)

to O, leading to generation of superoxide anions (duR).

NADPH Oxidase
NADPH +20, > NADP* +H*+20,

Figure 1.2. The enzymatic reaction catalyzed by NAPH oxidase.

There are seven different NADPH oxidases in the N@Xily: NOX1, NOX2, NOX3,
NOX4, NOX5, DUOX1 and DUOX2. In macrophages, thestexpressed member of
NOX family is NOX2. This enzyme consists of a mean®-associated cytochrome that
comprises two subunits, gp8tiox (‘phox’ being derived from pdgocytic_oxdase) and
p22phox Besides these, there are at least three cytasationits (p4@hox p67phoxand
p4Qpho® and a low-molecular-weight G protein (Rac2). Upcell stimulation, the
cytosolic subunits form a complex which migratesh®e plasma membrane where it binds
to the membrane-associated subunits. Only afteaseembling of all subunits, the enzyme
is catalytically active (Figure 1.3).
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Resting Activated

gpat™

B

'’ o |

Figure 1.3. Assembly and activation of the phagocgt NADPH oxidase In resting phagocytes,
heterodimeric gp91phox-p22phox resides in the man®rwhereas the complex of p47phox-p67phox-
p40phox is cytosolic. Agonist-triggered phospotiglatof the autoinhibitory domain of p47phox (serads
small boxes) releases a conformational restrictioaking interactive protein motifs, including theX P
domain, Src homology 3 regions (SH3), and prolich-regions (PRR), in p47phox accessible to assoeitat

the membrane to mediate oxidase assembly [111].

It has been reported that some proinflammatory kigés and growth factors, such as
TNF-a, IL-1B3, TGFf3, M-CSF, PDGF, EGF, generate ROS as second messenghe
corresponding signalling pathways [112]. Howeveovwgh factor independent stimulation
of cell proliferation by ROS has also been demaistt [113]

Macrophage colony-stimulating factor (M-CSF) isezreted cytokine that can induce the
differentiation of hematopoietic cells into macragles. This cytokine is also essential for
the survival of BMDM in vitro. Besides, it has bemported that M-CSF induces ROS
generation in human monocytes and that ROS actikat®APK/ERK pathway leading to

monocyte proliferation [114].
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2. Results of Chapter 3

2.1. C1P induces ROS generation in BMDM

A major goal of this study was to determine whetR&S production was related to the
mitogenic effect of C1P. This hypothesis was testsidg primary bone marrow-derived
macrophages (BMDM) as the biological system. Pryntalls are preferentially used over
immortalized cell lines to study cell proliferatitm@cause the latter are usually genetically

modified and so long-term treatments with agomsay render unrealistic results.

Figure 2.1.1 shows that C1P stimulates ROS prooludti a concentration- (panel A) and
time-(panel B) dependent manner at concentratioreviqusly found to stimulate

macrophage growth (20-50M).

A. B.
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Figure 2.1.1.Intracellular ROS generation induced by C1P BMDM were pre-incubated for 16 h in 1.5% L-
cell conditioned medium, as the source of M-C8F.BMDMs were incubated with C1P at the indicated
concentrations for 8 h. After incubation, ROS prtthn was determined by measuring the fluorescence
intensity (FI) of CM-H2DCFDA. Data are expressedttas fluorescence intensity (FI) relative to the tcoin
value and are the mean + SEM of 6 replicate exparmB. Cells were incubated with 40 uM C1P for the
indicated periods of time. ROS generation was measas indicated above. The results are shown as
fluorescence intensity relative to control valud ame the mean + SEM of 4 independent experimezrtsimed

in duplicate (*p<0.05; **p < 0.01; ***p< 0.001).
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2.2. NADPH oxidase is the major ROS source in macpbages treated with C1P

There are several sources of ROS generation is. Cille principal source in vivo results
from leakage of electrons from the mitochondriapieatory chaini(e. from intermediate

electron carriers onto molecular oxygen) duringdatve metabolism to generate ATP.
However, examination of ROS generation in mitochi@atiee cell homogenates obtained
from C1P-treated macrophages revealed that ROSugtiod was not dependent upon the

presence of mitochondria in these cells (Fig. 2.2.1

3=
< *
-% — = Mitochondria-free homogenate

[}

5 O * I \Whole cell homogenate
g % —
S8 2
S E
< =
L o
T 2 14
S ¢
O -
Qv
7

0

Control C1P

Figure 2.2.1. C1P induces superoxide anion generati. BMDMs were incubated as indicated
above and treated with or without 4M C1P for 8 h. After treatment the cells wéysed with a
Dounce homogenizer and the generation of superaiilens was detected with the “superoxide
anion assay” kit, according to the manufacturar&rictions. In order to measure the generation of
superoxide anions in a mitochondria-free systenp(grbars), cell homogenates were centrifuged
at 10.000 x g for 30 min. Results are expressaelatve luminescence and are the mean + SEM

of 4 independent experiments performed in dupli¢gi€0.05).

Furthermore, rotenone (an inhibitor of the mitoathwa complex | respiratory chain), and
thenoyltrifluoroacetone (TTFA, an inhibitor of theitochondrial complex 1l respiratory
chain) did not alter C1P-stimulated ROS produciiorthe macrophages (Figure 2.2.2.).
Other major sources of ROS generation result frovm &ction of specific enzymes,
including xanthine oxidases, nitric oxide synthases cytochrome P450. However,
inhibitors of these enzymes such as allopurinol ifdmbitor of xanthine oxidase), NG-
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nitro-L-arginine methyl ester (L-NAME, an inhibitoof nitric oxide synthase) or 1-
aminobenzortriazole (ABT, an inhibitor of cytochrer®R450 enzymes), did not affect C1P-
stimulated ROS production (Figure 2.2.2).

e
=1 Vehicle

c I Allopurinol
ST B | -NAME
2 == ABT
c = 1d
%E 31 Rotenone
0 ¢ . TTFA
o ~
x

Q=

Control C1P

Figure 2.2.2. Xanthine oxidase, iINOS, cytochrome B8 and mitochondrial electron transport chain
complex | and Il do not seem to be implicated in CR-stimulated ROS generation Cells were pre-
incubated with vehicle, 10 pM allopurinol, 0.5 mM-NAME, 50 uM ABT, 0.5 pM rotenone or 10 pM
TTFA for 30 min and then treated with C1P (40 pMO®R generation was determined after 8 h of
incubation. Results are indicated as the fluorescartensity relative to the control value and & hean +

SEM of 3 independent experiments performed in dagdi (n.s. p> 0.05).

Although all of the former enzymes are critical the generation of ROS in different cell
types, the first known example of regulated ROSegation in mammalian cells was
through the respiratory burst of phagocytic celjs rlicotinamide adenine dinucleotide
phosphate (NADPH) oxidase [110, 115]. For this oeaswe studied the possible
implication of this enzyme in C1P-stimulated ROSe@ation. As mentioned before, this is
a multicomponent enzyme which requires the asseofidyl subunits to be activated. Key
events for activating NADPH oxidase are phosphoigfaof the p40phox subunit and
translocation of p47phox from the cytosol to thespha membrane. Therefore, we
examined whether these two actions were elicitedC¥?. First, we observed a time-
dependent increase of the p47phox presence in émbnanes, which is consistent with
translocation of this subunit from the cytosol (g 2.2.3).
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Figure 2.2.3. C1P promotes the translocation of p4hox subunit into the microsomal fraction.
BMDMs were pre-incubated for 16 h in 1.5% L-cell ddioned mediumA. BMDM were treated with 40
UM C1P for the times that are indicated. The presefip47phox in the microsomal fraction was detagdi
by Western blotting using an antibody specifichis tsubunit. Equal loading of protein was monitousthg

a specific antibody to p8®. Results of scanning densitometry of the exposed fidata are expressed as
arbitrary units of intensity and are the mean + S&M\3 replicate experiments, except for the 4 retjpoint,
which is the mean + SEM of 4 replicate experimétits < 0.01).

Using a similar approach we also observed that lpddpwvas phosphorylated after
incubation of BMDM with 40 uM C1P (Figure 2.2.4).
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Figure 2.2.4. C1P induces phosphorylation of the p40phox subunitn a time-depending manner.
BMDMs were pre-incubated for 16 h in 1.5% L-cell diioned mediumA. BMDMs were treated with 40
UM C1P for the indicated period of time. The pregeat p-p40phox was determined by Western blotting
using an antibody specific to this subunit. Equalding of protein was monitored using a specifitbaraly

to p85.B. Results of scanning densitometry of the exposed. fidata are expressed as arbitrary units of

intensity and are the mean + SEM of 4 replicateseirpents (*p < 0.05; **p < 0.01).
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To evaluate whether NADPH oxidase is the major raeigm for the production of ROS
by the macrophages we used different inhibitorthisf activity. We found that inhibition
of NADPH oxidase with the selective inhibitors D& apocynin [116, 117] completely
blocked C1P-stimulated ROS production (Figure 2.2.5

1 Vehicle
== DPI
EE Apocynin

ROS generation
(relative FI)
n

Control C1P

Figure 2.2.5. NADPH oxidase inhibitors reduce ClPtsnulated ROS production. BMDMs were pre-
incubated with 0.5 mM apocynin or 0.5 pM DPI for 80n. Then 40 uM C1P was added and ROS
production was determined after 8 h of incubation rheasuring the fluorescence intensity of CM-
H2DCFDA. The results are expressed as fold of d#timn over the control value and are the mean MSE

of 3 independent experiments performed in dupli¢gi€0.05).

2.3. C1P-stimulated ROS production is essential fahe proliferative effect of C1P

Although primary cultures are considered to be @pr@priate model to study the
mechanisms involved in macrophage proliferatioangfection of these cells is highly
inefficient [118]. Therefore, we used chemical bitors to study the contribution of
NADPH oxidase-derived ROS to macrophage growth. RRDbxidase inhibitors DPI and
apocynin, as well as the general antioxidant NA@npgletely blocked C1P-stimulated
DNA synthesis, as determined by the incorporatibfi®d]thymidine into DNA (Figure
2.3.1A). Furthermore, macrophage growth, as meddweaising the MTS-formazan assay
[57, 69], was also inhibited (Figure 2.3.1B).
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Figure 2.3.1. C1P-stimulated cell proliferation was blocked by RG inhibitors. BMDMs were pre-
incubated for 24 h in 1.5% L-cell conditioned meadiA. Cells were pre-incubated with 0.5 mM NAC, 0.5
mM apocynin or 0.5 pM DPI for 30 min before C1P &iddi Then, cells were stimulated with 4™ C1P

for 24 h. The incorporation offijthymidine into DNA was determined as indicatedtfie Materials and
Methodssection. Results are expressed as fold stimulatiative to the control value without inhibitor,dan
shown as the mean + SEM of 3 independent expersyrformed in triplicateB. Cells were pre-incubated
with indicated inhibitors for 30 min and then stiated with 40 uM C1P for 24 h. Cell growth was
determined using the MTS-formazan assay. Resultexpeessed as fold the stimulation relative to the
control value and are the mean + SEM of 6 indepeneleperiments performed in triplicate (*p<0.05p*«
0.01).

It is well established that a major type of ROSduwed by phagocytic cells is hydrogen
peroxide (HO-), which is originated mainly from enzymatic dis@tibn catalyzed by

superoxide dismutase (SOD) [119]. Several linesewtlence have demonstrated that
exposure of cells to low (non-toxic) levels of®4 can exert a stimulatory effect on cell

proliferation [120-122]. In agreement with this, Weeind that incubation of macrophages
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with low H,O, concentrations (within the nanomolar range) resulin a significant
increase of DNA synthesis in BMDM (Figure 2.3.2).

[*H]thymidine
incorporation
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o
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Figure 2.3.2. Hydrogen peroxide induces cell growtin BMDM. BMDMs were pre-incubated for 24 h in
1.5% L-cell conditioned medium. BMDMs were then teshwith indicated concentrations of hydrogen
peroxide. DNA synthesis was determined by measutiegincorporation of [3H]thymidine into DNA as
described in theéMaterials and Methodsection. Results are expressed as fold stimulattative to the
control value (without inhibitors) and shown as thean + SEM of 3 independent experiments perforimed

triplicate (*p<0.05).

Taken together, these results suggest that the NAD#Jase/ROS axis is essential for the

stimulation of cell proliferation by C1P in primanyacrophages.

2.4. cPLAa is upstream of NADPH oxidase activation in the stulation of cell

proliferation by C1P

It was reported previously that C1P activates cRlApotently in A549 lung

adenocarcinoma cells [71] and NR8383 alveolar n@mages [123], and that this
phospholipase is important for endothelial cell leyprogression and proliferation.
Besides, it was described that cBhAs implicated in the translocation of p47phox into

the plasma membrane [124], which is an indicatibNADPH oxidase activation.
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We studied the phosphorylation state of cRiLAfter incubation of macrophages with
C1P. Phosphorylation of cPL,Avas detected after 1 h of incubation and it wastased
up to at least 5 h (Figure 2.4.1).

C1P 40 pM

0 1 2 3 4 5 Time (h)
| p-cPLA,

Total cPLA;

Relative intensity

0 1 2 3 4 5
Time (h)

Figure 2.4.1 C1P stimulates cPLAZ phosphorylation. BMDMs were pre-incubated for 24 h in 1.5% L-
cell conditioned mediunf. Cells were then incubated with 40 uM C1P for intidaperiod of time and
harvested in homogenization buffer. The presenc@hafsphorylated cPLA in cell homogenates was
analysed using an antibody specific to phospho-cl Aqual loading of protein was monitored using a
specific antibody to total cPL#&. Similar results were obtained in each of 4 reppcexperiment®. Results

of scanning densitometry of the exposed film. ataexpressed as arbitrary units of intensity asdlts are

the mean + SEM of 5 independent experiments (*{hG4).

cPLAza phosphorylation is necessary for the activatiolNADPH oxidase. In addition, it
has been reported that C1P is a direct agonistPbiAgn; therefore, we tested to see
whether C1P could induce arachidonic acid (AA) sgon to the extracellular medium in

our macrophage cell system.

C1P induced a significant release of AA after 4fhngubation with 40 uM C1P in the
macrophages and this was time and concentratioendept (Figure 2.4.2.A and B).
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Figure 2.4.2. C1P induces the release of arachidenacid in BMDM. BMDMs were pre-incubated for 24

h in 1.5% L-cell conditioned medium. Cells were thiecubated overnight with 0.25 pCi [3H]JAA/wek.
Cells were incubated with (red circles) or withoenfpty squares) 40 uM C1P for the indicated incuhatio
times. The medium and the cells were harvestedtlaadAA release was determined as indicated in the
Materials and Methodsection. Results are expressed as fold of AA relealsitive to the control value at 0
h, and are the mean + SEM of 3 independent expatgnperformed in triplicateB. Cells were incubated for

4 h with the indicated concentrations of C1P. Téksand the culture medium were collected sepligratel

the AA release was determined as indicated inMhterials and Methodsection. Results are expressed as
fold of released AA relative to the non-treatedtooinand are the mean + SEM of 3 independent erpmris

performed in triplicate (*p<0.05).
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To study whether cPLAR activation was important for the mitogenic effe€¢tC1P, we
used a selective cPLAZinhibitor, pyrrolidine-2. Figure 2.4.3A and B shatvat this
inhibitor completely blocked C1P-stimulated DNA #yesis and cell growth, indicating
that cPLAa is critical for the stimulation of macrophage [eration by C1P.
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Figure 2.4.3.C1P-stimulated macrophage proliferation is inhibited by the selective cPLAa inhibitor,
pyrrolidine-2. BMDMs were pre-incubated for 24 h in 1.5% L-celhd@ioned mediumMacrophages were
then pre-incubated with 2.5 pM pyrrolidine-2 for 80n before C1P addition. Then, cells were stimulate
with 40 uM C1P for 24 hA. The incorporation of’H]thymidine into DNA was determined as indicated in
the Materials and Methodsection. Results are expressed as fold stimulagtative to the control value
without inhibitor, and showed as the mean = SEM @fidependent experiments performed in triplicBte.

Cell growth was determined using the MTS-formazasags Results are expressed as fold stimulation

143



Chapter 3. Generation of Reactive Oxygen Species

relative to the control value and are the mean Mk 6 independent experiments performed in trikc
(**p < 0.01).

Since both ROS generation and cBuActivation are involved in the mitogenic effect of
C1P, we sought to determine if there is a link leem these two events. Pyrrolidine-2
completely blocked C1P-induced ROS generation €igu4.4), suggesting that cPcA
activation is also a relevant factor in this praceshis observation also indicates that
cPLAya activation is upstream of ROS production in thecaale of events triggered by
C1P in BMDM.
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Figure 2.4.4. The cPLAa selective inhibitor pyrrolidine-2 reduces C1P-stinulated ROS generation
BMDMs were pre-incubated for 24 h in 1.5% L-cell ddioned medium. Cells were then pre-incubated with
2.5 uM pyrrolidine-2 for 30 min and then treatedhv0 uM C1P. ROS generation was determined afier 8
of incubation. Results are indicated as the flumgase intensity relative to the control value ane the

mean + SEM of 3 experiments performed in dupli¢&te < 0.01).

In addition to this, exogenously added AA signifitg increased intracellular ROS
generation obtaining ROS generation values to alasirextent to that of C1P (Figure
2.4.5). This result suggests that the enzymatidysbof cPLA«, AA, might be implicated

in ROS generation.
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Figure 2.4.5. Exogenously added AA induces ROS geilgion. BMDMs were pre-incubated for 24 h in
RPMI 1640 supplemented with 10% FBS and 1.5% L-cam#d medium for 24 h. AA was added
exogenously at the indicated concentrations arat &fh ROS generation was measured as indicatedebefo
Results are expressed as fluorescence intensityveela the control value and are the mean + SEM of

independent experiments performed in duplicate ¢*0S; **p<0.01).

2.5. PKCu is implicated in C1P-stimulated ROS generation

It has been reported that PK@ctivates cPLAu [125]. Therefore, studies were conducted
to determine whether PkGmight be implicated in the generation of ROS byC1

There are many PKC isoforms and therefore, theee adso many PKC inhibitors.

However, the phorbol ester 4b-phorbol 12-myristaeacetate (PMA) is known to

downregulate conventional PKC isoforms very effithg after prolonged incubations (16-
24 h) [126-129]. We tested the inhibitory actiontbfs compound by measuring PKC
activity in the membrane and cytosolic fraction. Bheserved that PKC activity decrease
after PMA overnight incubation, both in the cytosahnd in the microsomal fractions
(Figure 2.5.1).
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Figure 2.5.1. Overnight incubation with 100 nM PMAreduces PKC activity in BMDM. BMDMs were
incubated overnight in the presence or absencevi® PLOO nM). Cells were harvested and fractioned as
mentioned inMaterials and Methodsection. PKC activity was determined using a concrakkit from
Calbiochem according to the manufacturer's instamsti Results are expressed as the fold of stimualatio

relative to control value and are the means + SEMree independent experiments performed in dafsdic

Therefore, PMA was used as a general inhibitorclmmventional PKC and Go6976 or
dequalinium were used as selective inhibitors oCRKt is known that the most abundant
PKC isoform in cells is PK& so we used the selective inhibitors Go6976 and

dequalinium to inhibit this enzyme activity.

We observed that C1P-stimulated ROS generationomagletely inhibited by Go6976
(Figure 2.5.2A) and this was also the case whemmerophages were incubated for 24 h
in the presence of 100 nM PMA to downregulate PRiQyre 2.5.2B).
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Figure 2.5.2.C1P-induced ROS generation is blocked by PKC inhibdrs. BMDMs were pre-incubated
for 24 hin 1.5% L-cell conditioned medium. Cells were pre-incubated for 30 min with 50 nM Go6%nd
ROS generation was measured after 8 h of incubatithh 40 pM C1P. Results are indicated as the
fluorescence intensity relative to the control eahnd are the mean = SEM of 5 independent expetimen
performed in duplicateB. Cells were pre-incubated for 16 h with 100 nM PM#dahen 40 pM C1P was
added. After 8 h, ROS generation was determineddisated above. Results are the mean £+ SEM of 3

experiments performed in duplicate (*p<0.05).

2.6. cPLAyo and PKCa are implicated in C1P-induced NADPH oxidase actividon

The above data led us to hypothesize that inteiwerdf cPLAw and PK@ might be
critical factors for the activation of NADPH oxidady C1P. This was further studied

using the selective inhibitors of these enzymespdriphox translocation and p40phox

phosphorylation.
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Inhibition of cPLAx or PKGx blocked C1P-stimulated p47phox translocation (Fegu
2.6.1) as well as phosphorylation of p40phox (Feg2u6.2).
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Figure 2.6.1. Inhibition of p47phox translocation ly pyrrolidine-2 and inhibitors of PKC. A. Cells were
incubated for 30 min with vehicle, 100 nM PMA (fb8 h) or 2.5 uM pyrrolidine-2 prior to C1P additiand
after 4 h of incubation with 40M C1P, the cells were harvested. Cell lysates weraagntrifuged and the
microsomal fraction was collected in order to asalyhe presence of p47phox by Western blottingaEqu
loading of protein was monitored using a specifitilaody to p85. Similar results were obtained inteaf 2
replicate experimentsB3. Results of scanning densitometry of the exposkd. fData are expressed as
arbitrary units of intensity and are the mean + @2 replicate experiment€. Cells were pre-incubated
with 50 nM Go6976 (for 30 min) and then 40 uM ClBsvadded. After 4 h of incubation, the cells were
collected, lysed and ultracentrifuged. The preseaiga47phox in the microsomal fraction was analybgd
Western blotting and equal loading of protein wamitored using a specific antibody to p&h.Results of
scanning densitometry of the exposed film. Dateeaessed as arbitrary units of intensity andfz@enean

+ SD of 2 replicate experiments.
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Figure 2.6.2. C1P-stimulated p40phox phosphorylatio is inhibited by the PKC selective inhibitor,
G06976. A.Cells were pre-incubated with 50 nM Go6976 for 3@ and then incubated with 4M C1P

for 10 min. Then, cells were collected and lyselde Presence of phosphorylated-p40phox was detedmine
by Western blotting using an antibody specific kmgpho-p40phox. Equal loading of protein was maeado
using a specific antibody to total p40ph&x.Results of scanning densitometry of the exposed filata are

expressed as arbitrary units of intensity and laeeriean + SEM of 3 replicate experiments (*p<0.05).

These results suggest that RK&nd cPLAco are implicated in C1P-stimulated NADPH

oxidase activation.

2.7. PKCu is upstream of cPLAw« in C1P-induced NADPH oxidase activation

In order to test which is the relationship betwe®hAa and PK@, we studied cPLAux
activity using PK@ inhibitors (Go6976 and PMA overnight incubatiohost likely,
activation of PKG@ is upstream of cPLA stimulation, since the PKfinhibitor Go6976
was able to completely block cPkd\activity (Figure 2.7.1).
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Figure 2.7.1 C1P-stimulated cPLA activation was inhibited by PKCinhibitors. Cells were pre-incubated
with 100 nM PMA for 16 h or with 50 nM Go6976 fob 3nin prior to C1P addition. After 4 h of incubation
with 40 uM C1P, the cells were washed and harvestewdld buffer and cPLA activity was measured as
indicated inMaterials and Methodsection. The cPLA activity in the cells without dtment was 5.12
pmol/min/mg protein + 0.49 SEM. Results are expressetbld of stimulation relative to the control wal
and shown as the mean + SEM of 4 independent erpats. (*p<0.05 C1P-treated cells versus control
value; #p<0.05 PMA- or Go6976-treated cells veSuR-treated cells).

2.8. C1P induces PK@ translocation and increases PKC activity

Previous results indicated us that RK@as implicated in C1P-stimulated cell growth, so

that we studied PK&activation with optimal C1P for cell proliferatipf0 uM [57].

PKCa is a serine/threonine kinase and a member of dmyemtional (classical) PKCs
(cPKCs), which have four conserved (C1 to C4) neglid his ubiquitously expressed PKC
isoform is activated in response to many diffedant of stimuli and it translocates from
the cytosol to specialized cellular compartmentduiting the nucleus, caveolae, or the
plasma membrane where it is presumed to be adiivétetivation of PK@ has been
implicated in a variety of cellular functions inding proliferation, apoptosis,

differentiation, motility, and inflammation [13031].

Because PK& must be translocated to the membrane compartnremsier to exert its
function, we first studied this possibility. We @lpged that C1P significantly stimulated
PKCa translocation to the microsomal fraction (Figuré.2).
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Figure 2.8.1. C1P stimulates PK@ translocation to the microsomal fraction A. BMDMs were pre-
incubated for 24 h in 1.5% L-cell conditioned mediprior to treatment with C1P (50 uM) for the indéxh
times and the microsomal fraction was obtained aestioned in theMaterials and Methodsection. The
presence of p-PK&in the microsomal fraction was determined by Westelotting using an antibody
specific to p-PKG@. Results are representative of one experiment age wonfirmed in an additional
experiment performed in triplicatd8. Results of scanning densitometry of the exposedsfibf the
microsomal fraction. Data are expressed as arpitraits of intensity relative to control value aack the

means + SD of two replicate experiments.

Although the increase in PkQOwvas obvious in the microsomal fraction, this was the
case for the cytosolic fraction. The reason fos thight be that PK&is very abundant in
the cytosol, and small changes in its mass maypedaasily detected. Therefore, to ensure
that PKGy also decreased in the cytosolic fraction we datexthits enzymatic activity.
We found that C1P significantly decreased PKC #gtin the cytosolic fraction, and this
was in agreement with the increased activity of RKBserved in the membrane fraction
(Figure 2.8.2). This effect of C1P was reproducgdabshort incubation (15 min) with

PMA, a well-known activator of PKC.
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Figure 2.8.2. C1P enhances PKC activity in the miosomal fraction while this activity is reduced in he
cytosolic fraction. BMDMs were pre-incubated for 24 h in 1.5% L-celhd@ioned medium and treated with
50 uM C1P or 100 nM PMA for 15 min. The microsonraktion @A) and the soluble (cytosolic) fractioB)
were separated and the PK@&ctivity was measured using a commercial kit fréaibiochem according to
manufacturer’s instructions. Results are expressdtieafold of stimulation relative to the contrallwe and
are the mean + SEM of 3 independent experimentfenpeed in duplicate for microsomal fraction (A) and
mean = SEM of 5 independent experiments performeduplicate for the cytosolic fraction (B) (*p< 0,05
**p< 0.01).

It is well established that optimal catalytic outpef PKC isoforms requires
phosphorylation on their activation loops. In partar, Ser 657 is a critical site for
phosphorylation of PK& because it controls the accumulation of phospattgher sites
on PKGu [132]. Therefore, we tested to see whether C1P wabke to induce
phosphorylation of this important site of PKCWe observed that C1P promoted
phosphorylation of PK& at Ser 657 in a time dependent manner, with maxefiact
attained at 10—15 min of incubation (Figure 2.8.3.)

152



Chapter 3. Generation of Reactive Oxygen Species

A. B.
2.5
C1P T
> 20- z
0 5 10 15 30 45 60 Time (min) 2
. X g 1.54
. 'm. p-PKC a °
2 104
_--——-— B-actin - 05
2 05
0.0-

0O 5 10 15 30 45 60
Time (min)

Figure 2.8.3. C1P stimulates PK@ phosphorylation. A. BMDMs were treated with 50 uM C1P for the
indicated times. The phosphorylation of PlK@as examined by Western blotting. Equal loadingroftein
was monitored using a specific antibodyptactin. Similar results were obtained in each oé¢hreplicate
experimentsB. Results of scanning densitometry of the exposeatsfiData are expressed as arbitrary units
of intensity relative to control value and are thean + SEM of three independent experiments (*f5)0.

(This experiment was performed in collaborationhvitr. Patricia Gangoiti).

As expected, phosphorylation of PKQvas sensitive to inhibition by dequalinium, a

selective inhibitor of this PKC isoform (Figure 48

A. B
259 ] 1 Vehicl
enicle
Ctrl  C1P  Deq Deg+CiIP 2 201 B Dequalinium
]
S c— p-PKCa 8 154
2 1
3
& 054
0.0
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Figure 2.8.4. Dequalinium inhibits C1P-stimulated RC-a phosphorylation. A. BMDMs were treated
with vehicle (empty bars) or 1 uM dequalinium (déz)30 min (filled bars) in the presence or abseoic50
MM C1P for 10 min. The phosphorylation of PiK@as examined by Western blotting. Equal loading of
protein was monitored using a specific antibodyB4actin. Similar results were obtained in each oé¢h

replicate experiments3. Results of scanning densitometry of the exposkusfi Data are expressed as
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arbitrary units of intensity relative to the cortrealue and are the mean + SEM of three replicate

experiments (*p< 0.05).

2.9. Phosphatidylinositol specific phospholipase (PI1-PLC) is not implicated in C1P-

stimulated cell proliferation

It is well established that diacylglycerol (DAG) ithe physiological activator of
conventional and novel PKCs, including PKDAG can be produced after stimulation of
a variety of signal-activated enzymes, includindfedent phospholipases. A major
phospholipase involved in PKC activation is phosiolyéinositol specific phospholipase C
(P1-PLC), which generates DAG and inositol phosebkatdirectly by degrading

phosphatidylinositol (PI). However, inhibition dii$ enzyme with the selective inhibitor
U73122 did not significantly alter C1P-stimulatedN® synthesis (Figure 2.9.1). In
addition, intracellular C& levels remained unchanged after treatment with ,Ci$

previously reported [57].

2.5 1 Vehicle
T ns. EEEU73122

2.0

1.54

1.04

0.54

Relative [3H] -thymidine
incorporation

0.0
Control C1P

Figure 2.9.1 PI-PLC is not implicated in C1P-stimulated DNA synhesis.BMDMs were pre-incubated
for 24 hin 1.5% L-cell conditioned medium, andrtheeated with or without 1 uM U73122 for 30 mingpr

to addition of vehicle or 50 uM C1P for 24 h. Thedrporation of {H]thymidine into DNA was determined
as mentioned in thBlaterials and Methodsection. Results are expressed as the fold of ktifon relative

to the control value without inhibitor, and shows e mean + SEM of four independent experiments

performed in triplicate (n.s.p> 0.05).
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2.10. C1P increases sphingomyelin synthase (SMS)tieity. SMS is implicated in
C1P-stimulated cell proliferation

Another enzyme capable of generating DAG is sphimgdin synthase (SMS), which
catalyzes the transfer of phosphocholine from phasgylcholine (PC) to ceramide
forming sphingomyelin (SM). Interestingly, C1P ieased SM levels after 10 min of
incubation (Figure 2.10.1).

Relative SM levels

Control C1P

Figure 2.10.1. C1P increases SMS level in BMDMBMDMs were pre-incubated for 24 h in 1.5% L-cell
conditioned medium, and then 50 uM C1P was added@anin. SM levels were measured as indicated in
the Materials and Methodsection. Results are expressed as the fold of stioal relative to the control
value, and are the mean + SEM of 3 independentrimpets performed in triplicate. Basal SM levels aver
7358 = 793 dpm (mean = SEM, n = 3) per million ell

To evaluate whether this enzyme activity was inedlvin the stimulation of cell

proliferation by C1P we used tricyclodecan-9-ylttmgenate (D609), a compound
initially shown to inhibit PC-PLC but that is a pot inhibitor of SMS [133, 134]. D609
completely blocked the incorporation SH|thymidine into DNA and the phosphorylation
of PKCa that were stimulated by C1P (Figure 2.10.2).
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Figure 2.10.2. Involvement of SMS in C1P-stimulatedNA synthesis and PK@ phosphorylation. A.
BMDMs were treated with or without 20 uM D609 for 8N prior to addition of vehicle or 50 pM C1P for
24 h. The incorporation offijthymidine into DNA was determined as indicatedtire Materials and
Methodssection. Results are expressed as the fold of sifoal relative to the control value without
inhibitor, and are the means + SEM of 4 indepenéaperiments performed in triplicat®. Involvement of
SMS in C1P-induced PK&Lphosphorylation. BMDMs were treated as in panePAosphorylation of PKE
was examined by Western blotting using a specifitbady to p-PKG. Equal loading of protein was
monitored using a specific antibody peactin. Similar results were obtained in each oin@ependent
experimentsC. Results of scanning densitometry of the exposedsfilData are expressed as arbitrary units

of intensity relative to the control value and #re mean + SEM of 3 replicate experiments (*p< P.05

2.11. C1P-stimulated PK@ activation is upstream of PKB and ERK1-2 activatio

We have previously reported that C1P exerts itdfprative effect through ERK and PKB
pathways [57]. Therefore, we tested to see whd?eZa could be upstream of ERK and
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PKB pathways. To answer this question, we used Riitors (prolonged incubation
with PMA or dequalinium, a selective Pki@hibitor) as well as the SMS inhibitor, D609.
We observed that inhibitors of both enzymes deegt&sl P-stimulated phosphorylation of
PKCo (Figure 2.11.1).
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Figure 2.11.1. PKC and SMS are upstream of C1P-stinlated ERK1-2 and PKB phosphorylation
BMDMs were pre-incubated for 24 h in 1.5% L-cell didioned mediumA. BMDM were treated for 16 h
with or without PMA (100 nM) prior to addition ofo5uM C1P for 10 min. Phosphorylation of ERK1-2 and
PKB was examined by Western blotting as descrihatiéMaterials and Methodsection. Equal loading of
protein was monitored using specific antibodiesotal ERK1-2 and PKB. Similar results were obtaired
each of 3 replicate experimenBs.Results of scanning densitometry of the exposetsfiData are expressed
as arbitrary units of intensity relative to the tohvalue and are the mean + SEM of 3 replicageexnents.

C. BMDMs were treated for 30 min with or without 1 pddqualinium prior to addition of 50 uM C1P for
10 min. Phosphorylation of ERK1-2 and PKB was exadiby Western blotting as described above. Equal
loading of protein was monitored using specificilzodies to total ERK1-2 and PKB. Similar results were
obtained in each of 2 replicate experimebtsResults of scanning densitometry of the exposeusfiData
are expressed as arbitrary units of intensity ikeddb the control value and are the mean + SD dplicate
experimentskE. Cells were treated with or without 20 pM D609 fér @in and phosphorylation of ERK1-2
and PKB were examined by Western blotting as desdrdbove. Equal loading of protein was monitored
using specific antibodies to total ERK1-2 and PK®8milar results were obtained in each of 2 repdicat
experimentsF. Results of scanning densitometry of the exposedsfiData are expressed as arbitrary units
of intensity relative to the control value and #ine mean + SD of 2 replicate experiments (*p < p.05

(Experiments in panel A and B were performed inatmkation with Dr. Patricia Gangoiti).

2.12. ERK and PI3K are upstream of ROS generation

Considering these results and taking into accoltstimulation times (10-15 min) for
PKB and ERK we hypothesized that PI3K/PKB and MAPRK pathways could be also
upstream of ROS generation. To test this hypoth&sisneasured ROS generation in the
presence of PI3K and ERK inhibitors (Ly 290042 aPD98059, respectively). We
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observed a significant decrease in C1P-stimulaté$ Reneration with both inhibitors
(Figure 2.12.1).
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B Ly 290042
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Figure 2.12.1. PKB and ERK inhibitors, Ly290042 and P98059, decreased C1P-stimulated ROS
generation. BMDMs were pre-incubated for 24 h in 1.5% L-cellnd@ioned medium. Cells were pre-
incubated for 30 min with vehicle, 5 pM Ly 2900421® pM PD 98059 and ROS generation was measured
after 8 h of incubation with 40 uM C1P. Results aréidated as the fluorescence intensity relativéh&o

control value and are the mean + SEM of three iaddpnt experiments (**p<0.01).

2.13. The putative C1P receptor is not implicatechi C1P-stimulated cell proliferation

Our previous work demonstrated that C1P can aadatiularly to stimulate cell growth
[69, 80] and to inhibit apoptosis [53, 64], or thgh interaction with a putative Gi protein-

coupled (Ptx-sensitive) plasma membrane receptstirtaulate cell migration [58].

Therefore, studies were aimed at defining wheth&P-Stimulated ROS production was
dependent or independent of receptor interactior. féddnd that Ptx, at concentrations
known to inhibit G proteins (50 — 100 ng/mL) in these same cells J[18& not affect

C1P-stimulated ROS generation (Figure 2.13.1), ssiygg that C1P acts intracellularly

rather than through interaction with its receptor.
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Figure 2.13.1. The C1P-specific receptor is not imjgiated in C1P-stimulated ROS generationPertussis
toxin does not impair C1P-stimulated ROS generatioalls were incubated overnight with indicated
concentrations of pertussis toxin (Ptx) and theculrated with or without 40 uM C1P for 8 h. ROS
generation was determined as mentioned before landesults are expressed as the fluorescence itgtens
relative to the control value and are the mean M I 3 independent experiments performed in dupdica
(n.s.p>0.05).

2.14. Stimulation of cell proliferation by C1P is mdependent of receptor interaction.

Role of intracellularly generated C1P

The above observation was confirmed using a nagéd C1P analogue, named 4-bromo-
5-hydroxy-2-nitrobenzhydryl C1P (BHNB-C1P), whiclasvpreviously found to be plasma
membrane permeable and bypass surface recept@®@MbM [80]. The bioactive lipid
C1P is released in the cytosol upon photolysisgusisible light, that does not damage
cellular components (wavelength > 360 nm). The r@gncaging strategy allowed us to
conclude that only intracellular C1P was respomsilor stimulation of cell growth in
BMDM [80]. In addition, concentrations as low a$ 21M BHNB-C1P were almost as
effective as 40 uM of exogenous C1P in stimulabtbrBMDM proliferation, which is
consistent with our previous observation that exogesly added C1P (in the form of

liposomes) is only poorly taken up by cells [43].

Treatment of BMDM with BHNB-C1P in the dark (condits in which the C1P remains in
the caged form) failed to stimulate ROS productiwhereas BHNB-C1P-treated cells (at
1-2.5 pM) that were exposed to 400-500 nm light@@rmin in order to release C1P into
the cytosol stimulated ROS generation as potergl@ uM of exogenous C1P (Figure
2.14.2).
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Figure 2.14.2. ROS are generated by C1P acting irgtcellularly. Macrophages were incubated with
vehicle, indicated concentrations of BHNB-C1P or 40 @1P. The cells were then exposed to 400-500 nm
light for 1 h using a transilluminator (open baes)incubated in the dark (filled bars). IntracedluROS
generation was measured after 8 h of incubatiore fEsults are expressed as the mean + SEM of 3
independent experiments performed in duplicategixfor the point at 1uM BHNB-C1P, which is the mean
+ SD of 2 independent experiments (*p<0.05).

3. Discussion of Chapter 3

ROS production by macrophages has been commoialiedeto host defense and oxidative
stress. Nevertheless, several lines of evidencgestighat ROS generation could be part of
intracellular signalling pathways leading to dif#at cell responses, including cell

proliferation.

Although there are reports relating ROS generatiocell damage and DNA injury, their
implication in cell growth stimulation has also heemonstrated for some growth factors
or agonists [112]. In addition, ROS generation basn involved in the promotion of
angiogenesis and cancer development [12].

In this thesis we demonstrate that C1P stimulat®$ Reneration through activation of
NADPH oxidase. Although the increase in ROS lebgi€1P was not very high its impact
in cell biology is likely to be highly relevant, tause relatively low concentrations of ROS

have been mainly associated to stimulation of glivth and survival [136-141], whereas
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high ROS levels are cytotoxic and can contributa tmmber of diseases, including type 2

diabetes, atherosclerosis, arthritis, neurodegéuwerdisorders, and cancer [122, 142-144].

That ROS formation is essential for stimulationcefl growth by C1P is clear from the
experiments using ROS scavengers, which we foulbttk cell proliferation completely.
In addition, there are many papers in the litem&hlowing that increases of ROS levels
similar to the increases observed in this workassociated with stimulation of cell growth
[136, 140, 141].

Because of their high toxicity, it is possible tlmsice generated these radicals are rapidly
metabolized and eliminated by the cells, and th&y nbe reason why ROS do not
accumulate to high levels inside cells. In factesal defense systems have been evolved
within the cells to impede ROS increments. Theyude non-enzymatic molecules.g,
glutathione, vitamins A, C, and E and flavonoids\all as enzymatic scavengers of ROS
(e.g, superoxide dismutases, catalase, and glutattpenaxidase). To these well-known
defense systems, peroxiredoxins, glutaredoxinsph#eldoxs and thioredoxins have
recently been added [138].

A major action of C1P is activation of cPkA[123], as indicated above. Interestingly,
apart from being involved in the control of inflaratary responses, cPLA has been
suggested to also be involved in the regulatiorcedf proliferation [145]. Our results
suggest that C1P activates NADPH oxidase throughukdtion of cPLAa activation,
which is also in agreement with previous work réipgr that AA increases p47phox
translocation to the microsomal fraction [124] ahdt C1P can activate cPL# [123].
Therefore, activation of cPL#& may be a major mechanism by which C1P stimulates
growth in macrophages. In an attempt to study thents upstream of cPLA activation
we found that SMS activity was increased by C1P.mentioned before, this enzyme
catalyzes the synthesis of SM by transfering phospbline from PC to ceramide. This
reaction generates free DAG, which is a well-knaetivator of PKC. So, we examined
this possibility and we found that Pli@s an upstream activator of cPdd in agreement
with other works [146, 147]. In subsequent expentaave were able to demonstrate that
PKCo activation preceded the stimulation of PISK/PKBdaBRK1-2 by C1P. Taken
together, these observations indicate that SMS, RKELAx, ERK, PKB, PK@ and

NADPH oxidase are essential components of the dascd events leading to ROS
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production and the subsequent stimulation of mdwagp proliferation by C1P. There is a

cartoon below summarizing these findings.

In conclusion, we have demonstrated that ROS ptamuis a key factor for stimulation of
macrophage proliferation by C1P. The enzyme resplendor C1P-stimulated ROS
generation in BMDM is NADPH oxidase. This enzymeslidownstream of cPLAZ2

which in turn, is activated by phosphorylation B¢ in this pathway.
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Chapter 4. Activation of spleen mononuclear cells

/. CHAPTER 4

Ceramide 1-phosphate activates spleen

mononuclear cells (SMCs).

1. Introduction

Immune system cells are constantly tracking theylsmhrching for foreign agents. In
order to distinguish between the body cells orftneign pathogens, immune cells have
developed a complex recognition system. All celisehdifferent subsets of receptors in

their surface called surface markers and thes@temecan be used for recognition.

Thanks to these surface receptors immune cellsreaognize, apart from foreign
pathogens, other immune cells and cells from thdylibat are altered, such as virus

infected cells or cancer cells.

When the immune system recognizes any of theseaalsigh becomes activated and
attacks the source of the signal. Hence, the pnaoagnition is critical for the accurate
immune function, because reaction against selt aglltolerance to pathogens can be

dangerous for the organism.

Apart from being useful for the immune system rettign, there are a number of cell

surface markers that are used in clinical laboreoto distinguish subpopulations of
lymphocytes. The cluster of differentiation (oftelbbreviated as CD) is a protocol used
for the identification and investigation of cellrace molecules present on cells,
providing targets for immunophenotyping them. ThB €ystem allows cells to be

defined based on which molecules are present ongindace. These markers are often
used to associate cells with certain immune funsti®hile using one CD molecule to
define populations is uncommon (though a few exampkist), combining markers has
allowed a very specific definition of most of thellctypes within the immune system

(Table 1.1 and Figure 1.1).
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CD markers ‘

Type of cell
stem cells CD34+, CD31-
all leukocyte groups CD45+

Granulocyte

CD45+, CD15+

Monocyte

CD45+, CD14+

T lymphocyte

CD45+, CD3+

T helper cell

CD45+,CD3+, CD4+

Cytotoxic T cell

CD45+,CD3+, CD8+

B lymphocyte

CD45+, CD19+ or CD45+, CD20+

Thrombocyte

CD45+, CD61+

Natural killer cell

CD16+, CD56+,CD3-

Natural killer T cell

CD16+, CD56+,CD3+

Table 1.1. Definition of some hematopoietic cells bad on the cell surface expression of CD

receptors.

D45

CD15

Grarulacyte

CcD34

Stem cell

D45 D45 CD45 D45
Q

col4 cD1g CD61

Monacyte

IS
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D3 D3

Cytotoxic
T-lymphocyte

T-Lymphocyte B-Lyrmphocyte Thrombocyte

Helper
T-lymphocyte

CD45

O) D25

CcD3
Activated
Tlymphocyte

Figure 1.1. Schematic representation of some hemaioietic cell sorting depending on the expressed

CD.
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1.1. CELL SURFACE MARKERS RELATED TO IMMUNE SYSTEM
ACTIVATION

The immune system works as a complicated networknahy cell surface receptor
cross-links which lead to activation and inhibitimi signalling cascades. When
activation signals overcome inhibitory ones, immuwels become activated. This
activation is translated into changes in cell dsiiion and in the synthesis of new
proteins in order to attack and suppress the sigmatl has activated the immune

response.

During this response, immune cells also changexipeession of cell surface receptors,
in order to execute their function (effector or ukgory function). These cell surface

markers can be used to detect the activation &drdiit immune cells.
1.1.1. CD69

The activation inducer molecule (AIM/CD69) is a ppborylated disulfide-linked
27/33-kDa transmembrane homodimeric glucoproteinisl also called as “early
activation marker” because of its rapid expressidre CD69 molecule is expressed on
the surface of T-lymphocytes upam vitro activation with a wide variety of agents,
including anti-CD3/T cell receptor and anti-CD2 iaatlies and activators of protein
kinase C [148]. Similarly, the expression of CD89nducible on the surface of Natural
Killer (NK cells), B-lymphocytes and eosinophils4f, 150]. Although a physiologic
ligand for CD69 has not been identified so far, @kpents with specific antibodies
indicate that this antigen functions as a sigrextémitting receptor. Signals triggered
by specific antibodies to CD69 in T-lymphocyteslie an increase in the intracellular
calcium concentration and result in the synthediddifferent cytokines and their
receptors, enhancement of the expression mfycand cfos protooncogenes, and cell
proliferation. In NK cells and platelets, CD69 alstis as a triggering molecule, being
involved in the redirected target cell lysis byeii¢ukin- 2-activated NK cells and in the

induction of platelet aggregation, €anflux, and hydrolysis of arachidonic acid.

The molecular cloning of cDNAs encoding human armise CD69 revealed that this
antigen is a member of the € aependent (C-type) animal lectin superfamily qfetl

transmembrane receptors [151, 152]. This superyamdludes the human NKG2, rat
and mouse NKR-P1, and mouse Ly-49 families of NK-g@ecific antigens as well as
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the low avidity IgE receptor (CD23), the Kupfferllceeceptor, and the hepatic
asialoglucoprotein receptor. The CD69 antigen igabdy detectable on peripheral
blood lymphocytes; however, it is expressed at teglels by the majority of T cells in
the inflammatory cell infiltrates of several hum@iseases, such as rheumatoid arthritis
and chronic viral hepatitis, suggesting that inftaatory cytokines may be involved in

CD69 expression.

It is known that the constitutive and inducible eegsion of the CD69 molecule is
regulated at the transcriptional level. In additidrhas been demonstrated that TN&
capable of inducing the expression of the CD69gentiand that this induction is
mediated by an increase in the CD69 promoter agtiand that this promoter is
transactivated by members of the KBARel family, specially by RelA (also known as
p65) [153].

1.1.2. CD25

CD25 is the alpha chain of the IL-2 receptor (IL}2R is a type | transmembrane
protein present on activated T cells, activated disc some thymocytes, myeloid

precursors and oligodendrocytes.

Its expression has been associated to lymphocytéferatitiation and
activation/proliferation. This receptor when higtdypressed in CD4+ T lymphocytes
identifies the subpopulation of T regulatory céllseg). When activated, they express
the Foxp3 marker and produce T@Fa cytokine able to inhibit the activity of other
immune cells€.g NK, CTL)

1.1.3. NKG2-D (CD314)

NKG2-D is a member of NK Cell Lectin-Like Recept®ubfamily expressed in mice.
Although it was supposed to be expressed only incels, it has been reported that T
lymphocytes also express this receptor. NKG2-Dmiglicated in regulating immune
responses to infections and neoplasms. It has taacedular C terminus and a C-type
lectin domain. NKG2-D binds to a diverse familylgfands that include MHC class |
chain-related A and B proteins and UL-16 bindingotpins. Ligand-receptor
interactions can result in the activation of NK ahdatells. The surface expression of
NKG2-D is important for the recognition of stressaalls by the immune system, and

thus this protein and its ligands are therapeuwrgdts for the treatment of immune
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diseases and cancers. For instance, it has beentlseceported that hepatitis-C virus
downregulates NKG2-D expression as a strategy &mle@WK-cell mediated immune
responses [154].

2. Results of chapter 4

Given the importance of the CD69 marker in immuekscwe undertook some studies
to evaluate whether C1P might be able to alterettgression of this marker in spleen

mononuclear cells (SMC) and to define the mechafsismvolved in this process.

2.1. C1P increases CD69 expression in SMC

Most of the work demonstrating that C1P is a regulaf cell growth, survival and
migration was performed by our group using macrgpka In this thesis, we
hypothesized that C1P could also activate othds a@lolved in immune reponses. In
order to test this possibility, we first studiedetter C1P could stimulate immune cell
activation by analyzing CD69 expression. As mermrbefore, CD69 is an early
activation marker and its expression can increasg guickly. As positive control, we
used 10 nMN-Acetyl-D-glucosamine-coated polyamidoamine dendriniGN8), a
synthetic molecule that has been reported to detiramune system responses [81,
155, 156].

We observed that 30 min of incubation with C1P waficient to increase CD69
expression significantly in NK cells, NKT cells, Cand Th cells in a concentration-
depending manner (Figure 2.1.1). Thus, it seemar digat C1P can stimulate the

Immune system.
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Chapter 4. Activation of spleen mononuclear cells

CD69 expression was increased in all of the cdityqes in a similar pattern. Optimum
stimulations were attained at 45 uM C1P in all sa3déwus, to simplify the number of
subsequent experiments we decided to study C1R@adumcreases of CD69 expresion
in samples containing all SMC, without separatialj subtypes.

2.2. C1P inhibits apoptosis in SMC

Due to the existing relationship between increaSB#9 expression and lymphocyte
proliferation [148] and taking into account thatFCik a proliferative and antiapoptotic
signal, we performed MTS experiments to examinetidreC1P was involved in the

regulation of cell growth or survival in SMC.

For this purpose we incubated cells at differemtcemtrations of IL-2, which is known
to be a growth and survival factor for lymphocytesintained in culture [157, 158] and
it is widely used to the expansion of human pernigheononuclear cells [159]. The cell
survival seemed to augment in an IL-2 dependentrerafFigures 2.2.1A, B, C and D)
and treating SMC with 1.6 nM IL-2, around the 80%iability was maintained up to
76 h. We observed that under apoptotic conditioripation without IL-2), C1P acted
as a pro-survival factor thereby increasing celivisal significantly after 76 h of
incubation (Figure 2.2.1A). This effect seemed ¢onbore pronounced when the cells
were treated with 0.4 nM or 0.8 nM IL-2 and 45 uMRC However, cells incubated
under non-apoptotic conditions (cell culture comtag 1.6 nM IL-2) were not sensitive
to stimulation by C1P. By contrast, 100 nM PMA (aelkMknown activator of
lymphocyte proliferation) significantly increaseelloviability in all cases. These results
suggest that C1P plays an anti-apoptotic role withaffecting SMC proliferation
(Figure 2.2.1D).
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Figure 2.2.1. C1P inhibits apoptosis in SMCCells were seeded in 96-well plates{&8lis/well).A.
Cells were incubated in RPMI 1640 supplemented wi# EBS with vehiclerf), 100 nM PMA (A) or
45 uM C1P ¢). B. Cells were incubated in RPMI 1640 supplemented %% FBS and 0.4 nM IL-2
with vehicle (RPMI with 10% FBS;), 100 nM PMA (A) or 45 uM C1P¢). C. Cells were incubated in
RPMI 1640 supplemented with 10% FBS and 0.8 nM ILi#& wehicle (RPMI with 10% FBS;), 100
nM PMA (A) or 45 uM C1P¢). D. Cells were incubated in RPMI 1640 supplemented 0% FBS
and 1.6 nM IL-2 with vehicle (RPMI with 10% FBS), 100 nM PMA (A) or 45 uM C1P ¢). After the
indicated incubation times, MTS/PMS was added diegt 2h absorbance was measured in each well, as
described in th&aterials and Methodsection. Results are expressed as cell viabiligtive to the
control value at 0 h (100%) and are the mean + SEBlindependent experiments performed in tripécat
(*p<0.05).
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To confirm that C1P plays an anti-apoptotic roléSMC, we analyzed the rate of cell
apoptosis in SMC using apoptotic conditions in fnesence or absence of PMA or
C1P. Cells were stained with Annexin-V/Pl and apejst was determined by flow
cytometry. We observed that C1P and PMA increasegeércentage of viable cells and
diminished that of apopotic cells significantly dbre 2.2.2).
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Figure 2.2.2. C1P reduces the percentage of apoptells. Cells were seeded in 12-well plates®10
cell/well) and incubated in RPMI 1640 supplementétth 10% FBS. The cells were treated with vehicle,
100 nM PMA or 45 uM C1P for 76 h. The cells werersd with Annexin-V/PI as described in the
Materials and Methodsection. Fluorescence was measured by flow cytgnadsio as described in the
Materials and Methodsection and the results were processed using CedtCGuodware A. The cells
gated in the AnnexinV-/Pl- quadrant were considexediable cellsB. The cells gated in the Annexin-
V+/Pl- quadrant cells were considered apoptotitsc@&esults are expressed as the percentage of cells
and are the mean + SEM of four independent expeitsn@&p<0.05).

2.3. C1P stimulates NF¢B phosphorylation

In previous work, we observed that MB-is implicated in the antiapoptotic effect of
C1P in macrophages [64]. Therefore we tested tavbether C1P could stimulate NF-
kB in SMC. For this, we measured NB- phosphorylation after challenging the cells
with 45 uM C1P. Figure 2.3.1 shows that C1P stitesla&NFxB phosphorylation, with
the maximal effect attained after 30 min of incudmatith 45 uM C1P.
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Figure 2.3.1. C1P stimulates NReB phosphorylation in SMC. A. SMCs were incubated with 45 pM C1P
for the indicated periods of time. Cells were attiéel in homogenization buffer and phosphorylatibNiB-xB
was analyzed by Western blotting using a specifitbady to p-NFxB. Total amount of protein was
monitored using a specific antibody to total NB- Similar results were obtained in each of 3 regéic
experimentsB. Results of scanning densitometry of the exposed flata are expressed as arbitrary units of
intensity and are the mean = SEM of 3 independgm@ments (*p<0.05).

2.4. C1P stimulates ERK phosphorylation

Subsequent studies were aimed at defining whethé €uld stimulate activation of
other signalling kinases known to be involved itl sarvival. We observed that C1P
activated ERK1-2 phosphorylation in a time-dependesnner (Figure 2.4.1).
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Figure 2.4.1. C1P stimulates ERK1-2 phosphorylatiomm SMC. A. Cells were incubated with 45 yM
C1P for the indicated periods of time. Cells werelemtéd in homogenization buffer and ERK
phosphorylation was analyzed by Western blottinggia specific antibody to p-ERK1-2. Total amount
of protein was monitored using a specific antibtalyotal ERK1-2. Similar results were obtained iclea
of 2 replicate experimentB. Results of scanning densitometry of the exposed filata are expressed as

arbitrary units of intensity and are the mean +@D independent experiments.
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2.5. C1P-stimulated NFkB phosphorylation is inhibited by the MEK inhibitor PD
98059

Our group previously demonstrated that C1P-stinedlgthosphorylation of ERK1-2
was upstream of NkB activation in macrophages [57].

To evaluate the implication of ERK1-2 in C1P-stiateld NFkB phosphorylation in
SMC, we tested to see whether PD 98059 could intiils effect in these cells. Figure
2.5.1 shows that preincubation of cells with 10 P2 98059 for 30 min abrogated
C1P-stimulated NkB phosphorylation.

45 uM C1P
H =1 Vehicle

. PD

Control PD Vehicle PD

- i @ e ey - @ | PNFAB

Relative Intensity

3
2
1 i _

Control C1P

Figure 2.5.1. C1P-stimulated NF«B phosphorylation is blocked by the MEK inhibitor PD 985059.
Cells were pre-incubated with 10 uM PD 98059 formih and then treated with 45 uM C1P for
additional 30 min. They were then lysed with honmagation buffer and phosphorylation of NBB-was
analyzed by Western blotting using a specific atibto p-NFxB. Total amount of protein was
monitored using a specific antibody to total MB- Similar results were obtained in each of the 2
replicate experiment®8. Results of scanning densitometry of the exposeudl. fidata are expressed as

arbitrary units of intensity and are the mean +@DR independent experiments.

2.6. ERK1-2, but not NFxB, is implicated in C1P-induced CD69 expression

Since C1P can activate both ERK1-2 and #ff;-we tested to see whether these two
effectors were involved in the induction of CD69 G¢P. For this, we used selective
inhibitors of ERK1-2 and NkB. The cells were pre-incubated for 30 min with
PD98059 or SC-514 to inhibit ERK1-2 or NiB, respectively, prior to stimulation with
C1P. Figure 2.6.1 shows that PD 98059 significamédguced C1P-induced CD69
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expression. However, SC-514 failed to inhibit therease of CD69 expression that was
elicited by C1P.

3-
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2D 14
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Control C1P

Figure 2.6.1. PD 98059, but not SC-514, inhibit C:Btimulated increase of CD69 expressiorsMCs
were seeded (2@ells/mL) and pre-incubated with 10 uM PD 9805285mM SC-514 for 30 min. Then,
45 uM C1P was added and the cells were further ategbfor 30 min. SMCs were stained as indicated in
the Materials and Methodsection and the CD69 expression was measured Wwycfitometry. Results
are expressed as relative GeoMean and are the#reBM of 3 independent experiments (*p<0.05 C1P-

treated cells versus control value; #p<0.05 PD 98@&ated cells versus C1P-treated cells).

Therefore, we can conclude that ERK1-2 is upstredi@D69 expression and N&B
seems to be not implicated in the increase of C®9ession. Presumably, NiB- is

downstream CD69 expression or they are two indegrgihdactivated pathways.

3. Discussion of chapter 4

These preliminary data suggest that C1P can aetitred cell surface expression of
CD69 in all SMC in a concentration-depeding manG&69 is a broadly expressed cell
activation marker and it has been reported to feeenservative cell function in all
hematopoietic cells [160]. CD69 is widely used usedetect immune cell activation,
and this is why we decided to study the activasanalling pathway by which C1P

stimulated CD69 expression.
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Interestingly, GN8 increases CD69 expression indéls and NKT cells. These SMC
subpopulations express NK1.1 receptors and it hesen lreported that GN8 binds
directly to NK1.1 receptors and that this cros&-liactivates NK cells [81, 155].

However, C1P induces CD69 expression in all SMQyqéds, more or less with the
same pattern. These results suggest us that ClieeddCD69 expression is not specific
to NK cells.

Typically, immune cell activators, such as, LPS,APHL-2 or TNFu, lead to cell
proliferation and survival [161, 162]. Our resutisggest that after activating SMCs,
C1P can significantly decrease cell death whenscalle cultured in apoptotic
conditions. This is in accordance with some repatigch suggest that inhibition of A-
SMase can rescue NK cells from apoptosis [73], bexdt has been reported that C1P
can inhibit A-SMase [53]. Thus, this could be omsgible mechanism by which C1P
could inhibit apoptosis in SMC.

Besides, our results suggest that ERK/MAPK is iogied in CD69 expression
induction, as well as in NkB activation. In addition, we conjecture that ERK i
upstream of NReB activation in SMC. These pathways have been oafdid in C1P-

stimulated cell survival and proliferation in maghages [57, 64, 69, 70], therefore, it is

not surprising the implication of NkB in the anti-apoptotic effect of C1P in SMC.

Hence, with these preliminary results, we concltide C1P activates all subtypes of

SMC in the same pattern and that this activatiaddeo cell survival.
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8. CONCLUSIONS.

From the results obtained in this Thesis, the failhg conclusions can be drawn:

1. Concerning the regulation of cell proliferatidhjs Thesis has contributed to the

elucidation of three major mechanisms by which €4&xts its mitogenic actions:

1.1. Stimulation of VEGF secretion in Raw 264.7crophages. This action

involves activation of the PI3K/Akt pathway.
1.2. Induction of translocation and activatiorP&Ca

1.3 Activation of NADPH oxidase and the subseqguenination of reactive
oxygen species (ROS)

2. C1P stimulates the release of MCP-1 in J774Aatrophages, an action that turned
out to be essential for the induction of macrophawgration. This effect requires the

interaction of C1P with a putative C1P receptod #me subsequent activation of the
PI3K/Akt, MAPK/ERK1-2, p38 and JNK signalling pathys.

3. C1P increases CD69 expression in spleen monegaucklls and protects these cells
from entering apoptosis. A major pathway involvedhis action is the MEK/ERK1-2/

NF-xB pathway.
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