Dissertation

Effects of Lysophosphatidic Acid on Microglia Function

submitted by
Ioanna PLASTIRA
Pt. Metapt.

for the Academic Degree of

Doctor of Philosophy

(PhD)

at the

Medical University of Graz

Institute of Molecular Biology and Biochemistry

under the Supervision of

Prof. Dr. Wolfgang SATTLER

2017



“Declaration

I hereby declare that this thesis is my own original work and that I have fully
acknowledged by name all of those individuals and organizations that have contributed to
the research for this thesis. Due acknowledgement has been made in the text to all other
material used. Throughout this thesis and in all related publications I followed the
“Standards of Good Scientific Practice and Ombuds Committee at the Medical University

of Graz*.

Date, April 2017

Ioanna Plastira

Parts of my dissertation have already been published in Journal of Neuroinflammation:
Plastira I, Bernhart E, Goeritzer M, Reicher H, Kumble VB, Kogelnik N, et al. 1-Oleyl-
lysophosphatidic acid (LPA) promotes polarization of BV-2 and primary murine microglia

towards an M1-like phenotype. Journal of neuroinflammation. 2016;13(1):205 (1)



Dedicated to my parents

and everyone who believed in me

Scientific research consists of seeing what everybody else has seen,
but thinking what nobody else has thought.
Albert Szent-Gyorqgyr



Acknowledgements

Coming to the end of my PhD thesis I would like to thank the DK-MOLIN for giving me
the opportunity to be part of a highly educational and well-organized program. Especially I
would like to wholeheartedly thank my supervisor, Prof. Wolfgang Sattler, for welcoming
me in his group and trusting me with such a beautiful and multidimensional project. For all
his support and kindness the last 4.5 years, and for believing in me more than I believe in
myself. He helped me to enhance my educational background, allowed me to take

experimental risks, and was always there to ensure the successful progress of this project.

I would like to thank all the members of our group, my lab family, Eva, Madeleine, Nora,
Vishwa, Jurgen, Helga, Anja and Andrea as well as Christoph, Andi, Sabine and Doris
who are not part of it anymore. I am grateful for all their support, educational or not, and
for creating an environment that makes you feel happy to work at every single day. A
special thank you to Helga for her valuable help and for standing by my side when I
needed it the most. For my lab trainer, Eva, a simple thank you may not be enough. She
shared with me her valuable knowledge and experience and her efforts allowed me to grow

as a scientist and mature as a person. I wouldn’t and I couldn’t ask for more.

Moreover I would like to thank Prof. Katerina Akassoglou and her research group at the
Gladstone Institutes for Neurological Disease (UCSF) for accepting me at their lab for six
months and providing me with an excellent working environment. It was an honor to work
with such kind and highly educated people who made me feel comfortable and part of their
group since the first day. I am also grateful for my mentor, Prof. Dagmar Kratky, for all

her support and help through these 4.5 years.

I would like to express my gratitude for my friends and family who were always there
during the good and the bad moments. For their constant support all these years and for
making my life a bit brighter every single day. A big thank you to S.L., S.C., and the
extraordinary J.K. for sharing with me the anxiety of the last months and giving me

strength to successfully reach my goal.

Finally, I would like to thank my parents for standing by my side all these years, for their
love and support and for sacrificing their convenience and welfare in order to make it

possible for me to pursuit my dreams.



ABBREVIATIONS.....uointieniintinnnensnnnssnesssnssssesssnsssssssssssssssssssssasssssssssssssssssasssssssssssssssssassss 1

ZUSAMMENFASSUNG weed
ABSTRACT ....ccueeeuiriercsneisnnnenns 7
INTRODUCTION ...uuuiiiiiiniiieicseisssncssessssissssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssasssss 9
1. MICROGLIA ....uceueruenenesnesnesessenns 9
1.1 Origin and DevelOPmMENt.........c.ccciieiierieiiieiieeie ettt siee e e seee e esane e 9
1.1.1 Clearance of apoptotic CelLS ............cccccoviveiiiiiiiaiiiiecie e 13
L.1.2 NEUFOZEREOSIS ...ttt ettt et e e s 13
1.1.3  Synaptogenesis and Synaptic PlASHICItY ............ccccoovvviieceiiiiiiiiiieeieeeeeen 13
1.1.4  Vascular develOpment ..................c.ccccueeeciieeciiieeiie et 13
1.1.5 Oligodendrocytes SUIrVIVAL .................ccccccovimiiiniiiiiiiiiiiiicie e, 13
1.1.6  Immune SUrveillance .................cccccooiiiiiiiiiiiiiieieeeee e 14

L. 1.7 INJUFY FESPOMSE. ... tae e entaeeenaae e s 14

1.2 Heterogeneous ACtiVation StAES ........cceerverriierieeirierieeieeneeereesseeeseesereesseessneensees 14
1.2.1 The activation process: from “resting” state to “activated” microglia.......... 14
1.2.2 MI VS M2 QCHIVATION..........coieieiieiieee e 16
1.2.3 MicrogliQl DYIMING ...........ccccuveiiiieeiie ettt eaae e 18
1.2.4  MicrogliQl QQEING..............cccoeeeeeiieeiiieeiie et 18
1.2.5  Microglial SENESCENCe...............c.cccemiiiiiiiiiiieieee et 19
1.2.6 Dark MiCrOQIIa. .............cccooiiiiiiiiiie et 19

1.3 Microglia and DISCASE .........eevevieeriieeiiieeiiieeriee et e eteeeteeesareeeseeeeaeeesaeeennseeennns 19
1.3.1 Inflammation in Neurodegeneration..................ccccccuevcveeniueeenieesiieeniinennenens 19
1.3.2  Microglia in Neurodegenerative DiS€aSes.................ccouevcueeeieeriieeeniiraninenans 21

2. LYSOPHOSPHATIDIC ACID (LPA).cccuiiiiiiiiisniissnnicssnnicssnnncssseecssssessssnsssssesssssessssssssnns 25
2.1 Metabolism and DiStribUtioN .........cccueeiuieiiiiiiieiiieieee e 25
2.2 AUtotaxin (ATX) oottt et e a e et e e et e e aeeennes 27
2.3 Signaling through LPARS.......cooiiiiiiee et 28
231 LPARI ..o e 29
232 LPAR2 ..o e 30
2.3.3  LPARSJ .ot 31
2304 LPARG ...t 31



235 LPARS oo 32

2300 LPAROG ..o e 33

2.4 LPA in NErvous SYSEEIM .....ciieiiiiiiiiieiiieeeiieeeieeesieeesveeesireeesaeeeeeeeesseeesseeesaseeennes 33
2.4.1 Neuropro@enitor Cells ...............cccoeevuiieiiiiiiiieeiie e, 35
204.2 INEUTOMS ...ttt ettt 35
2.4.3  ASIFOCYEES ..ottt e 35
244 MiCPOGIIQ. ..o 36
2.4.5  OliGOAENArOCYLes ............cccuveeeiiieciiieeiii e 36
2.4.6 SChWANN CelIS ...t 36

2.5 LPA I DISCASE ...ovventiiuiiiieieeiesiteie ettt sttt ettt sttt sttt enees 37
2.5.1 Neurological DiSOFAEFS ..............cccccoiioiiiiiiiiiiiiiiiieie et 37
2.5.2  Inflammation and QUIOTIMMUNILY ............ccccooviiiiiiiiiiiese e 39

3. HYPOTHESIS AND OBJECTIVES 25
MATERIALS AND METHODS 41
1. MATERIALS ...cueruerensueesnessnesnees 41
2. METHODS ..ueerruersneessecssnecanees 41
2.1 Cell CUIUTES ...ttt ettt ettt st eseeeeneeas 41
2.1.1  BV-2microglia CUITUFE ..............ccccuveeiiieeiieeieeee e 41
2.1.2  Primary microgli CUITUTE ................ccceeevieieaiiieeiiieece e 41
2.1.3 CATHG NEUFrONS CULTUTE ..............ccuveeeeieeiieeeieeeee e 42

2.2 ANTMAIS ...ttt ettt e esaeeeaneas 42
2.3 Cell trEatmMENLS ....c..eiiuiiiiiiiiieite ettt ettt ettt et aeas 42
2.3.1  LPA Ir@QIMENL ...ttt 42
2.3.2  Treatments with pharmacological inhibitors..................ccccvevvvieiiviiiiiaaenane, 43

2.4 IMMUNODIOTHING ..c..viiniiiiiieiieie ettt ettt st et eseeeeneeas 43
2.5 IMMUNOTTUOTESCENCE. .....coueeuviiiiiiiieeiieettete ettt 44
2.6 QPCR QNALYSIS ....eeiiiiieiiieciieece et et st e b eeennnes 44
2.7 Customized qPCR aITays .......ccceeeiiiiiiiiieeeiie et 45
2.8 Lentiviral transduction (ShRINA) ......cccuoiiiiiiiiiieeee e 46
2.9 TimME-1aPSe MICTOSCOPY . uvieuvierurreiieriiieitieriteeteeeiteeteeseteesteessteeseesnseenseessseenseesseesnsens 46
2.10  XCELLIZENCE MIZrAtiON @SSAY...uvveerureerrreerreeerireesreeessreeessseeassseessseeessssesssseeensnes 47
7208 I B 2 (o) ) 101 ] 5 ) 2 PSSP 49

2012 ELISA e 49



2,13 TOtal NO @SSAY ...uvieuiiieiiieiieeiieeite ettt ete et e et et esebeeteesteeebeessaeenbeesseeenseessneenseas 49

2.14 Measurement of carboxy-H2DCFDA 0Xidation ..........cccccceeveerieeniienieenieenreennen. 50
215  LDH ASSAY ..ueeviiiieiiiee ettt ettt ettt et e e et e e et e e et e e e e naaaeeeentaeeeennnaaeenn 50
2.16  PhagoCytOSIS ASSAY ...uveeeiuiieeiiieeiiieeiieesieeesteeesteeessteeessseeesseessseessseessseeessseeennses 51
2.17  Statistical ANAlYSIS......cccuierieriieriieeiieiie ettt et eaneas 51
RESULTS...coovevinunnensacnanene 52
1. EFFECTS OF LPA ON THE MICROGLIAL CYTOSKELETAL ARCHITECTURE ......ccueee.. 52
1.1 LPAR and PKD isoform expression in BV-2 and PMM.............cccceeeveieiveenneennne. 52
1.2 LPA induces changes in microglia morphology.........c.cccccuveeviieniieeniieeeiie e 54
2. LPA INCREASES THE MICROGLIAL MIGRATIONAL RESPONSE 58
2.1 LPA-mediated signaling events in BV-2 and PMM...........ccccooceivviiiiieniienieecieeen. 58
2.2 LPA induces chemokinesis and chemotaxis...........cceceeriiniiiiiieniieiiienieeeeeeeen 62
2.3 TCLPAS and CRT inhibit microglia chemokinesis and chemotaxis..........c..cc........ 65
2.4 Transcriptional regulation of potential migratory factors by LPA .........c.cccoceeeeee. 68
3. EFFECTS OF LPA ON THE INFLAMMATORY RESPONSE OF MICROGLIA .....ccorueeueennees 73
3.1 LPA induces the expression of different M1 markers...........ccceeeevveenciieeniieesreeennee. 73
3.2 Elevated expression and secretion of pro-inflammatory cytokines / chemokines in
LPA-treated micro@lia CEIIS.......coiiriiiriiiiiieiie ettt 76
3.3 NO and ROS levels are increased upon LPA treatment...........ccccceeevevveenieeenneeennee. 79
3.4 LPARS controls the LPA-induced pro-inflammatory phenotype...........cccccoeenennee. 81
4. SIGNALING PATHWAYS THAT CONTROL THE MICROGLIAL INFLAMMATORY
RESPONSE ....cuueeeinncnnnnsacnncnnes 88
4.1 LPA promotes NF-kB, c-Jun and STAT activation in microglia cells.................... 88
4.2 CRT and SP600125 decreases the LPA-induced expression of M1 markers.......... 91
4.3 The PKD - JNK axis controls the production of pro-inflammatory factors,
neurotoxicity and phagocytosis in LPA-treated microglia...........ccoceeveeeieniencnicncenennne. 95
DISCUSSION....coueerurcuicnecsaccnneanee 101
BIBLIOGRAPHY ..ccuuiiiiiiiniinicensecsnncsensesssecsssssesssessssssessssssssssessssssasssssssssssssssssssssassane 115
APPENDIX I.....ccoeeeiruecrersecsnnene 154

APPENDIX II ......uceuenvernenncnnnnnne 163




Abbreviations

AB

AD

Akt

ALS
AP-1
APC
APP
Arg-1
ATX
B2M
BBB

BM
BrP-LPA
BSA
cAMP
CCL

CD

CNS
COX-2
CRT0066101

CSF
CSFIR
CXCL
CXCR
DAG
DC
DCFDA
DLB
DMSO
EAE

amyloid-f

alzheimer's disease

protein kinase B

amylotrophic lateral sclerosis
activator protein 1

allophycocyanin

amyloid precursor protein

Arginase 1

autotaxin

B2 microglobulin

blood brain barrier

bone marrow
1-bromo-3(S)-hydroxy-4-(palmitoyloxy)butyl-phosphonate
bovine serum albumin

cyclic adenosine monophosphate
C-C motif chemokine

cluster of differentiation

central nervous system
cyclooxygenase 2
2-[4-[[(2R)-2-Aminobutyl]amino]-2-pyrimidinyl]-4-(1-methyl-1H-
pyrazol-4-yl)-phenol hydrochloride
cerebrospinal fluid

colony stimulating factor 1 receptor
C-X-C motif chemokine

C-X-C motif chemokine receptors
diacylglycerol

dendritic cells

2’7" —dichlorofluorescin diacetate
dementia with Lewy bodies
dimethylsulfoxide

experimental autoimmune encephalomyelitis



ENPP2 ectonucleotide pyrophosphatase/ phosphodiesterase family member 2

ERK1/2 mitogen-activated protein kinase 1

FCS fetal calf serum

FITC fluorescein isothiocyanate

FTD frontotemporal dementia

GBM glioblastoma multiforme

DGK diacylglycerol kinase

GM-CSF granulocyte-macrophage colony-stimulating factor
GPCR G protein-coupled receptors

GRN granulin

GSK3 Glycogen synthase kinase 3

H,0, hydrogen peroxide

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HD huntington's disease

HPRT hypoxanthine-guanine phosphoribosyltransferase
HTT huntingtin

IFN interferon

IkBa nuclear factor of kappa light polypeptide gene enhancer in B-cells

inhibitor, alpha

IKKpB inhibitor of nuclear factor kappa-B kinase subunit beta
IL interleukin

INOS inducible nitric oxide synthase
IRF interferon regulatory factor
ITGa integrin alpha

ITGB integrin beta

JNK c-Jun N-terminal kinases

LDH lactate dehydrogenase

LPs lysophospholipids

LPA lysophosphatidic acid

LPAR LPA receptors

LPPs lipid phosphate phosphatases
LPS lipopolysaccharide

MAPK mitogen-activated protein kinase



miRNA
MMP
mRNA
MRC1
MS
MYC9
NF-kB
NFTs
NO
NOX2
NPC
O, —
o/n
ONOO
P2RY
PA

PC

PD
PDL
PE
PI3K
PKC
PKD
PLA
PLC
PLs
PMM
PPAR
PS
gPCR
Rac2
RELMa
Rho

micro RNA

matrix metalloproteinase

messenger RNA

macrophage mannose receptor 1
multiple sclerosis

myosin, heavy chain 9, non-muscle
nuclear factor kappa-light-chain-enhancer of activated B cells
neurofibrillary tangles

nitric oxide

phagocyte NADPH oxidase
neuroprogenitor cell

superoxide

over night

peroxynitrite

purinergic G protein-coupled receptors
phosphatidic acid

phosphatidylcholine

parkinson's disease

poly-D-lysine

phycoerythrin

phsophoinositide 3-kinase

protein kinase C

protein kinase D

phospholipase A

phospholipase C

phospholipids

primary murine microglia

peroxisome proliferator-activated receptor
phosphatidylserine

real-time PCR

Ras-related C3 botulinum toxin substrate 2
resistin-like alpha

Rho GTPase



RNS
ROCK
ROS
Runx1
SCs
SOD1
SP600125
STAT
TBCB
TBHP
TCLPAS

TGF-B
TLR
TNFa
TREM2
TRP
VASP
VEGF
VIM
VZ
WASF2
YS

reactive nitrogen species

Rho-associated protein kinase

reactive oxygen species

Runt-related transcription factor 1

Schwann cells

superoxide dismutase 1

1,9-Pyrazoloanthrone

signal transducer and activator of transcription
tubulin-folding cofactor B
tert-butylhydroperoxide
5-(3-Chloro-4-cyclohexylphenyl)-1-(3-methoxyphenyl)-1H-pyrazole-
3-carboxylic acid

transforming growth factor beta

toll-like receptors

tumor necrosis factor alpha

triggering receptor expressed on myeloid cells 2
transient receptor potential
vasodilator-stimulated phosphoprotein

vascular endothelial growth factor

vimentin

ventricular zone

Wiskott-Aldrich syndrome protein family member 2
yolk sac



Zusammenfassung

Lysophosphatidsiure als Modulator der Mikroglia-Funktion

Microglia, die immunkompetenten Zellen des ZNS, reagieren unmittelbar auf
Erkrankungen und Verletzungen des zentralen Nervensystems (ZNS), verdndern ihre
Morphologie, wandern in das geschiddigte Gewebe ein und spielen eine wichtige Rolle bei
der Regeneration des ZNS. Extrinsische Signale entscheiden letztendlich, ob Mikroglia
einen neuroprotektiven oder neurodegenerativen Phianotyp entwickeln. Klassisch aktivierte
(M1) Mikroglia synthetisieren proinflammatorische Faktoren, die zu neuronaler
Schiadigung  filhren  konnen.  Andererseits  kann  die  Produktion  von
entziindungshemmenden Faktoren durch M2-polarisierte Mikroglia neuronales Uberleben
und Regeneration unterstiitzen. Bei chronisch entziindlichen Vorgédngen, wie sie bei vielen
neurodegenerativen  Erkrankungen beobachtet werden, sind Mikroglia durch
Uberaktivierung, Dysfunktion, Sekretion von pro-inflammatorischen Faktoren und
neuronaler Toxizitdt gekennzeichnet. Der entscheidende Beitrag von Mikroglia zur
Homoostase im ZNS macht diese Klasse von immunkompetenten Zellen zu potentiellen
therapeutischen Targets. Somit wiirde die Moglichkeit, den Polarisations-Phenotyp (M1
vs. M2) zu modulieren, einen neuen pharmakologischen Ansat bei der Behandlung von

neurodegenerativen Erkrankungen, mdglicherweise sogar bei Gehirntumoren ermdglichen.

Den bioaktiven Substanzen der Lysophosphatidsdure (LPA)-Familie wird zunehmend ein
Einfluss auf unterschiedlichste Erkrankungen zugeschrieben. Die Spezies der LPA-Familie
stellen ein Gemisch aus gesittigten oder ungeséttigten Acyl-/Alkylresten, die an der sn-1
oder sn-2-Position eines Glycerophosphatmolekiils verestert sind, dar. Unterschiedliche
LPA Spezies wurden in biologischen Fliissigkeiten, unter anderem auch in der
Zerebrospinal-Fliissigkeit nachgewiesen. Der quantitativ grosste Teil von LPA wird durch
Autotaxin (ATX)-katalysierte Hydrolyse von lyso-Phosphatidylcholin produziert. LPA-
vermittelte Signale werden durch die Bindung an einen oder mehrere der sechs bis jetzt
charakterisierten G-Protein gekoppelten LPA Rezeptoren (LPARI1-6) ausgeldst. Das
Gehirn ist ein Organ in dem LPAR vorwiegend exprimiert werden. LPA 16st
unterschiedlichste biologische Reaktionen die durch LPAR-vermittelte Signaltransduktion,
ausgelost werden. Diese Rezeptoren spielen bei normaler Entwicklung aber auch bei

Erkrankungen des ZNS eine entscheidende Rolle. Speziell bei neuroinflammatorischen



Erkrankungen wird die Expression von ATX auf Proteinebene induziert, was in weiterer

Folge zu einem lokalen Anstieg der LPA Konzentrationen fiihrt.

Die Ergebnisse der vorliegenden Studie belegen, dass LPA ein potenter Regulator der
Mikrogliafunktion ist. Erhohte LPA-Spiegel, wie sie unter entziindlichen Bedingungen
beobachtet wurden, beeinflussten die Mikroglia-Morphologie und fordern die Motilitit von
Mikroglia. Die wihrend der vorliegenden Dissertation gewonnenen Ergebnisse belegen,
dass die LPA/LPARS/ Proteinkinase D (PKD) - Achse die Chemokinese und Chemotaxis
von Mikroglia reguliert. Dariiber hinaus forderte LPA die Etablierung eines M1-dhnlichen
Polarisationsphenotyp von Mikroglia. Dies wurde durch erhdhte Sekretion von pro-
entziindlichen Mediatoren wie Cytokinen und Chemokinen, Stickstoffmonoxid und
reaktiven Sauerstoffspezies, erhohte Expression von MIl-Markern und Mikroglia-
vermittelter ~ Neurotoxizitdt  belegt. Die  pharmakologische = Hemmung  der
LPARS/PKD/INK-Achse fiihrte zu signifikant verringerter Expression dieser
entziindlichen Faktoren und unterdriickte die Expression von pro-inflammatorischen

Transkriptionsfaktoren.

Die Ergebnisse der vorliegenden Dissertation stellen einen ersten Schritt zu einem tieferen
Verstindnis von LPA-vermittelten Wirkungen auf Mikroglia dar. Die Ergebnisse, die
wihrend meiner Doktorarbeit generiert wurden, sollten das Studium der LPA-vermittelten
Signaltransduktion und ihren Auswirkungen auf die Mikroglia-Funktion bei
neurodegenerativen Erkrankungen in ,in vivo’ Modellen weiterfithren um mdgliche neue

pharmakologische und therapeutische Ansétze zu ermoglichen.



Abstract

Effects of Lysophosphatidic Acid on Microglia Function

Microglia, the immunocompetent cells of the CNS, rapidly respond to brain injury and
disease, alter their morphology, migrate towards the damaged tissue and play an important
role in CNS regeneration. Extrinsic signals determine whether microglia acquire -
depending on disease context - a beneficial or detrimental phenotype. Classically activated
(M1) microglia synthesize pro inflammatory factors that inflict neuronal damage, while the
production of trophic and anti-inflammatory factors by M2 microglia can support neuronal
survival and regeneration. Under chronic inflammation, as observed in many
neurodegenerative diseases, microglia are characterized by overactivation, dysfunction,
secretion of pro inflammatory factors and neuronal toxicity. Their crucial role in brain
homeostasis makes these cells potential therapeutic targets, which necessitate a thorough

understanding of polarization cascades, and pathways that modulate their function.

There is growing appreciation that the pathogenesis of many diseases is linked to
dysregulated LPA signaling. LPA is a mixture of saturated or unsaturated acyl/alkyl
residues esterified at the sn-1 or sn-2 position that are present in biological fluids including
CSF. The majority of LPA is produced through autotaxin (ATX)-dependent cleavage of
lysophosphatidylcholine and LPA signaling is mediated via six LPA receptors (LPAR1-6)
that are all expressed in the brain. LPA has diverse biological functions mediated by
downstream signaling through the different receptors. These receptors play prominent role
in the central nervous system, and signaling is amplified at sites of inflammation where

LPA concentrations are increased.

The results of the present study provide evidence that LPA is a potent regulator of
microglia biology and function. Increased LPA levels, as observed under inflammatory
conditions, affected microglial morphology and promoted the migrational response. The
LPA/LPARS/PKD axis regulated the expression of migratory genes indicating possible
downstream targets via which LPA signaling controls microglia chemotaxis. In addition,
LPA promoted am MI1-like phenotype in microglia. I observed elevated secretion of pro
inflammatory mediators such as cytokines, chemokines, NO, and ROS, increased
expression of M1 markers and microglia-mediated neurotoxicity. Pharmacological
inhibition of the LPARS/PKD/JNK axis significantly decreased the expression of these

pro-inflammatory factors and abolished the LPA-induced activation of pro-inflammatory
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transcription factors, unraveling possible transcription programs that are involved in LPA-

induced inflammatory response of microglia cells.

The outcome of this study comprises of an important step towards a better understanding
of LPA-mediated effects on the immune cells of the CNS. The results obtained during my
PhD thesis should foster the study of LPA signaling and its impact on microglia function in
the diseased brain. Interference with different members of the LPA signaling pathway,
depending on the context of disease, may unravel possible new targets for modulating

neuroinflammation that, until now, were not considered.



Introduction

1. Microglia
1.1 Origin and Development

The central nervous system (CNS) has been considered for a long time immune privileged
due to its lack of lymphatic drainage and reduced capacity to present antigens (2).
However, when necessary, it can mount immune reactions that depend upon specialized
innate cells, including microglia, macrophages, and dendritic cells (DCs). Microglia are the
resident macrophages of the CNS and uniformly distributed throughout the brain
parenchyma and spinal cord (3). The density of resident microglia varies by brain regions.
Increased densities are observed in in the gray matter, with the highest concentrations
found in hippocampus, olfactory cortex, basal ganglia, and substantia nigra in the mid
brain (4-6). Microglia comprise approximately 10-15% of glial cells and their function is

crucial to maintenance of the CNS in both health and disease (7, 8).

Due to phenotypic similarities to peripheral monocytes/macrophages and DCs, microglia
were proposed to be of hematopoietic origin and derive from circulating monocytes (3).
Recent studies though confirmed that microglia are derived from primitive macrophages
emanating during development from the yolk sack (YS) (9, 10). These primitive
macrophages generated in the YS blood islands around E8.0 and spread into the embryos
at the onset of blood circulation (around E8.5). Finally they colonize the neuroepithelium
from E9.0/E9.5, giving rise to embryonic microglia (5) (Figure 1). In parallel, definitive
hematopoiesis gives rise to progenitors that colonize the fetal liver (FL) from EI10.5.
Formation of the BBB from E13.5 isolates the developing brain from the contribution of
FL and later of bone marrow (BM) hematopoiesis. Embryonic microglia expand, colonize
the whole CNS, and maintain themselves until adulthood via proliferation during postnatal
development as well in the injured adult brain. Under certain inflammatory conditions, the
recruitment of BM derived progenitors can replenish to some extent the microglial

population.

Transcriptome analysis has revealed that microglia have a very distinct signature as
compared with circulating macrophages (11). Those differences between microglia and
macrophages and other immune cells highlight that microglia are not classical immune

cells (12). During neonatal development, myeloid precursors differentiate into microglia,



and various molecules control the developmental program. Interestingly, the transcription
factor Myb, which is required for hematopoiesis and generation of hematopoietic stem

cells HSCs), is not essential for the generation of microglia (13).

A Distinct microglial lineage
Yolk sac
lineage = : Microglia
=T Embryonic
@ Hematopoiesis EHp CDA45- c kitt
Ectoderm > Tissue
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Figure 1. Microglia Have a Distinct Lineage and Molecular Signature

(A) Genesis and progression of yolk-sac-derived cell lineages. Microglia are derived from
primitive erythromyeloid progenitors in the yolk sac (embryonic hematopoiesis, yellow), distinct
from definitive hematopoiesis (green) from which the majority of macrophages is derived (11).

(B) Time course of microglial derivation and embryonic colonization as revealed by fate-mapping
experiments. Microglia originate from PU.1-dependent precursors in the yolk sac that proliferate
and invade the neuroectoderm-derived developing CNS, as indicated by an increase in the markers
CX3CRI1 and Ibal (orange ramp) (11).

(C) The diagram presents the overlap in gene expression between microglia, macrophages, and
monocytes. Two of the most widely used “markers,” CX3CR1 and cd11b, are common to all three.
Although there is molecular similarity between tissue-resident macrophages and microglia, a subset
of microglial-specific genes has been identified, and the six genes with highest expression are
displayed (11).
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Analyses of YS progenitors revealed that microglia are derived from CD45  c-kit"
erythromyeloid progenitor cells (10), which eventually convert to CD45" c-kit' CX3CR1"
microglia and invade the brain using matrix metalloproteinase (MMPs), such as MMP-8

and MMP-9.

The key factors that promote microglia development and homeostasis are presented below.

Runx1

Runx1 directly binds to the enhancer elements of many genes relating to hematopoietic
development and interactions with other transcriptional elements are crucial for expression
of genes that participate in lineage specific development of multipotent progenitors (14).
The YS derived Runx1" precursors populate the CNS and develop into microglia during
stages that precede brain development and vascularization (9). During development
Runx1” microglia have an amoeboid morphology and undergo mitosis. Microglial
morphological transformation from amoeboid to ramified, around postnatal day 10,
coincides with loss of Runxl expression. In the adult brain, Runxl is reexpressed
following traumatic nerve injury and this suggests an additional role for the transcription

factor in the regulation of microglia activation (15).
PU.1

PU.1 is a transcription factor that is expressed by various cells, including macrophages,
neutrophils, mast cells, B cells, and microglia. The PU.1 protein is constitutively expressed
in both resting and activated microglia (rodent and human) (16, 17). PU.1 is a master
regulator for myelomonocytic differentiation during embryonic development and PU.1
deficiency impedes the maturation of YS myeloid progenitors (18). It has been reported
that PU.1 expression is regulated by other hematopoietic transcription factors including

CSF1 (19).
CSFIR

CSFIR is a tyrosine kinase expressed on mononuclear myeloid cells throughout the body
(3). It is a critical regulator of proliferation, survival, differentiation and chemotaxis of

microglia and other mononuclear phagocytic cells (20).
IRF-8

Interferon regulatory factor 8 (IRF-8) is a transcriptional factor that participates in

development of the immune system. It has a direct impact on CNS microglia and IRF-8
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deficiency results in increased microglial abundance in the adult brain (21).IRF-8 deficient
cells have also reduced branch complexity and morphological changes suggestive of
activation. IRF-8 plays a key role in microglia homeostasis and development by regulating

as well apoptosis related genes (22).
miR-124

MicroRNAs regulate gene expression through posttranscriptional modification of mRNAs
by promoting their degradation. miR-124 is one of the most abundantly expressed mRNAs
in the CNS and by altering gene expression in neurons, regulates neurogenesis and
neuronal differentiation (23, 24). It is also highly expressed in microglia, which down
regulate its expression following activation, suggesting a possible role for miR-124 in

maintaining microglia quiescence (25).

PHYSIOLOGY AND FUNCTION

Microglia are indispensable for normal brain development and CNS homeostasis and there
is mounting evidence for important roles (Figure 2) of these cells in the establishment of a
healthy nervous system (20). Current research has established the importance of these

multifunctional cells in numerous physiological processes (26).
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Figure 2. Schematic representation of microglial roles in the brain

Yellow and pink boxes indicate microglial roles during developmental stages and general immune-
related functions, respectively (26).
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1.1.1 Clearance of apoptotic cells

Microglia play critical role in removing accumulating apoptotic neurons, both during CNS
development and later in the adult brain (26). They also efficiently discard cellular debris
resulting from apoptosis, normal cell death or brain parenchyma lesions (damaged cells,

plaques etc.) promoting the homeostatic maintenance of healthy CNS.
1.1.2 Neurogenesis

Microglia support neurogenesis during developmental stages and adulthood, by producing
neurotrophic factors. They are necessary for proper assembly of neuronal networks (27).
They create a favorable environment for neuronal development and regeneration by
secretion of neurotrophins, and other neurotrophic or growth factors (26, 28). Moreover,

they play active roles in the induction of neuronal cell death in the developing brain.
1.1.3 Synaptogenesis and Synaptic Plasticity

One of the most intriguing functions of microglia is ‘synaptic pruning’. During CNS
development, axonal connections with synapses exceed those required and are reduced
during a process called pruning (7). Microglia shape neuronal synapses; they phagocytose
dendritic spines that not receiving input from synaptic contacts (27). Microglia participate
also in synaptic plasticity, a process of removing branches from damaged neurons in order
to promote repair and regrowth (29) They secrete immune-related signaling molecules
such as pro-inflammatory cytokines, NO, ROS, and neurotrophic factors that alter synapse

strength and plasticity (27).
1.1.4 Vascular development

Microglia contribute to the construction and maintenance of the vascular system in the
CNS. They facilitate angiogenic sprouting during development and promote the fusion of

nearby blood vessel (7, 30).
1.1.5 Oligodendrocytes survival

Except for neuronal survival, microglia also promote oligodendrocytes survival and
maturation. They inhibit apoptosis, secrete soluble factors, PDGF (platelet-derived growth
factor), and induce the expression of transcription factor NF-kB p65 (nuclear factor kappa-
light-chain-enhancer of activated B-cells) (28). Microglia are also considered potential

stem cells that can differentiate into neurons, astrocytes and oligodendrocytes (31).
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1.1.6 Immune surveillance

As already mentioned, microglia are the resident immune cells of the CNS. They defend
the brain against pathogens holding a critical role in immune surveillance and control (32).
They constantly monitor synaptic activity (each synapse is contacted about once per hour)
and impact synaptic plasticity, remodeling functionally impaired synapses, by the release

of neurotrophic factors and anti-inflammatory cytokines (33).
1.1.7 Injury response

Microglia respond rapidly to danger signals and migrate towards the sites of injury to
remove cellular debris and promote tissue repair. They are the “scavenger” of the nervous
tissue and therefore represent a key factor in the nervous parenchyma defense. They
release immunoregulatory cytokines and growth factors in order to maintain CNS

homeostasis (34).

1.2 Heterogeneous Activation States

There is constantly growing experimental evidence that the subdivision of microglia into
resting and activated is an oversimplification (8, 35). Microglia are recognized as “active

sensor and versatile effector cells in the normal and pathological brain” (33).
1.2.1 The activation process: from “resting” state to “activated” microglia

Microglia in the healthy CNS have a ramified morphology, a small soma with fine cellular
processes. This appearance has been associated with microglial “resting” state. In reality,
however, these cells constantly scan their environment and actively survey brain

parenchyma, ready to transform to executive states of activity (36, 37).

In response to different signals and various micro environmental changes, these plastic
cells can switch activity states and exist in multiple phenotypes (7, 38, 39). Real or
potential danger to the CNS evokes profound changes in microglial cell shape, gene
expression and functional behavior (36). Activated microglia may adopt not only an
amoeboid morphology but also rod, epithelioid, or multinucleated morphology (40). They
become motile, move to the site of injury following chemotactic gradients, and unfold their

phagocytic activities to clear tissue debris, microbes, or damaged cells.

Microglial activation is a highly regulated process (Figure 3). These cells are part of a
specialized tissue (brain parenchyma), which also has to protect itself from the damaging
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Figure 3. Microglial activity states throughout an activation process

The “resting” microglia constantly scan their environment for exogenous or endogenous signals
that may oppose a threat to CNS homeostasis. The appearance of “activating” signals or a loss of
constitutively “calming” inputs can trigger transitions to activated states.

Cells adopt distinct reactive phenotypes depending on the challenging stimuli and the situational
context. Initial response profiles may further shift as instructed by concomitant cues (36). Except
for the resident CNS cells, also infiltrating immune cells exert such modulating functions. Initial
reactive phenotypes with defense orientation may convert to repair-orientated activity profiles (36).

Cells may eventually return to a resting state or stay “experienced.” Experienced microglia could
reveal altered responsiveness and exert distinct responses upon a new challenge (35).
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consequences of an immune response (36). Thus, microglia may not necessarily represent
a homogeneous population. The transition from the “resting” state to an executive one

represents more of a shift in activities rather than “activation” per se.

Less is known about the period subsequent to the activation event. A terminated microglial
response, even in the case that it was successful, may still leave traces (35). The post
activated microglia may remain undistinguishable by the “resting” ones, yet may still

bearing adjustments and could behave differently when being challenged again.
1.2.2 M1 vs M2 activation

In the context of activation, microglia can acquire different phenotypes (Figure 4),
depending on the specific polarization conditions (28, 41). However, it needs to be
highlighted that there is not a single phenotype for microglia activation but a broad
spectrum of microglial activation states (42-44). Microglia can acquire intermediate
phenotypes that display a combination of different markers (41, 45). Microglia are a non-
homogeneous population and different cells in the same area may adopt different
phenotypes. Hence, it will be more correct and accurate to speak for polarization towards a

phenotype and not strictly about solely one activation state.

There are three distinct activated forms toward which microglia can be polarized: classical

M1 (pro-inflammatory) activation, alternative M2 (anti-inflammatory) activation and

acquired deactivation.
Classical M1 (pro-inflammatory) activation

During classical activation, in response to LPS or the proinflammatory cytokine IFN-y, the
innate immune system favors a T-helper cell type 1 (Thl) phenotype. Thus, during a Thl
response, microglia express CD86 and CD16/32, and produce high amounts of oxidative
metabolites (NO and O2 «—), proteases, toxic mediators and proinflammatory cytokines
and chemokines (TNF, IL-1, IL-2, IL-6). This phase plays a critical role in host defense

against pathogens and tumor cells yet can also damage resident healthy cells (40, 41, 46).
Alternative M2 (anti-inflammatory) activation

In this form of activation, which can be induced by IL-4 and IL-13, the innate immune
system favors a T-helper cell type 2 (Th2). During a Th2 response, activated microglia will
express CD206 and arginase 1, secrete anti-inflammatory cytokines (IL-4, IL-5, IL-10, IL-
13), transforming growth factor beta (TGF-B), and are characterized by the suppression of
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Thl-proinflammatory cytokines (41). There is reduced NOS2 (nitric oxide synthase 2)
expression, NOX2 (phagocyte NADPH oxidase) activation and induction of a

transcriptional profile characteristic for this phenotype (47).

The conversion of microglia towards an alternative activation state appears to be
coordinated by two members of the peroxisome proliferator-activated receptor (PPAR)
family (superfamily of nuclear hormone receptors): PPAR-y and PPAR-B/-6 (28).
Recently, PPAR-y has been recognized as a prime target for modulating inflammation, by
inhibiting pro-inflammatory gene expression, a process termed PPAR-y-mediated
transcriptional trans-repression (48). During this phase microglia promote tissue repair and

angiogenesis, by down-regulating the inflammation.
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Figure 4. Phenotypic polarization of microglia

Microglia polarization and phenotype switching is under control of diverse intra- and extracellular
cues. Microglia can develop into proinflammatory/classically activated (M1) or anti-
inflammatory/alternatively activated (M2) phenotypes depending on the specific polarizing signals
present at diverse stages after CNS injuries, and thereby revealing beneficial or detrimental
responses for tissue protection and repair (41).

The M1 polarized microglia release proinflammatory mediators and free radicals to induce
functional neurological deficits and neurodegeneration. This population also engulfs glioma cells in
culture. On the contrary, the M2 polarized microglia support brain repair and regeneration by
enhancing phagocytosis, releasing trophic factors, resolving inflammation, and protecting against
demyelination. The functional polarization of microglia characterized by diverse transcription
factors, acute phase proteins, receptors, pathological conditions, and metabolic states (41).
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Acquired deactivation

The acquired deactivation state allows microglia to detect apoptotic cells and clear them in
the absence of inflammation. This phase allows normal tissue maintenance and patterned
cell death to be performed without setting off an inflammatory response and regulated by
the secretion of anti-inflammatory cytokines such as IL-10 and TGF-B (48). The acquired
deactivation phase, considered a distinct phase of alternative activation, and is associated
with suppression of the innate immune response. It is characterized by down-regulation of
molecules associated with antigen presentation and decreased production of pro-

inflammatory cytokines, chemokines, NO and free radicals.
1.2.3 Microglial priming

Microglia priming is a condition characterized by exaggerated and heightened microglial
response to a second inflammatory stimulus (49). Priming can induce apparent changes in
microglial morphology, proliferation numbers and upregulation of cell surface antigens.
The concept of this state provides a cellular and molecular pathway by which systemic
inflammation (such as sepsis) might contribute to the progression of chronic

neurodegenerative diseases.

Microglia priming is widely observed in aged brains (50). The age-related priming induces
an exaggerated secondary inflammatory response (51). Elderly individuals are more
susceptible to peripheral infections and neurodegeneration due to hyperactivation of
microglia. This prolonged activation of microglia makes them resistant to regulation and
impair their responses leading to disruption of the fine coordination between the nervous

and the immune system (49).
1.2.4 Microglial ageing

Many phenotypic changes have been observed for microglia over the lifespan of the cell
(52). Ageing affects microglia by altering their endogenous characteristics and inducing a
less responsive (dystrophic) phenotype (53). Morphological and functional alterations are
accompanied by changes in gene expression, reduced expression of quiescence molecules,
and production of higher levels of NOS2, TNF, IL-18, and IL-6 (34). Microglia appear to
have decreased capacity to mount cellular responses to injury, reduced phagocytic capacity
and reduced motility (54). In addition they are increased in numbers and are being less

evenly distributed in the cerebral cortex (55, 56).
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1.2.5 Microglial senescence

Like all cells, microglia are believed to enter “senescence”, a phenomenon usually linked
to the development of age-related pathologies (57). In this state microglia lose their ability
to respond adequately to injury or external stimuli (a state similar to “ageing microglia”).
Microglial senescence can contribute to the development of dystrophic microglia and this
in turn contributes to the pathogenesis of neurodegenerative diseases. Selective removal of
those cells has proved to successfully prevent age-related tissue deterioration and

dysfunction (58).
1.2.6 Dark microglia

Dark microglia is a new microglial phenotype that was recently described (50, 59). Dark
microglia exhibit signs of oxidative stress, mitochondrial dysfunction, and endoplasmic
reticulum dilatation. This phenotype could be implicated in the loss of synapses, which
correlates to several diseases of cognitive decline. Particularly, dark microglia are
hyperactive cells that become stressed due to their hyperactivity, leading to dysregulated

interactions with the synapses (60).

1.3 Microglia and Disease

Microglia play a critical role in many acute and chronic diseases such as stroke,
neuropathic pain, traumatic brain injury, immunological diseases, neurological diseases
and cancer. In the CNS, they have long been the center of attention due to their strong
proliferative responses (microgliosis) and their distinct roles in determining progression of

all CNS diseases (61).
1.3.1 Inflammation in Neurodegeneration

The immune system serves to protect from external and internal danger by using a network
of immune sensors (62). The brain and the immune system were studied separately under
the notion that these two systems are two isolated entities. Growing evidence though

suggests that brain and immune system cooperate to maintain homeostasis (63).

The brain was considered for a long time an immune-privileged organ, where
inflammation can occur only after breakdown of the BBB and infiltration of peripheral
immune cells or through direct infection (64). It is well known now that there are cell types

in the brain that can trigger inflammatory signaling pathways. Microglia are the major
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cellular component of the innate immune system of the brain. They respond immediately
in the presence of an internal danger or an injurious stimuli and initiate repair processes,

thereby employing what is called an inflammatory response (65).

Under physiological conditions, once the infection has been eradicated or the damaged
tissue has been repaired, microglia exhibit a deactivated phenotype and promote the
production of anti-inflammatory and trophic factors (47, 66). However, in case that the
trigger cannot be removed or the resolution mechanism fails, the immune response turn
into chronic inflammation that cause neuronal dysfunction and cell death (65, 67, 68).
Interaction between damaged neurons and over activated, dysregulated microglia create a
vicious cycle of uncontrolled, prolonged inflammation (Figure 5) that results in the

production of toxic factors, which amplify the underlying disease state (64, 69, 70).

L':iﬂ"'":ﬂm Microglial activators
gee (laminin, MMP3, o-synudein,
i’lﬁt'“me P neuromelanin

LPS

neurotoxicity
Microglial activation MPTE/MPP*

Meurctoxic factors Glutamate
(PGE,, IL-1B, THFce, MO, NOCH,
— Direct
CHO
05" HO3 neurotoxic
insult

Figure 5. Reactive microgliosis during chronic neuroinflammation

Microglia can become over activated and induce neurotoxicity through two mechanisms. First,
microglia can initiate neuronal damage by recognizing pro-inflammatory stimuli, such as
lipopolysaccharide (LPS), becoming activated and producing neurotoxic pro-inflammatory factors.
Second, microglia can become over activated in response to neuronal damage (reactive
microgliosis), which is then toxic to neighboring neurons, resulting in a perpetuating neurotoxicity.
Reactive microgliosis could be an underlying mechanism of progressive neuron damage across
numerous neurodegenerative diseases, regardless of the initiating stimuli (70).
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Neurodegenerative diseases are a group of chronic, progressive disorders that characterized
by gradual loss of neurons in discrete areas of the CNS and lead to deficits in particular
brain functions (67). Neuroinflammation is a feature shared by various neurodegenerative
diseases and can have both detrimental and beneficial effects to neurons. It is still a topic
of debate whether activated microglia exacerbate the pathology or aid in tissue repair and

ameliorate the disease (71).
1.3.2 Microglia in Neurodegenerative Diseases

Each neurodegenerative disease has a disease-specific mechanism for induction of the
inflammatory response (3, 64, 65). However, activation of the innate immune cells of the
CNS is one of the common components that these diseases share. During the inflammatory
process, microglia appear to be heterogeneous with diverse functional phenotypes, ranging
from the pro-inflammatory M1 phenotype to immunosuppressive/anti-inflammatory M2
phenotype (72). They can exacerbate the disease process or promote neuronal survival

depending on their activation profile, thus can influence disease progression (61).

In most of the cases, microglia are considered to become unable to perform some of their
physiological processes, thus it was suggested that their deletion might be beneficial. The
situation though is not clear-cut, since ablation of microglia couldn’t block disease
progression and in some cases even deteriorated disease pathology. Studies are currently
performed in order to identify at which time point microglia become dysfunctional and if

possible to find ways to manipulate microglia and change their current polarization state.

Below is briefly described how microglia respond and affect the most common

neurodegenerative diseases.
Alzheimer’s Disease (AD)

Alzheimer’s disease is characterized by cognitive dysfunction and progressive memory
decline. Histologically, AD is defined by parenchymal deposition of amyloid-f} and the
formation of neurofibrillary tangles (NFTs) that are composed of microtubule-associated
protein tau (64, 73). Amyloid-f is constitutively generated from amyloid precursor protein
(APP) (74); this overproduction can be caused by mutations in the genes encoding

enzymes that contribute to the generation of the APP.

Neuroinflammation is an important contributor to Alzheimer’s disease pathogenesis (27).
Increased levels of pro-inflammatory mediators have been reported that impair microglial

cell mediated clearance of amyloid-f and neuronal debris and induce NO production (75,
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76). Aggregated amyloid-P also elicits an acute immune response by activating microglia
via the cell surface receptor CD36, which subsequently triggers the formation of a TLR2—
TLR6 heterodimer and results in augmented NF-«xB signaling (77). CD33, a receptor that is
expressed at the surface of myeloid cells and is involved in the inhibition of cellular
responses, is highly upregulated in microglia and prevents cell-mediated clearance of
amyloid-p (78). Moreover, a rare variant of the triggering receptor expressed on myeloid
cells 2 (TREM2) in microglia has been associated with an increased risk for AD (79).
Microglial driven neuroinflammation causes the formation of NFTs and their activation

induces tau phosphorylation in primary mouse neurons (80).

Interestingly, it has been suggested that microglia initially have protective functions in the
AD brain by phagocytizing AP. However, their chronic activation may lead to either loss

and/or dysfunction, which can sustain a chronic inflammatory response (81).
Frontotemporal Dementia (FTD)

Frontotemporal Dementia is a form of progressive neuronal atrophy, characterized by the

loss of cells from the frontal and temporal cortices (82).

Neuroinflammation is a major component of the disease, accompanied by increased
microglial activation in the frontotemporal lobe of FTD patients (83). Mutations in the
GRN gene that encodes the inflammation-related protein progranulin, lead to a tau-
negative form of FTD (84). Progranulin-deficient microglia induce neuronal cell death and

show a dysregulated inflammatory response that promotes the development of FTD (85).
Amylotrophic Lateral Sclerosis (ALS)

ALS 1is a fatal neurodegenerative disease, which primarily affects the upper and lower
motor neurons. It causes corticospinal tract signs, atrophy of targeted muscles, and
ultimately leads to complete paralysis (86, 87). Several pathological factors have been
implicated in the pathogenesis of ALS. In most of the cases, ALS is caused by mutations in

superoxide dismutase 1 (SOD1) (88, 89).

Microglia and astrocytes produce aggregates of mutant SOD1, which activate neighboring
microglia by binding to TLR2, TLR4 and CD14, and subsequently promote neuronal cell
death (90). Microglia appear to have impaired overall motility and reduced capacity to
clear neuronal cell debris (91). They also release pro-inflammatory cytokines, ROS and
RNS that may drive motor neuron damage. The extent of microglial activation positively

correlated with the severity of clinical symptoms (92).
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Parkinson’s Disease (PD)

Parkinson’s disease is characterized by the loss of dopaminergic neurons in the substantia
nigra pars compacta within the mid-brain. This is associated with the activation of
microglia and astrocytes (93, 94), increased cytokine levels (95), and the presence of

intraneuronal aggregates (Lewy bodies) that mainly consist of a-synuclein.

Several polymorphisms in inflammatory genes (genes encoding TNF, TNFR1, IL-18, IL-1
receptor antagonist, CD14 and, TREM2) have been associated with PD (96).

Microglia are activated by a-synuclein and this enhances neurotoxicity and induces the

production of IL- 1, superoxide and NO (97-99).
Huntington’s Disease (HD)

Huntington’s disease is an autosomal dominant neurodegenerative disease, caused by the
expansion of a trinucleotide CAG (which codes for the amino acid glutamine) in the gene
that encodes huntingtin (H77). A mutant form of HTT (mHTT) contains a polyglutamine
expansion at the amino terminus, which affects protein stability and leads to the formation
of aggregates that adversely affect neuronal function (64). HD is characterized by the loss
of medium spiny neurons within the striatum. Pathological iron accumulation in the
striatum is a characteristic of HD. During early stages of the disease activated microglia
contain ferritin, an iron-storage protein, which could reflect the attempt of microglia to

dispose of the accumulating iron (100).

Generally, microglia induce an inflammatory response (101), increased levels of IL- 13,
and production of complement components (102, 103). Microglial cell migration and
motility of cellular processes are compromised and increased microglial activation
correlates with reduced neuronal activity (104, 105). Microglia may be altered by the
expression of mHTT, are unable to perform neuroprotective functions, and induce neuronal
cell death (106). Glutamate uptake, which is an important glial function that is involved in
the control of excitotoxicity, is reduced and this probably contributes to neuronal

dysfunction and death (107).
Multiple Sclerosis (MS)

Multiple sclerosis is a chronic inflammatory disease with an autoimmune component that
leads to demyelination and progressive loss of functional neurons. Two phases can be

recognized based on symptom progression: a relapsing—remitting phase in which damage
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is associated with inflammatory infiltrates and a second “progressive” phase in which

functional loss continues, sometimes without signs of inflammation (61).

Active lesions are associated with the presence of activated microglia (108). Prior to the
development of severe symptoms and infiltration of peripheral immune cells, massive
microgliosis is observed at lesion sites (109). Disruption of BBB plays a key role in
activation of microglia through extravasation of serum components that have pro-
inflammatory effects (110). Microglia attract inflammatory monocytes, express high levels
of MHC-I and MHC-II against which T cells are capable of reacting, and this epitope

spreading plays a role in exacerbating demyelination (111).

Whether microglia cause damage or actually limit disease progression, or perhaps both at
different stages of the disease, is still unknown (112). Microglia have been also ascribed
positive roles in experimental autoimmune encephalomyelitis (EAE), a murine model of
MS, due to their ability to polarize to an M2 state in response to type-2 cytokines and

remove myelin debris (113).
Other neurodegenerative diseases

Neuroinflammation is observed in the brains of patients who are affected by dementia with
Lewy bodies (DLB), which is a neuropathology that shares disease characteristics with
both AD and PD (114). Other neurodegenerative diseases, such as spinocerebellar ataxia
type 3 (115), multiple system atrophy (93), and ataxia-telangiectasia (116), has not been
yet profoundly studied. However, in all three cases there are evidences of elevated immune

response in glial cells.
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2. Lysophosphatidic Acid (LPA)

The brain is characterized by a high lipid context (117), which are important in cell
signaling and tissue physiology (118) and divided into structural and signaling, and include
well-known families such as cholesterol, sphingolipids, phospholipids as well as fatty
acids, eicosanoids, endocannabinoids, and prostaglandins (119). Normal brain function
depends on a balanced set of structurally diverse lipid species, which have structural as
well as signaling roles. Structural lipids comprise cell membranes and their domain
organized by proteins (120). Bioactive (signaling) lipids transmit their function through
different receptors to activate downstream pathways (121). Lysophospholipids (LPs) are an
important family of signaling lipid molecules, and lysophosphatidic acid (LPA) is a crucial
subclass of this family (119).

2.1 Metabolism and Distribution

Lysophosphatidic acid (LPA) is a small glycerophospholipid (molecular mass: 430-480
Da) and is ubiquitously present in all examined tissues (122). It acts as an extracellular
signaling molecule through at least six G protein-coupled receptors (GPCRs) in numerous
processes (122). There is a range of structurally related LPA species present in various
biological systems (123). An important aspect of LPA receptor biology is that different
LPA species may activate different LPA receptor isoforms (124). All LPA species consist
of a glycerol backbone connected to a phosphate head group and is linked to an acyl or
alkyl residue of varied length and saturation (122). Thus, LPA does not refer to a single
chemical entity but rather a family of structurally related forms (125). The various forms of
LPA derive from many sources, such as membrane lipids (126). The term LPA (mono-
acyl-sn-glycerol-3-phosphate) often refers to 18:1 oleoyl-LPA (1-acyl-2-hydroxy-sn-
glycero-3-phosphate), and has a wide laboratory use (119).

There are two major synthetic pathways for LPA (122). In the first pathway, phospholipids

(phosphatidylcholine, phosphatidylserine, or phosphatidylethanolamine) are converted to
their corresponding lysophospholipids such as LPC, LPS, or LPE (122, 127). This occurs
via phosphatidylserine-specific phospholipase A1 (PS-PLAT) or secretory phospholipase
A2 (sPLA2) activity (122). Lysophospholipids are then converted to LPA via autotaxin
(ATX) activity (Figure 6). In the second pathway, phosphatidic acid (PA) is produced
from phospholipids (PLs) through phospholipase D activity or from diacylglycerol (DAG)

25



through diacylglycerol kinase (DGK) activity (122). Finally, PA is converted directly to
LPA by the actions of either PLA1 or PLA2 (127).

Through a separate mechanism, LPA can be generated through the acylation of glycerol-3-
phosphate by glycerophosphate acyltransferase and the phosphorylation of
monoacylglycerol by monoacylglycerol kinase (122, 128) (Figure 6).

Several enzymes can degrade LPA, including three types of lipid phosphate phosphatases
(LPPs) (129), LPA acyltransferase, and various phospholipases (e.g., PLA1 or PLA2)
(122, 130). LPA can be converted back to PA by LPA acyltransferase, hydrolyzed by LPP
(1-3), or converted by phospholipases into glycerol- 3-phosphate (122, 130).

Synthesis and metabolism of LPA
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Figure 6. Two pathways of LPA production

(i) In the PLA1/2-ATX pathway, lysophospholipids (LPLs) generated by phospholipase Al
(PLA1) or PLA2 reaction are subsequently converted to LPA by ATX/lysophospholipase D
(lysoPLD) reaction (127) (extracellular pathway).

(ii) In the PLD-PLA1/2 pathway, phosphatidic acid (PA) generated by phospholipase D (PLD) or
diacylglycerol kinase (DGK) reaction is subsequently converted to LPA by PLA1 or PLA2 reaction
(127) (intracellular pathway).
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LPA can be generated from membrane phospholipids in both intracellular and extracellular
ways (122, 130). Intracellular LPA is an intermediate for the de novo biosynthesis of
complex glycerolipids, including mono-, di-, and triglycerides, as well as phospholipids
(122, 130). Extracellular LPA mediates bioactive effects through the different LPA
receptors (122, 131). Furthermore, it has been reported that LPA might be a ligand for the

intracellular transcription factor PPARYy, and have an important regulatory role (132, 133).

As mentioned above, LPA has been found in all examined eukaryotic tissues. LPA is
present in blood, where it ranges from 0.1 uM in plasma to 10 uM in serum (119), which is
much over the apparent nanomolar Kd of LPAR1-6 (122, 134-136). The 18:2, 20:4, 16:1,
16:0, and 18:1 LPA forms are specifically abundant in plasma (122, 137). Except for
blood, LPA has been quantified in a variety of species, tissues, and fluids (138-141). There
are various methods to detect LPA including enzymatic assays (135), TLC-GC, LC-MS,
and LC-MS/MS (142-145).

2.2 Autotaxin (ATX)

ATX or ectonucleotide pyrophosphatase/ phosphodiesterase family member 2 (Enpp?2) is a
secreted lysophospholipase D (lysoPLD), which hydrolyzes extracellular LPLs into LPA
(146, 147). ATX was first identified as an “autocrine motility factor” from human
melanoma cells and is one of the best-studied enzymes associated with LPA signaling
(122). Although ATX is classified as a phospholipase D, it is distinct from classical PLDs.
It doesn’t possess homology to previously characterized phospholipases, as it lacks the
HKD motifs, which form the catalytic center of PLDs (131). Also, it doesn’t hydrolyze
phosphatidylcholine (PC) with two long acyl chains and is selective for lysophospholipids
(138, 148).

ATX has three splicing isoforms, ATX-f, -a and —y (146, 149). ATX-B is abundantly
expressed in plasma, melanoma cells secrete ATX-a, and ATX-y (PD-la) is mainly

expressed in brain.

ATX is abundant in blood yet its origin is unknown. ATX is broadly expressed, but
relatively high levels of ATX are detected in brain, kidney and lymphoid organs (122). In
brain, ATX is highly expressed in the choroid plexus, which explains the high ATX levels
found in cerebrospinal fluid (150). High levels of ATX are also found in lymph nodes,
especially at the high endothelial venules (HEVs) (151, 152).
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Genetic deletion of ATX in mice (Enpp2-/-) has contributed significantly in understanding
this enzyme’s physiological role (122). ATX is a vital enzyme for early embryological and
vascular development. ATX knockout (KO) (Enpp2-/-) embryos die in utero at day 9.5
with vascular and neural tube defects (153-155). Malformations in the allantois, neural
tube and headfold are detected by day 8.5, and by day 10.5 embryos become necrotic
(156). Enpp2-/- embryos have increased expression of VEGF mRNA, consistent with

hypoxic conditions in the absence of a functional vascular system (157).

ATX regulates oligodendrocyte differentiation (158) and the correct left—right asymmetry
for normal organ morphogenesis through Wnt-dependent pathways (159). Enpp2+/- mice
are viable, and express both half the levels of ATX and LPA compared to normal mice.
However, they are hyper-responsive to hypoxia-induced vasoconstriction and remodeling

and they develop pulmonary hypertension (160).

High ATX mRNA is found in adult neuronal tissues (161), which depicts the importance
of this enzyme to proper neuronal function. ATX mRNA levels are also high in adipose
tissues (162). The most important role of ATX after birth is probably in wound healing and
tissue remodeling. LPA is a potent activator of platelet aggregation and it stimulates the
growth and migration of fibroblasts, vascular smooth muscle cells, endothelial cells and
keratinocytes (163). ATX expression is also upregulated in microglia in response to
oxidative stress and this way protects microglia cells against damage from H,O, (164). In
order to maintain immune homeostasis, ATX mediates lymphocyte extravasation and T

cell migration (165-167).

2.3 Signaling through LPARs

Currently there are six LPARs: protein names LPAR1-LPAR6 with gene names LPARI1-
LPARG6 (human) and Lparl-Lpar6 (non-human) (119, 122, 168). These 7-transmembrane
GPCRs activate heterotrimeric G proteins defined in part by their Ga subunits (Gjos,
Ggi1, Gio, and Gg) to initiate various signaling cascades (122) (Figure 7). LPARs are
expressed in varying spatiotemporal patterns from fetal through mature life and LPA
signaling drives diverse physiological and pathophysiological processes (119, 122). The
various physiological and pathophysiological roles of LPA signaling are presented in detail

in appendix II.
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2.3.1 LPARI1

LPARI1 was the first receptor identified (169) and is the most studied of the six LPA
receptors (122). The LPAR1 gene (human chromosome locus 9q31.3) encodes a 41 kDa
protein containing 364 amino acids with 7-TM domains (122). In mice, the Lparl gene
(mouse chromosome locus 4, 32.2 ¢cM) encodes five exons with a conserved intron (shared
among Lparl-3) interrupting TM domain 6 (122). LPARI shares with LPAR2 and LPAR3

approximately 50-60% amino acid sequence identity.

Figure 7. Overview of ATX/LPA signaling
(A) LPA is produced extracellular from lysophosphatidylcholine (LPC) via ATX catalytic activity.

(B) LPA signals through at least six G-protein coupled receptors (GPCR) to elicit a wide range of
cellular responses. Signaling through some of these receptors may be antagonistic; depending on
which heterotrimeric G-protein is coupled to the LPA receptor (170).

Mutagenesis studies have identified three important residues in LPARI-3 signaling.
R3.28A and K7.36A are important for the efficacy and potency of LPA, while Q3.29A

decreases ligand interaction and activation (122, 171).
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LPAR1 couples with three types of G, proteins: Gio, Gg11, and Gio3 that initiate
downstream signaling cascades though PLC, MAPK, Akt, and Rho. LPARI activation is
responsible for a range of cellular responses (122), including cell proliferation and
survival, cell-cell interactions, cell migration and cytoskeletal changes, Ca2+ mobilization,
and adenylyl cyclase inhibition (172, 173). Lparl/LPART1 is widely expressed in both adult
mice and humans, including the brain, uterus, testis, lung, small intestine, heart, stomach,
kidney, spleen, thymus, placenta, and skeletal muscle (122, 173, 174). During
development, Lparl expression is restricted, including parts of the brain, dorsal olfactory

bulb, limb buds, craniofacial region, somites and genital tubercle (175, 176).

Phenotypically, Lparl-/- mouse litters have 50% lethality (122) due to impaired suckling
behavior (176), and defective olfaction. Surviving Lparl-/- mice have a significantly
reduced body size, craniofacial dysmorphism, and increased apoptosis in sciatic nerve

Schwann cells (SCs) (122, 176).
2.3.2 LPAR2

LPAR2 shows 55% amino acid similarity to LPAR1 (122). LPAR2 (human chromosome
19p12) encodes a 39.1 kDa protein containing 351 amino acids (177), while mouse Lpar2
(mouse chromosome 8, 33.91 cM) encodes for a 38.9 kDa protein with 348 amino acids
(122). Mutagenesis studies of LPAR2 have found two key residues (Q3.29E and R5.38A)
that, when altered, decrease LPAR?2 activation (122, 171).

LPAR2 couples with the Gj, Gg/11, and G/3 proteins, and initiate downstream signaling
pathways through molecules such as Ras, Rac, PI3K, MAPK, PLC, DAG, and Rho (122).
LPAR?2 activation is associated with cell survival and migration (178). Compared to Lparl
/LPAR1, Lpar2 /LPAR2 expression is more restricted in adult mice and humans (122),
with high LPAR2 in leukocytes and the testis, and Lpar2 in the kidney, uterus, and testis
(173). During development, Lpar2 expression is observed in the embryonic brain, limb

buds, craniofacial region, and Rathke’s pouch (179, 180).

Phenotypically, Lpar2-/- mice appear normal, with normal prenatal and postnatal viability
(181). Like LPAR1, LPAR?2 is involved in numerous aspects of nervous system function
and development and signaling is important for immune system function as well (122).
Lparl-/- /Lpar2-/- mice have also been generated. Such mutants have body size reduction,

craniofacial dysmorphism, and 50% perinatal lethality, and also exhibit an increased
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incidence of frontal hematomas (122). Studies with these mice uncovered the importance

of LPAR1 and LPAR2 signaling in distinct neural and vascular phenotypes (182, 183).
2.3.3 LPAR3

LPAR3/ Lpar3 (human chromosomal locus 1p22.3; mouse chromosome locus 3, 71.03
cM) encodes a 353 amino acid protein with a molecular mass of 40 kDa (122) that, in both
humans and mice, is around 50% identical to LPAR1/Lparl and LPAR2/Lpar2 (184, 185).
Mutagenesis studies identified two residues involved in LPAR3 activation (W4.64A and
R5.38N), as well as a residue that increased the EC50 of LPAR3 by a factor of 10
(K7.35A) (122, 171).

LPAR3 couples with Gy, and Gg; to initiate LPA induced Ca2+ mobilization, adenylyl
cyclase inhibition and activation, PLC activation, and MAPK activation (185, 186).
LPAR3 has been reported to prefer 2-acyl-LPA containing unsaturated fatty acids (122,
187). In adults, LPAR3 /Lpar3 expression is most prominent in the human heart, testis,
prostate, and pancreas (184), and in mouse lung, kidney, uterus, and testis (122). Lower
LPAR3 /Lpar3 expression observed in the human lung, ovary, and brain, as well as mouse
small intestine, brain, heart, stomach, placenta, spleen, and thymus (185). During
development, Lpar3 expression observed in the heart, mesonephros, and in three spots in

the otic vesicle (122, 175).

Lpar3-/- mice are viable and appear normal, with no reported neural deficits, even though
this receptor is found in the frontal cortex, hippocampus, and amygdala (122, 184). LPAR3
appears to be involved in determining vertebrate left-right patterning during

embryogenesis, a crucial process for proper organ formation and function (122, 159).
2.3.4 LPAR4

LPAR4 shows a dissimilar amino acid sequence from the LPARI1-3. It shares only 20%
homology with LPARI1 (185) and slightly greater homology to the other LPA receptors
(188). LPAR4 was previously known as the orphan GPCR P2Y9 (122), and is more
closely related to P2Y purinergic receptors (185). LPAR4 /Lpar4 (human chromosome
Xg21.1, mouse chromosome X region D) encodes a 370 amino acid protein with molecular

mass of 41.9 kDa (122).

LPAR4 couples with G213, Gg11, Giro, and G proteins (189). This receptor induces neurite
retraction and stress fiber formation through Gj,/13 and subsequent Rho/ROCK pathway
activation (122, 189, 190). It facilitates both ROCK-dependent cell aggregation and N-
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cadherin-dependent cell adhesion (190), induces intracellular cAMP accumulation through
G, activation and influences the differentiation of immortalized hippocampal progenitor
cells (191). Interestingly, LPA-induced cell migration is inhibited by activation of LPAR4
(192). In adults, LPAR4 is prominently found in the human ovary, while less prominent
expression observed in the thymus, pancreas, brain, heart, small intestine, testis, prostate,
colon, and spleen. Lpar4 is present in mouse heart, ovary, skin, thymus, and bone marrow
(185). During development, Lpar4 is found in the mouse embryonic brain, brachial arches,

limb buds, maxillary processes, liver, and somites (122, 175).

Lpar4-/- mice appear normal but exhibit increased bone volume, number, and thickness
(185), suggesting that LPAR4 negatively regulates osteogenesis (193). During embryonic
development, there is decreased prenatal survival for Lpar4-/- mutants (122). Phenotypes
in these mice include pericardial effusions, edema and hemorrhage, abnormally dilated
blood and lymphatic vessels, and impaired pericyte recruitment (194). This indicates

important roles for LPAR4 in circulatory and lymphatic system development (122).
2.3.5 LPARS

LPARS identification has led to the deorphanization of GPR92 (195). LPARS shares 35%
homology with LPAR4, however only 22% homology to LPAR1-3 (122, 196). LPARS
/Lpar5 (human chromosome 12p13.31; mouse chromosome 6, 59.21 ¢cM) encodes a 372
amino acid protein (122). Mutagenesis studies revealed that several residues are involved
in the binding of LPA to LPARS, including one mutant that abolished receptor activation
(R2.60N) and three other mutants that significantly reduced receptor activation (H4.64E,
R6.62A, and R7.32A) (122, 197).

LPARS couples to Giyiz and Ggi1 (122). Signaling through the Giy/3 pathway induces
neurite retraction, stress fiber formation, and receptor internalization in vitro, while
activation of Gy increases intracellular calcium levels and induce cAMP accumulation
(185, 196). In melanoma cells, LPARS signaling acts as a chemo repellent pathway by
inhibiting migration and the cAMP-protein kinase A pathway (122). Moreover, LPARS
has demonstrated a 10-fold preference for alkyl, rather than acyl, 18:1 LPA (122, 198).

LPARS is highly expressed in spleen, and to a lesser extent in heart, small intestine,
placenta, colon, and liver (122). Lpar5 in murine tissues is broadly expressed in small
intestine, and more moderately in lung, heart, stomach, colon, spleen, thymus, skin, liver,

platelets, mast cells, gastrointestinal lymphocytes, and dorsal root ganglia (122, 199, 200).
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During development, Lpar5 was found in the early embryonic mouse forebrain, midbrain,
and hindbrain. This expression pattern becomes more ubiquitous from E9.5-E12.5,
showing diffuse patterns in the developing brain and choroid plexus (122). This suggests a
possible role for LPARS in brain development (175).

2.3.6 LPARG6

The most recently identified receptor is LPARG6. In 1993, the 6H1 receptor was isolated
from a chicken T cell library (201) and then renamed to p2y5 due to sequence homology
with P2Y receptors (202). The p2y5 has been reclassified as an LPA receptor (203) and
renamed LPARG6 (122). LPARG appears to show preference to 2-acyl- than 1-acyl-LPA.

Recent studies indicated multiple effects for LPARG6, including cAMP accumulation, Rho-
dependent changes in cell morphology, [*H] LPA binding, and [*S] guanosine 5’ -3-O -
(thio) triphosphate binding (122, 204). When LPAR6 was co expressed with a G, protein,
LPARG6 signaling resulted in increased intracellular Ca2+, reduced forskolin-stimulated

[cAMP;], and ERK1/2 activation (122, 205).

Interestingly, many of the performed assays require surprisingly high concentrations of
LPA (up to 10 uM) to show an effect, compared with the nanomolar concentrations needed
for activating LPAR1-5 (122). Genetic studies indicated a role for LPARG6 in hypotrichosis
simplex (122), a complex of diseases involving familial hair loss (203) and several recent

studies have identified LPAR6 mutations in hypotrichosis patients (206, 207).

2.4 LPA in Nervous System

In the CNS, LPA is found in the embryonic brain, choroid plexus, meninges, neural tube,
blood vessels, spinal cord, and cerebrospinal fluid (CSF) at low nanomolar to micromolar

concentrations (119).

Many roles for LPA signaling have been elucidated, including effects on neuroprogenitor
cell (NPC) function (208), myelination (209), synaptic transmission (210), and brain
immune responses (211), which influence neural development, function, and behavior
(119) (Figure 8). In addition, LPA signaling is important in neurovascular and endothelial
cell function (212). Below I will briefly review the importance and functions of LPA

signaling in the nervous system.
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Figure 8. LPA Signals through Defined GPCRs within the Nervous System

Lipids are highly produced in CNS where they have different structural, energetic, and bioactive
signaling properties. Signaling lipids are often bound to carrier proteins such as albumin or heat
shock proteins (119).

LPA activates members of a family of G protein-coupled receptors (GPCRs) and influences
multiple cellular processes including proliferation, survival, apoptosis, morphological change, and
migration, as well as the production of other lipids such as prostaglandins through arachidonic acid
(AA) conversion by cyclooxygenase-2 (COX-2).

The synthetic pathways for LPA have already been discussed in 2.1

The nervous system is a major locus of LPA receptor expression, and LPA exists in the
brain at relatively high concentrations (143, 185). The restricted expression of LPARI1
within the proliferative cortical VZ of the embryonic brain (169, 213) indicated an
important role for LPA signaling in the development of VZ cells. LPA receptors are

expressed in most cell types of the nervous system, including neural progenitors, primary
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neurons, astrocytes, microglia, oligodendrocytes, and Schwann cells (185). Studies have
revealed that LPA signaling influences several developmental processes within the nervous
system, including cortical development and function (214, 215), growth and folding of the
cerebral cortex (182), growth cone and process retraction (216, 217), survival (182),
migration (218), adhesion (219), and proliferation (182). In addition, LPA signaling may
be involved in many neurological disorders (119, 176, 215, 220).

2.4.1 Neuroprogenitor Cells

LPA signaling has significant influence on neuroprogenitor cells (NPCs). LPA affects
cellular morphology, proliferation and differentiation of primary NPCs (185), and
neurosphere cultures (221) via LPARI1 and differentiation of immortalized hippocampal
progenitor cells via LPAR4 (191). LPA signaling also has impact on the morphology of

NPCs, such as induction of neurite retraction and compaction in the VZ (217).

There are studies that provide evidence for a significant role of LPA signaling in
controlling the organization of the developing cortex (182). Recently, the characterization
of a Lparl-/- variant revealed new in vivo roles for LPARI1. The Malaga variant
demonstrated that LPAR1 deficiency resulted in defects in cortical development (185),
including reduced proliferative populations and increased cortical apoptosis (214), with

similar effects on hippocampal neurogenesis (222).
2.4.2 Neurons

Many studies have unraveled the effects of LPA on neurons. In embryonic murine cortical
neurons, LPA signaling inhibits migration by inducing neurite retraction and growth cone
collapse (185, 218). LPA-mediated morphological changes are present even in neurons
derived from Lparl-/- animals (218), so it is likely that these effects are mediated by other
LPARs. Additionally, LPA signaling has been reported to influence survival (223),
synapse formation (224), and synaptic transmission (210) of post mitotic neurons,

indicating possible roles of LPA signaling in learning and memory (185).
2.4.3 Astrocytes

Astrocytes are the most abundant glial cell type and play an important role in many
neurodevelopmental and neurodegenerative processes (185). In vivo, they appear to
express mainly LPARI, whereas in culture LPARI1-5 were identified (119). During
development, LPA signaling in astrocytes results in generation of ROS and actin

cytoskeletal rearrangement (225). A study using LPARI1-null astrocytes identified the
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involvement of this receptor in LPA-mediated astrocyte proliferation (226). LPA signaling
also regulates morphological changes of astrocytes via the Rho-cAMP pathway and
stabilization of stress fibers (227). In vivo LPA injection into the striatum resulted in
astrogliosis (228), although the receptors that mediate this response have not been

identified (probably Lparl-3).
2.4.4 Microglia

Microglia are the CNS resident macrophages and have a variety of functions in the
inflammation challenged nervous system (185). LPARs expression (211, 229, 230), and
LPA-dependant signaling cascades impact microglia functions, including proliferation, cell
membrane hyperpolarization, enhanced chemokinesis, membrane ruffling, and growth
factor upregulation (211, 231, 232). LPAR responses probably vary with microglia
maturation and activation state. It is interesting that LPAR3 is upregulated in
lipopolysaccharide-stimulated microglia (229), suggesting a role for LPA signaling in
activated microglia during neuroinflammation. Other important functions, especially those
that are of potential relevance to pathophysiological conditions, remain to be identified in

future studies.
2.4.5 Oligodendrocytes

Oligodendrocytes, the myelin-forming glial cells in the CNS, express LPAR1 and LPAR3
during differentiation (233-235). Lparl gene expression pattern was spatially and
temporally correlated with oligodendrocytes maturation and myelination (236). Recently,
an in vitro study revealed that LPA has positive effect on process formation and myelin

protein production as they switch from premyelinating to myelinating forms (237).
2.4.6 Schwann Cells

Schwann cells (SCs) are the myelinating cells of the peripheral nervous system (185). SCs
express LPAR1 and LPAR2 (219, 238), activation of which is known to affect processes
associated with myelination. LPA induced SC survival in vivo, as mice deficient for
LPARI1 showed increased apoptosis of SCs in the sciatic nerves (176). In addition to
promote survival, LPAR2 signaling may contribute to SC differentiation (239). LPA also
induced dynamic regulation of the actin cytoskeleton and cellular adhesion (219), which
suggests a key role for LPA signaling in SC motility and myelination. In addition to this,
evidence suggests a potential role for LPA signaling in remyelination after neuropathic

pain (220) and nerve transection where LPAR1 and LPAR?2 are upregulated (240).
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2.5 LPA in Disease

Aberrant LPA signaling may contribute to a range of diseases, including neuropathic pain,
neurodevelopmental and neuropsychiatric disorders, cardiovascular disease, bone
disorders, fibrosis, cancer, infertility, and obesity (122). Due to the nature of this study, I

will briefly describe the role of LPA only in neurological diseases and inflammation.
2.5.1 Neurological Disorders
CNS Injury

Beyond development and normal function of the nervous system, LPAR signaling is also
important during CNS stress or damage (119). During injury, LPA concentrations in brain
and CSF are significantly elevated (241) and can reach thousands of times the apparent Kd
of LPA receptors (119, 208). After traumatic injury, Lparl expression is increased in
reactive murine spinal cord astrocytes, and Lpar3 in cortical and spinal cord neurons (241).
Moreover, high ATX levels are reported in white matter adjacent to injury lesions in the rat

cortex (242), suggesting possible aberrant LPA signaling.
Alzheimer’s Disease (AD)

One of the main pathologies in AD is the abundance of senile plaques and tangles
composed of beta-amyloid (AP) and tau aggregates (119). Increased ATX expression
found in the frontal cortex of Alzheimer’s patients (243) suggests that altered LPAR
signaling might contribute to the pathology of the disease (119). LPA increases -secretase
activity, leading to elevated AP production (244), and enhances pathogenic tau

phosphorylation, leading to GSK3-mediated growth cone collapse in neurons (245).

Gintonin is a bioactive fraction isolated from ginseng and composed of protein-bound LPA
that can activate LPAR1-5. Treatment of transgenic mouse AD models with gintonin has
been reported to improve cognition in AD, attenuate amyloid plaque deposition and

prevent long-term memory impairment (246).
Nerve Injury and Pain

LPA signaling through different LPARs is involved in nerve injury and pain responses
(119, 247). Intrathecal LPA injection initiates neuropathic pain in mice (220), while
synthesis of LPA through ATX and PLA2 mediate the initial phases of pain (140). Using
Rho pathway inhibitors, allodynia and demyelination are reduced, implicating LPARI-

mediated Rho activation (220). Lipids, including LPA, can indirectly activate or sensitize
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nociceptors by interacting with TRP or sodium channel families, or by recruiting immune

cells to the site of inflammation (119).
Brain Cancer

LPA signaling may be relevant to cancer by promoting tumor growth, neovascularization,
survival, and metastasis (119, 248). Aberrant LPAR expression and signaling have been
reported in CNS glioblastomas and neuroblastomas (119, 249). Moreover, in malignant

glioblastoma multiforme (GBM), ATX and LPAR1 are overexpressed (250).

Dysregulated Rho and Rac signaling correlates with neural tumor proliferation and
invasiveness (119, 251). Downstream Rho/ROCK activation through LPAR1 and LPAR2
signaling promotes stress fiber formation, cytoskeletal rearrangement, and cell migration in
GBM cells (252). LPA-induced migration mechanisms may also involve Ras-MAP kinase
signaling and matrix metalloproteinases (119, 253). Inhibition of ROCK activation in

LPAR-expressing tumor cells reported to abrogate motility and invasion (254).
Hypoxia

Ischemia is a major cause of hypoxia, which results in decreased synaptic transmission,
inflammation, and neuronal death (119, 255). LPARI signaling has been connected to
hypoxia through several mechanisms. It has been reported that hypoxia enhances LPA-
induced hypoxia inducible factor-1 alpha (HIF-1a) expression in cancer cells and VEGF
expression in the vasculature (256, 257). Hypoxia can also alter brain development and
result in neurological disability or psychiatric disease (119, 258). Stroke or trauma may
cause hypoxia in postnatal brains (255). Under hypoxic conditions, increased LPA
signaling promotes retinal cell survival through upregulation of Lparl and Lpar2

expression in ganglion cells and the inner retinal layers (119, 259).
Neuropsychiatric Disorders

Lparl null mice display numerous negative behavioral signs and cognitive deficits,
suggesting that LPAR1 signaling is essential in normal cognition (119). Neonatal Lparl
null mice display problems in olfaction related to suckling, and pronounced craniofacial

dysmorphism (119, 176), a trait that commonly observed in autism (260).

LPA signaling has also been linked to many molecular and neurotransmitter pathways
involved in both genetic and environmental risk factors for neuropsychiatric disorders

(119). Many environmental risk factors for neuropsychiatric diseases, such as bleeding,
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infection, and hypoxia, can over activate LPA signaling (258). Additionally, cortical LPA
administration reported to induce increased anxiety, and depression-associated immobility

in adult mice (119, 261).
Hydrocephalus

Several neurological disorders are strongly correlated with a preceding hemorrhagic event
during development, possibly resulting in enhanced LPA signaling through blood exposure
(119). Fetal hydrocephalus, which is one of the most common neurological diseases of
perinatal life, has been linked to aberrant LPA signaling in an embryonic mouse model of

disease (208).
2.5.2 Inflammation and autoimmunity

ATX/LPA signaling is implicated in many inflammatory diseases (170, 262, 263). When
the acute inflammation become chronic, ATX/LPA signaling fuels additional cytokine
production and recruitment into the local tissue environment, which can aggravate the
course of disease (170, 264, 265). LPA is a potent mediator of the immune response and
can contribute to improper immune activation (122), up regulating the production of
several inflammatory cytokines such as IL-2 and IL-6 (185). LPARI and LPAR?2 signaling
can activate microglial cells in the brain, triggering immune invasion. LPA has been also
linked to several inflammatory and autoimmune disorders, including systemic sclerosis,

asthma, and arthritis (122).

Abnormally high levels of LPA have been detected in fibroblasts from systemic sclerosis
patients (266), and the bronchoalveolar fluids of allergen-provoked asthmatic patients
showed an increase in ATX levels and LPA concentrations (267). The blockade of ATX
activity and LPAR2 expression in a mouse model of allergic asthma attenuated the Th2

cytokines and allergic lung inflammation (122, 267).

Increased ATX concentrations have been identified in synovial fluid of rheumatoid
arthritis patients, and elevated cytokine production was found in patient fibroblast-like
synoviocytes treated with LPA (122, 268). Studies have also demonstrated that LPA
signaling through LPARI1 contributes to the development of rheumatoid arthritis via
cellular infiltration (269), underlining the effect of LPA on inflammation and immune
regulation (122). Moreover, functional single-nucleotide polymorphism in the promoter
region of LPARI increased susceptibility to knee osteoarthritis (122), possibly through
LPAR1 upregulation (270).
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3. Hypothesis and Objectives

Extrinsic signals determine whether microglia acquire - depending on disease context - a
beneficial or detrimental phenotype. Their crucial role in brain homeostasis makes these
cells potential therapeutic targets, which necessitate a thorough understanding of

polarization cascades, and pathways that modulate their function.

There is growing appreciation that many human disease mechanisms are linked to altered
LPA signaling. LPA is a mixture of saturated or unsaturated acyl/alkyl residues esterified
at the sn-1 or sn-2 position that are present in biological fluids including CSF. The
majority of LPA is produced through autotaxin (ATX)-dependent cleavage of
lysophosphatidylcholine and LPA signaling is mediated via six LPA receptors (LPAR1-6)

that are all expressed in the brain.

LPA has diverse biological functions mediated by downstream signaling through the
different receptors. These receptors play prominent role in the central nervous system, and

signaling is amplified at sites of inflammation where LPA concentrations are increased.

The main hypothesis of the present study is that inflammatory levels of LPA can induce

changes in microglia biology and function.

To pursue this hypothesis an experimental plan was set up in order to:

e Study the impact of increased LPA levels on microglia morphology and cytoskeletal
alteration

e Unravel the effect of LPA on microglial migration and get insights into potential
underlying mediators

e Examine how LPA affects the inflammatory response of microglia cells, e.g.
microglial polarization, phagocytosis and neurotoxicity

e Which inflammatory mediators are secreted after exposure of microglia to increased
LPA concentrations

e Clarify which LPA receptors and which signaling pathways are responsible for these

phenotypic changes
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Materials and Methods

1. Materials

Complete lists of all the materials, reagents, antibodies, and primers that have been used

during the study are presented in the appendix I.

2. Methods

2.1 Cell cultures

2.1.1 BV-2 microglia culture

The murine microglial cell line BV-2 was from Banca Biologica e Cell Factory (Genova,
Italy). Cells were grown and maintained in RPMI1640 medium supplemented with 10%
FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 5 ml L-glutamine (100 mM) at
37°C in a humified incubator under 5% CO, and 95% air. The culture medium was
changed to fresh medium every two or three days. When cells reached confluence, they

were splitted into new flasks or used immediately for the experiments (1).
2.1.2 Primary microglia culture

PMM were isolated and purified from the cortices of neonatal (P0-P4) mice as previously
described (1, 271). In brief, the brain cortices were isolated from the whole brain, stripped
from their meninges and minced with scissors into small pieces. Glial cells were separated
by trypsinization (0.1% trypsin, 20 min, 37°C/5%CO,) and the cell suspension was
cultured in 75 cm” tissue culture flasks precoated with 5 mg/ml poly-D-lysine (PDL) in
DMEM containing 15% FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 5 ml L-
glutamine. After 3 days in culture, the medium was changed to fresh DMEM containing
10% FCS and the cells were cultured for another 10 to 14 days. Microglia were removed
from the mixed glial cell cultures by smacking the culture flasks 10-20 times and seeded
onto PDL precoated cell culture plates for future use. The purity of primary murine
microglia was determined by immunocytochemistry using CD11b immunostaining or

tomato lectin staining and was > 95%.
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2.1.3 CATHa neurons culture

The murine neuronal cell line CATH.a was from ATCC Cells were grown and maintained
in RPMI1640 medium supplemented 10% horse serum, 5% FCS, 1% penicillin-
streptomycin, 0,4 % HEPES, and 0,2% sodium pyruvate at 37°C in a humified incubator
under 5% CO; and 95% air. The culture was maintained by transferring floating cells to
additional flasks. When cells reached confluence, they were splitted into new flasks
(subcultivation ratio of 1:4) using 0.12% trypsin without EDTA or used immediately for

the experiments.

2.2 Animals

Primary microglia cultures were prepared from pooled male and female C57BL/6 mice.
Mice were housed under the 12/12 h light—dark cycle in the specific pathogen-free animal
facility. All animal care and procedures were followed and approved by the Medical

University of Graz Animal Care and Use Committee.

2.3 Cell treatments

2.3.1 LPA treatment

Cells were plated in 6, 12 or 24-well plates (PDL-coated in case of primary microglia) and
allowed to adhere for 2-3 days. Cells were always incubated in serum free medium
overnight before the beginning of each experiment. The following day, medium was
changed to serum-free RPMI (BV-2) or DMEM (primary microglia) containing 0.1%
bovine serum albumin (BSA; control) or medium containing 0.1% BSA and LPA (1 uM).
BSA was used as LPA carrier. For inhibitor studies, cells were incubated in serum-free
medium containing 0.1% BSA, LPA (1 uM) and each inhibitor accordingly (1). Aqueous
LPA stock solutions (10 mM) were stored at -70 °C. Only freshly thawed stocks were used
for the experiments. LPA solutions, culture medium, BSA, and PBS that were used during
the experiments, were tested for endotoxin content using the Limulus amebocyte lysate

test. Endotoxin content was always < 0.5 EU/ml.
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2.3.2 Treatments with pharmacological inhibitors

For inhibitor studies BrP-LPA, a pan LPA receptor/ATX inhibitor (122), TCLPAS, a
specific inhibitor for LPAS (272), CRT0066101 (273), a pan PKD inhibitor and SP600125
(274), a selective inhibitor of c-Jun N-terminal kinase (JNK), were used. BrP-LPA was
diluted in distilled water (stock concentration of 2 mM), aliquoted and kept at -20°C.
TCLPAS and SP600125 were diluted in DMSO (stock concentration 100 mM) and kept at
-20°C. TCLPAS solutions are stated to be stable at -20°C for maximum 40 days.
CRT0066101 was also diluted in DMSO (stock concentration 10 mM) and kept at -20°C.
During the experiments, TCLPAS and CRT0066101 were used at a final concentration of 2
uM and 1 pM, respectively, while BrP-LPA and SP600125 at a final concentration of 5

uM. Cells were preincubated overnight with the antagonists before each experiment.

2.4 Immunoblotting

BV-2 cells (seeded onto 6-well plates at a density of 1x10° cells/well) or PMM (cultured
on PDL-coated 12-well plates at a density of 5x10° cells/well) were used in Western
blotting experiments for the detection of different proteins’ expression. Prior to
experiments cells were cultured in serum-free medium (o/n) and then incubated in
presence of the desired substances (according to each experiment). After the indicated time
periods, culture medium was removed and cells were washed twice with ice-cold PBS. The
cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 150 mM NaCl, 1
mM Na3;VO,, 1 mM NaF, 1 mM EDTA) containing protease inhibitors (Sigma; aprotinin,
leupeptin, pepstatin: 1 pg/ml each), 10 uM PMSF and phosphatase inhibitors cocktail
(Thermo Scientific, Waltham, MA, USA), scraped and centrifuged at 13,000 rpm for 10
min. Protein content was determined using the BCA kit (Thermo Scientific) and BSA as
standard. Equal amounts of protein samples in 2x Ldmmli buffer were separated on 10%
SDS-PAGE gels and transferred to polyvinylidene difluoride membranes (PVDF).
Membranes were blocked with 5% low-fat milk in Tris-buffered saline containing Tween
20 (TBST) for 2 h at RT and incubated with the primary antibodies, overnight with gentle
shaking at 4°C. After removal of primary antibodies, the membranes were washed for 30
min in TBST and incubated for 2 h at RT with HRP-conjugated secondary antibodies (anti-
rabbit 1:10000; anti-mouse 1:5000). Following washes with TBST for 1 h, immunoreactive

bands were visualized using ECL or ECL plus reagents and detected with a
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chemiluminescence detection system (ChemiDoc Bio-Rad, Berkeley, CA, USA). Where
indicated, the membranes were stripped using a stripping buffer (140 pl B-mercaptoethanol
in 20 ml buffer 60mM Tris/ 2% SDS, pH 6.8) under gentle shaking for 30 min at 50°C in a
water bath, washed for 1 h in TBST, blocked with 5 % low-fat milk in TBST for 1 h at
room temperature and probed again with the desired primary antibodies. Anti-fB-actin

(1:5,000) and anti-B-tubulin (1:2,000) were used as loading controls.

2.5 Immunofluorescence

Double and/or triple immunofluorescence staining was carried out in BV-2 and PMM.
Cells were seeded in chamber slides (PDL-coated in case of primary cells) at a density of
1.5x10% and 3x10* cells/well, respectively. Cells were serum-starved overnight and
incubated in the presence of the desired (according to each experiment) solutions for 24 h.
Cells were washed with pre-warmed PBS, fixed with 4% paraformaldehyde in 0.1 M PBS
for 15 min and permeabilized with 0.5% TritonX-100/PBS for 10 min at 25°C. Following
three washing steps with PBS, cells were incubated with blocking buffer (Thermo
Scientific, Waltham, MA, USA) for 1 h at 4°C and incubated with primary antibodies for 1
h or over-night at 4°C. The slides were washed three times with PBS and incubated with
fluorescently labeled secondary antibodies (1:200) for 30 min. Following washes with
PBS, BV-2 and PMM were incubated with a second primary antibody for 1h at 4°C. In
cases where the primary antibody was not already fluorescently labeled, cells were
incubated again with a conjugated secondary antibody (1:200) for 30 min. Finally, all
slides were washed 3 times with PBS, stained with Hoechst 33342 (Invitrogen, Waltham,
MA, USA) and mounted using mounting medium (Dako, Vienna, Austria). Confocal
fluorescence microscopy imaging was performed using a Leitz/Leica TCSSP2 microscope
(Leica Lasertechnik GmbH, Heidelberg, Germany). Quantitation of fluorescence intensity
and morphological analysis were performed with ImageJ. At least 50 cells out of 3

different areas per chamber were analyzed.

2.6 qPCR analysis

BV-2 (24-well plates, 5x10* cells/well) or PMM (PDL-coated 24-well plate, 2.5x10°

cells/well) were incubated in serum-free medium overnight and then treated with the
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desired solutions for the indicated time periods. Culture medium was removed; cells were
washed twice with ice-cold PBS, and lysed in lysis buffer (included in the RNA isolation
kit).

Total RNA was extracted from BV-2 or primary microglia cells using the RNeasy Mini or
RNeasy Micro kit (Qiagen, Hilden, Germany) and quantified using NanoDrop (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). RNA was reverse-transcribed by using
the high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) or
by wusing the SuperScript® III reverse transcription kit (Invitrogen, Waltham,
Massachusetts, USA). Quantitative real time PCR (qPCR) was performed on an Applied
Biosystems 7900HT Fast Real Time PCR System using the QuantiTect SYBR® Green
PCR kit (Qiagen, Hilden, Germany). Amplification of murine hypoxanthine-guanine
phosphoribosyltransferase (HPRT) as housekeeping gene was performed on all samples as
internal controls for variations in mRNA levels. Expression profiles and associated

2-ddCt

statistical parameters were analyzed by the method (275) or with the relative

expression software tool (REST®, http:/www.gene-quantification.de/rest.html) using a

pair-wise fixed reallocation test. Gene specific primers were purchased from Qiagen (LPA
receptors, PKD isoforms, and migratory genes) and Invitrogen (cytokines and
chemokines). Primer sequences are listed in tables 1,3, and 4 in the appendix. In case of
non-detects we discriminate between undetermined values (that do not exceed the Ct

threshold) and absent values (no reaction occurred) (276).

2.7 Customized qPCR arrays

Primary microglia cells were seeded on PDL-coated 24-well plates at a density of 2.5x10
cells/well. Cells were cultured in DMEM without FCS overnight and then treated with 1
uM LPA for 2, 8 and 24 h. Untreated cells were used as negative controls. Total RNA was
extracted with the RNeasy Micro kit (Qiagen, Hilden, Germany) and quantified using
Nanodrop (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Aliquots of 1 pg of
total RNA were reverse transcribed using SuperScript III Reverse Transcriptase and
random hexamer primers according to the manufacturer's protocol (Invitrogen, Waltham,
Massachusetts, USA). Real-time qPCR was performed with an Applied Biosystems
7900HT Fast Real Time PCR System. Gene expressions were normalized to housekeeping

gene murine HPRT. Customized qPCR arrays containing primers for the detection of the
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gene products listed in table 2 in the appendix were purchased from GeneCopoeia

(Rockville, MD, USA).

2.8 Lentiviral transduction (shRNA)

PMM were cultured on PDL-coated 24-well plates at a density of 1.2x10° cells/well.
Polybrene (8 pug/ml) and viral particles (multiplicity of infection = 2) were added onto
cultured microglia. We used shRNA control transduction lentiviral particles (sh-
scrambled) and PKD1 (shPKD1 NM 008858, clone ID: TRCN0000024007, Sequence:
CCGGCCITCAGCTTTAACTCCCGTTCTCGAGAACGGGAGTTAAAGCTGAAGGTTTTIT)
and PKD2 (shPKD2 NM 178900, clone ID: TRCNO0000322346, Sequence:
CCGGGTACGACAAGATCCTGCTCTTCTCGAGAAGAGCAGGATCTTGTCGTACTITIT
G) specific constructs. After 12 h treatment with the shRNA control transduction particles
and the PKD1 and PKD2 silencing constructs medium was replaced by pre-warmed
conditioned medium that was prepared from mixed glial cultures after centrifugation and
filtration through a 0.45 pm filter. Cells were kept at 37°C/5% CO; for 72 h and collected

to validate silencing efficacy by qPCR or to proceed with the different experiments.

2.9 Time-lapse microscopy

BV-2 cells and PMM were seeded onto 24-well plates at a density of 2x10* and 5x10°
cells/well, respectively. Cells were cultured in serum-free medium overnight. The next day
cells were treated with the indicated concentrations of LPA, with LPA plus DMSO (to
account for vehicle effects), or with 1 uM LPA in the absence or presence of inhibitors
(TCLPAS, 2 uM; CRTO0066101, 1 puM). Control cells were incubated in serum-free
medium in the absence or presence of DMSO (negative controls) or treated with N-

arachidonylglycine (NAGly; Sigma; 1 uM; positive migration control).

For silencing experiments PMM (non-transduced or transduced with lentiviral particles
containing sh-scrambled, or shPKD1 or shPKD2) were cultured on PDL-coated 24-well
plates at a density of 1.2x10° cells/well. After transduction, the cells were incubated in

serum-free medium in the absence or presence of LPA (1 uM).

Images were acquired every 20 min for 24 h at five different positions of each well using a

Zeiss Cell Observer microscope. Data analysis was carried out using ImageJ. Image
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intensity correction was achieved by correcting each image median value to 125 (8 bit
images have a resolution of 255 grey levels). Image stabilization was achieved using the
Lucas-Kanade method with a macro for ImageJ (K. Li, “The image stabilizer plugin for

ImageJ”; http://www.cs.cmu.edu/~kangli/code/Image Stabilizer.html; ®Kang Li) to

correct for changes in position due to mechanical tolerances in the microscope stage.
Equalization of low-frequency variations in the background signal of the image using an
FFT band pass filtering and reducing low and high frequency changes in the images (low
frequency filter set to 40 pixels and high frequency filter set to 6 pixels) enabled simple
thresholding of the images. After thresholding, which allowed object selection, a Gaussian
blur was applied. The resulting TIFF images were analyzed using ImageJ inherent
functions. The Image J ‘Manual tracking’ plug-in was used to manually track the cells. The
following image shows an example of different cell movements and the terms of

accumulated and Euclidean distance are explained.

—— accumulated distance (d; accum)
= = Euclidian distance

o— cell end point
Mgnd (center of mass)

+ Mgtart (0.0)

d; Euclidean = directionality
X djaccum

1 yiend
-
— M= 7 d j accum

;end

In random, a minimum of 20 viable cells per condition was selected and followed. Using
the Image J ‘Chemotaxis and Migration Tool’ plug-in the accumulated distance (the total
cell path traveled by the cell), the Euclidean distance (the distance between start and end

point), and cell velocity were calculated. Experiments were repeated at least two times.

2.10 xCELLigence migration assay

BV-2 microglia cells were cultured in 6-well plates at a density of 3x10° cells/well. Before
the experiment, cells were incubated in serum-free RPMI medium or pretreated with
TCLPAS (2 uM) or CRT0066101 (1 uM) for 3 h. Chemotaxis assays were carried out
using CIM-16 well plates and an xXCELLigence RTCA-DP instrument (Roche Diagnostics,
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West Sussex, UK). LPA solutions were prepared at the desired concentrations and 160 pl
of them were loaded in the lower wells of the CIM-16 plate. NAGly was used as a positive

chemotaxis control and serum-free medium served as negative control.

Following upper chamber attachment, the upper wells were first filled with 50 pl of pre-
warmed serum-free medium and the plate was left at RT for 30 min to pre-equilibrate.
Cultured cells were trypsinized and re-suspended in serum-free medium in the absence or
presence of TCLPAS (2 uM) or CRT0066101 (1 uM). Fifty ul of the cell suspensions
(containing 3x10” cells) were placed into the upper wells. The plate was transferred to the
RTCA-DP instrument and data were collected every 5 min over 24 h. As cells pass through
the pores of the filter with an embedded gold microelectrode, an increase in electrical
impedance corresponds to increased numbers of migrating cells (‘cell index’). The image

below presents a CIM-16 plate (A) and the structure of each well of the plate (B).

— Cells in SF media or SF media + inhibitor
- » FElactrode
— SF media or chemo attractant

Data were normalized and analyzed using the RTCA Software 1.2.1. Experiments were

performed at least three times in triplicate.
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2.11 Flow Cytometry

Flow cytometry was used in order to assess the expression of CD40, CD86, and CD206 in
microglia cells. BV-2 and PMM were seeded in triplicate onto 6-well and poly-D-lysine
coated 24-well plates at a density of 1x10° and 1.5x10° cells per well, respectively (1).
After 24 h serum-starvation, cells were incubated in the presence of 1 uM LPA for 12, 24,
and 48 h. BV-2 cells were also used to test effects of the inhibitors on surface marker
expression. Serum-starved cells were incubated with vehicle controls, LPA or LPA plus
the antagonists for the above-mentioned time periods. Cells were then collected, blocked
using the Ultra V blocker (Thermo Scientific) and incubated with PE anti-CD40, APC
anti-CD86, or PE anti-CD206 antibody (1:50). Finally cells were fixed and measured using
a Guava easyCyte 8 Millipore flow cytometer.

2.12 ELISA

IL-1B, TNFa, IL-6, CCLS5 (RANTES), CXCL2 (MIP-2), and CXCL10 (IP-10)
concentrations in the cellular supernatant were quantitated using the murine ELISA
development kits (Peprotech, NJ, USA) (1). Briefly, BV-2 and PMM were seeded in
triplicate onto 12-well and poly-D-lysine coated 24-well plates at a density of 5x10* and
2.5x10° cells per well, respectively. After serum-starvation (o/n), cells were incubated in
serum-free medium, containing LPA in the absence or presence of the antagonists for the
indicated time periods. For each time point, the supernatants were collected and kept at -70
°C until further use. The assays were performed according to manufacturer’s instructions.
The standard curve for each ELISA was performed in triplicate. The concentrations of the

cytokines and chemokines were determined using the external standard curve.

2.13 Total NO assay

INOS activity was assessed indirectly using the total nitric oxide assay kit (ENZO Life
Sciences, Switzerland). The accumulated total nitrate levels were measured in the
supernatant of cells that were incubated in serum-free medium, containing LPA in the
absence or presence of the antagonists after 12, 24, and 48 h in the case of BV-2 cells and
2, 8, 24, and 48 h in the case of primary microglia cells. In this Griess assay nitrate is

reduced to nitrite by means of nitrate reductase. Fifty pl of supernatant from each sample
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was processed according to manufacturer’s protocol. A standard curve was generated in
the range between 0-100 uM using nitrate as standard. The total nitrate concentration per

sample was determined using the external calibration curve.

2.14 Measurement of carboxy-H2DCFDA oxidation

Intracellular reactive oxygen species (ROS) levels were measured using the DCFDA
cellular ROS detection kit (Abcam, Cambridge, UK). After internalization and subsequent
hydrolysis, the redox indicator probe carboxy-H,DCFDA is converted to carboxy-H,DCEF,
which in the presence of oxidant species is oxidized to fluorescent carboxy-DCF (277).
BV-2 and PMM were seeded in black clear bottom 96-well plates at a density of 5x10*
cells per well (1). Cells were allowed to adhere overnight and then incubated with 20 uM
DCFDA for 40 min at 37°C in the dark. The solution was removed and the cells were
incubated in serum-free medium, containing LPA in the absence or presence of the
antagonists for 0.5, 1, 3, and 6 h. Fluorescence intensity was measured with excitation and

emission wavelengths of 485 nm and 535 nm, respectively.

2.15 LDH Assay

Lactate dehydrogenase is a soluble enzyme located in the cytosol and released into the
culture medium upon cell lysis or damage. LDH activity can therefore be used as an
indicator of membrane integrity and thus a measurement of cytotoxicity (Cayman
Chemical, Ann Arbor, MI, USA). For the experiment we use BV-2 microglia cells and the

CATH.a neuronal cell line.

BV-2 cells were seeded in triplicate onto 12-well plates at a density of 5x10* cells per well.
After serum-starvation (o/n), cells were incubated in serum-free medium, containing LPA
in the absence or presence of the antagonists for the indicated time periods. For each time

point, the supernatants were collected and kept at -70 °C until further use.

The CATH.a neurons were seeded in a 96 well plate at a concentration of 1x10° cells per
well and allowed to adhere. Following overnight serum-starvation, the cells were incubated
in the presence of the supernatants collected from the above-mentioned BV-2 cells. Three
wells containing only medium without cells were used for background control. For a

positive control, cells were incubated with the LDH positive control solution. In order to
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measure maximum and spontaneous release, cells were incubated with 10% Triton X-100
and assay buffer, respectively. Cells were kept at 37°C/5% CO, for 24 hours and then the
plate was centrifuged at 1,300 rpm for 5 min. 100ul of the supernatants were transferred to
anew 96 well plate and 100ul of LDH reaction solution were added to each well. The plate
was incubated at 37°C/5% CO,; for 30 min under gentle shaking and the absorbance at

490nm was measured using a plate reader.

The % cytotoxicity was calculated using the following equation:

experimental value—spontaneous release

%Cytotoxicity = [ ] x100

maximum release—spontaneous release

2.16 Phagocytosis Assay

Latex beads coated with fluorescently labeled IgG (IgG PE) were used as a probe for the
measurement of the phagocytic process (Cayman Chemical, Ann Arbor, MI, USA). BV-2
and PMM cells were plated in 96-well plates at a concentration of 5x10* cells per well and
allowed to adhere. Cells were serum starved overnight and then incubated in the presence
of the desired solutions, containing the latex beads to a final concentration of 1:100, for 24
hours. Following centrifugation at 1,300 rpm for 5 min, medium was removed carefully
and cells were incubated in trypan blue solution (1:50 in assay buffer) for 4 min. After a
second centrifugation at 1,300 rpm for 5 min and removal of the trypan blue solution, the
fluorescence intensity was measured with excitation and emission wavelengths of 494 nm

and 575 nm, respectively.

2.17 Statistical analysis

All experiments were performed in triplicate and repeated at least three times. For
statistical analysis, data obtained from independent measurements are presented as
mean+SD, unless otherwise stated. Statistical tests were performed using the GraphPad
Prism version 5.0a for Mac (GraphPad Software, Inc., San Diego, CA). Data were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc test. Values of p < 0.05

were considered significantly different.
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Results

1. Effects of LPA on the Microglial Cytoskeletal Architecture

Microglia are able to change their morphology in response to extracellular stimuli. In
response to brain damage, injury, or changes in their environment microglia reorganize
their structure in order to directly reach the site of stress with their cellular processes.
Microglia undergo structural transformation, which is a surrogate index of the microglia

activation process (278).

During this study, the first question that was addressed is whether LPA can induce changes
in microglial cytoskeleton. From a pharmacological point of view it was of interest to
determine which LPA receptor(s) is/are responsible for these changes and whether
members of the PKD family, which regulate numerous (immune) cell functions can play a

role in this structural reorganization.
1.1 LPAR and PKD isoform expression in BV-2 and PMM

During these experiments both, the BV-2 microglia cell line and primary murine microglia
were used. As a first step, LPA receptor expression in BV-2 and PMM was analyzed using
gPCR analysis. LPAR2, LPAR3, LPARS, and LPAR6 were detected in BV-2 cells.
LPARI1 and 4 were undetectable, whereas LPAR3 was detected at very low copy numbers.
In PMM all of the LPARs (with the exception of LPAR3) were detected (Fig. 1A). LPAR6

expression was arbitrarily set to 1 (1).

To test whether LPA-receptor expression changes upon cell activation BV-2 and primary
cells were incubated in the presence of LPA (1 uM). After 24 h LPA receptor expression
was analyzed by qPCR. The experiments (Fig. 1B) revealed that LPA has no effect on
LPA receptor mRNA expression in BV-2 cells. LPA tended to decrease LPAR mRNA in

PMM; however, these effects were statistically not significant (1).

PKD expression in BV-2 and PMM was characterized by qPCR and Western blot analysis.
BV-2 cells express PKD2 and PKD3 mRNA (Fig. 1C), while PMM express all three
members of the PKD family (Fig. 1D). PKD1-3 protein expression was detected in total
mouse brain lysates, the cortex, and in PMM. In line with the mRNA data, only PKD2 and
PKD3 protein expression was detectable in BV-2 cells (Fig. 1E).
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Fig 1. Analysis of LPA receptor and PKD isoform expression in BV-2 and PMM

(A) Gene expression was monitored by qPCR and normalized to the housekeeping gene Hprt in BV-2 and
PMM. Values are expressed as mean + SD (n=6-9). LPARG expression was arbitrarily set to 1 (1).

n.d. = not detected.

(B) LPA receptor expression after treatment with 1 uM LPA for 24 h. Results are expressed as mean + SD
from three independent experiments (1).

Gene expression of PKD1-3 in (C) BV-2 and (D) PMM was analyzed by qPCR and normalized to HPRT.
Values are expressed as mean +SD. PKD2 expression in BV-2 and PKDI in primary microglia was
arbitrarily set to 1. (n.d.: not detectable). (E) Protein expression of PKD isoforms was determined by Western
blotting. Samples from whole brain and cortex were used as controls. One representative blot out of three

separate experiments is shown.
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1.2 LPA induces changes in microglia morphology

Quantification of morphological features of non-stimulated and LPA-stimulated cells
revealed profound changes in both BV-2 and primary cells. In BV-2 cells, light
microscopy indicated that the majority of cells (Fig. 2A, upper panel) transformed to a
spindle-like cell type in response to LPA. Here, I observed the formation of a leading edge
followed by an elongated tail. LPA stimulation resulted in increased immunoreactivity for
Iba-1 being indicative of microglia activation (Fig. 2A; lower panel). LPA treatment also
induced a larger cell area, and cell perimeter (Fig. 2A; bar graphs in the right panel).

Quantitative evaluation of Ibal fluorescence is also shown in the right bar graphs.

Treatment of PMM with LPA induced structural transformation from an elongated to a
more condensed phenotype and increased Iba-1 fluorescence (Fig. 2B). Comparable to
BV-2 cells, LPA induced an increase in cell area and perimeter (Fig. 2B; bar graphs in the
right panel). Ibal fluorescence intensity of control and LPA-treated cells is shown in the

right bar graphs.

In addition to Iba-1 analysis, we performed F-actin and tubulin staining, in order to further
characterize changes in microglial architecture (1). Immunofluorescence studies revealed
significant rearrangements of the cytoskeleton in both BV-2 (Fig. 3A) and PMM (Fig. 3B).
F-actin staining indicated that untreated cells were unipolar with one or more processes.
After LPA treatment the cells increased their surface area and acquired a flat morphology

with more condensed actin labelling.

Moreover tubulin staining indicated an increase in cell area in response to LPA treatment
and formation of thin protrusions. Tubulin labelling changed from a diffuse pattern in
untreated BV-2 cells to a more dense network in response to LPA (Fig. 3A; lower panels).
In primary cells F-acting staining revealed that LPA treated cells had increased body size
adopting an amoeboid morphology. Tubulin staining was also more condensed and

occupied a larger area after LPA treatment (Fig. 3B, lower panels).
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Fig 2. LPA alters the morphology of BV-2 and PMM

(A) BV-2 and (B) PMM were cultured in 24-well plates and serum-starved overnight prior LPA treatment (1
puM; 24 h). Cells were incubated with rabbit anti-mouse Iba-1 (1:200) antibody and Cy-3-labeled secondary
goat anti-rabbit antibody (1:300), mounted and examined using a Leica confocal microscope. Representative
micrographs depict morphological changes upon LPA treatment. Morphological analysis (cell area and
perimeter) and analysis of Iba-1 fluorescence intensity was performed using ImageJ. At least 50 cells out of 3
different areas per chamber were measured in two independent experiments. Scale bar = 20 pm. The results

are presented as mean +SD (*p<0.05, **p<0.01, ***p<0.001; one-way ANOV A with Bonferroni correction).
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Fig 3. LPA induces significant rearrangements in microglia cytoskeleton

Staining for F-actin and B-tubulin in (A) BV-2 cells and (B) PMM. Cells on chamber slides were serum
starved (o/n) and then incubated in the absence or presence of LPA (1 uM, 24 h). After washing, incubation
with primary and secondary antibodies, cells were analyzed by confocal microscopy. Nuclei were stained
with DAPI. Representative images reveal rearrangement of the cytoskeleton following LPA treatment (1).

Scale bar = 40 pm. Results from one representative experiment (out of two) are shown.

LPARS is highly expressed in both BV-2 and PMM cells and was identified as a member
of the microglia sensome (279). In order to unravel whether this receptor and the PKD
family members are involved in these morphological alterations, I inhibited LPARS and

PKD1-3 using specific pharmacological inhibitors.

In BV-2 cells and PMM, LPARS (TCLPAS; 2 uM) and PKDI1-3 (CRT0066101; 1 uM)
antagonism significantly attenuated LPA-mediated Iba-1 staining (Fig. 4A,B; upper
panels), and suppressed LPA-mediated increase in cell area, cell perimeter, and
fluorescence intensity (Fig. 4A,B; lower panels). These data indicate that LPARS acts as a
sensor and at least one member of the PKD family acts as transducer of LPA-mediated

signal(s) that impact on cell morphology.
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Fig 4. Inhibition of LPARS and PKD isoforms reverses LPA-induced morphological changes

(A) BV-2 and (B) PMM were cultured on chamber slides, serum-starved overnight, and treated with 1 uM
LPA plus DMSO or LPA plus TCLPAS (2 uM) or CRT0066101 (1 uM) for 24 hours. Cells were fixed,
permeabilized, blocked, and incubated with rabbit anti-mouse Iba-1 antibody (1:200) and subsequently Cy-3-
labeled secondary goat anti-rabbit antibody (1:300). A Leica confocal microscope was used to acquire
images. Morphological analysis and analysis of Iba-1 fluorescence intensity was performed using ImageJ. At
least 50 cells out of 3 different areas per chamber were measured (two independent experiments).

Scale bar = 20 pm. The results are presented as mean +SD (*p<0.05; ***p<0.001 compared to DMSO-
treated cells; “p<0.01; "*p<0.001 LPA plus TCLPAS or CRT0066101 versus LPA only; one-way ANOVA

with Bonferroni correction).
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2. LPA increases the Microglial Migrational Response

Cell migration is a complex and highly regulated process in which extracellular and
intracellular signals produce a coordinated response (280, 281). The PKD family members
are implicated in the regulation of many fundamental biological processes, including signal
transduction, membrane trafficking, and cell survival, differentiation, proliferation, and
also migration (282). Other studies have demonstrated that mitogen-activated protein
kinases (MAPKs), including Jun N-terminus kinase (JNK), p38 and ERK, play crucial

roles in cell migration (283).

Before we examined the microglia migration in response to LPA treatment, we analyzed
LPA-mediated downstream signaling pathways, and studied whether and which PKD
isoforms and MAP kinase members are activated by LPA and whether LPARS plays a role

in the activation state of these kinases.

2.1 LPA-mediated signaling events in BV-2 and PMM

LPA induced phosphorylation of PKD?2 (these cells do not express PKD1; Fig. 1A), INK,
AKT, ERK1/2, and p38 MAPK in BV-2 cells (Fig. SA). Preincubation with TCLPAS (for
0.5-8 h prior to LPA addition) and subsequent activation with LPA (1 uM) revealed that
the antagonist time-dependently inhibited activation of downstream signaling modules.
CRT0066101 suppressed PKD2, INK, AKT, ERK1/2 and p38 MAPK activation even after
30 min inhibitor pre-treatment (Fig. SB).

In PMM, an activation pattern comparable to BV-2 cells was observed in response to LPA.
Activation of PKD1 and PKD2 was observed after 5 min, reached a maximum after 10 min
and then gradually decreased. This activation pattern correlated with the time course of
JNK, AKT, ERK1/2, and p38 phosphorylation (Fig. 5C). In the presence of CRT0066101
or TCLPAS phosphorylation of PKD1 and -2, JNK, AKT, and ERK1/2 was attenuated,
was however, less pronounced for the MAP kinases compared to the one observed for

PKD1 and PKD2 (Fig. 5D).
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Fig 5. TCLPAS and CRT0066101 inhibit LPA downstream signaling

BV-2 microglia cells were cultured in 6-well plates and serum starved overnight. The cells were preincubated
for different time periods with (A) TCLPAS (2 uM) or (B) CRT0066101 (1 uM) as indicated and then
incubated with LPA (1 uM). Cells incubated with 0.1 % BSA were used as controls.

(C) PMM were cultured in 12-well PDL-coated plates, serum-starved overnight, and treated with 0.1 % BSA
or 1 uM LPA. (D) PMM were pre-incubated overnight with TCLPAS (2 pM) or CRT0066101 (1 uM) before
treatment with 1 uM LPA. Cells incubated only with 0.1 % BSA or DMSO were used as negative control.
The phosphorylation states of PKDs, JNK, AKT, ERK1/2, and p38 were detected by Western blotting.

Protein/loading control ratios were normalized to the ratio of unstimulated microglia. One representative blot

out of three is shown.
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Activation of microglia involves a migrational response to the site of injury (35). A crucial
component of this migratory response is the formation of lamellipodia at the leading edge
of migrating cells (284). PKD1 and PKD2 were shown to rapidly translocate between

different cellular compartments depending on the stimulus and the cellular context (285).

Therefore confocal laser scanning microscopy analyzed subcellular trafficking of

endogenous PKD1 and PKD2 in response to LPA activation.

It has been already mentioned that BV-2 microglia cells do not express the PKD1 isoform.
Immunofluorescence staining for PKD2 only was performed in theses cells. The
cytoskeleton was visualized using tubulin staining. Primary microglia express all the three
isoforms of PKD family. Separate staining for PKD1 and PKD2 was performed while

tomato lectin was used to visualize the cytoskeleton of primary microglia.

In unstimulated BV-2 cells, PKD2 was detected mainly at perinuclear areas (Fig. 6A,
upper panel). After LPA stimulation (Fig. 6A, lower panel), cell size increased and induced
the formation of new plasma membrane protrusions containing tubulin, likely lamellipodia.
In LPA-stimulated BV-2 cells PKD2 underwent translocation with a distribution that was
almost exclusively detected in newly formed tubulin-positive membrane projections (Fig.

GA).

In untreated PMM, PKDI1 shows some nuclear and cytosolic (in cellular
protrusions/extensions) staining (Fig. 6B, upper panel). In response to LPA, PMM changed
from a spindle shaped to a more flattened morphology (Fig. 6B, tomato lectin staining).
The major part of cytosolic PKD1 in unstimulated cells undergoes translocation to the

nuclear compartment upon LPA treatment (Fig. 6B, lower panel).

In contrast to PKDI1, PKD2 translocation in response to LPA is less clear-cut in PMM
(Fig. 6C). No nuclear PKD2 staining was observed in untreated or LPA-treated cells. In
the absence of LPA, the majority of PKD2 was detected in membrane protrusions and as a
more diffuse staining in the cytosol (Fig. 6C, upper panel). In response to LPA, PKD?2 is
mainly located at perinuclear areas. Also PKD2 staining was observed in membrane

ruffles, and cellular protrusions (Fig. 6C, lower panel).
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Fig 6. Intracellular trafficking of PKD1 and PKD?2 in response to LPA

(A) BV-2 cells were cultured on chamber slides, serum-starved and incubated in the presence of 0.1 % BSA
(‘untreated’) or 1 uM LPA for 24 h. Cells were fixed, permeabilized, blocked and stained for tubulin, PKD2
and nuclei (Hoechst). Scale bar =20 um.

(B, C) PMM were cultured on chamber slides and serum-starved overnight. Cells were incubated in the
presence of 0.1 % BSA (‘untreated’) or 1 uM LPA overnight, stained with tomato lectin, (B) PKDI1 or (C)

PKD?2 and for DNA (Hoechst), and examined using a Leica confocal microscope. Scale bar = 20 pm.
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2.2 LPA induces chemokinesis and chemotaxis

In order to analyze microglia migration in response to LPA treatment, we used two
different methods. Firstly we used time-lapse microscopy in order to examine microglia
migration in 2 dimensions. Sequential images were collected (the time between two images
was 20 min), stabilized and using the chemotaxis tool in ImageJ, the cells were manually
tracked. In order to support our results, we utilized also a second experimental approach
for studying cell migration that provides the opportunity to follow chemotaxis in real time.
Experiments were performed using Transwell plates. Interdigitated gold microelectrodes
on the bottom side of a filter membrane (CIM plates) detect impedance changes, caused by
the presence of transmigrated cells and is expressed as ‘Cell Index’ as indicated by the

manufacturer (xCELLigence).

The impact of LPA on microglia chemokinesis was examined using time-lapse video
microscopy and the tracks of individual cells were analyzed. The trajectory plots (Fig. 7A)
for unstimulated and LPA-treated cells revealed profound changes in microglial response
after treatment with LPA. Using the ImageJ software we calculated velocity, accumulated
distance (the total distance covered by the migrating cell), and Euclidian distance (defining
the final relative distance to origin) of cell migration. As shown in Fig. 7B, the migrational
response of BV-2 cells to increasing LPA concentrations is reaching a maximum at 1 pM
and returning almost to baseline at 5 uM LPA. The mean velocity of unstimulated cells
increased 2-fold in response to 1 uM LPA (Fig. 7B). The total accumulated migration
distance increased 2-fold (Fig. 7C, control vs. 1 uM LPA) and the euclidian distance
increased 3-fold (Fig. 7D, control vs. 1 uM LPA).

During the second experimental approach, utilizing the xCELLigence system, we studied
real time directional migration. Migration of serum-starved cells across uncoated CIM
plates was analyzed in the absence or presence of increasing LPA concentrations or
NAGly (that drives migration through GPR18 (286) and was used as a positive control) in
the lower chamber of the Transwell inserts. LPA induced a statistically significant increase
of directional migration at 0.5 and 1 uM compared to control conditions (Fig. 8A). LPA at
2 uM was without effect on directional migration paralleling findings shown in Fig. 7B-D.
Statistical evaluation of results gathered from three independent experiments in triplicate is

presented in Fig. 8B and these data are expressed as relative impedance values.
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Fig 7. LPA induces chemokinesis of BV-2 microglia cells

(A) BV-2 microglia cells were cultured in 24-well plates, serum starved overnight and treated with LPA for
24 h. Time-lapse microscopy was used to analyze migration in 2-D. (B) Velocity, (C) accumulated distance,
and (D) euclidian distance of at least twenty viable cells was determined by ImagelJ. Results of three separate
experiments in triplicate were combined and expressed as mean + SD (**p<0.01, ***p<0.001; one-way

ANOVA with Bonferroni correction LPA-treated versus untreated).
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Fig 8. LPA induces chemotaxis of BV-2 microglia cells

(A-B) Chemotaxis was analyzed using the XCELLigence system. Serum-starved cells were incubated with
different LPA concentrations and allowed to migrate across uncoated Transwell inserts (CIM plates) for 24 h.
Chemotaxis (LPA added to lower compartment) was followed in real time by continuous electrical
impedance measurement. NAGly was used as positive control. Results of four experiments in triplicate were
combined and expressed as mean + SD (**p<0.01, ***p<0.001; one-way ANOVA with Bonferroni

correction LPA-treated versus untreated).

In the case of primary microglia, we studied the effect of 1 uM LPA since this was the
concentration that induced the most pronounced migrational response for the BV-2 cells.
PMM also responded to LPA with increased chemokinesis. Tracks of PMM observed in
the absence (left panel) or presence of LPA (right panel) is shown in Fig. 9A. LPA
treatment increased cell velocity (2-fold) and significantly augmented accumulated (1.8-

fold) and euclidian (1.5-fold) distance (Figs. 9B-D).
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Fig 9. LPA induces chemokinesis of primary microglia

(A) PMM were cultured on PDL-coated 24-well plates, serum-starved overnight and treated with 0.1 % BSA
or 1 uM LPA. Time-lapse microscopy was used to analyze 2-D migration of at least 20 viable cells per
condition. (B) Velocity, (C) accumulated distance, and (D) euclidian distance was determined using Imagel.
Results of two independent experiments (performed in triplicate) were combined and expressed as mean =+

SD (*p<0.05, ***p<0.001; one-way ANOVA with Bonferroni correction LPA-treated versus untreated).

2.3 TCLPAS and CRT inhibit microglia chemokinesis and chemotaxis

Pharmacological antagonism of LPARS and PKDs with TCLPAS5 and CRT0066101
respectively, effectively diminished chemokinetic parameters (velocity, accumulated and
euclidian distance) of BV-2 cells back to baseline levels (Fig. 10A-C). Chemotaxis
experiments using the xCELLigence system (Fig. 10D) revealed that both inhibitors
decreased directed cell migration. Statistical evaluation of four independent chemotaxis
experiments is shown in Fig. 10E. From these data it is evident that LPARS and the PKD

family control the chemokinetic and chemotactic response of BV-2 cells.
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Fig 10. LPARS and PKD isoforms control the migrational response of BV-2 cells

BV-2 microglia were cultured in a 24-well plate, serum-starved overnight and treated with DMSO, DMSO
plus I uM LPA and 1 pM LPA plus TCLPAS (2 uM) or CRT0066101 (1 uM). Time-lapse microscopy was
used to elucidate the effect of the inhibitors on (A) velocity, (B) accumulated distance, and (C) euclidian
distance.

(D, E) Serum-starved cells were incubated with LPA in the absence or presence of the indicated antagonists
and allowed to migrate across Transwell inserts (CIM plates) for 24 h. Real-time cell migration was
monitored using the xCELLigence system. Results of four experiments in triplicate are presented as mean
+SD (***p<0.001 compared to DMSO; “*p<0.001 cells treated with the inhibitor plus LPA compared to
LPA-treated cells; one-way ANOVA with Bonferroni correction).
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In line with the results of the experiments with BV-2 cells, both TCLPAS and
CRTO0066101 decreased velocity, accumulated and euclidian distance of LPA-stimulated
PMM back to values observed under control conditions (Fig. 11A-C).
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Fig 11. LPARS and PKD isoforms control the migrational response of PMM

PMM were cultured in PDL-coated 24-well plates, serum-starved overnight and treated with DMSO, DMSO
plus 1 uM LPA or 1 uM LPA plus TCLPAS (2 uM) or CRT0066101 (1 uM). Time-lapse microscopy was
used to analyze 2-D migration. (A) Velocity, (B) accumulated distance, and (C) euclidian distance was
determined.

Results of two separate experiments in triplicate are presented as mean +SD (*p<0.05; ***p<0.001 compared
to DMSO; “p<0.05; " p<0.001 cells treated with the inhibitor plus LPA compared to LPA-treated cells; one-
way ANOVA with Bonferroni correction).

In order to distinguish between the contributions of PKDI1 and/or PKD2 to PMM
chemokinesis a silencing approach using lentiviral shRNA constructs was adopted. During
these experiments, cells transduced with lentiviral expressing non-targeting (scr)-shRNA
were used as control. Assessment of the transduction efficacy (Fig. 12A) revealed that
PKD1 and PKD?2 silencing was efficient and was diminished by 80 and 60 %, respectively.
Stimulation of (scr)-shRNA transduced cells with LPA (1 uM) resulted in significantly
increased velocity, accumulated and euclidian distance (Fig. 12B-D). Silencing of PKDI
had no effect on the migrational response of microglia, while silencing of PKD2 reduced
all migrational parameters back to baseline levels indicating that this S/T kinase takes a

key role in LPA-mediated PMM migration.
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Fig 12. PKD2 is mainly responsible for the migrational response of PMM

PMM were cultured in PDL-coated 24-well plates, and transduced using shPKD1 and shPKD2. Control
vectors were used as negative control. (A) The silencing efficacy was assessed 72 hours post transduction.
The cells were serum-starved overnight and treated with 0.1 % BSA or 1 uM LPA and (B) Velocity, (C)
accumulated distance, and (D) euclidian distance were analysed.

Results of two separate experiments in triplicate are presented as mean +SD (*p<0.05; ***p<0.001 compared
to DMSO; "p<0.05; " p<0.001 cells treated with the inhibitor plus LPA compared to LPA-treated cells; one-
way ANOVA with Bonferroni correction).

2.4 Transcriptional regulation of potential migratory factors by LPA

Several potential targets that may control the microglial chemotactic response were chosen
on basis of a literature search to identify genes (listed in Table 3 in the appendix) that
support microglia migration and/or invasion and were shown to be under PKD control in
other cellular systems. Using customized qPCR arrays for these genes we analyzed the
effect of LPA (1 uM) on PMM compared to untreated cells (Fig. 13), after a 2, 8, and 24 h
incubation. Results of these analyses indicated that the expression of 8 (list genes here) out
of 17 spotted genes was significantly increased after LPA treatment. Based on these
results, we performed RT-qPCR analysis using primers for each gene, for both BV-2 and
primary cells.
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Fig 13. Expression profile of target genes in response to LPA treatment
The effect of LPA on 17 genes in primary microglia was analyzed using customized PCR arrays. Differences
in gene expression higher that 2 fold were considered significant (*). The most prominently regulated genes

were consequently analyzed by qPCR for both BV-2 and primary microglia cells.

In BV-2 cells qPCR analyses revealed upregulation of Itga5, Itgav, Mmp9, Mmp14, Vasp,
and Wasf2 2 h and remained over baseline after 8 h of LPA treatment (except Itgav). At 24
h, Mmp9 and Wasf2 were still significantly higher as compared to untreated cells (Fig.
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14A). In PMM, LPA treatment (1 uM, 2 h) resulted in upregulation of Itga4, Mmp9,
Mmpl14, Wasf2 and Vegfa. At 8 h mRNA levels of Itga4, Itga5, Vasp, Wasf2, and Vegfa
were still increased >2-fold (Fig. 14B) and returned to baseline at 24 h.
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Fig 14. Effect of LPA treatment on expression of potential pro-migratory genes in microglia

(A) BV2 cells and (B) PMM were seeded onto 24-well plates, serum-starved overnight and treated with LPA

(1 uM). At the indicated time points RNA was isolated, reverse transcribed and analyzed by qPCR.

Expression ratios were normalized to HPRT. Results of two separate experiments in triplicate were expressed

as mean +SD (*p<0.05, **p<0.01, ***p<0.001; one-way ANOVA with Bonferroni correction).
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Finally we studied the impact of LPARS and PKD family inhibition, on the expression
patterns of these eight genes in LPA-stimulated BV-2 and PMM. Inhibitor studies revealed
that both antagonists reversed the effects of LPA on Mmp9, Mmp14, Wasf2, Vegfa, Itgav,
Itga4, and ItgaS in BV-2 cells (Fig. 15A). Comparable results obtained in PMM where
LPA-mediated induction of these genes suppressed by both TCLPAS5 and CRT (Fig. 15B).
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Fig 15. The LPA/LPAS/PKD axis controls expression of migration related genes in microglia

(A) BV-2 cells and (B) PMM were cultured in 24-well plates, serum-starved overnight and treated with
DMSO, DMSO plus 1 pM LPA, and 1 uM LPA plus TCLPAS (2 uM) or CRT0066101 (1 pM). At the
indicated time points cells were scraped, RNA was isolated, reverse transcribed and the gene products
indicated were analyzed by qPCR. Expression ratios are normalized to HPRT expression.

Results of two separate experiments performed in triplicate are expressed as mean + SD (*p<0.05; **p<0.01;

HitH
L;

*#%p<0.001 compared to vehicle control; “p<0.05, “p<0.0 p<0.001 cells treated with each inhibitor plus

LPA compared to LPA-treated cells; one-way ANOV A with Bonferroni correction).
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3. Effects of LPA on the Inflammatory Response of microglia

During transition from the surveillance-to-effector function in response to external stimuli
or injury microglia can (up) regulate a variety of surface receptors and produce multiple
secreted factors including pro- and anti-inflammatory cytokines, nitric oxide, reactive
oxygen species (ROS), glutamate, and growth factors. In addition, microglia can induce
apoptosis and phagocytosis of injured cells and cell debris in order to sustain homeostasis.
However, in other circumstances, microglia may phagocytose stressed but still viable
neurons or produce toxic substances that may lead to neuronal death. These differential
responses are indicative of the dichotomy of microglia reactivity in promoting neuronal
survival or degeneration (287). As already mentioned in the introduction, LPA plays an
important role during (neuro) inflammatory diseases. However the effects of LPA on the
microglial inflammatory response were never addressed before. In order to unravel the role
of LPA on the activation state of microglia, we analyzed different M1 and M2 markers

using various complementary techniques.
3.1 LPA induces the expression of different M1 markers

As the first step, we evaluated the effects of LPA on BV-2 polarization by Western blot
analyses to get an indication about time-dependent changes of M1/M2 marker expression.
These analyses revealed that LPA increased the expression of iNOS and COX-2, but did
not affect significantly the M2 marker Arg-1 (Fig. 16A) (1). As expected, stimulation of
BV-2 cells with LPS (20 ng/ml) profoundly increased iNOS and COX-2 levels. In contrast,
IL-4 (a polarization signal towards M2) induced Arg-1 without affecting iNOS and COX-2
levels. IL-10 was without effect on iNOS and COX-2 levels but slightly decreased Arg-1
levels. The bar graphs in the right panel represent densitometric evaluation of the indicated

protein bands after 3 separate experiments.

Primary microglia were treated with LPA, LPS or IL-4 and analyzed using confocal
microscopy for COX-2 and Arg-1 immunoreactivity (1). LPA treatment (1 uM, 24 h) led
to increased COX-2 immunofluorescence that was mainly detected in cellular processes
(Fig. 16B, upper panel). LPS induced a more rounded cell shape of PMM and COX-2
staining was observed along the cell periphery. COX-2 expression was unaffected by IL-4.
Both LPA and LPS treatment decreased Arg-1 staining, which was increased in response
to IL-4 (Fig. 16B, lower panel). The bar graphs in the right panel show the quantification

of the fluorescence intensities of 50 cells per condition.
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Fig 16. LPA promotes classical activation of BV-2 and primary microglia

(A) Serum-starved BV-2 cells were treated with BSA (0.1%; ‘c.”), LPA (1 uM), LPS (20 ng/ml), IL-4 (40
ng/ml) or IL-10 (40 ng/ml)], and cellular protein lysates were analysed by Western blotting. LPS, IL-4, and
IL-10 were used to polarize cells to an M1- or M2-like phenotype, respectively (1). One representative plot
for each protein and the densitometric analysis (mean + SD; normalized to actin) from four independent
experiments is presented. Control = 0.1% BSA.

(B) Confocal immunofluorescence microscopy of PMM in the absence or presence of LPA (1 uM, 24 h).
LPS (20 ng/ml) and IL-4 (40 ng/ml) were used to induce an M1- or M2-like phenotype, respectively. Cells
were stained for CD11b (microglia marker) and COX-2 or Arg-1. Nuclei were counterstained with Hoechst.
Scale bars =20 pm. Results from one representative experiment (out of two) are shown (1).

The results are presented as mean + SD (*p<0.05, **p<0.01, ***p<0.001; one-way ANOVA with Bonferroni

correction).

In time-dependent studies, LPA increased iNOS fluorescence intensity in PMM (Fig. 17)
by 1.6-fold (24 h). Using a double M1/M2 immunofluorescence staining for COX-2 and
RELMa, we detected 2.3-fold increased fluorescence intensity for COX-2 (at 48 h), while
RELMa fluorescence was reduced by 22 % (48 h). Arg-1 expression was also reduced in
response to LPA treatment (by 35%). The right panel shows the quantification of the

fluorescence intensities.
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Fig 17. Increased levels of M1 markers in LPA-treated microglia

PMM cultured on chamber slides were incubated in the absence or presence of LPA (1 uM) for 24 and 48 h.
Cells were stained for specific inflammatory markers and nuclei were counterstained with Hoechst (1). The
fluorescence intensity for each marker was quantitated with ImagelJ. At least 50 cells out of 3 different areas
per chamber were measured in two independent experiments. Scale bar =20 pum.

The results are presented as mean + SD (¥p<0.05, **p<0.01; one-way ANOV A with Bonferroni correction).

Microglia express different surface receptors some of which are significantly up regulated
during an inflammatory response. CD40 (a member of the TNF receptor superfamily) and
CD86 (T-Lymphocyte Activation Antigen CD86) are two receptors highly induced in
macrophages and microglia under pro-inflammatory conditions. In contrast, the mannose

receptor CD206 is connected to an M2 anti-inflammatory phenotype.

Analysis of these surface markers was performed in LPA-treated BV-2 and primary cells
using flow cytometry (1). LPA increased the percentage of CD40+ BV-2 cells up to 20%
(Fig. 18A). LPS (20 ng/ml) induced an increase of CD40+ population from 7 to 29%.
CD86 expression was elevated approximately 2-fold in response to LPA (12 and 24 h)
while CD206+ cells were reduced from 35 to 22% (24 h). Primary microglia (Fig. 18B)
showed a comparable though more pronounced response. LPA increased the percentage of
CD40+ cells from 6 to 39% (48 h), while LPS increased CD40+ cells up to 67%. The
CD86+ cell population reached the 29% (12 h) and then decreased to = 12% (48 h). On the
contrary, the CD206+ population was decreased from 17 to 6% (48 h).
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Fig. 18. LPA induces a pro-inflammatory microglia phenotype

(A) Serum-starved BV-2 cells (o/n) were treated with 1 uM LPA for the indicated time points. LPS (20
ng/ml) and IL-10 (40 ng/ml) were used as positive controls to induce M1- and M2-like phenotypes,
respectively. Cells were stained with PE anti-CD40, APC anti-CD86 or PE anti-CD206 and analyzed using a
FACSCalibur Flow Cytometer (1). Results (6 separate experiments in triplicate) are expressed as mean + SD
(*p<0.05, **p<0.01, *** p<0.001; one-way ANOVA with Bonferroni correction).

(B) Serum-starved PMM (o/n) were cultivated in the presence of LPA (1 uM) for the indicted times. LPS
was used as a positive control. Cells were stained with PE-conjugated anti-CD40, APC-conjugated anti-
CDS86, or PE-conjugated anti-CD206 antibodies and analyzed using a Guava easyCyte 8§ Millipore Flow
Cytometer (1). Results from three individual preparations (measurements performed in duplicate) are shown
as mean values + SD. (*p<0.05, *** p<0.001 compared to untreated cells; one-way ANOVA with Bonferroni

correction).

3.2 Elevated expression and secretion of pro-inflammatory cytokines /
chemokines in LPA-treated microglia cells

Next, we determined the effect of LPA treatment on gene expression and secretion of

selected pro-inflammatory cytokines and chemokines that are associated with an M1-like

microglia phenotype (288). qPCR analyses revealed that LPA increased transcription of
11, Tnfa, and Ccl5 in BV-2 cells. The Cxcl2 transcript was not significantly up regulated,
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while Cxcl10 was undetectable at mRNA level. In primary cells, LPA induced a time-

-6, Ccl5 and Cxcl2 (CxcllO levels were

dependent transcription of Il1P, Tnfo,

undetectable) (Fig. 19) (1).
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Fig. 19. LPA induces expression of pro-inflammatory cytokines and chemokines

BV-2 and PMM were cultured on 24-well plates and serum-starved (untreated) or incubated in the presence

of 1 uM LPA for the indicated times. The expression of different inflammatory cytokines and chemokines

was monitored by qPCR and mRNA expression was normalized to Hprt (1). Data are shown as mean + SD

from 3 independent experiments performed in triplicate. Expression profiles were determined using the 24!

method.

Data are expressed as mean values + SD (*p<0.05; **p<0.01; ***p<0.001; one-way ANOVA with

Bonferroni correction).
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In addition we quantitated cytokine/chemokine concentrations in the cellular supernatants
using ELISA (1). In both BV-2 and primary cells LPA augmented secretion of IL-1f,
TNFa, IL-6, CCL5, CXCL2, and CXCL10 (Fig. 20). In BV-2 cells, the analytes were
maximally induced at 2 or 8 h post activation. In PMM maximum concentrations were

observed between 24 (IL-18, TNFa, IL-6, CCL5) and 48 h (CXCL2 and CXCL10).
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Fig. 20. Increased secretion of pro-inflammatory cytokines and chemokines in response to LPA

Serum-starved microglia cells were treated with LPA (1 puM) for the indicated times. Murine ELISA kits
were used to quantitate the concentrations of IL-1f3, TNFa, IL-6, CCLS (RANTES), CXCL10 (IP-10), and
CXCL2 (MIP-2) in the cellular supernatants (1). Results shown represent mean + SD from two independent
experiments performed in triplicate. Data are expressed as mean values + SD (*p<0.05; **p<0.01;

**%p<0.001; one-way ANOVA with Bonferroni correction).

78



3.3 NO and ROS levels are increased upon LPA treatment

Microglia function normally under basal NO and intracellular ROS levels. In response to
increasing concentrations of these mediators the pro-inflammatory function is amplified

and microglia can become over activated and contribute to neurotoxicity.

To analyze the intracellular redox status, we measured DCF fluorescence (1). These
experiments revealed a 2-fold increase of fluorescence 3 h post LPA addition (Fig. 21A,
left panel). tert-Butyl hydroperoxide (tBHP; an inducer of intracellular ROS formation)
was used as positive control (50 uM, 6 h). The DCF response was more pronounced in
PMM and time-dependently increased (3.3-fold). In these cells tBHP increased DCF
fluorescence by 5.7-fold (Fig. 21A, right panel).

Nitrate concentrations, (a surrogate marker for NO production via iNOS), in LPA-treated
BV-2 and primary cells showed a significant yet quantitatively less pronounced increase.
Compared to unstimulated cells, LPA treatment induced an increase of 1.3- and 1.2-fold, in

BV-2 and PMM, respectively (Fig. 21B) (1).

Having clarified that LPA induces a proinflammatory microglia phenotype; I used the
murine neuronal cell line CATH.a in order to examine the impact of microglia-secreted
factors on neuronal viability. The supernatants from untreated and LPA-treated
(concentrations between 0.5 — 10 uM) BV-2 cells were collected after 24 and 48 h and the

plated neurons were then incubated for 24 h in the presence of these supernatants.

The percentage of cytotoxicity was calculated based on a given formula (presented in
detail in the 2.1 Methods section). These experiments revealed a more than 2-fold increase
in cytotoxicity for all LPA concentrations (24 h LPA treated microglia) yet due to the high
variance only the IuM LPA treatment resulted in a statistically significant increase (Fig.
22A). Incubation with the supernatants of LPA treated microglia for 48h revealed a
significantly increase in cytotoxicity (at least 2.5-fold) for concentrations between 0.5 and

5uM (Fig. 22B).
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Fig. 21. LPA increases NO and ROS production in BV-2 and primary murine microglia

(A) The cellular redox status was determined using carboxy-H,DCFDA (1). Serum-starved BV-2 cells and
PMM were incubated with carboxy-H,DCFDA, treated with LPA (1 pM) and the fluorescence intensity was
quantitated. Results (4 independent experiments performed in triplicate) are expressed as mean values + SD.
(**p <0.01; ***p<0.001; one-way ANOVA with Bonferroni correction).

(B) Serum-starved cells were treated with LPA (1 uM) for the indicated time periods. The production of NO
was determined by measuring nitrate concentrations (1). Data (3 experiments performed in triplicate) are

presented as mean values + SD. (*p<0.05; **p<0.01; one-way ANOV A with Bonferroni correction).
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Fig. 22. Conditioned medium from LPA-treated BV-2 cells promotes microglia neurotoxicity

LDH activity was used as a measurement of cytotoxicity. CATH.a neurons were incubated for 24h in the
presence of different supernatants collected from LPA-treated BV-2 cells after (A) 24h and (B) 48h. Results
of 2 independent experiments in triplicate are presented as mean values + SD. (*p<0.05; **p<0.01; one-way

ANOVA with Bonferroni correction).
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3.4 LPARS controls the LPA-induced pro-inflammatory phenotype

To get a more detailed picture regarding which member(s) of the LPA receptor family
is/are responsible for signal transmission in BV-2 and primary microglia we used the pan
LPA receptor inhibitor BrP-LPA and the LPARS inhibitor TCLPAS (1). To the best of our
knowledge no LPARG6 inhibitor is currently commercially available. In BV-2 cells, BrP-
LPA reduced LPA-induced COX2 expression (statistically not significant) and increased
Arg-1 expression levels (Fig. 23, upper left panel). COX-2 activation by LPA was reduced
by TCLPAS at both time points analyzed (Fig. 23; lower panel). During the experiments
where the LPARS antagonist was studied, LPA activation was performed in the presence
of DMSO to account for potential inadvertent effects mediated by the vehicle. Bar graphs

present the densitometric analysis of immunoreactive bands (3 separate experiments).
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Fig. 23. Inhibition of LPARS suppresses the LPA-induced pro-inflammatory phenotype in BV-2 cells

Serum-starved BV-2 cells were treated with LPA in the absence or presence of BrP-LPA (5 uM; upper
panel) or TCLPAS (5 uM; lower panel) added 2 h prior to LPA addition. COX-2 and Arg-1 response was
monitored using Western blotting (1). One representative plot for each protein and the densitometric analysis
(mean + SD) from four independent experiments is presented. (**p<0.01; ***p<0.001; “p<0.05, inhibitor

compared to LPA-treated cells; one-way ANOVA with Bonferroni correction).

To confirm the involvement of LPARS in primary cells as well, we performed
immunofluorescence staining and analyses using confocal microscopy (Fig. 24). These
experiments revealed the expected induction of iNOS and COX-2 in response to LPA (1
uM; 24h), while the M2 markers Arg-1 and RELMa were decreased. In response to
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TCLPAS, iNOS and COX-2 expression was significantly reduced with Arg-1 and RELMa
being unaffected (slightly yet not significantly increased). The right panel shows the

quantification of the fluorescence intensities for the corresponding micrographs (1).
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Fig. 24. LPARS controls the LPA-induced pro-inflammatory phenotype in primary microglia

PMM were incubated in the presence of vehicle (DMSO), LPA (1 uM) or LPA plus TCLPAS (5 uM; added
2 h prior to LPA addition) for 24 h. Cells were stained for iNOS, COX-2, Arg-1 or RELMa and visualized
using confocal microscopy (1). Fluorescence intensity was quantitated with ImagelJ. At least 50 cells out of 3
different areas per chamber were measured. Scale bar = 20 um. Results (three independent experiments) are
presented as mean + SD (¥p<0.05; ***p<0.001; “p<0.05 inhibitor compared to LPA-treated cells; one-way
ANOVA with Bonferroni correction).

Surface marker expression analyses in LPA-stimulated BV-2 in the absence or presence of
BrP-LPA and TCLPAS is shown in Fig. 25 (1). CD40 expression was lower in the
presence of BrP-LPA (though not significant) whereas CD86 levels were significantly
decreased at all time points analyzed (Fig. 25A). The percentage of CD206+ cells was
unaffected by BrP-LPA. The presence of TCLPAS during LPA activation significantly
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reduced both CD40 and CD86 positive cell populations to baseline levels at all time points
analyzed while CD206 was unaffected (Fig. 25B).
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Fig. 25. LPA receptor antagonists attenuate M1 surface markers’ expression in BV-2 cells

Serum-starved (o/n) cells were cultivated in the presence of vehicle, LPA (1 uM) or LPA plus (A) BrP-LPA
(5 uM) and (B) TCLPAS (5 uM) for the indicated times. Inhibitors were added 2 h prior LPA addition. Cells
were stained with PE-conjugated anti-CD40, APC-conjugated anti-CD86 or PE-conjugated anti-CD206
antibodies and analyzed using flow cytometry (1). Results from four individual experiments in triplicate are
shown as mean values + SD. (*p<0.05; **p<0.01; ***p<0.001 compared to untreated or DMSO-treated
cells; "p<0.05; *p<0.01; "p<0.001 inhibitor compared to LPA-treated cells; one-way ANOVA with

Bonferroni correction).
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Cytokine secretion in response to LPA in BV-2 cells and PMM showed a general tendency

to be reduced when TCLPAS was present (Fig. 26). Secretion of all cytokines/chemokines
was significantly reduced in BV-2 at one (IL-1B, and CXCL2) or two (TNFa, IL-6,
CXCL10, and CCLS5) time points (Fig. 26A). In line with these results, in primary cells,
TCLPAS inhibited secretion of all the six analytes (Fig. 26B).
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Fig. 26. TCLPAS inhibits the secretion of pro-inflammatory cytokines and chemokines

(A) BV-2 and (B) primary murine microglia were cultured on 24-well plates and serum-starved o/n. The

supernatants were collected after incubation with vehicle, 1 uM LPA or LPA plus TCLPAS (5 uM) for the

indicated times. ELISA was used to quantitate the concentrations of IL-1p3, TNFa, IL-6, CXCL10 (IP-10),
CXCL2 (MIP-2), and CCL5 (RANTES) (1).

Results shown represent mean + SD from three independent experiments performed in triplicate (*p<0.05;

#%p<0.01; ***p<0.001 compared to vehicle control; “p<0.05, #p<0.01; *p<0.001 TCLPAS5 compared to

LPA treated cells; one-way ANOVA with Bonferroni correction).
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Furthermore, we examined the impact of TCLPAS treatment on ROS and NO formation in
both cell types (1). TCLPAS significantly reduced LPA-mediated DCF fluorescence at 6 h
in BV-2 and primary microglia (Fig. 27A). Nitrate concentrations were reduced at 48 (BV-
2) and 24 h (PMM) by TCLPAS (Fig. 27B).
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Fig. 27. TCLPAS suppresses ROS and NO production

(A) The intracellular ROS levels generated by BV-2 and PMM were determined using carboxy-H,DCFDA.
Serum-starved BV-2 and primary murine microglia were incubated with carboxy-H,DCFDA, treated with
vehicle control, LPA (1uM) or LPA plus TCLPAS (5 uM) for the indicated time periods and the
fluorescence intensity was evaluated (1). Results (3 independent experiments performed in triplicate) are
presented as mean values + SD. (**p<0.01; ***p<0.001 compared to vehicle; “p<0.05 compared to LPA
treated cells; one-way ANOVA with Bonferroni correction).

(B) Serum-starved BV-2 and PMM were incubated with vehicle (DMSO), LPA (1 uM) or LPA plus
TCLPAS (5 pM) for the indicated times and the production of NO was determined by measuring the total
nitrate concentration in the supernatants (1). Data (3 independent experiments performed in triplicate) are
presented as mean values + SD. (*p<0.05; compared to untreated cells; “p<0.05 compared to LPA treated

cells; one-way ANOVA with Bonferroni correction).
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Finally, we analyze whether LPARS plays a critical role in LPA-induced neurotoxicity and
phagocytosis. In BV-2 cells, BrP-LPA could slightly affect but not significantly reduce
neuronal toxicity of conditioned medium collected from LPA-treated (1 uM) BV-2 cells
(Fig. 28A). On the contrary, pharmacological inhibition with TCLPAS decreased the levels
of microglial neurotoxicity from 22% to less than 10% (Fig. 28B). In primary cells, BrP-
LPA had no effect on increased phagocytosis in response to LPA (1 uM) (Fig. 28C).
However, LPARS inhibition slightly but significantly reduced LPA-induced phagocytosis
(Fig. 28D).
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Fig. 28. LPARS regulates LPA-induced microglia neurotoxicity and phagocytosis

CATH.a neurons were incubated for 24h with supernatants collected from LPA-treated BV-2 cells in the
presence or absence of BrP-LPA (A) and TCLPAS (B). The LDH levels for each sample were measured and
cytotoxicity was calculated according to the manufacturer’s suggestions.

(C-D) Latex beads coated with fluorescently labeled IgG (IgG PE) were used as a probe for the measurement
of the phagocytic process. Serum-starved BV-2 cells incubated with LPA (1 uM) in the presence or absence
of the inhibitors for 24h and the fluorescence intensity was measured using a plate reader.

Results of 2 independent experiments in triplicate are presented as mean values + SD. (*p<0.05; **p<0.01;

"p<0.05, #p<0.01; compared to LPA treated cells; one-way ANOVA with Bonferroni correction).
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4. Signaling Pathways that control the Microglial Inflammatory

Response

Inflammation is a multicomponent response to tissue stress, injury and infection, and a
crucial point of control is at the level of gene transcription (289). The inducible
inflammatory gene expression program is comprised of several regulated sets of genes that
encode key functional programs. Three common transcription factors that serve as

modulators of the inflammatory response pathway(s) are the NF-kB, AP-1, and STAT.

NF-kB functions as a regulator of the acute phase of inflammation. NF-kB upregulates the
expression of cytokines that are considered proinflammatory mediators. These cytokines
include IL-1, IL-6, TNF-0, lymphotoxin and IFN-y. Moreover, IL-1 and TNF-o can
activate NF-kB, thereby creating a feedback loop (290). c-Jun, a component of the AP-1
transcription factor complex, regulates the expression of many genes, including
inflammatory and cytokine genes. c-Jun/AP-1 proteins can damage the nervous system by
upregulation of harmful programs in microglia and are associated with the release of
neurodegenerative molecules (291). The STAT family of proteins has multiple functions
during inflammation depending on the type of inflammatory inducer. The type of inducer
determines which cytokines are synthesized. Those cytokines activate a STAT protein,

which either increases or decreases inflammation (292).
4.1 LPA promotes NF-kB, c-Jun and STAT activation in microglia cells

During the previous experiments, we examined the effect of LPA on microglial
inflammatory response and we unraveled LPARS as a critical receptor that controls the
LPA-induced pro-inflammatory phenotype. However, it is unknown the downstream
signaling pathway via which LPARS excerpts this response. In 2.1 we analyzed the impact
of LPA on PKDs and MAPK activation. Inhibition of LPARS and the PKD family down-
regulated the activation of JNK, AKT, ERK1/2, and p38 MAPK. For the first time in the
case of microglia cells, we reported a direct connection between PKDs and MAPK
signaling. The MAPKs are implicated in many pathological conditions, however their

function in microglia inflammatory response is mainly unknown.

Based on these findings we hypothesized that LPA via the LPARS-PKD-JNK axis may
regulate different transcription factors that lead in production of pro-inflammatory genes,

NO, ROS and induce neuronal toxicity.
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In the first set of experiments during this part of my thesis I examined the expression of
different transcription factors in BV-2 cells after LPA (1 uM) treatment by Western blot
analysis. Cells were time-dependently incubated to determine the time course of
transcription factor expression/activation. Results of these experiments indicated that LPA
induced the activation of p65-NF-kB, c-Jun, and STAT1 and -3 (Fig. 29) reaching

maximum levels of phosphorylation between 6 and 24h.
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Fig 29. LPA induces the activation of pro-inflammatory transcription factors

Serum-starved BV-2 cells were treated with BSA (0.1%), or LPA (1 uM) for the indicated periods of time
and cellular protein lysates were collected. Phosphorylation of p65-NF-kB, c-Jun, STAT1 and STAT3 was
analyzed by Western blotting. Protein/loading control ratios were normalized to the ratio of unstimulated

microglia. One representative blot out of three independent experiments is shown.

Pharmacologically inhibition of LPARS (TCLPAS; 5 uM), PKD1-3 (CRT0066101; 1 uM),
and JNK (SP600125; 5 uM) clearly suppressed LPA-induced phosphorylation of all four
transcription factors (Fig. 30A-C).
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Fig 30. The LPARS-PKD-JNK axis controls the LPA-induced pro-inflammatory response

BV-2 microglia cells were cultured in 6-well plates and serum starved overnight. Cells were treated with
0.1% BSA, LPA (1 uM), or LPA (1uM) in the presence of (A) TCLPAS (5 uM), (B) CRT0066101 (1 pM),
or (C) SP600125 (5 uM) for the indicated time periods and cell protein lysates collected. The
phosphorylation states of p65-NF-kB, c-Jun, STATI1, and STAT3 were detected by Western blotting.

Protein/loading control ratios were normalized to the ratio of unstimulated microglia. One representative blot

out of three is presented.
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In PMM, the response to LPA treatment was more rapid as compared to BV-2 cells.
Phosphorylation of p65-NF-kB, c-Jun, STAT1 and STAT3 was detectable already after 2h
and started gradually to decline at 24 h (Fig. 31A). The phosphorylation of p65-NF-kB
remained up until 24 h post LPA-treatment. Inhibition of LPARS and PKD1-3 effectively
diminished the phosphorylation state of the transcription factors in both analyzed time

points (2 and 8h) (Fig. 31B).
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Fig 31. TCLPAS and CRT abrogate the LPA-induced activation of transcription factors

(A) PMM were cultured in 12-well PDL-coated plates, serum-starved overnight, and treated with 0.1 % BSA
or 1 uM LPA for 2, 8, and 24h. (B) Cells were treated with DMSO plus LPA (1 uM) in the absence or
presence of TCLPAS (5 uM) or CRT0066101 (1 uM) for the indicated time periods and cellular protein
lysates were collected. Cells incubated only with 0.1 % BSA or DMSO were used as negative control.

The phosphorylation state of p65-NF-kB, c-Jun, STATI1, and STAT3 was detected by Western blotting.
Protein/loading control ratios were normalized to the ratio of unstimulated microglia. One representative blot

out of three separate experiments is shown.

4.2 CRT and SP600125 decreases the LPA-induced expression of M1

markers

In BV-2 cells, treatment with CRT significantly reduced LPA-dependent COX2 expression
and increased the levels of Arg-1 expression (Fig. 32; upper left panel). SP600125 could

91



also inhibit COX-2 activation at both time points analyzed and slightly increased Arg-1
expression (Fig. 32; lower panel). Bar graphs at the right side of each panel, present the

densitometric analysis of immunoreactive bands out of 3 separate experiments.
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Fig. 32. Inhibition of PKD1-3 or JNK suppresses the LPA-induced pro-inflammatory phenotype
Serum-starved BV-2 cells were treated with DMSO plus LPA (1 pM) in the absence or presence of TCLPAS
(5 pM; upper panel) or SP600125 (5 uM; lower panel) for 24 and 48h. Cell lysates were collected and the
expression of COX-2 and Arg-1 was monitored using Western blotting.

One representative plot for each protein and the densitometric analysis (mean + SD) from three independent
experiments is presented. (**p<0.01; ***p<0.001; “p<0.05; *p<0.01, each inhibitor compared to LPA-

treated cells; one-way ANOV A with Bonferroni correction).

In parallel, we also performed immunofluorescence staining and analysis using confocal
microscopy (Fig. 33). The experiments revealed the expected induction of iNOS and
COX-2 in response to DMSO plus LPA (1 uM; 24h), while the M2 markers Arg-1 and
RELMa were decreased. In response to CRT and SP600125 inhibition, iNOS and COX-2
expression was profoundly attenuated with Arg-1 and RELMa levels being slightly
increased. The right panel shows the quantification of the fluorescence intensities for the
corresponding micrographs. The fluorescence intensities were quantitated using the

software ImageJ. At least 50 cells out of 3 different areas per chamber were measured.

92



i
5

i
5

Fluorescance Intens ty

INOS / Hoachst

Fisorescesce |rteusity

T

L4

Fuomrescence Intensity

| RELMea [ Hoechst I Arg-1! Hoechst

"//;fg

Fig. 33. CRT and SP600125 reduce the expression of M1 markers that are upregulated in response to
LPA treatment

PMM were incubated in the presence of vehicle (DMSO), LPA (1 puM) or LPA plus TCLPAS (5 uM; added
2 h prior to LPA addition) for 24 h. Cells were stained for iNOS, COX-2, Arg-1 or RELMa and visualized
using confocal microscopy. Fluorescence intensity was quantitated with ImageJ. At least 50 cells out of 3
different areas per chamber were measured. Scale bar = 20 um. Results (three independent experiments) are
presented as mean + SD (¥p<0.05; ***p<0.001; “p<0.05 inhibitor compared to LPA-treated cells; one-way
ANOVA with Bonferroni correction).

Using flow cytometry we then analyzed the expression pattern of different surface markers
in LPA-stimulated BV-2 cells in the absence or presence of CRT and SP600125 (Fig. 34).
CD40 and CD86 expression was dramatically decreased in the presence of CRT, whereas
CD206 levels were unaffected at all time points analyzed (Fig. 34A). The presence of
SP600125 during LPA activation significantly reduced CD40+ cells to baseline levels at
all time points analyzed. However, in contrast to CRT, JNK inhibition had no effect on

CD86+ cell populations. CD206 levels were also unaffected (Fig. 34B).
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Fig. 34. PKD and JNK antagonists attenuate the expression of M1 surface marker in BV-2 cells

Serum-starved (o/n) BV-2 cells were cultivated in the presence of DMSO, DMSO plus LPA (1 uM) or LPA
plus (A) CRT0066101 (1 uM) and (B) SP600125 (5 uM) for the indicated times. Cells were stained with PE-
conjugated anti-CD40, APC-conjugated anti-CD86 or PE-conjugated anti-CD206 antibodies and analyzed
using a Guava easyCyte 8 Millipore flow cytometer. Results from four individual experiments in triplicate
are shown as mean values + SD. (*p<0.05; **p<0.01; ***p<0.001 compared to DMSO-treated cells;
"p<0.05; "p<0.01; "p<0.001 each inhibitor compared to LPA-treated cells; one-way ANOVA with

Bonferroni correction).
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4.3 The PKD - JNK axis controls the production of pro-inflammatory

factors, neurotoxicity and phagocytosis in LPA-treated microglia

Cytokine and chemokine secretions in response to LPA treatment in BV-2 cells showed
significant reduction after CRT treatment (Fig. 35A). JNK inhibition profoundly decreased
the secretion of TNFa, IL-6, CXCL10, CXCL2, and CCL5 at almost all time points yet it
had no effect on IL-1P levels. In line with the results of BV-2 cells, CRT inhibited LPA-

dependent secretion of all six analytes in primary cells (Fig. 35B).
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Fig. 35. CRT and SP600125 inhibit the secretion of pro-inflammatory cytokines and chemokines

(A) BV-2 and (B) primary murine microglia were cultured on 12- and 24-well plates, respectively and serum-
starved o/n. The supernatants were collected after incubation with vehicle control (DMSO), DMSO plus LPA
(1 uM) or LPA plus CRT0066101 (1 uM) (for both BV-2 and primary microglia) and SP600125 (5 pM)
(only for BV-2 microglia cells) for the indicated time periods. ELISA was used to quantitate the
concentrations of IL-1p, TNFa, IL-6, CXCL10 (IP-10), CXCL2 (MIP-2), and CCL5 (RANTES). Results
shown represent mean + SD from two independent experiments performed in triplicate (*p<0.05; **p<0.01;
*#%p<0.001 compared to vehicle control; “p<0.05, *p<0.01; each inhibitor compared to LPA treated cells;

one-way ANOVA with Bonferroni correction).

96



In addition, we examined the impact of CRT and SP600125 on ROS and NO formation in
BV-2 cells. CRT (left panel) significantly decreased LPA-mediated DCF fluorescence at 6
h. On the contrary, SP600125 (right panel) could not inhibit ROS formation at any time
point (Fig. 36A). Nitrate concentrations reached a maximum after 48h LPA treatment.
Both CRT (left panel) and SP600125 (right panel) profoundly reduced the nitrate levels at
48h (Fig. 36B).
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Fig. 36. CRT and SP600125 differentially control ROS and NO production

(A) The intracellular ROS levels generated by BV-2 cells were determined using carboxy-H,DCFDA.
Serum-starved cells were incubated with carboxy-H,DCFDA, treated with DMSO, DMSO plus LPA (1pM)
or LPA plus CRT0066101 (1 puM; left panel) and SP600125 (5 uM; right panel). After the indicated time
periods the fluorescence intensity was evaluated. Results (2 independent experiments performed in triplicate)
are presented as mean values + SD. (*p<0.05; **; p<0.01 compared to vehicle; “p<0.05 compared to LPA
treated cells; one-way ANOVA with Bonferroni correction).

(B) Serum-starved BV-2 cells were incubated with vehicle (DMSO), DMSO plus LPA (1 uM) or LPA plus
each inhibitor for the indicated times and the production of NO was determined by measuring the total nitrate
concentration in the supernatants. Data (2 separate experiments performed in triplicate) are presented as
mean values + SD. (*p<0.05; ***p<0.001 compared to untreated cells; “p<0.01 compared to LPA treated

cells; one-way ANOV A with Bonferroni correction).
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We finally analyzed the impact of PKDI-3 and JNK inhibition on LPA-induced
neurotoxicity and phagocytosis. In BV-2 cells, CRT could dramatically reduce LPA-
induced neurotoxicity (Fig. 37A). Also SP600125 reduced the neurotoxic potential of
conditioned medium collected from LPA-treated BV-2 cells, yet to a lesser extent as
compared to CRT0066 (Fig. 37B). In both BV-2 (Fig. 37C) and primary cells (Fig. 37D),
phagocytosis of latex beads was slightly yet significantly increased in response to LPA (1
uM). Pharmacological inhibition using CRT and SP600125 effectively decreased this
LPA-induced phagocytosis back to baseline levels.
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Fig. 37. PKDs and JNK inhibition suppress the LPA-induced microglia neurotoxicity and phagocytosis
CATH.a neurons were incubated for 24h with conditioned media collected from LPA-treated BV-2 cells in
the presence or absence of CRT0066101 (1 uM) (A) and SP600125 (5 pM) (B) for 24h. The LDH levels
were detected and cytotoxicity was calculated according to the manufacturer’s directions.

(C-D) Fluorescently labeled latex beads were used as a probe for the measurement of the phagocytic process.
Serum-starved BV-2 (C) and PMM (D) cells incubated with DMSO, DMSO plus LPA (1uM) or LPA plus
each inhibitor for 24h and the fluorescence intensity was measured using a plate reader. Results of 2
independent experiments in triplicate are presented as mean values + SD. (*p<0.05; **p<0.01; “p<0.05,

"5<0.01; compared to LPA treated cells; one-way ANOVA with Bonferroni correction).
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The results of this thesis are summarized in the following two graphs.

ococcsocodd

Fig. 38. Effect of LPA on microglial migrational response
LPA treatment induces a migratory signature in BV-2 and primary murine microglia that is controlled by the
LPARS — PKD2 axis. Data of the present study provide insights on a new role of LPARS and PKD family in

microglia function.
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Fig. 39. Effect of LPA on microglial inflammatory response
LPA treatment induces a unique pro-inflammatory M1-like signature in BV-2 and primary mouse microglia

that is completely or partially controlled by the LPARS — PKDs — JNK axis.
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Discussion

In the present research study we tried to unravel the effects of increased LPA levels on
microglia function using both the BV-2 cell line and primary murine microglia cells. The
study is mainly divided into two directions, which are inter- connected. On the one hand,
we examined the impact of LPA on microglial morphological alterations and migrational
response. On the other hand, we investigated how LPA affects the inflammatory response

of the CNS immune cells and which signaling pathway(s) may control this response.

As far as the first part of this study in concerned, I manipulated LPARS and PKD activity
and present first evidence that LPA affects the microglial cytoskeleton and chemotactic
response via PKD signaling. LPA receptor profiling in the present study confirmed low
expression of the classical LPAR1-3 receptors (211) (and LPAR4) but revealed high
expression of LPARS and LPARG6. All of the LPA receptors are expressed in the
developing brain and expression levels vary with developmental age (119). LPA-mediated
processes regulate proliferation, microtubule-dependent interkinetic nuclear migration,
neurite retraction, cell survival, morphological changes, and cell migration (119). The cell
line BV-2 expresses PKD2 and PKD3 while PMM express all of the PKD family
members, namely PKD1-3.

LPA levels in brain and cerebrospinal fluid significantly increase in response to injury
(140, 208, 242, 293, 294), traumatic brain injury (295), and glioblastoma multiforme
(GBM) (296-298). Thus, overshooting LPA synthesis (probably by autotaxin
overexpression in response-to-injury) (242) could provide an ‘on’ signal (36) for microglia
migration that is detected by one or more of the LPA receptors expressed by microglia (1).
These GPCRs couple (among others) to Gaz/13 subunits, which stimulate activation of the
small G protein RhoA (299). Some of the enzymes located downstream of RhoA are

regulated by PKD family members and affect cell migration and gene expression (299).

Microglia are unique cells and remodeling is required for all the activities that they are
involved in (278). Especially in the case of injury, microglia can adopt at least four
different morphologies (e.g. giant multinucleated cells, phagocytic, motile/locomotory, and
hypertrophied or bushy) and re-orientate their processes towards the site of damage. They
can undergo full or partial de-ramification and develop filopodia-like structures that allow
them to become motile (278). In response to LPA we observed an increase in cell area,

cellular perimeter, and Iba-1 fluorescence. Many studies have documented that in response
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to injury and adoption of an M1 phenotype, microglia undergo soma enlargement and
transformation to an amoeboid morphology (300, 301). Iba-1 is a macrophage/microglia
marker upregulated in response to activation (302) and was implicated in PDGF and M-
CSF membrane ruffling and cell locomotion (303). In addition, Iba-1 couples to
morphological changes mediated by Rac (another small G protein) and migration via a
PLCy-dependent pathway (304). Morphometric analysis of Iba-1 positive microglia in grey
and white matter of the human dorsal anterior cingulate cortex demonstrated that primed
microglia have an average 2-fold increase in cell surface area (305). This is reminiscent of
what we observed here, namely increased cell area (approx. 2-fold) and cell perimeter (1.7-
and 1.2-fold, for BV-2 and PMM respectively). There is less information available
regarding morphological changes associated with the M2 phenotype. Some cell culture-
based studies indicated though that treatment with IL-4 or IL-10 could trigger amoeboid
microglia to adopt a ramified morphology (306). Interestingly, we observed that LPA-
induced morphological changes were reversed to baseline, when BV-2 cells and PMM

were incubated with TCLPAS or CRT0066101 prior to LPA treatment.

At this point it is important to refer to the use of DMSO as a vehicle during my inhibition
experiments. DMSO is a near-perfect polar aprotic solvent (dissolving polar and apolar
compounds) but has a wide range of biological actions. Its effects have been studied in
many pathological conditions including cardiac disease, traumatic brain injury, pain,
cancer, stroke, spinal cord injury, and Alzheimer’s disease. Its chemical structure reacts
and deactivates toxic molecules generated by DNA damage, free radical formation,
inflammation, oxidation, and infection (307). DMSO has been suggested to play and anti-
inflammatory and protective role in many cases (308). However, in a recent study DMSO
appeared to induce high nitrite production in N9 microglia cells (309). Moreover DMSO
was found to block mouse macrophages from polarizing to either an M1- or an M2-
phenotype. Hence, it is not clear-cut that it has anti-inflammatory effects on those cells. On
the other hand, DMSO suppressed E. coli-induced ERK1/2, p38, JNK and Akt
phosphorylation in human monocytes, suggesting that it can inhibit inflammatory
cytokine/chemokine production (310). In our study, all the inhibitors that have been used
(except for BrP-LPA) were dissolved in DMSO. The role of DMSO on microglia biology
and function is not clear. Preliminary experiments revealed that there are slight differences
in migrational response of microglia cells where only 0.1% BSA was added to the cells

compared to cells that were treated with DMSO although qPCR analysis of pro-migratory
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genes between those two conditions revealed pronounced changes (results are not
presented here). In order to assure the accuracy of our results, during the experiments
where the effect of these inhibitors on microglial morphology, migration and inflammatory
response was studied, DMSO was used as a negative control and DMSO was also added

together with LPA before each treatment to account for potential vehicle effects.

PKD members are recruited to different subcellular compartments in response to
stimulation. LPA treatment of BV-2 cells and PMM induced altered intracellular
trafficking of PKD2 and/or PKD1. In BV-2 cells, LPA induced a pronounced relocation of
PKD2 from perinuclear localization to newly formed membrane protrusions. Whether this
is an indication for PKD-dependent actin remodeling as reported for PKD1 (311) is
currently unclear. However, it is been reported that PKD2 undergoes reversible
translocation from the cytosol to the plasma membrane when stimulated via GPCRs (312).
In PMM, a major part of originally cytosolic PKD1 undergoes translocation to the nuclear
compartment in response to LPA. This is in line with results reported for fibroblasts and
epithelial cells, where cell stimulation with GPCR agonists resulted in nuclear
accumulation of PKDI that was prevented by inhibiting PKC activation (313). This
nuclear translocation step of PKDI might be important to induce PKDI1-mediated
phosphorylation of HDACS5/7 resulting in cytoplasmic sequestration, thereby relieving

transcriptional repression of specific target genes (314).

LPA treatment promoted activation of PKD-downstream signaling cascades in microglia
cells. ERK1/2 activation (regulating fMLP-induced neutrophil chemotaxis) (315) proceeds
via PKD-mediated phosphorylation of Ras and Rab interactor 1 (RIN1) that (in its non-
phosphorylated state) prevents ERK1/2 activation by inhibiting Ras/Raf interaction (316).
Also the MAPK members, p38 and JNK are downstream of PKDs since PKD1 silencing
attenuates p38 and JNK activation (317). Moreover AKT might be under control of PKD
and along this line our group previously demonstrated that in glioblastoma cells PKD2 co-

immunoprecipitates with AKT indicating physical interaction (318).

A motile cycle of a cell induces the formation of lamellipodia, which mediate cellular
locomotion and directed cell movement. Here I observed that LPA induces chemokinetic
and chemotactic microglia migration. LPA-induced migration of BV-2 cells was
concentration-dependent with a maximum at 1 pM. At LPA concentrations >1 uM
migration tended to decrease again, an observation consistently made during time-lapse

video microscopy or impedance measurements. This finding is indicative of LPA receptor
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desensitization probably in a similar manner as described for hepatic epithelial cells, where
this process was coupled to phosphorylation and subsequent internalization of LPA

receptors (319).

All three PKD members play prominent roles during cell motility. They promote integrin
recruitment to newly formed adhesions and regulate the invasiveness of cancer cells (282).
PKDI1 activation regulates directed cell movement. In general, PKD1 appears to reduce
directed cell migration via phosphorylation of protein phosphatase Slingshot homolog 1
(SSHI1L) an enzyme de-phosphorylating cofilin in lamellipodia (320). PKD1 catalyzes
direct phosphorylation of SSHIL in the actin-binding domain. This generates a 14-3-3
binding motif separating the phosphatase from actin filaments at the leading edge of the
cell (321, 322). Besides SSHIL, PKDI1 also phosphorylates cortactin and blocks cell
migration by attenuating Arp complex-driven actin polymerization (323). In contrast to
PKDI, PKD2 and PKD3 appear to be pro-migratory kinases. E.g. silencing of PKD2
resulted in significantly reduced migration of doxorubicin-resistant breast cancer (324),
glioblastoma (325), prostate cancer (326), and endothelial cells (327). In HeLa cells PKD2
and PKD3 form a complex that - depending on the activation state - can either increase or
decrease cell migration via cofilin-mediated pathways (328). Silencing experiments with
shRNA performed during the present study suggest that PKD2-dependent pathways
primarily drive LPA-mediated migration of PMM while silencing of PKD1 had no effect.
The role of PKD3 was not experimentally addressed during the present study. LPA-
mediated nuclear translocation of PKDI1 in PMM could indicate that the kinase might act

as a transcriptional regulator probably via HDAC phosphorylation (329).

Except for the important role of PKD family in cell’s chemotactic response, it is worth
mentioning that also the members of MAPK family that are activated through PKDs, play
crucial roles in migration (283). Briefly, activation of JNK, p38 and ERK1/2 correlates
with an increased migrational response in several cells types and also signaling molecules
that activate these kinases are essential for cell migration. However, different cell types

may employ different MAPKs to control their migrational response (283).

LPA treatment promoted an upregulated transcription of gene products that are under
regulation of PKD isoforms and LPARS (as confirmed by inhibition with CRT0066101
and TCLPAS). Along this line it is worth mentioning that we specifically address the role
of PKDI1 and PKD2 (but not PKD3) by an shRNA silencing approach. qPCR analyses
performed during this study revealed upregulation of Itga5, Itgav, Mmp9, Mmp14, Vasp,
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and Wasf2 in BV-2 cells. In PMM, LPA induced upregulation of Vegfa, Itga4, Itgas,
Mmp9, Mmp14, Vasp, and Wasf2. These genes play an important role in cell migration,

invasion, and angiogenesis, and are potent regulators of microglia function in the healthy

and diseased CNS.

The connection between integrins and actin regulates adhesion organization and provides
traction for migration (330). The recycling of integrins is critical for the migration
response. Along this line it was shown that PKDI1 phosphorylates Rabaptin-5, a
posttranslational event controlling a5B1 and avp3 recycling, thereby regulating cell
migration (331). The pre-proteins encoded by Itga5 and Itgav are proteolytically processed
to generate light and heavy chains that comprise the a5 and [Jv subunit of the fibronectin
and vitronectin receptors, respectively. During the pathogenesis of multiple sclerosis the
blood-brain barrier is compromised, which leads to influx of plasma fibronectin and
vitronectin into the brain. In a murine experimental autoimmune encephalomyelitis model
brain levels of fibronectin and vitronectin are increased and promote microglia activation
via a5B1 and avp3 signaling (332). In addition, integrin play crucial roles in glioma cells

migration, promoting the invasiveness of these cells (333, 334)

PKDs regulate also the expression of MMPs (314), which are important regulators of
cellular functions including migration (335). In cancer cells, PKD2 represents a core factor
in the formation of a multiprotein complex that controls secretion of MMPs from the trans
Golgi network (336). Accumulated evidence suggests that MMPs (mainly MMP2 and
MMP9) contribute to glioma cell migration and invasion (337, 338). MMP9 secretion by
microglia (and other immune cells) appears to play a detrimental role in
neuroinflammatory conditions and in gliomas (339, 340). MMP14 (also termed MT1-
MMP) expression in microglia is low under normal conditions; however, it is upregulated
under pathophysiological conditions, e.g. when microglia are exposed to glioma cells (339)

in a similar manner as observed here in response to LPA.

Vegfa expression/secretion by gastrointestinal tumor cells and Vegf-stimulated blood
vessel formation is upregulated by PKD2 (314, 341). Signaling through VEGFR-1 was
reported to induce chemotaxis in BV-2 and rat microglia cells (342). Liu and colleagues
reported that Vegf and Vegf receptor 1 (Flt-1) play important roles in All,4, induced
microglia chemotaxis (343) and Vegf (receptor) signaling resembles an integral

chemotactic component of microglia in Alzheimer's disease (344).
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Vasp is an actin-associated protein that regulates cell migration. Doppler and colleagues
identified Vasp as a PKD1 substrate: PKD1-mediated phosphorylation of Vasp induces re-
localization to the leading edge and increases filopodia formation although persistent
activation can decrease motility (311). In microglia, ADP-mediated Vasp phosphorylation

induced membrane ruffling and chemotaxis in a PKA-dependent manner (345).

Wasf-2 is involved in the transmission of signals from tyrosine kinase receptors and small
GTPases to the actin cytoskeleton. There, the Wasf-2 complex regulates lamellipodia
formation where Wasf-2, Arp and cortactin have been reported to interact in pancreatic and
breast cancer cells (323). This group demonstrated that PKD1 phosphorylates cortactin at

298
Ser”’

thereby generating a 14-3-3 binding site similar as shown for SSHL1. Mutation of
the regulatory serine residue synergistically accelerates Wasf-2-Arp-driven actin

polymerization, lamellipodia formation, and chemotaxis (323).

Summarizing the data from this part of the study, we provide strong evidence that the
LPA/LPARS/PKDs axis affects microglial cytoskeletal architecture, promotes chemotaxis,
and controls the expression of pro-migratory genes that are upregulated in
neurodegenerative diseases. In order to move one step forward and translate these findings
into new pharmacological opportunities, the role (and complexities) of LPA signaling

pathways in the healthy and diseased CNS should be carefully also studied in vivo.

During the second part of my thesis, I addressed the effect of inflammatory levels of LPA
on microglia polarization state. We successfully provided the first evidence that LPA
polarizes BV-2 and PMM cells towards an M1-like pro-inflammatory phenotype (1). Of
note, the responses in BV-2 and primary microglia were qualitatively comparable,
indicating that BV-2 cells represent a suitable prescreening model for such studies. Our
findings might have bearings in neurological disease settings where LPA levels are

increased, e.g. in spinal cord injury, traumatic brain injury, or multiple sclerosis (119).

Generally, under physiological conditions LPA-mediated signaling contributes to normal
development and function of the CNS. However, in response to injury LPA levels can rise
significantly in brain and CSF (140, 208, 242, 293, 294). LPA levels are elevated in human
(0.05 controls vs. 0.27 uM post injury) and mouse (0.8 and 2 uM, prior vs. post injury)
CSF in response to traumatic brain injury (295). In this context it is of importance that
exogenous LPA can fuel endogenous LPA production via an LPAR3-dependent pathway
(346). Increased LPA signaling has been linked to the development of fetal hydrocephalus
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in embryonic mice, a pathophysiological process that is ameliorated in LPARI/LPAR2
double knockout animals (208). LPA signaling is also involved in nerve injury-triggered
pain responses (247), where LPAR1 (220) and LPARS (347) contribute via independent
mechanisms. Findings that LPARS is activated during nerve injury (but not under basal
conditions) are consistent with the fact that LPA levels rise significantly in response to
spinal cord injury (140, 294). In the contused spinal cord parenchymal LPA concentrations
increase nearly ten-fold (from 75 to 725 pmol/mg protein; naive vs. 3 d post injury) and
contribute to secondary injury manifested as demyelination (294). Demyelination in the
injured spinal cord was (at least in part) ascribed to LPA-activated microglia (294).
Lysophosphatidylcholine injected intrathecally is converted to LPA via ATX-mediated
pathways and, in an LPAR3-dependent feed-forward loop induces further endogenous
synthesis of LPA (346). It was suggested that within this setting microglia activation is
responsible for de novo LPA synthesis and concomitant development of neuropathic pain
(348). Thus, findings of the present study that LPA induces an MI-like microglial
phenotype are relevant to the pathophysiology of the injured/diseased CNS.

As already mentioned above, microglia undergo morphological transformation and become
motile in response to a transformation from the surveillance to the activated phenotype.
Activated microglia, can also, depending on the particular stimuli, adopt different
activation states. Each state is characterized by the expression of different markers,
proteins, cytokines, chemokine, and other mediators. Here I present evidence that LPA
induces an M1-like signature in BV-2 and primary microglia (1), in line with a previous
study (288), where LPS promoted increased iNOS, COX-2, CD40, and CD86 expression.
LPA treatment resulted in upregulation of the M1 markers iNOS, COX-2, CD40, and
CD86 and down regulation of the M2 markers CD206 (MRC1), Arg-1, and
RELMollJ[0JBV-2 and primary microglia. Increased cytokine/chemokine mRNA and
protein levels as well as ROS and NO production in BV-2 and PMM accompanied
classical M1 marker expression. In PMM LPS increased iNOS and COX-2 expression as
well as IL-6 release (288) in a similar manner as observed here for LPA-treated BV-2 cells
and PMM. Also the temporal expression profiles are in agreement to what was reported for
M1 marker expression in LPS-treated PMM. Gene expression of iNOS and COX-2 was
significantly elevated between 4 and 72 h, and protein levels of IL-6 were significantly
elevated over baseline up to 72 h (288). The 2.5-fold increase in IL-6 secretion of primary

microglia in response to LPA observed here is in a comparable range reported for LPA-
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stimulated fibroblast-like synoviocytes (268), which play an active role in synovial

inflammation and damage via ATX/LPA-mediated pathways.

Time-dependent gene and protein expression of cytokines and chemokines have specific
profiles for an M1 or M2 microglia phenotype (288). In response to LPA treatment we
observed upregulated secretion of IL-1B, IL-6, TNFa, and the immunomodulatory
chemokines CCL5, CXCL10, and CXCL2 (1), findings reminiscent of what was reported
for LPS-activated PMM (288). In particular, increased IL-1B, IL-6 and TNFa
concentrations were linked to a poor prognosis in infants suffering from ischemic
encephalopathy (349). In addition, IL-1B3, IL-6, TNFal[] and the chemokines CCLS,
CXCL10, and CXCL2 (which were all upregulated in LPA-treated primary microglia
cells) are implicated as modulators of the neuroinflammatory response during traumatic

brain injury (350) where LPA levels are increased (295).

Over activated microglia can result in progressive neuronal damage and contribute to the
process of neuroinflammation in many neurodegenerative diseases (70). Microglia-induced
neurotoxicity may be mediated by the constant increased production of pro-inflammatory
cytokines and chemokines, NO (351), and ROS (352). iNOS is not expressed in the healthy
brain, but expression is induced in response to inflammatory mediators like LPS or
cytokines. In microglia, upregulation of iNOS is proposed to be the leading source of NO
production (353). Increased ROS and NO concentrations make it reasonable to assume
that, in response to iNOS upregulation, excess NO reacts with NADPH oxidase derived Oy’
. This reaction results in the formation of the highly neurotoxic mediator peroxynitrite
(ONOO") in BV-2 microglia (354). It is important to note that DCF (used during the
present study to detect alterations in cellular redox balance) is not a species-specific probe
but is, in addition to H»O,, also oxidized by hypochlorous acid (generated via the
myeloperoxidase/H,O,/chloride system), other peroxidases, and ONOO™ (355). ONOO®
was shown to induce mitochondrial dysfunction in neurons (356), to damage
oligodendrocytes (357), and to compromise blood-brain barrier function (358). During the
present study, we observed increased NO and ROS production in response to LPA
treatment. Low concentrations of ROS and RNS are essential for many physiological
functions like e.g. cell physiology, regulation of vascular tone, killing of invading bacteria,
modulation of synaptic plasticity and communication between glia and neurons) (359)
However, increased expression of these oxidative stressors has been suggested to have

deleterious effects (e.g. cell membrane damage, lipids denaturation, changes in the inner
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proteins, diminished antioxidant capacity of neurons etc.), and promote the pathogenesis of
many diseases (352, 360). In line with this, I observed that treatment of CATH.a neurons
with supernatants that were collected from LPA-treated BV-2 cells induced a 5-fold
increase in cytotoxicity. Although our results suggest that LPA stimulation leads to ROS
and NO production and is potentially neurotoxic, Awada and colleagues (164) have shown
that overexpression of ATX in BV-2 microglia protects cells against H,O,-induced cell
damage and oxidative stress. The same group (361) demonstrated ATX-mediated down
regulation of cytokine production (mMRNA and protein) in LPS-stimulated BV-2 cells.
These seemingly contradictory results to the present study might be simply due to different
incubation/culture conditions: In the ATX overexpression model (164) BV-2 cells are
continuously exposed to LPA concentrations that are approx. 4-fold elevated over the
vector controls in contrast to the single addition used in the present study (1). Although we
here show that exposure to a single LPA bolus does not change LPA receptor expression in
BV-2 cells and PMM, the situation might be different in ATX-overexpressing microglia.
In terms of downregulated cytokine production in ATX-overexpressing BV-2 cells Awada
et al. (361) used LPS-stimulated cells while we studied effects of LPA on BV-2 and PMM
that were exposed only to LPA (in the absence of a co-agonist). This is reminiscent of what
was reported for peritoneal macrophages (362): In that study LPA induced IL-6 but not
TNF[] secretion in unstimulated macrophages while in LPS-stimulated cells LPA
downregulated TNF[! but not IL-6 production. Thus it appears that LPA-mediated effects
depend on the cellular preactivation experience resulting in altered responsiveness upon

rechallenge probably related to the intrinsic immune memory of microglia (36).

Another aspect of microglia activation that plays a prominent role during inflammation is
phagocytosis. So far it is not clear whether microglia phagocytosis is detrimental or
beneficial in tissue repair, since this process differentially affects the context of each
disease (363). In cases where it eliminates dead cells, clears cells debris and induces an
anti-inflammatory response, it is considered beneficial. However, microglia may execute
and eliminate stressed yet viable neurons (364) or the process itself may activate a
respiratory burst that produces increased levels of ROS (365). Here, we observed that LPA
treatment induced a minor (1.2-fold) yet statistically significant increase in microglia
phagocytosis. This result is comparable to in vitro studies where stimulation of microglia

with TLR ligands resulted in elevated phagocytosis during inflammation (366-368).

109



To get indications regarding the LPA receptors that are responsible for signal transmission
in microglia we have performed pharmacological inhibitor studies. BrP-LPA is a pan LPA
receptor/ATX inhibitor (369) while TCLPAS is a specific antagonist of LPARS (272). Of
note, both inhibitors suppressed M1 marker expression in BV-2 and PMM (1). BrP-LPA
was without effect on LPA-induced phagocytosis and neurotoxicity. However, inhibition
of LPARS (1) blunted the production of pro-inflammatory mediators (iNOS, COX-2), the
secretion of pro-inflammatory cytokines and chemokines and the release of toxic factors
(NO and ROS) leading to decreased neurotoxicity and phagocytosis. Hence, it is
conceivable that LPARS is a major player in LPA-dependent M1 polarization of microglia.
Our findings are in line with LPARS-mediated signaling cascades in immunocompetent
cells including a sensome function in microglia (279). Using a novel chemical probe acting
as specific antagonist for LPARS it was shown that this receptor induces Ca”" release from
LPA-stimulated BV-2 cells in response to hexadecyl-LPA (370). In line with results of the
present study, Kozian and colleagues (370) demonstrated highest expression for LPARS in
BV-2 cells (LPARG6 is not mentioned in this article) and reported a sub uM IC50 (730 nM)
for this novel LPARS antagonist for Ca>" release in 16:0 alkyl-LPA stimulated BV-2 cells.
Currently no published data are available whether commercially available TCLPAS or the
LPARS antagonist described in (370) crosses the blood-brain or blood-cerebrospinal fluid
barriers to foster application in CNS disease models. In human mast cells, LPARS is
essential for conveying signals leading to MIP-1 (CCL4) generation and secretion
underlining the importance of this signaling route as regulator of cytokines and/or

chemokines production (200).

This part of the study indicated that interference with the LPA signaling axis either at the
level of LPA synthesis (using e.g. ATX inhibitors) or at the level of signal transmission
(LPA receptor antagonists) could offer new means to modulate the microglia polarization
status. These in vitro results (1) can provide valuable knowledge for follow up in vivo
studies where the usefulness of such an approach can be carefully evaluated depending on

the specific pathological context of each disease.

Since we identified that LPARS can potently control and drive a pro-inflammatory
phenotype in microglia cells, we sought to unravel the signaling pathway that regulates this
response. The signaling cascade and the transcriptional programs that drive an LPA-
mediated M1-like signature in microglia are currently unknown. As it has been already

stated, the PKD family induces activation of the MAPK family members. Inhibition using

110



CRTO0066101 could abrogate the phosphorylation of ERK1/2, p38, and JNK. For the first
time, we reported that in microglia cells there is a direct connection between PKDs and
MAPKSs. Also inhibition of LPARS decreased the LPA-induced activation of ERK1/2, p38,
and JNK. Based on these results we examined whether the LPARS/PKD/JNK axis could
control different transcriptional programs and promote the M 1-like phenotype in microglia.
For the pharmacological inhibitor studies except for TCLPAS5 and CRT, we used
SP600125, which is a reversible ATP-competitive inhibitor of JNK (371).

The PKD family plays a crucial role in cell migration as already outlined above. In
addition, PKD which isoform holds an important role in inflammatory responses (372). In
a variety of cells, PKD induces NF-kB activation via GPCR agonists or oxidative stress
(373-375). LPA led to a rapid activation of human colonic endothelial cells followed by
NF-kB activation and IL-8 production (373). PKD2 has also been implicated in NF-kB
activation of myeloid leukemia cells (376). Studies demonstrated that in colonic
myofibroblasts, knockdown of PKD1 prevented the increase in COX-2 levels by pro-
inflammatory mediators such as TNFa (377). Moreover, PKD1 has been reported to
mediate hyperalgesia and maintain inflammatory heat hypersensitivity (378). In line with
these observations, we reported that inhibition of PKD family using CRT could abolish the
LPA-induced secretion of pro-inflammatory cytokines and chemokines, the production of
INOS and COX-2, and the release of ROS and NO. It could also reduce the levels of

microglia-mediated neurotoxicity and inhibit phagocytosis.

MAPK signaling has been also connected with brain inflammation and gliosis and
increased activity was observed in both astrocytes and microglia followed by synthesis of
inflammatory mediators (379). Upon activation, MAP kinases can promote
phosphorylation of transcription factors such as STAT1, STAT3, NF-kB, c-Jun and ATF2
and thereby controls expression of numerous target genes like e.g. iNOS, MMPs, COX-2,
IL-1B, IL-6 etc.) (380). In the current study, LPA treatment of both BV-2 and PMM
induced activation of these pathways. As already mentioned above, ERK1/2, p38 and JNK
phosphorylation is under LPARS and PKD control. The ERK pathway is mainly involved
and studied in tumorigenesis, while p38 and JNK were reported to be highly activated in
neurodegenerative diseases where they promote neuronal apoptosis (381). In AD all of the
three kinases mediated tau hyper phosphorylation (382). p38 and JNK also contributed to
neuronal apoptosis (383, 384), activation of P- and vy- secretases (385), and

phosphorylation of APP (386, 387). In PD, a-synuclein activated the MAP kinases
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pathways in microglia cells resulting in production of TNFa and IL-1 (388). A role for
JNK in neuronal apoptosis has also been investigated in PD models (389). Aberrant
activation of p38 is reported in microglia and motor neurons in ALS (390). Moreover, both
p38 and JNK are involved in cytoskeletal abnormalities of spinal motor neurons through

phosphorylation and consequent aggregation of neurofilaments (391, 392).

The JNK pathway is activated by stress stimuli and plays crucial roles in development, cell
growth, inflammatory and immune responses (393, 394). JNK activity has shown to be
upregulated in many neuronal diseases (395-397). Several studies using JNK inhibitors
unraveled that inhibition of this pathway can prevent cytokines production from
macrophages and endothelial cells, and enhance recovery from ischemia (398-400). Also
in vivo studies supported that JNK inhibition decreased cytokines production and neuronal
death in brain injury, cerebral ischemia, and PD (401-403). The JNK pathway was reported
to be involved in regulation of microglia immune responses (404-407). In LPS triggered
microglia, inhibition of JNK using SP600125 reduced the induction of AP-1 genes, such as
COX-2, TNFa, IL-6 and MCP-1 (274). Here, in LPA treated BV-2 and PMM we observed
a similar pattern. Inhibition of JNK activity followed by reduced levels of iNOS, COX2,
CD40, and decreased secretion of the cytokines IL-6, TNFall and the chemokines CCLS,
CXCL10, and CXCL2. In addition, SP600125 treatment abolished the LPA-induced
increase in NO levels, microglia toxicity and phagocytosis. Interestingly, JNK inhibition
did not affect IL-1PB secretion, CD86 expression and ROS release. One possible
explanation for these observations id the fact that the JNK/c-Jun axis is not involved in the

expression of these mediators in response to LPA-mediated downstream cascades.

Inhibition of JNK may exert positive results due to subsequent inhibition of c-Jun
activation. The JNK/c-Jun axis in microglia cells may upregulate programs in similar ways
as described for immune cells that lead to neuronal death and release of neurodegenerative
molecules (291). c-Jun is a component of AP-1 transcription factors and regulates the
expression of many inflammatory and cytokines genes, which are involved in brain
inflammation (408). Except for SP600125, inhibition of LPARS and the PKD isoforms
inhibited LPA-induced phosphorylation of c-Jun in both BV-2 and PMM.

Another transcription factor that exerts effects on almost all cell types and is constitutively
activated and critical in chronic inflammatory diseases is NF-kB (290, 409). Studies have
reported the involvement of NF-kB in both onset and resolution of inflammation (410). In

brain the basal levels are relatively high compared to other tissues. Constitutive and
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inducible activation in glial cells regulates inflammatory processes that exacerbate various
diseases (411). Specifically in microglia, NF-kB activation regulated microglia activation,
induced the release of pro-inflammatory cytokines and caused neurotoxicity (70, 412-415).
In the present study we observed activation of p65-NF-kB that was detectable up to 24h
post LPA addition. Inhibition of LPARS/PKD/JINK axis abolished NF-kB phosphorylation

at all time points tested.

The STAT proteins in the CNS are associated with development, hormone release,
tumorigenesis, and inflammation (416). STATs are mediators of immunity and play
important roles in inflammatory disease (417). Depending on which isoform will be
activated, they may exert different effects on inflammation, survival, and proliferation
(416). In brain tumors, STAT3 is highly upregulated (418, 419). The role of STAT3 in
brain inflammation is not entirely clear, since both anti-inflammatory and pro-
inflammatory mediators can activate it. In microglia it was reported that the JAK2-STAT3
pathway induces pro-inflammatory responses (420, 421). On the contrary the role of
STAT1 is more clear and usually promotes inflammation, expression of different
cytokines, and production of NO and ROS (422-425). Different expression levels has been
detected in glial cells (426) and associated with CNS pathological conditions such as brain
inflammation (427), traumatic brain injury (428), and cerebral ischemia (429, 430).
Oxidative stress and some cytokines can activate both STATI and STAT3 in a JAK2
dependent manner (431). In the present study LPA treatment promoted activation of both
STATI1 and STAT3. However, for the same amount of protein loaded for Western blot
analysis, it is clear that phosphorylation of STAT1 was more pronounced as compared to
STAT3. LPA-mediated activation of these transcription factors was also controlled by the
LPARS/PKD/INK axis. All three inhibitors reversed STAT1 and STAT3 phosphorylation

back to basal levels.

To conclude and summarize the findings of the present study, I am providing first evidence
that LPA is a potent regulator of microglia biology and function. Increased LPA levels, as
observed under inflammatory conditions, affected microglial morphology and promoted
the migrational response. The LPA/LPARS/PKD axis regulated the expression of
migratory genes indicating possible downstream targets via which LPA signaling controls
microglia chemotaxis. In addition, LPA promoted an M1 pro-inflammatory phenotype
(with a distinct signature) in microglia under the control of LPARS/PKD/JNK axis.

Pharmacological inhibition of this axis abolished the activation of three major pro-
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inflammatory transcription factors, unraveling possible transcription programs that are

involved in LPA-induced inflammatory response of microglia cells.

The results that obtained during my PhD thesis are a step towards a better understanding of
LPA-mediated effects on the immune cells of the CNS. The outcome of these experimental
approaches should foster the study of LPA signaling and its impact on microglia function
in the diseased brain. Interference with different members of the LPA pathway, depending
on the context of disease, may unravel possible new targets for modulating

neuroinflammation that, until now, were not considered.
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Appendix I

Reagents

Company

1-bromo-3(S)-hydroxy-4-
(palmitoyloxy)butyl]phosphonate
(BrP-LPA)

Echelon Biosciences, Salt Lake City, UT, USA

1-Oleoyl-2-hydroxy-sn-glycero-3-phosphate
(LPA)

Sigma Aldrich, St. Louis, MO, USA

1,9-Pyrazoloanthrone (SP 600125)

Merck Millipore, Billerica, MA, USA

2-[4-[[(2R)-2-Aminobutyl] amino]-2-
pyrimidinyl]-4-(1-methyl-1H-pyrazol-4-yl)-
phenol hydrochloride

(CRT 0066101)

Sigma Aldrich, St. Louis, MO, USA

5-(3-Chloro-4-cyclohexylphenyl)-1-(3-
methoxyphenyl)-1H-pyrazole-3-carboxylic
acid (TCLPAS)

Tocris Bioscience, Bristol, UK

Acrylamide

Thermo Fisher Scientific, Waltham, USA

Alexa Fluor® 488 Phalloidin

Invitrogen, Waltham, MA, USA

Ammoniumpersulfate (APS)

Sigma Aldrich, St. Louis, MO, USA

Aprotinin

Sigma Aldrich, St. Louis, MO, USA

BD Cell Fix (10x)

BD Biosciences, San Jose, CA, USA

Bis-Acrylamide

Sigma Aldrich, St. Louis, MO, USA

Dako Antibody Diluent with background

reducing agents

Agilent Technologies, Santa Clara, CA, USA

Dako Fluorescence Mounting Medium

Agilent Technologies, Santa Clara, CA, USA

Dako Pen

Agilent Technologies, Santa Clara, CA, USA

Dimethyl sulfoxide (DMSO)

Sigma Aldrich, St. Louis, MO, USA

DMEM (Dulbecco’s modified Eagle’s medium)
Cell Culture Medium

Invitrogen, Waltham, MA, USA

Ethylenediaminetetraacetic Acid (EDTA)

Sigma Aldrich, St. Louis, MO, USA

Fatty Acid Free Bovine Serum Albumin (BSA)

SERVA Electrophoresis GmbH, Heidelberg, Germany

Fetal Calf Serum (FCS)

Sigma Aldrich, St. Louis, MO, USA

FITC-tomato-lectin

Sigma Aldrich, St. Louis, MO, USA

Formaldehyde Sigma Aldrich, St. Louis, MO, USA
Glutamine Invitrogen, Waltham, MA, USA
Glycerol Sigma Aldrich, St. Louis, MO, USA

Halt™ Phosphatase Inhibitor Cocktail

Thermo Fisher Scientific, Waltham, MA, USA
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HEPES Invitrogen, Waltham, MA, USA
Hoechst 33342 Thermo Fisher Scientific, Waltham, USA
KCl Sigma Aldrich, St. Louis, MO, USA
KH,PO, Sigma Aldrich, St. Louis, MO, USA
Leupeptin Sigma Aldrich, St. Louis, MO, USA

LPS from E. coli (O111:B4)

Sigma Aldrich, St. Louis, MO, USA

Mercaptoethanol Sigma Aldrich, St. Louis, MO, USA
Methanol New England Biolabs, Ipswich, MA, USA
Na,HPO, Sigma Aldrich, St. Louis, MO, USA
NP-40 Sigma Aldrich, St. Louis, MO, USA
Penicillin Invitrogen, Waltham, MA, USA
Pepstatin Sigma Aldrich, St. Louis, MO, USA

Phenylmethylsulfonylfluorid (PMSF)

Sigma Aldrich, St. Louis, MO, USA

Phosphate Buffered Saline (PBS)

Sigma Aldrich, St. Louis, MO, USA

Recombinant murine IL-4

Peprotech, Rocky Hill, NJ, USA

Recombinant murine IL-10

Peprotech, Rocky Hill, NJ, USA

RPMI 1640 Cell Culture Medium

Invitrogen, Waltham, MA, USA

Sodium Chloride (NaCl) Sigma Aldrich, St. Louis, MO, USA
Sodium Dodecyl Sulfate (SDS) Sigma Aldrich, St. Louis, MO, USA
Sodium Fluoride (NaF) Sigma Aldrich, St. Louis, MO, USA

Sodium Orthovanadate (Na;VO,)

Sigma Aldrich, St. Louis, MO, USA

Streptomycin

Invitrogen, Waltham, MA, USA

Tetramethylethylenediamine (Temed)

New England Biolabs, Ipswich, MA, USA

Tris-HCI

Sigma Aldrich, St. Louis, MO, USA

TritonX Sigma Aldrich, St. Louis, MO, USA
Trypsin Invitrogen, Waltham, MA, USA

Tween 20 Sigma Aldrich, St. Louis, MO, USA
Ultra V Block Thermo Fisher Scientific, Waltham, USA
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Antibodies

Company

p-actin (mouse)

Sigma Aldrich, St. Louis, MO, USA

p-Tubulin (mouse)

Sigma Aldrich, St. Louis, MO, USA

Akt (rabbit)

Cell Signaling, Beverly, MA, USA

APC-CD86

e-Bioscience, San Diego, CA, USA

Arg-1 (rabbit)

Cell Signaling, Beverly, MA, USA

Arg-1 (rabbit)

Santa Cruz, Dallas, TX, USA

CD11b (rat)

Novus Biologicals, Littleton, CO, USA

c-Jun (H-79) (rabbit)

Cell Signaling, Beverly, MA, USA

COX-2 (rabbit)

Cell Signaling, Beverly, MA, USA

COX-2 (goat)

Santa Cruz, Dallas, TX, USA

Cyanine (Cy-2)-goat anti-rabbit

GE Healthcare, Vienna, Austria

Cyanine (Cy-3)-goat anti-mouse

GE Healthcare, Vienna, Austria

Cyanine (Cy-3)-goat anti-rabbit

GE Healthcare, Vienna, Austria

Cyanine (Cy-3)-rabbit anti-goat

GE Healthcare, Vienna, Austria

Horse Radish Peroxidase Conjugated Anti-goat (HRP

anti-goat)

Santa Cruz, San Diego, CA, USA

Horse Radish Peroxidase Conjugated Anti-mouse (HRP

anti-mouse)

Santa Cruz, San Diego, CA, USA

Horse Radish Peroxidase Conjugated Anti-rabbit (HRP
anti-rabbit)

Thermo Fisher Scientific, Waltham, USA

Iba-1 (rabbit)

Wako Chemicals, Neuss, Germany

iNOS (mouse) BD Biosciences, San Jose, CA, USA
iNOS (rabbit) Abcam, Cambridge, UK

IxBa (rabbit) Santa Cruz, Dallas, TX, USA
NF-kB p65 (rabbit) Cell Signaling, Beverly, MA, USA
p38 MAPK (rabbit) Cell Signaling, Beverly, MA, USA

p44/42 MAPK (Erk1/2) (137F5) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-Akt (Ser473) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-c-Jun (Ser63) II (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-IkBa (Ser32)-R (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-NF-kB p65 (Ser536) (93H1) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-IKK (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-p38
(rabbit)

MAPK (Thr180/Tyr182) (D3F9) XP

Cell Signaling, Beverly, MA, USA

phospho-p44/42 MAPK
(rabbit)

(Erk1/2) (Thr202/Tyr204)

Cell Signaling, Beverly, MA, USA

phospho-PKD/PKCpu (pPKD1, Ser744/748) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-PKD2 (Ser848) (rabbit)

Abcam, Cambridge, UK
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phospho-SAPK/JNK (Thr183/Tyr185) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-STAT1 (Tyr701) (rabbit)

Cell Signaling, Beverly, MA, USA

phospho-STAT3 (Tyr705) (D3A7) XP (rabbit)

Cell Signaling, Beverly, MA, USA

PE-CD206

e-Bioscience, San Diego, CA, USA

PE-CD40

e-Bioscience, San Diego, CA, USA

PKDI (rabbit)

Cell Signaling, Beverly, MA, USA

PKD2 (mouse)

Abcam, Cambridge, UK

PKD3/PKCyv (D57E6) (rabbit)

Santa Cruz, San Diego, CA, USA

RELMa (FIZZ-1) (rabbit)

Novus Biologicals, Littleton, CO, USA

SAPK/JNK (rabbit)

Cell Signaling, Beverly, MA, USA

STATI (rabbit)

Cell Signaling, Beverly, MA, USA

STAT3 (Tyr705) (D3A7) XP (rabbit)

Cell Signaling, Beverly, MA, USA
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Assay Kits Company
DCFDA Cellular ROS Detection Kit Abcam, Cambridge, UK
Elisa Development Kit ABTS Murine IL-1 beta | Peprotech, Rocky Hill, NJ, USA
Elisa Development Kit ABTS Murine IP-10 )

Peprotech, Rocky Hill, NJ, USA
(CXCL10)
Elisa Development Kit ABTS Murine MIP-2 .

Peprotech, Rocky Hill, NJ, USA
(CXCL2)
Elisa Development Kit Murine IL-6 (TMB ]

Peprotech, Rocky Hill, NJ, USA
EDK)
Elisa Development Kit Murine Rantes (CCLS5) ]

Peprotech, Rocky Hill, NJ, USA
(TMB EDK)
Elisa Development Kit Murine TNF alpha )

Peprotech, Rocky Hill, NJ, USA
(TMB EDK)
LDH Cytotoxicity Assay Kit Cayman Chemical, Ann Arbor, MI, USA
Nitric Oxide (Total) Detection Kit Enzo Life Sciences (ELS) AG, Lausen, Switzerland
Phagocytosis Assay Kit (IgG PE) Cayman Chemical, Ann Arbor, MI, USA
Pierce BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA
Pierce ECL Western Blotting Substrate Thermo Fisher Scientific, Waltham, USA
Pierce ECL Plus Western Blotting Substrate Thermo Fisher Scientific, Waltham, USA
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Solutions-Buffers-WB Gels

Acrylamide-Bis (100mL)

Acrylamide 30g, Bis-Acrylamide 0.8g

Blocking Solution

Low-fat Milk Powder 5g, Wash Buffer 100mL

Blotting Buffer (1L)

Tris 1.21g, Glycine 3.0g, Methanol 200mL

PAGE Running Gel (per Gel)

Acrylamide-Bis 2.9mL, 1.5M Tris Buffer pH 8.8 2.17mL,
H,0 3.53mlL, SDS 10% 86uL, Temed 4.36uL, APS 10% 76
pL

PAGE Stacking Gel (per Gel)

Acrylamide-Bis 0.326mL, 0.5M Tris-Buffer pH 6.8 0.5mL,
Glycerol 50% 1.65mL, SDS 10 % 21.5uL, Temed 1.25uL,
APS10% 19uL

PBS Buffer (1L)

NaCl 8g, KCI 0.2g, Na,HPO,2.2g, KH,PO, 0.2¢g

Ripa Buffer pH 7.4 (100mL)

Tris 605.7mg, NaCl 876.6mg, EDTA 37.22mg, NP-40 1% lg,
Na;VO, [200mM] 500uL, NaF [200mM] 500uL

Sample Buffer pH 6.8

Glycerol 10mL, SDS 2.15g, Tris 0.76g, Mercaptoethanol
2.25mL, Bromphenol Blue

SDS-PAGE Running Buffer (1L)

Tris 3.03g, Glycine 15.01g, SDS 1g

Stripping Buffer pH 6.8 (0.5L)

Tris HCI1 3.63g, SDS 10g, Mercaptoethanol 3.5mL

TBST Buffer pH 7.5 (1L)

Tris 3.03g, NaCl 8.77g, Tween 20 0.5g,

Wash Buffer pH 7.4 (1L)

Tween 20 0.5g, NaCl 9g, Tris 1.21g
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Table 1. Primers (Qiagen) used for qPCR analyses

Gene

Detected transcripts

Amplicon Length

Lparl
Lpar2
Lpar3

Lpard
Lpar5

Lpar6

Prkdl

Prkd2

Prkd3

NM_010336 (3362 bp)
NM_172989 (3451 bp)
NM 020028 (5701 bp)
NM 022983 (2494 bp)
NM 175271 (4237 bp)
NM 001163268 (1458 bp)

NM_001163269 (1393 bp)
XM 355812 (1458 bp)
XM 917685 (1458 bp)
XM 981874 (1387 bp)

XM 006506340 (2537 bp)

NM_175116 (2468 bp)

NM 008858 (3778 bp)

XM_006515586 (3805 bp)

XM_006515588 (4308 bp)

XM_006515589 (3220 bp)
XM 006515590 (3422 bp)

XM 006515591 (2593 bp)

NM_001252458 (3340 bp)

NM_ 178900 (3625 bp)
XM_006539444 (2087 bp)

NM_001171004 (5887 bp)

NM_001171005 (5083 bp)

NM 029239 (5884 bp)
XM_006525065 (5194 bp)

94

94

99

96
100

118

149

116

100
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_010336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_172989
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_020028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_022983
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_175271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001163268
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001163269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_355812
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_917685
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_981874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006506340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_175116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_008858
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006515586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006515588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006515589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006515590
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006515591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001252458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_178900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006539444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001171004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_001171005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=NM_029239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?holding=&db=Nucleotide&cmd=search&term=XM_006525065

Table 2. Gene primers utilized in qPCR arrays

Gene Detected transcripts Amplicon Size
Itgad NM 010576.3 161
Itga5 NM 010577.3 131
Itgav NM_008402.3 117
Itghl NM 010578.2 135
Itgh3 NM_016780.2 146
Itgh5 NM 010580.2 135
Mmp?2 NM_008610.2 141
Mmp9 NM_013599.2 95
Mmpl2 NM_008605.3 153
Mmpl4 NM_008608.3 99
Myh9 NM_022410.3 114
Rac2 NM_009008.3 90
Thch NM_025548.3 127
Vasp NM_009499.3 102
Vim NM 011701.4 134
Wasf2 NM_153423.6 121
Vegfa NM_009505.4 141
B2m NM_009735 112
Gusb NM_010368.1 148
Hprt NM 013556.2 152
Hsp90abl1 NM_008302.3 134
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http://www.ncbi.nlm.nih.gov/nuccore/114326553?report=genbank&to=9833
http://www.ncbi.nlm.nih.gov/nuccore/NM_010577.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_008402.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_010578.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_016780.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_010580.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_008610.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_013599.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_008605.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_008608.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_022410.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_009008.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_025548.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_009499.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_011701.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_153423.6
http://www.ncbi.nlm.nih.gov/nuccore/NM_009505.4
http://www.ncbi.nlm.nih.gov/nuccore/NM_009735
http://www.ncbi.nlm.nih.gov/nuccore/NM_010368.1
http://www.ncbi.nlm.nih.gov/nuccore/NM_013556.2
http://www.ncbi.nlm.nih.gov/nuccore/NM_008302.3

Table 3.

Primers (Qiagen) used for qPCR analyses

Gene Detected transcripts Amplicon Length

Itgad NM_010576 (9833 bp) 72

Itga$ NM_010577 (4397 bp) 136

Itgav NM_008402 (7055 bp) 66

Mmp9 NM 013599 (3174 bp) 104

Mmpl4 NM_008608 (2597 bp) 122

Vasp NM_009499 (2267 bp) 88

Wasf2 NM_ 153423 (4088 bp) 129

Vegfa NM_001025250 (3547 bp) 62
Table 4. Primers (Invitrogen) used for qPCR analyses
Gene Forward primer (5’-3) Reverse primer (5°-3’) Length (bp)
Ccl5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC 104
Cxcll0 | AGTGCTGCCGTCATTTTCTG ATTCTCACTGGCCCGTCAT 122
Cxcl2 AGTGAACTGCGCTGTCAATG GCCCTTGAGAGTGGCTATGA 126
ip TGTGAAATGCCACCTTTTGA GGTCAAAGGTTTGGAAGCAG 94
1l6 TGATGCACTTGCAGAAAACA ACCAGAGGAAATTTTCAATAGGC 109
Tnfo CCACCACGCTCTTCTGTCTAC AGGGTCTGGGCCATAGAACT 103
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Appendix II

Table 1 Physiological roles for LPA signaling

Phenotype Esmblished roles for LPA signaling

Nervous system Growth/development Proliferation and differendation of neural progenitor cells (NPCs)
Neurogenesis

Ionic conductance changes
Neuronal survival

LPA production by neurons
Astrocyte proliferadon

Morphology Morphological changes in NPCs, neurons, and astrocytes
Cortical actin assembly in Xenapus neurons
Synapse formation

Cellular interacton MNeuronal differendation by aserocyte-derived soluble factors

Mpyelination Differendadon of oligodendrocytes
Morphological changes in Schwann cells
Proliferation and survival of Schwann cells
Upreguladon of myelin P protein

Vascular system Vasculogenesis Frontal cephalic hemorrhages in Lparl =/~ and Lpari—/—/Lpar2-/-
Anglogenesis Severe vascular defects in ATX null
Vasculature maintenance

Vasoregulation Hypertension or hypotension by LPA
Endothelial cell death

Loss of vascular integrity

Increase in hydraulic permeability

Immune system T cell functions Chemotaxis

Cyrokine producdon

Apoptosis

Trafficking (reguladion by ATX)
Dendritic cell funcdons Maturadon

Chemotaxis of immature dendritic cells

Reproductive system Embryo implantation Timing and spacing of implantation
Reguladon of prostaglandin pathways

Spermatogenesis Survival factor for germ cell
Sperm motility

Others Possible role in male sexual function, ovarian funcrions, ferdlization,
decidualization, pregnancy maintenance, and parcuridon
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Table 2 Pathophysiological roles for LPA signaling

Pathological

conditions

Established roles for LPA signaling

Neuro-inflammation

Asrrogliosis by LPA injection
LPA; upregulation in activated microglia

Nerve injury

LPA; and LPA; upregulation after nerve transection

MNeuropathic pain by LPA injection

Substance P release by LPA

Resistance to partial sciatic nerve ligadon—induced neuropathic pain in Lpar! /'~ or ATX null

Schizophrenia Cranial dysmorphism in Lper 1=/~
Defect in the prepulse inhibidon in Lpar—/—
Alteration of 5-HT system in Lpar] =/~
Reducdon of Risperidone efhcacy
Atherosclerosis LPA accumuladon in atherosclerotic plaques

Platelet activadon

De-differentistion of vascular smooth muscle cells (VSMCs) by LPA

Defect in migration of SMCs from peri=/ ~/Lpar2=~

Reducton in necindmal lesions of carotd arery ligation in Lparl—/—/Lpar2 -/~

Wound healing

Secredon of LPA from activated platelets

Mitogenic/migratory effect on endothelial cells, SMCs, and fibroblases
Closure of wounded endothelial monolayers

Promotion of repair processes in wounds

Cancer

Owarian LPA as ovarian cancer activading facror

Potent promumorigenic effece (by LPAg; pardally by LPA) or LPA;)
LPA; upregulation in some cancers

Involvement in hypoxia-sdmulated tumorigenic processes

Gastrointestinal Prowmorigenic effect (by LPA; and LPA;)
LPA;-mediated mumor formatdon
Regulation of known signaling molecules

Lung Promotion of cancer aggressiveness

ATX as a motlity stimulating factor for cancer cells
Sdmulation of angiogenesis during tumor formatdon
Possible involvement in breast cancer, prostate cancer, and glioma

Airway disease

Increased LPA levels in asthma
Possible role for LPA signaling as an and-inflammarory factor

Fibrosis Pulmonary fibrosis (PF) Increased LPA level in PF
Reduced mortalivy in Lpari =/~
Tubulo-intersdtial fibrosis (TIF) | Reduced TIF by genetic and pharmacological inhibidon of LPA, activiy
Enhanced LPA secretion and LPA| up-regulation in TIF
Liver fibrosis Enhanced LPA level and ATX activity in patients or animal models
LPA-induced proliferation of stellate cells and hepatocytes
Obesity ATX upregulation during adipocyte differentiation

ATX upregulation in obese-diabetic mice or in glucose-intolerant obese women
Anti-adipogenesis

LPA or ATX secredon by adipocyes

Sdmuladon of modlity and proliferadon in preadipocytes

Higher adiposity in Lpar]—/~ compared o wild type

Reguladon of blood glucose metabolism
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