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Abstract

Genome-wide association studies linked increa@8MDL3 expression
levels to several inflammatory diseases via singlecleotide
polymorphisms. However, the pathophysiological na@$ms underlying
this association are still poorly understood. ORMproteins have been
shown to regulatde novasphingolipid synthesis among other functions, a
process important for proper innate immune respoasel its imbalance
was furthermore associated to asthma disease.tfiésss was aimed to
provide further inside into the ORMDL-SPT complexrhation and to
elucidate potential involvement of ORMDLS3 in machage physiology
using a transgenic mouse model. We herein demoedtthat a structural
rearrangement under high sphingolipid content tgdese, in order to
release SPT activity. Moreover, ORMDL3 levels dasexl cellular
ceramide content in macrophages, and specificalpaired thede novo
synthesis during activation leading to reduced phagy and bacterial
clearance. In addition, we explore the SNP-dependegulation of
ORMDL3 gene expression in human monocytes. Taken togethisr
thesis contributes to a better understanding of ithelication of
ORMDL3 in sphingolipid homeostasis and underlinissimportance in
macrophage physiology.

Resum

Alguns estudis d’associacié genomica han relaciamataugment dels
nivells d’expressio6 d’'ORMDL3, causat per polimonfiss d'un sol
nucleotid, amb diverses malalties inflamatoried. iTaxi, els mecanismes
fisiopatologics subjacents a aquesta associaciéonodel tot coneguts.
Les proteines ORMDL estan involucrades en la didtesfingolipidsde
novq un procés essencial per a la resposta immundartgus innat i que
ha estat associat amb I'asma. Aquesta tesi téeldtibj d’aprofundir en la
formacié del complex ORMDL-SPT aixi com d’elucidir potencial
implicacié6 d’ORMDLS3 en la fisiologia dels macrofagslitzant un model
de ratoli transgenic. Els nostres resultats demostm rearranjament
estructural quan hi ha un alt contingut d’esfingiol§, per tal d'alliberar
'activitat de I'SPT. A més, els nivells dORMDL3igininueixen el
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contingut cel-lular de ceramides i afecten esprifent la sintesie novo
durant I'activacié dels macrofags, produint unaumib en I'autofagia i la
liquidacié bacteriana. Addicionalment, hem explort regulacio
d’ORMDL3 depenent de polimorfismes en monocits hasn&n conjunt,
aquesta tesi contribueix a un coneixement més pdotle la implicacio
d’ORMDL3 en la homeostasi d'esfingolipids i remarda seva
importancia en la fisiologia dels macrofags.



Prologue

Genome-wide association studies are a powerfulttelucidate genetic
causes for complex diseases, since the identidicatf variation in
individual nucleotides with a high allelic frequeniound in the disease
often leads to the discovery of new candidate gefedowing this
GWAS approach, the SNP rs7216389 was strongly @&pdoducibly
associated to the risk of developing asthma diseasd other
inflammatory diseases, such as inflammatory bowstase, rheumatic
arthritis and diabetes type |, which came alondwitreasedDRMDL3
expression levels. This led to the hypothesis @RMDL3 might play a
role in the regulation of the immune system, somelfiacilitating the
development of inflammatory diseases. However, fthections of the
ORMDL proteins are just about to reveal and subjethis study; to date
their involvement in calcium homeostasis, ER stt@sd UPR response
and de novosphingolipid biosynthesis regulation is describ&everal
cellular subsets of the immune system have beeesiigated, such as
eosinophiles, mast cells and T-lymphocytes and sdoimpairment of
their activational process. In this thesis we feclsn macrophages, as
they display key players in the innate immunity gtaly a central role in
early pathogen recognition and cross-talk with othellular subsets
during inflammation. According to the ORMDLs furmti asde novo
sphingolipid regulators, the macrophage activatisnan extremely
interesting process of investigation, since itgppranduction depends on
de novosphingolipids. This thesis provides a better usiderding of the
regulatory role of ORMDLSs in physiological macrogleaactivation, the
impact of sphingolipids in this process and impartaonsequences. In
addition, we evaluate if the activation of humannmoytes shed light on
possible relation to its pathophysiology.
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I. INTRODUCTION



INTRODUCTION

1. ORMDL family

The evolutionary conserved gene family encodingdi@somucoid-like
(ORMDL) proteins was first reported by Hjemlgvistdacolleagues. The
ORMDL1gene was identified in the same genomic regiothasnitially
characterized retinitis pigmentosa locus RP26 &t25B3". Full-length
ORMDL1 as template in a nucleotide database seawdaled that this
family comprises two additional members in hum&@RMDL2(12q13.2)
and ORMDL3 (17g21.1). Although the human ORMDL homologs
mapped to different chromosomes, they show a cweedegenomic
structure of three coding exons as well as exammnboundaries. All
three genes are ubiquitously expressed in adultferadl tissues with a
lower expression in heart, brain and skeletal nauskiterestingly, the
number of genes varies in invertebra@scerevisaandA. thaliashowed
two copies each, whil€. intestinalis D. melongasterS. monacensisnly

displayed one single copy.

The human ORMDL proteins consist of 153 amino acidgh an

estimated molecular mass of 17.4 kDa and sharendr80% of sequence
identity. Pairwise comparison between human and sexoarthologs
showed more than 95% of identity. It can be visagliin a phylogenetic
tree that each human ORMDL protein has a conseceethterpart in
vertebrates, separating them from the other twodbras of plant and

yeast (Fig.1).
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Figure 1. Phylogenetic tree of ORMDL aminoacid segences.Vertebrate
ORMDL1 are highlighted in yellow; vertebrate ORMDL& blue, vertebrate
ORMDL3 in green, plant ORMDL in purple, and yeasRMIDL in orange.
Species abbreviations are as followsap, human; Mmus, mouse; Rnor, rat; Sscr,
pig; Btau, cow; Ggal, chicken; Xlagenopus laevisStro, Silurana tropicalis Frub,
Takifugu rubripes(pufferfish); Drer, Danio rerio (zebrafish); Cint,Ciona intestinalis
Dmel, Drosophila melanogasterAtha, Arabidopsis thaliana Hvul, Hordeum vulgare
(barley); ShicSorghum vulgareSreb,Stevia rebaudianaLesc,Lycopersicon esculentum
(tomato); GmaxGlycine maxsoybean); MtruMedicago truncatulaLpen,Lycopersicon
pennelli Zmay, Zea mays (maize); Scer, Saccharomyces cerevisjaeSmon,
Saccharomyces monacensBpom,Schizosaccharomyces pomiiEun, Encephalitozoon
cuniculi. Adapted from Hjelmiqviset al, 2002

As mentioned above, there are only two orthologscdeed in yeast,
namely Orm1 and Orm2 with a sequence identity olua85% compared
to human orthologs. These proteins exhibit longama- and carboxy-
terminal tails than human ORMDLSs. Single and downieckout mutants
were viable and showed no morphological chafdges

1.1 Protein structure and location

Subcellular localization of the ORMDL proteins ihet Endoplasmic
Reticulum (ER) has been shown by immunofluorescestadies using

heterologous expression systems and specific atdiboagainst the



INTRODUCTION

endogenous ORMDLs in various cell tyges

ORMDLs are transmembrane proteins, however thereoistroversy
about the number of segments crossing the ER mempsince protein
sequence alignment studies led to the predictiawedsn two to four
putative transmembrane domaih$’. Based on fluorescence protease
protection assays, our laboratory proposed a stralctmodel of two
transmembrane domains with a luminal loop inside BR lumen, in
which the amino- and carboxy-terminal ends weréntathe cytosoF.
The human protein structure of ORMDL3 is represgiimeFigure 2 by its

amino acid sequence.

TN L IHNMGM YIFLHTVKGTPFET

'Ir_ w o
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MNVGTAHSEVNPNTR v,
R Nty
N-Terminal Tall SLMSVLIPKLPQLHGVRIFGINKY

Figure 2. Structure of human ORMDL3. Aminoacid sequence of human
ORMDL3 displays two transmemebrane segments witimanal loop, whereas
C- and N- terminal tails face the cytosol. Imageadted from Carreras, 20£4

1.2 Genome wide association studies

Genome wide association studies (GWAS) provide wepkul tool to
analyze DNA sequence variation across the humaongerin order to
identify genetic risk factors for complex diseastlerefore the genome

of a healthy control population is sequenced andpzoed to one of a
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disease state and single nucleotide polymorphiSShd>§) are analyze
SNPs are single base pair changes associated ditiease if one type
the variant or one allele is occurring with a higlfrequency in peopl

with the diseas@&

The unbiased GWAS approach has reconfirmed exidtitg on candidte
gene studies with an increased cohort size andnipmportunity tc
discover novel target genes. But it is a challetydiscard non-causal
SNPs that are simply in linkage disequilibrium witliseas-causing
genes. Therefordunctional studies are ivitable to confirm biological

relevance for those SNPs.

{1% FDR— — s =2

—log,y(P-value)

T T T T T T T T T T T
1 2 3 4 ] 6 7 8 9 10 11 12 13 14 15 17 19 21 X

Chromosome

Figure 3. Genomewide association of SNPs with asthm317,447 SNPs have
been linked to asthma in this study w4 asthmatic children and 1,243 -
asthmatic children. Epicted on the x axiis the position in the genome divided
by chromosomes; the y axis displaysergth of associatiorEvery black circle
demonstrateshe result for each individual marl, whereas the red horizontal
lines define the genome-wide threstwlfor 1% an 5% false discovery rates
(FDR). Chromosome 17921 showammerous markerof association to asthma
above the 1% FDR threshold in the region of maximassociatior Image
reproduced from Mofatt al 2007°.

Accordingly, GWAS were used to identify genes thmght be involvec
in asthma pathogenesis Multiple SNPs were elucidated on chromosome
17q21 that linked ORMDLS3 to the risk of developicitjldhood asthm™

(Fig.3). In this study the SNP with the strongest evidenfcassociatior
was rs7216389. It is tated within the first intron of the neighbori
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gasdermin B (GSDMB) gene. Part of this non-codiegion shows high
homology to the pro-inflammatory transcription facCCAAT-enhancer-
binding protein beta (C/EBPR). Genetic variatiorttas SNP (T allele)
was shown to increas@RMDL3transcript levels, thereby determining the
susceptibility to childhood asthm& The pooled odds ratio of the T allele
was 1.37 as obtained in a meta-analysis combinlhd.la published

association studies of rs7216389 polymorphism asgtthma 2%

Several studiebave consistently replicat€édRMDL3as a candidate gene
for asthma susceptibility in ethnically distinctpubations in GWAS and

non-GWAS genetic association studig 202272

Moreover, the 17921 asthma susceptibility locus @RMDL3 has been
linked to other diseases, such @mhn’s diseasé”?° primary biliary
cirrhosis® 2 diabetes type ¥, ulcerative coliti€, glioma**, white blood
cell count®, rheumatoid arthriti€>*’, allergic rhinitis®, cervical cancet’
and IL-17 production *, suggesting the implication of ORMDL3 in

dysregulating the immune system.

= PERLD1 GRB7— < JKZF3 = GSDMB GSDMA— CSF3—= THRA—=
-— ] — L] [ (]
ERBB2—> ZPBP2—> = ORMDL3 PSMD3—>
-, i - —
STARD3—~ ~C170rf37 = MED24
] [ a-—
TCAl.P—-
PNMT—>
T T 1
35 36.1 35.2 353 35.4 35.5

Position on chr17 (Mb)

Figure 4. Schematic of chromosome 17The region between 35.0 and 35.5 Mb
on chromosome 17 is displayed with t6®MDL3 surrounding genes. Vertical
lines delineate asthma-associated SNPs. Image deged from Granelet al
2013"

The asthma susceptibility locus located between 35.0 and 35.5 Mb on
chromosome 17 and contains at least 15 genes. Howthe expression

of only three of these genes have been assocmatstima-related SNPs,
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which are the lkaros zinc finger protein 3 (IKZFB)aying a role in the
regulation of lymphocyte development; GSDMB, invexvin epithelial
cell barrier function and ORMDL¥ (Fig.4).

GSDMB and ORMDL3 have been most intensively studetause their
transcript levels seem inter-connected in a cislegpn **. Moreover,
rhinovirus infection was shown to affect the gepetynediated
expression of both genes, which is known to incagtbma exacerbations
. The allele-specific expression of ORMDE3was proposed to be the
functional mechanism for the predisposition to asthbut the subsequent
discovery that gene regulation also occurs forraftagscripts in the same

region pointed towards a more complex regulatorghaaism.

1.3 Regulation of mammalian ORMDL3 expression

The ORMDL3 promoter is fully unmethylated independent from the
genotype, thereby linking gene transcription disettd genetic effects and
allele expressioff’. The putative promoter region for the ma@@RMDL3
isoform showed high promoter activity in all ceilhds tested with no
allelic effect. However, allelic variation in exgsgon has been postulated
to arise from the interaction between several gempetlymorphisms and
epigenetic factors. A genomic region overlappinthwiheZPBP2gene at
least 31 kb away from th@RMDL3 gene exerts in vitro promoter and
enhancer activity as shown due to its nucleosonoeigancy and DNA

methylation®.

The ORMDL3 promoter was first claimed to be locat&d position

-84/+58 in reference to the transcription startugege (TSS). Mutation of
this region revealed that ORMDL3 expression waseuride control of
Ets-1, p300 and CRES (Fig.5).
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TSS Exonl Exon2  Exon3

-
A

( \

-84 Ets-1 P300 CREB -9
CCAGCGGAAGAAACTACAACTCCCAGAAGGCGTCGGGCGTGCCGGCGCGGGGCGGTGACGTACGGGGACCGGCGC
STAT6

Figure 5. Minimum promoter region of human ORMDL3. Schematic
representation of thO@RMDL3gene with its three exons. Sequence and putative
transcription factor binding sites of the minimalomoter of ORMDL3 are
underlined. Image is based on lehal 2012 and Quét al. 2013*.

Interestingly, intranasal administration of inteMeén 4 (IL-4) and
interleukin 13 (IL-13) in mice induced signal trdnser and activator of
transcription 6 (STAT6) activity, as well &RMDL3expression in lung
epithelial cells®. Based on the previously published ORMDL3 promoter
sequence®™ no STAT6 binding site was identified. Suggestitigt
STAT6 is indirectly regulatingORMDL3 expression via a STAT6-
dependent mediator in lung epithelial ceflsin the same study the
implication of STAT6 in ORMDL3 induction was confied using
STAT6 KO mice.

Another study evaluated the occurrence of a STAR@ibg motif in the
proximal murine promoter of ORMDL3 and found a pbkesbinding site
in human with a 76% homology compared to its cossernsequence,
which showed a strongly decreased promoter actidfter point

mutations™.

The subsequent characterization of the ORMDL3 ptemausing
luciferase assays narrowed the minimum promotenesese to the
position -64/-56 relative to the TSS. The STAT6diirg motif located in

this region was shown to interact with P300




10

ORMDL family

ORMDL3 expression also seems to be regulated bgpitwylation of
CREB transcription factor via the cAMP-dependenttgin kinase A
(PKA) allowing CREB binding to the proximal humamda mouse

promoter, thereby initiating transcription of ORMB{°42

1.4 ORMDL function

The ORMDL protein family was first postulated torfizipate in correct
protein folding and trafficking in the ER. Moreoye¢hese proteins seem
to be involved in the Unfolded Protein Response RUEue to their
location and response to ER stress inducers liké &7d Tunicamycir.
Nevertheless, the specific function remained unknawtil a genome-
wide association study (GWAS) linked ORMDL3 expresdevels to the
susceptibility of childhood asthnid. This finding raised the interest of
the scientific community and led to further studi¢she ORMDL family.
Besides, in the following years ORMDL3 was assedato other pro-
inflammatory diseases, such as astHfffa®****°=>!inflammatory bowel
disease (IBDj*"?% diabetes type ¥ and rheumatoid arthriti§*".

Until now this protein family has been shown totjggpate in three mayor
cellular processes: ER stress and UPR, intracelbalgium signaling and
thede novaosphingolipid synthesis. In order to have a beiteterstanding
of the function of this family of proteins, a geakeoverview of every

process will be provided before the descriptiothefrole in each of them.

1.1.1 ER stress and UPR

The endoplasmic reticulum is a cellular organetieolved in secretory
and membrane protein folding, lipid biosynthesid aalcium storage®>>
Therefore, disturbance of the ER homeostasis bgezing or impairing

its folding capacity leads to an abnormal proteiouanulation, generally
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referred to as ER stress. ER stress also be provoked by a variety of
pathophysiological conditions such as nutritionatfidency, viral
infections or mutation$**> In these ER stress situationn important
cellular response in order to restore the Eomeostasis is the unfolded
protein response (UPRJt combines at least three components: (1)
translational attenuation of protein synthesisnevent further loading ¢
proteins into the ER, (2) transcriptional inductiminchaperones, enzym
and stuctural components of the ER to enhance protdiirfg efficiency
and (3) the induction of ERssociated degradation (ERAD) to elimin
misfolded proteins®™® If the overload of unfolded proteiiis sustained

andcannot be resolved cells undergo ctosis.

The UPR is a tightly regulated signaling casccontrolled by three main
stress sensors: inosit@guiring protein 1 (IRE1), dout- stranded
RNA-dependent protein kinasike ER kinase (PERK) and activati
transcription factor 6 (ATF6Y (Fig.6).

ER lumen

Cytosol

Golgi l%
&
Blockage of nE ¥bp1/Hacl
translation |_ & r<d] ATES mRNA splicing
ATF4 ATFE Xbp1, Hact

N

J—_—Transcription of UPR genes

Nucleus

Figure 6. Branches of the UPR pathwa. The mammalian Unfolded Protein
Response (UPR) consists of the three ER stressrspriddns PERK, ATF6 and
IREL. Their specific signaling cascades are digmawltimately leading to tt
transcription of UPR geneblodified image fror Douglaset al. 2009%°.
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BiP regulation

All three UPR sensors get activated via dissoaiatib the ER-resident
chaperone glucose-regulated protein of 78 kDa (@RPalso known as
BiP, which is bound to each of their ER luminal ddmin resting
conditions®2 This binding maintains IRE1 and PERK in a mondamer
state. Misfolded protein accumulation triggers disstion from BiP
allowing their oligomerization and phosphorylatiéif®> The ER stress

activation of the different UPR signaling pathwagyslepicted in Fig. 3.
IRE1

Upon ER stress IRE1 gets trans-autophosphorylategoromote its
endoribonuclease activity at the cytosolic tail.cOrmactivated it regulates
the non-conventional mRNA splicing of the transtiop factors Hacl
and XBP1 to mediate transcriptional induction ochpérones and quality

control factor$*®"
PERK

ER stress induces PERK-dependent phosphorylatiothefeukaryotic
translation initiation factor alpha (elF2a), whideads to global
attenuation of protein synthesf§®® and selective translation of the
activating transcription factor 4 (ATF4). ATF4-matid induction of its
downstream target gei@HOP (GADD153)nsures supply of amino acids

and protection against oxidative stré5$>
ATF6

ATF6 dissociates from the ER chaperone BiP in nespdo ER stress and
is thereafter transported to the Golgi. Subseqpssteolytic cleavage by

site-1 and site-2 proteases in the Golgi releaseytasolic fragment
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(pS0ATF6) *"° This active form of ATF6 translocates to the eusl to
encode genes for the ERAD machinery and ER chapsfoff.

1.1.1.1 Involvement of ORMDLSs in UPR

ORMDLs were postulated to be involved in UPR sigitapathways soon
after their discovery. Hjelmqvist and colleagues 2602 found that
double-knockout yeast mutants showed growth impaitrafter treatment
with DTT and Tunicamycin, which are known inducers unfolded
protein accumulation in the ER lumen. This resak been reproduced by

several other lab<™"°

However, the involvement of human ORMDLSs in ER s¢rand UPR has
been of controversial matter. The first study irmam embryonic kidney
cells 293 (HEK293) was published by our laboratiomking ORMDL3
overexpression to an increase in elF2a phosphamwylaivhereas XBP-1
MRNA splicing, a process downstream IRE1 activatisas not altered.
Concluding that higher levels of ORMDL3 induce URRinly via the
PERK signaling pathwa¥

Another study showed a decrease in basal and ERssinduced UPR
after ORMDL3 overexpression as assessed by lusd#eractivity
monitoring the UPRE transcription activation folioly XBP1 splicing
downstream of the IRE1/ATF6 pathway

Induction of the ATF6 signaling pathway has beerseoked in lung
epithelial cells (A549) after ORMDL3 overexpressi@md in bone
marrow-derived macrophages (BMDM) from transgeni®RMIDL3
knock-in mice by ATF6 nuclear translocation studiés Whereas the
UPR branches like IRE1 (assessed by Xbp-1 mRNAisgl) and PERK
(assessed by eiF2a phosphorylation) showed natttes in A549 celfs

13
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Finally, a study performing siRNA knockdown of ORM® in airway
epithelial cells (1IHAE) and A549 cells reported differences in any of
the three UPR branches as assessed by previoussijtol method®.

Considering these evidences ORMDL proteins do ageha clear role in
the UPR pathway. However, since altering ORMDL3regpion level
activates UPR branches in different models, it seehear that their

activity is essential for ER homeostasis.

1.1.2 Calcium homeostasis

Calcium (C4&") is an important divalent cation acting as a ursse
second messenger for intracellular cell signalimgl garticipates in
numerous biological processes: from muscle contracto neuronal
activity, and from gene expression to cell prohté&sn and death
(reviewed in®"). Therefore, intracellular Gaconcentration needs to be
tightly regulated in order to ensure proper coamtion and cell

functioning among the versatility of processes.

The cellular C& signaling network is established by a gradieniwveen
the intracellular (around 100 nM) and extracellulanM) C&*
concentration allowing the cell to stimulate otfizf*-sensitive processes
depending on speed, amplitude and spatio-tempatiérp of the Ca
influx 8% Several stimuli trigger the rise in the fairlylaytosolic C&"
concentration under resting conditions. The saedalDN mechanisms
summarize the increase of cytosolic?Cthat can originate from either
entry of external Ca or its release from internal stores. The entry of
external C&" is performed by differentially activate@€&* channels
located on the plasma membrane, suchvalisage-operated channels
(VOCs), receptor-operated channels (ROCs) and-sfeeated channels

(SOCs). The release from internal stores is magdgtrolled by two
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channel families located in the ER, or in the skedasarcoplasmic
reticulum (SR) in muscle cells, the inositol- 1:#&iSphosphate receptors
(InsRR) and ryanodine receptors (RY®f> On the other hand, the OFF
mechanisms combine strategies for fast removalred 4" from the
cytoplasm carried out by several pumps and exchanyé® The
transport of C& out of the cell is performed by plasma membran&-Ca
ATPase (PMCA) pumps and NaC&* exchangers both located at the
plasma membrane, whereas the sarco-endoplasmiulueti ATPase
(SERCA) pump returns Gato the internal stores. Additionally, the
mitochondrion has an enormous “Cacapacity, which is rapidly
accumulated during the development of*Csignals and then slowly
released during the recovery phis& (Fig.7).

Metabolism
Secretion Neuronal excitability

Contraction Proliferation

Sensors (e.g. CAM)

SN
W

a2+

S

Stimulus/
<.

ROC
— C
/ InsP3R
SCaMPER —

CaZ+ | RyR

PMCA
InsP3 SERCR Na*/Ca?*

L Ca2t«— exchanger
1)
Buffers R

Figure 7. Basic mechanisms of (4 signaling. External stimuli activate the
Cd" ON reactions (red arrows) responsible for incregsiytosolic C& through
plasma membrane channels or from internal calcitores. C&" OFF reactions
remove C&' from the cytoplasm to return to resting levéVodified image from
Bootmanet al 2006%.
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1.1.2.1 Involvement of ORMDLSs in UPR

Our laboratory described the first mechanistic lxgtween ORMDL3 and
calcium homeostasis using a heterologous expresggiam in HEK cells
®. Overexpression of ORMDL3 not only showed a highasal cytosolic
C&" concentration, but also a reduced amount df €mred in the ER.
Slower kinetics of cytosolic Gareuptake into the ER after stimulation is
indicative for impaired SERCA activity*** ORMDL3 was shown to
directly interact with and inhibit SERCA pump, thby altering cellular
calcium homeostasfs Moreover, SERCA2b transcriptional induction has

been shown to depend on ORMDL3 expression |é¥els

A functional link between ORMDL3 levels and calcidltameostasis has
been provided in cells of the immune system: T-ljjogyte activation is
dependent on Gk signals following antigen binding to the T-cell
receptor. Elevation of cytosolic €adue to ER depletion is augmented by
a process called store-operated calcium entry (SCOCBromoting the
translocation of nuclear factor of activated T-sel[NFAT) and
subsequent transcription of the activation markeerieukin 2 (IL-2)%.
Overexpression of ORMDL3 has been shown to red@€E thereby
negatively affecting T-cell activation as measupgdNFAT translocation
to the nucleus and IL-2 production. Moreover, augedl mitochondrial
Ccd" uptake was shown at high levels of ORMDEB Placing the
ORMDLs at an important junction point of calciumnheostasis between
ER and mitochondrion, as both organelles are fanatly interconnected

at the mitochondrial-associated membranes (MAKIS)

The importance of C& signaling has also been demonstrated in
eosinophils, which showed decreased cytosolic** Clavels after
ORMDL3 knockout impairing the migration and degrimtion of these

cells®.
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2. Sphingolipid Synthesis

Regulation of sphingolipid synthesis is one of fhections of ORMDL
proteins. Since this thesis is mainly focused onMDR implication

therein, we present the detailed description iepasate chapter.

2.1 Structure and function

Sphingolipids belong to a class of lipids composéd sphingoid base
backbone that is made of a 18 carbon atom-contaiamino alcohol. In
mammals sphingosine is the predominant sphingoide,bavhich
represents the basic structure of ceramide thatHasg chain fatty acid
attached to the amino group. Ceramide can be fudheverted to more
complex sphingolipids by attachment of neutral,rghd, phosphorylated
or glycosylated moieties (Fig. 8). Sphingolipds streictural components
of the membrane (10-20% of membrane lipids) duthéar amphipathic
character as they contain polar and non-polar nsgiaVioreover,
sphingolipids can act as signaling molecules. Tthectural diversity of
these molecules explain their widespread involveémen cellular
metabolism, such as signal transduction, cell dnpvdifferentiation,
adhesion, migration, senescence, inflammation gaptasis'®®"% In
this context, sphingosine, ceramide, sphingosip&dsphate (S1P), and
ceramide-1-phosphate (C1P) are the main sphindatierivates involved
in cellular signaling events. Whereas sphingomyehhich contains a
phosphorylcholine attached to ceramide is the rmbahdant mammalian

sphingolipid and functions as a structural membi@raponent.

17



18

Sphingolipid Synthesis

Sphingosine Ceramide
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Figure 8. Chemical structure of important signalingsphingolipids.

2.2 The metabolism of sphingolipids

The metabolism of sphingolipids has been studieternsxwely and
represents a tightly coordinated interplay of be&ital pathways and
enzymatic reactions®™. Therein, ceramide plays a central role in both
sphingolipid synthesis and degradation and has pesnously described
as a metabolic hulf®. Overall, intracellular sphingolipids originateoin
extracellular uptake, degradation from more compgilghxingolipids ande

novosphingolipid synthesis (Fig. 9).

2.2.1 De novo synthesis

The initial reaction of thede novo sphingolipid synthesis is the
condensation of cytosolic L-serine and palmitoyk@oyme A (CoA).
This reaction is catalyzed by the rate-limiting wne serine
palmitoyltransferase (SPT) to produce 3-ketodihgghingosine (mostly
referred to as 3-ketosphinganingy. Followed by the rapid enzymatic
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reduction of 3-ketodihydrosphingosine at its ketgneup to convert it to
a hydroxyl group to form dihydrosphingosine (or isglanine) catalyzed
by the 3-KetoDiHydrosphingosine Reductase (KDHR)anNADPH
dependent manner. The third reaction is carriedgytihydro)-ceramide
synthase (CerS), which acylates sphinganine to dddoeramide by
addition of a fatty acyl-CoA. This reaction is walljusted, as in
mammals six different CerS have been describedy eacoded by a
distinct gene'®'® Interestingly, each CerS has a primary acyl-CoA
preference, thereby producing a specific dihydracéde profile. CerS1
utilizes mainly stearoyl-CoA and generates C18+wédta species™
CerS2 is producing long chain ceramide species digguC20-C26 as
substrates'; CerS3 utilizes middle to long chain acyl-CoA suates and
is mainly expressed in testis and epiderfifs™® whereas CerS5 and
CerS6 prefer palmitoyl-CoA as a substrate to geee€l6-ceramide
species ™' To date it is still unknown how sensitive bioseti
modulators of the ceramide metabolism are to changeacyl chain
length and how CerS activity is regulated to po&digtinfluence cellular
fate. The expression of the different CerS varietsvben tissues and the
de novoproduction of dihydroceramide can be induced byous stress
stimuli. Moreover, the binding of sphingosine-1-ppbat (S1P) -a
sphingolipid characteristic of ceramide breakdowmits binding site in
exclusively CerS2, leads to CerS2 inhibition, ssjgg a negative
regulation of CerS activity'". The last reaction of thele novo
sphingolipid synthesis is carried out by the enzydieydroceramide
desaturase (DES) with the introduction of a hydlogxyoup and
subsequent dehydration using NADPH to form a dobbied***'® The
product of the desaturation reaction with a dotoed between C4-C5 is

called ceramide.
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I_.amosyl:ceramide S1PP 1 l 8K
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Figure 9. Major pathways of sphingolipid metabolism This diagram shows
different pathways of ceramide production and deatian. The de novo
sphingolipid synthesis is displayed in pink. Cerdencan also be formed from the
hydrolysis of cerebrosides (green) or sphingomyébline) and metabolized by
ceramidases (orange). Image obtained from Ogreanah 2004,

The entire process afe novosphingolipid synthesis is taking place at the
cytosolic leaflet of the ER. All four enzymes invell are embedded in
the ER membrane with their catalytic sites facimg tytosol. In order to
function as a signaling molecule and to be furthecessed to more
complex sphingolipids, membrane-bound ceramide wethvery low

solubility in agueous environments needs to besprarted to the Golgi.
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2.2.2 Transport from ER to Golgi

The ceramide transport from the ER to Golgi canntediated by a
vesicular and a non-vesicular mechanism. The nerewvkar transport is
performed by the ceramide transfer protein (CERWDjch comprises
donor membrane (ER) and acceptor membrane (Gokgpgnition
domains and a hydrophobic pocket for direct cerantithding. CERT
shows preference for ceramides with an acyl chamgth less than C22
120121 The vesicular transport is much less charactrizewever it might
be the main pathway of ceramide transport to theGagilgi **2 The
transported ceramides are then further processed camplex
shphingolipids like sphingomyelin, galactosylspluligids
glucosylsphingolipids that differ from the residattached to the C1-

headgroup of ceramidé’®

2.2.3 Sphingomyelin synthesis

The most abundant mammalian complex sphingolipidpisingomyelin
generated via the transfer of a phosphocholine dreag from
phosphatidylcholine to ceramide by sphingomyelimtgse (SMS)
resulting in diacylglycerol (DAG) and sphingomyelin(SM).
Sphingomyelin plays an essential role in cell vighibecause inhibition
of its production by CERT mutation or defectsde novosphingolipid
synthesis leads to cell deatff. Interestingly, ceramide and DAG show
opposite effects on proliferation and survival, gegting that SMS has a
regulatory function therein. To reverse its acclatiah sphingomyelin

can be hydrolyzed to ceramide via sphingomyelinases

2.2.4 Phosphorylation of ceramide

Ceramide is mainly used to form more complex spblipgls, but its

phosphorylation is another process that occurshm trans-Golgi by
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ceramide kinase (CERK). CERK shows preference doamides with an
acyl chain length of more than C12 and its activ@tyenhanced by the
presence of calcium and magnesium to form ceraipleesphate (C1P)
125 C1P enrichment coming from specific ceramide yrears in several
cell types or tissues is partially influenced by delective CERT transport
to the Golgi**®. Addition of C1P to BMDM after M-CSF removal retad
in a decreased apoptosis induction, suggestingn@ortant role in cell
survival **’. C1P can also be converted back to ceramide bgdtien of

phosphatases located in the plasma membfane

2.2.5 Degradation

Catabolizing sphingolipids is an extremely impottanechanism in order
to circumvent the overload of lipids in cells asties, especially because
their hydrophobicity impedes excretion. All complgphingolipids follow
the stepwise degradation to ceramide, sphingosime &nally
sphingosine-1-phosphate (S1P). The enzymatic da@mylof ceramide to
produce sphingosine is performed by tissue-specderamidases,
classified by their pH optima. The subsequent phospation to form
S1P is carried out by two distinct Sphingosine kKem (SK1; SK2).
Translocation of SK1 from the cytosol to the plasmambrane upon
stimulation enhanced its activity and led to extladar release of the
signaling molecule S1P* thereby favoring cellular proliferation and
survival*>*3! SK2 is mainly localized in the nucleus with wideibstrate
specificity than SK1. In contrast to SK1, it wa®wsim to induce apoptosis
upon overexpressiolf? since the generated S1P in the nucleus distal

from the membrane is less likely to be exported.

The final step in sphingolipid degradation is thenwersion of S1P to
hexadecenal and phosphoethanolamine by Sphingbdti®sphate

Lyase (SPL), an enzyme exclusively localized toER,
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2.3 Serine Palmitoyl Transferase

2.3.1 Structure of SPT

SPT, the enzyme initializingde novo sphingolipid synthesis, was
described as a heterodimer bound to the outer nemabrof the
endoplasmic reticulum and its activity is dependent the cofactor
pyridoxal B-phosphate (PLP)** Each SPT subunit is composed of
several putative transmembrane domains with theriihus facing the
ER lumen and the C-terminus facing the cytosotj@es the catalytic site
%5 Three genes encode SPT, namely SPTLC1, SPTLC2tendnhore
recently identified SPTLC¥"'* The subunits of SPTLC1 (55 kDa) and
SPTLC2 (65 kDa) show 20% similarity and are higbnserved among
species, whereas SPTLC2 and SPTLC3 (63 kDa) share tman 80% of
similarity **”. The active heterodimeric form of SPT is composgthe
subunit SPTLC1 and either SPTLC2 or SPTLC3, of Whadaly the latter
two contain a PLP binding site and are therefoiegoeonsidered as the
catalytic subunits™***® They differ in their acyl-CoA recognition
affinities: SPTLC2 metabolizes predominantly pabwitCoA; whereas
SPTLCS3 utilizes shorter acyl-CoAs, like lauroyl-damyristol-CoA '*,
The requirement of SPTLC1 apart from contributireg the catalytic
activity was proposed to lay in the stabilizatidrtree complex within the
ER . Interestingly, it was also proposed that thevea8PT complex is
composed of all three subunits, as a large pratmnplex of 460 kDa was
detected by immunoprecipitation, native gel analysross-linking and

size exclusion chromatography studi&s

Additionally, two so-called small subunits of thenan SPT complex
(ssSPTa, ssSPTh) were described to be requirednfotimal enzyme
activity. Both isoforms activate the SPT compleith@ dimerized with
SPTLC2 or SPTLC3) by direct interaction with theTEE1 subunit,
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further determining acyl-CoA preferentfé

2.3.2 Expression of SPT

SPT is ubiquitously expressed with a tissue-spegfattern of the
different subunits, thereby favoring a SPT compiesmation with the
predominant catalytic subunit: SPTLC1 is relativdyw expressed
throughout the different tissues; it only shows hieig expression in
pancreas, placenta and lung. SPTLC2 is high in,lwmmne marrow,
spleen, stomach and peripheral blood cells. SPTisG8gh in placenta,
skin, adrenal gland, testis, uterus, salivary, fates and kidney.
Interestingly, SPTLC3 is absent in peripheral blooglls and bone
marrow **’. SPT plays an essential role in embryonic devetpm
because homozygous SPTLC1 and SPTLC2 knock-out diealuring
embryogenesi§®.

2.3.3 Regulation of SPT

SPT activity needs to be well adjusted in orderntaintain cellular

sphingolipid homeostasis. In this respect, theee saveral inducers of
SPT activity, such as UVA, Endotoxins and Tetrabgdnnabindf*~4°

SPT is not only regulated at the transcriptionaélebut is also blocked
by specific inhibitors. The most potent and widaked natural inhibitor
of SPT is myriocin (Myr, Ki=0.28nM) acting on thatelytic site, among
others such as L-penicillamine, sphingofungin B agdloserine™*" %
(Fig. 10). Nevertheless, the exact mechanisms labition are not very
well understood. Moreover, ORMDL proteins have bemtently

described as endogenous negative regulators ohSity.
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Figure 10. Inhibitors of SPT. Several natural product inhibitors of the firsterat
limiting enzyme ofde novosphingolipid synthesidmage obtained from Lowther
etal 2012™°.

2.4 Involvement of ORMDLs

The first experiments claiming that ORMDL proteiase involved in

sphingolipid synthesis were performed in yeast. Tt main

observations confirming this hypothesis were: 1ukle-KO of Orms

caused higher levels of sphingolipids and 2) thveme a direct interaction
between Orms and both yeast SPT subhifs

Further studies revealed, that the SPT regulatyo®imns is dependent on
cellular sphingolipid levels. Low levels lead toetiphosphorylation of
both Orm orthologs at their N-terminal tails. Orget phosphorylated by
two different kinases: YPK, downstream of TORCZ and Npril
downstream of TORC1°. Multiple phosphorylation sites provoke the
gradual dissociation from SPT, thereby releasiagdtivity to cover the
demand of sphingolipid€. On the other hand side, if sphingolipid levels
are high, two different phosphatases can dephoglaiterthe Orms:
Tap42 phosphatase complex downstream TORCAnd Cdc45-PP2A,
which is activated under the heat stress resptnsEaken together, these
findings place Orms as negative regulators of SPA @itical step of the
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de novosphingolipid synthesis. Where they act in suppbsgphingolipid
homeostasis via a phosphorylation-mediated feedhmak (Fig. 11). In
this respect, it is important to state that theutatgpry region of the N-
terminus with multiple phosphorylation sites delsed in yeast is absent
in the mammalian ORMDL isoformis”

SPT Sphingolipids = ERstress//Unfolded
protein response
Cdc45-PP2A
Tap42 Calcium
m calcineurin

ORM1/2 ph- ORM1/2

IORIVIZ
Nprli . TORC1
YPK  CNAS20IT toRe2 \
Heat stress

Starvation

Figure 11. Orm1 and Orm2 participate in sphingolipd homeostasisOrm1
and Orm2 inhibit SPT activity, thereby reducidg novosphingolipid synthesis.
The regulation mechanism implies phosphorylatiorkimases and phosphatases
downstream of TORC proteins. Another mechanism icapd is the
Cd"/calcineurin induced upregulation of Orm2. Image¢adted from Carreras,
2014°,

Regarding the implication of human ORMDLs die novosphingolipid
synthesis, a conserved role compared to yeastloghovas detected.
Firstly, expression of human ORMDL3 reverted growinest in yeast
double-KO mutants for Orml1 and Orm2". Secondly, co-
immunoprecipitation between ORMDL3 and SPTLC1 ia thammalian
system showed a direct interaction, resulting ievaled sphingolipid
levels after complete ORMDL-KO"*% And lastly, ORMDL proteins are
able to sense intracellular sphingolipid conteheréby confirming that
the inhibitory function on SPT is mediated by a ateg feedback loop
also in human cell line§*. The three ORMDL proteins are thought to
have a redundant function regarding ttee novosphingolipid synthesis,
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since all three ORMDL isoforms must be depletedtdmpletely block
synthesis, whereas pairwise or single KO is noficent ** However,

until the first scientific contribution of this this, the impact of
overexpressing individual ORMDL proteins on SPTdiimn has not been
fully elucidated. This is important because the oamgion to the
pathophysiology implies expressional changes ofittdgvidual family

member ORMDL3. Recent studies have also showedothekxpression
of ORMDL3 alone did not inhibit sphingolipid biosyresis in HeLa cells,

airway epithelial cells and macrophag&s=°

In the context of regulated expression, an uprdigmaof ORMDL
proteins in response to high SPT enzymatic actigityl the opposite
effect after blocking it with myriocin was reportethis upregulation was
also abolished after fumonisin treatment, a spedaifiibitor of ceramide
synthases. This reaction occurs downstream of SPThé de novo
sphingolipid synthesis, indicating that ORMDL piiogeare sensitive not
to de novosphingoid bases, but rather ceramide or other diveam
metabolites'’. Moreover, not the ORMDL expression levels itsélfit
rather the stoichiometry between SPT and ORMDLsnse® determine
enzyme activity®. Interestingly, ORMDL-SPT complex formation is not
altered depending on sphingolipid levels. It waard¢fore suggested that

ORMDLs change their conformation towards an inbityitstate in order

to block sphingolipid synthesis®. Taken together, these studies provide

further insight into the regulation of tlde novosphingolipid synthesis by
ORMDL proteins, but this complex mechanism of iattion and

regulation still needs further investigation.
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2.5 Sphingolipids and disease

2.5.1 Genetic disorders

Hereditary Sensory and Autonomic Neuropathy Tygel$AN-I) is an
autosomal dominant progressive degeneration of omsyrwhich is
mapped to mutations in th8PTLC1gene on chromosome §°!%
Initially, four point mutations were identified csative for the disease
(C133wW, C133Y, V144D, and G387A). These mutatioh®wsed a
negative effect on SPT activity and sphingolipiddgarction by interfering
with the interaction site of SPTLC1 and SPTLC2, wmlas SPT
expression levels in lymphoblasts of HSAN-I patsentemained
unchanged ™*'% Additional disease-causing mutations were also
discovered in the SPTLC2 gene (V359M, G382V, ar@t resulting in

a decreased SPT activit}"**. SPT mutants show altered specificity for
their amino acid substrate. In fact, they are dblese L-alanine or L-
glycine as alternative substrates resulting in atled levels of atypical
deoxysphingoid bases, a hallmark in HSAN-I patiefs'®® Oral
supplementation with the natural substrate L-seripeevented
accumulation of deoxysphingoid bases and improvedAIRL

symptoms®”.

2.5.2 Asthma

There are evidences showing that imbalance of gphpid homeostasis
contribute to asthma pathogenesis. However, mosidies of
sphingolipids in asthma were focused on S1P, asted levels were
found in bronchioalveolar lavage (BAL) fluid of hsta patients after
allergen challenge®. Additionally, S1P has been implicated in airway
168-173

hyperresponsiveness, lung inflammation, and mastacévation

Administration of S1P led to increased airway f@sise, mast cell and
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eosinophil recruitment to the lurtg’, as well as mast cell migration and
degranulatiort’* and secretion of pro-inflammatory cytokingsin mice.
Furthermore, C16-ceramide was increased in exhakeath collection in

asthma patients compared to healthy conirls

Regardingde novosynthesis, a decrease in this pathway has emesyad
contributing factor to bronchial reactivity, theyeproviding a direct link
between asthma pathology add novosphingolipid synthesi$’®. This
results would provide a functional explanationtte genetic studies from
Moffatt and colleagues showing that the polymorphigssociated with
asthma leads to elevated expression levels of ORMBLa negative
regulation of SPT. In addition, the inhibition dE novosphingolipid
synthesis by either myriocin treatment or haploificency of SPT
showed increased airway hyperreactiviff; Furthermore, a transgenic
mouse model was described with a stable overeXpress human
ORMDL3, which also showed increased airway remaodeliand
responsiveness However, until the second scientific contributioithis

thesis, it was not clear if this transgenic mousedeh shows an

impairment ofde novosphingolipids synthesis leading to the asthmatic

phenotype.
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3. Macrophages

3.1 Origin and expression

Macrophages are mononuclear, highly phagocyticscefl the innate
immune system providing the first line of defengmiast infection. For
many years detection and elimination of pathogeas thought to be the
principle task of macrophages. Nowadays, thereas/igg evidence that
they are also involved in developmental processesntain homeostasis
(e.g. blood pressure physiology, lipid metabolisand influence tissue

repair and regeneration.

Macrophages are widely expressed in all mammaissnes and show an
immense heterogeneity due to their transcriptiqoralfile . Tissue-
resident macrophages are named after their tissoation, such as
osteoclasts (bone), alveolar macrophages (lungjroglial cells (CNS),
histiocytes (connective tissue), Kupffer cells €liy and Langhans cells
(LC) (skin).

These macrophages originate from three differemtces:

- yolk sac (giving rise to some tissue-resident ys#c-derived
macrophages)

- fetal liver (giving rise to fetal liver-derived maphages)

- bone marrow (giving rise to tissue-resident bonerovaderived

macrophages

The origin of adult macrophages shows strong vanadepending on the
particular tissue and is therefore subject to omgadiscussions’®'"
Particularly, to which extend embryonic yolk sacided macrophages

are later replaced by the other two subsets or hveheahey are able to
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proliferate in the relevant tissue remains unclétowever, it is well
described that BMDM originate from hematopoietienstcells located in
the bone marrow and are released into the ciroulas blood monocytes;
the spleen is considered a storage reservoir ofaim@ monocytes®.
These blood monocytes are mainly patrolling thdaser of the vascular
endothelium in order to detect damage or pathog€n§? Once they
migrate from the blood circulation through the ethédum, they
differentiate into macrophages. Thereby replengstire pool of tissue-
resident macrophages in steady state conditionglynan organs of
constant necessity of macrophages (such as thasyter continuous

exposure to microbiota (gut and skiff)

3.2 Role in inflammation

During early inflammation fibroblasts, epitheliatlis and endothelial
cells produce high levels of mainly two cytokin€CL2 and CX3CL1,
which induce inflammation-dependent recruitmentnainocytes to the
inflamed tissug®*®! Subsequently, highly abundant recruited monocytes
infiltrate the inflamed tissue and get activated imyeraction with
pathogens or damaged celf®. After activation, a change in their
transcriptional profile towards an inflammatory (@il-like) phenotype
occurs, which is characterized by the production imflammatory
chemokines to attract other effector cells (suchyrasulocytes, natural
killer (NK) cells, T-lymphocytes) and the releasé iaflammatory

cytokines, such as tumor necrosis factor alpha (ENE".

At a later stage of inflammation and in order tsolge it, additional
monocytes are recruited and together with existimgcrophages
differentiate into cells that resemble an antianiimatory (M2-like)

phenotype, which promote tissue repair and heaffhy®
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3.3 Functional properties

3.3.1 Pathogen recognition

The basic principle for immune recognition is th&tidction between self
tissue and microbial pathogens. For this reasortropaages express a
variety of pattern recognition receptors (PRRs}tair plasma membrane
that recognize pathogen-specific molecular strestufundamentally
different from the host, termed pathogen-associatetecular patterns
(PAMPs) %% To date a large number of PRRs have been idetti#ind
divided by participation in cellular and humon@&sponse mechanisms,
which are interconnected for proper host defefis€” The cellular PRR
are further subdivided into intracellular (e.g. N@Ke receptors (NLR))
or cell surface molecules, of which the latter ¢oaes phagocytic
receptors (e.g. scavenger, lectins) and sensogs Tell-like receptors
(TLR)).

Phagocytic receptors bind their ligands directlyd atimulate particle
internalization via a rearrangement of the actirtoskeleton. The
subsequent extension of the plasma membrane ledalls formation of a
phagolysosome and ultimately to the eliminationtlo# particle. Those
phagocytic receptors display molecular propertied fainctional kinetics
of classical receptors. In contrast, sensors likRs do not bind their
ligands directly nor induce internalization, buttegnize PAMPs and
trigger a pro-inflammatory signaling cascade tokevantibiotic effector

responses.

3.3.2 Macrophage polarization

The activation of macrophages after pathogen expobas been first

observed by an enhanced antibacterial activity Treatment with
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supernatant from activated T-cells led to a simdgletivation state, which
was attributed to interferon-y (INFyj*'®> This was the first description
of the so-called classically activated macrophage$11 macrophages,

which display a pathogen killing or inhibitory cajy.

Later on, another subset of macrophages was dedcrine to the
exposure of interleukin (IL)-4 and IL-13 expresdBdT helper 2 (Th2)
cells. These macrophages not only differ in reaeptgression on the
plasma membrane and cytokine secretirbut also display the opposite
function of M1 macrophages, namely promoting tishwealing and
growth "% They were therefore named alternatively activated
macrophages or M2 macrophages. The classificatibn Md/M2
macrophages was derived from the Th1/Th2 respansédymphocytes,
as macrophages from mouse strains with Th1/Th2 draokd showed
striking differences in their arginine metabolisM1 macrophages are
primarily characterized by the production of nitraxide (NO) and
citrulline via the inducible nitric oxide syntha§BOS) pathway, resulting
in an effective pathogen killing mechanism. Wherb#s macrophages
mainly metabolize arginine via the arginase pathteayroduce ornithine,
a precursor for polyamines and collagen, therebpmpting cell

replication and healin§® (Fig. 12).

This simplified paradigm of M1/M2 macrophage patation has been
regrouped by Mantovani and colleagues, who claskifihe diverse
continuum of phenotypes based on the expressiseletted macrophage

markers after stimulatiof?®

M1 —stimulation by INFy combined with LPS or TNFa
M2a — stimulation by IL-4/IL-13
M2b — stimulation by immune complex and TLR ligand

M2c — stimulation by IL-10, or glucocorticoid (GC)
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Figure 12. Schematic of macrophage polarizationMacrophages polarize
towards the M1 or M2 phenotype depending on thesdtj displaying a pro-
inflammatory or anti-inflammatory profile. Image dified from Bosurgiet al
2011%%°

The complexity of macrophage subset characterizaifo subject to
ongoing research, but has already shed light onabigy pathways of
several stimuli. Nevertheless, the current clas#idn remains
challenging, since it is based am vitro studies that cannot be easily
translated into arnn vivo system. Further experiments are needed to
elucidate the physiological source and context eftain stimuli, the
impact of multiple stimuli occurring at the sammai in tissues, and the

interplay between partially overlapping macrophsiglesets.

3.3.2.1 M1 stimuli

The M1 macrophage activation is stimulated by expmogo intracellular

pathogens, lipoproteins, bacterial cell wall comgrats and cytokines such
as IFNy and TNFa. All M1 stimuli induce similar ilalmmatory responses
and cytokine expression profiles, but differ coesably in their source,
receptor recognition and signaling pathways. Herdia main and most

relevant M1 stimuli for this thesis are discussed.
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Interferony (INF-y)

The main cytokine associated to M1 activation iF4N, which is
primarily produced by Thl cells, but also NK ceflad macrophages
themselves. Its receptor is composed of IFNGR-4p(asible for ligand
binding) and INFGR-2 (responsible for signal tramsdg) chains and
signals via the so-called JAK-STAT pathway. Upoteraction of INFy
with the ligand binding domain of INFGR-1, the asbdy of an active
receptor complex takes plaé¥®. Leading to the activation of the Janus
kinases JAK1 and JAK2, which phosphorylate a tyresiesidue at the
cytoplasmic domain of INFGR-1 and thereby trigdex phosphorylation
of signal transducer and activator of transcriptb{STAT1) *®. The
transcription factor STAT1 forms homodimers andnstacates to the
nucleus to induce transcriptional activation of #{fhducible gene$®.
Stimulation of peripheral blood mononuclear ceP8MCs) with IFNy
resulted in the induction of 111 genes, includimyesal chemokines
(CCL8, CXCL9, CXCL10, CXCL11), interleukins (IL-1AL-7 and IL-
15) and cell surface receptors (CCR5, CD38, CSFIRE;R1A, ICAM,
ILI5RA, MSR1, NKTR, P2RY13, SLAMF1) among othersr(tomplete
list: Waddell et al. 2010).

The combination of IFN-and LPS is applied in order to fully induce M1
polarization in the M1/M2 paradigm, since gene egpion profiles from
either LPS or IFNy alone differ?®>2%

Enhancement of innate immune activation (Priming)

IFN-y enhances the response of macrophages to othemimttory
stimuli, such as TLR ligands through a process edallpriming”.
Interestingly, IFNy priming substantially increases TLR- activatechalg
transduction, particularly by upregulating TLR exgsion, promoting

NfkB activation and inducing certain TLR responsgaenes (reviewed in
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9% Moreover, IFNy priming seems to include a distinct pathway of

inactivating the TLR-induced feedback inhibitiomj.

Lipopolysaccharide

The best-studied M1 activation signal is LPS, a im@me constituent of
the outer leaflet of gram-negative bacteria, whghainly recognized by
TLRA4. Structurally LPS is a glycolipid composedaohydrophobic lipid
A region, responsible for its inflammatory activityhich is attached to a
long carbohydrate chain. Due to its amphipathiumat.PS forms large
aggregates in aqueous environments. These aggesfaie high affinity
for LPS binding proteins (LBP), which can transpbem to membrane-
bound or soluble cluster of differentiation 14 (GD**?*'? CD14 has
been shown to facilitate LPS-induced signaling bgding LPS/LBP
aggregates and subsequently loading them onto thiR4-myeloid
differentiation factor 2 (MD-2) compleX?'2 LPS binding to the large
hydrophobic pocket of MD-2 causes dimerization loé¢ {TLR4-MD-2
complex, which is needed for proper signalifiyBoth TLR4 and MD-2
are crucial for macrophage activation since knotkauce of either

molecule do not respond to LB'$**

After TLR4 activation Toll/IL-1R homology (TIR)-cdaining adaptor
proteins are recruited, namely myeloid differemiatfactor 88 (MyD88)
and MyD88 adaptor-like (Mal), which interact withet cytoplasmic TIR-
domain of TLR4. In the MyD88-dependent pathway tledowing
transcription factors undergo translocation to tiveleus: nuclear factor
‘kappa-light-chain-enhancer’ of activated B-celliNf§B), activator
protein 1 (AP-1) and CCAAT/enhancer binding proté€EBP), leading
to the transcription of many pro-inflammatory sitimg molecules, under
which TNF is the most prominent one. On the other handMhB88-

independent pathway recruits the adaptor proteiRsdbmain-containing
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adaptor inducing interferon-b (INB» (TRIF) and the TRIF-related
adaptor molecule (TRAM), which induce gene upretjutaof type |
interferons, mainly INF under the regulation of the interferon regulatory
transcription factor 3 (IRF-3) (Fig. 13).

LPS activation induces the transcription of 347 egem murine bone
marrow macrophages, including cytokines (IBIFH--12, TNFu, IL-6,
IL-1B), chemokines (CCL2, CXCL10, CXCL11), antigen prese
molecules and othef&. The LPS-induced target genes are expressed in a
temporal cascade: many pro-inflammatory cytokings #&ansiently
induced or reduced with a peak shortly after 2-4d get progressively
repressed thereafter; whereas other genes areemhéudater time points

of up to 24h after stimulation, especially targgtinducible transcription

factors or acting in an autocrine way.

LR LR
uﬁ i
"
W '
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()
p501ps3) — €O

NF-kB
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Figure 13. TLR4 signalling after macrophage activabn. Activation of TLR4
by LPS induces signaling trough the adaptor pretdliyd88 and TRIF in order
to trigger pro-inflammatory cytokine production. dge modified from
Yoshimuraet al 2007%®
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Granulocyte macrophage colony stimulating factdvi{GSF)

GM-CSF is classified as an M1 stimulus and usedjdperate murine
dendritic cells (DCs) and macrophages derived fbmme marrow (GM-
BMM) #*°. Human monocytes treated with GM-CSF show “M1%igene
expression profiles with the induction of the trenstion factors NiB
and IRF-52%%%?L Thus, leading to the expression of several pro-
inflammatory cytokines (IL-6, IL-8, TNfe; and IL-18) and cell surface
molecules for antigen presentation and complemantvell as antibody-

mediated recognitioff>.

3.3.2.2 M2 stimuli

The M2 macrophage activation is induced by stinaulginating from
different recognition levels, spanning from matimatsignals, interaction
with other immune cells, direct pathogen interactand its resolution.
M2 stimuli provoke antagonizing effects to the amfimatory responses
induced by M1 macrophages, and differ considerablyheir source,

receptor recognition and signaling pathways.

Interferon-4 / Interferon-13 (IL-4/1L-13)

IL-4 is the first described cytokine associatedvt® activation, which is
characterized by an upregulation of macrophage osnreceptor (MMR

or CD206) and major histocompatibility complex slds (MHC 11), as
well as reduced pro-inflammatory cytokine secretidnThis cytokine is
produced by Th2 cells, eosinophils and macrophages specifically
recognized by its IL-4Rreceptor that pairs with the commmpighain {c)

in order to activate JAK1 and JAK3. Pairing of IRgwith the IL-13Ru1
subunit instead, enables IL-4 and also IL-13 bigdia their respective
subunits. The IL-13&RL subunit activates other kinases, namely tyrosine
kinase 2 (TYK2) and JAK1/Z**%*% Upon receptor activation JAKs
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phosphorylate the cytoplasmic tail of IL-4RRnd enable STAT-6 binding
2% STAT-6 dimerization and nuclear translocatiordi#o the induction
of several genes, such as eotaxin-1, arginase-IR8RRADAMS8 and
others®® (Fig. 14).

Although, IL-4 and IL-13 treatment induce similaqpeession profiles due
to a shared receptor chain, they also elicit distimnctions in asthma
disease€?’?*® Another IL-4-specific signaling pathway is inddcea the
insulin receptor substrate—2 (IRS-2), which acteggbhosphoinositide 3-
kinase (PI3K) and the downstream the serine/threoikinase Akt to
promote survival and cell growtf®*?*? Furthermore, IL-13 binds
specifically to its soluble and membrane-bound ge®zeptor IL-182,
which is unable to induce STAT-6 activatioty but seems to be involved
in the prevention of apoptosis in glioblastoma <&if. Further studies
might explain the exact contribution of IL-4 and1B signaling pathways

involved in allergic asthma.

Macrophage-colony stimulation factor (M-CSF)

M-CSF is classified as an M2 stimulus and widelydido generate
murine BMDM ?*. Human monocytes treated with M-CSF show
significant features of M2 activatidi’, as well as induction of cell cycle
genes and repression of antigen-presenting andirnatatory molecules
(HLA, CD80, CD40)**%

39



40

Macrophages

> >,

%
) N
($7 Y
X
IL-13Ra1 ( IL-13Ro2
U Cytoplasm

|

No signaling

Nucleus

Figure 14. Signaling pathways activated by IL-4/IL43. IL-4 and IL-13
activate a heterodimeric receptor complex congstifi the IL-4 receptor-
subunit (IL-4Rx) and the IL-13 receptarl-subunit (IL-13R1). Image obtained
from Vatrellaet al 2014%%

3.4 Phagocytosis

Phagocytosis is characterized by the engulfmentfettious extracellular
material with a diameter above 0.5um into singlenibeine phagosomal
compartments, which is then degraded by proteafies fgssion with
endosomes or lysosomes. It is thereby involved ammalian defense
against infectior®’. Phagocytosis is induced by infectious agents and
apoptotic cells following stimulation of phagocytreceptors, such as
scavenger receptors, TLRs and opsonin receptos.|dtter have been
described to increase phagocytic uptake of prelyaeated bacteria with
immunoglobulin antibodies or those that have beesrked by the
complement systerfi®. The internalization process is dependent on actin
cytoskeleton remodeling, specifically the extensiof the plasma
membrane around the particle, followed by the petida of superoxide

and release of inflammatory cytokines from the piegte®.
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Interestingly, blocking thele novosphingolipid synthesis with myriocin
abrogates phagocytosis of funge&ndida albicansin macrophages.
Suggesting a crucial role fole novosphingolipids in clearance of fungal
infection at the binding stage and phagocytic anméation®®°. The role
of de novosphingolipid synthesis in phagocytosis of othethpgens or
bacterial infections has not been further investidaand is therefore

subject of the presented thesis.

3.5 Autophagy

Macroautophagy (hereafter referred to as autophagyp catabolic
process characterized by the lysosomal degradafitong-lived proteins
and bulky cytosolic contents in order to maintaeiludar homeostasis.
The metabolites of lysosomal activity can be reusedynthesize new
macromolecules or to control energy homeostasisotber metabolic
processes. Autophagy can therefore be describednastracellular

recycling mechanism displaying cytoprotective fimet*"?*2

The hallmark of autophagy is the formation of sbechautophagosomes,
which are double-membrane vesicles engulfing mdésctor lysosomal

degradation (Fig. 15).

The autophagic process consists of four main steps:
(1) autophagy initiation
(2) elongation of autophagosomes
(3) autophagosome closure

(4) fusion with lysosomes
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The origin and
source of autophagosomal
paembrang Initiation Elongation Closure Maturation
Plasma membrane i
Golgi .
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Figure 15. General scheme of the autophagic processitiation of the isolation
membrane is followed by elongation and closure ltieguin an autophagosome
that surrounds the cargo. The fusion of lysosomiéls autophagosomes causes
the formation of autolysosomes; therein autophegibstrates are degraded.
Image modified from Vuraét al 2014%*3

Autophagy is generally induced under nutrient sthon via the

inhibition of mammalian target of rapamycin (mMTOR)he so-called
autophagy-related gene (ATG) proteins, initiallyaccterized in yeast,
widely assist in autophagosomal biogenééls Starvation results in the
translocation of the mTOR substrate complex UNQGHEA -kinasel/2

(ULK1/2) from the cytosol to the ER*?**® ULK activates Beclin-1 via
phosphorylation, thereby recruiting class Il phosipositide-3-kinase
(VPS34) and triggering the complex formation of \BRBSBeclin-1-Atg14

247 Subsequently, autophagosomes emerge in the agtoptarting with
the formation of isolation membranes to which tretive ULK and

Beclin-1 complexes translocate. Isolation membraorggnate from the
ER, Golgi apparatus or ER-mitochondrial contacessitsupported by
plasma membrane derived endocytic organéffed® (Fig. 16).

The autophagic process is further mediated by thiquitin-like protein
conjugation systems. The first system contains \aleot Atg5-Atgl2
conjugate that binds Atgl6L1 to form a putative &&yme?®° This
complex directs the formation site of the secondjugate by binding to
Atg3, which mediates the ligation of Atg8 (the mesidied herein is the
microtubule-associated protein light chain 3 (LG&)Yyalently to the lipid
phosphoethanloamine (PE) on the surface of autmsomges %
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Therefore, autophagy induction can be monitoredhieytranslocation of
LC3-I from the cytosol with a diffuse cytosolic ttibution to newly
formed autophagosomes, which appear as cytoplgsmicta LC3-11%°%
Membrane-bound LC3-II contributes to further autmgpisome elongation
and closure. Its interaction with several adaptatgins, such as p62°
and NBR1?%* seems to be a possible mechanism for recognitfon o
autophagic targets. The last step is the fusioth@fautophagosome with
lysosomes mediated by SNARE proteins and othersalllj the
autolysosomal content is degraded and the remainiatabolites are

released by permeas@s
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Figure 16. Schematic overview of autophagyOverview of the autophagy
pathway displays the current understanding of tlwecoular signaling events
involved in membrane initiation, elongation and @beton of the
autophagosome. After induction of autophagy, theKWULcomplex activates
Beclin-1 and recruits the VPS34 complex. ATG12-AFABG16L1 complex
are present on the outer membrane, and LC3-PEsepr on both the outer and
inner membrane of the isolation membrane. Imageifirddirom Levineet al
2011%°
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Although, this “self-eating” process has been idieat more than 50
years agG@>’, recent developments revealed a crucial role ditsghagy in
immunity and inflammation that might play a proteetrole in infectious,
autoimmune or inflammatory diseases. Stimuli fotophagy induction
include nutrient deprivation, damaged or exceseiganelles, misfolded
protein aggregates, ER stress, oxidative stresgimdoxins, pathogens,

radiation and hypoxi&'™.

3.5.1 Autophagy in macrophages

Recent studies demonstrated that autophagy is éaddownstream of
TLR stimulation. In this regard, the TLR4 signalipgthway upon LPS
treatment is best characterized; providing a meistianlink between
pathogen recognition via PRRs and subsequent dtimim through
autophagy?®2®* LPS was shown to induce autophagy via the Myd88-
independent pathway adaptors TRIF and RIP1, whigdd Ito the
induction of p38MAPK thereby favoring cell survivdl®’ Upon LPS
treatment Beclin-1 is dissociated from its antieguagic binding partner
Bcl-2 and interacts with VPS34. This complex pdaptites in
autophagosome formation via the recruitment of o#utophagy proteins

to the pre-autophagosomal membraigé®

Phagocytosis and autophagy display highly conseavetlinterconnected
cellular functions. In order to clarify the distincontribution of each
process in pathogen elimination via TLR4 signalliXg and colleagues
proposed a cooperative model of sequential eveiggeted by TLR4
ligands: 1) pathogen internalization by phagocgtomnd 2) fusion of
phagosomes with autophagosomes and lysosomal deigrad by
autophagy. A previous study revealed that phagsgytsignals through
the TLR4 Myd8s-dependent pathw&y, suggesting a rapidly induced
response after pathogen recognition. In contragopdagy is induced by
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the TLR4-TRIF Myd88-independent pathway, which vebatcount for a
slower response and degradatf6h An interaction between phagosomes
and autophagosomes formed by the respective pexess also claimed
261,285 More recently, induction of autophagy was shownetluce particle
internalization via phagocytosi&®, whereas its blockage led to an
increased phagocytosis due to the upregulationhafqcytic scavenger
receptors®®’, demonstrating a clear cross-talk between thoskewsgs
(Fig. 17).
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Figure 17. Schematic model of autophagy and phagdogis interplay.
Pathogens are rapidly phagocytosed via Myd-88 digm@nTLR4 pathway,
followed by a slower TRIF-dependent TLR4 activatioof autophagy
Autophagosomes encapsulate infected phagosomegebdfie fusion with
lysosomes, leading to the effective removal of shquestered pathogen. Image
obtained from Xuet al 2012°%
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3.5.2 Autophagy and sphingolipids

Moreover, several studies have established thagemausly applied
ceramide mediates autopha@fj’% In particular, treatment of cancer
cells with C2- or C6-ceramide resulted in LC3-linpta formation at the
autophagosomal membrane via inhibition of the mTQ@Rthway.
Increased expression of Beclin-1 and its dissamatfrom of the
Beclin1/Bcl-2 complex was also detectéd Tamoxifen, a potential anti-
cancer agent, was shown to increase autophagideath by elevating
endogenous sphingolipid levels, as evaluated bystHme parameters.
Importantly, the tamoxifen-induced autophagic phgpe was reverted
after myriocin treatment, suggesting that the spblipids necessary for
autophagy induction are derived from tthe novosphingolipid pathway
210272 Regarding inflammation, the increase dé novo sphingolipids
triggered by LPS stimulation of macrophages has béen associated to
autophagy induction. It was postulated that dihgdramide (DHcer)
species from thede novo sphingolipid pathway are initiating the
autophagosomal vacuole formation important for Hert membrane
elongation®”®. Nevertheless, further studies need to evaluaeathility
and mechanisms of sphingolipids to induce and eg¢guhutophagy in
distinct cellular situations, such as inflammatiand cancer. Herein,
ORMDL proteins might play an important role as egelwous regulators
of de novosphingolipid synthesis and their contribution tbhoghagy.
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General Objective

The general objective of this thesis is to study tonsequences of the
increasedORMDL3 gene expression observed in inflammatory diseases

by GWAS on macrophage physiology as a model oftenimamunity.

Specific objectives

e« The evaluation of the ORMDL-SPT complex compositiand
regulation in mammalian cells.

* The study of the functional implication of ORMDL gteins in
macrophage activation, focusing @& novasphingolipid synthesis.

e The evaluation of increased ORMDL3 expression kveh
macrophage physiology using a transgenic mouse Imode

« The study of the regulation generated by the desassociated

genetic determinants @RMDL3expression on human monocytes.
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Abstract

Increased orosomucoid-like ®RMDL3J expression levels due to Single
Nucleotide Polymorphisms (SNPs) have been assdcitde several
inflammatory diseases, including asthma. ORMDL @iret are claimed to
inhibit Serine Palmitoyltransferase (SPT), thetfiege-limiting enzyme in
de novo sphingolipid synthesis. Interestingly, sphingddipimbalance
impairs innate immune responses, particularly exid#uring bacterial
infection. The present study addressed the involvgnof disease-
associated ORMDL3 in macrophage physiology usingaisd Bone
Marrow-Derived Macrophages (BMDM) from a ORMDL3 Kaiein
transgenic mice (hORMDL™*%. Our results showed that ceramide
content and profile was notably altered in the dg@mic mouse model.
Remarkably, activation of BMDM in the transgenic use resulted in a
reduction of SPT activity as measureddgynovosphingolipid production
of sphinganine. However, gene expression analylsiseveral markers
showed that alteration in ORMDL3 expression leveld not affect
activation neither the ability of macrophages tdapee towards the
M1/M2 phenotype. We then studied phagocytosis amndphagy, both
processes crucial in innate immunity and dependeanltipid membrane
composition. Whereas phagocytosisEofcoli in transgenic macrophages
was not affected by ORMDLS3 overexpression, we foanceduction in
autophagy, a process highly dependerdeohovosphingolipid synthesis.
Finally, studies using isolated human monocytesdwiut the idea that the
geneticcis elements aroun@RMDL3might cause an imbalance ORMDL
regulation during activation impairing a proper S&Gtivity releas. In
conclusion, this work reinforces the importance tbé coordinated
ORMDL expression level regulation in order to madel SPT activity
during physiological macrophage activation, a késpsfor autophagy
induction. However, we could not link this effect & SNP-dependent

65



Chapter 2

regulation of ORMDL3 gene expression. Nevertheless, this work
underlines the importance of ORMDL3 in sphingolipithmeostasis
providing new insights about the functional linktwween ORMDL3

expression and asthma disease.

INTRODUCTION

The association of the orosomucoid-like GRMDL3 gene localized to
chromosome 17921 with childhood asthma in a generde-association
study® aroused interest in this protein family compristhgee members
of transmembrane proteins located in the endoptasraticulum 2.
ORMDL1 (chromosome 2) and ORMDL2 (chromosome 12 aach
located on different chromosomes and have not lelerd to asthma, but
share a structural homology of 80% with ORMDL.3The first asthma-
associated SNP described (rs7216389) is locatadhom-coding region of
the adjacent gasdermin B gene (GSDMB), causing ribk allele
increasedORMDL3 expression’. Later on, other SNPs in the 17qg21
asthma susceptibility locus in close proximity ke ORMDL3gene have
been linked to pro-inflammatory diseases such #anmmatory bowel
disease, diabetes type 1 and rheumatoid arthfifissuggesting the

implication of ORMDL3 in the immune system function

Since then, the connection between increased ORM®BpBession levels
and pathophysiology has been subject to extengivéies in order to
identify possible underlying mechanisms. Our labmma previously

demonstrated the involvement of ORMDL3 in calciuamieostasis by 1)
impairing sarco/endoplasmic reticulum®GATPase pump activity and

2) affecting store-operated calcium entry due tde@reased calcium
buffering capacity of mitochondria and calcium-eiegent inactivation of

the calcium release-activated “Cachannels *°, thereby negatively
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affecting T-cell activation. Another field of studs the effect of
ORMDL3 expression on ER stress and the three besnchthe Unfolded
Protein Response (UPR), which led to contradictesults®'. However,
the ATF6 pathway was explicitly induced in a tragisig ORMDL3
mouse model in basal conditions, as well as sewratacteristics of
asthma such as spontaneous airway remodeling gretregponsiveness

not related to immune dysfunctidh

Finally, ORMDL proteins have been described as tngaegulators of
the rate-limiting enzyme serine palmitoyltransferdSPT) ofde novo
sphingolipid synthesis*** an important signaling pathway in
inflammation™®. This regulatory mechanism operates via the faonatf

a complex between ORMDL proteins and SPT by diitetraction®**°
Therein, the three ORMDL isoforms display a redumidfunction as
sensors of cellular sphingolipid leveld’, detecting downstream
metabolites of thale novopathway'®. Interestingly, the ORMDL/SPT
complex formation itself is not altered upon change cellular
sphingolipid levels, instead ORMDLs were proposed undergo a
conformational change to regulate SPT activify™® Considering
pathophysiology, the implicit impact of the diseassociated ORMDL3
in sphingolipid synthesis was initially thought be dispensable since
simultaneous ORMDL1 and ORMDL2 knock-down had néeaf on
basal ceramide levels in HelLa cell¥, neither did ORMDL3
overexpression in HEK293 celf. On the other hand alterations in
ceramide species have been recently attributedRMIOL3 expression

levels in RAW264.7 macrophag®s

In the context of ORMDL3 association to proinflanorg diseases we
decided to explore its role in innate immunity, cfeally in

macrophages, where we previously described that pifmgsiological
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process of macrophage activation underlies a coatell regulation of all
three ORMDL isoforms in order to allow the inducti@f de novo
sphingolipid synthesis®. This de novoproduction has been linked to
important processes in macrophage physiology likeoghagy and
phagocytosis. Thus, in the present work we followed strategies to
explore whether the risk allele of the SNP assedidb asthma might
have phenotypical consequences in macrophage piygidon one hand
we studied the impact of higher ORMDL3 expressievels, a hallmark
of risk allele carriers, on macrophage physiologyivo. To elucidate this
hypothesis, we used BMDM from ORMDL3 transgenic en{@g) that
constitutively overexpress human ORMDL3 (hORMDL3)dastudied
physiological processes like activation, polarizati phagocytosis and
autophagy. On the other hand we explored the coresegs of ORMDL3
overexpression on ceramide regulation under maagghctivation in the
same transgenic model. In addition we analyzed hdnetat the
transcriptional level, the genetic factors surrangdORMDL3 locus
might alter the coordinated ORMDL regulation duriagtivation as an

attempt to understand the pathophysiology assalttatthis region.

Altogether, this work provides new evidences of théee of ORMDL
proteins in ceramide synthesis, reinforcing theaidé a transcriptional
regulation of ORMDL genes. In addition, our results demonstrate the
consequences of an anomalous expression of ORMDLIevamide
homeostasis in macrophages, affecting importantcgases like

autophagy.
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MATERIALS AND METHODS

hORMDL3™%%* Mouse Generation—We generated a transgenic (Tg)
mouse model that ubiquitously overexpressed ORMDII# targeting
vector consisted of the cDNA of human ORMDL3 (hORM) under the
control of a CAG promotor and a floxetbXP flanked) transcriptional
STOP-neomycin selection cassette between the CAGqgier and the
ORMDL3 cDNA (Fig. 1A). This vector was inserted hiit the
endogenoudRosa26locus by homologous recombination in embryonic
stem (ES) cells of a C57BL/6 WT mouse line. Herdie, presence of the
negative selection marker diphtheria toxin A (DTrAjluced the isolation
of non-homologous recombined cell clones. ES aeills the recombined
Rosa26locus were injected into blastocytes. Heterozygoosditional
Rosa26knock-in mice were crossed with Cre recombinasgressing
mice in order to generate hORMDI®¥*°mice. Cre recombinase activity
led to the excision of the STOP cassette and reir@tibn at theloxP
recognition sites, resulting in the activation dbiquitous ORMDL3

expression in mice.

Murine Bone Marrow-Derived Macrophage (BMDM) Isolation and
Differentiation— Bone marrow cells were obtained by flushing the
femurs from 6-8 week old C57BL/6 WT or transgeni@RMDL37%*%
mice with ice-cold PBS. Cells were differentiatedDulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) supplementeihm80% L929
supernatant containing macrophage colony stimgatactor (M-CSF),
20% heat-inactivated fetal calf serum, 100 unitsgmhicillin, and 100
units/ml streptomycin at 37°C and 5% £@r 7 days. L929 cell-
conditioned medium was prepared by growing L929scel DMEM
supplemented with 10% fetal calf serum for 7 daybe M-CSF
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containing medium secreted by the L929 cells wasdsted and passed

through a 0.22-mm filter.

Healthy Control Samples—Healthy control samples were obtained from
local healthy volunteers. Clinical investigation smeonducted according
to the Declaration of Helsinki principles. The wark this study was
approved by the Bromley Research Ethics Committektiae local Ethics
Committee of the AMC. Written informed consent waseived from

participants prior to inclusion in the study.

Human Monocyte Isolation and Genotyping—Peripheral blood
mononuclear cells (PBMC) were isolated by using sdgngradient
centrifugation (Lymphocyte separation media, PAR)rification of cell
subsets was performed by magnetic cell separatcmording to the
manufacturer’s instructions (Miltenyi Biotec) andripy was determined
by flow cytometry. Human monocytes with an averpgaty >95% were
isolated by positive selection using anti-CD14 mibirads and cultured at
37°C and 5% Cg@n RPMI-1640 medium (Gibco), supplemented with 1%
penicillin/streptomycin, 1% L-glutamine (Gibco) and0% heat-
inactivated fetal calf serum (Sigma). For genotgpai SNP rs7216389,
extraction of genomic DNA (fcells per donor) was performed with the
Nucleo Spin Tissue Kit from Macherey-Nagel. Geneesic human
primers used to amplify the surrounding region weks-
GTGCCTGGCATACATTCTAACTGC-3 and 5'-
AGCCCTGCCTCCAAAACCTAG-3' and Biotag DNA Polymerase
(Bioline). PCR conditions were 95 °C for 4 min, 95 for 1 min, 60 °C
for 1 min, 72 °C for 1 min, and 72 °C for 7 min wiB5 cycles of
amplification using 200 ng of genomic DNA. The P@Roduct was
purified with the lllustra GFX PCR DNA and Gel Bamdrification Kit
(GE Healthcare), sequenced with the Applied Bicayst BigDye
terminator v3.1 sequencing chemistry and run oMBh3100 (Applied
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Biosystems) genetic analyzer. The sequences wesdyzad using

DNAstar Lasergene 11 software.

In Vitro Activation and Polarization—Adherent BMDM and human
monocytes (10cells per condition) were activated by incubatinl 00
ng/mL Escherichia coli (055:B5) lipopolysaccharide (LPS) for the
indicated time points. For autophagy experiments CBM were
additionally incubated with 0.ig/mL Bafilomycin A (Sigma) for the last
2 h of LPS treatment to block autophagosomal fusitth lysosomes and
protein lysates were analyzed by Western Blot.

For induction of M1 macrophages, cells were expdeetDO ng/mL LPS
and 30 ng/mL INF. Accordingly, M2a macrophages were obtained by
treatment with 10 ng/mL IL-4 or additionally witl® hg/mL IL-13 for the
indicated time points. Total RNA or protein lysatesre prepared from

cells and frozen at -80 °C until analysis.

Quantitative Real Time PCR Analysis—Total RNA of BMDM was
extracted using the Nucleospin RNA 1l kit (Machei¢ggel) following
the manufacturer’'s instructions. Total RNA (0)fg) was reverse
transcribed to cDNA using the SuperScript-RT systédnvitrogen).
Quantitative RT-PCR was performed on an ABI Pris@0HT (Applied
Biosystems) with SYBR Green (SYBR Green Power PCaster Mix,
Applied Biosystems).
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Gene-specific mouse primers used were:

Gene of | Forward primer (5’ -3’) Reverse primer (5’ — 3°)
interest

ORMDL1 | GCATCCCCTTCTGCAGTGTT CGGAGTCTCAAAAGGCGTTC
ORMDL2 | CGTCATCCATAACTTGGCAAT AACTGTAGTCCATAGTCCATC
ORMDL3 | CTGCTGAGCATTCCCTTTGT CACGGTGTGCAGAAAGATGT
TNF-a. GACCCTCACACTCAGATCATCTTC CGCTGGCTCAGCCACTCC
IL-6 GCCTTCTTGGGACTGATGCT TGCCATTGCACAACTCTTTTC
IL-1p TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC
iNOS TCACCTTCGAGGGCAGCCGA TCCGTGGCAAAGCGAGCCAG
Argl GATTATCGGAGCGCCTTTCT CCACACTGACTCTTCCATTCTT
CD206 CTGCAGATGGGTGGGTTATT GGCATTGATGCTGCTGTTATG
MMP9 GTCTTTGAGTCCGGCAGACA CCAGTACCAACCGTCCTTGA
ADAMS AACAAGCAGCGTCTACGAGC TCTCGGAGCCTTTCGGTAGA
CCR2 TCATCTGCAAAAACAAATCAAAGGA | TAGTCATACGGTGTGGTGGC
CCL20 CGACTGTTGCCTCTCGTACA GAGGAGGTTCACAGCCCTTT
CXCL11 AGGAAGGTCACAGCCATAGC CGATCTCTGCCATTTTGACG
B-Actin TGGAATCCTGTGGCATCCATGAAAC | TAAAACGCAGCTCAGTAACAGTCCG
GADPH TGTCGTGGAGTCTACTGGTGTCTT TGGCTCCACCCTTCAAGTG

Gene-specific human primers used were:

Gene  of | Fw primer
interest

ORMDLI1
ORMDL?2 | commercially obtained from QuantiTect Primer Assay (Qiagen)

ORMDL3
TNF-0. AGCCTCTTCTCCTTCCTGATCGTG

GsdmB ACATGGAGGACCCAGACAAG
B-Actin ACGAGGCCCAGAGCAAGAG

Rv primer

GGCTGATTAGAGAGAGGTCCCTGG
CACAGAGAATTCGTGCCTCA
GGTGTGGTGCCAGATTTTCTC

PCR conditions in all cases were 95 °C for 5 mi @ for 30 s, 60 °C
for 30 s, 72 °C for 30 s, and 72 °C for 5 min w4l cycles of

amplification.

Ceramide Quantification—BMDM were treated for 4 h with 50QM
palmitate (Sigma) complexed in 0.5% fatty acid-f&&®A (Sigma), and
BSA alone was used as a control. Exposure of BMDMIGuM Myriocin
(Myr, Sigma) for 30 min before treatment was useldlock SPT activity.
On the other hand side, BMDM were activated by A@@nL LPS for the
indicated time points. Cells after either treatma&ate washed twice with
1x PBS and centrifuged at 1800 rpm for 5 min a€C4anhd the pellet was
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frozen in liquid nitrogen for ceramide quantificati Lipid extraction and
processing was performed as reported previoUsfy Lipid analysis was
carried out by ultraperformance liquid chromatogmagoupled to time-
of-flight (TOF) mass spectrometry in positive etespray ionization

mode. Instrument conditions were set as in prevatugies™ .

Western Blot—Total protein was detected by Western blot after
separation on a 4-12% gradient polyacrylamide tgt®phoresis and
protein transfer to nitrocellulose membrane. Imnuetection was carried
out using rabbit antibodies against ORMDL (1:10@R,TLC1 (1:1000),
SPTLC2 (1:1000), SERCA2b (1:1000),C3 (1:500), p62 (1:1000),
Beclin-1 (1:500) and mouse anfi-Actin (1:3000) all from Abcam.
Secondary antibodies were horseradish peroxidagegated anti-rabbit
and anti-mouse IgG (1:3000; GE Healthcare). The ummreactive signal
was detected by SuperSignal West Chemiluminesagdrdtrate (Pierce)
and visualized using the Molecular Imager Chemid&S system (Bio-
Rad). Protein extraction from murine tissues or BWlidere washed with
1x PBS, lysed in 6@l of lysis buffer (150 mM NaCl, 5 mM EDTA, 1%
Triton X-100, 10 mM Tris-HCI, 1x Complete proteasdibitor) for 20
min on ice with agitation, and then centrifugedLaf000 rpm at 4 °C for
30 min. Protein concentration in the supernatarg eetermined using the
BCA Assay (Pierce). Equal amounts of protein (@0for BMDM and
100 g for tissues) were loaded into each lane and weparated on an

SDS polyacrylamide gel (4-12%).

Fluorescence Microscopy—Briefly, 2 x 10 BMDM were seeded on glass
coverslips after differentiation. Basal levels dRKADLs, LC3 and ATF6
were detected by immunofluorescence, whereas nutkaslocation of
ATF6 was induced by Lg/uL Tunicamycin for 30 min in the control
condition. Macrophage infection was performed usanged fluorescent-

tagged E. coli strain (kindly provided by Dr. A. Valledor) and
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phagocytosis assays were carried out for 30 m8v&E and 5% C@at a
multiplicity of infection (MOI) of 1:5 and 1:20. dle were then rinsed
four times with ice-cold PBS and incubated with ¥deFluor 488
Phalloidin (Molecular Probes) for 20 min on ice. eThiability and
concentration of bacteria was routinely verified@gting serial dilutions
on ampicillin-containing agar plates and countirdpnies to determine
the CFU/mL.After treatment, cells were fixed with 4% parafoldenyde
(PFA) for 15 min, permeabilized with 0.1% Triton3 and incubated
for 2 h at RT in a hydration chamber with rabbitilaodies against
ORMDL (1:500; Abcam), LC3 (1:1000; Sigma) or ATFBZ00; Abcam).
After primary antibodies cells were incubated witRB000 goat anti-rabbit
Alexa Fluor 488 (Life Technologies) for 1 h at RNuclei were stained
with TO-PRO-3 lodide (1:1000; Sigma) in PBS for b@in before
mounting in Mowiol. Digital images were taken atLaica TSC SP
confocal microscope and analyzed with Imaged. Thenber of
phagocytosed bacteria per cell was counted in casgrato non-infected
cells. For colocalisation studies of nuclear tracation of ATF6 the

JaCoP-plugin was used to obtain the Pearson andévsicoefficient.
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RESULTS

Generation of transgenic hORMDLZF*****mice

To study the causes of the genetic association degtWDRMDL3 and
inflammatory diseases we have generated a mouselndedcribed in
Figure 1A and the methods section overexpressing the hunrRiviliD.3

protein. The ubiquitous expression of ORMDL3 in digr mouse model
was confirmed by Western Blot in a variety of tissuApart from brain,
which shows nearly identical expression as WT mtiegmus, spleen and
lung show a moderate increase in ORMDL3 expressidrereas testis

and colon are tissues with a very high expresdtan (B).

We characterized BMDM from our Tg mouse model talgtthe impact
of ORMDL3 on the innate immune system. The detectd human
ORMDL3 expression showed an ER pattern as exp€Eigd 1C) with a
3-fold higher ORMDL expression than observed in WiiEe. It is likely
that the difference compared to the endogenous OEMEXxpression
level is higher since there is no commercial ambjp@vailable that
discriminates among the different ORMDL family meardb (Fig. 1,D
and B. Moreover, we checked the expression of possimieracting
proteins, but there were no major changes in tipgession of the SPT
complex subunits nor the sarco/endoplasmic retinue*-ATPase 2b
(SERCA2b) (Fig. 1D and B.

Macrophage activation in hORMDL3 R mijce

Macrophage activation is a crucial step in the bo§éhe innate immune
response. Therefore we compared LPS-induced chaimgeke gene
expression profile of BMDM from WT versus Tg micedaseveral

activation markers were monitored over time. Théeeded cytokines
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TNF-0, IL1-B and IL-6, as well as the inducible enzyme nitriide
synthase (iNOS), showed an early upregulation ahdhcorrelates with
the production of pro-inflammatory cytokines andative nitrogen oxide
followed by a general downregulation at later tini24h) (Fig. 2,A-D).
However, the induction and sequential regulationpad-inflammatory
cytokines after macrophage activation with LPS wed altered by

increased ORMDL3 expression levels.
M1/M2 polarization in hORMDL3 ?**#®mice

We wanted to further explore the possibility tHa tnflammatory profile
genetically associated to ORMDL3 expression lewveiight be explained
by an imbalance of the macrophage polarizationgs®cThe combination
of LPS and INFy is widely used to potentiate pro-inflammatory dyte
production and to polarize macrophages towards dbealled M1
phenotype™. As can be seen in FigureA3andB the expression levels of
the M1 markers iINOS and ILBlwere increased compared to LPS
treatment alone. Regardless of ORMDL3 levels, #Hmaestranscriptional
pattern of an early induction and later decreas¢hoe markers was
detected, enabling the cells to equally polarizearals M1 macrophages.
On the other hand side, IL-4 and IL-13 are welledié®d inducers of the
anti-inflammatory M2 phenotype. In addition, ORMDLtranscription has
been described to be under the control of STATGvway in epithelial
cells™. However, no changes in ORMDL3 expression levelthar upon
IL-4 treatment of BMDM, nor upon its combination tiwilL-13 were
observed (data not shown). As expected, IL-4 treatnalone led to an
increase of Arginase-1 (Arg-1) and mannose recep?06 expression
(Fig. 3,C and D, which was further provoked by the addition of1B8
(Fig. 3,E and H. Nevertheless, neither approach showed alterafiohe
polarization state towards the M2 phenotype depgndn ORMDLS3. In
conclusion, BMDM from hORMDL3***® mice display an equal
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transcriptional profile after exposure to extragialt stimuli like LPS/INF-
vy and IL-4/IL-13 as WT cells without impairment dfiet polarization

process towards M1 or M2 macrophages.
De novo sphingolipid synthesis in hORMDL3R***?*mice

ORMDL proteins have been described as negativelatga of SPT,
which is catalyzing the first rate-limiting step dé novosphingolipid
synthesis **".
sphingolipid content in BMDM from hORMDL?8°*° compared to WT

mice was detected. A detailed analysis revealetthieaentire range of

Interestingly, a significant decrease in the basa

analyzed ceramide species was reduced, with acplary strong
reduction in the long-chain species C24:0 and CgHable 1). In order to
specifically address SPT activity in hORMDI°*® mice, since a
complex enzymatic network controls overall cellu&ohingolipids, we
evaluated ceramide production after the additiontled enzymatic
substrate palmitate (PA). The total ceramide levedsre strongly
increased after 4h-incubation of %00 PA conjugated with BSA
compared to control cells treated with BSA alonig.(B, A). Herein, the
most abundant ceramide species after PA inductias @16 ceramide.
The pre-treatment with myriocin (Myr), a known ibtior of SPT,
abolished the ceramide production; further confignthat ceramide is
mostly being produced via thde novosynthesis pathway. Importantly,
BMDM of hORMDL3"*****mice showed a mild non-significant reduction
of total ceramide levels compared to cells from Wiice (Fig. 4,B),
suggesting partial but not complete impairment &fTSactivity in
accordance to our previous studies transfecting ORBlin HEK293

cells®®,
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Ceramide production during activation in hORMDL3 R*****mice

It has been shown that macrophage activation byleB&s to an increase
in intracellular ceramide$2" which mainly originate from thde novo
pathway at early time points and from other soutates on’”* We have
previously demonstrated that the mechanism unadeylhis increase is
based on a time-dependent downregulation of adett®RMDL isoforms
after LPS activation in RAW264.7 macrophag&sOur experiments in
BMDM confirmed a reduced endogenous ORMDL expressib early
time points (4h), whereas all three isoforms redchieir initial
expression at later times of activation (24h) baitkhe transcriptional and
translational level (Fig. 4 and D under LPS activation. In this context,
we hypothesized that stable ORMDL3 overexpressiwoing macrophage
activation might impair the release of SPT activitfjo test this
hypothesis, BMDM of WT and hORMDES**® mice were treated with
LPS for various time points and the sphingolipichtemt was monitored.
As expected, total ceramide increased steadily tvertime course of
LPS activation in WT cells reaching its maximumeaf24h (Fig. 4E).
On the contrary, in macrophages from hORMBE%¥° mice we did not
observe a significant increase in ceramide levatd 84h after the LPS
treatment. The pattern of sphinganine is of padicinterest, since it
directly correlates to SPT activity as an earlyeintediate metabolite of
thede novosphingolipid pathway. Macrophages from WT miceptiy a
peak at 4h after LPS activation and a latter deeredrig. 4,F). In
comparison, macrophages from hORMDB3*mice exhibit a reduction
of SPT activity as measured by significant lowerele of sphinganine
than in WT cells (Fig. 4G).
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Phagocytosis in hORMDLZ*****mice

The alteration in membrane composition and the iradaSPT activity
during bacterial activation caused by the overesgiom of ORMDL3 led
us to explore other relevant processes for macgptghysiology, in
which cellular membranes play an important rolesti-ive tested possible
modifications of phagocytosis in macrophages of MDR37°?%* mice.
To monitor the phagocytic engulfment of pathog&tdDM were treated
with fluorescently taggedt. coli for 30 min at different multiplicity of
infection ratios of 1:5 and 1:20, respectively (FBgA andB). Changes in
bacterial uptake between hORMDI®$?®and WT cells were negligible
after this short incubation time, as assessed bgsuomang intracellular

bacterial staining for botk. coli concentrations (Fig. %).
Autophagy in hORMDL3R*****mijce

Another membrane associated process linkedieonovo sphingolipid
synthesis in macrophage physiology is autoptfaggue to the need of
sphingolipids for autophagosome formation in order degrade
internalized components promoting cellular energyméeostasis. LPS
treatment leads to the formation of autophagosowiasthe TLR4
signaling pathway®, which can be monitored by the early recruitmet o
Beclin-1 that activates the class Il phosphoindei-kinase (VPS34)
complex leading to autophagosome iniatidh The most prominent
autophagy related protein is light chain 3 (LC3hjch is cleaved from its
initial cytosolic LC-3 | form (18 kDa) to lipidatednd autophagosomal
membrane-associated LC3-1l (16 kDa) during the gddion of the
autophagosomal membrarfé Following treatment of BMDM from
hORMDL3*?*?*® and WT mice with LPS for 8h, expression levels of
Beclin-1 and p62 were induced compared to basalitions to the same

extent (Fig. 5E). The autophagic flux was measured by the conversi
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LC3-I to LC3-Il and latter degradation in cells ated with LPS only.
Addition of Bafilomycin A (Baf), an inhibitor of @ophagosome and
lysosome fusion, blocks the degradation of LC3HEreby allowing its
accumulation. As can be seen in FiguFe @&cumulation of the cleaved
LC3-Il is significantly lower in activated macrogies from Tg mice

compared to WT cells after Baf addition.

Regulation of ORMDLs in human monocytes

Next, we decided to explore the relevance of tharessional regulation
of ORMDLs under activation in human monocytes. Bus purpose,
blood monocytes of 20 healthy donors were exposddPS for various
time points. According to our previous results inrme models, all three
ORMDL isoforms showed a decrease after early anbing2 and 4h), of
which ORMDL1 and ORMDL3were mostly affected (Fig. ). During
the later stage of activation (24i)RMDL1andORMDLS3reached their
initial expression levels, whered@RMDL2 showed an almost 5-fold
increase (Fig. 6A). Simultaneously, proper macrophage activation was
assured by monitoring the induction of TNFexpression (data not
shown). However, there are emerging evidences that disease-
associated SNP does not only alter the expressi@RMDL3 but also
affects nearby genes of the chromosomal region 1742 For this
reason we monitored the expression of the adjsgEmtGSDMB which
remained stable during monocyte activation. Inrexfee toGSDMB we
observed a significant decrease@RMDL3 (Fig. 6, B), suggesting that
the gene regulation of the ORMDL family is spediflg linked to
sphingolipid synthesis.

Finally, comparing basaDRMDL3 expression depending on the asthma-
associated SNP there are no differences betweeagetiatypes (Fig. &).
When we separated the regulatory effect of acowatn theORMDL3
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gene we could not find differences at early timenfgoof activation, only
after 24h theORMDL3 expression of T-allele carriers reached its ihitia
value, whereas the expression of C-allele carrergined at a significant

lower level (Fig. 6D).

DISCUSSION

Multiple SNPs in theORMDL3containing chromosomal region 17921
have been associated to the risk of developinghffaohmatory diseases,
such as asthma, ulcerative colitis, Crohn’s diseas@eumatoid arthritis
by genome-wide association studi&’® Genetic variation at SNP
rs7216389 (T allele) increas€@RMDL3 expression, which was assumed
to influence cellular physiology of the immune syat thereby
contributing to the associated inflammatory patbms. In order to
resemble the disease state, most previous stutligedia heterologous
overexpression system in various cell types indgdiurkat T cells,
eosinophiles and RAW264.7 macrophalfe$3> Besides, recently Miller
et al. characterized a transgenic mouse model eaitiaitional ORMDL3
overexpression, which showed several alterations marine lung
epithelium, displaying asthma-related parameteositsmeously?. In the
present work, our main objective was to furtherrabgerize the impact of
ORMDL3 on the immune system focusing on macroplpdysiology and
sphingolipid homeostasis. This is of particularewance, since we
previously correlated the regulation of the ORMDLotgins with an
increase in de novo ceramides during physiological macrophage

activation.

As a working model in this study we used BMDM fraransgenic mice

in which we have introduced the hum#&RMDL3 gene into the
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endogenoufosa2@ocus. Therefore we were able to circumvent pdssib
artifacts caused by transient transfection in $eesiprocesses like
macrophage activation. We observed a general iserezf protein

expression by monitoring a variety of tissues idelg lung, spleen and
BMDM and validated the correct targeting by localgzthe protein to the
endoplasmic reticulum. Recently, cytokine expressend ceramide
content have been shown to depend on the amoun©R¥DL3

expression ranging from moderate to high lev®swhich raises the
question of its physiological levels. However sitdifficult to establish the
exact amount of ORMDL3 protein produced by the d@B&le as predicted
in genetic studies, because the influence of theetie component
surrounding the gene has been shown to dependeocethtype® 323637

Regarding our model, the protein induction of mtran three fold in
macrophages can be considered as higher levelsge siommercial
antibodies do not distinguish among the three ORNKdlforms. Besides,
excessive overexpression of proteins in the endoptareticulum can
promote ER stress and lead to collateral phenotypggering the
unfolded protein response. Taking this into consitien, in the other
transgenic model neither the insertion locus ner @mount of protein
expression is controlled, resulting in an activatiof the ATF6 UPR
branch "2 This effect could also explain the discrepanciesthe
expression of SERCA2b and metalloproteases betweeh models
together with the usage of different cell typeschsias BMDM and

alveolar macrophages.

Macrophages are the first line of defense and ayspiultiple pathogen-
associated molecular patterns (PAMPs) and recepborstheir cell

membrane in order to detect pathogens and cytolkirpsessed by other
cells of the immune system. In this scenario, tiffeibnt populations of

macrophages have been described regarding a jproimhtory profile
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(M1) or the homeostatic-repairing function (MEpr this reason we have
explored functional consequences of higher ORMDk@ression levels
on macrophage activation and M1/M2 polarizationisTinformation is
especially important since chronic diseases likéhrag have been
associated to alterations in temporal and spa@tem of inflammatory
gene expression and imbalanced M1/M2 subs&ts Our results
demonstrate that BMDM from transgenic mice follolet same
transcriptional profile after LPS activation as W@lls. This finding is in
agreement with the work from Oyeniran et al. witbderate ORMDL3
expression levels in the RAW264.7 cell liffe On the other hand, the
polarization towards M1 or M2 was not affected BRNIDL3 expression,
as BMDM from both mice showed similar gene expasgatterns of
selected markers. Taken together, these findinggiearagainst the
hypothesis that high ORMDL3 expression producepteal and spatial
alterations of macrophage activation or polarizatitnterestingly, the
cytokines IL-4 and IL-13 used to induce the antiammatory M2
phenotype have been attributed to an increas®RIIDL3 expression
levels in bronchial epithelium of WT mice afterramasal administration
Y In our handsijn vitro stimulation of differentiated BMDM from WT
mice with IL-4 or the combination of IL-4 and IL-18id not change
ORMDLs expression levels as assessed by quanéitRii+PCR (data not
shown), suggesting that this pathway might be ¢gbe-specific or

mediated via a downstream mechanism of cytokineradtration.

Since the first description of ORMDL proteins astracellular
sphingolipid sensors and negative regulators ofrgéie-limiting enzyme
of de novosphingolipid synthesis, a lot of studies aimectliecidate the
underlying mechanism. Nevertheless, the regulatt@as not been
addressedn vivo yet. This question is of particular interest in erdo

clarify whether SNPs that exerts regulation leading to increased levels
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of ORMDL3expression, are related to the specific functiothis protein
in sphingolipid synthesis. The impact of ORMDL3 loasal sphingolipid
levels has been evaluated by knock-down studieODRMDL1 and
ORMDL2 in HelLa cells’” and transient ORMDL3 overexpression in
HEK293 cells'®, but was determined insignificant in either apptoa
Only recently the ORMDL3 expression level was httted to significant
alterations of ceramide species in RAW264.7 maagpK>’. It has been
shown that higher levels of ORMDL3 lead to an iiidim of SPT activity
as measured by decreasia novosphingolipids, especially with a C16-,
C22-, and C24-backbone. Our results in BMDM fromnsgenic mice
clearly demonstrate that increased ORMDLS3 expresaitfects cellular
ceramide homeostasis, confirming its importance rracrophage
physiology. Thereby, the reduction in rather lohgio ceramide species
might be caused by a more complex scenario, inlwBiRMDL3 might
also regulate the activity of certain ceramide bgses downstream of
SPT. The induction of SPT activity using palmitaenot significantly
modified in the transgenic mouse, confirming thaerexpression of
ORMDL3 does only partially block SPT when stimutatithede novo
ceramide synthesis, in accordance with previousiteesn HEK293 cells,
where the overexpression of all three ORMDL isoferwas necessary to
inhibit SPT activity'®. This reinforces our idea that additional regutato
mechanisms apart from expression levels play a fanléhe inhibitory
effect of ORMDLs on SPT depending on cellular cadarevels. Thus,
ORMDL3 is able to lower the homeostatic content ceframides in
macrophages, but not sufficient to effectively BIGPT activity. This
result further questions the validation of studiggen myriocin treatment

has been used to mimic the pathophysiologicalab@RMDL3 *.

The release of SPT activity under macrophage aiiivahas been

emphasized in the present work. ORMDL3 overexpoessi transgenic
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macrophages is under the control of an exogenausgior resisting the
coordinated downregulation that releases the enzgymactivity, a
modulation that has been further confirmed heresmgi BMDM and
human monocytes. As expected, we observed an tafybeffect of
ORMDL3 on de novoceramide synthesis upon LPS stimulation. This
decrease can be attributed to the blockage of $itg, as indicated by
the reduction in sphinganine production. In conclusour work shows
that impairment in the coordinated downregulati6t©®MDLs prevents

SPT activity release in response to bacterial emeou

To further explore the possible consequences dremit membrane
composition at basal conditions and after LPS itidaccaused by
ORMDL3 overexpression we monitored the two membiseresitive
processes: phagocytosis and autophagy. Intergstimylriocin treatment
was shown to inhibit phagocytosis of fung@landida albicansin
macrophages, suggesting a crucial role der novo sphingolipids in
clearance of fungal infection at the binding stagel phagocytic cup
formation*’. In our model, phagocytosis was not impaired byMDR3
expression after a rather short pathogdnicoli incubation time of 30
min. On the other hand, autophagy induction affé§lexposure has been
shown to be highly dependent de novoceramide synthesf. In this
sense, we have observed that increased ORMDL3 ssipre impairs
autophagy induction, specifically at the level otutaphagosome
elongation since LC3-Il but not Beclin-1 was redilige the transgenic
mouse. The autophagic impairment occurs after aenavel incubation
time of 8h, which correlates exactly with the timwindow of de novo
sphingolipids synthesis. Dysregulation of autophaafger bacterial
infection might lead to a negative outcome of baateclearance and
thereby sustained inflammatiéh Indeed, one of the known causes of

inflammatory bowel diseases, to whicORMDL3 has been also
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genetically associatetP?, is an anomalous autophagic process in the gut
42,43

Finally, considering the interference with the nafngene expression
regulation of ORMDLs under macrophage activationour transgenic
mice, we decided to explore whether this regulaboourred in humans
and more interestingly, whether it was affected thg cis regulatory
elements of theORMDL3 locus. In this respect, we demonstrate that
human monocytes also show a coordinated regulatbrall three
ORMDL isoforms under physiological stimuli. Furthere, we can
attribute this regulation to the ceramide synthssise the expression of
gasdermin B (GSDMB), a gene in close proximityQRMDL3and co-
regulated by the surrounding SNPs, was not affeloyetlPS activation.
We thereby confirm the unique role of ORMDL3 in momgte activation,
while strengthening our hypothesis in which spedRMDLSs regulation
is important for proper functioning of the sphirigad synthesis. On the
other hand, neither ORMDL3 basal expression lewetsepression under
activation were altered depending on the risk elbdl SNP rs7216389 in
monocytes. The lack of influence of basal expressimuld be due to the
sample size. However it is also likely that otheanscriptional

determinants might overcome the ones analyzed dapgron the cell

type.

Our work reinforces the current view of ORMDLs &gative modulators

of SPT activity and their importance specifically imacrophage
physiology. Regarding the general idea of assaridietween increased
ORMDL3 expression and a higher risk to develop aiminatory
pathologies, our transgenic mouse model showed cesfdiceramide
content and alterede novosynthesis under macrophage activation. These
effects resulted in impairment of autophagy, areration that could

contribute to further understanding ORMDL3 pathapblpgy. However,
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our data with human monocytes showed that the auateti ORMDL
downregulation is not dependent on the genetic corapts around the
ORMDL3 locus challenging the contribution of macrophages
ORMDL3-associated pathophysiology. Nevertheless work gives a
better understanding of the role of ORMDLs in matiage physiology
and provides further insight on how to design anmdhlyze future

experiments.
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TABLE 1
WT Tg

Cl4 38213 35+21,0
Cle6 12342192 10132112
Cl6:1 79224 7.1£23
C18 12,544 6,722
C20 7.8=2.0 5,1=1.9
Cc22 70,3+99 48,3+9.4
C24 1546158 90,2108
C24:1 15294138 08.8+11.6%
C24:2 30,784 13,246
Total 563,5+£552 374,144 60
% < 0.01
bp < 0.05

TABLE 1: Ceramide content depending on ORMDL expression lel@
Ceramide content was quantified by mass spectrgnietBMDM from Wild-
type (WT) and transgenic (Tg) mice after 7 dayslifferentiation with MCS-F
(n=7). Data expressed in pmol/1 x*1tlls.
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FIGURE 1. Generation and characterization of transgenic hORMMD.37°%3%

mice. A, strategy for a constitutive ORMDL3 expressing somodel within the
Rosa26locus.B, Western blot using 100ug of protein from differéesuesC,
Immunofluorescence of ORMDL3 in BMDM from WT and R®IDL3R%%?%(Tg)
mice C andD, Representative western blot and protein exprasgiiantification
of ORMDLs, SPTLC1, SPTLC2 and SERCA2b from BMDM WT and
hORMDL3*?%(Tg) mice normalized t@-Actin (n = 4; *, p < 0.05).Error bars
represent S.E.
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FIGURE 2
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FIGURE 2. Analysis of the macrophage activation processsene expression
analyzed by RT-PCR after activation of BMDM from Wahd hORMDL&522°
mice with 100 ng/mL LPS at indicated time poirds. TNF-u, B, INOS,C, IL-1p
andD, IL-6. Data are normalized to GAPDH € 6-8; *, p < 0.05; **, p < 0.01;
*** p < 0.001).Error barsrepresent S.E.



RESULTS

FIGURE 3
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FIGURE 3. Polarization of macrophages in hORMDLZ°??® mice. Gene
expression analyzed by RT-PCR after activation oilB1 from WT and
trangenic (Tg) mice at indicated time poimsB, effect of 100 ng/mL LPS and
30 ng/mL INFy on M1 polarization ofA, INOS andB IL-1f. C-D, effect of 20
ng/mL IL-4 on M2 polarizationE-F, effect of 10 ng/mL IL-4 and 10 ng/mL IL-
13 on M2b polarization of andE, Argl, D andF, CD206. Data are normalized
to GAPDH f = 6-8; *, p < 0.05; **, p < 0.01; ***, p < 0.001).Error bars
represent S.E.
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FIGURE 4

A

0.8
0.6

0.4

ACer/ACer-WT

0.2

0
C14 C16 C16:11 C18 C20 C22 C24 C24:1 C24:2

2.07
E 1.5 *kk
s [T 1
O 1o
§ 1.0
3]
3 0.57

0.0

WT Tg Myr

24h

[&== — ——] ORrwDLs

: B-Actin

20 [ ORMDL1
2 ] ORMDL2
< BN ORMDL3 oh  4h
<
(7] .
2 1.0 o
= [
0.5 [
° []
0.0 BT .
oh 4h 24h
E #
1
S ||
5 1.59 [
c
8 =
= 1.0 -
o A
O
g B3
S
8 0.5 |
> E=
|
0 2 4 824 0 2 4 8 24
WT Tg
_. 257 o WT < 2.57
=) X
< 207 3
2 = 20
£ 15 ] T
& E
o 1.01 Py
£ £ 15
S 05 £
? 2
0.04— . . : Z 1.0
Oh 2h 4h 8h e WT

92

C24:2Cer
C24:1Cer
C24Cer
C22Cer
C20Cer
C18Cer
C16:1Cer
C16Cer
C14Cer

Tg



RESULTS

FIGURE 4. ORMDL3 modulates basal ceramide content andde novo
sphingolipid synthesis in activated macrophagesA-B and E-G, ceramide
content in BMDM from WT and hORMDL™8%*?®(Tg) mice was quantified by
mass spectrometryA-B, Ceramide increase after incubation with 500 uM
palmitate (PA) conjugated with 0.5% BSA. A, contibn of the different
ceramide species and B, total ceramide. Raw dat@ated by sphingomyelin
content was normalized to the total ceramide irggeabtained in WT
macrophages.Myr) WT cells treated with 10uM myriocin 20min befoRA
addition = 8; *, p< 0.05; **, p< 0.01; *** p < 0.001).C andD, regulation of
ORMDLs after activation with 100 ng/mL LPS of BMDfom WT mice at
indicated time pointsC, gene expression analyzed by RT-PCR of ORMDL1,
ORMDL2 and ORMDL3. D, representative Western blot of the ORMDL
expressional repression. Data are normalizegtAatin (n = 8; **, p < 0.01).E-

G, BMDM were treated with 100 ng/mL LPS for up toh2#, time course of
total ceramide content in activated BMDMBars are divided into the different
ceramide species detected. Data is normalizedtteated macrophageksKS 0h

(n = 4-8; analysis of WT compared to WT untreateg % 0.05; **, p < 0.01;
analysis of Tg compared to Tg untreatedd%,0.01; analysis of Tg compared to
WT #, p< 0.05).F, time course of sphinganine content in activategnophages
with G, the maximal peak of sphinganine. Data is norradlito sphinganine in
untreated macrophages= 4-8; *,p < 0.05).Error barsrepresent S.E.
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FIGURE 5
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FIGURE 5. Impact of ORMDL3 in early phagocytosis and autophagy in
macrophages. A-C, intracellular phagocytic uptake df.coli after 30 min
incubation in a humidified atmosphere at 37°C wi® CQ. A and B,
quantification of intracellulaie.Coli per cell at a ratio ofA, 5:1 andB, 20:1
displayed in % in respect to the total number oflscgdn = 3). C,
immunofluorescence staining of fluorescently labetecoli (red) at 5:1 ratio,
Phalloidin staining dreen marks the plasma membrane and Topro counterstain
(blue) indicates the location of nuclei. Pictures weakenh at a SP8 confocal
microscope with a 63x objectiv®-F, autophagic markers after 100 ng/mL LPS
treatment in BMDM from WT and hORMDI?$?°(Tg) mice.E, representative
Western blot of LC3, Beclin-1 and p62 after 8h ¢¥3.treatment without and
with Bafilomycin A Baf) and F, quantification of their expression after 8h of
LPS treatment. Data are correctedpbictin and normalized to value at time Oh
of each groupr( = 4; analysis of WT compared to WT untreatedo* 0.05;
analysis of Tg compared to WT gt< 0.05). Error barsrepresent S.E.
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FIGURE 6
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FIGURE 6. ORMDLs are regulated during human monocyte activatbn.
Human blood monocytes from healthy donors weretdteavith 100 ng/ml LPS
for indicated time pointsA-D, gene expression analyzed by RT-PCR during
activation ofA, ORMDLs normalized t@-Actin or B, ORMDL3 normalized to
GSDMB (n = 8-13; **, p < 0.01; ***, p < 0.001).C andD, gene expression of
ORMDL3 separated by genotype at the disease-assdc&NP rs7216389 with
the risk allele TT) normalized tg3-Actin at A, basal level or B, under activation
(n=1-8; analysis of TT carriers compared to CC easti#,p < 0.05).Error bars
represent S.E.
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FIGURE S1
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SUPPLEMENTARY FIGURE S1. ORMDL3 does not alter asthma-
associated cytokine expression nor induce ER stressmacrophagesA, gene
expression analyzed by RT-PCR in BMDM from WT ar@RMDL3R*****mijce
of metalloproteases (MMP9, ADAMS8), chemokine recept(CCR2) and
chemokines (CXCL10, CXCL11) normalized by GADPR < 4). B-D, nuclear
translocation of ATF6 as a pathway of UPR in BMDNMoh WT and
hORMDL3**??® mjice. B, immunofluorescence staining of ATFGréen and
Topro counterstain bfue) indicates the location of nuclei in untreated
macrophages. Pictures were taken at a fluorescencescope with a 63x
objective.C andD, co-localization between ATF6 and the nuclei itreated or 1
ug/uL tunicamycin-activated macrophages using the Ja@ogin of the ImageJ
software as represented by fePearson coefficient or tHe, Manders M1/M2
coefficient = 5). Error barsrepresent S.E.
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After the first successful implementation of GWAB 2005 %’ the
number of studies has increased exponentially aasl provided a
powerful tool to elucidate genetic causes for camptliseases. By
comparison of human genomes in case-control studiagations in
individual nucleotides (SNPs) with a high allelieduency might be
identified as causative for the disease investihadsthma is one of those
complex diseases, which might be caused by theribation of
environmental factors as well as a genetic backygiolihe starting point
of this present thesis was the strong associafiatheoSNP rs7216389 to
the risk of developing asthma disease, which wesnhdéd by increased
ORMDL3 expression with unknown functions by the tiffe Over the
past years this genetic association has not ordy beplicated in several
GWAS in multiple ethnically diverse populations,osling its robust
conformity with an combined odds ratio of 1.37, n#s also linked to
other inflammatory diseases, such as inflammatooydb disease,
rheumatic arthritis and diabetes type 12°*%3/ This led to the hypothesis
that ORMDL3 might play a role in the regulationtbé immune system,
somehow facilitating the development of inflammatdiseases. To date
several studies shed light on the functions of ORMIIM distinct subsets
of the immune system, such as eosinophiles, malt e@md T-
lymphocytes, but so far macrophages, a key playarfiammation, have
only been characterized rudimentary. To elucidag¢ecellular function of
ORMDLs has been the main focus of other publicatiorcluding the
ones presented in this thesis. The ORMDL family term have been
involved in calcium homeostasis, ER stress reguiatand de novo
sphingolipid biosynthesis control. This last oneaisimportant pathway
during macrophage activatiofi>?’> making these cells an extremely
promising target for further investigation. Macragks are cells of the
innate immune system that play a central role imlye@athogen

recognition and cross-talk with other cellular tbsluring inflammation.
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This thesis compiles two works contributing to B&MDL3 research

field in three different aspects that will be dissed:

- structural insight into the SPT complex and itsutation by
ORMDLs

- physiological role of ORMDLSs in macrophage physglo

- implication of macrophages in ORMDL3 pathophysigiog
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Structure and regulation of the ORMDL-SPT complex

The implication of ORMDLSs in thele novasphingolipid synthesis via an
inhibitory effect on SPT, the first rate-limitinqxeayme of this pathway,
was initially described in yeast orthologs, nam@iyml and OrmZ®"",
Further studies of the regulatory mechanism redealéirect interaction
between non-phosphorylated Orm proteins and the SBbunits
depending on the cellular sphingolipid content dinel activity of the
kinases YPK/Nprl and phosphatases Tap42/Cdc45-PPZA Taken
together, Orms act as negative regulators of SRareby establishing
sphingolipid homeostasis via a phosphorylation-medi feedback loop

in yeast.

The blockage of SPT by ORMDLs and the resultingioéidn inde novo
sphingolipid synthesis is conserved in the mammalgystem, as
confirmed by growth arrest reversion after expreggsiuman ORMDL3 in
yeast double-KO mutanfs in which the inhibitory function on SPT was
supposed to be mediated via a negative feedbagk’lodherefore we
wanted to study if the regulation of the mammali@RMDL-SPT

complex formation followed a similar mechanism asatibed in yeast.

We were able to confirm existing data showing aedirinteraction
between ORMDL3 and SPTLC®* Moreover, we demonstrated that
ORMDL3 also interacts with SPTLC2, the catalytibsuoit of the SPT

complex?’’

. We clearly proved the existence of a function&MDL-
SPT complex with a specific coimmunoprecipitatidnaoound 4% for
both subunits. However, our results point towardstlaer mechanism
than the one described in yeast of a dynamic régalaf the ORMDL-
SPT complex modulated by intracellular ceramidelevas no changes in
the extent of ORMDL-ORMDL or ORMDL-SPTLC affinity eve

observed in high or low sphingolipid conditions.iglsuggests that the
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mechanism of SPT inhibition is not conserved fragast to mammals. In
this respect, the regulation described in yeastskas/n to depend on the
phosphorylation of a specific N-terminal region@mms ***"’ which is
only present in yeast and plants, whereas verelpaiteins lack this
domain and cluster differentl’. We therefore proposed a model of
inhibition that is not based on the binding affinibetween SPT and
ORMDLs, but rather on internal rearrangement ofdbmponents of this
complex. Our FRET experiments presented in thet fgsientific

contribution supported this idea.

Further studies on the stoichiometry of the complexealed that
ORMDLs can form homo- and hetero-oligomers withigmaffinities, in
which hetero-oligomerization might display slightonformational
alterations. Interestingly, the interaction betwe@RMDL1-ORMDL3
was stronger compared to ORMDL1-ORMDL2 or ORMDL2{@BL3,
suggesting that the C-terminus of ORMDL2 is plagedurther distance
from the other isoforms. We also showed a strutteerangement of the
ORMDL homo-oligomers depending on the intracellusghingolipid
content, in such a way that high cellular ceranliedels reduce their
interaction between them at the C-terminus. A fbssicenario would be
that this conformational change allows a more @éffednhibition of the
SPT enzyme and it would be interesting to evaltlaeexact part of the
C-terminal domain that undergoes this structurarresngement and
whether it exhibits a sensor for the lipid envir@mh Although we
provided new insight into the regulatory mechantsmwvhich ORMDLSs
inhibit SPT activity, it remains complex and funtfenctional studies are

needed to clarify their interaction.
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(SPTLCs active) ORMDL2 (SPTLCs inhibited)
ORMDL3
—)

V"

Figure 18: Model for structural rearrangement of ORMDLs. ORMDL
homodimers change thegonformation depending on the sphingoli
content.Figure extracted frorh

Within the complex formation the ORMDL proteins wehought to hav
a redundant function in blocking SPT, since paienis siigle KO was
not sufficient to further inducee novi sphingolipid synthesi&*. In this
thesis we confirmed that all ORMDL isoforms mustdepleted in orde
to release SPT activitin HEK293 cells. We established and verifie
different approach to measure SPT activity not taseradiolabeling, bt
instead determiningthe sphingolipid content of cells by m-
spectrometric analysis after palmitincubation, the enzymatic substrate
of SPT. The increase of ceramide levels observed waa@mpletely
abolished in the presence of myriocin, a specifieT Sinhibitor;
demonstrating that our protocol allowed us to @&fidy monitor

sphingolipids from theéle novesynthesis pathwa

Importarily, we also evaluated the impact of overexpressirvidual
ORMDL proteins on SPT activity, since the expresaloincrease c
solely ORMDL3was associated to the pathophysiology and we waaot
explore a possible link between the two procesOur results showed that

neither increased expression of each individual @RNprotein nor the
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combined overexpression of all three isoforms ledalterations in the
ceramide content in this cell line using a hetagoles transfection system.
In contrast, we did observe major changes in thealbaphingolipid
composition in BMDM from our transgenic mouse modéh ORMDL3
overexpression (see section 2 for detailed disocoggpointing towards an
implication of ORMDL3 expression on the cellulahspolipid content

depending on the expressional system and cellaf/ptudy.

Interestingly, triple overexpression of ORMDL prioe completely
blocks SPT activity after stimulating the pathwaithwpalmitate. This
result reinforced our hypothesis of a structuralrr@ngement depending
on the ceramide content and might display a prvchechanism once
ceramides increase to a putative deleterious |&gebbserved in BMDM,
increased ORMDL3 expression only partially reduahé ceramide
content after palmitate induction. Therefore we atoded that all three
members are needed for an effective sensing amdtdije of thele novo
pathway. However, our results about the inhibition of SPTivity by
ORMDLs have to be cautiously interpreted, as theghimbe partially
dependent on the experimental settings, such astypa, transfection
system and palmitate treatment. It is importantstate, that in our
experiments we have exclusively altered ORMDL esggien levels to
closely resemble the disease-association, sincr attmponents of the
ORMDL-SPT complex have not been linked to the paltlysiology.
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Physiological role of ORMDLSs in macrophages

Macrophages are an important cellular componenbh®finnate immune
system and play a central role in early pathogesogeition during
inflammation. To date, the role of macrophages e ORMDL3
associated pathophysiology has not been fully éated, although these
cells aremplicated in the development and progression tifraa disease
by an inappropriate activation stat€. According to previous studies,
ORMDL3 expression was upregulated upon bacterial encountéhe
RAW264.7 macrophage cell line, as well as in BALcnophages and
eosinophiled. This led us to hypothesize tt@RMDL3regulation might
alter macrophage activation, thereby leading t@mierinflammation and
disease state. During the development of this shesiject, a transgenic
mouse model was published with an overexpressio®RMDL3 that
showed an increased overall number of macrophagas8 weeks of age

on®.

Macrophage activationis a physiological process of particular relevance
regarding the role of ORMDL3, since microbial LRBnsilation leads to
increased intracellular ceramide levels, which ryaoriginate fromde
novosphingolipid synthesis at early time poiAt$*’®®! Interfering with

this increase ofie novoceramides generated via the SPT pathway leads to
defective macrophage activation and impairs othgyortant processes,

like autophagy and pro-inflammatory cytokine pratiture®>"

Since macrophage activation is an extremely seagiocess, we studied
the impact of ORMDL3 on macrophage physiology in BM from
transgenic mice, which constitutively overexpress humanORMDL3
gene under the endogeno&®sa26locus, thereby avoiding possible
artifacts caused by transient transfection. Ourehstlowed around three

fold induction of ORMDLS3 protein expression in maghages compared
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to WT cells, which were considered as significarftigher levels. In a
previous study using Fenretinide that was shownblck de novo
sphingolipid synthesis after pathogenic RAW264.#vaton, the same
TNF-« levels, but decreased Ilfland IL-6 expression were observéd
Since ORMDL3 was thought to similarly affede novosphingolipid
synthesis, we hypothesized that higher levels majtdr the cytokine
expression profile. However, comparing selected -iplammatory
activation markers after LPS exposure showed uealténduction and
temporal regulation in our model. These parameters also subject to a
study in RAW264.7 macrophages obtaining no diffeesnin cytokine
expression after ORMDLS3 transfectidti. But they claimed that cytokine
expression is significantly induced by LPS treatmahen RAW264.7
cells contain an aberrant amount of ORMDL3 expmssif up to five
fold **°. The question for the exact pathophysiologicatlewf ORMDL3
remains difficult to determine, since the influerafethe risk allele was
shown to be cell type specifi@?*?>*? Besides, there is no data about
protein levels depending on the SNP. Finally, nanges in the asthma-
related cytokine expression levels of IL-6 and Ilw@&re observed in
airway epithelial cells after LPS stimulation by RIRL3 knock-down®.
All these evidences led to the conclusion, that enaikly increased
ORMDL3 levels do not alter the activation state m&crophages, as
indicated by unaltered pro-inflammatory cytokinepesssion after LPS

activation.

Although we did not observe major differences ircrophage activation,
we wanted to explore whether an imbalance of thacrophage
polarization process might be the missing link between ORMDL3
expression and pathology. Asthma is traditionalifemred to as a T-
helper-2 (Th-2) cell driven inflammatory disord@f*3 but this basic

characterization is about to change due to the mseadneterogeneity of
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the disease, where imbalance of M1/M2 polarizatias attributed to
different macrophage subsets for example in brahchisthma?®,
Interestingly, asthma has also been associatettai@tzons in temporal
and spatial pattern of inflammatory gene expressionh However,
macrophages with higher levels of ORMDL3 showedaéqbility to
polarize towards the M1 or M2a phenotype. The basgbkine
expression profile showed no alterations, discardire possibility that
ORMDL3 induces a profound imbalance in macrophagbseats.
Interestingly, intranasal administration of theatynes IL-4 and IL-13
have been shown to increa@RMDL3 expression levels in bronchial
epithelium of WT mice’. In our hands, stimulation of BMDM from WT
mice with IL-4 or the combination of IL-4 and IL-1#d not change the
ORMDL3expression levels (data not shown), suggestirtghigpathway
might be cell type-specific mediated via a dowreattemechanism of

cytokine administration.

During this thesis project, several studies werdliphed trying to
elucidate different aspects of the mechanistic leggun underlying the
inhibitory effect of ORMDL3 on SPT. Although ORMDproteins were
first described as intracellular sphingolipid sessend negative regulators
of the rate-limiting enzyme afe novo sphingolipid synthesisin 2010"’,
this regulation in macrophages had not been adgtteiss vivo yet.
Whether increased levels ORMDL3expression produced by a SNP that
exert acis regulation can be related to its specific funciiosphingolipid
synthesis is of particular interest for explainitige pathophysiological
association. At that point, no alterations in bagdlingolipid levels have
been described, as evaluated by knock-déWrand in our individual
overexpression studies (see section 1 for detallsdussion)*””. Only
recently ORMDL3 expression was attributed to sigaifit alterations of

ceramide species in RAW264.7 cells, which resemtnlesvorking model
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of macrophages more precisély. Therein, high levels of ORMDL3 led
to decreasede novosphingolipids levels, mainly with a C16-, C22-dan
C24-backbone. In accordance with our results, BMBdn transgenic
mice clearly display alterations in the cellularaseide homeostasis with
a reduction in rather long-chain ceramide specse of the enzymatic
reactions in thele novopathway downstream of SPT is carried out by
(dihydro)-ceramide synthase (CerS), which acylagphinganine to
dihydroceramide by addition of a fatty acyl-CoA. mammals six
different CerS have been described with a speaifid-CoA preference,
thereby producing a specific dihydroceramide pedfif:**® Of particular
interest herein are CerS1, which mainly generate3-c@ramide species
119 and CerS2/CerS3 by producing middle to long chadayl-CoA
ceramides (Laviad et al. 2008; Mizutani et al. 2008/e therefore
speculate, that ORMDLS3 expression levels might tialtilly regulate the
activity of at least one of the CerS, suggestimgoae complex scenario of
de novoceramide inhibition. Regarding more complex spbiipids,
elevated levels of dihydrosphingosine-1-phosphatd sphingosine-1-
phosphate were detected after ORMDL3 knock-ddwnwhich implies
the induction of other routes in the ceramide pathwand the
metabolizing enzymes, such as ceramidases andgsgime kinases. It
also suggests to interpret increased ceramide sleafler ORMDL
depletion cautiously, as they might be underesamhatiue to the
consumption of the dihydrosphingosine precursorweieer, differences
in sphingosine-1-phosphate levels could also caigirirom the ceramide
degradation pathway, since the sphingosine backisotegraded via this
species. Once ceramide is formed, it may be sudgjetct degradation by
one of the ceramidases and the resulting sphingdsittkbone is also
degraded through the action of sphingosine-1-phatepAnd sphingosine-
1-phosphate lyase. Considering all these evidenitess likely that
ORMDL3 affects several pathways in the ceramide dwstasis, as it
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displays a tightly regulated enzymatic network.

Stimulation of thede novoceramide synthesis with palmitate in BMDM
from transgenic mice only partially blocked SPThatt, which is in
accordance with previous results in HEK293 cellshewe the
overexpression of all three ORMDL isoforms was 1eaey to
completely inhibit SPT activity’’. This reinforces our idea of a regulatory
mechanism based on structural rearrangement. kelugion, ORMDL3 is
able to lower the homeostatic content of ceramidemacrophages, but
not sufficient to effectively block SPT activity. yWlocin, a specific
pharmacological inhibitor of SPT, has been used nonic the
pathophysiological role of ORMDL3 in past studibat our results argue
against the idea that myriocin resembles the sdfaetes ORMDL3'"®.

In this regard, we specify that myriocin treatmémta valid control
condition for studying the ORMDL-SPT complex, butt fior ORMDL3

individually.

Another important finding in the presented thesigheregulation of the
ORMDL family expression modified in a coordinated manner, thereby
controllingde novaosphingolipid levels upon bacterial activation withS
in macrophages. The initial results obtained in tRAW264.7
macrophage cell line were reproduced not only inDB#from WT mice,
but also in human monocytes extracted from bloadpées of healthy
donors, demonstrating the importance of this coeskrregulation
amongst various cellular settings. As mentionedoteefMiller and
colleagues have shown an upregulation of ORMDL3RAW264.7
macrophages, but neither timing nor concentratibriS stimulation
have been stated, leading us to the assumptionniti#tation times were
around 24 h, as we observed higher expressionsl@féDRMDL3 at this

time point®. In detail, in RAW264.7 macrophages we were able t
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correlate the repression of all three ORMDL farmtgmbers after ear
cell activation with the induain of de novo ceramide synthesis,
proposing a model under which expressional redactd ORMDLS
release the inhibitory function on SPT. Our ressitsngthen the previol
observation that all three ORMDL proteins must leldted in order t
release SPT activity®, and moreover bring their regulation intc
physiological relevant context. Since LPS triggesgnaling pathway vi
TLR4, it would be interesting to study whether ODLs also undergo a
coordinated regulation by other stimuli, such aam-positive bacteria or

viral infections signaling via different TLRs onetiplasma membrar

Basal condition
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ORMDL123 \;‘r
ER

LPS treatment

Palmitoyl-CoA +
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Ceramide. Ceramide

i el ey ceramide
) ! ‘ 8 L levels
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Figure 19 Model of ORMDLs regulation under activation.

Coordinated regulation of the ORN proteins under activation allows

the SPT activity release.

Having in mind that macrophage activation is arrexely interestini
pathway to study due to the correlation of incrdasgramide levels aft
LPS stimulation generated via the nov: sphingolipid pathway’>%"> we

decided to specifically study the impact of ORMDb3his proces.
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We used BMDM from our transgenic mouse model, incivhhuman
ORMDL3 expression is under the control of an exegsnpromoter and
thereby not altered by activation stimuli. Upon LRB&mulation we
detected an inhibitory effect of ORMDL3 on the tataramide content,
but more importantly also atke novosphingolipid synthesis as measured
by sphinganine. In conclusion, our work shows tingbairment in the
coordinated downregulation of ORMDLSs prevents SEfivly release in
response to bacterial encounter. One possible mixhs affected might
be apoptosis, since pro-apoptotic functions havenbimked to elevated

ceramid€’®®, but was not subject of this study.

However, we monitored the two membrane-sensitiagsses, namely
phagocytosis and autophagy to study consequencaiteoéd membrane
composition induced by changes in ORMDL3 expressi®imce the
crucial role ofde novosphingolipids inphagocytosisof fungal candida
albicans was demonstrated in macrophadé% we thought ORMDL3
might play a role therein. In our experimental isgt, we did not detect
differences in phagocystosé&d coli after an incubation time of 30 min of
low and high bacteria to cell ratios. Given our exmental settings, we
would like to include a myriocin control as in teaudy by Tafesse and
colleagues, and also increase the incubation tieteden infection and
fixation. We hypothesize that although we haveghme initial infection
rate after bacterial exposure, we might able todierences in further
process of autophagy and degradation. As mentibeéare,autophagy
induction after LPS exposure also dependd®novaceramide synthesis.
Increased ORMDL3 levels impaired autophagy indutigpecifically at
the level of autophagosome elongation. Howeverthéur studies are
needed to elucidate the exact mechanism by whitnedl sphingolipid
content induced by ORMDL3 can lead to such an du#gjzc impairment

and the consequences for macrophage physiologyrefyiation of
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autophagy after bacterial infection might lead toegative outcome of
bacterial clearance and thereby sustained inflaiomat’. It is striking
that defective autophagy was not altering the Mlbssti polarization
process, since abnormal accumulation of non-funationaterial in the
cell induces a pro-inflammatory prografi In this sense, a general study
of autophagy induction by other stimuli like staiea should be
conducted to have a better understanding of tlsgeis Regarding the
context of pathophysiology, it is interesting toimioout that one of the
known causes of inflammatory bowel diseases, tcctwliIRMDL3 has

been associated, is an anomalous autophagic priocéssgut’®®2%
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Macrophages in ORMDL pathophysiology

The association between ORMDL3 and asthma has ineiependently

reproduced in several GWAS and non-GWAS studies gaithed

attention of the scientific community, because msthis a complex
disease caused by both environmental factors anetigepredisposition,
which affects around 300 million people worldwidBWAS are a

powerful tool to elucidate candidate genes or cluswmal regions that
can be associated to diseases in a large cohat Biawever, this
approach is being criticized for false-positiveutes and for genes that
have been initially linked to diseases by GWASHartfunctional studies
are needed to assure their implication. There amynstudies exploring
the genetic region associated to these SNPs in yopulations, but

fairly few that evaluate the functional impact ofREIDLs in cell

physiology.

Two publications from Miller and colleagues focusen the effect of
ORMDL3 expression in asthnf&. In the latter study &ansgenic mouse
model overexpressing ORMDL3 was generated and several
characteristics of asthma were reported, such astapeous airway
remodeling and hyperresponsiveness. This phenoigse explained by
the induction of the ATF6 pathway and increasedesgon of SERCA,
which led to enhanced production of metalloproteaard subsequent
matrix remodeling. However, there are contradictesults regarding the
importance of SERCA, as decreased activity has peeviously shown

in airway remodeling®. In this mouse model the authors claimed that the
mechanism of the airway remodeling was not depe&ndanincreased
airway inflammation and the early events detectegtewin the lung

epithelium.
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Another approach to study the relationship betw@BMDL3 and asthma
via sphingolipid synthesis has been performed imemby myriocin
inhalation and heterologous SPTLC2 knock-HiitIn both experimental
settings decreasede novosphingolipid synthesis was detected, which
was described as causative for bronchial reactiiitythe absence of
inflammation. Airway hyperreactivity was observesl aa consequence of
imbalanced magnesium homeostasis in bronchia. Agiomed above, we
argue against the usage of myriocin in order to IMIM®RMDL3
overexpression since individual isoform overexpmssgoes not resemble
the same effect of a SPT inhibitor. Remarkably, kneck-out mouse
model for both SPTLC subunits showed embryonicaliéth

Our ORMDLS3 transgenic mouse model underlay sedffdrent features
compared to the one by Miller and colleagues; mogiortantly we
introduced the huma®RMDL3 gene into the endogenoR®sa26locus,
thereby tightly controlling the locus of gene irigsr. We observed a
general increase of protein expression in varicgsiés including lung,
spleen and BMDM and validated the correct targebgdocalizing the
protein to the endoplasmic reticulum. However, ur mouse model we
did not observed spontaneous airway remodelingioe mp to 12 weeks
of age. In fact, it is very unusual for a mouselévelop a spontaneous
asthma phenotyp&”. Probably, the strategy for generating the mouse
model is behind these discrepancies. Therefore ewéded to focus on
other cell types in order to elucidate the impadt @RMDL3
overexpression. In this thesis we have studiedtmsequences of higher
ORMDL3 expression levels in macrophage physiolagyamn attempt to

link the risk allele to asthma with an imbalancénimate immunity.

As presented above we observed reduced ceramidientoim basal
macrophages and impairel®@ novosynthesis in activated macrophages,

since the expression of the hum@RMDL3 is under the control of an
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exogenous promoter interfering with the coordinatedinregulation. The
result of this lipid imbalance is the impairmenttie elongation phase of
the autophagic process. This outcome could expl@nmechanism of
ORMDL3 pathophysiology since defective autophagy een previously
linked to inflammatory conditions®.

We have focused on tIf&NP rs7216389which is located within the first
intron of the neighboringsSDMB gene in cis-regulation witbRMDL3
2L Genetic variation at this SNP (T allele) was shote increase
ORMDL3 transcript levels, thereby determining the susceptibility to
childhood asthmd®. We therefore wanted to explore the implication of
ORMDL3 in human monocyte activation. Surprisingly,our samples of
human monocytes we did not observe changeSRMDL3 expression.
This could be caused by the sample size, but itdcalgo reveal that the
strength of these genetic factors might vary dejmgndn the cell type. If
this is case, the idea of increased ORMDL3 expoesdevels in

macrophages should be taken cautiously.

GWAS studies have mainly linked the genetic reg@oundORMDL3
gene to inflammatory diseases. This is surprisiagarding the structural
homology of about 80% between the three ORMDL famiembers. It
could be explained by the absencecisfregulatory elements controlling
the transcript levels in the genomic region©&MDL1andORMDL?2, of
which each is located on different chromosomeserAlitive explanations
include a tissue-specific expressional regulatioa atructural difference
of ORMDL3 that is lacking in the other two isoformdowever, as
discussed before, regarding their function de novo sphingolipid
synthesis all three members are needed for compibibition of SPT

activity.

The scenario of the genomic region aro@RMDL3and its implication
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is getting more complex with the accumulation ofigtic studies. Other
SNPs have been described at chromosome 17 (17q12&h as SNP
rs1293623, which also exerts cis-regulation fORMDL3 and the
surrounding genelKZF3, ZPBP2and GSDMB In fact, lately the term
regulatory haplotype has been used to define tihebirmtion of SNPs
that determine the gene expression in the regidBince there are several
genes under control, we should consider a more engzenario where
the pattern of expression regulation of severakgén that region might
account for the association studies. Moreover, aderone of the
haplotypes induces expression of ORMDL3/GSDMB arab tbeen
associated to asthma disease, the opposite haplotyin decreased
ORMDL/GSDMB levels was associated to Crohn disg&de), type 1
diabetes (T1D) and primary biliary cirrhosis (PB&) Interestingly, CD
has been linked to disturbances of the innate inemmasponse mainly via
ER stress and UPR induction, epithelial barrier fuystion and
autophagy, which could all possible interconnectoit ORMDL3 #°2
However, the haplotype associated to CD would berdéned by a lower
ORMDL3 expression.

There was another important question derived fremstudies with the
transgenic mouse model. We observed an alteratiauiophagy, when
ORMDL3was not under control of the coordinated downrafuh during
macrophage activation. An extrapolation to the huseenario would be
a differential ORMDL3 regulation during activation depending on the
regulatory haplotype aroun@RMDL3 Our results showed that the
downregulation of the ORMDL3 expression happensalbgdor C or T
carriers at the SNP rs7216389. On one hand, tlyjsear against the
pathophysiological relevance of the impairmentutophagy observed in
transgenic macrophages. On the other hand, itareie$ the idea that this

regulation is also important in human monocytes differences between
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alleles observed at 24 h cannot be related to S8age, but to the
cellular sensing mechanism of ceramide content. é¥ew the
experimental design and thereof extracted datadiforther conclusions

in this respect.

In summary, this thesis explores the functional dotpof ORMDL3 in
macrophage physiology, based on the notion that&sed expression
levels have been associated to a higher risk toeldpv several
inflammatory/autoimmune diseases. We elucidated ithgortance of
ORMDLs as negative modulators of SPT activity, ey in
macrophage physiology. Our transgenic mouse mogelvad reduced
ceramide content and alterede novo synthesis under macrophage
activation, resulting in impaired autophagy, anemtion that could
contribute to further understanding in the ORMDL&thmphysiology.
However, our data in human monocytes challengesctimtribution of
macrophages in ORMDL3associated pathophysiology, since the
coordinatedORMDL downregulation during activation is not dependent
on the genetic components around @RMDL3 locus. Our work adds
further understanding of the role of ORMDLs in nwattage physiology
and provides insights on ORMDL3 pathophysiology.
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CONCLUSIONS

ORMDL interaction with both subunits of the SPT gbex
(SPTLC1 and SPTCLZ2) is independent of cellular méda content.

Cellular ceramide composition produces structuedrnangement
between ORMDL homodimers at the C-terminal tails.

Triple but not individual ORMDL subunit overexprass blocks
SPT activity.

Basal cellular sphingolipid content is modified kpcreased
ORMDL3 expression dependent on cell-type and espreal
system.

The expression of all three ORMDL isoforms is caaately
downregulated upon LPS activation in macrophagdsrference of
this regulation by exogenous promoters prevents Sietvity
release.

Increased ORMDL3 levels do not alter the activatistate of
macrophages and their ability to polarize towardsl/NR
phenotypes.

Increased ORMDL3 levels impair autophagy at theelleof
autophagosome elongation.

Genetic variation at the asthma-associated SNPLESB® does not
lead to alteration in ORMDL3 expression in humannouytes,
neither to changes in the expressional regulatmmactivation.

125






VI. REFERENCES






REFERENCES

10

11

12

13

14

Hjelmqgvist L, Tuson M, Marfany G, Herrero E, Bells S, Gonzalez-
Duarte R. ORMDL proteins are a conserved new famwilgndoplasmic
reticulum membrane proteinGenome BioR002;3: RESEARCHO0027.

McGovern DPB, Gardet A, Torkvist L, Goyette Bs&rs J, Taylor K2t
al. Genome-wide association identifies multiple ulties colitis
susceptibility lociNat Gene010;42: 332—7.

Cantero-Recasens G, Fandos C, Rubio-Moscardvalerde M a.,
Vicente R. The asthma-associated ORMDL3 gene ptodegulates
endoplasmic reticulum-mediated calcium signalingl @ellular stress.
Hum Mol Genef009;19: 111-121.

Miller M, Tam a. B, Cho JY, Doherty T a., Pham, Khorram Net al.
ORMDL3 is an inducible Ilung epithelial gene regingt
metalloproteases, chemokines, OAS, and ATPfoc Natl Acad Sci
2012;109 16648-16653.

Ha SG, Ge XN, Bahaie NS, Kang BN, Rao A, RaceSBl. ORMDL3
promotes eosinophil trafficking and activation végulation of integrins
and CD48Nat Commur2013;4: 2479.

Miller M, Rosenthal P, Beppu A, Mueller JL, Hoiin HM, Tam ABet
al. ORMDL3 Transgenic Mice Have Increased Airway Reslod) and
Airway Responsiveness Characteristic of Asththtmmunol2014;192
3475-3487.

Araki W, Takahashi-Sasaki N, Chui D-H, Saitdrakeda K, Shirotani K
et al. A family of membrane proteins associated with endin
expression and gamma-secretase funcB&SEB J2008;22: 819-827.

Carreras-Sureda Modulation of T lymphocyte activation by ORMDL3
2014.

Manolio TA. Genomewide association studies asgtssment of the risk
of diseaseN Engl J Med2010;363 166—76.

Moffatt MF, Kabesch M, Liang L, Dixon AL, Straan D, Heath ®t al.
Genetic variants regulating ORMDL3 expression dbate to the risk of
childhood asthmaNature2007;448 470-3.

Vercelli D. Discovering susceptibility genes fisthma and allergyat
Rev Immuno2008;8: 169-82.

Yang FF, Huang Y, Li QB, Dai JH, Fu Z. Singlaicleotide
polymorphisms in the ORM1-like 3 gene associatedh wihildhood
asthma in a Chinese populati@enet Mol Re2012;11: 4646-53.

Galanter J, Choudhry S, Eng C, Nazario S, Rodd-Santana JR, Casal
J et al. ORMDL3 gene is associated with asthma in thremietlly
diverse population®Am J Respir Crit Care Me&l008;177: 1194—200.

Leung TF, Sy HY, Ng MCY, Chan IHS, Wong GWK,ngaNLS et al.
Asthma and atopy are associated with chromosom@11naarkers in
Chinese childrerAllergy 2009;64: 621-8.

129



130

REFERENCES

15

16

17

18

19

20

21

22

23

24

25

26

27

Tavendale R, Macgregor DF, Mukhopadhyay S, Bal@NA. A
polymorphism controlling ORMDL3 expression is asated with
asthma that is poorly controlled by current medicet. J Allergy Clin
Immunol2008;121: 860-3.

Karunas AS, lunusbaev BB, Fedorova Il, Gimal@f, Ramazanova
NN, Gur'eva LL et al. [Genome-wide association study of bronchial
asthma in the Volga-Ural region of Russi&lol Biol (Mosk) 45: 992—
1003.

Yu J, Kang M-J, Kim B-J, Kwon J-W, Song Y-H, @hwW-A et al.
Polymorphisms in GSDMA and GSDMB are associatech vasthma
susceptibility, atopy and BHRRediatr Pulmonol011;46: 701-8.

Binia A, Khorasani N, Bhavsar PK, Adcock I, giling CE, Chung KF
et al. Chromosome 1721 SNP and severe astintdum Genef011;
56: 97-8.

Ferreira MAR, Matheson MC, Duffy DL, Marks GBui J, Le Souéf et
al. ldentification of ILBR and chromosome 11q13.5 &k doci for
asthmalancet (London, England011;378 1006-14.

Hirota T, Harada M, Sakashita M, Doi S, Miyaak, Fujita Ket al.

Genetic polymorphism regulating ORM1-like 3 (Sacgomayces

cerevisiae) expression is associated with childhatmpic asthma in a
Japanese populatiofhAllergy Clin ImmunoR008;121: 769-70.

Verlaan DJ, Berlivet S, Hunninghake GM, Madéw, Lariviere M,
Moussette Set al. Allele-specific chromatin remodeling in the
ZPBP2/GSDMB/ORMDL3 locus associated with the rigkasthma and
autoimmune diseasém J Hum Gene2009;85: 377-93.

Bouzigon E, Corda E, Aschard H, Dizier M-H, &udl A, Bousquet 8t
al. Effect of 17g21 Variants and Smoking Exposure iarlf=Onset
Asthma.n engl j med n engl j med Paris (PS); Inser Unit&ridble (VS,
IP N Engl J Mec2008;35919193591985-94.

Sleiman PMA, Annaiah K, Imielinski M, BradfieldP, Kim CE,
Frackelton EC et al. ORMDL3 variants associated with asthma
susceptibility in North Americans of European atniges) Allergy Clin
Immunol2008;122 1225-7.

Wu H, Romieu |, Sienra-Monge J-J, Li H, del fRiavarro BE, London
SJ. Genetic variation in ORM1-like 3 (ORMDL3) andsdermin-like
(GSDML) and childhood asthmallergy 2009;64: 629-35.

Halapi E, Gudbjartsson DF, Jonsdottir GM, Bgoloitir US, Thorleifsson
G, Helgadottir Het al. A sequence variant on 17g21 is associated with
age at onset and severity of asthi¥ar J Hum Gene2010;18: 902-8.

Wan YI, Shrine NRG, Soler Artigas M, Wain L Blakey JD, Moffatt
MF et al. Genome-wide association study to identify gend¢iterminants
of severe asthmahorax2012;67: 762-8.

Barrett JC, Hansoul S, Nicolae DL, Cho JH, Dé, Rioux JDet al.



REFERENCES

28

29

30

31

32

33

34

35

36

37

38

39

40

Genome-wide association defines more than 30 dissimsceptibility loci
for Crohn’s diseaséNat Gene2008;40: 955-62.

Franke A, McGovern DPB, Barrett JC, Wang K, feedtSmith GL,
Ahmad Tet al. Genome-wide meta-analysis increases to 71 the aumb
of confirmed Crohn’s disease susceptibility losiat Genet2010; 42:
1118-25.

Camilleri M, Carlson P, McKinzie S, Zucchelli,MD'Amato M,
Busciglio | et al. Genetic susceptibility to inflammation and colonic
transit in lower functional gastrointestinal diserst preliminary analysis.
Neurogastroenterol Moti2011;23: 935-e398.

Hirschfield GM, Liu X, Xu C, Lu Y, Xie G, Lu et al. Primary biliary
cirrhosis associated with HLA, IL12A, and IL12RBariants.N Engl J
Med 2009;360: 2544-55.

Nakamura M, Nishida N, Kawashima M, Aiba Y, &ka A, Yasunami

M et al. Genome-wide association study identifies TNFSFiE a
POU2AF1 as susceptibility loci for primary biliargirrhosis in the

Japanese populatioAm J Hum Gene2012;91: 721-8.

Liu X, Invernizzi P, Lu Y, Kosoy R, Lu Y, Biahtl et al. Genome-wide
meta-analyses identify three loci associated witngry biliary cirrhosis.
Nat Gene2010;42: 658—60.

Barrett JC, Clayton DG, Concannon P, AkolkaCBpper JD, Erlich HA
et al. Genome-wide association study and meta-analysistfiat over 40
loci affect risk of type 1 diabeteNat Gene?009;41: 703-7.

Dobbins SE, Hosking FJ, Shete S, Armstrong &r8low A, Liu Y et
al. Allergy and glioma risk: test of association bynggype.Int J Cancer
2011;128 1736-40.

Crosslin DR, McDavid A, Weston N, Nelson SCe#f X, Hart Eet al.
Genetic variants associated with the white blootl @@unt in 13,923
subjects in the eMERGE Netwotdum GeneR012;131: 639-52.

Stahl EA, Raychaudhuri S, Remmers EF, Xie GeEB; Thomson Blet
al. Genome-wide association study meta-analysis flestseven new
rheumatoid arthritis risk locNat Gene010;42: 508—14.

Kurreeman FAS, Stahl EA, Okada Y, Liao K, DidgpRaychaudhuri S
et al. Use of a multiethnic approach to identify rheunmtarthritis-
susceptibility loci, 1p36 and 17q12m J Hum Gene2012;90: 524-32.

Tomita K, Sakashita M, Hirota T, Tanaka S, M@asna K, Yamada Bt
al. Variants in the 17921 asthma susceptibility loates associated with
allergic rhinitis in the Japanese populatiditergy 2013;68: 92—-100.

ShiY, LiL,HuZ Li S, Wang S, Liuét al. A genome-wide association
study identifies two new cervical cancer suscelitiybioci at 4912 and
17912.Nat Gene013;45: 918-22.

Lluis A, Schedel M, Liu J, llli S, Depner M, wdMutius Eet al. Asthma-

131



132

REFERENCES

41

42

43

44

45

46

47

48

49

50

51

52

associated polymorphisms in 17921 influence coobdORMDL3 and
GSDMA gene expression and IL-17 secretidnAllergy Clin Immunol
2011;127: 1587-94.€6.

Granell R, Henderson AJ, Timpson N, St PourBaiKemp JP, Ring SM
et al. Examination of the relationship between variatetn17g21 and
childhood wheeze phenotypekAllergy Clin ImmunoR013;131 685—
94.

Verlaan DJ, Ge B, Grundberg E, Hoberman R, Ka&h, Koka V et al.
Targeted screening of cis-regulatory variation iamian haplotypes.
Genome Re2009;19: 118-27.

Calgkan M, Bochkov YA, Kreiner-Mgller E, Bgnnelykke Istein MM,
Du G et al. Rhinovirus wheezing illness and genetic risk ofdttood-
onset asthma\ Engl J Med2013;368 1398-407.

Berlivet S, Moussette S, Ouimet M, Verlaan Rdka V, Al Tuwaijri A
et al. Interaction between genetic and epigenetic varatiefines gene
expression patterns at the asthma-associated Iddiggl2-g21 in
lymphoblastoid cell lineddum Gene2012;131: 1161-71.

Jin R, Xu H-G, Yuan W-X, Zhuang L-L, Liu L-Fjahg L et al.

Mechanisms elevating ORMDL3 expression in recurvémteze patients:
role of Ets-1, p300 and CREMt J Biochem Cell BioR012;44: 1174~
83.

Zhuang L-L, Jin R, Zhu L-H, Xu H-G, Li Y, Gao & al. Promoter
characterization and role of cCAMP/PKA/CREB in theshl transcription
of the mouse ORMDL3 genPL0S One2013;8: e60630.

Qiu R, Yang Y, Zhao H, Li J, Xin Q, Sharesal. Signal transducer and
activator of transcription 6 directly regulates tam ORMDL3
expressionFEBS J2013;280 2014-26.

Zhuang L-L, Huang B-X, Feng J, Zhu L-H, JinQRu L-Z et al. All-trans
retinoic acid modulates ORMDL3 expression via tcaipsional
regulation.PLoS One2013;8: e77304.

Hrdlickova B, Holla LI. Relationship betweereth7g21 locus and adult
asthma in a Czech populatidtium ImmunoR011;72: 921-5.

Marinho S, Custovic A, Marsden P, Smith JA, @on A. 17q12-21
variants are associated with asthma and interahtagtive smoking in an
adult population from the United Kingdonn Allergy Asthma Immunol
2012;108 402-411.e9.

Ramasamy A, Kuokkanen M, Vedantam S, Gajdos @#to Alves A,
Lyon HN et al. Genome-wide association studies of asthma in
population-based cohorts confirm known and suggelsigi and identify

an additional association near HLURALoS One2012;7: e44008.

Pozzan T, Rizzuto R, Volpe P, Meldolesi J. Malar and cellular
physiology of intracellular calcium storeBhysiol Rev1994; 74: 595—
636.



REFERENCES

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Berridge MJ. The endoplasmic reticulum: a rfwdittional signaling
organelle Cell Calcium2002;32: 235-249.

Lee AS. Mammalian stress response: inductioth@fglucose-regulated
protein family.Curr Opin Cell Biol1992;4: 267-73.

Kaufman RJ. Stress signaling from the lumentled endoplasmic
reticulum: coordination of gene transcriptional drahslational controls.
Genes Dew999;13: 1211-33.

Sommer T, Jentsch S. A protein translocatidieaidinked to ubiquitin
conjugation at the endoplasmic reticuludature 1993;365 176-9.

Hiller MM, Finger A, Schweiger M, Wolf DH. ERedradation of a
misfolded luminal protein by the cytosolic ubigo#proteasome pathway.
Sciencel996;273 1725-8.

Werner ED, Brodsky JL, McCracken AA. Proteasatapendent
endoplasmic reticulum-associated protein degradatio unconventional
route to a familiar fateProc Natl Acad Sci U S 2996;93: 13797-801.

Zhang K, Kaufman RJ. From endoplasmic-reticulstress to the
inflammatory responséature2008;454: 455-62.

Cyr DM, Hebert DN. Protein quality control—linlg the unfolded
protein response to diseafIBO Re2009;10; 1206—-1210.

Bertolotti A, Zhang Y, Hendershot LM, HardinfPHRon D. Dynamic
interaction of BiP and ER stress transducers in uhélded-protein
responseNat Cell Biol2000;2: 326-32.

Shen J, Chen X, Hendershot L, Prywes R. ERstrgulation of ATF6
localization by dissociation of BiP/GRP78 bindingdaunmasking of
Golgi localization signal®ev Cell2002;3: 99-111.

Ma K, Vattem KM, Wek RC. Dimerization and redeaof molecular
chaperone inhibition facilitate activation of ewatic initiation factor-2
kinase in response to endoplasmic reticulum stig€iol Chem2002;
277. 18728-35.

Chapman R, Sidrauski C, Walter P. Intracelldagnaling from the
endoplasmic reticulum to the nucledsinu Rev Cell Dev Bidl998;14:
459-85.

Calfon M, Zeng H, Urano F, Till JH, Hubbard SRarding HPet al.
IRE1 couples endoplasmic reticulum load to secyetoapacity by
processing the XBP-1 mRNAature2002;415 92-6.

Yoshida H, Matsui T, Yamamoto A, Okada T, MriXBP1 mRNA is
induced by ATF6 and spliced by IRE1 in responseE® stress to
produce a highly active transcription factGell 2001;107: 881-91.

Lee K, Tirasophon W, Shen X, Michalak M, PrywsOkada Tet al.
IRE1-mediated unconventional MRNA splicing and $2&tiated ATF6
cleavage merge to regulate XBP1 in signaling théolded protein

133



134

REFERENCES

68

69

70

71

72

73

74

75

76

77

78

79

responseGenes Dev002;16: 452—66.

Harding HP, Zhang Y, Ron D. Protein translago folding are coupled
by an endoplasmic-reticulum-resident kindsature1999;397: 271-4.

Harding HP, Zhang Y, Bertolotti A, Zeng H, RonPerk is essential for
translational regulation and cell survival duringe tunfolded protein
responseMol Cell 2000;5: 897-904.

Harding HP, Novoa |, Zhang Y, Zeng H, Wek Rh&ura Met al.
Regulated translation initiation controls stresduiced gene expression in
mammalian cellsMol Cell 2000;6: 1099-108.

Fawcett TW, Martindale JL, Guyton KZ, Hai T, IBimok NJ.
Complexes containing activating transcription factATF)/cAMP-
responsive-element-binding protein (CREB) interaatith the
CCAAT/enhancer-binding protein (C/EBP)-ATF compesitite to
regulate Gadd153 expression during the stress mesmiochem J1999;
339 (Pt 1 135-41.

Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD/Jf@a M et al. An
integrated stress response regulates amino acabolestm and resistance
to oxidative stressviol Cell 2003;11: 619-33.

Haze K, Yoshida H, Yanagi H, Yura T, Mori K. Maalian

Transcription Factor ATF6 Is Synthesized as a Trreambrane Protein
and Activated by Proteolysis in Response to Endwopia Reticulum

StressMol Biol Cell 1999;10: 3787-3799.

Ye J, Rawson RB, Komuro R, Chen X, Davé UPwes/Ret al. ER
Stress Induces Cleavage of Membrane-Bound ATF6 Heyy $ame
Proteases that Process SREBWs!. Cell 2000;6: 1355-1364.

Chen X, Shen J, Prywes R. The Iluminal domainAdF6 senses
endoplasmic reticulum (ER) stress and causes treatsbn of ATF6
from the ER to the Golgil Biol Chem2002;277. 13045-52.

Yamamoto K, Sato T, Matsui T, Sato M, OkadaY®bshida Het al.
Transcriptional induction of mammalian ER qualityntrol proteins is
mediated by single or combined action of ATF6alatmal XBP1.Dev
Cell 2007;13: 365-76.

Breslow DK, Collins SR, Bodenmiller B, AeberdoR, Simons K,
Shevchenko Aet al. Orm family proteins mediate sphingolipid
homeostasidNature2010;463 1048-53.

Han S, Lone M a, Schneiter R, Chang A. Orml@nu2 are conserved
endoplasmic reticulum membrane proteins regulaliipig homeostasis
and protein quality controProc Natl Acad Sci U S 2010;107: 5851—
5856.

Liu M, Huang C, Polu SR, Schneiter R, Chang Regulation of
sphingolipid synthesis through Orm1 and Orm2 insyehCell Sci2012;
125 2428-35.



REFERENCES

80

81

82

83

84

85
86

87

88

89

90

91

92

93

94

Hsu KJ, Turvey SE. Functional analysis of thepact of ORMDL3
expression on inflammation and activation of thefolded protein
response in human airway epithelial cefdlergy Asthma Clin Immunol
2013;9: 4.

Berridge MJ, Lipp P, Bootman MD. The versatilind universality of
calcium signallingNat Rev Mol Cell Bio2000;1: 11-21.

Jouaville LS, Ichas F, Holmuhamedov EL, CamaBhd.echleiter JD.
Synchronization of calcium waves by mitochondrialbstrates in
Xenopus laevis oocytebBlature 1995;377: 438—41.

Budd SL, Nicholls DG. A reevaluation of the @adf mitochondria in
neuronal Ca2+ homeostasisNeurocheni996;66: 403-11.

Berridge MJ. Inositol trisphosphate and calcgignalling.Nature 1993;
361 315-25.

Clapham DE. Calcium signalingell 1995;80: 259—-268.

Blaustein MP, Lederer WJ. Sodium/calcium exglearits physiological
implications.Physiol Rev1999;79; 763—854.

Drummond RM, Fay FS. Mitochondria contributeGa2+ removal in
smooth muscle cell®flugers Arch Eur J Physidl996;431 473-82.

Herrington J, Park YB, Babcock DF, Hille B. Dioant role of
mitochondria in clearance of large Ca2+ loads froat adrenal
chromaffin cellsNeuron1996;16: 219-28.

Jou MJ, Peng TI, Sheu SS. Histamine inducesillatems of
mitochondrial free Ca2+ concentration in single tutdd rat brain
astrocytesJ Physiol1996;497 ( Pt 2 299-308.

Bootman MD. Calcium Signalling and Regulatioh @ell Function.
Transfus Med Hemothera@p06;32: 1-7.

Seth M, Sumbilla C, Mullen SP, Lewis D, KleinGYiHussain Aet al.

Sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA)egsilencing
and remodeling of the Ca2+ signaling mechanismairtdiac myocytes.
Proc Natl Acad Sci U S 2004;101: 16683-8.

Asahi M, Otsu K, Nakayama H, Hikoso S, Taked&famolini AOet al.
Cardiac-specific overexpression of sarcolipin iftsilsarco(endo)plasmic
reticulum Ca2+ ATPase (SERCAZ2a) activity and impaardiac function
in mice.Proc Natl Acad Sci U S 2004;101 9199-204.

Green KN, Demuro A, Akbari Y, Hitt BD, Smith ,IParker let al.
SERCA pump activity is physiologically regulated Ipyesenilin and
regulates amyloid beta productiahCell Biol2008;181: 1107-16.

Sathish V, Leblebici F, Kip SN, Thompson MA bekick CM, Prakash
YS et al. Regulation of sarcoplasmic reticulum Ca2+ reuptalkgorcine
airway smooth musclédm J Physiol Lung Cell Mol Physi@008;294
L787-96.

135



136

REFERENCES

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Hogan PG, Lewis RS, Rao A. Molecular basis al€iom signaling in
lymphocytes: STIM and ORAAnnu Rev Immund010;28: 491-533.

Gwack Y, Feske S, Srikanth S, Hogan PG, RaoS@nalling to
transcription: store-operated Ca2+ entry and NFAGgtivation in
lymphocytesCell Calcium2007;42: 145-56.

Carreras-Sureda A, Cantero-Recasens G, Rubszdido F, Kiefer K,
Peinelt C, Niemeyer BAet al. ORMDL3 modulates store-operated
calcium entry and lymphocyte activatidtium Mol Gene013;22: 519—
30.

Vance JE. Phospholipid synthesis in a membiraicdon associated with
mitochondria.J Biol Cheml990;265: 7248-56.

Rizzuto R, Pinton P, Carrington W, Fay FS, FogKE, Lifshitz LM et
al. Close contacts with the endoplasmic reticulum agemhinants of
mitochondrial Ca2+ response&ciencel998;280. 1763—6.

Dickson RC, Lester RL. Metabolism and selecteohctions of
sphingolipids in the yeast Saccharomyces cerevigamhim Biophys
Acta - Mol Cell Biol Lipidsl999;1438 305-321.

Hakomori S, Handa K, Iwabuchi K, Yamamura $indélti A. New
insights in glycosphingolipid function: ‘glycosigiveg domain,” a cell
surface assembly of glycosphingolipids with signédansducer
molecules,involved in cell adhesion coupled witinsiling. Glycobiology
1998;8: xi—Xix.

Hannun YA, Obeid LM. Ceramide and the eukacyetress response.
Biochem Soc Trank997;25: 1171-1175.

Spiegel S. Sphingosine 1-phosphate: a pratatfa new class of second
messengersl. Leukoc Bioll999;65: 341-344.

Simons K, Toomre D. Lipid rafts and signahsduction.Nat Rev Mol
Cell Biol 2000;1: 31-9.

Hannun YA, Luberto C. Lipid Metabolism: CerdmiTransfer Protein
Adds a New DimensiorCurr Biol 2004;14: R163-R165.

Hannun YA, Obeid LM. Principles of bioactivpidl signalling: lessons
from sphingolipidsNat Rev Mol Cell BioR008;9: 139-50.

Mandon EC, Ehses |, Rother J, van Echten Gdigdf K. Subcellular
localization and membrane topology of serine palytitansferase, 3-
dehydrosphinganine reductase, and sphinganine Nratsferase in
mouse liverJ Biol Cheml992;267: 11144-8.

Pewzner-Jung Y, Ben-Dor S, Futerman AH. When_ aksses (longevity
assurance genes) become CerS (ceramide synthabesypts into the
regulation of ceramide synthesisBiol Chen2006;281: 25001-5.

Lahiri S, Lee H, Mesicek J, Fuks Z, Haimowizedman A, Kolesnick
RN et al. Kinetic characterization of mammalian ceramidetlsgses:



REFERENCES

110

111

112

113

114

115

116

117

118

119

120

121

determination of K(m) values towards sphingankieBS Lett2007;581
5289-94.

Venkataraman K, Riebeling C, Bodennec J, Ragzid, Allegood JC,
Sullards MCet al. Upstream of growth and differentiation factor 1
(uogl), a mammalian homolog of the yeast longeaggurance gene 1
(LAG1), regulates N-stearoyl-sphinganine (C18-(ditojceramide)
synthesis in a fumonisin Bl-independent manner ammalian cellsJ
Biol Chem2002;277. 35642-9.

Laviad EL, Albee L, Pankova-Kholmyansky I, fgis S, Park H, Merrill
AH et al. Characterization of ceramide synthase 2: tisss#ildlition,
substrate specificity, and inhibition by sphingesitrphosphate] Biol
Chem2008;283 5677-84.

Mizutani Y, Kihara A, Igarashi Y. LASS3 (longsy assurance
homologue 3) is a mainly testis-specific (dihydexamide synthase with
relatively broad substrate specificiBiochem 2006;398 531-8.

Mizutani Y, Kihara A, Chiba H, Tojo H, Igarash 2-Hydroxy-ceramide
synthesis by ceramide synthase family: enzymatitstfar the preference
of FA chain lengthJ Lipid Res2008;49; 2356—64.

Riebeling C, Allegood JC, Wang E, Merrill AButerman AH. Two
mammalian longevity assurance gene (LAG1) familynbers, trhl and
trh4, regulate dihydroceramide synthesis usingethffit fatty acyl-CoA
donors.J Biol Chem2003;278 43452-9.

Mizutani Y, Kihara A, Igarashi Y. Mammalian 4s6 and its related
family members regulate synthesis of specific célas Biochem J
2005;390 263-71.

Geeraert L, Mannaerts GP, van Veldhoven PPnvé&sion of
dihydroceramide into ceramide: involvement of aati@sseBiochem J
1997;327 ( Pt 1 125-32.

Michel C, van Echten-Deckert G, Rother J, 8affK, Wang E, Merrill

AH. Characterization of ceramide synthesis. A diloggramide
desaturase introduces the 4,5-trans-double bondpbingosine at the
level of dihydroceramidel Biol Chem1997;272 22432—7.

Savile CK, Fabrias G, Buist PH. Dihydroceraaniklta(4) desaturase
initiates substrate oxidation at C#AAmM Chem So02001;123 4382-5.

Ogretmen B, Hannun YA. Biologically active sgolipids in cancer
pathogenesis and treatmeat Rev Cance2004;4: 604-16.

Kumagai K, Kawano M, Shinkai-Ouchi F, NishiiimM, Hanada K.
Interorganelle trafficking of ceramide is regulated phosphorylation-
dependent cooperativity between the PH and STARMailess of CERT.
J Biol Chen2007;282 17758—66.

Kudo N, Kumagai K, Tomishige N, Yamaji T, W&dki S, Nishijima M
et al. Structural basis for specific lipid recognition BERT responsible
for nonvesicular trafficking of ceramidBroc Natl Acad Sci U S 2008;

137



138

REFERENCES

122

123

124

125

126

127

128

129

130

131

132

133

134

105 488-93.

Watson P, Stephens DJ. ER-to-Golgi transgortn and formation of
vesicular and tubular carrieBiochim Biophys Acta005;1744 304-15.

Hanada K, Kumagai K, Yasuda S, Miura Y, Kawdhd-ukasawa Met
al. Molecular machinery for non-vesicular traffickingf ceramide.
Nature2003;426: 803-9.

Tafesse FG, Ternes P, Holthuis JCM. The maiiig sphingomyelin
synthase familyJ Biol Chem2006;281 29421-5.

Wijesinghe DS, Massiello A, Subramanian P,ISZ) Bielawska A,
Chalfant CE. Substrate specificity of human cerankithaseJ Lipid Res
2005;46: 2706-16.

Kumagai K, Yasuda S, Okemoto K, Nishijima Myliayashi S, Hanada
K. CERT mediates intermembrane transfer of varimadecular species
of ceramidesJ Biol Chem2005;280; 6488-95.

Gbémez-Muioz A, Kong JY, Salh B, Steinbrechd?. (Ceramide-1-
phosphate blocks apoptosis through inhibition ofl @phingomyelinase
in macrophagesl Lipid Res2004;45; 99-105.

Waggoner DW, GOmez-Mufioz A, Dewald J, Brindidy. Phosphatidate
phosphohydrolase catalyzes the hydrolysis of caetami-phosphate,
lysophosphatidate, and sphingosine 1-phosplaiol Chem1996;271
16506-9.

Johnson KR, Becker KP, Facchinetti MM, Haniudg Obeid LM. PKC-
dependent activation of sphingosine kinase 1 aadslocation to the
plasma membrane. Extracellular release of sphingekiphosphate
induced by phorbol 12-myristate 13-acetate (PMABiol Chem2002;
277. 35257-62.

Olivera A, Spiegel S. Sphingosine-1-phosplastesecond messenger in
cell proliferation induced by PDGF and FCS mitogéeture 1993;365
557-60.

Edsall LC, Pirianov GG, Spiegel S. Involvemait sphingosine 1-
phosphate in nerve growth factor-mediated neurosadvival and
differentiation.J Neuroscil997;17: 6952—60.

Maceyka M. SphK1 and SphK2, Sphingosine Kinasenzymes with
Opposing Functions in Sphingolipid MetabolisirBiol Chem2005;280
37118-37129.

Ikeda M, Kihara A, Igarashi Y. SphingosineHiopphate lyase SPL is an
endoplasmic reticulum-resident, integral membrametgin with the
pyridoxal 5’-phosphate binding domain exposed t® dktosol.Biochem
Biophys Res Commu#904;325. 338—-43.

Merrill AH. Characterization of serine palmjtivansferase activity in
Chinese hamster ovary celBiochim Biophys Acta983;754 284-91.



REFERENCES

135

136

137

138

139

140

141

142

143

144

145

146

147

Yasuda S. Localization, Topology, and Functibthe LCB1 Subunit of
Serine Palmitoyltransferase in Mammalian Cell&iol Chem2002;278
4176-4183.

Weiss B, Stoffel W. Human and Murine Sering¥itayl-CoA
Transferase. Cloning, Expression and Charactesizathf the Key
Enzyme in Sphingolipid Synthesisur J Biochenml997;249 239-247.

Hornemann T, Richard S, Rutti MF, Wei Y, votkardstein A. Cloning
and initial characterization of a new subunit foarmmalian serine-
palmitoyltransferasel Biol Chen2006;281: 37275-81.

Hojjati MR, Li Z, Jiang X-C. Serine palmito@leA transferase (SPT)
deficiency and sphingolipid levels in midgiochim Biophys Act2005;
1737 44-51.

Hornemann T, Penno A, Ritti MF, Ernst D, KiwRfiffner F, Rohrer L
et al. The SPTLC3 subunit of serine palmitoyltransfergsperates short
chain sphingoid base$.Biol Chem2009;284 26322—-26330.

Hanada K. Serine palmitoyltransferase, a kagyme of sphingolipid
metabolism.Biochim Biophys Acta - Mol Cell Biol Lipid2003;1632
16-30.

Hornemann T, Wei Y, von Eckardstein A. Is theammalian serine
palmitoyltransferase a high-molecular-mass compBis¢hem J2007;
405 157-164.

Han G, Gupta SD, Gable K, Niranjanakumari 8ith P, Eichler Fet al.
Identification of small subunits of mammalian serpalmitoyltransferase
that confer distinct acyl-CoA substrate specifestProc Natl Acad Sci U
S A2009;106 8186-91.

Grether-Beck S, Timmer A, Felsner |, Brenden Btammertz D,
Krutmann J. Ultraviolet A-induced signaling invotvea ceramide-
mediated autocrine loop leading to ceramide de reythesisJ Invest
Dermatol2005;125 545-53.

Memon R a, Holleran WM, Moser a H, Seki Thida Y, Fuller Jet al.
Endotoxin and cytokines increase hepatic sphingbliposynthesis and
produce lipoproteins enriched in ceramides and ngamyelin.
Arterioscler Thromb Vasc Bidl998;18: 1257-1265.

Gomez del Pulgar T, Velasco G, Sanchez C, WarGuzman M. De
novo-synthesized ceramide is involved in cannablimoduced apoptosis.
Biochem 22002;363 183-8.

Herrera B, Carracedo A, Diez-Zaera M, GéméZ2d&ar T, Guzméan M,
Velasco G. The CB2 cannabinoid receptor signalsptmsis via
ceramide-dependent activation of the mitochondiiéfinsic pathway.
Exp Cell Re2006;312 2121-31.

Miyake Y, Kozutsumi Y, Nakamura S, Fujita Tawasaki T. Serine
palmitoyltransferase is the primary target of a isgbsine-like
immunosuppressant, ISP-1/myriociBiochem Biophys Res Commun

139



140

REFERENCES

148

149

150

151

152

153

154

155

156

157

158

159

1995;211 396-403.

Lowther J, Yard BA, Johnson KA, Carter LG, BWd, Raman MCGCet
al. Inhibition of the PLP-dependent enzyme serine fiayttransferase
by cycloserine: evidence for a novel decarboxyatimechanism of
inactivation.Mol Biosyst2010;6: 1682.

Wadsworth JM, Clarke DJ, McMahon SA, Lowthé, Beattie AE,
Langridge-Smith  PRR et al. The chemical basis of serine
palmitoyltransferase inhibition by myriocid. Am Chem So2013;135
14276-85.

Lowther J, Naismith JH, Dunn TM, Campopiano. CEructural,
mechanistic and regulatory studies of serine paltitansferase.
Biochem Soc Tran2012;40: 547-54.

Roelants FM, Breslow DK, Muir A, Weissman J®orner J. Protein
kinase Ypkl phosphorylates regulatory proteins Oramd Orm2 to
control sphingolipid homeostasis in Saccharomyegewisiae Proc Natl

Acad Sc2011;108 19222-19227.

Shimobayashi M, Oppliger W, Moes S, Jen6 Pl NiN. TORC1-
regulated protein kinase Nprl phosphorylates Orrmstitaulate complex
sphingolipid synthesidviol Biol Cell 2013;24: 870-881.

Sun Y, Miao Y, Yamane Y, Zhang C, Shokat KMak&matsu Het al.
Orm protein phosphoregulation mediates transienthingplipid
biosynthesis response to heat stress via the Pkharid Cdc55-PP2A
pathwaysMol Biol Cell 2012;23: 2388—98.

Siow DL, Wattenberg BW. Mammalian ORMDL ProgiMediate the
Feedback Response in Ceramide BiosynthdsBiol Chem2012;287.
40198-40204.

Siow D, Sunkara M, Morris A, Wattenberg B. Blagion of de novo
sphingolipid biosynthesis by the ORMDL proteins asphingosine
kinase-1Adv Biol ReguR015;57: 42-54.

Oyeniran C, Sturgill JL, Hait NC, Huang W-Gyi\D, Maceyka Met al.
Aberrant ORM (yeast)-like protein isoform 3 (ORMDL®xpression
dysregulates ceramide homeostasis in cells andnigeaexacerbates
allergic asthma in micel. Allergy Clin ImmunoR015;3: 1035-1046.€6.

Gupta SD, Gable K, Alexaki A, Chandris P, BRrBL, Dunn TMet al.
Expression of the ORMDLS, Modulators of Serine Rulyitransferase,
Is Regulated by Sphingolipids in Mammalian CellsBiol Chem2015;
290 90-98.

Siow D, Sunkara M, Dunn TM, Morris AJ, Wattenp B.
ORMDL/serine palmitoyltransferase stoichiometryedstines effects of
ORMDL3 expression on sphingolipid biosynthedid.ipid Res2015;56:
898-908.

Dawkins JL, Hulme DJ, Brahmbhatt SB, Auer-Gbach M, Nicholson
GA. Mutations in SPTLC1, encoding serine palmitayiisferase, long



REFERENCES

160

161

162

163

164

165

166

167

168

169

170

171

chain base subunit-1, cause hereditary sensoryopaty type |.Nat
Genet2001;27: 309-12.

Bejaoui K, Wu C, Scheffler MD, Haan G, AshhyPu L et al. SPTLC1
is mutated in hereditary sensory neuropathy, tygeat Genet2001;27:
261-2.

Bejaoui K, Uchida Y, Yasuda S, Ho M, Nishijiltg Brown RHet al.
Hereditary sensory neuropathy type 1 mutations ezordominant
negative effects on serine palmitoyltransferasiical for sphingolipid
synthesisJ Clin Invest2002;110 1301-8.

Gable K, Han G, Monaghan E, Bacikova D, Naard1, Williams Ret
al. Mutations in the Yeast LCB1 and LCB2Genes, InalgdiThose
Corresponding to the Hereditary Sensory Neuropaype | Mutations,
Dominantly Inactivate Serine PalmitoyltransferageBiol Chem2002;
277: 10194-10200.

Rotthier A, Auer-Grumbach M, Janssens K, BdeRenno A, Almeida-
Souza L et al. Mutations in the SPTLC2 Subunit of Serine
Palmitoyltransferase Cause Hereditary Sensory andtonm®mic
Neuropathy Type IAm J Hum Gene2010;87: 513-522.

Murphy SM, Ernst D, Wei Y, Laura M, Liu Y-Tple Jet al. Hereditary
sensory and autonomic neuropathy type 1 (HSANIseduby a novel
mutation in SPTLC2Neurology2013;80: 2106-11.

Gable K, Gupta SD, Han G, Niranjanakumari &;nibn JM, Dunn TM.
A Disease-causing Mutation in the Active Site of rige
Palmitoyltransferase Causes Catalytic PromiscuityBiol Chem2010;
285 22846-22852.

Penno A, Reilly MM, Houlden H, Laura M, Reitd€, Niederkofler Vet
al. Hereditary Sensory Neuropathy Type 1 Is Caused thg
Accumulation of Two Neurotoxic Sphingolipid$.Biol Chem2010;285
11178-11187.

Garofalo K, Penno A, Schmidt BP, Lee H-J, EinosIP, von Eckardstein
A et al. Oral I-serine supplementation reduces productibnearotoxic

deoxysphingolipids in mice and humans with heregitsensory
autonomic neuropathy type 1 Clin Inves2011;121: 4735-4745.

Ammit AJ, Hastie AT, Edsall LC, Hoffman RK, Aami Y, Krymskaya
VP et al. Sphingosine 1-phosphate modulates human airwayottmo
muscle cell functions that promote inflammation aidvay remodeling
in asthmaFASEB J2001;15: 1212-4.

Fyrst H, Saba JD. An update on sphingosinaesjphate and other
sphingolipid mediatorfNat Chem BioR010;6: 489-97.

Jolly PS, Rosenfeldt HM, Milstien S, Spiegel8e roles of sphingosine-
1-phosphate in asthmislol Immunol2002;38; 1239—-45.

Lai W-Q, Wong WSF, Leung BP. Sphingosine kinasd sphingosine 1-
phosphate in asthmBiosci Rep2011;31: 145-150.

141



142

REFERENCES

172

173

174

175

176

177

178

179

180

181

182

183

184

185

Rosenfeldt HM, Amrani Y, Watterson KR, Murtks, Panettieri RA,
Spiegel S. Sphingosine-1-phosphate stimulates actitn of human
airway smooth muscle cellEASEB J2003;17: 1789-99.

Roviezzo F, D'Agostino B, Brancaleone V, Daula L, Bucci M, De
Dominicis Get al. Systemic administration of sphingosine-1-phosphate
increases bronchial hyperresponsiveness in the enéns J Respir Cell
Mol Biol 2010;42: 572—7.

Jolly PS, Bektas M, Olivera A, Gonzalez-Espa€, Proia RL, Rivera J
et al. Transactivation of sphingosine-1-phosphate recsptdy
FcepsilonRI triggering is required for normal mesl degranulation and
chemotaxisJ Exp Med2004;199 959-70.

Oskeritzian CA, Milstien S, Spiegel S. Sphsige-1-phosphate in
allergic responses, asthma and anaphyld@tsrmacol Ther2007;115
390-9.

Worgall TS, Veerappan A, Sung B, Kim BI, Weiie Bholah Ret al.
Impaired sphingolipid synthesis in the respirattnact induces airway
hyperreactivity.Sci Transl Med®013;5: 186ra67.

Gautier EL, Shay T, Miller J, Greter M, JakickzC, Ivanov Set al.
Gene-expression profiles and transcriptional reguyapathways that
underlie the identity and diversity of mouse tissnacrophagesNat
Immunol2012;13: 1118-28.

Wynn TA, Chawla A, Pollard JW. Macrophage &gl in development,
homeostasis and diseab&ature2013;496. 445-55.

Ginhoux F, Jung S. Monocytes and macrophageselopmental
pathways and tissue homeostaliat Rev Immund?014;14: 392—404.

Swirski FK, Nahrendorf M, Etzrodt M, Wildgrubkl, Cortez-Retamozo
V, Panizzi Pet al. Identification of Splenic Reservoir Monocytes and
Their Deployment to Inflammatory SiteScience (80- 2009;325. 612—
616.

Auffray C, Fogg D, Garfa M, Elain G, Join-LaenbO, Kayal Set al.
Monitoring of blood vessels and tissues by a pdpmriaof monocytes
with patrolling behaviorScience2007;317: 666—70.

Carlin LM, Stamatiades EG, Auffray C, Hanna,R®over L, Vizcay-
Barrena G et al. Nrdal-dependent Ly6C(low) monocytes monitor
endothelial cells and orchestrate their dispd3all 2013;153 362—-75.

Bain CC, Scott CL, Uronen-Hansson H, GudjonsSpJansson O, Grip
O et al. Resident and pro-inflammatory macrophages in thenc
represent alternative context-dependent fates ef slme Ly6Chi
monocyte precursordlucosal ImmunoR013;6: 498-510.

Ziegler-Heitbrock L. Reprint of: Monocyte sebs in man and other
speciesCell Immunol2014;291: 11-5.

Serbina N V, Jia T, Hohl TM, Pamer EG. Moneeptediated defense



REFERENCES

186

187

188

189

190

191

192

193

194

195

196

197

198

against microbial pathogemsnnu Rev Immun@008;26: 421-52.

Nahrendorf M, Swirski FK, Aikawa E, Stangerpér, Wurdinger T,
Figueiredo J-let al. The healing myocardium sequentially mobilizes two
monocyte subsets with divergent and complementangtfons.J Exp
Med 2007;204: 3037-47.

Arnold L, Henry A, Poron F, Baba-Amer Y, vandijen N, Plonquet A
et al. Inflammatory monocytes recruited after skeletalsaobe injury
switch into antiinflammatory macrophages to suppaybgenesis] Exp
Med 2007;204: 1057—-69.

Crane MJ, Daley JM, van Houtte O, Brancato I3&ry WL, Albina JE.
The monocyte to macrophage transition in the mustexile wound.
PLoS One2014;9: e86660.

Janeway CA. The immune system evolved to idistate infectious
nonself from noninfectious selinmunol Today992;13: 11-6.

Janeway CA, Medzhitov R. Innate immune redtmmi Annu Rev
Immunol2002;20: 197-216.

Mukhopadhyay S, Herre J, Brown GD, Gordon I& potential for Toll-
like receptors to collaborate with other innate ioma receptors.
Immunology2004;112 521-30.

Jeannin P, Bottazzi B, Sironi M, Doni A, Rusnd, Presta Met al.
Complexity and Complementarity of Outer Membraneot&éin A
Recognition by Cellular and Humoral Innate ImmuniReceptors.
Immunity2005;22: 551-560.

Mackaness GB. Cellular resistance to infectbbExp Med1962;116
381-406.

Nathan CF, Murray HW, Wiebe ME, Rubin BY. l|d&cation of
interferon-gamma as the lymphokine that activatesidn macrophage
oxidative metabolism and antimicrobial activity.Exp Med1983;158
670-89.

Pace JL, Russell SW, Schreiber RD, Altman AtzKDH. Macrophage
activation: priming activity from a T-cell hybridamis attributable to
interferon-gammalProc Natl Acad Sci U S A983;80: 3782—-6.

Mantovani A, Sica A, Sozzani S, Allavena Pcateé A, Locati M. The
chemokine system in diverse forms of macrophagevaditin and
polarization.Trends Immuno2004;25: 677-86.

Stein M, Keshav S, Harris N, Gordon S. Intgde 4 potently enhances
murine macrophage mannose receptor activity: a enaok alternative
immunologic macrophage activatichExp Medl992;176 287-92.

Doyle AG, Herbein G, Montaner LJ, Minty AJ,f@aD, Ferrara et al.
Interleukin-13 alters the activation state of marimacrophages in vitro:
comparison with interleukin-4 and interferon-gamniaur J Immunol
1994;24: 1441-5.

143



144

REFERENCES

199

200

201

202

203

204

205

206

207

208

209

210

211

Mills CD, Kincaid K, Alt JM, Heilman MJ, HillAM. M-1/M-2
Macrophages and the Th1/Th2 Paradigmimmunol2000;164: 6166—
6173.

Bosurgi L, Manfredi AA, Rovere-Querini P. Maphages in injured
skeletal muscle: a perpetuum mobile causing andtitign fibrosis,
prompting or restricting resolution and regeneratieront Immunol
2011;2: 62.

Bach EA, Tanner JW, Marsters S, Ashkenazi gyét M, Shaw A%t al.
Ligand-induced assembly and activation of the garimeaferon receptor
in intact cellsMol Cell Biol 1996;16: 3214-21.

Shuai K, Schindler C, Prezioso VR, Darnell J&ctivation of
transcription by IFN-gamma: tyrosine phosphorylataf a 91-kD DNA
binding proteinSciencel992;258 1808-12.

Shuai K, Ziemiecki A, Wilks AF, Harpur AG, Sasski HB, Gilman MZ
et al. Polypeptide signalling to the nucleus through g¢ime
phosphorylation of Jak and Stat proteiNature 1993;366. 580-3.

Waddell SJ, Popper SJ, Rubins KH, Griffithg Bdbwn PO, Levin Met
al. Dissecting interferon-induced transcriptional peogs in human
peripheral blood cellf2LoS One010;5: e9753.

Martinez FO, Gordon S, Locati M, Mantovani Aranscriptional
profiling of the human monocyte-to-macrophage défeiation and
polarization: new molecules and patterns of gen@ession.J Immunol
2006;177: 7303-11.

Nau GJ, Richmond JFL, Schlesinger A, Jenni@sLander ES, Young
RA. Human macrophage activation programs induced blgterial
pathogensProc Natl Acad Sci U S 2002;99: 1503-8.

Schroder K, Sweet MJ, Hume DA. Signal intagrat between
IFNgamma and TLR signalling pathways in macrophages
Immunobiology2006;211 511-24.

Hu X, Ivashkiv LB. Cross-regulation of sigmagjipathways by interferon-
gamma: implications for immune responses and aumning diseases.
Immunity2009;31: 539-50.

Schumann RR, Leong SR, Flaggs GW, Gray PWgW$D, Mathison
JC et al. Structure and function of lipopolysaccharide bimdiprotein.
Sciencel990;249 1429-31.

Mathison JC, Tobias PS, Wolfson E, Ulevitch . RPlasma
lipopolysaccharide (LPS)-binding protein. A key qmnent in
macrophage recognition of gram-negative LBImmunol1992; 149
200-6.

Wright SD, Ramos RA, Tobias PS, Ulevitch Ratison JC. CD14, a
receptor for complexes of lipopolysaccharide (LR®H LPS binding
protein.Sciencel990;249 1431-3.



REFERENCES

212

213

214

215

216

217

218

219

220

221

222

223

224

Haziot A, Ferrero E, Kéntgen F, Hijiya N, Yamato S, Silver Xt al.
Resistance to endotoxin shock and reduced disséoiinaf gram-
negative bacteria in CD14-deficient midemunity1996;4: 407-14.

Park BS, Song DH, Kim HM, Choi B-S, Lee H, Lk©®. The structural
basis of lipopolysaccharide recognition by the THRB-2 complex.
Nature2009;458 1191-5.

Nagai Y, Akashi S, Nagafuku M, Ogata M, Iwakyf, Akira Set al.
Essential role of MD-2 in LPS responsiveness anB4 Histribution Nat
Immunol2002;3: 667-72.

Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogalwyarakeda Yet al.
Cutting edge: Toll-like receptor 4 (TLR4)-deficientmice are
hyporesponsive to lipopolysaccharide: evidence TaR4 as the Lps
gene product) Immunol1999;162 3749-52.

Wells CA, Ravasi T, Sultana R, Yagi K, Carnifg Bono Het al.
Continued discovery of transcriptional units exgesb in cells of the
mouse mononuclear phagocyte linedgenome Re2003;13; 1360-5.

Held TK, Weihua X, Yuan L, Kalvakolanu D V, @s AS. Gamma
interferon augments macrophage activation by lipygaecharide by two
distinct mechanisms, at the signal transductioellend via an autocrine
mechanism involving tumor necrosis factor alpha antrleukin-1.
Infect Immunl999;67: 206-12.

Yoshimura A, Naka T, Kubo M. SOCS proteindpkine signalling and
immune regulationNat Rev Immund2?007;7: 454—-465.

Fleetwood AJ, Lawrence T, Hamilton JA, Cook .ABranulocyte-
macrophage colony-stimulating factor (CSF) and mlcage CSF-
dependent macrophage phenotypes display differengegytokine
profiles and transcription factor activities: imgations for CSF blockade
in inflammation.J Immunol2007;178 5245-52.

Akagawa KS. Functional heterogeneity of colstijulating factor-
induced human monocyte-derived macrophalygs] Hematol2002;76:
27-34.

Krausgruber T, Blazek K, Smallie T, AlzabinL®ckstone H, Sahgal N
et al. IRF5 promotes inflammatory macrophage polarizationd TH1-
TH17 responsedlat ImmunoR011;12: 231-238.

Lehtonen A, Ahlfors H, Veckman V, Miettinen M,ahesmaa R,
Julkunen |. Gene expression profiling during difetiation of human
monocytes to macrophages or dendritic celld.eukoc Biol2007; 82
710-20.

Galizzi JP, Castle B, Djossou O, Harada N,riCabH, Yahia SAet al.
Purification of a 130-kDa T cell glycoprotein thdtinds human
interleukin 4 with high affinityJ Biol Chem1990;265 439—44.

Zurawski SM, Chomarat P, Djossou O, Bidaud M&Kenzie ANJ,
Miossec Pet al. The Primary Binding Subunit of the Human Interliguak

145



146

REFERENCES

225

226

227

228

229

230

231

232

233

234

235

236

4 Receptor Is Also a Component of the Interleulk3nReceptorJ Biol
Chem1995;270 13869-13878.

Kaplan MH, Schindler U, Smiley ST, Grusby Miat6 Is Required for
Mediating Responses to IL-4 and for the DevelopmeniTh2 Cells.
Immunity1996;4: 313-319.

Zimmermann N, Mishra A, King NE, Fulkerson PDoepker MP,
Nikolaidis NM et al. Transcript signatures in experimental asthma:
identification of STAT6-dependent and -independegdathways. J
Immunol2004;172 1815-24.

Wills-Karp M. Interleukin-13: Central Mediataf Allergic Asthma.
Science (80- 1998;282 2258-2261.

Grinig G, Warnock M, Wakil AE, Venkayya R, Brbacher F, Rennick
DM et al. Requirement for I1L-13 independently of IL-4 in expnental
asthmaSciencel998;282 2261-3.

Keegan AD, Nelms K, White M, Wang LM, Pier¢¢, Paul WE. An IL-
4 receptor region containing an insulin receptotihi® important for IL-
4-mediated IRS-1 phosphorylation and cell grov@kll 1994;76: 811—
20.

Heller NM, Qi X, Junttila IS, Shirey KA, Vog8IN, Paul WEet al. Type
| IL-4Rs selectively activate IRS-2 to induce targene expression in
macrophagessci Signal008;1: ral7.

Kawakami K, Taguchi J, Murata T, Puri RK. Tiheerleukin-13 receptor
alpha2 chain: an essential component for bindird)iaternalization but
not for interleukin-13-induced signal transductittmough the STAT6
pathway.Blood 2001;97: 2673-9.

Hsi LC, Kundu S, Palomo J, Xu B, Ficco R, Vibgem MA et al.
Silencing IL-13R2 promotes glioblastoma cell death via endogenous
signaling.Mol Cancer The2011;10: 1149-60.

Lin HS, Gordon S. Secretion of plasminogeivatdr by bone marrow-
derived mononuclear phagocytes and its enhancerbgntcolony-
stimulating factorJ Exp Medl979;150 231-45.

Verreck FAW, de Boer T, Langenberg DML, Hodwd, Kramer M,
Vaisberg Eet al. Human IL-23-producing type 1 macrophages promote
but IL-10-producing type 2 macrophages subvert imitgu to
(myco)bacteriaProc Natl Acad Sci U S 2004;101: 4560-5.

Verreck FAW, de Boer T, Langenberg DML, vanr d&anden L,
Ottenhoff THM. Phenotypic and functional profilinggf human
proinflammatory type-1 and anti-inflammatory typea2acrophages in
response to microbial antigens and IFN-gamma- abd0C-mediated
costimulationJ Leukoc BioR006;79: 285-93.

Vatrella A, Fabozzi |, Calabrese C, MasellifRlaia G. Dupilumab: a
novel treatment for asthma Asthma Allergy®014;7: 123-30.



REFERENCES

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

Stuart LM, Ezekowitz RAB. Phagocytosis: eldgaymplexity.Immunity
2005;22: 539-50.

Ezekowitz RA, Sim RB, Hill M, Gordon S. Locabpsonization by
secreted macrophage complement components. Rolecejptors for
complement in uptake of zymosanExp Medl984;159 244-60.

Roitt IM. The basis of immunology. Iin Essential Immunology,
Blackwell ScientificOxford, 1994.

Tafesse FG, Rashidfarrokhi A, Schmidt FI, mkmian E, Dougan S,
Dougan M et al. Disruption of Sphingolipid Biosynthesis Blocks
Phagocytosis of Candida albicaR4.0S Patho@015;11: e1005188.

Mihalache CC, Simon H-U. Autophagy regulationmacrophages and
neutrophilsExp Cell Re2012;318 1187-92.

Boya P, Reggiori F, Codogno P. Emerging regulaand functions of
autophagyNat Cell Biol2013;15: 713-20.

Vural A, Kehrl JH. Autophagy in macrophagespacting inflammation
and bacterial infectiorScientifica (Cairo)2014;2014 825463.

Suzuki K, Ohsumi Y. Molecular machinery of@ttagosome formation
in yeast, Saccharomyces cerevisiEBS Let2007;581: 2156—61.

Mizushima N. The role of the Atgl/ULK1 compleér autophagy
regulation.Curr Opin Cell Biol2010;22: 132-9.

Itakura E, Mizushima N. Characterization ofophagosome formation
site by a hierarchical analysis of mammalian Atgtgins. Autophagy
2010;6: 764-76.

Matsunaga K, Saitoh T, Tabata K, Omori H, Bafp Kurotori Net al.
Two Beclin 1-binding proteins, Atgl4L and Rubicorgciprocally
regulate autophagy at different stagdat Cell Biol2009;11: 385-96.

Hayashi-Nishino M, Fujita N, Noda T, Yamagucki Yoshimori T,
Yamamoto A. A subdomain of the endoplasmic retiouforms a cradle
for autophagosome formatioNat Cell Biol2009;11: 1433-7.

Yla-Anttila P, Vihinen H, Jokitalo E, EskelmeE-L. 3D tomography
reveals connections between the phagophore anglkasdac reticulum.
Autophagy2009;5: 1180-5.

Hanada T, Noda NN, Satomi Y, Ichimura Y, Fkgioy, Takao Tet al.
The Atgl2-Atg5 conjugate has a novel E3-like atfivior protein
lipidation in autophagyd Biol Chem2007;282 37298-302.

Kabeya Y, Mizushima N, Yamamoto A, Oshitania@®loto S, Ohsumi Y,
Yoshimori T. LC3, GABARAP and GATE16 localize totaphagosomal
membrane depending on form-Il formatighCell Sci2004;117: 2805—
12.

Kabeya Y, Mizushima N, Ueno T, Yamamoto A,igako T, Noda Tet
al. LC3, a mammalian homologue of yeast Apg8p, is lined in

147



148

REFERENCES

253

254

255

256

257
258

259

260

261

262

263

264

265

266

267

autophagosome membranes after proceskitiBO J2000;19: 5720-8.

Pankiv S, Clausen TH, Lamark T, Brech A, Brdufr, Outzen Het al.
p62/SQSTM1 binds directly to Atg8/LC3 to facilitatbegradation of
ubiquitinated protein aggregates by autophalgiol Chem2007;282
24131-45.

Kirkin V, Lamark T, Sou Y-S, Bjgrkey G, Nunh, Bruun J-Aet al. A
role for NBR1 in autophagosomal degradation of ultigated substrates.
Mol Cell 2009;33: 505-16.

Yang Z, Huang J, Geng J, Nair U, Klionsky Bdg22 recycles amino
acids to link the degradative and recycling funtsiof autophagyMol
Biol Cell 2006;17: 5094-104.

Levine B, Mizushima N, Virgin HW. Autophagy iimmunity and
inflammation.Nature2011;469; 323-35.

de Duve C. The lysoson&ci Am1963;208 64—72.

Shi C-S, Kehrl JH. MyD88 and Trif target Becl to trigger autophagy
in macrophagesl Biol Chen2008;283 33175-82.

Delgado MA, Elmaoued RA, Davis AS, Kyei G, B V. Toll-like
receptors control autophagymbo J2008;27: 1110-1121.

Xu Y, Jagannath C, Liu X-D, Sharafkhaneh Alddaiejska KE, Eissa
NT. Toll-like receptor 4 is a sensor for autophagpgociated with innate
immunity. Immunity2007;27: 135-44.

Sanjuan MA, Dillon CP, Tait SWG, Moshiach Siréey F, Connell &t
al. Toll-like receptor signalling in macrophages linkse autophagy
pathway to phagocytosiblature2007;450 1253-7.

Kihara A, Kabeya Y, Ohsumi Y, Yoshimori T. Hee
phosphatidylinositol 3-kinase complex functions the trans-Golgi
network. EMBO Rep2001;2: 330-5.

Stein M-P, Feng Y, Cooper KL, Welford AM, Wamger-Ness A.
Human VPS34 and p150 are Rab7 Interacting Partfeaffic 2003;4:
754-771.

Blander JM, Medzhitov R. Regulation of phagosomaturation by
signals from toll-like receptor&cience2004;304 1014-8.

Gutierrez MG, Master SS, Singh SB, Taylor @&Jombo MI, Deretic
V. Autophagy is a defense mechanism inhibiting BC&hd
Mycobacterium tuberculosis survival in infected mugphagesCell 2004;
119 753-66.

Lima JGB, de Freitas Vinhas C, Gomes IN, AdevEM, dos Santos
RR, Vannier-Santos M/At al. Phagocytosis is inhibited by autophagic
induction in murine macrophageBiochem Biophys Res Comma11;
405 604-9.

Bonilla DL, Bhattacharya A, Sha Y, Xu Y, Xiarf@, Kan Aet al.



REFERENCES

268

269

270

271

272

273

274

275

276

277

278

279

Autophagy regulates phagocytosis by modulating #x@ression of
scavenger receptorsnmunity2013;39: 537-47.

Xu Y, Eissa NT. Autophagy in innate and adeptmmunity.Proc Am
Thorac So@010;7: 22-28.

Zheng W, Kollmeyer J, Symolon H, Momin A, MenE, Wang Eet al.
Ceramides and other bioactive sphingolipid backboime health and
disease: lipidomic analysis, metabolism and ralesi\@embrane structure,
dynamics, signaling and autophadgiochim Biophys Act&2006; 1758
1864-84.

Scarlatti F, Bauvy C, Ventruti A, Sala G, Gard F, Vandewalle A&t
al. Ceramide-mediated macroautophagy involves inbibitof protein
kinase B and up-regulation of beclin 1 Biol Chem2004;279 18384—
91.

Daido S, Kanzawa T, Yamamoto A, Takeuchi Hnhé® Y, Kondo S.
Pivotal role of the cell death factor BNIP3 in amide-induced
autophagic cell death in malignant glioma ce@fancer Res2004; 64:
4286-93.

Pattingre S, Bauvy C, Carpentier S, Levadé.éljne B, Codogno P.
Role of JNK1-dependent Bcl-2 phosphorylation inateide-induced
macroautophagyl Biol Chem2009;284 2719-28.

Sims K, Haynes C a, Kelly S, Allegood JC, W&)gMomin Aet al.
Kdo2-lipid A, a TLR4-specific agonist, induces deva sphingolipid
biosynthesis in RAW264.7 macrophages, which isrgigddfor induction
of autophagyJ Biol Chen2010;285 38568-79.

Klein RJ, Zeiss C, Chew EY, Tsai J-Y, Sackks, Haynes Cet al.
Complement factor H polymorphism in age-related uiercdegeneration.
Science2005;308 385-9.

Yu H, Valerio M, Bielawski J. Fenretinide ibiied de novo ceramide
synthesis and proinflammatory cytokines induced Angregatibacter
actinomycetemcomitang.Lipid Res2013;54: 189-201.

Gururaj C, Federman RS, Federman R, Changri. fdoteins integrate
multiple signals to maintain sphingolipid homeoitas Biol Chem2013;
288 20453-63.

Kiefer K, Carreras-Sureda A, Garcia-Lopez ByiB-Moscard6 F, Casas
J, Fabrias Gt al. Coordinated Regulation of the Orosomucoid-like &en
Family Expression Controls de Novo Ceramide SyrighesMammalian
Cells.J Biol Chem2015;290 2822-30.

Pappas K, Papaioannou Al, Kostikas K, TzanakisThe role of
macrophages in obstructive airways disease: chroolistructive
pulmonary disease and asthr@gtokine2013;64: 613-25.

Schilling JD, Machkovech HM, He L, Sidhu Rjimara H, Weber Ket
al. Palmitate and lipopolysaccharide trigger syneigisteramide
production in primary macrophagesBiol Chen2013;288 2923-32.

149



150

REFERENCES

280

281

282

283

284

285

286

287

288

289

290

291

292

Andreyev AY, Fahy E, Guan Z, Kelly S, Li X, Monald JGet al.
Subcellular organelle lipidomics in TLR-4-activatedacrophagesJ
Lipid Res2010;51: 2785-2797.

Chang ZQ, Lee SY, Kim HJ, Kim JR, Kim SJ, HdKget al. Endotoxin
activates de novo sphingolipid biosynthesis vialearcfactor kappa B-
mediated upregulation of SptlcProstaglandins Other Lipid Mediat
2011;94: 44-52.

Anderson GP, Coyle AJ. TH2 and ‘TH2-like’ salh allergy and asthma:
pharmacological perspectivéeends Pharmacol Sdi994;15: 324-332.

Coyle AJ, Le Gros G, Bertrand C, Tsuyuki Susser CH, Kopf Met al.
Interleukin-4 is required for the induction of lufig2 mucosal immunity.
Am J Respir Cell Mol Bidl995;13: 54-59.

Malyshev |, Lyamina S. Imbalance of M1/M2 alle® macrophages
phenotype in bronchial asthma (LB50BASEB J2014;28: LB506—.

Clifford RL, Coward WR, Knox AJ, John AE. Teamiptional regulation
of inflammatory genes associated with severe asti@uar Pharm Des
2011;17: 653-66.

Hannun YA, Obeid LM. The Ceramide-centric enge of lipid-mediated
cell regulation: stress encounters of the lipiddkid Biol Chem2002;
277: 25847-50.

Liu K, Zhao E, llyas G, Lalazar G, Lin Y, HabkeM et al. Impaired
macrophage autophagy increases the immune respood®se mice by
promoting proinflammatory macrophage polarizatidotophagy2015; :
37-41.

Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh 0gnnerz JKet al. A
key role for autophagy and the autophagy gene Algir6 mouse and
human intestinal Paneth celdature2008;456 259-63.

Thachil E, Hugot J-P, Arbeille B, Paris R, @GgbA, Peuchmaur Mt al.

Abnormal activation of autophagy-induced crinophagyPaneth cells
from patients with Crohn’s diseasBastroenterology2012;142 1097—
1099.e4.

Mahn K, Hirst SJ, Ying S, Holt MR, Lavender ®jo OO et al.
Diminished sarco/endoplasmic reticulum Ca2+ ATPa&ERCA)
expression contributes to airway remodelling innotdal asthmaProc
Natl Acad Sci U S £009;106: 10775-80.

Shin YS, Takeda K, Gelfand EW. Understandisthraa using animal
models.Allergy Asthma Immunol R2909;1: 10-8.

Baumgart DC, Sandborn WJ. Crohn’s disehaacet2012;380 1590—
605.





