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ABSTRACT
In infection Toll-like receptor 4 (TLR4) is important for recognizing lipopolysaccharide
(LPS) from gram-negative bacteria. However, TLR4 can also be activated by endogenous
molecules produced as a result of tissue injury in sterile inflammation, which drives
chronic, age-related diseases as well as cancer. Extracellular vesicles (EVs) are released
from cells under normal and stress conditions and have been detected in all body fluids.
Under oxidative stress, which is a hallmark of sterile inflammation, increased levels of
EVs were detected. Additionally, several enzymes, among them lipoxygenases and
phospholipases, are induced by stress and were suggested to play an important role in the
activation of TLR4 signaling. The main goal of this PhD thesis was to show that cells
under oxidative stress can respond to the stress by producing signaling molecules, which
can release from the cells in EVs thus influencing the nearby or remote target cells. In the
first part of the thesis we induced the release of stressEVs by inducing oxidative stress in
HEK293 cells after addition of calcium ionophore A23187. StressEVs were isolated by
ultracentrifugation. The activation of cells by stressEVs was measured in comparison to
LPS, paclitaxel or lipid IVa, which are all mouse TLR4 agonists. All ligands activated Il6
and Il1beta gene expression, but to certain extent stressEVs and paclitaxel stimulated
TLR4 receptor with a gene profile different from LPS and lipid IVa. StressEVs activated
Il23a, Socs2, Ccl24 and Tnfaip6 in TLR4-dependent manner, but this was not detected
after LPS stimulation. Additionally, we showed that stressEVs in comparison to LPS
activated several different transcription factors also in TLR4-independent manner
resulting in activation of different immune response genes underlying the differences
between pathogen-induced and sterile inflammation. In the second part of the thesis we
wanted to determine the structure of signaling molecules in stressEVs and the mechanism
of their formation thus several types of vesicles were prepared and their activity was
analyzed. To characterize the actual ligands of TLR4/MD-2 complex and determine the
importance of 15-lipoxygenase (15-LO) in production of TLR4 active agonists, synEVs
were prepared from natural phospholipids (PLs) that compose EVs. SynEVs or individual
PLs, lysoPLs and 1-arachidonoyl-2-hydroxy-sn-glycero-3-phosphoinositol (20:4 lysoPI)
were oxidized for 10 min with 15-LO and their TLR4 activity was determined using
several methods e.g. quantitative PCR or ELISA. Activation of macrophages was
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observed when they were stimulated by 15-LO oxidized synEVs. Stimulation of the cells
by either 15-LO oxidized individual PL or lysoPLs revealed that 15-LO lysoPL are better
TLR4 activating agonists. As 15-LO oxidizes unsaturated fatty acids at 15 carbon
position, 20:4 lysoPI was used to confirm the formation of TLR4 activating ligands. 15LO oxidized 20:4 lysoPI products were analyzed by mass spectrometry to determine
oxidative changes. Hydroxy, hydroperoxy and keto products of 20:4 lysoPI were
determined and they activated the same TLR4-dependent gene pattern as stressEVs. In
addition, we attempted to establish the 15-LO knockout HEK293 cells by using
CRISPR/Cas 9 technology to investigate whether 15-LO contributes to the formation of
TLR4 agonists also in the cells under oxidative stress. The activation of TLR4 signaling
was lower in response to stressEVs isolated from 15-LO partial KO HEK293 cells in
comparison to stressEVs isolated from WT cells. On the basis of these results and the fact
that lysoPLs are present in the cells in low amounts we anticipated there might be a
mechanism, which could contribute to the formation of lysoPL. We focused on
phospholipases, especially on secretory phospholipase A2 (sPLA2). 1,2-diarachidonoylsn-glycero-3-phosphoethanolamine (AAPE) was used as it could be hydrolyzed by sPLA2
to produce 2-arachidonoyl-lysoPE (20:4 lysoPE) which was further oxidized by 15-LO.
Due to relatively low activity of sPLA2 with monomeric substrate, synEVs composed of
30% of AAPE and 70% of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) were
prepared. The synEVs were oxidized with 15-LO and hydrolyzed with sPLA2 and their
activity was measured by stimulating the macrophages. The results revealed that synEVs,
which were oxidized with 15-LO and hydrolyzed by sPLA2 resulted in higher TLR4/MD2 activation than only oxidized synEVs confirming the role of both enzymes in the
formation of ligands. Furthermore, sPLA2 activity in the synovial fluid from rheumatoid
arthritis (RA) patients also promoted formation of the TLR4 agonists. Finally, we
explored the contribution of sPLA2-mediated pathogenesis in K/BxN serum-induced
arthritis model by measuring the ankle thickness of WT and TLR4KO mice. Injection of
sPLA2 promoted K/BxN serum induced arthritis in mice and swelling of the ankles was
partially TLR4-dependent. Together, our results pointed out the crucial role of 15-LO and
sPLA2 in TLR4 agonist formation. Both 15-LO and sPLA2 are enzymes induced during
inflammation, so these results confirm the role of stressEVs in sterile inflammation that
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promotes chronic diseases and opens the opportunity to treat diseases without affecting
systemic innate immunity.
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IZVLEČEK
Pri okužbi je Tollu podoben receptor 4 (TLR4) pomemben za prepoznavanje
lipopolisaharida (LPS), ki gradi po Gramu negativne bakterije. Receptor TLR4 lahko
aktivirajo tudi endogene molekule, ki se tvorijo pri poškodbah tkiva pri sterilnem vnetju,
ki poganja kronične, s starostjo povezane bolezni, pa tudi rak. Zunajcelični vezikli
(extracellular vesicles; EV) se sproščajo iz celic v normalnih in stresnih pogojih in so
prisotni v vseh telesnih tekočinah. Zaradi oksidativnega stresa, ki je značilnost sterilnega
vnetja, zaznamo povišane ravni EV. Poleg tega stres povzroči aktivacijo različnih
encimov, med njimi lipoksigenaz in fosfolipaz, za katere so že pokazali, da lahko igrajo
pomembno vlogo pri aktivaciji signalizacije TLR4. Glavni cilj te doktorske disertacije je
bil pokazati, da se celice pod oksidativnim stresom lahko na stres odzovejo s tvorbo
signalnih molekul, ki se lahko sprostijo iz celic v EV in tako vplivajo na bližnje ali
oddaljene tarčne celice. V prvem delu doktorske naloge smo inducirali sproščanje
stresnih EV z aktivacijo oksidativnega stresa v celicah HEK293 ob dodatku kalcijevega
ionofora A23187. Stresne EV smo izolirali z ultracentrifugiranjem. Aktivacijo celic s
stresnimi EV smo primerjali z aktivacijo celic z LPS, paklitakselom in lipidom IVa, ki so
vsi agonisti mišjega TLR4. Vsi ligandi so aktivirali izražanje genov Il6 in Il1beta, vendar
so v določeni meri stresni EV in paklitaksel stimulirali receptor TLR4 z genskim
profilom, drugačnim od LPS in lipida IVa. Stresni EV so aktivirali Il23a, Socs2, Ccl24 in
Tnfaip6 v odvisnosti od TLR4, tega pa po stimulaciji z LPS nismo zaznali. Poleg tega
smo pokazali, da so stresni EV v primerjavi z LPS aktivirali več različnih dejavnikov
transkripcije tudi neodvisno od TLR4, kar je povzročilo aktivacijo različnih genov
imunskega odziva in kaže na razlike med patogenim in sterilnim vnetjem. V drugem delu
naloge smo želeli ugotoviti strukturo signalnih molekul v stresnih EV in mehanizem
njihovega nastanka, zato smo pripravili več vrst veziklov in analizirali njihovo aktivnost.
Za karakterizacijo ligandov receptorskega kompleksa TLR4/MD-2 in ugotavljanje vloge
15-lipoksigenaze (15-LO) pri tvorbi aktivnih agonistov TLR4 smo iz naravnih
fosfolipidov (PL), ki sestavljajo EV, pripravili sintetične EV. Sintetične EV, posamezne
molekule PL, lizoPL in 1-arahidonoil-2-hidroksi-sn-glicero-3-fosfoinozitol (20: 4 lizoPI)
smo 10 min oksidirali s 15-LO in njihovo TLR4 aktivnost detektirali z več metodami,
npr. kvantitativnim PCR ali ELISO. Aktivacijo makrofagov smo opazili, ko smo jih
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stimulirali s 15-LO oksidiranimi sintetičnimi EV. Stimulacija celic bodisi s 15-LO
oksidiranimi posameznimi molekulami PL ali lizoPL je pokazala, da so 15-LO lizoPL
boljši agonisti TLR4. Ker 15-LO oksidira nenasičene maščobne kisline na mestu 15.
ogljikovega atoma, smo za potrditev tvorbe ligandov, ki aktivirajo TLR4, uporabili 20:4
lizoPI. S 15-LO oksidirane 20: 4 lizoPI produkte smo analizirani z masno spektrometrijo.
Določili smo hidroksi, hidroperoksi in keto produkte 20: 4 lizoPI, ki so aktivirali enak od
TLR4 odvisen genski vzorec kot stresni EV. Poleg tega smo s pomočjo tehnologije
CRISPR/Cas9 poskušali pripraviti 15-LO knock out celice HEK293, da bi raziskali, ali
15-LO prispeva k tvorbi agonistov TLR4 tudi v celicah pod oksidativnim stresom.
Aktivacija signalizacije TLR4 je bila nižja na odziv na stresne EV, ki smo jih izolirali iz
delnih 15-LO KO celic HEK293, v primerjavi s stresnimi EV, izoliranimi iz celic WT.
Na podlagi teh rezultatov in dejstva, da so lizoPL v celicah prisotni v majhnih količinah,
smo predvidevali, da bi lahko obstajal mehanizem, ki bi lahko prispeval k tvorbi lizoPL.
Osredotočili smo se na fosfolipaze, zlasti na sekretorno fosfolipazo A2 (sPLA2). Uporabili
smo 1,2-diarahidonoil-sn-glicero-3-fosfoetanolamin (AAPE), saj ga sPLA2 lahko
hidrolizira tako, da nastane 2-arahidonoil-lizoPE (20: 4 lizoPE), ki ga lahko oksidira 15LO. Zaradi razmeroma nizke aktivnosti sPLA2 proti monomernim substratom smo
pripravili sintetične EV, sestavljene iz 30% AAPE in 70% 1-palmitoil-2-oleoil-glicero-3fosfoholina (POPC). Sintetične EV smo oksidirali s 15-LO in hidrolizirali s sPLA2,
njihovo aktivnost pa smo preverili s stimulacijo makrofagov. Rezultati so pokazali, da so
sintetični EV, ki smo jih oksidirali s 15-LO in hidrolizirali sPLA2, povzročili višjo
aktivacijo TLR4/MD-2 kot le oksidirani sintetični EV, kar potrjuje vlogo obeh encimov
pri tvorbi ligandov. Poleg tega je aktivnost sPLA2 v sinovialni tekočini bolnikov z
revmatoidnim artritisom tudi spodbudila tvorbo agonistov TLR4. Na koncu smo raziskali,
če sPLA2 lahko prispeva k patogenezi v mišjem modelu artritisa, ki ga induciramo s
serumom K/BxN in spremljamo z merjenjem otekline gležnja miši WT in TLR4KO.
Injiciranje sPLA2 je poslabšalo artritis pri miših in otekanje gležnjev je bilo delno
odvisno od TLR4. Naši rezultati so pokazali na ključno vlogo 15-LO in sPLA2 pri tvorbi
agonistov TLR4. Tako 15-LO kot sPLA2 sta encima, ki se inducirata med vnetjem, zato ti
rezultati potrjujejo vlogo stresnih EV pri sterilnem vnetju, ki spodbuja kronične bolezni
in odpira možnost zdravljenja bolezni, ne da bi to vplivalo na sistemsko prirojeno
imunost.
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1. INTRODUCTION
1.1 IMMUNE SYSTEM
Vertebrate immunity can be broadly categorized into innate and adaptive immunity, both
systems protect organisms against pathogens and endogenous damage (Fig. 1). Innate
immune cells are composed of dendritic cells, macrophages and neutrophils, among
others [1]. The adaptive immune system includes T and B lymphocytes [2]. The function
of immunity is eventually to protect our body against invading organisms, but innate and
adaptive immunity differ in how they do this. Within minutes or hours, the first line
innate immune system is employed to defense against infected pathogen. In contrast, the
adaptive immune system acts as a second line requiring some time to react to invading
organisms and to protect against re-exposure of the same pathogen [3]. The innate system
is not antigen specific and reacts similarly to a variety of organisms. Pattern recognition
receptors (PRRs) recognize microbial motifs, usually termed pathogen-associated
molecular pattern (PAMPs). Recognition of PAMPs stimulates signaling cascades
leading to inflammation. On the other hand, the adaptive immune system is antigen
specific and reacts only against the organism that induced the response. Moreover, the
adaptive immunity exhibits immunological memory, meaning that it reacts more rapidly
on subsequent exposure to the same organism [1]. The complement system is also a part
of the immune system, along with PRRs it is one of the major effector mechanisms of the
innate immunity to defense against common pathogens. The complement system consists
over 30 proteins and protein fragments that are synthesized by the liver, and circulating in
the blood and tissue fluids as inactive precursors. When microorganisms were recognized
by complement, proteases in the system cleave specific proteins and activates the next
protein in the cascade to enhance the ability of antibodies and phagocytic cells to clear
invading and damaged material [4]. PRRs and complement have been also showing the
interplay of the two systems [5, 6].
Inflammation plays a role in the immune response. It occurs when tissues are injured by
bacteria, trauma, toxins, heat, or any other cause. The main function of the inflammatory
reaction is to attack or remove infected pathogens or damaged cells. The activation of
inflammatory cells by infected pathogens results in production of inflammatory
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mediators: nitric oxide (NO) and prostaglandin E2 (PGE2), cytokines like tumor necrosis
factor alpha (TNF-α), chemokines and more [7, 8]. This event is divided into acute
inflammation and chronic inflammation. Acute inflammation is the early stage of
inflammation, it protects and heals wounds and infections. However, if the agent causing
the inflammation persists, the inflammation may become chronic. Tissues and organs can
be damaged by the inflammatory mediators released during chronic inflammation,
leading to the loss of normal functions. This process can go on for a long time, until
diseases such as diabetes, atherosclerosis, arthritis and even cancer suddenly set in [9].

Figure 1: Kinetics of innate and adaptive immune responses [10].
Innate immune mechanisms provide the initial defense against infections and endogenous damage.
Adaptive immune mechanisms develop later and require the activation of lymphocytes against specific
foreign or abnormal cells and particles.
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1.2 STERILE INFLAMMATION
The primary function of the immune system is to protect us from invading pathogens.
However, the immune response also occurs in the absence of infection, such as: trauma,
ischemia/reperfusion injury (IRI), autoimmune diseases, atherosclerosis or chemically
induced injury [11, 12]. Therefore it has been termed ‘sterile inflammation’. However,
inflammatory responses to microorganisms are very similar to responses induced by
sterile stimuli. It suggests that both infectious and sterile stimuli may alter the immune
system through common receptors and signaling pathways.
The triggers of sterile inflammation have been indicated as damage associated molecular
patterns (DAMPs), endogenous molecules released from damaged or dying cells. Since it
has been proposed by Polly Matzinger for the first time in 1994, several DAMPs have
been identified. Protein DAMPs can originate from different sources and include
intracellular proteins, such as heat-shock proteins (HSPs), S100 proteins or high-mobility
group box 1 (HMGB1); extracellular molecules, such as biglycan, tenascin C or
hyaluronan that are small fragments of extracellular matrix (ECM) and typically
generated following tissue injury. DAMPs can also be: ATP, uric acid, heparin sulfate,
RNA, and DNA [13]. DAMPs are recognized by PRRs and initiate the immune system.
1.3 PATTERN RECOGNITION RECEPTORS
Germline-encoded PRRs sense PAMPs, which are associated with microbial pathogens.
The activation of PRRs is crucial for the initiation of inflammation in the innate
immunity, but it also mediates adaptive immune response. Currently identified PRR
families are categorized into transmembrane receptors and those that are cytosolic. The
former includes Toll-like receptors (TLRs), which are located at the cell surface or in
endosomes and C-type lectin receptors (CLRs) that are characterized by the presence of a
carbohydrate-binding domain and are involved in fungal recognition. The latter
comprises nucleotide-binding oligomerization domain- (NOD-) like receptors (NLRs),
which are located in the cytoplasm; retinoic acid-inducible gene- (RIG-) I-like receptors
(RLRs), which are also located intracellularly and have been indicated in antiviral
responses; and absent in melanoma 2 (AIM2)-like receptors (ALRs), which are
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characterized by the presence of a pyrin domain and a DNA-binding HIN domain and
have been identified as DNA receptors [14-16].
Upon recognition of particular ligand TLRs trigger intracellular signaling cascades, such
as the nuclear factor-κb (NF-κB), activator protein-1 (AP-1) and type I interferon
pathways, which result in the upregulation of proinflammatory cytokines/chemokines
such as interleukin-1 (IL-1), TNF- α, IL-6 and interferon-α/ β (IFNα/β) that are important
in inflammatory and antimicrobial responses [17]. TLR family consists of receptors that
recognize the most diverse ligands amongst all innate immune receptors. For instance,
TLR4, a receptor for bacterial LPS, was proposed to recognize several endogenous
molecules, among them HMGB1, HSP, tenascin C [18-20].
Similarly to TLRs, the inflammasome is also activated by numerous PAMPs, such as
flagellin, as well as DAMPs (ATP, uric acid) to induce sterile inflammation [21].
Inflammasomes are a group of cytosolic protein complexes that upon activation of NLRs
lead to recruitment of apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC). Subsequently, pro-caspase-1 is recruited to form NLR–ASC–
pro-caspase-1 complex. Once the inflammasome is assembled, pro-caspase-1 initiates
self-cleavage and forms the active heterotetrameric caspase-1. Activated caspase-1
proceeds to cleave the cytokine precursors pro-IL-1β and pro-IL-18 into mature IL-1β
and IL-18 to regulate inflammation [22, 23].
1.4 TOLL-LIKE RECEPTORS
TLRs are transmembrane proteins that play a critical role in innate immune system [24].
TLRs, first discovered in Drosophila, consist of an extracellular region, which contains
leucine rich repeats motifs (LRRs) in the ectodomain and a cytoplasmic intracellular tail,
which contains a Toll interleukin-1 (IL-1) receptor (TIR) domain (Fig. 2) [25]. The
extracellular leucine-rich repeats of the TLR constitute the PRRs. When foreign
pathogens invade our body, the pathogen binds via its PAMP to a TLR's PRR domain and
the PAMP/PRR interaction triggers the innate immune system [14, 26]. Mammalian
TLRs comprise a large family consisting of at least thirteen members: TLR1 to TLR10 in
humans, TLR1 to TLR9, TLR11, TLR12 and TLR13 in mice, and the homolog of TLR10
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being a pseudogene. TLRs are on the plasma membrane surface with the exception of
TLR3, TLR7, TLR8, TLR9 which are localized on the surface of endosomes [27].
The published results suggest that endogenous stimuli can induce a sterile inflammatory
response through TLRs [20, 28]. The precise molecules that engage TLRs remain poorly
defined, so the contribution of TLRs to the overall sterile inflammatory response remains
unclear.

Figure 2: Scheme of TLR structure [25].
TLRs are transmembrane proteins, containing an extracellular LRR pathogen-recognition domain and a
cytoplasmic domain, referred to as the TIR signal transduction domain.

1.5 TLR4
TLR4 was first described in 1997 by Medzhitov and has been studied most intensively.
TLR4 specifically recognizes bacterial LPS. In addition, numerous other TLR4 ligands
have been reported, e.g. paclitaxel, tetraacylated lipid IVa, Ni2+. Recently, it has been
widely demonstrated that TLR4 is also involved in the recognition of DAMPs to induce
inflammatory response. HMGB1, HSPs or hyaluronic acid have been shown to activate
TLR4.
TLR4 alone is not sufficient for LPS recognition. In addition, Myeloid differentiation-2
(MD-2) is required for TLR4 surface expression and enables TLR4 to recognize to LPS

10

[29]. Transfection of TLR4 alone (MD-2 is not expressed) does not make the cells
responsive to LPS. It has been demonstrated that TLR4-mutated strain C3H/HeJ is
hyporesponsive to LPS but highly susceptible to infection by Gram negative bacteria
in comparison to WT mice [30]. Moreover, TLR4 KO mice are resistant to LPSinduced endotoxic shock [31].
LPS is a major component of the outer membrane of Gram-negative bacteria. It consists
of three different parts, in order from outside to the inside the membrane: an O side‐
chain, core oligosaccharide and hydrophobic lipid A (Fig. 3) [32]. The presence or
absence of O chains determines whether the LPS is considered rough or smooth. Fulllength O side-chains define smooth LPS, whereas the absence or reduction of O sidechains make the LPS rough. The lipid A portion is responsible for an immunogenic
activity of LPS. However, lipid A part is only recognized by our innate immune system
when LPS is released by growth or bacterial lysis [33].

Figure 3: General structure of bacterial lipopolysaccharide [32].
Abbreviations: Hep: L-glycerol-D-manno-heptose; Gal: galactose; Glc: glucose; KDO: 2-keto-3deoxyoctonic acid; NGa: N-acetyl-galactosamine; NGc: N-acetyl-glucosamine.
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LPS is transferred to cluster of differentiation 14 (CD14) by LPS‐binding protein (LBP),
and then CD14 splits LPS aggregates into monomeric molecules and presents them to
MD-2, followed by engagement and dimerization of TLR4 thus forming the activating
complex (LPS-TLR4/MD-2) [34, 35].
The crystal structure of the LPS-TLR4/MD-2 complex shows that five of the six lipid
acyl chains of the lipid A are completely buried deep inside the pocket, but the remaining
chain lies on the surface above the hydrophobic pocket of MD-2, forming a hydrophobic
interaction with Phe440 and Phe463 residues in the second human TLR4 molecule to
mediate dimerization (Fig. 4). Previous functional studies showed that mutation of both
crucial TLR4 amino acid residues abolished the ability of the receptor to response to LPS.
Thus, these phenylalanine residues are essential for endotoxin signaling [36]. In addition,
the two phosphate groups in the glucosamine backbone of LPS stabilize TLR4/MD-2
complex by forming ionic charge and hydrogen bonds with charged residues in MD-2
and TLR4. Removal of one phosphate group from LPS leads to a significant decrease in
its inflammatory activity [37, 38].
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Figure 4: Overall structure of the LPS-TLR4/MD-2 complex [39].
a), Top view of the symmetrical dimer of the LPS-TLR4/MD-2 complex. The primary interface between
TLR4 and MD-2 is formed before binding of LPS, and the dimerization interface is induced by binding of
LPS. b), Side view of the complex. The lipid A component of LPS is colored red and the inner core
carbohydrates of LPS are colored pink. The module numbers of the LRRs in TLR4 and the names of the β
strands in MD-2 are written in black.

1.6 TLR4 SIGNALING
Upon LPS binding and TLR4/MD-2 dimerization, the receptor recruits downstream
adaptor proteins myeloid-differentiation factor-88 (MyD88) and TIR-domain-containing
adapter-inducing interferon-β (TRIF) through interaction between their TIR domains
[40]. Depending on adaptor molecule binding, TLR4 signaling has been divided to
MyD88-dependent and MyD88-independent (TRIF-dependent) pathway (Fig. 5) [41].
1.6.1 MyD88-dependent pathway
Early MyD88-mediated signaling pathway, which is dependent on MyD88 and MyD88like adapter (Mal) leads to the activation of NF-κB and the Mitogen activated protein
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kinase (MAPK) pathways [42]. MyD88 interacts with member of IL-1 receptorassociated kinase family protein kinases Interleukin-1 receptor-associated kinase 1
(IRAK1) and Interleukin-1 receptor-associated kinase 4 (IRAK4). IRAK4 is initially
activated and phosphorylates and activates IRAK1 [43]. After IRAK1 and IRAK4 are
activated by phosphorylation they dissociate from MyD88 and interact with TNF
Receptor Associated Factor 6 (TRAF6). Ubiquitinated TRAF6 subsequently recruits
transforming growth factor-β-activated kinase 1 (TAK1), which then activates two
distinct pathways involving the (IκB kinase) IKK complex and the MAPKs pathway [44].
IB

kinase

(IKK)

phosphorylates

IB

a

NF-B-inhibitory

protein.

This

phosphorylation leads to the degradation of IκB and subsequent translocation of
transcription factors p50 and p65, major subunits of NF-κB into the nucleus, leading to
proinflammatory cytokine gene expression. Activation of the downstream MAPK
pathways containing extracellular signal-related kinase (ERK), p38 and c-Jun N-terminal
kinase (JNK) also triggers nuclear translocation of transcription factors c-Jun and c-Fos,
major subunits of AP-1 [45]. Those activated proteins initiate the macrophages releasing
inflammatory cytokines and mediators such as: NO, TNF- and PGE2.
1.6.2 TRIF dependent pathway
LPS was shown to activate NF-κB and it failed to produce proinflammatory cytokines
after LPS stimulation in MyD88-deficient macrophages. However, the later expression of
Type I interferons and interferon-inducible genes was not decreased in MyD88-deficient
macrophages [46]. These results demonstrated an important role of MyD88 in an early
response to LPS but also indicated that NF-κB and MAPK can be activated through the
MyD88-independent pathway.
After TLR4 recruits TIRAP-MyD88 and initiates signaling, TLR4 is subsequently
internalized into the endosomal network where it recruits TRIF, which plays a key role in
the activation of Interferon regulatory transcription factor 3 (IRF3) and the late phase
activation of NF-κB and MAPK. TRIF recruits TRAF3 to activate IRF3. TRAF3 is
associated with TRAF family member-associated NF-κB activator (TANK), TANK
binding kinase 1 (TBK1) and inducible IκB kinase (IKKi) to mediate Type I interferon
cytokines, which are important for anti-viral and anti-bacterial responses [47, 48].
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Figure 5: LPS induced TLR4 signaling pathway [41].
The extracellular part is mediated by LBP, CD14 and MD-2 and the intracellular part is transduced through
MyD88- and TRIF-dependent branches.

1.7 EXTRACELLULAR VESICLES
EVs are membrane vesicles released by cells and can be found in all body fluids [49].
EVs have been known for a long time to be released to the extracellular environment
during apoptosis. However, that healthy cells also release EVs to the extracellular
environment has only being recently realized. EVs are commonly defined as a potent
vehicles of intercellular communication due to their capacity to transfer proteins, lipids
and nucleic acids to other cells thereby influencing various physiological and
pathological functions of both recipient and parent cells, such as: in cancer or
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autoimmune diseases, chemical resistance or enabling bacterial survival under stress
condition [50-52].
Based on the mode of biogenesis, EVs can be broadly classified into three classes:
microvesicles, exosomes and apoptotic bodies (Fig. 6) [53]. Microvesicles and exosomes
and are both released by healthy cells despite they vary in several aspects. Microvesicles
originate from the plasma membrane by outward budding and fission and they are
extremely heterogeneous in size as they may vary between 100 nm to 1,000 nm in
diameter. Exosomes are EVs released by the endocytic pathway that range from 30-100
nm in diameter. Exosomes are formed in a multi-step process. Small vesicles are taken up
by endocytosis process into early endosomes resulting in the accumulation of
intraluminal vesicles (ILVs) and transformation of endosomes into multivesicular bodies
(MVBs) that eventually fuse with the plasma membrane to release exosomes into the
extracellular environment. Although microvesicles and exosomes are structurally similar,
they differ in their composition. Microvesicles directly bud and pinch off from the plasma
membrane and thus resemble the plasma membrane composition of the parent cell but
lack the asymmetric distribution of lipids normally seen across the two leaflets of the
plasma membrane. Several protein markers are considered as specific markers to
characterize microvesicles in mixed EVs populations, such as selectins, integrins and the
Cluster of differentiation 40 (CD40) ligand [54-56]. On the other hand, exosomes are
involved in the endosomal pathways so they contain endosome-associated proteins such
as tetraspanins (CD81, CD63), ALG-2-interacting protein X (Alix), and Tumor
susceptibility gene 101 (TSG101), which are often used as exosomal markers [57-59].
Although exosomes and microvesicles markers are diverse, specific markers to define the
different subtypes of EVs are still missing.
Apoptotic bodies are the largest type of extracellular vesicles that are generally defined as
1–5 µm in diameter, and released from the plasma membrane as blebs during the
progression of apoptosis. Under normal physiological conditions the surface of healthy
cells is composed of strictly asymmetric distribution of phospholipids on the inner and
outer leaflet of the plasma membrane. One of these lipids, phosphatidylserine (PS), is
normally restricted to the inner leaflet of the plasma membrane and is, therefore, only
facing the cytosolic side. However, during apoptosis this membrane asymmetry is rapidly
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lost without concomitant loss of membrane integrity and PS becomes exposed on the
outer leaflet of the plasma membrane [60, 61]. This phenomenon can be detected by
annexin V, which shows high affinity for PS residues in the presence of Ca2+ [62].

Figure 6: Biogenesis and release of extracellular vesicles [53].
Microvesicles arise as a result from the outward budding and fission of the plasma membrane. Exosomes
are formed within the endosomal network by inward budding into early endosomes and released upon
fusion of multi-vesicular bodies with the plasma membrane. Apoptotic bodies are released as blebs during
programmed cell death.
EE=early endosome; MVB=multi-vesicular body; ILV=intraluminal vesicles; N=Nucleus; OM=outer
membrane; Pp=periplasm; IM=inner membrane; n=nucleoid; F=flagella.

1.8 15-LIPOXYGENASE
Lipoxygenases (LOs) catalyze oxygenation of unsaturated fatty acids such as linoleic acid
or arachidonic acid (AA) [63, 64]. LOs can be found in animals as well as in plants and
have essential role in signaling. Historically, LOs have been characterized mainly on
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soybean LO isoforms. While the overall structure of mammalian LO enzymes is similar,
each isoform has unique properties, such as substrate specificity. Six distinct LO have
been identified in mammals and the different LO enzymes are named for the numbered
carbon, where they oxygenate their polyunsaturated fatty acid (PUFA) substrates [64].
Among members of the lipoxygenase family, 15-LO converts the common substrate AA
to 15-hydroperoxyeicosatetraenoic acid (15-HpETE) by inserting molecular oxygen on
arachidonic acid skeleton at carbon 15 position [65].
Two types of 15-LO have been identified in humans: 15-LO-1 (reticulocyte type), also
referred as 15-lipoxygenase-1, 15-LOX-1 or human 12/15-lipoxygenase and 15-LO-2
(epidermis type), also referred as 15-lipoxygenase-2, 15-LOX-2 or 15-LO-2. These two
types are differentiated by their tissue expression and a 40% homology at the amino acid
level [66]. In terms of enzymatic activities, 15-LO-1 oxygenates AA at both C-15 and C12 to generates 15-HpETE, and lesser extent 12-HpETE at a ratio of 12:1 (15-HpETE:12HpETE). The 15-LOX-1 enzyme can also metabolize linoleic acid to produce
hydroperoxyoctadecadienoic acid (13-HPODE) which is further peroxidized to 13hydroxyoctadecadienoic acid (13-HODE). By contrast, 15-LO-2 exclusively oxygenates
C-15 of AA to generate 15-HpETEs and can only use arachidonic acid as a substrate [67,
68]. These product and its lipid metabolites have been associated to many pathological
process (e.g. cancer, atherosclerosis, neuronal disorder, immune modulation, skin
diseases). For example, 12-HpETE and 15-HpETE mediate a number of biological
functions including the induction of c-fos and c-jun resulting in activation of AP-1. 13HpODE is proinflammatory and activates various transcription factors including NF-κB
[69, 70].
1.9 PHOSPHOLIPASE A2
Phospholipases are the enzymes that share the common action of catalyzing hydrolysis of
phospholipids. There are four main phospholipase families, termed A, B, C and D
distinguished by different type of reaction they catalyze (Fig. 7) [71]. Phospholipases A
are divided into PLA1 and PLA2, according to the specific site of hydrolysis within
phospholipid molecules. PLA1 and PLA2 hydrolyze the carboxylic esters at the sn-1 and
sn-2 position of glycerol backbone, respectively, to liberate lysophospholipid and AA, a
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precursor of eicosanoids including prostaglandins (PGs) and leukotrienes (LTs), which
are part of the inflammatory response. Phospholipase C (PLC) hydrolyzes the
glycerophosphate bond that links the polar head group to a glycerol backbone (cleaves
before the phosphate), releasing diacylglycerol (DAG) and inositol triphosphate (IP3).
Phospholipase D (PLD) also hydrolyzes the glycerophosphate bond (cleaves after the
phosphate) to generate phosphatidic acid and a free headgroup. Types C and D are
considered phosphodiesterases. Phospholipase B is capable to hydrolyze the carboxylic
ester at the sn-1 or sn-2 position, also known as a lysophospholipase [72, 73].

Figure 7: Sites of hydrolysis for diverse phospholipases (PLA1, PLA2, PLC and PLD) [71].

At the end of the nineteenth century, PLA2 was initially purified from the snake venom,
and is now called group I. Later, a novel human mammalian enzyme, which is abundantly
present in pancreas was discovered. This subgroup was similar to that isolated from
venom of snakes (group IA), and thus the pancreatic enzyme was termed group IB. In
1989, the first human non-pancreatic secretory PLA2 (group IIA), which is stored in
granules of both neutrophils and macrophages and is secreted upon activation into human
synovial fluid, was cloned. In 1992, the first human cytosolic PLA2 (cPLA2) from the
U937 macrophage cell line was reported. Subsequently, group III had been purified from
bee venom and the group IV was established as the new cytosolic PLA2 (cPLA2). The
discovery of additional PLA2s was continued with macrophage secreted group V PLA2
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and the calcium-independent PLA2 (group VI). The latest review lists 15 distinct groups
comprising four classes of PLA2 [74-78].
The sPLA2s consist of low molecular mass and Ca2+-requirement. They have been
implicated in a number of biological processes, such as inflammation, host defense and
atherosclerosis. The cPLA2s are tightly regulated by Ca2+ and phosphorylation and play a
major role in the initiation of AA metabolism. The calcium-independent PLA2s (iPLA2s)
play an essential role in membrane phospholipid remodeling. The platelet-activating
factor (PAF) acetylhydrolase (PAF-AH) are special group of PLA2 that exhibit unusual
substrate specificity, catalyze the hydrolysis of acetyl ester at the sn-2 position of PAF
and/or oxidized phospholipids [79, 80].
In order to cleave the substrate, sPLA2s must first bind to the lipid/water membrane
interface by their interfacial binding surface (IBS). After binding to the surface, the
phospholipase can bind a single phospholipid molecule and its hydrolysis occurs in the
active site. In general, the active site of sPLA2s shows low specificity for different types
of head-groups and acyl chains of phospholipids [81]. Therefore, the physiological
functions of PLA2s are mainly determined by their interfacial binding specificities and
not by the specificity of their catalytic sites [82-84]. For instance, phosphatidylcholine
(PC) is more susceptible to hydrolysis by group IB, group V, and group X sPLA2s than
group

IIA

or

IID.

However,

sPLA2-IIA

has

much

higher

affinity

for

phosphatidylethanolamine (PE) or PS than for PC.
PLA2s have been indicated in diverse kinds of disease progression, such as asthma,
sepsis, and vascular diseases. Also PLA2s (especially secretory PLA2) are elevated during
inflammation correlating with severity of the condition [85]. sPLA2 enzymatic activity
was detected in several examined synovial fluids including rheumatoid, osteoarthritic,
psoriatic, and gouty fluids [86]. Duchez et al [87] observed increased ankle thickness and
inflammation in K/BxN serum induced arthritis in mice with 12-LO (a mouse orthologue
of human 15-LO) and human sPLA2-IIA expression in comparison to mice lacking one or
both enzymes.
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1.10 OXIDIZED PHOSPHOLIPIDS
Glycerophospholipids comprise a glycerol backbone, phosphate-containing polar head
group and two fatty acid residues. The sn-1 position of glycerol is frequently linked to a
saturated fatty acid, whereas the sn-2 position almost exclusively contains PUFAs that are
prone to oxidative modification under the conditions of oxidative stress. Oxidized
phospholipids (OxPLs) are generated either enzymatically by lipoxygenases or
cyclooxygenases (COXs) and through non-enzymatic reactions by reactive oxygen
species (ROS) that are commonly produced during inflammatory processes (Fig. 8) [88].
ROS include radical species such as superoxide (O2−.) and hydroxyl radical (HO.) that can
directly oxidize PLs in uncontrolled chemical mechanisms. In contrast, oxPLs that are
formed by enzymatic reactions result in a restricted set of products during stress in
various innate immune cell types, e.g. 15-HpETE or 12-HpETE [89]. However, these
products are unstable and tend to be decomposed by further oxidation without
participation of enzymes, therefore many similar oxPLs products are produced by
enzymatic and nonenzymatic mechanisms.
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Figure 8: Mechanisms initiating oxidative modifications of PUFAs esterified in phospholipids [88].
PLs containing PUFAs are oxidized via enzymatic (LOXs, COXs, cytochrome c) or non-enzymatic
reactions, such as: ROS or free radicals which are produced endogenously by enzymes (NADPH oxidase
(NOX), myeloperoxidase (MPO), nitric oxide synthase (NOS), xanthine oxidase (XO)), or respiratory chain
in mitochondria.

Growing data suggest potential relevance of oxPLs in a variety of different pathologies,
including atherosclerosis, RA, lung injury and many other inflammatory diseases [90].
The available evidence suggests that high amount of oxPLs are present in atherosclerotic
vessels or in lung injury. Similar to other DAMPs, oxPLs also interact with several
receptors and PRRs present on the cell surface such as CD36 or EP2 to activate the
expression of IL-6, IL-8 [91, 92]. The biological activities of these compounds rely on the
recognition of DAMPs by PRRs and initiate the immune system. Several studies reported
that oxPLs activate TLR4. Indeed, oxidized 1-palmityl-2-arachidonyl-sn-glycero-3phosphocholine (oxPAPC) activated TLR4 to produce IL-8 in HeLa cells [93]. Recently,
oxPAPC was reported to induce proinflammatory cytokines via the TLR4–TRIF pathway
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in alveolar macrophages thus contributing to lung tissue injury [94]. On the other hand,
several studies showed that oxPLs inhibit LPS signaling at low concentration, but
promote it at high concentration [95-97]. The data of these studies provide strong
evidence that oxPLs play an important role in progression of many pathological
conditions and might serve as biomarkers to predict disease progression.
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1.11 SCOPE OF THE DOCTORAL THESIS
TLR4 and its co-receptor MD-2 play a critical role in innate immunity associated with
LPS-mediated responses [98]. In addition, TLR4/MD-2 is also activated by endogenous
factors known as DAMPs that are released as a consequence of trauma and tissue injury
in a broad range of sterile inflammatory diseases (e.g. IRI, atherosclerosis, RA) [99].
Sterile inflammation, which is evoked by tissue damage, is accompanied by the oxidative
stress where oxidative damage of biologically important molecules such as fatty acids,
DNA and other cellular components can occur [100] and thus may become DAMPs.
According to recent data they can be released from the cells into the bloodstream by EVs.
Previously, our research group reported that the concentration of EVs is increased in the
plasma of patients with chronic inflammatory diseases (e.g. RA, atherosclerosis) or
during oxidative stress. Interestingly, these oxidative stress-derived EVs were able to
activate TLR4 [101]. However, the mechanism behind this phenomenon still remains
unclear.
1.11.1 Definition of the problem
Several studies have shown that oxidized phospholipids modulate TLR4 activity [101104] and that they can be involved in certain sterile inflammation promoted diseases
including atherosclerosis, RA [105-108], but a satisfactory model of signaling and
formation of a stimulating species has not been fully determined yet.
1.11.2 Aim of the research
The aim of this research work is to understand the activation of TLR4/MD-2 complex by
EVs in sterile inflammation in comparison to LPS stimulation in classical inflammation.
By this research work I want to characterize the oxidized phospholipid agonists of
TLR4/MD-2 receptor and determine synergistic activity of 15-LO and sPLA2 as the
physiological producer of active oxidized ligands.
1.11.3 Working hypothesis
1. Although classical inflammation and sterile inflammation are very similar, I
hypothesize that LPS and EVs, released after oxidative stress, differently stimulate
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TLR4/MD-2 signaling pathways resulting in different cytokine profile and thus
inflammatory response.
2. 15-lipoxygenase is activated by the oxidative stress. I will determine structural features
of oxidized phospholipids, produced by 15-LO oxidation, which act as agonists of
TLR4/MD-2 receptor.
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2. MATERIALS AND METHODS
2.1 MATERIALS
2.1.1 Chemicals
Table 1: Chemicals, enzymes and commercial kits used in the experimental work

Manufacturer
Chemicals
Dr.
K.
Brandenburg S-LPS from S. abortus equi HL83
(Forschungszentrum Borstel)
Peptide Institute Inc
Lipid IVa
Avanti Polar Lipids
Invitrogen
Sigma

Selleck Chemicals (USA)
Promega
Pierce
Fermentas
Fluka
Lux
Merck
Tropix
Roche
New England Biolabs
Ebioscience
Cayman
Abcam
Santa Cruz Biotechnology
Cell Signaling Technology
R&D system/Biomedis MB

L-α-lysoPS, L-α-PS, L-a-PI, 20:4 lysoPI, AAPE, POPC,
polycarbonate membranes
RPMI 1640, DMEM, FBS, penicillin-streptomycin,
HBSS, DNA polymerase
TEMED, Tris, EDTA, agar, agarose, glycine, ampicillin,
GenElute Plasmid Miniprep Kit, acrylamide, APS, ATP,
agarose, LB medium, nitrocellulose membrane (45 pm),
ammonium persulphate, ethidium bromide, Trypsin
EDTA solution, KCl, Na2HPO4, KH2PO4, SDS,
NaH2PO4.H20, glycerol, B-mercaptoethanol, DTT,
bovine serum albumin (BSA), Paclitaxel, Ca-ionophore
A23187, N-acetyl cysteine, sPLA2-IB, L-a-lysoPC,
sphingomyelin, L-a-PC, L-α-lysoPE and L-α-PE, BCA
kit, Protease Inhibitor Coctail, hyaluronidase
Varespladib (LY315920)
5 x Passive Lysis Buffer, luciferin, T4 DNA Ligase, T4
DNA Ligase Buffer
Super Signal West Pico Chemiluminescent Substrate
DNA standards, lambda DNA
SDS, DMSO
Luciferin, coelenterazine, CoA
ethanol, methanol, isopropanol, NaCl, NaOH
I-BLOCK
TRIZOL reagent, SYBR green I master kit, LightCycler
480, High Pure RNA Isolation Kit
DNA polymerase Phusion, T4 ligase, T4 ligase buffer
Mouse IL-6 ELISA Ready-SET-Go!™ Kit,
15-lipoxygenase, Inhibitor I and 15S-hydroperoxy5Z,8Z,11Z,13E-eicosatetraenoic acid (15(S)-HpETE)
Mouse Eotaxin-2 ELISA Kit (CCL24)
CD81
annexin V, Calnexin
TLR4/MD2 recombinant protein
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GE Healthcare Life Sciences
eBioscience
Applied Biosystems
Life Technologies
Thermo Scientific
Qiagen
NEB
BD Pharmingen
Raybiotech
Nippon
Amicon Ultra; Millipore

Magnetic beads
M-CSF
High capacity cDNA Reverse Transcription Kit
PageRuler Prestained Protein Ladder, SYBR™ Gold
Nucleic Acid Gel Stain
SuperSignal West Femto Substrate Maximum Sensitivity
Substrate, SuperSignal West Pico Substrate
DNeasy Blood and Tissue Kit
T7 Endonuclease I,
Mouse BD Fc Block (rat anti-mouse CD16/CD32)
Mouse IL-23 ELISA
Genetics FastGene® Plasmid Mini Kits, FastGene®
Gel/PCR Extraction Kits
3 kDa cut off

2.1.2 Buffers, standards and solutions
Table 2: Buffer, standard and solutions prepared and used

Buffer/standard/solution
Medium for freezing cells

Composition
10 % DMSO
90 % FBS
RIPA buffer for cell lysis
50 mM Tris pH 7.5
150 mM NaCl
1 % Triton X-100
0.1% SDS
0.5 % Doc
1x CPI
10X PBS buffer (phosphate
1.7 M NaCl, 34 mM KCl, 100 mM NaH2 PO4, 18 mM
buffer)
KH2PO4, pH 7.4
Medium for HEK293/
DMEM
HEK293T cells
10 % FBS (v/v)
Medium for Mouse
RPMI
macrophages
5 % FBS (v/v)
Medium for BMDM and
RPMI
BMDC
10 % FBS (v/v)
Medium for THP-1
RPMI
10 % FBS (v/v)
6 X loading buffer for agarose 0.25 % bromophenylblue
gel electrophoresis
0.25 % xylencyanol
40 % (w/v) glucose
10%
separating 5 ml of 1.5 M Tris / HCl (pH 8.8), 8 ml MQ, 6.6 ml of
polyacrylamide gel
30% acrylamide, 200 μl of 10% SDS, 100 μl of 10%
APS, 10 μl TEMED (indicated for 2 gels)
4% stacking polyacrylamide 1.25 ml 0.5 M Tris / HCl (pH 6.8), 3.05 ml MQ, 0.665
gel
ml of 30% acrylamide, 50 μl of 10% SDS, 25 μl of 10%
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10 x electrophoresis buffer (for
polyacrylamide gel
electrophoresis)
5x Passive Lysis Buffer
Buffer for Western transfer
Washing buffer for ELISA
STOP solution in ELISA
4 X reducing sample buffer
with SDS
MES buffer
Borate buffer

APS, 5 μl TEMED (indicated for 2 gels)
0.250 M Tris, 1.92 M glycine, 1% NaDS, pH 8.3
Composition not available (Promega)
25 mM Tris, 192 mM glycine, 20% methanol, pH 8.3
1 x PBS in MQ with 0.05% Tween 20
11.5 mL phosphoric acid (H3PO4) in 100 mL MQ
250 mM Tris/HCl pH 6.8, 8 % SDS, 40 % glycerol, 20
% B-mercaptoethanol, 0.04 % bromophenylblue
0.1M MES, 0.9% NaCl, pH 4.7
100mM borat, 5mM DOC, pH 9

LB medium for culture plates:
15 g of agar is added to 1 l of LB medium before autoclaving. After autoclaving, the
solution is cooled to 60 °C and ampicillin is added to a final concentration of 100 g/ml.
The plates are then poured.
Luciferase substrate:
Luciferase buffer: 2.38 g HEPES, 0.38 g MgCl2, 0.06 g EGTA-Na solution in 100 ml
MQ, pH is set to 7.8 and 0.08 g NaF is added. 2.6 ml luciferase buffer is added to DTT,
ATP and CoA and made up to 13 ml with MQ. Luciferin is dissolved in MQ and added to
the buffer.
Renilla substrate:
2.6 ml of 5x renilla buffer (3.346 g Na pyrophosphate, 6.9 g HaH2PO4XH2O, 14.5 g
NaCl, 1.822 g CDTA, 5 ml methanol, pH adjusted to 5.0) is made up to 13 ml with MQ.
Coelenterazine is dissolved in DMSO and added to the buffer.
2.1.3 Laboratory equipment
Table 3 Laboratory equipment used

Manufacturer
Applied Biosystems (ABI)
Beckman
Berthold detection systems

Laboratory Equipment
Polymerase chain reaction device
J2-HS centrifuge
Orion II Microplate Luminometer
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Binder
Biometra
BioRad

BioTeck
DNR Bio-Imaging Systems
Eppendorf
Euromax
Gilson
Hettich
IKA
inoLab
Invitrogen
Malvern
Moulinex
Partec
Tecan
Thermo Scientific
TPP

CO2 incubator for cell cultures
Horizontal Agarose Gel Electrophoresis 1.4 Cadillac,
transilluminator
Polyacrylamide gel electrophoresis apparatus (Mini
Protean II) and wet protein transfer to membrane (Mini
Trans-Blot Electrophoretic Transfer Cell), DNA agarose
electrophoresis apparatus
PowerWave XS microplate spectrophotometer
Agarose Gel Photographic Apparatus
MiniSpin centrifuges, thermoblock Thermomixer comfort,
automatic pipette (10 ml, 5 ml, 200 µl, 100 µl, 20 µl, 10
µl and 2.5 µl), 5415R centrifuge
Light microscope
Automatic Pipettes (5 ml, 200 µl, 100 µl and 20 µl)
Universal 320R centrifuge
Magnetic mixers, MS 3 basic vortex
pH meter WTW series
Countess Cell Counter, trypan blue
Zetasizer nano
Microwave Oven SYBIO
CyFlow space
Safire2 microplate reader
NanoDrop 1000 and associated computer program for
data processing
Containers for cultivation of cell lines, 96 wells, 24 wells
and 6 well plates for cultivation cell cultures

2.1.4 Antibodies
Table 4: Antibodies used

Antibody name and manufacturer
Anti-15 Lipoxygenase 1 antibody
(Abcam)
Tsg101 Antibody (Santa Cruz
Biotechnology)
b-actin (Cell Signaling Technology)
Goat Anti-Mouse IgG (H+L)-HRP
(Jackson Immuno Research)
Tetra·His Antibody (Qiagen)
Goat polyclonal to rabbit IgG
conjugated to horseradish peroxidase

Epitope
Rabbit polyclonal to 15 Lipoxygenase 1, against
15 Lipoxygenase (Human and mouse)
Mouse monoclonal antibody, raised against
amino acids 1-381 representing full length tsg
101 of mouse origin.
Mouse monoclonal antibody, detects
endogenous levels of total β-actin protein
(Human, Mouse, Rat, Hamster, Monkey, Dog)
Goat antibody, against whole molecule mouse
IgG
Mouse monoclonal antibody (IgG1), against Cterminal, N-termal, and internal His tags.
Goat polyclonal antibody developed against
rabbit, conjugated to horseradish peroxidase
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(Bio-Rad)
Goat
Anti-Rabbit
(HRP) (Abcam)

IgG

H&L Goat polyclonal antibody,
molecule rabbit IgG

PE anti-mouse TLR4 Antibody
(clone MTS510, BioLegend)

against

whole

Rat monoclonal antibody, clone MTS510 binds
to an epitope of TLR4/MD-2 that is lost after
LPS stimulation

2.1.5 Organisms
2.1.5.1 Bacterial cultures
Table 5: Bacterial strains used

Strain
DH5α

Genotype
F-/ supE44, ∆lacU169 (80
lacZM15)
hsdR17 recA1 endA1
gyrA96, thi-1, relA1

Source
Chemical Institute of
Ljubljana

2.1.5.2 Cell cultures
Table 6: Cell cultures used

Cell culture
HEK293

Description
Prepared by transformation of human embryonic
kidney cells with DNA from adenovirus 5.
HEK293 cells do not express TLR receptors and
MD-2 but they express all other intracellular
proteins, which participate in signaling upon
activation by endotoxin.
HEK293T
Derived from HEK293 cells. They contain a stably
expressed T antigen, which allows plasmid
multiplication with the SV40 origin of replication
site, which allows greater expression of proteins in
the cell.
THP-1
Immortalized human monocytic cell line, derived
from the peripheral blood of a childhood case of
acute monocytic leukemia.
WT/ TLR4 KO/ TRIF KO BMDM Bone marrows were prepared from wild-type
C57BL/6, TLR4 KO or TRIF KO mice (bone
preparation by Duško Lainšček and Anja Perčič)
WT / MyD88 KO Mouse Immortalized murine macrophages cell line is
macrophages
derived from the bone marrow of WT or MyD88
adult female C57BL/6 mice.
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2.1.6 Plasmids
Table 7: Plasmids used

Plasmid
/
gene Description
construct
pELAM1-luciferase
Mammalian expression vector with
(NF-kB promotor)
NF-kB-dependent activation of the
luciferase gene, allowing direct
monitoring of activation of the
TLR4/MD-2 complex.

Source

pFlag-CMV-hTLR4

A gift from dr. C.
Kirschning

pUNO-hTLR4F440A
pUNO-hTLR4F463A
pDUO-hMD-2/hCD14
pGAS-luciferase

Invivogen
Invivogen
Invivogen
A gift from dr. N.
Mukaida
BD Clontech
BD Clontech
BD Clontech
BD Clontech
BD Clontech

pAP-1-luciferase
pISRE-luciferase
pSRE-luciferase
pCRE-luciferase
pE2F-luciferase
phRL-TK
luciferase

Renilla

pcDNA3

pX330-U6Chimeric_BB-CBhhSpCas9
eGFP

Mammalian control expression
vector with a general promoter and
renilla, which allowed us to measure
the transfection efficiency per
sample.

A gift from dr. C.
Kirschning, Institute of
Medical Microbiology,
University
of
Duisburg-Essen,
Germany

Promega

Control plasmid without insert, used Invitrogen
for equalizing the mass of transfected
DNA in mammalian cells.
Addgene
42230
Invitrogen
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plasmid

2.1.7 Initial oligonucleotides
Table 8: Initial oligonucleotides for quantitative polymerase chain reaction method

Name
mIl6_Fw
mIl6_Rv
mIl1b_Fw
mIl1b_Rv
mIl23a_Fw
mIl23a_Rv
mSocs2_Fw
mSocs2_Rv
mTnfaip6_Fw
mTnfaip6_Rv
mCcl24_Fw
mCcl24_Rv
hTNFA_ Fw
hTNFA_ Rv
sgRNA_Fw
sgRNA_Rv
mGAPDH_Fw
mGAPDH_Rv

Oligonucleotides Sequence 5 ' 3'
CGGAGGCTTAATTACACATGTTC
CTGGCTTTGTCTTTCTTGTTATC
AAGGAGAACCAAGCAACGACAAAA
TGGGGAACTCTGCAGACTCAAACT
GACCCACAAGGACTCAAGGA
CATGGGGCTATCAGGGAGTA
GAGGAACAGTCCCCCGAG
AAGAAAGTTCCTTCTGGAGCC
TCCTCCTTTGCTTATGCGTC
CGGCGTAGGTGAGCTTGTAT
CTGTGACCATCCCCTCATCT
CTTATGGCCCTTCTTGGTGA
CCTGTGAGGAGGACGAAC
CGAAGTGGTGGTCTTGTTG
CACCGCCGCATCCGCGTGTCCACTG
AAACCAGTGGACACGCGGATGCGGG
TTCACCACCATGGAGAAGGC
GGCATGGACTGTGGTCATGA

2.2 METHODS
2.2.1 Sterilization of solutions, growth media and glassware
All the necessary material for the cultivation of cell cultures and Escherichia coli (E. coli)
bacteria was pre-sterilized according to standard procedures:
• Sterilization in autoclaves with moist heat, 20 minutes at 121 °C and 1.2 x 105 Pa,
• Temperature-sensitive substances were sterilized by filtration through a filter with 0.2
μm pore diameter
2.2.2 Isolation of plasmid DNA
2.2.2.1 Transformation of competent E. coli DH5a bacterial cells
The plasmids required for working with cell cultures were multiplied in E. coli DH5α
bacterial cells by a heat shock method. 25 l of competent bacterial cells (stored at -80 °
C) were thawed on ice, 1 μl of plasmid DNA was added, and incubated on ice for 30 min.
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The heat shock followed by incubation for 90 s at 42 °C. The transformation mixture was
returned to ice for 5 min. Then, 750 l of LB medium was added and incubated for 1 h at
37 °C with shaking at 150 rpm. Cells were collected by centrifugation for 3 min at 7000
rpm, the sediment cells were resuspended in a small volume of the supernatant and
streaked out on LB agar medium containing the appropriate antibiotic and incubated for
16-18 h at 37 °C.
2.2.2.2 Isolation of plasmid DNA
DNA was isolated using the "GenElute Plasmid Miniprep Kit” (Sigma), which enabled us
to obtain pure plasmid DNA.
The selected colonies were taken from the LB plate with appropriate antibiotic into
bottles of 10 ml of the liquid medium LB. The suitable antibiotic was added and shook
for 16-18 h at 37 °C with 150 rpm. Then 10 ml of overnight bacterial culture was poured
into centrifuge tubes and centrifuged for 1 min at 12000 g. After centrifugation, the
supernatant was discarded and the remaining pellet was resuspended in 200 μl
resuspension buffer containing RNaseA. The resulting suspension was transferred to
microtube. Cells were then lysed with 200 μl of lysis buffer, gentle mixed by reversing
for 6-8 times, and incubated for 5 min. Subsequently, 350 μl of neutralisation solution
was added, mixing by gentle inversion and centrifuging for 10 min at 12000 g. In the
meantime, we prepared the column by inserting a GenElute Miniprep Binding Column in
a microtube and pipetting 500 μl of column preparation solution followed by centrifuging
for 1 min at 12000 g. The lysate from the microtubes was loaded into a prepared column
and centrifuged for 1 min at 12000 g. The flow-through liquid was discarded and 750 μl
of washing buffer was added to the column which was centrifuged for 1 min at 12000 g.
The flow-through liquid was discarded and the column centrifuged for 2 min at 12000 g
in order to remove any remaining ethanol. The dry column was transferred into a new
microtube and plasmid DNA was eluted with 25 μl MQ. After centrifuging for 1 min at
12000 g, a solution of pure plasmid DNA was obtained, the concentration was
determined spectrophotometrically at A = 260 nm.
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2.2.2.3 DNA electrophoresis on agarose gel
Agarose gels (a linear polymer of D-galactose and 3,6-anhydro-L-gakactose) were used
to analyze the DNA samples. The concentration of agarose in the gel was dependent on
the size of the expected fragments. A 1.2 % (m/v) agarose gel was usually used, and the 2
% (m/v) agarose for the separation of large fragments. 1.2 g of agarose were dissolved in
100 ml of TAE buffer by heating in a microwave, cooled to 60 °C, 2 μl of EtBr (10 g/l)
was added and the agarose solution was then poured into the gel tray which was placed in
an electrophoresis tank. When the gel solidified, the DNA samples were first mixed with
gel loading buffer and then pipetted into the wells of the gel. In addition to the samples, a
standard was also loaded to the gel. Electrophoresis was performed in TAE buffer at 100
V. The gel was then illuminated under UV light and recorded.
2.2.2.4 Isolation of fragments of DNA from agarose gels
A commercially available MinElute Gel Extraction Kit / FastGene® Gel / PCR
Extraction Kits (Nippon Genetics) commercial kit were used to isolate fragments of DNA
from agarose gels. The agarose gel containing DNA fragment was placed under UV. The
desired fragment was cut with a scalpel and transferred to the microcentrifuge. The
isolation was carried out according to the manufacturer's instructions. Finally, DNA was
eluted from the column in 50 μl MQ and the concentration was measured.
2.2.2.5 Measurement of DNA concentration
A NanoDrop spectrophotometer was used to measure the concentration of DNA by
measuring the absorbance at 260 and 280 nm. An absorbance of 1 unit at 260 nm
corresponds to a concentration of 50 μg/ml double-stranded DNA. The ratio A260/A280
= 1.7 - 1.9 indicates the purity of the DNA sample, without protein, phenol or RNA.
2.2.3 Isolation of RNA
WT, MyD88 KO macrophages, as well as TLR4 KO and TRIF KO BMDMs or THP-1
were seeded at 1 × 106 cells/well and left untreated or stimulated with various compounds
(indicated in Figure legends) for 6 h. Total RNA was isolated using TRIZOL reagent
(Roche) according to the manufacturer's instructions.
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2.2.3.1 Purification of isolated RNA
For further analysis, it is necessary to degrade all DNA that might be present in a sample.
To digest the DNA, the DNase enzyme was added to the sample together with a suitable
buffer. The reaction mixture is shown in Table 8:
Table 9: Composition of the reaction mixture for DNA degradation

Component
mRNA
10X DNase reaction buffer
DNase enzyme
MQ without nucleases

Final concentration / mass or volume (l)
1 μg
1 μl
1 μl
Up to 10 μl

The reaction mixture was incubated for 30 min at 37 °C. After completion of the
incubation, 1 μl of stop buffer was added and incubated for 10 min at 65 °C.
2.2.3.2 Reverse transcription
For the transcription of 1 μg of RNA into cDNA, the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems) was used and the procedure was carried out
according to the manufacturer's instructions. The reaction mixture is shown in Table 9
and the temperature profile in Table 10:
Table 10: The reaction mixture for reverse transcription

Component
10 x Buffer
25x dNTP Mix (100 mM)
10x Random primer
Reverse transcriptase (50 U / μl)
Sample
MQ

Concentration / Weight or volume (l)
1x
1x
1x
1 μl
10 μl from the previous reaction
Up to 20 μl

* The reaction mixture is the same for all samples, as all reverse initial oligonucleotides
are added to the mixture at the same time
Table 11: Temperature profile of reverse transcription

Steps
1
2
3
4

Primer annealing
cDNA synthesis
Heat inactivation
Hold

Temperature (° C)
25
37
85
10
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Time (min)
10
20
5

Number of cycles
1
6
1
∞

2.2.3.3 Quantitative PCR
An entire sample of cDNA (20 μl) was diluted by adding 180 μl of MQ to obtain a
suitable concentration for further analysis. An appropriate initial oligonucleotides and
reagent SYBR Green were added to the samples before the reaction. The composition of
the reaction mixture for quantitative PCR is shown in Table 11, and the temperature
profile is shown in Table 12:
Table 12: Composition of the reaction mixture for quantitative PCR

Component
Sample
2x LightCycler® 480 SYBR Green I Master
250 x dilute forward case
250 x dilute reverse example
MQ

Concentration/ Weight or volume (l)
5 μl
10 μl
0,08 μl
0.08 μl
Up to 20 μl

Table 13: Real-time PCR reaction temperature

Steps
1
2
3
4
5
6

Initial denaturation
Denaturation
Annealing
Extension
Final extension
Hold

Temperature (° C)
95
94
60
72
76
10

Time
15 min
15 s
30 s
30 s
10 s

Number of cycles
1
45
1
∞

2.2.4 Determination of protein expression
2.2.4.1 Bicinchoninic acid assay (BCA) test
To determine the concentration of proteins in the sample, a BCA test was used. The
principle of this method is that proteins can reduce Cu+2 to Cu+1 in an alkaline solution
and result in a purple color formation by bicinchoninic acid which is detected by a
spectrophotometer. The reduction is proportional to the amount of protein that is present
in the sample. Bovine serum albumin (BSA) was used for standard, BSA was diluted
from a concentration of 0.5 mg/ ml to 0.1 mg/ ml and a negative control (MQ). 30 μl of
the sample was applied to each well on the transparent 96-well plate. Then, 200 μl BCA
reagent consisting of 49 units of bicicnic acid and 1 unit of 4% CuSO4 was added to the
wells. The plate was incubated in the dark for 30 min at 37 °C. After incubation, the
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absorbance at 562 nm on the BioTeck PowerWave XS microchip was measured and
protein concentration was determined by using the calibration curve.
2.2.4.2 Preparation of samples for SDS-PAGE
To prepare cell lysates, the cells were first resuspended in PBS buffer and centrifuged.
The pellet was lysed using 100 l RIPA lysis buffer in the presence of protease inhibitors
and incubated on ice for 30 min. The samples were then centrifuged for 30 min at 13200
rpm at 4 °C. The supernatant was transferred to a new microtube and protein
concentration was measured by BCA test.
2.2.4.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)
Gels were prepared according to the manufacturer's instructions (BioRad). First, a 10 %
separating gel (Table 13) was cast between two glass plates 1.5 mm apart, isopropanol
poured over it, and allowed to polymerise for an hour. When the separating gel was
solidified, the isopropanol was removed and a 4 % stacking gel (Table 14) was cast over
the separating gel. A comb was inserted into stacking gel to create wells for sample
loading. The gels were instantly used or stored at 4 °C. The 4 x reducing SDS buffer was
added to the samples (30 g of proteins) that were denatured by heating for 5 min at 95
°C. On the gel, 20 μl of the sample and 10 μl of the protein standard were applied. The
electrophoresis was performed in SDS electrophoresis buffer at 200 V for 60 min.
Table 14: Composition of 10 % separating gel

Component
MQ
1.5 M Tris/HCl pH 8.8
10 % (w/v) SDS
30 % acrylamide
10% APS
TEMED

Volume
4 ml
2.5 ml
100 l
3.3 ml
50 l
5 l
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Table 15: Composition of 4% stacking gel

Component
MQ
0.5 M Tris/HCl pH 6.8
10 % (w/v) SDS
30 % acrylamide
10% APS
TEMED

Volume
3.05 ml
1.25 ml
50 l
665 l
25 l
5 l

2.2.4.4 Western blot
After completion of electrophoresis, the polyacrylamide gel was rinsed with MQ and
soaked in transfer buffer. The nitrocellulose membrane (pore size 0.45 μm) and the filter
paper were prepared to the same size as polyacrylamide gel, and also soaked in transfer
buffer. The fibre pads were also soaked in transfer buffer. To blot proteins onto the
nitrocellulose membrane, the “Mini Trans-Blot® Electrophoretic Transfer Cell” vertical
system was used. The gel “sandwich” was prepared as follows. The cassette was placed
with the grey side down on a clean surface and one pre-wetted fibre pad was placed on
the cassette, a wet filter paper was placed on the fibre pad. The gel was then placed on the
filter paper and the nitrocellulose membrane was laid on top of it. The "sandwich" was
completed by placing a piece of filter paper on the membrane and the last fibre pad was
then placed. The assembled cassette was transferred into a western transfer module. The
nitrocellulose membrane must face the anode to transfer the proteins from the gel to the
membrane. Bio-Ice cooling unit was placed in the tank containing cool transfer buffer.
The transfer was performed for 1.5 h at 350 mA.
2.2.4.5 Immunodetection of proteins
After completion of the transfer, the membrane was washed with MQ and incubated for 1
h while shaking at room temperature or overnight while shaking at 4° C using 0.2 %
(m/v) of I-BLOCK at 4 °C to block the free binding sites on the membrane. Next, the
nitrocellulose membrane was incubated for 3 h while shaking at room temperature or
overnight while shaking at 4°C with appropriate dilutions of primary antibody in 0.2%
(m/v) of I-BLOCK. This was followed by washing the membrane three times for 5 min in
PBS + 0.01 % Tween 20 buffer. Subsequently, the membrane was incubated with the
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recommended dilution of secondary antibody conjugated horseradish peroxidase in 0.2 %
(m/v) of I-BLOCK at room temperature for 1 h while shaking at room temperature. After
three times of washing the membrane in PBS + 0.01 % Tween 20 buffer, the membrane
was coated for 5 min at room temperature with SuperSignal West Pico Chemiluminescent
Substrate which was prepared according to the manufacturer's instructions. The substrate
contains lumino, which is oxidized by horseradish peroxidase on the secondary
antibodies. The reagent was then removed and the membrane was placed in a G: BOX
system and analyzed the image in the GeneTools program.
2.2.5 Enzyme immunoassay (ELISA)
ELISA a quantitative method relied on specific antibodies to bind the target antigen, and
a detection system to indicate the presence and quantity of antigen binding. Particularly,
BMDMs were seeded at 1.5 x 10^5 cells per 96-well and stimulated with different ligands.
After 16 h, Il-6 (Bioscience) and Ccl24 (Abcam) concentrations in supernatants or Il-23
(Raybiotech) production in cell lysate were measured by ELISA according to
manufacturer’s instructions. BMDCs were seeded at 2 x 105 or 5 x 105 cells per 96-well
for detecting Il-6 and Il-23 respectively and then stimulated with different ligands. After
8 or 16 h, the supernatant was collected to measure the concentration of Il-23
(Raybiotech) and Il-6 (Bioscience) ELISA according to manufacturer’s instructions. First,
PVC microtiter plate was coated with 100 l of capture antibody in coating buffer. The
plate was covered with adhesive plastic and incubated overnight at 4 °C. On the
following day, coating solution was removed and the plate was washed three times with
100 μl PBS + 0.05 % Tween 20. The remaining protein-binding sites in the coated wells
were blocked by adding 200 μL of ELISA/ELISPOT buffer per well. The plate was
incubated for 1 h at room temperature with gentle shaking. The plate was then washed
three times with 100 μl PBS + 0.05 % Tween 20. 50 μl of non-diluted, diluted samples or
standards were added to each well and incubated overnight at 4 °C. The next day,
samples were removed and the plate was washed three times with 100 μl PBS + 0.05 %
Tween 20. Then, 100 μl of diluted detection antibody in ELISA/ELISPOT buffer was
added to each well. The plate was incubated at room temperature with gentle shaking.
The wells were then washed three times with 100 μl PBS + 0.05 % Tween 20. 100 μl of
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avidin-HRP conjugated secondary antibody, diluted in ELISA/ELISPOT buffer was
added to each well and incubated for 30 min at room temperature with gentle shaking.
The plate was washed three times with 100 μl PBS + 0.05 % Tween 20. 100 µL of TMB
was added to each well (substrate solution should be at room temperature prior to use)
resulting in the progressive development of a blue colored complex with the conjugate.
The plate was incubated at room temperature in dark until the color develops. The color
development is then stopped by the addition of stopping solution (2 M H2SO4) turning the
resultant final product to yellow. The end product is measured at 492 nm. The intensity of
the produced colored complex is directly proportional to the concentration of protein
present in the samples and standards. Values for each standard are plotted against
expected concentration forming a standard curve. This standard curve can then be used to
accurately determine the concentration of protein in sample tested.
2.2.6 Dual luciferase test
HEK293T cells do not express either TLR4 or MD-2/CD14 but express all other
necessary proteins for the signaling. Thus, the cells were transfected with plasmid DNA
encoding TLR4 and MD-2/CD14, together with reporter plasmids. One reporter plasmid
contained luciferase gene under the control of the NF-B promoter reflecting the
activation of the TLR4/MD-2 signaling. The renilla reporter containing the Renilla
luciferase under the control of a constitutive promoter was used as an internal control to
verify transfection efficiency.
HEK293 or HEK293T cells were seeded on a 96-well plate at 2 × 10^4 cells/ well and
grown in DMEM containing 10 % heat-inactivated FBS at 37 °C and 5 % CO2 in an
incubator. Next day, the cells were transfected with expression plasmids for pFlag-CMVhTLR4 (or pUNO-hTLR4F440A, pUNO-hTLR4F463A), pDUO-hMD-2/hCD14 as well
as pELAM1-luciferase (NF-kB promotor) and phRL-TK Renilla luciferase using PEI
transfection reagent (12 μl/1 μg of DNA). Instead of pELAM1-luciferase pAP-1luciferase, pISRE-luciferase, pSRE-luciferase, pE2F-luciferase, pCRE-luciferase or
pGAS-luciferase were used. In TLR4-independent group, mass of TLR4 and MD2/CD14
plasmids were equilibrated by the addition of an empty plasmid pcDNA3. Particularly, an
appropriate amount of the plasmid or PEI were added into separate microtube containing
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150 mM NaCl, mixed well and incubated at room temperature for 5 min. PEI solution
was then pipetted to the DNA solution in a 1: 1 ratio. The solution was vortexed
immediately and incubated for 20 min at room temperature. After incubation, 20 l of the
mixture was added to the each well. Transfected cells were incubated for 1 day at 37 °C
and 5 % CO2. After 24 h of transfection, the cells were stimulated with various
compounds (indicated in Figure legends). After indicated time, the medium was removed
and the cells were lysed with 25 l 1x lysis buffer. The lysates were then stored at -20 °C
until luciferase activity was measured.
Table 16: Amounts of DNA for transient transfection of HEK293T cells

Plasmid DNA
TLR4
MD2 / CD14
NF-κB luc
Renilla luc
150 mM NaCl

Quantity in each well
1 ng
1 ng
30 ng
5 ng
up to 10l

Table 17: Amounts of JetPei for transient transfection of HEK293T cells

Volume
PEI
150 mM NaCl

Quantity in each well
0.444 l
up to 10 l

Luciferase activities were measured using Orion luminometer. The buffers were prepared
just before measuring. The plate with lysed cells was inserted into the luminometer. In
the dual luciferase test, the luminometer initially injected 100 l of luciferase substrate in
each 96-well and measured chemoluminescence. Subsequently, luminometer injected 100
l of Renilla substrate in each well and measured chemoluminescence. Since both
enzymes have different substrates and work at different pH, their activity can be
separately measured in the same sample. The ratio of firefly luciferase activity/ Renilla
activity (RLA - relative luciferase activity) therefore tells us the normalized value of
stimulated cells respect to transfected cells. Each bar represents triplicates of treated cells.
We then processed the data in Excel (Microsoft).
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2.2.7 Flow cytometer
RAW 264.7 cells were seeded onto a 24-well tissue culture plates (1x10^6 cells/ well) and
grown in 500 l RPMI containing 10 % heat-inactivated FBS at 37 °C and 5 % CO2 in an
incubator. On the following day, the cells were stimulated with LPS (1 g/ml) for 4 h or
6 h, stressEVs (10 g/ml) for 4 h, 20:4 lysoPI or ox 20:4 lysoPI (40 g/ml) for 6 h. After
stimulation, the cells were collected by ice-cold 2.5 mM EDTA in PBS and washed twice
with ice-cold PBS. The cells were then incubated with Mouse BD Fc Block (rat antimouse CD16/CD32) for 10 min on ice, washed twice with ice-cold PBS and incubated in
the dark for 20 min on ice with PE anti-mouse TLR4 (clone MTS510). Afterward, the
cells were washed with ice-cold PBS and analyzed on flow cytometer. Data were
analyzed with FlowJo software (Tree Star).
2.2.8 CRISPR/Cas9
The target sites for genome editing of human ALOX15 gene using the CRISPR/Cas9
system were determined with the CRISPR Design Tool from MIT (1). sgRNA with target
sequence CCGCATCCGCGTGTCCACTG was cloned into the BbsI site of a pX330-U6Chimeric_BB-CBh-hSpCas9 plasmid (Addgene plasmid 42230) using annealed forward
primer

CACCGCCGCATCCGCGTGTCCACTG

and

reverse

primer

AAACCAGTGGACACGCGGATGCGGG. The px330 plasmid (500 ng) and eGFP
expressing plasmid (100 ng) were transfected into HEK293 cells (2 x 10^5 cells/well).
GFP-positive single cells were identified by fluorescence microscopy at 48 h posttransfection and were serial diluted in order to obtain cells, derived from a single cell. 2-3
weeks later the genomic DNA was isolated according to the manufacturer’s protocol for
the DNeasy Blood and Tissue Kit. The genomic region around potential indel mutation
was PCR-amplified and then agarose gel purified. 200 ng PCR products of wild type cells
and edited cells (20 μl of purified PCR product in 1x NEB 2. buffer) were mixed, then
denaturated and reannealed to form heteroduplexes. After the reannealing process,
products were treated with 1 μl of T7 Endonuclease I for 20 min at 37 °C and analyzed
on 10–15 % native PAGE gel. Gels were run in TBE buffer at a constant 120 V for 80–90
min. Gels were stained with SYBR Gold DNA stain for 30 min under gentle agitation and
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imaged with a DNA bioimaging system. The phenotype of positive colonies were
confirmed by WB and expanded for further experiments.
2.2.9 Native PAGE
Recombinant human TLR4/MD-2 complex proteins were incubated with 20:4 lysoPI, 15LO oxidized 20:4 lysoPI or LPS in MQ for 2.5 h at 37 °C. After incubation, samples were
subjected to 10 % native PAGE and run at 90 V for 4 h at 4 °C. The dimerization of
TLR4 was analyzed by Western blotting with Tetra·His antibody.
2.2.10 Isolation and preparation of EVs
The HEK293 cells were seeded on petri dish at 1.5 x 10^6 cells/ml and grown in 10 ml
DMEM containing 10 % heat-inactivated FBS at 37 °C and 5 % CO2 in an incubator
culture medium. Next day, the cells were incubated with 10 M calcium ionophore
A23187 in HBSS buffer containing 2.5 mM CaCl2 for 1 h to induce stress and EVs
production. The cell supernatant was collected and first centrifuged (800 g for 15 min) to
remove the cells and then ultracentrifuged 2 times (at 100000 g for 1 h) to isolate the
stressEVs on 50Ti or 42.1 rotors. StressEVs were resuspended in PBS and their size was
analyzed by the dynamic light scattering (DLS). Western blot was used to confirm the
EVs for Tsg101, CD81, calnexin and annexin V and their concentration was determined
by the BCA assay.
Synthetic EVs (synEVs) composed of only PLs were prepared in two ways: First, natural
PLs and lysoPLs were dissolved and mixed in organic solvent in ratios determined in
EVs by Weerheim et al (28) (Table 18). Second, 30 % of AAPE and 70 % of POPC (%
weight) were dissolved and mixed in organic solvent. Organic solvent was evaporated.
PLs were hydrated in PBS at 65 °C for 2 h. The hydrated lipid solution went two freezethaw-vortex cycles in liquid nitrogen. The synEVs were prepared by extrusion through
100 nm polycarbonate membranes. The size of synEVs was confirmed by DLS.
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Table 18: The composition of phospholipids in synEVs

Name
L-a-Lysophosphatidylcholine (from egg yolk), lyso PC

Solvent
CHCl3:MeOH;
1:1
CHCl3:MeOH;
1:1

%

L-a-Phosphatidylcholine (from egg yolk), PC

CHCl3

59.2

L-α-lysophosphatidylserine (from brain, porcine), lyso PS

CHCl3

1.05

L-a-Phosphatidylserine (from brain, porcine), PS

CHCl3

3.63

L-a-Phosphatidylinositol (from soya), PI

CHCl3

3.21

L-a-Phosphatidylethanolamine (from egg yolk), PE

CHCl3

9.4

Sphingomyelin (from brain, porcine), SM

L-α-lysophosphatidylethanolamine (from egg yolk), Lyso
PE
CHCl3

2.05
20.6

0.83

2.2.11 Density gradient ultracentrifugation
OptiPrep (60 w/v % iodixanol) was diluted to 40 %, 20 %, 10 % and 5 % in 0.25 M
sucrose in 10 mM Tris-HCl, pH 7.5 and a discontinuous gradient was formed by layering
2.5 ml of each solution in 10 ml polypropylene centrifugation tubes. 250 l of stressEVs
was layered on the top. The samples were centrifuged at 100000 g (rotor type 50TI) for
16 h at 4 °C. 1 ml fractions of density gradient layers were collected from the top (fr.1fr.9). The density of fractions was calculated based on iodixanol concentration measured
by spectrophotometry at 340 nm on SynergyMx. Western blot using anti-Tsg101, antiCD81, anti-annexin V and anti-calnexin antibodies was performed.
2.2.12 Dynamic Light Scattering (DLS) measurements
The composition and size distribution of EVs was determined by measuring the DLS in
50 μl of the EV sample. The size was determined by measurements on the ZetasizerNano
instrument at 20 °C and using an angle of 173o and 633-nm laser. The obtained data was
processed with the Zeta Sizer 7.03 software.
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2.2.13. Nanoparticle tracking analysis (NTA)
Size distribution of stressEVs was assessed by nanoparticle tracking analysis by
Nanosight NS300 instrument (488 nm laser) connected to sample assistant for automated
sample processing (both Malvern Panalytical, UK) with constant syringe pump flow. Five
recordings of 60 s were performed and captured at camera level 13. After visual
inspection of all records, the raw data was analyzed using the NanoSight NTA 3.3
software. Automatic settings were selected for minimum expected particle size and blur,
minimum track length was set to 10, detection threshold to 5, sample viscosity to the
corresponding viscosity for water and temperature to 25 °C. The output data was
calculated as EV size (mean and modal hydrodynamic diameter in nm).
2.2.14 Preparation of BMDMs and BMDCs
Bone marrows were collected from wild-type C57BL/6, TLR4 KO, TRIF KO mice. Bone
marrow cells were plated at a density of 2 × 10^6 cells/ml in RPMI 1640 media containing
10 % FBS, 1 % penicillin-streptomycin. For differentiation in macrophages, cells were
incubated with macrophage colony-stimulating factor (M-CSF) (40 ng/ml). After 3 days
culture media was changed for 20 ng/ml M-CSF for additional 4 days before stimulation.
For differentiation to dendritic cells, cells were incubated with Granulocyte-Macrophage
Colony-Stimulating Factor (GM-CSF) (PreproTech; 20ng/ml). On day 3, floating cells
were discarded and fresh medium containing 20 ng/ml GM-CSF was added. On day 5,
half volume of fresh media was added to the cultures. On day 7, the semi-suspended cells
and loosely attached cells were collected by gently pipetting the medium against the
plate. All experiments with mice were performed under protocols approved by the local
ethical committee and followed guidelines for use of animal in research.
2.2.15 15-LO oxidation and PLA2 hydrolysis
15-LO was immobilized to magnetic beads according to manufacturers’ instructions.
Particularly, suspension of immunomagnetic beads in the vial was vortexed >30 s or
tilted and rotated for 5 min) and 100 l was transferred 100 μl to a microtube. The tube
was then placed on the magnetic stand for 30-60 s to immobilize the beads at tube wall
and remove the supernatant. The tube was removed from the magnetic stand. The beads
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were washed three times by following steps: 500 μL PBS was added and the beads were
resuspended by pipetting, the tube was placed on the magnetic stand for 30-60 s to
immobilize the beads at tube wall and discard the supernatant, then the tube was removed
from the magnetic stand and resuspended in 250 l PBS. When the beads were ready, the
15-LO was immobilized to magnetic beads, the reaction mixture is shown in Table 18.
Table 19: Composition of the reaction mixture for 15-LO-magnetic bead binding

Component
MES buffer (0.1M MES, 0.9 % NaCl)
15-LO
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)

Volume (l)
200
100
20

The reaction mixture was incubated for 30 min at room temperature. The tube was then
placed on the magnetic stand and the supernatant was removed. The beads were washed
three times using 500 μl PBS to remove unbound 15-LO. According to spectra at 280 nm,
around 30% of 15-LO added bound to the beads.
SynEVs, single PLs and lysoPLs from natural sources or synthetic 20:4 lysoPI (all
dissolved in organic solvent, evaporated, resuspended and hydrated in PBS) were
incubated with 15-LO in 50 mM borate buffer pH 9.0 at room temperature for 10 min.
The reaction mixture is shown in Table 19.
Table 20: Composition of the reaction mixture for 15-LO oxidized PLs

Component
100 mM borate buffer pH 9.0
Bead-15-LO
synEVs/ PLs/ 20:4 lysoPI

Volume (l)
50
10
40

15-LO was removed with the magnetic stand and oxidized compounds were tested for
their TLR4 activity.
SynEVs or oxidized synEVs (composed of 30 % AAPE and 70 % POPC) were incubated
with porcine sPLA2-IB, recombinant human group IIA (sPLA2-IIA) or recombinant
human group X sPLA2 (sPLA2-X) (both were prepared as described in [81, 109]) or with
5 x concentrated synovial fluid for 2 h at 37 °C in the presence of 2 mM CaCl2. The
reaction mixture is shown in Table 20.
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Table 21: Composition of the reaction mixture for PLA2 hydrolysis

Component
PLA2 or synovial fluid
100 mM CaCl2
synEVs or oxidized synEVs

Volume (l)
96
2
2

The reaction was stopped by the addition of the pan-sPLA2 inhibitor varespladib (50
M).
2.2.16 Determination of sPLA2 activity in synovial fluid
Synovial fluids from patients with RA and gout were collected during routine clinical
procedure, transferred into 15 ml tubes and immediately centrifuged 10 min at 1300 g,
room temperature. Supernatants were frozen at -80 oC until analysis. Use of patient
synovial fluid aspirates was obtained after informed consent approved by the National
Medical Ethics Committee (approval no. 0120-623/2017/6).
Samples were ultracentrifuged at 100000 g to remove EVs and concentrated 3 x. sPLA2
enzymatic activity was assayed using a sensitive fluorometric assay [110, 111] with
sonicated

vesicles

composed

of

1-palmitoyl-2-pyrenedecanoyl-sn-glycero-3-

2

phosphoglycerol on a Safire microplate reader. The specific amount of recombinant
sPLA2 was used as standard.
To reduce the viscosity of the samples, samples were incubated with 10 units/ml of
hyaluronidase for 1 h at 37 °C. Samples were then concentrated at 3 kDa cut off for 5times and added to 15-LO oxidized synEVs.
2.2.17 Gene Set Enrichment Analysis (GSEA)
Data that were deposited to Gene Expression Omnibus (accession number: GSE45234)
[101] were obtained from BMDMs stimulation with LPS or stressEVs. Briefly, BMDMs
from C57BL/6J mice were stimulated for 4 hours. RNA was hybridized to Mouse
Affymetrix Genechip 2.0 arrays according to standardized protocols at the Ark Genomics
Centre (Roslin, UK). Expression values were summarized using Robust Multi-array
Average method (RMA) [112]. To determine which sets of genes are statistically
significantly different in expression between stressEVs- and LPS-stimulated cells, we
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analyzed the microarray data using gene set enrichment analysis [3]. We used Gene
Ontology for gene set annotation. We displayed stressEVs correlated gene sets with high
significance only (false discovery rate [FDR] < 0.001) using the Enrichment Map
visualization tool [113]. We manually identified clusters of gene sets so that there are no
shared genes between sets in different clusters.
2.2.18 Statistical analysis
GraphPad Prism 5 was used for preparing the graphs and performing statistical analysis.
Representative experiments or data from several (defined in the figure legends)
independent experiments are shown for in vitro experiments. Statistical analysis (SEM
and Student`s t-test) was done from pooled data from independent experiments. When
values between wt and KO cells were compared, one-tailed tests were used. When
variance between independent experiments was high, a logarithmic (LN) transformation
was applied for the data used in statistical tests. In vivo data showing delta ankle
thickness are presented as mean ± SEM. For this experiment two-way ANOVA was used
for statistical analysis.
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3. RESULTS
3.1 LPS AND stressEVs DIFFERENTLY ACTIVATE IMMUNE REPONSE
GENES
In the previous findings from our research group they reported that TLR4/MD-2 complex
was activated by stressEVs. Bone marrow derived macrophages were stimulated with
stressEVs or LPS and RNA microarray was performed. The results showed different
expression of certain genes involved in the immune response [101], which led us to
propose that LPS and stressEVs differently stimulate TLR4/MD-2 signaling pathways.
3.1.1 Characterization of stressEVs
We used calcium ionophore (A23187) to induce oxidative stress for the isolation of
stressEVs from HEK293 cells. After stressEVs isolation by ultracentrifugation as
described in the methods section, DLS was used to measure the size of the EVs. The
measurement showed two peaks around 100 nm and around 1000 nm (Fig. 9A), which,
according to the literature, represents the mixture of smaller exosomes and bigger
microvesicles [114]. Nanoparticle tracking analysis (NTA) (the measurement was
performed on Faculty of Medicine, University of Ljubljana) also confirmed that stressEV
are likely composed of both exosomes and microvesicles (Fig. 9B). Density gradient
ultracentrifugation showed that Tsg101, CD81 as the main exosome markers are mainly
present in fractions 5 – 7. Additionally, annexin V was present in fractions 3 - 8. On the
other hand, calnexin showed different pattern and was mainly present in fraction 8 (Fig.
9C), showing that different populations of EVs are present.
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Figure 9: Characterization of stressEVs.
(A) Particle size distribution of stressEVs was analyzed by DLS. (B) NTA analysis of stressEV
preparations. (C) Western blot after density gradient ultracentrifugation of stressEVs. Tsg101, CD81,
annexin V and calnexin were detected.
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3.1.2 LPS and stressEVs induce different transcriptional responses
We first examined the kinetics of NF-κB response to stressEVs (1, 2 or 5 g/ml) or LPS
(2, 5 or 10 ng/ml) after 6 h, 12 h or 24 h of treatment. We found that the kinetics of LPSinduced NF-κB activity was faster as it reached maximal response after 12 h and also was
significantly stronger than stressEVs-induced NF-κB activity (Fig. 10A). NF-κB
activation in response to stressEVs exhibited maximum NF-κB activation after 24 hours.
Moreover, LPS and stressEVs mediated NF-B activation were TLR4/MD-2-dependent
(Fig.A 10B).
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Figure 10: Kinetics of NF-κB in response to stressEVs and LPS.
HEK293T cells expressing hTLR4, hMD-2/CD14 in (A) or pcDNA alone in (B) and Renilla reporter
plasmid for normalization and plasmid expressing luciferase under NF-B in (A and B). HEK293T cells
were incubated with stressEVs (1, 2 or 5 g/ml) or LPS (2, 5, 10, 50 or 100 ng/ml) for 6 h, 12 h or 24 h in
(A) or for 24 h in (B). Dual luciferase tests were performed. Negative controls are transfected but
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unstimulated cells. (A) three indep. exps. (n=9); (B) Data are representative of three independent
experiments.

Next we screened various transcription factors (TFs) and response elements that modulate
many important signaling pathways. We found that LPS and stressEVs induced GAS
responsive elements (Fig. 11A), although stressEVs activation was TLR4-independent
(Fig. 11B). However, stressEVs but not LPS were able to activate several other response
elements (SRE, ISRE, CRE and E2F) that are downstream of the MAPK, JAK/STAT,
PKA signaling pathways (Fig. 11A). Interestingly, the activation of these TFs in response
to stressEVs was not TLR4/MD-2 dependent (Fig. 11B).

52

5

4

3

2

LPS stressEVs
(ng/ml) (ug/ml)

LPS stressEVs
(ng/ml) (ug/ml)

AP-1

LPS stressEVs
(ng/ml) (ug/ml)

GAS

10 100 1 2 5

10 100 1 2 5

Ctrl

10 100 1 2 5

Ctrl

10 100 1 2 5

Ctrl

10 100 1 2 5

Ctrl

0

Ctrl

1

Ctrl

TF mediated luciferase activity
(fold increase)

A

LPS stressEVs LPS stressEVs
(ng/ml) (ug/ml)
(ng/ml) (ug/ml)

SRE

ISRE

10 100 1 2 5
LPS stressEVs
(ng/ml) (ug/ml)

CRE

E2F

hTLR4 + MD2/ CD14

5

4

3

2

LPS stressEVs
(ng/ml) (ug/ml)

AP-1

LPS stressEVs
(ng/ml) (ug/ml)

GAS

LPS stressEVs
(ng/ml) (ug/ml)

SRE

10 100 1 2 5

10 100 1 2 5

LPS stressEVs LPS stressEVs
(ng/ml) (ug/ml)
(ng/ml) (ug/ml)

ISRE

CRE

Ctrl

10 100 1 2 5

Ctrl

10 100 1 2 5

Ctrl

10 100 1 2 5

Ctrl

0

Ctrl

1

Ctrl

TF mediated luciferase activity
(fold increase)

B

10 100 1 2 5

LPS stressEVs
(ng/ml) (ug/ml)

E2F

no hTLR4 + MD2/ CD14

Figure 11: LPS and stressEVs induce different transcriptional responses.
HEK293T cells expressing hTLR4, hMD-2/CD14 in (A) or pcDNA alone in (B) and Renilla reporter
plasmid for normalization and plasmids expressing luciferase under GAS, SRE, ISRE, CRE, E2F promotor
in (A and B). HEK293T cells were incubated with stressEVs (1, 2 or 5 g/ml) or LPS (10 or 100 ng/ml) for
24 h. Dual luciferase tests were performed. Negative controls are transfected but unstimulated cells. Data
are representative of two independent experiments.
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3.1.3 StressEVs and paclitaxel stimulate TLR4/MD-2 differently from LPS and lipid
IVa
Based on the previous RNA microarray results [101] several genes that were differently
expressed after stressEVs stimulation in comparison to LPS stimulation were selected.
Il23a, Tnfaip6, Ccl24 and Socs2 are all involved in immune response. In collaboration
with dr. Nejc Ilc (from Faculty of Computer and Information Science, University of
Ljubljana) we wanted to display which signaling pathways are affected by these genes.
GSEA analysis was performed and it showed that these genes are part of clusters of gene
sets assigned as the molecular mediators of immune response, regulation of the response
to wounding, cytokine response and others (Fig. 12).

Figure 12: The Enrichment Map displays the enriched gene sets in stressEVs-stimulated cells as
analyzed by GSEA.
Red dots represent increased expression, and the dot size is proportional to the enrichment significance.
Related gene sets (with some genes in common) were manually grouped into clusters and assigned a label.
Only the sets with high significance of differential expression were displayed (FDR < 0.001).

To show the difference in signaling of stressEVs and LPS on the immune response level
we used WT or MyD88 knockout mice (KO) macrophages and WT or TRIF knockout
(KO) BMDM from C57BL/6 mice. We evaluated the expression levels of relevant genes
and assessed how MyD88-dependent and TRIF-dependent pathways contribute in
response to different agonists of TLR4, such as stressEVs, LPS, paclitaxel or lipid IVa in
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TLR4 signal transduction. Tetraacylated lipid IVa and paclitaxel act as agonists of mouse
TLR4/MD-2, although they are antagonists to human TLR4/MD-2 [115, 116]. By
quantitative qPCR analysis, we found that stressEVs and paclitaxel strongly elevated the
expression of Il23, Tnfaip6, Ccl24 and Socs2, while the levels of these cytokines were not
strongly increased after LPS and lipid IVa stimulation (Fig. 13A-D). In contrast,
incubation with LPS showed higher expression of Il1b and Il6 compared to stimulation
with stressEVs (Fig. 13E and F). Interestingly, paclitaxel and stressEVs triggered similar
activation of TLR4-dependent signaling pathway (Fig. 13A-D). Moreover, the expression
of genes that were induced by stressEVs were lower in MyD88 KO macrophages and in
TRIF KO BMDMs showing that all tested agonists activate TLR4 through both the
MyD88 and TRIF signaling pathways. Our results confirmed that different agonists,
which activate the same receptor, may result in different immune response.
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Figure 13: StressEVs and paclitaxel stimulate TLR4/MD-2 differently from LPS and lipid IVa.
WT or MyD88 KO macrophages and WT or TRIF KO BMDMs were stimulated for 6 h with paclitaxel (50
M), lipid IVa (100 ng/ml), stressEVs (10 g/ml) or with LPS (2 ng/ml). Il23, Tnfaip6, Ccl24, Socs2, Il1b
and Il6 mRNA levels were determined using qPCR. (A and E) three indep. exps. (n=3); t-test (one-tailed;
paired); (B, C, D and F) two indep. exps. (n=2); t-test (one-tailed; paired).

3.2 StressEVs ACTIVATE IMMUNE RESPONSE GENES THROUGH TLR4/MD2, BUT DO NOT INDUCE CELL TOLERANCE
To determine the role of TLR4/MD-2 on stressEVs activation, WT or TLR4 KO BMDMs
from C57BL/6 mice were used. After 6 h of stimulation we observed that expression of
Il6, Il23, Ccl24, Tnfaip6 and Socs2 mRNA was significantly decreased in TLR4 KO
BMDMs than in WT cells (Fig. 14A, C, E, G and H). In line with qPCR analysis, we
found that TLR4 KO BMDM cells markedly reduced the amount of Il-6 and Ccl24
cytokine production in the supernatant and Il-23 cytokine in the cell lysate in response to
stressEVs as shown by ELISA (Fig. 14B, D and F).
It is well known that TLR4/MD-2 dimerization is required for the initiation of signaling
during innate immune responses, thus the same mechanism needs to be shown in
response to stressEVs. Flow cytometry was used. TLR4/MD-2 dimerization was assessed
using MTS510 antibody, which specifically detects TLR4/MD-2 complex monomers
[113], therefore the loss of MTS510 staining reflects receptor dimerization induced by the
ligand. As expected, we found that stressEVs-induced TLR4/MD-2 dimerization (Fig.
14I). Together these data demonstrate that stressEVs activate immune response genes
through TLR4/MD-2.
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Figure 14: StressEVs activate immune response genes through
TLR4/MD-2.
(A, C, E, G and H) WT or TLR4 KO BMDMs were stimulated for 6 h
with stressEVs (10 g/ml) or LPS (2 ng/ml) as a positive control. Il6,
Il23a, Ccl24, Tnfaip6 and Socs2 mRNA levels were determined using
qPCR. (B, D and F) WT or TLR4 KO BMDMs were stimulated for 16h
with LPS (2 ng/ml) or stressEVs (10 g/ml). Il-6 and Ccl24
concentrations in supernatants or Il-23 production in cell lysate were
measured by ELISA. (I) RAW 264.7 cells were stimulated with
stressEVs (10 g/ml) or LPS (1000 ng/ml) as a positive control for 4h.
TLR4/MD-2 dimerization using anti-MTS510-PE Ab was determined by
flow cytometry. (A, C and E) four indep. exps. (n=5); t-test (one-tailed;
paired); (B and D) two indep. exps. (n=4); t-test (one-tailed; unequal
var.); (F) two indep. exps. (n=3); (G) three indep. exps. (n=3); t-test (onetailed; paired); (H) three indep. exps. (n=4); t-test (one-tailed; paired); (I)
Data are representative of two independent experiments.
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Endotoxin tolerance is a phenomenon when exposure of cells to LPS induces a transient
state of hyporesponsiveness to subsequent endotoxin challenge. This mechanism is
important for protecting the host against tissue damage and lethality caused by the
excessive inflammation [117]. Therefore, the possibility of stressEVs-induced tolerance
in macrophages was examined. Interestingly, stressEVs activation of TLR4/MD-2 did not
induce the tolerance to the second stressEV or to the LPS challenge, it even resulted in an
increase of the signaling (Fig. 15A and B). These data suggest that stressEVs promote
inflammation.
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Figure 15: StressEVs do not induce cell tolerance.
(A and B) THP-1 cells were treated for 8 h with low concentrations of LPS (10 or 20 ng/ml) or stressEVs (1
or 2 g/ml), followed by additional LPS (100 ng/ml) or stressEVs (10 g/ml) challenge for 18 h in (A) or
THP-1 cells were treated for 8 h with low concentrations of stressEVs (1 or 2 g/ml) or LPS (10 or 20
ng/ml). Pretreated cells were subjected to switched treatment with LPS (100 ng/ml) or stressEVs (10 g/ml)
for 18 h in (B). Negative ctrl are unstimulated cells. TNFα levels were determined using qPCR. (A) three
indep. exps. (n=3); (B) two indep. exps. (n=2);
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3.3. 15-LIPOXYGENASE-OXIDIZED lysoPLs ARE TLR4/MD-2 LIGANDS
3.3.1. 15-LO oxidized lysoPLs induced TLR4/MD-2 activation
Previous studies suggested that 15-LO was induced during oxidative stress and was
involved in the disease progression of various TLR4-associated diseases such as: RA,
Alzheimer’s disease [101, 118, 119]. To determine the importance of 15-LO oxidation in
production of TLR4 endogenous agonists, 15-LO was covalently immobilized to
magnetic beads so that the enzyme can be easily removed and the activity of oxidized
PLs was tested. SynEVs of the size 100 nm were prepared from natural PLs that are the
constituents of EVs (Table 17) [120]. Their size was analyzed by DLS (Fig. 16A).
SynEVs or PBS (as a control) were oxidized with 15-LO bound to magnetic beads for 10
min. Oxidized synEVs were removed and the cytokine gene expression of Il6 and Il1b in
WT mouse macrophages was measured. We found that only oxidized but not untreated
synEVs induced expression of Il1b and Il6 (Fig. 16B and C). These results suggest that
PLs oxidized by the enzymatic activity of 15-LO may act as the physiologically relevant
endogenous TLR4-agonists. To determine which PLs are the actual ligands for
TLR4/MD-2 complex, each PL and lysoPL that is present in the synEVs was oxidized
separately. Interestingly, only 15-LO-oxidized lysoPLs (lysoPC, lysoPS and lysoPE)
stimulated NF-B and cytokine expression and activation was TLR4 and MyD88
dependent (Fig. 16D, E and F).
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Figure 16: 15-LO oxidized lysoPLs induced TLR4/MD-2 activation.
SynEVs composed of PLs and lysoPLs were prepared. (A) Particle size distribution of synEVs was
analyzed by DLS. (B, C, E and F) WT or MyD88 KO macrophages as well as TLR4 KO BMDMs were
stimulated for 6 h with none or oxidized synEVs (10 g/ml) in (B and C), none or oxidized single PLs (10
g/ml) in (E and F) or LPS (2 ng/ml) as a positive control. Il1b and Il6 mRNA levels were determined
using qPCR. (D) HEK293T cells expressing hTLR4 and hMD-2/CD14 as well as firefly luciferase under
NF-B promotor and Renilla luciferase for normalization were stimulated with oxidized single PLs (5
g/ml) or LPS (10 ng/ml) as a positive control for 24 h. Negative controls are transfected but unstimulated
cells. Dual luciferase test for NF-B activity was performed. (B and F) three indep. exps. (n=3); t-test (twotailed; paired or one-tailed; paired for KO); (C) two indep. exps. (n=2); t-test (two-tailed; paired); (D) three
indep. exps. (n=6 or 9); t-test (two-tailed; unequal var.); (E) two indep. exps. (n=2); t-test (two-tailed;
paired or one-tailed; paired for KO).
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3.3.2. 15-LO-oxidized 20:4 lysoPI is actual TLR4/MD-2 ligand
As PLs and lysoPLs used were extracted from natural sources and comprise hydrophilic
head-groups with diverse acyl chains, which makes it hard to determine the structural
determinants of an endogenous TLR4 agonist. The synthetic 2-arachidonoyl-lysoPI (20:4
lysoPI) was used for 15-LO oxidation as arachidonic acid contains a double bond on C15,
which can be oxidized with 15-LO (Fig. 17A). The oxidized products of 20:4 lysoPI were
analyzed by mass spectrometry, measurement was performed by Bernd Gesslbauer and
dr. Valery Bochkov (from the Institute of Pharmaceutical Sciences, University of Graz).
Hydroxy (15-HETE-lysoPI), hydroperoxy (15-HpETE-lysoPI) or keto (15-KETE-lysoPI)
products were detected in the sample (Fig. 17A). We observed that oxidized 20:4 lysoPI
activated human as well as mouse TLR4/MD-2, and the same genes were activated in
comparison to stressEVs stimulation (Fig. 17B, D, F and H). Moreover, induction of Il-6,
Il-23 and Ccl24 cytokine production by oxidized 20:4 lysoPI appeared to be very similar
to that of stressEVs and TLR4 was essential for 15-LO-oxidized 20:4 lysoPI activation
(Fig. 17C, E and G). In comparison to LPS, secretion of Il-6 when stimulated with
oxidized 20:4 lysoPI was much lower, which makes it a weak TLR4 agonist.
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Figure 17: 15-LO-oxidized 20:4 lysoPI activated TLR4/MD-2 signaling.
(A) 15-LO oxidation products of 20:4 lysoPI. (B, D, F and H) WT or TLR4 KO BMDMs were stimulated
for 6 h with 20:4 lysoPI or oxidized 20:4 lysoPI (5 g/ml) or LPS (2 ng/ml) as a positive control. Il6, Il23a,
Ccl24 and Tnfaip6 mRNA levels were determined using qPCR. (C, E and G) WT or TLR4 KO BMDMs
were stimulated for 16h with LPS (2 ng/ml), 20:4 lysoPI or oxidized 20:4 lysoPI (10 g/ml). Il-6 and Ccl24
concentrations in supernatants or Il-23 production in cell lysate were measured by ELISA. (B and D) three
indep. exps. (n=4); t-test (two-tailed; paired or one-tailed; paired for KO); (C) two indep. exps. (n=5); t-test
(two-tailed; unequal var.); (E) two indep. exps. (n=4); t-test (two-tailed; unequal var. or one-tailed; unequal
var. for KO); (F) two indep. exps. (n=2); t-test (two-tailed; paired or one-tailed; paired for KO); (G) two
indep. exps. (n=3); t-test (two-tailed; unequal var.); (H) three indep. exps. (n=3); t-test (two-tailed; paired or
one-tailed; paired for KO).

As low cytokine release was observed in BMDMs after stimulation especially with
oxidized 20:4 lysoPI, dendritic cells as another critical modulator in chronic diseases
were used. We found that the levels of Il-6 were higher in culture supernatants of
BMDCs compared with those of BMDMs in response to both stressEVs and even better
to oxidized 20:4 lysoPI (Fig. 18A). Furthermore, Il-23 was detected in supernatants (Fig.
18B) in TLR4-dependent manner.
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Figure 18: DCs are more potent in inducing proinflammatory cytokines in response to stimulus than
macrophages.
(A and B) WT or TLR4 KO BMDCs were stimulated for 16 or 8 h to detect Il-6 and Il-23 respectively, with
LPS (2 ng/ml), stressEVs (10 g/ml), 20:4 lysoPI or oxidized 20:4 lysoPI (10 g/ml). Il-6 and Il-23
concentrations in supernatants were measured by ELISA. (A and B) two indep. exps. (n=6); t-test (twotailed; unequal var. or one-tailed; unequal var. for KO).

64

Moreover, oxidized 20:4 lysoPI specifically activated NF-B TFs in TLR4-dependent
manner (Fig. 19A and B), but not other response elements that were activated by
stressEVs (Fig. 11A and B), showing that oxidized 20:4 lysoPI is a real TLR4 ligand in
contrary to stressEVs, which mediate a complex immune response.
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Figure 19: TLR4 mediates 15-LO-oxidized 20:4 lysoPI-induced activation of different transcriptional
responses.
HEK293T cells expressing hTLR4, hMD-2/CD14 or pcDNA alone in (A) and Renilla reporter plasmid for
normalization and plasmids expressing luciferase under NF-B in (A) or under AP-1, GAS, SRE, ISRE,
CRE, E2F promotor in (B). HEK293T cells were incubated with 20:4 lysoPI or oxidized 20:4 lysoPI (10
g/ml) or LPS (10 or 100 ng/ml) for 24 h. Dual luciferase tests were performed. Negative controls are
transfected but unstimulated cells. Data are representative of two independent experiments.
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3.3.3. Mechanism of oxidized PLs formation and TLR4 signaling
The role of 15-LO in lysoPI-mediated TLR4/MD-2 activity was confirmed using
Inhibitor I, an inhibitor of 15-LO. 20:4 lysoPI-mediated TLR4/MD-2 activation was
abolished, presumably by inhibiting oxidation (Fig. 20A). We used two methods to show
that 15-LO oxidized 20:4 lysoPI can promote TLR4/MD-2 dimerization. Recombinant
human TLR4/MD-2 complex was incubated with 20:4 lysoPI or oxidized 20:4 lysoPI and
analyzed by native PAGE. Formation of the TLR4/MD-2/oxidized 20:4 lysoPI dimer is
stronger in comparison to nonoxidized 20:4 lysoPI (Fig. 20B). Furthermore, less MTS510
Ab was bound to TLR4/MD-2 in stimulation with 15-LO-oxidized 20:4 lysoPI than with
20:4 lysoPI. These results demonstrated 15-LO-oxidized 20:4 lysoPI exhibited higher
potential to induce TLR4/MD-2 dimerization than 20:4 lysoPI (Fig. 20C). It is known
that LPS mediates dimerization of human TLR4/MD-2 complex by interacting with the
conserved hydrophobic residues (Phe-440 and Phe-463) in TLR4 ectodomain, and
mutants at those sites loose the activity [121]. NF-B activity was decreased by both LPS
and 15-LO oxidized 20:4 lysoPI-treated hTLR4F440A and hTLR4F463A mutants
expressed in HEK293T cells (Fig. 20D), indicating that LPS and oxidized lysoPI share
the same molecular mechanism of TLR4 activation.
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Figure 20: Mechanism of oxidized PLs formation and TLR4 signaling.
(A and D) HEK293T cells expressing hTLR4 in (A) or hTLR4WT, hTLR4F440A or hTLR4F463A in (D), hMD2/CD14 as well as firefly luciferase under NF-B promotor and Renilla luciferase for normalization were
stimulated with 20:4 lysoPI (5 g/ml), oxidized 20:4 lysoPI (5 g/ml) in the presence or absence of
Inhibitor I (1 mM) or LPS (10 ng/ml) as a positive control for 24 h. Dual luciferase tests for NF-B activity
were performed. (B) Indicated amount of 20:4 lysoPI or oxidized 20:4 lysoPI were incubated with
TLR4/MD-2 recombinant protein (0.5 g) and then samples were loaded to 10% native-PAGE and run at
90V for 4 hours at 4°C. The dimerization of TLR4/MD-2 was analyzed by WB. (C) RAW 264.7 cells were
stimulated with 20:4 lysoPI, oxidized 20:4 lysoPI (40 g/ml) or LPS (1000 ng/ml) as a positive control for
6h. TLR4/MD-2 dimerization using anti-MTS510-PE Ab was determined by flow cytometry. (A) two
indep. exps. (n=6); t-test (two-tailed; unequal var.); (C) Data are representative of two independent
experiments; (D) three indep. exps. (n=8); t-test (two-tailed; unequal var.).
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To confirm the role of 15-LO in the formation of TLR4 active ligands at the cellular
level, we tried to generate 15-LO KO HEK293 cells by using CRISPR/Cas 9 technology.
Several single clones were selected. The efficiency of indel mutation in target region was
evaluated by using T7 endonuclease I assay (T7EI). T7 endonuclease I cuts PCR product
only when differences in heteroduplex are present. In clone 2 we observed 3 bands
meaning that at least in one chromosome the indel mutation was present in the target
region (Fig. 21A). A change in only one chromosome was confirmed by WB which
showed decreased but not diminished expression of 15-LO (Fig. 21B). StressEVs which
were isolated from 15-LO partial KO HEK293 showed less activity in comparison to
stressEVs isolated from WT cells (Fig. 21C), confirming the role of 15-LO in agonist
formation.
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Figure 21: The role of 15-LO in the formation of TLR4 active ligands.
(A) Inactivation of 15-LO gene by CRISPR: HEK cells were transfected with px330 constructs expressing
indicated sgRNA and Cas9. After 2 weeks, the target fragments were amplified by PCR from genomic
DNA which was extracted from different clones and a T7E1 assay for indel mutation detection was
performed. The total size of the PCR product (600 bp) was cleaved into two fragments (214 and 386 bp in
size) by T7 endonuclease I. (B) Western blot detection of 15-LO and β-actin (loading control) in WT and
15-LO partial KO HEK293 cells. (C) HEK293T cells expressing hTLR4, hMD-2/CD14 as well as firefly
luciferase under NF-B promotor and Renilla luciferase for normalization were stimulated with stressEVs
WT (5 g/ml), stressEVs 15-LO KO (5 g/ml) or LPS (10 ng/ml) as a positive control for 24 h. Dual
luciferase tests for NF-B activity were performed. (C) three indep. exps. (n=6 or 12); t-test (two-tailed;
unequal var.).
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3.4. PLA2 ACTIVITY IS NECESSARY TO PROMOTE LIGAND FORMATION
LysoPLs exhibit a broad range of biological activities, playing important role in the
development, activation and regulation of the immune system [122]. Phospholipase A2
(PLA2) is the enzyme that hydrolyzes PLs to liberate lysophospholipid and free fatty acid.
Moreover, several secretory PLA2s (sPLA2s) have been implicated in a number of
biological processes and inflammatory diseases such as: RA, atherosclerosis [123]. This
observation suggests sPLA2 might be important for the release of lysoPLs for oxidation
with 15-LO. 1,2-diarachidonoyl-sn-glycero-3-PE (AAPE) was used as the sPLA2 activity
results in the release of 2-arachidonoyl-lysoPE (20:4 lysoPE) (Fig. 22A). We hydrolyzed
AAPE and oxidized it with 15-LO and tested their activity. However, no activity was
observed (Fig. 22B).
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Figure 22: PLA2 exhibits low activity on monomeric molecules of AAPE.
(A) Hydrolysis of AAPE to generate 2-arachidonoyl-lysoPE and arachidonic acid. (B) HEK293T cells
expressing hTLR4, hMD-2/CD14 as well as firefly luciferase under NF-B promotor and Renilla luciferase
for normalization were stimulated with AAPE (10 g/ml), oxidized AAPE (10 g/ml), oxidized &
hydrolyzed AAPE (10 g/ml) or LPS (10 ng/ml) as a positive control for 24 h. Dual luciferase tests for NFB activity were performed.
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It is known that sPLA2 exhibits low activity on soluble monomeric molecules but
becomes more active when the substrate is present in large aggregates (e.g. micelle,
bilayer vesicle). We therefore prepared synEVs containing 30% AAPE and 70% POPC.
The synEVs were first oxidized with 15-LO and then hydrolyzed with porcine pancreatic
sPLA2-IB or first hydrolyzed and then oxidized. Oxidation and then hydrolysis of synEVs
resulted in higher TLR4/MD-2 activity than the reverse order (Fig. 23A). 15-LO oxidized
and hydrolyzed synEVs also induced enhanced cytokine gene expression in comparison
to 15-LO oxidized synEVs (Fig. 23B and C) and had the same effect on the expression of
Il23 as shown for the 15-LO oxidized 20:4 lysoPI (Fig. 23D). These results show that
both steps are important for the formation of TLR4 agonist and interestingly the order of
oxidation and hydrolysis also affects its formation.
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Figure 23: Concerted 15-LO and sPLA2 activity is needed for the formation of TLR4-activating
ligands in synEVs.
SynEVs composed of 30% of AAPE and 70% of POPC were prepared. (A) HEK293T cells expressing
hTLR4 and hMD-2/CD14 or hTLR4 alone as well as firefly luciferase under NF-B promotor and Renilla
luciferase for normalization were stimulated with synEVs (10 g/ml), sPLA2-IB (30 ng/ml), hydrolyzed &
oxidized synEVs, oxidized & hydrolyzed synEVs (10 g/ml) or LPS (10 ng/ml) as a positive control for 24
h. Negative controls are transfected but unstimulated cells. Dual luciferase test for NF-B activity was
performed. (B-D) WT macrophages were stimulated for 6 h with indicated sPLA2-IB (30 ng/ml), synEVs
(10 g/ml), oxidized synEVs (10 g/ml), oxidized & hydrolyzed synEVs (10 g/ml) or LPS (2 ng/ml) as a
positive control. Il1b, Il6 and Il23a mRNA levels were determined using qPCR. (A) three indep. exps. (n=6
or 9); t-test (two-tailed; unequal var.); (B) three indep. exps. (n=3); t-test (two-tailed; paired); (C) two
indep. exps. (n=2); t-test (two-tailed; paired); (D) three indep. exps. (n=4); t-test (two-tailed; paired or onetailed; paired for KO).
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Synovial fluid from RA patients exerts sPLA2 activity and the presence of several sPLA2
isoforms has been reported, with sPLA2-IIA and sPLA2-V as the most evident [124] and
they might contribute to the ligand formation [85]. Along with porcine pancreatic sPLA2IB, recombinant human sPLA2-IIA and sPLA2-X were tested for the formation of TLR4active ligands. sPLA2s alone did not activate TLR4/MD-2 receptor. However, stimulating
the cells with 15-LO oxidized synEVs treated with any of the three sPLA2s resulted in
TLR4 activation (Fig. 24A-C). Additionally, when the cells were incubated with either
15-LO-oxidized synEVs or 15-LO-oxidized and sPLA2-IIA hydrolyzed synEVs more
TLR4/MD-2 dimers were formed as shown by larger shift on flow cytometer using
MTS510 Abs (Fig. 24D).
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Figure 24: Different groups of sPLA2 contribute to the TLR4 ligand formation.
(A and C) WT or TLR4 KO BMDMs were stimulated for 6 h with indicated sPLA 2 (30 ng/ml), synEVs (10
g/ml), oxidized synEVs (10 g/ml), indicated oxidized & hydrolyzed synEVs (10 g/ml) or LPS (2
ng/ml) as a positive control. Il6 and Il1b mRNA levels were determined using qPCR. (B) WT or TLR4 KO
BMDMs were stimulated for 16h with LPS (2 ng/ml) or synEVs, oxidized synEVs, oxidized & hydrolyzed
synEVs (10 g/ml). Il-6 concentrations in supernatants were measured by ELISA. (D) RAW 264.7 cells
were stimulated with synEVs, oxidized synEVs, oxidized & hydrolyzed synEVs (40 g/ml) or LPS (1000
ng/ml) as a positive control for 6h. TLR4/MD-2 dimerization using anti-MTS510-PE Ab was determined
by flow cytometry. (A) three indep. exps. (n=4); t-test (two-tailed; paired or one-tailed; paired for KO); (B)
two indep. exps. (n=6); t-test (two-tailed; unequal var. or one-tailed; unequal var. for KO); (C) two indep.
exps. (n=2); t-test (two-tailed; paired or one-tailed; paired for KO); (D) Data are representative of two
independent experiments.
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Synovial fluid samples from RA and gout patients were collected and indeed the sPLA2
activity was detected (Fig. 25A). The measurement was performed by dr. Eva Jarc Jovičić
and dr. Toni Petan (from Jožef Stefan Institute, Ljubljana). Additionally, the synovial
fluid samples were centrifuged at 1300 g to remove the cells and then at 100 000 g to
remove the EVs. These supernatants were added to 15-LO oxidized AAPE containing
vesicles and TLR4/MD-2 activity was measured. The expression of Il1b, Il6, Il23 and
Ccl24 mRNA was not induced (Fig. 25B-E), but we did observe significant increase in
expression of antiinflammatory Tnfaip6 and Socs2 mRNA (Fig. 25F and G).

74

RA

gout

30
20
10
0

E
2.5

8

2.0

1.0

0

0.0

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

0.5

buff
synEVs
ox synEVs

2

F

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

4

1.5

buff
synEVs
ox synEVs

6

ctrl
LPS

Ccl24 mRNA
(fold increase)

10

ctrl
LPS

Il23a mRNA
(fold increase)

D

G
p=0.1102
p=0.0614
p=0.1052
p=0.1274

150

p=0.0896
p=0.2522
p=0.0623
p=0.0056

25

Socs2 mRNA
(fold increase)

p=0.1353

100

50

20

p=0.0113

15
10

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

SFp1
SFp2
SFp3
SFp4
SFp5

buff
synEVs
ox synEVs

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

SFp1
SFp2
SFp3
SFp4
SFp5

0

buff
synEVs
ox synEVs

0

ctrl
LPS

5

ctrl
LPS

Tnfaip6 mRNA expression
(fold increase)

40

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

0

20000
50

buff
synEVs
ox synEVs

1

25000

ctrl
LPS

2

35000
30000

Il6 mRNA
(fold increase)

3

C

ox & SFp1
ox & SFp2
ox & SFp3
ox & SFp4
ox & SFp5

Il1b mRNA
(fold increase)

sPLA2 (ng/ml)

4

2000
1800
1600
1400
1200
1000
50
40
30
20
10
0

buff
synEVs
ox synEVs

B

ctrl
LPS

A

Figure 25: sPLA2 in synovial fluid samples enhances TLR4 signaling in macrophages.
(A) PLA2 activity was measured in the SF (ultracentrifuged and 3-times concentrated) from RA and gout
patients. (B-G) WT macrophages were stimulated for 6 h with SF (14,7 l), synEVs (10 g/ml), oxidized
synEVs (10 g/ml), indicated oxidized & hydrolyzed synEVs (10 g/ml) or LPS (2 ng/ml) as a positive
control. Il1b, Il6, Il23, Ccl24, Tnfaip6 and Socs2 mRNA levels were determined using qPCR. (B and C)
two indep. exps. (n=2), (D and E) Data are representative of two independent experiments. (F and G) two
indep. exps. (n=2); t-test (two-tailed; paired).
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Furthermore, the pathophysiological relevance of sPLA2 was investigated in the K/BxN
serum transfer arthritis model in wt and TLR4 KO mice. Arthritis was induced by
intraperitoneal injection of K/BxN serum into mice and it was performed by dr. Duško
Lainšček and Anja Perčič (from National Institute of Chemistry, Ljubljana). When only
serum was injected, the ankle thickness of wt and TLR4 KO mice was similar. As
C57BL/6 mice do not express sPLA2-IIA (Boilard et al., 2010), recombinant human
sPLA2-IIA was injected into the left knee on day 2. WT mice obtained thicker ankle
joints than TLR4 KO mice when sPLA2-IIA was injected (Fig. 26), pointing out the role
of TLR4 signaling during sPLA2-promoted arthritis.
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Figure 26: sPLA2-IIA promotes the pathogenesis of arthritis.
Mice (n=4-5 per group) were injected with 150 and 90 l K/BxN serum on days 0 and 2. On day 2,
recombinant human sPLA2-II (9.5 g) was injected. Data are mean ± SEM. The development of arthritis
was followed by measuring ankle thickness for 14 days.
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4. DISCUSSION AND CONCLUSIONS
4.1. DISCUSSION
The inflammatory response plays an important role in host defense. One of the major
triggers of inflammation is infection, which is caused by different types of microbes [911]. On the other hand, sterile inflammation occurs in the absence of any
microorganisms: in acute conditions such as trauma, ischemia–reperfusion injury or in
chronic diseases such as atherosclerosis or autoimmune diseases [125]. In infections the
innate immune system uses Toll-like receptors (TLRs) to sense PAMPs and triggers an
inflammatory response to destroy the invader and prevent damage. On the other hand, in
sterile inflammation TLRs are activated by modified endogenous molecules, known as
DAMPs. Despite the fact that various triggers of inflammation (PAMPs and DAMPs)
lead to similar inflammatory response, the mechanisms have not been fully determined
yet.
An increased interest in EVs results from their numerous functions in pathophysiology.
Here, density gradient ultracentrifugation showed the difference in distribution of EVs
markers Tsg101, CD81, annexin V and calnexin in distinct fractions, suggesting that
stressEVs released by the oxidative stress are heterogeneous. The presence of annexin V
is in accordance with previous observations where it has been reported that during
necroptosis, mixed lineage kinase-like (MLKL) was activated and resulted in a rapid Ca2+
influx into the cells, following PS and annexin V exposure on the cell surface.
Subsequently, the vesicles were shed from the plasma membrane of damaged cells to
sustain cell survival [126].
In this study we showed that stressEVs, released by the oxidative stress activated
TLR4/MD-2 resulting in a different gene profile in comparison to LPS thus confirming
the first hypothesis. Increased levels of proinflammatory Il-23 and Ccl24 or
antiinflammatory Socs2, Tsg6 (Tnfaip6 gene) proteins were observed in response to
stressEVs in comparison to LPS. All these proteins/cytokines have been implicated in
inflammatory chronic diseases such as autoimmune diseases (RA, psoriasis) or in
ischemia/reperfusion injury [127, 128] and some of them (especially Il-23) have already
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been targeted by therapeutic agents [129]. Of note, high concentrations of LPS (100-5000
ng/ml) have been shown to induce Il-23 expression in both macrophages and dendritic
cells (DCs) and DCs are more potent producer of Il-23 in response to LPS than
macrophages [130]. It is possible that LPS is less potent activator of Il-23 or when LPS is
present in abundance, it is able to access the cytoplasm of the cell and activate different
signaling such as caspase-11, leading to different or stronger response [131]. Our results
revealed the constant battle between pro- and anti-inflammatory outcomes in sterile
inflammation and important differences in classical and sterile inflammation. As
identified here the differences also resulted in activation of different transcription factors
downstream of JNK, p38 and regulatory elements such as AP-1, SRE, ISRE, CRE and
E2F.
Interestingly, not only stressEVs but also paclitaxel responded differently from LPS.
Paclitaxel, one of the most frequently used chemotherapeutic drugs against various
human cancers and an agonist of mouse TLR4/MD-2 [132] exhibited similar effect to
TLR4/MD-2 activation as stressEVs, implying there is a possibility to design TLR4
agonists that activate different immune response from LPS.
EVs are key mediators of communication between cells during different pathological and
physiological processes by transporting cargo molecules, such as: RNA, DNA, proteins
(receptors, transcription factors, enzymes) and lipids. These molecules engage
endogenous molecules of target cells to change their physiology. The activation of other
signaling pathways in a TLR4-independent manner shows the complexity of EVs and
inflammatory response. However, by using oxidized synEVs and synthetic lysoPLs we
were able to identify TLR4-activating ligands. Herein, we demonstrated that oxidized
lysoPLs specifically activate TLR4/MD-2 receptor complex in NF-B-dependent manner
and are not responsible for TLR4-independent activation of several other transcription
factors.
Endotoxin tolerance is characterized as a reduced capacity of the cells in response to
subsequent LPS challenge. This is an essential mechanism for protecting the host from
excessive inflammatory responses. Our studies revealed that stressEVs did not induce
tolerance, which makes them different from other DAMPs [133, 134] and it might
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involve other signaling pathways that were identified (such as AP-1, GAS, SRE, ISRE,
CRE and E2F). MicroRNA (miRNA) is a large family of small noncoding RNA
molecules that bind to target mRNAs, lead to mRNA degradation and thus regulate gene
expression at the posttranscriptional level. miRNA-146a appears to be up-regulated by
LPS stimulation and LPS-induced miR-146a targets IRAK1 and TRAF6 for degradation
[135], which are critical for TLR4 signaling pathway, indicating miRNAs might
influence LPS-induced tolerance. Indeed, less TNF-α production was shown to
conversely correlate to miR-146a expression in LPS-induced tolerance in THP-1cells
[136]. Other studies implicate TLR4-induced IRAK-4 degradation is important for LPSinduced tolerance [137]. In this study we did not evaluate whether oxidative stress can
increase expression of certain miRNA in stressEVs or whether direct stimulation of cells
with stressEVs modulates certain miRNA expression in comparison to LPS. Thus, further
studies have to be performed to clarify why stressEVs do not induce TLR4 tolerance. It is
worth to notice that pretreatment of low-dose stressEVs induced upregulation of the
signaling response to LPS. Thus, it is of our interest to better investigate whether
stressEVs could induce trained immunity, which involves the epigenetic programming of
innate immune cells and enables a stronger response to secondary stimuli.
In the previous study the important role of 15-LO in the formation of TLR4 agonists was
proposed [101]. PLs with two acyl chains and a phosphate group in the hydrophilic head
structurally resemble half of the lipid IVa molecule. So we predicted they could be TLR4
agonists. Surprisingly, oxidized lysoPLs with only one acyl chain were much better
activators. Additionally, we showed that lysoPLs independently on the type of the
hydrophilic head (PE, PI, PS or PC), when oxidized with 15-LO resulted in higher
TLR4/MD-2 activity when compared to PLs with two acyl chains. By mass spectroscopy
hydroxy, hydroperoxy or keto groups were identified on 15-LO oxidized lysoPI.
Importantly, the oxidized lysoPI and stressEVs shared the same gene expression profile.
To determine the effects of 15-LO in the formation of TLR4 active agonists, 15-LO
partial KO HEK293 cells were generated by using CRISPR/Cas 9 technique. Although
15-LO KO mice exist, we were not able to prepare 15-LO KO cells. We showed that the
level of 15-LO protein expression was lower but not diminished in 15-LO partial KO
cells relative to WT. 15-LO partial KO HEK293 cells produced less 15-LO protein and
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probably the amount of oxidized PLs in stressEVs was reduced, therefore decreased
activation of TLR4/MD-2 was detected. Consistent with our data, the published results
have shown that 12/15-LO and their products of arachidonic acid such as 12(S)-HETE
were significantly attenuated in 12/15-LO KO relative to WT [138]. Furthermore, 12/15LO KO reduced oxidative modification of LDL and resulted in diminished atherosclerotic
lesion development [139]. By confirming the role of 15-LO in TLR4/MD-2 agonist
formation and by determining the structural features of the oxidized lysoPL agonists I
confirmed my second hypothesis.
Lysophospholipids were originally recognized as quantitatively minor lipid species
produced during the biosynthesis of EVs [120]. However, lysoPLs have been detected in
significant amounts in biological fluids such as serum (up to micromolar concentration)
and plasma [140]. Also the PC/lysoPC ratios in synovial fluid and plasma of RA patients
decrease, which might be due to the increased PLA2 activity [141]. Therefore, it is of
great importance to better understand how lysoPLs release and mechanistically influence
inflammatory processes. PLA2s are the enzymes that hydrolyze PLs releasing free fatty
acids and lysoPLs. There are many different human PLA2s and some sPLA2s are elevated
during inflammation, correlating with the severity and duration of the condition [85].
Secretory PLA2s are inactive toward intact cells, but PLs in microvesicles are a preferred
substrate [142]. We confirmed the role of sPLA2 in the formation of TLR4 agonists by
hydrolysis of oxidized synEVs using several recombinant sPLA2 (sPLA2-IB, sPLA2-IIA
and sPLA2-X) as well as sPLA2 positive synovial fluid (SF) samples from RA patients.
All three sPLA2s tested could comparably contribute to the ligand formation from
synEVs, so we suggest that in principle any sPLA2 present in SF may contribute to the
generation of TLR4 agonists. Our results also imply that more agonists are formed when
PLs are first oxidized and then hydrolyzed, probably because oxidized sn-2 fatty acid
chain protrudes into the aqueous phase resulting in whiskers growth [143] leading to the
increased availability to sPLA2. Our results are consistent with the previous observation
that sPLA2-IIA has an enhanced ability to hydrolyze oxidized LDL in comparison to
unmodified LDL [123].
Il-6 cytokine secretion from BMDMs when stimulated with ox lysoPI is much lower in
comparison to LPS, but when BMDCs were stimulated higher expression of Il-6 as well
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as Il-23 secretion to supernatant was observed. That DCs can respond better to oxidized
PLs has been also observed by others [144], implying important role of DCs during
oxidative stress. Additionally, we observed that presentation of ox lysoPLs in the form of
EVs formed more TLR4/MD-2 dimers and exhibited higher Il-6 production in
comparison to ox lysoPL in the monomeric form (Fig. 24B and D). A possible
explanation is that ox lysoPL monomer might nonspecifically bind to other serum
components, as reported previously, resulting in lower availability for TLR4/MD-2.
When ox lysoPL is present in EVs it is protected from binding to serum proteins thus
more molecules are available for binding to TLR4/MD-2. In addition, ox lysoPLs are not
ideal ligands for MD-2. We consider it more likely that several molecules of ox lysoPL
bind into the MD-2 hydrophobic pocket as it has been shown for myristic acid molecules
in the MD-2 crystal structure [145] and for the neoseptin [146]. The lower stability of
TLR4/MD-2 dimers may result in the lower activation of signaling pathways. In the
context of chronic diseases, weaker stimulation and slower kinetics might therefore be
beneficial resulting in a different spectrum of activated pathways.
Previous studies have implicated the concerted actions of sPLA2-IIA and 12-LO in
mediating inflammation in inflammatory arthritis model. Particularly, ankle thickness and
inflammation in K/BxN serum induced arthritis in sPLA2-IIA/12-LO deficient mice were
attenuated in comparison to mice expressing both enzymes [87]. In agreement with
previous observation, we showed that injecting recombinant human sPLA2-IIA to mice
with K/BxN serum induced arthritis promoted the disease. Additionally, we showed that
sPLA2-IIA contribution to ankle thickness was partially TLR4-dependent, demonstrating
that the formation of TLR4-agonists might promote the pathogenesis of arthritis.
Our results show that oxidation as well as hydrolysis of PLs are important for the
formation of TLR4 agonists. To our knowledge this is the first description of the
formation of active TLR4 ligands through interplay between 15-LO and sPLA2 which
might contribute to the sterile inflammation in chronic conditions like RA. Importantly,
the response is different in comparison to classical inflammation thereby giving option to
design specific inhibitors that will limit sterile inflammation but will not globally affect
systemic innate immunity. In last years, several TLR4 antagonists for the treatment of
acute and chronic inflammation that have been evaluated in preclinical studies were

81

discontinued at different stages of clinical trials due to their low efficacy, safety, and
stability [147, 148]. The development of novel compound candidates that specifically
target the formation of TLR4 agonist could be a new mechanism for TLR4 antagonism.
It is noteworthy that no pharmaceutical products of 15-LO inhibitors and PLA2 inhibitors
have entered the market yet. To date, the 15-LO inhibitors are poorly examined and have
not been tested in humans [149]. Although some of PLA2 inhibitors have undergone
clinical trials, however, all of them failed during the trials. The reasons for the failure of
PLA2 inhibitors in the clinical trials were either due to poor efficacy, low selectivity and
the inhibitory mechanisms were not well investigated [150]. Thus understanding the
synergy between 15-LO and sPLA2 in the pathogenesis could be an important step to
identify novel molecules to avoid failure in vivo. Our results suggest that the inhibitors of
15-LO and sPLA2 may be used in combination to increase their beneficial effects.
Combination of both might also increase the safety, as we could avoid accumulation of
oxidized PLs with several other also unbeneficial effects. If it turns out that inhibition of
those two enzymes could limit only the sterile inflammation this could be a future
promising therapeutic strategy for various chronic inflammatory and autoimmune
diseases.
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4.2. CONCLUSIONS
Sterile inflammation is a condition where endogenous molecules induce and promote
inflammation. In this doctoral thesis, we evaluated TLR4 signaling response to
endogenous ligands in comparison to classical inflammation on the signaling pathway as
well as cytokine level. We found that:


stressEVs and paclitaxel activate inflammatory gene expression through
TLR4/MD-2 differently from LPS and lipid IVa and all of these agonists
regulated TLR4 signaling through both MyD88 and TRIF pathways. The results
confirmed my first hypothesis.



stressEVs did not induce cell tolerance.

Additionally, we investigated the mechanisms underlying the activation of TLR4/MD-2
complex by endogenous agonists, which are released from cells after oxidative stress.
Herein, we showed that oxidative stress, which induces several enzymes, contributes to
the formation of endogenous ligands:


We identified 15-LO oxidized lysoPLs as TLR4 agonists. We described, to our
knowledge for the first time, the formation of active TLR4 ligands through
interplay between 15-LO and sPLA2 and proposed a molecular mechanism (Fig.
27), which contributes to the sterile inflammation in chronic conditions like RA,
thus confirming my second hypothesis.



In vitro results were confirmed by using sPLA2 positive SF from RA and gout
patients for the formation of ligands and by showing in vivo TLR4 dependence
when arthritis was promoted by injecting sPLA2-IIA.

15-LO and sPLA2 are the enzymes and this gives an option to design specific inhibitors
that could limit sterile inflammation without affecting systemic innate immunity.
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Figure 27: Scheme of the proposed mechanism of stressEVs-mediated TLR4/MD-2 signaling
pathway.
15-LO and sPLA2 are induced during the oxidative stress conditions thus releasing stressEVs, which
contain oxidized lysoPLs. Ox lysoPLs activate TLR4/MD-2 signaling pathway in surrounding cells and
promote inflammatory response.
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5. POVZETEK
Prirojena imunost je del človeškega imunskega sistema, ki jo aktivirajo mikroorganizmi
ali sterilna poškodba gostiteljevega tkiva, kar povzroči vnetni odziv. Tollu podoben
receptor 4 (TLR4) je receptor naravne imunosti, ki prepozna lipopolisaharid (LPS),
glavno sestavino po Gramu negativnih bakterij. Poleg tega so že večkrat pokazali, da
lahko TLR4 veže tudi endogene molekule, ki se sproščajo iz poškodovanih tkiv.
Naša raziskovalna skupina je že poročala, da LPS in zunajcelični vezikli, ki se sprostijo
po oksidatvinem stresu (stresni EV), aktivirajo različne profile vnetnih genov v
makrofagih, diferenciranih iz kostnega mozga, zaradi česar smo predpostavili, da LPS in
stressEV različno stimulirajo signalne poti TLR4/MD-2, kar ima za posledico drugačen
profil citokinov in torej vnetni odziv. Za aktivacijo oksidativnega stresa in izolacijo
stressEV iz celic HEK293 smo uporabili kalcijev ionofor (A23187) in ocenili nivo
izražanja določenih genov kot odziv na različne agoniste TLR4, kot so stressEV, LPS,
paklitaksel in lipid IVa.
Najprej smo stresnim EV določili velikost in porazdelitev specifičnih proteinskih
markerjev z DLS in z gradientnim ultracentrifugiranjem ter s prenosom Western. Opazili
smo, da so stresni EV, ki se sprostijo po oksidativnem stresu, heterogeni, kar bi lahko
razložilo, zakaj so bili stresni EV, ne pa LPS, sposobni aktivirati več dejavnikov
transkripcije in odzivnih elementov (AP-1, CRE, SRE, ISRE in E2F) tudi neodvisno od
TLR4.
Po drugi strani pa smo ugotovili, da čeprav je bilo izražanje Il6 ali Il1b podobno, je bilo
izražanje Socs2, Tnfaip6, Ccl24 in Il23 močnejše kot odziv na stressEV in paklitaksel v
primerjavi z LPS. Vendar so vsi testirani agonisti aktivirali TLR4 po poti MyD88- in
TRIF-odvisni poti. Poleg tega smo s pomočjo pretočne citometrije pokazali, da stressEV
inducirajo dimerizacijo TLR4/MD-2 na površini celic, kar je nujno za nadaljnje
signaliziranje.
Zanimivo je, da stimulacija TLR4/MD-2 s stresnimi EV, v nasprotju z LPS, ni inducirala
tolerance, ki bi zmanjšala odziv na ponovno aktivacijo s stresnimi EV. Ti podatki kažejo,
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da stresni EV spodbujajo vnetje drugače kot LPS, kar lahko prispeva k trajnemu vnetju
pri kroničnih boleznih.
Predhodne raziskave kažejo, da se 15-lipoksigenaza (15-LO) aktivira pod oksidativnim
stresom in je močno povezana z boleznimi, povezanimi s TLR4, kot so revmatoidni
artritis, Alzheimerjeva bolezen. V drugem delu doktorske disertacije smo raziskali, kako
pomembna je oksidacija s 15-LO pri tvorbi ligandov TLR4/MD-2.
Sintetične EV velikosti 100 nm smo pripravili iz naravnih fosfolipidov (PL) in jih 10 min
oksidirali s 15-LO, vezano na magnetne kroglice, ter nato izmerili njihovo aktivnost.
Ugotovili smo, da samo oksidirani sintetični EV inducirajo izražanje Il1b in Il6. Za
določitev identitete molekularnih vrst, ki aktivirajo TLR4/MD-2, smo vsako vrsto PL in
lizoPL oksidirali posamezno. Presenetljivo je, da so signaliziranje stimulirali samo
oksidirani lizoPL (lizoPC, lizoPS in lizoPE), aktivacija pa je bila odvisna od TLR4 in
MyD88. Za nadaljnjo določitev strukture agonistov TLR4 smo 2-arahidonoillizofosfatidilinozitol (20: 4 lizoPI) oksidirali s 15-LO. Masna spektrometrija je pokazala,
da so v vzorcu prisotni produkti s hidroksi (15-HETE-lizoPI), hidroperoksi (15-HpETElizoPI) in keto (15-KETE-lizoPI) skupinami. Opazili smo, da je oksidiran 20:4 lizoPI
lahko aktiviral TLR4/MD-2 odvisno od TLR4 in MyD88. Vzorec aktiviranih genov je bil
enak kot pri stimulaciji s stresnimi EV, vendar slabši, kar pomeni, da gre za šibke
agoniste TLR4. Pomembno je, da oksidiran 20:4 lizoPI aktivira dejavnik transkripcije
NF-B odvisno od TLR4, ne aktivira pa drugih odzivnih elementov, ki so jih aktivirali
stresni EV, kar kaže, da je oksidiran 20:4 lizoPI pravi ligand TLR4 v nasprotju s
stresnimi EV, ki posredujejo kompleksen imunski odziv. Poleg tega smo z nativnim
PAGE in pretočno citometrijo opazili dimerizacijo TLR4, ki jo je induciral oksidiran 20:4
lizoPI. Pokazali smo tudi, da imata LPS in oksidiran 20:4 lizoPI enak mehanizem
aktivacije TLR4 preko interakcije z ohranjenimi hidrofobnimi ostanki (Phe440 in
Phe463) v ektodomeni TLR4. Ti rezultati so potrdili oksidirane lizoPL kot ligande, ki
aktivirajo TLR4.
Pomen 15-LO pri aktivaciji TLR4 je bil potrjen z uporabo inhibitorja I, inhibitorja 15LO. Predinkubacija inhibitorja I s 15-LO je preprečila aktivacijo TLR4/MD-2 z lizoPI.
Poleg tega so bili stresni EV, ki smo jih izolirali iz delnih 15-LO KO HEK293 celic, manj
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aktivni kot stresni EV, izolirani iz celic wt, kar potrjuje, da so 15-LO oksidirani lizoPL
ligandi TLR4/MD-2.
LizoPL so prisotni v nižjih koncentracijah kot PL. Vendar pa so povišane koncentracije
lizoPL pokazali v sinovialni tekočini in plazmi bolnikov z RA, kar je lahko posledica
povečane aktivnosti PLA2, ki hidrolizirajo PL na mestu sn-2 in sprostijo proste maščobne
kisline in lizoPL. Zato smo v okviru te naloge raziskali vlogo PLA2 pri sproščanju lizoPL
in kako to vpliva na vnetne procese.
Da bi preverili, ali je aktivnost PLA2 pomembna za zagotavljanje lizoPL za oksidacijo s
15-LO, smo kot substrat uporabili 1,2-diarachidnoyl-sn-glycero-3-PE (AAPE). Pripravili
smo sintetične EV s premerom 100 nm, ki so vsebovali 30% AAPE in 70% POPC.
Sintetične EV smo oksidirali s 15-LO in jih nato hidrolizirali sPLA2-IB iz svinjske
trebušne slinavke ali z dvema človeškima sPLA2 (sPLA2-IIA in sPLA2-X). Oksidirani in
hidrolizirani sintetični EV so povzročili povečano sproščanje citokinov Il-6 v primerjavi s
samo 15-LO oksidiranimi sintetičnimi EV in inducirali izražanje Il-23 podobno, kot smo
prikazali za 15-LO oksidirane 20:4 lizoPI. Če smo celice inkubirali s 15-LO oksidiranimi
in sPLA2-IIA hidroliziranimi sintetičnimi EV, se je na površini tvorilo več dimerov
TLR4/MD-2.
Vzorce sinovialne tekočine od bolnikov z RA in protinom smo ultracentrifugirali, da smo
odstranili celice in EV. Vzorce bolnikov smo dodali k 15-LO oksidiranim sintetičnim
EV. Povečanja mRNA za vnetne citokine nismo zaznali, opazili pa smo povečanje
protivnetnih mRNA Socs2 in Tnfaip6. Ti rezultati kažejo, da sta oba koraka pomembna.
Poleg tega je injiciranje sPLA2-IIA v gleženj mišk, ki smo jim izzvali s serumom K/BxN
induciran artritis, spodbudilo otekanje sklepov. Debelina otekline gležnja je bila večja v
wt kot pri miših TLR4 KO, kar kaže na možno vlogo signalizacije TLR4 pri artritisu, ki
ga spodbuja sPLA2.
Naši rezultati kažejo, da sta za tvorbo agonistov TLR4 pomembna oksidacija in hidroliza
PL. Kolikor nam je znano, je to prvi opis tvorbe aktivnih ligandov TLR4 z medsebojnim
delovanjem 15-LO in sPLA2, kar prispeva k sterilnemu vnetju v kroničnih stanjih, kot je
RA. Pomembno je, da je odziv v primerjavi s klasičnim vnetjem drugačen, zato daje
možnost načrtovanja specifičnih inhibitorjev, ki bi omejili sterilno vnetje, vendar
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globalno ne bi vplivali na sistemsko prirojeno imunost. V zadnjih letih je bilo v različnih
fazah kliničnih testiranj zaradi nizke učinkovitosti, varnosti in stabilnosti umaknjenih več
antagonistov TLR4 za zdravljenje akutnega in kroničnega vnetja. Razvoj novih spojin, ki
bi bile usmerjene v preprečevanje tvorbo agonistov TLR4, bi lahko bil nov mehanizem za
antagonizem TLR4.
Omeniti velja, da na trg še ni prišel noben inhibitor 15-LO ali PLA2. Do danes so
inhibitorji 15-LO slabo raziskani in niso bili preizkušeni na ljudeh. Nekateri inhibitorji
PLA2 pa so že bili uporabljeni v kliničnih študijah, vendar so bila vsa testiranja
ustavljena. Razlogi za neuspeh inhibitorjev PLA2 v kliničnih študijah so bili bodisi zaradi
slabe učinkovitosti, nizke selektivnosti in tudi mehanizmi inhibicije niso bili dobro
raziskani. Naši rezultati kažejo, da bi se lahko inhibitorji 15-LO in sPLA2 uporabljali v
kombinaciji, kar bi lahko povečalo njihovo učinkovitost. Kombinacija obeh bi lahko
povečala tudi varnost, saj bi se lahko izognili kopičenju oksidiranih PL z več drugimi,
tudi neugodnimi, učinki. Če bi se izkazalo, da bi lahko inhibicija teh dveh encimov
omejila samo sterilno vnetje, bi to lahko bila obetavna terapevtska strategija za različne
kronične vnetne in avtoimunske bolezni.
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