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-phorbol 12-myristate-dBetate
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-reactive oxygen specie
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1. Introduction

It has been known that one of the natural functiohémmune system is to find and
eradicate the aberrant (neoplastic and dysplasted)s in tissues. This immune
surveillance can be impaired due to the unpredietabmune escape strategies of cancer
cells and diversity of cancer and immune systeraratdtions. Immune-system and cell
death based combination therapies are being ust imeatment of many diseases such
as cancers, autoimmune diseases and others. Fandas apoptotic cell death induction
by chemotherapy in cancer is being applied to ptieven though it has many weak
points, such as the fact that apoptotic cells @gally ignored by the immune system

since they are immunologically silent and even segpinflammation.

In 1909, Paul Ehrlich showed that immune system eappress the growth of
carcinomas. After him, other scientists also cotetiithe similar phenomenon. However,
in some cases immune system may promote the grofvtdancer cells with reduced
immunogenicity. Cancer cells can also escape framune recognition and destruction
due to their immune sculpturing and immune editingpacities. Inducing an
immunogenic cell death can promote an efficienardace of cancerous cells before they
become aggressive and lethal. An anticancer immmasponse to dying cells can be

beneficial for the eradication of the diseases.

There was a gap in the literature that how autojshdygng cells are cleared from tissues,
particularly from the population of tumor cells,dawhat is the innate immune response
against them. Our experiments were started withvansg this question and when we
used dying cells with autophagic features it waseoled that they have the capacity to
start a pro-inflammatory response in macrophageghwvban engulf them. We have
demonstsrated that these autophagic cells coulkeesfiective innate immune response
by inflammasome activation as an early responsectartfied the mechanism what is

responsible for the activation of the inflammasdigeutophagic dying cells.



2. Theoretical Background

2.1 Cell death

In our body, billions of cells (such as aged cellamaged cells) die daily during
homeostasis and immune regulation and are replagegw ones [1]. Cell death is also
important in many diseases such as cancer andrautane disorders and cell death type
should be defined well due to its potential conitibn to treatment of these diseases.
Since mid-1960s, cell death subroutines have beeastlyn classified based on
morphological features [2]. Morphological appeasntcells can give an idea about cell
death type such as apoptotic, necrotic, autophagiassociated with mitosis [3]. Cell
death modalities can be classified also by consigenzymological criteria, functional
aspects and immunological characteristics [4]. i@der cell death may be named
according to the involvement of particular enzyreaesh as proteases (caspases, calpains,
cathepsins) or transglutaminases [3,4,5]. Metabmdiatent such as intracellular energy
stores, oxygen, adenosine triphosphate (ATP) ocoge levels may play a role in
predicting the cell death type [3]. It is accepésdmore convenient to determine the cell
death type according to involvement of distinctaorelles (such as mitochondria or
lysosomes) [3]. Lately, it is believed that novgbktematic cell death classification is
more appropriate to be based on measurable biochkfeatures [2]. Cell death also can
be either immunogenic or non-immunogenic accordiogtheir capacity to induce

inflammatory pathways [3,4,5].

2.1.1 Apoptosis

Apoptotic cell death is a programmed and controisshkdown of the cell into apoptotic
bodies in development (organ and tissue remodelhmgpeostasis (for instance; in post-
ovulation and post-lactational mammary gland regjogs in elimination of already
activated immune cells to stop the immune resporiég) Apoptotic cells have
morphological features such as are rounding-upea@mce of pseudopodes, reducing of

cellular and nuclear volume
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(pyknosis), nuclear fragmentation (karyorrhexisytoplasmic organelle modification,
plasma membrane blebbing [3,4,5,6]. There are twannevolutionarily conserved
protein families which play crucial roles in apogt; caspases and Bcl-2 family
members [6]. Caspases are cysteine proteases witbentral role in apoptosis [7].
Substrates for caspases can be downstream casppsg$psis inhibitors or proteins
which can cause cell disassembly by cleavage a@feaulamina, cytoskeleton regulators,
adhesion kinases and gelosin [7]. Bcl-2 family membshare Bcl-2 homology (BH)
domains and can be classified into two groups asapoptotic proteins (apoptogens) and

anti-apoptotic proteins [7].

Apoptosis is composed of different biochemical esusuch as extrinsic [5] and intrinsic
pathways which are triggered by distinct inducdis Apoptotic cell death can occur via
extrinsic activation of the death receptors sucifld&R family such as tumor necrosis
factor receptor (TNFR), Fas (CD95), TNF related @psis inducing ligand (TRAIL)
receptor) [6]. FasL (CD95 L), tumour necrosis faetd TNF-o), TRAIL-R, also known
as APO2 L) or TNF ligand superfamily member 10 (B¥&O) are the ligands for these
death receptors [7]. For instance, FasL and Fasptec interaction can initiate the
recruitment of adaptor proteins such as Fas-adedcida death domain (FADD) and
further recruitment of initiator caspases suchaspase8/10 which forms death-inducing
signaling complex (DISC) [7]. Upon autoproteolytactivity within the complex,
caspases can either activate the downstream, nedfector caspase 3 leading to
apoptosis or caspase 8 mediating the cleavageegirtirapoptotic Bcl-2 family member
Bid which subsequently releases mitochondrial grop#otic factors and links the

extrinsic to the intrinsic pathway of apoptosik [7

Stimuli such as loss of survival/trophic factorexits, radiation, hypoxia, oxidative
stress, ischaemia-reperfusion and DNA damage cdiatén the intrinsic apoptotic

pathway which involves central death machinerytiedat the mitochondria [6,7]. Upon
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apoptotic stimuli, mitochondrial outer membranenpeabilization (MOMP) is promoted
via Bax/Bak complex and cytochrome-c is releasaminfrthe mitochondrial inter-

membrane space [7]. Effector proteins, Bax, Bakn Bind Bid interfere with anti-

apoptotic family members such as Bcl-2, B-cell yrama extra long (Bcl-xL), Mcl-1

which has potential to prevent MOMP [7]. Puma, Naxad Bad proteins also can
sensitize cells for cell death by being antagofost the anti-apoptotic proteins [7].
Released cytochrome-c can bind to Apaf-1 and aasa&si3 activating apoptosome
complex can be formed by recruiting pro-caspase€ geoxyribonucleotide adenosine
triphosphate (dATP) [7]. Other mitochondrial apa®#os such as Smac/DIABLO and
HtrA2/Omi cause inhibition of X-linked inhibitor o&poptosis (XIAP) and lead to

apoptotic cell death.

Lately, extrinsic and intrinsic apoptotic cell deatypes are also classified into
subroutines such as extrinsic apoptosis by deatpters or dependence receptors and

caspase dependent or independent intrinsic apspR)s

2.1.2 Autophagic cell death
2.1.2.1 Autophagy

Autophagy is a tightly regulated and conserved wathin all eukaryotes as a stress-
induced catabolic process [8]. Autophagy can bessdi@d as chaperon mediated
autophagy (CMA), microautophagy and macroautophf8}y In CMA, binding of
proteins to receptors on lysosomes further leadsanslocation of the unfolded protein
into lysosomes directly [8]. In microautophagy, apfasmic materials translocates into
lysosomes by invagination or septation of the Ilgseal membrane [8]. In
macroautophagy, double-membraned vesicles sequémtgets such as organelles,
proteins or portions of the cytoplasm and deliveemt to the lysosome to be digested [9].
Eukaryotic cells should adapt to external streselitions created by inducers such as
pH, ion concentrations, ultraviolet light, oxygemsion, microbial pathogens,
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temperature, hormones and cytokines [10]. Thesesssirs lead to rapid metabolic
changes which induce diverse stress response pahid@]. Macroautophagy (will be
called as autophagy throughout the thesis) is driheo stress-induced adaptation and
damage control mechanisms [10]. Autophagy can lkiced by nutrient (such as
glucose, aminoacids) and growth factor (such asettsgrum contains) deprivation, ER
stress, pathogen-associated molecular patterns E3j\Mlamage-associated molecular
patterns (DAMPS), immune signals, hypoxia, redosesst and p53, mitochondrial
damage [10]. Numerous upstream signaling pathwagslate macroautophagy such as
growth factor signaling, PI3 kinase/Akt, MAP kinaselenosine monophosphate (AMP)
dependent protein kinase, small GTPases, trimenxd&ins, inositol triphosphates and
calcium (C&) signaling [11].

In early 1990s, autophagy related genes (Atg) msy&ere characterized and in recent
years many mammalian homologues of these genes eae identified [12]. Under
nutrient-rich conditions, active mammalian targetapamycin (mTOR) Ser/Thr kinase
(mTORC1) associates with ULK (unc-51-like kinasemplex which is composed of
ULK1 (or ULK2), Atgl3, FAK-family interacting prote of 200 kDa (FIP200) and
Atg101 [8,10,11]. Active mTORC1 phosphorylates ULKfor ULK2) and
hyperphosphorylates Atg13 which inhibits the kinasévity of ULK1 (or ULK2) and
blocks autophagy [8,10,11]. Under stress conditi@asophagy is initiated by activation
of ULK complex via inactivation and dissociation aiTORC1 from the complex
[8,10,11]. Stress conditions lead to changes insphorylation dynamics in ULK
complex which further start to autophagy inducti8yi0,11] Autophagy continues with
the formation of double membraned vesicles (autgpbames) and sequestration of
organelles, proteins or portions of cytoplasm [M#sicle nucleation pathway starts with
the recruitment of Atg proteins to the phagophaseeably site (PAS in yeast)-like
region where Bcl-2-interacting protein-1 (Beclirdddss 11l phosphotydylinositol 3-
kinase complex (PtdIns3K)/Vps34 activation is efiaéf8]. This complex contains other

proteins such as UVRAG and Ambral which regulagekihase activity to control
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autophagy induction [11]. Vesicle expansion and gleton occur via microtubule-
associated protein light chain 3 (LC3) and AtglZquhin-like (Ubl) conjugation
systems. Atg7 acts as E1 enzyme and results in dwmjugation of
phosphotydilethanolamine (PE) and Atg5 respectitelyLC3 and Atgl2 [11]. Upon
conjugation reactions, nascent LC3 becomes mahdeesides on vesicle membrane as
LC3-phosphatidylethanolamine (PE) (LC3-1l) whichfisther cleaved from PE on the
autophagosome membrane after vesicle completionN@anwhile, Atg5 dissociates
from LC3-1l which resides on autophagosome membrfh. Autophagosome-
lysosome fusion requires Rab7 GTPases and lysosssweiated membrane protein
(LAMP2) [11]. Sequestered content of autophagosoaresdegraded with hydrolitic
enzymes due to the autophagosome fusion with lysesqautophagolysosomes) [10].
Finally, resulting products are released from Ipsnss to cytosol via permeases and used

for cell survival [8]. The steps of autophagic maehny can be seen in Figure 1.

Autophagy can be blocked by inhibiting the phospbesitide 3-kinase (PI3K) (with 3-
MA, LY294002, wortmannin), autophagosome-lysosom&dn (with bafilomycin Al,
NH4CI, chloroquine, protease inhibitors) or microtubuldepolimerization thus
autophagolysosome formation (with vinblastin, nazale) [13,14] (Figure 1).
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Figure 1: Autophagic machinery and its inhibitors. Upon induction, autophagy starts with the
nucleation of the isolation membrane and contimi¢ls the engulfment of cytoplasmic material
in which autophagy related proteins (Atg proteihaye roles. These proteins can be recycled
during or after autophagy. Next step is the fusibautophagosomes with lysosomes to create
autophagolysosomes. The luminal content in autdphagcuoles (AVs) is degraded by
lysosomal enzymes within acidic compartment. Phaohogical inhibitors and small interfering
RNAs that can capable of inhibiting the particidps of autophagy are shown in the figure with
red blocking arrows.

Figure adapted from [15]

In order to observe how autophagy is affected byndacer, LC3-II level comparison is

widely used since it is closely related with themer of autophagosomes. Since LC3-II
itself is also degraded by autophagy, LC3 turn@heuld be monitored by measuring the
autophagic flux [16]. Autophagic flux is the dynamprocess of autophagosome
synthesis, autophagosome delivery to lysosomesdagdadation of substrates in the

lysosomes. Comparing LC3-1I levels in the absengaresense of lysosomal inhibitors,
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which inhibit the acidification in lysosomes theyef prevent the autophagolysosome
fusion, it can be observed how autophagy is changemh stimulation and it can be
clarified whether at its increased level therelgckage in the degradation process (when
no change occurs after the inhibitor) or a fluxaaftophagy when LC3-Il is further
elevated [16]

Cells primarily use the basal level of autophagyeliminate the harmful components
through catabolic pathway and recycle them to ragnutrient and energy for survival
[10,17]. Autophagy leads to the generation of ATider stressed conditions, degradation
of the unfolded proteins, removal of degraded oejas and genomic stability [17].
Autophagy is also involved in development, seneseghfespan extension, immunity,
defense and human pathologies such as cancer, laalt liver diseases and
gastrointestinal disorders [8]. On the other haagtophagy plays a role in innate
immunity by eliminating the intracellular microbedelivering the cytosolic microbial
products to pattern recognition receptors (PRRS) ianadaptive immunity as well by
presenting the cytosolic content by MHC Class lllenales [18] [19]. In tumors,
autophagy is bearing cytoprotective roles underienitand oxygen limited conditions as
well as it protects tumor cells from drug-inducgubptosis. When autophagy is inhibited
it has been shown that selective form of autopltadied chaperon-associated autophagy
(CMA) increases and protects cells against reactxygen species (ROS) and ultraviolet
(UV) but not Fas/TNFe induced apoptosis. Apoptosis-deficient tumor célécome
necrosis-sensitive when autophagy is inhibited.[20]

2.1.2.2 Cell death related to autophagy

Stress conditions trigger numerous pathways inscslich as regulation of nutrient
uptake, metabolism, cell cycle and growth conteulrvival as well as cellular death
programs [10]. Excessive bulk self-destruction aelgctively targeting key cell survival
elements by autophagy can result in autophagideetih [8,17]. Autophagic cell death is
hard to be defined due to the mixed phenotypeyioccells in a given cell population

11
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[20]. Individual cells can be in different stagasridg dying process and apoptotic cell
population may have a biochemical and functionaétogeneity [4,5]. Therefore, it is
important to clarify how autophagy contributes tell cdeath [20]. Autophagy can
contribute to the upstream of apoptosis, it carpbagparallel to apoptosis or can assist in
eliminating the apoptotic corpse in the final stagfeapoptosis [20]. CD4+ T cells
infected with human immunodeficiency virus (HIV)dahuman cancer cells in which
nuclear factor kappa-light-chain-enhancer of attigaB cells (NF<B) pathway is
inhibited can die with apoptosis by TNFin which autophagy occurs as the upstream
process of the cell death [20,21,22]. On the ottserd, p53 induced cell death requires
both autophagy and other pro-death signals suchBas, BH3-only proteins,
mitochondrial depolarization [20,23]. In this preselysosomal trans-membrane protein
damaged-regulated autophagy modulator (DRAM) cgolate autophagy and autophagy
and apoptosis can converge [20,23]. Autophagy eae Inole in the translocation of ‘eat
me signal’ phosphatidylserine (PS) to the outhexflé¢ of dying embryonic bodies
[20,24]. It has been also shown that ATP levels R& exposure in dying cells are
maintained by autophagy [20,24]. Besides, autopheayy contribute to secretion of
‘come and get me’ signal lysophosphatidic acid fraying cells which initiating

apoptotic cell clearance in embryonic developmeadtmorphogenesis [20,24].

Some signaling pathways and central componentspoptasis and autophagy can
regulate both pathways which show that there i®astalk between these two processes.
It has been shown that a known apoptosis inhil#3r kinase/Akt can simultaneously
inhibit autophagy [11,25]. On the other hand, a &atophagy protein Beclin 1 has been
shown to interact with key apoptosis regulator @rotBcl-2 family members such as
anti-apoptotic Bcl-xL and both autophagy and apsigtaare inhibited due to this
interaction [11,26]. It has been also shown thdtBprotein can block CArelease from
ER and released Camay activate C#/calmodulin-dependent protein kina@eand
AMP-activated protein kinase, which further leadghte inhibition of mTOR to activate

autophagy [11,27]. Extrinsic apoptotic receptohpaty can also control autophagy; for

12
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instance, FADD and calpains can interact with Atgtere Atg5 can regulate extrinsic
apoptotic pathway [11,28,29]. Apoptotic cell de&lalso induced in Ba/F3 cells by the
cleavage of the autophagy protein, beclin-1, wiuabses release of cytochrome-c from
mitochondria during IL-3 depletion [30]. It has beshown [30] that at the onset of
apoptosis, about 6 h after IL-3 withdrawal, it it the high autophagy rate that kills the
cells. Apoptotic cell death and contribution of@atiagy in Ba/F3 cells will be discussed

more clearly in discussion part since these cedleevused in studies of the thesis.

The term of ‘autophagic cell death’ should be usader caution and biochemical and
functional features should be taken into consid@natbefore calling a type of cell death
mediated by autophagy [2]. Autophagy inhibition dhemicals (e.g. targeting particular
proteins) and/or genetic manuplations (knockingdmwn related genes) can serve as a
control mechanism whether or not cell death is ddpet on autophagy [2]. Autophagy
can trigger cell death independently of apoptasisase of excessive starvation induced
cell death in the involution oDrosophila melanogaster salivary glands which is the
uniquein vivo study showing cell death is induced by autopha@y3®]. Degraded ROS
by catalase enzyme may also induce autophagiaeath [32]. There are other studies
which show that when the apoptotic machinery isedefd or caspases are inhibited,
autophagy is required for cell death mechanism3f83,For instance, autophagic cell
death can be induced in MCF-7 cells, which are ase{3 haplo-insufficient, through
autophagy with estrogen depleted charcoal-strigped-calf serum (FCS) (DCC) and
concentration dependent anti-estrogen tamoxifeatrirent [35,36]. Autophagy and cell
death in MCF-7 cells will be discussed more in bfetsince these cells were used in

studies mentioned in the thesis.

2.1.3 Anoikis

Cells start to die not only in the absence of haresoor growth factors but they also start
to kill themselves as a result of detachment frodmagellular matrix (ECM) proteins

[37,38,39]. The fate of these cells is to die \naikis which is generally an apoptotic
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process [40]. Anoikis is a physiologically relevacgll death process since correct
adhesion of cells is essential to prevent the tachient of cells into an improper
location and their dysplastic growth [41]. Anoikigenerally triggers, not always, the
intrinsic apoptotic pathway [2]. When the tumorlgethich are apoptosis defective are
under metabolic stress, autophagy can lead to \alrfirst and then cells can die
eventually with excess amount of autophagy [42]taDlement of cells from surface
(anoikis) has recently been associated with auppha caspase-3 haplo-insufficient
MCEF-7 cells since cell death could be preventecipphagy inhibition the conclusion

was drawn that autophagy was directly relateditodéll death type [35,36].

2.1.4 Necrosis

Necrosis has been considered as an uncontrolled dbicell death without showing the
features of apoptosis and autophagy [4,6]. It caidantally happen as a result of severe
physical damage (such as hyperthermia or detergdates cytolysis) [6]. Recently, it
was observed that certain conditions can start raromed necrosis with a strictly
regulated signaling events which further causenpdasnembrane rupture [6]. TNF
activation of the death receptor, TNFR1, may leadédcrosis in which serine/threonine
kinases receptor interacting protein 1 and 2 (RRPR3) pro-necrotic complex formation
and kinase activity of these enzymes are the drucigator for receptor mediated
necrosis, recently called necroptosis [6]. PRRsvaibn and excessive DNA damage
can also induce necroptosis via RIP1 kinase agtifd}. Upon RIP1 kinase activity,
induced activation of necrotic mediators (such &SRceramide, cathepsins, calpains,
nitric oxide (NO), C& and phospholipases) result in programmed necrf8iis
Necroptotis, accidentally necrotic and secondarycraotee cells share similar
morphological features whereas they are differemddes of cell deaths [43].
Cytoplasmic swelling (oncosis), rupture of plasmanmrane, cytoplasmic organelle
swelling and moderate chromatin condensation adybical morphological features of

these type of dying cells [4].

14
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Necrosis is generally observed with apoptosis &sck-up cell death mechanism, for
instance when caspases are inactive for some ®§8prit can substitute for apoptosis
during embryogenesis to eliminate the unwanted citlis also involved in ovulation, in
cellular turnover in the small and large intestimereducing the T cell number after an
immune response and in pathological conditions suak organ injuries,
neurodegenerative disorders, stroke, myocardiafatibn [6].

2.2 Interactions between dying cells with innate imune cells

Different types of dying cells including apoptotimes are removed from tissues to
prevent immune reactions and maintain tissue hotasigs[35,44,45,46]. These dying
cells should be cleared efficiently by either noofpssional (neighbouring cells such as
epithelial or fibroblastic cells) or professionahggocytes (such as macrophages or
immature dendritic cells) [1]. Under normal conalits, basal clearance capacity is high
in tissues and it can be defective due to the iarzad between numbers of dying cells,
number of phagocytes and low efficiency of phagesyiptake mechanism [1]. Inability
to recognize and remove dead cells could leadgeadies such as autoimmune disorders,
cystic fibrosis and asthma [47]. Additionally, ploagtosis contributes to cell growth and
wound healing by releasing factors to orchesttaeégeneration and angiogenesis at the

site of injury [48].

Complex molecular patterns and dynamic interactlmetsveen dying cells and engulfing
cells are often called as ‘third synapse” [49]. iDgrthe different stages of cell death
there are molecules exposed on dying cells (sucttagenger receptors, PS receptors,
thrombospondin receptor, integrins, complement pexs) which bind to appropriate
receptors on phagocytes (such as intercellularsioinenolecule 3 (ICAM3), Annexin 1,
CD47, apoptotic cell associated molecular pattéAGAMPS), PS, calreticulin, MER).
There are also bridging molecules (such as throptwatin 1 (TSP-1), Clq, collectins,
milk fat globule-EGF-factor 8 (MFG-E8)) which infday between phagocytes and dying
cells [49,50].

15
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In case of apoptotic cell clearance, engulfmentgse is composed of four major steps:
(1) *find-me’ signal release from apoptotic celtsdttract phagocytes to the site in tissue,
(2) ‘eat-me’ signal exposure on apoptotic cellptomote the recognition of the dying
cell and phagocyte, (3) ingestion of the engulfedl corpse which goes through
phagosome formation and degredation process, @jndlammatory cytokine release
from phagocytes which has already recognized arglilfsd the apoptotic cells [1].
Apoptotic cells phagocytosed by either professiooalnon-professional phagocytes
before they loose their membrane integrity are ghowo be immunologically silent and
even suppress inflammation [6,49]. The anti-inflaaony features of apoptotic cells
result from exposure of cell surface ACAMPSs; fostance, phosphatidylserine was

recognized as the first such molecule [51,52].

It would be an oversimplification to state thabpfwtic cells are non-inflammatory, non-
immunogenic, tolerogenic and even immunesuppreg8iveDuring the last couple of
years it has become clear that under certain donditapoptotic cells can also be
immunogenic due to the exposure/release of DAMRBS5EE55,56,57]. For instance,
gemcitabine [53] and local irradiation [57] induced apoptosis in cells whicéin elicit
antitumor immune response by priming CD8 T cellsx@rubicin treatment of cancer
cells can initiate immunogenic cell deathvivo, ex vivo andin vitro [56]. In contrast to
other cytotoxic agents including etoposide and miyton C, it was shown that
anthracyclin type antibiotics (DNA damaging agen(s)g. doxorubicin) can cause
immunogenic cell death in tumor cells [3,54]. Arttyclins can be internalized into cells
via either passive [58] or selective transport [SBpxorubicin-proteasome complex
translocates to nucleus and after dissociatiorogbdibicin from proteasome, it binds to
DNA due to its high affinity and cell death occyE9]. After treatment cells with
anthracyclins, protease activity can be inhibitage do binding of anthracyclins to
proteasomes and this proteasome inhibition canaetautophagy for instance in human
prostate cancers as a survival mechanism [60] amday also lead to activation of

caspase 8 in an autophagy dependent manner [Gft].ddises of doxorubicin can induce
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both autophagy and PARP-1 activity and it was aahetl that autophagy plays a
cytoprotective role against DNA damage via PARRtlvation [62]. It was shown that
DNA damage induced by anti-cancer reagents cancenghb3-dependent genes which
can also lead to autophagy induction [63]. It is clear yet how necrotic cells are cleared
by macrophages and it was suggested that some phag® receptors involved in uptake
mechanism of apoptotic cells can also involve icrogc cell clearance [64]. Recent
studies have indicated that the internalization r@fcrotic cells is initiated via
macrophage-necrotic cell interaction and this maBration can be preceded by
macropinocytic mechanisms [64]. Necrotic cells betieved to be pro-inflammatory
after they are recognized and internalized (maaapjitosis) and they release DAMPs
[6]. Due to the breakdown of the plasma membranaeicrotic cells, the cytoplasmic
contents, including lysosomal enzymes, are releastxd the extracellular fluid and
therefore necrotic cell death initiates an extemsiflammatory response [6]. On the
other hand, Galluzzi et al suggest that necroticdsath is not always pro-inflammatory.
It has been shown that when cell lysates or necrotils die by freeze-thawing or
hypotonic shock and then injected into mice subuuisly, they do not evoke an

immunogenic response [3].

2.2.1 Macrophages

Circulating peripheral-blood monocytes (PBMCs) depdrom myeloid progenitor cells
in bone marrow and migrate into tissues in thedstestate or in response to inflammation
[65]. They replenish the long-lived tissue macray@s of bone (osteoclasts), alveoli,
central nervous system (microglial cells), connextissue (histiocytes), gastrointestinal
track, liver (Kupffer cells), spleen and peritonedb]. About 100 years ago, llya
Mechnikov was awarded with a 1908 Nobel Prize figrdiscovery of the macrophage
functions which gave him the possibility to explamow phagocytes influence
development, ensure homeostatis and protect thefioos infection through the process
‘innate immunity’ [66]. Macrophages also contributethe removal of cellular debris

generated during tissue remodeling and diseasésUpbn clearance the cellular debris,
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macrophages release immune mediators depends on thew are stimulated.
Phagocytosis receptors stimulate macrophages adhaicen either induction of pro-
inflammatory cytokine gene transcription or prodwowtof anti-inflammatory signals
[65].

2.3 Initiation of inflammation through innate pattern recognition receptors (PRRS)

Under normal conditions, the immune system caningjgish foreign materials,
pathogens (non-self), healthy viable cells (seif) dying cells (altered-self) in order not
to stimulate an immunogenic response to self arelgmt the possible damage to
neighbouring tissues [48]. Innate immune systenrbles to detect microbes, coordinate
symbiotic responses, mount immune defences agaatkbgens and signals from dying
cells [67]. A “danger theory” proposed by Matzinggates that the immune system can
discriminate not only self from non-self but als®&MPs from innocuous ones [68].
DAMPs can be secreted, released and/or exposedheomiiter leaflet of the plasma
membrane and can provide several kinds of sigrfaist-me’ (chemotactic), ‘eat-me’
(phagocytic), and ‘activation’ (immune stimulatorfgctors [69]. For instance; DAMPs
are recognized by membrane-bound or cytoplasmic sPRihich include Toll-like
receptors (TLRs), NOD-like receptors (NLRs), RIGkk receptors (RLRs), C-type
lectin receptors (CLRs) and purinergic receptos{Z,72].

2.3.1 Toll-like receptors (TLRS)

The discovery of TLRs located on cell membrane aobdsequent identifications of
cytoplasmic receptors provided the insights inta lrenate immune cells distinguish self
from non-self or altered-self [73]. TLRs are typemlembrane glycoproteins which
contains an extracellular leucine-rich repeat (LRB)nain, a transmembrane domain and
a cytoplasmic Toll/IL (interleukin)-1 receptor (T)Rlomain [74]. There are 9 TLRs
which is conserved both in humans and mice [74RTIL2, 4, 5 and 6 are expressed on
the cell surface and recognize PAMPs from bactéuiagi or protozoa [74]. TLR3, 7, 8
and 9 are expressed within endocytic compartmertgtosol and recognize nucleic
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acids from bacteria and viruses [74]. TLRs are esped on immune cells (such as
macrophages, dendritic cells, B cells) and on memune cells (such as epithelial cells
which lie at potential sites of entry, endothelalls, smooth muscle cells) [75]. TLR

signaling is tightly controlled by various negatiregulators such as extracellular decoy

receptors, intracellular inhibitors [75].

2.3.2 NOD-like receptors (NLRs) and NALP-3 inflammaomes

NOD-like receptors are located in the cytoplasncells which have 23 members in
humans and almost 34 members in the mice [74]. Ndd®sprise three domains: the C-
terminal domain contains LRRs which is a sensinglule the N-terminal (apoptosis-
associated speck-like protein containing) caspateasion and recruitment (CARD) or
pyrin (PYD) domain and an intermediate one comgjstof nucleotide-binding and

oligomerization (NACHT) domain which mediates NLRgomerization [74]. NLRs are

grouped as NLRA, NLRB, NLRC, NLRP and NLRX (a typeNCLRC) regarding their

N terminal effector moldule [76]. NLRA is the onMLR with acidic transactivation

domain and other NLRs have protein-protein intactinodule on their N terminus [76].
NRLB has BIR, NLRC has CARD and NLRP has PYD domaitich sense the ligands
[76].

NLRs such as NLRP1 (responds to anthrax lethahtp&7]), IPAF also known as IPAF
(responds to bacterial flagellin [77]), NLRP3 (resds to endogenous danger signals and
PAMPs [77], NLRP6 (responds to gut microbial ecglod78]; RLRs (RIG-I-like
receptors which respond to antiviral components) e cytosolic hemopoietic IFN-
inducible nuclear protein 200aa (HIN200) family niemabsent in melanoma 2 (AIM2)
(responds to dsDNA [79]) are capable of forming ptaxes called inflammasomes [80].
These NLRs trigger IL{1 and IL-18 secretion through inflammasome fornratim
addition to the possibility of inducing caspase-dpehdent cell death (pyroptosis),
transcription of certain cytokines and chemokinges MAPK and NFxB pathways,
autophagy and type-1 INF signaling [76]. For insrNALP-3 inflammasome
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complexes can be formed in the cytosol of granukEs;ymonocytes, macrophages,
dendritic cells, T and B cells, epithelial cells darosteoblasts [81]. NALP-3
inflammasome is composed of multiprotein-complewdsch promote the proteolytic
activation of inactive form of caspase-1 (pro-caspa) which further cleaves the
zymogen form of IL-1 family cytokines [74]. ReledsélL-1p triggers local effects
(leukocyte infiltration and lymphocyte activatioahd distant effects (fever, acute phase
protein induction) by binding to IL-1 receptors {Rs) and IL1IR AcP (accessory
protein) on immune cells [76]. Upon IL1R activatjidlAPK and NF«B pathways can
be induced and further second wave of inflammatytpkine and chemokine secretion
may activate adaptive immune response [76].

2.4 Importance of IL-1p in innate immunity

IL-1B is a multifunctional and pivotal inflammatory ckine which is known as an
endogenous pyrogen due to its capacity to indueer fan animal models [73]. Excess
amount of IL-B lead to local and systemic inflammation [73].dtthe key mediator as
an endogenous pyrogen for the body response agaiestion which evoke fever,
hypertension and mediate the production of other-ipitammatory cytokines and
adhesion molecules [67,75]. It is synthesized priipmdy macrophages and monocytes
[82]. It has a capacity to affect almost all celpes either alone or along with other
cytokines [83]. IL-B is known as lymphocyte-activating factor sinceah stimulate T-
cell proliferation [73]. For instance, Zitvogel &thave summarized that Il3Jand IL-23
can induce the secretion of IL-17 fro@iT cells and stimulates the polarization of CD8+
afT cells to secrete INF-[84]. It can mediate repair responses such asgagesis and
neutrophil influx to remove the cellular debris [83]. The investigation of ILf1 has
increased the understanding of the pathologies sash metabolic diseases,
autoinflammatory disorders, NALP-3-associated dieed83]. Its direct roles in fungal,

bacterial and viral infections have also been destrated [73].
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2.4.1 Interplay between TLRs and NALP-3 inflammasora in IL1-B production and

maturation

IL-1B production plays a pivotal role in inflammation damuring recruitment of
neutrophils into tissues [86]. A transcriptionaldapost-transcriptional regulations [82]
have been proposed to explain the tightly contdofeoduction of IL-B. First, it is
transcribed and accumulates in response to signétirough the TLRs which usually
activate the transcription factor known as nuclie&tor kappa-light-chain-enhancer of
activated B cells (NkeB) [87]. Upon induction of IL- gene, 35 kDA inactive pro-IL-
1B cytokine is expressed [82]. Ultrapure lipopolysatae (LPS) can activate TLR4
pathway via myeloid differentiation primary respengene (88) (Myd88)-dependent
pathway which further leads to activation of NB- pathway for the induction of
inflammatory cytokines [74,88]. A secondary stimalfsuch as microorganisms,
endogenous danger signals, environmental irritan@)ces the activation of NALP-3
inflammasomes [89]. There are three main stepdlfdrP-3 activation: (1) detection of
the stress by a sensor; (2) subsequent oligomierzat the sensor and recruitment of
effector proteins; (3) activation of effector priote and cellular responses [85,90]. Under
normal conditions, pyrin-domain containing 3 (NABPalso known as cryopyrin,
NLRP3, CIAS1, PYPAF1 and CLR1.1 [91]) is auto-regsed due to the interaction of
NACHT and LRR domains [85,90]. Upon stress detectimteraction of PYD and
CARD domains of ASC complex mediate the assemblthefNALP-3 inflammasome
complex [85,90]. The CARD domain of ASC recruiteqmaspase-1 which is cleaved into
mature caspase-1 and further cleaves pro-IL-18pandL-1p cytokines [85,90]. Mature
cytokines such as IL-18 and I3 Jare released by an unconventional secretion pgthwa
from the cells [85,92]. NALP-3 inflammasomes haweriune-modulatory functions and
their activity is related to many diseases gengredlled cryopyrin-associated periodic
syndrome (CAPS) in which ILflproduction is dysregulated due to NALP-3 mutations
[89,93,94].

21



Theoretical Background

2.5 Upstream mechanisms of NALP-3 inflammasome aettion

Most of the studies have been done to charactdogsstream inflammasome signaling
but how inflammasomes sense the particular indaodrinitiate the secretion of IL31
from macrophages has not been clarified in det@#].[ Direct interaction between
NALP-3 and its activators has been shown only Imé&ed number of cases. Bacterial
muramyl dipeptide (MDP) and bacterial cell wall quonent peptidoglycans interact
directly with the LRR part of NALP1 and NALP-3, pectively [88]. It is believed that
pore forming toxins such as maitotoxin and nigeridirectly decrease cellular’Koy
perforating plasma membrane and may mediate theaege of other cations {HNa
and C&) which can induce inflammasome activation [76]. wéwer, NALP-3
inflammasome activation pathways have not beemedffor most PAMPs and DAMPs
and it seems improbable that the different actisatare specifically sensed by the
inflammasome. Some mechanisms have been showiggenMALP-3 inflammasome
activation [91]. It is widely believed that NALP-Zctivation can require the
generation/activation of a secondary messengetsding potassium (K efflux from
cytosol due to the opening of non-selective catabrannel of the purinergic ;R
receptors via ATP, the generation of ROS, contrdoutof pannexin-1 channels and

lysosomal destabilization [81] (Figure 2).
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Figure 2: NALP-3 inflammasome activation.NALP-3 inflammasome can be induced via three
proposed ways: (1) ATP (NLRP3 agonist) activateX-Ppurinergic receptors and triggers

pannexin-1 hemichannel based pores which allowetitey of extracellular Nod-like receptor

protein 3 (NLRP3) agonists to enter to the cytoaad further to engage with NALP-3

inflammasome directly. (2) Crystalline structuréghhds can be engulfed and they can lead to
lysosomal rupture due to their physical featureshsas their size. Upon lysosomal leakage of
enzymes; for instance cathepsin B, NALP-3 inflamonas can be activated. (3) It is believed

that danger associated molecular patterns (DAMPadhogen-associated molecular patterns

(PAMPSs), crystalline structured ligands, ATP triggeactive oxygen species (ROS) production

and it leads to NALP-3 inflammasome activation.

Figure adapted from [95]
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2.5.1 BX5 receptor activation by extracellular ATP as one othe DAMPs (danger
associated molecular patterns)

ATP is one of the most known danger signal amongVIPA which leads to NALP-3
inflammasome activation [96]. Studies have beeredmnusing NALP-3 deficient mice
clearly show that extracellular ATP can act as agda signal to activate NALP-3

inflammasome via pro-caspase-1 cleavage and fullth&s maturation [97,98,99].

P2 receptors have phagocytic and chemotactic prepesind the P2pg receptors are
expressed on macrophages and their function in menmesponses remain unclarified
[64]. They are ligand gated cation channels gatediggh concentrations of extracellular
ATP which are present at sites of inflammation angiry [100]. Purinergic BX7
receptors are expressed on macrophages and otiremiencells [100]. Homeostatic'K
concentration is ~140-150 mM and it has been shinanhexogenous ATP released from
cells during inflammation acts on purinergic reced®X; on macrophages which can
lead to further K efflux from cytosol [90,101,102,103]. Low intrakéar K*
concentration in cytosol (less than 70mM) has bsleown as a common trigger of
NALP-3 inflammasome activation with ASC domain natetion with pro-caspase-1 and
cleavage of pro-IL13 [90,101,102,103]. On the other hand, it is belietieat frustrated
phagocytosis of MSU (monosodium urate monohydmggtals might lower the K
levels in cytosol not via Kefflux but via passive water influx through aqueps and the

intracellular osmolarity is compensated by Melease [104].

2.5.2 Contribution of pannexin-1 channels to inflarmasome activation

Pannexin-1 channels show homology to gap junctiwming invertebrate innexins

[105]. Recently, it has been shown that pannexamdnnels in brain may conduct small
molecules up to ~1kDa such as ions, ATP, inosriphbsphate and amino acids [105].
Pannexin-1 channels can mediate ATP release frtnocges and arachiodonic acid and
its metabolites from red blood cells [105]. It hiasen also shown that LPS-treated

peritoneal macrophages could release plitrough the action of ATP in a pannexin-1
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channel dependent way [106]. Pore formation has ®wn to occur in NALP-3
activation upon stimuli such as bacterial pore-fogntoxins as well as ATP via
pannexin-1 channels [91]. Opening of pannexin-Inoké via ATP has been implicated
in activation of the inflammasome pathway resultingiptake of bacterial components

into cytosol where they are recognized by NALP+{&amamsome [107].

2.5.3 ROS production leads to NALP-3 inflammasomecéivation

Reactive oxygen species such as singlet oxygenrokyd radicals, superoxide, and
hydrogen peroxides are highly reactive moleculestaining unpaired electrons [32].
They are continuously produced as a byproduct eintitochondrial respiratory chain in
healthy cells at a tolerable level [32]. ROS camdge cell structures due to its capability
to oxidize lipids, proteins, and DNA [32]. Redoxstm contains antioxidants such as
superoxide dismutase-1 (SOD1), thioredoxin (TRX)oltbalance the ROS production
and its degradation for cell survival [32]. Due itnbalance, ROS accumulation can
initiate cell damage [32]. It was observed that NPAR stimuli can not process 31
when ROS activity is inhibited chemically [76]. NRE3 activators such as ATP,
asbestos, silica have been shown to trigger exaessunt of ROS production which
further can lead to K+ efflux [85]. It has not yeden clarified the interplay between ROS
production and Kefflux but it may be possible kefflux may induce ROS production or
vice versa [85]. It has also been shown that AERtinent of primed macrophages lead
to ROS production which stimulates PI3K pathwayhsaguent Akt and extracellular
signal regulated kinasel/2 (ERK1/2) activation [[LOBesides, ROS production is
required for the ‘priming’ signal and upregulatiohNLRP3 expression was shown to be
blocked by ROS inhibition but not for inflammasonaetivation [76,109]. Upon
activation of NF«B and MAPK pathways, it was indicated that ROS pten the
upregulation of NLRP3 and the production of prdanfmatory cytokines such as pro-
IL1-B, IL-6 and TNF [76,109].
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2.5.4 Lysosomal rupture and deregulated ion concerattions of Golgi lead to NALP-

3 inflammasome activation

Cathepsins are the best known pH-dependent pravasyamong lysosomal proteases
which are for degradation of lysosomal contentslysasomal acidification [110]. It has
been shown that alum, silica and amyl@idan trigger the formation and activation of
NALP-3 inflammasome in a lysosomal damage depenchaminer [91,110,111]. In this
model, these crystalline molecules cause lysosoumure due to their size upon being
phagocytosed and released cathepsin B enzyme leatlALP-3 inflammasome
activation [110,111]. It has not been shown yet tiweor not lysosomal rupture model
provide any explanation for NALP-3 activation bynaorystalline molecules [91]. On the
other hand, M2 protein (Ph-gated khannel) transports 'Hons from Golgi lumen to
cytosol to neutralize the pH of transgolgi pathvaay acidify the cytosol [76,112]. Upon
influenza A virus infection, deregulated ion conication in Golgi can activate plasma
membrane channels which may induce K+ efflux anbdseguent NLRP3 activation
[76,112].
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3. Aims of the study

. To show the relationship between cell death anteased autophagy in a mouse
pro-B cell ymphoma after IL-3 depletion;

. To observe How autophagic dying cells influence itiftammatory response of
macrophage,;
. To learn the phagocytic and inflammatory respon$edifferent types of

macrophages triggered by autophagic dying cells;

. To investigate whether or not the NALP-3 inflammasois involved in the pro-
inflammatory response of macrophages to engulféopaiagic dying cells;

. To clarify the upstream mechanisms of inflammasawtesation in macrophages
triggered by autophagic dying cells
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4. Materials and Methods

4.1 Cell culture and treatments

Bone marrow derived IL-3 dependent pro-B cells E33/were grown in RPMI-1640
supplemented with 10% heat-inactivated fetal cadfusm (FCS) (Sigma), 10%
conditioned medium (CM) from WEHI-3B cells (a soairaf murine IL-3), 300mg/L L-

glutamine (Sigma), 100U/ml penicilline/0.1 mg/miegitomycin (Sigma), 400uM sodium
pyruvate (Sigma), 50uM-mercapto-ethanol (Sigma).

Human breast adenocarcinoma cells (MCF-7) were igrass a monolayer in DMEM
supplemented with 10% FCS (Sigma), L-glutamine @@Q) (Sigma) and
penicillin/streptomycin antibiotics (Sigma). Cellere detached from the substrate using
trypsin/EDTA (0.05:0.02%) (Sigma).

Human acute monocytic leukaemia cells (THP-1) werdéured in RPMI 1640 (Sigma)
medium supplemented with 10% FCS, 5% L-glutaminfé,genicillin/streptomycin. All
cell lines were incubated in an atmosphere with 8%, at 37°C and they were
Mycoplasma free.

4.2 Cell death induction in MCF-7 and Ba/F3 cells

MCF-7 cells were plated in plastic tissue cultuesks at a density of 7.5x3¥6n¥ and
the culture medium was replaced by DMEM contair8fg charcoalstripped-FCS (DCC)
(Biochrom AG) for 7 days. Then, cells were treatd@th TAM; for treatment, freshly
prepared dilutions of tamoxifen (TAM) in DMSO/etlwhr{1:1;v:v) (Sigma) were added
directly to the medium to obtain autophagic dyin€R7 cells. Controls were treated
with DMSO/ethanol. For the induction of anoikic dgi MCF-7 cells, cells were plated
on poly-HEMA covered dishes over a 6-day period& FCS. Apoptotic MCF-7 cells
treated with doxorubicin (1200ng/ml) for 72 hrs warsed for phagocytosis. Apyrase
(2.5units/mL) pre- and co-treatment also was cdroie the macrophages engulfing these
cells. Lentiviral shRNA gene knock-down system (8fi;m shRNAIi/Sigma) was applied

for the downregulation of calreticulin expressianMCF-7 cells. Its efficiency was
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confirmed by immunobloting using rabbit polycloraadti-calreticulin antibody (Thermo
Scientific). Autophagic dying Ba/F3 cells were abéal by IL-3 depletion for 6 hr. In some
experiments IL-3 depleted and non-depleted cellsewweated with chloroquine
diphosphate (CQ-28M) (Fluka, Buchs SG Switzerland. Apoptotic cell death was
induced by adding 1M Doxorubicin (Sigma) for 16 hrs as it was desadilby Wirawan
E., et al.,2010 [30]. Different concentrations aixdrubicin were used to optimize the
apoptotic cell death conditions in Ba/F3 cells whiton't lead to autophagic activity.
Necrotic cells were prepared by freezing and thgwidter cells were thawed, they were
washed with PBS and used in the experiments. Peofepositive autophagic dying
Ba/F3 cells for Annexin-V-fluorescein-5-isothiocyda (FITC)/Pl was determined by the
Annexin-V fluorescein isothio-cyanate Apoptosis @&mion Kit (MBL, Budapest,
Hungary) on a FACSCalibur flow cytometer (BD FAC3Ba&™ flow cytometer,
Franklin Lakes, USA). Autophagosome formation wasualized under fluorescent
microscopy (Axiovert-150 Zeiss, Budapest, Hungdmy)staining autophagic dying Ba/F3
cells with monodancylcadaverine (MDC) (Sigma) (501 hr) and acridine orange
(Sigma) (M, 20 min). The inhibition of autophagy with 10 nBdmethyladenine (3-MA)
(Sigma) and necroptosis with |8@ necrostatin (Sigma) were investigated in botlated
Ba/F3 and MCF-7 cells.

4.3 Macrophage preparation
4.3.1 Human macrophages

Human monocytes were isolated from “buffy coats’hetlthy blood donors on Ficoll-

PaqueTM Plus (GE Healthcare) gradient and a magseparation using CD14 human
microbeads (Miltenyi Biotec). Human macrophagesemebtained through a five-day
differentiation process using 5ng/mL macrophageorylstimulating factor (MCSF)

(PeproTech).

Oligonucleotides for NALP-3 short hairpin RNA (shRNwere ordered from Integrated
DNA Technologies and the following shRNA sequenes wloned into a pLKO.1 vector
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(Addgene, Addgene plasmid): 5-CAG GTT TGA CTA TGITT CTA-3'. Packaging
and purification of the lentivirus were performectarding to standard procedures. For
transduction, lentiviruses were added to 2xdgll THP-1 cells/2ml on 6-well plate in the
presence of 10mg/ml polybrene (Sigma, AL118), &edpiates were spun at 1,5009 for 2
hrs. After an overnight incubation, medium was aept and cells were grown for 48 hrs,
when they were treated with phorbol 12-myristateat8tate (PMA) (Sigma) for
differentiation. To control the successful NALP-Bokk down (KD), cells were treated
with LPS for 24 hrs and with ATP for 1 hr then NABRvas measured from the lysate of
the cells using gPCR. All cell lines were incubatedan atmosphere with 5% GGt
37°C.

4.3.2 Mouse macrophages

C57BL/6 mice, 6-9 weeks old, were used in all @rpents unless otherwise specified.
Animals were maintained in the pathogen-free anifaality of University of Debrecen
(Debrecen, Hungary) and at the Department for MidedBiomedical Research of Ghent
University-VIB by 'Etische Commissie ProefdierelB\Site, Universiteit Gent, Universiteit
Gent' under the guidelines and ethically approvwedopols. Peritoneal macrophages were
obtained by peritoneal lavage from mice that wethee injected with 2 ml of 4%
thioglycollate or non-injected. Thioglycollate-etexd peritoneal macrophages were
collected from the peritoneal cavity of mice thaseys after injection. For experiments
with knockout miceNALP-3 (C57BL/6 background) o€aspase-1 (6x back crossed to
C57BI/6) and WT mice of appropriate background wesed as controls, and they were
bred under the same animal house conditions astiiees. Macrophages from some mice
were pooled and cells were collected by centrifiogatind plated in 96-well plates
(Corning, Lowell, MA) at 3x1® cells per well in RPMI-1640 medium (Sigma)
supplemented in 10% heat-inactivated FCS, 300 nhgdlutamine (Sigma), 100U/ml
penicilline/0.1mg/ml  streptomycin  (Sigma), 1mM sadi pyruvate (Sigma).
Macrophages were used for co-incubation experimentthe third day after collection
from the peritoneal cavity. Each day, unattachdts seere removed by refreshing the
medium. Bone marrow derived macrophages (BMDMskvaiiferentiated from femoral
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bone marrow cells with 10% L929 conditioned mediarRPMI medium (Sigma) Every
other day, the medium was replaced with the frash. @n the sixth day, cells were
collected with enzyme free cell dissociation buff&@ibco, Budapest, Hungary) and
plated in a 96-well plate. They were used for thhencubation assay on the third day. All

cell lines were incubated in an atmosphere withG® at 37°C.

4.4 Phagocytosis assay

Thioglycollate-elicited peritoneal macrophages,id&s macrophages, BMDMs and
human macrophages were collected and plated ashb#es@bove. Mouse macrophages
were primed with ultra-pur&. coli LPS (Invivogen, Toulouse, France) (0.05ng/ml for
resident macrophages, 500ng/ml for thioglycollditsted macrophages, 100ng/ml for
BMDMSs) 4 h before starting the phagocytosis as$ag ratio of phagocytes (3x1@ell)
and cells to be engulfed (1.5%A0ell) was set at 1:5. Dying cells were fed to dfigg
cells when in their culture autophagy peaked: gt4léor autophagic dying MCF-7 cells,
day 6 for anoikic-autophagic MCF-7 cells; at 6 fos autophagic dying Ba/F3 cells.
Living, apoptotic and necrotic cells were fed tocneghages as well. Dying/living cells
were added to the phagocytes and kept togeth@rlics with mouse macrophages and 1 hr
and additional 17 hrs with human macrophages. After phagocytosis assay and upon
removal of non-engulfed dying cells, we trypsinizedcrophages at 3T for 15 min to
prevent the cell-to-cell attachment and quantifmdy the phagocytosis capacity of
macrophages. Inhibition of phagocytosis was caroetby pre-treating the macrophages
with cytochalasin D (CytD) (Sigma) (L) for 45 min at 37C and throughout the assay.
Autophagic dying cells were stained with the viasiains 5-(and-6)-carboxyfluorescein
diacetate, succinimidyl ester (5(6)-CFDA-SE),ul overnight (Invitrogene) and
macrophages were labeled with Cell TrackerTM Orai@&dTMR, 3.75uM, overnight
(Invitrogene). Upon co-incubation, fluorescence wasasured on a BD FACSCalibur
flow cytometer, and the percentage of both humahmause macrophages positive for
both CMTMR and 5(6)-CFDA-SE was determined.

31



Materials and Methods

4.5 Chemicals used in phagocytosis experiments fatetermining the upstream

mechanisms of inflammasome activation

Studies on the role of,R;/R activation was carried with the ATP hydrolyzingyease
(Sigma) (2.5units/ml) and the,X; receptor antagonist KN-62 (Sigma) (1uM) (apyrase
and KN-62 treatments were done 45 min before aralghout the assay of both human
and mouse macrophages). Studies on the role*affflux were carried out by using
medium containing 130mM potassium chloride (KClig(®a) during co-incubation of
both human and mouse macrophages. Studies on ogpétific caspase-1 inhibitor Z-
YVAD-FMK (BioVision Int, Brussels, Belgium) (50M) affects IL-13 production were
carried out by applying it 45 min before and throogt the assay of both human and
mouse macrophages. IL-1 receptor antagonist armkhtmg/10 human macrophages)
was used 30 minutes prior and throughout the phadigogssay. The role of the pannexin-
1 channel in NALP-3 activation was checked by ustagbenoxolone disodium salt
(CBX) (Sigma) (pM) 45 min before and throughout the phagocytosgapa®f mouse
macrophages. Autophagic dying Ba/F3 cells were @sated with CBX (bM). Addition

of ATP (5mM) (Sigma) (for mouse macrophages) andddystals (100g/well) (for human

macrophages) was used as a positive control.

4.6 Western blotting

Anti-IL-1p polyclonal antibody and anti-LC3 polyclonal antliyowere purchased from
NovusBiologicals, Cambridge, England. Human argaeked IL-B and human anti-
caspase-1 polyclonal antibodies were purchased @elinsignaling. Anti-actin polyclonal
antibody and rabbit anti-rat peroxidase-conjugatmbndary antibody were purchased from
Sigma. Caspase-3 antibody was from BD Pharmingamjagest, Hungary. Protein
concentrates (up to 40 times) of human macrophetjesgpernatants were prepared by
Microcon Centrifugal Filter Devices purchased fr@Nillipore) and separately. Equal
amounts of proteins (14.§) obtained from Ba/F3 cell lysates and from cotreded

supernatants from human macrophages were loadet: @el and separated on a NUPAGE
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15% Bis-Tris polyacrylamide gel (InvitrogeMerelbeke, Belgium) and transferred to an
Immobilon-P membrane (Millipore, Budapest, Hungaogre size 0.45um). Membranes
were blocked in Tris buffered saline containings®@@0Tween-20 (TBS-T) and 5% non-fat
dry milk (BioRad, Budapest, Hungary) for 1 hr. Aftdocking, membranes were probed
overnight at 4°C with rabbit anti-ILgLpolyclonal antibody (2g/ml) (NovusBiologicals),
anti-actin polyclonal antibody (Qu8/ml) (Sigma), pro- and mature caspase-3 antibody
(1pg/ml) and anti-LC3 polyclonal antibody(@ml) were followed by incubation for 1 h
with a rabbit anti-rat peroxidase-conjugated seapn@ntibody (Sigma) for 1 h at room
temperature. Peroxidase activity was detected ®itperSignal West Femto Maximum
Sensitivity Chemiluminescent Substrate (Pierce kRod, IL) using a Lumi-Imager (Roche
Diagnostics, Mannheim, Germany). Fermentas praeigrotein ladder was used as protein
marker in each blot. Blots in Figure 1B, 1D and 24, have not de-stripped the membrane
before detecting the actin protein and we have Idpegd the membrane with anti-actin
antibody after the washing steps upon developirfgritanti-LC3. In Figure 2B and 4A,
membranes were de-stripped (15-20 min), washeX 34 10 min with TBS-T and then re-
blocked with 5% non-fat dry milk in TBS-T solutidor 1h at room temperature. Then
membranes were probed overnight with anti-actist feintibody, then the anti-rabbit
secondary antibody for 1 h at room temperatureeden of the peroxidase activity was
done same as explained above. Stripping solutiontaits 2% SDS, 100 mM beta-
mercaptoethanol and 50 mM TRIS, pH 6I8e ratio of the integrated density of LC3-Il
to actin was quantified by using Image J (NIH Bstle.

4.7 Immunocytochemistry

Autophagosome formation was visualized under flsceat microscopy (Axiovert-150
Zeiss, Budapest, Hungary) by staining of the autgphcells with and acridine orange
(Sigma) (1M, 20 min). For staining with LC-3 antibody and wadization of
autophagosomes living and IL-3 depleted Ba/F3 oslse cytospined and cells were
fixed with 4% paraformaldehyde (PFA) in PBS for . Blocking was done with 5%
BSA (bovine serum albumin) in 0.1% Triton-X-PBSwdan for 1 hr. They were then
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incubated with anti-LC3 polyclonal antibodyu@ml) at room temperature for 2 hrs.
Anti-LC3 polyclonal antibody was purchased from Ne\Biologicals, Cambridge, England.
Secondary antibody was Cy3-labeled goat anti-rat@gma) and used for 1 hr. Nuclei
were labeled with DAPI (Of®g/ml) (Sigma) and viewed with a fluorescent micayse
(Axiovert-150 Zeiss, Budapest, Hungary). Washingseandone for 3X5 min with 0.1%
Triton-X in PBS.

4.8 Cytokine and ATP quantification

Ultra-pure LPS primed macrophages were co-incubaiéd appropriate target cells and
after the 2 h co-incubation period, supernatante wellected and IL{1 was measured by
using enzyme-linked immunosorbent assay (ELISA) DRauoSet, Budapest, Hungary).
In experiments where CASPASE-1/NALP-3 knock out enimacrophages were used,
immunoreactive levels of ILfl were measureth CM by using a Milliplex mouse
cytokine kit (MPXMCYTO-70K-01, Merck Millipore, Owgse, Belgium) according to
the manufacturers' instructions and analyzed oinaPREx 200 (Bio-Rad, Nazareth Eke,
Belgium).

Human and mouse macrophages were stimulated ovitho0.51g/mL crude LPS for 30
min prior to assay and then incubated with autoghdging cells for 1 hr. After non-
ingested dying cells were removed, macrophages inetbated in fresh media without
serum for additional 17 hrs or 6 hrs, respectivdlge supernatants from crude LPS
treated human and mouse macrophages were collactednalyzed for the presence of
IL-8, IL-6, IL-1B, TNF-n using the Human Inflammation BD Cytometric Beadair
(CBA) BD Biosciences) kit and only for IL-6 using &LISA (R&D) kit. Concentration
of ATP was measured in supernatants by using AR\t Luminescence Assay System
(Perkin Elmer, Budapest, Hungary) according tortfaufacturer’s instructions and the
light production was measured on a VICTOR2TM (Reiimer) reader.
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4.9 Intra-peritoneal injection of autophagic dyingBa/F3 cells and phenotyping of

peritoneal exudates cells

Autophagy, apoptosis and necrosis in Ba/F3 cells wauced as described above.
Autophagic dying, apoptotic, necrotic and live sellere harvested by centrifugation,
washed three times with sterile D-PBS (Invitrogamd resuspended in D-PBS at a
density of 40x10 cells/ml. Syngenic for Ba/F3 cells Balb/c mice 18—-weeks old,
Janvier, Bio Services BV, The Netherlands, n=4-Bengier group) were intraperitoneally
injected with 10x10 cells/mouse in 0.250 ml of D-PBS. Equal volume®DedPBS were
injected as negative controls. Sixteen hrs affection, animals were euthanized by £O
exposure, and peritoneal exudate cells (PECs) iselated by peritoneal lavage. The red
blood cells were lysed with ACK cell lysis buffelonza Walkersville, Basel,
Switzerland). The number of PECs was counted isradtocytometer using trypan blue
and phenotyped by flow cytometry. All experimernpabcedures were approved by the
local Ethics Committee of Ghent University—VIB.

PECs (5x18) were incubated with rat anti-mouse antibody 2.48® Pharmingen,
Erembodegem, Belgium) for 30 min at 4°C to blockyFa¢B/1ll receptors. Since
apoptotic cells were treated with doxorubicin, whibas a broad range of auto-
fluorescence, we divided each sample and used iffepetht stainings in order to identify
monocytes, macrophages, eosinophils and neutropHils order to quantify
monocytes/macrophages/eosinophils, the PECs wairgedt with anti-mouse antibodies
F4/80-APC (clone BMS8, eBioscience) and CD11b-AP(-Cfclone M1/70, BD
Pharmingen). To identify neutrophils, the PECs wstegned with anti-mouse antibodies
Ly-6G-APC (clone 1A8, BD Pharmingen) and CD11b-A¢7 (clone M1/70, BD
Pharmingen). All the stainings were done for 30 mird°C in PBS. Just before flow
cytometry analysis on BD LSR-II (BD Biosciences)28nM of Sytox Blue dead cell
stain was added (Invitrogen) to exclude dead debish the measurements. Data were
acquired and analyzed by BD FACSDiva software (BbsBiences). The following cell

populations were discriminated: macrophages (F4/80D118""), monocytes
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(F4/80"™cD118""), eosinophils (F4/8"™ CD118™™ and neutrophils (CD11b
Ly6G™"). In order to determine number of cells in eackcsr cell population, the total
cell numbers of PECs were multiplied by the peragetof specific cell population

mentioned above.

4.10 Statistical analysis

Results are expressed as mean + SEM for the nuofl@ssays indicated. When results
were obtained from experiments in which mouse n@wges were used, for multiple
comparisons of groups statistical significance veamluated by one-way ANOVA
followed by Tukey post-hoc test and for comparirfigwo groups non-bias two-tailed
unpaired student t test was used. Statistical fiignice is indicated by stars shown in
graphs. When results obtained from experiments lichvhuman macrophages were
used, statistical significance (defined as p<0wW&$ evaluated by the unpaired student t
test. When it is additional information used faatistical analysis, it is written in figure
legends. (*g0.05, **p<0.01, ***p<0.001,****p<0.0001)
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5. Results

5.1 Autophagy and cell death in Ba/F3 cells
5.1.1 IL-3 deprivation leads to autophagy and apojssis in Ba/F3 cells

Withdrawal of growth factors triggers both autophamd apoptosis in Ba/F3 cells [30].
By using anti-LC3 immunostaining and acridine omastaining, we observed that 6 h of
IL-3 depletion increased the numbers of autophagsgmes in Ba/F3 cells (Figure 3A).
Western blot analysis showed increased level of -LC@G@ molecular marker of
autophagosome formation) relative to controls (F@g@B). We wanted to determine
whether or not IL-3 withdrawal leads to upregulataf autophagy (increased autophagic
flux) or a blockage of the autophagic flux (degtémta block) with consequent
accummulation of autophagic vesicles. For this apasve treated the cells with the
lysosomal inhibitor, chloroquine (CQ), which preteiiusion of autophagosomes with
lysosomes [16,113]. CQ treatment led to highly ategt LC3-II protein content in IL-3
depleted Ba/F3 cells, demonstrating that withdrawafathe growth factor resulted in
increased autophagic flux but not blockade of adwhgpc flux (Figure 3B). In the
presence of IL-3, CQ treatment also led to high dC8ontent indicating ongoing
autophagic flux. It can not be excluded that sithmecell suspensions are heterogeneous
and the method is not sensitive enough there nughtells in which LC3-1l degradation

was blocked.
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Figure 3: IL-3 depletion increases autophagy in B&3 cellsBa/F3 cells were kept without IL-

3 for 6 hrs.(A) Both living and dying autophagic Ba/F3 cells wetaireed with anti-LC3
antibody or acridine orange stain to demonstrateeased autophagosome formation. Arrows
represent the increased autophagy with IL-3 depletScale bars are 1. (B) Proteins in
western blots of samples from dying autophagicscelere detected with anti-LC3 antibody.
Chloroquine (CQ) was used as lysosomal inhibitbre fight panel presents the quantification of
the western blot. Anti-actin polyclonal antibodysmased to show that equal amounts of proteins
were loaded in western blots. Data represent thenmeSEM of 13, 19, 5 and 6 independent
experiments for IL-3+, IL-3-, IL-3+CQ+ and IL-3-CQ+espectively. (*p<0.05, **p<0.01,
*xkn<0.0001)
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Upon IL-3 depletion, ~20% of the cells were positifior phosphatidylserine (PSind
negative forpropidium iodide (PI) and ~4% of them were PBI" (Figure 4). When
Ba/F3 cells were treated with CQ in the presence Il6f3, accumulation of
autophagosomes did not lead to significant increasell death, but the combined effect
of IL-3 depletion and the addition of the lysosonmdiibitor induced more cell death than
IL-3 alone (Figure 4). We also observed that IL€pletion led to apoptosis in Ba/F3

cells in accordance with our findings showing cagpa processing in cells (Figure 4).

A
- s IL-3-
3 . % kkkK - PS-PI- ("VE BafF3)
e 1%93.46 T {%T77.38 | | i [ Ps*PI- (early apoptotic Ba/F3)
Vil 1004 | i« +« I PS*PI" (late apoptotic Ba/F3)
s 191,71 o °/48.80 :
(16" TN T T T 10° 10" 10°  10* 10f 80
FL1-H FL1-H
o
8 604 kkk

z  IL-3+cQ+ L IL3-ca+

10°

FL3-H
107

0
sl
o

=

>
s
B
>
*
e
*

*

10"

10° 10°
FL1-H

Annexin-V-FITC

Actin ~44 kDa

Pro-caspase-3 ~35kDa

Mature caspase-3 - ~16 kDa

L3 *

Pro-caspase-3 0.61 0.64
Maturecaspase-3  0.27 3.29

caspase-3/actinratio

39



Results

Figure 4: Apoptosis is induced in autophagic Ba/F&ells by IL-3 depletion. Ba/F3
cells were kept with or without IL-3 for 6 hrgA) Cell death was quantified by flow
cytometric analysis of dying autophagic cells bingsAnnexin-V-FITC/PI staining. Data
represent the mean + SEM of 7, 10, 3 and 9 indepenekperiments for I1L-3+, IL-3-,
IL-3+CQ+, IL-3-CQ+, respectively. PS: Phosphatigyise, PIl: Propidium iodid€B)
Proteins obtained from dying autophagic cells waetected with caspase-3 antibody.
Anti-actin polyclonal antibody was used to showtthqual amounts of proteins were
loaded in western blots. For simplicity, parts froéhe same western blots are shown
separately in parts B and D. (*p<0.05, ***p<0.00%%*p<0.0001)

5.1.2 Apoptosis and necrosis can be induced in B&Fcells without increased

autophagy

Doxorubicin -commonly used in cancer chemotherapgs used as the apoptotic cell
death inducer in Ba/F3 cells [114]. More and moed death was induced without
increasing autophagy at increasing doxorubicin eotrations. With the highest
doxorubicin concentration (1®1), cells did not show autophagic activity and mafsthe
cells died by secondary necrosis (Figure 5A). bheotto obtain necrotic cells, Ba/F3 cells
were frozen at -AT and thawed at room temperature. By this procedauphagic

activity was not elevated and almost 100 % of aditsl by necrosis (Figure 5B).
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Figure 5: Apoptotic and necrotic Ba/F3 cells do noshow autophagic activity (A) (A)Ba/F3
cells were treated with different doses of doxoeib{0.1, 1, 1@M) in the presence of IL-3 for
16 hrs. Immunoblotting with anti-LC3 antibody wasne to detect LC3 protein in cells. Ba/F3
cells which were not treated with doxorubicin ir3lcontaining medium were used as control for
the experiment(B) Necrosis in Ba/F3 cells was induced by freeze-thamti-actin polyclonal
antibody was used to show that equal amount ogjmretwere loaded. For simplicity, parts from
the same western blots are shown separately. €afhdvas checked by flow cytometric analysis
of dying cells by using Annexin-V-FITC/PI stainingRelevant controls (autoflourescent and

Annexin-V-FITC positive cells) are also includective figure.

41



Results

5.2 Autophagic and dying cells induce inflammasomactivation in macrophages
5.2.1 IL-1p release from macrophages engulfing autophagic dygncells

As we have described previously [36], MCF-7 celks tthrough autophagy with estrogen
hormone depletion and tamoxifen treatment and die autophagy when they were
detached from the surface (anoikis). In order towskthe response of human monocyte
derived macrophages to autophagic dying MCF-7 cells conducted co-incubation
experiments. It was shown that macrophages relediseg cytokine only while
engulfing autophagic dying MCF-7 cells but not &mwiautophagic MCF-7, live and
apoptotic ones (Figure 6A). In order to observerdsponse of mouse resident peritoneal
macrophages, they were co-incubated with autoplthgig Ba/F3 cells. Different from
human macrophages, mouse macrophages had to bedpsith ultra pure LPS.
Increased secretion of mature IB-vas detected during co-incubation with autophagic
dying Ba/F3 cells but not with living, apoptotic necrotic ones (Figure 6B). ILBlwas
released in higher amount when CQ treated autophdying Ba/F3 cells were co-
incubated with the macrophages. Primed thioglytelklicited peritoneal macrophages
and BMDMs also released significantly higher amaoii_-1 after co-incubation with
autophagic dying Ba/F3 cells as compared to canffldigure 6C and D). We measured
the uptake capacity of mouse resident peritonearophages. Macrophages engulfed
30% of autophagic dying cells and up to 43% of @&ted autophagic dying cells, in
contrast to 12% of living cells and up to 27% of -@€ated living cells during 2 hrs of

co-incubation (data not shown).
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Figure 6: IL-1p release from macrophages engulfing autophagic andying cells (A) IL-1
upon co-incubation with autophagic dying (AU MCE-@hoikic-autophagic (AN-AU MCF-7),
apoptotic or living MCF-7 cells was measured. Blaeks represent 1 hr co-incubation and white
bars represent the 17 hrs period after removateflying cells. Treatment with 10§ uric acid
crystals as a positive control was carried out 8ohrs. (B) IL-3-depleted cells, live cells,
apoptotic cells (treated with 1M doxorubicin), and necrotic Ba/F3 cells were codibated
with primed resident macrophages. As a control itimmg IL-18 was quantified from supernatant
of only dying autophagic Ba/F3 cells in order talgme if they secrete ILBLby themselves.
ATP, which is a stimulus for the inflammasome aatiien, was used as a positive control.
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Repeated measures one-way ANOVA followed by Tukest fhoc test was used for statistical
analysis for part B(C, D) Primed thioglycollate-elicited macrophages andebovarrow derived
macrophages (BMDM) were co-incubated with IL-3-a#@dl dying autophagic cells. Primed
macrophages (control) but not co-incubated withtgpg of Ba/F3 cells. Data represent the mean
+ SEM of three independent experiments in part€Aand D and four independent experiments
in part B; all experiments were performed in téalies. (*p<0.05, **p<0.01, ***p<0.0001)

5.2.2 Autophagy, but not necroptosis is a requisitéor inflammasome activation

leading to pro-inflammatory response

In order to analyze whether autophagy in the tacgds is required for inflammasome
activation in human monocyte derived macrophagesyas inhibited by the type llI
(phosphoinositide 3-kinase) PI3K inhibitor, 3-md#denine (3-MA) [115]. Upon
autophagy inhibition in dying MCF-7 cells, releaskIL-1p was inhibited. We next
checked the involvement of necroptotic cell deasthpgay and calreticulin exposure in
inflammasome activation. Necrostatin, a necroptadisbitor treated autophagic dying
MCF-7 cells did not affect the ILBLrelease from macrophages (Figure 7A). Similarly,
the pro-inflammatory response of mouse resideritgreral macrophages was decreased
when autophagy was inhibited in dying Ba/F3 ceNgcrostatin was ineffective in
preventing the IL-f release from resident macrophages exposed tohagiopdying cells
(Figure 7B).
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Figure 7: Autophagy but not necroptosis contributesto inflammasome activation in
macrophages (A)Human andB) mouse macrophages were co-incubated with autoplzegi
dying cells and 3viethyladenine (3-MA) and necrostatin-1 pretreaaetiophagic dying MCF-7
cells AU MCF-7) andautophagic dying Ba/F&ells (AU Ba/F3), respectively. Cell death was
checked by flow cytometric analysis afitophagic dyingells. For simplicity, parts of the same
western blot are shown separately. Data reprekennean + SEM of three (for part A) and two

(for part B) independent experiments; all experitaavere performed in triplicates.
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5.2.3 Inhibition of LPS-induced cytokines from macophages with dying cells

Crude LPS treated human monocyte derived macroghsggeted large amount of pro-
inflammatory cytokines such as IL-6, IL-8 and TNFWe observed that autophagic
dying MCF-7 cells inhibited the release of crudeSLihduced pro-inflammatory
cytokines from human macrophages while they prothdtelp secretion upon crude
LPS treatment. Pro-inflammatory cytokine amountsewdiminished by inhibition of
autophagy in dying MCF-7 cells, prevention of caspa pathway in macrophages and
blocking of IL-13 receptor with anakinra on macrophages (Figure 8#9.also observed
that IL-13 secretion was higher when autopghagic dying MCgells were fed to
macrophages after LPS treatment (Figure 8A). Sitgjlaalthough autophagic dying
Ba/F3 cells could induce a pro-inflammatory resgoims macrophages triggering 131
secretion, they could still inhibit the LPS-inducguo-inflammatory response as
measured by IL-6 release (Figure 8B).
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Figure 8: Autophagic and dying cells inhibit the LPS induced pro-inflammatory cytokine
production (A) Release of TNk IL-6, IL-8 and IL-13 by human macrophages co-incubated
with autophagic dying MCF-7 cells (AU MCF-7) wergegreated with or without crude
lipopolysaccaride (LPS) or Z-YVAD-fmk (caspase-lhilitor) or anakinra (IL-1 receptor
antagonist). Black bars show the amount of releagtukines after either LPS treatment alone or
in phagocytic assays lasting 1 hr either with dhedit lipopolysaccaride (LPS) treatment. White
and striped bars represent 1 and a consequensl@élbase of cytokines in the absence of dying
cells, respectively. The inserts show the effecttltd anakinra on the secretion of pro-
inflammatory cytokines(B) IL-6 cytokine release was checked from crude LP&tpeated
elicited peritoneal macrophages co-incubated witi8-tepleted autophagic dying Ba/F3 cells
(AU Ba/F3) or with doxorubicin treated apoptotidiseln part A, data represent the mean + SD
for main graphs and + SEM for the inserts which arean values of three independent
experiments; all experiments were performed idit@pes. For part B, data was pooled from one
experiment performed in five replicat€$<0.05, ****p<0.0001)

5.3 Uptake of autophagic and dying cells leads toALP-3 and caspase-1 mediated

IL-1 p release from macrophages

To check whether caspase-1 activation is respan$ablthe inflammasome activation in
human monocyte derived macrophages, specific caspbathibitor (Z-YVAD-fmk) was
used to treat macrophages during co-incubation aitbphagic dying MCF-7 cells. I1LA-

release was significantly decreased when caspases Inhibited (Figure 9A). We also
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showed the cleavage of pro-caspase-1 happened mbherophages co-incubated with
autophagic dying MCF-7 cells (Figure 9A). THP-1 lge(human acute monocytic
leukemia cell line) were differentiated into madnages and NALP-3 gene was knocked
down. According to co-incubation results of humaoncyte derived macrophages and
autophagic dying MCF-7 cells, NALP-3 knocked dowaamphages did not respond to
autophagic dying MCF-7 cells (Figure 9B). Co-inctidma of caspase-1 knock out (KO)
mouse elicited peritoneal macrophages with autaplibing Ba/F3 cells showed that IL-
1B release was significantly less from caspase-Icideti macrophages than from WT
ones (Figure 9C-left panel). These data were furdomfirmed by using a caspase-1
specific inhibitor (Z-YVAD-fmk) which also reducell-1p secretion (Figure 9C-right
panel). Next, we decided to clarify which inflamrmoa® is activated in macrophages by
dying cells which carry autophagic features. Furtiege, macrophages isolated from
NALP3 knockout mice had decreased response to dyibgphagic cells, indicating that
the NALP3 inflammasome can be the mediator of csesfiaactivation and ILfl
secretion (Figure 9D)We did not observe any difference in the phagoogéipacity of
each macrophage type engulfing living and autophdyging Ba/F3 cells (Figure 9E).
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Figure 9: Caspase-1 is required for NALP-3 inflammaome activation with autophagic and
dying cells (A)Activation of caspase-1 was inhibited by spedifttibitor (Z-YVAD-fmk). Black
bars represent 1hr co-incubation and white barsesent the 17 hrs period after removal of the
dying cells. Western blotting shows the caspasetitaion during the engulfment of autophagic
dying MCF-7 cells (AU MCF-7)(B) IL-1p release from phorbol 12-myristate 13-acetate (PMA)
treated THP-1 cells engulfing autophagic dying MCEells were measured. The insert shows the
relative expression of NALP-3/cyclophilin and tHere the effectiveness of NALP-3 silencing
(knock down (KD)) in THP-1 cells treated with NALIPscramble and silencing constructs with
or without lipopolysaccaride (LPS) induction. Pronthioglycollate-elicited macrophages from
wild type and from CASPASE-(C) or NALP3(E) knockout mice were co-incubated with IL-3-
depleted cells. ATP was used as a positive confi@l.Resident macrophages treated with Z-
YVAD-fmk (specific caspase-1 inhibitor) were co-irmated with IL-3-depleted dying cell§:)
Wild type and NALP3 or CASPASE-1 deficient macropbs were co-incubated with IL-3
depleted dying autophagic (AU) and living Ba/F3lse@ind phagocytosis was measured by flow

cytometry. Control cells are primed macrophagesbtiincubated with any type of Ba/F3 cells.
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Data represent the mean + SEM of two independeperarents for part C, three independent
experiments for part A, B and D, one experimentgant E, and two independent experiments for

part F; all experiments were performed in triplesa***p<0.001)

5.4 Mechanisms behind NALP-3 inflammasome activatio with autophagic and

dying cells

5.4.1 Uptake of autophagic and dying cells leads inflammasome activation

In order to clarify whether or not phagocytosistleé autophagic dying MCF-7 cells by
human monocyte derived macrophages was needeldefanftammasome activation, we
prevented the engulfment by CytD, an inhibitor ¢fagocytosis [116] and it led to
significant inhibition of IL-B secretion from macrophages (Figure 10A). On tlerot
hand, CM of autophagic dying MCF-7 cells did notiuoe inflammasome activation
(Figure 10A). Calreticulin knocked down of autopicadying MCF-7 cells did not affect
the IL-18 release from macrophages. We also pre-treateththese resident peritoneal
macrophages with cytD which reduced the phagocyt@sid IL-PB release from

macrophages co-incubated with autophagic dying Bad€lls (Figure 10B). Co-

incubation of CM obtained from cultures of 6 hrs3ldepleted Ba/F3 cells with primed

macrophages did not result in I[3-telease (Figure 10B-right panel).
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Figure 10: Phagocytosis is needed for inflammasome activatian macrophages engulfing
autophagic and dying cells (A)IL-1B secretion from human monocyte derived macrophages
engulfing autophagic dying cells (AU MCF-7) was swad. Phagocytosis was inhibited via
cytochalasin D (CytD) treatment of macrophages.dtmmed medium (CM) (diluted 50% with
serum-free culture medium) was collected from cekuwf autophagic dying MCF-7 cells at the
time when they were prepared for phagocytosisalreticulin (CALR) knock down (KD) MCF-

7 cells (western blot insert shows effectivenesesabfeticulin silencing) autophagy was induced
the same way as in wild type MCF-7 cells. Blacksb@present 1 hr co-incubation and white bars
represent the 17 hrs period after removal of thagdgells.(B) CMTMR-stained macrophages
were treated with cytochalasin D (cytD) to inhiphagocytosis, and cytD treated/non-treated
macrophages were co-incubated with CFDA-stainedigdyutophagic Ba/F3 cells. R2 is the
region which shows both the upper left quadrantcfohages which do not engulf dying cells)
and upper right quadrant (macrophages which ertyitfg cells).The cells out of R2 region is
also shown in the figureThe macrophages were also co-incubated with thediloted
conditioned medium (CM) from dying autophagic ce{ontrol cells are macrophages, which
were primed but not co-incubated with any type aeff8 cells. Data represent the mean + SEM
of three (for part A), two (for part B) independemperiments; all experiments were performed
in triplicates. (***p<0.001)

5.4.2 K efflux takes place from macrophages engulfing auphagic dying cells
triggering inflammasome activation

Our next goal was to delineate the NALP-3 inflamamas activation pathway triggered
by engulfed autophagic dying MCF-7 cells. We fingtnted to see whether'Kfflux, a

general inducer of NALP-3 inflammasome activatismaquired for the autophagic dying
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MCF-7 cells to induce release of II3from human monocyte derived macrophages
(Figure 11A). Blocking of K efflux from macrophages during phagocytosis of
autophagic dying MCF-7 cells inhibited the IB-telease (Figure 11A). Blocking efflux
of K™ also led to the decrease of IB-fielease from both resident peritoneal (Figure 11B)
and thioglycollate-elicited peritoneal macrophagegulfing autophagic dying Ba/F3 cells
(Figure 11D).
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Figure 11: K" efflux leads to inflammasome activation in macrophages engulfing autophagic
dying cells (A) Potassium chloride (KCI) (130 mM) containing mediwvas used and ILBL
secretion from human monocyte derived macrophaggsléng autophagic dying MCF-7 cells
(AU MCF-7) was measured(B,C) Primed resident and thioglycollate-elicited peré&ah
macrophages were co-incubated with IL-3 depletedphagic dying Ba/F3 cells (AU Ba/F3) in
the presence of potassium chloride (KCI). Dataasgnt the mean + SEM of three independent

experiments in all parts; all experiments wereqgrentd in triplicates. (***p<0.001, **p<0.01)

5.4.3 ATP is released from macrophages or dying ¢lduring their co-incubation
leading to P.X7 receptor activation

Next, we aimed to test the possible contributiorA®P to inflammasome activation in
macrophages during engulfment of autophagic dyeits.cApyrase treatment inhibited
the secretion of IL{f1 during co-incubation with autophagic dying MCF-&lls (Figure
12A, upper left panel). Moreover, macrophages oometil to release ATP after washing

away the dying cells and further incubated thenmrigsh medium that shows that ATP
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was released from human monocyte derived macroghhge not from dying cells.
Consistently, apyrase treatment of autophagic MQ@Ells secreted same amount of IL-
1B during phagocytosis with human macrophages (Fig@#&-upper right panel). The
hydrolysis of secreted ATP by apyrase during phyigses led to the decrease of IB-1
release from mouse macrophages as well (Figure [E¥Bpanel).A significant amount
of ATP (in the 400-500 nM range) was detected endhlture medium obtained after the
co-incubation of mouse resident peritoneal macrgpband autophagic dying Ba/F3 cells
in the absence of serum (Figure 12B-left panel).naAke further blocked the purinergic
receptors by  using 1-[N,O-bis(5-isoquinolinesulf)ry-methyl-L-tyrosyl]-4-
phenylpiperazine (KN-62), the activation of theipargic receptor X7 by released ATP
is essential for inflammasome activation in bothmhan and mouse macrophages

engulfing autophagic dying cells (Figure 12A-bottpanel and 12B-right panel).
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Figure 12: Secreted ATP coupled to §X; purinergic receptor stimulation activating
inflammasome in macrophages (A-upper right and leffpanel) ATP and IL-1 release from
human macrophages and THP-1 cells engulfing augppllying MCF-7 cells (AU MCF-7) were
measured. (A-bottom panel) Release of fLi& shown on western blot of concentrated serum
free culture fluid from human macrophages engulfiithper living or autophagic dying MCF-7
cells. The effects of apyrase angKFR inhibitor KN-62 on this process are shown in fegyB)
Primed resident macrophages were treated with ATghodphohydrolase (apyrase), the
purinergic receptor inhibitor (KN-62) and co-inctéé with autophagic dying Ba/F3 cells (AU
Ba/F3). ATP concentrations were measured from ¢oneu media of macrophages and the
culture medium which was collected from Ba/F3 celiging 6 hrs of IL-3 depletion (IL-3
depleted and serum containing medium). Data reptabe mean + SEM of three (for part A),
two (for part B-left panel) and four (for part Byht panel) independent experiments; all

experiments were performed in triplicate = «p<0.01)

5.4.4 Contribution of pannexin-1 channels to inflarmasome activation

In order to analyze the contribution of pannexinkannel in inflammasome activation
we used CBX, a specific pannexin-1 channel inhiljit®0] to block its activity during co-
incubation of autophagic dying Ba/F3 cells and mjglsages. We found that CBX treatment
inhibited IL-13 release from either resident macrophages or aagiphlying Ba/F3 cells
(Figure 13A). Furthermore, the pannexin-1 channbibitor also blocked ATP secretion
showing that ATP was released through these crafRiglure 13A). In order to determine
the source of ATP release we measured ATP in thefr@M autophagic dying Ba/F3 cells
cultured alone (Figure 13B). ATP release injthkrange from autophagic dying Ba/F3 cells
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could be inhibited by CBX (Figure 13B). We furtheeasured ATP and ILBlfrom the
medium of macrophages alone upon the removal aiphagic dying Ba/F3 cells during
additional 2 hrs (Figure 13C).
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Figure 13: ATP is released through pannexin-1 charei from autophagic dying Ba/F3 cells
and contributes to inflammasome activation in mousemacrophages Primed resident
macrophages were treated with pannexin-1 chanhdiiar (CBX) and were co-incubated with
autophagic dying Ba/F3 cells (AU Ba/FA,B) ATP concentrations were measured from co-
culture media of macrophages and the conditionediure (CM) which was collected from
Ba/F3 cells during 6 hrs IL-3 depletion (IL-3 dejgle and serum containing medium) and CBX
treated/non-treated autophagic dying Ba/F3 cells @a/F3) (in serum free medium without
macrophages)C) Macrophages were incubated alone further 2 hrseishf medium and ILfl
and ATP were measured from the supernatant. Dataegent the mean + SEM of four (for part
A), three (for part B) independent experiments;eadpberiments were performed in triplicates.
(= * * *p<0.0001)
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5.5 Inflammatory response in peritoneal cavity of nte exposed to autophagic dying
Ba/F3 cells

In our attempt to support oum vitro results showing that dying autophagic Ba/F3 cells
are pro-inflammatory, we injected dying autophaggtls into the peritoneum of mice.
We observed influx of neutrophils into the peritaheavity, indicating that the dying
autophagic cells induced an acute inflammatory aesein vivo as well (Figure 14).
Living, necrotic and apoptotic Ba/F3 cells (i doxorubicin) were also injected i.p.
Apoptotic cells recruited neutrophils, monocytesl aosinophils, but they led to the
decrease of macrophages resident in the peritoriEigure 14). Living, autophagic and
necrotic cells also diminished the number of malcages. Necrotic and living cells
could not induce neutrophil influx. Only necrotiecdaapoptotic cells recruited eosinophils
into the peritoneal cavity.
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Figure 14: Intraperitoneal injection of dying cellsinduces a sterile inflammatory response
(neutrophil influx) Dying autophagic, apoptotic or necrotic cells amhg cells were
intraperitoneally injected into wild type BALB/c og. Equal volumes of D-PBS were
injected in mice as negative controls. Peritonealdate cells (PECs) were collected 16
hrs later and monocytes, macrophages, eosinophdsnautrophils were stained with
anti-mouse antibodies F4/80-APC with CD11b-APC-@yd Ly-6G-APC with CD11b-
APC-Cy7 and analyzed on BD LSR-Il. Graphs represkatnumber of macrophages
(F4/80"" CD118""), monocytes (F4/86™ CD118""), eosinophils (F4/8tF™
CD118™%" and neutrophils (CD11.y6G"" in PECs after injection of AU, necrotic,
living or apoptotic Ba/F3 celldJpon sterile-PBS injection, cells which were colézt

from peritoneal cavity were named as ‘vehicle’ laghs.(***p<0.001, ****p<0.0001)
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6. Discussion

6.1 Autophagy contributes to different types of céldeath mechanisms in MCF-7
and Ba/F3 cells

Autophagy can contribute to cell death accordingcétl type, inducer and treatment
[117]. Autophagy can lead to cell death (cell dgatbugh or with autophagy) or preceed
apoptosisin estrogen-dependent human breast adenocarcinelnbine (MCF-7), cell
death can be induced through autophagy with estragpleted charcoal-stripped-fetal
calf serum (FCS) (DCC) and concentration dependstitestrogen tamoxifen treatment
[35,36]. Tamoxifen increases the ceramide levelseitls and eliminates the inhibitory
effect of class-I PI3K pathway and up-regulation Bclin 1 [118]. Upon estrogen
depletion and anti-estrogen treatment, majority dying MCF-7 cells contained
autophagic vacuoles (AVs) as an early and predamifeature of cell death whereas a
minority of cells showed apoptotic characteris{i8S]. High amount of AVs, pyknotic
type of chromatin condensation and numerous AVdaioimg chromatins have been
observed during cell death induction [35,36]. Thegamelles required for protein
synthesis such as polyribosomes, ER, Golgi werapgisared and only few number of
intact mitochondria were observed in a very closeximity to AVs and nuclear
membrane [35] (Figure 15).
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Figure 15: Proposed stages of death in MCF-7 cellgpon hormone depletion and tamoxifen
treatment Upon tamoxifen treatment, autophagic vacuoles (Aafs)formed which is followed
by heterochromatin condensation and detachment froutlear envelope with few
polyribosomes. At the stage of pyknosis, condermsedmatin in the center of still intact nuclear

envelope is observed.
Figure adapted from [35].

When the tumor cells which are apoptosis defectwve under metabolic stress,
autophagy can lead to survival first and then catl die eventually with excess amount
of autophagy [42]. MCF-7 cells are caspase-3 daiicand it is a good model of tumor
cell line to induce autophagic cell death by prgles metabolic stress conditions [35].
Another type of cell death can be associated witlbghagy in MCF-7 cells due to the
detachment of cells from surface (anoikis). In bathtophagic dying MCF-7 cells, the
autophagy induction and cell death can be prevemyealitophagy inhibition with 3-MA
shows that autophagy is directly related to thedledeath types [35,36].

We observed increased autophagy in dying murineooarrow derived pro-B-cell line
(Ba/F3 cells) after IL-3 depletion by anti-LC3 dudy and acridine orange staining as
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well as by increased level of LC3-Il analysis. Tdefata are in line with previously
published results obtained with Ba/F3 cells, whitiowed that IL-3 dependent murine
Ba/F3 pro-B cells respond to growth factor withdahvy inducing autophagy as a
survival mechanism [30]. We have also observed tells are dying with IL-3
withdrawal. Wirawan et al have already shown thabphagy preceeds apoptosis in IL-3
depleted Ba/F3 cells and there is a crosstalk letvapoptosis and autophagy due to
Beclin 1 [119] and PISKC3 cleavage by caspaseswimplies that Beclin 1 has a pro-
apoptotic function [30,120]. Beclin 1 forms a ptath with particular proteins and
assembles the PI3KC3 complex in order to initide dutophagosome formation [120].
Upon IL-3 depletion, Beclin 1 protein is cleavedspase-dependently and Beclin-1C
fragments induce the release of cytochrome-c amd2ADmi from mitochondria and
apoptosis occurs whereas autophagy stops [30] i@i$8). Our results indicated that
during IL-3 depletion, Ba/F3 cells died more upohibition of autophagy with 3-MA
which supports the finding that autophagy is forvaw@l in Ba/F3 cells during IL-3
depletion. On the other hand, autophagy relatetepr@®eclin 1 is needed to be cleaved
and its cleaved fragment is essential to inducechidndria dependent apoptotic cell
death. It has not yet been shown which caspasesleame Beclin 1 and how they are
involved in this process. Besides, it was also nlexbthat IL-3 withdrawal leads Ba/F3
cells to stay in GO/G1 phase [121] and the mosp&gsis-resistant Ba/F3 cells can use
autophagy-derived nutrients under growth factodetem. However, autophagic activity

can be a sensitizer for these cells and they becoone prone to die by apoptosis [122].
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Figure 16: Beclin 1 links autophagy to apoptosisStimuli such as IL-3 depletion, nutrient
deprivation, oxidative stress can induce deathptece and mitochondria- mediated apoptosis
which may also provoke autophagy. Beclin 1 canlbavaged by caspases into two fragments
called Beclin-1C and Beclin-1N. Upon cleavage, imed becomes incapable of inducing
autophagy. One of the fragment of beclin 1 (Betk@} translocates to the mitochondria and
leads to cytochrome-c release which further acivaaspases for apoptotic cell death.

Figure adapted from [120]

Recently, it has been shown that IL-3 depletioB&iF3 cells causes the RIP1 cleavage
and the released HtrA2/Omi from mitochondria hagsadn caspase-independent cell
death by cleaving RIP1 [123]. Additionally, Beclialso interacts with the anti-apoptotic
proteins Bcl-2 and Bclix(B-cell lymphoma extra long) which may imply tiaéclin 1
has roles in the crosstalk between autophagy anptegis [124,125].
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It was recently shown that accumulation of AVs ilgastoma cell lines following
treatment with a lysosome inhibitor [126] resultsa sustained imbalance, in which the
rate of autophagic vacuole formation exceeds tteeaohautophagic vacuole degradation
and promotes development of autophagic stressgpesing to neuronal and glial cells
death [127]. Increased autophagy after IL-3 dephetvas demonstrated in dying Ba/F3
cells by acridine orange staining and punctuateepatvhich represents autophagosomes
detected with anti-LC3 antibody, as well as by itt@eased level of LC3-Il. These data
are in line with previously published results ob& with Ba/F3 cells, which showed that
IL-3 dependent murine Ba/F3 pro-B cells respondgtowth factor withdrawal by
inducing autophagy as a survival mechanism [30]rddwer, it has been shown that
increased autophagic activity sensitizes Ba/F3sc@r apoptosis through caspase-
dependent generation of beclin-1 cleavage fragmamiisdegradation of type Il PI3K
[30]. IL-3 withdrawal leads Ba/F3 cells to stay @0/G1 phase [121] and the most
apoptosis-resistant Ba/F3 cells can use autophagyed nutrients under growth factor
depletion. However, autophagic activity can be ms#ger for these cells and they
become more prone to die by apoptosis [122]. Wetedhto clarify that IL-3 depletion
leads to upregulation of autophagic flux or bloakayf autophagic flux (degradation
block). LC3-II itself is degraded during the autagit cycle and increased amount of
LC3-II protein at a certain condition and time caat represent by itself the true
dynamics of autophagy. When the lysosome inhibgoadded to a cell with increased
autophagy and LC3-II level the latter is not chahgehe higher number of autophagic
vesicles is due to blocking of the autophagic cyml inhibited in case of increased
autophagic flux [16,113]. We have treated our Ild€pleted/non-depleted Ba/F3 cells
with lysosomal inhibitor (CQ) and found that blaegithe fusion of autophagosomes
with lysosomes by CQ treatment led to accumulatdbm.C3-1l, which further proved
that the increased autophagy after IL-3 withdrawals due to up-regulation of
autophagosome formation (autophagic flux) and ondiy$osomal blockage. If the IL-3

withdrawal would have resulted in blocking of audtagosome degradation, we would

62



Discussion

not have seen any difference in the increased L@8#Is with CQ treatment. We have
also shown that blockage of the lysosomal pathwayCk) treatment increases the
percentage of cell death when the cells are deptEté_-3. When we added CQ to living
cells (IL-3+), LC3-Il accumulated due to blockingtbhe basal autophagic activity, but

there was no increase in cell death.

6.2 Dying cells with autophagic features are pro-itammatory and induce
inflammasome pathway in macrophages while can inhib LPS-induced pro-
inflammatory cytokine response

Autophagic dying MCF-7 and Ba/F3 cells can bothdléa pro-inflammatory cytokine
response in human and mouse macrophages via inlaome activation, respectively.
We have shown that ILflrelease from both human and mouse macrophages co-
incubated with autophagic dying cells is caspasefendent by using specific caspase-1
inhibition and caspase-1 deficient macrophages.théa checked whether or not the
NALP-3 inflammasome plays a role in this pro-infiaatory response. ATP-mediated
IL1-B release from NALP-3 knocked down human THP-1 cellSNALP-3 deficient
mouse macrophages was almost completely prevewhdn we co-incubated NALP-3
deficient mouse macrophages with autophagic dyatrBcells, the released Il3-1vas
significantly less than control macrophages budveer level of inflammasome activation
was still observed. Even the known NALP-3 inducdiPAmediated IL13 release [92]
from NALP-3 deficient macrophages was not compjefglevented either. Ultra-pure
LPS priming of macrophages also led to weaker immffeasome activation in the
knockout macrophages. We do not claim that only RAL inflammasome can be
activated in macrophages while engulfing dying phamic cellsWe cannot exclude the
possibility that inflammasome complexes other thi#LP-3 might also be activated by
engulfed autophagic dying cells, especially in mie¥eloping in and compensating for
the absence of NALP-3. It was recently shown thatd is cooperation between NLRP3

and NLRC4 inflammasomes vivo duringS. typhimurium infection, and that deficiency
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of either NLRP3 or NLRC4 does not change the badterfection in the mice [128,129].
On the other hand, caspase-1 activity in NLRP3ctkit obese mice decreases but is not
abolished in the presence of inflammasome indudé&8,130], suggesting that
inflammasome “priming” [76] plays a role at least the pathophysiology of obesity.
Additionally, it is also known that components ohet NLRP1 and NLRC4
inflammasomes are constitutively expressed in ce&llsereas NLRP3 transcription is
triggered by bacterial components through the Tlfhway, a process that is also
called “priming” [76].

Though 3-MA is a non-specific chemical inhibitor fautophagy we can see the decrease
in IL-1p release from both human and mouse macrophage$ whim-incubated with
autophagy inhibited dying cells. These data inddathat only cells dying with
autophagic features due to growth factor depletesult in inflammasome activation in
macrophages. Both autophagic dying MCF-7 and Be#H8 are needed to be internalized
by macrophages to induce inflammasome pathwayk&iuman macrophages, mouse
macrophages had to be primed with ultra pure LP&der to induce and accumulate the

pro-1L-1f which was further cleaved by NALP-3 inflammasome.

Classical apoptotic cells have a strong inhibiteffect on the TLR-mediated, N&B
dependent inflammatory response of macrophages. [3hjs well known anti-
inflammatory effect of apoptotic cells can be mestiaby cell surface interactions and it
may not even require phagocytosis of dying celld.[$amoxifen treatment and estrogen
depletion lead to MCF-7 cells to die through auemphbut not much apoptosis. We have
showed that autophagic dying Ba/F3 cells are bafipase-3 and LC3-II positive whereas
apoptotic Ba/F3 cells died without up-regulatingoginagy. We have observed that
autophagic dying MCF-7 and Ba/F3 cells can botliatd pro-inflammatory cytokine
response in macrophages via inflammasome dependamier and also inhibit the LPS
induced and NkeB dependent pro-inflammatory as apoptotic cellsti-Arilammatory

features of autophagic dying cells, similarly t@pmtic cells in general, are most
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probably due to the surface molecules on cells witan down-regulate the N&B
dependent transcription. For instance, PS exposuie well known characteristic of
apoptotic cells to be anti-inflammatory and thestphagic dying MCF-7 and Ba/F3
cells expose PS upon autophagy and cell death tiodudOn the other hand, unlike
apoptotic cells, autophagic dying MCF-7 cells alqmevoked IL-6 and TNFe pro-
inflammatory cytokine release even though they weamng-inflammatory when added
with crude LPS. Most probably, ILBlreleased upon inflammasome activation acted in a
paracrine or autocrine way resulting in the proguncof IL-6 and TNFe. To prove this
possibility, we used IL{1 receptor antagonist anakinra and we could preveat
secretion of IL-6 and TN

Next, we checked whether or not autophagic dying-Baells with autophagic stress due
to autophagosome accumulation can also lead to rdlamimatory response in

macrophages. Autophagosome accumulation by itselfjced by CQ treatment in the
presence of IL-3, did not induce cell death and was sufficient to cause caspase-1
activation when these cells were engulfed. Evememged autophagy in dying cells
during surface detachment (anoikis) in MCF-7 calld not induce inflammasome

activation. Therefore, it appears that cell deatthtaoget cells has to be initiated by
autophagy or at least autophagy has to sensitllzefoeapoptosis to create the molecular
pattern needed for inflammasome activation follagyvyphagocytosis of these cells. This
conclusion is supported by the finding that a cormabon of IL-3 depletion and

lysosomal inhibitor treatment promotes higher ratesell death, leads to more efficient
engulfment of dying cells and stronger induction tbe inflammasome activating

pathway, together with the release of more fLilom the engulfing macrophages. Our
results are valuable since there are phase Hlstof lysosomal inhibitors in combination
with an autophagy and they are currently being ligesl in several malignancies

including breast cancer and lymphoma [131].
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Apoptotic MCF-7 or Ba/F3 cells could not inducelamhmasome activation in human
and mouse macrophages during their engulfmentectisely. According to our results,
higher concentration of doxorubicin treated apaptBa/F3 cells did not exert increased
autophagic activity as well as did not lead toanfmasome activation in macrophages.
However, we have observed elevated autophagicitgctiwth lower concentrations of
doxorubicin treatment in Ba/F3 cells. It was obgerthat autophagy can be induced as a
survival mechanism in 3T3 fibroblast cells during\ damage due to doxorubicin
treatment [62]. Recently, it has also been dematedr that doxorubicin-induced
immunogenic apoptotic cells can be recognized asganded to by the TLR-2/TLR-9-
Myeloid differentiation primary response gene (§B)yd88) signaling pathway; this
finding provides an alternative explanation forithgo-inflammatory effect [55]. On the
other hand, necrotic Ba/F3 cells which necrosis waiced by freeze/thaw method
could also not induce inflammasome activation ircrophages. Our results are in line
with studies which have reported that necrotic roplitils via freeze/thaw method can
release powerful peptides calledeadefensins which have an anti-inflammatory effects
on human macrophages and protect the mice frortopérs whereas they still have anti-
microbial activity [132]. Besides, in our experintgnnecrostatin treatment of autophagic
dying MCF-7 and Ba/F3 cells did not prevent inflassome activation during
engulfment. This shows that necroptosis was nablired in this pro-inflammatory cell
death process.

6.3 Exogeneous ATP released from either macrophagesdying cells is required for
purinergic receptor activation for inflammasome actvation in macrophages

Several mechanisms that are not mutually exclusaxe been proposed to explain how
NALP-3 inflammasomes are activated. One of the ggmeechanisms of inflammasome
activation involves extracellular ATP, which gertes an activation signal via the
purinergic BX receptors, followed by rapid *Kefflux from cytosol leading to low
intracellular K levels [85]. Physiologic concentrations of intridar K* can prevent

inflammasome assembly and for instance monosodrate @rystals can lead to

66



Discussion

inflammasome activation through “Kefflux from macrophages. Based on these
observations, it has been proposed that a loweredoKcentration in the cell is a
common trigger of inflammasome activation [90].réleve have demonstrated that this
also takes place when autophagic dying MCF-7 ané3Baeaells are taken up by human
and mouse macrophages, respectively. In our expataninflammasome activation by
these autophagic dying cells could be decreaseitidmpating macrophages with dying
cells in a medium containing high concentration Kof, which prevents K efflux.
Inhibition of K" efflux also decreased the basal levels of pLrdleased from ultra-pure
LPS pre-treated mouse macrophages. This raisegogsbility that during recognition
and engulfment of autophagic dying cells by macegas, ATP released in the
extracellular space and initiates the above desdriequence of events. ATP is a known
non-microbial NALP-3 agonist, and different PAMPRsdlaDAMPs have been shown to
lead to ATP release from monocytes followed by emum@ stimulation of purinergic
receptors such asX; [133]. Hydrolyzing ATP by apyrase or blocking tReX; receptor

by a specific antagonist during phagocytosis ohlkaittophagic dying MCF-7 and Ba/F3
cells cells reduced ILfiLsecretion. Indeed, we found that a substantialustnof ATP
was released during co-incubation of the dying MCFRnd Ba/F3 cells with
macrophages.

During co-incubation of human macrophages and aatgp dying MCF-7 cells, ATP
was released from macrophages and it was showndagumng the higher amount of
ATP during the additional 2 hrs incubation of madrages alone compare to control
macrophages after washing away the dying cellsoghagic dying MCF-7 cells did not
release ATP when they were incubated alone. Diffefeom human data, autophagic
dying Ba/F3 cells but not mouse macrophages secrAfEP during co-incubation.
Moreover, during the additional 2 hrs incubation rohcrophages after removal of
autophagic dying Ba/F3 cells, we did not quantifyy sATP. When we incubated
autophagic dying Ba/F3 cells with the absence 68 lhut in the presence of serum, we

could not detect ATP in the conditioned media. Hoevehigh amount of ATP was
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secreted from the dying cells while they were irateld alone in the absence of
macrophages and serum. After 2 hrs of incubati@enhave observed that 84 ATP is
released from autophagic dying Ba/F3 cells whery thee incubated alone, but the
concentration of released ATP is only 0.4+ during the co-incubation of ultra-pure
LPS primed macrophages with autophagic dying Ba##3. It is again possible that ecto-
ATPases were present in the medium during the cabiation, which would diminish the
amount of ATP released from autophagic dying célben we checked whether living,
necrotic and apoptotic Ba/F3 cells release ATP,olvserved that living cells did not
release ATP whereas necrotic and apoptotic cetleetarl about 1lM ATP when they
were not co-incubated with macrophages. Since tieand apoptotic cells could not up-
regulate IL-PB release from macrophages, we assume that this amalnt of ATP is
also neutralized by ecto-ATPases, preventing aebivaf the purinergic receptors. Ecto-
ATPases (extracellular (E)-ATPases or ecto-apyrase)a group of ectonuclesidases
family members which are expressed on plasma memakaad externally oriented active
sites oriented by magnesium and calcium [134,138kse enzymes can change the
concentration of nucleotides which further modulB&receptor mediated signaling for

instance in nervous system in a dose dependentenfk¥].

It has been shown that secretory organelles iis cedly store high amount of ATP which
may be released and act as a danger signal [60n Physical or physiological stress,
adrenal medullary chromaffin granules contain ado@@0mM, platelet-dense granules
contain around 500mM ATP which is very high accogdito cytosolic ATP

concentrations [67]. We have shown that extracallATP engages with purinergic
receptors, §X;, on both human and mouse macrophages in ordernittate

inflammasome activation with autophagic dying celdsir observations are in line with
other studies which showed that ATP released frgingdtumor cells acts on;R;

purinergic receptors of dendritic cells, which daduce inflammasome activation and
further IL-1B secretion [136]. It was also shown that certaesyof necrotic cells can

also release ATP and activate the NALP-3 inflammaso engulfing macrophages

68



Discussion

[137]. ATP interaction with §X; receptors can also have effects on cell death, cel
fusion, proliferation and bone formation differghtin its roles in immune system and
inflammation [64]. For instance, stimulation ofX® receptors can lead PS to flip from

the inner leaflet to the outher leaflet on lymphesy[64].

The pannexin-1 channel was identified as a plasmelnane channel mediating the
regulated release of ATP and uridine triphosphdfER) (both are “find me” signals for
phagocytes) from apoptotic cells as a consequehite caspase-3 dependent activation
[138]. Blocking pannexin-1 channels during co-inatin of mouse macrophages with
autophagic dying Ba/F3 cells led to inhibition oT A release as well as inflammasome
activation, which indicates that this channel wagolved in the ATP secretion. Using
short hairpin (sh)RNA to silence pannexin-1 chasnelneurons and astrocytes, it was
also demonstrated that pannexin-1 channels areedefdt inflammasome activation
[139]. Inhibition of the pannexin-1 channel in J7fdacrophages shows that the
pannexin-1 pathway is essential for caspase-1 awmiv and mature IL{l release
[100,107,140]. On the other hand, a recent observahows that in macrophages of
pannexin-1 deficient mice, most of the known inflaesome activators can elicit
caspase-1 activation, ILBImaturation and secretion [105], indicating thatmexin-1 is
dispensable for the assembly of caspase-1 mediateglexes. However, these mice are
deficient in ATP release from cells, including apm cells, and this deficiency is in
line with several studies on various cell typesvahg that this channel is a candidate for
ATP release [141].

Based on these data, we believe that ATP is raelefisen autophagic dying Ba/F3 cells
through pannexin-1 channels and triggers inflammmesactivation in the macrophages
engulfing the autophagic dying Ba/F3 cells vigX{Pactivation pathway. We also found
that Ba/F3 cells had to be internalized by macrgphBato induce inflammasome
activation and IL-B release. Lack of IL{1in the medium of the autophagic dying Ba/F3
cells excluded its production by them. On the otreard, CM of autophagic dying MCF-7
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and Ba/F3 cells did not contain any inducer fotammasome meaning that no inducer

of IL-1p activation released from autophagic cells dyinthmpresence of serum. (Figure
17)
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Figure 17: Proposed model of inflammasome activatiowith autophagic dying cells In our
proposed model, similarities and differences in Aanrand mouse macrophages engulfing dying
cells carry autophagic features lead to NALP-3aimfinasome activation. Upon, phagocytosis,
process begins with,R; purinergic receptor activation with exogenous APHP is released
either from macrophages or autophagic dying celfgedd. K efflux from cytosol leads to NALP-

3 inflammasome activation and subsequentfl¥iaturation and secretion.
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6.4 Autophagic dying cells display acute inflammaty features by recruiting high
amount of neutrophilsin vivo

Ourin vivo results show that neutrophil influx (a sign ofaute inflammatory response)
was triggered by injection of autophagic dying Bafells in the peritoneal cavity of
mice. It was also observed that both viable andratiec Ba/F3 cells could recruit
neutrophils into the peritoneum, though to a legséent than autophagic dying ones. It is
very likely that injected “viable” cells start taedwith increased autophagy due to the
lack of IL-3 cytokine in the peritoneal cavity. Netic cells were frozen-thawed only
once and residual intact cells or cellular partsi¢dave been destroyed in the peritoneal
cavity. Release of the contents of these newlyrdgstl cells could recruit neutrophils
and eosinophils to the peritoneal cavity. Of ndt@orubicin-killed apoptotic Ba/F3 cells
were the most potent inducers of neutrophil ativactin the peritoneum. This is
understandable because doxorubicin-treated apoptetis have been shown to be the
most potent inducers of acute inflammationvivo in several models. Injection of
doxorubicin into the peritoneal cavity of mice gags a rapid neutrophil influx that is
associated with the apoptosis of monocytes/macgesal55]. Therefore, when
doxorubicin-killed cells are injected into the peneum, doxorubicin itself leaking from
the apoptotic cells might induce the death of paeal cells. This effect can lead to the
recruitment of immune cells to the peritoneum (egutrophils) as shown by Krysko et
al. [55]. Another study has shown that an immunag&rm of apoptosis was induced by
mitoxantrone, another prototype of anthracycline®2[143]. Stimulation of cancer cells
with mitoxantrone results in the recruitment of detic cells and T lymphocytes to the
site of the tumor bedh vivo [144]. It has also been shown that this propeftgyng
cancer cells depends on their autophagic featimgsthis is not relevant for our data
because we have shown that apoptotic Ba/F3 celsel with 1QuM doxorubicin do not
exhibit autophagic features. Therefore, it is kkéhat cells (autophagic dying cells or

apoptotic or necrotic cells) that we injected corgd danger signals independent of their
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dying and autophagic status and that these sigallsl induce an acute inflammatory

response.

Immunogenic cell death in tumor cells lead to imenwasponses with certain features
such as early extracellular secreted ATP, cellas@iexposure of calreticulin and/or heat
shock proteins (such as HSP70, HSP90) and lataseelef a pro-inflammatory factor
high mobility group box 1 (HMGB1) [145,146]. ATP rtébe released from damaged
cells, dying cells, endothelial or epithelial celia nonlytic but mechanical stresses such
as shear stress, compression, hydrostatic pressharges and hypotonic shock [67]. It
has been shown that wide range of chemotherapecgicsinduce ATP release from
tumor cells which is the endogenous inducer withighest affinity for PX; receptors
[147]. Mitoxantrone (MTX) is injected into an inttemoral area in mice and autophagy
competent cancers recruit dendritic cells and T plyotytes into the tumor [144].
Treatment of cancer cells with anticancer chemi¢gish as oxiplatin and mitoxantrone)
leads cancer cells to die in an immunogenic mafiet]. It has been shown that dying
cells are autophagic and induce an immunogenicrssgin vivo by recruiting dendritic
cells and T cells into the tumor by releasing ATBbithe extracellular fluid [144]. The
authors also indicated that the immunogenicity ging cells depends on autophagy
mediated release of ATP [144]. Our results showed ATP released from autophagic
dying Ba/F3 cells and phagocytosis of autophagiegdgells play a role in inflammasome
activation in macrophages. However, human macraghagjease ATP during engulfing
autophagic dying MCF-7 cells which can imply thaere may be other types of
dangerous molecules originated from autophagic gIyffiCF-7 cells which can make
them immunogenic. On the other hand, it has beewsshthat doxorubicin induces
immunogenic cell death in cancer cells throughddlecticulin exposure pathway as well
as inflammasome activation in the phagocytic cgl4¥8]. However, knocking down
calreticulin in autophagic dying MCF-7 cells didtmvevent inflammasome activation in

macrophages taking up these cells.
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Autophagy deficient tumor cells failed to induceaiid dendritic cell dependent immune
responsein vivo due to the inhibition in releasing ATP from dyinglls [144].
Furthermore, such an immunogenic response canbasalicited when autophagy and
cell death is induced by cytokine depletion. Whee weated Ba/F3 cells with
doxorubicin, which is also a known immunogenic eauticer drug, less ATP was released
than from autophagic dying cells, and this smadlerount was not sufficient to induce
inflammasome activationn vitro. This raises the possibility that regulation of the
intensity of autophagy and thereby ATP releaseyingltumor cells might be important
for achieving an effective immunogenic responsthenhost, like the effect of increasing
ATP levels in the tumor environment by inhibitingt@ ATPases [144]. Kroemer et al
have shown that when the tumor is autophagy deticgéd tumor itself is treated by
chemically by inhibitor of ecto-ATPases, increassdacellular ATP concentrations re-
establish the anti-tumoral T and dendritic cell elggent immune responsa vivo

through purinergic receptor dependent \Wed4].

6.5 Immunogenic autophagic cell death induction came a useful way for cancer

and inflammatory disease treatment through inflammaome activation

Basic research studies on cancer treatment mag $erclinical research which can be
useful for treatment of patients. It is importémtdetermine which chemotherapies have
the capacity to induce immunogenic cell death smieate tumors. For instance, recently
it has been shown that dying autophagic tumor celsase ATP and it activatesX®
receptors on DCs which lead to NALP3 inflammasorotvation in DCs [136]. The
group has also observed that IfFNsroducing CD8+ T cells cannot be primed by dying
tumor cells in the absence of functional IL-1 rdoepor in NLRP3 and Caspase-1
deficient mice [136]. It was also mentioned thatemtreatment with anthracyclines,
breast cancer patients with loss-of-function alleleP,X;R develop metastatic disease

more rapidly than ones who have normal alleles].1Q6r studies also contribute to
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basic research literature by providing the upstreglammasome activation mechanisms
which is triggered by tumor cells dying through aplitagy cells in different types of
mouse and human macrophages. Novel, autophagyedrtieerapeutic interventions for
cancer and other inflammatory diseases may be ma$igand tested based these

observations.
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7. Summary

Phagocytosis of PAMPs, DAMPs and certain dyingscedin activate the inflammasome
pathway in macrophages. In our study, we show thath human and mouse
macrophages display a pro-inflammatory responseitophagic dying MCF-7 and Ba/F3
cells, but not to living, apoptotic, necrotic orcnestatin-1 treated ones. When we
investigated this phenomenon, further it was fothrat caspase-1 was activated and IL-
1B was processed and then secreted in a MyD88-indepémanner. Neither caspase-1
inhibited nor caspase-1 deficient macrophages cuigiger IL-13 release due to the lack
of key component for pro-ILfl cleavage and maturation before its secretion. Mext
clarified which inflammasome is activated by autagib dying cells and found that
NALP-3 deficient macrophages displayed reduced fiLskcretion, which was also
observed in macrophages in which the NALP-3 gens Wwacked down. Next, we
investigated the upstream mechanism of NALP-3 imffmsome activation triggered by
autophagic dying cells. Our results show that dumpimagocytosis of autophagic dying
MCF-7 and Ba/F3 cells exogenous ATP is acting thho@®X- receptor, initiates K
efflux, inflammasome activation and secretion of-1jk from human and mouse
macrophages. Calreticulin exposure on autophadiggdyCF-7 cells do not play role in
inflammasome activation. ATP was secreted from humaacrophages during co-
incubation with autophagic dying MCF-7 cells whidid not release ATP. However,
autophagic dying Ba/F3 cells were the source th€ Ahich activated the,R; receptor
and lead to inflammasome activation in mouse mdwagps. We further showed that
pannexin-1 channel is responsible for ATP secreftiom autophagic dying Ba/F3 cells.
MCF-7 and Ba/F3 cells dying with involvement of @pitagy were capable of preventing
crude LPS-induced pro-inflammatory cytokine relebas# pro-inflammatory cytokines
were produced and secreted from human macrophageered by autophagic dying
cells as a result of the secreted Ik-Einally, it was observed that injection of autagit
dying cells intraperitoneally induced an acute anfmatory reaction by recruiting

neutrophils and monocytes/macrophages.
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8. Perspectives

According to our results, NALP-3 inflammasome adsigimpro-caspase-1 cleavage and
further pro-IL-13 maturation and secretion are induced following #mgulfment of
autophagic dying cells cells by macrophages andsexpent ATP-EX; purinergic
receptor interaction. Human macrophages releasedifing engulfing autophagic dying
MCF-7 cells whereas autophagic dying Ba/F3 cellease ATP upon being cleared by
mouse macrophages. Since phagocytosis of autoptivigg Ba/F3 cells is also required
for inflammasome activation, it should be clarifiadw the engulfment process and/or
the specific components of the autophagic dyinty glnsitize macrophages for the ATP-
dependent NALP-3 activation. DAMPs can be exposedrmoreleased from autophagic
dying cells and trigger inflammasome activationidasmacrophages and future studies
should focus on identifying the molecular pattessaxiated with autophagic cells. DNA
or caspase-3 exposure on autophagic dying celtgjlfexd apoptotic bodies which carry
different organelles, factors released from autghdying cells, such as HMGB1, can be
candidates to induce NALP-3 inflammasome activationmacrophages. It can be
valuable to continue the experiments that will shthat which soluble factors are
released from autophagic dying cells for the rénrant of monocyte/macrophages to the
site of inflammation. On the other hand, phagocgtpacity of macrophages can be
affected by purinergic receptor activation and galay a role in inflammasome
activation. It can also be promising to investigatgher whether ROS production and
cathepsin B enzyme due to lysosomal rupture hales rim NALP-3 inflammasome
activation in macrophages engulfing autophagic giyiells. It can be possible that
exogenous ATP activation of purinergic receptgX/Pcan lead to ROS production in
macrophages. Cross talk between NALP-3 and othBanimasomes can also be
investigated for the sake of strengthening the dathlearning. Besides, since lysosomal
inhibitors are already being used in clinics t@atmmany diseases such as malaria, cancer,
basic research can be further done for clinicalisgiwith the combination of other drugs

since combination therapies are thought to be th&t effective way to treat diseases.
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