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ABSTRACT

THE ROLE OF IRE1 IN METAFLAMMATION
AND ATHEROSCLEROSIS

Ozlem TUFANLI
Ph.D. in Molecular Biology and Genetics
Advisor: Ebru ERBAY
May 2017

Chronic metabolic overloading of anabolic and catabolic organelles such as the
endoplasmic reticulum (ER) and mitochondria is a major cause of inflammation in
obesity. ER serves as a critical metabolic center for protein, lipid and calcium
metabolism. ER’s vital functions are maintained by a conserved, adaptive stress
response known as the Unfolded Protein Response (UPR), which strives to re-establish
homeostasis. Irremediable ER stress, however, can push the UPR to initiate pro-
inflammatory and pro-apoptotic signaling. UPR activation is seen in all stages of
atherosclerotic plaque formation and ER stress is causally associated with
atherosclerosis. A profound interest in therapeutically limiting ER stress in a variety of
human diseases has driven the discovery of small molecules that can modulate specific
UPR signaling arms. These UPR modulators can also become tools to understand the
distinct contribution of UPR branches to atherogenesis. In my studies | utilized a
specific inhibitor for Inositol-requiring enzyme-1 (IRE1), a dual kinase and
endoribonuclease (RNase) in the UPR, to define IREI’s RNA substrates in
macrophages. Using RNA sequencing, | discovered that IRE1’s RNase activity regulates
many pro-atherogenic and pro-inflammatory genes in macrophages. The outcome of my
studies provides compelling evidence that IRE1, through its target XBP1, regulates the
inflammatory response to lipid excess. The data shows that specific inhibitors of IRE1’s
RNase activity can uncouple lipid-induced ER stress from immune response in both
mouse and human macrophages by blocking mitochondrial reactive oxygen species
production and NLRP3 inflammasome activation. Furthermore, administrating two

small molecule inhibitors of IRE1’s RNase activity to hypercholestrolemic ApoE-



deficient (ApoE™") mice led to profound suppression of pro-atherogenic cytokine levels
in the circulation and blunted T helper-1 type immune response, thus alleviating
atherosclerosis. These results demonstrate that therapeutic fine-tuning of IRE1’s RNase
activity with small molecule inhibitors could be developed further for atherosclerosis.

Keywords: Metaflammation, unfolded protein response, mitochondrial oxidative stress,

reactive oxygen species, endoplasmic reticulum stress, inflammasome, atherosclerosis



OZET

IREI’IN METAFLAMASYON VE ATEROSKLEROZDAKI
ROLU

Ozlem TUFANLI
Molekiiler Biyoloji ve Genetik, Doktora
Tez Danismani: Ebru ERBAY
Mayis 2017

Obezitede endoplazmik retikulum (ER) ve mitokondri gibi anabolik ve katabolik
organellere kronik olarak ve metabolik olarak yiiklenilmesi, inflamasyona neden olan
ana etmenlerden biridir. ER, protein, lipit ve kalsiyum metabolizmasi igin kritik bir
metabolik merkez olarak hizmet vermektedir. ER, Katlanmamis Protein Yanit (KPY)
olarak bilinen, evrimsel olarak korunmus, adaptif bir stres tepkisini baslatarak hayati
fonksiyonlarin ve homeostazin yeniden kurulmasini saglamaktadir. Bununla birlikte,
uzun siireli, listesinden gelinemeyen stres durumlarinda, ER KPY'yi, pro-inflamatuar ve
pro-apoptotik sinyal yolaklarin1 baglatmasi igin uyarabilir. KPY aktivasyonu ve
aterosklerosis arasinda siki bir bag vardir, ¢linkii aterosklerotik plak olusumunun her
asamasinda KPY aktivasyonu goriilmektedir. Belirli KPY enzimlerini modiile edebilen
kiiciik molekiillerin kesfedilmesiyle, metabolik hastaliklarda ER stresin terapotik olarak
siirlanmasi biiyiik ilgi uyandirmaktadir. Bu KPY modiilatorleri, her bir, KPY yolaginin
aterosklerosis indiiksiyonuna farkli katkisini anlamak i¢in yeni araglar saglayabilir. Bu
calisgmamda, IRE1'in RNaz substratlarini makrofajlarda tanimlamak i¢cin KPY'de bir
kinaz ve endoriboniikleaz (RNaz) 6zelligi olan inositol gerektiren enzim-1 (IRE1)’in ¢ok
0zel bir RNaz inhibitoriinii kullandim. RNA dizilimi yontemini kullanarak, IRE1'in
RNA etkinliginin makrofajlardaki bir¢ok pro-aterojenik ve pro-inflamatuar genini
diizenledigini kesfettim. Caligmalarim, IRE1'in RNaz hedefi olan XBP1 araciligiyla lipit
fazlaliginin neden oldugu inflamatuar cevabi diizenledigine dair gilicli kanitlar
saglanmaktadir. Veriler, IRE1l'in RNaz aktivitesine 06zgii inhibitorlerinin, mtROS
tiretimini ve NLRP3 inflamazom aktivasyonunu bloke ederek hem fare hem de insan
makrofajlarinda inflamasyon tepkisini lipit kaynakli ER stres tepkisinden ayirabildigini

gostermektedir.



Ayrica, IREl'in RNaz aktivitesinin iki farkli kiiclik molekiil inhibitoriiniin,
hiperkolestrolemik ApoE eksikligi olan (ApoE ! ’) farelere uygulanmasi, hem dokularda
hem de T yardimci-1 tipi bagisiklik tepkisinde pro-aterojenik sitokin seviyelerinin
bastirilmasima yol a¢mustir. Boylece aterosklerozun ilerlemesi engellenmistir. Bu
sonuglar, kiiciik molekiil inhibitérleri ile IRE1l'in RNaz aktivitesinin terapdtik

ayarlamasinin ateroskleroz tedavisi i¢in daha da gelistirilebilecegini ortaya koymaktadir

Anahtar sozciikler: metaflamasyon, katlanmamis protein yaniti, mitokondriyal
oksidatif stres, reaktif oksijen tiirleri, endoplazmik retikulum stres, inflamazom,

ateroskleroz
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Chapter 1.

Introduction

1.1. The Endoplasmic Reticulum

Endoplasmic reticulum (ER) is one of the largest organelles in the cell surrounded with a
single, continuous membrane. ER is composed of interconnected branching tubules and
flattened sacs. This membranous structure surrounds the nucleus and extends throughout
the cytosol with dynamic tubules and sacs (1, 2). It contains multiple domains divided
by their location and function. One of the major domains is juxtaposed to the nuclear
envelope that separates the genetic material from the cytosol and regulates the transport
of important molecules such as RNA and proteins. The other one is the peripheral ER,
which extends from the nucleus to the cytosol and is comprised of cisternal sheets and
dynamic tubules. Some regions of ER membrane are associated with ribosomes during
protein synthesis and have been named the ‘rough’ ER. Hence, the ER regions free from
ribosomes have become known as the smooth ER. There are also some ER regions very
closely associated with the mitochondria and named the mitochondria associated
membranes (MAMs) that play important roles in metabolic and inflammatory
regulations (1, 3). Plasma membrane and secreted proteins are folded in the ER and
transported to the Golgi apparatus. During this transportation, an intermediate
compartment between Golgi and ER is created mainly as a continuum of the ER and
contains vesicles and tubules that partake in intracellular trafficking (3). With the

development of high resolution imaging techniques, the biological importance and the
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complex architecture of ER is better understood. Also ongoing studies that aim to
identify functions of new ER proteins and ER domains will generate a complete

understanding of this highly important organelle (1).

1.1.1. Endoplasmic Reticulum Function

ER has four major functions in the cell; proper protein synthesis and folding,
degradation of improper or misfolded proteins, biogenesis of important lipids and

regulation of Ca?*metabolism.

Protein Synthesis and Folding. ER is one of the major sites of protein synthesis in the
cell. Ribosome-mRNA complexes are positioned on ER membranes after initiation of
the synthesis of the polypeptide chain and the translation progresses on these ribosomes.
Nascent polypeptides enter the ER through an ER membrane-spanning channel. Two
types of proteins are synthesized by the ER; transmembrane proteins and soluble
proteins. After translocation of proteins into the ER membrane through N-terminal
signal sequences, hydrophobic residues called stop-transfer signals allow transmembrane
protein folding and finally direct them to the ER membrane. Newly synthesized
transmembrane proteins are then targeted into different destinations such as the plasma
membrane; membrane bound organelles or ER membranes. On the other hand, proteins
destined to be secreted or to remain in the lumen of membrane-bound organelles are
directed into the ER lumen right after the cleavage of ER signal peptide sequence.
Proper folding and many modifications occur in ER such as N-linked glycosylation,
disulfide bond formation and oligomerization take place in the ER. These modifications
have a crucial role in defining the intracellular destination of the proteins as well as the
functions of the soluble proteins (2, 4). However, many proteins can be misfolded and
cannot reach their correct 3 dimensional conformations. Hence, they remain in the ER as
insoluble aggregates. These misfolded proteins can be cleared with the help of an ER

associated degradation (ERAD) pathway (5).
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ER-Associated Degradation ER has an elaborative quality-control system that can detect
improperly processed or misfolded proteins within the ER lumen. If for any reason the
proteins cannot achieve their functional forms, they are translocated to the cytosol for
degradation through ER-associated degradation (ERAD) pathway. These proteins are
de-glycosylated, ubiquitinylated and finally, degraded by the proteasome. The ERAD
pathway thus provides an efficient, selective waste removal, so it can be viewed as a

quality-control process (5).

Lipid Biogenesis In addition to its role in protein secretion, ER plays an important part in
membrane lipid biogenesis. ER and Golgi can together form an endomembrane
compartment that provides a special site for lipid synthesis. Lipids are transferred to the
regions near Golgi on ER and exposed to modifications there (3). Especially the
synthesis of phospholipids and cholesterol takes place on the ER and contributes to new
cell membrane production. The first step of lipid bilayer enlargement begins with the
addition of two fatty acids to glycerol phosphate to obtain phosphatidic acid and occurs
on the cytosolic leaflet of the ER membrane. The following steps, that consist of
determining the chemical nature and the addition of the head groups to lipids, are
performed in endomembrane compartments that are formed together with ER and Golgi
(3). Furthermore, ER-mitochondria contact sites are also enriched with some important
enzymes that have a role in some lipid biosynthesis pathways. Especially, both ER and
mitochondria are required for the synthesis of phosphatidylethanolamine (PE) and
phosphatidylcholine (PC), the most abundant phospholipids of the cell. Hence contact
sites of these two organelles allow lipid biosynthesis and lipid transfer between these

organelles (6, 7).

In addition to its role in lipid bilayer biogenesis and assembly, ER can control
transcriptional regulation of lipid metabolism-related genes. Under certain conditions,

inactive transcription factors that are found on the ER are translocated first to the Golgi
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for processing and maturation and then to the nucleus to initiate the expression of the
genes required for lipid biosynthesis and uptake (8-10). For example SREBP-1c and
SREBP-2 which are the key transcription factors in hepatic lipogenesis and cholesterol
biosynthetic pathways are normally localized to the ER and sense lipid changes on the
ER (9).

Ca”** Metabolism ER also plays a central role as an intracellular Ca** store (11). Calcium
concentrations in the cytosol and extracellular compartments are maintained tightly
(-100 nM and is -2 mM respectively). The ER lumen Ca®* concentration changes
between -100-800 uM.(12) This high amount of ER calcium concentration, compared to
cytosol calcium concentrations, clearly shows the pivotal role of ER as a major storage
for Ca**. There are several calcium channels, ryanodine receptors and inositol 1, 4, 5-
trisphosphate (IP3) receptors (IP3R) on ER and all of them regulate the transfer of Ca**
from ER to cytosol when needed (2, 12). Calcium is a very important molecule that can
regulate a wide variety of processes from protein localization, function and association
(with other proteins, organelles or nucleic acids) and the reshaping of ER under certain
conditions (such as physiological responses to neurotransmitter release and muscle
contraction) (2, 13). Furthermore, changes in Ca*" concentrations or Ca®* transfer
between cytosol and mitochondria have a crucial role in metabolic regulation. For
example Ca®* oscillations can regulate mitochondrial metabolism such as ATP
production and mitochondrial permeability so regulate cell death. Also release of Ca®*
from ER can regulate redox state of mitochondrial chaperones (14-16). The Ca®" transfer
from ER to mitochondria deserves special emphasis and will be mentioned in a later

section of this thesis.

1.1.2. Endoplasmic Reticulum Stress and UPR

Most secretory and transmembrane proteins that enter the ER lumen as nascent unfolded

chains fold and mature by ER resident chaperones, foldases, and cofactor proteins (4).
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Generally, a small portion of proteins cannot be folded properly due to highly complex
stochastic processes in the ER (17, 18). In those cases, the unfolded proteins are detected
in the ER and initiate a highly efficient response known as ERAD that results in their
removal (17). Many environmental and physiological factors such as increased rate of
protein synthesis, genetic abnormalities, depletion of ATP, oxidative stress, viral
infection, increased temperature, alterations in Ca®* level and exposure to excess
cholesterol or fatty acids (such as in obesity and dyslipidemia) and aging can lead to
disturbances in ER functions, leading to increases in the accumulation of misfolded
proteins that exceed ER folding capacity (18, 19). Hence, in such conditions, ER
homeostasis is disturbed, a situation known ER stress. To cope with ER stress, cells
provoke a strong adaptive response called as unfolded protein response (UPR) or the ER
stress response (20, 21). UPR is a collection of signaling networks that include a wide
variety of transcriptional and translational events mediated by three transmembrane ER
stress sensors; inositol-requiring enzyme-1 (IRE1), the protein kinase RNA (PKR)-like
ER kinase (PERK), and the activating transcription factor 6 (ATF6) (Figure 1.1). Under
ER stress conditions, chaperones that normally associate with UPR sensors dissociate to
engage with unfolded proteins, leading to the activation of UPR sensors and downstream
signaling. Depending on the duration or the dose of the stressors, ER activates
transcriptional or translational processes either to reestablish homeostasis in the cell or
to initiate apoptotic pathways (20, 22, 23).
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Figure 1.1. Three main branches of unfolded protein response

1.2. Unfolded Protein Response Signaling

Unfolded protein response is mediated by three major stress sensors located on the ER
membranes; IRE1, PERK and ATF6 in response to certain environmental or cellular

stress conditions.

1.2.1. IRE1

IREL is the first identified and major ER stress sensor located on ER membranes. It is
highly conserved from yeast to mammalian cells. The metazoan IRE1 has two
homologues, IREla and IRE1B. IREla is expressed in all cells and tissues, whereas

IREI1B is expressed only in the gastrointestinal and respiratory tracts. The function of
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IRE1 is still unknown and UPR signaling is mainly mediated through IREla (24, 25)
IRE1 molecules include 3 important domains; a luminal domain, a transmembrane
domain and a cytosolic domain that contains two enzymatic activities, namely
endoribonuclease (RNase) and kinase. When IRE1’s luminal domain senses the
unfolded proteins, this leads to autophosphorylation by IRE1’s kinase domain and
oligomerization. Activation of its kinase domain further activates its RNase domain.
(Figure 1.2). Through its RNase and kinase domains, IRE1 contributes to re-establishing
ER homeostasis. IRE1 and its targets, mainly XBP1 transcription factor, can perform a
wide variety of functions in the cell (26). Next, | will present a review of the functions of

IREL protein in two categorizes; RNase domain functions and kinase domain functions.
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Figure 1.2. IRE1 assembly and activation mechanism with ER stress
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RNase Domain Function After activation, IRE1a can initiate a wide variety of signaling
pathways ranging from pro-survival to apoptotic and depending on the nature of the
stimuli (27). The best known RNase substrate of IREla is the mRNA encoding X-box
binding protein 1 (XBP1). Pre-mature XBP1 (U) mRNA exists in a specific stem loop
structure in the cytosol. Active IREL can recognize this stem loop structure and through
an unconventional splicing event, remove 26 nucleotides in the intron of XBP1 (U). This
spliced XBP1(S) produces a larger and active protein due to a frame-shift (28). XBP1
protein contains both a DNA binding domain and a transcriptional activation domain.
This mature form of XBP1(S), by binding to the unfolded protein response element
(UPRE) regions, regulates the transcription of UPR target genes such as chaperones,
protein disulfide isomerases (PDIs) and the components of ERAD pathway (29, 30). In
addition, XBP1 can regulate ER’s membrane expansion by increasing the transcription
of genes involved in phospholipid biosynthesis (31). All of these XBP1 functions show

that XBP1 is an important molecule in relieving stress in the ER stress.

Furthermore, there are factors and ways that affect XBP1 activity. For example, the
stability of XBP1(S) is increased by binding of small ubiquitin-like modifier (SUMO)
ubiquitin-conjugating enzyme 9 (UBC9) in the cytosol (32). On the other hand XBP (U)
translation can be paused due to a peptide motif on its carboxyl terminus, and this makes
it more susceptible to splicing by IRE1 (33). Under unstressed conditions, XBP1(S)
forms a complex with XBP1 (U) protein, and then undergoes proteasomal degradation
(34).

IRE1 also has another function to degrade specific mMRNAs that are associated with
ribosome on ER membrane for translation. By degrading these mRNAs, IRE1 tries to
reduce protein load under stress conditions (35, 36). IRE1 can specifically target 5°-
UGCU-3’ sequence in the stem loop structures of mMRNAs. However, there are some
mammalian regulated IRE1-dependent decay (RIDD) target genes that do not contain
this consensus sequence. Basal RIDD activity is needed for cellular homeostasis and cell
recovery; however, sustained activation of RIDD is associated with the induction of

29



apoptotic pathways (20, 37). RIDD activity has been shown to selectively degrade some
microRNAs that can repress apoptotic pathways. Increasing RIDD activity leads to
apoptosis through degradation of premature mir-17, specifically targeting caspase-2
MRNA. Caspase 2 cleaves the pro-apoptotic BH3 only protein BH3 interacting domain
death agonist (BID) that activates BCL2 associated X, apoptosis regulator (BAX) and
BCL2 antagonist/killer 1 (BAK) (38).

Kinase Domain Function To date, IRE1 is only known to phosphorylate itself (39).
Through its kinase domain IRE1 can associate with some adaptor proteins to regulate
different pathways. For example, TNF receptor associated factor 2 (TRAF2) binds to
phosphorylated IRE1 and initiates the mitogen-activated protein kinase (MAPK)
pathway to regulate inflammatory and apoptotic pathways (40). Also phosphorylated
IRE1 can activate NF-kB via binding with inhibitor of NF-kB (IkB) kinase (41).

1.2.2. PERK

PERK is another major ER stress sensor located on the ER membranes. It is composed
of luminal (stress sensing), transmembrane and cytoplasmic (kinase) domains. PERK
can autophosphorylate and dimerize under ER stress conditions (42). The best known
substrate of PERK is eukaryotic translation initiation factor 2a (elF2a). Phosphorylated
elF2a leads to general inhibition of translation of capped mRNAs in the cell and blocks
further accumulation of unfolded proteins in the ER (42, 43). However, during ER stress
there is a small subset of mMRNAs that are preferentially translated. For example,
activating transcription factor 4 (ATF4), preferentially translated during ER stress, is an
important transcriptional factor, which can regulate the expression of genes required for
amino acid import, metabolism and resistance to oxidative stress. PERK-ATF4 signaling
is thought to play an important role in cytoprotection at the early stage of ER stress.
However, if ER stress is irremediable or severe, ATF4 can also induce the transcription

of C/EBP-homologous protein (CHOP), a transcription factor, which drives the stressed
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cells to apoptosis (42, 44). CHOP leads to the activation of apoptotic pathways by
inhibiting B cell leukemia 2 (BCL2) family members. On the other hand CHOP has a
role in the dephosphorylation of elF2a by upregulating the expression of protein
phosphatase 1 regulatory subunit 15A (PP1R15A (also known as growth arrest and
DNA damage 34 (GADD34). PP1R15A removes the blockage on protein translation and
stimulates the translation of proteins necessary to reinstate homeostasis in the ER (45).
Also, another PERK substrate is NF-xB repressing factor B (NRF2), which regulates
transcription of antioxidant proteins and helps establish ER homeostasis (46). Finally,
PERK can activate NF-kB and regulate inflammatory pathways (41). Thus, PERK
performs opposing functions of cytoprotection, apoptosis and inflammation under

specific cellular conditions.

1.2.3. ATF6

ATF6, an ER transmembrane protein with a transcription factor function, controls the
third arm of the UPR. ATF6a and ATF6B are two homologous proteins. They are
transmembrane protein containing multiple domains with different functions; luminal
BIP-associated domain, cytosolic domain with bZIP motif, and transmembrane domain
with a Golgi target sequence (47, 48). Under stress conditions, ATF6 dissociates from
the ER membrane and is transported to the Golgi via coat protein complex Il (COPII)-
containing vesicles. The cytoplasmic domain of ATF6 is phosphorylated and cleaved by
membrane-bound transcription factor site 1 and site 2 proteases (S1P and S2P,
respectively). This process is called regulated intramembrane proteolysis. After cleavage
of its luminal domain by SP1 and transmembrane domain by SP2, the phosphorylated N-
terminal domain of ATF6 (N) is released from Golgi and activates the expression of
UPR target genes like ATF4 and XBP1(S) (28, 49, 50). These target genes contribute to
ER quality control, protein folding, secretion, ER expansion, chaperone synthesis and
ERAD (51-54). ATF6 together with ATF4 and XBP1(S) can transcriptionally regulate
overlapping genes and modulate ER stress response or initiation of cell death pathways
under different ER stress conditions (55). Some studies showed that ATF6 could play a
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role in cell protection. For example, mice lacking Atf6« displayed increased
susceptibility to ER stress induced cell death and also embryonic lethality was observed
when both Atf6a Atf6[3 are deleted (51, 52, 56).

On the other hand, ATF6 also plays a role in the regulation of NF-kB under special toxin
induced ER stress conditions that depend on mTOR related dephosphorylation of Protein
Kinase B (AKT) protein (57). However, the relationship between ATF6 and

inflammatory response needs further investigation.

1.3. Endoplasmic Reticulum Stress and Immune Response
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Figure 1.3. Evolution of unfolded protein response proteins

The IREL branch of the UPR is the only arm that is conserved from yeast to mammals.

(Figurel.3). Saccharomyces cerevisiae IREL also has the conserved endoribonuclease
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activity that splices HAC1 (homolog of mammalian XBP1) mRNA. This signaling
controls the transcriptional response to regulate the folding capacity of ER in yeast. On
the other hand Schizosaccharomyces pombe IRE1’s endoribonuclease activity only
performs the RIDD function, because there is no HAC1 coding gene in this organism
(58-60). In pathogenic fungi, UPR has a role in adapting the fungi to its host’s
microenvironment by regulating pathogen virulence through the secreted toxic

compounds (61).

In plants, on the other hand, ATF6 and IRE1 dominate the UPR, because there is no
PERK protein. Here, a more prominent RIDD activity of IREL tries to compensate for
the missing PERK-regulated translational control. UPR activation controls protein load
during seed development and under abiotic stress conditions such as salt or heat shock
stress (58, 62, 63). Furthermore, IRE1 mounts an antibacterial defense by inducing the

secreted foldases that function in protein folding as well as secreted hydrolases (64).

Caenorhabditis elegans has all three sensors of the UPR (65). The IRE1-XBP1 axis
serves to sustain larval survival under pathogen threat. IRE1 arm does not directly
control infection; instead it reinforces ER’s functions involved in adaptive immunity
against the detrimental pathogen. Also XBP1 resolves ER toxicity that is caused by
severe inflammatory conditions (66).

In metazoans, there is a more complex UPR pathway with three sensors. It has close-
relationship with other stress-controlled translational regulatory pathways known as the
integrated signal response (ISR). Bacterial or viral infections can activate UPR or ISR

pathways as a host defense (59, 67).

Initially, UPR activation aims to resolve ER stress, but under prolonged ER stress
conditions UPR can activate many pro-apoptotic and inflammatory pathways. Chronic

exposure to metabolic stress factors such as excess of lipids, glucose or inflammatory
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agents such as cytokines can trigger or sustain UPR activity in many cell types, but
especially in cells specialized for the secretion of large amounts of proteins (such as
pancreatic beta cells, adipocytes, oligodendrocytes) and immune factors (such as B cells
and macrophages) (68-73). Many metabolic stress factors affect not only the ER but also
a closely associated organelle, the mitochondria, inducing UPR, oxidative stress and
inflammation (74, 75). How ER and mitochondria are coupled in stress is an area of
intense research. For example, ER stress-induced calcium transfer from the ER to the
mitochondria can induce reactive oxygen species (ROS) production from the latter
organelle (76). These organelles also exchange ROS, lipids and other molecules that
may synchronize their response to the stressor (76, 77). Activation of ER stress by
metabolic stress as in the case of obesity and dyslipidemia, and consequent induction of
inflammation can also contribute to impairment of cellular and systemic lipid and
glucose metabolism, resulting in cell death or dysfunction, insulin resistance and
diabetes (73, 78) (Figure 1.4). This vicious loop between ER stress and inflammation
can accelerate the progression of many metabolic diseases, such as atherosclerosis,

obesity, type 2 diabetes and neurodegenerative diseases (79-82).
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Figure 1.4. Connection between ER stress, metabolic diseases and inflammation

1.3.1. UPR Connection with Inflammatory Pathways

The connection between UPR and inflammation underlies many complex diseases.
Environmentally-induced or genetic defects in the UPR branches have been associated
with inflammatory phenotypes such as inflammatory bovine disease, lung respiratory
disease, type 1 diabetes or other metabolic diseases (58, 83). Inflammatory pathways
such as the downstream of the Toll-like receptor (TLR) and stress kinase signaling
pathways share similar consequences with the UPR such as the induction of reactive
oxygen species (ROS) and activation of the nuclear factor-xB (NF-xB) (84-86). NF-xB
is an important transcription factor in inflammation (87). It is normally found in an
inactive state and associated with its inhibitor (IkB) in the cytosol. With stimulation, the
phosphorylation of IkB by a kinase IKK triggers its release from the inhibitory protein

and translocation into the nuclei, where it initiates the transcription of pro-inflammatory
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genes (88). ER stress can also lead to NF-«xB activation (89). All branches of UPR have
been implicated in the regulation of NF-xB. The PERK activation leads to translation
inhibition of kB, which is constitutively expressed in cells under normal conditions and
is rapidly degraded under inflammatory stimuli (90). IRE1 activation indirectly leads to
IkB phosphorylation. The TNF receptor-associated factor 2 (TRAF2) is recruited to the
phosphorylated domain of IRE1, followed by the recruitment of IkB kinase (IKK). Here,
IKK phosphorylates inhibitory IkB leading to its degradation. Thus NF-xB dissociates
from its inhibitory partner and becomes active. On the other hand, ATF6 plays a role in
NF-kB activation through its impact on the mTOR-AKT pathway. Silencing of ATF6 in
liver immune cells reduced immune response that was caused by ER stress through the
alleviation of NF-kB activation and restoration of AKT pathway. Nonetheless more
detailed studies on this subject are needed (57, 91) .

In addition to their roles in NF-kB activation, IRE1 and PERK can coordinate
inflammatory responses by many other ways. For example, IRE1-TRAF2 association
can regulate production of interleukin-6 (IL-6). IL6 is an important cytokine dependent
on the binding of TRAF2 protein to oligomerization domain (NOD)-containing proteins
1 and 2 (NOD1 and NOD2). That association can activate NF-xB dependent IL6
expression (92). Also IRE1-TRAF2 association activates mitogen-activated protein
kinase (MAPK) kinase 5 (MAP3K5). MAP3K5 then phosphorylates and activates
MAPKS (or JUN N-terminal kinase (JNK1) and MAPK14 (93, 94). Subsequently, INK1
phosphorylates and activates Activator protein 1 (AP-1) that is an important
transcription factor. Additionally, IRE1 through XBP1, can regulate the expression of
several pro-inflammatory cytokines such as interleukin 6 (IL-6), tumor-necrosis factor-o
(TNFa) and interferon B (IFNB) (95, 96). Furthermore, an XBP1-induced miRNA
(miR)-346 can regulate major histocompatibility complex (MHC) class | Ag
presentation. This microRNA targets mRNAs encoding the transporter of antigenic
peptides-1 (TAP1) also called ATP-binding cassette (ABC) transporter, and human
leukocyte antigen (HLA) class | proteins. These targets have important roles in antigen

presentation in adaptive immune response and transport of peptides to ER respectively
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(97). In addition IRE1’s RIDD function plays a role in some inflammatory pathways.
RIDD activity can degrade TAP binding protein (TAPBP) mRNA and reduce antigen
presentation (98). Small RNAs that are produced by RIDD activity can also induce IFNf3
production through activation of ATP-dependent RNA helicase DDX58 (DEAD box
proteins or RIGI) or mitochondrial antiviral signaling protein (MAVS) (99).
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Figure 1.5. Close relation between IREL1 signaling pathways and immune response

pathway

Furthermore, CHOP, induced through PERK-ATF4 signaling,

can also contribute to

IFNB production. CHOP is also involved in ER stress-induced IL-23 expression in

dendritic cells (84,

100).
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1.3.2. UPR Connection with Inflammasome Activation

Inflammasome Background. Pathogen-associated molecular patterns (PAMPS) and
danger-associated molecular patterns (DAMPS) are recognized by germline encoded
pattern recognition receptors (PPRs). The PPRs recognize a variety of stimuli and
constitute an essential component of the innate immune response that controls the
clearing of pathogens or damaged cells (101-103). The PRRs are expressed by cells that
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serve in the immune system including macrophages, monocytes, dendritic cells,
neutrophils, epithelial cells and also in airway smooth muscle (ASM) cells. Based on
their genetic and functional features, PPRs can be classified into different classes.
Nucleotide binding and oligomerization domain (NOD) -like receptors (NLRs), absent
in melanoma-2 receptors (AIMs) and recently identified pyrin are the main PPRs that
can lead to the assembly of the multi-protein inflammatory complexes, i.e.

inflammasomes, in the cytosol (104, 105).

NLRs recognize both PAMPs and DAMPs. NLRs contain 3 main domains; an N
terminal effector domain, a C-terminal leucine-rich sensor domain and a central
nucleotide-binding and oligomerization domain (NBD). Based on the N-terminal
domain, NLRs can be further subdivided. If the N-terminal domain includes a pyrin
domain, it is called NLRP. Likewise, if it includes a caspase activation and recruitment
domain (CARD), it is called NLRC. NLRs can activate the inflammasome multiprotein
complex and induce an inflammatory response against cellular infection or tissue
damage (104, 105). NLRP1, NLRP3 and NLRC4 are well-documented members of
NLRs that assemble into an inflammasome complex in the cytosol. After the assembly
of a multimeric inflammasome complex, zymogen pro-caspase-1 is recruited and
cleaved. Following which, cleaved, mature caspase-1 can proteolytically process pro-IL-
1B and IL-18 cytokines and induce inflammatory cell death. This pathway significantly
differs from apoptosis in that it involves caspase-1-mediated cell swelling and lysis that
results in the loss of membrane integrity (106-109). Bioactive IL-1p and IL-18 cytokines
have important roles in both innate and adaptive inflammatory responses (108, 110,
111). They can stimulate further secretion of pro-inflammatory cytokines, leading to
recruitment of more inflammatory cells to the inflamed region. These cytokines also
regulate T helper (Th) cell polarization especially towards to Thl and Th17 subtypes
(110). Different NLRs are found at different locations in the cell and can be activated by
different stimuli. This difference in localization can result from some tissue specific co-
factors or different splicing variants of molecules that need to be studied further (112).

For example, even though NLRP1 is a cytosolic receptor, it is also active in the nucleus

39



of neurons and lymphocytes (112). AIM2 was first defined as an IFNy inducible protein
that can oligomerize similarly to the other NLRs and form an inflammasome complex,
however it was discovered that AIM2 can directly bind to nucleic acids in the cytoplasm
via its hematopoietic IFN-inducible nuclear proteins with 200-amino acids (HIN200)
domain and oligomerize via its nucleotide-binding and oligomerization (NACHT)
domain. Also, the PTD domain of AIM2 interacts with apoptosis-associated speck-like
protein containing a CARD (ASC) adaptor protein and then recruits caspase-1 zymogen
for activation like the other inflammasomes (113). Bacterial ligands such as muramyl
dipeptide (MDP) or anthrax lethal toxin produced by Bacillus anthrax activate the
NLRP1 inflammasome (114). NLRC4 serves in immune defense but not by directly
binding to its pathogen activators. It can be induced by a family of proteins called NLR
family, apoptosis inhibitory proteins (NAIPs). NAIPs can sense their ligands and
activate NLRC4. Traditional activators of NLRC4 inflammasome are bacterial flagellin
or multiple proteins that belong to bacterial type 3 secretion systems (115, 116). NLRP3
is expressed by wide a variety of cell types such as granulocytes, monocytes,
macrophages, dendritic cells, T and B cells, epithelial cells, osteoblasts, fibroblasts and
melanoma cells. It is also activated by a broad array of ligands. NLRP3 triggers can be
categorized as pathogen-associated ligands (such as cell wall components of bacteria
(peptidoglycans), bacterial and viral nucleic acids, microbial toxins, nigericin
(Streptomyces hygroscopicus), aerolysin (Aeromonas hydrophila), maitotoxin (Marine
dinoflagellates), gramicidin (Bacillus brevis) and o-toxin (Staphylococcus aureus),
environmental crystalline pollutants (such as silica, asbestos, and alum crystals), and
danger-associated molecules such as ATP, serum amyloid, uric acid crystals (MSU), and
ROS (117) . Also, some metabolic products such as saturated free fatty acids also lead to
NLRP3 inflammasome activation (118). In experimental conditions, the NLRP3
inflammasome activation requires a priming step that leads to an increase in NLRP3 and
pro-1L-1p expression levels in the cell through activation of the NF-xB pathway. For
example, Lipopolysaccharide (LPS) in the cell wall components of gram-positive
bacteria can provide this priming cue to the cell via binding TLR4 receptors and
activating the NF-xB pathway (105, 119). After priming, there are common signaling
events that are shared by the various triggers that activate NLRP3 inflammasome such as
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induction of potassium (K) efflux through the ATP-gated ion channels, increase in
cellular calcium levels, and increased release of ROS, DNA and cardiolipin from the
mitochondria, which can be sensed by the NLRP3 resulting in its translocation from the
mitochondria associated ER membranes to the cytosol (120-124). There is still a debate
about the importance of these mechanisms for NLRP3 activation, because not all of

these signaling events can be activated by all NLRP3 agonists.

ER Stress and Inflammasome Relationship ER stress and UPR activation are observed in
obesity-induced fatty liver diseases as well as alcohol-induced liver injury. Also,
inflammasome activation has been shown to contribute to the pathogenesis of the same
diseases (125, 126). Emerging evidence points to a strong relationship between ER
stress and inflammasome activation in liver diseases. A chemical chaperone,
Tauroursodeoxycholic acid (TUDCA)-treated, genetically obese mice (ob/ob),
challenged with tunicamycin to promote ER stress-associated liver injury and severe
steatosis, displayed reduced signs of ER stress and inflammasome activation (125, 126).
ER stress-induced progression of liver steatosis was attenuated when caspase-1 was
silenced in these mice (125). Although these studies mainly focused on liver disease,
they clearly showed that ER stress induced liver steatosis through the activation of the
inflammasome. However, the pathways that link ER stress and inflammasome activation
remain to be elucidated. For example, Tschopp’s group suggested a new mechanism that
links ER stress and inflammasome activation independent of classical UPR pathways but

dependent on reactive oxygen species production and potassium efflux induction (127).

Another recent observation related to inflammasome activation, stated that UPR-induced
thioredoxin-interacting protein (TXNIP) protein which could serve as a functional link
between ER stress and inflammasome. TXNIP was discovered to be the top glucose-
regulated gene in pancreatic cells and its expression increased in diabetes (128).
Recently, TXNIP was shown to play a role in cellular apoptosis and insulin production.
Mainly through interaction with thioredoxin in mitochondria, TXNIP regulates the redox
state. All these functions make TXNIP a good candidate for therapy of diabetes (129,
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130). Interestingly, in the study conducted by Papa et al., TXNIP levels were found to be
upregulated under ER stress conditions and this effect depended on IRE1 RIDD activity.
IRE1 RIDD activity can degrade the microRNA mirl7, which specifically targets and
suppresses  TXNIP expression. TXNIP can also bind to and activate NLRP3
inflammasome components. Thus it was suggested that IRE1 could regulate
inflammasome activation through TXNIP upregulation (131). Furthermore, under ER
stress conditions caused by direct ER stress inducers, PERK activation also resulted in
transcriptional upregulation of TXNIP. Increased TXNIP resulted in the production of
mitochondrial ROS species and NLRP3 activation (132, 133). There is also another
study binding IRE1 with inflammasome activation through TXNIP regulation. In this
study, as a result of IRE1a-TXNIP signaling, TXNIP led to mitochondrial damage and
TXNIP activated caspase-2 and Bid proteins found in mitochondria, further leading to
the release of mitochondrial DNAs. Released DNA bound and activated NLRP3
inflammasome (134). On the contrary, Lebeaupin et al. showed that in obese mice that
were challenged with LPS and tunicamycin, both separately and together, no changes in
TXNIP levels occurred in liver even though ER stress led to NLRP3 inflammasome
activation (126). Among the other actors that have been described with the aim of
elucidating the link between ER stress and inflammasome activation is glycogen
synthase kinase 3 beta (GSK-3B). A previous study showed that GSK-33 could be
activated by tunicamycin and regulated IL-13 and TNF-a transcription in an IRE1-
dependent manner (135). Based on these studies, ER stress relation with inflammasome
activation mainly depends on NLRP3 inflammasome formation. There is also a study
showing that IRE1 and PERK can regulate NLRP1 gene transcription, which is
dependent on ATF4 (136). More studies are needed to clearly delineate the molecular
relation between ER stress and inflammasome complexes under ER stress conditions

induced through different stressors, but especially metabolic inducers.
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1.4. Atherosclerosis

The global, epidemic rise in obesity and associated diseases such as insulin resistance,
type 2 diabetes, fatty liver disease, and dyslipidemia are also major risk factors for
atherosclerotic vascular disease (82, 137). These diseases present a major threat to
public health and account for one third of deaths worldwide every year (138). The term
arteriosclerosis was first introduced by Jean Lobstein, a surgeon and pathologist, in 1829
(139). Then, pathologists tied inflammatory changes to the developing atherosclerotic
plagues. While Rokitansky claimed that mechanical injury and toxins are the main
reasons of atherosclerosis and the following inflammation. Rudolf Virchow described
for the first time the primary role that inflammation plays in atherogenesis (140, 141). In
1920, Windaus showed that cholesterol crystals and calcified connective tissue are
prominent features of atherosclerotic plaques, and further studies by Anitschkow and
Chaltow supported these observations by showing that atherosclerosis is indeed induced
by feeding rabbits with a high cholesterol-rich diet (142, 143). Thus, these researchers
identified cholesterol as one of the possible risk factors in atherosclerosis. And, in later
years these atherosclerosis risk factors were expanded to include smoking, high blood

pressure, high emotional stress, improper diet, diabetes and certain infections (144).

In 1993, Ross summarized in his “response to injury hypothesis” that mechanical injury,
toxins and free radicals led to changes in endothelium and the initiation of
atherosclerosis (145). Alternative theories by Steinberg and others postulated the
“altered lipoprotein hypothesis” and “retention of modified LDL hypothesis”. In their
explanations, these researchers emphasized that the retention and modification of
lipoprotein in the intima of the arterial wall attracted and activated monocytes and
smooth muscle cells that formed the lesions (146). However, the genetics of
atherosclerosis show that it is a far more complex metabolic disease and its pathogenesis

cannot be restricted simply to a lipid deposition problem (144).
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1.4.1. Initiation and Progression of Atherosclerosis

Atherosclerosis is initiated with the accumulation of apoliprotein B (ApoB)-containing
lipoproteins (LPs) in the intima region of arterial walls and especially in arterial
branches where there is a disturbed blood flow. The core regions of ApoB-LPs are
composed of neutral lipids such as triglycerides and cholesteryl fatty acyl esters and this
core is surrounded by a phospholipid monolayer and proteins (147). These lipoproteins
are synthesized in the liver as very low density lipoprotein (VLDL). These are converted
into more dense ApoB-LPs called low density lipoproteins (LDL) with the addition of
triacylglycerol in the liver which are atherogenic particles retained in the arterial intima
regions (148). In arterial branching points where there is a disturbed laminal flow, these
LPs are deposited on the arterial wall and transformed into various oxidized forms. After
these oxidative modifications on the LPs, they behave more like a DAMP in the sense
that they can activate a persistent, low-grade inflammation. With the activation of
endothelial cells lining the arteries begins the recruitment of monocytes into sub-
endothelial intima regions. Also, the inflammatory response induced in the plaque
activates the plaque-resident smooth muscle cells (SMCs) as well as to the recruitment
of other inflammatory cells such as T cells B cells, dendritic cells and mast cells (149,
150).

During this establishment period of atherosclerosis, cellular, extracellular and lipid
materials accumulate in the sub-endothelial regions. After the establishment of lesions,
as a protective mechanism, a fibrous cap forms over the lesions, providing a barrier
between blood platelets and pro-thrombotic material in the lesions. Also, this measure
helps maintain the continuity of the luminal blood flow by preventing plaque rupture.
On the other hand, some types of lesions over time trigger thrombus formations and lead
to serious occlusions and complications. This type of plaques is called ‘vulnerable
plaques’. They usually display a lipid-filled necrotic core due to increased accumulation

of apoptotic cells resulting from defective phagocytic clearance. In those regions the
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fibrous cap thickness is noted to be thinner and over time the lesion’s stability decrease

making it prone to rupture (151-153) (Figure 1.7).
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Figure 1.7. Progression of atherosclerosis in blood vessels

During atherosclerosis progression from initiation to rupture, three main cell types
contribute; endothelial cells, intimal SMCs, and inflammatory cells (mainly
macrophages). These cells contribute both to the progression of disease (vulnerable

plaques) and eventually to rupture (154).

Endothelial cells (ECs) Atherosclerosis development occurs in a nonrandom pattern
because lesions are typically located around the branched or curved areas of the blood
vessels. The atherosclerosis-susceptible areas display low time-average shear stress, high
oscillatory shear index and spatial gradient in shear stress. The unbranched arteries that
are more protected against these forces, or exposed to uniform laminar flow, rarely
develop atherosclerosis. There are observed structural, molecular and functional
differences between the endothelial cells of atherosclerosis-susceptible and
atherosclerosis-resistant regions of the arteries. While endothelial cells of
atherosclerosis-susceptible regions have a cuboidal morphology, the endothelial cells in
the atherosclerosis-resistant regions align coaxially along with the laminal flow direction

and have an ellipsoidal shape. Also, the latter secrete more glycocalyx. In the branched
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areas, endothelial barrier function is disturbed and the rates of cellular senescence and
turnover increased (154-157). At the molecular level, there are also differences between
two regions. Endothelial cells on the athero-prone regions activate the NF-xB pathway
so as to prime the inflammatory signaling events. This inflammatory response further
exacerbates with the retention of lipoproteins (158, 159). On the contrary, endothelial
cells at the athero-resistant regions activate (Kruppel-like factor 2 (KLF2) and KLF4
gene expressions. These are two important transcription factors regulating proliferation
and induced with laminar flow. There are some in vivo studies showing anti-athorogenic
properties of these two factors. One of them conducted by Atkins et al. showed that
there was an increase in atherosclerotic plaque area in KLF2""ApoE™~ mice compared
to control ApoE '~ (160). In another study conducted by Zhou et al. EC-specific KLF4
overexpression resulted in an increase in anti-inflammatory conditions in plaque (161).
Thus they retained an anti-inflammatory and anti-thrombotic state in animal

atherosclerotic models (154).

Smooth Muscle Cells (SMCs) The smooth muscle cells in atherosclerotic lesions are
activated in response to LP retention, endothelial cell activation and inflammation, and
switch their phenotypes. During atherosclerosis progression, they continue to proliferate
and migrate into the lesions (162). They play important roles in vessel remodeling and
plaque stabilization by producing extracellular matrix, proteoglycan and other proteins.
Increase in lesion collagen enhances the fibrous cap and plaque stability, thus serving to
prevent thrombosis (163, 164). Studies showed that the quiescent and fully contractile
SMCs in lesions lost the expression of some genes such as smooth muscle a-actin and
smooth muscle myosin heavy chain. Also some in vitro studies found that SMCs could
induce the expression of macrophage markers such as cluster of differentiation (CD68),
macrophage-1 antigen (Mac2) after exposure to cholesterol loading (165). Lesion areas
are heterogeneous environments that contain a plethora of molecules including
cytokines, inflammatory lipids, growth factors and cell debris. Many factors especially,
Platelet-derived growth factor (PDGF), IL-1B, TNFa, oxidized phospholipids, found in
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the plaque environment can lead to a switch in the resident SMCs phenotypes. However,

more in vivo studies are needed to validate the formation of these SMC lineages (154).

Inflammatory Cells Events such as retention of LPs, activation of endothelial cells due to
disturbed laminal flow can provide a trigger for the recruitment of blood monocytes into
the lesion area (166). Activated endothelial cells secrete some chemoattractant proteins
and also change the expression of their adhesion molecules in order to attract monocytes
to the lesion area (167). The internalized monocytes differentiate into macrophages or
dendritic cells with the aid of colony stimulating factor or other factors (168).
Macrophages found in lesions can secrete proteoglycans that also furthers the ApoB-LP
retention (169). Retained and modified LPs are ingested by lesion macrophages through
their scavenger receptors. Hence, plaques macrophages become filled with lipid droplets
formed in their cytoplasm and have been named ‘foam cells’. Activation of lesional
macrophages is a critical event that triggers inflammatory processes and leads to
atherosclerosis progression, however the mechanisms of macrophage activation are not
exactly known (154, 170). Nonetheless, the inflammatory receptors found on
macrophages (such as TLRs or NLRs) can be activated by modified LPs and other
molecules (171). Mitochondrial oxidative stress is induced by oxidized LPs and sterols
and activates the NF-xB pathway, which in turn increases the expression of important
chemokines (such as monocyte chemoattractant protein (MCP1) in the macrophages
(172). This helps in enhancing the monocyte migration to the lesion. Furthermore,
inflammasome activation is seen in atherosclerotic plaques in mice and humans (173).
Studies showed that the ingestion of the retained LPs by the macrophages led to the
accumulation of cholesterol crystals in these cells. Then, these crystals induced the
NLRP3 inflammasome and resulted in the secretion of the inflammatory cytokine, IL-
1B. Also, the released mitochondrial DNA from the damaged mitochondria could
activate the NLRP3 inflammasome in the stressed macrophages (173, 174). In addition
to their inflammatory roles, macrophages can promote plaque vulnerability by inducing
necrosis and thinning of the fibrous cap. Macrophages can reduce collagen synthesis in
the intimal SMCs or degrade various types of extracellular matrix through the secretion
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of matrix-metalloproteinases. Hence, macrophages play a critical role in promoting
plaque rupture (153). Various environmental conditions such as prolonged ER stress and
oxidative stress promote macrophage apoptosis (175). If the phagocytic clearance
(efferocytosis) is defective or insufficient, necrotic cores form in the place of these
apoptotic macrophages. There is limited knowledge about the reasons leading to
defective efferocytosis and mainly based on the LP-induced removal of an efferocytosis
ligands, phospholipase A2, or protease-mediated degradation of efferocytosis receptors,
the Mer (Mertk, Nyk, c-Eyk) receptor tyrosine kinase (MerTK) (151, 176). Furthermore,
in vivo and in vitro exposure of macrophages to saturated fatty acids have been shown to
prevent their ability to be effectively engulfed by apoptotic cells, but the mechanisms are
not certain (177).

In addition to macrophages, other inflammatory cells play critical roles in lesion
formation and progression. For example, vascular dendritic cells (DCs) are known to be
found in atherosclerotic lesions (178). Independent of macrophages, these DCs can
initiate an adaptive immunity through their antigen presenting functions. DCs can
activate T cells and lead their differentiation into their subtypes (such as T helper cells
(Thl), (Th2), Thl7 and T regulatory cells (T-reg). In early atherosclerotic lesions Thl
cells are evident and mainly secrete IFN-y and induce secretion of B-cell produced
antibodies against LPs. Thl cells show pro-atherogenic property by inducing pro-
inflammatory cytokine production and B cell function regulation (179). Some in vivo
studies also showed that Th2 response was also induced under hypercholesterolemia
(179). However, there are some controversial studies on the role of Th2 in
atherosclerosis based on the stage of atherosclerosis. Th2 cells were observed to be
atheroprotective in early plaque formations and Th2 cells showed anti-atherogenic
properties because they could counteract Thl response induced IFNy secretion by
secreting IL4. On the other hand, deficiency of IL4 secreted by Th2 led to a decrease in
atherosclerosis (180-182). T-reg cells display a protective function by secreting anti-
inflammatory IL-10 and TGF-B. They provide balance between Th responses and
promote plaque stability affecting collagen content. (183). Natural killer (NK) cells are
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another inflammatory cell type seen in early and advanced atherosclerotic lesions. The
absence of NKs leads to reduction in atherosclerotic lesion formation (184). Finally,
mast cells, found in lesions, have been shown to secrete pro-atherogenic cytokines such
as TNF-a, IFNy after DC connection and monitor Th cell development. (185). Also,
mast cells can disturb plaque stability by secreting some proteases (183, 186, 187).

1.4.2. ER stress in Atherosclerosis

Inappropriate activation of UPR pathways are seen in especially in advanced
atherosclerotic plagues (188). There are various stressors such as oxidative stress,
oxysterols, modified LPs, high level intracellular cholesterol (cholesterol crystal
formations) and saturated fatty acids in lesions that can stimulate UPR pathways (189).
How, each of the UPR branches contribute to progression of atherosclerosis is not fully
understood. There is a close relation between UPR and lipogenic pathways (190). ER
stress can lead to increased lipogenesis and accumulation of lipids in hepatic cell. ER
stress has also been shown to prevent proper lipoprotein secretion. Additionally, ER
stress can disturb insulin signaling, stimulate glucose production and promote
hyperglycemia. ER stress connects obesity, diabetes and atherosclerosis through
dysregulating lipid and glucose metabolisms and the inflammatory response (73, 81,
191). The ER senses the changes of cellular lipid status and delivers this stress signal to
inflammatory and apoptotic pathways (72, 75). For example, ER stress is induced by
saturated fatty acids and activates adaptive immunity by stimulating major
histocompatibility complex (MHC)-associated antigen presentation (192). Both innate
and adaptive immunity play crucial roles in atherosclerosis progression. Thus ER may
influence atherosclerosis in various ways. This role of the ER is important for the

pathogenesis and progression of many metabolic diseases.

Activation of UPR is also observed in endothelial cells in lesions and in response to

various metabolic and physical influences (193, 194). Especially, in the atherosclerosis-
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prone regions of vessels, disturbed blood flow leads to the upregulation of ER stress
transducers (195). In advanced plaque areas, the expression level of XBP1 is particularly
high in ECs. When XBP1 is overexpressed in lesional ECs, the severity of
atherosclerosis increases (193). In cultured human aortic ECs, tunicamycin-induced ER
stress can activate the production of important cytokines like IL-6, IL-8 and MCP-1.
This can be blocked by silencing XBP1 or ATF4 (194). Oxidized and glycated LDLs
have been shown to induce UPR pathways through inhibition of an ER calcium pump
(196, 197). Also, oxidized 1-palmitoyl-2-arachidonyl-sn-3-glycero-phosphorylcholine
(oxPAPC), homocysteine, and hydrolyzed LDL (found in advanced plaques) can induce

ER stress and inflammatory pathways, and promote disease progression (198-201).

There is less information about the role of ER stress in SMCs. Studies showed that ER
stress induced SMC apoptosis decreased collagen production and led to the thinning of
the fibrous cap, promoting plague rupture (202). 7-ketocholesterol, unesterified
cholesterol, homocysteine and glucosamine are the main inducers of ER stress in SMCs.
7-ketocholesterol and unesterified cholesterol mainly found in branched atherosclerosis-

prone regions, promote apoptosis by inducing CHOP expression (203, 204).

Homocysteine also leads to the activation of sterol response element binding protein-2
(SREBP) and induce lipid accumulation in cells. Elevation of glucosamine levels in
diabetes can also activate UPR in cultured aortic SMCs (205, 206).

Myoishi et al. showed that CHOP expression and apoptosis in macrophages increase
during atherosclerosis progression in humans (207). ER stress can induce macrophage
apoptosis through JNK2 activation, STAT1 and p38 mitogen activated kinase (208). In
lipid loaded macrophages, cholesterol is oxidized to oxysterols which are highly toxic
molecules, and then oxysterols induce ROS dependent apoptosis (209). Macrophage cell
death is a pivotal event in the formation of necrotic cores (210). However further studies

are needed to explain the detailed role of UPR arms in ER stress induced inflammatory
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and apoptotic mechanisms and their relation with atherosclerosis initiation or

progression.

1.4.3. Therapeutic Approaches in Atherosclerosis

Cardiovascular diseases are one of the leading causes of death in the world (138). Only
%30 of clinical events can be treated and %10 of the vascular complications occurs in
healthy individuals that don’t possess any of the well-accepted risk factors (211, 212). In
2020, it is expected that cardiovascular diseases will be the number one killer in the
world. Therefore, discovering better molecular targets that can be specifically targeted in
therapies is of urgent need. Also, there is an increasing need for developing imaging
probes and advanced imaging techniques to analyze lesion compositions in both cellular
and molecular levels to guide therapies (213). Currently available therapies are mainly
based on reducing hyperlipidemia and preventing thrombotic complications. However,
various emerging therapies on novel targets are under investigation (214). Some of the
future targeted therapies for atherosclerosis could include nutraceutical supplementation,

anti-inflammatory therapies and therapies targeting UPR components (214-216).

Nutraceuticals can be classified as functional foods or dietary supplements, and are
natural products. Due to their anti-inflammatory effects, they have been in use for the
prevention of atherosclerosis for many years (215, 217, 218). They can provide different
benefits at the various stages of atherosclerosis. For example, hydroxytyrosol
(polyphenol found in olive oil), flavanols and vitamin C have showed beneficial effects
in the prevention of LDL modification. There are many in vitro and in vivo studies using
hydroxytyrosol as a nutraceutical in atherosclerosis (219, 220). A reduction in plaque
size was observed after hydroxytyrosol treatment of rabbits fed with atherogenic diet
(221). Flavanols, hydroxytyrosol, poly-unsaturated fatty acids such as Omega-3, Omega-
6, Allicin provide benefits in the prevention of pro-inflammatory gene expression and

monocyte recruitment in atherosclerotic lesions (215, 222). The balance between
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Omega-3 and Omega-6 is very important for cardiovascular health (223). Recently,
palmitolate (Omega 7) was also shown to reduce atherosclerosis (224). Allicin (H,S
donor) is mainly found in garlic and has an important function in anti-atherogenic and
anti-inflammatory processes (225). H,S donors can prevent foam cell formation in
macrophages in vitro conditions and reduce atherosclerotic plaque size in ApoE™
deficient mice that is supplemented with them, compared with control group (226, 227).
Plant-derived phytoserols have similar chemical structures to cholesterols. Dietary
uptake of phytoserols can reduce cholesterol uptake and show cardioprotective function
(228). Vitamin C and vitamin E are also shown in some in vivo studies to have anti-
inflammatory and anti-atherogenic effects (229, 230). In addition to these nutraceuticals,
dietary fibers that are produced by the gut microbiota have shown anti-atherogenic and
anti-inflammatory properties in both in vivo and in vitro studies (231). Furthermore,
there are also some alternative, less-studied nutraceuticals such as, carnosine
(antioxidant mainly found in meat), coenzyme Qi (antioxidant), curcumin (found in
turmeric), resveratrol (natural phenol found in grapes). They show strong anti-oxidant
activity or anti-inflammatory activity or both activities (232-236).

Many of the emerging therapies for atherosclerosis target the inflammatory processes,
because unresolved inflammation plays a critical role in atherosclerosis progression.
Several new anti-inflammatory drugs are under clinical development and the most
promising ones are; phospholipase A2 inhibitors, leukotriene pathway inhibitors, CCL2-
CCR2 pathway inhibitors, anti-TNFa agents and IL-1p antagonists (237-242). Statins
are known for their ability to decrease cholesterol synthesis; however, clinical studies
now show that they also have anti-inflammatory functions. They can limit macrophage
growth and disturb MMP secretion capability. Also, they inhibit T cell activation and
differentiation towards Thl (242-244). Phospholipase A2 superfamily is an important
enzyme family for phospholipid modifications in LPs. They can turn LPs into highly
atherogenic particles and, so targeting this enzyme can be beneficial in atherosclerosis.
Unfortunately, due to the complex nature of this superfamily, clinical findings are
limited (245). Arachidonate 5-lipoxygenase (5-LO) activating protein (FLAP) and 5-LO
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are used as leukotriene pathway inhibitors in clinical trials. Leukotrienes (LTs) lead to
accumulation of leukocytes in the inflammation area. Many animal and human studies
showed that inhibition of LT pathways can provide beneficial effects in treatment (246-
249). Role of CCL2-CCR2 pathway is also well-documented in atherosclerosis
development. Targeting this pathway could reduce cardiovascular events in patients.
However, CCR2 antagonism can also increase susceptibility to infection because of its
major role in immunity (239, 250, 251). There are also some clinical trials that target IL-
1B and TNFa. Indeed, anti-TNFa drugs and IL-1 antagonists can reduce inflammation

and improve vascular function (241, 251).

In recent years, there has been growing attention on ER stress pathways in complex
diseases. ER stress response pathways are initiated to sustain cellular homeostasis in the
cells; however, prolonged or severe ER stress can engage apoptotic and inflammatory
pathways (252, 253). In many stages of atherosclerosis and many plaque cell types, the
expression of ER stress markers is seen and reduction of ER stress can alleviate
atherosclerosis in mouse models. Furthermore, in human atherosclerotic disease, ER
stress is associated with plaque vulnerability and rupture (254-256). Therefore, targeting
ER stress pathways can have a therapeutic value in cardiovascular disease. One of the
strategies to alleviate ER stress involves the use of chemical chaperones. For example,
phenylbutyrate (PBA) and TUDCA are chemical chaperones that mimic cellular
chaperones by promoting protein folding (257). PBA was shown to reduce saturated
fatty acid-induced ER stress in macrophages and also reduce atherosclerosis in ApoE™
mice models, however in diabetes-induced atherosclerosis mouse models, PBA was not
as effective (258). TUDCA has also been used in atherosclerotic mouse models and
shown to alleviate both lesional ER stress and total lesion area (257). Other emerging
therapies are based on UPR modulators such as, salubrinal, guanabenz or sephinl
(specific inhibitors for Eif2a phosphatases), and SB203580 (targets CHOP mediated
signaling) and SP600125 (JNK inhibitor) (259-262). Although various emerging anti-
atherosclerotic therapies are considered to reduce ER stress, there are limitations and
challenges in modulating the UPR. For example, the homeostatic UPR signaling can
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switch from pro-survival to pro-apoptotic and the control over this decision is not fully
understood at the molecular level (252). Also, it is not clear if all or some and how the
different UPR arms contribute to the atherogenic process. Also, UPR activation may
have beneficial effects in one cell type but detrimental ones in another. On the other
hand, UPR inhibitors that are kinase inhibitors can have off-target effects as well as
some side-effects. Although chaperones can restore impaired ER folding capacity under
prolonged stress conditions, there are serious limitations due to their limited efficacy.
High doses are needed to provide these desired therapeutic effects and it is not clear
what their molecular target is in most cases (263). There are ongoing studies based on
the usage of tissue specific, therapeutic agent-loaded nanoparticles. They induce
inflammatory resolution in atherosclerotic plaques through anti-inflammatory cargo
loaded, atherosclerotic region specific nanoparticles (264). Perhaps, this kind of an
approach can be better fit to modulate a specific UPR arm in a specific lesion cell type
for future atherosclerosis treatment. Ongoing studies are investigating the specific
contribution and cell-type role of the activated UPR arms to disease progression.
Therefore, in the future there will be more knowledge about how to best modulate the

UPR signaling in cardiovascular disease.
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1.5. Hypothesis and Aim of the Study

There is a strong connection between metabolism and immunity. Both overnutrition and
malnutrition have immunological consequences. This connection can be called
metaflammation. In this thesis | am focusing on the effect of overnutrition complications
on immune response. It is known that obesity is related to aberrant immune activation
and increases the risk of immune diseases. In cellular level, there are two important
organelles that form a bridge between metabolic overloading and immune activation. ER
and mitochondria, individually or by association, regulate immunological response
under metabolic overloading. ER activates three important signaling pathways that are
initiated from ER membrane and go through the nucleus to activate important
transcription factors. Also under stress conditions crosstalk between ER and
mitochondria can regulate important inflammatory and apoptotic pathways. However

there are some missing players in nutrient overloading induced stress conditions.

IRE1, the main ER stress signaling pathway on ER membrane, is the focus of this thesis.
Through its RNase and kinase domains, it plays important roles in immune activation
and apoptosis under prolonged ER stress conditions. Thus, we hypothesized that we
could protect the cell from metabolic stress induced inflammation by specific
pharmacological modulation of IRE1 RNase function. Furthermore, we could prevent
progression of metabolic disease atherosclerosis in which metabolic exposure to lipids

activates ER stress and initiates inflammatory response.

As a first step, | wanted to analyze the specific role of the IRE1 RNase activity on
transcriptional signature of pro-atherogenic genes and conducted RNA-seq analysis in
bone marrow derived macrophage cells. Then I tested the immunological effects of IRE1
RNase domain under lipid induced ER stress conditions in both BMDM cells and human
PBMCs.
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Current state of literature reflected that the connection between ER stress and
mitochondrial stress induced ROS production played an important role on immune
activation, specifically on inflammasome activation. To further clarify the role of IRE1
RNase activity on inflammasome activation and mitochondrial ROS production under
ER stress conditions, | conducted in vitro immunostaining experiments for detection of
mitochondrial ROS production and searched new players that both regulated mtROS

production and they were regulated by IRE1 RNase function.

After testing specific functions of IRE1 RNase activity in vitro, | decided to test whether
pharmacological inhibition of IRE1 RNase activity could affect atherosclerosis
progression through altering immunological state in atherosclerosis plaque structures.
For this purpose | used IRE1 RNase domain specific drugs; STF-083010 and 4u8c.
ApoE™ mice were used as an atherosclerotic mouse model and they were fed with high
cholesterol western type diet. After the initiation of plaques, STF-083010 and 4u8c were
intraperitoneally injected into the mice. For the analysis of the results, | performed (i)
immunohistochemistry stainings on both en face aorta and heart sections (aortic sinus
part), (ii) 1 performed immunofluorescence staining on heart sections for the analysis of
plague composition, (iii) | also analyzed blood plasma samples for both immunological
markers and lipoprotein profile, both were important for atherosclerosis progression and
(iv) I further analyzed the different Th type immune response markers on splenocytes of

control and drug treated animal groups.
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Chapter 2.

Materials and Methods

2.1. Materials

2.1.1. Reagents

General laboratory chemicals and reagents are listed in Table 2.1

Table 2.1. Chemicals, reagents, Kits used for general laboratory purposes

Product Provider Catalog No.
-mercaptoethanol Sigma-aldrich 63690
Acrylamide %40 solution(acrylamide- | Fisher scientific BP1408-1
bisacrylamide)

Amersham ECL Prime Western | GE Healthcare RPN2236
Blotting Detection Reagent

Chloroform Sigma —Aldrich 24216
Ethanol Absolute Sigma —Aldrich 32221
Ethylenediaminetetraacetic acid | AppliChem A3562,1000
(EDTA)

Formalin Solution 10 % Sigma-Aldrich HT501128-4L
DAPI Abcam ADb104139
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Product Provider Catalog No.

Glycine Glentham GM2385

HEPES Buffer, 1M stock in normal | Lonza 17-737F

saline

Ampicillin Sodium Salt Cayman 69-52-3

Bovine Serum Albumin (BSA) Santacruz Sc23234

DC Protein Assay Reagents Package | Biorad 5000116

NucleoBond Xtra Midi Macherey Nagel 740410100

PageRuler Prestained Protein Ladder, | Thermo Fisher | 26620
Scientific

Protease inhibitor cocktail EDTA free | Sigma P8340-5ML

Phosphatase inhibitor cocktail3 Sigma P0044

PVDF Transfer Membrane Pierce-Thermo 88518
Scientific

Roche Light cyler 480 SYBR Green | Roche 4887352001

Master Mix

OCT compound Containing -Tissue | SAKURA Tissue TEK | 4583

Tek

Tris Base Sigma T1503

Triton X-100 AppliChem A1388,0500

Trisure BIOLINE Bio 38033
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2.1.2. Cell culture chemicals and reagents

Table 2.2. Chemicals, reagents, kits and media used in cell culture

Product Provider Catalog number
DMEM 4.5g/L Glucose w/ Ul Lonza BE12-
604F/U1/12
RPMI Gibco 21875091
Polyethylamine PolySciences 33966
Bovine Serum Albumin (BSA) Fatty Acid Free | Sigma A7030-500G
Fetal bovine serum (FBS) Gibco 10270-106
Penicillin Streptomycin 10000U/ml Gibco 15140-122
Trypsin-Edta (0,25%) phenol red Gibco/  Thermo | 25200-056
Fisher
Dimethyl sulfoxide (DMSO) Sigma 472301
Dulbecco’s Phosphate Buffered Saline (DPBS) | Gibco 14190094

2.1.3. Antibodies

Antibodies used in Western blot, immunofluorescence and FACS analysis are listed in

Table 2.3.
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Table 2.3. Antibodies used in study

Western Blot Antibody Provider Catalog Conditions
Number
B-Actin Santa Cruz Sc-47778 1hr RT
Total IRE1 Cell Signaling 3294 o/n4°C
P-IRE1 Abcam Ab124945 1hr RT
Caspasel Santa Cruz M20; sc-514 o/n4°C
IL-1PB Abcam ab9722 o/n4°C
Goat Anti-rabbit IgG-HRP Santa Cruz sc2004 1hr RT
Goat Anti-mouse 1gG-HRP Santa Cruz sc2005 1hr RT
Immunofluorescence Antibody | Provider Catalog Conditions
Number
Moma-2 Abcam ab33451 o/n4°C
IL-1B Abcam ab9722 0/n4°C
a-SMA Abcam ab5694 o/n 4°C
anti-CD3-Alexa488 Biolegend 100212 1hr 37°C
FACs Antibody Provider Catalog Conditions
Number
Zombie Green BioLegend 423111 30min 4 °C
PerCP-Cyb5.5-conjugated antiCD4 | BD Bioscience 550954 30min 4°C
APC-conjugated IFNy BD Biosciences 554413 30min 4 °C
PE-conjugated IL-17A BD Biosciences 559502 30min 4 °C
PE-conjugated IL-4 antibodies BD Biosciences 554389 30min 4°C
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2.1.4. Solutions

Solutions used in the study summarized in Table 2.4

Table 2.4. Solutions used in study

Buffer

Composition

5X  Laemmli lysis
buffer

10% SDS, 50% glycerol, 25% 2-mercaptoethanol, 0.02%
bromphenol blue and 0.3125 M Tris HCI, pH approx. 6.8.

10X SDS Running
Buffer

30g Tris-Base, 1449 Glycine, 10gr SDS 1L dH,0

10X SDS Transfer
Buffer

30g Tris-Base, 1449 Glycine

10X TBS 1.5 M NaCl (87.76 g), 100 mM Trizma Base adjust pH 8.0
with 1IN HCI complete volume to 1 liter with ddH20

IX TBS-T 450 ml ddH,0, 50 ml 10x TBS, 500 ul Tween

10X PBS 80 g NaCl, 2 g KCI and 15.2 g sodium phosphate dibasic

HBS Buffer for
Electroporation(Instead
of R Buffer)

10% Resolving Gel

5 % Stacking Gel

1.5 M Tris-HCI
(pH: 6.8)

1.5 M Tris-HCI
(pH: 8.8)

dehydrate to 1L dH,O, pH to 7.4

21 mM commercial HEPES (pH; 7.05), 137 mM NaCl,5 mM
KCI,0.7 mM Na,HPO,4,6 mM Glucose. Before using, filter and
and keep at 4°C.

2,5 ml 40% Acrylamide mix, 2,5 ml 1.5 M Tris-HCI (pH: 8.8),
100 ul 10% SDS and 100 ul 10% Ammonium persulfate, 4 ul
0.08% TEMED; completed to 10 ml with ddH20

620 ul 40% Acrylamide mix, 630 ul 1.5 mM Tris-HCI (pH:
6.8), 50 ul 10% SDS and 50 ul 20% Ammonium persulfate, 5
ul 0.1% TEMED; completed to 5 ml with ddH20

12 g Tris Base (Trizma) is dissolved with 60 ml ddH20, pH is
adjusted to 6.8 with 1 N HCI and volume is made up to 100 ml
with ddH20.

54.45 g Tris Base (Trizma) is dissolved in 150 ml ddH20O, pH

is adjusted to 8.8 with 1 N HCI and volume is made up to 300
ml with ddH2O. It is stored at 4 °C.
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Phospholysis Buffer | 50 mM HEPES (pH: 7.9), 100 mM NaCl, 4 mM Tetra Sodium
pyrophosphate (Na4P207), 10 mM EDTA, 10 mM NaF, 1%
Triton, 2 mM Sodium orthovanadate (Na3vO4), 1 mM
phenylmethanesulfonylfluoride (PMSF), Phosphatase Inhibitor
Cocktail 3 (Sigma, P0044) and 1X Protease Inhibitor Cocktail
(10uM/ ml)

2.1.5. Bacterial Strains

Plasmids encoding XBP1s (21833) and WT IRE1a (13009) were purchased from
Addgene.

2.1.6. Cell lines and Their Growth Conditions

IRE1™~ MEFs were provided by Gokhan Hotamisligil, Harvard School of Public Health.
They were grown in DMEM with %10 FBS.

BMDMs were isolated from C57BL/6 mice. They were grown in RPMI medium
enriched with 15% L929 conditioned medium and 1% P/S, %10 FBS.

2.1.7. IRE1 RNase Inhibitors

STF-083010, (N-[(2-Hydroxy-1-naphthalenyl) methylene]-2-thiophenesulfonamide),
IRE1 RNAse inhibitor, was purchased from SIGMA-ALDRICH (SML-0409), Santa
Cruz (sc-474562) and Atamol (AT50112). It was dissolved in DMSO.

4u8c, 7-Hydroxy-4-methyl-2-ox0-2H-1-benzopyran-8-carboxaldehyde, IRE1 RNase
inhibitor, was purchased from Calbiochem (412512) and Sigma (SML0949) dissolved in
DMSO.
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2.2. Methods

2.2.1. Cell Culture and Treatments

Isolation of BMDM Mouse tibia and femurs were dissected, separated from muscle
tissue and placed in PBS. After cutting distal ends of femurs and tibiae, the bone marrow
was flushed with RPMI with a 25G needle. The bone marrow was collected into RPMI
including 1% Penicillin/streptomycin (P/S) cocktail and passed through a cell strainer
(BD, 352350). This was followed by centrifugation at 400 x g for 5 minutes at 4°C.
After centrifugation, the cells were resuspended in RPMI1640 medium containing 1%
Penicillin/streptomycin (P/S) cocktail with 15% L929 conditioned medium and 10%
FBS. The cells were seeded for growth on plates until differentiation into macrophages

for 7 days.

Inflammasome activation We pre-treated BMDMs with 100 uM STF-083010 for 1 hour
or with indicated concentrations of 4u8c, then stimulated with 200 ng/ml ultrapure
Lipopolysaccharide (LPS) for 3 hours. Then, we treated them with 1000um palmitate-
BSA for 20 hours. We used human peripheral blood mononuclear cells (PBMCs),
purchased from Zenbio (Research Triangle Park, NC, USA) and grown in Lymphocyte
Medium (RPMI 1640, 2mM L-Glutamine, 10% Fetal Bovine Serum, and 1% P/S)
according to instructions provided by the manufacturer. We pre-treated cells with 100
uM 4u8c before stimulation with ultrapure LPS (200 ng/ml) for 3 hours. This was
followed by treatment with ethanol-BSA (control) or palmitate (PA)-BSA (500 uM).

Induction of mtROS We pre-treated BMDMs for 1 hour with 100 uM 4pu8c, followed by
sequential stimulation with 200 ng/ul LPS (3 hours). Then, we treated them with 1000
uM PA/BSA or ethanol-BSA (control) for 20 hours.
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2.2.2. Preparation of Palmitate-Bovine Serum Albumin Complex

Palmitate (PA) was prepared as 500 mM stock solution by dissolving it with absolute
ethanol and stored at —80 °C. To obtain a working concentration, we diluted into 1%
fatty acid free BSA in RPMI1640 medium (without serum) and warmed at 50°C for 30

minutes with occasional vortexing.

2.2.3. Preparation of Cholesterol Crystals

Cholesterol was prepared as 10 mg/mL stock solution in ethanol and heated to 60 °C.
Then it was brought to room temperature to allow the crystallization process. After
taking out the cholesterol crystals, we washed them with PBS and prepared working
concentrations by suspending them in RPMI-1640 medium at 5 mg/ml. In our

treatments, we used 400 pg/mL cholesterol crystals for 20 hours as described (265).

2.2.4. Quantification of Mitochondrial ROS Production (mtROS)

mtROS production was measured with MitoSOX™ Red mitochondrial superoxide
indicator (M36008, Life Technologies) according to the protocol provided by the
company. Representative images were acquired with a confocal microscope (Zeiss, LSM

510) and analyzed with ImageJ (National Institutes of Health).

2.2.5. Western Blot Analysis

We lysed cells in the phospholysis buffer (50 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.9, 100 mM sodium chloride, 10 mM

ethylendiamine tetraacetic acid (EDTA), 10 mM sodium fluoride, 4 mM tetrasodium
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diphosphate, 1% Triton X-100, 2 mM sodium orthovanadate, 1mM
phenylmethanesulfonyl fluoride (PMSF), 1X phosphatase inhibitor cocktail and 1X
protease inhibitor cocktail). We centrifuged the lysates to clear them from cellular
debris. After measuring their concentrations with DC Protein Assay Reagents Package
(BioRAD), we added 5X SDS loading dye. For the detection of cleaved caspase-1
(active p10 form) in the cell medium, we collected cell culture supernatants and mixed
them with 2X SDS loading dye. These were then heated at 95°C for 5 minutes before
loading on SDS-PAGE gels. After performing SDS-PAGE separation we transferred
proteins onto PVDF membranes. For blocking and antibody incubations we used TBS
with 0.1% Tween-20 (v/v) and 5% (w/v) dry milk or BSA. We visualized antibody
detected bands on the PVDF membranes by using the ECL prime reagent (Amersham)

on a BioRAD chemiluminescence imager.

2.2.6. Transfection

We transfected indicated plasmids into IRE1”" MEFs with polyethylenimine (Sigma).
Transfection was performed when cells reached 60-80% confluency. We used 2ug DNA
for every 4.5x10° cells. For BMDMs, we used the electroporation method suggested for
this cell type by the Neon electroporation system (Invitrogen MPK10096) according to
protocols provided by the manufacturer.

2.2.7. RNA Interference

In the RNA silencing experiments, we used indicated siRNA reagents; 50 nM siRNA
against IRE1 (Qiagen; S10099588), 70 nM siRNA against XBP1 (Qiagen; S101473227),
100nM siRNA against LONP1 (Qiagen S101390298) or scrambled siRNAs (Qiagen;
1027281). We treated cells with indicated reagents mentioned in cell culture and cellular

treatments were done 24 hours after transfection.
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2.2.8.

RNA Isolation and Quantitative RT-PCR

Total RNA from cells were isolated using Trisure (Bioline) according to protocol in the

reagent data sheet.

We used Revert Aid First strand cDNA synthesis Kit

(Thermoscientific; K1691) for reverse-transcription of RNA into cDNA according to the

manufacturer’s protocols. JRT-PCR reactions were performed using specific primers

and Roche Sybergreen on a Rotor Gene (Qiagen). The primers were shown in Table

2.5.

Table 2.5. Real Time PCR primers

Gene Forward Reverse

Human

GAPDH GACCACAGTCCATGCCATCACT TCCACCACCCTGTTGCTGTAG
XBP1 TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG
CCL2 CTTCTGCGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
IL-1p TTACAGTGGCAATGAGGATGAC GTCGGAGATTCGTAGCTGGAT
Mouse

XBP1 TGAGAACCAGGAGTTAAGAACACGC | CCTGCACCTGCTGCGGAC
GAPDH GTGAAGGTCGGTGTGAACG GGTCGTTGATGGCAACAATCTC
CCL2 CTTCTGGGCCTGCTGTTCA CCAGCCTACTCATTGGGATCA
IL-1p CAACCAACAAGTGATATTCTCCATG |GATCCACACTCTCCAGCTGCA
MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
S100A8 AAATCACCATGCCCTCTACAAG CCCACTTTTATCACCATCGCAA
S-ACTIN TTCGTTGCCGGTCCACACCC GCTTTGCACATGCCGGAGCC
GAPDH TGAGAACCAGGAGTTAAGAACACGC [CCTGCACCTGCTGCGGAC
PDGFRB AACCCCCTTACAGCTGTCCT TAATCCCGTCAGCATCTTCC
SCARA3 TGCATGGATACTGACCCTGA GCCGTGTTACCAGCTTCTTC
TXNIP TCTTTTGAGGTGGTCTTCAACG GCTTTGACTCGGGTAACTTCACA
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AACt method was used for quantifications. We used GAPDH and B-actin transcript

levels for normalization based on LifeSciences-Roche website instructions.

(http://plantbio.okstate.edu/resources/PCR_Core/Roche_Real Time%20PCR%20Applica
tion%20Manual.pdf). For fold-change calculations we used the following formula;
(Primer efficiency)-AACt where AACt means ACt (target gene) - ACt (reference gene)
and Ct means (threshold cycle). Results were analyzed from three or more independent

experiments using the Student’s t-test.

2.2.9. Mitochondrial Calcium Measurement

RHOD-2AM (Thermo Scientific) was used for Mitochondria specific calcium
measurement. 5x1075 cell / well was seeded to 12 well cell culture plates and then
subsequent treatments were performed. Cells were stained with 2, 5 uM RHOD-2 AM in
%10 FBS and %10 glucose containing calcium free PBS at 37°C for 30 minutes. Cells
were washed once with the same medium and then kept in 1uM EDTA containing %10
PBS for 10 minutes. Finally, they were washed with %2 FBS containing PBS. For
reading in fluorescence-activated cell sorting (FACs) they were placed in % 2 FBS
containing FACS buffer and signal is measured at excitation: 552nm and emission: 581
with PE filter at Beckman Coulter CytoFlex Flow Cytometry Instrument (266).

2.2.10. RNA-Sequence: Library Preparation and Sequencing

Total RNA isolation was done using Trisure (Bioline) prior to RNA-sequencing. For this
purpose, control (DMSO treated) and IREL1-inhibited (with STF-083010) BMDM cells
were used. After isolation, we treated the RNA samples with 20U of DNase | (New
England Biolabs) to remove any genomic DNA contamination. The RNA concentrations
were measured using a NanoDrop (ND-2000) Spectrophotometer. RNA quality was

checked in an Agilent Technologies 2100 Bioanalyzer. Then, we depleted ribosomal
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RNA from 5 micrograms of total RNA using the Ribo-Zero Gold rRNA Removal kit
(Epicentre Biotechnologies) based on the manufacturer’s recommendations. Sequencing
libraries (for whole transcriptome analysis) were prepared using ScriptSeqTM v2 RNA-
Seq Library Preparation Kit (Epicentre Biotechnologies) following the manufacturer’s
recommendations. After 3'-terminal tagging, the di-tagged cDNA was purified using
column concentrators (DNA clean-up and concentrators, Zymo Research). The cDNA
libraries were barcoded to allow sample multiplexing using ScriptSeqTM Index PCR
Primers (Set 1) (Epicentre Biotechnologies). The libraries were amplified by 12 cycles
of PCR and the amplified libraries were size selected and purified using 8% TBE
acrylamide gels. Agilent Technologies 2100 Bioanalyzer was used for the quantification
of the libraries. Up to four RNA-seq Libraries were then multiplexed in a single lane of
an Illumina HiSeq2500 deep-sequencer flow cell (UCSF Center for Advanced

Technologies) and sequenced using 50 bp single-end sequencing chemistry.

2.2.11. RNA Sequencing Data Processing

The FastQ/A clipper found in the FastX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/)

was used for the removal of  the 3’ adapter sequences
(AGATCGGAAGAGCACACGTCTGAAC) from the sequenced libraries after de-
multiplexing, and only read longer than 20 nucleotides were kept for alignment. The
adapter-stripped reads were then aligned the Bowtie indices for the mouse genome
reference version 10 of the University of California Santa Cruz Genome Browser
(mm10), using the splice junction mapper Tophat2 v2.0.9 and the sequence aligner
Bowtie 2 VV2.2.3.0. Using default parameters, the transcript assembler Cufflinks V2.1.1
was then used on the list of mapped reads to assemble and quantify transcripts using an
mm10 reference annotation and masking mitochondrial, rRNA, and tRNA sequences. To
estimate the changes in gene expression levels, the number of sequenced reads that align
to a gene of interest was then compared among biological samples using Cuffdiff

(default parameters). Changes in the levels of expression of normalized Cufflinks-
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quantified transcripts are expressed as FPKM/RPKM (reads per kilobase per million

reads mapped) values, which are widely, used gene expression profiling by RNA-seq.

2.2.12. Flow Cytometric Analysis of Intracellular Cytokine Staining

We isolated fresh splenocytes from mouse spleens and then removed erythrocytes using
a hypotonic, cell lysis buffer. We stimulated cells for 4 hours with phorbol-myristate-
acetate (PMA) (50 ng/ml, Abcam) and ionomycin (1pg/ml, Abcam) in the presence of
Golgistop (BD Biosciences). We stained the cells with zombie green (BioLegend) in
order to discriminate live cells from dead ones. Also PerCP-Cy5.5-conjugated CD4
antibody (BD Biosciences) was used for cell surface staining followed by incubation in
Cytofix/Cytoperm solution (BD Biosciences) at room temperature for 20 minutes. Then
cells were washed with the permeabilization buffer. For staining of intracellular
cytokines (IL-4 and IFNYy), Allophycocyanin (APC)-conjugated) IFNy, PE-conjugated
IL-17A and PE-conjugated IL-4 antibodies (all from BD Biosciences) were used. Data
were analyzed on BD Accuri C6 software.

2.2.13. Measurement of Secreted IL-1p and IL-18 and CCL2 Cytokines

We used commercial ELISA Kkits for detection of secreted cytokines in mouse plasma or
from conditioned medium as follows; mouse IL-1p Elisa Kit (Abcam), human IL-1p
Elisa Kit (Abcam), mouse IL-18 ELISA Kit (Medical & Biological Laboratories) and a
mouse CCL2 Elisa Kit (Abcam).
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2.2.14. Animal Study Design

For our atherosclerosis experiments, we used ApoE™ (Charles River WIGA GesmbH,
Sulzfeld, Germany). We put male mice (7 to 8 weeks of age) on a Western-type diet
(TD88137 mod. containing 21% fat and 0.2% cholesterol) (Ssniff, Soest, Germany) for
6 weeks. Then, we started intraperitoneal injections of STF-083010 (10 mg/kg) or
DMSO in 16% Cremophor EL (Sigma) saline solution as described previously (267).
We continued the diet and injections for 6 weeks.

Alternatively, ApoE™ mice were fed a Western diet for 8 weeks, and we began injecting
4u8c (10 mg/kg) or DMSO in 16% Cremophor EL saline solution to the mice as
described previously (134, 268) for 4 weeks while mice were continued on Western diet.
We measured weights every other day. Also, we measured blood glucose concentrations
only before and after treatments. At the end of the experiment, mice were anaesthetized
and blood was collected by cardiac puncture. We collected the following tissues;
adipose, spleen and liver, and immediately froze them in liquid nitrogen followed by
storage at -80 °C. After collecting the tissues, we performed perfusion with ice-cold PBS
and heparin (1000 U/ml), followed by 10% formalin solution. After this fixation step,
we carefully dissected the aorta, immediately immersed in 10% formalin and stored at 4°
C until analysis. After removing the heart from proximal aorta, we placed it in a tissue
mold with correct orientation, and covered with OCT (Tissue-Tek) and froze in ice-cold
isobutane solution, followed by storage in at -80 °C. We performed all animal
experiments according to approved protocols by the experimental animal care committee

at Bilkent University.

2.2.15. Staining of Cryosections

By using a cryostat (Leica CM1850), we cut 7 um thick cryosections from the aortic
roots of the frozen heart tissues and stained with; Oil red O (ChemCruz, 1320-06-5),
Masson’s trichrome (BioOptica 04-010802), Hemotoxylin and eosin (Mayer), anti-
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MOMA-2 (1:50, ab33451; Abcam), anti-CD3-Alexa488 (1:400; Biolegend), TUNEL kit
(11684795910; Roche), anti-o-SMA (1:150, ab5694; Abcam) and IL-1B antibody
(1:100, ab9722, Abcam).

Immunofluorescent stainings of lesions Antibody concentrations and incubation times of
used in fluorescence stainings were explained in both the materials part and above in
detailed. After staining, tissues were mounted with an antifade reagent including DAPI
(GR211467-2, Abcam). Representative images were taken with a Zeiss fluorescent

microscope.

Immunohistochemical stainings For quantifications of lipid loaded plaques area, we
stained heart tissue sections with Oil red O. Four consecutive aortic root cryosections
taken from every 60 um (in the first 180 um) beginning at the aortic cusp were used in
staining based on the previously published protocols (267). Masson’s trichrome staining
was used to quantify lesion collagen content according to manufacturer’s protocol (Bio-
Optica). For the quantification of total lesion area and necrotic core, we stained heart
sections with Hematoxylin and eosin according to published protocols (224) . All
quantifications were performed using ImageJ (NIH). Percentage of average cross-

sectional stained area per leaflet was calculated from all three valves.

2.2.16. En Face Aorta Staining

We removed all adventitia and fat tissue from aorta carefully under a stereo-microscope
(S8APO model; Leica, Berlin, Germany). After cleaning, we cut open the full aortas
longitudinally and pinned them on a black wax surface. For the quantification of lipid
accumulated lesion area, we stained them with Sudan IV (Sigma Aldrich 198102) as
described earlier (269). We captured representative images with a stereomicroscope

(Leica MC-120) attached to a HD digital camera. ImageJ software was used for the
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quantification of Sudan IVV-stained lesion areas and we represented the results as percent

stained area relative to total aortic area according to published protocols and (269).

2.2.17. Plasma Measurements

Mouse Metabolic Phenotyping Center at the University of Cincinnati conducted all
experiment for analysis of both the size distribution of lipoproteins and cholesterol or
triglyceride amount in them. Fast-performance liquid chromatography (FPLC) was used
for analyzing the size distribution of lipoproteins. Microtiter plate enzyme-based assay
was used for the resolution of major lipoprotein classes from plasma; the columns were
equilibrated in 50 mM phosphate-buffered saline. Furthermore they performed
cholesterol or triglyceride assays from collected fractions of major lipoprotein classes.

2.2.18. Statistical Analysis

Values are expressed as mean = SEM (Standard error of the mean). No samples were
treated as outliers and left out of analysis. Statistical significance was evaluated using
the Student’s t test or Mann Whitney test (for in vivo analysis, as indicated in the

figures). P<0.05 were considered as significant.

72



Chapter 3.

Results

3.1. Regulation of pro-atherogenic gene expression by IRE1’s endoribonuclease

activity

3.1.1. Transcriptome analysis in macrophages treated with an IRE1

endoribonuclease inhibitor

IRE1, an ER stress sensor in the UPR pathway, can regulate a wide variety of functions
in the cell ranging from pro-survival to apoptosis. Studies show kinase and
endoribonuclease (RNase) functions of IRE1 can initiate different downstream effects in
cells (27, 270). For example, IRE1 can initiate inflammatory pathways through its kinase
domain associated proteins (271, 272). A few studies also attribute a role for IRE1’s
RNase activity in inflammatory pathways, but these are mainly focused on the RIDD
function of this domain and were found to be dependent on the regulation of TXNIP
expression (133). In order to identify the full scope of IRE1’s RNase function in an
inflammatory cell, macrophage, | performed RNA sequencing in in bone marrow
derived macrophage cells obtained from mice and treated with a specific IRE1 RNase
inhibitor. To capture IRE1 regulated genes in normal conditions, | treated BMDMSs for 6
hours with the IRE1 RNase inhibitor, STF-083010, and without inducing a global ER
stress response. The differentially regulated genes were analyzed by RNA sequencing. |
filtered all of the differentially changed genes based on p value (p<0.05) and the fold-
change ratio (fold change>1.5). As a result, | identified 169 overexpressed genes and
135 downregulated genes upon IREL inhibition and when compared to control group

(Figure 3.1A, Appendix A, Table Al, A2, A3, A4). | further analyzed the downregulated
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genes by using Ingenuity Pathway Analysis (IPA) tool and categorized them based on

their relation with disease processes. | identified many pro-atherogenic genes such as

important cytokines, chemokines and their receptors were downregulated with the

inhibition of IRE1 RNase activity (Figure 3.1 B).
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Symbol Entrez Gene Name Fold p-value
Change
S$100A8 5100 Calcium Binding Protein A8 -3,83 5,00E-05
CCR2 Chemokine (C-C) Motif Receptor 2 2,98 5,00E05
CCL2 The chemokine (C-C motif) ligand 2 2,73 6,00E03
IL-1p Interleukin 1, Beta -2,58 4 09E02
CCR3 Chemokine [C-C) Motif Receptor 3 -2,48 1,30E-02
PLAZR1 Phospholipase A2 Receptor 1 2,04 2, 72E02
ITGA4 Integrin, Alpha 4 -1,93 5,00E05
MMP9 Matrix Metallopeptidase 9 -1,62 3. 91E02

Figure 3.1. IRE1 RNase activity regulates the expression of
atherogenic genes in BMDM cells.
(A) Volcano Plot analysis of upregulated and downregulated genes. (B) IPA tool
analysis of pro-atherogenic genes that are downregulated with IRE1 inhibition.

multiple pro-

Next, by using quantitative reverse transcription polymerase chain reaction (QRT-PCR)

method, | validated these pro-atherogenic genes in BMDMs. The results showed that

inhibition of

IRE1 RNase activity significantly decreased the expression of

proatherogenic genes such as (A) matrix metalloprotease-9 (MMP9), (B) calgranulin A
(S100A8), (C) C-C Motif Chemokine Ligand 2 (CCL2) and (D) interleukin-1p (IL-1P)
(p<0.01, p<0.01, p<0.001, p<0.05, respectively) (Figure 3.2 A,B,C,D).
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Figure 3.2. Confirmation of pro-atherogenic gene regulation by IRE1 in STF-
083010-treated BMDM cells.

(A-D) gRT-PCR confirmation of (A) interleukin-1p (IL-1p), (B) calgranulin A
(S100A8), (C) C-C Motif Chemokine Ligand 2 (CCL2) and (D) matrix metalloprotease-
9 (MMP9) in BMDM cells treated with 6 hours with STF-083010 or DMSO as control.
Data: mean values £ SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not significant;
Student’s t test).

| further confirmed the results by performing the same experiments with a different

IRE1 RNase inhibitor, 4u8c, in BMDM cells (Figure 3.3 A, B, C, and D).
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Figure 3.3. Confirmation of pro-atherogenic gene regulation by IRE1l in 4pu8C

treated BMDM cells.

(A-D) gRT-PCR confirmation of (A) interleukin-1p (IL-1pB), (B) C-C Motif Chemokine
Ligand 2 (CCL2), (C) calgranulin A (S100A8) and (D) matrix metalloprotease-9
(MMP9) in BMDM cells treated with the indicated doses of 4u8c or DMSO as a control.
Data: mean values £ SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not significant;

Student’s t test).

As anticipated, these RNase drugs did not have any effect on the kinase activity of IRE1
while they significantly decreased the RNase function of IRE1 (267, 273-275) (Figure
3.4 A, BandC).
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Figure 3.4. IRE1 RNase inhibitors, STF-083010 and 4u8c, successfully inhibit IRE1
RNase function without affecting IRE1 kinase function.

(A-B) Lysates from cells treated with the indicated inhibitors were analyzed by Western
blot using anti-phospho-IRE1 antibody. (C) Total RNA was isolated from inhibitor
treated cells and sXBP1 levels were analyzed by gRT-PCR. Data: mean values = SEM;
n = 3; ¥**¥p<0.001, **p<0.01, *p=<0.05, n.s. = not significant; Student’s t test).

3.1.2. Regulation of pro-atherogenic gene expression in IRE1 or sXBP1

overexpressing IRE” mouse embryonic fibroblasts

The splicing of XBP1 mRNA is dependent on IRE1 RNase activity (22). To assess the
role of this transcription factor on the regulation of the pro-atherogenic genes that appear
to be regulated by IRE1’s RNase activity in BMDM, | overexpressed sXBP1 and IRE1
in the IRE1”" mouse embryonic fibroblasts (MEFs). | observed overexpression of both
proteins leads to a significant increase in IL-1B, CCL2 and S100A8 mRNA levels
(Figure 3.5 A, B and C). For these experiments, the successful overexpression of
plasmids was confirmed with gRT-PCR analysis of IRE1 and sXBP1 levels in the cells
(Figure 3.5 D)
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Figure 3.5. Forced expressions of IRE1 and XBP1s in the IRE1” MEFs induce the
expression of pro-atherogenic genes.

(A-D) gRT-PCR analysis of the following genes; (A) IL-1p, (B) CCL2, (C) S100A8 and
(D) XBP1s was performed on total RNA lysates obtained from IRE1, sXBP1 or vector
(control) plasmid transected IRE”- MEFs. Data: mean values + SEM; n = 3; ***p<0.001,
**p<0.01, *p<0.05, n.s. = not significant; Student’s t test).
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3.2. Regulation of IL-1p and CCL2 levels under lipid induced ER stress

conditions in both mouse and human macrophages.

While lipids have many essential functions such as acting as structural components of all
cellular membranes and as signaling molecules, they can cause toxicity when cells
devoid of a capacity for storing them are overloaded with lipids (276). The detrimental
consequences of exposure to excessive amounts of lipids include increased production of
reactive oxygen species (ROS), ER stress and inflammation—collectively known as
lipotoxicity—and can result in apoptosis (277). Earlier studies from our laboratory as
well as others showed that treatment of cultured macrophages with saturated fatty acids
(SFA) such as palmitate (PA) elicits profound ER stress (118). Also, | recently showed
that PA integrates into ER membranes, leading to IRE1 oligomerization, followed by
XBP1 mRNA splicing (224).

Since | observed that IRE1 RNase function controls the expression of several important
pro-atherogenic genes, | next sought to understand whether IRE1’s RNase function is
important for the regulation of pro-atherogenic genes in lipotoxic ER stress conditions in

macrophages that can drive atherosclerotic disease progression.

3.2.1. Regulation of IL-1p levels under lipid-induced ER stress conditions in

bone-marrow derived macrophages.

To assess the role of IRE1 RNase domain in the production of IL-1 in lipid-induced ER
stress conditions, | treated LPS-primed (3 hours) BMDMs with palmitate (20 hours) in
the presence or absence of IRE1 RNase inhibitors (STF-083010, 4u8c). | showed that
inhibition of IRE1 RNase activity with two different drugs can block both IL-1f mRNA

production and mature IL-1p secretion from cells (Figure 3.6 A, B, C and D).
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Figure 3.6. Reduction of lipid-induced IL-1p production in BMDM cells with IRE1

inhibitors.

(A) qRT-PCR analysis of IL-1p mRNA levels in LPS-primed, palmitate stimulated
BMDM cell that were pre-treated with STF-083010 or DMSO (control). (B) IL-1p was
measured with ELISA from the conditioned media of the treated cells in (A). (C)
Western blot analysis of pro-IL-1B and mature IL-1p from LPS-primed, palmitate-
stressed BMDM cells that were also pre-treated with or without 4u8c. (D) gRT-PCR
analysis of IL-1p mRNA levels from the treated cells in figure (C). Data: mean values +
SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not significant; Student’s t test).
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To further confirm our results, | measured sXBP1 mRNA levels and IRE1l
phosphorylation status of IRE1 RNase inhibitor-treated BMDMs with gRT-PCR and
western blotting sequentially (Figure 3.7 A, B, C and D). As expected, | observed
reduction in sXBP1 mRNA levels (Figure 3.7A and C) while no change in IREl
phosphorylation was detected upon inhibitor addition (Figure 3.7B and D).
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Figure 3.7. Confirmation of STF-083010 and 4p8c treatments in BMDM cells.

(A) gqRT-PCR analysis of sXBP1 levels and (B) western blot analysis of phospho-IRE1
levels of the LPS-primed, palmitate-stressed BMDM cells that were treated with STF-
083010 or DMSO (control). (C) gRT-PCR analysis of sXBP1 levels and (D) western
blot analysis of P-IRE1 levels of LPS-primed, palmitate stressed BMDM cells that were
treated with 4u8c or DMSO (control). Data: mean values + SEM; n = 3; ***p<0.001,
**p<0.01, *p<0.05, n.s. = not significant; Student’s t test).
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3.2.2. Regulation of IL-1p levels in human peripheral blood mononuclear cells
(PBMC) under lipid induced ER stress.

Next, | analyzed the impact of IRE1 RNase inhibitors on secreted IL-1p levels in human
peripheral blood mononuclear cells. The cells were treated as mentioned in the methods
section. Confirming our BMDM findings, | observed a significant reduction in secreted
IL-1B levels in PBMCs lipid-induced ER stress that are treated with IRE1 RNase
inhibitor (Figure 3.8 A and B).
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Figure 3.8. IRE1 RNase inhibition reduces IL-1f production in lipid-stressed
PBMCs.

(A-B) Secreted IL-1B levels were measured with (A) ELISA and (B) western blot in
LPS-primed, palmitate-stressed PBMC that were treated with 4u8c. (C) qRT-PCR
analysis of XBP1s mRNA levels in the same cells used in (A and B). Data: mean values
+ SEM; n = 3; #**p<0.001, **p<0.01, *p<0.05, n.s. = not significant; Student’s t test)
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3.2.3. The impact of IRE1 and XBP1 silencing by siRNA on lipid-induced IL-1p

production in bone marrow derived macrophages

To further characterize the role of IRE1-XBP1 axis in the lipid induced IL-1pB
production, | silenced both IRE1 and XBP1s with specific siRNAs against them. |
managed effective reduction of IRE1 mRNA (Figure 3.9 A) and spliced XBP1 (Figure
3.9 B) mRNA expression levels in the BMDM cells using these specific SiRNASs. In both
transfection experiments, silencing of IRE1 and sXBP1 led to reduction in both mRNA
and secreted protein levels of IL-1p (Figure 3.9 C, D). These results indicate that IRE1 -

XBP1s axis is directly involve in lipid-induced IL-1B production.
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Figure 3.9. Silencing of IRE1 and XBP1s by siRNA reduces IL-1p levels in BMDM

cells.

(A-B) gqRT-PCRs analysis of (A) IRE1 and (B) XBP1s from total RNA isolated from
BMDM cells treated with specific sSiRNAs against the same genes, respectively. (C-D)
From the same cells (C) secreted IL-1p was measured from the conditioned cell medium
by ELISA and (D) IL-1p mRNA was measured from total RNA by gRT-PCR. Data:
mean values + SEM; n = 3; ***p<0.001, **p<0.01, *p=<0.05, n.s. = not significant;
Student’s t test).

3.2.4. Regulation of CCL2 levels by IRE1 during lipid-induced ER stress in bone

marrow derived macrophages.

| further analyzed the role of IREL in the regulation of CCL2, another important pro-
atherogenic cytokine, under lipid-induced ER stress conditions in BMDMs. Inhibition of
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IRE1 RNase domain with both drugs, STF-083010 and 4u8c, prevented the production
of CCL2 under lipid-induced ER stress conditions (Figure 3.10 A,B and C).
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Figure 3.10. IRE1 RNase inhibitors block CCL2 production in BMDM cells.

(A-B) LPS-primed, palmitate-stimulated BMDM cells were treated STF-08030 or
DMSO (control): (A) CCL2 mRNA levels were measured by gRT-PCR from the total
RNA. (B) Secreted CCL2 was measured by ELISA from the conditioned medium of
these cells. (C) LPS-primed, palmitate-stimulated BMDM cells were treated 4u8c or
DMSO (control). CCL2 mRNA was measured from the total RNA of these cells using
gRT-PCR method. Data: mean values £ SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05,
n.s. = not significant; Student’s t test).
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3.2.5. Regulation of CCL2 levels by IRE1 during lipid-induced ER stress in

human peripheral mononuclear cells.

| also checked the level of CCL2 in lipid-stressed human PBMCs that were treated with
4u8c. The results were in accordance with those obtained from BMDMs; there was a
significant decrease in lipid-induced CCL2 mRNA levels in PBMCs after 4u8c
treatment (Figure 3.11).
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Figure 3.11. 4u8c treatment blocks lipid-induced CCL2 production in PBMC cells.

CCL2 mRNA levels were measured by qRT-PCR from the total RNA lysates obtained
from LPS-primed, palmitate-stimulated BMDMs that were treated 4u8c or DMSO
(control). Data: mean values £ SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not
significant; Student’s t test).

3.2.6. Confirming IRE1-dependent regulation of CCL2 by suppressing the
expression of IRE1 and XBP1

To confirm the role of IRE1-XBP1 signaling axis in regulating CCL2 levels during
lipid-induced ER stress, | silenced BMDM cells with specific sSiRNAs targeting IRE1
and XBP1. Reduction in the expression of both IRE1 and XBP1 resulted in suppression
of lipid-induced mRNA expression and secretion of CCL2 (Figure 3.12 A and B).
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Figure 3.12. Silencing of IRE1 and XBP1 with siRNA leads to suppression of lipid-
induced CCL2 levels in BMDMs.

(A-B) LPS-primed, palmitate-treated BMDMSs were silenced with specific SIRNAS
targeting IRE1 and XBP1 (A) CCL2 mRNA was measured by g-RT-PCR from the total
RNA lysates and (B) protein levels was measured with ELISA from the conditioned cell
medium of the same cells in (A). Data: mean values + SEM; n = 3; ***p<0.001,
**p<0.01, *p<0.05, n.s. = not significant; Student’s t test).

3.3. Regulation of NLRP3 inflammasome activation with IRE1

3.3.1. The role of IRE1 in the regulation of caspase-1 activation by lipid stress

For the secretion of mature IL-1B, the inflammasome complex must be formed and
activate caspase-1 enzyme by converting zymogen caspase-1 into cleaved and active
form of caspase-1. Then, active caspase-1 can further cleave the pre-IL-1p to its mature
and secreted form (278). Based on the evidence presented in my thesis showing
inhibition of IRE1 RNase domain can suppresses both IL-1f mRNA levels and its
secretion, it is plausible that IRE1 may regulate lipid-induced inflammasome activation

and caspase-1 cleavage, upstream of IL-1f production and secretion.
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To gain further insight, | pre-treated BMDM cells with STF-083010 or DMSO (control),
prior to priming with LPS, and induced lipid stress with the addition of palmitate for
indicated time and durations as in material and methods. These two stimuli, palmitate
and LPS, are both needed for full activation of the inflammasome complex in BMDMs
cell culture. 1 observed that active or cleaved caspase-1 that was secreted into cell media
was decreased with the addition of STF-083010 (Figure 3.13 A). | repeated the same
experiment with the other IRE1 RNase inhibitor, 4u8c, and observed similar results
(Figure 3.13 B). To further categorize the role of XBP1 in lipid-induced inflammasome
activation | transfected BMDM cells with specific siRNAs targeting IRE1 and XBP1
genes. | observed suppression of caspase-1 cleavage in both XBP1 and IRE1 silenced
BMDMs compared to palmitate and LPS treated samples from scrambled siRNA treated
BMDMs (Figure 3.13 C).
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Figure 3.13. IRE1 inhibition blocks lipid-induced activation and secretion of
caspase- in BMDMs.

(A) LPS-primed, palmitate treated BMDM cells that were treated STF-083010 or
DMSO (control) and cleaved caspasel (pl0) and total caspasel (p45) levels were
detected by western blot. (B) LPS-primed palmitate treated BMDM cells that were
treated 4u8C or DMSO (control). Cleaved caspasel (pl0) and total caspasel (p45)
levels were detected by western blot. (C) BMDM cells that were transfected siRNA
XBP1 and IRE1 were LPS-primed and stressed with palmitate and cleaved caspasel
(p10) and total caspasel (p45) levels were detected by western blot.

3.3.2. IRE1 RNase activity specifically regulates NLRP3 inflammasome activation

Jenny P-Y Ting et al. identified the relation between fatty acids and inflammasome
activation for the first time. They showed that saturated free fatty acids, especially

palmitate, activated the NLRP3 inflammasome and promoted the secretion of IL-1§
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(118). After demonstrating the role of IRE1-XBP1 axis on the lipid induced activation of
NLRP3 inflammasome, | further wanted to analyze whether IRE1 plays a role in the
activation of other types of inflammasomes in macrophages. LPS-primed BMDM cells
were treated with aluminum salt (alum) crystals, cholesterol crystals and ATP that are
known to specifically induce the NLRP3 inflammasome (279). After these treatments,
as expected, | observed increase in both secreted, mature form of IL-1p and cleaved,
active form of caspase-1 in cell supernatants and this increase was abolished with 4u8c
treatment (Figure 3.14A)., These results show that in addition to IRE1’s role in lipid
induced inflammasome activation, IRE1 RNase activity can also regulate NLRP3

inflammasome activation by different stimuli.

To examine the role of IRE1 RNase activity in the regulation of other inflammasome
types, | treated LPS-primed, BMDM cells with poly (dA:dT) an inducer of AIM2 and
flagellin an inducer of NLRC4 as previously described in literature (224). All treatments
that activate distinct inflammasome complexes led to cleavage and activation of caspase-
1 followed by the secretion of mature IL-1p. Intriguingly, IRE1 RNase inhibition didn’t
decrease caspase-1 cleavage while it reduced secreted, mature IL-1B. | interpret these
results are due to IREL inhibitors’ suppressive impact on IL-1 mRNA production.
(Figure 3.14 B). In conclusion, IRE1 RNase activity specifically controls NLRP3
dependent caspase-1 activation by various NLRP3 inducers and does not impact the

activation of other inflammasome complexes.
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Figure 3.14. IRE1 RNase inhibition reduces NLRP3 inflammasome activation.

(A) LPS-primed BMDMs were pre-treated with 4u8c or DMSO and then stimulated
with NLRP3 agonist (5nM ATP, 200ug/ml alum, or 400 pg/ml cholesterol crystals).
From the cellular media, cleaved caspasel (p10) and secreted mature IL-1p levels were
detected by western blotting. (B) LPS-primed BMDMs were pre-treated with 4u8c or
DMSO and then stimulated with specific activators of other inflammasome complexes
[5 pg/ml poly (dA:dT) and 1 ug/ml flagellin] according to previously published
protocols. From the cellular media secreted cleaved caspasel (p10) and secreted mature
IL-1B levels were detected by western blotting. A representative blot from three
independent experiments is shown.

3.3.3. Regulation of lipid-induced mitochondrial oxidative stress by IRE1-XBP1

axis

Saturated fatty acids lead to the activation of IRE1 and simultaneously induce NLRP3
inflammasome. An earlier study showed that fatty acids activated NLRP3
inflammasome through the release of ROS from the mitochondria (118, 224). Therefore,
| investigated the role of IRE1 in mtROS production in response to lipid stress. | first
measured mtROS production in cells that are exposed to saturated fatty acids in the
presence of IRE1 RNase inhibitor 4u8c or in control conditions (DMSO). As expected,
lipid-induced stress led to a dramatic increase in the production of mtROS. This

elevation was blocked in the 4u8c pre-treated cells (Figure 3.15 A, B). In an effort to
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identify the specific role of XBP1 in production of mtROS under lipid induced stress
conditions, BMDM cells were transfected with siRNA specifically targeting XBP1 gene.
| observed that XBP1 knockdown blocked the elevation of mtROS in response to lipid

stress (Figure 3.15 C).
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Figure 3.15. IRE1-XBP1 axis regulates mtROS production in response to lipid
stress.

(A-B) mtROS production in lipid-induced BMDMs that were treated 4u8c or DMSO
was determined by the MitoSOX kit. (A) Representative figure for fluorescence staining
of mtROS in BMDMs using the MitoSOX fluorescence indicator. MitoSOX
fluorescence indicator was shown with red color, Mitotraker was shown in green color
(Scale bar: 20uM). (B) Quantification of staining in (A). (C) Quantification of mtROS
production in lipid-induced BMDMs that were transfected with siRNA targeting IRE1
and XBP1. Data: mean values + SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not
significant; Student’s t test).
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3.3.4. The impact of IRE1 on TXNIP induction and calcium mobilization from the
ER to the mitochondria

Earlier studies showed IRE1-dependent accumulation of thioredoxin-interacting protein
(TXNIP) led to activation of inflammasome in ER stress conditions (133). Therefore, I
sought to examine this molecular mechanism also couples lipid-induced ER stress and
NLRP3 inflammasome activation. In contrast to earlier results, which observed increase
in TXNIP with chemical ER toxins, lipid-induced ER stress was accompanied with the
suppression of TXNIP (Figure 3.16 A). Therefore, TXNIP induction cannot explain how
lipid-induced ER stress activates NLRP3 inflammasome. Another known mechanism
connecting ER stress to inflammasome activation is ER calcium mobilization into the
mitochondria, which generates mtROS and activates the inflammasome (280). To
analyze the role of IRE1 in Ca* mobilization under lipid stress, | measured
mitochondrial calcium uptake in cells that were exposed to lipid stress in the presence of
IRE1 RNase inhibitor 4u8c. | observed that lipid-induced ER stress led to increase in
mitochondrial calcium level, however, this increase could not be blocked by 4u8c
treatment (Figure 3.16 B). Combined with earlier findings reported in my thesis, these
results show that IRE RNase inhibition suppresses lipid-induced mtROS production, but
this reduction is not accompanied by TXNIP induction or Ca?** mobilization into the

mitochondria.
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Figure 3.16. Lipid-induced upregulation of mtROS production is independent of
changes in TXNIP levels or Ca2" mobilization into the mitochondria.

(A) gRT-PCR analysis of TXNIP mRNA expression in BMDMs that were treated with
4u8c. (B) Mitochondrial Ca?* levels were measured in LPS-primed, palmitate-stimulated
BMDMs that were treated with 4u8c or DMSO. Data: mean values £+ SEM; n = 3;
*#%p<0.001, **p<0.01, *p=<0.05, n.s. = not significant; Student’s t test).

3.3.5. IRE1-dependent regulation of mitochondrial matrix protease LONP1 and
mtROS production

In order to identify putative mechanisms through which IRE1 can monitor mtROS
production upstream of inflammasome activation, | focused on IRE1’s impact on a
mitochondrial matrix protease, LONP1, which can be induced by ER stress.
Thapsigargin (TG) and Brefeldin directly stimulate ER stress by leading to the
accumulation of unfolded proteins in ER, albeit through different mechanisms (281).
Treatment of Hela (Henrietta Lacks’ ‘Immortal’ Cells) cells with either one of these
toxins can induce LONP1 transcription (282). Furthermore, PERK is required for ER-
stress induced LONPL1 increase in these cells. Activation of PERK leads to inhibition of
elF2a-dependent general translation (282). But, translational inhibition does not explain
how ER stress can induce transcriptional regulation of LONP1 under ER stress
conditions. One of the consequences of PERK-dependent inhibition of cap-dependent
translation is the activation of translation of a select group of mRNAs with a second

open reading frame such as ATF4, a transcription factor that plays an important role in
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mediating ER stress response (283). Indeed, a later study has demonstrated that
downstream activation of transcription factors such as ATF4 and CHOP are responsible
for the induction of LONPL1 in ER stress conditions (284). Furthermore, it is not known
if the other UPR arms can contribute to LONP1 regulation during ER stress conditions.
Because, mitochondrial proteases contribute to mitochondrial homeostasis through
multiple ways, | next investigated if IRE1 can impact LONP1 regulation by ER stress
(282).

3.3.5.1. The impact of IRE1-XBP1 axis on the induction of LONP1 mRNA

expression by lipid-induced ER stress

| first treated BMDMs with increasing doses of 4u8c under lipid stress and evaluated
changes in LONP1 mRNA expression with gRT-PCR. | observed that LONP1
expression was increased with lipid stress, but suppressed by the addition of 4u8c in a
dose-dependent manner (Figure 3.17 A). Furthermore, | showed that silencing of IRE1-
XBP1 axis with specific sSIRNA targeting XBP1 gene, partially blocked the expression of
LONP1 mRNA (Figure 3.17 B).
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Figure 3.17. IRE1 RNase activity regulates mitochondrial LONP1 protease level in
BMDM cells.

(A) gRT-PCR analysis of LONP1 mRNA levels from RNA lysates of LPS-primed,
palmitate -stimulated mouse BMDMSs that were treated with indicated doses of 4u8c or
DMSO (control). (B) qRT-PCR analysis of LONP1 mRNA levels from RNA lysates of
LPS-primed, palmitate-stimulated mouse BMDMs that were transfected with siRNA
against IRE1 and XBP1. Data: mean values + SEM; n = 3; ***p<0.001, **p<0.01,
*p<0.05, n.s. = not significant; Student’s t test).

3.3.5.2.  The impact of LONP1 on lipid-induced mtROS production

Previous studies showed that LONP1 overexpression in many cancer cell lines could
induce ROS production (285). ROS are mainly produced from a dysfunction of
mitochondrial electron transport chain in cells (286). Earlier studies have suggested that
the induction of LONP1 could disrupt the assembly or function of these respiratory

complexes, thus resulting in the generation of mitochondrial ROS.

To assess the impact of LONP1 on lipid-induced mtROS production, | transfected
BMDMs with LONP1 siRNA and then treated with palmitate to induce the production of
MtROS (as described in detail in the materials and methods part of this thesis). While |
observed significant increase in mtROS in palmitate-treated cells, silencing of LONP1
by a specific siRNA against this gene blocked most of the lipid-induced mtROS in
BMDMs (Figure 3.18).
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Figure 3.18. Silencing of LONP1 reduces lipid-induced mtROS production in
BMDM cells.

BMDMs were electroporated with specific sSiRNA against LONP1 and primed with LPS
prior to induction of mtROS with palmitate treatment as described earlier in this thesis.
mtROS was stained using MitoSOX kit and the data was analyzed as described earlier in
this thesis. Data: mean values £ SEM; n = 3; ***p<0.001, **p<0.01, *p<0.05, n.s. = not
significant; Student’s t test).

3.4. In vivo applications of IRE1 inhibitors in ApoE” mice

All of the evidence provided in this thesis points to a critical role of IRE1 RNase activity
in lipid-induced inflammation. In addition, previous studies showed that atherosclerosis
could be attenuated by reducing ER stress or with anti-inflammatory treatments (237,
238, 256, 259). Therefore, | postulated that modulation of IRE1 RNase activity with
specific inhibitors can prevent atherosclerosis by limiting the effects of ER stress-
induced inflammation. To prove this notion, | used ApoE” mice, which are prone to
develop atherosclerosis under hypercholesterolemic, Western diet. | evaluated the effects
both IRE1 RNase inhibitors; STF-083010 and 4p8c on the ApoE”™ mice that were fed

with a Western diet for many weeks.
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3.4.1. The impact of IRE1 RNase inhibitor, STF-083010, on atherosclerosis in

ApoE™ mouse

ApoE™ mice were challenged with hypercholesterolemic, Western diet for 12 weeks and
then treated with 10mg/kg STF-083010 (in %30 Cremophore:Saline solution) by
intraperitoneal injection for 6 weeks while they continued on Western diet. The specific
dosage and delivery method for this drug was based on the earlier in vivo studies that
reported the usage of STF-083010 in vivo (267, 287).

14 weeks 20 weeks

Diet

.

I.P injection every day for 6 weeks
STF-083010 Group : 10 mg/kg
Control Group : DMSO

Figure 3.19. Experimental designs of STF-083010 treatment in mice

3.4.1.1. Analysis of body weight and blood glucose in animal groups

To evaluate chronic STF-083010 treatment’s effect on mice, | weighed them each day
and measured their blood glucose levels in the beginning and at the end of the drug
treatment. | observed that the drug treated and control mice gained equal amounts of
weight and they did not display any significant differences in their blood glucose levels.
These results show that STF-083010 treatment does not alter weight gain that could
result from an unwanted, toxic effect. Also, IRE1 RNase inhibition does not disrupt

systemic glucose metabolism (Table 3.1)
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Table 3.1. Body weight and blood glucose in treated animal groups

Variables Treatment Control STF-083010

n 6 6

Body weight (g) Before 303 + 35 283 £ 2.2
After 333 £ 5.1 29.8 + 25

Glucose (mg/dl) Before 120.5 + 18.5 134 + 13.3
After 79.0 + 11.8 726 + 151

3.4.1.2. Regulation of XBP1l splicing and the canonical RIDD targets by
STF083010 treatment in vivo

To test the efficacy of STF-083010 in inhibiting the IRE1 RNase activity, | isolated
RNA from the spleens of mice. By using gRT-PCR method, | measured the mRNA
levels of sXBP1 and the mRNA levels of several, canonical RIDD targets. | observed
that STF-0830-injected mice expressed lower sXBP1 mRNA levels when compared to
control mice (Figure 3.20 A). Furthermore, there was an increase in RIDD targets such
as scavenger receptor class a member 3 (SCARA3) and platelet-derived growth factor
receptors (PDGF-R) in the STF-083010-treated mouse spleens (Figure 3.20 B, C). On
the other hand, | did not observe reduction in the phosphorylation of IRE1 in liver
protein lysates demonstrating that STF-083010 did not alter IRE1’s kinase activity but
suppressed its RNase output (Figure 3.20 D).

100



>
w

o z 2 *
= s | —
@ 15+ g 1.5+
< <
g [ g
E 1.0 4 :E: 1.0+
& o
o o
<< <T
2 05; © 05-
2 £
o T]
m
= 0.0 r E 0.0 .
Control STF-083010 Control STF-083010
2 D
I
o
s 1.5-
& Control STF-083010
Z 1.0+
e | - B P-IRE1
<< e
a
= 0.5+
< .
% — — S S Actin
@ 0.0

L]
Control STF-083010

Figure 3.20. STF-083010 treatment inhibits IRE1 RNase activity in vivo.

(A,B,C) gRT-PCR analysis of IRE1 RNase targets from total RNA lysates obtained
from the spleen tissues of ApoE™" mice treated with STF-08301 or vehicle (control): (A)
XBP1s, (B) PDGFR, and (C) SCARA3. (D) Western blot analysis of IRE1
phosphorylation levels from the liver protein lysates of same animals in (A-C).

3.4.1.3. Assessment of toxicity in livers from STF-083010- treated ApoE™ mice

To assess the toxicity that could be related to the pharmacological inhibition of IRE1’s
RNase activity by STF-083010 in vivo, | evaluated the histopathology of the liver tissue
sections (stained with hematoxylin & eosin) obtained from ApoE™ mice (on Western
diet) that were treated with this inhibitor or vehicle (control) . | observed increase in
lipid accumulation in the control liver tissues and no morphological changes that could
be associated with the drug toxicity (Figure 3.21 A). For further confirmation of the lack

of liver toxicity, | performed ALT (alanine transferase) assay from plasma samples of
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mice and | did not observe any ALT activity changes that could be associated with liver
toxicity in relation to STF-083010 treatment in mice (Figure 3.21.B).
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Figure 3.21. STF-083010 treatment does not induce liver toxicity in ApoE” mice on
Western diet.

(A) Histopathological evaluation of the H & E stained liver tissue sections from STF-
083010- and vehicle-treated (control) mice. (B) ALT assay analysis of blood plasma of
STF-0830101- and vehicle-treated (control) mice.

3.4.1.4. Analysis of en face plaque area in STF-083010-treated ApoE” mice on
Western diet

To evaluate the impact of STF-083010 administration on plaque development, |

analyzed the plaque areas in en face aorta preparations from STF-083010- or vehicle

(control)-treated ApoE™ mice on Western diet. The total plaque area was calculated
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from the en face aorta that was stained with Sudan IV to demonstrate the lipid-enriched
lesion area (269). | observed that the plaque formations mainly accumulated in the
branched regions of arteries in drug-treated and control mice and as indicated in the
literature (269). | observed a significant reduction in the plaque areas of STF-083010-

treated mice when compared to control mice (Figure 3.22).
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Figure 3.22. STF-083010 treatment leads to a marked reduction in en face plaque
area.

(A) Representative images of en face aorta preparations showing red-stained (with
Sudan 1V) plaque area in STF-0803010- or vehicle-treated (control) ApoE™ mice on
Western diet. (B) Calculation of total plaque area (from mice in A) according to Sudan
staining. . ***P < 0.001; n=13-14.

In atherosclerosis-prone mice, aortic sinus found at the aortic root region, is the first
place where lesions first become prominent. Then lesions continue to the ascending
aorta (288). Therefore, methods have been developed to characterize the nature of the
aortic root plaques in terms of size, volume, and composition using histochemical or
immunofluorescent examination of serial sections obtained from the aortic sinus region
(289, 290). By using these well-established techniques, | analyzed the sections from
aortic sinus region of the hearts obtained from STF-0803010- or vehicle-treated (control)

mice.
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3.4.1.5. Analysis of plaque area in aortic root sections from STF-0803010-treated

ApoE™ mice on Western diet

To examine the aortic sinus lesion area, | cut serial sections of 7um thickness from the
beginning of the sinus area in the hearts of STF-0803010-treated or vehicle-treated
(control) ApoE™ mice on Western diet. | stained 4 different sections that were separated
by 60um (as described in materials and methods part or this thesis) with Oil red O stain
and analyzed the total area of lipid accumulation in each of the sections. | observed that
STF-083010 treatment resulted in a significant reduction of the lipid rich area in the

atherosclerotic mice (Figure 3.23).
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Figure 3.23. STF-083010 treatment reduces plaque area in aortic roots of ApoE”
mice on Western diet.

(A) Representative images of aortic root sections from STF-0803010- or vehicle-treated
ApoE™ mice on Western diet that were stained with Oil RedO (Scale bar 100um). (B)
Calculation of plaque area from the images depicted in (A). ***P < 0.001; n=5-6.
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3.4.1.6. Analysis of plaque composition in aortic root sections

Atherosclerosis plague regions are very heterogeneous in terms of their cell composition
such as endothelial cells, smooth muscle cells, inflammatory cells (mainly macrophages,
T cells and dendritic cells) and secreted mediators from these cells (cytokines, MMPs,
DAMPs) (291). Previous studies have reported activation of the UPR occurs in many
cell types in lesions is related to plaque progression (188). After observing the reduction
in plaque area with STF-083010 treatment, | wanted to analyze the impact of this drug

on plaque cellular composition.

3.4.1.7. The effect of STF-083010 treatment on macrophage population in aortic
root sections of ApoE”" mice on Western diet

Monocyte infiltration to the intima region of arteries is related to prior disruption of
endothelium by factors like disturbed blood flow (particularly in the branched regions),
the accumulation of lipoproteins and the accumulation of chemoattractant proteins on
the transformed endothelium. The monocyte accumulation in plaque area is a major
event initiating the inflammatory response dominating plaques and promoting lesion
progression (151). Due to the critical role of the macrophages in inflammation in
plaques, | analyzed the macrophage content in the aortic root sections obtained from
STF-0803010 or vehicle-treated (control) ApoE” mice on Western diet. For this
purpose | stained aortic root sections with an antibody against a protein that marks the
macrophages, monocyte/macrophage marker-2 (MOMA-2). | observed a significant
reduction in macrophage population in aortic root sections of STF-083010-treated mice
when compared to control mice. Importantly, when sections from the same mice were
stained with TUNEL assay, there were no changes in plaque apoptotic cell content
(Figure 3.24). These findings suggest that the decreased macrophage number was not

dependent on increased apoptosis, but likely due to the suppressive impact of IREL
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RNase inhibitors on the important macrophage chemotactic protein, CCL2, that I noted
in BMDM earlier.
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Figure 3.24. STF-083010 treatment reduces macrophage population without
altering apoptotic cell numbers in the proximal aortic root cryosections in ApoE-/-
mice fed Western diet.

(A) Representative images MOMA-2 stained aortic root sections from STF-0803010- or
vehicle-treated (control) mice are shown in the left panel and quantification are shown in
the right panel (Scale bar; 100um) and (B) Representative images for staining with
TUNEL assay of sections obtained from the same mice in A are shown in the left panel

and quantifications shown in the right panel (Scale bar; 50pm) are shown. . P < 0.01;
n=>5.

3.4.1.8. Analysis of IL-1p levels in both aortic root sections and tissues in STF-
08030-treated ApoE” mice on Western diet

Macrophages are a major contributor to the activation of immune response seen in
atherosclerosis progression (151). IL-1B, which is secreted from the macrophages upon
activation of the inflammasome, is one of the important immune activators in lesion

progression towards vulnerable plaques. Previous studies have shown blocking the IL-1p
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in ApoE™ mice significantly reduced lesion area (292). | also observed significant
reduction in IL-1p protein expression in heart sections of ApoE™ that were treated with
STF-083010 (Figure 3.25 A). Furthermore, IL-1p mRNA expression was markedly
reduced with STF-083010 treatment in spleen tissues from the same mice (Figure 3.25
B).
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Figure 3.25. STF-083010 treatment reduces IL-1p levels in both aortic root sections
and spleen tissues.

(A) Representative images for immunofluorescent staining for IL-1p in the aortic root
sections from ApoE-/- mice treated with STF-0803010 or vehicle (control) are shown in
the left panel and quantification is shown in the right panel. Scale bar: 100um; n=5; *P
< 0.05. (B) gRT-PCR analysis of IL-1p mRNA levels in spleen obtained from the same
mice in A. *P <0.05.
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3.4.1.9. Analysis of collagen content and fibrous cap thickness in aortic root
lesions from STF-0803010-treated ApoE” mice on Western diet

Smooth muscle cells are also one of the components of atherosclerotic lesions and they
migrate to the atherosclerotic lesion area and secrete collagen that forms a fibrous cap
sealing the plaque. This provides tensile strength and elasticity to plaques (163). Hence,
reduced collagen amount and fibrous cap thickness are important determinants of plaque
vulnerability. To determine whether in vivo inactivation of IRE1 RNase activity affects
the SMCs or secretion of collagen, | stained aortic root sections obtained from STF-
08030- or vehicle-treated (control) ApoE™ mice with either Mason’s Trichrome for
collagen analysis or a-SMC actin. | observed that IRE1 RNase inhibition contributed to
an increase in collagen amount without any changes in lesion SMC content (Figure 3.26
A and B. Also, | calculated fibrous cap thickness from Mason’s trichrome staining, but |
did not observe any changes that could be attributed to the drug treatment (Figure 3.26
C). These results suggested that the inhibition of IRE1 RNase activity could increase the
tensile strength and stability of plaques through inducing more collagen secretion from
lesion SMCs. However, since there was no marked increase in fibrous cap thickness

with the inhibitor, the latter finding argues against this possibility.
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Figure 3.26. STF-083010 treatment increases collagen content in plaques without
altering SMC content and increasing fibrous cap thickness in ApoE” mice on
Western diet.

Representative images appears in the left and center panels while gquantifications are
depicted in the right panel. (A) Collagen area was calculated from Masson’s Trichrome
staining (collagen, blue; muscle fibers and cytoplasm, red). Scale bar: 200um. (B)
VSMC area was calculated from Anti-a smooth muscle actin staining. Scale bar:
200um. (C) Fibrous cap thickness was calculated from samples in A. (Scale bar: 100
um). ns, not significant. "P < 0.05; n=5.
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3.4.1.10. Analysis of total lesion area and necrotic core area in aortic root sections
of STF-0803010-treated ApoE™ mice on Western diet

| analyzed total lesion area and necrotic core area of aortic roots. For this purpose, |
stained the tissue sections with H & E and calculated the percentage of necrotic area
over total plaque area for each mouse. The results of our analysis showed IRE RNase
inhibition did not affect total lesion area or necrotic core area in the aortic root sections
(Figure 3.27).
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Figure 3.27. STF-083010 treatment does not affect the size of necrotic core area in
ApoE-/- mice on Western diet.

Representative figures of aortic sections stained with H&E are shown in the left and
quantifications appear in the right panel. Scale bar: 150um. ns, not significant; n=5.

3.4.1.11. Analysis of Th-1 immune response in spleen tissues of mice

The role of T cells in the atherosclerosis progression is highly documented. Thl cells
form the majority of pathogenic T cell population infiltrating the atherosclerotic plaques.
Pathogenic Thl cells drive detrimental processes in plaques by producing IFN-y. IFN-y
that can activate the monocytes/macrophages, inhibit vascular SMCs proliferation and
block collagen production, thereby leading to thinning of fibrous cap thickness (179,
293).
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To study the role of IRE1 RNase domain on Thl cell differentiation, | collected
splenocytes from STF-083010-treated and vehicle-treated (control) mice. Then, |
analyzed T cell subpopulations, especially Thl, Th2 and Th17 by flow cytometry
analysis. | observed that inhibition of IRE1 RNase activity reduced the number of IFN-y
producing T cell populations, which means that IRE1 RNase activity can regulate Thl
cell differentiation from the splenocytes obtained. On the other hand, I did not observe
any change in Th2 and Th17 T cell subtypes suggesting the main impact of IRE1 RNase
inhibition is suppression of hyperlipidemia-induced Thl inflammatory response in
ApoE™ mice (Figure 3.28).
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Figure 3.28. STF-083010 treatment suppresses Thl type immune response induced
by hyperlipidemia in ApoE” mice on Western diet.

(A-C) Flow cytometry analysis of (A) IFN-y, (B) IL-4 and (C) IL-17 levels in
splenocytes that were isolated from STF-0803010- or vehicle-treated (control) ApoE™
mice on Western diet and activated with PMA/ionomycin. ***P < 0.001; n=5 and ns, not
significant).
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To provide additional support to the conclusion mentioned above, | investigated the
inhibitor’s effect on systemic IL-18 cytokine levels by measuring it from plasma of STF-
083010-treated and vehicle-treated (control) mice. IL-18 is one of the important pro-
inflammatory cytokines in atherosclerosis, a product of activated inflammasome
complex. It mainly affects Thl cells by inducing IFN-y production from them. Studies
showed that plasma levels of IL-18 were increased in patients with coronary syndrome
and also IL-18 was produced locally in atherosclerotic plaques (294). In parallel with the
findings found in literature and the above-mentioned flow-cytometry analysis, |
observed decreased IL-18 levels in plasma of animals that were treated with STF-
083010 (Figure 3.29).

800 I I

600+

400+
o® Ey—

Secreted IL18 (pg/ml)

(]

o

(=]
[]

S
AS
& ﬂP
® Q‘Q‘b

e

Figure 3.29. STF-083010 treatment leads to reduction in plasma IL-18 levels
induced by hyperlipidemia in ApoE"' mice.

The results of ELISA- based measurement of plasma IL-18 levels from STF-083010-
tretaed and vehicle-treated (control) ApoE” mice on Western diet are shown. *P < 0.05;
n=7.

3.4.1.12. Analysis of lipoprotein profiles of STF-083010-treated ApoE™ mice on
Western diet

As mentioned in the introduction, lipoproteins and their modifications are important

primers for the initiation and progression of atherosclerosis. Low density lipoprotein
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(LDL) levels in the blood stream are closely related with atherosclerosis severity. These
lipid loaded proteins can be modified and as such induce inflammation in the intima
region of the blood vessels (295). I next analyzed the lipid content and their distribution
into lipoprotein classes in our treatment groups by FPLC. | observed no changes in lipid
content or lipoprotein class distribution in ApoE”" mice treated with STF-083010 when
compared to vehicle-treated (control) mice (Figure 3.30).
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Figure 3.30. Lipoprotein profiles do not change between STF-083010-treated and
vehicle-treated (control) ApoE™ mice on Western diet.

(A) FPLC analysis of total triglycerides and lipoprotein triglyceride levels in control and
STF-083010-treated mouse groups. (B) FPLC analysis of total cholesterol and
lipoprotein cholesterol levels between the same mouse groups in A. (C-D) FPLC
analysis of lipoprotein profiles of control (blue) and STF-083010-treated (red) mice
blood plasma samples. ns, not significant.
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Based on these results, IRE1 RNase inhibition can reduce the progression of

atherosclerosis independent of correction of dyslipidemia in ApoE™ mice.

3.4.2. In vivo application of 4u8c in ApoE” mouse model of atherosclerosis

Evidences presented in this study shows that the inhibition of IRE1 RNase activity can
suppress atherosclerosis progression and hyperlipidemia-driven Thl inflammatory
response. To further support our in vivo findings, | set up additional experiments with
ApoE™ mice on Western diet using a different IRE1 RNase inhibitor. | treated ApoE™

mice on Western diet with 4u8c as represented in Figure 3.31.

8 weeks 16 weeks 20 weeks

Diet

>

I.P injection every day for 4 weeks
4u8c Group : 10 mg/kg
Control Group : DMSO

Figure 3.31. Experimental design of 4u8c and DMSO treatments in ApoE™ mice

3.4.2.1. Analysis of body weight and blood glucose in 4u8c-treated ApoE”" mice

on Western diet

| first analyzed body weight and blood glucose levels of ApoE-/- mice that were treated
with 4u8c and compared to vehicle-treated (control) mice on Western diet. | observed
that mice from groups gained similar weight at the end of the experiment. Also | did not
see any significant differences in blood glucose levels between the groups after the
treatments (Table 3.2).
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Table 3.2. Body weight and blood glucose in treated animal groups

Variables Treatment Control 4u8c
n 7 9
Body weight (g) Before 28.8 + 2.7 266 £ 1.9
After 311 + 25 286 + 1.2
Glucose (mg/dl) Before 93.9 + 30.8 79.2 + 19.6
After 91.3 + 17.0 91.9 + 20.0

3.4.2.2. Evaluating the impact of in vivo 4u8c treatment on IRE1 RNase and

kinase activities

In order to determine the impact of IRE1 RNase inhibitor on its target, | analyzed the
effect of 4u8c on XBP1 splicing and IRE1 phosphorylation. As expected, 4u8c led to a
significant but partial inhibition of XBP1 mRNA splicing showing it could engage its
target IRE1 RNase activity, but it did not alter phosphorylation status of IRE1 protein
(Figure 3.32 A and B).
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Figure 3.32. 4u8c treatment inhibits IRE1 RNase activity in vivo.

(A) gRT-PCR analysis of spliced version of XBP1 mRNA from 4pu8c-treated and
vehicle-treated (control) mice. (B) Western blot analysis of phospho-IRE1protein from
the liver protein lysates of the same mice in A. *P <0.05.

116



3.4.2.3. Assessment of liver toxicity that could be related to in vivo 4u8c¢ treatment

in ApoE™ mice on Western diet

I analyzed histopathology of liver sections stained with H&E and ALT assay performed
from plasma of ApoE” mice on Western diet that were treated with 4u8c or vehicle
(control). There were no histopathological changes that could be attributed to a 4u8c-
toxicity in the livers of these mice nor differences between ALT assay enzymatic

measurements between the groups (Figure 3.33).

Control Liver

ns

ALT Activity (U/L)

T
Control 4u8c

Figure 3.33. 4u8c¢ treatment is not toxic in liver tissues of ApoE™ mice on Western
diet.

(A) Representative figures from H&E stained liver tissue sections from ApoE-/- mice
treated with 4u8c or vehicle (control) during Western diet. (B) ALT assay analysis of
plasma from the same mice in A. ns, not significant.

3.4.2.4. Analysis of en face plaque area

To further examine the effect of 4u8c on atherosclerotic plaque progression, | analyzed
total plaque area from en face aorta preparations. | observed that total atherosclerotic
lesion area (relevant to entire aortic area) was significantly reduced in 4u8c-treated

group when compared with control group (Figure 3.34).
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Figure 3.34. 4u8c treatment leads to reduction in en face plaque area.
(A) Representative images of en face aortas stained with Sudan 1V to depict lipid-rich
plaque area (red) are shown. (B) Quantification of plaque area in A. ***P < 0.001;

n=13-14.

3.4.2.5. Analysis of plague area in aortic root sections of 4u8c-treated ApoE™

mice on Western diet

After observing the reduction in en face aorta, | next analyzed the lesion area in the
aortic root sections of ApoE” mice on Western diet that were treated with 4u8c or
vehicle (control). | stained lipid rich plaque regions with Oil red O stain and observed

that this IRE1 RNase inhibitor significantly reduced plaque area in aortic root sections.
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Figure 3.35. 4p8c treatment reduces plaque area in aortic roots of ApoE™ mice on

Western diet.
Representative figures of aortic sections stained with Oil Red O stain are shown in left

and quantifications appear in the right. Scale bar: 150um. ns, not significant; n=5.

3.4.2.6. Analysis of IL-1p expression levels in bone marrow of 4p8c-treated

ApoE” mice on Western diet

Results obtained from both in vitro and in vivo studies using 4u8c showed that IRE1
RNase inhibition reduced the mRNA expression of IL-1B in macrophages. Hence, |
checked the bone marrow tissue taken from both 4u8c- and DMSO-treated ApoE” mice
that were fed with a Western diet at the end of the experiment and analyzed IL-1p
MRNA expression by gRT-PCR. | observed that 4u8c led to a significant decrease in IL-

1p mRNA expression in bone marrow of mice (Figure 3.36).

119



kR

-
(<.
]
—
—

-
[=)
L

Lt
(=]
1

IL-1g / GAPDH mRNA Ratio

: I

Control 4uBc

o
o

Figure 3.36. 4u8c treatment leads to a signficant reduction in IL-1f mMRNA
expression in bone marrow of ApoE™ mice on Western diet.
gRT-PCR analysis of IL-1B expression from bone marrow of 4u8c- or vehicle-treated
(control) ApoE”" mice on Western diet is shown. ***P < 0.001
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Chapter 4.

Discussion

There are many fundamental ways in which both cells and organisms interact with their
environment and sustain life. Two of these ways are obtaining nutrients to meet their
energy needs and defending against infections. The ability to fight pathogens and store
energy can result in a significant survival advantage for the organism (296).
Evolutionarily, many immunological and metabolic pathways are highly conserved from
C. elegans to Drosophila (297). Additionally, mounting an immune response requires
high energy. For example, energy consumption in our body increases 7—13% under fever
conditions. Each 1°C increase in body temperature costs to 9.4x10° joules which is a
near equivalent of a 70 kg person walking 45 km (298). In the case of sepsis, our
metabolism rate increases 30-60% (299). Phagocytosis costs 7.9x10° joules during
infection (298). Thus, it is not surprising that immune response and metabolic pathways
are closely linked and interdependent. Many important cellular factors such as
hormones, cytokines, signaling molecules, transcription factors, and bioactive lipids
have effects on both immune and metabolic systems. For example leptin is an important
polypeptide, secreted from adipocytes ant it acts as an endocrine signal and monitor a
wide variety of functions in the cell. While it regulates energy expenditures and storage,
it is also involved in both innate and adaptive immune responses (300). Sphingosine-1-
phosphate is an important natural bioactive lipid. It is found in the composition of the
sphingomyelin membranes. It behaves like a secondary messenger activating Ras-Erk
and PI3K-Akt pathways. In addition to its metabolic roles, it participates to T cell
regulation and development (301). Furthermore, these two systems can regulate and

support each other in many ways. For example, in the early reaction against pathogens
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or injury (also known as Acute Phase Response), mobilization of lipids such as
cholesterol, supports the immune response (302). Also in this phase, the catabolic
metabolism is stimulated instead of the anabolic metabolism, because immune reactions
are energetically costly (302). To sustain good health and proper immune function, an
optimal metabolic or nutritional balance is crucial (191). Evidence shows that both
malnutrition and overnutrition can disturb immune function. For example,
epidemiological studies show that nutrient deficiency aggravates some types of
infections such as pneumonia, bacterial or viral diarrhea, measles and tuberculosis by
impairing a variety of immune responses including cell-mediated immunity, phagocyte
function, cytokine production, antibody response and the complement system. Nutrient
deficiency, especially starvation, is the most common example of immunodeficiency
(303, 304). However, to constrain the relation between immunity and metabolism to
malnutrition does not sufficiently help explain the cellular and metabolic processes that

are tightly and consistently integrated in normal circumstances.

The epidemic increase in obesity and related metabolic problems in the world has swung
the pendulum in opposite direction (305). A wealth of evidence shows that maintaining
heathy weight is as critical as malnutrition on the proper functioning of the immune
system. With overnutrition, a new set of problems and complications has arisen. For
example, obesity-dependent and inappropriate activation of the immune and
inflammatory responses has been causally associated with insulin resistance, diabetes
and cardiovascular diseases. Studies show metabolic overloading (such as in obesity)
can activate inflammatory pathways and lead to an atypical form of inflammation that is
low grade, chronic and involves both immune and metabolic cells (306, 307). This
metabolically-driven inflammation has also come to be known as metaflammation. TNF
alpha was one of the first identified inflammatory molecules that increases with obesity
and connects the dysregulated immune response to insulin resistance. In addition to
being elevated in human adipose tissue and circulation, this pro-inflammatory cytokine
was shown to be over-produced from the adipose tissue of obese mice, and its ablation
resulted in suppression of obesity-induced insulin resistance in those mice (308, 309).
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Also, obesity can lead to the elevation of many other pro-inflammatory molecules such
as interleukin 6 (IL-6), macrophage colony-stimulating factor(M-CSF), soluble Tumor
Necrosis Factor receptor (TNFR), interleukin 18 (IL-18) and Monocyte chemoattractant
protein-1(MCP1;CCL2) (307). Based on numerous subsequent studies, it has become
clear that obesity-dependent metabolic stress can activate multiple inflammatory

pathways that are not dependent on the presence of a pathogen.

In recent years, studies have also shown that metabolic stress can impair the function of
two important intracellular organelles, the ER and mitochondria, and alter their anabolic
and catabolic functions, respectively. Metabolic stress-induced dysfunction of ER and
mitochondria can lead to release of ROS from these organelles and initiate some key
inflammatory pathways under overnutrition conditions (297). Metabolic homeostasis is
mainly dependent on these organelles. Mitochondria, known as the cellular ‘power
plants’, produce energy from nutrients in the form of ATP (310). In addition,
mitochondria are cellular sources of ROS and mitochondria-initiated pathways directly
control cell death (311, 312). Many genetic or environmental factors, nutrients,
hormones, exercise and aging can alter mitochondrial activity and thus influence cell
survival or proliferation (313). For example, nutrient excess could lead to the
accumulation of oxidized substrates like fatty acids, linked to the overproduction of ROS
and finally, result in the disruption of mitochondrial function (314). Subsequently,
mitochondria-generated DAMPs and ROS can lead to activation of the inflammasome
complex and secretion of pro-inflammatory cytokines (123). Mitochondria dysfunction
and aberrant inflammasome activation is associated with many metabolic diseases such
as insulin resistance, diabetes, fatty liver and cardiovascular diseases (310, 315-317). ER
is the other key organelle, that when stressed by nutrient excess can promote
metaflammation (297). While the ER performs many cellular tasks such as protein
folding, lipid synthesis and calcium storage, it also plays the role of a bridge between
cellular metabolism and immune response (318). Like mitochondria, ER dysfunction is
also observed in mice and human obesity, diabetes and atherosclerosis, and its reduction
by genetic or chemical means have resulted in suppression of these diseases in mice
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models (93, 191, 258). The studies described in the introduction part of my thesis
establish a clear relationship between ER stress and inflammation as well as the key role
of ER stress in the pathogenesis of many metabolic diseases, especially atherosclerosis.
Currently, many research laboratories have focused their attention to identify the
molecular details of ER stress-induced inflammation in an attempt to discover specific
and novel therapeutic approaches for metabolic syndrome (188, 319). My studies
identified one of the underlying links between ER stress and inflammation to be IRE1-
regulated changes in mitochondrial oxidative stress response to lipids and

inflammasome activation.

IRE1 can modulate a variety of pathways and cellular responses through its kinase and
RNase domains (22). While some studies showed that IRE1’s kinase function leads to
activation of some important pro-inflammatory pathways, an understanding of the role
of the IRE1 RNase domain in inflammation has been limited (272). A recent study has
shown that under extreme toxin-induced ER stresses, IRE1’s RNase domain, through
decay of specific pre-microRNAs, can alter inflammasome activation (131). In my
studies, however, | investigated the RNA substrates of IRE1 RNase activity in non-stress
conditions in macrophages by using two specific inhibitors of IRE1 RNase activity,
STF-083010 and 4u8C. Surprisingly, I discovered that IRE1 targets the genes of a
variety of inflammatory cytokines and receptors as well as many pro-atherogenic genes.
Under normal conditions, IRE1-XBP1 signaling helps maintain the expression of these
genes and when stressed by lipids, IRE1’s RNase activity leads to induction in these
mRNAs. Furthermore, using these inhibitors in vivo, | demonstrated that inhibition of
IRE1’s RNase activity uncouples hyperlipidemic stress from the induction of
inflammasome-produced cytokines such as IL-1B and IL-18 in ApoE”" mice on a
Western diet. Therefore, the results of my studies place IRE1 at the interface of

metabolism and inflammation during the course of atherosclerotic disease development.

In this study, | investigated the role of IRE1 RNase activity on transcriptome in BMDM
cells using RNA-Seq. Specifically; I analyzed differentially expressed mRNAs at early
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time points after inhibition of IRE1 RNase function. The intention here was to observe
the direct impact of IREL inhibition on gene regulation. By using Ingenuity Pathway
Analysis (IPA) tool, | categorized the affected genes according to their association with
disease pathways. These classifications revealed that IRE1 RNase activity regulates both
upregulation and downregulation of important genes in macrophages. For example, |
identified that IRE1 RNase inhibition significantly downregulated many pro-atherogenic
genes related to inflammatory pathways including IL-1p, CCL2 (chemokine receptor 2),
MMP9 (Matrix metallopeptidase 9) and S100A8 (S100 calcium-binding protein A8) and
confirmed these results with overexpression studies (using IRE1 or sXBP1) in IRE™”
MEF cells. In addition, my pathway analysis revealed that IRE1 also regulates key
cholesterol metabolic genes such as acetyl-Coenzyme A acetyltransferase 2, pyruvate
dehydrogenase kinase, isoenzyme 1 (PDK1), fatty acid desaturase 2 (FADS2) and key
genes for mitochondria such as ATP-binding cassette, sub-family A (ABC1), member 8b
(ABCA8B), sestrin 1(SESN1), glutaredoxin (GLRX). However, | have not completed

extensive validation experiments for these interesting genes.

All three arms of the UPR are activated by both environmental and physiological
stressors (252). Saturated fatty acids (SFA) are one of the major stressors causing
activation of UPR in many cell types that are sensitive to perturbations of ER function
such as B cell, macrophages, hepatocytes, adipocytes and pancreatic beta cells (320).
Fat-rich diets contain high amounts of saturated fatty acids such as palmitate, and lead to
accumulation of immune cells in metabolic tissues like adipose tissue and underneath
the endothelium lining blood vessels (321, 322). When immune cells such as
macrophages or dendritic cells are treated with saturated fatty acids, they are
transformed to a pro-inflammatory mode and begin secreting highly inflammatory and
atherogenic cytokines (323, 324). Furthermore, it was shown that the flux of SFAs in
phosphatidylcholine (PC) is critical for the triggering of UPR, especially IRE1 activation
(325). Hence, I investigated whether IRE1 could impact SFA-induced inflammation in
macrophages. The outcome of my studies showed that IRE1-XBP1 signaling was
required for SFA-induced IL-1f and CCL2 production and validated my central
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hypothesis. Furthermore, | sought to understand the mechanism by which IRE1
activation and inflammatory response are linked. IL-1p secretion is regulated by the
inflammasome. Earlier studies have shown that IRE1’s RNase domain is involved in
inflammasome activation in severe ER stress conditions induced by ER toxins such as
tunicamycin and thapsigargin (133), but there were no reported observations linking
IRE1 to metabolically-induced inflammasome activation. Hence, | investigated the role
of IRE1’s RNase domain on the activation of inflammasome by lipids. The collective
data presented in my thesis demonstrates that IRE1-XBP1 axis can indeed modulate
inflammasome activation under lipid induced ER stress conditions. To further delineate,
whether IRE1 has a major impact on all of some of the inflammasomes, | used multiple
specific inflammasome complex activators to induce the inflammasome in conjunction
with IRE1 RNase inhibition. IRE1 RNase inhibition did not block absent in melanoma 2
(AIM2) and NLR Family CARD Domain Containing 4 (NLRC4) inflammasome
activation (as demonstrated by caspase-1 cleavage) induced by poly (dA:dT) and
flagellin, respectively, but IRE1 RNase inhibition still reduced the secretion of IL-1p
under these conditions. This was expected, because findings from my RNAseq analysis
and confirmatory experiments demonstrated that IRE1-XBP1 signaling regulates the
expression of pro-IL-1B. In summary, the findings presented in my thesis demonstrate

that IRE1 RNase activity specifically affects NLRP3 inflammasome activation.

To understand the connection between ER stress and inflammasome activation, |
analyzed the release of ROS from mitochondria in lipid-stressed macrophages. SFA-
induced ER stress and also the release of ROS from mitochondria (mtROS), a potent
NLRP3 activator (134). Furthermore, suppression of IRE1 RNase activity blocked
saturated fatty acid (SFA)-induced mtROS generation in the macrophages. Our results
implied that the IRE1 —XBP1 axis plays a role in NLRP3 activation by affecting lipid

induced mitochondrial ROS production.

There are close physical and functional interactions between mitochondria and
endoplasmic reticulum (326, 327). Both organelles try to maintain cellular metabolism
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and homeostasis, and this co-operation is impacted by stress conditions (326, 327). ER
stress, through several mechanisms, can affect mitochondrial function and the
production of reactive oxygen species. One mechanism involves the increased transfer
of calcium from ER to mitochondria. This calcium transfer disturbs the mitochondrial
functions and leads to generation of ROS from the mitochondria (328, 329). A critical
molecule, thioredoxin interacting protein (TXNIP), provides another connection
between ER and mitochondria under stress conditions. ER toxins such as tunicamycin
have been shown to induce TXNIP, which is a regulator of redox reactions in
mitochondria, and increases mMtROS production and the activation of NLRP3
inflammasome (134, 330). Furthermore, another study showed IRE1 RNase activity can
induce NLRP3 inflammasome activation in viral infection through the regulation of
TXNIP (134). According to the data presented in my thesis, IRE1 RNase domain
inhibition did not alter calcium levels in mitochondria or TXNIP expression during
lipid-induced ER stress. Thus, lipid-induced IRE1 RNase activity regulates NLRP3
inflammasome activation independent of TXNIP accumulation or Ca** transfer to the
mitochondria. These findings prompted us to search for a new mechanism by which ER

stress and mitochondrial ROS production can be coupled during lipid overloading.

Recent studies on mitochondrial biology began to reveal the complexities of a group of
mitochondrial proteins, the mitochondrial proteases. Their expression is upregulated in
mammalian cells under conditions that induce mitochondrial stress (331). Hence, the
stress is transmitted from the mitochondria to the nucleus (282). The mitochondrial
proteases conduct a wide variety of functions from protein quality, integrity,
mitochondrial biogenesis, mitophagy and apoptosis (332). Their functional impairment
is associated with aging and many metabolic disorders (332). It has been shown that ER
stress is one of the inducers of a particular mitochondrial matrix Lon protease, LONP1,
which | tested as a candidate link between ER stress and mitochondrial oxidative stress
(285, 333). In an earlier study, the ER-stress induced upregulation of LONP1 was found
to be PERK-dependent (282). Hence, I first confirmed that LONP1 mRNA is induced by
lipid stress in macrophages. Then, | showed that palmitate-induced LONP1 expression is
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dependent on IRE1’s RNase activity as well as its direct target, the transcription factor
XBP1. Furthermore, it has been shown by an earlier study that LONP1 overexpression
leads to induction of mtROS production in cancer cell lines. The results of my studies
demonstrated that saturated fatty acid-induced an increased in mtROS production and
inflammasome activation was blocked by a specific sSiRNA against LONP1 or small
molecule LONP1 inhibitor. Although the detailed studies will be needed for how XBP1
induces LONP1 expression, my results suggest LONP1 provides a mechanism by which
the ER can impact mitochondria resulting in dramatic changes in mtROS production.

Recent findings showing increased expression of UPR markers in multiple cell types and
many stages of atherosclerosis, suggest that modulating the UPR and specifically the
IRE1 RNase activity could have an important impact on atherosclerosis progression
(188, 334). Many cardiovascular risk factors such as hyperglycemia,
hypercholesterolemia and saturated fatty acids can trigger ER stress (25, 335, 336).
Several strategies have been developed to manage atherosclerosis based on enhancing
ER functions. One of these strategies is the administration of molecular chaperones such
as PBA or TUDCA which have been shown to reduce general ER stress and increase
insulin sensitivity in obese mice (258, 337). One of the caveats in this strategy is the
need for high doses in order for these chemical chaperons to have therapeutic effects.
Additionally they may have non-specific, off target effects (257). In fact, it’s not clear
what the specific molecular targets of these chemical chaperones are in vivo (338).
Another strategy involves the targeting of ER stress-related apoptotic pathways,
especially CHOP that is downstream of the PERK arm (339). Currently, no specific
strategies exist for targeting the immunometabolic functions of ER because it has
remained unclear how ER stress engages immunological or metabolic pathways (340).
Thus, my study, by providing a mechanism by which how ER stress engages
inflammatory signaling, also provides a therapeutic molecular target in the UPR that can
be modified for the treatment of a chronic disease such as atherosclerosis.
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The outcome of my studies has shown that IREL1 RNase domain inhibition with two
different, specific small molecule inhibitors, STF-083010 and 4u8C, can reduce
atherosclerosis progression. Importantly, administration of STF-083010 did not lead to
any changes in lipoprotein and lipid profiles of these mice. This indicates that the
reduction in plaque size is independent of a correction of dyslipidemia. Detailed
investigation of the lesions showed that the inhibition of IRE1 RNase function alters
cellular composition of plaques mainly by reducing the pro-inflammatory foamy
macrophage content but without altering apoptotic cell counts. Based on our in vitro
data, which showed that IRE1-XBP1 signaling regulates CCL2 induction by lipids, the
observed reduction in macrophage accumulation in plaque area may stem from the
suppression of CCL2 by the IRE1 RNase inhibitors. Alternatively, IRE1 RNase
inhibition-induced changes in the phagocytosis of dead macrophages (efferocytosis)
could account for the reduction in macrophage counts in the lesions. More detailed
studies will be needed to elucidate the reasons of macrophage reduction in plaque area
by IRE1 RNase inhibitors.

Furthermore, | observed a significant increase in the collagen content of plaques from
the IRE1 RNase inhibitor treated mice. However, | did not observe any difference in the
number of lesional vascular smooth muscle cells (VSMCs) in the inhibitor-treated mice
compared with control mice. Increase in the lesion collagen content provides tensile
strength and elasticity to the plaques and helps prevent plaque rupture. This increase in
collagen could be related to enhanced ER function resulting in augmented collagen
folding and secretion, or it could be due to reduced cleavage by matrix metalloproteases
(MMPs), which my data showed was another target of IRE1 RNase function in
macrophages. It is also plausible that the inhibition of RIDD-dependent collagen
degradation could lead to increase in collagen. Collagen, type VI, al (Col6) was
observed as RIDD target in the study conducted by Hollien et.al. (35). All these
possibilities need to be investigated further.
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| observed reduction in both IL-1B protein levels in plaques and IL-1B expression in
tissues. These observations support my in vitro findings in macrophages showing that
IRE1 RNase inhibition can reduce the levels of important pro-inflammatory cytokine IL-
1B. These findings are of clinical importance due to ongoing atherosclerosis clinical

trials based on IL-1p antagonism (292).

In addition to macrophages T cells play an important role in the progression of
atherosclerosis (341). Thl and Thl7 cell populations have been shown to drive
atherosclerosis progression, whereas Th2 is shown to be suppressive (341, 342). IL-1p
and IL-18, produced as a result of inflammasome activity, can promote atherosclerosis.
IL-18 drives Th17 differentiation whereas IL-18 promotes Thl differentiation (341,
343). In my studies, treatment of mice with STF-083010 reduced IL-1f in plaques and
IL-18 levels in plasma. In parallel with the reduced IL-1B levels, STF-083010 led to a
decrease in Thl cell population. Treg cell populations also are important cell types in
atherosclerosis due to their anti-atherogenic effects (344). While, 1 did not conduct any
experiment to show the changes of Treg cell population in my mice, previous studies
have found that IRE1 inhibition did not affect the Treg cell population (345).

The study design and the findings presented in this thesis addressed an important
question regarding the contribution of IRE1 arm of the UPR signaling network to
metaflammation and atherogenesis. My data shows that IRE1 RNase activity is essential
for lipid-induced pro-atherogenic gene expression in vitro and in vivo. Also modulation
of IRE1 RNase activity with small inhibitors can reduce plaque size and block

atherosclerosis progression.
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Chapter 5.

Future Perspectives

The critical role of ER stress in the progression of atherosclerosis has been stated for
many years and many strategies have been developed to reduce ER stress (258, 338). In
various studies, expression of UPR components, especially IRE1, was found to be
upregulated (193). In this thesis, for the first time, my findings help translated the earlier
observations into a strategy that is amenable to therapeutic translation. Although UPR
components, mediating inflammation related pathways are expressed in many cell types,
they can show different functions in different cell types (256, 259, 319). Thus selective
targeting of these drugs into specific organs or cells is crucial to overcome unintended
toxicity. For example, specific nanoparticles have been developed for the controlled
delivery of anti-inflammatory cytokine IL-10 into particularly atherosclerotic lesions
(264). This kind of targeted nanoparticle-based method can be developed to increase the
specificity of drugs. For our case, macrophage specific applications of IRE1 RNase
inhibitors may be more beneficial in disease progression. The intraperitoneal injection
method, | used in this study, affects the whole body so higher doses of inhibitor are
required compared to targeted methods. In our method, due to their chemical
composition, drugs can easily be removed from the body because they have short half-
lives are short (268, 346). This also limits application of this kind of drugs in clinics.
Nonetheless, new drugs, targeting specifically IRE RNase domain, that are long lasting
with low toxicity can be developed based on our study. There are some approaches
targeting inflammatory mediators in atherosclerosis. Although they can be successful in
the short-term, their prolonged use can lead to an increase in acute inflammation and a

propensity for immune system deficiencies (214, 347). Thus, targeting ER stress related
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inflammation is more advantageous. In the future, identification of new specific drug
targets in UPR signaling pathways and inflammation related downstream components is

all-important.

On the other hand, in literature, there are many missing parts in the activation and
regulation of UPR pathways. We must think about both sides of the coin. While UPR
pathways in the beginning of stress activate pro-survival pathways, under prolonged
stress conditions, more inflammatory and apoptotic pathways are activated. The exact
regulation of these pathways is not yet known (348). New protein partners of UPR
components must be elucidated. For example the only known kinase substrate of IRE1
kinase domain is itself. Under different stress conditions IRE1 can associate with
different partners and activate different signaling pathways. We do not have any
information about whether there is any protein that associate with IRE1 and modulate its
assembly and RNase function under stress conditions (22, 349, 350). Also further
RNAseq studies can be performed to detect changes in transcription profiles under
different stress condition and their dependency on XBP1(S) transcription factor.

Furthermore, elucidating the specific role of IRE1 RNase activity in other cell types
(VSMCs and epithelial cells) that play important roles in atherosclerosis progression is
crucial (351). MMP9 was found to be regulated by IRE1 RNase function in BMDMs.
We can perform further experiments to find out the role of the IRE1 RNase domain in
regulation of matrix metalloproteinases that are mainly secreted from VSMCs and have
crucial importance in plaque stability (352). Pathways between IRE1 RNase activity and
MMP9 can be potent targets for future drug investigations.

Although I showed a new function for IRE1 RNase domain in the transmission of stress
from ER to mitochondria through the regulation of LONP1 (mitochondrial protease), |
did not explain the mechanistic details of this interaction. | only showed that lipid

induced upregulation of LONP1 is dependent on IRE1 RNase activity and also silencing
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of LONP1 led to a decrease in inflammasome activation. Further experiments are needed
to prove the relation between IRE1-LONP1 and inflammasome activation. Future
experiments can focus on mitochondrial protease targets of LONP1. One of the targets
of LONP1 is PINK which is an important protein in mitophagy (353). Based on the
findings in this study, the inhibition of IRE1 RNase activity and the resultant reduction
of LONP1 could be paralleled with an increase of PINK protein. This in effect could
induce mitophagy in cells. Mitophagy is important pathway for the removal of ROS
production and reduction of inflammasome activation (354, 355). This could be the basis
for a mechanistic explanation to the role of IRE1 RNase domain in inflammasome

activation and constitute a subject for upcoming scientific projects.
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Appendices

Appendix A

Table Al. Top 25 up-regulated genes with STF-083010 treatment in mouse BMDM
cells

Gene Description Fold change p-Value

GTP binding protein (gene overexpressed in skeletal
Gem 5,28 0,0197
muscle)

Agp9 aquaporin 9 4,26 5,00E-05

solute carrier family 7 (cationic amino acid transporter,
Slc7all 4,25 5,00E-05
y+ system), member 11

Chacl ChaC, cation transport regulator-like 1 4,20 5,00E-05
Trib3 tribbles homolog 3 4,14 5,00E-05
Dclkl doublecortin-like kinase 1 4,10 0,0061

solute carrier family 1 (glutamate/neutral amino acid
Slclad 3,96 5,00E-05
transporter), member 4

Stxla syntaxin 1A (brain) 3,96 0,03755
Soat? sterol O-acyltransferase 2 3,45 5,00E-05
Ifrdl interferon-related developmental regulator 1 3,39 5,00E-05
Trim46 tripartite motif-containing 46 3,37 0,00455

similar to DNA cytosine-5 methyltransferase 3-like
Dnmt3lI ] 3,33 0,00085
protein
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Gene Description Fold change p-Value

Zfp827 zinc finger protein 827 3,32 0,0057
Bcarl breast cancer anti-estrogen resistance 1 3,24 0,01765
Fzd4 frizzled homolog 4 (Drosophila) 3,24 0,04035
Tmeffl transmembrane protein with EGF-like and two follistatin- 3,22 5. 00E-05

like domains 1

Slc7a5 similar to solute carrier family 7 3,17 5,00E-05
Efcab5 EF-hand calcium binding domain 5 3,15 0,03165
Gm13889 predicted gene 13889 3,10 0,02935
Matn2 matrilin 2 3,06 5,00E-05

Aplpl amyloid beta (A4) precursor-like protein 1 2,98 0,0086
Asns asparagine synthetase 2,96 5,00E-05
Ddit3 DNA-damage inducible transcript 3 2,94 5,00E-05
Riiad1 Regulatory Subunit Of- Type II-P-KA R-Subunit (Rlla) 2,03 0,04555

Domain Containing 1
Map6 Microtubule-Associated Protein 6 2,86 0,0004
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Table A2. Top 25 down-regulated genes with STF-083010 treatment in mouse

BMDM cells
Gene Description Fold change p-Value
Plxnb3 plexin B3 -4,45 0,03955
Smpd3 sphingomyelin phosphodiesterase 3, neutral -3,94 0,006
S100a8 S100 calcium binding protein A8 (calgranulin A) -3,83 5,00E-05
Fpr2 formy! peptide receptor 2 -3,76 0,0461
S$100a9 S100 calcium binding protein A9 (calgranulin B) -3,72 5,00E-05
Cd177 CD177 antigen -3,66 0,04935
Cx3crl chemokine (C-X3-C) receptor 1 -3,48 5,00E-05
Chil3 chitinase-like 3 -3,46 5,00E-05
Rhobtb1 Rho-related BTB domain containing 1 -3,45 0,00245
Hpgd hydroxyprostaglandin dehydrogenase 15 (NAD) -3,28 5,00E-05
Synel synaptic nuclear envelope 1 -3,09 0,03485
Gpr34 G protein-coupled receptor 34 -2,99 0,0171
Ccr2 chemokine (C-C motif) receptor 2 -2,99 5,00E-05
Sultlal | sulfotransferase family 1A, phenol-preferring, member 1 -2,88 0,00875
Ltf lactotransferrin -2,84 5,00E-05
Gm5086 predicted gene 5086 -2,83 0,00595
Ccl2 chemokine (C-C motif) ligand 2 -2,73 0,006
Cd69 CD69 antigen -2,63 0,0091
Idil isopentenyl-diphosphate delta isomerase -2,61 0,02395
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Gene Description Fold change p-Value
Msda6b | membrane-spanning 4-domains, subfamily A, member 6B -2,60 5,00E-05
l11b interleukin 1 beta -2,59 0,0409
Ccndl cyclin D1 -2,58 5,00E-05
Sesnl sestrin 1 -2,57 5,00E-05
Rab3ill RAB3A interacting protein (rabin3)-like 1 -2,57 5,00E-05
Gm1966 GTPase, very large interferon inducible 1 -2,57 0,0001
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Table A3. Down-regulated genes with stf-083010 treatment in mouse BMDM cells
(P<0.05; Fold change< 1.5)

gene log2(fold change) P value
Plxnb3 -4.44764 0.03955
Smpd3 -3.94316 0.006
S100a8 -3.82977 0.00005
Fpr2 -3.76381 0.0461
S100a9 -3.72286 0.00005
Cd177 -3.65563 0.04935
Cx3crl -3.47787 0.00005
Chil3 -3.45585 0.00005
Rhobtbl -3.44936 0.00245
Hpgd -3.27722 0.00005
Synel -3.08616 0.03485
Gpr34 -2.98719 0.0171
Ccr2 -2.98566 0.00005
Sultlal -2.87828 0.00875
Ltf -2.83511 0.00005
Gm5086 -2.82563 0.00595
Ccl2 -2.73314 0.006
Cd69 -2.63158 0.0091
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gene log2(fold change) P value
Idil -2.60711 0.02395
Ms4aéhb -2.60444 0.00005
111b -2.58506 0.0409
Cendl -2.57725 0.00005
Sesnl -2.57127 0.00005
Raba3ill -2.56647 0.00005
Gm1966 -2.56539 0.0001
Gpr160 -2.51227 0.01795
Fgl2 -2.48424 0.00005
Ccr3 -2.48336 0.01305
F830016B08Rik -2.41656 0.0469
Ngp -2.41329 0.00005
Lcn2 -2.36067 0.02125
Tmem176a -2.35849 0.00005
Bco2 -2.33413 0.0312
Fgd2 -2.32753 0.00005
Maf -2.27498 0.00005
Rnase6 -2.25026 0.00625
Camp -2.24925 0.03105
Slitl -2.23478 0.01935

164




gene log2(fold change) P value
Dok2 -2.22353 0.00005
Lifr -2.22126 0.00065
Hp -2.20974 0.0078
Nxpe4 -2.19556 0.0373
Tagap -2.18866 0.03035
F630028010Rik -2.16789 0.00005
Fads2 -2.16111 0.00005
Cmklrl -2.1531 0.00005
Tmem176b -2.14868 0.00005
Anklel -2.11712 0.03085
Gprl55 -2.11133 0.00005
ligpl -2.10541 0.0021
Fgr -2.07653 0.004
Sncaip -2.06901 0.0492
Clec4al -2.05649 0.00005
Pla2rl -2.04743 0.0272
Hsd17b7 -1.99196 0.00005
Cp -1.99082 0.01225
Mir99ahg -1.98521 0.00005
Abcg3 -1.98438 0.0279
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gene log2(fold change) P value
F13al -1.97845 0.00005
Ccbll -1.95616 0.0387
Potlb -1.94355 0.00005
Plxdc2 -1.94111 0.00005
Itgad -1.93477 0.00005
Paldl -1.9109 0.00005
Ms4a6c -1.91002 0.00005
Tspyl4 -1.90064 0.0076
Ehd4 -1.89296 0.00005
Fprl -1.89188 0.0296
Tifab -1.89107 0.00005
Aldh1l1 -1.88674 0.00005
40602 -1.88042 0.00005
Cd79b -1.87561 0.0497
Slco2bl -1.86158 0.00005
Palld -1.84558 0.0126
Ppfiad -1.84332 0.00005
Olfm1 -1.84172 0.00015
Mef2c -1.84072 0.00005
Abca9 -1.83888 0.00005
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gene log2(fold change) P value
Frmd4b -1.8272 0.00005
Chn2 -1.81978 0.01815
Chst7 -1.80693 0.0399
Adam19 -1.80141 0.00005
Zfp3611 -1.7944 0.00005
Semada -1.79349 0.0051
Dhcr24 -1.78857 0.00005
Lpar5 -1.7885 0.00755
Ms4dadc -1.77669 0.02055
Kif9 -1.77459 0.02245
Tirl -1.77378 0.00005
Emilinl -1.76825 0.00005
Kif20a -1.7593 0.00725
Gprcbc -1.75867 0.0003
Gprl62 -1.75739 0.0004
Discl -1.75728 0.0241
TIr9 -1.75552 0.005
Nirplc-ps -1.74391 0.00005
Dab?2 -1.73316 0.00005
Arhgapl5 -1.72586 0.00005
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gene log2(fold change) P value
Rasgrp3 -1.72348 0.00005
Zfpl119a -1.72306 0.0293
Npl -1.71991 0.0123
Clec4a3 -1.71461 0.00005
Etv5 -1.71288 0.0206
Bzrapl -1.68346 0.0199
Arhgap4 -1.682 0.00005
Map2k6 -1.6761 0.02985
Dcstamp -1.67151 0.04085
1ft80 -1.65694 0.00735
Tir8 -1.65013 0.00005
Clecl0a -1.64722 0.0446
Lrmp -1.64162 0.00005
Sorll -1.63625 0.00005
Fcgrl -1.6347 0.00005
Rnf150 -1.63399 0.00005
Gas7 -1.63371 0.00005
Ophnl -1.6329 0.00005
Rab39 -1.62177 0.02885
Mmp9 -1.62102 0.0391
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gene log2(fold change) P value
Clec4bl -1.61534 0.0407
Gm14446 -1.60541 0.00905
1830012016Rik -1.60288 0.00825
Cysltrl -1.59952 0.00015
Thsdl -1.59224 0.0354
Gm5512,Rmnd1 -1.59196 0.02645
Nlrplb -1.58864 0.00005
Glrx -1.5832 0.0001
Gm5431 -1.57082 0.00025
Ptpro -1.55734 0.00005
Gbp9 -1.54544 0.0015
Arhgap19 -1.53929 0.00005
Fam26f -1.53522 0.01445
Pid1 -1.52583 0.00005
Slamf9 -1.52383 0.00005

Sla -1.51354 0.00005
Gpr65 -1.50821 0.00005
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Table A4. Up-regulated genes with stf-083010 treatment in mouse BMDM

(P<0.05; Fold change > 1.5)

gene log2(fold change) P value
Gem 5.28278 0.0197
Agp9 4.26347 0.00005
Slc7all 4.24918 0.00005
Chacl 4.19526 0.00005
Trib3 4.13576 0.00005
Dclkl 4.10127 0.0061
Slcla4 3.95788 0.00005
Stxla 3.95533 0.03755
Soat2 3.45083 0.00005
Ifrdl 3.39259 0.00005
Trim46 3.36948 0.00455
Dnmt3I 3.32889 0.00085
Zfp827 3.31926 0.0057
Bcarl 3.24321 0.01765
Fzd4 3.23602 0.04035
Tmeffl 3.21715 0.00005
Slc7a5 3.17413 0.00005
Efcab5 3.15013 0.03165
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gene log2(fold change) P value
Gm13889 3.09609 0.02935
Matn2 3.05605 0.00005
Aplpl 2.97531 0.0086
Asns 2.95982 0.00005
Ddit3 2.94324 0.00005
Riiadl 2.92652 0.04555
Map6 2.85911 0.0004
Fgfbp3 2.81398 0.04065
Cdr2l 2.80969 0.0337
Mmp10 2.80742 0.03915
Serpinb9b 2.80164 0.00005
Gdf15 2.77544 0.00005
Ednrb 2.74677 0.00005
Dusp8 2.74046 0.0007
Haol 2.73616 0.01775
Slc7al 2.68925 0.00005
Timm8al 2.67968 0.024
Tgml 2.67678 0.00755
Gdap1l1 2.66195 0.0271
Cd5 2.62948 0.0101
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gene log2(fold change) P value
Cmtm8 2.61491 0.0207
Stamos 2.59835 0.02765
Myolb 2.56664 0.00015
Tnfrsfl2a 2.56599 0.00025
Rapgef3 2.55992 0.0014
Rhou 2.54032 0.00105
Sema6e 2.51592 0.0375
Procr 2.50874 0.00005
Widc18 2.48881 0.03435
Gadd45a 2.48809 0.00005
Sgstm1l 2.47551 0.00005
Slc25a33 2.43559 0.00005
Zfp112 2.43476 0.017
Abcashb 2.43399 0.00005
Gng4 2.42574 0.00175
Mthfd2 2.42187 0.00005
Clics 2.40535 0.00405
Ltb 2.35245 0.0234
Osbp2 2.34282 0.0048
Tarml 2.33254 0.02175
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gene log2(fold change) P value
Mfsd4 2.30784 0.0481
Foxd2 2.30594 0.03065
Phgdh 2.29362 0.00005
Csfl 2.28538 0.00005
Hilpda 2.26825 0.00005
Osginl 2.25189 0.00005
Ankrd23 2.2428 0.00135
Atp6v1g2 2.21715 0.02105
Rassf8 2.20563 0.00005
Rhov 2.18938 0.00005
Nuprl 2.18563 0.00005
Srxnl 2.18475 0.00005
Atf5 2.18269 0.0032
Olrl 2.17238 0.00565
Prss46 2.16951 0.0263
Bach2 2.16697 0.00075
Spintl 2.16064 0.0265
Ngol 2.14674 0.00005
Atf4 2.13663 0.00005
Extl 2.11097 0.00005
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gene log2(fold change) P value
Cxcl2 2.09783 0.00005
Plin2 2.09593 0.00005
Slc22a4 2.06689 0.00005
Ppap2b 2.06084 0.00025
Amz1 2.05757 0.00005
Ppplrl5a 2.03232 0.00005
Zhtb46 2.03115 0.0186
Brdt 2.02987 0.00075
Cdknlc 2.0124 0.00005
Nfil3 1.99707 0.00005
Ankrd13b 1.97289 0.0004
Arhgap28 1.95536 0.00005
Proser3 1.9437 0.01425
Rinl 1.93689 0.006
Maff 1.92669 0.00005
Tencl 1.91092 0.03765
Hspa9 1.88909 0.00005
Fbxo32 1.8813 0.00005
Gsta3 1.87721 0.00005
Slc3a2 1.87669 0.00005
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gene log2(fold change) P value
Trafl 1.85727 0.00005
Cyplbl 1.82884 0.0244
Galnt3 1.82414 0.02765
Chchd10 1.82361 0.0005
Cipc 1.80882 0.00005
Arid5a 1.80796 0.00005
Rgsl 1.8062 0.00005
KIf9 1.80604 0.00005
Tmem140 1.8029 0.00005
Abcab 1.80017 0.0012
Acot2 1.79927 0.00005
Atp6v0ad,D630045J12Rik 1.79748 0.02315
Serpinfl 1.79412 0.0402
Aars 1.79383 0.00005
Fam46c 1.79337 0.00005
Akap2 1.78699 0.0001
Slc38a2 1.78161 0.00005
D16Ertd472e 1.77723 0.0021
Vash2 1.77157 0.00255
Sema3c 1.76547 0.0463
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gene log2(fold change) P value
Clecde 1.76059 0.00005
Cgnll 1.75589 0.00005
Slc9b2 1.75418 0.03795
Cacnalb 1.7535 0.0008
Hbegf 1.74754 0.04075
Samd8 1.738 0.00005
Zhtb10 1.73345 0.00005
Rps6ka2 1.73332 0.00005
"7r 1.73242 0.00005
Zfp93 1.73073 0.01595
Kdr 1.72567 0.022
Tmem158 1.72286 0.00075
Irgl 1.71371 0.00005
Tacc2 1.71066 0.00025
Serpinb9 1.70973 0.00005
Micalll 1.69293 0.00005
40610 1.68716 0.0183
Dusp9 1.68262 0.00615
Galnt6 1.68183 0.00005
Dusp18 1.67331 0.00915
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gene log2(fold change) P value
AA467197 1.66707 0.00035
Lonrfl 1.66077 0.00005
Optn 1.65924 0.00005
Gcle 1.65863 0.00005
Rcanl 1.65552 0.00005
Stx3 1.65371 0.00005
KIf11 1.65346 0.00005
Pdgfa 1.64352 0.00005
Eif4ebpl 1.64082 0.00005
Ptgir 1.61006 0.00005
Txnrdl 1.60562 0.00005
Plcxd2 1.59377 0.00015
Tmem178 1.58801 0.03465
Tgm2 1.58534 0.00005
Serpinblb 1.58505 0.0395
Tnfrsf22 1.58106 0.023
C77080 1.58094 0.00025
Stx11 1.57712 0.00005
Polr3d 1.5717 0.00005
Edaradd 1.55832 0.02395
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gene log2(fold change) P value
Rilpll 1.54099 0.00005
Sars 1.5346 0.00005
Runx2 1.53071 0.0033
Gpatch4 1.52972 0.0007
Myo6 1.52781 0.01275
Toplmt 1.52115 0.0008
Pmepal 1.51505 0.04005
Tspanl3 1.51436 0.00005
Ccrl2 1.51275 0.00005
Erccé 1.51146 0.00005
Klf4 1.50854 0.00015
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Metaflammation, an atypical, metabolically induced, chronic low-
grade inflammation, plays an important role in the development of
obesity, diabetes, and atherosclerosis. An important primer for
metaflammation is the persistent metabolic overloading of the
endoplasmic reticulum (ER), leading to its functional impairment.
Activation of the unfolded protein response (UPR), a homeostatic
regulatory network that responds to ER stress, is a hallmark of all
stages of atherosclerotic plaque formation. The most conserved ER-
resident UPR regulator, the kinase/endoribonuclease inositol-requir-
ing enzyme 1 (IRE1), is activated in lipid-laden macrophages that
infiltrate the atherosclerotic lesions. Using RNA sequencing in macro-
phages, we discovered that IRE1 regulates the expression of many
proatherogenic genes, including several important cytokines and
chemokines. We show that IRE1 inhibitors uncouple lipid-induced ER
stress from infllammasome activation in both mouse and human
macrophages. In vivo, these IRE1 inhibitors led to a significant decrease
in hyperlipidemia-induced IL-1f and IL-18 production, lowered T-helper
type-1 immune responses, and reduced atherosclerotic plaque size
without altering the plasma lipid profiles in apolipoprotein E-deficient
mice. These results show that pharmacologic modulation of IRE1 coun-
teracts metaflammation and alleviates atherosclerosis.

endoplasmic reticulum stress | unfolded protein response |
metaflammation | lipotoxicity | atherosclerosis

Complex molecular interactions between environment, diet,
and genetics that take place at the metabolic and immune
interface provoke a low-grade, chronic inflammatory response—
metaflammation—that engages cells of the immune system (mac-
rophages, neutrophils, and lymphocytes) and metabolic tissues
(adipocytes, hepatocytes, and pancreatic cells) (1). An important
primer for metaflammation is chronic metabolic overloading of
organelles, such as the endoplasmic reticulum (ER) and mito-
chondria, which results in impairment of their functions (2).

The ER serves essential cellular functions that include the
synthesis and folding of secreted and transmembrane proteins,
calcium storage, and lipid synthesis for membrane biogenesis or
energy storage. Disruption of any of these functions leads to ER
stress and the subsequent activation of an elaborate network of
adaptive responses, collectively known as the unfolded protein
response (UPR) (3). The UPR reestablishes homeostasis through
both transcriptional and translational layers of control. The UPR
signals through three mechanistically distinct branches that are
initiated by the ER-resident protein folding sensors inositol-
requiring enzyme 1 (IRE1), protein kinase RNA-like endoplasmic
reticulum kinase (PERK), and activating transcription factor 6
(ATFO6) (3).

IRE1 controls the phylogenetically most conserved branch of
the UPR found from fungi to metazoans. It has an ER-lumenal
sensor domain that recognizes unfolded peptides and cytosolic
kinase and endoribonuclease (RNase) domains that relay the in-
formation to downstream effectors (3). On sensing unfolded
proteins, IRE1 oligomerizes and trans-autophosphorylates, thereby
activating its RNase function. Metazoan IRE1 possesses two

www.pnas.org/cgi/doi/10.1073/pnas.1621188114

functional outputs dependent on its RNase activity. (i) It initiates a
nonconventional splicing reaction that processes the mRNA
encoding X-box binding protein-1 (XbpI) to allow the translation
of its active form, XBP1s, a potent transcription factor that, to-
gether with ATF6, drives expression of numerous genes, including
those encoding ER-resident chaperones and ER-associated protein
degradation machinery (3). (ii) IRE1 selectively degrades ER-
bound mRNAs in a process known as regulated inositol-requiring
enzyme 1-dependent decay (RIDD) to alleviate ER load (4). By
these mechanisms, UPR activation reinstates homeostasis.
Increased ER stress and activation of the UPR are well-docu-
mented in atherosclerosis (5). Many metabolic cardiovascular risk
factors observed in obesity, including hyperglycemia, hypercholes-
terolemia, and elevated saturated fats, can induce ER stress in all
stages of atherogenesis, the process leading to the development of
atherosclerotic plaques. During atherogenesis, a maladaptive in-
flammatory response is initiated by the deposition of cholesterol-rich
lipoproteins in the subendothelial layer of arterial walls (6). Signs of
ER stress are most prominent in the atherosclerosis-prone regions of
vascular lesions, such as the branching points of arteries, and typically
observed in macrophages—among other immune cells—infiltrating
these regions (7, 8). Chronic, irremediable ER stress triggers apo-
ptosis in macrophages, contributing to the growth of the necrotic core
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that is observed in atherosclerotic plaques, which leads to a sub-
sequent reduction in plaque stability, promoting their rupture (5).

Work over the last decade has pinpointed ER stress as a
driving force for atherosclerosis progression (5, 7-10). For
example, inhibiting the apoptotic signaling downstream of ER
stress through genetic deletion of the proapoptotic tran-
scription factor CCAAT box binding enhancer homologous
protein (CHOP) or the signal transducer c-jun N-terminal
kinase (JNK) blocks atherosclerosis progression (5, 11-13).
Moreover, modulation of ER stress by using chemical chap-
erones alleviates atherosclerosis, further supporting the idea
that therapeutic modulation of ER function is a promising
avenue to combat atherosclerosis (14-16). Precedence for this
notion is provided by pharmacological approaches to improve ER
function—and thereby, limit ER stress—that include autophagy
inducers, antioxidants, and regulators of ER calcium homeo-
stasis (17-19).

Recent drug discovery efforts have opened the door to ap-
proaches that entail selective modulation of UPR signaling. This
quest has led to the identification of several new small molecules
that target the enzymatic activities of specific UPR regulators
(19-23). Specifically, blocking IRE1 or XBP1s function has been
shown to be beneficial for restraining tumor progression in
mouse models (21, 24), highlighting that the specific targeting of
the UPR can have beneficial impact in disease.

Several lines of evidence support the notion that selective
pharmacological targeting of IREL1 is a desirable therapeutic ap-
proach for treatment of atherosclerosis. First, a profound increase
in IRE1 phosphorylation and XBP1s expression is observed in
atherosclerotic plaques of mice and humans (8, 10). Second,
mechanical sheer stresses activate IRE1, whereas cardiovascular
disease risk factors, such as oxidized phospholipids and homo-
cysteine, induce both IRE1 and PERK (5, 25-29). Third, experi-
mentally sustained Xbp! mRNA splicing in the vessel wall
promotes atherosclerosis, whereas its ablation ameliorates hyper-
cholesterolemia in obese or apolipoprotein E-deficient (ApoE "7)
mice (10, 30). Two small molecules, STF-083010 and 4p8C, which
selectively inhibit IRE1’s RNase function, have been used in cells
and animals to produce favorable therapeutic outcomes in other
disease settings: STF-083010 reduced growth of multiple myeloma
(21, 24, 31, 32), and 4p8c suppressed inflammation in a murine
arthritis model (33). The action of both compounds is well-
understood mechanistically. Both form a Schiff base with a specific
lysine positioned in the active site of the IRE1 RNase domain,
blocking its function, and both show no overt toxicity when ad-
ministered systemically (21, 32, 33). Thus, we reasoned that these
drugs might have therapeutic applicability in atherosclerosis.

Here, we investigated the direct contribution of IRE1 to lipid-
induced inflammation and atherosclerotic disease progression by
administering these two IREL inhibitors to macrophages and
ApoE™~ mice on a Western-type (high-fat and high-cholesterol)
diet. Our results substantiate the concept that specific pharma-
cological modulation of IRE1 counteracts metaflammation and
yields therapeutic gains in atherosclerotic disease, warranting
additional validation in human disease.

Results

Proatherogenic Genes Are Regulated by IRE1. To understand the
contributions of IRE1 in atherogenesis, we first analyzed the
impact of its inhibition on the transcriptome of macrophages using
RNA sequencing (RNA-seq). ER poisons, such as tunicamycin,
which inhibits protein N-linked glycosylation in the ER lumen, or
thapsigargin, which disrupts ER calcium reuptake, activate all
UPR branches simultaneously, impeding the dissection of the
signaling contributions of individual UPR branches. By refraining
from using these pleiotropic drugs, we aimed to identify the spe-
cific IREl-regulated gene expression changes. To this end, we
probed the transcriptional response to acute inhibition of IRE1
using STF-083010 in primary mouse bone marrow-derived mac-
rophages (BMDMs) (34, 35). We analyzed differentially regulated
mRNAs at early time points (6 hours) after IRE1 inhibition to
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distinguish immediately responsive genes from those with ex-
pression that may be altered as part of an adaptive response to
chronic inhibition. Using an arbitrary cutoff of 1.5-fold, we ob-
served increased expression of 169 genes and decreased expres-
sion of 135 genes on IREI inhibition (Fig. 14, Dataset S1, and
Tables S1 and S2) (P < 0.05). To categorize the affected genes
functionally according to their association with disease processes,
we used the Ingenuity Pathway Analysis (IPA) tool (36). IPA
identified the down-regulation of many important proatherogenic
genes, including cytokines, chemokines, and chemokine receptors,
on inhibition of the steady-state IRE1 activity (Fig. 1B).

We next validated our findings using quantitative (q)RT-PCR.
In these experiments, we observed a significant reduction in the
mRNA levels of II-1p, C-C motif chemokine ligand 2 (Ccl2),
calgranulin A (5100a8), and matrix metalloprotease-9 (Mmp9)
(P <0.05, P <0.001, P < 0.01, and P < 0.01, respectively) after
IREL1 inhibition with either STF-083010 or 4p8c (Fig. 1 C-E and
Fig. S1 A-E). Both of these drugs were used at concentrations
that do not compromise cell viability or induce any other toxicity
(21, 34, 35, 37-40). Consistent with earlier reports, these IRE1
inhibitors had no effect on the kinase function of IRE1 (Fig. S1
F-H), confirming that the identified proatherogetic genes are
regulated by IRE1’s RNase activity.

Because IREI is rate-limiting for the production of XBP1s, we
next assessed if XBP1s regulates the expression of these proa-
therogenic genes. To this end, we forced expressed XBP1s or
restored IRE1 function in inositol-requiring enzyme 1-deficient
(IRE17") mouse embryonic fibroblasts (MEFs) (Fig. S1I). Both
experiments showed a marked induction of /I-15, Ccl2, and S100a8
mRNA levels (Fig. 1 F-H). Together, our findings confirm that
the IRE1-XBP1 signaling branch of the UPR maintains the
expression of key proatherogenic cytokines and chemokines
in macrophages.

Induction of IL-18 and CCL2 Depends on IRE1 During Lipotoxicity. Our
finding that IRE1 maintains the expression of several important
proatherogenic genes in macrophages suggests that, when in-
duced by metabolic stress, heightened IRE1 activity could drive
the atherosclerotic process. One important activating signal for
the UPR in macrophages is exposure to excessive amounts of
lipids, which elicits toxicity (14, 28, 41). This lipotoxicity results in
increased production of reactive oxygen species (ROS), ER
stress, and inflammation, and it can result in apoptosis (41).
Based on these observations, we next investigated if lipid-
induced IREI activation plays a role in IL-1p induction. Inhibition
of IRE1 with STF-083010 led to a significant block in lipid-
induced Il-1f mRNA production and secretion from BMDMs
(Fig. 2 4 and B and Fig. S2 4 and B). As expected, inhibition of
IRE1 activity with 4u8c showed the same effects (Fig. S2 C-F). To
further delineate the role of IRE1 and XBP1s in the regulation of
IL-1p, we transfected BMDMs with a specific sSiRNA. We found
that transfection of siRNAs against [rela (the ubiquitously
expressed IRE1 homolog) or XbplI resulted in a significant re-
duction in lipid-induced II-1 mRNA production and IL-1p se-
cretion in BMDMs [Fig. 2 C and D (P < 0.05, P < 0.05, P < 0.001,
and P < 0.001) and Fig. S2 G and H]. Moreover, treatment of
human peripheral blood monocytes (PBMCs) with lipids induced
IL-1f secretion, which was blocked by preincubation with 4u8c
(Fig. 2 E and F and Fig. S2]). These findings show that IRE1-
XBP1 signaling plays an important role in /-7 mRNA up-regu-
lation and secretion from both mouse and human macrophages.
We also investigated if the proatherogenic chemokine CCL2 is
regulated by IRE1 under lipotoxic ER stress conditions. Both
STF-083010 and 4p8c treatments of BMDMSs resulted in com-
plete inhibition of lipid-induced Cc/2 mRNA production and
protein secretion (Fig. S3 A-C). Consistent with this observation,
siRNAs against frela or Xbpl also suppressed lipid-induced
CCL2 production and secretion in BMDMs (Fig. S3 D and E).
Moreover, 4p8c blocked lipid-induced CCL2 production in hu-
man PBMCs (Fig. S3F). Collectively, these data show that IRE1
is important for the inflammatory response to lipids and the
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Fig. 1.

IRE1 regulates the expression of proatherogenic genes. (A) RNA-seq analysis in BMDMs treated with 60 pM STF-083010 or DMSO (control) for 6 hours.

Volcano plot of differentially expressed mRNAs. (B) Analysis of atherosclerosis-related mRNAs using the IPA tool (details are in the text). ((—E) Confirmation of
IRE1-dependent atherogenic gene regulation in mouse BMDMs treated with STF-083010 or DMSO (control) by gRT-PCR. (F-H) qRT-PCR analysis of atherogenic
gene expression in IRE1~~ MEFs on forced expression of XBP1s or restoring IRE1’s function. Data: mean values + SEM; n = 3. Student’s t test. Ctrl, control; ns,

not significant. *P < 0.05; **P < 0.01; ***P < 0.001.

production of proatherogenic cytokines in both mouse and
human macrophages.

Inflammasome Activation Depends on IRE1 During Lipotoxicity. Be-
cause IRE1 inhibition leads to a strong suppression of IL-1p
secretion, we reasoned that IRE1 may contribute to the lipid-
induced activation of the Nod-like receptor family, pyrin
domain-containing protein-3 (NLRP3) inflammasome, a multi-
component platform that contains caspase-1 and induces the
caspase-1-dependent secretion of the proinflammatory cytokines
IL-1p and IL-18 (42, 43). Previous studies showed that ER stress
induces inflammasome activation through several mechanisms,
including calcium mobilization and the release of reactive ox-
ygen species from damaged mitochondria (mtROS) (44). Be-
cause earlier studies from our laboratory and the laboratories
of others showed that treatment of macrophages with saturated
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fatty acids activates IRE1 and because these lipids specifically
activated the NLRP3 inflammasome through inducing mtROS
production, we sought to investigate this connection further
(42, 43, 45). To this end, we first measured mtROS production
in cells exposed to lipotoxic stress in the presence of IRE1 in-
hibitors. We observed that lipid-induced ER stress in BMDMs
resulted in a dramatic elevation of mtROS, which was com-
pletely blocked by 4u8c treatment as well as XBP1 knockdown
(Fig. 3 A and B and Fig. S44).

The impact of IREL1 signaling on inflammasome activation has
been postulated to be mediated by the IRE1-dependent accu-
mulation of the thioredoxin-interacting protein (TXNIP), a thi-
oredoxin inhibitor with increased levels that promote activation
of the NLRP3 inflammasome (35). In stark contrast to these
earlier findings, which used cells treated with canonical ER
poisons, lipid-induced ER stress led to a profound suppression of
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IRE1 regulates lipid-induced IL-1f secretion in mouse and human macrophages. /I-15 (A) mRNA and (B) protein levels measured from LPS-primed and

PA-stimulated mouse BMDMs treated with 150 pM STF-083010 or DMSO (control) by qRT-PCR and ELISA, respectively. //-15 (C) mRNA and (D) protein levels
measured from LPS-primed and PA-stimulated mouse BMDM s transfected with siRNAs against Ire1a or Xbp1 by qRT-PCR and ELISA, respectively. (E) Secreted
IL-1B from LPS-primed, PA-stimulated human PBMCs treated or not treated with 100 pM 4u8c measured by ELISA. (F) Same as E but protein levels were
measured by immunoblotting to show the immature and processed forms of the cytokine (representative image of three independent blots). Statistics are the

same as in Fig. 1. *P < 0.05; **P < 0.01; ***P < 0.001.

TXNIP in macrophages, which was partially blocked by inhibit-
ing IRE1 (Fig. S4B). Another mechanism by which ER stress can
induce mitochondrial oxidative stress and activation of the
NLRP3 inflammasome complex is through calcium mobilization
(46). Indeed, we observed that palmitic acid (PA) leads to a
significant increase (threefold) of calcium levels in the mito-
chondria, but this increase could not be prevented by IRE1 in-
hibition (Fig. S4C). Moreover, lipid-induced ER stress also
induced procaspase-1 maturation (indicated by the appearance
of the p10 fragment), an effect that was reduced by treatment
with IREL1 inhibitors or siRNA-mediated silencing of Ire/a and
Xbpl (Fig. 3C and Fig. S4 D and E). Taken together, these re-
sults indicate that IRE1 plays a crucial role in perpetuating
mtROS production and NLRP3 inflammasome activation in
cells experiencing lipotoxic ER stress but that this effect is in-
dependent of TXNIP induction and calcium mobilization.

We further investigated if IRE1 affects the activation of the
NLRP3 inflammasome by other stimuli or the activation of dif-
ferent inflammasome complexes by specific inducers. Although
IRE1 inhibition blocked NLRP3 inflammasome activation, cleav-
age of caspase-1, and secretion of IL-1p by various different
NLRP3 inflammasome inducers (including ATP, Alum, and cho-
lesterol crystals) (Fig. 3D), it did not alter the activation of other
inflammasome complexes, such as NLR family CARD domain-
containing protein 4 by flagellin or absent in melanoma 2 by
poly(deoxyadenylic-deoxythymidylic acid) [poly(dA:dT)] as evident
by no changes in caspase-1 cleavage (Fig. 3E). Because IRE1-XBP1
controls /-1 mRNA production, we observed reduction in secreted
IL-1p protein levels in all of the treatments (Fig. 3 D and E). Finally,
together with our results showing that IRE1 induces IL-1, our data
show that IRE1 plays a major role in controlling IL-1p signaling
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both transcriptionally and by promotion of its maturation via the
activation of the NLRP3 inflammasome.

Pharmacological Inhibition of IRE1 Combats Atherosclerosis. The
evidence presented above in conjunction with previous results
showing that restoring or improving ER function alleviates ath-
erosclerosis (14, 17, 47) suggest that inhibiting IRE1 may impair
atherosclerosis progression. Therefore, we postulated that ad-
ministration of IRE1 modulators might have beneficial effects by
limiting the inflammatory signaling associated with elevated ER
stress in a mouse model of atherosclerosis. To test this notion, we
challenged ApoE ™~ mice with a Western diet (12 weeks) and then
treated them daily with STF-083010 by intraperitoneal (i.p.) in-
jection (6 weeks) (Fig. 44). Although limited pharmacodynamic
data are available for the IRE1 inhibitors that we used, target
engagement has been shown in cells and tissues (21, 39). We based
our in vivo drug dosage and delivery on earlier in vivo studies that
successfully administered the IRE1 modulators without toxicity
(21, 24, 31). Furthermore, we confirmed target engagement in
tissues by assessing drug-induced suppression of Xbpl mRNA
splicing and RIDD activities by observing a significant reduction in
the spliced Xbpl mRNA (P < 0.05) and a modest increase in
canonical RIDD target mRNAs (P < 0.05) (Fig. S5 A-C). Im-
portantly, the IRE inhibitor that we used did not alter IRE1
phosphorylation in vivo (Fig. S5D). Furthermore, we detected no
differences in body weights, blood glucose levels, liver morphol-
ogy, plasma alanine amino transferase (ALT) activity, and cho-
lesterol profiles between the STF-083010-treated and control
groups (Figs. S5 E and F and S6 and Table S3). However, the
analysis of en face aorta preparations showed that chronic ad-
ministration of STF-083010 led to a significant decrease (35.8%;
P < 0.001) in atherosclerotic lesions compared with the control
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group (Fig. 4B). Furthermore, when we evaluated the impact of
STF-0803010 on plaque development in the aortic root, we ob-
served a significant reduction (21.4%; P < 0.001) in the foam cell
area (visualized by Oil Red O staining) in the inhibitor-treated
group compared with control mice (Fig. 4C).

Analogous experiments using 4u8c in the same animal model
[using previously published doses that showed no toxicity (33, 37,
40, 48)] produced similar results (Fig. 4 D-F): 4u8c treatment led to
a significant reduction (45.2%; P < 0.001) in atherosclerotic lesion
area in en face aorta preparations (Fig. 4F) and a significant re-
duction in the spliced XbpI mRNA (Fig. S74) (P < 0.05) but no
change in IRE1 phosphorylation in the spleens (Fig. S7B). Fur-
thermore, 4u8c treatment led to a reduced foam cell area (Fig. 4F)
without overt differences in body weight, blood glucose levels
(Table S4), liver morphology, and plasma ALT activity between the
inhibitor-treated and control mice (Fig. S7 C and D). These in vivo
findings show that pharmacological inhibition of IRE1 can effec-
tively mitigate plaque development in mice.

Pharmacological Inhibition of IRE1 Alters Plaque Composition. En-
dothelial cells, vascular smooth muscle cells (VSMCs), and im-
mune cells, such as lymphocytes, dendritic cells, neutrophils, and
macrophages, play important roles in the development of ath-
erosclerotic plaques in the arterial wall. The UPR is activated in
many of these cell types and at all stages of atherosclerotic plaque
development. This increase in ER stress is also associated with
plaque progression, vulnerability to rupture, and acute coronary
syndrome in humans (7). Given that IRE1 inhibitors alleviated
atherosclerosis in ApoE ™~ mice, we next analyzed the impact of
these inhibitors on the cellular composition of the lesions. STF-
083010 treatment led to a significant reduction (35%; P < 0.01) in
macrophages [as visualized by monocyte/macrophage marker-2
(MOMA-2) staining] infiltrating the aortic root plaques (Fig. 54).

Tufanli et al.

This reduction in macrophage numbers was not the product of
increased apoptosis as determined by TUNEL (in situ cell death
detection) assays in macrophage-enriched areas of the plaques
(Fig. 5B). Furthermore, there were no differences in the necrotic
core area between the treatment and control groups (Fig. S84).
During plaque formation, VSMCs migrate from adventitia to in-
tima, secreting collagen and sealing the fibrous cap of the plaque.
The analysis of the lesions in STF-083010-treated mice (with
Masson’s Trichrome staining) showed that there is a significant
increase in collagen content that is responsible for tensile strength
and elasticity of the plaques (22%; P < 0.05) without changes in
the numbers of the VSMCs infiltrating the lesions (Fig. S8 B and
D). However, we did not observe significant differences in the
fibrous cap thickness between the treatment and control groups
(Fig. S8C) Finally, STF-083010 treatment did not alter CD3*
T-cell numbers in the adventia/lesions (Fig. S8E). Taken together,
these results indicate that the major consequences of IRE1
inhibition include a reduction in macrophages and an increase
in collagen deposition in atherosclerotic plaques.

Last, we sought in vivo evidence for the observed inhibition of
IL-1p by IREI1 inhibition in macrophages (Figs. 1 and 2). We
observed that STF-083010 treatment reduced the expression of
IL-1p in the aortic root lesions stained with a specific antibody
against IL-1p (Fig. 5C). Together, these results validate our earlier
in vitro findings and show that the antiatherogenic effect of IRE1
inhibitors involves a blockage of inflammation in the lesions.

IRE1 Inhibitors Suppress Hyperlipidemia-Induced Th-1 Immune
Responses. Atherosclerosis initiation and progression depend on
both innate and adaptive immunity pathways. T cells orchestrate
adaptive immunity, whereas macrophages bridge innate and
adaptive immune processes that contribute to lesion development.
Th cells form the majority of lymphocytes in the atherosclerotic
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IRE1 inhibitors reduce plaque area in a mouse model of atherosclerosis. (A) Experimental design in ApoE ™~ mice using STF-083010 (10 mg/kg per day).
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plaques. Th-1 cells are proinflammatory, produce high amounts of
IFN-y, and contribute to the progression of atherosclerosis. Two
other types of lymphocytes implicated in atherosclerosis progres-
sion include Th-2 cells, which produce IL-4, and Th-17 cells, which
produce IL-17 (49-51). The inflammasome-induced cytokines
IL-18 and IL-1p play an important role in the polarization of Th-1
and Th-17 responses (52). Because inhibition of IRE1 suppressed
inflammasome activation (Fig. 3C and Fig. S4 D and E) and IL-1p
production in lipid-challenged macrophages (Fig. 2) as well as le-
sions and tissues (Fig. 5C and Fig. S9 A and B), we next assessed
the impact of IRE1 inhibition on systemic IL- 18 levels and Th cell
differentiation in hyperlipidemic mice. ApoE~~ mice (on Western
diet) that were treated with STF-083010 displayed a significant
decrease in plasma IL-18 levels (Fig. 64) (P < 0.05) and a marked
reduction in the secretion of IFN-y—but not IL-4 or IL-17—from
splenocytes (P < 0.001) (Fig. 6 B-D and Fig. S9 C-E). We did not
observe changes in the overall T-cell counts in atherosclerotic le-
sions after STF-083010 treatment (Fig. S8E), indicating that de-
creased lymphokine production is intrinsic to intracellular signaling
and does not result from a decline in the infiltrating immune cells
that produce them. In conclusion, the reduced inflammasome ac-
tivity in these mice (as measured by IL-1p and IL-18 levels in Figs.
5C and 64) after STF-083010 treatment correlates with the sup-
pression of the Th-1 inflammatory response that is known to pro-
mote atherosclerosis development.

Discussion

Studies in mice and humans suggest that chronic ER stress plays an
important role in atherosclerosis progression. Therefore, pharma-
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cological manipulation of the UPR—the network of signaling
pathways that respond to ER stress—represents a promising ther-
apeutic approach to manage atherosclerosis (7, 14, 53). The recent
discovery of highly selective UPR modulators provides unique op-
portunities to investigate the contribution of individual UPR
branches to the pathogenesis of this disease. Using small molecules
that target IRE1, we showed that modulating IRE1 signaling
counteracts atherosclerotic plaque formation in mouse models.

First, IRE1 inhibition altered plaque cellular composition
mainly by reducing the numbers of macrophages in the athero-
sclerotic lesions without altering apoptosis. We infer that this
effect is likely to stem from reduction in CCL2, a strong mac-
rophage chemoattractant, consistent with our observations in
macrophages treated with IRE1 inhibitors. Alternatively, IRE1
modulators could impact macrophage clearance from lesions by
phagocytosis of dying cells. We observed no change in the apo-
ptotic cell counts in lesions, arguing against this possibility.
Nevertheless, more detailed future studies are required to dis-
criminate between these two possibilities.

Second, IRE! inhibitor-treated mice displayed an increased
collagen content in atherosclerotic lesions, which imparts tensile
strength and elasticity to the plaques (54). However, we did not
observe an increase in fibrous cap thickness on IRE1 inhibitor
treatment. Because we observed no differences in the number of
VSMCGs in the lesions, the increased collagen deposition may be
related to increased collagen folding and secretion, which is con-
sequential to enhanced ER function coupled to reduced cleavage by
MMPs. In fact, early in our study, we observed that MMP?9 is reg-
ulated by IRE1, whereas another study reported RIDD-dependent
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collagen degradation during ER stress (55). Both observations lend
support to our findings and substantiate our hypotheses.

Third, the results from our RNA-seq analyses in macrophages
that were treated with IRE1 inhibitors strongly hinted at IRE1’s
involvement in the production of several proatherogenic cyto-
kines, chemokines, and their receptors, including IL-1p, CCL2,
and chemokine receptor 2. Indeed, IRE1, through XBP1s, reg-
ulates II-18 and Ccl2 mRNA induction in lipid-stressed macro-
phages. Moreover, oxidative stress can activate NF-xB and
production of CCL2, resulting in the recruitment of monocytes
to a growing plaque (7).

Fourth, cholesterol crystals, saturated fatty acids, and ROS
accumulate in plaque areas and provide activation signals for
activation of the NLRP3 inflammasome and subsequent secretion
of IL-1p and IL-18 (44). These cytokines generate Th-1-type
immune responses that promote plaque progression and unstable
lesions (52). Treatment of macrophages with the IRE1 inhibitors
suppressed lipid-induced mtROS production, activation of the
NLRP3 inflammasome, and subsequent IL-1p secretion. Our re-
sults, therefore, implicate IRE1 activation in the perpetuation of
lipid-induced mitochondrial oxidative stress upstream of NLRP3
inflammasome activation, but our data show that this effect is
independent of TXNIP induction or calcium mobilization (35, 44).
Macrophage mitochondrial oxidative stress plays an important
role in atherogenesis by amplifying inflammation (56). Our results
reveal that IREL1 is crucial for the regulation of mtROS generation
during lipid-induced ER stress; however, future detailed studies
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will be needed to uncover how this is achieved by IRE1. In ad-
dition to our findings in cells, we confirmed the inhibitory effect of
IREI inhibitors on hypercholesterolemia-induced IL-1p and IL-18
production in vivo in plaques and plasma, respectively. Consistent
with these observations, treatment with IRE1 inhibitors led to a
marked suppression of hyperlipidemia-induced Th-1 immune re-
sponses in these mice. We observed no differences in T-cell
numbers in adventia/lesions between the IRE1 inhibitor treat-
ment and control groups, and previous studies have shown the
IREL1 inhibitor used in this study does not affect Treg cells
(33, 37). Collectively, these findings show that prevention of
inflammasome-associated cytokine production by IRE1 inhib-
itors in vivo has dramatic effects on counteracting atheroscle-
rotic disease progression. Our findings correlating suppression
of IL-1p with atheroprotection are timely in view of a major
ongoing clinical trial on the effect of an anti-IL-1§ trial in
coronary artery disease (by Cantos). Although our data show a
clear impact of IRE1 inhibition on macrophage inflammatory
functions, activation of the UPR also occurs in many other
lesion-resident cell types. Thus, our results do not exclude the
possibility that the antiatherogenic effects of IRE1 inhibition
could also involve other lesion-resident cell types that con-
tribute to atherogenesis.

Fifth, the reduction in plaque inflammation and size occurred
1ndependent ofa correctlon of elevated plasma lipid levels in IRE1
inhibitor-treated ApoE_ ~ mice. This notion contrasts with results
of a previous study, in which mice bearing a liver-specific deletion
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Fig. 6. IRE1 inhibitors suppress hyperlipidemia-induced Th-1 immune re-
sponses and IL-18 cytokine levels. (A) Plasma IL-18 in ApoE™~ mice (Fig. 4)
treated with an IRE1 inhibitor was measured by ELISA (n = 7). (B-D) Flow
cytometry analysis of IFN-y, IL-4, and IL-17 in splenocytes from ApoE~"~ mice
treated with IRE1 inhibitor and activated with PMA/ionomycin (n = 5). Sta-
tistics are the same as in Fig. 1. ns, not significant. *P < 0.05; ***P < 0.001.

of Xbpl displayed a profound reduction in plasma cholesterol and
triglyceride levels (57). However, it is important to note that this
apparent disparity may exclusively result from feedback activation
of IREI on genetic loss of XbpI (57). Notably, additional siRNA-
mediated IRE1 depletion partially reverted the hypolipidemic
phenotype in vivo, hinting at an RIDD-dependent function that
controls lipid metabolism (30). Furthermore, we did not observe
feedback activation of IRE1 or any signs of liver toxicity with the
IRE1 modulators. Because XBP1s promotes the transcriptional
up-regulation of a lipogenic gene program, these findings could be
interpreted to mean that the splicing and RIDD outputs of IRE1
have opposing effects on lipid metabolism (30). Although most of
the direct targets of XBP1 participating in triglyceride and sterol
lipogenic programs were also identified as RIDD substrates in this
study (ref. 30, figure 3), IRE1 (through its RIDD modality) seems
to be able to reduce the steady-state expression of a larger number
of lipogenic genes independent of XBP1, hinting at a complex
lipogenic regulatory program that depends on the interplay be-
tween XBP1 and IRE1 signaling (30, 57). Thus, the reduction in
plaque size that we observed in our study is likely to result from
IRELI inhibitor-mediated antiinflammatory changes and not to re-
sult from the product of changes in lipid metabolism.

Although we have seen important gains in mitigating athero-
sclerosis by pharmacologically targeting IRE1 in our experimental
models, it is important to note that the other UPR branches, par-
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ticularly the PERK-CHOP branch, are also induced as atheroscle-
rosis progresses and seem to be instrumental for macrophage
apoptosis (5, 11). Previous studies focusing on the engagement of
apoptotic pathways initiated by the UPR (such as those mediated
by CHOP and JNK) showed that mice deficient for these apoptotic
effectors are protected from atherosclerosis (5, 11-13). In-
dependent of CHOP or JNK engagement, here, we found that
modulating IRE1 signaling in vivo with small molecule IRE1 in-
hibitors modifies a different branch of UPR signaling that impinges
on metaflammation and alters the course of atherosclerosis. These
results support the notion that it may be possible to uncouple
metabolically induced ER stress from inflammation by calibrating
UPR signaling, thereby improving the clinical outcome of athero-
sclerosis. With the advent of specific inhibitors that can target dif-
ferent UPR branches, exploring the efficacy of combinatorial UPR
calibration in this chronic disease setting becomes a promising
endeavor.

Experimental Procedures
A list of primers used in the study can be found in Dataset S1.

Reagents and Plasmids. IRE1~~ MEFs were provided by Gokhan Hotamisligil,
Harvard School of Public Health, Cambridge, MA. BMDMs were isolated
from C57BL/6 mice. Plasmids encoding XBP1s (21833) and WT IRE 1« (13009)
were purchased from Addgene. .-Glutamine, DMEM, PBS, HBSS, penicillin/
streptomycin (P/S), FBS, and Roswell Park Memorial Institute (RPMI)-1640
medium were obtained from Thermo Scientific or HyClone (GE Healthcare
Life Sciences). Trypsin, ampicillin, kanamycin, Bradford assay reagents,
ultrapure LPS, PA (palmitic acid), phosphatase inhibitor mixture, and
STF-083010 were purchased from Sigma-Aldrich; 4u8c was purchased from
Calbiochem. Primary antibodies used for immunoblotting were purchased
from the following suppliers: anti-IRE1 phospho-5724 antibody (ab48187;
Abcam), IL-1p (ab9722; Abcam), IRE1a rabbit mAb (3294; Cell Signaling),
B-Actin (sc-47778; Santa Cruz Biotechnology), p-actin (sc-9104; Santa Cruz
Biotechnology), Caspase-1 (M20; sc-514; Santa Cruz Biotechnology), and IL-1p
(AF-401-NA; R&D Systems). ECL Prime Western Blot Detection Kit was purchased
from Amersham Pharmacia. ALT assay (MAK052) was from Sigma-Aldrich.

Preparation of PA-BSA Complex. PA was dissolved in absolute ethanol to yield
a stock concentration of 500 mM and stored at —80 °C. Stock PA was diluted
to the working concentration and suspended with 1% fatty acid-free BSA in
RPMI-1640 medium (without serum) by mixing at 50 °C for 30 min.

Preparation of Cholesterol Crystal. The 10-mg/mL cholesterol solution was
prepared in ethanol, heated to 60 °C, brought to room temperature to allow
for crystallization, washed with PBS, and resuspended in RPMI-1640 medium
at 5 mg/mL; 400-pg/mL cholesterol crystals were used for treating the cells
(for 20 hours) as described (58).

Cell Culture and Treatments.

Isolation of BMIDMs. Bone marrows were collected from the tibia and femurs of
mice into RPMI-1640 medium containing 1% P/S. After filtering through a cell
strainer (352350; BD Biosciences), the cells were centrifuged at 400 x g for 5 min
and resuspended in RPMI-1640 medium enriched with 15% (vol/vol) L929
conditioned medium and 1% P/S followed by seeding for growth and differ-
entiation into macrophages on Petri dishes for 7 d.

Inflammasome activation. BMDMs were pretreated (1 h) with 150 pM STF-
083010 or the indicated concentrations of 4p8c followed by stimulation with
ultrapure LPS (200 ng/mL) for 3 hours and then, followed by treatment with
PA-BSA (1,000 pM) for 20 hours. Human PBMCs were purchased from Zenbio
and grown in lymphocyte medium (RPMI-1640, 2 mM L-glutamine, 10% (vol/vol)
FBS, 1% P/S) according to the instructions provided by the manufacturer.
Cells were pretreated with 100 pM 4p8c before stimulation with ultrapure LPS
(200 ng/mL) for 3 hours. These incubations were followed by treatment with
ethanol-BSA (control) or PA-BSA (500 uM). LPS-primed BMDMs were treated
with various inflammasome inducers, including 5 nM ATP (Sigma-Aldrich),
200 pg/mL Imject Alum (Thermo Scientific), and 1 pg/mL Flagellin (Invivo-
gen) either alone or in combination with 100 uM 4p8c. Lipofectamine 3000
was used for poly(dA:dT) DNA (5 ug/mL) transfection as described (43).
Induction of mtROS. BMDMs were pretreated (1 h) with 100 pM 4p8c¢ followed
by sequential stimulation with 200 ng/mL LPS (3 hours) and then, PA-BSA
(1,000 pM) or vehicle (ethanol)-BSA (control) for 20 hours.
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Western Blot Analysis. Cells were lysed in lysis buffer [50 mM Hepes, pH 7.9,
100 mM sodium chloride, 10 mM EDTA, 10 mM sodium fluoride, 4 mM
tetrasodium diphosphate, 1% Triton X-100, 2 mM sodium orthovanadate,
1 mM PMSF (phenylmethylsulfonyl), 1x phosphatase inhibitor mixture
(Sigma-Aldrich), 1x protease inhibitor mixture (Sigma-Aldrich)]. Lysates were
cleared by brief centrifugation followed by the addition of 5x SDS loading
dye. For the detection of cleaved caspase-1 (active p10 form) in the cell
medium, cell culture supernatants were collected, mixed with 5x SDS load-
ing dye, and heated at 95 °C for 5 min before loading on SDS/PAGE gels.
Proteins were subjected to SDS/PAGE separation and transferred onto PVDF
membranes. Blocking and antibody incubation were carried out in TBS (Tris-
buffered saline) with 0.1% (vol/vol) Tween-20 and 5% (wt/vol) dry milk or
BSA and visualized by ECL in a BioRad Imager.

Transfection. IRE1~~ MEFs that reached 60-80% confluency were transfected
with the indicated plasmids (2 pg DNA for every 4.5 x 10° cells) and poly-
ethylenimine (Sigma-Aldrich), and BMDMs were electroporated using a
Neon Electroporator (Invitrogen) according to the protocols provided by
the manufacturer.

RNAi. BMDMs were transfected with 50 nM siRNA against ire7 (S10099588;
Qiagen), 70 nM siRNA against Xbp1 (SI01473227; Qiagen), or scrambled
siRNAs (1027281; Qiagen); 24 hours after transfection, the cells were treated
with indicated reagents.

RNA Isolation and qRT-PCR. Trisure (Bioline) was used to isolate total RNA from
cells and reverse-transcribed using the RevertAid First Strand cDNA Synthesis
Kit (K1691; Thermo Scientific) according to the manufacturer’s protocols.
cDNAs were amplified using specific primers on a Rotor Gene (Qiagen) real-
time PCR instrument. Roche SYBR Green was used for qRT-PCR. Quantifica-
tions were performed using the AACt (threshold cycle) method, and gene
expression levels were normalized to Gapdh transcript levels using the fol-
lowing expression: (primer efficiency) 4, where AACt means ACt (target
gene) — ACt (reference gene). We analyzed the results from three or more
independent experiments using the Student’s t test.

RNA-Seq Library Preparation and Sequencing. Total RNA was isolated from
control and IRE1-inhibited (with STF-083010) BMDM samples using Trisure
(Bioline). To remove genomic DNA contamination, the RNA samples were
treated with 20 U DNase | (New England Biolabs). rRNA was depleted from 5 pg
total RNA using Ribo-Zero Gold rRNA Removal Kit (Epicentre Biotechnologies)
following the manufacturer's recommendations. Sequencing libraries for
whole-transcriptome analysis were prepared using the ScriptSeq v2 RNA-Seq
Library Preparation Kit (Epicentre Biotechnologies) following the manufac-
turer's recommendations. After 3'-terminal tagging, the di-tagged cDNA was
purified using column concentrators (DNA clean-up and concentrators; Zymo
Research). The ¢cDNA libraries were bar-coded to allow sample multiplexing
using ScriptSeqTM Index PCR Primers (Epicentre Biotechnologies). The librar-
ies were amplified by 12 cycles of PCR, and the amplified libraries were
size-selected and purified using 8% TBE (Tris/borate/EDTA) acrylamide
gels. The libraries were quantified using Agilent Technologies 2100 Bio-
analyzer. Up to four RNA-seq libraries were then multiplexed in a single
lane of an lllumina HiSeq2500 Deep-Sequencer Flow Cell (University of
California, San Francisco Center for Advanced Technologies) and sequenced us-
ing 50-bp single-end sequencing chemistry.

RNA Sequencing Data Processing. The 3’ adapter sequences (AGATCGGAA-
GAGCACACGTCTGAAC) were removed from the sequenced libraries using
the FastQ/A clipper found in the FastX Toolkit (hannonlab.cshl.edu/
fastx_toolkit/) after d-multiplexing, and only reads longer than 20 nt were
kept for alignment. The adapter-stripped reads were then aligned with the
Bowtie indices for the mouse genome reference version 10 of the University
of California, Santa Cruz Genome Browser (mm10) using the splice junction
mapper Tophat2 v2.0.9 and the sequence aligner Bowtie 2 V2.2.3.0 with
default parameters. The transcript assembler Cufflinks V2.1.1 was then used
on the list of mapped reads to assemble and quantify transcripts using an
mm10 reference annotation and masking mitochondrial, rRNA, and tRNA
sequences. To estimate the changes in gene expression levels, the number of
sequenced reads that align to a gene of interest was then compared among
biological samples using Cuffdiff (default parameters). Changes in the levels
of expression of normalized Cufflinks-quantified transcripts are expressed as
fragments per kilobase of transcript per million mapped reads (FPKM).
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Flow Cytometric Analysis of Intracellular Cytokine Staining. Fresh splenocytes
were prepared from mice spleen, and erythrocytes were removed using RBC
(red blood cell) lysis buffer as described earlier (43). Cells were stimulated for
4 hours with phorbol-myristate-acetate (PMA; 50 ng/mL; Abcam) and ionomycin
(1 pg/mL; Abcam) in the presence of Golgi stop (BD Biosciences). Live cells were
discriminated from dead ones by using Zombie Green (Bio Legend). Cell surfaces
were stained with PerCP-Cy5.5-conjugated anti-CD4 antibody (BD Biosciences)
followed by incubation in Cytofix/Cytoperm Solution (BD Biosciences) at room
temperature for 15 min. Then, intracellular cytokines were stained with
allophycocyanin (APC)-conjugated IFN-y, phycoerythrin (PE)-conjugated IL-17A,
and PE-conjugated IL-4 antibodies (all from BD Biosciences). Data were ana-
lyzed on BD Accuri C6 software.

Measurement of Secreted IL-1p and IL-18 and CCL2 Cytokines. An IL-1p Elisa Kit
(Abcam) was used for detecting IL-1p; a Mouse IL-18 ELISA Kit (Medical &
Biological Laboratories) and a Mouse CCL2 Elisa Kit (Abcam) were used for
detecting the cytokines in mouse plasma or conditioned medium, re-
spectively, as indicated according to the manufacturer’s instructions.

Plasma Measurements. FPLC was used for analyzing the size distribution of
lipoproteins. All measurements were carried out at the Mouse Metabolic
Phenotyping Center at the University of Cincinnati. For the resolution of major
lipoprotein classes from plasma; the columns were equilibrated in 50 mM PBS.
Using a microtiter plate enzyme-based assay, the major lipoprotein classes were
measured in cholesterol or triglyceride assays from collected fractions.

Staining of Cryosections. Cryosections (7-um thick) were cut from the aortic
root of the frozen heart tissue with a cryostat (Leica CM1850) and stained with
Oil Red O, anti-MOMA-2 (monocyte/macrophage marker) (ab33451; Abcam),
anti-CD3-Alexa488 (1:400; Biolegend), TUNEL Kit (11684795910; Roche), anti—
a-SMA (ab5694; Abcam), and IL-1p antibody (ab9722; Abcam). Immunofluo-
rescent staining was mounted with an antifade reagent including DAPI
(GR211467-2; Abcam). Representative images were taken with a Zeiss Fluo-
rescent Microscope. Collagen content of the lesions and fibrous cap thickness
were determined in Masson’s Trichrome-stained lesions (as per the manufac-
turer’s protocol; Bio-Optica). Fibrous cap thickness was calculated according to
the published protocol (59). Heart tissue sections were stained with Oil Red O
stain for plaque area quantifications and H&E for necrotic core quantification
in accord with previously published protocols (43). All quantifications were
performed using ImageJ (NIH). Percentage of average cross-sectional stained
area per leaflet was calculated from all three valves.

Atherosclerotic Lesion Analysis. Aortas were pinned on a black wax surface,
and atherosclerotic lesions were analyzed in the aortic arch and descending
aorta by Sudan IV staining as described earlier (43). Areas were quantified
using ImageJ and expressed as the percentages of the total aorta area.

Quantification of mtROS. mtROS production was measured with MitoSOX Red
Mitochondrial Superoxide Indicator (M36008; Life Technologies) according to
the protocol provided by the company. Representative images were acquired
with a confocal microscope (LSM 510; Zeiss) and analyzed with ImageJ.

Mitochondrial Calcium Measurement. RHOD-2 AM (cell-permeable fluorescent
calcium indicator) (Thermo Scientific) was used for mitochondria-specific
calcium measurement according to previously published protocols (60).

Mice and Treatments. ApoE ™~ mice in a C57BL/6 background (Charles River
WIGA GmbH) were used in atherosclerosis experiments. Starting from 8
weeks of age, male mice were fed a Western diet (TD88137 mod. containing
21% fat and 0.2% cholesterol; Ssniff) for 6 weeks. Then, the mice were in-
jected with STF-083010 (10 mg/kg) or DMSO, both given in 16% (vol/ivol)
Cremophor EL (Sigma-Aldrich) saline solution via i.p. injections as described
previously, for 6 more weeks while mice were continued on the Western diet
(21). The other ApoE"‘ mice that were used in atherosclerosis experiments
were fed a Western diet for 8 weeks. Then, they were injected with 4u8c
(10 mg/kg) or DMSO, both given in 16% (vol/vol) Cremophor EL saline so-
lution via i.p. injections as described previously (33), for 4 more weeks while
mice were continued on Western diet. Weights were measured every other
day, whereas blood glucose concentrations were measured before and after
treatments. At the end of the experiment, mice were anesthetized, and
blood was collected by cardiac puncture. Bone marrow, spleen, and liver
tissues were collected, frozen immediately into liquid nitrogen, and stored
at —80 °C. Perfusion was performed with ice-cold PBS and heparin (1,000 U/mL)
followed by 10% formalin solution (Sigma). After fixation, the aorta was
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dissected intact, immersed immediately in 10% formalin, and stored at 4 °C
until analysis. The heart was removed at the proximal aorta, placed into a
tissue mold, covered with OCT (optimal cutting temperature compound)
(Tissue-Tek), frozen in cold isobutene solution, and stored at —80 °C. All animal
experiments were performed according to protocols approved by the Experi-
mental Animal Care Committee at Bilkent University.

Statistical Analysis. Values are expressed as mean + SEM. No samples were
treated as outliers and left out of analysis. Statistical significance was evaluated
using the Student'’s t test or the Mann-Whitney test (for in vivo analysis as in-
dicated in the figures). P < 0.05 was considered as significant.
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Fig. S1. Modulation of IRE1 signaling by various methods: validation and impact on various proatherogenic genes. (A) qRT-PCR analysis of Mmp9 mRNA levels
in mouse BMDMs treated with 60 uM STF-083010 or DMSO (control). (B—E) gRT-PCR analysis of /I-14, Ccl2, S100a8, and Mmp9 mRNA levels in mouse BMDMs
treated with 4u8c (at the indicated doses) or DMSO (control). (F) Validation of results in A and Fig. 1 A-E. IRE1 phosphorylation was detected by Western blot in
lysates of PA-stimulated BMDM: s treated with STF-083010 or DMSO (control). (G and H) Validation of results in B-E. (G) gRT-PCR analysis of spliced XbpT mRNA
levels in mouse BMDM s treated with increasing doses of 4p8C. (H) Western blot analysis of IRE1 phosphorylation in BMDMs after IRE1 inhibition with 4p8c.
(/) Validation of results in Fig. 1 F~H. qRT-PCR analysis of spliced Xbp7 mRNA levels in IRE1~/~ MEFs transfected with plasmids encoding IRE1 or XBP1s. Statistics
are the same as in Fig. 1. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. S5. Treatment of ApoE™~ mice with IRE1 inhibitors suppresses Xbp? mRNA splicing and degradation of canonical RIDD targets. (A) qRT-PCR analysis of
spliced Xbp7 MRNA levels from spleen tissue of ApoE™~ mice that were fed a Western diet for 12 weeks and treated with STF-083010 (10 mg/kg per day) or
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bar: 50 pm.) (F) Plasma ALT activity measurements from the same mice in A. Statistics are the same as in Fig. 1. ns, Not significant. *P < 0.05.
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Fig. S7. Suppression of Xbp1 mRNA splicing by IRE1 inhibitors in vivo. (A) qRT-PCR analysis of spliced Xbp7 mRNA levels in spleen of ApoE™~ mice that were
fed a Western diet for 12 weeks and treated with 4p8c (10 mg/kg per day) or vehicle (control) for 4 weeks. (B) Liver protein lysates from the same mice as in A
were analyzed for the phosphorylated form of IRE1 by Western blotting. (C) H&E staining of the livers from the same mice in A. (Scale bar: 50 pm.) (D) Plasma
ALT activity measurements from the same mice in A. Statistics are the same as in Fig. 1. ns, not significant. *P < 0.05.
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Fig. $8. IRE1 inhibitors alter plaque composition and inflammation. Immunohistochemical and immunofluorescence analyses of proximal aorta sections
obtained from ApoE ™~ mice treated with STF-083010 or controls. In each case, representative images are shown in Left and Center, and the quantification of
the data appears in Right. (A) Necrotic area was calculated (from indicated area) in the H&E-stained plaque sections. (Scale bar: 150 um.) (B) Masson’s Trichrome
collagen stain (collagen, blue; cytoplasm and muscle fibers, red; n = 5). (Scale bar: 200 pm.) (C) Fibrous cap thickness calculation from samples in A. (Scale bar:
100 um.) (D) Anti-a-smooth muscle actin (VSMCs marker). (Scale bar: 200 pm.) (E) Anti-CD3 (T-cell marker). Arrowheads show CD3-positive cells (n = 5). Statistics
are the same as in Fig. 1. (Scale bar: 200 pm.) ns, not significant. *P < 0.05.
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Fig. S9. IRE1 inhibitors reduce IL-1p levels in tissues and suppress Th1 immune responses. gRT-PCR analysis of /I-18 mRNA levels in (A) bone marrow or

(B) spleen tissue of ApoE™~ mice that were fed a Western diet and treated with IRE1 inhibitors or vehicle (control). (C-E) Flow cytometry analysis of (C) IFN-y,
(D) IL-4, and (E) IL-17 levels in splenocytes activated with PMA/ionomycin (n = 5). Statistics are the same as in Fig. 1. *P < 0.05; ***P < 0.001.
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Table S1. Top 25 up-regulated genes with STF-083010 treatment in mouse BMDM cells
Gene Description Fold change P value
Gem GTP binding protein (gene overexpressed in skeletal muscle) 5.28 0.0197
Aqgp9 Aquaporin 9 4.26 5.00E-05
Slc7all Solute carrier family 7 (cationic amino acid transporter, y+ system), 4.25 5.00E-05
member 11
Chact ChaC, cation transport regulator-like 1 4.20 5.00E-05
Trib3 Tribbles homolog 3 4.14 5.00E-05
Dclk1 Doublecortin-like kinase 1 4.10 0.0061
Sic1a4 Solute carrier family 1 (glutamate/neutral amino acid transporter), 3.96 5.00E-05
member 4
Stx1a Syntaxin 1A (brain) 3.96 0.03755
Soat2 Sterol O-acyltransferase 2 3.45 5.00E-05
Ifrd1 IFN-related developmental regulator 1 3.39 5.00E-05
Trim46 Tripartite motif-containing 46 3.37 0.00455
Dnmt3/  Similar to DNA cytosine-5 methyltransferase 3-like protein 3.33 0.00085
Zfp827 Zinc finger protein 827 3.32 0.0057
Bcarl Breast cancer antiestrogen resistance 1 3.24 0.01765
Fzd4 Frizzled homolog 4 (Drosophila) 3.24 0.04035
Tmeff1 Transmembrane protein with EGF-like and two follistatin-like 3.22 5.00E-05
domains 1
Slc7a5 Similar to solute carrier family 7 3.17 5.00E-05
Efcab5 EF-hand calcium binding domain 5 3.15 0.03165
Gm13889 Predicted gene 13889 3.10 0.02935
Matn2 Matrilin 2 3.06 5.00E-05
Aplp1 Amyloid beta (A4) precursor-like protein 1 2.98 0.0086
Asns Asparagine synthetase 2.96 5.00E-05
Ddit3 DNA damage-inducible transcript 3 2.94 5.00E-05
Riiad1 Regulatory subunit of type Il PKA R-subunit (Rlla) domain 2.93 0.04555
containing 1
Map6 Microtubule-associated protein 6 2.86 0.0004
Table S2. Top 25 down-regulated genes with STF-083010 treatment in mouse BMDM cells
Gene Description Fold change P value
PIxnb3 Plexin B3 -4.45 0.03955
Smpd3 Sphingomyelin phosphodiesterase 3, neutral -3.94 0.006
S100a8 $100 calcium binding protein A8 (calgranulin A) -3.83 5.00E-05
Fpr2 Formyl peptide receptor 2 -3.76 0.0461
S100a9 $100 calcium binding protein A9 (calgranulin B) -3.72 5.00E-05
cd177 CD177 antigen -3.66 0.04935
Cx3cr1 Chemokine (C-X3-C) receptor 1 -3.48 5.00E-05
Chil3 Chitinase-like 3 -3.46 5.00E-05
Rhobtb1 Rho-related BTB domain containing 1 -3.45 0.00245
Hpgd Hydroxyprostaglandin dehydrogenase 15 (NAD) -3.28 5.00E-05
Synel Synaptic nuclear envelope 1 -3.09 0.03485
Gpr34 G protein-coupled receptor 34 -2.99 0.0171
Cer2 Chemokine (C-C motif) receptor 2 -2.99 5.00E-05
Sultla1 Sulfotransferase family 1A, phenol-preferring, member 1 -2.88 0.00875
Ltf Lactotransferrin -2.84 5.00E-05
Gm5086 Predicted gene 5086 -2.83 0.00595
Ccl2 Chemokine (C-C motif) ligand 2 -2.73 0.006
Cd69 CD69 antigen -2.63 0.0091
Idi1 Isopentenyl-diphosphate delta isomerase -2.61 0.02395
Ms4a6b Membrane-spanning 4 domains, subfamily A, member 6B —-2.60 5.00E-05
11b IL-1B —-2.59 0.0409
Cend1 Cyclin D1 -2.58 5.00E-05
Sesn1 Sestrin 1 -2.57 5.00E-05
Rab3il1 RAB3A interacting protein (rabin3)-like 1 -2.57 5.00E-05
Gm1966 GTPase, very large IFN-inducible 1 -2.57 0.0001
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mice in STF-083010-treated and control groups

Table $3. Physical and biochemical characterization of ApoE™/~

L T

Variables and treatment Control STF-083010
n 6 6
Body weight (g)
Before 30.3 + 3.5 28.3 + 2.2
After 33.3+5.1 29.8 + 2.5
Glucose (mg/dL)
" Before 120.5 + 185 134 + 133
After 79.0 + 11.8 72.6 + 15.1

mice in 4p8c-treated and control groups

Table S4. Physical and biochemical characterization of ApoE™/~

Variables and treatment Control 4u8c
n 7 9
Body weight (g)
Before 288 + 2.7 26.6 + 1.9
After 31.1+£25 28.6 + 1.2
Glucose (mg/dL)
Before 93.9 + 30.8 79.2 + 19.6
After 913+ 17.0 91.9 + 20.0

Other Supporting Information Files

Dataset S1 (XLSB)
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