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Ithaka

As you set out for Ithaka hope your road is a long one

full of adventure, full of discovery.

Laistrygonians, Cyclops, angry Poseidon don’t be afiraid of them
you’ll never find things like that on your way

as long as you keep your thoughts raised high,

as long as a rare excitement stirs your spirit and your body.
Laistrygonians, Cyclops, wild Poseidon you won’t encounter them
unless you bring them along inside your soul

unless your soul sets them up in front of you.

Hope your road is a long one.

May there be many summer mornings when with what pleasure, what joy,
you enter harbors you re seeing for the first time;

may you stop at Phoenician trading stations to buy fine things,

mother of pearl and coral, amber and ebony

sensual perfume of every kind, as many sensual perfumes as you can;

and may you visit many Egyptian cities

to learn and go on learning from their scholars.

Keep Ithaka always in your mind.
Arriving there is what you re destined for.
But don’t hurry the journey at all.

Better if it lasts for years,

so you 're old by the time you reach the island,



wealthy with all you’ve gained on the way,
not expecting Ithaka to make you rich.
Ithaka gave you the marvelous journey.
Without her you would not have set out.

She has nothing left to give you now.

And if you find her poor, Ithaka won’t have fooled you.
Wise as you will have become, so full of experience
you'll have understood by then what these Ithakas mean.

Constantine P. Cavafy
(1863-1933)
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Introduction

Atherosclerosis is nowadays the leading cause of death and morbidity worldwide
[1].

Statins, mediating lipid lowering effects, since their discovery were proven to be a
useful therapeutic tool but the necessity of finding new agents and more
specialized therapies is on demand.

Besides the disease’s lipid-related background, the scientific discoveries of the
past few decades in the field of atherosclerosis revealed the great contribution of
the immune system in the promotion as well as the resolution of the disease.

The present work is focused on the immune mechanisms mediated by interleukin-
25 (IL-25), a novel cytokine the effects of which have not been previously tested
in atherosclerosis. Another main focus, is the investigation of the implication of
specific B cell subsets in the disease.

The reader will at first be introduced to the world of innate and adaptive immunity
with the main focus drawn on atherosclerosis related-pathways but with small
interventions from “immune-stories” coming from other diseases. Immunology is
a universal language after all...

Further discussion on the methods that have been used as well as on the results
obtained will follow. My hope is to make people understand the research
conducted, critically reflect on it and my ultimate goal is -if possible- to motivate
them.

© There is also a paragraph named “Science for everyone” describing the current
findings in simple words and with the best of love that I can give for my “non-
scientific” friends...

© T tovg @idovg pov mov &xovv Ppel dhdeg yopéc otn {ON €KTOC Amd TIG
Brolatpuég emotneg Toug TapoTpuve vo duPdoovv v mepiAnyn «Emotiun
yioL GAOVGY...
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Abbreviations

AAMSs
ABCA1, ABCG1
AF700
AHR
APC
APCs
apo
BAL
BCR
CAD
CCL
CCR
CD
CD40L
CE
C/EBP
CETP
CIA
CM
CM
CMRs
CRTH2
CS
CTLA4
CVvD
CXCL
CXCR
DAMPs
DCs
EAE
EDTA
EL
FACS
FALCs
FC

Alternatively Activated Macrophages
ATP-binding cassette A1, G1
Alexa Fluor 700

Airway Hypersensitivity Response
Allophycocyanin

Antigen Presenting Cells
apolipoprotein B

Broncho-Alveolar Lavage

B cell receptor

Coronary Artery Disease
Chemokine (C-C motif) ligand
Chemokine (C-C motif) receptor
Cluster of Differentiation

CD40 ligand

Cholesterol Esters
CCAAT-Enhancer-Binding Proteins
Cholesterol Ester Transfer Protein
Collagen Induced Arthritis
Chylomicrons

Control Medium

CM remnants

Chemoattractant receptor TH2
Contact Sensitivity

Cytotoxic T-Lymphocyte Antigen 4
Cardiovascular disease

Chemokine (C-X-C motif) ligand
Chemokine (C-X-C motif) receptor
Danger Associated Molecular Patterns
Dendritic Cells

Experimental Autoimmune Encephalomyelitis
Ethylenediaminetetraacetic acid
Endothelial Lipase

Fluorescence activated cell sorting
Fat-Associated Lymphoid Clusters
Flow Cytometry
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FceRI High-affinity IgE receptor
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GATA3 GATA-binding protein 3

GM-CSF Granulocyte Macrophage Colony-Stimulating Factor
HDL High Density Lipoprotein

HFD High Fat Diet

HL Hepatic Lipase

HOCL Hypochlorous acid

ICAM-1 Intracellular cell adhesion molecule
ICOS Inducible T-cell costimulator

IDL Intermediate Density Lipoprotein

ID2 Inhibitor of DNA binding 2

1d3 Inhibitor of differentiation 3

IFNy Interferon gamma

Ig Immunoglobulin

Ih2s Innate type 2 helper cells

ILIRL1 (or T1/ST2) Interelukin 1 receptor-like 1

IMT Intima-Media Thickness

IL Interleukin

ILCs Innate Lymphoid Cells

IL-2Rp Interleukin-2 receptor beta

IL-17RB Intereleukin-17 receptor B

iINKTs invariant Natural Killer T cells
IL-1RACP IL-1 Receptor Accessory Protein
LCAT Lecithin Cholesterol Acyl-Transferase
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Lin Lineage
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LTi Lymphoid Tissue inducer
MAPK-AP-1 Mitogen-Activated Protein Kinase Associated Protein 1
MARCO Macrophage receptor with collagenous structure
MCSF Macrophage Colony-Stimulating Factor
MDA Malondialdehyde

MHC Major Histocompatibility Complex
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mmLDL minimally modified LDL

MPPs type 2 Multi-Potent Progenitor cells type 2
MZ Marginal Zone

NADbs Natural Antibodies

NBNT Non B Non T
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Non-Obese Diabetic

oxidized
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Pacific Blue

Peripheral blood mononuclear cells
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Background

Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of medium and large vessels of
the body which is mainly characterized by the formation of lipid rich plaques
within the arterial tissue. The word comes from the Greek word athera (a61pa)
which means gruel or sticky describing the consistency of the plaques, comprised
by a lipid rich and sticky material located in the inner lining of the arteries and the
word sclerosis (ckAnpwoig) which refers to arterial stiffness.

Atherosclerosis is the most common cause of cardiovascular disease (CVD) and
can lead to clinical manifestations of coronary artery disease (CAD) and
cerebrovascular disease depending on the location of the plaque ruptured [2].
Upon such an event the inner parts of the plague get exposed to the blood flow
leading to thrombus formation which occludes the vessel and blocks the blood
flow and subsequent supply of the tissues with oxygen and nutrients, a
phenomenon called ischemia, possibly leading to death. Myocardial infarctions
(MI) usually occur due to rupture of atherosclerotic plaques in the coronary
arteries while the manifestation of stroke events is most often due to emboli from
ruptured plaques of the carotid arteries. Transient ischemic attacks (TIAs) are
caused by emboli in the brain but are followed by complete recovery of the patient
[3]. However, patients experiencing TIA have an increased risk of experiencing
future cerebrovascular events such as stroke [3]. Besides, the formation of
thrombus through plaque rupture the same result can occur through plaque erosion
[4]. Upon such a phenomenon the inner parts of the atherosclerotic plaque are
“leaking” without the plaque being burst, an event which is enough to induce the
formation of a blood clot accompanied by all the adverse effects previously
mentioned.

Lipoprotein metabolism

Since certain lipids and lipoproteins are risk factors in CVD a few words
concerning lipoprotein metabolism will help us better understand the genesis of
atherosclerosis. The most important lipids in our body are cholesterol and
triglycerides (TG) but their transport as such units to the tissues in order to serve
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various purposes (formation of cell membranes, synthesis of hormones and bile
acids for cholesterol and utilization as an energy source for TG) is impossible due
to their hydrophobic nature. For that reason they are “packed” to form hydrophilic
spheroidal particles called lipoproteins. Lipoproteins are consisted by a
hydrophobic core mainly containing cholesterol esters (CE) and varying numbers
of triglycerides (TG) and a hydrophilic “membrane” consisting of free cholesterol,
phospholipids (PLs) and apolipoprotein molecules.

The body synthesizes by itself most of the circulating cholesterol (~80%) while
the rest is diet-derived. Upon the intake of a meal, hydrolysed dietary fats enter the
intestine. At that location, reconstituted TG are packed with apolipoprotein B (apo
B) isoform B48 to form chylomicrons (CM) which are released to circulate via the
lymphatic system. Upon interaction with lipoprotein lipase (LPL), TG hydrolysis
takes place leading to the formation of CM remnants (CMRs), taken up by the
liver mostly via the LDL receptor. In the liver TG, cholesterol and apoB100
together form the very-low-density lipoprotein (VLDL) particles subsequently
being released in the circulation. LPL once more hydrolyses VLDL generating
intermediate low density lipoprotein (IDL) which undergoes TG hydrolysis by
hepatic lipase (HL) resulting in low density lipoprotein (LDL) formation [5].

The main TG carriers are CMs and VLDL while the main cholesterol-carriers are
LDL and high density lipoprotein (HDL). In specific, LDL delivers cholesterol to
tissues while HDL transports cholesterol from the tissues to the liver for
catabolism into bile acids. Concerning HDL cholesterol metabolism,
apolipoprotein A-1 (apoA-1) interacts with ATP-binding cassette Al and G1
(ABCA1, ABCG1 respectively) receiving cholesterol which gets esterified from
lecithin cholesterol acyltransferase (LCAT). Next the newly synthesized HDL
particle undergoes modification by cholesterol ester transfer protein (CETP) and
endothelial lipase (EL) and finally enters into the liver through scavenger receptor
class B type | (SRB1) expressed on hepatocytes [5].

Defects in cholesterol metabolism due to genetic factors and lifestyle (lipid-rich
diets, lack of exercise) [5, 6] can lead to increased LDL cholesterol levels in the
circulation and potentially initiate the formation of an atherosclerotic plaque.

Atherosclerotic plague — A macroscopic view

A normal vessel is composed by three different layers: intima, tunica media, tunica
adventitia (figure 1). The intima layer of the vessel is composed by an endothelial
cell lining surrounded by a basement membrane and extracellular matrix. Multiple
layers of smooth muscle cells surrounded by basement membrane and
extracellular matrix comprise the tunica media while the adventitia is the outer
part of the vessel reaching the surrounding connective tissue where vasa vasorum
exists supplying the tissue with nutrients. This is the place where immune cells
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(dendritic cells (DCs), macrophages, T, B cells) can accumulate and form tertiary
lymphoid structures upon advanced atherosclerotic plaque formation [7].

The development of atherosclerotic plaques is initiated by the formation of early
fatty streaks in the arterial wall accompanied by the presence of macrophages and
foam cells through the accumulation of plasma lipoproteins in the subendothelial
cell layer. One characteristic event upon such an accumulation is the oxidative
modification of the lipids trapped in the intima triggering the immune system to
target them as they are recognized as carriers of non-self molecules. Macrophages
in their attempt to clear up the surroundings from lipids and activate subsequent
immune pathways, engulf them leading to the formation of cholesterol-rich cells
that are called foam cells. Under these conditions the endothelium gets further
activated leading to the expression of cell adhesion molecules that makes
leukocytes, such as T cells, from the periphery to attach to the endothelium and
infiltrate the plaques. The endothelial cell activation also leads to the generation of
cell signals that lead to the differentiation of monocytes into macrophages that
follow the path of lipid engulfment and differentiation into foam cells [2].

Adventitia
Media
Intima
e A o ===\

/}7.4 g \\ /5« ’ \\\ /»9.4 “N\
eﬂ_' Y sz’ Y eé’; Y]
W W | R | R Y
Y ) \ ) \‘\ W
\‘z“éa;;éyé’»g 7 \‘\%%y 77 Z NS~/ 4

Figure 1. A healthy artery is consisted of three intact layers: intima, tunica media and tunica
adventitia (left); Artery containing a lipid-rich atherosclerotic plaque (middle); Plaque rupture and
thrombus formation (right).

Vascular smooth muscle cells in their attempt to constrain the altered consistency
of the arterial wall form a fibrous cap of variable thickness which is composed
mostly by collagen. The continuous accumulation of lipids and engulfment by
foam cells in the arterial wall leads to cell apoptosis contributing to the formation
of a lipid rich core in the atherosclerotic plaque (figure 1). Besides the formation
of a lipid rich core in advanced atherosclerotic plaques, the formation of lipid rich
shoulder regions infiltrated by macrophages, T cells and mast cells also takes place

2.
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At the event of plagque rupture or erosion the exposure of the atherosclerotic plaque
material leads to platelet aggregation and blood coagulation which leads to the
formation of a thrombus (figure 1) that can topically occlude the vessel blocking
the blood flow or detach and become an embolus blocking the blood flow at a
different place than the one that the plaque has ruptured. This event leads to tissue
ischemia and possibly to subsequent death [4].

First line of defense - Innate immunity

The first line of defense for an organism against invaders such as pathogens or
even altered self-molecules is innate immunity. The triggering of such a response
takes place through the recognition of pathogen associated molecular patterns
(PAMPS) or danger associated molecular patterns (DAMPs) by pattern
recognition receptors (PRRs) expressed by cells such as macrophages. A PAMP or
DAMP engagement in PRRs initiates the procedure of inflammation which can be
catastrophical for the host in case that the stimulus is persistent, excessive or
resistant to eradication. In the case of atherosclerosis one such particle that
releases or carries such immunogenic molecules, generated upon its oxidative
modification, is LDL [7]. This is a procedure that predominantly takes place in the
atherosclerotic plaque due to the lipoprotein’s entrapment and retention and upon
failure of available antioxidative mechanisms that have evolved in order to prevent
the modification of self-components. Further discussion about the generation of
oxidized LDL (oxLDL) epitopes takes place in a following section.

Interestingly, because of the fact that many oxLDL epitopes share molecular
identity with microbial epitopes, similar innate immune responses can be raised
upon presence of microbial PAMPs as well as altered self-components (DAMPS)
[8, 9]. As a microbe is recognized by the host as something strange and something
that has to be eliminated the same thing happens with epitopes generated from
oxidative modifications (on lipoproteins and apoptotic cells). The importance of
the generation of such epitopes is crucial in atherogenesis [10]. The activation of
endothelial cells by components of oxLDL entails the expression of adhesion
molecules (E-selectin, VCAM-1, ICAM-1) and the expression of chemokines
(CCL2, CCL5, CXCL10, CX3CL1) that attract cells patrolling the periphery of the
body such as monocytes, T cells and DCs. On the other hand, monocytes in the
intima are stimulated by macrophage colony-stimulating factor (MCSF) produced
by activated endothelial cells to differentiate into macrophages [11]. This step is
crucial for the “generation” of macrophages that elicit important roles in the
uprising innate immune response triggered by the entrapped lipoproteins within
the arterial wall. In that location, macrophages upregulate their scavenger
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receptors (SRA-1, SRA-2, MARCO, CD36, SR-B1, LOX-1, PSOX) that can then
take up oxLDL [12] but not native LDL [13] or mmLDL.

Scavenger receptors are PRRs that besides microbes can also take up modified
LDL particles, internalize them and assist in antigenic presentation. Interestingly,
CD36 and SR-A macrophage related expression has been involved in apoptotic
cell removal given that apoptotic cells express oxidized phospholipids (oxPLs)
which are also expressed by oxLDL [9, 14, 15]. Although in vitro it has been
shown that CD36 and SR-A mediate extensive oxLDL uptake, genetic deletions of
these receptors were proven to be atheroprotective in some of the studies and some
others not [16]. One could speculate that although the prevention of foam cell
formation is a crucial step in preventing atherogenesis when the disease reaches
the point that there is extensive accumulation of lipids in the arterial wall such
mechanisms of lipid clearance mediated from cells are important for the
constraint/resolution of the disease.

Another set of PRRs expressed by both endothelial cells and macrophages among
other cells (DCs, lymphocytes and vascular smooth muscle cells) are toll-like
receptors (TLRs) [17]. Knockout studies of hypercholesterolemic mice have
demonstrated a major proatherosclerotic role for MyD88 which is a key adaptor
protein in the signaling cascades of most TLRs [18]. Oxidized LDL can bind
particular TLRs such as TLR2 and induce vascular responses [19, 20] while TLR2
expression by vascular cells may be particularly proatherosclerotic [21].
Interestingly, minimally modified LDL preparations have been shown to bind
TLR4 [22] while deficiency of TLR4 or TLR2 in apoE " mice reduced aortic
intimal lipid accumulation [23].

As the disease proceeds macrophages being dedicated to their role of lipid
ingestion, turn into foam cells due to internal cholesterol accumulation.

LDL oxidation and generation of oxL DL specific epitopes

Upon entrance of the lipoprotein to the intimal area of the vessel its retention is
taking place by binding of apoB100 to proteoglycans of the extracellular matrix
[24], a procedure that is pivotal in early atherogenesis. Trapped LDL particles in
the intima get modified by enzymes such as myeloperoxidase and lipooxygenase
and by reactive oxygen species (HOCL, phenoxyl, peroxynitrite radicals)
generated by the ongoing inflammation in the atherosclerotic plaque. The result of
such an attack is the induction of modifications in the lipid and protein content of
the lipoprotein generating a vast spectrum of differentially modified LDL particles
depending on the extent and the type of modification that they have undergone.

The peroxidation of fatty acid residues in lipid species (PL, CE, TG) generates
reactive aldehydes (malondialdenyde (MDA), 4-hydroxynonenal (4-HNE)) and
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truncated lipids such as lysophosphatidylcholine (lyso-PC) that can initiate innate
inflammatory responses. These lipids activate endothelial cells and macrophages
to produce adhesion molecules and chemokines [7]. Additionally, MDA and 4-
HNE molecules can also form adducts of lysyl residues of apoB100 and modify it
resulting in chemical structures that are immunogenic [7].

Copper induced oxidative modification of LDL in vitro generates a set of heavily
oxidized particles characterized by oxidized lipids and modified proteins.
Interestingly, it has been shown that in vitro prepared oxLDL has almost the same
chemical characteristics as the LDL eluted from plaques of rabbits and humans
[25]. Although, oxLDL contains abundant lipid peroxidation products such as
aldehydes and ketones, minimally modified LDL (mmLDL) contains
predominantly early lipid peroxidation products such as polyoxygenated oxCEs
[26] formed by 15-lipoxygenase (15-LO) which is an enzyme expressed in cells of
the vasculature and secreted under inflammatory conditions.

B1 cells

Genesis and general functions

The term B cells is used to characterize antibody-producing effector cell subsets of
either innate and adaptive immunity. Besides the part of B cells of adaptive
immunity that need T cell assistance or the induction of co-stimulatory pathways
in order to produce antibodies against antigens, there is another part of cells that
recognize self-antigens and produce the so-called natural antibodies. Studies have
shown that B cells express several toll-like receptors [27-29] indicating the
existence of B cell subsets that respond to innate immune signals. Indeed,
follicular B cells or B2 cells representing effector cells of adaptive immunity and
the largest cell populations of the B cell compartment don’t respond that
efficiently to lipopolysaccharide (LPS) stimulation compared to splenic marginal
zone B cells (MZB cells) and B1 cells. MZB cells and B1a cells have been shown
to be involved mainly in innate immune responses [30].

Particularly, B1 cells are the main producers of natural antibodies while their B
cell receptors (BCRs) bind to antigens of both self- and microbial origin since
their main role is the maintenance of tissue homeostasis and the defense against
invading pathogens [31]. B1 cells are further divided into CD5 expressing, known
as Bla cells and into CD5 negative, known as Blb cells [32]. Follicular and
marginal zone B cells are collectively termed B2 cells and develop from a
common bone marrow precursor although nowadays, the term B2 cell is mostly
used to describe follicular B cells. Further discussion concerning these cells will
follow in a separate section.
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Bla cells were shown to be generated before birth and at the first weeks following
birth. The fetal liver is considered a great source of Bla cells while in adult mice it
has been shown that Bla cells are poorly replenished from the bone marrow [33].
B1b cells on the other hand, are as well reconstituted from fetal liver but can be
reconstituted to a greater extent, compared to Bla cells, from bone marrow
derived B1 cell precursors [34]. Once B1 cells have resided to the various tissues
and under homeostatic conditions the influx of newly-generated Bl cells is
restricted [35]. It is believed that B1 cells are maintained in a steady population
over time by a process called self-renewal entailing slow proliferative rates
targeting replenishment of dying cells [33]. In support of that, it has been shown
that peritoneal B1 cells have slow proliferative rates [36]. The maintenance of B1
cells especially early in life are mediated by IL-5 and IL-9 [37, 38] with IL-9
expanding mainly the B1b cell population. Additionally, mice that are deficient for
secreted IgM have been shown to have a large B1 cell compartment indicating that
to some extent B1 cell development might be regulated by IgM secretion [39]. It
also believed that most likely B1 cells undergo positive selection for their
reactivity against self-antigens [40] in contrast to T cell development in the
thymus where thymocytes with T cell receptors of low-affinity against self-
antigens do not undergo apoptosis [41].

B1 cells represent the largest B cell population in pleural and peritoneal cavities
while their homing there requires binding to the CXC-chemokine ligand 13
(CXCL13) which is expressed by cells of the peritoneal cavity such as
macrophages [42]. Besides the peritoneum, Bla cells can also be found in the
spleen but they have been reported to differ in terms of gene expression and
antibody production depending on the location that they reside [43, 44].
Interestingly, it has been shown that congenital asplenia and splenectomy in mice
results in depletion of peritoneal Bla cells and diminished IgM immune responses
against polysaccharide antigens without affecting B1b and B2 cells [45]. It seems
that the spleen plays an important role in the generation of peritoneal Bla cells,
either by providing essential signals that are important for the development of Bla
cells or by being the source of cell progenitors for the subsequent generation of
Bla cells the last being suggested from a study in mice [46]. Until now the
mechanism through which Bla cell survival depends on splenic presence has not
been described.

Besides pathogen associated antigens, B1 cells secrete antibodies against antigens
of self origin such as oxidized lipids [15] as well as annexin V expressed by
apoptotic cells [47]. It has also been shown in vitro that Bl-derived IgM
antibodies that target apopototic cells promote their phagocytosis by immature
DCs [48]. Besides IgM antibodies, B1 cells secrete polyspecific IgA that function
as a first defence against pathogens in the gut mucosa [49] while their anti-
inflammatory role is further supported by their ability to secrete large amounts of
IL-10 [50].
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Table 1. B cell subset phenotype in mice; B1 cells as described in the peritoneal cavity. Marginal
zone and follicular B cells as described in the spleen. (Table adapted from Perry et al [51])

B cell subsets Phenotype

Bla CD19* B220°W™md |gMM|gD™'CD43*CD11b*CD5*
B1b CD19* B220°W™md |gM"|gD™M'CD43*CD11b*CD5
Marginal zone CD19* B220* IgM"1gD™'CcD1d""CD21""CD23°

Follicular CD19* B220*IgM®™"|gD"CD21™CD23"

In a recent study the human equivalent of B1 cells has been described as
CD20CD27°CD43"CD70  cells [52]. These cells recognize phosphorylcholine
(PC), spontaneously secrete IgM, stimulate T cells and represent ~2-5% in cord
blood.

B1 cells — Functional characterisitcs

B1 cells act in different ways depending on the location of stimuli as well as the
type of stimuli. One way of action for B1 cells against invaders is the production
of high levels of polyreactive IgM antibodies at the site of infection. A nice
example of that are the responses taking place upon infection with the influenza
virus in the respiratory epithelium. Upon such an event, Bla cells accumulate to
regional lymph nodes and differentiate into antibody producing cells conferring
early protection against the virus [53]. The accumulated Bla cells are believed to
be recruited from locations that they normally reside to such as the body’s cavities
and the spleen since these cells don’t show any proliferative capacity. It is
interesting that the vast majority of secreted antibodies are not specific for the
influenza virus indicating that this immune response is not triggered and regulated
through BCR signaling [53]. B1b cells do not participate in this acute response
while it was shown that the accumulation of B1 cell derived antibody production
takes place locally and not systemically [53].

Another type of B1 cell response occurs via intraperitoneal or intravenous
challenge of certain stimuli such as bacteria [54, 55] and LPS [56] as well as
cytokines (IL-5, IL-10) [57]. In response to such stimuli, both Bla cells [55] and
B-1b cells [58] migrate from sites of residency (peritoneum) either to the spleen
[55, 58] where they differentiate and secrete IgM antibodies or to mucosal tissues
where they secrete IgA antibodies [59]. Because of the fact that cytokines can
induce this type of response shows once more that signaling through the BCR
receptor is not essential for the induction of such a response from B1 cells [57].
The reason for production of such antibodies is the “neutralization” of the target as
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well as the clearance of apoptotic bodies. Marginal zone B cells also respond
acutely upon innate immune stimulation establishing them alongside with B1 cells
as the early defense of the host against pathogens entering through mucosal
surfaces and the blood by the production of target related polyreactive antibodies
[30].

Another interesting “version” of B1 cell activation has been shown to take place
upon immunization of mice with purified pneumococcal polysaccharide type 3
[60]. In that case a B cell population that resembles B1b cells expands. These cells
are characterized by high BCR specificity, extensive clonal expansion providing
long lasting immunity to the host, factors that totally distinguish them from Bla
cells in terms of developmental requirements and function. B1b cell-mediated
antibody responses occur independently of T cell help resulting on IgM production
or isotype switching to 1gG3 or IgA [60, 61].

There are also some reports indicating cooperative actions of B1 cells with cells of
the adaptive immunity. Specifically, B1-derived IgM has been shown to promote
increased production of 1gG by B2 cells [39, 62]. Additionally, peritoneal B cells
were shown to inhibit T cell activation [63] and to prevent autoreactive responses
in diabetic mice [64]. Lastly, in neonatal mice peritoneal B cells were shown to
produce IL-10 and inhibit the priming of IFNy producing T cells by DCs [65].

Natural antibodies and atherosclerosis

Natural antibodies (NAbs) are considered part of the humoral arm of innate
immunity. As previously mentioned B1 cells is the main cell population secreting
these antibodies that can be either IgA or IgM. Many studies have indicated an
atheroprotective role of natural antibodies targeting oxLDL related epitopes
preventing their uptake from macrophages and subsequent foam cell formation
while contributing to their clearance from the system.

Splenectomy that has been shown to vastly affect peritoneal B1 cells [45] was
shown by another study to aggravate atherosclerosis development in apoE™ mice
[66]. Additionally, B1 cells but not B2 cells were reported to be atheroprotective
and that this result was due to B1-derived IgM since transfer of B1 cells that do
not secrete IgM did not confer atheroprotection [67]. In addition to that,
hypercholesterolaemic LDLr”" mice that cannot secrete IgM were shown to have
increased atherosclerosis compared to control LDLr” mice [68] while IgM
targeting oxLDL is inversely correlated with CVD in humans [69].

EO06 is one of the natural antibodies that has been shown to bind oxLDL,
specifically the PC moiety of oxidized phospholipids (oxPL) and to confer
atheroprotection [9]. Moreover, E06 has 100% homology with the natural Ab T15
(IgA clone) which has been shown to target PC expressed by microbes and confer
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protection from S. Pneumoniae infection [70]. In another study the above
mentioned natural antibodies T15-IgA and EO06-IgM were both shown to
recognize the PC moiety of oxPL present in oxLDL and apoptotic cells but did not
recognize native LDL [71]. This phenomenon implied that PC is normally a
hidden epitope that is probably getting exposed upon oxidative modification of the
lipoprotein [71]. Both T15-IgA and E06-IgM are targeting the same antigens and
don’t seem to “discriminate” between PAMPS (hon-self origin) or DAMPS (self
origin) upon such challenge. A good example of such statement is the fact that
immunizations of LDLr" mice with heat-killed S. pneumoniae increase plasma
E06/T15 levels and reduce atherosclerosis [8]. Lastly, it is also worth mentioning
that 20-30% of all IgM bind to oxLDL related epitopes [15] and among them quite
many are targeting malondialdehyde-LDL (MDA-LDL) as shown in humans [72].

ILCs

As it will be discussed later on, T cells have been shown to be a great source of
cytokines and to direct adaptive immune responses in inflammation upon their
orchestration by DCs which is pivotal in this procedure. The recent discovery of
analogous cells of innate immunity being great sources of cytokines has opened a
whole new door for investigation of their role in various diseases.

As in adaptive immunity T helper effector cells are classified into different
categories (Thl, Th2, Th17) depending on the type of cytokines that they produce
nearly the same categorization applies for innate lymphoid cells (ILCs) [73].
Nowadays, ILCs are divided into three different subsets; group 1 lymphoid cells
that includes ILC1s and natural killer (NK) cells secreting Th1l related cytokines
(mainly IFNy), group 2 lymphoid cells or ILC2s secreting Th2-related cytokines
and group 3 ILCs that includes ILC3s (NKp46* and NKp46°) and lymphoid tissue
inducer (LTi) cells mainly secreting Th17-related cytokines. Since IL-25 has been
reported to be a powerful inducer of ILC2s only, | will merely focus on these cells
in the following two sections.

ILC2s

Discovery — Anti helminthic function

The possibility of the existence of a cell population that is quite similar in terms of
cytokine release with Th2 cells came from two independent studies showing that
administration of IL-25 in Rag2” mice that lack functional B and T cells induces
the release of IL-5 and IL-13 [74, 75]. Later on, another study reported the
existence of a non-B non-T cell population (NBNT cells) being responsible for the
secretion of IL-5 and IL-13 upon stimulation with IL-25 in Rag2™ mice [76]. A
few years later several studies provided the first concrete evidence of their
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existence reporting them as great sources of IL-5 and IL-13 upon activation with
IL-25 and IL-33 conferring protection against helminthic infections [77-79].

Different names have been assigned to these cells such as natural helper cells
(NHCs) [77], innate type 2 helper cells (Ih2s) [79] and nuocytes [78]. As
mentioned previously it has been agreed nowadays that these cells should be
denoted as ILC2s [73]. ILC2s were reported to be located in the mesenteric lymph
nodes (MLNSs) [78, 79], spleen [78, 79], liver [79], blood [78], peritoneal lavage
[78, 79], intestine [78] bone marrow [78, 79] and lung [79]. Moro et al [77]
reported the presence of ILC2s in fat-associated lymphoid clusters (FALCs) in the
mesentery of both mice and humans, but also in adipose tissues around the kidney
and genitalia and to a lesser extent in the omentum and in subcutaneous fat tissue
[77].

In these studies ILC2s have been reported to expand upon helminthic infection
[77-79], to secrete big amounts of IL-5 and IL-13 upon such infection or
stimulation with either IL-25 or IL-33 [77-79] and to support B1 cell survival and
antibody secretion [77] possibly by the secretion of IL-5 and IL-6 that has
previously been shown to regulate B cell antibody production [80, 81]. In an
attempt to further designate the biological function and importance of these cells |
will briefly discuss the findings of the aforementioned studies.

Moro et al [77] have reported the existence of Lin'Scal’cKit" cells (proposed as
natural helper cells or NHCs) expressing the IL-33 and IL-7 receptor and being
organized in clusters of lymphocytes alongside the blood vessels of the mouse
mesentery. These clusters although containing mainly lymphocytes (Lin’
Scal’cKit", CD3" T and B220" cells) were distinct from lymph nodes since no
fibrous capsule was apparent letting the lymphocytes to be in direct contact with
the surrounding adipocytes.

NHCs were shown to express several Th2 related cytokines such as IL-4, IL-5, IL-
13 but IL-2, IL-6 and granulocyte macrophage co-stimulatory factor (GM-CSF) as
well. Additionally, incubation of the cells with 1L-33 and IL-25 induced the
release of large amounts of IL-5 and IL-13, with IL-33 being a more potent
inducer. Additionally, co-culture of NHCs with splenic B cells induced increased
levels of IgA.

Further on, the same study utilized mouse models of adaptive cell deficiency such
as the Rag2”™ mouse model and the double knock-out of gamma chain receptor (y)
deficiency (Rag2”/y.") in which B, T, NK as well as LTi cells are absent since
signaling through vy, is important for their development. Note that the same mouse
model contains some IL-25 and IL-33 responders such as mast cells and basophils.
Interestingly, administration of 1L-25 and IL-33 as well as infection with the
helminth Nippostrongylus Brasiliensis (N. Brasiliensis) induced the expression of
IL-5 and IL-13 in serum and peritoneal fluid only in Rag2” mice indicating that
the main source of Th2 related cytokines is NHCs. Moreover, helminth infection
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(N. Brasiliensis) was shown to be responsible for the increase of 1L-33 levels in
the peritoneal cavity of Rag2” mice and subsequent release of IL-13 from NHCs.
This resulted in increased goblet cell hyperplasia and mucus production, pathways
that are essential for helminthic expulsion as shown previously [76, 82].

In line with the above, Neil et al [78] reported IL-25 and IL-33 as potent inducers
of nuocytes (ILC2s) characterized as lineage negative cells expressing CD45,
ICOS, T1/ST2 (IL-33-receptor), IL-17RB (IL-25 receptor) and IL7Ra. In vitro
cultured nuocytes expressed mainly 1L-13 and IL-5 alongside with substantial
levels of IL-6, GM-CSF and IL-10. Additionally, nuocytes were reported to be the
predominant cell population expressing IL-13 upon N. Brasiliensis infection in the
MLNs while deficiency of the IL-25 receptor (IL-17rb™) or IL-33 receptor (I111rl1
") resulted in reduced nuocyte numbers during the early response of such an
infection (5 days post infection, d.p.i.) compared to control mice. Later on, in their
attempt to combat infection nuocytes arose more rapidly in 111rl1” mice compared
to IL-17rb” while in the combined deficiency of these receptors nuocytes failed to
expand and expel helminthes. Interestingly upon helminthic infection and transfer
of nuocytes in Rag2™ although the transferred cells showed rapid early expansion
(4 d.p.i) they were not maintained in this environment of T and B cell absence for
a longer period and failed to expel helminthes. This finding implied that there is a
possible “communication” of nuocytes with cells of the adaptive immunity which
is crucial for their maintenance and function.

Price et al [79] reported the existence of Lin™ cells that are c-Kit ", Scal’, CD122
(IL-2RB)"™, Ly5.2*, Thyl® and CD44™®" in most of the tissues tested, having
similar phenotypes while being more prevalent to MLNSs, spleen and liver. These
cells were shown to respond robustly to IL-25 and IL-33 and to secrete large
amounts of IL-5 and IL-13 which were accompanied by eosinophil recruitment.
Additionally, with the use of various mouse models such as the previously
mentioned Rag2” and Rag2”/y.", it was shown that these cells were the main IL-
13 expressing cells upon helminthic infection with N. Brasiliensis, a cytokine that
is necessary for helminthic expulsion.

During the same year Saenz et al [83] reported the induction of a cell population
by IL-25 named multipotent progenitor type 2 cells (MPPs (type 2)) mainly in gut
associated lymphoid tissues (GALTS) that secreted Th2 related cytokines. The
IL25-elicited cell population, termed MPP (type2) cells, being NBNT IL1RL1
IL7rac-Kit"Sca-1""™“2" gave rise to cells of granulocyte and monocyte lineages
both in vitro and in vivo. Adoptive transfer of MPP (type2) cells in IL-25" mice
that are normally susceptible to helminthic infection, resulted in the induction of
Th2 cytokine responses and conferred protection from such an infection with
Trichuris muris. These cells although quite similar in function upon helminthic
infections seemed to differ from the previously reported NHCs, 1h2s and nuocytes,
(nowadays collectively termed ILC2s) because of their ability to differentiate into
lineage cells.
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Upon the discovery of murine ILC2s the search for the human analogue followed.
In 2011 a study [84] was published reporting human ILC2s described as Lin®
IL7ra*CD45"™ that expressed low levels of the RORyt transcription factor as well
as transcripts encoding IL-13, the IL-25 and IL-33 receptor (IL-17BR, IL1RL1,
respectively) and the prostaglandin D2 receptor 2 (CRTH2). Interestingly, these
cells were found in adult lungs and blood as well as in nasal polyps of patients
suffering from chronic rhinosinusitis [84].

ILC2s

Development - Implication in disease

A series of studies followed the discovery of ILC2s mainly trying to further
characterize them in terms of gene/protein expression, developmental pathways as
well as possible implication in various diseases.

As other subsets of ILCs do, ILC2s are dependent on the transcription factor 1D2
but were also shown to require the transcription factors GATA-binding protein 3
(GATA 3) [85, 86] and related orphan receptor a (RORa) [87]. RORa seems to be
important in defining their phenotype [87] while GATAS besides promoting ILC2
development [85, 86] has been shown to facilitate 1L-13 production from these
cells [88]. Among various markers ILC2s have also been shown to express
chemokine receptors such as CXCR4, CXCR6 and CCR9 [89], possibly mediating
their distribution to the various organs of the body. In contrast to the rest of ILC
subsets (ILC1, ILC3) no reports until now have shown conversion of ILC2s to
other ILC subsets.

Besides their protective role against helminthic infections [77-79] ILC2s have
been reported to promote allergy and asthma and to be implicated in experimental
ulcerative colitis (UC) while they have been suggested to promote wound healing
and metabolic homeostasis in visceral adipose tissue (VAT).

In specific, upon an allergic response, type 2 cytokines are released leading to
recruitment and degranulation of eosinophils and mast cells, increased serum IgE
levels, goblet cell hyperplasia, mucus production and smooth muscle cell
contraction. Before the discovery of ILC2s it was believed that the main source of
these cytokines is Th2 cells. Interestingly, in ovalbumin-induced allergic asthma,
ILC2 numbers were increased in the lungs of mice and were proven to be a great
source of IL-5 and IL-13 alongside to Th2 cells [90]. Additionally, intranasal
administration of IL-25 and 1L-33 induced an asthma phenotype and accounted for
a robust accumulation of IL-5 and IL-13 expressing ILC2s in the lungs of these
mice [90]. In another study intranasal administration of the fungal allergen
Alternaria alternata to mice induced increased 1L-33 levels, accompanied with an
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expanded ILC2 cell population in the lungs and increased IL-5 and IL-13
production [91].

ILC2s have also been implicated in promoting airway hyperactivity in virus-
infected mice by inducing type 2 immune responses [92] while upon viral lung
infection ILC2-derived amphiregulin, was reported to promote tissue repair [93].
Additionally, patients suffering from chronic rhinosinusitis (a typical type 2
immune disease) were shown to have increased ILC2s in nasal polyps [84]. In an
experimental mouse model of colitis, characterized as well by a type 2 phenotype,
alongside to IL-13 producing NKT cells, IL-13 producing ILC2s were identified
indicating a possible involvement of ILC2s in the development of the disease [94]

ILC2s were also reported to be resident in vascular adipose tissue (VAT) and
through secretion of IL-5 to sustain eosinophils and alternatively activated
macrophages (AAMs) [95] which were reported to promote insulin sensitivity and
metabolic homeostasis [96].

APCs - The link between innate and adaptive immunity

The term antigen presenting cells (APCs) refers to a group of cells that have a key
role in the initiation of adaptive immune responses and includes dendritic cells
(DCs), macrophages and B cells. In specific, DCs can directly activate naive T
cells while the role of B cells and macrophages, alongside with DCs, is to assist in
the presentation of antigens merely to effector and memory T cells that were
differentiated from naive T cells.

The process of antigenic presentation from DCs involves engulfment of the target,
loading of target-derived antigens to major histocompatibility complex (MHC)
molecules and presentation to T cells. Alongside to that, DCs can secrete
cytokines and chemokines providing signals to their surroundings and to T cells in
specific. DCs reside in most of the tissues of the body and upon the presence of
stimuli like PAMPs or DAMPs the innate immune response is initiated involving
target ingestion and generation of signals to the surrounding cells that involve the
secretion of cytokines and chemokines as well as the presentation of antigens to T
cells. Tissue resident DCs can also migrate to draining lymph nodes and present to
naive T cells tissue specific antigens although there are no concrete evidence until
now to fully support such a statement. The fact that oxLDL responsive T cells
exist in the periphery of the human body [97] could indicate two possibilities: that
either the APCs from the vasculature have migrated to draining lymph nodes and
have primed antigen specific T cells or that the generation of oxLDL related
epitopes have taken place outside the vasculature and T cells have been primed by
APCs at that location.
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Several studies have described the presence of APCs in the vasculature being in
close contact with lesional T cells [98, 99], taking up cholesterol and being
capable of antigenic presentation [100]. Interestingly in a recent study it has been
shown that CD11c" cells from mouse aortas can activate T effector cells [101].

Adaptive immunity

T cells

T cells upon activation by APCs can differentiate into effector cells and perform
such functions in the vasculature or in the periphery of the human body. Upon
activation they can also interact with B cells in lymphoid tissues and stimulate the
generation of circulating antibodies that can affect the inflammatory events in the
arterial wall. The induction of effector T helper cells from naive CD4" T cells
requires the engagement of the T cell receptor (TCR) as well as signaling through
the co-stimulatory molecules expressed by DCs. The type of cytokines that exists
in the surroundings, either generated upon a preceding innate immune response or
secreted by the DC itself will further determine the type of effector T cell that will
be induced.

Briefly, the presence of IFNy and IL-12 gives rise to Thl cells that have evolved
for the clearance of intracellular pathogens while IL-4 leads to Th2 differentiation
which mediates clearance of extracellular pathogens and induction of antibody
production from B cells [102]. Concerning Thl7 differentiation and as has
previously been reviewed [103], the induction of Th17 cells from naive T cells in
mice takes place in the presence of TGF-p and IL-6 or IL-21 while IL-23 is
believed to further assist in that procedure. Moreover, in humans TGF-f was
reported to be dispensable for the differentiation of human Th17 cells and that the
combinations of IL-1f plus IL-6 or IL-1B plus IL-23 could drive Th17. Other
studies have indicated that TGF-B is actually needed for the induction of Th17
cells but only when IL-6 and 1L-23 or IL-21 are present (reviewed by Korn et al
[103)).

Several lines of evidence have demonstrated the presence of T cells in both human
[104, 105] and mouse atherosclerotic plaques [106, 107] as well as the presence of
systemic T cell activation in hypercholesterolemic mice [108] and in the blood of
patients suffering from acute coronary sydromes [109]. CD4'T helper cells in
specific are categorized according to the cytokines that they produce into Thl
(mainly secreting IFNy), Th2 (secreting 1L-4, IL-5, IL-13) and Th17 (mainly
secreting IL-17A) cells.
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Thi

Thl cells and related cytokines have been associated with the promotion of
atherosclerosis. The fact that IFNy exists in human atherosclerotic lesions [110,
111] and human T cell clones from such material express IFNy [111], established
Th1 cells as an important cell subset for investigation.

The proatherogenic role of IFNy cells has been confirmed by the use of
hypercholesterolaemic mouse models with genetic deletions of the cytokine, its
receptor and the Th1l related transcription factor T-bet [112-114] while exogenous
IFNy administration was shown to enhance disease development [115].
Additionally taking one step behind and focusing on the conditions that promote
the generation of Thl cells one would visualize the secretion of 1L-12 from APCs
to be a key step. Interestingly, it has been shown that treatment of apoE™ mice
with IL-12 enhanced lesion development [116] while 1L-12(p40) deficiency in the
same mouse model reduced atherosclerosis development [117].

IFNy and IL-12 were also implicated in the promotion of unstable atherosclerotic
plaque formation. IL-12 treatment of apoE™ mice increased atherosclerotic plaque
formation and lesional CD3" T cell infiltration [116] while exogenous
administration of IFNy to apoE™ mice increased the lesion size as well as the
number of T lymphocytes and MHC-II positive cells within lesions [115].

Th2

The role of Th2 cells and related cytokines (IL-4, IL-5, IL-13) in atherosclerosis is
less clear. There is no direct evidence in mouse models of a clear role of Th2 cells
in atherosclerosis. However, it has been suggested that there is an association of
Th2 immune responses (IL-4) and advanced atherosclerosis in apoE” mice [118].
Besides the limited literature concerning the role of Th2 cells in humans, in a
prospective clinical study it was shown that high levels of Th2 cells (gated as
CD3'CD56 CD4°IL4" cells) were associated with less carotid intimal media
thickness (IMT) and a lower risk of coronary events in women [119].

In mouse studies IL-4 has been shown to have a proatherogenic [117, 120] or
antiatherogenic role [121] or no effect [122] on atherosclerosis. IL-5 and I1L-13 on
the other hand seem to be atheroprotective; low density lipoprotein receptor
deficient mice (LDLR™) deficient in either I1L-5 [123] or IL-13 [124] were shown
to have increased atherosclerosis. Interestingly, IL-5 has been shown to confer
atheroprotection through induction of B cell activation and generation of
antibodies (IgM) targeting oxLDL [123]. Exogenous IL-13 administration
modulated the morphology of atherosclerotic lesions by increasing the collagen
and decreasing the macrophage content of plaques [124].
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Th17

The role of Th17 cells, mainly expressing their signature cytokine IL-17A, in
atherosclerosis is not very clear until now. In murine studies Th17 cells were
reported to be both pro-atherogenic [125-127] and anti-atherogenic [128, 129].
Three studies have indicated a proatherogenic role for IL-17 by utilizing
hypercholesterolaemic mouse models being deficient for the cytokine and its
receptor [125] as well as by investigating the cytokine’s blockade on disease
progression [126, 127].

Specifically, it has been shown that apoE™ mice that are deficient either for IL-
17A or the IL-17A receptor (IL-17RA) have smaller atherosclerotic plaques in the
aortic arch and aortic roots [125]. Additionally, flow cytometric analysis of IL-
17A"apoE” and IL17RA”apoE™ murine aortas revealed reduced T cell,
neutrophil and macrophage content restricted only to the aortic arch where reduced
atherosclerosis was recorded [125].

In another study, I1L-17A blockade reduced atherosclerosis in apoE” mice and
decreased plaque vulnerability and cellular infiltration while this type of treatment
downregulated activation markers on the endothelium and immune cells (such as
VCAM) and reduced cytokine and chemokine secretion (IL-6, TNFa, CCL5)
[126].

It has also been suggested that hypercholesterolaemic conditions promote the
differentiation of IL-17 producing T cells since IL-17A-expressing T cells were
found to be significantly increased in the aortas, spleen, and lamina propria of
aged apoE™ mice compared with age-matched C57BL/6 mice [127]. Moreover in
the same study it has been shown that IL-17A blockade in apoE” mice by use of
adenovirus-produced IL-17 receptor A, reduced plaque burden and reduced
circulating 1L-6 and granulocyte colony stimulating factor (GCSF) levels and
limited CXCL1 expression and macrophage content within the aortas [127].

From the side of studies that indicated IL-17A to be atheroprotective it has been
reported that IL-17A deficiency in apoE” mice fed a high fat diet for 8 and 16
weeks accelerated atherosclerotic plaque formation [128]. Mice that were on HFD
for a shorter period (8 weeks), representing a model of early plaque formation, had
reduced vascular smooth muscle cell and type | collagen content indicating
increased plaque vulnerability [128]. Moreover, in vitro stimulated splenic CD4" T
cells from the aforementioned mice were found to express increased IFNy and
decreased IL-5 levels [128]. In another study it was shown that IL-17
administration in LDLr" mice reduced VCAM-1 expression, vascular T cell
infiltration and limited atherosclerotic lesion development in the aortic roots of
mice [129].

In humans, IL-17A expression has been found in human lesions [129, 130] while
in a study focusing on the expression of IFNy and I1L-17 expressing T helper cells,
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the existence of double expressing T cells in such lesions was demonstrated [131].
The fact that both Thl and Th17 cells contribute to the same diseases might
indicate that there is a synergistic relationship between these two subsets that
allows the differentiation of one subset into the other. Detailed establishment of
that possible relationship might give further explanations about the inconsistent
data reported about IL-17 on the field of atherosclerosis.

Tregs

Regulatory T cells (Tregs) is a subset of T lymphocytes that recognize among
others self-derived antigens in contrast to T effector subsets (Th1, Th2, Th17) and
whose main role is to inhibit immune responses. The term Tregs refers to both
natural Tregs (nTregs) that develop in the thymus constituting most of the Tregs in
the circulation and inducible Tregs (iTregs) that are induced from naive CD4'T
cells in secondary lymphoid organs. In mice Tregs are usually defined as
CD3'CD4'CD25'CD127""FoxP3" with FoxP3 being the lineage-related
transcriptional factor. However is has been suggested that not all FoxP3™ T cells
are functional Tregs and that T cell induced suppression of immune responses can
be induced also in the absence of FoxP3 [132]. The suppressive capacity of Tregs
is mediated through a plethora of molecules such as CD25 that captures IL-2
preventing T effector cell replication, CTLA4 which binds CD80 and CD86 on
APCs as well as through IL-10, TGF-B and 1L-35 expression [132].

Interestingly, Treg depletion in apoE™ mice by CD25 Ab treatment increased
lesion development [133] while treatment with IL-2/anti-IL2 Ab complexes (a
preparation which is known to enhance IL-2 binding to CD25) expanded the
numbers of Tregs and attenuated atherosclerosis [134].

Cytotoxic T cells

CD8" T cytotoxic (Tc) cells recognize cytosolic-derived peptides loaded on MHC
class | molecules and upon encounter they kill the antigen-expressing cell via a
perforin/granzyme B mediated mechanism. These cells have evolved in order to
combat viruses, fungi, intracellular bacteria as well as cancer cells. Additionally,
through IFNy production they have been shown to activate macrophages [135].

Interestingly, in human atherosclerotic lesions they were reported to comprise
almost half of the T cell population [136] while in mice in the absence of certain
immunosuppressive pathways (programmed death ligand, PD-L1/2 deficiency)
they accumulate in atherosclerotic plaques, alongside with CD4" T cells,
contributing to disease development [137]. In a recent study, CD8" T cell
depletion was shown to reduce atherosclerosis in apoE™ mice which was
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accompanied by reduced plaque inflammation and cell apoptosis [138]. The
peptides that CD8'T cells respond to in atherosclerosis are still unknown.

B2 cells

B2 cells include follicular B cells participating in adaptive immune responses and
marginal zone B cells participating in innate immune responses as previously
mentioned. Follicular B cells are cells that home mainly in the spleen and lymph
nodes where they communicate with T helper cells. Upon activation they have the
choice to become plasma cells serving as an antibody pool or become memory B
cells that will produce antigen specific antibodies upon re-exposure to the same
antigen [139]. Marginal zone B cells reside in the spleen and by being positioned
in the outer white pulp, in close proximity to the red, they have the opportunity to
immediately respond to antigens from the blood that filters the spleen. Through
their high CD1d expression these cells mediate lipid antigen presentation to
invariant natural killer T cells (iINKTSs) establishing them as a great source of lipid
related antibodies [139].

The studies conducted until now assign an atherogenic role to B2 cells. In specific,
CD20 Ab treatment of apoE™ mice was reported to predominantly deplete B2 cells
leading to decreased atherosclerosis and lesional macrophages while B2 cell
transfer to apoE” mice aggravated the disease and increased macrophage
accumulation in plagues [140]. Upon B2 cell depletion total IgGs as well as
oxLDL-specific 1gGs decreased, the last happening for the mice that were for the
longest period on HFD and treated at the initiation of the disease [140].

In another study CD20 Ab treatment of hypercholesterolaemic mice reduced
atherosclerosis as well as systemic T cell activation and T cell accumulation in
plaques [141]. Moreover this type of treatment switched the cytokine balance in
the spleen since decreased IFNy- and increased IL-17- expressing CD4'T cells
were observed [141]. CD20 Ab treatment additionally led to decreased levels of
oxLDL-specific 1IgGs while oxLDL-specific IgMs showed a much lower reduction
being in accordance with the fact that CD20 Ab treatment mainly depletes B2 and
not B1 cells [141].

Additionally, genetic deficiency of the BAFF receptor, abrogating BAFF signaling
which is important for B cell survival was reported to mainly affect B2 cell
development and was utilized to test the effect of B2 cells in atherosclerosis [142].
In particular bone marrow transfer from BAFF receptor deficient mice (BAFF-R™)
to LDLr" mice reduced atherosclerotic plaque development and T cell plaque
infiltration as well as well as T cell activation and T-effector cell proliferation in
the spleen. Interestingly plasma IgG1 and IgG2c but not IgM antibodies to MDA-
LDL were significantly reduced in mice that were reconstituted with BAFF-R”
bone marrow compared to control mice [142].
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One thing that seems to be common in the above mentioned studies is the fact that
to a bigger or to a lesser extent B2 cell depletion and atheroprotection is
accompanied by decreased 1gG as well as anti-oxLDL 1gG antibodies. Without
being necessary as such, one could speculate that either B2 cells contribute in the
promotion of atherosclerosis through the secretion of proatherogenic IgGs or
through the binding of IgGs to Fcy receptors which has previously been shown to
be pro-atherogenic [143]. Another interesting aspect is that upon B2 cell depletion
decreased T cells in the plaques as well as in the periphery of mice were observed
indicating that B2 cells potently regulate T cell function.

Bregs — Costimulatory pathways in B cells

The main characteristic of regulatory B cells is the production of IL-10 and their
immunosuppressive function [144]. In atherosclerosis I1L-10 has been shown to be
atheroprotective [145]. IL-10 deficiency was reported to increase lesion formation
and to create an unstable plaque phenotype characterized by increased T cell
infiltration, decreased collagen content and increased lesional IFNy expression.
Accordingly, IL-10 administration reduced atherosclerosis [145]. Until now the
direct effect of Breg derived IL-10 has not been addressed in atherosclerosis.

The identification of B cell subsets secreting 1L-10 and being immunosuppressive
has been reported in experimental autoimmune encephalomyelitis (EAE), collagen
induced arthritis (CIA) and colitis [146-148]. These cells have been characterized
throughout the years as expressing various cell surface markers [144], both shared
from B1 and B2 cells (Table 1) making quite difficult the firm definition of their
phenotype. Besides IL-10 production from Bregs, the induction of such cells
requires activation through CD40 [146]. The fact that both IL-10 as well as CD40
signaling lead to both B cell maturation and antibody production [149, 150] seems
to be in direct contrast with the reported immunosuppressive functions of Bregs.
Additionally, most of the markers used to describe Bregs are used to describe Bla
cells as well making things even more complex while still no transcription factor
has been assigned to them. Nonetheless, even if we cannot still firmly categorize
and define them, the existence of B cell subsets that have immunosuppressive
functions is a fact [144].

Interaction of B cell expressed CD40 with the CD40 ligand (CD40L) in T cells
induces B cell maturation and antibody secretion in vivo [151] while when the
engagement is prolonged and stronger in terms of signaling this results in
inhibition of antibody secretion [152]. Mice that have B cell-specific CD40
deficiency suffer from severe EAE accompanied by decreased levels of 1L-10 and
increased IFNy expression in the spleen [146]. Additionally, administration of
agonistic anti-CD40 has been shown to decrease arthritis, inhibit IFNy and
enhance 1L-10 production in mice [153]. A few years later it was reported that
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treatment of splenic B cells with agonistic CD40 gives rise to a B cell population
that produce high levels of IL-10 and low levels of IFNy [147]. Additionally,
transfer of these cells into a mouse model of arthritis prevented and decreased the
disease via IL-10 secretion [147].

However, the role of the CD80/CD86 pathway in B cell mediated immune
responses does not point to a specific direction. B cell-derived CD80/CD86
interactions as well as IL-10 have been shown to modulate Thl cell differentiation
[154]. In experimental arthritis the expression of CD80/CD86 by B cells was
reported to be essential for the activation of autoreactive CD4'T cells [155] while
in other studies signaling through these molecules in B cells has been associated
with suppression of immune responses [156, 157].

Interleukin-25

Interleukin-25 (IL-25 or IL-17E) is a member of the IL-17 cytokine family
comprised by 6 cytokines, from IL-17A to IL-17F. IL-25 shares 16% homology
with IL-17A and 80% homology with its human analogue [158]. Briefly, until now
IL-25 has been shown to be produced by epithelial cells [159, 160], endothelial
cells [161], mast cells [162], eosinophils [163], basophils [163], alveolar
macrophages [164], microglia [165], CD4" and CD8" T cells [166], skin resident
monocyte-derived DCs [167] and Th2 cells [74]. The interleukin's target cell
populations are monocytes/macrophages [168, 169], DCs [165], T cells [170],
natural killer (NK) T cells [171, 172], epithelial cells [172], ILC2s [77-79] and
type 2 MPPs [83].

IL-17RA and IL-17RB comprise the functional heterodimer receptor through
which IL-25 signaling is mediated. Although it has been shown that IL-25 binds
only to IL-17RB, IL-17RA is still important in signal transduction since mice that
are deficient either to IL-17RA or IL-17RB do not respond to IL-25 [173]
(reviewed by Gafen S.L.). Upon binding of IL-25 to IL-17RB, Act-1 is initially
recruited, followed by TRAF®6, leading to the activation of NF-xB, MAPK-AP-1,
C/EBP signaling pathways [174]. Amongst the two heterodimers, only IL-17RB
contains the cytoplasmic TRAF6-binding motif enabling it to directly interact with
TRAF6 (regardless of I1L-25 binding) and activate merely NF-kB signaling only
upon IL-25 binding.

The cytokine’s reported functions include the promotion of type 2 immunity, the
induction of Th2 and Th9 immune responses as well as the reduction of Thl and
Th17 immune responses in the different settings of the diseases tested. As
extensively discussed in a previous section (ILC2s), IL-25 has been reported to be
a potent inducer of ILC2s and type 2 MPPs [77-79, 83] which secrete large
amounts of Th2 related cytokines (IL-5, IL-13) mediating type 2 immune
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responses that are both beneficial for helminthic expulsion [77-79, 83] and wound
healing [93] while pathogenic in allergy and asthma [90].

In specific, upon helminthic infection the IL-25-induced type 2 immune responses
downstream the recruitment of ILC2s and the production of Th2-related cytokines
are enhanced goblet cell hyperplasia, mucus production and eosinophilia (for more
information the reader is encouraged to read the section named “ILC2s”). One of
the studies that further support the important role of IL-25 in the eradication of
helminthic infections as well as its possible role as a regulator of Thl and Th17
immune responses reported that IL-25" mice fail to develop a type 2 immune
response and eradicate helminthic infection, accompanied by increased production
of IFNy and IL-17 by MLN cells [166].

Following the pathway of Thl and Th17 regulation by IL-25, IL-25" mice were
reported to be susceptible to EAE which is an experimental model of multiple
sclerosis. Interestingly, this was accompanied by increased levels of IL-23 in the
periphery of the mice as well as increased IL-17, IFNy and TNF producing T cells
invading the central nervous system [165]. IL-25 has also been reported to
decrease Thl and Th17 (IL-12 and IL-23) cytokine production from CD14" cells
of patients suffering from Crohn's disease (CD) and to reduce experimental colitis
in mice [168]. Moreover, IL-25 treatment of NOD mice suffering from
autoimmune diabetes, regulated disease progression, reduced splenic Th1l7 cells
and increased the frequency of Tregs in pancreatic lymph nodes [175].

As mentioned previously, a pathogenic role has been assigned to 1L-25 concerning
allergic disorders. This is due to the fact that IL-25 through the secretion of Th2
cytokines from auxiliary cells (ILC2s, T cells) leads to the recruitment of
eosinophils and mast cells which is accompanied by increased serum IgE levels,
goblet cell hyperplasia and mucus production. Intranasal, IL-25 administration in
mice results in the induction of an asthma phenotype due to increased
accumulation of IL-5 and IL-13 expressing ILC2s in the lungs and broncho-
alveolar lavage (BAL) fluid of the mice [90]. Additionally, in airway
hypersensitivity response (AHR), representing an experimental model of asthma, a
fraction of CD4" NKT cells expressing the IL-25 receptor (IL-17RB) was reported
to secrete Th2 cytokines and especially IL-13 in response to in vitro stimulation
with IL-25 and to be implicated in the pathogenesis of the disease [172].
Accordingly, in another study 1L-25 blockade was reported to prevent AHR which
was accompanied by reduced IL-5 and IL-13 levels in mediastinal lymph nodes,
reduced goblet cell hyperplasia and eosinophil infiltration in the airways as well as
reduced serum IgE levels [176].

IL-25 has also been reported to regulate IL-9 which is considered as a Th2
cytokine both in vitro and in vivo [177]. In specific, in vitro induced IL-9
expressing T cells, obtained upon incubation of T cells with TGF-p and IL-4,
expressed high levels of the IL-25 receptor and upon interaction with IL-25
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secreted IL-9. Moreover, in the same study IL-25-deficiency in a mouse model of
chronic allergic lung disease reduced IL-9 expression and airway inflammation.
Since IL-9 was previously reported to contribute in airway inflammation and
asthma [178] it seems that IL-25 can also contribute to that by regulating 1L-9
secretion.

In regards to atherosclerosis, it has been reported that in human normal arteries IL-
25 is expressed by endothelial cells and smooth muscle cells while in
atherosclerotic plaques is also expressed by mature B cells and plasma cells [130].
However, the role of IL-25 on atherosclerosis development has not been
previously studied.

Interleukin-33

IL-25 and IL-33 have both been reported to be implicated in the initiation of type 2
immune responses as well as in similar manners in anti-helminthic function and
exacerbation of allergic lung inflammation as mentioned previously (sections
named ILC2s, Interleukin-25). In order to compare, contrast and contemplate over
these two cytokines | will also give a short description of 1L-33 focusing on the
cytokine’s origin, cell-targets and anti-atherogenic properties.

As comprehensively reviewed by Pei et al [179], IL-33 is a member of the IL-1
family that includes IL-1 and IL-18. IL-33 is expressed by epithelial and
endothelial cells in various organs but also from immune cells like macrophages
and dendritic cells. The cytokine’s receptor is a heterodimeric complex consisting
of ST2 and the IL-1 receptor accessory protein (IL-1RAcP) which is expressed by
immune cells like Th2 cells, ILC2s, mast cells, basophils, macrophages, DCs,
CDS8'T cells and B cells as well as non-immune cells like endothelial, epithelial
cells and fibroblasts. The main reported functions of 1L-33 until now is the
induction of type 2 immune responses through the production of IL-5 and 1L-13
that have been shown to confer immunity to helminthes, exacerbation of allergic
airway inflammation and atheroprotection.

In regards to the latter one, IL-33 was reported to reduce atherosclerosis through
the production of IL-5 and oxLDL specific antibodies while IL-33 neutralization
(through soluble ST2 administration) resulted in exacerbated atherosclerosis and
increased Th1 immune responses [180].

In another study, IL-33 administration in mice was shown to promote cytokine
production by vascular adipose tissue (VAT) resident ILC2s leading to rapid
increases of tissue specific eosinophils and AAMs contributing to metabolic
homeostasis and insulin sensitivity [95]. IL-33 was also reported to activate B1
cells both in vivo and in vitro, an effect that was accompanied by increased levels
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of IL-5, IL-13 and IgM [181]. Additionally, upon administration of IL-33 with an
IL-5 neutralizing Ab in wild type (WT) mice, IgM induction was abolished
revealing a specific pathway: IL-33-induced IL-5 increases B1 cell-derived IgM
levels through which oxazolone-induced contact sensitivity (CS) gets exacerbated
[181].

Upon intraperitoneal administration of IL-33 in apoE™ mice deficient in 1d3
(helix-loop-helix protein inhibitor of differentiation 3), peritoneal and serum IL-5
levels were decreased compared to apoE” control mice indicating 1d3 as a
regulator of IL-33-induced IL-5 production [182]. The same study also reported
the presence of natural helper cells (ILC2s) in periaortic adventitia and
perivascular adipose tissue (PVAT) raising the interesting possibility that 1LC2s
can also expand topically upon IL-33 administration.
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Methods

Various methods have been used in order to obtain the results reported in the
present work but here | will focus in some of them that are worth being discussed
in more detail.

Malmd Diet and Cancer Study

The Malmd Diet and Cancer Study (MDCS) is a prospective cohort (n=28449)
study examining the association between diet and cancer. Subjects born between
1926 and 1945 and living in Malmd were eligible for inclusion in the study.
Between October 1991 and February 1994, every other participant was also
invited to take part in a sub-study focusing on cardiovascular risk (MDCS
cardiovascular cohort, n=6103). We randomly selected 700 subjects participating
in the cardiovascular cohort of MDCS, aged 63 to 68 years old in order to study
possible associations between B cell subsets with cardiovascular events or carotid
IMT.

At baseline examination participants were asked to provide, among others,
information about current or previous diseases, lifestyle habits and medication.
Blood was collected and mononuclear leukocytes were isolated and stored at -140
°C while plasma and sera were stored at -80°C. Analysis of common and bulb
carotid intima-media thickness (IMT) was performed by B mode ultrasound.

Participants were followed from baseline examination until first event of CVD,
emigration from Sweden or death, up until December 31st, 2008. A CVD event
was defined as a fatal or non-fatal MI, fatal or non-fatal stroke, or death
attributable to underlying CHD, whichever came first. Throughout the follow-up
period 150 incident first event CVD cases (84 coronary events and 66 strokes)
were recorded.

In order to investigate possible associations of B cell subsets with CVD events or
carotid IMT, the mononuclear cells that were stored at -140 °C were thawed and
stained with fluorochrome-labeled antibodies for flow cytometric analysis. This
procedure took approximately a year to be completed for all the 700 individuals of
this study. The antibodies used were FITC-anti-CD19, FITC-anti-CD14, PerCP-
biotin-anti-CD3, PerCP-biotin-anti-CD56, APC-anti-CD40, PB-anti-CD86,
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AF700-HLA-DR and PE-B7-H2 (ICOSL). The \viability stain 7-
Aminoactinomycin D (7AAD) was added in order to detect dead or dying cells.
More than 90% of the thawed cells were viable. Stained cells were fixed in 1%
paraformadehyde and measured on a CyAn ADP flow cytometer (Beckman
Coulter). The analysis was performed with FlowJo7.6 software (Tree Star). The
same FITC-channel was used for the CD14" and CD19" cells and the lymphocytes
were gated based on forward and side scatter parameters. Alive B cells identified
as 7AAD’, CD3, CD56 and CD19" cells were further gated based on their
expression of CD40 or CD86.

Because we wanted to investigate possible associations between B cell subsets and
cytokine release from mononuclear cells as well, mononuclear cells were
stimulated with CD3/CD28 beads for 72 hours at 37°C. Thereafter, the cell
supernatants were stored at -80°C until cytokine analysis with multiplex
technology (MesoScale Discovery).

Mouse models

ApoE” alongside with LDLr"" mice are the most commonly used animal models
of experimental atherosclerosis. ApoB100-containing particles (LDL) bind to the
LDL receptor (LDLr) while particles that mainly consist of apoB48 deliver their
cholesterol via binding to apoE. Thus, deficiency of either apoE or LDLr results in
different lipoprotein profiles. Mice that lack LDLr accumulate LDL particles while
apoE deficiency results in accumulation of larger lipoprotein particles like CMs
and CMRs [183]. The apoE” mouse model that has been utilized in the present
work has been reported to develop complex atherosclerotic plaques even when fed
chow diet (cholesterol levels 300-500 mg/dL) while atherosclerotic plaque
formation is further enhanced upon feeding with lipid-rich diet (cholesterol levels
can exceed 1000 mg/dl) [183]. In specific, apoE”" mice on normal diet develop in
the aortic root foam cell lesions at 8-10 weeks of age, after 15 weeks moderate
plagues are formed while beyond 20 weeks atherosclerotic plaques with fibrous
cap formation takes place [183]. This procedure is further accelerated on high fat
diet were advanced plaques containing necrotic cores and calcifications are
evident. In order to study atherosclerosis, we fed apoE™ mice (on C57BL/6
background) a high fat diet (HFD; 0.15% cholesterol and 21% cocoa butter fat) for
14-15 weeks. We observed atherosclerotic plaque formation in the aortic root as
well as in the aorta of the mice, with most of the atherosclerotic burden located in
the aortic arch.

Another mouse model that has been used in the present study is the apoE™ Ragl™
(apoE™ and Ragl™ on C57BL/6 background, crossed in-house). Generally, the
recombination activating genes RAG1 and RAG2 are implicated in the
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recombination of immunoglobulin gene sequences and T cell receptor sequences.
Thus genetic deficiency of either one, results in the production of non-functional B
and T cells. More in detail, Ragl”™ mice have been reported not to have CD3" or
TCR af” cells while neither the spleen nor the bone marrow contain any IgM or
IgD positive cells indicating absence of mature B cells [184]. Deficiency in both
Ragl and apoE genes generates a hypercholesterolaemic mouse model that lacks
adaptive immunity.

Mice deficient in IL-5 have also been utilized in the present work. IL-57 mice
have been reported to have no defects in B2 cell development, T cell dependent
antibody production or cytotoxic T cell responses [185]. However, eosinophilia is
impaired upon infection while these mice exhibit impaired CD5" B1 cell
development [185].

IL-25 / Anti-1L25 administration - Atherosclerosis

Treatment patterns as well as dosages in order to study the effect of 1L-25 and IL-
25 neutralization were determined based on previous studies [74, 165, 175]. In
specific, Fort et al [74] reported that daily treatment of C57BL/6 mice with 1ug
IL-25 (intraperitoneally, i.p.) for approximately a week efficiently induced the
induction of Th2 induced eosinophilia. Additionally Emamaullee et al [175]
studying the effect of IL-25 in autoimmune diabetes treated NOD mice with daily
subcutaneous (s.c.) injections of 1ug IL-25 for 25 days or with i.p. injections of
anti-IL17 (100 pg) on alternating days over a period of 12 days. Lastly,
Kleinschek at al treated WT mice suffering from EAE with recombinant mouse
IL-25 subcutaneously for 12-15 days (the dosage used was not reported) and with
neutralizing antibodies against IFNy (200ug) and IL-17 (1 mg) once a week for ~3
weeks.

Since we wanted to study both the effect of IL-25 and IL-25 blockade at the
initiation of atherosclerosis as well as on already established disease we decided to
treat young apoE™ mice for 4 weeks (at the beginning of HFD) or old apoE” mice
with already established disease for the same time period (last 4 weeks of HFD).
The dose chosen for recombinant mouse (rm) IL-25 was 1ug/day or equal volume
of control medium (C.M., 4mM HCL)/day (s.c.) and for anti-IL25 as well as the
isotype control Ab (Rat 1gG1,x) was 100 ug/week (i.p.).

In the case of rmIL-25 (or C.M.), in order to avoid the great stress that we would
induce to the mice if we were to inject them daily we decided to surgically place
osmotic pumps subcutaneously (model 1004, ALZET, DURECT Corporation,
Cupertino, CA) that delivered the desired amount of substance over the period
needed. Specifically, in the experimental session that we investigated the effect of
the cytokine at the initiation of the disease we removed the pumps upon expiration
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of the treatment period and the mice went on HFD until the termination date, 11
weeks later. When studying the effect of IL-25 on already established disease the
pumps were implanted the last 4 weeks of the experimental session and were
removed upon euthanization of the mice.

Flow cytometry - Fluorescence activated cell sorting
(FACS)

Flow cytometry (FC) is a method that has been extensively used in the present
work. It is a powerful technique enabling cell population-profiling that may
include analysis of intracellular or extracellular markers on cells, investigation of
cell proliferation rates, cell apoptosis/necrosis.

Flow cytometric analysis begins with labeling of the cells with fluorochrome-
“carrying” antibodies. This can happen both extracellular and intracellular. Each
type of antibody, carrying a specific fluorochrome “targets” a specific type of
protein/molecule on the cells. The final step includes the analysis of the stained
cells with the flow cytometer. Here, the operator can distinguish the cell
populations of interest from the “pool” of cells in the sample according to the
antibodies used and also quantify the expression of markers on them or on the
whole cell population.

More in detail, upon acquisition of the sample in the flow cytometer, the cell
suspension is processed in such a way so that single cells could be able to “get hit”
by the beam of laser(s) existing in the flow cytometer. The reason for that is that
through excitation of the fluorochromes attached on the cells and subsequent
emission of light (fluorescence), the respective detectors are able to receive that
light and through a computational system translate it into a signal that the operator
can see and quantify. The signal obtained in a specific detector/channel is in
reality the relative expression of a marker of interest on the cell population tested.

A sister-technique to FC is the fluorescence activated cell sorting (FACS). The
principle is the same with the only difference being that the operator has the
opportunity to actually obtain the cell population of interest and not just observe
and analyze its computational data.

Briefly, the “fluorochrome-labeled” cell suspension is processed in a single-cell
flow stream as described previously. Next, each cell undergoes analysis of its
fluorescent profile. Further on, a vibrating mechanism separates the stream of cells
in droplets. One cell per droplet is the aim. But just at the point where the stream
breaks into droplets, the latter ones get charged according to the fluorescent profile
of the cell that they contain. The charged droplets then get diverted with the use of
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an electrostatic deflection system into containers according to their charge. The
sorted cell populations can then be used for in vivo and/or in vitro purposes.

Isolation of 1LC2s — Adoptive transfer into apoE™ mice

ILC2s were analyzed in the spleens of apoE™, apoE™Ragl”, IL-5" mice upon
treatment with rmIL-25 or control medium. The same analysis also took place for
apoE™ mice treated with anti-1L25 or control antibody. Upon preparation of single
cell suspensions, ILC2s were immunomagnetically enriched with the use of a
“cocktail” of antibodies targeting lineage-related markers (CD3, CD4, CDS8,
CD11b, CD11c, CD45R, CD19, Gr-1, FceRI, NK 1.1 and Ter-119). The resultant
fraction of cells was enriched in innate lymphoid cells. Next with the use of
markers that nuocytes (ILC2s) were previously reported to express [78], further
analysis of the lineage depleted cells took place flow cytometrically. These cells
were defined as Lin'CD45*IL-17RB*1COS*IL7ra"™* ™,

Additionally, FACS sorting of ILC2s upon lineage depletion took place in order to
further characterize them in terms of cytokine expression as well as to perform
adoptive transfer of ILC2s into apoE” mice.

For cytokine characterization of ILC2s, apoE™ mice were injected daily with 1pg
of rmIL-25 for 7 days. Thereafter the mice were killed, spleens were dissected,
ILC2s were enriched by immunomagnetic depletion of lineage positive cells,
FACS sorted as LinCD45'IL17RB*ICOS*IL7ra™"™%** and cultured in vitro for 7
and 14 days in the presence of IL-7 (10ng/mL) and IL-33 (10ng/mL). The cell
culture medium was renewed every other day. Cytokine analysis of cell culture
supernatants at days 7 and 14 took place revealing a previously reported cytokine
profile for ILC2s, mainly characterized by high levels of IL-5 and IL-13.
Interestingly, even after 14 days of culture the isolated cells retained their
cytokine-related characteristics. For the cells that were cultured for 7 days flow
cytometric analysis of IL-5 expression also took place revealing that ~70% of the
cell population expressed IL-5.

For ILC2 transfer experiments, apoE”" mice were injected daily with 1pg of rmlIL-
25 for 7 days. Next, splenic ILC2s were enriched by immunomagnetic depletion of
lineage cells, FACS sorted as Lin'CD45'IL17RB'ICOS'IL7ra™ ™™ and
expanded in vitro for 9 days in the presence of IL-7 (10ng/mL) and IL-33
(10ng/mL). ILC2s were counted and 0.5 x 10° cells (resuspended in PBS) were
transferred i.p. to apoE™ mice.
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Treatment of human PBMCs with IL-25

Human blood leukocyte filters from healthy donors were obtained from the
regional Center of Blood (Skane University Hospital, Lund, Sweden) and
peripheral blood mononuclear cells (PBMCs) were isolated from them as
described previously [186]. Briefly, cells trapped in leukocyte filters were
backflushed with 150 ml of PBS (without Ca?*, Mg®") containing EDTA-Na,
(5mmol/L) and sucrose 2.5% (w/v). The eluted cells were layered in Ficoll
solution and centrifuged at 445xg at 21°C for 35 min. At the end of centrifugation
the white layer of mononuclear cells was collected and washed with PBS twice.
Next erythrocytes were lysed, PBMCs were washed extensively and were further
cultured in vitro or used for immunomagnetic isolations of CD3" T cells or DCs.

The concentration of IL-25 that was used for in vitro incubation with PBMCs was
in the same range used in previously reported studies investigating the effect of IL-
25 on human cells [84, 163, 169, 170]. Specifically, 10° cells/mL were incubated
with different concentrations (0-100ng/ml) of recombinant human (rh)IL-25 for
20h. Incubation of cells with 4 mmol/L HCL containing 1% bovine serum
albumin, the vehicle for rhlL-25, served as a control. PBMCs were also incubated
with 10 pg/mL Cu?-induced oxLDL alone or in combination with IL-25 or the
vehicle. Further stimulation of the cells with either PMA, lonomycin and
Brefeldin A took place in order to investigate T helper, cytotoxic or regulatory cell
subsets with flow cytometry. Additionally, stimulation with PMA and lonomycin
or CD3/CD28 beads was performed in order to assess cytokine release in cell
culture supernatants.

Immunomagnetically isolated CD3* T cells (1 x 10° cells/mL) were incubated with
different concentrations of IL-25 (0-50ng/ml) for 24h in the presence of
CD3/CD28 and further stimulated with PMA, lonomycin, and Brefeldin A for
flow cytometric analysis. In parallel, stimulation with PMA and lonomycin was
performed for cytokine assessment. Moreover, immunomagnetically isolated DCs
(0.5 x 10° cells/mL) were incubated with rhIL-25 (50ng/ml) for 20h and further
stimulated with LPS for 24h for cytokine assessment.
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Results and discussion

Paper |

In this study we investigated the influence of two different B cell subsets on the
development of acute cardiovascular events in a prospective study cohort
involving 700 randomly selected subjects from the cardiovascular arm of MDCS
(Malmo Diet and Cancer Study) with a follow up time of approximately 15 years.
B cell subsets were analyzed with the use of flow cytometry. One thing that should
be kept in mind is that CD19" B cells and CD14" monocytes were stained with the
same fluorochrome and then further distinguished according to their side scatter
expression; CD19" cells as being side scatter low and CD14" cells as being side
scatter high. In additional experiments we found that about 6% of the CD40 and
CD86 expressing cells in the side scatter low gating are likely to be CD14"
monocytes. We believe that although this represents a limitation in our study it
does not significantly influences the conclusions drawn.

Our findings demonstrated an association between high levels of CD19°CD40"
cells and a decreased risk of stroke while high levels of CD19°CD86" B cells were
associated with an increased risk (figure 2). The risk was doubled in the presence
of high numbers of the latter B cell subset and it seemed to be higher in men. The
opposing associations of these B cell subsets with the risk of stroke imply that B
cell mediated-immune pathways through CD40 and CD86 might have differential
impacts on the possible development of future stroke events. Interestingly, naive
and memory B cells from patients with rheumatoid arthritis were reported to
express higher percentage of CD86 than healthy controls [187]. Moreover,
previous studies reported that stimulation of CD40 induces the development of
immunosuppressive B cell subsets and that absence of CD40 makes B cells unable
to regulate immune responses [146, 154]. The existence of B cell subsets with
immunosuppressive properties have previously been reported in humans [154,
156] and it will be of interest in future studies to investigate possible associations
of the B cell subsets that we report with those.
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Figure 2. Stroke-event free survival of %CD19"CD40" and CD19°CD86" B cells in tertiles during a
15-year follow-up. High levels of CD19*CD86" B cells (3" tertile) and low levels of CD19*CD40*
B cells (1% tertile) are associated with an increased risk of stroke.

The fact that only stroke and not coronary artery disease was associated with the
reported B cell subsets in our study might indicate that the immune pathways that
these B cell subsets serve might have a greater impact on cerebrovascular CVD.
The mechanistic background of such observations of course cannot be explained
by a clinical study, but such data can always give the initiative for further
experimental investigation.

Moreover, mononuclear-derived IL-10 correlated with the fraction of
CD19°CD40" B cells while CD19°CD86" B cells were associated with a more pro-
inflammatory cytokine profile. These data support the notion that CD40 signaling
is important in immunosuppressive B cells and that CD86 is important for the
induction of Thl cells [146, 154]. Another interesting observation was the fact that
even though B cell subsets correlated strongly with many of the cytokines tested
very few associations between the released cytokines and the fraction of CD3" T
cells were detected. These findings indicate that B cells might have a greater
impact in regulating cytokine release than T cells.

Overall, this is the first prospective clinical study reporting involvement of B cell
subsets in cardiovascular disease.

Paper 11

The aim of this study was the investigation of the effect of IL-25 on
atherosclerosis. For that reason apoE” mice were treated with IL-25 at the
initiation of atherosclerosis as well as on already established disease. Treatment
with IL-25 inhibited in both treatment patterns atherosclerotic plague formation in
the aortas of the mice.
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Upon 1L25 treatment of mice with already established plagues, the inhibition of
the disease was accompanied by increased numbers of ILC2s gated as Lin
CDA45'IL17RB*ICOS*IL7ra™ ™ a5 well as IgM antibodies targeting PC an
epitope expressed on oxLDL [71]. The reason that we did not observe any
analogous differences upon IL-25 treatment of mice at the initiation of plaque
formation is probably due to the fact that the mice were treated shortly at the
initiation of the disease but were left untreated for another 11 weeks until
termination. Because of that, it is quite possible that the immune system had the
time to get back into a “ground-level” of immunological status still retaining the
induced atheroprotection due to early treatment with IL-25.

In order to further investigate the IL-25-induced immunological pathway we
treated young and old apoE”" mice with daily injections of IL-25 for a week. In
both cases there were dramatic increases of splenic ILC2s and IL-5 levels (plasma
and spleen) accompanied by increased plasma anti-PC IgM levels.

We next questioned whether ILC2s were indeed responsible for the increased IL-5
levels that were observed. For that reason we used the apoE”"Rag1™ mouse model
that lacks functional cells of the adaptive immunity (B and T cells). Even shorter
treatment of these mice with 1L-25 (1ug IL-25 every second day instead of every
day for a week as happened for apoE™), IL-5 levels were increased to comparable
levels. This implies that ILC2s are indeed a great producer of IL-5 upon IL-25
treatment. In the apoE”Rag” mouse model two other innate cell populations could
have responded to IL-25; basophils and mast cells. We cannot exclude the
possibility that part of the increased IL-5 levels could be coming from an
interaction of the cytokine with these cells. But the fact that FACS sorted ILC2s
from apoE”" mice expressed extremely high levels of IL-5 compared to lineage*
IL25 responsive cells (sorted as Lin*IL17RB") favors our hypothesis.

We next questioned whether ILC2-derived IL-5 could be responsible for the
increased anti-PC IgM levels. For that reason we utilized the mouse model of IL-5
deficiency (IL5"). Upon treatment with 1L-25 we observed an increase of ILC2s
comparable to the one in apoE” mice, but no difference in anti-PC IgM. The
aforementioned experiments show that IL-5 is not necessary for the expansion of
ILC2s but it is crucial for induction of anti-PC IgM. Collectively, the
aforementioned experiments indicate that ILC2s is the main responder of 1L-25
and the main producers of IL-5 which is necessary for the induction of the
atheroprotective anti-PC IgM (figure 3).
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Figure 3. Proposed mechanism of 1L-25 induced atheroprotection in apoE™ mice. Upon IL-25
administration, ILC2-derived IL-5 induces the production of IgM antibodies targeting phsphoryl
choline (PC).

In order to investigate the axis between ILC2s and Bla cells we FACS sorted
ILC2s, expanded them in vitro in order to get a good number of cells and next
transferred them intraperitoneally into apoE” mice. The reason for transferring
ILC2s i.p. is that the peritoneum is a location that most of the Bla cells reside
[188]. Three days later, we checked the peritoneum and spleen of the ILC2
recipients for Bla cells. We were not able to detect any Bla cell increases in the
peritoneum but we detected increased frequencies of Bla cells in the spleen. This
pattern of Bla cell stimulation is in accordance with previous reports. IL-5
injection of mice in the peritoneal cavity has been reported to make Bla cells to
migrate from the peritoneal cavity to the spleen [57]. Given that ILC2s serve as an
IL-5 pool the latter one possibly have induced such a migration of the cells to the
spleen. Conclusively, we suggest that IL-25 through the expansion of ILC2-
derived IL-5 activates Bla cells to secrete anti-PC IgM conferring
atheroprotection. Although such a mechanism might possibly be taking place
topically in the plaque, a parameter that we did not test in our study, it is still a fact
that the existence of circulating anti-oxLDL IgM has previously been reported to
be associated with atheroprotection in mice [123, 180] and with lower risk for
CVD events in humans [72].
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Paper Il

In this study we questioned whether 1L-25 blockade can affect atherosclerosis
development in apoE™ mice both at the initiation of atherosclerosis but on already
manifested disease as well.

Anti-IL25 treatment during the early stage of plague formation aggravated
atherosclerosis development in the aortic arch of the mice, a location that most of
the atherosclerotic burden is usually observed (figure 4). Moreover, decreased
smooth muscle cell content was observed in plaques of aortic root sections
indicating increased plaque instability (figure 4). However, no differences in
collagen content could be observed. Previously, it has been shown that
atherosclerotic plaque development is influenced by abnormal plaque collagen
fibril structure [189]. Thus, it could be of interest to evaluate if IL-25 blockade
affects the structure of collagen. Aggravation of the disease was also accompanied
by a predominance of Th1/Thl7 cytokines in the spleen as well as reduced Th2
cytokines in plasma. Previous studies have also associated Thl and Thl7 related
cytokines with increased lesion development and plaque instability [113-116,
126].
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Figure 4. 1L-25 blockade at the initiation of plaque formation aggravates disease progression and
increases plaque instability in apoE™" mice.

However anti-IL25 treatment had no effect on already established plaques. The
difference in disease out-come depending on the time-point of IL-25 blockade
might indicate that disturbance of the cytokine balance into more Th1/Th17 at the
initiation of plaque formation is more potent in accelerating disease progression in
contrast to already established disease.
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Paper IV

The effect of IL-25 on human peripheral blood mononuclear cells (hPBMCs) from
healthy individuals was the main focus of this study. Different T cell subsets were
analyzed with the use of flow cytometry upon incubation of hPBMCs with IL-25.
A consistent effect that was observed after such treatment was decreased
frequency of Th17 cells (gated as CD3"CD4’IL17" cells). In order to further
investigate this pathway, immunomagnetic isolations of CD3*T and dendritic cells
(DCs) and subsequent incubations with 1L-25 took place. IL-25 treatment of
CD3'T cells did not affect CD3*IL17" cells indicating that the observed effect of
Th17 decrease is not a direct effect of the cytokine on T cells. Therefore, we
decided to examine the effects of IL-25 on DCs, a potent antigen presenting cell
type that prime T cells and influences the immune responses in either a pro- or
anti- inflammatory way depending on the respective environment. Interestingly,
IL-25 reduced IL-6 and IL-23 production from DCs, cytokines that have been
implicated in induction of human Th17 cells [103] (figure 5).
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Figure 5. IL-25 reduces Th17 cells in peripheral blood mononuclear cells through inhibition of IL-6
and IL-23 secretion from dendritic cells (DCs).

The effect of IL-25 in the presence and in the absence of oxLDL that served as an
atherosclerosis-related, pro-inflammatory stimulus, was also tested. Specifically,
the release of IFNy and IL-6 from hPBMCs was reduced by IL-25 both in the
absence and presence of oxLDL. Additionally, IL-25 in the presence of oxLDL
increased the release of IL-4 and IL-5 from hPBMCs but decreased IL-13 levels.
Although the cell origin of the previously mentioned cytokines was not fully
elucidated, some general conclusions can be made. In specific, IL-25 dampens
Th17- and Thl- related immune responses in hPBMCs while in the presence of
oxLDL it decreases Th1l- and promotes Th2- related immune responses. Thus, this
raises the interesting possibility that 1L-25 might have a protective role in human
atherosclerosis.
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Conclusions and future perspectives

Alongside to the great need for therapies targeting atherosclerosis there is also a
need for new biomarkers predicting the risk for future myocardial infarctions and
strokes. The results of paper I, suggest that different B cell subsets could be used
as potential biomarkers in order to predict a future stroke event. Because this is the
very first study to report such associations more studies confirming the same
results could reinforce the possible usage of such B cell subsets as biomarkers in
the clinic.

Another purpose of the present work was the investigation of the role of IL-25 on
atherosclerosis with the use of hypercholesterolaemic mouse models. In order to
tackle this, the cytokine was both administered and blocked in apoE™ mice.
Interestingly, we observed an atheroprotective effect of the cytokine.

Regarding cytokine administration, the proposed mechanism of IL-25-induced
atheroprotection implicates the increase of IgM antibodies targeting PC, a major
epitope on oxLDL via ILC2-derived IL-5. We suggest that the essential trigger for
this mechanism is the expansion of ILC2s. Adoptive transfers of FACS-sorted
ILC2s from apoE™ and IL-5" mice to apoE”" mice will firmly answer to the hot
question of whether ILC2s represent a cell subset that mediates protective immune
responses in atherosclerosis. | am eagerly looking forward to that...

Additionally, IL-25 blockade at the onset of atherosclerosis led to the formation of
increased plaques of unstable phenotype, accompanied by a Th1/Th17 shift of the
cytokine balance in the periphery of the mice. It seems that signaling through IL-
25 during early plaque formation possibly regulates protective immune
mechanisms and that disruption of that signaling leads to the dominance of pro-
inflammatory immune responses. Further work focusing on the cell origin of IL-25
in vivo and how cells behave upon such a blockade might give a better mechanistic
insight. This can also be tested in a hypercholesterolaemic mouse model of genetic
IL-25 deficiency like the apoE”IL-25" mouse model that we are currently
breeding in our facility.

Generally, it seems that administration of 1L-25 induces atheroprotective innate
immune responses whereas IL-25 blockade induces to some extent atherogenic
adaptive immune responses. These findings will be targeted and further evaluated
in the proposed experiments.
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Next, the cytokine’s effect on human mononuclear cells was tested. Interestingly,
IL-25 treatment of human PBMCs decreased pro-inflammatory Th1/Th17 immune
responses. Besides the reported I1L-25-induced decrease of Th17 cells, it will also
be interesting to investigate in more detail the cells that might participate in this
pathway. Since IL-25 seems to mediate protective immune responses in
atherosclerosis it will be interesting as well to test through clinical studies if it
could be used as a future biomarker for cardiovascular disease.
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Science for everyone

Atherosclerosis is a disease of medium and large sized vessels of our bodies that is
mainly characterized by the deposition of lipids in the vessel walls. Increased lipid
levels in the blood of an individual, because of lifestyle habits but also because of
genetics, can lead to the formation of an “atherosclerotic plaque”. Thus, although
lipids are important for the normal function of cells, when in excess can lead to
atherosclerosis.

As oil is insoluble in water the same thing happens with the lipids in our blood,
making difficult their essential distribution to the various tissues. But our body has
found a very efficient solution; the lipids “get packed” to form spherical particles,
surrounded by a membrane that enables them to float freely in aqueous “solutions”
such as the blood. These particles are called lipoproteins and according to their
composition they are categorized into different types. Low density lipoprotein
(LDL) particles have mostly been associated with atherosclerosis therefore LDL is
known as the “bad cholesterol”.

An atherosclerotic plaque is created when the lipids of the blood (mostly LDL) get
trapped in the vessel wall and get retained at that location. This gradually
increasing, un-physiological homing of lipids and cells leads to the formation of a
gruel material that grows within the vascular wall making the vessel less flexible
upon physical movement. If the individual that has such a plague will not regulate
his lipid levels through medication and change of lifestyle habits, there is an
increased risk that the plaque will increase and rupture. When this happens the
material of the plaque gets exposed to the blood flow leading to the formation of a
blood clot. This clot can then stop the flow of the blood to the rest of the body and
this may lead to death.

When plaques of the heart vessels get ruptured then the individual experiences a
heart attack but when the same thing happens for a plaque of the carotid arteries
then a stroke event takes place. Unfortunately, nowadays atherosclerosis is the
leading cause of death worldwide. Statins are drugs that were discovered in the
70s and they act by decreasing lipid levels in the blood but cannot fully protect
from atherosclerosis.

The last few decades, scientists working in the field of atherosclerosis have
acknowledged that in addition to the contribution of lipids, the immune system
also participates to the progression as well as the resolution of the disease. The
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term “immune system” refers to specific cell types and proteins of our bodies
which exist in order to protect us from viruses, infections and any microscopic
“threat” that the body may encounter.

Some of these cells that work as “soldiers” protecting us, are called B cells, T
helper cells and phagocytes. B cells can secrete substances called “antibodies” that
can capture anything “unwanted” and remove it from the body. Phagocytes can
“eat-up” harmful particles, bacteria and dead cells and remove them from the
surroundings while T helper cells can communicate with other cells either through
direct contact or by secretion of substances that neighboring cells perceive as
signals, telling them to do something very specific.

When lipids increase in the blood and LDL accumulates in the arterial wall, the
immune system realizes that something strange and unusual is going on. This
accumulation and retention also leads to subsequent modification of LDL. Then
the cells of the immune system recognize strange patterns on the modified
lipoprotein particles and target them. This is a mechanism of protection but when
the control is lost and the accumulation and modification of lipids is great then the
promotion of “danger” signals from such cells can lead to increased inflammation
and further damage of the arterial wall.

One way to possibly treat atherosclerosis is to try to direct the immune system in
such a way so that the inflammation and subsequent disease-promoting immune
responses in the atherosclerotic plaque are dampened. Scientists have attempted to
do that many times with great success throughout the last decades through
administration of specific immune cell types or substances in experimental animal
models.

Interleukin-25 (IL-25) is a cytokine (protein) that normally exists in our bodies. In
the present work, exogenous IL-25 was administered in mice that have increased
lipid levels through genetic modification, thus being prone to atherosclerotic
plaque formation. Interestingly, IL-25 administration could decrease
atherosclerotic plaques in the aortas of both young and old mice, the latter ones
having already established plaques (paper I1). This means that IL-25 is effective in
preventing to some extent the early formation of atherosclerotic plaques as well as
decreasing the progression of already established plaques. We suggest that the way
that IL-25 acts in order to confer this protective effect is through the induction of a
cell type, the existence of which the scientific community was not aware of, until
2010. This cell type is named ILC2s (innate lymphoid cells type 2) and has the
capability to secrete large amounts of another protein called IL-5. IL-5 works as a
signal for B cells to get activated and secrete antibodies against unwanted particles
which in our case are molecular patterns on modified LDL. By the generation of
these antibodies, modified LDL particles get removed thus conferring protection
from the disease.
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In another set of experiments including the same mouse model we administered an
antibody that blocked IL-25, leading to increased atherosclerosis (paper I1). This
result was observed only when we treated young mice that did not have
established plaques. When older mice underwent this treatment we did not observe
any difference in the formation of plaques. The results of these experiments
indicate that endogenous IL-25 is important in the protection against
atherosclerosis during early plaque formation since blockade of the protein led to
increased atherosclerotic plagues only in young mice.

Since we established in mice that 1L-25 protects against atherosclerosis via the
induction of immune mechanisms, we also investigated the effect of the cytokine
on human cells of the immune system (paper IV). For that reason we isolated
mononuclear cells that exist in the blood of humans. When we incubated the cells
in vitro (in the lab under sterile conditions) we saw that the cells secreted less pro-
inflammatory cytokines. With the term pro-inflammatory we mean promoting
inflammation and atherosclerosis-related immune responses. These results indicate
that IL-25 can potentially have a protective role in human atherosclerosis.

In order to be able to treat atherosclerosis we also need to find ways to predict
future events such as strokes and heart attacks. In paper | we have shown that the
existence of specific B cell subsets can be related with increased or decreased risk
of a future stroke event. We had the opportunity to characterize and quantify
specific B cell subsets in the blood of 700 individuals that were randomly selected
from a clinical study called “Malm6 Diet and Cancer Study”. In this particular
study, 28449 individuals were recruited between 1991 and 1994. Some of these
individuals were also asked to participate in a sub-study focusing on
cardiovascular risk (number of individuals=6103). The 700 individuals that we
included in our study (paper I) were randomly obtained from the 6103 participants.

All the participants were followed from baseline examination until the first
cardiovascular event such as myocardial infarction (heart attack) or stroke either of
them being fatal or non-fatal. Participants were followed until 2008. At the
baseline examination, blood was collected from these individuals and the isolated
mononuclear cells were frozen at -140°C. In 2011 we thawed the cells that were
obtained at the basal examination and analyzed them focusing on B cell subsets
with a technique called “flow cytometry”. We next had the opportunity to correlate
the manifestation of strokes or myocardial infarctions with the amounts of the B
cell subsets that were analyzed. Interestingly, we saw that high levels of
CD19°CD86" B cells correlated with an increased risk of a future stroke which
was greater for men. Additionally, high levels of another B cell subset (identified
as CD19°CD40" B cells) were associated with a decreased risk of a future stroke
event. This is the very first study to report an association between B cells and
cardiovascular events. We hope that in the future other scientists will have similar
observations so that this finding could actually be used in the clinic. If so, this
would mean that with a blood sample the physician would be able to quantify the
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levels of these B cell subsets and depending on the results, the patient could then
be categorized as being either in a low or a high risk of experiencing a future
stroke event. Patients at high risk will have to be monitored more closely and
treated more aggressively in order to prevent such an event.
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Emiotun yio 6Aovg

H abnpookinpwon eival o acbéveln TV aptnpudv TOL GOUOTOC LOGC OV
yopaktnpiletal kuplog amd v evamdfeon AMmdiov 6Ta apTnPLlKd TOLMULT.
AvEnuéva Mmidio oto aipa evog avBpdmov gite amd kokd Tpomo {ong (tpoen
VYNAY og Mmapd, EAAEnyN Goknong, KATVIopo) &ite AMOym yovidiov gite akoun
00 GLUVOLOCUO TOV TPOTYOVUEVOV, UTOPEL VO OONYNGOVY GTO GYNUOTIGUO TV
Aeyouevov «obnpockAnpotik@v miokovy. ‘Etol, mapdio mov ta Amidw eivor
OTOPOLTITA Y10 TNV QUGLOAOYIKT AEITOLPYIC TV KLTTAP®Y, OTAV 0LTd Ppickovial
ce VYNAG emimeda TOTE pmopolv  val  odnNy\oovv otV «Evapén» g
afnpooKApwoNC.

Onwg 1o AddL givor adidhvto oto vepd 10 1010 cupPaivel pe to Amid TOL
o®potog poc. To yeyovog avtd kafiotd SUGKOAN TNV KOTAVOUN TOLE GTa Jldpopa
OPYAVO TOL COUATOG HECH TOV OHUOTOG TO OO0 TEPIEYEL UEYAAT TEPIEKTIKOTNTA,
o€ vepd. Ouwmg 1 Proroyia tov opyaviopod pog €xel Ppet évav EEumvo Tpodmo va
dwvepel ta amopoitnTo Amidie pécw TV Aeyopevov Mmonpoteivav. Ot
Mnonpwoteiveg eival otV ovcio. coUATIS GPOPIKOD GYNUOTOG T Omoio
arotelobvior and «otofoypuévay Amidia, to omoio. mepPdiAiovior amd o
VOPOPIAN peuPpdvn, M omoion Tovg divel ™V duvaTOTNTA VO, «TAEBEVOVV
erebbepa HECM TNG KUKAOPOPIOG TOL OUUOTOG KoL VO KTPOPOSOTOVV» TO OPYyveL
T00 oopotog. [evikd, vmapyovv ddeopo €0 AMTOTPMTEIVOV TO OmOio
KOTNYOPLOTO0VVTOL avVAAOYO e TNV oVoTaon TV AMmdiov tove. To youning
nokvotTog Mrompwteivika copotidw (low density lipoprotein (LDL) particles)
0. OO0, OMOTEAOVY TNV AEYOHEVT YOUNANG TUKVOTNTAG MTOTPOTEIVN 1 0AMAG
LDL 1 xok1 yoAnotepoAn sival avtd mov £youv TEPIGGOTEPO CLGYETICTEL e TNV
naforoyio TG abnpocKApwonG.

H abnpockinpmtikni mhdka oynuotiletal 6tav o Amidlo ToV COUOTOS Kol 101K
N LDL ewoépyetar 610 aptnploxd Toiympo Kot Tapapuével eykiopiopévn exel. H
oLVEYNG, UN-QUOIOAOYIKY] €vOTOBeon MTOTPOTEIVOV KOl  KLTTOP®V O
oLYKEKPIUEVT ToToBesia 001 YEl 6TO CYNUOTICHO VOGS AMTIdaKd TAOVGIOV VAIKOV
TO 07010 OVATTOCOETAL GTOV 1GTO TOL OPTNPLOKOD TOLYMUOTOS KAOIGTMOVTAS TO
duokoumto Otay owTd avoatapdocetatl omd v por tov aipatos. Edv o acbevig
oV Qépel Tétoleg TAGKEG dgv aAAGEel Tov Tpoémo (NG Tov Kol dgv AdPet
Oepanevtikn aymyn Ppioketor e VYNAG KivOLVO TEPAUTEP® OVATTLENG TNG
afnpookAnpwtikig mAdkag 1 omoion umopei mbava va dwppnytel. Otav avtod
ocvpPel 10Te T0 go@TEPIKO, BpopPoyevEG VAIKO NG afNPOCKANPOTIKAG TAGKOS
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épyetol oe Queom emaY| UE TO Gipol KOTOAyovtag otnv mNEN Tov OiplaTog Kot
otov oynuationd BpouPfov o omoiog pmopel va @pd&el T pon TOL OINATOC
odnymvrtag og Thavo Bavaro.

YuvBog dtav pia aBnposKANP®TIKN TAGKE TOV 0pTNPLOV TNG Kopdidg dtappnytel
o1 M AEYOUEVN «avakoml KOpdldc» Aoufdavel ydpo eved otov to 110 yEyovog
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TOV AMTWiov oto oije Yopig OU®MG VO TAPEXOLV TANPY TPOCTUGIC OTO TNV
afnpooKApwon.
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aVOKOAOYEL TIG TeEAevTaieg dekoetieg OTL MEPAV NG HEYAANG CULUUETOYNG TOV
Mmdiov oty évapén kot avamtuén g afnpockAnpwong, LITAPYEL EMIONG Lo
EexdBopn GLUUETOYN TOV OVOCOTOWTIKOD HOG GUOTNUATOS GE OUTH TNV
dwdkacio. H cvppetoy ovtn eumepikAEiel «unyoviopovuG» 7ov UTOopel vo
odnynoovv gite oy emdeivwon g acbévewag gite omv e&dhetym g O 6pog
«OVOGOTOMTIKO GUGTNHO» OVOQEPETOL O M0, TAEWA00. KLTTapwV (Kol TV
EMEPYOUEVMV EVEPYEIDV TOVC) TAL OTOICL [LAG TPOGTOTEVOVV Atd 100G, AOUDEELG Ko
KGOe WKPOGKOTIKY] OTEIAN TTOL TO CAOUM. LLOC UTOPEL VO, OVTIUETOTIGEL.

Kdamota amd ta kutTapa to onoio £pydloviol Gov TayUEVOL GTPOUTIDTEG GTO VO [LOG
npoctatevovy ovopdlovion B wottapa, T wottapa ko @ayoxvttapo. Toa B
KOTTOPO PITOPOVV -peTa&h GAA®V- Vo EKKPIVOUY OVTICOUOTH T 0TToio SEGUEHOVY
OTIONTOTE OVEMBOUNTO YL TOV OPYOVICUO KOU VO TO omopokpvovovv. Ta
(OYOKLTTOPO UTOPOUV Vo «@ave» emKivouva Yo TOV Opyoviopd oouoTiol,
Boktplo Kot veEKpE KOTTOPO OOUOKPVUVOVTOS TO, ad TO €KOGTOTE TEPPAALOV
eved ta T Agupoxvttopa Umopohv Vo ETIKOVOVODY HE GAAN KOTTOPO €iTe UECH
GueoNC EMOQPNG €ite e TNV £KKPLGT OVCIOV Ol OTOIEG AELTOVPYOVV GOV UNVOLLOTOL
Yo TO, YEITOVIKG KOTTOPO KOTELOHVOVTOG TO VO DIINPETHGOLY £VO GUYKEKPIUEVO
Broloyd okomd.

Orav to Amidwe kot cvykekpyéva to. LDL emimeda av&dvovtor otn kukAopopio
TOV OULLOTOG KOl GUYKEVTPMVOVTOL GTO OPTNPLOKO TOIY®LO TOTE TO OVOCOTOTIKO
QoG ovotnuo  avtilouBavetor 0Tt KOTL dev Tasl kaAd. EmmpocOeta, 1
OLGGMPEVOT KOl 0 EYKAMPIGUOC TOV ATOTPOTEIVOV GTO OPTNPLIKO TOlYmUQ
odnyel emiong oe petatpomny g Soung oavtwv. Tote tTa KOTTAPO TOV
OVOGOTOINTIKOD GLOTAUOTOS avayvopilovy TG mepiepyeq TPOMOMOUMUEVES
LOPLOKEG SOUEG TV MTOTPOTEIVOV Kol Tovg emttifevtal oav KAt EEvo. Avtn 1
Sradtkacio amoteAdel Eva unyovioud Tpootaciog aAld dtav o Eleyyog xabei Adym
™G GLVEXOVE EI0AYMYNG MTOTPOTEIVOY GTO ApTNPLOKO TOTY®UO Kot aKOAovONg
UETOTPOTNG TOVG TOTE TO OVOCOTMOMNTIKO GUOTNUO TPOoWBEl cuveYDS OMLOTA
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KIVOUVOL ONLLOVPYDVTOG TEPETAIP® QAEYLOV] KOl KOTOGTPOPT] TOL CPTNPLOKOD
TOLYDUOTOC.

"Evag mBavog tpomog avTipeTdmiong g adnposkinpmong eivat 1 avakotevboven
TOV OVOGOTONTIKOD GUGTIHUATOC e TETOL0 TPOTO OVTMOC MGTE 1 PAEYUOV KOBDS
Kot T0. 0KOAOLOO LOVOTATIOL TOV (LVOGOTOMNTIKOD GUGTHLATOG LEGM TMV OTOLmV 1
acBéveln emdewvdveror va pewwbovv. TloAdég emomnuovikés opddeg €xovv
EMTOYEL VO KAVOLV KATL TETOLO KOTA TNV JEPKELN TV TEAEVTOIOV JEKOETIAOV LECM
™G YOPNYNONG OLYKEKPUEVOV KVLTTOAPIKOV OUAd®Y TOL  (VOCOTOUTIKOD
GULOTHLLOTOG 1| OVCLOV GE TEPAUOTIKG LovTELD (DmV.

H wrephevkivn-25 (IL-25) sivor o kuttopokivy (Tpwtsivy) M omoio vadpyet
GTOV OPYOVIGHO HOG Kot GUVTIBETOL o d1dpopa KOTTOPA. TNV TOPOVCH EPYOTiL,
eEoyevng IL-25 yopnynOnke oe movtikia ta omoia £xovv avénuéva Amidio ot
KuKAOQOpia TOVG, AGY® YEVETIKNG TPOTOTOINOTG, KAOIOTMOVTAG TA EMPPENY| OTN
dnuovpyio abnpockinpotikov TAakmyv. H yopnynon g wvtepievkiving odnynoe
OTNV UEIOOT TOV COPTIKOV 0ONPOUATIKOV TAUKOV GE VEAPE TovTiKia To omoia
OgV €YOoVV GYNUATIOCUEVEC TAGKEG AL KOl GE TOVTIKIO, LEYAANG NAKiog T omoia
Nnon eépovv tétoteg mAdkes (epyocia II). Avtd onpaiver 0TL M cLYKEKPLUEWN
wteplevkivn glvar tkavr vo LELOGEL 101 LITdpyovca aBnpocKANp®mon oA Kat v
amoTpéyel g €va Pabud tov oynuotiopd tg. [poteivovpe 6tL 0 pnyoviopog g
0ONPOTPOCTATEVTIKNAG dPAGTC TNG WVTEPAELKIVNG-25 gival HECH TNG EXAY®YNG EVOG
KUTTOPIKOD TOTOV TNV VIOPEN TOL OTOIOL 1) EMGTNUOVIKY KOWOTNTA 0yVOODGE
puéypt o 2010. Ta ovykekpiuévo KOTTOPO OVOUALOVTOL AEUPOKHTIOPU QUGIKNG
avooiag tomov 2 (innate lymphoid cells type 2) kot éva yevikod xopoktnpioTiko
TOVG €ival TO YEYOVOG OTL £X0VV TNV dLVOTOTNTO VO EKKPIVOUV HEYAAES TOCOTNTES
wrteprevkivng-5 (IL-5). H wreplevkivn-5 Aettovpyel og éva d1eyepTIKO GO Y1oL
T B Agugpoxdttapa evepyomolidviag To Vo, cLVOECOVY OVTICOUATO TO OTOid
avayvopilovv poplokd potifa g tpomomomuévng LDL, deocuedovtag Kot
OTTOLLOKPVVOVTOG TNV.

Ye pio GAAN oepd TEPAUATOV YOPTYNOULE GTO 110 TEPAUATIKO HOVTELD, €val
TOTO OVTICOUOTOG TO 07010 OEGUELEL TNV vTepehevkivi-25 eumodilovtog €tot
Kkd0e Prodoyn g opdomn. H yoprynon owtod Ttov ovIio®UOTOS 001yNoE GTNV
avénon v abnpockAnpmong o€ veapd WOVO TOVTIKI, TO 0moio. dev PEPOVY
afnpopatikéc TAaKeg Kot TV Evopén TG YopNYNoNS TOV AVIICMOUOTOC (Epyacio
II). Ta amoteAécpata avTd VITOdEKVOOLY OTL 1) evooyevig IL-25 givar onpavtiky
Yl TNV TPOCTAGIO EVAVTIOL OTNV 0ONPOCKANP®ON KOTA TNV OSlIpKELD TOL
OYNUOTIGUOD TOV aONPOUITIKOV TAUKOV 0poD To VEUPE TovTiKia Tov EAafav To
OULYKEKPIUEVO avTicopa KoTEAn&ov vo €youvv peyodTepeg abNpOCKANP®TIKEG
TIAGKEG.

Aoy JdwmotOoapse 0Tl M wiepAevkivi-25  mpoototevEl  gvdviio,  oTnV
aONPOGKAP®ON  HECEH  UNYOVICU®Y  TOL  OVOCOTOWTIKOD  GUGTHUOTOC
OTOQUCIoapE VO, LEAETOOVE ETIOTG TNV dpACT TNG G€ avOpOTIVA KOTTOPO TOV
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avOGOToOMTIKOV ovotiuatog. [a tov Adyo autd amopovacape povomrypnvo
KOTTOPO TOL BpickovTal 6TV KUKAOPOpPia ToV avOp®TIVOV 0pYaVIGHOD Omo VYIElg
efehovtég Ko peEAeTNOOE TNV EMOPOOT) TNG WWTEPAELKIVIG-25 og autd (epyacia
IV). Katom endaong tov KuTtdpov Ue TNV TepAEVKivI-25 dlomioTdoaue 4Tt To
KOTTOpO EEEKPIVAV YOUNAOTEPQ EMITMEOQ TPO-PAEYLOVOIDV KLTTAPOKIVAOVY. Mg TOV
OpO TPO-PAEYLOVMOON EVVOOVLE TNV TPOOYOYN TNG PAEYLOVIG OT®G €mIoTG Kol
UNYOVICUAY TOL 0OvOosoToTKoh 7ov oyetifovior pe v mpoddnon g
afnpookinpwong. Ta omoteAéopato avtd vrodelkvOovy OTL  mhavd 1
wtepedevkivn-25  Bo  pmopovce va  €xel €va TPOGTATEVTIKO POAO  OTNV
aBNPOcKANP®GT TOL AVOPOTIVOV OPYUVIGUOD.

[Iépa amd v peyddAn ovaykn vy v gopeon Oepameidv  €vavtt g
aBnpooKApwong, LEAPYEL GUVAUHO o PEYAAN ovaykn Yy v TpoPAeym
LEALOVTIK®OV KOPIYYEWK®Y TEPIOTATIKAOV (OvVaKOTEG KOPOLAS, EYKEPUAIKA
enelodoln). Xty gpyoacio I avapépovpe v vmopén ovykekpuévov B
AELPOKVTTAP®V TOV OIUOTOG KOl TNV GLOYETION TOvg We &ite avénuévo eite
UEIOUEVO KIVOUVO UEAAOVTIKMDV EYKEQPUAIK®DV EMEIGOSIMV. TNV €pyacio. ovTh
elyape TV OLVOTOTNTO VO XOPAKTNPICOVUE OAAGL KOl VO TOGOTIKOTOU|GOVE
CULYKEKPIUEVES LITo-01Adeg B Agpgpokvuttdpmv oto aipa 700 avBpodmmv o1 onoiot
emAEyONKav tuyaio péoa amd po KMvIKG pedét pe v ovopaocio “Malmo Diet
and Cancer Study”. X ovykekpiuévn wAwviky pelétn 28449  avOpwmot
otpatoroynOnkav peta&d 1991-1994. Kamowotr amd avtodc GuupeTeiyov og o
AN vo-uerétn 1 omoia eotiale 6TOV KIVOLVO TOV KOPIAYYEK®DY VOOT|LATOV
(ap1Ouoc ovppetexoviav=6103). Or 700 dvBpwmol mov pereTnoae otV gpyacia
I emiAéyOniov Toyaio amd v TpoavapepBeica vVITOUEAETN.

OAot o1 cuppeTéyovteg Tapakolovdndnkay and v TpdT Tovg eEETAoN LEYPL TO
TPMOTO KAPSLOYYEWOKO EMEIGOSI0 TO 0moio opicaue ®¢g Bavacyo 1 un-Bavaocipo
Kopdloyyelokd emelc6010  (avakomn KopOlag 1 E€YKEQPUAIKO €melcodo). Ot
ouppeTéyovTeg mapoakorovtnonkay péxpt to 2008. Katd tnv mpmtn g&étaom tov
acfevav, aipo cuAAEYONKE Kol TPAYLOTOTOWONKE AMOUOVOCT] TOV LOVOTOPTIVOV
KUTTApwV TO. omoio koatayvydnkav otn cuvvéyewn otoug -140°C. To 2011,
aroyvéope o Kottapo tov 700 coppetexdvimv mov emAEEQUE KOl OVOAVGOE
OVLYKEKPIUEVEG VTTO-0Uadec B Agppokvttdpmv pe v Pondea piog peboddov m
omoiae ovopaletar kvttopouetpion pong. Metémetta, giyoue v SvVOTOTNTA VO
GLGYETICOVE TNV EKONAMOT TOV KOPIIOYYEINKDOV VOCT|UAT®V UE TO EMITEON TOV
VTOOUAd®V TV B Aeppokuttdpmv mov avaidcapeE.

Awmotdoape 6t vyNAé eninedo CD19°'CD86™ B Aeppokuttipov cucyetictnray
OTUOVTIKA HE DYNAO KivOuvo €vOG PEALOVTIKOV EYKEPUALKOD EMEIC0dI0V 1310iTEPQL
yio. Toug Gvtpeg. Emmpdcheta, vynié eninedo. CD19°CD40" B Aepgpokvttdpmv
ouoyeTioTNKOY He YopNAO Kivduvo vy TV ovidmTuEn €vOog  HEAAOVTIKOD
EYKEPAAIKOV €MEIGOOI0V.
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H ovykekppévn perémm eivor m mpdT] 7oL va ova@épel GLGYETICHOVS B
AELPOKVLTTAP®V UE TNV HEALOVTIKY] EUPAVIOT] KOPIIOYYELWKDY VOOT|LATOV Kol
EYKEPOMKOV €melc0dimv cvykekpiuéva. EAmilovpe 0Tt 010 péAAOV Kol GAAES
EMOTNUOVIKEG ouddeg Oo emPefoidoovy To 1010 €OHpnuo 0OTOC OOTE Vo
ypnoworonfel g epyareio oty KAVIKY]. Xg 00T TNV TEPINTTOOT, O YTPOS e
amAr| derypatoAnyia aipartog Ba £xel T duvatdtnta va eEETAGEL TIC GUYKEKPLUEVES
onadec B Aegpopokvttépov ko vo kotatdEer tov eEgtaldpevo availoyo Ue To
amoTeELéoaTA EITE OTNV OUAdH VYNAOD €iTE Yo UNAOD KIVOHVOL Y £V LEAAOVTIKO
eYKePoAko emelcodo. Edv o e€etalopevog eviaybei otnv opdda vyniov Kivévvov
10T cLYKEKPIUEVEG Bepamevtiég odnyieg Tpémel vo doBovv oTov acbevn Yo v
OTOPLY LEAALOVTIKOV EYKEPOAKOV ETELGOSIOV.
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