
The role of Batf3-dependent dendritic cells and the IL-23 receptor 

in atherosclerosis 

Die Rolle von Batf3-abhängigen dendritischen Zellen und des IL-23-

Rezeptors in der Atherosklerose 

Doctoral thesis for a doctoral degree 

at the Graduate School of Life Sciences, 

Julius-Maximilians-Universität Würzburg, 

Section Biomedicine 

Submitted by

Jesús Gil Pulido 

from 

Córdoba, Spain 

Würzburg, 2018



 

Submitted on:    

Members of the Promotionskomitee: 

Chairperson:   Prof. Dr. Georg Gasteiger 

Primary Supervisor:   Prof. Dr. Alma Zernecke-Madsen 

Supervisor (Second):   Prof. Dr. Manfred Lutz 

Supervisor (Third):   Dr. Ana Eulalio 

 

Date of Public Defence: 14.8.2018 

Date of Receipt of Certificates: 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
A mi madre, mi padre y mi hermana, pilares de mi vida 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLE OF CONTENTS 

SUMMARY .................................................................................................................... 10 

ZUSAMMENFASSUNG ................................................................................................ 12 

ABBREVIATIONS ......................................................................................................... 15 

1. INTRODUCTION ................................................................................................. 19 

1. Atherosclerosis and cardiovascular diseases: a general overview ........................... 19 

1.1. Initiation and progression of atherosclerosis ........................................................20 

1.1.1. Endothelial cell dysfunction .................................................................................20 

1.1.2. Lipid retention and foam cell formation ............................................................. 22 

1.1.3. oxLDL is recognized by scavenger and Toll-like receptors ................................ 23 

1.2. Latest stages of atherogenesis – the vulnerable plaque ........................................24 

1. 3. Animal models to study atherosclerosis: advantages and limitations ............... 26 

1.4. The immune system in atherosclerosis: summary ...............................................28 

1.4.1. Innate Immune responses .................................................................................. 29 

1.4.1.1. Monocytes ......................................................................................................... 29 

1.4.1.2. Neutrophils ........................................................................................................ 30 

1.4.1.3. Macrophages ...................................................................................................... 30 

1.4.1.4. Dendritic cells ................................................................................................... 31 

1.4.1.4.1. Redefining dendritic cells as antigen presenting cells in atherosclerosis .... 32 

1.4.1.4.2. Antigen presenting cells in atherosclerosis .................................................. 33 

1.4.1.4.3. Current knowledge about Batf3-dependent dendritic cells in 

atherosclerosis .............................................................................................................. 34 

1.4.2. Adaptive immune responses ............................................................................... 35 

1.4.2.1. T cells ................................................................................................................. 35 

1.4.2.1.1. CD8+ T cells ..................................................................................................... 35 

1.4.2.1.2. CD4+ T cells .................................................................................................... 37 



1.4.2.1.2.1. Th1 and Th2 cells ........................................................................................... 37 

1.4.2.1.2.2. Regulatory T cells ........................................................................................ 39 

1.4.2.1.2.3. Th17 .............................................................................................................. 40 

1.4.2.1.3. γδ T cells .......................................................................................................... 41 

1.5. The IL-12 family of cytokines: focus on IL-23 ........................................................ 43 

1.5.1. IL-23 induces pathogenicity in IL-23-responding T cells ................................... 45 

1.5.2. IL-23 as an apoptotic-mediator .......................................................................... 46 

1.5.3. Current knowledge of IL-23 and IL-23R in cardiovascular diseases ................. 46 

1.6. Aim of this thesis ................................................................................................... 49 

2. MATERIALS .......................................................................................................... 50 

2.1. Chemicals ................................................................................................................ 50 

2.2. Cell culture reagents .............................................................................................. 51 

2.3. Cytokines ................................................................................................................ 51 

2.4. Other reagents ....................................................................................................... 52 

2.5. Consumables .......................................................................................................... 52 

2.6. Kits .......................................................................................................................... 52 

2.7. Instruments ............................................................................................................ 53 

2.8. Software .................................................................................................................. 53 

2.9. Antibodies .............................................................................................................. 54 

2.9.1. Primary and secondary antibodies not used for flow cytometry ...................... 54 

2.9.2. Primary antibodies used for flow cytometry ..................................................... 54 

2.10. Primers .................................................................................................................. 55 

2.11. Buffers, solutions and media ................................................................................56 

3. METHODS ............................................................................................................59 

3.1. Mice .........................................................................................................................59 

3.1.1. Mice lines ..............................................................................................................59 



3.1.2. Animal maintenance ...........................................................................................59 

3.1.3. Induction of atherosclerosis ................................................................................59 

3.1.4. Euthanization of mice and organ preparation .................................................. 60 

3.1.5. Preparation of single-cell suspension from the peripheral blood .................... 60 

3.1.6. Preparation of single cell suspension from spleen or lymph nodes................. 60 

3.1.7. Preparation of single cell suspension from spleen or lymph nodes for FACS-

sorting ........................................................................................................................... 61 

3.1.8. Preparation of single cell suspension from aorta and aortic sinus ................... 61 

3.1.9. Serum preparation .............................................................................................. 62 

3.1.10. Serum cholesterol and triglyceride measurement ........................................... 62 

3.1.11. Serum lipoprotein profile .................................................................................. 62 

3.2. Histology ............................................................................................................... 62 

3.2.1. Oil-Red O staining of aortas .............................................................................. 62 

3.2.2. Quantification of lesion area in the aorta .......................................................... 63 

3.2.3. Aldehyde-Fuchsin staining of aortic roots ......................................................... 63 

3.2.4. Quantification of lesion area in the aortic root ................................................ 64 

3.2.5. Quantification of collagen content in the aortic root ...................................... 64 

3.2.6. Antigen retrieval ................................................................................................ 64 

3.2.7. Macrophage and smooth muscle cell staining of aortic root sections .............65 

3.2.8. Quantification of macrophage, smooth muscle cell, necrotic core and 

collagen content in plaques .........................................................................................65 

3.3. In vitro experiments ...............................................................................................65 

3.3.1. Generation of BM-APCs ......................................................................................65 

3.3.2. BM-APCs priming and stimulation ................................................................... 66 

3.3.3. Generation of BMDMs ....................................................................................... 66 

3.3.4. Generation of L929-conditioned media ............................................................ 66 



3.3.5. Foam cell formation ............................................................................................67 

3.3.6. Non- and pathogenic Th17 polarization of splenic naïve T cells .......................67 

3.3.7. Phagocytosis assay...............................................................................................67 

3.3.9. Treg polarization ................................................................................................. 68 

3.4. Flow cytometry ..................................................................................................... 68 

3.4.1. Flow cytometry analysis of surface antigens ..................................................... 68 

3.4.2. Flow cytometry analysis of intracellular cytokines or transcription factors ... 68 

3.4.3. Flow cytometry analysis for the co-detection of intracellular GFP and 

intracellular cytokines ................................................................................................. 69 

3.5. Enzyme-linked immunosorbent assay (ELISA) ................................................... 69 

3.5.1. IL-23 and IL-17 measurement by ELISA ............................................................. 69 

3.5.2. Ex vivo aortic culture ......................................................................................... 69 

3.6. Quantitative real-time PCR (qPCR) ......................................................................70 

3.6.1. Tissue processing .................................................................................................70 

3.6.2. qPCR conditions .................................................................................................70 

4. RESULTS I ............................................................................................................ 71 

4.1. The role of Batf3-dependent dendritic cells in atherosclerosis. .......................... 71 

4.1.1 Batf3 deficiency depletes CD103+ DCs in the aortic root under homeostatic 

conditions ..................................................................................................................... 72 

4.1.2. Lack of Batf3 in macrophages does not alter foam cell formation in vitro ...... 73 

4.1.3. Under homeostatic conditions Ldlr-/-Batf3-/- animals showed mildly altered 

innate and adaptive immune responses ...................................................................... 74 

4.1.4. Long-term depletion of Batf3-dependent DCs after feeding mice a HFD ........76 

4.1.5. Innate and adaptive immune responses stayed mildly affected after 8 or 12 

weeks of HFD ............................................................................................................... 79 

4.1.6. Loss of Batf3-dependent DCs does not impact cholesterol levels. ................... 83 



4.1.7. Batf3 deficiency in Ldlr-/- mice had no effect on atherosclerosis progression 

and plaque composition after 8 and 12 weeks of HFD .............................................. 84 

4. RESULTS II............................................................................................................... 88 

4.2. The role of the IL-23 receptor in atherosclerosis ................................................ 88 

4.2.1. oxLDL does not induce a fully activated phenotype in BM-APCs. .................. 89 

4.2.2. oxLDL sustains IL-23 secretion by TLR-stimulated cells .................................. 91 

4.2.3. Il23a mRNA levels were increased in the aortic sinus in mice fed a HFD ...... 96 

4.2.4. Decreased circulating monocytes in IL-23R-deficient Ldlr-/- mice .................. 97 

4.2.5. IL-23R is highly expressed in γδ T cells in the aortic root ............................... 101 

4.2.6. Il23r deficiency inhibits the development of early atherosclerosis and reduced 

plaque necrosis ........................................................................................................... 106 

4.2.7. Il23r deficiency alters the Treg compartment ................................................. 109 

4.2.8. Altered cytokine profile in the aortic root of Ldlr-/-Il23r-/- mice after 6 weeks of 

HFD ............................................................................................................................... 111 

5. DISCUSSION I ..................................................................................................... 113 

5.1. The role of Batf3-dependent DCs in atherosclerosis ........................................... 113 

5. DISCUSSION II ........................................................................................................ 117 

5.2. The role of the IL-23 receptor in atherosclerosis ................................................ 117 

6. REFERENCES ..................................................................................................... 124 

ACKNOWLEDGMENTS ............................................................................................. 147 

LIST OF PUBLICATIONS ........................................................................................... 149 

CURRICULUM VITAE ................................................................................................ 150 

AFFIDAVIT .................................................................................................................. 153 

EIDESSTATTLICHE ERKLÄRUNG ............................................................................. 153 

 

 



10 
 

SUMMARY 

Cardiovascular diseases represent the leading cause of death worldwide, with 

myocardial infarction and strokes being the most common complications. In both 

cases, the appearance of an enlarged artery wall as a consequence of a growing plaque 

is responsible for the disturbance of the blood flow. The formation of plaques is driven 

by a chronic inflammatory condition known as atherosclerosis, characterized by an 

initial step of endothelial cell (EC) dysfunction followed by the recruitment of 

circulating immune cells into the tunica intima of the vessel. Accumulation of lipids 

and cells lead to the formation of atheromatous plaques that will define the 

cardiovascular outcome of an individual. 

The role of the immune system in the progression of atherosclerosis has been 

widely recognized. By far, macrophages constitute the most abundant cell type in 

lesions and are known to be the major source of the lipid-laden foam cell pool during 

the course of the disease. However, other immune cells types, including T cells, 

dendritic cells (DCs) or mast cells, among others, have been described to be present in 

human and mouse plaques. How these populations can modulate the atherogenic 

process is dependent on their specialized function. 

DCs constitute a unique population with the ability to bridge innate and adaptive 

immune responses, mainly by their strong capacity to present antigens bound to a 

major histocompatibility complex (MHC) molecule. Given their ability to polarize T 

cells and secrete cytokines, their role in atherosclerosis has gained attention for the 

development of new therapeutic approaches that could impact lesion growth. Hence, 

knowing the effect of a specific subset is an initial key step to evaluate its potential for 

clinical purposes. For example, the basic leucine zipper ATF-like 3 transcription factor 

(Batf3) controls the development of conventional dendritic cells type 1 (cDCs1), 

characterized by the expression of the surface markers CD8 and CD103. Initially, they 

were described to promote both T-helper 1 (Th1) and regulatory T cell (Treg) responses, 

known to accelerate and to protect against atherosclerosis, respectively. The first part 

of this thesis aimed to elucidate the potential role of Batf3-dependent DCs in 
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atherosclerosis and concluded that even though systemic immune responses were 

mildly altered they do not modify the course of the disease and may not represent an 

attractive candidate for clinical studies. 

DCs also have the ability to impact lesion growth through the release of a broad 

range of cytokines, which can either directly impact atherosclerotic plaques by 

modulating resident cells, or by further polarizing T cell responses. Among others, 

interleukin (IL) 23, a member of the IL-12 family of cytokines, has received much 

attention during the past year due to its connection to autoimmunity. 

IL-23 is known to induce pathogenicity of Th17 cells and is responsible for the 

development of several autoimmune diseases including multiple sclerosis, psoriasis or 

rheumatoid arthritis. Interestingly, these patients often present with an accelerated 

course of atherosclerosis and thus, are at higher risk of developing cardiovascular 

events. Several epidemiological studies have pointed toward a possible connection 

between IL-23 and its receptor IL-23R in atherosclerosis, although their exact 

contribution remains to be elucidated. The second part of this thesis showed that 

resident antigen-presenting cells (APCs) in the aorta produced IL-23 during the steady 

state but this secretion was greatly enhanced after incubation with oxidized low-

density lipoprotein (oxLDL). Furthermore, disruption of the IL-23R signaling led to 

decreased relative necrotic plaque area in lesions of Ldlr-/-Il23r-/- mice fed a high-fat 

diet (HFD) for 6 and 12 weeks compared to Ldlr-/- controls. A proposed mechanism 

involves that increased IL-23 production in the context of atherosclerosis may promote 

the pathogenicity of IL-23-responding T cells, especially IL-23R+ γδ T cells in the aortic 

root. Response to IL-23 might increase the release of granulocyte-macrophage colony-

stimulating factor (GM-CSF) and IL-17 and alter the pro- and anti-inflammatory 

balance of cytokines in the aortic root. Altogether, these data showed that the IL-23 / 

IL-23R axis play a role in plaque stability. 
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ZUSAMMENFASSUNG 

Kardiovaskuläre Erkrankungen sind weltweit die häufigste Todesursache, wobei 

Myokardinfarkt und Schlaganfall die häufigsten Komplikationen darstellen. In beiden 

Fällen ist das Auftreten einer verbreiterten Arterienwand als Folge eines wachsenden 

Plaques für die Störung des Blutflusses verantwortlich. Die Bildung von Plaques wird 

durch einen chronischen Entzündungszustand, bekannt als Atherosklerose, ausgelöst. 

Zunächst kommt es dabei zur Entstehung einer endothelialen Dysfunktion, die zur 

Rekrutierung zirkulierender Immunzellen in die Tunica Intima des Gefäßes führt. Die 

Akkumulation von Lipiden und Zellen wiederum führt zur Bildung von atheromatösen 

Plaques, die den kardiovaskulären Gefäßstatus eines Individuums bestimmen. 

Die Rolle des Immunsystems bei der Progression der Atherosklerose wurde weithin 

anerkannt. Makrophagen stellen bei weitem den häufigsten Zelltyp innerhalb der 

Läsionen dar und sind bekanntermaßen die Hauptquelle des mit  Lipid beladenen 

Schaumzellpools im Verlauf der Erkrankung. Es wurde jedoch auch beschrieben, dass 

andere Arten von Immunzellen, einschließlich der T-Zellen, dendritischen Zellen 

(DCs) und Mastzellen, in humanen und murinen Plaques vorhanden sind. Wie diese 

Populationen den atherogenen Prozess modulieren können, hängt von ihrer 

spezialisierten Funktion ab. 

DCs bilden eine einzigartige Population, der es möglich ist, angeborene und 

adaptive Immunartworten zu überbrücken. Dies geschieht hauptsächlich aufgrund 

ihrer ausgeprägten Fähigkeit, Antigene zu präsentieren, die an einen 

Haupthistokompatibilitätskomplex gebunden sind. Angesichts ihrer Rolle in der 

Polarisierung von T-Zellen und der Sezernierung von Zytokinen haben sie bisher 

Aufmerksamkeit bei der Entwicklung neuer therapeutischer Ansätze zur Beeinflussung 

des Läsionswachstums erlangt.  Die Kenntnis der Wirkung einer bestimmten 

Subpopulation ist ein erster wichtiger Schritt, um ihr Potenzial für klinische Zwecke zu 

bewerten. Zum Beispiel steuert der Transkriptionsfaktor „basic leucine zipper ATF-like 

3“ (Batf3) die Entwicklung von herkömmlichen dendritischen Zellen Typ 1, welche 

durch die Expression der Oberflächenmarker CD8 und CD103 gekennzeichnet sind. 
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Anfänglich wurde beschrieben, dass sie sowohl die Antworten von T-Helfer 1 als auch 

von regulatorischen T-Zellen fördern, welche je nach Zellfunktion die Atherosklerose 

beschleunigen oder vorbeugen.  Im ersten Teil dieser Arbeit wurde die potentielle 

Rolle von Batf3-abhängigen DCs für die Entstehung der Atherosklerose aufgeklärt. 

Trotz diese einer leichten Veränderungen der systemischen Immunantwort den 

Krankheitsverlauf nicht beeinflussen und daher keine attraktiven Kandidaten für 

klinische Studien darstellen. 

DCs haben auch die Fähigkeit das Läsionswachstum durch Freisetzung einer 

breiten Palette an Zytokinen zu beeinflussen, die atherosklerotische Plaques entweder 

direkt durch Modulation von ortsständigen residenten Zellen oder durch weiteres 

Polarisieren von T-Zell-Reaktionen beeinflussen können. Unter anderem hat 

interleukin (IL) 23, ein Mitglied der IL-12-Zytokinfamilie, aufgrund seines 

Zusammenhangs mit Auto-immunität im vergangenen Jahr viel Aufmerksamkeit 

erhalten. 

Es ist bekannt, dass IL-23 die Pathogenität von Th17-Zellen induziert und für die 

Entwicklung von mehreren Autoimmunkrankheiten einschließlich multipler Sklerose, 

Psoriasis oder rheumatoider Arthritis verantwortlich ist. Interessanterweise haben alle 

diese Erkrankungen gemeinsam, dass sie die Entstehung einer Atherosklerose 

beschleunigen. Die betroffenen Patienten haben ein höheres Risiko für ein 

kardiovaskuläres Ereignis. Mehrere epidemiologische Studien haben auf einen 

möglichen Zusammenhang zwischen IL-23 und seinem Rezeptor IL-23R bei 

Atherosklerose hingewiesen, auch wenn die genaue Relevanz dieser Hinweise noch zu 

klären ist. Im zweiten Teil dieser Arbeit konnte es gezeigt werden, dass ortsständige 

antigenpräsentierende Zellen in der Aorta IL-23 zwar bereits im Steady State 

produzieren, diese Sekretion jedoch nach Inkubation mit oxLDL stark erhöht ist. 

Darüber hinaus führte eine Störung der IL-23R-Signalgebung nach 6 bis 12 Wochen 

einer fettreichen Diät (HFD) zu einer verringerten relativen nekrotischen Plaque-

Fläche in Läsionen von Ldlr-/-Il23r-/- Mäusen verglichen mit Ldlr-/- Mäusen. In Bezug auf 

den zugrunde liegenden Mechanismus wurde diskutiert, dass eine erhöhte IL-23-

Produktion im Zusammenhang mit Atherosklerose die Pathogenität von IL-23R-

reaktiven T-Zellen, insbesondere von IL-23R+ γδ T-Zellen in der Aortenwurzel, fördern 
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kann. Reaktionen auf IL-23 könnten die Freisetzung von Granulozyten-Monozyten-

Kolonie-stimulierendem Faktor und IL-17 erhöhen und das pro- und 

antiinflammatorische Gleichgewicht von Zytokinen innerhalb der Aortenwurzel 

verändern. Insgesamt zeigen diese Daten, dass die IL-23 / IL-23R Achse eine wichtige 

Rolle in der Etablierung der Plaquestabilität einnimmt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
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1. INTRODUCTION 

1. Atherosclerosis and cardiovascular diseases: a general overview 

Cardiovascular diseases represent a group of disorders affecting muscular arteries 

supplying different organs and locations, such as the heart (coronary artery disease, 

CAD), the brain (cerebrovascular disease, stroke) or the arms and legs (peripheral 

artery disease, PAD). According to the World Health Organization, they remain the 

leading cause of death worldwide with around 17 million deceases reported in 2015. 

Predictions show that these numbers will rise in the following years. By far, myocardial 

infarction (a complication of CAD) and ischemic stroke represent the vast majority of 

reported cases, accounting for up to 80% of all deaths. Both manifestations have in 

common a slowly progressing chronic disorder of large and medium-sized arteries 

known as atherosclerosis [1].   

Our current understanding of the pathogenesis of atherosclerosis has revealed that 

this condition is a complex entity comprising a broad range of mediators which finally 

results in the formation of plaques in the intima of blood vessels. Several compounds 

and conditions promote the dysfunction of the endothelium lining the vasculature and 

lead to increased permeability and retention of circulating lipoproteins. As a 

consequence, there is an upregulation of adhesion molecules on the surface of ECs 

allowing the recruitment of circulating immune cells, promoting the progression of 

atherosclerosis. During the lifetime of the individual bigger and more complex plaques 

can develop until the blood flow is disrupted. Alternatively, erosion of the endothelial 

barrier or rupture of the fibrous cap covering plaques can lead to the initiation of a 

coagulation cascade resulting in the formation of a blood clot and acute cardiovascular 

events. 
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1.1. Initiation and progression of atherosclerosis 

1.1.1. Endothelial cell dysfunction 

The anatomy of healthy middle to large-sized arteries is composed of three layers, 

as illustrated in Figure 1: the tunica externa or adventitia, which comprises a set of 

collagen fibers, vasa vasorum and nerves; the tunica media, mostly composed of 

smooth muscle cells (SMCs) and elastic tissue; and the tunica intima, the inner part of 

the vessel, covered by a layer of ECs, which is in direct contact with the flowing blood. 

During atherogenesis, the aortic endothelial lining is damaged allowing the infiltration 

of circulating lipids and immune cells, which constitute the starting point of the 

chronic inflammatory response leading to the formation of atheromatous plaques.     

 

Figure 1. Anatomy of a healthy blood vessel (Blausen.com staff (2014). “Medical gallery of Blausen 

Medical 2014”. Wikijournal of Medicine 1 (2). / CC BY 3.0)  

The reasons why the endothelium at lesion-prone areas is damaged or get 

dysfunctional are not fully understood but they have been the subject of intense 

research since the initial consideration of Rudolph Virchow, the first evidencing a 

localized accumulation of lipids and other components of plasma at sites of lesion 

formation [2]. Decades later, Ross and Glomset proposed the Response-to-Injury-

Hypothesis [3], which postulated that the initiating event in the atherogenic process 

was some form of overt injury to the intimal endothelial lining, induced by noxious 
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substances (oxidized phospholipids, compounds derived from cigarettes or 

hyperglycemia) or by altered hemodynamic forces, such as a blood flow disturbances 

generated by hypertension.      

Although initially the vascular endothelium was seen as a selective permeable 

interface, the development of reliable methods for the in vitro culture of ECs rapidly 

demonstrated a broad range of metabolic functions including the enzymatic buffering 

of reactive oxygen species (ROS), transport and metabolism of lipoproteins and the 

elaboration of several growth factors, cytokines and other hormone-like substances [4, 

5]. Each EC lining the vasculature can also be seen as a biomechanical transducer, with 

the ability to sense and transduce diverse forces imported by the pulsatile flow of 

blood into biological responses [6], which has a profound impact in the context of 

atherogenesis [7]. All these functions can be altered after challenge with certain pro-

inflammatory mediators or even microbial compounds [8] that reversibly alters many 

of these vital functional properties and can be understood as an adaptive response to 

different stimuli.  However, in the context of atherosclerosis, a systemic inflammation 

leads to a permanent dysfunctional state of the endothelium with important 

implications for vascular integrity. The term “endothelium dysfunction” has gained 

popular acceptance in the cardiovascular field and has led to an intense research 

focused on the discovery of the pathophysiological stimuli with the ability to trigger it. 

Some of these are summarized in Table 1. 

Table 1. Pathophysiological stimuli of endothelium dysfunction in atherogenesis (adapted from [9]) 

• Hypercholesterolemia (e.g., oxidatively modified lipoproteins) 

• Diabetes, Metabolic Syndrome (e.g., ROS, adipokines) 

• Hypertension (e.g., angiotensin-II, ROS) 

• Sex hormonal imbalance (e.g., estrogen deficiency, menopause) 

• Aging (e.g., cell senescence) 

• Oxidative stress (multi-factorial) 

• Pro-inflammatory cytokines (e.g., IL-1, tumor necrosis factor (TNF)) 

• Infectious agents (e.g., bacterial endotoxins, viruses) 

• Environmental toxins (e.g., cigarette smoke, air pollutants) 

• Hemodynamic forces (e.g., disturbed blood flow) 
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1.1.2. Lipid retention and foam cell formation 

Due to its nonpolar nature, cholesterol cannot be transported in the plasma 

without being associated with various lipoprotein particles, which include 

chylomicrons, very low-density lipoproteins (vLDL), intermediate-density lipoproteins 

(IDL), low-density lipoproteins (LDL) and high-density lipoproteins (HDL). 

Lipoproteins are formed by a cholesterol and triglyceride-enriched core surrounded 

by a layer of phospholipids and apoproteins, the latter serving not only as a structural 

scaffold but also as a ligand for lipoprotein receptors and activator or inhibitor of 

enzymes involved in lipoprotein metabolism [10]. The basic structure of these particles 

is shown in Figure 2. 

 

Figure 2. Structure of a lipoprotein (Mosby's Medical Dictionary, 9th edition, 2009. Elsevier) 

The initial association between cholesterol and atherosclerosis was first described 

by Anitschkow, who observed that feeding cholesterol in oil to rabbits caused the 

formation of atheroma similar to those seen in humans [11] and demonstrated a causal 

role of cholesterol and increased risk for cardiovascular diseases. His study was further 

supported by Muller et al. after finding that families with an inherited high cholesterol 

history presented an increased risk of developing cardiovascular diseases [12].  Finally, 

compelling evidence from epidemiological studies linked increased LDL to 

cardiovascular diseases [13] and demonstrated an inverse relation of HDL to 

cardiovascular diseases [14], firmly establishing the relation of cholesterol with 

atherogenesis. 
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But how does cholesterol increase the risk of cardiovascular events? After more 

than two decades of work, William and Tabas postulated in 1995 the Retention 

Hypothesis, which can in part answer this question [15]. They demonstrated that 

apolipoprotein B (ApoB)-containing lipoproteins (mainly LDL) are retained within the 

intima layer of arteries and serve as a critical event that sparks an inflammatory 

response leading to the recruitment of mediators (e.g. immune cells). Thus, higher 

levels of circulating cholesterol promote accumulation of LDL particles and fuel the 

development of plaques. 

Surprisingly, it was early recognized that native LDL particles are not able to 

induce an immune response unless the phospholipid or the apoprotein fraction have 

undergone chemical modification such as acetylation, carbamylation, glycation or 

oxidation [16]. These changes are mediated by the presence of ROS or 

hydroperoxidases released by ECs and other enzymes such as myeloperoxidases and 

lipoxygenases, described to be present in plaques [17-19].  

Among all of these modifications, oxidation is the most studied process and is 

responsible for the generation of oxLDL, with high immunogenic properties [16].  

Uptake of oxLDL by macrophages or DCs leads to a marked accumulation of 

cholesterol, converting them into lipid-laden cells known as foam cells [20], that 

initiate the development of atherosclerotic lesions. In addition to serve as a substrate 

for cholesterol accumulation, oxLDL also exerts a wide range of additional functions. 

For example it has been reported to induce the secretion of inflammatory cytokines by 

macrophages [21-24] and ECs [25, 26], to perpetuate the recruitment of circulating 

lymphocytes serving either as a chemotactic molecule [27] or inducing the surface 

expression of adhesion molecules in ECs, [28-32] and to induce proliferation and 

migration of SMCs [33-36].  

1.1.3. oxLDL is recognized by scavenger and Toll-like receptors  

Modified lipoproteins including oxLDL are not recognized by the LDL receptor 

(Ldlr). Instead, they can bind scavenger receptors (SRs) and Toll-like receptors (TLRs) 

expressed by a broad range of cell types and trigger both pro-inflammatory responses 

as well as anti-inflammatory responses [37]. The exact mechanisms by which oxLDL 
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induces a different response is not clear but it has been suggested that its pro-

inflammatory properties depend on transcription factors such as nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB), activator protein 1 (AP-1), signal 

transducer and activator of transcription (STAT) 1 and 3, nuclear factor of activated T 

cells (NFAT) or specificity protein 1, among other, whereas peroxisome proliferator-

activated receptor (PPAR), nuclear erythroid-related factor (NRF) 2 or heme oxygenase 

1 seem to be essential to elicit an anti-inflammatory response [37]. 

Recognition of oxLDL by SRs has been well documented. Three main types of SRs 

have been described: SR-A, composed of the SR-AI and II; SR-B, including CD36 and 

the less studied SR-BI/II, and SR-E, with one described member, the lectin-like oxLDL 

receptor (LOX) 1. Their expression pattern varies among cell types, and several reports 

have already suggested an important role of SRs in modifying the immune response 

[38]. For instance, CD36 is expressed on macrophages, monocytes, and DCs and is 

known to be the major SR mediating oxLDL uptake contributing to the formation of 

foam cells [39]. Apart from this function, CD36 has been reported to function as a co-

receptor for TLR-4 signaling and enhance TLR-4-driven cytokine secretion [40]. 

TLRs belong to the group of pattern recognition receptors, which recognize 

conserved pathogen-associated molecular patterns (PAMP), and play an important role 

in initiating innate immune responses [41]. Several TLRs have already been classified 

according to the PAMP they recognize [42] and their role in atherosclerosis has long 

been recognized [43]. Apart from PAMP recognition, some TLRs, including TLR-2 and 

TLR-4 have been described to recognize oxLDL and contribute both to foam cell 

formation [44] and to modulate cytokine secretion [45]. For example, pre-treatment of 

macrophages with oxLDL followed by TLR stimulation greatly increased their ability to 

secrete various pro-inflammatory cytokines [46, 47]  

1.2. Latest stages of atherogenesis – the vulnerable plaque 

Endothelium dysfunction is accompanied by the upregulation of adhesion 

molecules and recruitment of circulating immune cells (see Chapter 1.4 for further 

details), which initiate and perpetuate chronic inflammation in growing plaques. SMCs 

migrate from the media to the outer part of the plaques and contribute to the 
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formation of a fibrous cap enriched in collagen and proteoglycans [48]. The fibrous cap 

is the “physical barrier” between the lesion and the circulating blood and its thickness 

is associated with the appearance of cardiovascular outcomes [48].  

As the plaque growths, it becomes more complex. Apart from the thickness of the 

fibrous cap, other features have already been recognized to contribute to the 

generation of the so-called “vulnerable plaques”, a term that refers to rupture-prone 

lesions [49]. Accumulation of immune cells, number of foam cells and disruption of 

efferocytotic capacities of macrophages (see Chapter 1.4.1.3) lead to the generation of a 

necrotic core, whose size is associated with a higher risk of cardiovascular disease [50, 

51]. Moreover, ongoing inflammation also promotes plaque vulnerability [49] and it 

might not be surprising that chronic autoimmune disorders, characterized by systemic 

inflammation, are associated with increased cardiovascular risk [52].    

Vulnerable plaques can break and expose their highly thrombogenic content to the 

blood flow. This interaction promotes the initiation of a coagulation cascade that leads 

to the formation of blood clots, which are responsible for cardiovascular events by 

disrupting or blocking the normal blood flow at different locations [53] 

A general overview of atherosclerosis is summarized in Figure 3. 
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Figure 3. A general overview of atherosclerosis. (From [54]) 

1. 3. Animal models to study atherosclerosis: advantages and limitations 

The use of experimental models to study atherosclerosis started in 1908, when 

Ignatowski observed for the first time that feeding rabbits with a full-fat milk, eggs, 

and meat diet resulted in the appearance of atherosclerotic lesions in the aortic wall 

[55]. Since then, several animal models have been developed, including mice, rabbits, 

pigs or non-primate humans [56]. Given their reduced size, easy gene manipulation 

and development of lesions within a reasonable timeframe, mice remain the most 

commonly used organism to study atherogenesis.  

However, the lipid distribution of mice confers them with a natural protection 

against the development of lesions. Most of their cholesterol is transported associated 

with HDL, as opposed to humans, whose cholesterol is mainly associated with the 

atherogenic particles LDL and vLDL [57]. In fact, low levels of vLDL and LDL are found 

in unmanipulated mice and thus, genetic manipulation is mandatory to induce 

atherosclerosis. 
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Although many others have been described and are available for research, currently 

there are two major mice lines in use: Lldr-/- and ApoE-/-. The first arises after deletion 

of the Ldlr gene [58]. This deletion is accompanied by increased plasma levels of 

cholesterol, mainly the LDL fraction, as is the case in humans. Deletion of the ApoE 

gene also increases plasma cholesterol but mainly in the chylomicron and vLDL 

remnants. Both models show higher levels of plasma cholesterol on a normal diet 

when compared to wild-type animals and this concentration can be further increased 

by feeding them with a HFD [57].  

The election of Ldlr-/- versus ApoE-/- mice to study atherosclerosis should be made 

carefully, as both lines present marked differences (summarized in Table 2). Aged 

ApoE-/- mice develop lesions spontaneously when fed a chow diet, whereas Ldlr-/- mice 

do not. After induction of atherosclerosis with a “Western diet” or HFD, both ApoE-/- 

and Ldlr-/- mice develop plaques similarly to humans, although size and complexity are 

bigger in ApoE-/- animals. These two features have made the ApoE-/- model the 

preferred experimental animal in most of the studies that have been published. 

However, it is noteworthy that, as previously discussed, genetic deletion of Apoe is 

accompanied by an increase in the chylomicron and vLDL remnant, which does not 

reflect the human case. It might be possible that the atherogenic potential of these 

lipoproteins might differ from LDL, abundant both in Ldlr-/- mice and humans and the 

molecular mechanisms of atherosclerosis development in ApoE-/- mice might not fully 

reflect the human disease. Moreover, previous studies support a role of ApoE as an 

immunomodulatory agent. For example, it induces an anti-inflammatory phenotype in 

macrophages [59-61]. Contrary, disruption of the Ldlr gene does not alter immune 

responses [57]. 

Both ApoE-/- and Ldlr-/- mouse models have been proved invaluable to study the 

development of lesions during the course of atherosclerosis but they are not useful to 

study plaque rupture, one of the most important features affecting cardiovascular 

outcomes. Another disadvantage is the location where plaques develop. In mice, these 

locations mainly include the aortic root or the lesser curvature of the aortic arch, 

whereas in humans most of the clinically relevant lesions are found in coronary 

arteries [57]. 
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Table 2. Principal features of the ApoE-/- and Ldlr-/- mouse models used to study atherosclerosis. 

 Mouse model 

 ApoE-/- Ldlr-/- 

Plasma 

cholesterol 

Normal diet 400-600 mg/dl 200-300 mg/dl 

Western Diet >1000 mg/dl >1000 mg/dl 

Spontaneous plaque development 

under normal diet. 
Yes No 

Human-like lipid profile (↑ LDL) No Yes 

Affection of immune responses Yes No 

Spontaneous plaque rupture No No 

 

1.4. The immune system in atherosclerosis: summary 

For many years it was believed that atherosclerosis was merely a passive 

accumulation of cholesterol in the vessel wall. Today, the picture is more complex and 

it has become clear that both branches of the immune system, innate and adaptive 

immune responses, have the ability to modulate the initiation and progression of 

plaques and even determine their stability [62]. Interestingly, the immune response 

observed in atherosclerosis sometimes resembles that characterizing autoimmune 

disorders such as a Crohn´s disease, psoriasis or rheumatoid arthritis. In fact, these 

patients are at higher risk of cardiovascular events and are known to have accelerated 

atherosclerosis [63]. Hence, it is not surprising that investigators have postulated an 

autoimmune nature for atherosclerosis [64], yet current narrative argues for a non-

autoimmune condition emphasizing the active inflammatory, complex or multi-

factorial and long-term nature of the disease. Understanding the nature and 

relationship of immune cells and mediators with the aortic environment may impact 

not only the early and accurate diagnosis but also the development of preventive 

measures and perhaps more effective therapeutic interventions. 
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1.4.1. Innate Immune responses 

1.4.1.1. Monocytes  

Monocytes are short-lived cells produced in the bone marrow that circulate 

throughout the blood. Although their function under homeostatic conditions remains 

unresolved, they migrate from blood to lymphoid and non-lymphoid tissues in 

response to tissue-derived signals [65]. During the pathogenesis of atherosclerosis, 

endothelium dysfunction promote the upregulation of adhesion molecules such as a E-

Selectin and vascular cell adhesion protein (VCAM) 1 on the surface of ECs, that act in 

synergy with chemokines such as CCL2, CCL5, CXCL10 and CX3CL1 to attract 

circulating monocytes and other immune cells [66, 67]. Once there, the inflammatory 

milieu determines monocyte fate and their differentiation to macrophages after 

exposure to EC-secreted macrophage colony stimulating factor (M-CSF) or DCs by 

exposure to GM-CSF [68]. 

In mice, two subsets of monocytes have been identified. Ly6Chigh 

(CCR2+CXC3CR1low) monocytes are regarded as “inflammatory monocytes” and give 

rise to inflammatory macrophages in a variety of infectious models and non-infectious 

models. The other subset, characterized as Ly6Clow (CCR2-CXC3CR1high), is named 

“patrolling monocytes” due to their ability to “patrol” the luminal side of the 

endothelium of small blood vessels under homeostatic and inflammatory conditions 

[69, 70]. Whether this subset is also able to patrol the endothelium of larger vessels is 

currently unknown. 

The majority of studies point toward a proatherogenic role of both subsets[71], 

although their contribution to lesion development is different. Ly6Chigh monocytes, 

whose numbers are increased under hypercholesterolemia [68], are the first recruited 

cells in developing plaques, as they strongly adhere to the activated endothelium, 

infiltrate early lesions and contribute to the expanding foam cell pool by differentiating 

to macrophages [72]. Ly6Clow monocytes are also recruited into plaques, albeit at later 

stages [73]. Whether they are also able to contribute to foam cell formation is currently 

unknown.  
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1.4.1.2. Neutrophils 

Neutrophils are the most abundant cell type in the blood and the first cells 

recruited when tissue is damaged [74]. For many years, their role in atherosclerosis has 

been underappreciated, maybe due to initial studies showing a sparse number in 

human and mouse plaques [75]. However, specific neutrophil depletion in ApoE-/- mice 

fed a HFD resulted in significantly reduced plaque size at early stages of lesion 

formation [76]. In humans, the accumulation of neutrophil mediators in rupture-prone 

areas has been associated with plaque instability [77, 78]. In fact, leukocytosis 

(specifically neutrophilia) is an independent risk factor for cardiovascular diseases [79].  

The role they play in the development of atherosclerosis is proatherogenic. They 

can impact lesion development by different mechanisms. For example, recruitment of 

neutrophils into developing plaques increases the recruitment of monocytes and 

accelerates plaque growth [76]. Production of great amounts of ROS is also a hallmark 

of neutrophils. This production has been reported to increase the oxidation of the LDL 

trapped within the intima [80] and  favors the formation of foam cells [81-83] 

1.4.1.3. Macrophages 

Macrophages constitute a complex subset with the ability to trigger many different 

responses depending on the environment surrounding them [84]. They represent the 

most abundant cell type in human and murine plaques and their important role 

throughout the whole process of lesion development has quickly been recognized [85]. 

Induction of monopoiesis by HFD is known to promote the recruitment of Ly6Chigh 

monocytes into developing plaques and generate inflammatory macrophages. A long 

stand paradigm has assumed that most of the aortic macrophages are in fact derived 

from circulating monocytes [85], although recent studies have provided new evidence 

that resident aortic macrophages have the ability to self-renew under homeostatic 

conditions [86]. However, as in the case of vascular resident DCs (see Chapter 1.4.1.4), 

their role under non-inflammatory conditions remains poorly understood.  

Apart from their ability to convert into foam cells that contribute to the cell load in 

advanced plaques (see Chapter 1.2), macrophages are also able to phagocyte apoptotic 

and necrotic cells and as a response, secrete a broad range of cytokines with a 
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profound impact on plaque stability. Engulfment of apoptotic cells, a process known as 

efferocytosis, is known to induce an anti-inflammatory phenotype in macrophages by 

secreting IL-10 or transforming growth factor (TGF)-β, cytokines with known anti-

atherogenic functions, and described to accumulate mainly at early stages of the 

disease [87]. The progressive accumulation of cells and lipids in the intima promotes 

reduced oxygen and nutrient supply. Cell death under these conditions is mainly 

dominated by necrosis rather than apoptosis. Engulfment of such necrotic cells by 

macrophages polarize them toward a pro-inflammatory phenotype [88]. 

1.4.1.4. Dendritic cells 

DCs are the most important population of cells among APCs [89]. During the 

steady state, immature DCs have the ability to capture and process antigens and patrol 

tissue to maintain homeostasis. After activation, they upregulate several chemokine 

receptors, lose their ability to capture antigens and migrate to lymph nodes, where 

they mount adaptive immune responses by presenting antigens to T cells and secrete a 

variety of different cytokines [90]. 

Ralph Steinman and Zanvil Cohn isolated DCs for the first time [91-93]. Since their 

discovery, many different subsets have been described to exert a unique set of activities 

depending on their location [89]. DCs arise in the bone marrow from a common 

myeloid progenitor, which give rise to a macrophage and DC precursor. It is now well 

accepted that the latter further differentiate either into monocytes, which can 

differentiate into monocyte-derived macrophages and DCs under the influence of M-

CSF or GM-CSF [90], respectively or into a common DC precursor (CDP). CDP gives 

rise to plasmacytoid DCs (pDCs) or pre-DCs, which leave the bone marrow and 

generate cDCs that can be segregated into cDCs1 and cDCs2 [90]. Two types of cDCs1 

have been described, one expressing CD8α, present in lymphoid tissues, and another 

characterized by the expression of CD103, the counterpart of CD8α in non-lymphoid 

tissues [94]. 

Opposed to monocytes and macrophages, both pDCs and cDCs rely on the 

presence of the FMS-like tyrosine kinase 3 ligand (Flt3L) for their development [90]. In 

past years, many studies have tried to characterize the expression pattern of specific 
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surface markers as well as unique transcription factors controlling the development of 

different subsets of DCs. A recent paper by Guilliams et al. [95] has provided a valuable 

approach to differentiate DCs among other subsets using flow cytometry. His study 

identified DCs as CD11c+MHC-II+CD26+CD64-F4/80-, which allow further identification 

of cDCs1 by the expression of XCR1 and cDCs2 by the expression of Sirpα (CD172). 

pDCs are also defined as CD11c+MHC-II+ but can be distinguished from cDCs by their 

expression of B220 or Siglec-H. Next-generation sequencing and lineage-tracing 

studies have been performed focusing on the gene expression pattern and ontogeny to 

identify markers differentially expressed by distinct DCs population [96]. For example, 

the transcription factor zinc-finger transcription factor zDC (Zbtb46) has been 

identified to be expressed only in cDCs but not pDCs [97]. Moreover, recent reports 

revealed that BATF, interferon-regulatory factor (IRF) 8  and DNA-binding protein 

inhibitor 2  are essential regulators of cDCs1 development, whereas cDCs2 are 

dependent on the transcription factor RELB, recombining binding protein suppressor 

of hairless and IRF4 [90]. 

1.4.1.4.1. Redefining dendritic cells as antigen presenting cells in atherosclerosis 

Most of the studies aiming to decipher the role of DCs in health and disease rely on 

the use of surface markers and functional traits to differentiate them from 

macrophages or monocytes. For instance, CD11c is commonly referred to as a DC 

marker, whereas macrophages are described to mostly express CD11b, F4/80 and CD64 

and be CD11c-. Functionally, CD11c+ cells in the aorta have been reported to have a 

potent antigen-presenting ability, thus resembling DCs [98], whereas CD11c-CD11b+cells 

efficiently take up lipids and resembled macrophages [94]. Noteworthy, it is now 

evident that CD11c is not restricted only to DCs but it can also be expressed by other 

cell types including monocytes and macrophages [99]. In fact, CD11c is upregulated 

under inflammatory conditions and is highly expressed by inflammatory macrophages 

[99]. Moreover, experimental models in which CD11c was depleted showed impaired 

responses not only restricted to “DCs” but also to other cell types, such as macrophages 

[99]. Studies using CD11c-depletion strategies or referring CD11c-expressing cells as 

“DCs” might be masking the effect of other CD11c-expressing population, including 

monocytes and macrophages, which also share antigen-presentation capabilities. We 
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here refer to CD11c-positive cells as APCs when a clear distinction from bona fide DCs 

is unclear. 

1.4.1.4.2. Antigen-presenting cells in atherosclerosis 

APCs can be found in the aortic intima in the steady state [90]. Although it is still 

not clear what the major function of this subset is under homeostatic conditions, a 

recent report has highlighted that CD11c+ APCs have the ability to capture antigens in 

the aorta, migrate into the lymph nodes and start an adaptive immune response [100], 

a process that is disrupted under hypercholesterolemia [94].  

Increased numbers of APCs in the aorta have been reported in mice fed a HFD 

[101]. Given the presence of several DCs/APCs subsets with a unique ability to secrete 

cytokines and promote Th responses, which itself can impact on the development of 

atherosclerosis, (see Chapter 1.4.2.1.2), DCs/APCs have been rapidly recognized as a 

promising therapeutic target in the clinic. 

Initial studies using CD11c-diphtheria toxin receptor (DTR) animals, in which 

CD11c+ APCs can be depleted after injection of the diphtheria toxin, resulted in 

increased plasma cholesterol levels and it was suggested that APCs might play a role in 

lipid metabolism [102]. These results were partially supported by studies showing that 

hypocholesterolemia increased lifespan in APCs [102]. Whether DCs or macrophages 

were responsible for this phenotype is not clear. A recent report attempting to delete 

bona fide DCs (by disrupting the Zbtb46 gene) have failed to report any differences in 

cholesterol levels in Zbtb46-DTR mice compared to control mice after feeding a HFD, 

although depletion of DCs was incomplete in the long term [103]. Thus, the exact cell 

type involved in cholesterol metabolism is still unknown.  

How DCs modulate the pathogenesis of atherosclerosis depends on the subset 

studied. For example, pDCs are proatherogenic [90]. However, the exact contribution 

of cDCs during atherogenesis remains elusive.  
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1.4.1.4.3. Current knowledge about Batf3-dependent dendritic cells in 

atherosclerosis 

Hilder et al. were the first proving evidence that BATF3 was a critical factor in the 

development of CD8α+ and CD103+ cDCs1 [104]. In this study, specific deletion of Batf3 

was accompanied by a loss of both of these cell types in lymphoid tissues without any 

abnormalities among other immune cells. CD8α+ and CD103+ cDCs1 are well known to 

mediate antigen cross-presentation, a mechanism by which DCs retain the ability to 

present extracellular antigens bound to MHCI and to promote cytotoxic T cell 

responses [105]. In line with this property, Batf3-/- animals showed impaired CD8+ T 

cell responses [104]. Apart from this ability, CD103+ cDCs1 have been described to 

promote Treg responses and their depletion has been associated with a favorable 

outcome after infection [106]. Intriguingly, CD103+ cDCs1 are also the major producers 

of IL-12 during infection and able to induce Th1 responses, resulting in pathogen 

clearance. [107]. These opposing mechanisms have focused the attention on Batf3-

dependent DCs as a possible mediator in atherogenesis.  

The first indirect report suggesting a role in atherosclerosis came from the study of 

Choi et al. using Ldlr-/-Flt3-/- mice [98]. They reported that in the aorta, cDCs1 

expressed CD103 but not CD8α. When fed a HFD, Flt3-deficient mice presented with 

an increased lesion size. This phenotype was accompanied by a reduced number of 

aortic CD103+ cells in Ldlr-/-Flt3-/- mice and reduced frequencies of Tregs in the aorta, 

suggesting a protective role of Batf3-dependent DCs in atherosclerosis. However, two 

recent reports have provided conflicting results. Legein B. et al. reported that lethally 

irradiated Ldlr-/- mice reconstituted with bone marrow of Batf3-/- animals showed 

impaired cross-presentation [108]. However, when fed a HFD, Ldlr-/Batf3-/- mice 

showed similar lesion size as compared to Ldlr-/-Ldlr-/- [108] suggesting a non-

relevant role of Batf3-dependent DCs. More recently, Li Y and colleagues [109] reported 

a strong proatherogenic role of Batf3-dependent DCs by using ApoE-/-Batf3-/- mice. In 

their study, ApoE-/-Batf3-/- fed a HFD showed greatly decreased lesion development 

which was accompanied by decreased Th1 responses [109]. The authors hypothesized 

that Batf3-dependent DCs might promote the induction of Th1 responses by the 
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described ability of CD103+ DCs to secrete IL-12. Hence, the exact role of this subset 

remains to be elucidated. 

1.4.2. Adaptive immune responses 

1.4.2.1. T cells 

T cells are lymphocytes belonging to the adaptive branch of the immune system 

characterized by the expression of a T cell receptor (TCR) on their surface, which is 

linked with the adaptor molecule CD3ε, needed for intracellular signaling upon 

antigen encounter. All types of T cells arise in the bone marrow from a hematopoietic 

stem cell precursor and migrate to the thymus to undergo maturation. Newly arrived T 

cells (known as thymocytes) lack the expression of both CD4 and CD8 and are referred 

to as double negative (DN) thymocytes. At this stage, DN thymocytes rearrange genes 

encoding for the TCR giving rise to αβ TCR-bearing T cells (αβ T cells), constituting 

around 95% of rearrangements, or γδ TCR-bearing T cells (γδ T cells), which represents 

less than 5% of total cells [110]. After expression of a TCR, DN cells upregulate the 

expression of CD4 and CD8 and become double positive (DP) thymocytes, which are 

first positively selected to remove unproductive TCR rearrangements and later 

negatively selected to deplete T cells bearing a TCR with the ability to recognize self-

peptides [110]. After negative selection, thymocytes become single positive cells 

expressing either CD4 or CD8 giving rise to Th cells or cytotoxic cells, respectively. 

Together with macrophages, T cells constitute the most abundant cell type in 

developing plaques [111] and a myriad of studies have been trying to decipher their 

contribution to the pathogenesis of atherosclerosis. 

1.4.2.1.1. CD8+ T cells 

CD8+ T cells become effector cytotoxic T lymphocytes (CTLs) after a naïve antigen-

specific CD8+ T cell encounters antigens presented by APCs bound to MHCI. The 

mechanisms by which CTLs kill their target include the release of the pore-forming 

proteins, namely perforins, together with serine proteinases known as granzymes, 

which induce apoptosis of the target cell, as well as the production of several 

cytokines, including TNF-α and interferon (IFN) γ.  
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How classical effector CD8+ T cells modulate plaque progression is still under 

debate, as current literature has provided conflicting results. CD8+ T cells are known to 

be present in human and mouse plaques [112, 113] and recruited at different stages of 

the disease [114] preferentially at later stages [115]. Analysis of plaque CD8+ T cells has 

also revealed that this population is highly activated when compared to plaque CD4+ T 

cells [116, 117] 

Initial characterization using ApoE-/-CD8-/- mice fed a chow diet for 18 weeks and 1 

year have demonstrated that lesion size was unaltered when compared to ApoE-/- 

controls, suggesting a non-relevant effect of this population in the development of 

atherosclerosis [118]. These studies have been supported by other groups using indirect 

mechanisms to block MHCI-dependent responses and thus, blocking CD8+ T cell 

responses [108, 117]. On the contrary, two independent reports using a depletion 

strategy using antibodies directed against CD8α or CD8β recently have pointed out a 

proatherogenic role of this subset [119, 120]. Both studies have shown that decreased 

lesion size was accompanied by decreased macrophage content and necrotic core size 

and it was revealed that CD8+ T cells play an important role in inducing monopoiesis. 

Finally, evidence suggests that cytokines released by CD8+ T cells, such as INF-γ, might 

exert proatherogenic functions  [114]. 

Although this conflicting data might be explained by the use of different animal 

models, technical approaches, time point used to study plaque development and 

possibly compensatory mechanism involving CD4+ T cells [121], another plausible 

explanation might be related with the discovery of a new subset of CD8+ T cells with 

immunosuppressive properties [122], which has been clearly identified to have a 

protective role in atherosclerosis [123]. Depletion of total CD8+ T cells might destroy 

not only effector cells with proatherogenic properties but also a protective population 

which finally could results in a non-relevant function of CD8+ T cells in atherosclerosis, 

in line with initial studies. 
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1.4.2.1.2. CD4+ T cells 

CD4+ T cells, also known as Th cells, become mature after recognizing antigens 

presented via MHCII by APCs. Antigen-specific CD4+ T cells polarize into different 

subpopulations, Th1, Th2, Th17, Tregs, among others, depending on the cytokine milieu 

surrounding them (summarized in Figure 4). Each of this Th subset has a profound 

impact on immune responses, as they play different roles in many processes such as 

isotype class switching by B cells, activation and growth of CTLs and maximizing the 

bactericidal activity of macrophages [124]. 

1.4.2.1.2.1. Th1 and Th2 cells 

Th1 cells are characterized by the expression of the transcription factor TBET and 

require the presence of IL-12 and IL-18 provided by APCs to fully differentiate [125]. 

Most of the T cells present in plaques are CD4+ T cells that present a Th1-like 

phenotype [126]. Th1 cells are characterized by the release of IL-2 and, most notably, 

IFN-γ. Most, if not all, of their proatherogenic role, has been attributed to the latter 

[111, 127].  

Initial experiments using ApoE-/-Ifng-/- mice fed a HFD for 12 weeks revealed that 

lack of IFN-γ greatly reduced plaque size [128] whereas injection of exogenous IFN-γ 

aggravated atherosclerosis in ApoE-deficient mice [129]. IFN-γ aggravates lesion 

growth by different mechanisms. For example, it promotes activation of plaque 

macrophages leading to the production of pro-inflammatory cytokines, matrix 

metalloproteinases and ROS [130]. In vitro experiments have also reported a disruption 

in cholesterol efflux [131], which translated into increased macrophage foam cell 

formation. Moreover, it is well known that IFN-γ affects different properties of SMCs. 

For example, it inhibits their proliferation and reduces their collagen production while 

upregulating the expression of matrix metalloproteinases, mechanisms that contribute 

to a thinning of the fibrous cap [130] 
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Figure 4. Different subsets of CD4+ Th cells. Depending on the cytokine milieu provided by the 

environment (mainly APCs), CD4+ T cells give rise to different subsets that secrete prototypical 

cytokines. 

Polarization into the Th2 lineage relies on the transcription factors GATA3 and 

STAT5, which are upregulated in naïve T cells in the presence of IL-4. The prototypical 

cytokine produced by this subset is IL-4, known to impede the production of IFN-γ 

[132]. This ability was initially hypothesized to infer a protective role in the 

development of atherosclerosis. Recent human studies have supported this idea, as 

increased Th2 responses in peripheral blood have been linked with decreased carotid 

intima-media thickness and decreased risk of developing acute myocardial infarction 

in women [133]. However, studies in mice have shown conflicting results. Victoria L. 

Kind and collages studied the effect of exogenous IL-4 administration in ApoE-/- mice 

fed a HFD and reported no differences in plaque size when compared to ApoE-/- 

animals receiving a saline solution [134]. Moreover, they also analyzed the impact of Il4 

deficiency in ApoE-/- mice fed a HFD and obtained similar results as when IL-4 was 

administered. Contrarily, a later study using a full Il4-/- mouse model revealed that 

deletion of Il4 decreased atherosclerosis lesion burden in Ldlr-/- mice fed a HFD [135]. 

IL-4 can promote both pro-atherogenic signals (by upregulating P-selectin or VCAM in 

ECs ([136],[137]) as well as anti-atherogenic signals (by inhibiting SMC proliferation 

and reducing macrophage adhesiveness ([138],[139], respectively). Given that Th2 cells 
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are scarce in human plaques [126], their relevance in the human diseases requires 

further studies. 

Animal models studying the role of the other Th2-cytokines, such as IL-5 and IL-33, 

have revealed that deficiency in any of these cytokines greatly increased plaque size 

([140],[141], respectively) due to a decreased ability of B-1 cells to produce anti-oxLDL 

IgM antibodies, known to be protective [142]. 

1.4.2.1.2.2. Regulatory T cells 

Tregs are well known negative regulator of immune responses. They can be 

differentiated into naturally occurring Tregs and inducible Tregs. The former arise in the 

thymus from developing thymocytes, whereas the latter are produced in the periphery 

from circulating naïve T cells and constitute one of the mechanisms of peripheral 

tolerance [143]. Naïve T cells acquire regulatory properties by exposure to TGF-β and 

upregulation of the transcription factor forkhead-box-protein 3 (FoxP3). They control 

immune response by cell-cell interactions, by engaging programmed cell death (PD) 

ligand 1 (PD-L1) expressed by Tregs and PD-1 expressed by T cells or other effector cells, 

or by the secretion of immunosuppressive cytokines such as a TGF-β and IL-10 [143]. 

Tregs are found in human and mouse lesions [111], albeit at lower percentages when 

compared to other tissues in chronic inflammatory conditions [144]. This observation 

led researchers to wonder if impairment of local tolerance against potential antigens in 

atherosclerotic lesions is a cause of inflammation and plaque formation, a mechanism 

described for many autoimmune disorders [145]. 

Many different studies have shown that their role in atherosclerosis is protective. 

Studies in human have shown a link between reduced numbers of peripheral Tregs and 

increased frequencies of myocardial infarcts and other coronary events [146]. 

Neutralization of the Treg-associated marker CD25 with anti-CD25 in ApoE-/- mice fed a 

HFD greatly increased lesion development [147] and adoptive transfer of CD25+FoxP3+ 

Tregs decreased plaque burden in ApoE-/- animals [148]. Furthermore, ApoE-/- mice with 

a genetic deletion of the Il10 gene showed increased atherosclerotic plaque when 

compared to wild-type (WT) mice [149]. Studies testing the role of TGF-β showed 

similar results [150]. 
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But if they have anti-atherogenic properties, why do plaques progress? For 

example, Tregs inhibit Th1 polarization. As previously introduced (see Chapter 

1.4.2.1.2.1), secretion of IFN-γ by Th1 cells is strongly proatherogenic and we could 

expect that the immunosuppressive action of Tregs may inhibit the negative impact of 

this cytokine. However, under conditions of hyperlipidemia, numbers of plaque Tregs 

decrease overtime [151], favoring the generation of pathogenic Th1 responses [152]. 

Moreover, the suppressive capacity of Tregs derived from ApoE-/- mice has been 

reported to be compromised compared to cells derived from their WT littermates 

[148]. Finally, another report suggested that Tregs might control lipid metabolism, as 

chimeric Ldlr-/- mice reconstituted with FoxP3-deficient bone marrow developed not 

only aggravated atherosclerosis but also hypercholesterolemia [153]. 

1.4.2.1.2.3. Th17  

Induction of Th17 responses requires the activation of the transcription factor RAR-

related orphan receptor gamma (RORγ). Although it is widely accepted that 

polarization into a Th17 phenotype requires the presence of TGF-β and IL-6, it is 

becoming evident that this pathway gives rise to a non-pathogenic subset with a 

protective potential and needed for maintaining tissue homeostasis (see below). On 

the contrary, naïve T cells have been reported to acquire a pathogenic phenotype in a 

TGF-β-independent mechanism when exposed to a cytokine cocktail composed of IL-

1β, IL-6, and IL-23 [154], the latter being the most important mediator to induce 

pathogenesis in this subset (see Chapter 1.5.1). Th17 cells are known to play an 

important role in the defense against extracellular pathogens but also to be a key 

player in the development of autoimmune diseases, including psoriasis, rheumatoid 

arthritis and Crohn´s disease [155]. 

The most studied Th17 cytokine in the context of atherosclerosis is IL-17A. Initial 

studies using the ApoE-/- mouse model revealed that aged and HFD-fed mice increased 

IL-17A production in γδ T cells [156]. Treatment of human monocyte-derived DCs or 

mouse bone marrow-derived APCs (BM-APCs) with oxLDL skewed T cell polarization 

into a Th17 phenotype ([157],[158], respectively), which suggests a role of IL-17A-

producing cells in atherosclerosis. Given their pro-inflammatory potential, IL-17A was 

initially hypothesized to negatively impact atherogenesis. However, experimental 
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models of atherosclerosis studying IL-17A have yielded contradictory results ranging 

from decreased, unchanged or even increased plaque burden (reviewed in [156]). Other 

approaches using neutralization of IL-17A have resulted in comparable results as 

observed in full knock out models [156]. With regards to plaque stability, most studies 

have revealed that IL-17A might promote plaque instability (summarized in [159]). 

Thus it is difficult to finally conclude whether IL-17A might modulate lesion 

development or rather modify features of plaque stability.  

Apart from IL-17A, both non-pathogenic and pathogenic-IL-17-producing T cells 

also secrete other cytokines, which have been proved to exert independent effects in 

atherosclerosis. Among others, IL-21 and IL-22 appear to be produced by both subsets 

[155] whereas other such as GM-CSF, IL-6 and IFN-γ seem to be restricted to the 

pathogenic subset [160]. 

 A recent report studying CAD patients reported a positive relationship between 

increased serum levels of IL-21 and risk of CAD [161]. One study using Il22-/-ApoE-/- 

mice revealed that IL-22 may play a proatherogenic role, as Il22 deficiency showed 

reduced plaque size when compared to WT controls [162]. Finally, Ldlr-/-Cfs2-/- (lacking 

GM-CSF) animals fed a HFD showed decreased atherosclerosis burden in the root 

[163]. The proatherogenic role of GM-CSF was also reported in humans after 

administration of GM-CSF to patients with stable coronary artery disease, as several of 

the subjects suffered acute coronary events [164] 

Altogether these results suggest that Th17 cells might exert both pro- and anti-

atherogenic properties and that these differences might be attributable to the newly 

recognized pathogenic and non-pathogenic properties.  

1.4.2.1.3. γδ T cells 

As introduced earlier, γδ T cells also arise from the thymus but they differ from 

conventional αβ T cells in the chains composing their TCR, which is formed by the 

rearrangement of a γ and δ chain [165]. This population shares some of the classical 

properties of cells from the adaptive immune system (recognition of MHC-bound 

antigens, dependence on several activation signals) but also that of innate immune 
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cells (MHC-independent activation, quick responses), the reason why they are 

sometimes referred as innate-like cells [166]. 

Unlike αβ T cells, which exit the thymus and migrate to lymphoid organs, γδ T cells 

preferentially migrate to tissues and become resident cells [165], where they function 

more as innate rather than adaptive immune cells. In fact, due to their limited TCR 

diversity and a limited antigen repertoire, specific subsets of TCR-restricted γδ T cells 

populate specific niches throughout the body. For example, Vγ9Vδ2 constitute the vast 

majority of peripheral blood γδ T cells in humans [165], whereas in mice, Vγ3Vδ1 

dendritic epidermal γδ T cells constitute a well-described population in the skin of 

rodents [167]. 

Although γδ T cells are an important source of cytokines, they cannot be easily 

classified. They can secrete IFN-γ, TNF-α, granzyme or IL-17A, among others [166] and 

this ability might be restricted to a specific subset, which is directly correlated with its 

localization in the body [166].  

IL-17-producing γδ T cells (γδ17 T cells) have long been recognized to be an 

important source of IL-17 in several compartments [168]. More importantly, these cells 

are the most prominent IL-17-producing cell type during acute infection, as 

conventional Th17 cells require antigen priming, whereas γδ T cells do not [168]. This 

ability seems to be restricted to activated Vγ2/Vγ4 CD44highIL-23R+CD62L- γδ T 

cells[168], which raises the possibility that either IL-17-producing γδ T cells might have 

previously encountered the antigen or that they are committed to produce IL-17 

already during their development [165].  

In the context of atherosclerosis, little is known about the exact role of γδ T cells. 

Several studies have reported the presence of γδ T cells in human [169] and mouse 

atherosclerotic plaques [170]. Using experimental models it has been shown that they 

represent more than 50% of IL-17+ T cells [171]. However, these studies have not 

characterized which population predominates in the aorta and it is unknown whether 

more than one subset is present at this location with different capabilities to modulate 

atherosclerosis. 
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The highest percentage of γδ T cells in the aorta has been reported to be at early 

stages of atherosclerosis [172] and two studies in mice have shown that their number 

increases under HFD regimens [170, 173]. These initial findings led researchers to 

propose a possible role of this subset during the early phase of atherogenesis. One 

study using  ApoE-/-Tcrg-/- mice has shown that these mice presented similar lesion size 

compared to the control group after fed a chow diet for 10 weeks [170], pointing out a 

non-relevant function in atherosclerosis. Surprisingly, a later study using the same 

experimental model but studying early time point of plaque formation has proposed a 

proatherogenic role of γδ T cells, as mice fed a HFD for 4 weeks showed decreased 

lesion size specifically in the arch, but not in the aortic root [173]. New studies are 

needed to fully elucidate the contribution of this cell type to the pathogenesis of 

atherosclerosis. 

1.5. The IL-12 family of cytokines: focus on IL-23 

The IL-12 family of cytokines is composed of several molecules resulting from the 

binding of an α-chain (p19, p28, and p35) and a β-chain (p40 and Epstein-Barr virus-

induced gene 3 (Ebi3)). There are currently six members described, IL-12 (p40/p35), IL-

23 (p40, 19), IL-27 (Ebi3/p28), IL-35 (Ebi3/p35) [174] and IL-39 (p19/Ebi3) as the newest 

addition [175].  

Produced by different immune cell types, they have the ability to impact immune 

responses either by inducing inflammation (e.g. IL-12, IL-23 or IL-39) or by dampening 

immune responses (IL-27, IL-35) [174], which greatly depend on T cell polarization (as 

summarized in Figure 4). For instance, IL-12 is produced by DCs, macrophages and B 

cells and is required to generate Th1 responses, whereas IL-35 is secreted by naturally-

occurring Tregs and inhibits T cell proliferation [176]. 

The p19 subunit was initially discovered computationally [177] and gave rise to the 

discovery of the already mentioned par p40/p19, known as IL-23. First attempts to 

characterize p19 expression revealed that the most abundant expression was found in 

ECs, activated macrophages or DCs and polarized Th1 and Th2 subsets [177]. However, 

only some activated APCs co-express also p40 and are currently the only known cell 

type to secret active IL-23 upon stimulation [177]. Why some cells produce only the p19 
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subunit but not p40 it still unclear. Recent evidence suggest that, although the initial 

study from Oppmann et al. described that only p40/p19 composites are secreted and 

exert biological responses, the p19 subunit may, in fact, work as an intracellular 

peptide. For example, Espígol-Frigolé et al. have demonstrated that overexpression of 

p19 in ECs led to the upregulation of several adhesion molecules such as intercellular 

adhesion molecule (ICAM) 1 and VCAM-1 [178]. As shown earlier, ECs do not have the 

ability to secrete p40 and cannot release IL-23. However, the authors showed that p19 

exerts intracellular signaling by binding to gp130 and thus, unraveled a new potential 

therapeutic approach for giant-cell arteritis and another inflammatory-related disease 

such as atherosclerosis. These results also suggest that the use of the Il23a-/- mouse 

model could not only impact the release of IL-23 by APCs but could also affect other 

biological mechanisms driven by the p19 subunit. 

In vitro cultures, mostly those using GM-CSF to generate inflammatory APCs, have 

been frequently used to study the differential regulation of each member of the IL-12 

family. Of note, IL-23 has been reported to be expressed by macrophages in vivo [179] 

but M-CSF cultures have revealed that these cells cannot secret IL-23, presumably due 

to the presence of IL-10 [180]. In vitro conditions can also affect IL-23 secretion by BM-

APCs. As an example, culture of bone marrow precursors in the presence of both GM-

CSF and IL-4 has been described to dampen IL-23 release [181].  

In vitro secretion of IL-12 and IL-23 depends on different TLR agonists. While single 

TLR stimulation is enough to induce secretion of IL-23, a combination of different TLR 

agonists are needed to promote IL-12 secretion [181]. In monocyte-derived DCs, 

stimulation of TLR-2, TLR-4 or TLR-7/8 has been shown to induce the expression of 

the p19 and p40 subunit, leading to the formation and secretion of IL-23, which can be 

enhanced by the addition of IFN-γ [181]. However, transcription of the p35 units 

requires a combination of several TLR-agonists. These observations reflect a time-

dependent regulation of each cytokine by APCs which might adapt immune responses 

upon different challenges. 

IL-23 signals through its receptor IL-23R, which comprises the subunit IL-12Rβ1 

shared with the IL-12R complex and the unique subunit IL-23R, where p19 binds [182]. 
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Both IL-12 and IL-23 activates the Janus kinase (JAK) and tyrosine kinase (TYK) 2 

signaling pathways, which lead to the phosphorylation of different STAT members and 

promote different biological responses. IL-12 primarily acts through STAT4 whereas IL-

23 mainly activates STAT3 [183]. Differences in the expression of IL-12Rβ1, IL-12Rβ2, 

and IL-23R determine the responsiveness of different immune cells to IL-12 and IL-23.  

1.5.1. IL-23 induces pathogenicity in IL-23-responding T cells 

As introduced in Chapter 1.4.2.1.2.3, polarization into a Th17 phenotype can be 

achieved after exposure to two main different cytokine cocktails, which in turn will 

determine the pathogenic fate of the cells. Naive T cells differentiate into a host-

protective or non-pathogenic Th17 subset when exposed to TGF-β and IL-6 [184]. This 

non-pathogenic subset is characterized by the expression of IL-17 and IL-10 and plays 

an important role in host defense against pathogens. Exposure to IL-23 gives rise to 

highly inflammatory or pathogenic Th17 subsets with the ability to secrete IL-17, IL-22, 

GM-CSF, and co-expression of IFN-γ [184].  

Apart from Th17 cells, other cells expressing the transcription factor RORγ can 

respond to IL-23. For example, γδ T cells [168], NKT cells [185], natural Th17 [186, 187] 

and innate lymphoid cells [188] rapidly respond to IL-23 due to the expression of the 

IL-23R. More recently, a subset of myeloid cells in lymph nodes defined as CD11c+ 

“DCs” or CD11b+ macrophages, has been reported to express both IL-23R and RORγ and 

respond to IL-23 binding [189]. 

Although non-pathogenic Th17 cells can acquire a highly inflammatory phenotype 

after exposure to IL-23, naïve T cells have also been reported to directly generate a 

pathogenic phenotype in a TGF-β-independent manner after exposure to the cytokine 

cocktail IL-6, IL-1β and IL-23 [154]. IL-23 triggers a STAT3-dependent signaling cascade, 

which leads to the stabilization of the Th17-signaling signature (Rorc, Il17a), 

downregulation of other lineage-genes (aryl hydrocarbon receptor (Ahr), Il10, Il2, Il27, 

Il12) and upregulation of pathogenic genes including Il22, Cfs2 and Ifng [184]. Of note, 

the presence of double positive IL-17A+IFN-γ+ cells is a hallmark of many autoimmune 

diseases [190] and has been described in the artery wall of human plaques to play a 

pro-inflammatory role by activating vascular SMCs [191]. 
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1.5.2. IL-23 as an apoptotic-mediator 

Apart from its well-known role in inducing pathogenic responses, IL-23 has also 

been described to induce apoptosis in mammalian cells lines [192] as well as in several 

immune cells. Cocco C. and colleagues were the first suggesting a link between IL-23 

and apoptosis. By studying human primary B-acute lymphoblastic leukemia cells they 

observed an up-regulation in IL-23R expression, which enhanced IL-23-induced 

apoptosis by altering miR15 and down-regulating the anti-apoptotic signal B-cell 

lymphoma 2 (Bcl2) [193]. In an elegant study, Li H et al. described that IL-23 could 

mediate depletion of self-reactive DP thymocytes during negative selection in mice. 

Interestingly, this subset expressed IL-23R and could respond to IL-23 in a TCR-

dependent manner by upregulating Rorc and decreasing the proto-oncogene c-rel, 

which led to enhanced apoptosis [194]. In a similar way, another study provided 

evidence that IL-23 increased cell death susceptibility in 7-ketocholesterol or oxLDL-

treated BM-ACPs and bone marrow-derived macrophages (BMDM). The proposed 

mechanisms involved an interaction between IL-23 and IL-23R, which results in 

decreased levels of the anti-apoptotic signal Bcl2 [179]. Finally, a recent study has 

highlighted that overexpression of IL-23 in a reperfusion model increased apoptosis of 

cardiac tissue [195]. These studies suggest two different signaling cascades in IL-23R 

expressing cells: 1) inducing IL-23-dependent cytokines, as previously mentioned, such 

as IL-17, IL-22 or GM-CSF and 2) altering Bcl2 mRNA levels, which might increase 

apoptosis susceptibility in several immune cells. Understanding how IL-23 might 

induce different signaling pathways depending on the environment might be of 

particular relevance, as several antibodies against the p19 subunit of IL-23 have been –

or are being- tested as a therapeutic target for the treatment of psoriasis or Crohn’s 

Disease [183]. 

1.5.3. Current knowledge of IL-23 and IL-23R in cardiovascular diseases 

The direct contribution of IL-23 and IL-23R to atherosclerosis remains to be fully 

elucidated, although several studies have already proposed a link between both 

molecules in cardiovascular diseases. Increased plasma or serum levels of IL-23 have 

been reported by David et al. in a study comparing patients affected with PAD [196] 

and also by Abbas et al. when comparing patients with carotid atherosclerosis versus 
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healthy controls [197]. The study from Abbas further showed that plaques contained a 

sustained amount of IL-23 and IL-23R that were co-localized with CD68+ macrophages. 

Furthermore, levels of circulating IL-23 were also associated with mortality. On the 

other hand, a report investigating Iranian patients affected with CAD reported that un-

stimulated peripheral blood mononuclear cells (PMBCs) from CAD patients, showed 

less Il23a mRNA transcripts and this was associated with a decreased risk of CAD [198]. 

Using an experimental model of stroke, Gelderblom et al. recently reported that cDCs2 

infiltrating the ischemic tissue were the major source of IL-23, which promoted the 

production of IL-17A by IL-23R-bearing γδ T cells in the brain. As a consequence, the 

number of infiltrating neutrophils was reduced both in CD11c-deficient mice and in 

Il23r-/- mice [199]. 

The role of IL-23R in cardiovascular diseases has been less studied. Three single 

nucleotide polymorphisms (SNPs) for IL-23R, rs6682925T/C, rs1884444 T/G and 

rs1109026 A/G (R381Q) have been reported. The former has been described to increase 

the relative abundance of mRNA levels of Il23r, whereas the two last presumably affect 

the signaling pathway and promote alternative splicing [200, 201]. Zhang et al. reported 

that the rs6682925T/C SNPs was overrepresented in CAD patients from China and 

represented an independent risk factor to develop CAD, especially in patients with 

hypertension [202]. Moreover, patients bearing this SNP had increased levels of mRNA 

of Il23r and thus pointed out that overexpression of IL-23R might have a negative 

impact on CAD.  On the contrary, no association was found with regards to the 

rs1884444T/G SNP [202]. 

The R381Q polymorphism has been extensively studied and is associated with 

increased risk of developing Crohn´s disease [203], rheumatoid arthritis [204] and 

psoriasis [205]. Mechanistically, this SNP is associated with disrupted IL-23R signaling, 

which may block the development of pathogenic responses associated with 

autoimmunity [204]. Kave et al. reported that R381Q was more frequent among 

patients afflicted with coronary heart disease [206] and suggested that IL-23R signaling 

might contribute to the development of atherosclerosis, in line with the previously 

mentioned report of Zhang et al. However, a report by Mangino et al. indicated no 
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association between R381Q and myocardial infarction [201]. In summary, whether IL-23 

or IL-23R play a direct role in cardiovascular diseases remain elusive. 
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1.6. Aim of this thesis 

The role that cDCs play in atherosclerosis is not clear. CD8+ and CD103+ cDCs1 rely 

on the transcription factor BATF3 for their development. Given that these DCs have 

been reported to secrete pro-atherogenic cytokines such as IL-12 and retain regulatory 

T cell responses, the first part of this thesis aimed to elucidate the role of Batf3-

dependent DCs in atherosclerosis. 

The second part of this thesis focused on the IL-23 / IL-23R axis. Although it has 

been suggested that IL-23 might play a proatherogenic role in atherogenesis, current 

studies do not provide detailed data on the role of this cytokine/receptor axis in this 

disease. Thus, this work aimed to characterize IL-23 responses by APCs and to 

elucidate how disruption of the IL-23R signaling could modulate plaque progression 

and stability. 
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2. MATERIALS 

2.1. Chemicals 

Chemical Purchased from 

100% Ethanol 

2-Propanol (Isopropanol) 

70% Ethanol 

Acid aldehyde 

Ammonium Chloride (NH4Cl) 

Basic-Fuchsin 

Citric acid (C6H8O7) 

Ethylenediaminetetraacetic acid, disodium (Na2EDTA) 

Formaldehyde (FA) 4% (Roti Histo-Fix) 

Gelatin (from bovine skin – type B) 

Glycerol 

Hydrogen chloride (concentrated) (HCl) 

Nile Red  

Oil-Red-O 

Paraformaldehyde (PFA) 

Phosphate-buffered saline (PBS) 

Potassium bicarbonate (KHCO3) 

Sirius Red (Direct Red 80) 

Tween 20 

Trisodium citrate 

Xylene 

Carl-Roth 

Sigma-Aldrich 

Carl-Roth 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Carl Roth 

Sigma-Aldrich 

Carl Roth 

Sigma-Aldrich 

Applichem 

Sigma-Aldrich 

Sigma Aldrich 

Sigma-Aldrich 

Carl Roth 

Thermo Fisher Scientific 

Sigma-Aldrich 

Sigma-Aldrich 

Carl Roth 

Carl Roth 

Carl-Roth 
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2.2. Cell culture reagents 

Reagent Purchased from 

2-Mercaptoethanol (50 mM) 

Brefeldin A (BFA) 

Bovine serum albumin 

D-PBS 

Fetal calf serum (FCS), low in endotoxin 

Fluorescein (FITC)-conjugated ovalbumin (OVA) 

4-(2-hydroxyethyl)-1-piperanzineethanesufonic acid 

(HEPES) 

Ionomycin 

Lipopolysaccharide (LPS) from Escherichia Coli O111: B4 

Nile red 

Non-Essential Amino Acids  (NEAA) (100X) 

oxLDL 

Pam3CSK3  

Penicillin-Streptomycin (10,000 U/ml) 

Phorbol 12-myristate 13-acetate (PMA) 

Polymyxin B (PMB) 

RPMI-1640 (with 2 mM L-Glutamine) (RPMI) 

Sodium Pyruvate (100 mM) 

StemProTM AccutaseTM Cell Dissociation Reagent 

Thermo Fisher Scientific  

Sigma-Aldrich 

Sigma-Aldrich 

Thermo Fisher Scientific 

Sigma Aldrich 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Thermo Fisher Scientific 

Hycultec 

Invivogen 

Thermo Fisher Scientific 

Sigma-Aldrich 

Invivogen 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

 

2.3. Cytokines 

Cytokine Purchased from 

α-IFN-γ (XMG1.2) 

rmGM-CSF 

rmIL-1β 

rmIL-6 

Bioceros 

Peprotech 

Peprotech 

Peprotech 

rmM-CSF Peprotech 

rmIL-23 R&D 
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rhTGF-β Peprotech 

 

2.4. Other reagents 

Reagent Purchased from 

Maxima SYBR Green/ROX qPCR Master Mix (2x) 

Collagenase I (C1030) 

Collagenase XI (C7657) 

HFD (15% fat, 1.25% cholesterol) 

Hyaluronidase type I-S (H3506) 

Tissue-Tek O.C.T Compound  

Vectashield with DAPI 

Vitro-Clud 

Thermo Fisher Scientific 

Sigma Aldrich 

Sigma Aldrich 

Altromin 

Sigma Aldrich 

Sakura 

Vector Laboratories 

R. Langenbrinck  

 

2.5. Consumables 

Consumable Purchased from 

384-well plates 

5 ml Polystyrene Round-Bottom  Tube (FACS Tubes) 

FalconR 70µm Cell Strainer 

Micro-test plate 96 well (round and bottom) 

Microtube 1.1 ml Z-Gel (Serum tubes) 

Microtube 1.3 ml K3E (EDTA-coated tubes) 

Syringe (BD PlastipakTM) 

Biozym 

Corning 

Corning 

Sarstedt 

Sarstedt 

Sarstedt 

BD Biosciences 

 

2.6. Kits 

Kit Purchased from 

AmplexTM Red Cholesterol Assay Kit 

Fixation/Permeabilization Solution Kit 

Fixation Buffer 

CD4+CD62L+ T Cell Isolation Kit II 

Thermo Fisher Scientific 

BD Biosciences 

BD Biosciences 

Miltenyi Biotech 
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CD11c+ MicroBeads UltraPure 

eBiosciencesTM FoxP3/Transcription Factor Staining 

Buffer Set 

EnzyChromTM Triglyceride Assay Kit 

First strand cDNA Synthesis Kit 

IL-23 Mouse Uncoated ELISA (2nd generation) 

Mouse IL-23 DuoSet ELISA (1st generation) 

Miltenyi Biotech 

Thermo Fisher Scientific 

 

Bioassay Systems 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

R&D 

Mouse IL-12 p70 DuoSet ELISA R&D 

Mouse IL-17 DuoSet ELISA R&D 

Nucleospin RNA II Kit Macherey-Nagel 

 

2.7. Instruments 

Name Company 

Aspir8mini (vacuum pump) 

FACSAriaTM III 

FACSCantoTm II 

QuantiStudio 6 Flex Thermal Cycler 

Leica CM3050 S Research Cryostat 

Leica DM 4000B Fluorescence Microscope 

Nanodrop 2000C 

Thermocycler, peqSTAR 

Cell Media 

BD Biosciences 

BD Biosciences 

Applied Biosystems 

Leica Biosystems 

Leica Biosystems 

Thermo Fisher Scientific 

VWR 

 

2.8. Software 

Name Company 

Diskus image analysis  (V4.81.1638) 

FlowJo (V10.4)  

GraphPad Prism (V7) 

Image J 

Hilgers Technisches Büro 

Tree Star / BD Biosciences 

GraphPad  

Open source 
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2.9. Antibodies 

2.9.1. Primary and secondary antibodies not used for flow cytometry 

Name (Clone) Nature  Purchased from 

Anti-mouse α-Actin Cy3(1A4) 

Goat anti-rat IgG – Alexa Fluor 488 

Primary 

Secondary 

Sigma Aldrich 

Thermo Fisher Scientific 

Rat anti-mouse Mac-2 (M3/38) 

LEAFTM Purified anti-mouse CD28 

Ultra-LEAFTM Purified anti-mouse CD3 

Primary 

Primary 

Primary 

Cedarlane 

Biolegend 

Biolegend 

 

2.9.2. Primary antibodies used for flow cytometry 

Name Clone (Company) Dilution 

B220 (CD45RO) RA3-6B2 (BD) 1.300 

CD103 2E7 (Thermo FS) 1.100 

CD11b M1/70 (BD, Thermo FS) 1.300 

CD11c N418 (Thermo FS) 1.300 

CD19 eBio1D3 (Thermo FS) 1.300 

CD115 AF598 (Thermo FS) 1.300 

CD16/32 (Fc Block) 97 (Biolegend) 1.50 

CD25 PC61.5 (Thermo FS) 1.300 

CD3 500A2 (BD) 1.300 

CD4 GK1.5 (Thermo FS) 1.300 

CD4 RM4-5 (BD, Thermo FS) 1.300 

CD44 IM7 (Thermo FS) 1.300 

CD45 30-F11 (BD) 1.300 

CD62L MEL-15 (Biolegend) 1.300 

CD8 53-6.7 (BD) 1.300 

CD86 P03.1 (Thermo FS) 1.300 

FoxP3 

GM-CSF 

FJK-16s (Thermo FS) 

MP1-22E9 (Thermo FS) 

1.100 

1.100 

IFN-γ XMG1.2 (BD) 1.100 
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IL-17A  eBio17B7 (Thermo FS) 1.100 

LIVE/DEAD Fixable dye - (Thermo FS) 1.1000 

Ly6C HK1.4 (Thermo FS) 1.500 

Ly6G 1A8 (BD) 1.500 

MHCII  M5/114.15.2 (Thermo FS) 1.300 

Siglec H  eBio440c (Thermo FS) 1.300 

TCR-β H57-597 (Thermo FS) 1.300 

TCR-γδ eBioGL3 (Thermo FS) 1.300 

*BD = BD Biosciences; Thermo FS = Thermo Fisher Scientific 

2.10. Primers 

Gene name Forward primer (5´-> 3´) Reverse primer (5´-> 3´) 

Batf3 TCCACGAGGAGCACGAGA CCACATGTACCCCTGGACAC 

Foxp3 CCCAGGAAAGACAGCAACCTT TTCTCACAACCAGGCCACTTG 

Hprt  TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC 

Ifng GCTGTTTCTGGCTGTTACTGC TCACCATCCTTTTGCCAGTTCC 

Il10 ATTTGAATTCCCTGGGTGAGAAG CACAGGGGAGAAATCGATGACA 

Il23a CCAGCGGGACATATGAATCT AGGCTCCCCTTTGAAGATGT 

Rorc TGAGGCCATTCAGTATGTGG CTTCCATTGCTCCTGCTTTC 

Tbet GCCAGGGAACCGCTTATATG GACGATCATCTGGGTCACATTGT 
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2.11. Buffers, solutions, and media 

Aldehyde-Fuchsin solution 

• Stock solution 

2.5 g Basic-Fuchsin in 500 ml of 70% ethanol (high grade) 

 

• Working solution 

Mix 50 ml stock solution + 2.5 ml acid aldehyde + 1 mL concentrated HCl and 

leave overnight. Filter prior to use. 

Antigen retrieval solution 

• Stock solution 

Solution A: 21.01 g citric acid in 1 liter distilled water 

Solution B: 29.41 g tri-sodium citrate dihydrate in 1 liter distilled water 

 

• Working solution 

1.8 ml solution A + 8.2 ml solution B + 90 ml distilled water + 50 µg Tween-20 

Cytokine stimulation cocktail 

To measure intracellular cytokines, cells were stimulated with 50 ng/ml PMA, 750 

ng/ml ionomycin and 2,5 µg/ml BFA in DC Medium for 4 hours. 

DC Medium  

• RPMI 1640 with 2 mM L-glutamine  

• 10% heat-inactivated FCS  

• 100 U/ml penicillin/streptomycin  

• 50 µM 2-Mercaptoethanol  

DC Stimulation Medium  

• RPMI 1640 with 2 mM L-glutamine  

• 0.5% heat-inactivated FCS 
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• 100 U/ml penicillin/streptomycin  

• 50µM 2-Mercaptoethanol  

Erythrocyte Lysis Buffer (Ery-lysis-buffer) 

• 150 mM NH4Cl 

• 10 mM KHCO3 

• 0,1 M Na2EDTA 

FACS Buffer 

PBS supplemented with 2% mouse serum, 2% rabbit serum, 2% BSA. 

Heat-inactivation of FCS 

Bottles of FCS were incubated at 56°C for 30 minutes, inverting them every 10 

minutes. 

Kaiser´s glycerin jelly 

• Stock solution 

4 g gelatin + 21 ml distilled water + 25 ml glycerol 

 

• Working solution 

3 parts stock solution  + 7 parts distilled water 

L929 growth medium 

• RPMI-1640 

• 10% heat-inactivated FCS 

• 100U/ml penicillin/streptomycin 

• 25 mM HEPES 
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Mac staining buffer 

Following compounds were made up in 1X PBS: 

• 2% mouse serum 

• 2% rabbit serum 

• 2% horse serum 

• 1% BSA 

• 0.1% Triton X100 

Oil-Red-O Solution 

• Stock solution:  

1 g Oil-Red-O in 200 ml 99% 2-Propanol (isopropanol) 

• Working solution: 

160 ml Stock solution with 120 ml milli-Q water (1 hour at room 

temperature). The solution was filtered prior to use. 

Picrosirius red solution 

• 0.1% Sirius Red/Direct Red 80 in saturated aqueous picric acid (pH 2.0). 

T cell polarization medium 

• DC Medium 

• 1 mM Sodium Pyruvate  

• 1 mM NEAA 

• 10 mM HEPES 
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3. METHODS 

3.1. Mice 

3.1.1. Mice lines 

C57BL/6J and Ldlr-/- animals were purchased from The Jackson Laboratory. 

Batf3-/- mice were purchased from The Jackson Laboratory and crossed with Ldlr-/- 

mice (both C57BL/6J background, The Jackson Laboratory) to generate Ldlr-/- and Ldlr-

/-Batf3-/- mice.  

IL-23R knock-in mice were provided by Prof. Dr. Thomas Korn (University of 

Munich) [189]. In these mice, an internal ribosomal entry site green fluorescent protein 

(IRES GFP) cassette was introduced in the endogenous Il23r gene locus. In 

heterozygous mice (Il23gfp/+), IL-23R-expressing cells can be visualized by their GFP 

expression. When bred as homozygotes (Il23r-/-), the deletion of the IL-23R abrogates 

their responsiveness to IL-23. To study the effect of IL-23R in atherosclerosis, Il23r-/- 

mice were crossed with Ldlr-/- mice (both C57BL/6J background) to generate Ldlr-/- and 

Ldlr-/-Il23r-/- animals.  

3.1.2. Animal maintenance 

Mice were bred and housed under specific pathogen-free conditions at the Zentrum 

für Experimentelle Molekulare Medizin, Würzburg. Mice were maintained on a 

standard light-dark cycle and have ad libitum access to food and water. Animal studies 

and number of animals used conform to the Directive 2010/63/EU of the European 

Parliament and have been approved by the appropriated local authorities (Regierung 

von Unterfranken, Würzburg, Germany. Akt.-Z 2-82, 105-14 and 2-82) 

3.1.3. Induction of atherosclerosis 

Males or females mice at the age of 6 to 8 weeks were used to study the effect of 

gene deletion on atherosclerosis development. They were grouped in cages (max. 3 per 

cage) and placed on a HFD regimen (15% milk fat, 1.25% cholesterol) for specified time 

points. Animals were inspected once weekly. 
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3.1.4. Euthanization of mice and organ preparation 

Mice were anesthetized using isoflurane and euthanized by cervical dislocation. In 

non-diet experiments, mice were flushed either with PBS or RPMI 1640 before 

extracting the organs. When the aorta was extracted, extraneous fat was carefully 

removed before use. In diet experiments, mice were initially flushed with PBS followed 

by 4% PFA in PBS. After perfusion, organs were collected, weighted if necessary and 

processed as described in section 3.1.5 to 3.1.8.  

To study lesion development, the heart and whole aorta were removed and 

carefully cleaned of extraneous fat before being post-fixed with 4% PFA in PBS. After 

overnight incubation, PFA was replaced with fresh PBS. En face preparation of the 

aorta and sectioning of hearts is described in 3.2.1 and 3.2.3. 

3.1.5. Preparation of single-cell suspension from the peripheral blood 

Whole blood was collected in EDTA-coated tubes, mixed gently to avoid blood 

clotting and placed on ice. 150 µl were transferred to 1.5 ml Eppendorf and mixed with 

850 µl of Ery-Lysis-Buffer at room temperature for 10 minutes. After centrifugation at 

400 Gs, 10 minutes at room temperature, a white-clear pellet was observable. The 

supernatant was carefully removed by aspiration and cells were resuspended in cold 

PBS 1%FCS according to the number of mixes needed for each experiment. For 

example, for 4 different staining, the cell pellet was resuspended in 800 µl of PBS 

1%FCS and 200 µl were transferred to 96-well plates for FACS analysis. 

3.1.6. Preparation of single cell suspension from spleen or lymph nodes 

Spleen or lymph nodes were disrupted and passed through a 70 µm filter. Cells 

were centrifuge at 400 Gs, 5 minutes at 4°C. In the case of the spleen, red blood cells 

were lysed by adding 3 ml of Ery-Lysis-Buffer and incubated on ice for 7 minutes, when 

7 ml of cold PBS 1%FCS were added to stop the reaction. After a new centrifugation 

step, cells were resuspended in 10 ml of PBS 1%FCS and filtered again using a 70 µm 

filter to remove cell clumps. In both cases, 1 x 106 cells were used for flow cytometry 

analysis. 
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3.1.7. Preparation of single cell suspension from spleen or lymph nodes for 

FACS-sorting 

Single cell suspension from spleen was obtained as described in 3.1.6. The whole 

supernatant was resuspended in 250 µl of PBS supplemented with 1% FCS and 250 µl of 

FACS Buffer and stained with antibodies for 30 minutes in the dark when 1.5 ml of PBS 

supplemented with 1%FCS was added to wash cells. After centrifugation, the cell pellet 

was resuspended in 1 ml of PBS supplemented with 1%FCS and filtered using a 70 µm 

strainer to remove any clog 

3.1. Antibody mixture used to sort splenic naïve CD4+ T cells 

Name/Colour Clone Dilution 

CD4 – V500  1.300 

CD44 – PE  1.300 

CD25 – APC  1.300 

TCR-β – PerCP/Cy5.5  1.300 

CD45 – APC/Cy7  1.300 

CD62L – PE/Cy7  1.300 

 

3.1.8. Preparation of single cell suspension from the aorta and aortic sinus 

Fat was carefully removed throughout the aorta and separated from the aortic 

sinus. Both tissues were separately placed in 1.5 ml tubes containing 200 µl of RPMI-

1640 where they were minced and incubated 1 hour at 37°C with 450 U/ml collagenase 

I, 125U/ml collagenase XI and 60U/ml hyaluronidase in a final volume of 400 µl. After 

incubation with the enzyme cocktail, tissues were filtered using a 7o µm cell strainer 

and cells were centrifuged at 400 Gs, 5 minutes at 4°C. The cell pellet was resuspended 

in 200 µl of PBS 1%FCS and transferred to a round 96-well plate for FACS analysis.  
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3.1.9. Serum preparation 

Approximately 100-150 µl of fresh blood obtained retro-orbitally were placed in 

Serum Tubes and placed on ice until all samples were collected. Afterward, tubes were 

left at room temperature for 30 minutes and then centrifuged 10.000 rpm for 5 minutes 

to separate serum from clogged blood. Serum was transferred to 1.5 ml tubes and kept 

at -80°C until use. 

3.1.10. Serum cholesterol and triglyceride measurement 

Serum was analyzed for total cholesterol and triglycerides using the AmplexTM Red 

Cholesterol Assay Kit and EnzyChromTM Triglyceride Assay Kit, respectively, according 

to the manufacturer´s instruction. 

3.1.11. Serum lipoprotein profile 

Serum cholesterol lipoprotein profiles were determined by size exclusion 

chromatography. In brief, 5 µl of serum was fractioned using a Superose 6 3.2/300 gel 

filtration column from GE Healthcare and PBS, pH 7.4 as elution buffer, delivered by a 

first pump at a flow rate of 50 µl/min. The separated lipoproteins were mixed in a T-

tube with 50 µl/min cholesterol reagent delivered by a second pump. Thereafter, the 

mixture went through a 500 µl reaction coil PEEP tubing at 37°C in a post-column 

reaction over. Finally, absorption was measured with an UV-VIS detector at 500 nm. 

Total run time for each sample was 60 min. Chromatograms were integrated by Waters 

Empower 3 software. vLDL, LDL and HDL concentrations were calculated as products 

of the area percent of total cholesterol. 

3.2. Histology 

3.2.1. Oil-Red O staining of aortas 

The aorta was cut longitudinally and opened. Staining of lipids was achieved by 

Oil-Red O as follows: 
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Step Duration 

First wash with 1X PBS 5 minutes 

Dip aortas in 60% 2-propanol 10 times  

Staining with Oil-Red O working solution 15 minutes 

Dip aortas in 60% 2-propanol 10 times  

Last wash with 1X PBS 5 minutes 

Mount aortas with Kaiser´s glycerin jelly  

 

3.2.2. Quantification of lesion area in the aorta 

Lesion size was analyzed in three sections of the aorta (abdominal, thoracic and 

arch) by marking red areas using the Diskus image analysis software and is expressed 

as the percentage of the total size of each aortic section. 

3.2.3. Aldehyde-Fuchsin staining of aortic roots 

PFA-fixed hearts were cut in the middle and embedded in a solution containing 

50% 1X PBS and Tissue-Tek. After overnight incubation, hearts were initially cut using 

a cryostat until reaching the beginning of the valves. Once reached, three sections 

covering the region of the valves were collected on a slide and left at 4°C until use. 

Aortic root sections were assessed for atherosclerotic plaque size after staining with 

Gabe´s Aldehyde-Fuchsin as follows: 

Step Duration 

Staining with Aldehyde-Fuchsin working 

solution 

15 minutes 

Dip slides 5 times in 70% ethanol  

Stop differentiation with distilled water 5 minutes 

Staining with Picrosirius Red solution 90 minutes 

Place slides in 0.01N HCl 1 minute 

Dehydration (see below)  

 

 



64 
 

Dehydration protocol: 

Reagent Duration 

Distilled water Short dip 

70% ethanol 1 minute 

96% ethanol (first) 1 minute (3x) 

100% ethanol (first) 1 minute (3x) 

Xylene  5 minutes (3x) 

 

After dehydration, slides were covered with Vitro-Clud and air-dried at room 

temperature before visualization 

3.2.4. Quantification of lesion area in the aortic root 

Lesion size in the aortic root was quantified from three sections per mice. Images 

were recorded using a Leica microscope and quantification performed using the Diskus 

image analysis software. Plaque size is defined as the sum of all plaques among valves. 

Values represent the average of plaque among the three sections analyzed. 

3.2.5. Quantification of collagen content in the aortic root 

The content of collagen in plaques from the aortic root was analyzed using the 

open sourced program Image J and is expressed as the percentage of total plaque. 

3.2.6. Antigen retrieval 

Heat treatment for antigen retrieval was applied to aortic root sections before 

immunostaining. Slides were placed in a slide holder containing 150 ml of working 

solution and heated for 10 minutes in a microwave (medium settings). To prevent 

boiling over of the solution, the process was stopped every 3 minutes for 10 seconds. 

After 10 minutes, half of the solution was replaced with 150 ml of fresh working 

solution and samples were heated again for 10 minutes (medium settings) following 

the same strategy as described above to avoid boiling, but stopping the reaction every 

other minute. Next, the container was placed at room temperature followed by a final 

two-step wash with PBS for 5 minutes. Sections were later processed as described in 

the next section. 
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3.2.7. Macrophage and smooth muscle cell staining of aortic root sections 

Selected aortic root sections that underwent antigen retrieval were first dried and 

then blocked with Mac Staining Buffer for 30 minutes in a wet incubation chamber 

followed by incubation with the primary antibody mixture at 4°C. After overnight 

incubation, slides were washed once with 1X PBS for 15 minutes and then once more 

for 5 minutes. Secondary antibody for the identification of macrophages was added to 

slides for 1 hour at room temperature. Slides were washed once with 1X PBS for 15 

minutes, then once more for 5 minutes and left dried before adding one drop of DAPI-

containing Vectashield per tissue and covering slides with coverslips. Borders were 

sealed with nail polish and slides were stored in dark at 4°C. 

 Antibody Dilution 

Primary antibody 

mixture 

Mac-2 (rat anti-mouse) 1.600 

α-SM Actin Cy3 (mouse 

anti-mouse/human/rat) 

1.200 

Secondary antibody Anti-rat 488 1.500 

 

3.2.8. Quantification of macrophage, smooth muscle cell, necrotic core and 

collagen content in plaques 

Stained slides containing three sections per mouse were recorded with a 

fluorescence microscope and a JVC KZ-F75U camera. Quantification of the 

macrophage content (Green-positive area), smooth muscle cell content (strong red-

positive area) and necrotic area (DAPI-blue-negative area) was calculated as a 

percentage of the total lesion per section using the Diskus image analysis software. 

3.3. In vitro experiments 

3.3.1. Generation of BM-APCs  

Femurs and tibiae were removed from donor mice and bone marrow was flushed 

with DC Medium. Cells were counted and 5 x 106 cells were cultured in 10 cm-Petri 

dishes in DC Medium containing 20 ng/ml GM-CSF. After 3 days, another 10 ml of 

medium supplemented with 20 ng/ml GM-CSF were added to plates. At day 6, half of 

the medium was aspirated, centrifuged, resuspended in 10ml containing 20 ng/ml GM-



66 
 

CSF and put back to the plate. At day 7, around 80-90% of cells were CD11c+ and were 

used for experiments.  

For phagocytosis assay, all experiments were carried out in 24-well plates and 

down-scaled 1/10 (e.g. 5 x 105 starting cells in a final volume of 1 ml). 20 ng/ml of GM-

CSF were used. 

3.3.2. BM-APCs priming and stimulation 

To study the effect of oxLDL in cultured cells, 5 x 105 BM-APCs were transferred to 

24-well plates and cultured in DC Stimulation Medium in a final volume of 500  µl. 

Cells were further stimulated with LPS (100 ng/ml), oxLDL (10 or 50 µg/ml) or a 

combination of both. For priming analysis, immature BM-APCs were stimulated with 

100 ng/ml of LPS for 3 hours at 37°C 5%CO2. Non-adherent cells were then centrifuged 

10 minutes, 400 GS at room temperature and the supernatant was carefully removed to 

eliminate any residual LPS. BM-APCs were resuspended in fresh DC Stimulation 

Medium containing a specified amount of the secondary stimuli.  

3.3.3. Generation of BMDMs 

Bone marrow was flushed as described in 3.3.1. and 2 x 106 cells were cultured in 24-

well plates in DC Medium supplemented with 15% L-929 cell-conditioned medium. At 

days 3 and 5 medium was renewed. Cells at day 7 were used as mature BMDMs. 

3.3.4. Generation of L929-conditioned media 

As a source of M-CSF for the generation of BMDM, conditioned medium collected 

after culturing the M-CSF-expressing L929 mouse cell line was used.  

Frozen aliquots of L929 were thawed and washed to remove DMSO. The cell pellet 

was resuspended in 5 ml of L929 growth medium and seeded in T25 flasks until 

reaching 100% confluence, when the cells were split at ratio 1:30 into T175 flasks. 

Medium renewal was every other day.  

To obtain conditioned medium, five confluent T175 flasks were split into 26 T175 

flasks, each supplemented with 55 ml of L9292 growth medium. After 10 days of 

incubation at 37°C, 5% CO2, media was collected, centrifuged at 350 Gs for 5 minutes 
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and sterile filtered using bottle-top vacuum filters. 50ml aliquots were stored at -80°C 

until use. 

3.3.5. Foam cell formation  

To induce foam cell formation, BMDMs were first starved with RPMI-1640 

containing 2% BSA for 4 hours and then washed once with warmed PBS. Using the 

same medium as mentioned, cells were stimulated with 50 µg/ml oxLDL and cultured 

overnight at 37°C. Cells were detached using StemProTM AccutaseTM Cell Dissociation 

Reagent for 5 minutes at room temperature and transferred to a round 96-well plate 

for fixing them with 100 µl of 10% Fixation Buffer for 5 minutes at room temperature. 

Cells were centrifuged and incubated with Nile red (1.2000) in 200 µl of PBS for 10 

minutes in the dark at room temperature. After two washes with PBS cells were 

measured by flow cytometry. 

3.3.6. Non- and pathogenic Th17 polarization of splenic naïve T cells 

Naïve CD4+CD62L+CD25- T cells were FACS-sorted from spleens of specified mice. 

The purity of naïve T cells was close to 99% in all cases, as measured by flow 

cytometry. 2 x 105 naïve T cells were cultured in pre-coated anti-CD3ε (5 µg/ml) flat-

bottom 96-well plates and stimulated with a non-pathogenic Th17 cocktail containing 

anti-CD28 (1 µg/ml), IL-6 (20 ng/ml), TGF-β (4 ng/ml) and α-IFN-γ (10 µg/ml) or a 

pathogenic Th17 cocktail composed of CD28 (1 µg/ml), IL-6 (20 ng/ml), IL-1β (20 

ng/ml), IL-23 (50 ng/ml) and α-IFN-γ (10 µg/ml) for at 37°C and 5% CO2. After 96 

hours cells were stimulated as described in 3.4.2. to induce IL-17A production and cells 

were measured by flow cytometry. 

3.3.7. Phagocytosis assay 

BM-APCs were either left untreated or stimulated with oxLDL (20 or 50 µg/ml) or 

LPS (100 ng/ml) in DC Stimulation Medium. Cells were then collected, washed and 2 x 

105 cells incubated with 0.5 mg/ml of FITC-conjugated OVA in RPMI supplemented 

with 0.5%FCS for 30 minutes at 37°C. Phagocytosis controls were performed by 

incubating cells at 4°C. After incubation cells were washed twice with PBS and stained 

with the LIVE/DEAD Fixable dye, CD11c, and MHC-II and measured by flow cytometry 
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3.3.9. Treg polarization  

5 x 105 splenocytes or 2 x 105 FACS- or magnetic-sorted CD4+CD6L+ naïve T cells 

were cultured in round-bottom 96-well plates and stimulated with soluble (total 

splenocytes) or pre-coated (naïve T cells) anti-CD3ε (5 µg/ml), soluble anti-CD28 (1 

µg/ml) and TGF-β (4 ng/ml) at 37°C and 5°CO2. After 72 hours the percentage of 

CD25+FoxP3+ Tregs was measured by flow cytometry. 

3.4. Flow cytometry 

3.4.1. Flow cytometry analysis of surface antigens 

Cells were transferred to round 96-well plates and centrifuged at 400 Gs, 5 minutes 

at 4°C and the supernatant was removed by inverting the plate. For experiments 

requiring the analysis of DCs populations or macrophages, cells were first resuspended 

in 50 µl of FACS Buffer containing an Fc Block and incubated for 20 min at 4°C. After 

washing with 150 µl of PBS 1%FCS cells were again resuspended in 50 µl of FACS Buffer 

containing the antibody mixture and incubated for 30 min at 4°C. Cells were washed 

once more and resuspended in 200 µl of PBS 1%FCS for flow cytometry analysis. 

3.4.2. Flow cytometry analysis of intracellular cytokines or transcription factors 

For the study of transcription factors such as a FoxP3, the FoxP3/Transcription 

Factor Staining Buffer kit was used, whereas to study intracellular cytokines such as 

IFN-γ and IL-17A, the Fixation/Permeabilization Solution Kit was selected. When 

intracellular cytokines were measured, 1 x 106 cells (except in the case of blood) were 

transferred to round 96-well plates and resuspended in 200 µl of RPMI containing the 

Cytokine Stimulation Cocktail (see Material) to induce production and accumulation 

of cytokines. Cells were incubated for 4 hours at 37°C and 5% CO2 and then washed 

once with PBS 1%FCS. After staining of surface antigens, cells were fixed and 

permeabilized using 100 µl of the corresponding buffer for 20 min at 4°C. Cells were 

washed twice using the washing buffer provided for each manufacturer, resuspended 

in 50 µl of washing buffer containing the antibodies against intracellular antigens and 

incubated for 30 min at 4°C. After a final wash, cells were finally resuspended in 200 µl 

of PBS 1%FCS and left at 4°C for measurement. 

 



69 
 

3.4.3. Flow cytometry analysis for the co-detection of intracellular GFP and 

intracellular cytokines 

To co-detect intracellular cytokines in IL-23R+ (GFP+) animals, cells were fixed 

using formaldehyde (FA) as previously described [207]. Briefly, after surface staining, 

cells were fixed using 2% FA for 1 hour at 4°C and then washed once using the wash 

buff provided in the kit from ThermoFisher Scientific used for FoxP3 detection. 

Intracellular antibodies against specified cytokines were used in a final volume of 50 µl 

and incubated for 30 minutes at room temperature. After one wash, cells were 

resuspended in 200 µl of PBS 1%FCS and measured by flow cytometry. 

3.5. Enzyme-linked immunosorbent assay (ELISA)  

3.5.1. IL-23 and IL-17 measurement by ELISA 

Serum IL-23 and supernatant IL-23 was measured using a second generation mouse 

ELISA and a mouse IL-23 DuoSet ELISA respectively, following manufacturer 

instructions. For serum IL-23, samples were left overnight at 4°C to obtain the highest 

sensitivity. For IL-17 measurement 2 x 105 splenocytes were cultured in round-bottom 

96-well plates and stimulated with soluble anti-CD3 (5 µg/ml), anti-CD28 (1 µg/ml) 

and IL-23 (10 or 25ng/ µl) or conditioned-supernatant from treated BM-APCs 

supplemented with 10%FCS, 1mM NEAA, 1mM sodium pyruvate and 1mM HEPES to 

avoid cell death. After 24 and 72 hours, supernatant was collected and analyzed using a 

mouse IL-17 ELISA. 

3.5.2. Ex vivo aortic culture 

Cytokine analysis from ex vivo aortic culture was done following a previous 

protocol [208]. Briefly, fat-free aortas were cut in 15 rings of 2 mm and transferred to a 

1.5 ml tube containing cold PBS. Rings were washed twice with PBS and incubated 

overnight in a 24-well plate in DC Stimulation Media containing specified stimuli in a 

final volume of 200 µl. Supernatant was collected and IL-23 measured using the mouse 

IL-23 DuoSet ELISA. Results were normalized to the content of total DNA extracted 

from cultured rings. 
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3.6. Quantitative real-time PCR (qPCR) 

3.6.1. Tissue processing  

Isolated specified tissues from mice were immediately transferred to a 1.5ml tube 

and stored in liquid nitrogen until all samples were collected. After total collection, 

probes were conserved at -80°C until use. 

3.6.2. qPCR conditions 

Total RNA from specified sources was isolated using the NucleoSpin RNA kit 

according to the manufacturer´s recommendation. 100 ng of complementary DNA 

(cDNA) was reverse transcribed from total RNA using the first strand cDNA synthesis 

kit. Quantitative real-time PCR analysis was performed from 10ng cDNA using SYBR 

green mix following conditions:  

Stage Temperature Time 

1  95°C 15 minutes 

 95°C 15 seconds 

2 (Repeats: 40) 60°C 30 seconds 

 72°C 50 seconds 

 95°C 15 seconds 

3 60°C 

95°C 

15 second 

15 seconds 
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4. RESULTS I 

 

 

 

 

 

 

 

4.1. The role of Batf3-dependent dendritic cells in atherosclerosis. 
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4.1.1 Batf3 deficiency depletes CD103+ DCs in the aortic root under homeostatic 

conditions 

The transcription factor BATF3 has been shown to be highly expressed in CD8α+ 

and CD103+ cDCs1 and is lowly expressed or absent in other immune cell populations, 

including pDCs [104]. Although initial studies have shown that Batf3-/- mice specifically 

lacked both subsets in several lymphoid compartments [104, 209], further studies 

reported that mice on a C57BL/6 background still showed some splenic CD8α+ DCs 

[210]. The impact of Batf3 deficiency on CD8α+ and CD103+ DCs under homeostatic 

conditions was analyzed. As described previously, spleens from Ldlr-/-Batf3-/- mice 

presented some CD8α+ and CD103+ DCs, although knock out animals showed an 80% 

reduction in each population compared to wild-type animals (Figure 1b). No 

differences in pDCs were noted (0.37% ± 0.08% versus 0.32% ± 0.03% of CD11clow/- 

SiglecH+ pDCs among CD45+ cells in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, 

respectively; p=0.26).      

At the steady state, APCs with a dendritic-like phenotype are primarily localized in 

the aortic root and only express CD103 but not CD8α [98]. Analysis of the aortic root of 

Ldlr-/-Batf3-/- mice revealed a complete loss of the CD103+ cell population (Figure 2b, 

left) and this was accompanied by increased frequencies of CD11b+ cells (Figure 2b, 

right). Similar results were obtained in the aorta (11.27% ± 3.16% versus 0% of CD103+ 

DCs among CD11c+MHCII+ APCs in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; 

***p<0.001; and 66.55%± 5.73% versus 81.75% ± 8.41% of CD11b+ DCs among 

CD11c+MHCII+ APCs in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; ***p<0.001) 
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Figure 1. Batf3 deficiency reduced the frequency of CD8α+ and CD103+ DCs in the spleen. 

Splenocytes from Ldlr-/- (n=4) and Ldlr-/-Batf3-/- mice (n=4) were analyzed by flow cytometry. First, 

CD45+ leukocytes were gated and APCs were defined as CD11c+ MHCII+ (a) Representative dot plots of 

CD8α+ and CD11b+ DCs among the CD11c+ MHCII+ population. (b) Percentages of CD8α+ and CD103+ DCs 

in the spleen. Data are presented as mean ± SEM; ***p<0.001. 

 

Figure 2. Aortic sinus of Ldlr-/-Batf3-/- mice lacked CD103+ DCs. Single cell suspensions from the 

aortic sinus were obtained from Ldlr-/- (n=2) and Ldlr-/-Batf3-/- mice (n=2) and measured by flow 

cytometry. Cells were first incubated with Fc block to avoid non-specific binding. First, total live CD45+ 

leukocytes were gated and CD19+ and TCR-β+ cells excluded to remove B and T cell populations. (a) 

Representative dot plots of CD103+ and CD11b+ DCs among CD11c+ MHCII+ cells. (b) Percentages of 

CD103+ (left) and CD11b+ (right) cells in the aortic sinus. Data are presented as mean ± SEM; ***p<0.001. 

4.1.2. Lack of Batf3 in macrophages does not alter foam cell formation in vitro 

A recent study has found that BATF3 is highly expressed in pre-macrophages and 

its expression decreases as macrophages become mature [211]. Although several studies 

have shown that Batf3 deficiency does not alter any macrophage population [212, 213], 

it is not clear whether it might impact other features such as foam cell formation, a key 

hallmark of atherosclerosis. First, mRNA levels of Batf3 in cultured BMDM were 
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analyzed. Compared to the isolated CD11c+ splenic fraction, which contains a Batf3-

enriched population of APCs, BMDM only expressed residual mRNA levels of Batf3 

(Figure 3a). In line with these findings, foam cell formation was not changed among 

BMDM derived from Ldlr-/- and Ldlr-/-Batf3-/- mice (Figure 3b), which further confirm 

that Batf3 deletion does not play a major role in macrophages. 

 

Figure 3. Loss of Batf3 in BMDM did not affect foam cell formation. BMDMs were generated 

from Ldlr-/- (n=3) and Ldlr-/-Batf3-/- mice (n=3). Splenic CD11c+ cells were enriched from Ldlr-/- animals. 

(a) BMDMs were left untreated or treated with different concentrations of oxLDL (10 or 50 µg/ml) for 24 

hours. Results were normalized to Hprt mRNA and are presented relative to splenic CD11c+ cells. (b) 

BMDMs were left untreated or were stimulated with oxLDL (50 µg/ml) for 24 hours. Cells were stained 

with the intracellular dye Nile red and the mean fluorescence intensity was measured by flow cytometry. 

One of two representative experiments is shown.  Data are presented as mean ± SEM; *p<0.05. 

4.1.3. Under homeostatic conditions Ldlr-/-Batf3-/- animals showed mildly altered 

innate and adaptive immune responses 

It has previously been described that Batf3-deficient mice do not show any 

differences in total splenic B or T cells [104], although no data regarding other immune 

cells with the ability to impact the development of atherosclerosis is available. Apart 

from CD8α+ and CD103+ DCs, monocytes also express Batf3, albeit at lower levels [104]. 

Immune responses of Ldlr-/-Batf3-/- mice under homeostatic conditions compared to 

Ldlr-/- controls were analyzed. 

No differences in the number of circulating monocytes (Figure 4a) or in Ly6Chigh or 

Ly6Clow populations (Figure 4b) were observed in the blood between groups. Ldlr-/-
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Batf3-/- mice showed unaltered percentages of CD115+ in spleen (Figure 5a), although 

decreased percentages of inflammatory Ly6Chigh and increased Ly6Clow monocytes 

were noted at this location (Figure 5b). 

 

Figure 4. Ldlr-/- and Ldlr-/-Batf3-/- animals showed similar numbers of circulating monocytes 

under homeostatic conditions. PBMCs were obtained from Ldlr-/- (n=6) and Ldlr-/-Batf3-/- mice (n=5) 

fed with a chow diet and measured by flow cytometry. (a) Numbers of monocytes (CD115+) per µl of 

blood and (b) numbers of inflammatory Ly6Chigh (left) and non-conventional Ly6low monocytes (right) 

per µl of blood.  Data are presented as mean ± SEM. 

 

Figure 5. Batf3-deficient Ldlr-/- mice showed decreased percentages of Ly6Chigh inflammatory 

monocytes in the spleen. Splenocytes were obtained from Ldlr-/- (n=6) and Ldlr-/-Batf3-/- mice (n=5) 

and analyzed by flow cytometry. (a) Percentages of CD115+ monocytes from total CD45+ cells and (b) 

percentages of inflammatory Ly6Chigh and non-conventional Ly6low monocytes among CD115+ cells.   

Data are presented as mean ± SEM; *p<0.5 
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In line with previous reports [104], the number of circulating T cells in the blood 

and the frequency of total CD3+ T cells in the spleen were similar in both groups 

(Figure 6a). However, Ldlr-/-Batf3-/- mice showed decreased splenic CD8+ T cell 

frequencies, whereas the CD4+ T cell fraction was increased (Figure 6b). No differences 

in the Treg compartment in blood (3.88% ± 0.66% versus 4.32% ± 1.27% of CD25+FoxP3+ 

among CD4+ T cells in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; p=0.48) or in 

spleen (12.75% ± 0.50% versus 12.82% ± 1.23% of CD25+FoxP3+ among CD4+ T cells in 

Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; p=0.90)  were observed under 

homeostatic conditions.  

 

Figure 6. Frequencies of splenic CD8+ T cells were reduced in Ldlr-/-Batf3-/- mice. PBMCs and 

splenocytes were obtained from Ldlr-/- (n=6) and Ldlr-/-Batf3-/- mice (n=5) and measured by flow 

cytometry. (a) Numbers of circulating CD3+ T cells per µl of blood (left) and the percentage of splenic 

CD3+ T cells among total CD45+ leukocytes (right). (b) Percentages of splenic CD8+ T cells (left) and 

CD4+ T cells (right) among CD3+ T cells. Data are presented as mean ± SEM; ***p<0.001. 

4.1.4. Long-term depletion of Batf3-dependent DCs after feeding mice a HFD 

Next, to assess how Batf3-dependent DCs might impact the course of 

atherosclerosis, age and sex sex-matched Ldlr-/- and Ldlr-/-Batf3-/- mice were fed a HFD 

for 8 or 12 weeks. After 8 weeks of HFD, both groups showed similar body weight and 

white blood cell counts (Table 1). 
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Table 1. Body weight and white blood cell (WBC) count of Ldlr-/- and Ldlr-/-Batf3-/- fed a HFD 

for 8 weeks.  

 Ldlr-/- Ldlr-/-Batf3-/- p-value 

Body weight (g) 27.4 ± 1.61 28.19 ± 1.27 0.24 

WBC count (103/ µl)  7.47 ± 1.64 6.83 ± 1.54 0.34 

 

 Several studies have reported that infected Batf3-/- animals still retain the ability to 

cross-present antigens in vivo due to an expansion of the CD8α+ DC fraction in a Batf3-

independent manner [214]. Further studies have demonstrated that the other two 

members of the BATF family, BATF, and BATF2, can compensate for the lack of BATF3 

during infection [215]. As HFD regimens induce systemic inflammation [49], the 

percentage of CD103+ cDCs1 in the aortic root in mice fed a HFD was analyzed. After 8 

weeks of diet, aortic roots from Ldlr-/-Batf3-/- animals still showed a complete loss of 

CD103+ cells accompanied by increased frequencies of CD11b+ cells (Figure 7). Similar 

results were observed in the aorta (8.8% ± 5.74% versus 0% of CD103+ DCs among 

CD11c+MHCII+ APCs in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; ***p<0.001; 

and 80% ± 6.14% versus 95.72% ± 2.13% of CD11b+ DCs among CD11c+MHCII+ APCs in 

Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; ***p<0.001) 
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Figure 7. Long-term depletion of Batf3-dependent DCs in Ldlr-/- mice fed 8 weeks a HFD. 

Single cell suspensions from the aortic sinus were obtained from Ldlr-/- (n=7) and Ldlr-/-Batf3-/- mice 

(n=6) fed a HFD for 8 weeks and measured by flow cytometry. Cells were first incubated with Fc block 

to avoid non-specific binding. Total CD45+ leukocytes were gated and CD19+ and TCR-β+ were excluded 

to remove B and T cell populations. (a) Representative dot plot of CD103+ and CD11b+ cDCs1 among 

CD11c+ MHCII+ cells. (b) Percentages of CD103+ (left) and CD11b+ (right) in the aortic sinus. Data are 

presented as mean ± SEM; ***p<0.001. 

Levels of CD8α+ DCs were still reduced in spleen (6.02% ± 2.26% versus 2.37% ± 

0.70% of CD8α+ cells among CD11c+ MHCII+ APCs in Ldlr-/- versus Ldlr-/-Batf3-/- mice, 

respectively; ***p<0.001) and no differences in the pDC compartment were noted 

between groups (0.26% ± 0.05% versus 0.29% ± 0.07% of CD11clow/- SiglecH+ pDCs 

among CD45+ cells in Ldlr-/- versus Ldlr-/-Batf3-/- mice, respectively; p=0.18).      

Of note, frequencies of CD11clow F4/80+ cells, which are described to have a 

macrophage-like phenotype in the aortic tissue [98], were unaltered in the aorta of 

both wild-type and Batf3-deficient Ldlr-/- mice after 8 weeks of HFD (Figure 8b). 

Similar frequencies of CD64+F4/80+ macrophages were also observed in spleens from 

both groups (Figure 8a); further demonstrating that deletion of the transcription factor 

BATF3 does not alter macrophage development, as previously suggested. 
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Figure 8. Ldlr-/-Batf3-/- animals fed a HFD for 8 weeks showed unaltered percentages of 

splenic and aortic macrophages. Splenocytes or single cell suspensions from the aorta were obtained 

from Ldlr-/- (n=7) and Ldlr-/-Batf3-/- mice (n=6) fed 8 weeks a HFD and analyzed by flow cytometry. (a) 

CD64+ F4/80+ macrophages among total CD45+ cell in spleen. (b) CD11c- F4/80+ macrophage-like cells in 

the aorta expressed as percentages of total CD45+ cells. Data are presented as mean ± SEM 

4.1.5. Innate and adaptive immune responses stayed mildly affected after 8 or 12 

weeks of HFD 

HFD induces an alteration of immune responses, for example by increasing 

monopoiesis (see Chapter 1.4.1.1) and hence, different immune responses might be 

observed between homeostatic and atherosclerotic-inducing conditions.  

No differences in circulating neutrophils (719 ± 272.60 versus 668.50 ± 427.90 of 

Ly6G+ cells per µl of blood in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; 

p=0.74) and percentages of neutrophils in spleen (1.91% ± 0.49% versus 2.85% ± 1.65% 

of Ly6G+ cells among CD45+ in Ldlr-/- compared to Ldlr-/-Batf3-/- mice, respectively; 

p=0.08) were noted among groups after 8 weeks of diet. The number of circulating 

monocytes in the blood and the frequency of splenic CD115+ monocytes were also 

similar (Figure 9a-d). Unaltered percentages of Ly6high inflammatory and Ly6Clow non-

conventional monocytes were noted after HFD-feeding, as opposed to homeostatic 

conditions. Similar results were obtained after 12 weeks of diet (data not shown). 
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Figure 9. Unaltered frequencies and percentages of monocytes in Ldlr-/- and Ldlr-/-Batf3-/- 

mice fed a HFD for 8 weeks. PBMCs and splenocytes from Ldlr-/- (n=11) and Ldlr-/-Batf3-/- mice (n=10) 

fed a HFD for 8 weeks were analyzed by flow cytometry. (a) Numbers of CD115+ monocytes per µl of 

blood and (c) percentages of splenic monocytes among CD45+ cells, and (b) numbers of inflammatory 

Ly6Chigh and non-conventional Ly6low monocytes per µl of blood and (d) percentages among CD115+ cells 

in the spleen. Data are presented as mean ± SEM. 

Animals fed a HFD showed similar levels of circulating T cells and no differences in 

circulating CD4+ or CD8+ T cell subsets were noted between groups (Figure 10a, b). The 

percentage of splenic T cells was unaltered, but similar to homeostatic conditions, Ldlr-

/-Batf3-/- animals showed decreased percentages of CD8+ T cells and increased CD4+ T 

cells compared to Ldlr-/- controls (Figure 11a, b).  
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Analysis of T cell activation revealed that the percentage of activated CD44+ CD4+ T 

cells in spleens of Batf3-deficient Ldlr-/- mice was unaltered (14.46% ± 1.40% versus 

17.28% ± 4.69% of CD44+ cells among CD4+ T cells in Ldlr-/- compared to Ldlr-/-Batf3-/- 

mice, respectively; p=0.06), whereas the percentage of CD44+CD8+ T cells was 

markedly reduced in Ldlr-/-Batf3-/- mice fed a HFD for 8 weeks (Figure 12b). No 

differences in the percentage of CD44+ CD62L+ central memory CD8+ T cells were 

noted (Figure 12b). 

 

Figure 10. Batf3-deficient Ldlr-/- mice fed a HFD for 8 weeks showed similar numbers of 

circulating T cells. PBMCs were obtained from Ldlr-/- (n=11) and Ldlr-/-Batf3-/- mice (n=10) fed a HFD for 

8 weeks and analyzed by flow cytometry. (a) Numbers of CD3+ T cells per µl of blood and (b) numbers of 

CD4+ and CD8+ T cells per µl of blood.  Data are presented as mean ± SEM. 

 

Figure 11. Decreased percentages of CD8+ T cells in Batf3-deficient Ldlr-/- mice after 8 weeks 

of HFD-feeding. Splenocytes were obtained from Ldlr-/- (n=11) and Ldlr-/-Batf3-/- mice (n=10) and 

analyzed by flow cytometry. (a) Percentages of CD3+ T cells among CD45+ cells, and (b) percentages of 

CD4+ and CD8+ T cells among CD3+ T cells.  Data are presented as mean ± SEM; **p<0.01, ***p<0.001. 
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Figure 12. Decreased percentages of splenic CD44+ CD8+ T cells in Batf3-deficient Ldlr-/- mice 

fed a HFD for 8 weeks. Splenocytes were obtained from Ldlr-/- (n=11) and Ldlr-/-Batf3-/- mice (n=10) and 

measured by flow cytometry. (a) Representative dot plots of activated CD8+ T cells, defined as 

CD44+CD62L-, and central memory CD8+ T cells, defined as CD44+CD62L+. (b, left) Percentages of 

activated CD8+ T cells and (right) central memory CD8+ T cells. Data are presented as mean ± SEM; 

**p<0.01. 

Both CD8α+ and CD103+ cDCs1 have been described to be the major producers of 

IL-12 and promote Th1 responses after bacterial challenge [107]. To decipher whether 

Batf3 deficiency might impair Th1 or Th17 responses after feeding mice a HFD for 8 

weeks, percentages of INF-γ-producing CD4+ and CD8+ and IL-17A-producing CD4+ T 

cells were analyzed. As expected, percentages of IFN-γ-producing CD4+ T cells were 

decreased in Ldlr-/-Batf3-/- animals compared to Ldlr-/- controls (Figure 13a), whereas no 

differences in IL-17A+ CD4+ T cells were noted (Figure 13b). IFN-γ secretion by CD8+ T 

cells remained unaltered (Figure 13c).  
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Figure 13. Decreased percentages of IFN-γ+CD4+ T cells in the spleen of Batf3-deficient Ldlr-/- 

mice fed a HFD for 8 weeks. Splenocytes were obtained from Ldlr-/- (n=6) and Ldlr-/-Batf3-/- mice (n=6) 

and were stimulated with PMA (50 ng/ml), ionomycin (750 ng/ml) and BFA (2.5 µg/ml) for 4 hours to 

induce cytokine secretion. Cytokine production was detected by intracellular staining and flow 

cytometry. (a) Percentages of IFN-γ+ cells among CD4+ T cells. (b) Percentages of IL-17A+ cells among 

CD4+ T cells. (c) Percentages of IFN-γ+ cells among CD8+ T cells. Data are presented as mean ± SEM; 

**p<0.01. 

The percentage of CD25+FoxP3+ Tregs at different locations were similar between 

groups (data not shown). Altogether this data supports the hypothesis that Batf3 

deficiency only mildly affects immune responses under homeostatic conditions or 

under atherosclerosis-inducing regimens. 

4.1.6. Loss of Batf3-dependent DCs does not impact cholesterol levels 

It has been proposed that CD11c+ APCs might control lipid metabolism, as CD11c-

DTR ApoE-/- mice, depleted of CD11c+ cells by DT administration, showed an elevation 

in plasma cholesterol levels, whereas an expanded lifespan of APCs resulted in 

hypocholesterolemia and in decreased levels of vLDL and LDL [90]. Analysis of 

cholesterol levels after 8 weeks of HFD showed that Batf3-deficient Ldlr-/- mice showed 

similar values of serum cholesterol and triglycerides levels when compared to Ldlr-/- 

controls (Table 2). Moreover, vLDL, LDL and HDL fractions were unaltered between 

groups (Figure 14), suggesting that Batf3-dependent DCs do not play a role in 

controlling cholesterol homeostasis. 

 



84 
 

Table 2. Lipid levels of Ldlr-/- and Ldlr-/-Batf3-/- mice fed a HFD for 8 weeks. 

 Ldlr-/- Ldlr-/-Batf3-/- p-value 

Serum cholesterol (µg/ml) 23378 ± 4656 21533 ± 6962 0.46 

Serum triglycerides (mmol/L) 4.70 ± 1.20 3.70 ± 1.00 0.06 

 

 

Figure 14. Lipid profiles were similar between Ldlr-/- controls and Batf3-deficient Ldlr-/- mice 

after 8 weeks of HFD diet. Serum samples were fractioned to reveal vLDL, LDL and HDL content. (a) 

Representative lipoprotein profile and (b) serum lipid profile in Ldlr-/- (n=7) and Ldlr-/-Batf3-/- mice (n=6) 

fed a HFD for 8 weeks. Data are presented as mean ± SEM. 

4.1.7. Batf3 deficiency in Ldlr-/- mice had no effect on atherosclerosis progression 

and plaque composition after 8 and 12 weeks of HFD 

Analysis of atherosclerotic lesion burden in Ldlr-/-Batf3-/- mice compared to Ldlr-/- 

controls after 8 or 12 weeks of HFD revealed no differences in lesion size when 

considering the total aorta (Figure 15a). Similar results were obtained from mice fed a 

HFD for 12 weeks (Figure 15b). 
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Figure 15. Deficiency of Batf3 in Ldlr-/- mice did not alter atherosclerotic lesion development. 

Quantification of plaque area in Oil-Red-O stained aortas in mice fed a HFD for (a) 8 weeks (Ldlr-/- n=13 

and Ldlr-/-Batf3-/- n=10) and (b) 12 weeks (Ldlr-/- n=9 and Ldlr-/-Batf3-/- n=6). Representative images of the 

aorta of mice fed 8 weeks a HFD are shown. Data are presented as mean ± SEM. 

 

The analysis of plaque size in the aortic root in both Ldlr-/- and Ldlr-/-Batf3-/- mice 

after 8 or 12 weeks or HFD reported no differences between groups at either time point 

studied (Figure 16a). Plaque composition analysis further revealed that macrophage 

content was similar (Figure 17a, b).  

 

Figure 16. Deficiency of Batf3 in Ldlr-/- mice did not alter atherosclerotic lesion development 

in the aortic root in mice fed a HFD for 8 or 12 weeks. (a) Quantification of plaque area in Aldehyde-

Fuchsin-stained aortic roots sections in atherosclerotic Ldlr-/- (8 weeks HFD, n=13; 12 weeks HFD, n=6) 

and Ldlr-/-Batf3-/- mice (8 weeks HFD, n=10, 12 weeks HFD, n=6). Representative images of aortic root 

sections from mice after 8 weeks of HFD are shown. Data are presented as mean ±SEM. 
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Figure  17. Macrophage content in plaques was not altered in Ldlr-/-Batf3-/- mice after 8 or 12 

weeks of HFD-feeding. (a) Quantification of the area positive for Mac-2; representative images of 

immunofluorescence staining from plaques of mice (Ldlr-/- mice n=13; Ldlr-/-Batf3-/- mice n=10)  fed a 

HFD for 8 weeks are shown; scale bars: 50μm; cell nuclei were counterstained with DAPI (blue). (b) 

Macrophage content in plaques of mice fed a HFD for 12 weeks (Ldlr-/- mice n=6; Ldlr-/-Batf3-/- mice n=6). 

Data are presented as mean ± SEM. 

 

Stability of plaques can predict cardiovascular outcomes (introduced in Chapter 

1.2). Features of plaque instability comprise decreased collagen and SMC accumulation 

and an enlarged necrotic core.  In line with previous results demonstrating no 

differences in atherosclerotic lesion burden, these features were also similar between 

Ldlr-/- and Ldlr-/-Batf3-/- mice fed a HFD for 8 (Figure 18a-c) or 12 weeks (data not 

shown), demonstrating that Batf3 deficiency does not impact on atherosclerosis 

development or affect plaque composition.  
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Figure 18. Plaque composition is not altered by Batf3 deficiency. (a) Quantification of the 

necrotic core area in the aortic root of Ldlr-/- (n=13) and Ldlr-/-Batf3-/- mice (n=10) fed a HFD for 8 weeks. 

Representative images of immunofluorescence staining are shown, scale bars: 50µm. For collagen and 

smooth muscle cell content, slides were stained with (b) α-smooth muscle cell actin or (c) Sirius red. 

Data are presented as mean ± SEM. 
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4. RESULTS II 

 

 

 

 

 

 

 

4.2. The role of the IL-23 receptor in atherosclerosis 
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4.2.1. oxLDL does not induce a fully activated phenotype in BM-APCs 

Only activated APCs can secrete IL-23 in vitro (introduced in Chapter 1.5). To 

elucidate whether oxLDL can modulate IL-23 secretion, the effect of oxLDL in APC 

activation in vitro and in vivo was studied. After 24 hours of stimulation, levels of 

CD80 were increased in BM-APCs treated with oxLDL (Figure 19a), whereas levels of 

CD86 and CD40 remained unaltered (Figure 19b, c). As expected, treatment with LPS 

induced a strong upregulation of all markers (Figure 19 a-c).  

 

Figure 19. oxLDL increased CD80 expression in BM-APCs but not CD86 or CD40. BM-APCs 

were left untreated or were treated with oxLDL (20 or 50 µg/ml) or LPS (100 ng/ml) for 24 hours. After 

incubation, nonadherent cells were collected, stained and analyzed by flow cytometry. Percentages of 

cells expressing CD80 (a), CD86 (b) and CD40 (c) among live CD11c+ are shown. One of two (n=4) 

representative experiments are shown. Only treatment with 50 µg/ml of oxLDL is shown in histograms. 

Data are presented as mean ± SEM; *p<0.05, **p<0.01; ***p<0.001.  
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Next, the expression of the activation markers CD80, CD86 and CD40 on 

CD11c+MHCII+ APCs from the aorta of Ldlr-/- mice fed a HFD for 8 weeks was analyzed. 

In line with in vitro findings, CD80 was markedly upregulated after HFD (Figure 20a), 

whereas CD86 remained unaltered (Figure 20b). Interestingly, the expression of CD40 

in CD11c+MHCII+ APCs was increased in Ldlr-/- mice fed a HFD compared to those fed a 

chow diet (Figure 20c). 

 

Figure 20. HFD promoted the upregulation of activating markers on the surface of aortic 

CD11c+ MHCII+ APCs. Ldlr-/- mice were fed a chow diet (n=4) or a HFD for 8 weeks (n=4). Aortas were 

collected and digested enzymatically to obtain a single cell suspension. FC receptors were blocked to 

avoid unspecific binding. Aortic cells were stained and measured by flow cytometry. Expression of CD86 

(a), CD80 (b) and CD40 (c) was measured on CD11c+ MHCII+ cells. Representative histograms are 

presented. Data are presented as mean ± SEM; *p<0.05, ***p<0.001.   

Immature and mature APCs can be distinguished by their ability to take up 

particles [216]. While the former are able to efficiently engulf antigens, the latter lose 

this function and mainly promote antigen presentation to T cells. Given that 

stimulation with oxLDL had a mild effect on the upregulation of several activation 
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markers, an OVA-uptake assay to test whether oxLDL might modulate the ability of 

cultured BM-APCs to engulf particles was used. BM-APCs were treated with different 

concentrations of oxLDL for 24 hours, and thereafter cells were incubated with FITC-

stained OVA at 37°C to promote particle uptake. Even though treatment with LPS led 

to reduced percentages of FITC+ cells (as it induces a mature phenotype), incubation of 

BM-APCs with different concentrations of oxLDL did not alter FITC-uptake when 

compared to untreated cells (Figure 21). Together, these data support the hypothesis 

that oxLDL alone induces a mild activation status in cultured APCs. 

 

Figure 21. oxLDL did not affect particle uptake by BM-APCs. BM-APCs were left  untreated or 

were treated with oxLDL (20 or 50 µg/ml) or LPS (100 ng/ml) for 24 hours in RPMI supplemented with 

0.5% FCS. Cells were then washed and incubated with 0.5 mg/ml of FITC-OVA for 30 minutes at 37°C. 

Cells incubated at 4°C were used as a control to confirm efficient phagocytosis and LPS-treated cells 

were used as a positive control for the analysis. Cells were then washed twice and measured by flow 

cytometry. After dead cell exclusion, CD11c+ cells were gated and percentages of cells positive for OVA 

were analysed. One of two (n=4) representative experiments are shown. Data are presented as mean ± 

SEM; ***p<0.001. 

4.2.2. oxLDL sustains IL-23 secretion by TLR-stimulated cells 

Previous experiments suggest that oxLDL might not induce IL-23 secretion by BM-

APCs. In fact, BM-APCs treated with oxLDL did not show any increase in mRNA levels 

of Il23a compared to the untreated group, as opposed with a robust increase after 

treatment with LPS (Figure 22a). Analysis of supernatants from oxLDL- and LPS-
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treated BM-APCs collected after 3 or 24 hours of stimulation confirmed that oxLDL did 

not induce secretion of IL-23 (Figure 22b), whereas LPS induced the release of high 

amounts of the cytokine after 3 hours and declined over time (Figure 22b), as described 

previously [180, 217].  

 

Figure 22. oxLDL alone could not promote IL-23 secretion by BM-APCs. BM-APCs were left 

untreated or were treated with oxLDL (50 µg/ml) or LPS (100 ng/ml).  After 3 and 24 hours, non-

adherent cells were collected and (a) the amount of Il23a mRNA was measured by quantitative real-time 

PCR. Results were normalized to Hprt mRNA and are presented relative to untreated cells. (b) Cell-free 

supernatant was collected after the indicated time points and IL-23 concentration was measured by 

ELISA. One of three (n=3) independent experiments is shown. Data are presented as mean ± SEM; 

**p<0.01; ***p<0.001.  

It has been reported that BM-APCs secrete IL-23 upon activation with different TLR 

agonists, such as LPS (TLR4-agonist) or Pam3CSK4 (TLR-1/2) [217]. Moreover, oxLDL 

has been reported to potentiate TLR-driven responses [218, 219]. During the 

progression of atherosclerosis, TLR-activated APCs might encounter oxLDL and alter 

their ability to secrete IL-23. Two different approaches were performed to ascertain 

this: 1) incubation of BM-APCs in the presence of different TLR agonists (LPS and 

Pam3CSK4) together with oxLDL and 2) induction of BM-APCs maturation for 3 hours 

before adding oxLDL (which will be referred to as “priming”). Surprisingly, oxLDL 

dramatically increased the amount of IL-23 secreted by BM-APCs when cells were co-
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stimulated with LPS or Pam3 together (Figure 23a). The effect was also pronounced 

when cells were first primed with a TLR agonist, washed and then stimulated with 

oxLDL alone (Figure 23b). This effect was specific for oxLDL as incubation with native 

LDL (nLDL) did not change IL-23 secretion either in combination with LPS or after 

priming (Figures 23a, b). As stimulation with LPS induced a greater response compared 

to Pam3 stimulation, it was selected for priming in all subsequent experiments.  

 

Figure 23. IL-23 secretion was sustained by oxLDL in TLR-activated BM-APCs.  (a) BM-APCs 

were stimulated with LPS (100 ng/ml) or Pam3CSK4 (100 ng/ml) alone or in combination with nLDL (50 

µg/ µl) or oxLDL (50 µg/ml) for 24 hours. Cell-free supernatants were collected and IL-23 concentration 

was measured by ELISA. (b) BM-APCs were primed with LPS (100 ng/ml) or Pam3CSK4 (100 ng/ml) for 3 

hours. Cells were then washed and stimulated with fresh medium containing nLDL (50 µg/ml) or oxLDL 

(50 µg/ml) overnight. Cell-free supernatant was collected and IL-23 concentration was measured by 

ELISA. One of three (n=3) independent experiments is shown. Data are presented as mean ± SEM; 

***p<0.001.   

Sustained IL-23 secretion was concentration-dependent. Low doses (10 µg/ml) of 

oxLDL significantly increased the amount of the cytokine in the supernatant, which 

rises with higher (50 µg/ml) concentrations (Figure 24a). This increase was not due to 

any LPS trace contamination in oxLDL, as priming of BM-APCs and stimulation with 

oxLDL in the presence of the LPS inhibitor PMB, did not block the ability of oxLDL to 

upregulate IL-23 secretion (Figure 24b).  
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Figure 24. Sustained IL-23 secretion by oxLDL was concentration dependent. (a) BM-APCs 

were primed with LPS (100 ng/ml) for 3 hours and then washed and stimulated in fresh medium 

containing different concentrations of oxLDL (10, 20 and 50 µg/ml). (b) BM-APCs were treated as 

described in (a) and in the absence or presence of the gram-negative bacteria inhibitor PMB (10 µg/ml). 

24 hours later, cell-free supernatants were collected and measured by ELISA. One of three (n=3) 

independent experiment is shown. Data are presented as mean ± SEM; *p<0.05; **p<0.01; ***p<0.001.  

As both IL-12 and IL-23 share the p40 subunit, it might be possible that the ability 

of oxLDL to sustain IL-23 secretion in TLR-stimulated BM-APCs was also observable 

when studying IL-12 secretion. oxLDL stimulation alone did not induce IL-12 secretion 

either after 3 or 24 hours (Figure 25a). In response to LPS, IL-12 was not detected in the 

supernatant after the first hours of stimulation, whereas a marked secretion was 

observed after 24 hours (Figure 25a). Surprisingly, treatment of BM-APCs with both 

LPS and oxLDL completely abrogated IL-12 secretion after 24 hours (Figure 25b). 

Again, this effect was mediated by oxidized particles only, as the addition of nLDL did 

not abrogate secretion (Figure 25b). Using the priming strategy, LPS-primed cells did 

not secrete IL-12 either when left untreated or treated with oxLDL overnight. These 

results reveal that oxLDL specifically increased IL-23 but not IL-12 secretion in TLR-

activated BM-APCs. 
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Figure 25. oxLDL blocked IL-12 secretion in LPS-stimulated BM-APCs. (a) BM-APCs were left 

unstimulated or were stimulated with oxLDL (50 µg/ml) or LPS (100 ng/ml) for 3 or 24 hours. (b) BM-

APCs were treated with LPS alone (100 ng/ml) or in combination with nLDL (50 µg/ml) or oxLDL (50 

µg/ml) for 24 hours. After incubation cell-free supernatant was collected and measured by ELISA. One 

of two independent experiments is shown. Data are presented as mean ± SEM;  ***p<0.001.   

Finally, to test whether the observed effect on IL-23 was also reproducible ex vivo, 

sectioned mice aorta were sectioned (as described in the Methods) and cultured 

overnight in the presence of LPS, oxLDL or a combination of both. After 24 hours, the 

supernatant was analyzed and the amount of IL-23 relative to the total DNA content 

measured. As expected, treatment with LPS increased the secretion of IL-23 when 

compared to the untreated group (Figure 26a). Stimulation with both LPS and oxLDL 

further increased the amount of IL-23 detected in the supernatant (Figure 26a). 

Unexpectedly, treatment with oxLDL alone also induced the secretion of IL-23 (Figure 

26a). These results suggest that oxLDL can modify IL-23 secretion in cultured BM-

APCs and cultured aortic cells. 
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Figure 26. Aortic cells produced IL-23 in response to LPS and oxLDL. Aortas from C57B6/J 

animals (n=1 for each condition) were first cleaned of any associated perivascular adipose tissue (PVAT) 

and then sectioned in 15 rings of 2mm starting from the aortic arch. Rings were maintained in RPMI and 

washed twice with PBS before culturing overnight either unstimulated or stimulated with LPS (100 

ng/ml), oxLDL (50 µg/ml) or both. 24 hours later, rings and supernatants were collected. DNA 

concentration isolated from rings was measured with Nanodrop and used to relativize the amount of IL-

23 detected by ELISA. Two representatives experiments are shown.  

4.2.3. Il23a mRNA levels were increased in the aortic sinus in mice fed a HFD 

It has been shown that in humans, serum IL-23 is increased in patients affected by 

PAD [196] and that IL-23 levels are high in symptomatic patients affected by CAD 

[220]. Increased IL-23 production by TLR-activated APCs after treatment with oxLDL 

might have raised serum levels of IL-23 during the progression of atherosclerosis. To 

ascertain this, Ldlr-/- mice were fed a HFD for 4, 6 and 8 weeks and serum IL-23 was 

analyzed by ELISA. Unexpectedly, IL-23 was not detected at any time point studied. 

Next, modulation of IL-23 in the spleen, aortic sinus, and aorta in Ldlr-/- mice fed a 

HFD for 6 weeks was studied. Although Il23a mRNA levels were unaltered in spleen 

and aorta when comparing Ldlr-/- mice fed a chow diet with Ldlr-/- mice fed a HFD for 6 

weeks, an increase in expression levels specifically in the aortic sinus was observed 

(Figure 27). These data suggest a localized effect of IL-23 in the aortic sinus. 
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Figure 27. 6 weeks of HFD increased mRNA levels of Il23a specifically in the aortic root of 

Ldlr-/- mice. Ldlr-/- mice were fed a chow diet (n=4) or a HFD for 6 weeks (n=5). RNA from spleen, aortic 

sinus and aorta was extracted, and mRNA levels of Il23a were analyzed by qPCR. Results were 

normalized to Hprt mRNA and are presented relative to the group fed a chow diet. Data are presented as 

mean ± SEM;  **p<0.01. 

4.2.4. Decreased circulating monocytes in IL-23R-deficient Ldlr-/- mice 

In vitro and in vivo data revealed that IL-23 expression can be modulated by oxLDL 

and HFD. However, it is still not clear whether altered levels of IL-23 cause or inhibit 

atherosclerosis or are a response encountered during the progression of the disease. 

Previously, a study using an Il23p19-/- mouse model showed that the p19 subunit of IL-

23 can function as an intracellular peptide altering the expression of adhesion markers 

on ECs [178]. Thus, the use of this model to study the effect of IL-23 in atherosclerosis 

may be taken with caution, as not only the release of IL-23 by APCs is affected, but also 

other mechanisms reported to have a profound effect in atherosclerosis, such as the 

modulation of adhesion molecules by ECs [221]. To overcome this effect, an IL-23R-

knock-in mouse model crossed with Ldlr-/- mice was used, in which signaling through 

the IL-23R is abrogated in homozygous animals.  

First, immune responses under homeostatic conditions were characterized. In line 

with previous results [189], similar percentages of total T cells, CD4+ or CD8+ T cells, γδ 

T cells, B cells, CD11c+ and CD11b+ cells in the blood, spleen or lymph nodes were 

observed (data not shown). Furthermore, levels of Tregs in the blood (7.26% ± 1.55% 
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versus 6.36% ± 1.19% of CD25+FoxP3+ cells among CD4+ T cells in Ldlr-/-  mice compared 

to Ldlr-/-Il23r-/- mice; p=0.32), lymph nodes (5.28% ± 0.85% versus 5.56% ± 0.33% of 

CD25+FoxP3+ cells among CD4+ T cells in Ldlr-/-  mice compared to Ldlr-/-Il23r-/- mice; 

p=0.56) or spleen (10.85 % ± 0.62% versus 11.2% ± 1.00% of CD25+FoxP3+ cells among 

CD4+ T cells in Ldlr-/-  mice compared to Ldlr-/-Il23r-/- mice; p=0.55) were similar among 

groups. However, decreased percentages and absolute numbers of circulating 

monocytes in Ldlr-/-Il23r-/- mice compared to Ldlr-/- controls were detected (Figure 28a), 

whereas the percentage of monocytes was unaltered in spleen (Figure 28c, left). The 

percentage of neutrophils was similar between groups at both locations (Figure 28b, c). 

No differences were noted in body weight between groups (23.1g ± 2.36g in Ldlr-/- mice 

versus 24.18g ± 1.32g Ldlr-/-Il23r-/- mice). 

 

     Figure 28. Il23r deficiency led to decreased numbers of circulating monocytes. Single cell 

suspension from the blood and spleen from Ldlr-/- (n=4) and Ldlr-/-Il23r-/- mice (n=4) were analyzed by 

flow cytometry. Monocytes were defined as CD11b+CD115+ cells and neutrophils were defined as 

CD11b+Ly6G+ cells. (a) Representative dot plots and quantification of percentages of monocytes (left) 

and cells per µl of blood (right). (b) Percentages of circulating neutrophils. (c) Percentages of monocytes 

(left) and neutrophils (right)  in the spleen. Data are presented as mean ± SEM; *p<0.05  **p<0.01. 
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As IL-23 promotes IL-17 secretion in IL-23R-expressing cells (see Chapter 1.5.1), IL-17 

responses in IL-23R-deficient Ldlr-/- mice were compared to Ldlr-/- controls. Of note, 

levels of IL-17 were unaltered in Ldlr-/-Il23r-/- compared to Ldlr-/- mice, both in the Th17 

CD4+ fraction and in IL-17-producing γδ T cells in the blood and spleen (Figure 29b, d, 

f, and h). Similarly, unaltered levels of IFN-γ –secreting cells were noted (Figure 29a, c, 

and e), although a slight increase in IFN-γ-producing γδ T cells in the spleen was 

observed in IL-23R-deficient Ldlr-/- mice (Figure 29g). Importantly, IL-17 production 

was severely impaired in the aortic root of Ldlr-/-Il23r-/- animals (Figure 30). 

 

Figure 29. IL-17 responses in blood and spleen were unaltered in Ldlr-/-Il23r-/- compared to 

Ldlr-/- mice. Blood and splenocytes from Ldlr-/- (n=5) and Ldlr-/-Il23r-/- mice (n=6) were stimulated with 

PMA (50 ng/ml), ionomycin (750 ng/ml) and BFA (2.5 µg/ml) for 4 hours and then analyzed by flow 

cytometry. (a-d) Th1 and Th17 responses were analyzed in the blood and spleen, defined as IFN-γ+ and IL-

17A+ CD4+ T cells, respectively. (e-f) Production of IFN-γ+ and IL-17A+ among TCR-γδ+ cells. Data are 

presented as mean ± SEM; *p<0.05.                       
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Figure 30. IL-17 secretion was markedly impaired in the aortic root of IL-23R-deficient mice. 

Single cell suspensions from the aortic sinus were obtained from WT (n=3) and Il23r-/- mice (n=3) and 

measured by flow cytometry. Cells were treated with PMA (50 ng/ml), ionomycin (750 ng/ml) and BFA 

(2,5 µg/ml) to stimulate cytokine production as described in the Methods. (a) First, total live CD45+ 

leukocytes and TCR-γδ+ cells were gated to study IL-17 production. (b) Total IL-17-producing cells were 

analyzed by evaluating IL-17A+ cells among total live CD45+ cells. Date are presented as mean ± SEM, 

*p<0.05; **p<0.01. 

T cells can be polarized into non-pathogenic Th17 responses, which require TGF-β 

and IL-6 or pathogenic Th17 responses, that are TGF-β independent and requires the 

presence of IL-1β, IL-23, and IL-6. To study Th17 cell polarization in IL-23R-deficient 

cells, naïve T cells were cultured in the presence of a pathogenic and non-pathogenic 

Th17 cocktail. When cells were polarized in the presence of the non-pathogenic 

cocktail, naïve T cells from WT and Ldlr-/-Il23r-/- mice produced similar amounts of IL-

17 (Figure 31, left bars). However, when the pathogenic-cocktail was used, the amount 

of IL-17 was greatly reduced in IL-23R-deficient T cells (Figure 31, right bars). This 

suggests that Il23r deficiency impairs pathogenic but not non-pathogenic Th17 

responses.  



101 
 

                           

 

Figure 31. Il23r deficiency impairs pathogenic but not non-pathogenic Th17 responses. Splenic 

naïve T cells (CD62L+ CD44- CD25-) were sorted from Ldlr-/- (n=4) or Ldlr-/- Il23r-/- mice (n=4) and 

polarized under non-pathogenic Th17 conditions (TGF-β + IL-6, see Methods) or pathogenic Th17 

conditions (IL-6 + IL-1β + IL-23, see Methods) for 96 hours. Cells were then collected and stimulated 

with PMA (50 ng/ml), ionomycin (750 ng/ml) and BFA (2,5 µg/ml) to induce cytokine production, and 

analyzed by flow cytometry. Data are presented as mean ± SEM; ***p<0.001. 

4.2.5. IL-23R is highly expressed in γδ T cells in the aortic root  

Previous results studying IL-17 secretion showed a marked reduction of IL-17 in the 

aortic root of IL-23R-deficient animals. To study which immune cell type expressed the 

receptor in the aortic tissue, the Il23rgfp/+ reporter mouse was used. Expression of IL-

23R (GPF+) was measured in the aortic sinus and aorta separately. As shown in Figure 

32, less than 50% of γδ T cells in the aorta expressed IL-23R (average 42% ± 12.5% of IL-

23R+ among TCR-γδ+ T cells), whereas more than 70% γδ T cells were positive in the 

aortic root (average 73% ± 15% IL-23R+ among TCR-γδ+ T cells), revealing a tissue-

specific distribution. αβ T cells also expressed IL-23R but at much lower levels (Figure 

32). Of note, no GFP expression in CD11b+ and CD11c+ cells in the aortic root and aorta 

was noted (Figure 33 and data not shown), suggesting that in the resting aorta, APCs 

might not be able to respond to IL-23. 
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Figure 32. IL-23R expression in the aortic sinus and aorta is primarily localized in the γδ T 

cell compartment. Single cell suspensions from the aorta (a) and the aortic root (b) were obtained 

from Ldlr-/- and Ldlr-/- Il23rgfp/+ mice and analyzed by flow cytometry. Dead cells were excluded from the 

analysis. IL-23R expression (GFP) in TCR-γδ+ (upper panels) and TCR-β+ (lower panels). Representative 

dot plots are shown. Numbers indicated gated events. One of three representative experiments is shown.  
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Figure 33. Aortic CD11b+F4/80+ macrophages and CD11c+ APCs do not express IL-23R. Aortic 

sinus from Ldlr-/- (n=5) and Ldlr-/-Il23rgfp/+ mice (n=4) was digested and analyzed by flow cytometry. (a) 

Gating strategy for the detection of live lymphocytes in the aortic sinus. (b) GFP expression among 

CD11b+F4/80+ macrophages or (c) CD11c+F4/80- APCs in the aortic root. Representative dot plots are 

shown. Numbers indicated gated events. One out of two representative experiments is shown.  

As γδ T cells expressed the highest levels of GFP, the number of these cells in Ldlr-/-

Il23r-/- mice was analyzed. Indeed, percentages of γδ T cells both in the aorta and in the 

aortic root were dramatically reduced in IL-23R-deficient Ldlr-/- mice (Figure 34).  



104 
 

 

Figure  34. Reduced frequencies of γδ T cells in the aorta and aortic sinus in IL-23R-deficient 

Ldlr-/- mice. Single cell suspensions from the aorta and the aortic root were obtained from Ldlr-/- (n=5) 

and Ldlr-/-Il23r-/- mice (n=5) fed a chow diet and were analyzed by flow cytometry. Percentages of γδ T 

cells in the (a) aorta and (b) aortic root among total live CD45+ cells. Data are presented as mean ± SEM; 

*p<0.05; ***p<0.001. 

γδ T cells were the only cell type with the ability to produce IL-17 in the root, and 

IFN-γ secretion was confined to the TCR-β+ subset (Figure 35). IL-23R expression was 

associated with IL-17 secretion, as all IL-17+TCR-γδ+ T cells were IL-23R+, compared to 

IFN-γ+TCR-β+ cells, which were IL-23R- (Figure 35). Interestingly, IL-23R+ γδ T cells also 

expressed GM-CSF at much higher levels compared to IL-23R- cells (Figure 36a). 

Moreover, the expression of GM-CSF was reduced in γδ T cells from Ldlr-/-Il23r-/- 

animals (Figure 36b). Noteworthy, Ldlr-/- mice fed a HFD for 6 or 12 weeks showed 

increased percentages of IL-17A+GM-CSF+ double positive γδ T cells in the aortic root 

(Figure 37), suggesting an expanded pathogenic capability of IL-23R+ γδ T cells. 
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Figure 35. Resident γδ T cells are the only producers of IL-17 in the aortic root. Single cell 

suspension from the aortic root from Ldl-/-Il23rgfp/+ mice were stimulated to induce intracellular cytokine 

production as described in the Methods. One of two representative experiments is shown. 

Representative dot plots are shown. Numbers indicated gated events. 

 

Figure 36. Aortic resident γδ T cells elicit a pathogenic phenotype. Single cell suspensions from 

the aortic root from Ldlr-/-Il23rgfp/+ (n=3) and Ldlr-/-Il23r-/- mice (n=3) were stimulated to induce 

intracellular cytokine production as described in the Methods. (a) GM-CSF+ among TCR-γδ+ cells. 

Representative dot plots are shown. Numbers indicated gated events. (b) Expression of GM-CSF in IL-

23R+ and IL-23R- γδ T cells. Data are presented as mean ± SEM; *p<0.05; **p<0.01. 
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Figure 37. Pathogenic signature in γδ T cells from the aortic root of Ldlr-/- mice fed a HFD. 

Ldlr-/-  mice were fed a chow diet (n=9), a HFD for 6 weeks (n=4) or a HFD for 12 weeks (n=9), aortic 

sinus was digested and cells were stimulated as specified in the Methods. After stimulation, cells were 

stained and measured by flow cytometry. Dead cells were excluded for the analysis. (a) Percentages of 

double positive IL-17+GM-CSF+ among gated TCR-γδ+  cells in the aortic sinus after 6 weeks of HFD or 

(b) 12 weeks of HFD. Representative dot plots are shown. Numbers indicated gated events. Data is 

presented as mean ± SD. *p<0.05,  **p<0.01. FMO: fluorescent minus one. 

4.2.6. Il23r deficiency inhibits the development of early atherosclerosis and 

reduced plaque necrosis 

Ldlr-/- and Ldlr-/-Il23r-/- mice were fed a HFD for 6 or 12 weeks to study early and late 

stages of atherosclerosis. After 6 weeks of diet, body weight, white blood cell count, 

and serum cholesterol were similar in Ldlr-/- and Ldlr-/-Il23r-/- animals (Table 3). 

 

 

 

Table 3. Body weight, white blood cell (WBC) counts and serum cholesterol levels in Ldlr-/- 

(n=13) and Ldlr-/-Il23r-/- mice (n=16) mice fed a HFD for 6 weeks.  

 Ldlr-/- Ldlr-/-Il23r-/- p-value 

Body weight (g) 22.72 ± 3.44 22.6 ± 2.732 0.913 

WBC count (103/ µl)  4.62 ± 1.14 4.26 ± 1.566 0.51 

Cholesterol (µg/ml) 22337 ± 3526 25164 ± 4285 0.06 
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Although plaque size was similar throughout the aorta between groups (Figure 

38a), a decreased lesion size specifically in the aortic root was observed in IL-23R-

deficient Ldlr-/- animals after 6 weeks of HFD (Figure 38b). Characterization of plaque 

composition revealed that plaques from Ldlr-/-Il23r-/- mice showed a smaller necrotic 

core area compared to Ldlr-/- controls (Figure 39a), whereas macrophage, SMC and 

collagen content showed similar values (Figure 39b-d). 

 

Figure 38. Il23r deficiency protects against the development of atherosclerosis in the aortic 

root only at early time points of lesion formation. Quantification of plaque area in Oil-Red-O 

stained aortas after (a) 6 and (c) 12 weeks of HFD, and quantification of plaque area in Aldehyde-

Fuchsin-stained aortic root sections after (b) 6 and (d) 12 weeks of HFD in atherosclerotic Ldlr-/- (6 

weeks, n=13; 12 weeks, n=8) and Ldlr-/-Il23r-/- (6 weeks, n=16; 12 weeks, n=7). Representative images of the 

aortic root sections are shown. Data are presented as mean ± SEM; **p<0.01 
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Figure 39.  Deficiency of IL-23R in Ldlr-/- mice fed 6 and 12 weeks a HFD reduced plaque 

necrosis. Quantification of necrotic areas in the aortic root of Ldlr-/- (n=13) and Ldlr-/-Il23r-/- mice (n=16) 

fed a HFD for 6 and 12 weeks. Representative images of DAPI stainings after 12 weeks of HFD are shown, 

scale bars: 50µm. To study macrophage, collagen and SMC content, slides were counterstained with (b) 

Mac-2, (c) Sirius red or (d) SMC actin. Data are presented as mean ± SEM; *p<0.05; **p<0.01 
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After 12 weeks of HFD, body weight and white blood cell counts were similar, as 

well as total serum cholesterol (Table 4). At this time point, lesion size was unaltered 

throughout the aorta but also in the aortic sinus (Figure 38c, d). However, plaque 

composition revealed that the necrotic core size was reduced in IL-23R-deficient Ldlr-/- 

mice (Figure 39a, right bars), while other parameters, such as macrophage (42.65% ± 

7.22% versus 49.25% ± 5.75% of Mac2+ area in plaques from Ldlr-/- compared to Ldlr-/-

Il23r-/- mice; p=0.18), SMC (3.34% ± 1.09% versus 4.85% ± 3.68% of αSM actin+ area in 

plaques from Ldlr-/- compared to Ldlr-/-Il23r-/- mice; p=0.85) or collagen content (8.81% 

± 2.66% versus 10.75% ± 2.79% of collagen+ area in plaques from Ldlr-/- compared to 

Ldlr-/-Il23r-/- mice; p=0.46) remained unaltered. These data suggest that Il23r deficiency 

protects against atherosclerosis development at early time points and reduced plaque 

necrosis both at early and late time points of lesion development. 

Table 4. Body weight, white blood cell (WBC) counts and serum cholesterol levels in Ldlr-/- 

(n=8) and Ldlr-/-Il23r-/- mice (n=7) mice fed a HFD for 12 weeks.  

 Ldlr-/- Ldlr-/-Il23r-/- p-value 

Body weight (g) 28.78 ± 1.753 28.69 ± 2.274 0.99 
WBC count (103/ µl)  5.175 ± 3.483 4.550 ± 0.90  0.54 

Cholesterol (µg/ml) 26513 ± 6728 28037 ± 2487 0.95 

 

4.2.7. Il23r deficiency alters the Treg compartment 

Several studies have pointed out that Il23r deficiency might impair the balance of 

Treg/Th17 in favor of Treg responses [222]. Analysis of IL-23R-deficient Ldlr-/- mice under 

homeostatic conditions reported no differences in Treg in any localization (described in 

4.2.4). However, after 6 weeks of HFD increased levels and percentages of Tregs were 

noted, especially in the blood (Figure 40a), but also in spleen (Figure 40b). Moreover, 

mRNA levels of Foxp3 were upregulated in spleens of Ldlr-/-Il23r-/- mice (Figure 40c), 

suggesting protective Treg responses in atherosclerotic mice fed a HFD. Increased 

percentages of Tregs in the blood (4.73% ± 1.08% versus 5.93% ± 0.58% of CD25+FoxP3+ 

cells among CD4+ T cells in Ldlr-/- compared to Ldlr-/-Il23r-/- mice; *p<0.05) and spleen 

(13.41% ± 0.94% versus 15.34% ± 0.61% of CD25+FoxP3+ cells among CD4+ T cells in Ldlr-
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/- compared to Ldlr-/-Il23r-/- mice; ***p<0.001) were observed in Ldlr-/-Il23r-/- mice after 

12 weeks of HFD.  

 

Figure 40. Treg responses were increased in IL-23R-deficient Ldlr-/- mice after 6 weeks of HFD. 

Total blood and splenocytes from Ldlr-/- (n=13) and Ldlr-/-Il23r-/- mice (n=16) fed a HFD for 6 weeks were 

analyzed by flow cytometry. Tregs were defined as CD25+FoxP3+ among CD4+ T cells. (a) Percentages and 

cells per µl of blood of Tregs in the blood and (b) spleen. (c) Quantitative PCR analysis of Foxp3 mRNA 

expression in the spleen of Ldlr-/- (n=5) and Ldlr-/-Il23r-/- mice (n=7) fed a HFD for 6 weeks. qPCR results 

were normalized to Hprt mRNA and are presented relative to Ldlr-/- controls. Data are presented as 

mean ± SEM; *p<0.05; **p<0.01.  

It has previously been shown that naïve T cells do not express IL-23R and addition 

of IL-23 to cultures does not affect Treg generation [223]. Polarization of naïve T cells in 

the presence of TGF-β confirmed these findings, as Treg frequencies were similar in 

cultures using WT or IL-23R-deficient naïve T cells (66.77% ± 9.23% versus 71.67% ± 

2.99% of CD25+FoxP3+ among CD4+ T cells in WT compared to IL-23R-deficient naïve 

T cells, respectively; p=0.43). Petermann et al. reported that γδ T cells restrain Treg 

responses in an IL-23-dependent manner [224]. To assess whether Il23r deficiency 

impairs in vitro Treg polarization, spleens from WT or IL-23R-deficient Ldlr-/- animals 

were cultured in the presence or absence of TGF-β and IL-23. The percentage of Tregs 

was higher in cultures from splenocytes from Ldlr-/-Il23r-/- mice as compared to those 

from Ldlr-/- controls (Figure 41). However, the addition of IL-23 to cultures did not 

increase the percentage of Tregs. These results suggest either a cell-intrinsic mechanism 

promoting Treg differentiation in splenocytes from IL-23R-deficient Ldlr-/- mice when 
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exposure to TGF-β or that other effector cell type affected by the lack of IL-23R has the 

ability to modify regulatory T cell responses in an IL-23-independent manner.  

 

Figure 41. Splenocytes from IL-23R-deficient Ldlr-/- mice showed an increased ability to 

polarize into Treg. Total splenocytes were activated with α-CD3 (5 µg/ml) and α-CD28 (1 µg/ml) and left 

untreated or cultured in the presence of TGF-β (4 ng/ml) and two different concentrations of IL-23 (1 = 

20 ng/ml and 2 = 50 ng/ml). After 72 hours, the percentage of CD4+ CD25+ FoxP3+ Tregs were analyzed by 

flow cytometry. One of three independent experiments is shown. Data are presented as mean ± SEM; 

*p<0.05. 

4.2.8. Altered cytokine profile in the aortic root of Ldlr-/-Il23r-/- mice after 6 

weeks of HFD  

Given that HFD increased the release of pro-inflammatory cytokines among γδ T cells 

in the aortic root (Figure 37) and that Ldlr-/-Il23r-/- mice showed a profound decreased 

in this subset, the cytokine profile in the aortic root after HFD might have been 

altered. The expression of several transcription factors and cytokines in aortic roots of 

Ldlr-/- and Ldlr-/-Il23r-/- mice fed a HFD for 6 weeks was studied. mRNA levels of Tbet 

were higher among IL-23R-deficient Ldlr-/- mice, albeit differences were not significant 

(Figure 42). mRNA levels of Rorc were maintained (Figure 42). Of note, mRNA levels of 

Ifng and Il10 were down- and upregulated in Ldlr-/-Il23r-/- mice, respectively (Figure 42). 

This data suggest than Il23r deficiency is associated with an imbalance of pro- and 

anti-inflammatory in the aortic root cytokines under HFD-feeding. 
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Figure 42. Imbalance pro- and anti-inflammatory cytokine milieu in aortic sinus from Ldlr-/-

Il23r-/- mice fed a HFD for 6 weeks. Aortic root from Ldlr-/- (n=5) and Ldlr-/-Il23r-/- mice (n=7) fed a 

HFD for 6 weeks were collected and immediately frozen in liquid nitrogen until use. Results were 

normalized to Hprt mRNA and are presented relative to Ldlr-/- controls. Data is presented as mean ± 

SEM; *p<0.05. 
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5. DISCUSSION I 

5.1. The role of Batf3-dependent DCs in atherosclerosis 

Accumulation of lipids and the consequent recruitment of circulating immune cells 

constitute the starting point of atherogenesis, characterized by the formation of 

plaques in the intima of the medium- and large-sized arteries. Despite our knowledge 

of how immune responses impact the formation of plaques, cholesterol-lowering 

statins remain the only approved drugs for the prevention and treatment of 

cardiovascular diseases.  

Human and mouse plaques contain many different immune cells with the ability to 

modify the course of atherogenesis. Among them, DCs have gained attention within 

the last years given their ability to present antigens to T cells and produce cytokines, 

which may be used to reduce plaque formation and reduce cardiovascular outcomes 

such as myocardial infarction and strokes. 

Early endeavors to define different DCs subsets have revealed different 

transcriptional requirements for individual DCs subpopulations. For example, the 

transcription factor ZBTB46 is selectively expressed by cDCs [97] and cDCs1 require 

the expression of BATF3, among others [94]. Recent studies have also proposed new 

surface markers to further discriminate among DCs subsets [95] and thus, define bone 

fide DC 

CD11c+ APCs are present in the arterial intima already at the steady state where they 

contribute to innate immunity by patrolling the tissue and avoiding damage [100]. 

Increased numbers of CD11c+MHCII+ cells in the aorta and the aortic root have been 

observed in experimental mouse models after feeding with a HFD [94]. In humans, the 

presence of CD11c+ APCs has also been reported in plaques [226]. The mechanisms by 

which APCs can alter atherosclerosis development include polarization of T cell 

responses, secretion of cytokines and lipid metabolism [94], although the exact cell 

type responsible for the latter is not clear, as mouse models aiming to specifically 

deplete total cDCs have failed in the long-term [103]. In line with previous reports [98, 

108, 109], this thesis shows that cDCs1 depletion does not alter total cholesterol levels 
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after 8 weeks of HFD, as Ldlr-/-Batf3-/- mice showed similar circulating plasma 

cholesterol or triglycerides levels when compared to Ldlr-/- controls. These results 

highlight the importance of clearly define bona fide DCs, as the initial assumption that 

DCs control lipid metabolism might have been done by other CD11c-expressing 

population, such as macrophages. 

Apart from cDCs, BATF3 has also been reported to be expressed in monocytes [104] 

and a previous report showed that the Ly6Chigh population was increased in the dermis 

of Batf3-/- animals [107].  Opposed to this data, Ldlr-/-Batf3-/- animals in the steady state 

showed decreased frequencies of Ly6Chigh monocytes in spleen when compared to Ldlr-

/- controls. There is currently no evidence showing any essential role of BATF3 in 

monocyte development or recruitment. However, a recent study has shown that 

depletion of CD8+ T cells affects the percentages of Ly6Chigh monocytes in several 

compartments, including spleen [120]. Decreased percentages of CD8+ T cells in 

spleens of Ldlr-/-Batf3-/- mice after both feeding normal chow and HFD were observed. 

Batf3-dependent DCs are known to cross-present antigens to CD8+ T cells and their 

depletion might have affected CD8+ T cell homeostasis. It may be conceivable that a 

decrease in this immune cell population is, in part, responsible for reduced frequencies 

of Ly6Chigh monocytes, at least under steady state conditions. However, after feeding 

with a HFD, levels of CD8+ T cells remained low without any difference in monocyte 

populations, suggesting other mechanisms to predominate in Ldlr-/-Batf3-/- mice in 

atherosclerosis induced monopoiesis. 

Batf3-deficient Ldlr-/- mice almost completely lack CD8α+ and CD103+ DCs in the 

spleen, as previously reported [104]. Furthermore, this work reports that Batf3 

deficiency led to the depletion of all CD103+ DCs in the aorta. This deletion was not 

compensated by other members of the BATF family after chronic inflammation as the 

the absence of these DCs were also observed in the aorta of Ldlr-/-Batf3-/- mice fed a 

HFD for 8 weeks  

It has previously been shown that BATF3 is also highly expressed in pre-

macrophages derived from yolk sac erythro-myeloid progenitor, which give rise to 

tissue-resident macrophages that again downregulate Batf3 gene expression [211]. 
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Given that embryo-derived resident macrophages are present in the aorta [86] one 

could speculate that Batf3 deficiency also affects macrophage content. Multiple lines of 

evidence have pointed towards a non-essential role of BATF3 in macrophages 

development [104, 212, 213]. This thesis further supports these observations. Indeed, 

mRNA levels of Batf3 are residual in BMDM when compared to isolated splenic CD11c+ 

APCs. Deletion of Batf3 did also not impair the ability of BMDM to take up lipids and 

become foam cells. Moreover, when Ldlr-/-Batf3-/- mice were fed a HFD, the percentage 

of CD11c-F4/80+ macrophages in the root was unaffected. Altogether this data 

corroborate that BATF3 is specifically expressed by DCs and does not play a role in 

macrophage development or functionality. 

Initially, Batf3-dependent DCs have been attributed to be protective in 

atherogenesis by inducing Treg responses in the aorta [98]. In the mentioned study, the 

authors used mice deficient for Flt3, which translated into reduced frequencies of 

CD103+ DCs within the root. However, Flt3 is also expressed in other immune cells that 

impact atherosclerosis development [101, 227, 228] and hence, whether or not cDCs1 

were directly responsible for the observed phenotype is not clear.  

Analysis of lesion burden in Batf3-deficient Ldlr-/- mice revealed no differences in 

the aorta or aortic root after feeding a HFD for 8 or 12 weeks of diet. Furthermore, the 

number of macrophages, SMCs, necrotic core or collagen in plaques was similar 

between groups, further suggesting that depletion of cDCs1 might not play an essential 

role in the development of atherosclerosis or in modifying plaque composition. 

Moreover, no differences in Tregs responses were detected either at the steady state or 

after HFD feeding. These results are in line with a previous report using bone marrow 

chimeras aiming at elucidating the role of cross-presentation in atherosclerosis [108].  

In contrast, a recent report using an ApoE-/-Batf3-/- mouse model has reported 

aggravated atherosclerosis and increased percentages of macrophages in plaques of 

Batf3-deficient ApoE-/- mice after feeding a HFD for 12 weeks [109]. The authors argued 

that Batf3 depletion disrupted the ability of CD103+ DCs to secrete IL-12 leading to 

impaired Th1 responses. One study has suggested that CD103+ DCs are the major 

producer of IL-12 after infection with L. monocytogenes [107] and in line with this 
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evidence decreased Th1 responses in spleens of Ldlr-/-Batf3-/- mice fed a HFD were 

observed. However, this thesis clearly indicated no differences in plaque size or plaque 

composition. The reason for these discrepancies cannot be easily explained but might 

be related with the experimental model used. As highlighted by Getz et al. [229], 

although both ApoE-/- and Ldlr-/- mice are powerful models to study the effect of gene 

deletion on the development of atherosclerosis, they present advantages and 

disadvantages. For example, as reviewed in Chapter 1.3, Apoe deletion increases not 

only plasma cholesterol but also impairs immune responses, especially in macrophages 

[59]. Several studies have also reported contradictory results analyzing the same gene 

deletion using ApoE-/- and Ldlr-/- mice [230-233], which highlight the importance of 

studying both models to finally elucidate the role of a specific cell population in 

atherosclerosis. 

Studying the function of DCs might lead to the development of new therapeutic 

targets for the treatment of atherosclerosis. These approaches might include the use of 

tolerogenic DCs, which are being explored for the treatment of other autoimmune 

diseases such as multiple sclerosis [234]; oxLDL-pulsed APCs, which has been 

successful in reducing plaque burden in mice [235] or even targeting of specific subsets 

with a proatherogenic potential, as it might be the case of pDCs [94]. This thesis 

provides evidence that Batf3-dependent DCs, including CD8a+ and CD103+ cells, do not 

impact lesion burden and thus may not serve as a target for the development of future 

treatments to modulate the course of the disease. 
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5. DISCUSSION II 

5.2. The role of the IL-23 receptor in atherosclerosis 

Since the initial discovery of IL-23, many attempts have tried to elucidate its 

contribution to immune responses. It is now well accepted that IL-23 is not only 

necessary to protect against extracellular pathogens [236] but is also responsible to 

confer pathogenicity to IL-23-responder cells characterized by the expression of the IL-

23R [237]. Their role in autoimmunity is becoming evident [238] and many different 

clinical trials are currently testing the efficacy of antibodies against the specific subunit 

p19 for the treatment of disorders such as psoriasis, rheumatoid arthritis or Crohn´s 

disease [239]. Interestingly, these conditions share an accelerated course of 

atherosclerosis which confers an increased risk of cardiovascular outcomes in patients 

[240]. However, the exact contribution of IL-23 or the IL-23R in atherosclerosis 

remains elusive. 

Previous epidemiological studies have suggested altered levels of  IL-23 in the 

serum of patients affected by PAD [196] or CAD [197], and polymorphism conferring a 

loss-of-function of the IL-23R have been suggested to be related to improved 

cardiovascular outcomes [201]. However, these studies do not prove whether IL-23 is a 

cause or consequence of atherogenesis and thus it is not clear how its blockade might 

affect the course of the disease. 

Although it is clear that TLR-activated APCs are able to secrete large amounts of IL-

23 [180], there is no evidence that oxLDL can also modulate its expression. This thesis 

shows that oxLDL alone can induce upregulation of several surface markers associated 

with DC activation, such as a CD80 and CD40 in BM-APCs and in aortic CD11c+MHCII+ 

APCs in vivo. Previous reports analyzing the effect of oxLDL in APCs have provided 

conflicting data [157, 241-243]. However, this signal was not enough to induce the 

release of IL-23 by cultured cells in our experiments, suggesting that oxLDL requires an 

additional partner. Treating cells with TLR-2 or TLR-4 agonists and culturing them in 

the presence of oxLDL led to a marked increase in IL-23 release. Same results were 

obtained when BM-APCs were initially primed with LPS for 4 hours to induce 
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maturation and further incubated with oxLDL. These results suggest that oxLDL and 

TLR2/4 agonists synergize to promote the release of IL-23 and that oxLDL can also 

sustains IL-23 secretion in previously TLR-activated APCs. These in vitro results were 

also observed when culturing sectioned aortas from mice. However, this approach also 

led to the discovery that the addition of oxLDL without the presence of LPS also 

promoted the secretion of IL-23. Two different approaches may explain these 

differences when compared to in vitro observations. First, several papers have shown 

the presence of TLR ligands in aorta and plaques [43]. It is conceivable that resident or 

recruited APCs can be activated through different TLRs expressed by these cells and 

that further stimulation with oxLDL increases the secretion of IL-23. Second, BM-APCs 

differentiated with GM-CSF give rise to an inflammatory population that may not 

reflect the in vivo situation. Thus, ex vivo cultures of fresh aortas may contain different 

APC populations, either DCs or macrophages that are able to produce IL-23. In this 

line, a recent paper has shown that CD11b+ cDCs1 are the major producer of IL-23 in a 

stroke model [199]. Moreover, a previous study has shown that IL-23 localizes with 

CD11c+ APCs and F4/80+ macrophages in plaques [179]. Further studies are needed to 

fully elucidate which cell type is responsible for IL-23 secretion in the aorta under 

homeostatic conditions and in mice fed a HFD. 

Previous studies in humans have related increased levels of IL-23 in the serum to 

PAD [196]. Analysis of IL-23 serum levels in mice fed a HFD reported no differences 

after any time point analyzed. As human studies have analyzed patients with a long 

story of atherosclerosis it might be possible that elevated IL-23 is characteristic of very 

advanced stages of atherosclerosis, dissimilar to the experimental model used in this 

thesis. Another study has also shown that mRNA levels of Il23a and Il23r are elevated 

in human plaques [179]. In line with this, increased mRNA levels of Il23a specifically in 

the aortic root of mice fed a HFD for 6 weeks were observed. This could reflect an 

increased presence of oxLDL during atherogenesis, leading to sustained IL-23 secretion 

of TLR-activated APCs. 

Responses to IL-23 require the presence of IL-23R. A previous study has 

characterized IL-23R expression in different organs, including lymph nodes, spleen and 

the lamina propria [189]. Awasthi and colleagues reported that IL-23R expression was 
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mainly found in γδ T cells, although its expression among different tissues varied 

significantly, with the highest proportion of IL-23R+ found in the lamina propria. Apart 

from γδ T cells, also a minor population of CD4+ T cells was found to express IL-23R, 

presumably belonging to Th17 cells [189]. CD11c+ and CD11b+ cells, named as DCs and 

macrophages in this study, expressed detectable amounts of IL-23R exclusively in 

lymph nodes, but not spleen. In all cases, IL-23R expression was associated with 

secretion of IL-17.  

In this thesis, IL-23R expression in the aorta and aortic root using Ldlr/-Il23rgfp/+ 

mice was studied. Under homeostatic conditions, IL-23R was expressed mainly by γδ T 

cells and some TCR-β+ conventional T cells, but not by other myeloid cells. 

Surprisingly, IL-23R expression showed a tissue-specific distribution. In the aortic root, 

almost all γδ T cells expressed the receptor, whereas markedly fewer γδ T cells were IL-

23R+ in the aorta. In line with previous reports associating IL-23R expression with IL-17, 

γδ T cells were the predominant producers of IL-17 in the aortic root and that this was 

associated with IL-23R expression. IL-23R+ γδ T cells were able to co-express IL-17 and 

GM-CSF and this expression was enhanced after feeding mice a HFD for 6 and 12 

weeks. Production of GM-CSF by γδ T cells has been previously reported. For example, 

GM-CSF secretion by γδ17 T cells sustain neuroinflammation via myeloid cells that 

infiltrate the central nervous system (CNS) in an experimental autoimmune 

encephalomyelitis (EAE) mouse model [244] 

In line with the expression of IL-23R in both the aorta and the aortic root, a 

profound decrease in the percentage of γδ T cells was observed in Ldlr-/-Il23r-/- mice at 

the steady state and after feeding a HFD. In fact, IL-23 has been reported to be 

essential for the maintenance of Th17 responses [236] and one can speculate that IL-23 

secreted by APCs in the aorta is necessary to maintain the pool of γδ T cells and other 

IL-23-responding cells. The role of these IL-23R+ cells in the aorta at the steady state is 

not clear and this thesis does not extricate their potential contribution to tissue 

homeostasis. Given that IL-23 has been shown to be important for the clearance of 

extracellular pathogens [236], it might be possible that under homeostatic conditions, 

basal secretion of IL-23 by APCs contributes to tissue defense.  



120 
 

After feeding a HFD, increased mRNA levels of Il23a in the aortic root but not in 

the aorta or spleen in Ldlr-/- mice compared to Ldlr-/- controls fed a chow diet were 

detected. Lesion size in Ldlr-/-Il23r-/- mice was reduced in the aortic root after 6 weeks 

of diet, but not at 12 weeks. Importantly, at both time points the necrotic core area was 

reduced in the Ldlr-/-Il23r-/- group compared to Ldlr-/- mice. These results point towards 

an important role of IL-23R in early plaque formation and plaque instability rather 

than promoting the further growth of atherosclerosis, at least during later stages of the 

disease. 

Under steady state conditions, mice lacking the IL-23R presented decreased 

percentages of circulating CD115+ monocytes. A previous report has also made the 

same observation using Il23a-/- mice [245]. Although after 6 weeks of diet the 

percentage of monocytes was similar between groups, one plausible explanation is that 

decreased frequencies of monocytes in IL-23R-deficient Ldlr-/- mice in steady state 

contributed to the reduced lesion size observed after 6 weeks of diet. 

This thesis also reported that Il23r deficiency was accompanied by increased 

frequencies of Tregs in the blood and in spleen in mice fed a HFD. These results suggest 

that Tregs may have contributed to the observed phenotype, given their strong 

atheroprotective effect reported in the literature [152]. The reasons why IL-23R-

deficient mice presented more Tregs after feeding a HFD, but not at the steady state, 

have not been studied in detail in this thesis. The balance between Th17 and Treg 

generation can be altered by disruption of the IL-23/IL-23R axis [222, 223]. However, 

how this axis impacted on the development of Treg is not fully understood. Neither 

naïve T cells nor Tregs expresses the IL-23R and it is unlikely that IL-23 plays a direct 

role in Treg generation or maintenance once they have been polarized. Results 

presented here support this data, as polarization of total splenocytes in the presence of 

TGF-β revealed that addition of IL-23 did not affect frequencies of Tregs, although 

increased frequencies of IL-23R-deficient Tregs were evident independently of the 

addition of IL-23. Interestingly, a recent paper has shown similar results in Sgk1-/- 

animals [246], a downstream molecule for the IL-23R. A previous study reported that 

γδ T cells restrain Treg responses in an IL-23-dependent manner [224]. It might be 

possible that disruption of the IL-23R signaling in splenic IL-23R+ γδ T cells of Ldlr-/-
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Il23r-/- mice led to increased percentages of Tregs when compared to controls. However, 

more studies are needed to conclude the relation between Il23r deficiency and Treg 

polarization. 

Another intriguing finding was that IL-17 responses were unaltered in all 

compartments except in the aortic root of Il23r-/- animals. As introduced earlier, IL-17A 

is not an exclusive marker of pathogenic Th17 responses and can also be produced by 

non-pathogenic Th17 cells. This thesis reports that polarization of IL-23R-deficient 

naïve T cells showed a similar pattern of IL-17A secretion when cultured in the 

presence of the non-pathogenic cocktail TGF-β and IL-6. However, cultures in a TGF-

β-independent manner clearly showed that Th17 polarization was altered. Of note, IL-

23R expression in spleen has already been shown to be low [189], which might reflect a 

protective role of IL-17 production in this location dependent on TGF-β only. These 

results are in line with a previous study using a Sgk1-/- mouse model [247]. These 

animals showed similar IL-17A responses when polarized using non-pathogenic 

conditions. However, re-stimulation with IL-23 led to a marked IL-17 response, similar 

to reported in vitro results. On the other hand, as in the aortic root, γδ T cells were the 

only producers of IL-17 and these cells were IL-23R+, it was not surprising that, in this 

location, IL-17 was severely affected. 

When analyzing the cytokine profile in the aortic root of Ldlr-/-Il23r-/- mice fed a 

HFD for 6 weeks, decreased mRNA levels of Ifng and increased levels of Il10 were 

noted. Non-pathogenic Th17 cells are characterized not only by the expression of IL-17 

but also by IL-10 [238], which confers them a non-pathogenic capacity. On the 

contrary, pathogenic Th17 cells are characterized by IL-17, IFN-γ and GM-CSF 

expression [238]. Given that at the steady state GM-CSF expression was higher among 

IL-23R+ cells, one can speculate that lack of IL-23R might skew atherosclerosis-induced 

pathogenic responses towards non-pathogenic responses characterized by the 

expression of IL-10 and reduced levels of INF-γ. Both cytokines have been shown to 

protect against atherosclerosis [248] or to promote it [249], respectively. Hence, both 

cytokines might have contributed to the phenotype described in this work. However, 

the possibility that the imbalance between pro- and anti-inflammatory cytokines in the 

aortic sinus of Ldlr-/-Il23r-/- mice fed a HFD is driven by another cell type cannot be 
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excluded. For example, GM-CSF can manipulate the secretion of cytokines in 

macrophages, such as IL-10 [250].  

Finally, apart from its described ability to induce pathogenicity, IL-23 has also been 

described to play a role during apoptosis. Several models have proposed that signaling 

through IL-23R contributes to Bcl2 activation, thereby promoting apoptosis [194]. Of 

note, a previous study using GM-CSF-deficient Ldlr-/- mice has observed smaller 

necrotic cores compared to Ldlr-/- controls when fed a HFD [179]. The authors argued 

that HFD promoted IL-23 production, which can act through IL-23R-responding 

macrophages. In the presence of oxLDL, IL-23 was shown to act synergistically to 

induce apoptosis and to contribute to necrotic core formation. During the work of this 

thesis, IL-23R was not expressed in any myeloid cells in the aorta or aortic root at the 

steady state or after HFD (the latter not shown). Moreover, no IL-23R expression in 

BM-APCs or BMDMs (data not shown) was detected when using the Il23rgfp/+ reporter 

mice. The possibility that our model does not allow the detection of IL-23R expression 

in DCs or macrophages because the receptor is expressed at very low levels or may be 

secreted in Il23rgfp/+ mice, as recently suggested in other immune cells [251] cannot be 

excluded. However, clear GFP expression in T cells was noted, and thus this Thesis 

showed that the reporter mouse provides valuable insight for the detection of IL-23R-

bearing cells. The current data do not support the hypothesis that decreased necrotic 

core is related to diminished responsiveness to IL-23 by macrophages or DCs in IL-23R-

deficient mice. 

In summary, this thesis shows that atherosclerosis conditions sustain the secretion 

of IL-23 by TLR-activated APCs, which can act through IL-23R-responding cells. At the 

steady state, γδ T cells are the major subset in the aortic root expressing IL-23R and are 

characterized by the production of IL-17 and GM-CSF. Il23r deficiency led to a 

profound decrease of this subset in the aortic root and the aorta and an altered anti-

inflammatory/pro-inflammatory cytokine balance after feeding mice a HFD. This 

dysregulation may be linked with decreased necrotic areas observed in transgenic 

mice, associated with plaque stability.  

A model for these finding is summarized in Figure 43. 
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Figure 43. Proposed mechanism by which IL-23R might influence atherosclerosis. Under 

homeostatic conditions, local production of IL-23 by aortic APCs may contribute to tissue homeostasis 

by triggering responses in IL-23R+ γδ T cells, characterized by the production of IL-17 and GM-CSF. 

Under atherogenic conditions, increased secretion of IL23 by TLR-activated APCs in the presence of 

oxLDL might induce a pathogenic phenotype in aortic IL-23R+ cells. Increased production of IL-17 and 

GM-CSF might alter the fine balance between pro- and anti-inflammatory in the aortic sinus, leading to 

bigger necrotic areas and plaque instability.   
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