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Vasculitis
Vasculitis is a general term describing a broad range of disorders characterized by 
inflammation of the blood vessels. Vasculitis can affect blood vessels of any type and 
size and may present as a primary disease or may present as a manifestation of an-
other disease. Hence, the spectrum of vasculitic syndromes is diverse. In 2012, the 
international Chapel Hill consensus conference revised the nomenclature of the primary 
vasculitides (Table 1), by classifying vasculitis based on the size of the vessels involved 
into small-vessel vasculitis (SVV), medium-vessel vasculitis (MVV), large-vessel vas-
culitis (LVV) and variable-vessel vasculitis (VVV) (1). The research presented in this 
thesis focuses on giant cell arteritis (GCA) and anti-neutrophil cytoplasmic antibody 
(ANCA)-associated vasculitis (AAV), both primary vasculitides (Figure 1).

Table 1. Nomenclature of vasculitides as adopted by the 2012 International Chapel Hill Consensus 
Conference (1).

Large vessel vasculitis (LVV)

Takayasu arteritis (TAK)
Giant cell arteritis(GCA)

Medium vessel vasculitis (MVV)

Polyarteritis nodosa (PAN)
Kawasaki disease (KD)

Small vessel vasculitis (SVV)

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
 Microscopic polyangiitis (MPA)
 Granulomatosis with polyangiitis (Wegener’s) (GPA)
 Eosinophilic granulomatosis with polyangiitis (Churg-Strauss) (EGPA)

Immune complex SVV
 Anti-glomerular basement membrane (anti-GBM) disease
 Cryoglobulinemic vasculitis (CV)
 IgA vasculitis (Henoch-Schönlein) (IgAV)
 Hypocomplementemic urticarial vasculitis (HUV) (anti-C1q vasculitis)

Variable vessel vasculitis (VVV)

Behçet’s disease (BD)
Cogan’s syndrome (CS)

Single-organ vasculitis (SOV)

Cutaneous leukocytoclastic angiitis
Cutaneous arteritis
Primary central nervous system vasculitis
Isolated aortitis
Others

Vasculitis associated with systemic disease

Lupus vasculitis
Rheumatoid vasculitis
Sarcoid vasculitis
Others

Table 1. Continued.

Vasculitis associated with probable etiology

Hepatitis C virus-associated cryoglobulinemic vasculitis
Hepatitis B virus-associated vasculitis
Syphilis-associated aortitis
Drug-associated immune complex vasculitis
Drug-associated ANCA-associated vasculitis
Cancer-associated vasculitis
Others

Figure 1. Schematic figure depicting the types of vessels affected in giant cell arteritis (GCA) and 
antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) .

Giant cell arteritis (GCA)
Giant cell arteritis (GCA) is an auto-inflammatory vasculitis mainly affecting the large- 
to medium-sized vessels, that exclusively affects individuals over the age of 50 years 
(2). The incidence of GCA peaks at a median age of 70 years with women being three 
times more susceptible than men (3, 4). GCA can be further classified into two subsets 
depending on the affected vessels. Cranial-GCA (C-GCA) mainly affects the cranial ar-
teries which can present itself with headache, jaw claudication and, in severe cases, with 
vision loss. Large-vessel GCA (LV-GCA) is a systemic form of GCA primarily affecting the 
aorta and its major branches which can result in development of aneurysms and aortic 
dissection (5, 6). In many cases, patients are diagnosed via imaging with overlapping 
C-GCA and LV-GCA.

The diagnosis of GCA is based on the assessment of clinical signs and symptoms 
and laboratory analysis of acute-phase reaction markers such as erythrocyte sedimen-
tation rate (ESR) and C-reactive protein (CRP) with either proof by temporal artery biopsy 
(TAB) or imaging (7, 8). In the past, the gold standard for GCA diagnosis was a TAB with 
evidence of vascular inflammation. The drawback is that the technique is only useful 
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in temporal artery involvement. Also, false negative assessments due to the focal and 
segmental nature of the vasculitic lesions in the temporal artery, hamper the TAB as a 
diagnostic tool (9). More recently, imaging techniques are also being employed for the 
diagnosis of GCA. For example, the utilization of ultrasonography to diagnose GCA by 
the detection of a “halo” sign in GCA affected cranial arteries and also axillary arteries 
is currently widely accepted (10–12). In addition, the use of [18F]fluorodeoxyglucose 
positron emission tomography ([18F]FDG-PET) in the detection of LV-GCA lesions is also 
widely employed (13).

To date, glucocorticoids (GCs) are still the primary treatment option for GCA. However, 
novel alternative therapies such as interleukin-6 (IL-6) receptor blockage (tocilizumab), 
has recently been proven effective GC sparing treatments (14).

Figure 2. Tissue topology of noninflamed TAB compared to GCA affected TAB. Transmural in-
filtrating leukocytes are not detected in the noninflamed TAB compared to massive infiltration of 
leukocytes within all three layers of the vessel wall in GCA affected TAB. Intimal hyperplasia occurs 
in GCA affected TAB leading to occlusion of the lumen. GCA: giant cell arteritis; TAB: temporal 
artery biopsy.

Histologically, GCA is characterized by granulomatous infiltrates, mainly comprised of 
T cells and macrophages, in the three layers of the vessel wall of a large vessel i.e. the 

adventitia, media and intima (Figure 2). Although the pathogenesis of GCA is not fully 
understood, a pathogenic model for the development of GCA has been proposed (15–17). 
This widely used model distinguishes four phases in disease development (Figure 3) as 
will be briefly explained below:

The initiation of GCA is characterized by the activation of adventitial vascular dendritic 
cells (DCs) through toll-like receptors by an unknown danger signal eventually leading 
to the loss of immunological tolerance. Activation of vascular DCs leads to the produc-
tion of chemokines and cytokines that recruit, activate and, polarize CD4+ T cells. The 
chemokines CCL18, CCL19, CCL20 and CCL21 released by activated DCs recruit CD4+ 
T cells to the adventitia. These CD4+ T cells then presumably become activated by an 
unknown antigen presented by the activated DCs. The presence of pro-inflammatory 
cytokines (such as IL-12, IL-18, IL-23, IL-6, and IL-1β) released by the activated DCs leads 
to polarization of these activated T cells towards T helper 1 (Th1) and T helper 17 (Th17) 
cells which produce large amounts of IFNγ and IL-17, respectively. Proinflammatory 
cytokines in the microenvironment activate vascular smooth muscle cells (VSMCs) and 
endothelial cells (ECs) resulting in the production of more chemokines fostering mono-
cyte recruitment. Chemokines (CCL2, CX3CL1, CXCL9, CXCL10, and CXCL11) released by 
activated VSMCs recruit monocytes into the vessel wall. The presence of a plethora of 
pro-inflammatory cytokines in the vessel wall then leads to differentiation and activation 
of monocytes into macrophages. Some of these macrophages fuse together to form 
multinucleated giant cells, a histopathological hallmark of this disease. These macro-
phages and giant cells, produce a wide range of pro-inflammatory cytokines and chemo-
kines, amplifying the inflammatory response. Apart from pro-inflammatory cytokines 
and chemokines, activated macrophages also produce a wide range of growth factors 
such as platelet-derived growth factors (PDGFs) and fibroblast growth factors (FGFs). 
These growth factors are capable of promoting intimal proliferation and subsequently 
inducing intimal hyperplasia, ultimately leading to occlusion of the vessel.

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
ANCA-associated vasculitides (AAV) are a group of auto-immune vasculitis mainly af-
fecting small to medium-sized vessels. Although AAV can affect individuals of any age, 
it primarily affects older individuals with a peak incidence between 64-75 years of age 
(18). The hallmark of AAV is the presence of autoantibodies directed against proteinase 
3 (PR3) or myeloperoxidase (MPO) (19, 20). AAV can be further categorized into three 
disease entities; granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA) 
and eosinophilic granulomatosis with polyangiitis (EGPA) (1). The work described in this 
thesis primarily focuses on GPA.

The diagnosis of AAV is based on clinical suspicion and the detection of PR3 or MPO 
ANCA using antigen specific immune assays (21–23). Histological evidence on the tissue 
of an affected organ, in particular the kidney, can be useful despite being an invasive
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Figure 3. Pathogenetic model of giant cell arteritis. The 4 steps of GCA pathogenesis include: (1) 
Dendritic cell activation, (2) Recruitment, activation and polarization of CD4+ T cells, (3) Monocyte 
recruitment and macrophage activation, (4) Vascular remodeling, ultimately leading to vascular 
occlusion. GCA: giant cell arteritis.

and potentially risky procedure. Alternative non-invasive methods are currently lacking 
in GPA.

The conventional treatment regimen for AAV includes the use of high dose GCs in 
combination with cyclophosphamide (24). Cyclophosphamide is a cytotoxic alkylat-
ing agent that suppresses the immune system. Its long term usage can cause serious 
adverse effects including malignancies (25). In an attempt to curb cyclophosphamide 
usage, B cell depleting therapy has been tested in clinical trials using rituximab. Ritux-
imab is a mouse-human chimeric monoclonal antibody that targets CD20 on B cells, 
thereby effectively depleting all B cells, except CD20- plasma cells (26–28). The RAVE 
trial clearly demonstrated that rituximab mediated B cell depletion was as efficacious 
as cyclophosphamide in remission induction but with fewer side effects.

Histologically, GPA is characterized by a neutrophil-rich necrotizing granulomatous 
inflammation of small to medium-sized vessels (21, 29). This disease primarily affects 
the upper and lower respiratory tracts and the kidney which can lead to renal failure. 
Although the pathogenesis of AAV is not fully understood, a pathogenetic model of the 
effector phases of the disease has been proposed based on clinical and experimen-
tal observations (Figure 4) (29–33). In this model, the initiation of AAV starts with a 
pre-existing inflammatory condition (such as Staphylococcus aureus infection) which 
upregulates local expression of pro-inflammatory cytokines. Proinflammatory cytokines 
such as TNF-α released in the microenvironment prime neutrophils and induce translo-
cation of PR3 and MPO to the cell surface. The local inflammatory reaction upregulates 
adhesion molecules on vascular endothelial cells, allowing neutrophils to adhere to the 
endothelium and subsequently enter the vessel wall. Circulating ANCA then bind to cell 
surface expressed PR3 or MPO to fully activate neutrophils resulting in their degranu-
lation, production of reactive oxygen species (ROS) and NETosis, a form of cell death 
accompanied by the release of neutrophil extracellular traps (NETs). Collectively, these 
factors cause endothelial damage and vascular necrosis. The proinflammatory factors 
and NETs released by the neutrophils activate the complement pathway thereby ampli-
fying the inflammatory process by recruiting more neutrophils. The pro-inflammatory 
microenvironment created from the acute inflammatory response triggers recruitment 
and activation of CD4+ T cells and monocytes to the lesion. Upon entering the lesion, 
these T cells are polarized into Th1 and Th17 cells releasing pro-inflammatory cytokines 
such as IFNγ and IL-17 that trigger the maturation and activation of macrophages. These 
macrophages then secrete a plethora of pro-inflammatory cytokines and chemokines 
thereby boosting the inflammatory response. Finally, fibroblasts and myofibroblasts 
activated by growth factors (such as FGFs and PDGFs) secreted by the macrophages 
start producing collagen, ultimately resulting in fibrosis of the affected tissue.
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Figure 4. Pathogenetic model of ANCA-associated vasculitis. During the acute inflammatory 
phase, marginal pool neutrophils are activated by pro-inflammatory cytokines and ANCA, leading 
to tissue migration, their degranulation, NETosis and subsequent tissue necrosis. Later, in the 
chronic granulomatous inflammation phase, T cells and monocytes/macrophages are recruited to 
the lesion leading to granuloma formation and amplification of the inflammation. Fibroblasts get 
activated leading to collagen deposition and fibrosis. ANCA: anti neutrophil cytoplasmic antibodies.

Macrophages: important players in the pathogenesis of vasculitis
Macrophages are incredibly plastic cells that can change their phenotypes depending 
on signals from the microenvironment. Hence, their functional response can be very 
diverse ranging from amplifying the inflammatory response and elimination of invading 
pathogens to promoting tissue repair. Classically, macrophages are divided into two main 
subpopulations: M1 and M2 macrophages. M1 macrophages are generally considered 
pro-inflammatory while M2 macrophages are considered to be anti-inflammatory and 
tissue remodeling macrophages (34, 35). However, this paradigm of two distinct macro-
phage subpopulations is based on in vitro observations under controlled conditions not 
representative for the complex and variable tissue microenvironments in pathological 
conditions (36, 37). Therefore, lesional macrophages are not confined to the M1/M2 
paradigm of activation, but likely exhibit diverse phenotypes governed by cues from the 
microenvironment (38). 

In vasculitic lesions, macrophages comprise a major part of the infiltrating inflammato-
ry cells, forming the hallmark granulomatous structure (39). These macrophages clearly 
play a crucial role in the pathogenesis of vasculitis by orchestrating tissue destruction 
and remodeling processes that culminate in the numerous, potentially life-threatening, 

symptoms that manifest in patients. However, our current knowledge regarding the 
phenotypic and functional diversity of macrophages in vasculitic lesions is limited. A 
deeper insight into the diversity of macrophage phenotypes in vasculitic conditions 
may unravel their specific roles in disease pathogenesis and aid in the development of 
targeted therapeutics and diagnostic tools.

Macrophages as therapeutic and diagnostic target in vasculitis
Traditionally, GCs have been the main treatment for numerous auto-immune and inflam-
matory disorders. However, long-term GC usage is accompanied by serious adverse ef-
fects ranging from endocrinologic to immunologic complications including hypertension, 
osteoporosis, diabetes, cataracts, glaucoma and increased vulnerability to infections 
(40, 41). In an attempt to reduce or even eliminate the use of GCs, clinicians, researchers 
and pharmaceutical industries all strive to introduce more specific therapeutic options, 
also known as targeted therapies. For autoimmune diseases, targeted therapy is defined 
as a therapy that targets only those immune cells or immune effector mechanisms re-
sponsible for inflammation and tissue injury while leaving the remainder of the immune 
system unaffected. Generally, such therapies target receptors, cytokines or signaling 
molecules and act by depleting immune cells or inhibiting immune cell activation. In the 
past decades, the use of such targeted therapies in autoimmune and auto-inflamma-
tory diseases has surged (42–44). Among these, many targeted therapy agents have 
been developed and tested in autoimmune diseases and many have been applied to the 
treatment of primary vasculitides as well (Table 2). Even though not all of these therapy 
agents were effective for the treatment of vasculitides (such as Eternacept), prime ex-
amples of the successful application of such targeted therapies include tocilizumab as 
a GC sparing therapy in GCA patients and rituximab which was demonstrated to be as 
efficacious as cyclophosphamide in remission induction in AAV patients (14, 26–28). A 
more recent example is CCX168, a small compound inhibitor of the receptor for comple-
ment component 5a, which was found to be highly effective in replacing high dose GCs in 
the induction treatment of AAV (45). Collectively, these studies indicate the importance 
of targeted therapies in the treatment of vasculitis.

Table 2. Targeted therapies tested or under investigation for the treatment of vasculitides.

Agent Type Target Disease References/
Clinical trial 
identifier

Infliximab Biological TNF-α Giant cell arteritis
Takayasu arteritis
Granulomatosis with 
polyangiitis

(54)
(55)
(56)

Adalimumab Biological TNF-α Giant cell arteritis
Takayasu arteritis

(57)
(55)
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Table 2. Continued.

Agent Type Target Disease References/
Clinical trial 
identifier

Etanercept Biological TNF-α Giant cell arteritis
Takayasu arteritis
Granulomatosis with 
polyangiitis

(58)
(55)
(55)

Tocilizumab Biological IL-6 Giant cell arteritis
Takayasu arteritis

(14, 59)
NCT02101333, 
(60–63)

Rituximab Biological B cells Giant cell arteritis
Takayasu arteritis
ANCA associated-vasculitis

(64, 65)
(66)
(26–28, 67)

Mavrilimumab Biological GM-CSF 
receptor

Giant cell arteritis NCT03827018

Abatacept Biological T cells Giant cell arteritis
Takayasu arteritis
ANCA associated-vasculitis

(68)
(69)
(70)

Anakinra Biological IL-1β Giant cell arteritis NCT02902731

Ustekinumab Biological IL-12/IL-23 Giant cell arteritis (70)

Sarilumab Biological IL-6R Giant cell arteritis NCT03600805

Baricitinib tsDMARD JAK/STAT Giant cell arteritis NCT03026504

Upadacitinib tsDMARD JAK/STAT Giant cell arteritis NCT03725202

Belimumab Biological B cells ANCA associated-vasculitis (71)

Alemtuzumab Biological Lymphocytes, 
monocytes 
and 
macrophages

ANCA associated-vasculitis (72)

Avacopan Chemical 
compound

Complement 
5a receptor

ANCA associated-vasculitis (45, 73)

NCT: national clinical trial identifier; tsDMARD: targeted synthetic disease-modifying antirheumatic 
drugs.

Macrophages play important roles in numerous pathological conditions. Therefore, 
they can potentially serve as attractive candidates for targeted therapy. In the field of 
oncology, current macrophage targeted therapies include macrophage re-programming 
and depletion (46–48). The re-programming strategy exploits the plasticity of macro-
phages by treating patients with inhibitors or agonists that promote re-polarization of 
tumor-associated macrophages (TAMs) into anti-tumor phenotypes. These re-polarized 
macrophages then exert their tumoricidal properties on the cancer cells. With respect 
to depletion strategies, antibodies targeting M-CSF receptors have proven to selective-
ly induce apoptosis in TAMs leaving pro-inflammatory macrophages unaffected (49). 

Additionally, liposome-mediated macrophage suicide strategies have been developed 
to deliver apoptosis-inducing agents specifically to macrophages (47). Besides cancer 
therapy, depletion of pro-inflammatory macrophages has been tested in an experimental 
adjuvant arthritis model in rats (50). Employing a CD64 targeted immunotoxin, this study 
demonstrated that depletion of pro-inflammatory macrophages halts disease progres-
sion. Given that macrophages are one of the dominating cell types in vasculitic lesions, 
approaches to block macrophage polarization or to selectively eliminate inflammatory 
macrophages may also prove to be useful in treating vasculitides.

Apart from being targets for therapy, visualizing macrophage dominated inflammation 
using specific tracers and imaging techniques may prove to be useful for diagnostic 
purposes and assessment of treatment efficacy and disease progression during fol-
low-up. As mentioned earlier, [18F]FDG-PET is currently the sole molecular imaging mo-
dality in the diagnosis of LV-GCA. However, [18F]FDG-PET is less useful for monitoring 
disease progression and evaluating therapy responses due to a significant decline in 
diagnostic accuracy in patients undergoing GC treatment. A recent report has shown 
a dramatic drop in [18F]FDG-PET signal only after 3 days of GC treatment. Additionally, 
the study showed 64% false negative diagnosis only after 10 days of GC treatment (51). 
This is important as clinicians need to start immunosuppressive treatment as soon as 
possible upon suspicion of GCA. As PET imaging facilities in hospitals may not be im-
mediately available for patients, delayed [18F]FDG-PET may then produce false negative 
results. Hence, more specific radiotracers are needed to improve the imaging accuracy 
whereby visualization of macrophages in vasculitic lesions could be a promising target. 
Additionally, proteins released by activated macrophages could also serve as a source 
for diagnostic biomarkers. During the inflammatory process, macrophages release a 
plethora of biomarkers that can enter the bloodstream and may be utilized as markers 
of disease activity. For example, products released by activated macrophages such as 
soluble (s)CD163, YKL-40 and calprotectin were recently found to be significantly higher 
in the serum of GCA patients compared to healthy donors (52). Similarly, urinary sCD163 
has been proven to be an excellent biomarker of active renal disease in GPA patients and 
is currently being developed for clinical use (53). These studies highlight the potential of 
utilizing macrophage activation markers for the detection of active disease and tracking 
of treatment response in vasculitides.

Aims and outline of this thesis
As outlined in the previous sections, macrophages are major players in the pathology 
of vasculitides which makes them attractive targets for therapy and also as cellular 
markers for disease progression and treatment response. A deeper understanding of the 
macrophage phenotypes and their roles in the progression of vasculitides would allow us 
to exploit their heterogeneity to specifically target proinflammatory macrophages and, 
at the same time, may aid the identification of markers suitable for diagnostic purpos-
es and follow-up assessment. However, to date, knowledge pertaining to macrophage 
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heterogeneity in the pathogenesis of vasculitides is limited. Therefore, the overall aim 
of the research described in this thesis was to provide a deeper insight into macrophage 
heterogeneity and functions in the pathogenesis of vasculitis with a main focus on GCA. 
The knowledge gained from these studies may pave the way for targeted therapy and 
diagnostic radiotracer development.

As described, macrophages play pivotal roles in many pathological conditions ranging 
from cancer to atherosclerosis. As macrophages are incredibly plastic cells, numerous 
macrophage-targeted radiotracers are currently in development and being tested in 
clinical trials as imaging tools for diagnosis. In chapter 2, we comprehensively reviewed 
the plethora of macrophage targeted radiotracers currently in clinical use, in clinical trials 
and in development. Although a deeper understanding of macrophage heterogeneity in 
vasculitis is needed, some of these macrophage-targeted radiotracers may prove to be 
useful in large-vessel vasculitis imaging in the near future.

Although macrophages are abundant in GCA lesions, little is known about their pheno-
typic heterogeneity and spatial distribution within the affected vessel wall. In chapter 3, 
we investigated the spatial distribution of macrophage phenotypes in biopsy specimens 
of GCA patients. To this end, temporal artery biopsies (TAB) and aorta tissue from C-GCA 
and LV-GCA patients were stained by immunohistochemistry for a broad selection of 
macrophage phenotypic markers, cytokines and matrix-metalloproteinases. Since a 
distinct distribution of macrophage phenotypes was found, we also performed in vitro 
experiments using monocyte-derived macrophages from GCA patients to gain further 
insight into the factors contributing to the development of these distinct macrophage 
phenotypes.

Chitinase-3-like protein, also known as YKL-40, is a glycoprotein with diverse func-
tions that is released by activated macrophages in inflammatory conditions. YKL40 
has been identified as a potential upstream signal for MMP-9 production as well as a 
proangiogenic factor. In chapter 4, we investigated the presence and cellular source of 
YKL-40 in GCA lesions and its potential role in promoting neovascularization and the 
production of tissue destructive MMPs; two important aspects in the pathogenesis of 
GCA. First, we investigated the spatial distribution of YKL-40 in GCA affected TABs and 
aortas and performed co-localization studies to determine whether its tissue production 
is restricted to specific macrophage phenotypes. Additionally, we assessed the distribu-
tion of IL-13Rα2, the receptor for YKL-40, in GCA lesions. Finally, we performed in vitro 
studies to establish the angiogenic potential of YKL-40 as well as its role in stimulating 
the production of MMP-9 by macrophages.

Mounting evidence indicates that granulocyte macrophage colony stimulating factor 
(GM-CSF) may be one of the important factors driving macrophage heterogeneity in 
the pathogenesis of GCA. However, the exact cellular source of GM-CSF in GCA is un-

known. In chapter 5, we investigated if activated T cells from GCA patients overexpress 
GM-CSF compared to those from healthy donors. Peripheral blood mononuclear cells 
from GCA patients and healthy donors were activated in vitro followed by the assessment 
of GM-CSF production using intracellular flow cytometry. Immunohistochemistry on 
GCA affected TABs was performed to determine if T cells were the main cellular source 
of GM-CSF in GCA lesions.

Similar to GCA, macrophages are an abundant inflammatory cell type in vasculitic 
lesions in AAV. In Chapter 6, we hypothesized that proteins released by activated mac-
rophages could be useful biomarkers to identify active (renal) vasculitis. Specifically, we 
investigated the utility of serum soluble CD206 as a biomarker of active renal disease in 
AAV patients. Enzyme-linked immunosorbent assays (ELISA) were employed to detect 
the level of soluble CD206 in serum of patients from two independent cohorts of AAV 
patients. Additionally, immunohistochemistry was performed to determine the presence 
of these markers in kidney biopsies of renal active AAV patients.

Finally, in chapter 7, the combined results presented in this thesis are summarized. 
We also discuss how our findings contribute to the understanding of the pathogenesis 
of GCA and AAV, and speculate on the possibilities to exploit macrophage heterogeneity 
as possible therapeutic and diagnostic targets.
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