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12 13CHAPTER 1 INTRODUCTION

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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14 15CHAPTER 1 INTRODUCTION

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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ABSTRACT

Macrophages are key players in the pathogenesis of large-vessel vasculitis (LVV) and 
may serve as a target for diagnostic imaging of LVV. The radiotracer, [18F]FDG has 
proven to be useful in the diagnosis of giant cell arteritis (GCA), a form of LVV. Although 
uptake of [18F]FDG is high in activated macrophages, it is not a specific radiotracer as its 
uptake is high in any proliferating cell and other activated immune cells resulting in high 
non-specific background radioactivity especially in aging and atherosclerotic vessels 
which dramatically lowers the diagnostic accuracy. Evidence also exists that the sensi-
tivity of [18F]FDG-PET drops in patients upon glucocorticoid treatment. Therefore, there 
is a clinical need for more specific radiotracers in imaging GCA to improve diagnostic 
accuracy. Numerous clinically established and newly developed macrophage targeted 
radiotracers for oncological and inflammatory diseases can potentially be utilized for 
LVV imaging. These tracers are more target specific and therefore may provide lower 
background radioactivity, higher diagnostic accuracy and the ability to assess treat-
ment effectiveness. However, current knowledge regarding macrophage subsets in LVV 
lesions is limited. Further understanding regarding macrophage subsets in vasculitis 
lesion is needed for better selection of tracers and new targets for tracer development. 
This review summarizes the development of macrophage targeted tracers in the last 
decade and the potential application of macrophage targeted tracers currently used in 
other inflammatory diseases in imaging LVV.

INTRODUCTION

The human blood vessel system is one of the largest organ systems in the human body 
(1,2). As part of the cardiovascular system, the blood vessel system functions by dis-
tributing blood cells, oxygen and nutrients to, as well as expelling waste such as carbon 
dioxide from, all organs and tissues. Separately, in the lymphoid system, blood vessels 
act as the transit site of lymphoid and myeloid cells of the immune system. Given the 
importance of blood vessels, inflammation of the vessels (vasculitis) can have major 
health consequences. The Chapel Hill Consensus Conference in 2012 revised the no-
menclature of the primary vasculitides and classified vasculitis based on the size of the 
vessels involved into small-vessel vasculitis (SVV), medium-vessel vasculitis (MVV), 
large-vessel vasculitis (LVV) and variable-vessel vasculitis (VVV) (3). LVV is a disease 
marked by inflammation of the vessel wall that progresses to vascular remodeling and 
thickening of the vessel wall causing stenosis, occlusion or dilatation of the vessels 
which may result in ischemic complications such as sight loss, stroke and aneurysms. 
Therefore, early recognition of LVV is crucial.

Nuclear imaging is currently gaining importance as a non-invasive tool for the diagno-
sis and monitoring of vascular inflammation. The application of nuclear imaging in the 
detection of LVV was initially a serendipitous discovery by Blockmans et al. (4). In their 
study, the authors compared [18F]Fluorodeoxyglucose positron emission tomography 
([18F]FDG-PET) and Gallium-68 scintigraphy in patients with fever of unknown origin 
(FUO) and found vascular uptake in patients with underlying vasculitis. Given the limited 
resolution of nuclear imaging cameras, these techniques are more efficient in the as-
sessment of LVV but not MVV or SVV (5). However, recent studies have also indicated 
the potential role of new PET camera systems (up to 2 mm resolution) in the detection 
of organ involvement in MVV and SVV (6-9).

Macrophages have been recognized as key cellular players in the pathogenesis of LVV. 
Circulating monocytes are recruited to vasculitic lesions where they are activated and 
differentiate into macrophages. These activated macrophages produce pro-inflamma-
tory cytokines and chemokines which amplify the inflammatory response and induce 
vascular remodeling (2,10). [18F]FDG-PET as a tool for imaging inflammation has already 
proven to be useful for early diagnosis of LVV (within 3 days of glucocorticoid treatment 
– sensitivity and specificity may drop afterwards). However, [18F]FDG is less useful for 
monitoring disease progression and evaluating therapy responses due to a dramatic drop 
in diagnostic accuracy in patients undergoing glucocorticoid treatment and inability to 
differentiate long lasting vessel wall remodelling with active vasculitis. Better and more 
specific macrophage targeted radiotracers are therefore needed to improve diagnostic 
accuracy and treatment monitoring especially in patients with ongoing glucocorticoid 
treatment. Following a brief overview of LVV pathogenesis, this review summarises the 
development of macrophage targeted tracers in the last decade using two different 
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nuclear imaging approaches – positron emission tomography (PET) and single photon 
emission computed tomography (SPECT) imaging. Moreover, the potential application 
of tracers currently used in other inflammatory diseases in imaging macrophages in 
LVV is discussed as well.

Large-vessel vasculitis (LVV)
LVV includes two pathological conditions: giant cell arteritis (GCA) and Takayasu arteritis 
(TAK). The pathogenesis of both GCA and TAK involves inflammation, often granulo-
matous, of large to medium size arteries (aorta and its major branches). GCA generally 
occurs in older Caucasian female individuals (≥50 years old) of Scandinavian descent 
in Europe and Minnesota. The disease usually affects the aorta and its major branches 
with a predilection towards carotid and vertebral arteries although other types of arteries 
can also be affected. GCA belongs to a clinical disease spectrum which includes cranial 
GCA (C-GCA) and large-vessel GCA (LV-GCA) [(3,11-12). LV-GCA often overlaps with 
polymyalgia rheumatica (PMR), another inflammatory disorder of the elderly, affecting 
muscles marked by pain and stiffness in the neck, shoulder and hip region. Studies have 
shown that 40-60% GCA patients may have PMR and according to the literature, up to 
21% of PMR patients may develop GCA (11,17). TAK, on the other hand, is more common 
in younger Asian females (≤50 years old) (3,13,14). GCA and TAK have a similar clini-
cal presentation including fever of unknown origin (FUO), headache, malaise, anorexia, 
weight loss and in the progressive phase of the disease, symptoms of occlusion and 
aneurysm. Histopathological features in the affected vessels of GCA and TAK are over-
lapping and thus the only factor distinguishing GCA and TAK is geographical distribution 
and the age of onset (11,14-17).

Pathogenic model of large-vessel vasculitis
The etiology of LVV is unknown. However, based on clinical and experimental investiga-
tions, a pathogenic model for disease development and progression has been proposed 
which includes four phases:

Vascular dendritic cell (vasDC) activation
Vascular dendritic cells (vasDC) are sentinel immune surveillance cells located in the 
adventitia of the artery. When no inflammation occurs, resting vasDc are CD83-MHC-IIlow. 
In the event of vasculitis, vasDC are activated through the stimulation of toll-like recep-
tors (TLRs) by a factor yet to be identified. Studies have shown increased expression of 
TLR 2 and TLR 4 on vasDC of vasculitis patients. Activation of vasDC by TLR 4 ligands 
changes the phenotype of vasDc into CD83+MHC-IIhigh and induces the production of 
chemokines such as CCL18, CCL19, CCL20, CCL21 and cytokines such as IL-1β, IL-6, 
IL-18, IL-23 and IL-33. These chemokines and cytokines are responsible for the recruit-
ment and polarisation of CD4+ T cells in addition to promoting angiogenesis (2,18-20).

Recruitment, activation and polarisation of CD4+ T cells
The chemokines produced by activated vasDC (CCL18, CCL19, CCL20, CCL21) recruit 
CD4+ T cells, which enter the adventitia through the vasa vasorum. Recruited CD4+ T 
cells are then activated through docking of T-cell receptors (TCRs) to MHC-II on vasDC 
– presenting a still unknown antigen. Upon activation, T cells differentiate into different 
subtypes depending on the presence of specific cytokines in the micro-environment. 
The cytokines IL-12 and IL-l8 polarise the T cells into T helper 1 (Th1) subtype. Th1 
cells produce interferon-g (IFN-g), a very powerful pro-inflammatory cytokine that is 
important for macrophage activation, production of pro-inflammatory cytokines and 
chemokines, and production of vascular endothelial growth factor (VEGF). VEGF then 
activates vascular smooth muscle cells (VSMCs) and endothelial cells (ECs) promot-
ing vascular remodeling, neoangiogenesis, production of chemokines (CCL2, CX3CL1 
CXCL9, CXCL10 and CXCL11) for recruitment of monocytes and T cells, and T cell acti-
vation via the NOTCH-NOTCH ligand activation pathway (2,18-21). On the other hand, 
cytokines like IL-1β, IL-6, IL-21 and IL-23 polarise T cells into T helper 17 (Th17) subtype, 
which produce pro-inflammatory cytokines and chemokines such as IL-17, IL-21, IL-22, 
IL-26 and CCL20. IL-17 is a potent pro-inflammatory cytokine that exerts its effect by 
activating VSMCs and ECs inducing production of chemokines (CCL2, CCL20, CXCL1, 
CXCL2, CXCL5 and CXCL8) that subsequently promote the recruitment of T cells, mono-
cytes and neutrophils. IL-17 also induces the production of cytokines such as IL-1β, IL-6, 
IL-21 and IL-23 by macrophages and vasDCs, thus stabilizing the Th17 lineage. IL-21 
induces activation of natural killer cells (NK cells), the differentiation of cytotoxic CD8+ 
T cells and the differentiation of Th17 cells. IL-22 is responsible for induction of an 
acute phase reaction while the chemokine CCL20 facilitates the recruitment of CD4+ T 
cells and dendritic cells. The IL-6-IL-17 Th17 pathway is sensitive to glucocorticoid (GC) 
treatment. However, in the chronic phase of LVV, the IFN-γ Th1 pathway is dominant and 
is unaffected by GC treatment (2,18-20).

Recruitment and activation of monocyte
Monocytes are divided into three subtypes namely the classical monocytes (marked by 
CD14brightCD16-), intermediate monocytes (marked by CD14brightCD16+) and non-classical 
monocytes (marked by CD14dimCD16+). Classical monocytes express CCR2, which is 
the receptor for CCL2 while the CD16+ intermediate and non-classical subsets express 
CX3CR1, a receptor for CX3CL1 (23). Activation of ECs and VSMCs by IFN-γ and IL-17 
lead to the production of CCL2 and CX3CL1, which in turn promote the recruitment of 
circulating monocytes to the vasculitic lesions (19,23). Due to the presence of various 
cytokines in the microenvironment, recruited monocytes become activated and differen-
tiate into macrophages. These macrophages, some of which merge into multi-nucleated 
giant cells, produce a wide range of pro-inflammatory cytokines and growth factors 
that activate the VSMCs, ECs and T cells and thus amplify the inflammatory response. 
Growth factors produced by activated macrophages are also responsible for vascular 
remodeling and angiogenesis. Moreover, activated macrophages also produce reactive 
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oxygen species and matrix metalloproteinases (MMPs), which are responsible for tissue 
destruction (18,19,22,24,25).

Vascular remodeling
Macrophages activated by IFN-γ produce VEGF and platelet derived growth factors 
(PDGF). PDGF activates VSMCs by promoting their migration towards the intima of 
the vessels and inducing their proliferation leading to intimal hyperplasia, occlusion 
and ischemic complications. Activated macrophages and VSMCs also produce MMPs 
namely MMP-9 and MMP-2, which digest elastin in the internal elastic lamina leading to 
destruction of the media. VEGF and IL-33 produced by activated DCs and macrophages 
are the main effectors of neoangiogenesis. In LVV, the vasa vasorum is reported to in-
filtrate the media and intima promoting the migration and recruitment of inflammatory 
cells. Taken together, these processes initiate an inflammatory amplification loop that 
enhances tissue destruction and vascular remodeling which ultimately results in isch-
emic complications (18,19,24).

Macrophages in vasculitis
Macrophages are generally divided into two major subtypes: classically activated mac-
rophages (M1) and alternatively activated macrophages (M2). Depending on the cyto-
kines in the microenvironment, macrophages are polarised into these distinct subtypes. 
M1 macrophages are considered pro-inflammatory that are generated through Th1 re-
sponses. This subtype is activated by IFN-γ and produces pro-inflammatory cytokines 
such as IL-1β, IL-6, IL-12 and IL-23; growth factors such as VEGF and PDGF; MMPs; and 
reactive oxygen species whose functions are clearly important in the pathogenesis of 
LVV (24,26,27).

M2 macrophages, known as the anti-inflammatory and tissue repairing subtype, are 
divided into four subsets: M2a, M2b, M2c and M2d macrophages. IL-4 and IL-13 polarise 
macrophages into M2a subsets, immune complexes, TLR and IL-1R ligands polarise mac-
rophages into M2b subsets while IL-10, TGF-β and glucocorticoids polarise macrophages 
to M2c subsets. These three subsets are marked by production of IL-10 and upregulation 
of the macrophage mannose receptor (MMRs/CD206) (24,26-28). The M2d subset is 
induced by IL-6 and produces high levels of VEGF, IL-10, IL-12, TNF-α and TGF-β. This 
subset might be important in the pathogenesis of LVV corresponding to high levels of 
IL-6 in GCA patients. Recently, another subset activated by IL-17 was identified. Similar 
to M1 macrophages, this subset produces pro-inflammatory cytokines but also showed 
upregulation of the scavenger receptor CD163, a marker for M2 polarisation (28,29). Im-
portant to note is that the classification of macrophages into M1/M2 subsets is based on 
in vitro models under specific and controlled conditions that may not mirror macrophage 
behavior in vivo. It is well known that macrophages are remarkably plastic and can easily 
change phenotypes depending on the signals they receive in their microenvironment 

(24,28,30). Reports also indicate that macrophages in pathological conditions may show 
an intermediate phenotype with mixed M1 and M2 characteristics (31).

Arguably, M1 macrophages would be expected to be the dominant subset in vasculitic 
lesions given their role in the inflammatory amplification loop in LVV. However, Ciccia 
et al. reported that both M1 and M2 macrophages are significantly expanded in the 
inflamed arteries of GCA patients (32). The roles of M2 subsets in vasculitis have yet to 
be investigated but it has been suggested that M2 macrophages may contribute to giant 
cell formation, angiogenesis and vascular remodeling (24). Currently, there is a lack of 
knowledge regarding the detailed phenotypes and subset distribution of macrophages 
in vasculitic lesions in LVV. A more detailed knowledge of macrophage subsets/phe-
notypes in early and chronic vasculitic lesions may shed light on their specific role in 
LVV pathogenesis.

The importance of macrophage targeted imaging in the diagnosis of LVV
Currently, diagnosis of GCA and TAK relies heavily on the assessment of clinical symp-
toms, laboratory assessment of acute phase reaction protein levels [C-reactive protein 
(CRP), erythrocyte sedimentation rate (ESR)] and levels of serum IL-6 (11,15-17). In 1990, 
the American College of Rheumatology (ACR) developed criteria for the classification 
of GCA and TAK to discriminate GCA and TAK from other types of vasculitis (12,13). 
While these criteria were not intended for the diagnosis of the diseases, they have been 
widely misused as a diagnostic tool. To date, the golden standard for GCA diagnosis is 
a positive temporal artery biopsy (TAB). However, inflammatory lesions in GCA arteries 
often are patchy and focal in nature which may lead to a false negative result if the 
biopsy was taken from a non-inflamed region. TAB is also not useful in LV-GCA without 
temporal artery involvement. The use of color Doppler ultrasonography (CDUS) in the 
diagnosis of GCA has also been applied. CDUS of inflamed artery produces a “halo” sign 
at regions with thickening of the vessel wall. Magnetic resonance angiography (MRA) 
and computed tomography angiography (CTA) are likewise useful in the assessment of 
artery involvement, disease extent and assessment of vascular damage particularly in 
patients with an established diagnosis of GCA (33,34,37). In the case of TAK, diagnosis 
is usually carried out via arteriographies such as CDUS, CTA and MRA (35,36).

Given that macrophages dominate the cellular infiltrate in vasculitic lesions, imaging 
macrophages in vivo may prove to be very useful in the diagnosis and tracking of disease 
activity and progression in LVV. Biopsies may yield a false negative diagnosis as a result 
of the focal nature of GCA lesions. Ultrasonography and angiography by means of CDUS, 
MRA or CTA can only detect GCA lesions after morphological changes (later phase). PET 
on the other hand, has proven to be more useful in detecting early inflammatory stages of 
vasculitis (37-39). [18F]FDG-PET signal intensity has been found to be strongly associated 
with macrophage density (40-42). Activated macrophages and lymphocytes overexpress 
glucose transporters (Glut-1 and Glut-5) and undergo a switch to glycolysis. Based on 
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this principle, [18F]FDG, a radiolabelled glucose analog, is highly taken up by infiltrating 
immune cells (including macrophages) in active vasculitic lesions. In the past decade, 
[18F]FDG-PET has proven to be an efficient method for the diagnosis of GCA, TAK and 
large-vessel involvement in PMR patients. However, [18F]FDG is not specific as it is also 
taken up by other proliferating cells. Reports have also indicated higher [18F]FDG uptake 
in aging vessels due to changes of metabolic activity, persistent vessel wall remodeling 
and atherosclerotic calcifications which may further affect diagnostic accuracy (43,44). 
Therefore, more specific radiotracers are needed. With extensive research currently 
being done on developing new radiotracers specifically targeting macrophages, nuclear 
imaging may not only provide a non-invasive tool for the diagnosis of LVV but may also 
be useful in assessing disease progression and effectiveness of treatment in reducing 
vessel wall inflammation.

Positron emission tomography (PET) and single photon emission 
computed tomography (SPECT)
PET and SPECT are nuclear imaging techniques based on detection of gamma rays 
(45-46). Of all existing in vivo imaging techniques, PET and SPECT have the highest 
sensitivity – up to picomolar level for PET and nanomolar level for SPECT – while other 
techniques such as MRI can only achieve milli to micromolar sensitivity. Despite their 
superior sensitivity, spatial resolution of PET and SPECT is limited and anatomical in-
formation is poor when compared to other techniques making PET/SPECT less useful 
for imaging medium to small vessels (<4 mm) (45,47,48). However, the ability of PET 
and SPECT to visualize functional information in vivo is important for early diagnosis 
and disease assessment. Since MR or CT can provide morphological information and 
better spatial resolution, these modalities are often combined in a single PET/CT, PET/
MR or SPECT/CT camera system, referred to as hybrid imaging. These combinations 
provide an improvement to the limited spatial resolution of PET and SPECT (46,49). 
Using combined PET/CT, Gaemperli et al. successfully detected temporal artery inflam-
mation in GCA patients (50). The combination of these modalities is also important to 
obtain accurate molecular and anatomical image co-registration, including soft tissue 
attenuation correction, for accurate quantification of radiotracers in target tissues (49).

Besides the similarities between PET and SPECT, each modality also offers specific 
advantages. The main advantage of PET over SPECT is its higher sensitivity, spatial 
resolution and the ability of absolute quantification. Another advantage of PET is that the 
radiotracers are identical to the non-radioactive counterparts (i.e. substitution of C12 with 
C11) (45,51). With regard to background noise, Takahashi et al. compared PET and SPECT 
by using 90Y, a radionuclide that can be used for both PET and SPECT, and showed that 
PET produced superior images compared to SPECT due to lower background noise (52). 
However, SPECT also offers some advantages over PET. SPECT radionuclides generally 
have longer half-lives compared to PET radionuclides making them more suitable for la-
beling larger biomolecules such as peptides and antibodies. As larger biomolecules have 

a slower rate of tissue penetration – translating to a longer time for the radiotracers to 
reach target tissues – the longer half-lives of SPECT radiotracers allow the measurement 
of slow kinetic processes that might take hours or days to achieve (45,53) Nevertheless, 
emerging PET radionuclides such as 64Cu and 89Zr have longer half-lives, comparable to 
SPECT radionuclides, and are gaining popularity for antibody tagging (immuno-PET). De-
spite the multiple advantages of PET over SPECT, PET should not be assumed to be the 
preferred method of nuclear imaging. This is because SPECT scanners are more widely 
available, SPECT scans are relatively inexpensive and production of SPECT radiotracers 
are independent of a cyclotron. Additionally, recent advances in gamma cameras have 
improved the resolution and sensitivity of SPECT although spatial resolution of PET is 
still comparatively higher (46,54). In daily practice, the design of radiotracers to be used 
for nuclear imaging between these two modalities is mainly based on the availability of 
the machines, cost and the target molecule to be tagged.

Macrophage targeted PET and SPECT radiotracers
Since macrophages are key players of various inflammatory disorders and oncolog-
ical conditions, they are considered an important target for nuclear imaging both for 
diagnosis and assessment of treatment effectiveness. The importance of macrophage 
targeting is also emphasized by the recent increase in research and development of 
new radiotracers targeting various biological pathways and markers on macrophages 
for LVV and other related inflammatory diseases (Figure 1).

Clinically investigated macrophage targeted radiotracers for LVV
To date, the only radiotracer used in clinics for diagnosis of LVV is [18F]FDG. Macrophage 
targeted radiotracers targeting translocator protein (TSPO) have also been tested in LVV 
imaging showing promising results emphasizing the suitability of macrophage targeted 
radiotracers for imaging LVV.

Glucose metabolism targeted [18F]FDG-PET
Since the discovery of the usefulness of [18F]FDG-PET in diagnosis of LVV by Blockmans 
et al., this radiotracer has been widely employed for diagnosing GCA and TAK. However, 
consensus guidelines for the interpretation of scan results are currently lacking. Table 1 
summarises the methods currently used for interpretation of [18F]FDG-PET scan results 
in LVV. In a recent study by Stellingwerf et al., different scoring methods for [18F]FDG-PET 
scans in GCA patients were compared (59). The group concluded that the visual grading 
system with grade 3 uptake (higher than liver uptake) yielded the highest diagnostic 
accuracy for qualitative method (sensitivity of 83% and specificity of 91%) while stan-
dardized uptake value (SUVmax) aorta to liver ratio was the superior semi-quantitative 
method (cut-off value of 1.03, sensitivity of 72% and specificity of 92%). However, diag-
nostic accuracy dropped dramatically in patients undergoing glucocorticoid treatment. 
A recent study by Clifford et al. indicated a sensitivity and specificity of only 71.4% and 
64.3% respectively in GCA patients after only 12 days of glucocorticoid treatment (60). 

2



38 39CHAPTER 2 MACROPHAGE TARGETED IMAGING IN LVV

Thus, although [18F]FDG-PET has been proven a useful tool for diagnosis of LVV, more 
specific radiotracers are needed to improve diagnostic accuracy especially in patients 
undergoing glucocorticoid treatment. Additionally, in regards to disease monitoring, 
Blockmans et al. also published their findings on repetitive [18F]FDG-PET scan on GCA 
patients undergoing glucocorticoid treatment where lower [18F]FDG uptake was shown 
compared to baseline and 3 months after treatment but no further reduction was shown 
after 6 months of treatment in patients with and without a disease flare (61). However, 
these results appear inconsistent with recent observations by Malezewski et al. in repeat 
temporal artery biopsies demonstrating a time-dependent decrease of macrophage rich 
granulomatous inflammation in GCA patients upon glucocorticoid treatment of 50% and 
25% after 9 and 12 months respectively (62). This inconsistency might be caused by [18F]
FDG uptake by other persistent infiltrating lymphocytes in the vessels despite reduction 
in inflammation. In addition, higher [18F]FDG uptake has also been reported in aging ves-
sels due to changes in metabolic activity, vessel wall remodeling and atherosclerosis 
(43,44). Therefore, more specific macrophage targeted radiotracers are also needed for 
better visualisation of reduced inflammation and treatment monitoring.

Table 1. Summary of [18F]FDG-PET scoring methods in LVV diagnosis.

Method Description Reference

Qualitative First impression visual method based on expert opinion (55)

Qualitative Visual grading system based on four point scale (grade 0 = no 
vascular uptake, grade 1 = lower than liver uptake, grade 2 = similar 
to liver uptake, grade 3 = higher than liver uptake).

(56)

Semi 
quantitative

Ratio between the aortic wall standardized uptake value (SUVmax 
aorta) and liver uptake (SUVmax liver).

(57)

Semi 
quantitative

Ratio between the aortic wall standardized uptake value (SUVmax 
aorta) and lung uptake (SUVmax lung) or venous blood pool 
background (SUVmean venous blood pool).

(58)

Figure 1. Distribution of macrophage specific radiotracers targets. These biomarkers are generally 
expressed in all activated macrophages. However, some markers are highly upregulated on M1 
macrophage while the others are expressed more on M2 macrophages. This figure showed the 
expression of the markers based on dominant expression on M1 and M2 subset.
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Translocator protein (TSPO) targeted imaging
For over 20 years, macrophage targeted radiotracers targeting translocator protein 
(TSPO; also known as PBR or peripheral benzodiazepine receptor) have been used in 
PET imaging for neuroinflammatory diseases (Table 2). TSPO is a 18kDa protein ex-
pressed on the outer membrane of mitochondria. Although TSPO is expressed in both 
M1 and M2 subsets, some reports have shown higher expression in M2 macrophages 
[63,64]. In more recent studies, targeting TSPO receptors has shown promising results 
in imaging non-neuronal inflammatory diseases such as rheumatoid arthritis, athero-
sclerosis, GCA, TAK and systemic lupus erythematosus (65-67,69,72,77). Pugliese et al. 
first tested [11C]PK11195, a TSPO targeted radiotracer, for LVV imaging in a small study 
involving fifteen patients with a systemic inflammatory disorder with a high suspicion 
of LVV (67). Visual analysis showed focal vascular uptake in all six symptomatic pa-
tients as compared to no uptake in asymptomatic patients. Semi-quantitative analysis 
comparing the SUVmax aorta to the SUVmax venous blood pool revealed that all six 
symptomatic patients had individual target to background ratios (TBR) of >1.20 (2.41 ± 
1.59, p = 0.001) while all asymptomatic patients had TBR of <1.20. A PET/CT scan was 
repeated for one symptomatic patient after 20 weeks of glucocorticoid treatment and 
the result indicated a reduction of vascular 11C-PK11195 uptake in parallel with a reduc-
tion of serum inflammatory markers and clinical improvement. Furthermore, Lamare 
et al. tested [11C](R)-PK11195 in individuals with systemic inflammation suspected of 
LVV (symptomatic, n=3; asymptomatic, n=4) (72) demonstrating a two-fold increase of 
vascular [11C](R)-PK11195 uptake in symptomatic patients as compared to asymptomatic 
patients. These studies suggest the potential of targeting TSPO for LVV imaging and 
support the contention that targeting (M2) macrophages is feasible for imaging LVV. 
However, there is a disadvantage in targeting TSPO. Owen et al. found that in some 
patients, TSPO tracers were less efficient in binding to the target receptor (97,98). Older 
generation TSPO targeted radiotracers such as PK11195 based tracers also have high 
background blood-pool accumulation which affects their accuracy. Nevertheless, new 
TSPO targeted radiotracers with improved binding characteristics compared to classic 
TSPO radiotracers have been developed and are currently being evaluated in pre-clinical 
studies although these new tracers exert various binding capability depending on TSPO 
polymorphism (Table 2).

Table 2. List of TSPO targeted radiotracers in inflammatory disorders.

Radiotracer Modality Clinical/
preclinical

Disease Reference

[11C]PK11195 PET Clinical Multiple sclerosis (65)

PET Preclinical Neuro-inflammation (66)

Table 2. Continued.

Radiotracer Modality Clinical/
preclinical

Disease Reference

PET/CT Clinical Systemic inflammation 
(predominantly GCA)

(67)

PET Preclinical Neuro-inflammation (68)

PET/CT Clinical Atherosclerosis (69)

PET Preclinical Cerebral ischemia (70)

[11C](R)-PK11195 PET Clinical Rheumatoid arthritis (71)

PET/CT Clinical Systemic inflammation 
(predominantly GCA)

(72)

PET Preclinical Traumatic brain injury (73)

PET Clinical Multiple sclerosis (74)

PET Preclinical Lung inflammation (75)

PET Preclinical Liver damage (76)

PET Clinical Rheumatoid arthritis (77)

PET Preclinical Cerebral ischemia (78)

[18F]DPA714 PET Preclinical Neuro-inflammation (66)

PET Preclinical Abdominal aortic aneurysm (79)

PET Preclinical Multiple sclerosis (80)

PET Preclinical Cerebral ischemia (70)

PET Preclinical Peripheral tissue 
inflammation

(81)

PET/CT Preclinical Rheumatoid arthritis (82)

PET/CT Preclinical Allograft rejection (83)

PET Preclinical Traumatic brain injury (84)

[11C]PBR28 PET Clinical Multiple sclerosis (85)

PET Preclinical Acute inflammation and 
adjuvant arthritis

(86)

[11C]PBR111 PET Preclinical Epilepsy (87)

PET Preclinical Multiple sclerosis (88)

PET Clinical Multiple sclerosis (89)

[18F]PBR06 PET Clinical Quantification of brain 
TSPO expression

(90)

[18F]FEDAC PET Preclinical Lung inflammation (75)

PET Preclinical Liver damage (76)
18F]FEDAA1106 PET Clinical Multiple sclerosis (91)

PET Preclinical Atherosclerosis (92)

[11C]DPA713 PET Preclinical Neuro-inflammation (66)

[11C]vinpocentine PET Clinical Multiple sclerosis (65)
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Table 2. Continued.

Radiotracer Modality Clinical/
preclinical

Disease Reference

[11C]SSR180575 PET Preclinical Neuro-inflammation (68)

[11C]DAC PET Preclinical Multiple sclerosis (93)

[18F]GE-180 PET Preclinical Cerebral ischemia (78)

[125I]DPA-713 SPECT/CT Preclinical Tuberculosis associated 
inflammation

(94)

SPECT/CT Preclinical Atherosclerosis (95)

SPECT/CT Preclinical Chronic pancreatitis (96)

Macrophage targeted radiotracers investigated in other inflammato-
ry diseases
To date, a number of macrophage targeted tracers are already available clinically or are 
being evaluated in clinical studies for oncological and other inflammatory diseases. In 
addition, many newly developed macrophage targeted tracers are currently emerging 
and are undergoing preclinical testing. Although these tracers have yet to be tested for 
vasculitis, such radiotracers have potential to be used for macrophage imaging in LVV 
as well.

Macrophage targeted radiotracers in clinical studies
Besides targeting glucose metabolism and TSPO, macrophage targeted radiotracers 
targeting other biological pathways and receptors are already available for diagnosis 
and assessment of many other diseases (Table 3). These tracer targets are generally 
expressed in all activated macrophages. However, some target receptors or metabolic 
activities are higher in certain subsets of macrophages depending on the polarisation 
stimulus in the microenvironment. Therefore, some of these tracers are more suitable to 
target M1 macrophage while others preferentially target M2 macrophages. As mentioned 
earlier, macrophages are incredibly plastic and switch phenotypes governed by factors 
in the microenvironment. Therefore, although these radiotracers have potential to be 
utilized for LVV imaging, their suitability needs to be further investigated as macrophages 
in LVV lesion might express different targets compared to other diseases.

Apart from surface receptors, some tracers target biological pathways. Similar to 
imaging glucose uptake in [18F]FDG-PET, radiolabelled choline has been used to target 
macrophages and tumors. Choline is a precursor of phosphatidylcholine, a major con-
stituent of the cell membrane with increased choline uptake by tumors and activated 
macrophages at inflammatory sites having been previously reported (111). Vöö and col-
leagues imaged atherosclerotic patients with [18F]FCH (fluorocholine) revealing a higher 
uptake in symptomatic plaques compared to asymptomatic plaques that was highly 
correlated with macrophage infiltration (108).

Another pathway utilized in macrophage targeting involves system XC̅. System XC̅ is 
a cell membrane transporter that functions in cysteine/glutamate uptake and its expres-
sion is reported to be upregulated in LPS and IFN-γ induced M1 macrophages (113,114). 
Chae et al. imaged a 18F labeled glutamate derivative, [18F]FSPG, that is specifically taken 
up by system XC̅, in sarcoidosis patients (115). Their findings showed a higher radiotracer 
uptake in sarcoidosis patients than in non-sarcoidosis patients. Additionally, compared 
to [18F]FDG, [18F]FSPG demonstrated significantly lower background uptake. Another ra-
diotracer, [11C]Methionine ([11C]MET), a well-established radiotracer for neuro-oncological 
diseases is also rising in imaging inflammatory diseases. The principle behind [11C]MET 
PET is that proliferating cells have elevated amino acid uptake and studies have reported 
that infiltrating macrophages in tumor lesions showed increased methionine uptake 
(116). The first report of [11C]MET in inflammatory disease was reported by Morooka et 
al.  where the group imaged nine patients with myocardial infarction and found [11C]MET 
uptake in infarct regions (117). Recent reports also showed a 7 fold increase of [11C]MET 
in M1 macrophages in comparison to M2 macrophages and lower background uptake 
compared to [18F]FDG (118,119).

Table 3. Macrophage targeted radiotracers in clinical studies.

Tracer target Dominant 
macrophage 
subset

Radiotracer Type Modality Disease Reference

Somatostatin 
receptor (SSTR)

M1 [68Ga]DOTATATE
[64Cu]DOTATATE
[68Ga]DOTATOC
[64Cu]DOTATATE
[68Ga]DOTANOC
[68Ga]DOTATATE

Chemical
Chemical
Chemical
Chemical
Chemical
Chemical

PET/CT
PET/MR
PET/MR
PET/CT
PET/CT
PET/CT

Atherosclerosis
Atherosclerosis
Atherosclerosis
Atherosclerosis
Cardiac 
sarcoidosis
Atherosclerosis

(99)
(100)
(100)
(101)
(102)
(103)

Macrophage 
mannose receptor 
(MMR/CD206)

M2 [99mTc]
Tilmanocept

Chemical SPECT/
CT

Arterial 
inflammation

(104)

CXCR4 (CD184) M2 [68Ga]pentixafor Chemical PET/MR Atherosclerosis (107)

Choline 
metabolism

M1/M2 [18F]FCH Chemical PET/CT Atherosclerosis (111)

Folate receptor 
beta (FR-β)

M2 [99mTc]EC20 Chemical SPECT Rheumatoid 
arthritis

(110)

System XC̅ 
(cysteine/
glutamate 
antiporter)

M1 [18F]FSPG Chemical PET/CT Sarcoidosis (115)

Amino acid 
metabolism

M1 [11C]methionine Amino 
acid

PET Myocardial 
infarction

(117)
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Upon activation, certain enzymes are upregulated in macrophages which can therefore 
be utilized as tracer targets. Two of such enzymes are inducible nitric oxide synthase 
(iNOS) and cathepsin. The enzyme iNOS synthesizes Nitric oxide (NO) that is highly 
upregulated in M1 macrophages and has been widely used as a marker for M1 macro-
phages (120-122). Huang et al. synthesized a novel iNOS specific radiotracer for PET 
imaging referred to as [18F]NOS and tested the tracer in a human model of lung inflamma-
tion (endotoxin instillation) (123). It was found that there was a 30% increased radiotracer 
uptake after endotoxin-induced lung inflammation compared to baseline. On the other 
hand, cathepsins are cysteine proteases that are highly expressed in macrophages. 
While cathepsins are expressed in both M1 and M2 macrophages, studies have shown 
that expression levels are higher in M1 macrophages (124-126). Withana and colleagues 
generated a 64Cu labeled probe (BMV101) for targeting cysteine cathepsins for fibrosis 
PET imaging in pulmonary fibrosis patients demonstrating a three-fold greater radio-
tracer uptake in the patients’ lungs compared to healthy controls (127).

Macrophage targeted radiotracers in preclinical studies
As described above, numerous macrophage targeted tracers are already clinically avail-
able, but the specificity of the tracers can still be improved for better diagnostic accura-
cy. Better and more specific radiotracers targeting for example SSTR, MMR and folate 
receptors are being developed and extensive research is currently focused on developing 
new macrophage targeted tracers targeting various other receptors and biological path-
ways (Table 4). A particularly interesting newly developed [18F]PEG-folate targeting FR-β 
has been reported to be more sensitive compared to [18F]FDG. It has also been shown to 
have a lower blood-pool radioactivity and 1.5 times improved target to background ratio 
compared to [11C](R)-PK11195 (141,142). Since [11C](R)-PK11195 was already proven to be 
superior to [18F]FDG in LVV imaging, the new [18F]PEG-folate might prove to be useful in 
LVV imaging. Additionally, a shift towards peptide and antibody based radiotracers can 
be observed in current radiotracer developments with multiple studies showing promis-
ing results. Short peptides such as cinnamoyl-F-(D)L-F-(D)L-F (cFLFLF) and D-Ala1-pep-
tide T-amide (DAPTA), formyl peptide receptor 1 (Fpr1) and chemokine receptor CCR5 
antagonists were recently labeled with radioligands for macrophage imaging in murine 
models (145,146,149). Radiotracers based on antibodies that bind to macrophage sur-
face receptors such as CD163, CD11b, CD169 and CRIg have also been developed and 
studied in murine models of atherosclerosis, host versus graft disease and rheumatoid 
arthritis (145,147,148,151,152). These peptide and antibody based radiotracers might 
exhibit higher specificity for macrophages compared to chemical radiotracers utilizing 
metabolic activity such as [18F]FDG, however they are large in size and therefore have 
poor tissue penetration ability and slow blood clearance.

Macrophages are phagocytic cells. Based on this principle, radiolabelled nanoparticles 
have been developed to target macrophages based on their ability to phagocytose these 
nanoparticles. Recently, Park et al. developed [89Zr]oxalate for PET imaging of rheumatoid 

arthritis in mouse models (156). Small animal PET showed higher [89Zr]oxalate uptake 
compared to [18F]FDG in RA induced joints. Nahrendorf et al. developed a 64Cu labeled 
dextran-coated magnetic nanoparticle, [64Cu]TNP, which can be used for PET imaging 
as well as a contrast-enhancing agent for MRI (154). In an atherosclerotic mouse model, 
[64Cu]TNP showed higher signals in atherosclerotic plaques when compared with [18F]
FDG whereas histological examination revealed a direct correlation between [64Cu]TNP 
uptake and CD68+ macrophages. This study illustrates the potential of macrophage 
specific radiotracers for the application of hybrid PET/MR imaging.
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Future directions and theranostic applications
Good radiotracers should have a high affinity to its target, be highly specific, have rapid 
plasma clearance, possess a low radiation dose, and exhibit low toxicity (157-159). Hence, 
designing a radiotracer requires thorough consideration of selecting target biomarkers 
or biological pathways, the ligand or molecule for radiolabelling, the target tissue, and 
also in determining suitable radionuclides. However, not all molecules are suitable for 
tagging with any readily available radionuclide. For example, tagging an antibody with the 
short half-life 11C radionuclide would yield an incompetent radiotracer since a viable an-
tibody requires a longer period of distribution and tissue penetration time. The choice of 
radionuclide is also important in consideration of the target tissue. In general, sufficient 
time for blood clearance is preferred to lower the background blood-pool radioactivity. 
Depending on the molecule’s blood clearance rate, some molecules with slower clear-
ance rate are more suitable to be tagged with longer half-life radionuclides such as 18F 
while molecules with rapid blood clearance can be tagged with short half-life radionu-
clides such as 11C. In LVV imaging especially, rapid blood-pool clearance is a particularly 
important aspect to be taken into consideration in designing new radiotracers.

All radiotracers listed in Table 2-4 are potentially applicable in LVV imaging. Theo-
retically, radiotracers targeting specific markers are better choices than radiotracers 
targeting metabolic activity. An example is the high background [18F]FDG uptake in other 
proliferating cells. Targeting TSPO has been proven to work in LVV imaging. Therefore, 
newly developed [18F]PBR06, [18F]FEDAC, [18F]FEDAA1106 and [18F]GE-180 may have a 
great potential for LVV imaging. Other clinically established radiotracers targeting SSTR 
such as [64Cu]DOTATATE and newly developed [18F]FDR-NOC may also prove to be useful 
in LVV imaging. [18F]PEG-folate which has been shown to be superior compared to first 
generation TSPO imaging tracers because of better target-to-background signal and 
might also be an interesting option for LVV imaging. However, although these tracer 
targets are highly expressed on activated macrophages, they are also expressed on 
other cells. Newer radiotracers such as [18F]NOS and [68Ga]pentixafor are more specific 
and may prove to be better macrophage targeted radiotracers although their suitability 
in imaging LVV has yet to be investigated. Antibody based radiotracers such as [68Ga]
ED2 (anti CD163), [99mTc]MAG3-anti-CD11b and [99mTc]anti-Vsig4-nanobody could be su-
perior to chemical based radiotracers because of their high specificity for macrophages. 
However, these radiotracers are large (150 kD) and will have problems penetrating the 
tissue and have yet to undergo clinical trials. Additionally, there is currently no available 
data showing the capability of these radiotracers in discriminating atherosclerosis and 
vasculitis. Since both of these diseases are characterized by the influx of macrophages 
and T cells, it is important for future studies to distinguish the macrophage subsets and 
the difference in biomarker expression between the macrophages in atherosclerotic 
lesions and vasculitic lesions. It is also important to compare these radiotracers in 
both diseases to discover radiotracers capable of distinguishing vasculitic lesions and 
atherosclerotic lesions.

Radiolabelled antibodies may also shed new light in theranostic applications. Theranos-
tics is a newly coined term that refers to a molecule that can act as both a diagnostic 
and therapeutic tool. Various theranostic radiopharmaceuticals have been developed 
for cancer therapy [for a comprehensive review see (160)]. A possible theranostic ap-
proach in LVV may be to radiolabel specific therapeutic antibodies or drugs with radio-
nuclides – thereby providing imaging capability and hence identification of the potential 
therapeutic target, followed by higher targeted, unlabelled therapeutic dose. This may 
support development of precision medicine. With regard to macrophages, macrophage 
targeted therapy has been proven to be effective in several inflammatory disorders with 
several newly developed macrophage targeted therapeutic antibodies and immunotoxins 
(161,162). Radiolabelling these therapeutic agents may be an interesting prospective 
development in the theranostic field. However, it is currently unknown whether or not 
macrophage targeted therapy is beneficial in LVV. Further studies involving this modality 
in vasculitis should be carried out before theranostic applications can be considered.

Concluding remarks
Macrophages are important effector cells in the pathogenesis of large- and medium-ves-
sel vasculitis and hence imaging macrophages is considered an effective tool in the 
diagnosis and monitoring of these diseases. Over the past decade, [18F]FDG-PET has 
been proven to be a valuable modality in the early diagnosis of large vessel vasculitis 
but quickly loses its diagnostic accuracy following glucocorticoid treatment and less 
useful in monitoring long-term treatment follow-up of patients. As the main principle 
behind [18F]FDG-PET is to image activated macrophages and lymphocytes, numerous 
well-established and newly emerging macrophage targeted radiotracers may prove to 
generate more favorable results than [18F]FDG-PET in imaging LVV. Newer radiotracers 
such as [18F]PBR06, [64Cu]DOTATATE, [18F]PEG-folate, [18F]NOS and [68Ga]pentixafor are 
more macrophage specific than [18F]FDG. Moreover, antibody based radiotracers such 
as [68Ga]ED2 (anti CD163) and [99mTc]MAG3-anti-CD11b could even be better compared 
to chemical based radiotracers because of their high specificity. A drawback however, 
is that antibodies are large molecules which impairs tissue penetration. With regard to 
macrophage-targeted tracers, knowledge on macrophage subset distribution and their 
marker expression in LVV is currently limited. Therefore, future studies identifying mac-
rophage phenotypes is required in order to cast a better understanding on the underlying 
pathogenesis of LVV and subsequently provide the necessary insight for better selection 
of tracers as well as new targets for tracer development.
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ABSTRACT

Objective
To determine the presence and spatial distribution of different macrophage phenotypes, 
governed by GM-CSF and M-CSF skewing signals, in giant cell arteritis (GCA) lesions.

Methods
Temporal artery biopsies (TABs, n=11) from treatment-naïve GCA patients, aorta samples 
from GCA-related aneurysms (n=10) and atherosclerosis (n=10) were stained by immu-
nohistochemistry targeting selected macrophage phenotypic markers, cytokines, matrix 
metalloproteinases (MMPs) and growth factors. In vitro macrophage differentiation 
(n=10) followed by flow cytometry, Luminex and ELISA assays were performed to assess 
whether GM-CSF and M-CSF are drivers of macrophage phenotypic heterogeneity.

Results
A distinct spatial distribution pattern of macrophage phenotypes in TABs was identified. 
CD206+/MMP-9+ macrophages were located at the site of tissue destruction, whereas 
FRβ+ macrophages were located in the inner intima of arteries with high degrees of 
intimal hyperplasia. Notably, this pattern was also observed in macrophage-rich areas 
in GCA aortas but not in atherosclerotic aortas. Flow cytometry showed that GM-CSF 
treatment highly upregulated CD206 expression, while FRβ was expressed by M-CSF-
skewed macrophages, only. Furthermore, localized expression of GM-CSF and M-CSF 
was detected, likely contributing to macrophage heterogeneity in the vascular wall.

Conclusions
Our data documents a distinct spatial distribution pattern of CD206+/MMP-9+ macro-
phages and FRβ+ macrophages in GCA linked to tissue destruction and intimal prolifer-
ation, respectively. We suggest that these distinct macrophage phenotypes are skewed 
by sequential GM-CSF and M-CSF signals. Our study adds to a better understanding of 
the development and functional role of macrophage phenotypes in the pathogenesis of 
GCA and opens opportunities for the design of macrophage-targeted therapies.

INTRODUCTION

Giant cell arteritis (GCA) is an inflammatory disorder and the most frequent form of 
vasculitis. GCA affects the medium and large vessels and occurs exclusively in elderly 
individuals (1). Patients with GCA present with various symptoms, depending on which 
arteries are affected (2). Inflammation of cranial arteries (e.g. the temporal artery) often 
leads to headache but can also cause ischemic symptoms such as jaw claudication 
and vision loss. Large arteries such as the aorta can also be affected, although symp-
toms of large-vessel GCA are often nonspecific, which may lead to diagnostic delay (3). 
Without proper treatment, large-vessel GCA can cause aortic aneurysm and dissection 
due to chronic damage to the vascular wall (4). Glucocorticoids (GCs) remain the main 
treatment option for GCA patients, although novel GC-sparing therapies have recently 
become available, such as tocilizumab (IL-6 receptor blockade) (5).

The pathology of GCA is characterized by a granulomatous infiltrate in the vessel 
wall, which mainly consists of T cells and macrophages (1). However, the trigger of 
this process is still unclear. It is generally thought that resident dendritic cells in the 
vessel wall, after pattern recognition receptor stimulation, become activated and start 
producing cytokines and chemokines that attract T cells into the vessel wall. Activated 
T cells produce cytokines and growth factors that activate the vascular smooth muscle 
cells, which in turn produce CCL2 and CX3CL1, recruiting monocytes to the lesion. These 
monocytes differentiate into macrophages upon entering the tissue (1,6). Some of the 
macrophages fuse and develop into multinucleated giant cells (7). Macrophages in GCA 
lesions are derived from circulating monocytes, of which three subsets have been iden-
tified: classical CD14highCD16- cells, intermediate CD14highCD16+ cells and non-clas-
sical CD14dimCD16+ cells.

Macrophages are the main producers of proinflammatory cytokines, growth factors 
and tissue-destructive molecules, including matrix metalloproteinases (MMPs) (8), which 
enhance inflammation, cause damage to the lamina elastica (9) and contribute to vessel 
wall remodeling and intimal hyperplasia. Infiltration and cellular proliferation in the inti-
mal layer of the artery ultimately lead to occlusion, a process responsible for the isch-
emic symptoms (1). Recently, macrophage-derived MMP-9 was reported to be essential 
for T-cell infiltration into the vessel wall (10). Macrophages also play a major role in the 
skewing of T cells in the vessel wall by producing polarizing cytokines. T cells activated 
in the presence of IL-12 and IL-18 develop into IFNγ-producing Th1 cells, whereas IL-1β, 
IL-6 and IL-23 lead to Th17 activation (11). GCA tissue displays a mixed population of 
proinflammatory Th1 and Th17 cells but essentially lacks Th2 cells or Tregs (1).

Macrophages are incredibly plastic cells that can switch phenotypes and functions 
depending on environmental cues. The growth factors granulocyte macrophage stimu-
lating factor (GM-CSF) and macrophage colony stimulating factor (M-CSF) were shown 
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to skew macrophages into different phenotypes (12). CD206 (mannose receptor), a mac-
rophage marker associated with tissue remodeling, was found to be highly upregulated 
on GM-CSF-primed macrophages (13). Folate receptor β (FRβ), on the other hand, has 
been described as a marker of M-CSF-induced differentiation (14). FRβ+ macrophages 
have been associated with fibroblast activation and proliferation in rheumatoid arthritis 
(15). Fibroblast proliferation is also a key finding in the intimal layer in GCA and eventually 
leads to luminal occlusion. Whether macrophages from GCA patients respond similarly 
to GM-CSF and M-CSF skewing signals needs to be elucidated. Moreover, the expression 
of GM-CSF and M-CSF in GCA lesions and their relation to macrophage heterogeneity 
has not yet been assessed.

Although macrophages are one of the dominant inflammatory cellular infiltrates in 
GCA lesions (6,16-19), little is known about their phenotypic heterogeneity and spatial 
distribution within the affected vessel wall. We hypothesized that within GCA lesions, 
distinct macrophage phenotypes are associated with distinct functions and lesion mor-
phology, dictated by local GM-CSF and M-CSF production. To address this hypothesis, 
we first comprehensively characterized macrophage phenotypes in affected temporal 
artery biopsies (TABs) and aortic samples from GCA patients, in relation to lesion mor-
phology. To this end, we used a panel of established macrophage polarization markers 
and inflammatory factors. Next, to investigate whether GM-CSF and M-CSF signals are 
crucial drivers of macrophage polarization, their effects on macrophage differentiation 
and phenotypes were determined in vitro. In addition, we assessed the expression of 
GM-CSF and M-CSF in GCA lesions.

METHODS

Patients
Eleven inflamed TAB tissue samples of histologically proven GCA collected before the 
start of GC treatment were studied (Table 1). The diagnosis of GCA was based on a 
positive (panartertic) TAB, based on a pathologist’s assessment or a positive 18F-fluo-
rodeoxyglucose (FDG) positron emission tomography/computed tomography (PET-CT) 
for GCA. In addition, noninflamed TAB tissue from patients who had (PET-CT proven) 
GCA, isolated PMR patients, and individuals who had neither GCA nor PMR (n=5 each) 
were included as controls. PMR was diagnosed by a positive PET-CT for PMR. Clinical 
and laboratory data for these patients were collected as part of our prospective cohort 
study. The study was approved by the institutional review board of University Medical 
Center Groningen (METc2010/222). Written informed consent was obtained from all 
study participants. All procedures were in compliance with the Declaration of Helsinki.

Aorta tissues from GCA patients (n = 10) and age-matched atherosclerotic controls 
(n=10) were retrospectively obtained after aortic aneurysm surgery (Supplementary 
Table 1). None of the patients used GCs at the time of surgery. GCA was diagnosed after 

examination of the aortic tissue by pathologists. The patients’ clinical and laboratory 
data at the time of surgery were extracted from medical records. Consent from the In-
ternal Review Board and written patient consent were not required under Dutch law for 
human medical research (WMO) since the tissue was obtained during necessary surgery. 
The patients were informed about the study and agreed that the obtained medical data 
could be used for research purposes in accordance with privacy rules.

Frozen peripheral blood mononuclear cells (PBMCs) from treatment-naïve GCA pa-
tients (n=10) and age- and sex-matched healthy controls (HCs, n=10) participating in the 
prospective cohort study were used for in vitro studies (Table 1). Additionally, for these 
patients, the GCA diagnosis was confirmed by TAB and/or PET-CT. HCs were screened 
by health assessment questionnaires, physical examination and laboratory tests for 
past and actual morbidities and excluded when they were not healthy according to the 
adapted Senieur criteria (20).

Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded tissues were cut into sections of 3 µm. The sections 
were deparaffinized and rehydrated, followed by antigen retrieval in a 95°C water bath 
(for buffers, see Supplementary table 1). For single staining, tissues were incubated with 
primary anti-human antibodies (Supplementary table 1), followed by endogenous per-
oxidase blocking. The tissues were subsequently incubated with secondary antibodies, 
3-amino-9-ethylcarbazole (DAKO, Glostrup, Denmark) for peroxidase activity detection, 
and finally hematoxylin (MERCK, Kenilworth, NJ, USA) as a counterstain. Matching iso-
type controls were also included. For double staining with the macrophage transcription 
factor PU.1, tissues were simultaneously incubated with two primary antibodies (Sup-
plementary table 1). A MultiVision alkaline phosphatase and horseradish peroxidase 
double-staining kit (Thermo Fisher Scientific, Waltham, MA, USA) was used. Reactive 
tonsil tissue was used as a positive control tissue except for the detection of GM-CSF 
where spleen tissue was used. All slides were scanned using a Nanozoomer Digital Pa-
thology Scanner (NDP Scan U 10074-01, Hamamatsu Photonics K.K., Shizuoka, Japan).

GCA-positive TABs, GCA-positive aortas and atherosclerotic aortas were semi-quan-
titatively scored on a five-point scale (0–4): 0 = no positive cells, 1 = occasional positive 
cells (0–1% estimated positive), 2 = small numbers of positive cells (>1–20%), 3 = mod-
erate numbers of positive cells (>20–50%), 4 = large numbers of positive cells (more 
than 50%). An average score was calculated from assessments by two independent 
investigators. Tissues were scored in representative areas that contained infiltrating 
cells, as GCA can contain skip lesions (21).

Triple fluorescence multispectral imaging
Paraffin sections were deparaffinized and rehydrated, followed by antigen retrieval in 
Tris-EDTA buffer (pH 9) in a 95°C water bath for 45 minutes. Tissues were incubated for 
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5 minutes with TrueBlack Lipofuschin autofluorescence blocker (Biotium, Fremont, CA, 
USA) in the dark at room temperature. Next, tissues were incubated with a cocktail of 
primary antibodies (Supplementary table 2). Subsequently, they were incubated with a 
cocktail of secondary antibodies, followed by incubation with a cocktail of tertiary anti-
bodies tagged with fluorescence labels. Afterward, the tissues were incubated with DAPI 
for 5 minutes as counterstain and sealed. Image cubes were captured at a magnification 
of 20X using Nuance Multispectral Imaging System 3.0.1 (PerkinElmer, Waltham, MA, 
USA) using NuanceFX 3.0.1 software (PerkinElmer). All filters available in the system 
were utilized to acquire the image cube with multiple wavelength acquisition (440:460 
for DAPI, 490:530 for Alexa 488, 570:600 for Alexa 568, 710:720 for Alexa 647). Spectral 
unmixing was performed with spectral libraries of each fluorophore assigned different 
colors (DAPI = blue, Alexa 488 = green, Alexa 568 = red, Alexa 647 = yellow), subtracting 
the background autofluorescence. Colocalization of the three fluorophores was analyzed 
and assigned the color cyan.

Monocytes and monocyte-derived macrophages in vitro
GCA and HC monocytes were isolated from thawed PBMCs by negative selection using 
the EasySep monocyte enrichment kit (Stemcell, Vancouver, Canada), which does not 
deplete CD16+ monocytes. Isolated monocytes were analyzed by flow cytometry or 
cultured for seven days in DMEM containing 2 mM glutamine, 60 µg mL-1 penicillin-strep-
tomycin and 10% FCS in the presence of 100 ng mL-1 GM-CSF (Peprotech, Rocky Hill, 
CT, USA) to generate GM-MØs or 100 ng mL-1 M-CSF (Peprotech) to generate M-MØs. 
The medium was replaced on the second and fourth day. On day 7, after collecting the 
supernatants for Luminex assay, monocyte-derived macrophages were harvested using 
citrate saline (135 mM potassium chloride, 15 mM sodium citrate and 1 mM EDTA) for 
15 minutes at 37°C. For macrophage activation experiments, monocytes were cultured 
for 7 days in the same medium in the presence of GM-CSF/M-CSF. The medium was 
replaced on the third and fifth days. LPS (100 ng mL-1) (Sigma-Aldrich, St. Louis, MO, 
USA) was added to the culture during the fifth day medium change. On day 7, superna-
tants were collected for ELISA.

Flow cytometry
Phenotyping of monocytes and monocyte-derived macrophages was performed by flow 
cytometry using fluorochrome-conjugated monoclonal antibodies specific for HLA-DR 
(FITC, BD Biosciences Franklin Lakes, NJ, USA), CD14 (Pacific Orange, Thermo Fisher Sci-
entific, Waltham, MA, USA), CD16 (BUV737, BD), CD64 (APC-Cy7, Biolegend, San Diego, 
CA, USA), CD86 (BV711, BD), CD206 (PE-Cy7, Biolegend) and FRβ (APC, Biolegend). The 
expression of the GM-CSF receptor (BV650, BD) and the M-CSF receptor (PE-Cy7, Bioleg-
end) on monocyte subsets was analyzed by a separate flow cytometry panel (including 
the aforementioned CD14, CD16 and HLA-DR antibodies). Cells were measured on LSR-II 
(BD) flow cytometer. For comparison of the mean fluorescence intensity between ex-
periments, the LSR-II flow cytometer was calibrated for each run using FACSDiva CS&T 

research beads (BD). Data were analyzed using Kaluza software (BD). Monocytes and 
macrophages were gated by FSC/SSC, doublets were excluded, and dead cells were 
excluded using Zombie dye (Biolegend). To exclude contaminating lymphocytes in the 
monocyte gate, cells negative for both HLA-DR and CD14 were gated out. Monocyte 
subsets were gated based on CD14 and CD16 expression (6). Gating strategy plots are 
available as Supplementary figure 6.

Luminex and ELISA assays
Supernatants from the GM-MØ and M-MØ cultures (non-activated and activated) were 
stored at -20°C until further use. In supernatants of non-activated cultures, levels of IL-1β, 
IL-6, IL-10, IL-12, IL-23, and MMP-9 were measured with Human premix Magnetic Luminex 
screening assay kits (R&D Systems, Abingdon, UK) according to the manufacturer’s 
instructions and read on a Luminex Magpix instrument (Luminex, Austin, TX, USA). Data 
were analyzed with xPONENT 4.2 software (Luminex). PDGF-AA concentrations in the 
supernatant of activated cultures were measured with the Human PDGF-AA Duo set 
ELISA (DY-221, R&D Systems, Abingdon, UK) according to the manufacturer’s instruction. 
For calculation and graphing purposes of the PDGF data, data points below the detection 
limit of 3.5 pg mL-1 were included and assigned the value of 1.75 pg mL-1. Supernatant 
levels were corrected for the macrophage cell count at the time of harvesting and are 
expressed as ng mL-1 per 50,000 cells.

RNA extraction and qPCR
Total RNA was extracted from healthy donor-derived GM-MØs and M-MØs using the 
RNeasy® Mini Kit (Qiagen, Hilden, Germany). Total RNA was reverse transcribed with 
SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with random hex-
amers (Promega, Madison, WI, USA). Real-time qPCR was conducted with a ViiA™ 7 
Real-Time PCR System with TaqManTM probes (Thermo Fisher) targeting M-CSF (CSF1, 
Hs00174164_m1) and GM-CSF (CSF2, Hs00929873_m1). Amplification plots were ana-
lyzed with QuantStudioTM Real-Time PCR software v1.3. Relative gene expression was 
normalized to β-actin (ACTB, Hs99999903_m1) as an internal control.

Statistics
To analyze the differences between HC and GCA, GM-MØ and M-MØ in the in vitro 
study, nonparametric Mann–Whitney U-tests (two-tailed) were used. Differences in FRβ 
expression scores for the inner intima between patients with low and high vessel oc-
clusion scores were also assessed by Mann–Whitney U-tests. Differences between the 
results of GM-MØ and M-MØ raised from the same donor were analysed with the paired 
Wilcoxon signed-rank test.
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RESULTS

Leukocyte infiltrates detected in different compartments of the arte-
rial wall in GCA-affected temporal arteries, GCA-affected aortas and 
atherosclerotic aortas
Transmural inflammation was found in all GCA-positive TABs, whereas no leukocyte 
infiltrates were found in the non-inflamed control TABs (Supplementary figure 1a&b). 
GCA-positive TABs presented with a high degree of intimal hyperplasia and luminal oc-
clusion, whereas control TABs presented with no or minimal intimal hyperplasia. In the 
aortas from patients diagnosed with GCA, infiltrating leukocytes were found mainly in 
the adventitial and medial layers of the vessel wall (Supplementary figure 1c). The infil-
trates in the media of the GCA aorta often formed a granulomatous rim around necrotic 
areas. This granulomatous infiltration pattern was not found in atherosclerotic aortas. In 
atherosclerotic aortas, however, adventitial infiltrates and massive intimal infiltrates sur-
rounding plaques with minimal medial infiltration were found (Supplementary figure 1d).

Distinct spatial distribution patterns of different macrophage pheno-
types in GCA-affected TABs
In GCA TABs, markers of tissue remodeling macrophages were expressed in different 
layers of the vessel wall (Figure 1a-d and Supplementary figure 2 for all isotype controls). 
CD206 positivity was found mainly in the media, adventitia-media and media-intima 
borders (Figure 1a). Interestingly, MMP-9 staining was also positive in CD206 positive 
regions, suggesting that CD206+ macrophages express MMP-9 (Figure 1b). In contrast, 
FRβ-positive cells were mainly found in the adventitia and inner intima but rarely in the 
media (Figure 1c). Proinflammatory markers CD64, CD86, IL-12, IL-23, IL-6, and IL-1β 
(Figure 1e-j respectively) were strongly expressed in all three layers of the vessel wall, 
most prominently in the adventitia. Additionally, MMP-2 was detected mainly in the 
adventitia and the media (Figure 1d). This suggests that all macrophages in the vessel 
wall express CD64 and are capable of producing proinflammatory cytokines, but con-
comitantly express different tissue remodeling markers in specific compartments of 
the lesions.

Figure 1. Expression of macrophage phenotypic markers, proinflammatory cytokines and matrix-
metalloproteinases in GCA TABs. Single-staining immunohistochemistry (n=11; for CD206 n=9) 
showed the expression of CD206 (a, a*), MMP-9 (b, b*), FRβ (c, c*), MMP-2 (d, d*), CD64 (e, e*), CD86 
(f, f*), IL-12 (g, g*), IL-23 (h, h*),IL-6 (i, i*) and IL-1β (j, j*). Representative stainings are shown. Red box 
indicates zoomed region. Zoomed figures (*). GCA: giant cell arteritis, TAB: temporal artery biopsy.

Expression of CD64, FRβ, CD206 and MMP-9 exclusively colocalized with PU.1 staining 
(Supplementary figure 3). PU.1, a transcription factor highly expressed in macrophages, 
was selected for double staining as it is found in cell nuclei, thereby facilitating visual-
ization of colocalization with the cytoplasmic and membrane staining patterns of the 
other markers. Double staining of CD68 with PU.1 (Supplementary figure 3) showed that 
the vast majority of PU.1 positive cells in TABs also expressed CD68, indicating that 
these cells are indeed macrophages. Although PU.1 can be expressed by mast cells, 
granulocytes, osteoclasts and Th9 cells, these cells are rarely found in GCA lesions 
while macrophages account for the majority of PU.1 positive cells in GCA affected vessel 
walls. In contrast, some cells expressing the pro-inflammatory cytokines IL-12 and IL-23 
stained negative for PU.1, indicating that besides macrophages, other infiltrating or tissue 
resident cells are also able to express these cytokines.

Analysis of consecutive tissue stainings revealed a distinct distribution pattern of 
tissue remodeling markers in specific areas of the vessel (Supplementary figure 4a). 
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More specifically, CD206+/MMP-9+ macrophages were mainly found along the media 
and its borders, whereas FRβ+ macrophages were dominant in the inner intima and in 
the adventitia, areas adjacent to CD206+ macrophages. Triple fluorescence staining 
confirmed that only a subpopulation of CD68+ macrophages, located in the media and 
its borders, expressed CD206 and that MMP-9 expression exclusively co-localized with 
these CD206+ macrophages (Figure 2). The latter would be in line with a tissue-invasive 
role of CD206+/MMP9+ macrophages. Semiquantitative analysis of the tissue stainings 
further corroborated the distinct spatial distribution pattern of CD206+/MMP9+ and 
FRβ+ macrophages in the GCA vessel wall (Figure 3).

Figure 2. MMP-9 is exclusively expressed by CD206+ macrophages in the media and media bor-
ders. Shown are the single staining immunohistochemistry of CD206 and the triple fluorescence 
staining of CD68 (red), CD206 (green) and MMP-9 (yellow) on GCA TAB. Colocalization of CD68, 
CD206 and MMP-9 is shown in cyan. GCA: giant cell arteritis, TAB: temporal artery biopsy, A: 
Adventitia, M: Media, I: Intima.

Figure 3. Localization of proinflammatory and tissue remodeling markers in GCA TABs, GCA 
aortas and atherosclerotic aortas. Expression of surface markers, cytokines, and matrix metallo-
proteinases (MMPs) in GCA-affected TABs (n=11, for CD206 n=9, a), GCA-affected aortas (n=10, b) 
and atherosclerotic aortas (n=10, c) was semiquantitatively scored. Data are presented as Median 
with interquartile range. The intimal layer of GCA aortas and the medial layer of atherosclerotic 
aortas were not scored due to a lack of infiltrating cells. GCA: giant cell arteritis, TAB: temporal 
artery, MMP: matrix-metalloproteinase.

Distribution pattern of macrophage phenotypes in GCA affected aortas 
and atherosclerotic aortas
All surface markers and cytokines were found to be abundantly expressed in both GCA 
and atherosclerotic aortas, albeit in different layers (Figure 3). The distinct pattern of 
different macrophage phenotypes found in GCA affected TABs was also found in the 
media of GCA-affected aortas (Supplementary figure 4b). In the granulomatous rim, 
around sites of tissue necrosis, CD206+/MMP-9+ macrophages were surrounded by 
FRβ+ macrophages. This distinct pattern of macrophage phenotypes, however, was 
not found in atherosclerotic aortas (Supplementary figure 4c). Macrophages around 
atherosclerotic plaques showed a mixed phenotype, with an overlapping expression of 
CD64, CD206, and FRβ without a distinct distribution pattern.

GM-CSF and M-CSF contribute to macrophage phenotypic differences
As GM-CSF and M-CSF are known to influence macrophage phenotypes, we hypothe-
sized that they play a key role in skewing macrophage phenotypes in GCA lesions. To 
test this hypothesis, we investigated the effects of GM-CSF and M-CSF on the phenotype 
of monocyte-derived macrophages in vitro. GM-MØs and M-MØs from healthy donors 
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and GCA patients were analyzed for expression of CD64, CD86, CD206 and FRβ by flow 
cytometry. The culture supernatant was analyzed for IL-1β, IL-6, IL-12, IL-23 and MMP-9.

CD206 expression was found to be significantly higher on GM-MØs compared to 
M-MØs (Figure 4a&c). FRβ however, was expressed only on M-MØs. Additionally, also 
CD64 and CD86 levels were higher on M-MØs (Figure 4c). Compared to unstimulated 
monocyte subsets, both GM-MØs and M-MØs displayed an increased per-cell expression 
of CD206, CD64 and CD86 (Supplementary figure 5). GM-CSF signaling appeared to 
downregulate FRβ expression, as FRβ was expressed by monocytes but not by GM-MØs.

Although clear phenotypic differences were observed by flow cytometry, only minor 
differences in cytokine production were found. While IL-6, IL-23 and MMP-9 production 
were detected in supernatants (Figure 4b), IL-12 and IL-1β production were not (data not 
shown). IL-6 levels were found to be significantly higher in the GM-MØ supernatants 
than in the M-MØ supernatants in both GCA and HCs (Figure 4b&c). For both GCA and 
HCs, MMP-9 production was found to be significantly higher in M-MØs than in GM-MØs.

Figure 4. Macrophage surface marker expression and cytokine production depend on GM-CSF 
and M-CSF signals. Mean fluorescence intensity of CD206 and FRβ on GM-CSF-differentiated 
macrophages (GM-MØs) and M-CSF-differentiated macrophages (M-MØs) from GCA patients 
(n=10) and healthy controls (n=10) (a). Luminex assay (normalized per 50,000 cells) of IL-6, IL-12 
and MMP-9 in culture supernatants of GM-MØs and M-MØs from GCA patients (n=10) and healthy 
controls (n=10) (b). Heat map showing relative expression of the markers on GM-MØs compared 
to M-MØs (c). GCA: giant cell arteritis.

Additionally, the phenotypic differences observed in macrophages from GCA patients 
may, to some extent, already be present in circulating monocytes. By flow cytometry, 
differences in the expression of these markers on monocyte subsets, defined by CD14 
and CD16 expression, were indeed observed (Supplementary figure 5). Interestingly, 
we found elevated expression of CD64 on classical and intermediate monocyte sub-
sets from GCA patients compared to HCs. In contrast, FRβ expression on classical and 
intermediate monocytes from GCA patients was significantly lower compared to those 
from HCs. Although CD206 expression on monocyte subsets was not modulated in 
patients, CD206 expression was higher in GCA GM-MØs and GCA M-MØs than in their 
counterparts from HCs. Thus, circulating monocytes from GCA patients demonstrate a 
phenotype reminiscent of GM-CSF stimulated macrophages.

Local GM-CSF and M-CSF expression patterns may link to the distinct 
macrophage distribution pattern in GCA lesions
As we observed distinct effects of GM-CSF and M-CSF on macrophage surface marker 
expression, we performed IHC for GM-CSF and M-CSF on GCA-affected TABs and aortas. 
These experiments revealed that GM-CSF is dominantly expressed by infiltrating leuko-
cytes and endothelial cells in the adventitial layer of GCA TABs (Figure 5a). M-CSF, on 
the other hand, was found to be abundantly expressed at the site of the CD206+/MMP9+ 
macrophages at the intima-media borders in TABs. These findings were substantiated 
by semiquantitative scoring showing the highest M-CSF score in the media-intima of 
TABs (Figure 5b). In the aorta, GM-CSF was only weakly expressed in medial granulo-
mas, whereas M-CSF was highly expressed at the site of the CD206+ macrophages 
surrounding the necrotic areas (Figure 5a).

To assess the production of GM-CSF and M-CSF by skewed macrophages, we per-
formed real-time qPCR on total mRNA from GM-MØs and M-MØs (derived from HCs). 
We observed significantly higher expression of M-CSF transcripts in GM-MØs than in 
M-MØs (Figure 5c). GM-CSF transcripts, however, were not detected. This finding is in 
line with the tissue staining experiments, where M-CSF was found expressed at the site 
of the CD206+ macrophages in the media and media borders, suggesting that these 
macrophages produce M-CSF.

As CD206 expression was observed to be higher in GCA GM-MØs and M-MØs than in 
their HC counterparts, we reasoned that per-cell expression of the GM-CSF and M-CSF 
receptors might be modulated in GCA monocytes. This, however, did not appear to be 
the case in peripheral blood monocyte subsets from HCs and GCA patients, in which no 
differences were found (Figure 5d). Taken together, our data suggest that the expression 
pattern of GM-CSF and M-CSF in GCA lesions is different and may contribute to the spa-
tial distribution of macrophage phenotypes in GCA lesions. M-CSF produced by CD206+ 
macrophages is likely to prime adjacent macrophages to express FRβ.
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Figure 5. GM-CSF and M-CSF signaling in GCA tissues, macrophages and monocyte subsets. 
Tissue expression of GM-CSF and M-CSF in the temporal artery (TAB) and aorta biopsy tissues 
from GCA patients (a). In the TABs, regions of interest (red) are magnified and shown in the lower 
right corner. In (b), semiquantitative scores for GM-CSF and M-CSF in GCA TABs (n=11) are dis-
played. The relative GM-CSF and M-CSF gene expression of healthy donor PBMC-derived GM-MØs 
and M-MØs (n=8 each, qPCR was performed in triplicates) normalized to β-actin are shown in (c). In 
(d), the mean fluorescence intensity of the GM-CSF receptor and the M-CSF receptor in PBMC-de-
rived monocytes from healthy controls (HC) and GCA patients (n=10 each) is shown. GCA: giant cell 
arteritis, TAB: temporal artery biopsy, GM-MØ: GM-CSF macrophages, M-MØ: M-CSF macrophages.

Macrophage FRβ positivity in the inner intima is associated with inti-
mal hyperplasia
FRβ positivity was found in the inner intima of the TAB; this is the region where intimal 
proliferation occurs. To determine whether the extent of FRβ positivity was associated 
with the severity of intimal hyperplasia, we divided luminal occlusion in GCA-affected 
TABs into mild or massive occlusion based on the intimal thickness score (Figure 6a) 
and related this factor to the extent of FRβ positivity. Indeed, FRβ expression was higher 
in the inner intima region of TABs with massive intimal hyperplasia (Figure 6b).

Growth factors such as platelet derived growth factor (PDGF) could contribute to 
intimal hyperplasia. To investigate whether FRβ+ macrophages could be a source of 
PDGF, we performed macrophage differentiation and activation experiments followed 
by ELISA for PDGF-AA in the culture supernatant. Our results showed that M-MØs pro-
duced significantly higher concentrations of PDGF-AA compared to GM-MØs (Figure 
6c), in both GCA and HC groups. Our data suggests that M-MØs, resembling the FRβ+ 
macrophages indeed have the capacity to produce higher levels of a growth factor 
promoting intimal hyperplasia.

Figure 6. FRβ+ positivity in the inner intima is associated with high degree intimal hyperplasia. 
Classification of mildly and massively occluded TAB based on the thickness of intima (a). The 
Mann–Whitney U-test showed significantly higher expression of FRβ in the inner intima of TABs 
with massive intimal hyperplasia (mild occlusion n=6; massive occlusion n=5) (b). Wilcoxon-signed 
rank test showed higher expression of PDGF-AA in M-MØ compared to GM-MØ (n=10 each, ELISA 
was performed in duplicates for each sample) (c). GCA: giant cell arteritis, TAB: temporal artery 
biopsy, GM-MØ: GM-CSF macrophages, M-MØ: M-CSF macrophages.
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DISCUSSION

In this study, we revealed a distinct spatial distribution of macrophage phenotypes in 
GCA-affected vessel walls and provide evidence that macrophage phenotypic hetero-
geneity is influenced by the growth factors GM-CSF and M-CSF. Moreover, distinct mac-
rophage phenotypes were associated with tissue destruction and intimal hyperplasia. 
Although it has been suggested previously that macrophages have different functions 
in different compartments of the inflamed vessel wall in GCA (17), our study is the first 
to assign different macrophage phenotypes to defined regions of the vessel wall based 
on a broad selection of macrophage markers.

Our data demonstrate that macrophages in GCA-affected TAB show a distinct expres-
sion pattern of surface markers depending on their location in the tissue. Macrophages 
with a proinflammatory phenotype, including expression of Th1- or Th17-skewing cyto-
kines, were detected throughout the vessel wall. CD206+/MMP-9+ macrophages were 
mainly found in the media and media borders along the sites of lamina elastica degra-
dation which is in line with a previous report that MMP-9-producing macrophages are 
located in the media borders (8,10). FRβ-expressing macrophages, on the other hand, 
were mainly found in regions adjacent to the CD206+ macrophages.

Our data suggest a role for GM-CSF and M-CSF in macrophage phenotypic heteroge-
neity in GCA lesions. Previously, CD206 and FRβ were found to be markers for GM-CSF- 
and M-CSF- differentiated macrophages, respectively (13,14). Our in vitro differentiation 
data confirmed that GM-MØs indeed have high expression of CD206 and lack expression 
of FRβ. In contrast, FRβ expression was exclusively upregulated in M-MØs. Additionally, 
GM-CSF has been reported to diminish FRβ expression by macrophages even when 
differentiated in the presence of both GM-CSF and M-CSF (14). These findings suggest 
that CD206+ macrophages in the media and media borders are mainly primed by GM-
CSF, while FRβ+ macrophages adjacent to CD206+ macrophages are primed by M-CSF. 
This also implies a gradient of GM-CSF and M-CSF production in different layers of the 
vessel wall that may be responsible for the distinct macrophage phenotype distribution 
observed. GM-CSF expression was found highest in the adventitia and was mainly ex-
pressed by endothelial cells and infiltrating leukocytes, presumably activated T cells 
and B cells (22,23). M-CSF expression, on the other hand, was localized at the site of 
medial CD206+/MMP9+ macrophages. GM-CSF can induce M-CSF production, as pre-
viously demonstrated in monocytes (24) and confirmed by our qPCR data (Figure 5c). 
Additionally, a recent study showed upregulated expression of GM-CSF receptor in GCA 
affected temporal arteries (25). Furthermore, GM-CSF in combination with IFNγ has been 
reported to significantly increase macrophage fusion into giant cells (26), the hallmark 
of GCA (1). Based on our immunohistochemical stainings, we found that multinucleated 
giant cells in GCA lesions are CD206+ and are located at the site of medial destruction.

We found significantly higher expression of FRβ in the inner intima in TABs with a 
higher degree of intimal hyperplasia. This finding suggests that FRβ macrophages may 
play a role in myofibroblast activation, migration and proliferation, leading to intimal 
hyperplasia. Indeed, improvement of pulmonary fibrosis was shown by depleting FRβ+ 
macrophages (27). FRβ expression has previously been reported in the adventitia of 
GCA TABs (28). Here, we showed that FRβ is also expressed in the inner intima. This 
discrepancy can be explained by differences in the degree of intimal hyperplasia in the 
TABs between studies. Mechanistically, FRβ+ M-MØs in the inner intima may contribute 
to intimal hyperplasia by increased growth factor production such as PDGF-AA (29). 
PDGF-AA is expressed in GCA lesions and could contribute to myofibroblast activation, 
migration and proliferation (30,31). Other growth factors such as FGFs, PDGF-CC and 
PDGF-DD could also potentially play a role in promoting intimal hyperplasia, although 
their relation to FRβ+ macrophages in GCA remains to be elucidated.

Macrophage heterogeneity in GCA lesion could be influenced by step-wise GM-CSF 
and M-CSF signals. Recently, Watanabe et al. proposed two nonmutually exclusive path-
ways by which monocyte-derived macrophages contribute to tissue injury and repair 
(32). In the first pathway, tissue-infiltrating monocytes progressively differentiate from 
proinflammatory macrophages into proresolving macrophages depending on signals 
they encounter within the local microenvironment. In the second pathway, the proin-
flammatory macrophages disappear once the inflammatory trigger has been cleared. A 
second wave of monocytes then enters the tissue, which differentiates into proresolving 
macrophages in response to the environmental cues. Based on our data, we propose 
a potential pathogenic model of GCA involving sequential macrophage differentiation 
events (Figure 7). In this model, infiltrating monocytes are initially primed by GM-CSF, 
after which they differentiate into CD206+ macrophages. These GM-MØs then migrate 
to the media and media borders, exerting their tissue-invasive, digestive and proangio-
genic effects. Additionally, these CD206+ GM-MØs release large amounts of M-CSF, 
which in turn primes the macrophages surrounding them to express FRβ. These FRβ+ 
macrophages then boost myofibroblast migration and proliferation, possibly by higher 
production of growth factors (such as PDGF-AA). This process eventually leads to lu-
minal occlusion.

In contrast to our tissue staining results, MMP-9 production was found to be higher 
in M-MØ than in GM-MØ. This result may be explained by the limitations of the in vitro 
differentiation model. Indeed, the GCA tissue environment is much more complex and 
enriched with a multitude of cytokines. Cytokines such as IFNγ, which is highly expressed 
in GCA lesions (33), could further modulate the expression of surface markers, cytokines 
and MMPs. Indeed, it has been reported that IFNγ synergizes with GM-CSF to increase 
MMP-9, IL-12 and IL-1β production in macrophages (34-36).
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Figure 7. Model of step-by-step giant cell arteritis (GCA) pathogenesis in the temporal artery 
involving GM-CSF and M-CSF. The following steps occur in early-stage GCA. (1) Monocytes enter the 
vessel wall. (2) Infiltrating monocytes are primed by GM-CSF produced by T cells, B cells and endothelial 
cells, after which they differentiate into CD206+ GM-MØs. (3) These CD206+ GM-MØs then migrate to 
the media and media borders, exerting their tissue-invasive, digestive and proangiogenic capabilities. In 
late-stage GCA, the following steps occur. (4) CD206+ GM-MØs release large amounts of M-CSF, which 
in turn primes the macrophages surrounding them to express FRβ. (5) FRβ+ macrophages release high 
concentrations of growth factors that activate myofibroblasts, promoting their migration to the intima and 
(6) inducing their proliferation, which causes intimal hyperplasia and ultimately leads to luminal occlusion.

A distinct macrophage distribution pattern was also observed in GCA-affected aortas 
but not in atherosclerotic aortas. In contrast to TABs, a distinct macrophage distribution 
pattern was observed only within the media of the GCA aortas. The variation in this distri-
bution pattern between TABs and the aorta may be caused by differences in vessel wall 
size and anatomical buildup, as aortas have thicker media with multiple lamina elastica 
layers. In contrast to GCA, but confirming previous reports, macrophages in atheroscle-
rotic aortas were found mainly in the intima surrounding the atherosclerotic plaques (37). 
These macrophages showed overlapping CD64, CD206 and FRβ expression. In line with 
our findings of FRβ positivity around atherosclerotic plaques, reports have shown that 
partial M-CSF depletion reduced atherogenesis (38) and that M-CSF-activated gene sig-
natures are dominant in early atherogenesis (39). We demonstrated that CD206 did not 
colocalize with FRβ+ macrophages in GCA, whereas concomitant CD206/FRβ expression 
was shown in atherosclerosis macrophages. The Th2 cytokine IL-4, highly expressed 
in atherosclerotic lesions but to a limited extent in GCA lesions, can upregulate CD206 
expression on FRβ macrophages (33,40-42). Importantly, GM-CSF was reported to be 
important in necrotic core formation in late-stage atherogenesis (43). Overall, although 
macrophages are abundant in both diseases, the environmental cues governing macro-
phage phenotypes and functions are different. For GCA, we propose a sequential evo-
lution of macrophage polarization that is initially driven by GM-CSF followed by M-CSF 
signals, whereas the opposite sequence of events occurs in atherogenesis.

We observed that circulating monocytes and monocyte-derived macrophages from 
GCA patients display a GM-CSF signature compared to HCs. This finding was reflected 
by lower FRβ expression on monocytes and higher CD206 expression after differentiation 
into macrophages. This also implies that monocytes from GCA patients have a stronger 
response to GM-CSF. However, we found no difference in GM-CSF receptor expression 
between the groups. Additionally, our previous study showed no elevation of GM-CSF in 
the serum of GCA patients (44), implying that other factors confer increased sensitivity 
of GCA monocytes to GM-CSF.

The major strength of our study is the comprehensive analysis of multiple markers of 
inflammation and tissue remodeling, which allows the identification of distinct macro-
phage phenotypes. Our biopsy tissues were obtained from treatment-naïve patients to 
exclude the potential effects of GCs on macrophage phenotypes. Future studies should, 
however, address the impact of GCs on the skewing of lesional macrophage phenotypes. 
Finally, we also included atherosclerotic aortas for comparison and found that the roles 
of macrophages in the pathogenic processes leading to these two diseases are indeed 
different. We identified a possible role for GM-CSF and M-CSF in the local skewing of 
macrophage phenotypes in GCA and substantiated this finding with in vitro differenti-
ation studies. We are aware that our in vitro model does not fully capture the events in 
the tissue, as a plethora of cytokines that can lead to further skewing and activation of 

3
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macrophages were not explored. Future studies should focus on expanding the proposed 
model to incorporate additional activating cytokines and in vivo intervention models.

Our study may aid in expanding current GCA pathogenic models and identifying mark-
ers for targeted therapy. Currently, a GM-CSF receptor-blocking antibody, mavrilimumab 
(NCT03827018), is being evaluated in a phase 2 clinical trial for the treatment of GCA. 
Our findings add to the rationale for targeting the GM-CSF receptor in this disease. Ad-
ditionally, reduced inflammation was shown in a rheumatoid arthritis cartilage explant 
model with a CD64-targeted immunotoxin (45). Although further studies are still needed, 
targeting CD206 might also prove to be useful in reducing tissue destruction while tar-
geting FRβ might prevent luminal occlusion in GCA.

Taken together, vascular lesions of GCA patients display a distinct spatial distribu-
tion pattern of macrophage phenotypes associated with tissue destruction and intimal 
hyperplasia that are likely influenced by local expression of M-CSF and GM-CSF. These 
findings contribute to improved insights into the pathogenesis of GCA and lay the foun-
dation for designing new macrophage-targeted therapies and imaging tracers.
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Supplementary table 2. Triple fluorescence staining panel.

Targets

CD206
(R&D Systems, 
MAB25341)

MMP-9
(abcam, Ab58803)

CD68
(DAKO, M0876)

Nucleus

Isotype 
(primary ab)

Mouse IgG2b
1:20

Mouse IgG1
1:150

Mouse IgG3
1:50

Secondary ab Rat anti-mouse 
IgG2b (Biolegend, 
RMG2b-1)
1:20

Rabbit anti-mouse 
IgG1 (Novus 
Biologicals, Littleton, 
CO, USA, NBP1-
72793)
1:50

Goat anti-mouse 
IgG3 (Southern 
Bioteh, Birmingham, 
AL, USA, 1101-01)
1:75

Tertiary ab Donkey anti-rat 
IgG
(abcam, 
ab150153)
1:40

Donkey anti-rabbit 
IgG
(abcam, ab150075)
1:50

Donkey anti-goat 
IgG
(abcam, ab175704)
1:75

Conjugate/dye AF488 AF647 AF568 DAPI

Longpass filter 
channel

515LP 610LP 590LP 475LP

*: Antibodies against MMPs detect both pro-MMPs and active MMPs

Supplementary figure 1. Tissue topology of the healthy and unhealthy vessel wall. Representative 
hematoxylin staining of a GCA-negative temporal artery biopsy (a), GCA-positive temporal artery 
biopsy (b), GCA-positive aorta (c) and atherosclerotic aorta (d). Infiltrating leukocytes can be found 
in all three layers of GCA-positive TABs, whereas no infiltrates were found in GCA-negative TABs. In 
GCA-positive aortas, infiltrating leukocytes localized mainly in the adventitia and media. In contrast, 
atherosclerotic aortas showed massive intimal infiltration with minimal infiltrates in the media. 
The red box shows a necrotizing granuloma with a leukocyte rim present in GCA-affected aortas 
but not in atherosclerotic aortas. GCA: giant cell arteritis, TAB: temporal artery biopsy.
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Supplementary figure 2. Isotype control for CD64 (a), CD206 (b), FRβ (c), CD86 (d), IL-12 (e), IL-23 
(f), IL-1β (g), IL-6 (h), MMP-2 (i), MMP-9 (j), GM-CSF (k) and M-CSF (l).

Supplementary figure 3. CD64, CD206, FRβ, IL-12, IL-23 and MMP-9 are expressed by macro-
phages. Shown are double staining of the macrophage phenotypic markers, proinflammatory 
cytokines and MMP-9 with macrophage transcription factor PU.1. Double staining of PU.1 and 
CD68 confirmed that PU.1 is a reliable macrophage marker for GCA TAB. GCA: giant cell arteritis, 
TAB: temporal artery biopsy, MMP: matrix-metalloproteinase.

Supplementary figure 4. Distinct macrophage phenotypes are associated with tissue destruction 
and intimal hyperplasia in giant cell arteritis. Shown are consecutive immunohistochemical stain-
ing for CD64, IL-23, IL-12, FRβ, CD206 and MMP-9 in the GCA-affected TAB (a), GCA-affected aorta 
(b) and atherosclerotic aorta (c). The black arrow indicates FRβ-positive cells surround the outer 
region of CD206-positive rim. No distinct distribution pattern detected in atherosclerotic aortas. 
GCA: giant cell arteritis, TAB: temporal artery, MMP: matrix-metalloproteinase.
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Supplementary figure 5. The effects of GM-CSF and M-CSF signals on monocyte and macro-
phage surface markers. Mean fluorescence intensity of CD64, CD86, CD206 and FRβ on monocyte 
subsets, GM-CSF-differentiated macrophages (GM-MØs) and M-CSF-differentiated macrophages 
(M-MØs) from GCA patients (n=10) and healthy controls (n=10). GCA: giant cell arteritis.

Supplementary figure 6. Gating strategies for macrophage subsets (a) and monocyte subsets 
(b). Shown are the representative figures of gating strategies used for gating macrophages and 
monocyte subsets. Monocytes and macrophages were first gated by size according to forward 
and side scatter (FSC/SSC). Doublets were excluded from the analysis using SSC-Height (SSC-H) 
versus SSC-Area (SSC-A) plots. Zombie dye-positive cells were gated out as dead cells. Contami-
nating lymphocytes in the monocyte gate were gated out and excluded from the analysis based on 
negative HLA-DR and CD14 expression. Monocyte subsets were gated based on CD14 and CD16 
expression. Macrophages were gated based on positive HLA-DR and CD86 expression.
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ABSTRACT

Objective
Macrophages mediate inflammation, angiogenesis and tissue destruction in giant cell 
arteritis (GCA). Serum levels of the macrophage-associated protein YKL-40, previously 
linked to angiogenesis and tissue remodeling, remain elevated in GCA despite gluco-
corticoid treatment. Here, we aimed to investigate the contribution of YKL-40 to vascu-
lopathy in GCA.

Methods
Immunohistochemistry was performed on GCA temporal artery biopsies (TABs; n=12) 
and aortas (n=10) for detection of YKL-40, its receptor IL-13Rα2, macrophage markers 
PU.1 and CD206, and the tissue-destructive protein MMP-9. Ten non-inflamed TABs 
served as controls. In vitro experiments with GM-CSF- or M-CSF-skewed macrophages 
were conducted to study the dynamics of YKL-40 production. Next, silencing RNA (siR-
NA)-mediated knock-down of YKL-40 in macrophages was performed to study its effect 
on MMP-9 production. Finally, the angiogenic potential of YKL-40 was investigated by 
tube formation experiments using human microvascular endothelial cells (HMVECs).

Results
YKL-40 was abundantly expressed by a CD206+MMP-9+ macrophage subset in inflamed 
TABs and aortas. Supernatants of GM-CSF-skewed macrophages of GCA patients, but 
not of healthy controls, contained higher levels of YKL-40, compared to M-CSF-skewed 
macrophages. In inflamed TABs, IL-13Rα2 was expressed by macrophages and endothe-
lial cells. Functionally, siRNA-mediated knock-down of YKL-40 led to a 10-50% reduction 
in MMP-9 production by cultured macrophages, whereas exposure of HMVECS to YKL-40 
led to increased tube formation.

Conclusion
In GCA, a GM-CSF-skewed,CD206+MMP9+ macrophage subset expresses high levels 
of YKL-40 which may signal locally through IL-13Rα2 to stimulate tissue destruction and 
angiogenesis. Targeting YKL-40 or GM-CSF may inhibit macrophages that are currently 
insufficiently suppressed by glucocorticoids.

INTRODUCTION

Giant cell arteritis (GCA) is an inflammatory disease affecting the medium- and large-
sized arteries with potential serious acute complications such as blindness and stroke 
(1). Chronic complications can also occur, as long-term aortic inflammation is associat-
ed with the development of aneurysms and aorta dissections (2, 3). GCA is commonly 
treated with glucocorticoids (GCs). More recently, tocilizumab (interleukin (IL)-6 recep-
tor blockade) has become available as GC-sparing therapy in GCA (4). Both GCs and 
tocilizumab treatment suppress disease symptoms. It is less clear, however, if GCs and 
tocilizumab suppress smoldering vascular inflammation, which is likely associated with 
relapses and chronic complications of GCA (5-9).

The inflamed vessel wall of GCA patients is characterized by a granulomatous tissue 
reaction involving mainly T cells and macrophages (1). Besides promoting ongoing in-
flammation, macrophages also release factors leading to myofibroblast proliferation 
(e.g. platelet derived growth factor), angiogenesis (e.g. vascular endothelial growth 
factor (VEGF)) and tissue destruction (e.g. matrix metalloproteinase 9 (MMP-9)) (10, 
11). These processes are responsible for the pathological changes associated with the 
serious complications of GCA, such as vascular occlusion due to intima hyperplasia 
and aneurysms due to media degradation. Importantly, several studies have shown 
that even with treatment macrophage activity persists in GCA patients, indicating that 
current treatments do not sufficiently suppress the local inflammatory response (6, 12). 
Therefore, new strategies and targets are needed to adequately halt inflammation and 
destruction of the vessel wall.

We recently described functionally heterogeneous macrophage subsets in GCA le-
sions, likely due to local signals involving GM-CSF (13). We demonstrated the presence of 
a specific macrophage subset in and around the media layer, that lacked folate receptor 
β expression but showed high expression of the mannose receptor CD206. Importantly, 
these CD206+ macrophages exclusively expressed MMP-9, indicating that these cells are 
likely to be important in media destruction. Moreover, others reported MMP-9 to be an 
important mediator of endothelial cell migration and neoangiogenesis thus facilitating T 
cell and macrophage recruitment to the vessel wall, processes crucial in the pathogen-
esis of GCA (11). Subsequent in vitro experiments demonstrated that the CD206+ mac-
rophage phenotype can be induced by culturing macrophages with GM-CSF, a growth 
factor abundantly expressed in GCA lesions (13). Our findings on functional macrophage 
heterogeneity in GCA lesions, along with additional recent studies on GM-CSF signaling 
in GCA (12), prompted us to investigate the phenotype and functioning of the CD206+ 
macrophage subset in GCA in more detail. To this end, we took clues from the field of 
cancer immunology on tumor-associated macrophages.
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Tumor-associated macrophages promote tumor growth and are associated with poor 
survival (14). Prior studies implicated an important role for YKL-40 produced by tu-
mor-associated macrophages in various inflammatory and tissue remodeling processes, 
including angiogenesis and tissue-destruction. Furthermore, YKL-40 has been implicated 
as an upstream signal for MMP-9 production (15). Although early reports demonstrated 
elevated serum levels of YKL-40 in autoinflammatory conditions, including GCA (16), less 
is known about the role of YKL-40 in the immunopathology of GCA. YKL-40 is a chiti-
nase-like protein, meaning that it is able to bind to chitin but does not cleave it, owing to 
its lack of enzymatic activity (14). YKL-40 production by innate immune cells, including 
macrophages, is induced by various stimuli including the cytokines IL-6, IL-1β and in-
terferon γ (IFNγ) (17). Interestingly, we previously showed that serum levels of YKL-40 
are elevated in GCA patients at diagnosis, but do not normalize after GC treatment. In 
contrast, acute-phase markers such as C-reactive protein (CRP) are strongly suppressed 
by treatment with GCs and tocilizumab, as their levels are highly dependent on IL-6 in GCA 
(7, 18). Moreover, abundant expression of YKL-40 has been documented in GCA tempo-
ral artery biopsies (TABs) (7, 16). However, it is yet unknown which specific cell type(s) 
produce YKL-40 and what the role of YKL-40 is in the immunopathogenesis of GCA.

In this study, we aimed to determine the cellular source of YKL-40 and to investigate 
its contribution to vascular pathology in GCA. Using immunohistochemistry (IHC) and 
immunofluorescence we identified the subset of CD206+ macrophages as the main 
cellular source of YKL-40 in the inflamed TAB and aorta. In the same tissues, we next 
examined the expression of IL-13Rα2, a confirmed YKL-40 receptor (19, 20), to establish 
whether YKL-40 can signal at the site of inflammation. To assess whether YKL-40 is 
an upstream modulator of the tissue destructive MMP-9, we performed in vitro exper-
iments with monocyte-derived macrophages on the dynamics of YKL-40 and MMP-9 
expression. Finally, we confirmed the angiogenic potential of YKL 40 in vitro in a tube 
formation assay. Our data support an important role for the YKL-40-IL-13Rα2 axis in 
tissue destruction and neovascularization in GCA.

METHODS

Patients
Twelve inflamed TAB tissue samples of histologically proven GCA from treatment-naïve 
patients were studied. The diagnosis of GCA was based on a pathologist’s assessment 
of positive panarteritic TAB. Ten noninflamed TABs were included as controls. These 
noninflamed TABs were obtained from positron emission tomography (PET) proven 
GCA patients (skip lesions, n=3), isolated polymyalgia rheumatica (PMR) patients (n=5) 
and from individuals negative for both GCA and PMR (n=2). The study was approved by 
the institutional review board of University Medical Center Groningen (METc2010/222) 
and written informed consent was obtained. Ten inflamed aorta tissues from patients 

with an untreated GCA-related aneurysm were also included (13). All procedures were 
in compliance with the Declaration of Helsinki.

Frozen peripheral blood mononuclear cells (PBMCs) from treatment-naïve GCA pa-
tients and age- and sex-matched healthy controls (HCs) were used for in vitro studies. 
GCA diagnoses of these patients were confirmed by TAB and/or PET. HCs were screened 
by health assessment questionnaires, physical examination and laboratory tests for past 
and actual morbidities and excluded when they were not healthy.

Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections (3 µm) were deparaffinized and rehy-
drated, followed by antigen retrieval in a 95°C water bath (for buffers, see Table S1). For 
single staining IHC, tissues were incubated with primary antibodies targeting YKL-40 and 
IL-13Rα2 or isotype controls (see Table S1). Next, sections were blocked for endogenous 
peroxidase activity and incubated with horseradish (HRP) peroxidase tagged secondary 
antibodies, followed by incubation with 3,3′-Diaminobenzidine (DAB). Sections were 
counterstained with hematoxylin. For double stainings with the macrophage transcrip-
tion factor PU.1 (Supplementary table 1), a MultiVision alkaline phosphatase and HRP 
double-staining kit was used. Reactive tonsil or spleen tissue was used as positive 
control tissue. All slides were scanned using a Nanozoomer Digital Pathology Scanner 
(NDP Scan U 10074-01, Hamamatsu Photonics K.K.).GCA-positive TABs were semi-quan-
titatively scored as described previously (21). Briefly, a five-point (0–4) semi-quantitative 
scale was used: 0 = no positive cells, 1 = occasional positive cells (0–1% estimated pos-
itive), 2 = small numbers of positive cells (>1–20%), 3 = moderate numbers of positive 
cells (>20–50%), 4 = large numbers of positive cells (more than 50%). Scores represent 
the average score of two independent investigators.

Triple fluorescence multispectral imaging
For fluorescence stainings, antigen retrieval was performed using Tris-EDTA buffer (pH 
9) in a 95°C water bath for 45 minutes. Tissues were then incubated with TrueBlack 
Lipofuschin autofluorescence blocker (Biotium, Fremont, CA, USA) for 5 minutes in the 
dark at room temperature. Subsequently, samples were incubated with primary anti-
body cocktails (Supplementary table 2) followed by incubation with fluorescently tagged 
secondary antibody cocktails and, where appropriate, a tertiary antibody (Supplemen-
tary table 2). Tissues were counterstained with DAPI. Image cubes were captured at a 
magnification of 20X using Nuance Multispectral Imaging System 3.0.1 (PerkinElmer). 
To acquire the image cube, multiple wavelengths were used; 440:460 for DAPI, 490:530 
for Alexa 488, 570:600 for Alexa 568, 710:720 for Alexa 647. Spectral unmixing was per-
formed with spectral libraries of each fluorophore assigned different colors (DAPI = blue, 
AF488 = green, AF568 = red, AF647 = yellow), subtracting the background autofluores-
cence. Colocalization of all three fluorophores was assigned the color cyan.
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Monocyte-derived macrophages
Monocytes were isolated from thawed PBMCs from GCA patients and HCs using the 
EasySep monocyte enrichment kit without CD16 depletion (Stemcell, Vancouver, BC, 
Canada). Isolated monocytes were cultured in DMEM containing 2 mM glutamine, 60 
µg/mL penicillin-streptomycin and 10% FCS in the presence of 100 ng/mL GM-CSF (Pe-
protech, Rocky Hill, NJ, USA) to generate GM-MØs or 100 ng/mL M-CSF (Peprotech) to 
generate M-MØs. For the assessment of YKL-40 by GM-MØs and M-MØs, medium was 
replaced on days 3 and 5. LPS (100 ng/mL) was added to the culture on day 5. On day 7, 
supernatants were collected for Luminex assay. For assessment of YKL-40 and MMP-9 
kinetics, macrophages were generated in the presence of GM-CSF (100 ng/mL or 20 ng/
mL). The medium was collected and replaced every 48 hours (day 2, day 4 and day 6) with 
the final collection at day 8. Supernatants were assayed by ELISA for YKL-40 and MMP-9.

siRNA knockdown of YKL-40
Monocytes were isolated from PBMCs as described above. Macrophages were gen-
erated in the presence of 100ng/mL GM-CSF for 6 days. At day 6, macrophages were 
harvested using TrypLE Express detachment enzyme (ThemoFisher, Waltham, MA, USA), 
seeded at 40,000 cells/well (30% confluency) in 200 µL complete medium containing 
GM-CSF in 48 wells culture plate and incubated at 37oC for 2 hours. 300 nM of YKL-40 
siRNA (s2999, Silencer Select, ThermoFisher) or non-targeting control siRNA (4390843, 
Silencer Select, ThermoFisher) were mixed with 4 µL INTERFERin® (Polyplus-trans-
fection, Illkirch, France) in 100 µL DMEM. Hundred µL was added to each well at a final 
concentration of 100nM siRNA. After 24 hours, the medium was replaced with fresh 
complete medium containing GM-CSF and incubated for 24 hours. The medium was 
then refreshed with complete medium containing GM-CSF with or without LPS. After 
24 hours, the medium was collected for ELISA and cells were lysed for RNA extraction.

qPCR analysis
Total RNA was extracted using the RNeasy® Micro Kit (Qiagen, Hilden, Germany) and 
reverse transcribed with SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, 
USA) with random hexamers (Promega, Madison, WI, USA). Real-time qPCR was con-
ducted with a ViiA™ 7 Real-Time PCR System with probes targeting YKL-40 (CHI3L1, 
Hs01072228_m1, Thermofischer). Amplification plots were analyzed with QuantStu-
dioTM Real-Time PCR software v1.3 (Applied Biosystems, Foster City, CA, USA). Relative 
gene expression was normalized to β-actin (ACTB, Hs99999903_m1) as an internal 
control.

Luminex and ELISA assays
Supernatants from the GM-MØ and M-MØ cultures were stored at -20°C until further 
use. Levels of YKL-40 were measured with Human premix Magnetic Luminex screening 
assay kits (R&D Systems, Abingdon, UK) according to the manufacturer’s instructions 
and analyzed on a Luminex Magpix instrument (Luminex, Austin, TX, USA). For kinetics 

and knockdown experiments, levels of YKL-40 and MMP-9 were assessed with Duo 
set ELISA kits (DY2599 and DY911, R&D Systems) according to the manufacturer’s in-
struction. Supernatant levels were corrected for macrophage cell count at the time of 
harvesting and are expressed as ng/mL per 50,000 cells.

Tube formation assay
Human microvascular endothelial cells (HMVECs; Lonza, Basel, Switzerland) were 
starved in endothelial cell basal medium containing 0.5% FBS for 24 hours. To visualize 
the cells, the PKH26 Red Fluorescent Cell Linker Kit (Sigma-Aldrich, Saint Louis, MO, 
USA) was used. HMVECs in plain medium, with or without added factors, were seeded in 
96-well plates containing a growth factor-reduced Matrigel (Corning, Corning, NY, USA) 
at 30,000 cells per well. The following conditions were tested in triplicate: medium only, 
150 ng/mL YKL-40 (Org 39141, MSD, Oss, The Netherlands), 1500 ng/mL YKL-40 and 20 
ng/mL VEGF (Peprotech). HMVECs were cultured for 16 hours and then scanned by Tis-
sueFAXS (TissueGnostics, Vienna, Austria). Tube formation was assessed by counting 
the number of enclosed fields visible in a blinded fashion.

Flow cytometry
HMVECs were stained for expression of endothelial cell marker CD31, IL-13Rα2 and VEGF 
receptor (all Miltenyi Biotech, Bergisch Gladbach, Germany). Three technical replicates 
containing the 3 markers were compared to ‘fluorescence minus one’ controls, in which 
either IL-13α2 or VEGF receptor antibody was omitted.

Statistical analyses
To analyze the differences between results of GM-MØ and M-MØ raised from the same 
donor paired Wilcoxon signed-rank test was used. Correlation analyses were performed 
with Spearman’s correlation.

RESULTS

YKL-40 is produced by a distinct subset of CD206+MMP-9+ macro-
phages in inflamed TABs and aortas of GCA patients
IHC for the detection of YKL-40 in inflamed TABs of GCA patients revealed a distinct 
staining pattern characterized by abundant expression primarily in the intima/media 
border (n=12, Figure 1A and Supplementary figure 1 for isotype controls). Double staining 
with the transcription factor PU.1, which is highly expressed by macrophages, revealed 
that YKL-40 was expressed predominantly by macrophages (Figure 1A). Interestingly, 
not all PU.1 positive cells expressed YKL-40, suggesting that YKL-40 is produced by a 
specific subset of macrophages. Consecutive staining of YKL-40 revealed a pattern 
similar to that of CD206 and MMP-9 expression, suggesting that YKL-40 is predominantly 
produced by tissue destructive CD206+MMP-9+ macrophages (Figure 1A). Expression 
of YKL-40 was not detected in non-inflamed TABs (Supplementary figure 2). YKL-40 
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expression was also observed in aortas of patients with a GCA related aortic aneurysm 
(n=10, Figure 1B). In these aortas, YKL-40 expression was mainly detected in areas of 
granulomatous inflammation in the media, a region containing CD206+MMP-9+ mac-
rophages (Figure 1B). Semi-quantitative scoring indeed revealed an interesting spatial 
distribution of YKL-40 expressing cells in inflamed TABs, with the highest expression 
in the intima/media region (Figure 1C). To formally prove the expression of YKL-40 by 
the CD206+/MMP-9+ macrophage subset, we performed triple fluorescence staining 
for these markers. These data confirmed the expression of YKL-40 by CD206+MMP-9+ 
macrophages in the inflamed TABs (Figure 2). Taken together, our results reveal that in 
GCA lesions, YKL-40 is highly expressed primarily by a subset of CD206+MMP-9+ tissue 
destructive macrophages located in the media and its borders.

Figure 1: YKL-40 expression in CD206+/MMP-9+ macrophage-rich areas in inflamed medium- 
and large-sized arteries. TABs (n=12) of treatment-naïve GCA patients were stained for detection 
of YKL-40 by IHC (A, upper left panel). Double staining with the transcription factor PU.1, predom-
inantly expressed by macrophages, indicates that YKL-40 is mainly expressed by macrophages (B, 
lower left panel). Higher magnification pictures demonstrate the expression of YKL-40, CD206 and 
MMP-9 within the same region of the TAB (consecutive sections, right panels). In C, we document 
a similar pattern of YKL-40 production within the region of CD206 expressing cells, located at the 
site of the granuloma in the media of inflamed aortas (n=10). Semi-quantitative scoring of GCA 
TABs and aortas is shown in D. The intima of GCA aorta was not scored due to a lack of infiltrate.

Figure 2: Fluorescent triple staining confirms co-localization of YKL-40 with CD206+MMP9+ 
macrophages. Panel (A) shows single staining IHC for CD206 in a GCA TAB. Panel (B) shows the 
fluorescent triple staining for CD206 (green), YKL-40 (red), MMP-9 (yellow) and the nuclear marker 
DAPI (blue) in a consecutive TAB. The border between the media (M) and intima (I) is indicated by 
a dashed line in the DAPI image. Panel (C) shows merged triple immunofluorescence. Overlapping 
pixels indicating co-localization of CD206, YKL-40 and MMP-9 are indicated in cyan, as shown in 
panel (D).

GM-CSF skewed macrophages from GCA patients produce higher 
levels of YKL-40 than M-CSF skewed macrophages
Previously, we demonstrated that GM-CSF skews macrophages into a CD206+ pheno-
type (13). To determine whether GM-CSF skewed macrophages produce YKL-40, mono-
cytes of GCA patients were differentiated into macrophages in the presence of GM-CSF 
or M-CSF (n=8) for 7 days. During the last two days of culture, cells were stimulated 
with LPS (Figure 3A). Indeed, higher levels of YKL-40 were detected in supernatants of 
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GM-CSF skewed macrophages (GM-MØs) than in supernatants of M-CSF skewed mac-
rophages (M-MØs) of GCA patients (P = 0.0391; Figure 3B). This finding is consistent 
with the co-expression of CD206 and YKL-40 observed in GCA TABs. Interestingly, no 
significant difference in YKL-40 levels was detected in the culture supernatant when 
comparing GM-MØs and M-MØs of HCs (n=7). Our data suggest an altered GM-CSF/M-
CSF signaling sensitivity in monocytes/macrophages of GCA patients compared to HCs.

Figure 3. Elevated levels of YKL-40 in GM-CSF skewed macrophages of GCA patients. Monocytes 
of HCs (n=7) and GCA (n=8) were differentiated into macrophages and subsequently activated for 
48 hours with LPS (A). The Wilcoxon signed rank test showed significantly higher concentrations 
of YKL-40, as assessed by Luminex, in the supernatant of GM-CSF skewed macrophages (GM-MØ) 
compared to M-CSF skewed macrophages (M-MØ, B).

IL-13Rα2, the receptor for YKL-40, is highly expressed in GCA lesions
As YKL-40 is highly expressed in GCA lesions, we next investigated the expression of 
IL-13Rα2, a confirmed receptor for YKL-40 (19, 20), in inflamed TABs of GCA patients. 
IHC detection revealed a high expression of IL-13Rα2 (n=12) by endothelial cells, infil-
trating leukocytes, vascular smooth muscle cells and fibroblasts (Figure 4A) which is 
consistent with reports in the literature (20, 22-25). Semiquantitative scoring of IL-13Rα2 
staining demonstrated high expression levels in all three layers of the vessel wall, most 

prominently in the adventitia and media-intima borders (Figure 4B). Interestingly, when 
analyzing the expression of IL-13Rα2 in non-inflamed TABs with no or few infiltrating 
cells, a more restricted staining was seen. IL-13Rα2 was only weakly expressed by endo-
thelium and vascular smooth muscle layers of noninflamed TABs from GCA(-)/PMR(-), 
while IL-13Rα2 was strongly expressed by endothelial cells, vascular smooth muscle 
cells and fibroblasts in noninflamed TABs from PET-positive GCA patients (skip lesions) 
and isolated PMR patients (Supplementary figure 3). Taken together, our data suggests 
a role for the YKL-40–IL-13Rα2 signaling axis in GCA lesions.

Figure 4. IL-13Rα2 is highly expressed in inflamed temporal arteries of GCA patients. (A) TABs 
(n=12) of treatment naïve GCA patients were stained for IL-13Rα2. Expression of IL-13Rα2 was 
detected in all three layers of the vessel wall. The receptor is expressed by endothelial cells (black 
arrows), infiltrating leukocytes (yellow arrows), macrophages (red arrows), vascular smooth muscle 
cells (orange arrows) and fibroblasts (blue arrows). (B) Semiquantitative scoring of IL-13Rα2 ex-
pression in the vessel layers.

YKL-40 is an upstream modulator of macrophage MMP-9 production
To assess if YKL-40 is an upstream modulator of the tissue destructive MMP-9, we 
studied the kinetics of YKL-40 and MMP-9 production by monocytes differentiating into 
macrophages in the presence of 20 and 100 ng/mL of GM-CSF (n=8 each; Supplemen-
tary figure 4A&B). Both concentrations of GM-CSF equally induced the upregulation of 
YKL-40 and MMP-9 as the monocytes differentiated into macrophages. Interestingly, the 
increase in YKL-40 levels preceded the upregulation of MMP-9 by 2-4 days. Moreover, the 
increase in YKL-40 production from day 6 to day 8 strongly correlated with the increase 
in MMP-9 production (Supplementary figure 4C), suggesting that YKL-40 could be an 
upstream modulator of MMP-9 production.

To confirm the potential role of YKL-40 as an upstream signal for MMP-9 production in 
macrophages, we performed siRNA-mediated knockdown of YKL-40 using monocyte-de-
rived macrophages of HCs and GCA patients (n=3 each) demonstrating an 80%-95% 
knockdown efficiency of YKL40 mRNA (Supplementary figure 5). This knockdown in turn 
led to an 80%-95% reduction in YKL-40 protein levels compared to non-binding siRNA 
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control (Figure 5A). Interestingly, YKL-40 knockdown reduced MMP-9 protein levels by 
10%-50% when compared to siRNA control (Figure 5B) suggesting that (autocrine/para-
crine) MMP-9 secretion by macrophages is partially dependent on YKL-40.

Figure 5. siRNA mediated knockdown of YKL-40 mRNA reduces macrophage YKL40 and MMP-9 
protein secretion. (A) YKL-40 secretion in culture supernatants (n=3 each, patients and controls) 
was reduced by 80-95% after siRNA mediated knockdown in macrophages from both GCA patients 
and controls. (B) siRNA mediated knockdown of YKL-40 reduced macrophage MMP-9 secretion 
by 10-50% (n=3 each, patients and controls with or without LPS).

YKL-40 promotes endothelial tube formation
YKL-40 and VEGF likely stimulate neovascularization by interacting with their respective 
receptors, IL-13Rα2 and the VEGF receptor, both of which are abundantly expressed by 
HMVECs, (Figure 6A). We aimed to confirm the proangiogenic potential of YKL-40, by per-
forming a tube formation assay, an assay often used to measure the ability of endothelial 
cells to form capillary-like structures. Previously, it has been demonstrated that YKL-40 
has a high angiogenic potential, performing equally well as VEGF in stimulating HMVEC 

tube formation (26). Indeed, we demonstrated potentiation of tube formation in the 
presence of YKL-40 when compared to unstimulated HMVECs (Figure 6B-C). Moreover, 
the higher concentration of YKL-40 equaled the VEGF stimulation potential. Additionally, 
YKL-40 and VEGF combined induced higher tube formation still. Taken together, these 
results further implicate the YKL-40–IL-13Rα2 signaling axis in the inflammatory process 
in GCA by enhancing MMP-9 production and promoting angiogenesis.

Figure 6. YKL-40 promotes HMVECs tube formation. (A) Flow cytometry staining of CD31+ 
HMVECs shows abundant expression IL-13Rα2 and VEGF receptor. Shown are three technical 
replicates, comparing IL-13Rα2 and VEGF receptor stainings with ‘fluorescence minus one’ (FMO) 
controls. (B) Representative images (top) and the analysis (bottom) of HMVEC tube formation with 
or without stimulation with YKL-40 or VEGF or the combination. The visible HMVEC membranes are 
indicated in blue, the enclosed fields are marked with a yellow dot. (C) Treatment of HMVECs with a 
higher concentration of YKL-40 induced more tube formation (experiment performed in triplicates). 
Quantification of the number of enclosed fields formed by HMVEC tube formation (mean ± sd).

DISCUSSION

Whereas the presence of macrophages in GCA lesions is well established, their func-
tional heterogeneity and associated role in GCA pathology are less well described. Here 
we define a specific CD206+MMP-9+ subset of macrophages that abundantly produces 
YKL-40 in the GCA lesions. Moreover, in vitro studies revealed that YKL-40 acts as an 
upstream signal that contributes to macrophage MMP-9 production and exerts potent 
proangiogenic effects. Collectively, we provide strong evidence that YKL-40, secreted 

4



106 107CHAPTER 4 YKL-40 EXPRESSING MACROPHAGES IN GCA

by CD206+MMP-9+ macrophages and giant cells, mediates vascular pathology in GCA 
through its ability to stimulate MMP-9 secretion and neo-angiogenesis.

The presence of YKL-40 in GCA lesions was first reported in 1999 (16), where expres-
sion of YKL-40 was demonstrated by CD68+ macrophages located in the media borders. 
Our data confirm and extend these data by revealing abundant expression of YKL-40 
predominantly by a specific CD206+MMP-9+ subset of macrophages in the inflamed 
vessel walls. As recently described by our group, CD206+MMP-9+ macrophages, likely 
induced by local GM-CSF production, are mainly located in the media and its borders 
near sites of medial destruction(13). Hence, local GM-CSF production is likely important 
in skewing this macrophage subset towards YKL-40 production in GCA lesions as well.

Indeed, it has been reported previously that GM-CSF skewed macrophages derived 
from healthy donors produce higher levels of YKL-40 compared to their M-CSF skewed 
counterparts (27). Here, we also found higher YKL-40 levels in GM-MØs derived from 
monocytes of GCA patients (compared to M-MØs), but not in those from HCs. Although 
the exact reason for this apparent discrepancy is not known, it may relate to shifts in 
monocyte subset composition in conjunction with altered responsiveness to GM-CSF 
stimulation. With aging, the proportion of classical monocytes decreases (28), whereas 
this subset is expanded in GCA patients (29). As classical monocytes have the highest 
GM-CSF receptor expression (13), these shifts in monocyte subset composition may 
underlie a heightened sensitivity to GM-CSF skewing in both young adults and GCA 
patients. Supporting this contention, monocyte-derived macrophages of GCA patients 
also express higher levels of CD206, a marker of GM-CSF skewing (13). Currently, the 
efficacy of Mavrilimumab, a GM-CSF receptor antagonist, is being evaluated for the 
treatment of GCA. The first encouraging results of this phase 2 trial (NCT03827018) 
have recently been reported, showing a 62% lower risk of flare by week 26 compared 
to placebo treatment. Mavrilimumab likely targets the YKL-40 producing macrophage 
subset, a concept which warrants further investigation.

Our data further extend the notion that YKL-40 is one of the upstream signals for 
MMP-9 production by macrophages. Our experiments show that YKL-40 and MMP-9 
are produced by the same subset of macrophages in GCA lesions and that knocking 
down YKL-40 in in vitro differentiated macrophages substantially reduces their MMP-9 
production. Previously, YKL-40 was found to enhance the production of CCL2 and MMP-9 
while YKL-40 gene silencing decreased the expression of these proteins in macrophages 
in mouse models bearing mammary tumors (15). In these mouse models, neutralization 
of YKL-40 by administering chitin decreased serum YKL-40 levels and decreased the 
MMP-9 production by isolated splenic T cells and macrophages. MMP-9 is likely an im-
portant factor in the pathogenesis of GCA, not only in the context of medial destruction 
but also as a mediator of T cell and monocyte invasion into the vessel wall (11). Taken 
together, our data implicate GM-CSF-skewed CD206+ macrophages in GCA lesions in the 

production of high levels of YKL-40 that could boost MMP-9 expression in an autocrine 
or paracrine fashion.

This is the first study demonstrating that IL-13Rα2, a confirmed receptor for YKL-40 (19, 
20), is highly expressed in GCA lesions. Previous studies have shown that the interaction 
of YKL-40 with IL-13Rα2 activates the Akt and Erk pathways, both required for MMP-9 
expression (30-33). Although IL-13Rα2 was also found to be expressed by endothelial 
cells, smooth muscle cells and fibroblasts of GCA-negative vessel walls, its expression 
was highly increased in active GCA lesions, predominantly by infiltrating leukocytes. 
Interestingly, we found that IL-13Rα2 was only weakly expressed in GCA/PMR negative 
TABs indicating that upregulation of IL-13Rα2 in vessel walls could be GCA/PMR specific 
(n=2). Further studies with more GCA-negative arteries are warranted to confirm these 
findings.

Our data also suggest that YKL-40 may be an important mediator of neovasculariza-
tion in GCA, a process that fuels the inflammatory response. Inflamed arteries of GCA 
patients show an expanded vasa vasorum, extending into the media and intima layers 
(34). YKL-40 may be one of the main instigators of this process together with other 
proangiogenic molecules such as VEGF and angiopoietin-2 (10). Our tube formation 
assay confirms previous reports on the proangiogenic capacity of YKL-40 alone and in 
combination with VEGF, which is also highly expressed in GCA lesions (10, 35). YKL-40 is 
also produced by tumor-associated macrophages, and likely plays a role in tumor angio-
genesis and progression (14). This tumor-supportive effect is reflected by an association 
of YKL-40 serum levels with a poor outcome in cancer patients. In congruence with 
this, we previously reported that high serum levels of YKL-40 in baseline GCA patients 
predicted a longer time to discontinuation of GC treatment (7).

Although YKL-40 is becoming an important inflammatory biomarker, few mechanistic 
studies have been performed to investigate its role in autoinflammatory diseases such 
as GCA. In this study, we used a variety of approaches to identify the cellular source of 
YKL-40 and its function. Given the substantial effects of GCs on inflammatory processes, 
it is important to emphasize that we used tissues and cells of treatment-naïve patients. 
Although our in vitro studies with cultured macrophages have elucidated YKL-40 me-
diated effects on MMP-9 production, the tissue microenvironment may interfere with 
these effects in more complex ways. Hence, further studies are required, in particular 
using in vivo or ex vivo models to improve our understanding of the role of YKL-40 in 
GCA pathogenesis.

Given its implication in various pathological pathways, YKL-40 could be a promising 
target for treatment in macrophage-driven diseases. A neutralizing antibody target-
ing YKL-40 has shown potential in reducing angiogenesis and tumor progression (36). 
Blocking YKL-40 or IL-13Rα2 could also prove to be beneficial for the treatment of GCA. 
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GCs as well as new treatment options such as tocilizumab may be able to temporarily 
repress symptoms in GCA patients (4). However, more emerging evidence has indicated 
that asymptomatic vessel wall inflammation persists; ultimately leading to relapses in 
a substantial subset of patients (6-9). The persistently high YKL-40 levels in spite of 
GC treatment suggest ongoing vascular inflammation and remodeling. This may be 
explained by the notion that YKL-40 expression is driven by a multitude of cytokines, 
including IL-6, GM-CSF and IFN-γ (17, 27). While IL-6 signaling may be terminated spe-
cifically by treatment with tocilizumab and partially by GC treatment, it appears that 
GM-CSF and IFN-γ production are resistant to both drugs (12, 37, 38) and would thus be 
in line with the persistence of YKL-40 mediated pathology in the vessel wall.

CONCLUSION

A distinct subset of YKL-40 producing CD206+ macrophages is a characteristic fea-
ture of the vasculopathy in GCA. These macrophages may fuel media destruction, vasa 
vasorum neovascularization and leukocyte invasion into the vessel wall. This process, 
mediated by the YKL-40-IL-13Rα2 axis, initiates a positive forward loop of proinflamma-
tory and tissue remodeling processes via MMP-9 overexpression. Given its potential to 
promote several mechanisms involved in vessel wall injury, neutralizing YKL-40 or its 
upstream pathways may prove to be an interesting treatment option for GCA.
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SUPPLEMENTARY MATERIALS

Supplementary Figure 1. Isotype control staining for YKL-40 (goat IgG, A), CD206 (mouse IgG2b, 
B), MMP-9 (mouse IgG1, C) and IL-13Rα2 (goat IgG, D).

Supplementary figure 2. Expression of YKL-40 was not detected in non-inflamed TABs obtained 
from non-GCA/non-PMR patients (n=2, A), GCA proven patients (n=3, B) and isolated PMR pa-
tients (n=5, C). Shown are representative pictures from each groups.
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Supplementary Figure 3. IL-13Rα2 expression in noninflamed TABs. The expression of IL-13Rα2 
is only weakly detected in the medial vascular smooth muscle layer and the lumen while stronger 
expression was observed in the vasa vasorum endothelial cells (red arrows) of TABs from individu-
als with neither GCA nor PMR (n=2, A). Interestingly, the expression of IL-13Rα2 is strongly detected 
in all three layers of the noninflamed TABs obtained from PET-positive GCA (n=3, B) and isolated 
PMR (n=5, C) patients by endothelial cells (black arrows), vascular smooth muscle cells (orange 
arrows) and presumably the fibroblasts (blue arrows) and the resident dendritic cells (red arrows).

Supplementary figure 4. Kinetics of in vitro production of YKL-40 and MMP-9 by monocyte-
derived macrophages. (A) Experimental design. HC monocytes (n=8) were differentiated into 
macrophages in the presence of 20 or 100 ng/mL GM-CSF. (B) Every 2 days, the supernatant 
was collected for ELISA and replaced with fresh medium containing GM-CSF. Shown are 
median values and the interquartile range (C) Change (delta) in YKL-40 and MMP-9 levels 
detected in the culture supernatant between day 6 and day 8. Strong positive correlations 
were detected between the increase in YKL-40 production and MMP-9 production in both 
concentrations of GM-CSF.
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Supplementary figure 5. siRNA mediated YKL-40 knockdown in macrophages. (A) Experimen-
tal design. Human primary peripheral blood derived monocytes (n=3 each for HCs and GCAs) 
were differentiated into macrophages by culturing in the presence of GM-CSF. Macrophages were 
collected and seeded at 40,000 cells in 48 well plates (30% confluency) and transfected with a 
nonbinding siRNA as control or with YKL-40 siRNA. After 48 hours, cells were stimulated with LPS 
or left unstimulated. (B) Relative expression of YKL-40 mRNA (relative to β-actin) demonstrating 
80-90% knockdown efficiency upon siRNA treatment in both GCA (left panel) and HC macrophages 
(right panel).
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ABSTRACT

Background
Giant cell arteritis (GCA) is a large-vessel vasculitis characterized by granulomatous T 
cell and macrophage infiltration. Granulocyte-macrophage colony stimulating factor 
(GM-CSF) is present in GCA-affected vessels where it may be involved in skewing of 
tissue destructive macrophages. Furthermore, a recent phase 2 clinical trial demon-
strated that GM-CSF receptor blockade was superior to placebo at 26 weeks in GCA. 
However, the cellular source of GM-CSF in GCA is still unclear.

Objectives
As T cells have been identified as a major source of GM-CSF in other immune-mediated 
diseases such as multiple sclerosis, we investigated whether T cells are GM-CSF pro-
ducers in GCA patients, both systemically and locally.

Methods
GM-CSF production capacity by PMA-stimulated PBMCs from newly diagnosed, untreat-
ed GCA patients and HCs (n=10 each) was assessed using flow cytometry. Temporal 
artery biopsies (TABs, n=5) were immunohistochemically stained for CD3, CD8 and GM-
CSF. Colocalization of these markers was assessed with immunofluorescence.

Results
Proportions of CD4+ (median GCA=3.1%; HCs=2.76%) and CD8+ (median GCA=5.8%; 
HCs=5.8%) T cells produced GM-CSF after in vitro stimulation, but no significant differ-
ences were found between the groups. Immunofluorescence staining confirmed that 
CD3+ T cells (both CD8+ and CD8-) were positive for GM-CSF in TABs. Interestingly, 
GM-CSF positivity in TABs correlated strongly with the extent of CD8+ T-cell infiltration 
(r=0.74, p<0.01), but not with CD3+ T-cell infiltration (r=0.38, p=0.16).

Conclusion
Our data imply that T cells are an important source of GM-CSF in GCA lesions. The 
correlation of the extent of CD8+ T-cell infiltration with GM-CSF positivity suggests that 
CD8+ T cells are the major source of local GM-CSF overexpression in tissue.

INTRODUCTION

Giant cell arteritis (GCA) is an inflammatory disease affecting medium- to large-sized ar-
teries in patients above 50 years of age. Depending on the arteries involved, GCA patients 
may present with various signs and symptoms. Vasculitis of the cranial arteries often 
presents as headache and symptoms such as jaw claudication and vision loss, while the 
involvement of larger arteries (such as the aorta) may lead to limb claudication, aortic 
aneurysm development and dissection (1). To date, high-dose and long-term glucocor-
ticoid (GC) treatment still remains the standard treatment for GCA. However, long-term 
usage of GC may lead to the development of severe adverse effects including diabetes, 
hypertension, glaucoma, osteoporosis and malignancy (2). More recently, interleukin-6 
(IL-6) receptor blockage (tocilizumab), was shown to be effective as a GC-sparing treat-
ment for GCA (3). However, even with tocilizumab treatment, up to 44% of patients do 
not achieve longstanding remission emphasizing that there is still a clinical need for 
more specific and remission inducing treatment strategies for GCA.

Histologically, GCA is characterized by granulomatous inflammation of the vessel wall 
comprising mainly of T cells and macrophages. The infiltrating lymphocytes produce 
pro-inflammatory mediators that further prime and activate infiltrating macrophages, 
leading to the production of tissue destructive and remodeling factors such as matrix 
metalloproteinases (MMPs) and reactive oxygen species (ROS) (4). One such mediator 
that is currently gaining attention for its role in the pathogenesis of GCA is the granu-
locyte-macrophage colony stimulating factor (GM-CSF). GM-CSF is a hematopoietic 
growth factor that promotes the survival and maturation of myeloid cells and that can 
be expressed by a wide range of both hematopoietic and non-hematopoietic cells (5). 
In recent years, studies have pointed to a critical role of GM-CSF in the pathogenesis 
of various autoimmune and inflammatory disorders such as multiple sclerosis (MS), 
rheumatoid arthritis and spondyloarthritis (6–9). In these diseases, both CD4 and CD8+ 
T cells have been associated with increased GM-CSF expression (7,9–11).

In GCA, the first report on GM-CSF mRNA expression in GCA lesions was published 
more than a decade ago (12). Subsequently, it was shown that activated peripheral 
blood mononuclear cells (PBMCs) from GCA patients produce higher levels of GM-CSF 
compared to PBMCs from healthy controls (HCs) in vitro (13). Its importance in the 
pathology of GCA however, has only just recently become appreciated due to several 
important findings. Our prior work showed the expression of GM-CSF in GCA-affected 
vessels and we postulated that GM-CSF may play an important role in the local skewing 
of tissue destructive macrophages (14). Ongoing preliminary studies confirm the high 
expression levels of GM-CSF in inflamed GCA vessels compared to noninflamed control 
vessels (15). Pre-clinical studies of GM-CSF receptor blocking in an engrafted artery 
mouse model showed a reduction in leukocyte infiltration, neo-vessel formation and 
intimal hyperplasia (16). Recently, a phase II clinical trial of GM-CSF receptor blocking 
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(NCT03827018) in GCA showed an encouraging 62% reduction in risk of flare compared 
to placebo (17). Collectively, these studies emphasize the importance of GM-CSF in the 
vasculopathy of GCA. However, to date, the cellular source of GM-CSF production in GCA 
remains to be identified. In multiple sclerosis, another immune mediated disease, both 
CD4+ and CD8+ T cells have been implicated as the main producers of GM-CSF (7,9–11).

These observations prompted us to investigate whether T cells play a major role in 
GM-CSF production in the vasculopathy of GCA, both systematically and locally. To 
this end, we first assessed the frequencies of GM-CSF producing T-cell subsets in a 
cohort of baseline GCA patients and patients in glucocorticoid-free remission (GC-FR) 
compared to healthy controls (HCs). We next evaluated the expression of GM-CSF by 
lesional T cells in temporal artery biopsies obtained from treatment naïve GCA patients 
using immunohistochemistry and immunofluorescence analysis.

MATERIALS AND METHODS

Patient characteristics
For flow cytometry experiments, newly diagnosed GCA (baseline) patients, GCA patients 
in glucocorticoid free remission (GC-FR) and healthy controls (HCs) (n=10 each) were 
included (Table 1). GCA baseline patients did not receive any glucocorticoids or other 
disease modifying anti-rheumatic drugs prior to blood withdrawal. GCA GC-FR patients 
were symptom-free and did not receive glucocorticoids in the three months prior and 
6 months after blood withdrawal. Health status of HCs was determined by a clinician 
through questionnaires, physical examination and lab tests. Only healthy HCs without 
any inflammatory conditions were included.

For immunohistochemistry, five inflamed temporal artery biopsy (TAB) tissue samples 
from treatment naïve histologically proven GCA patients were included. The diagnosis 
of GCA was based on a pathologist’s assessment of a positive panarteritic TAB. Three 
non-inflamed TABs from PET proven GCA patients (n=2) and polymyalgia rheumatica 
(PMR) patient (n=1) were included as controls. The study was approved by the institu-
tional review board of the University Medical Center Groningen (METc2010/222). Writ-
ten informed consent was obtained from all study participants. All procedures were in 
compliance with the Declaration of Helsinki.

Table 1. Patient characteristics

HC GCA baseline GCA GC-FR
n 10 10 10
Age (yr); median 71 68 74
Sex (M/F) 4/6 3/7 2/8
CRP (mg/L); median (range) 5 (0.5-5) 52.5 (4.7-138) 4 (0.4-13)
ESR (mm/h); median (range) 7 (2-28) 77 (7-106) 13.5 (5-43)

PBMC stimulation and flow cytometric analysis
To assess the capacity of circulating/peripheral blood T cells to produce cytokines 
after in vitro stimulation, we used cryopreserved PBMCs that were thawed with Roswell 
Park Memorial Institute 1640 (RPMI, Lonza, Basel, Switzerland) +10% fetal calf serum 
(FCS). After thawing, 1x106 cells/100µL in RPMI+5% FCS were stimulated with phorbol 
12-myristate 13-acetate (PMA, 5ng/mL), calcium ionophore A23187 (0.16µg/mL) and 
incubated with brefeldin A (10µg/mL) for 16 hours at 37°C + 5% CO2 in polypropylene 
tubes. From each patient, one unstimulated sample of 1x106 cells/100µL incubated with 
brefeldin A (10µg/mL) was used to facilitate gate setting.

After stimulation, viability was assessed by incubating the cells for 15 minutes at room 
temperature (RT) with a Zombie NIR fixable viability kit (1:1000, Biolegend, San Diego, 
California, USA). Next, cells were incubated with fluorochrome-conjugated monoclonal 
antibodies for 15 minutes at RT to assess the surface expression of CD3, CD4 and 
CD8 (Supplementary table 1). After fixation and permeabilization using FIX & PERM Cell 
Fixation & Cell permeabilization Kit reagents (Life Technologies, Carlsbad, California, 
USA), cells were stained intracellularly for 20 minutes at RT for IL-4, GM-CSF, IFN-γ and 
IL-17A (Supplementary table 1). GM-CSF expression was determined within type 1 CD4+ 
(Th1; IFN-γ+CD4+) and CD8+ T cells (Tc1; IFN-γ+CD8+), Th2 and Tc2 (IL-4+CD4+ and IL-
4+CD8+) and Th17 and Tc17 cells (IL-17+CD4+ and IL-17+CD8+). Samples were measured 
on a BD-LSR-II flow cytometer. Gate settings for cytokine measurements were based 
on unstimulated samples. As stimulated cells downregulate CD4 expression, cytokine 
production is presented as the percentage of positive cells within CD8+ and CD8-CD3+ 
T cells (Supplementary figure 1).

Immunohistochemistry (IHC)
Formalin-fixed, paraffin-embedded tissues (3 µm) were deparaffinized and rehydrated, 
followed by antigen retrieval for 15 minutes in a microwave (for buffers, see Supplemen-
tary table 1). Tissues were incubated with primary antibodies (Supplementary table 2), 
followed by endogenous peroxidase blocking. The tissues were subsequently incubat-
ed with peroxidase labeled secondary antibodies, 3,3’Diaminobenzidine (DAB) (DAKO, 
Glostrup, Denmark) for peroxidase activity detection, and finally haematoxylin (MERCK, 
Kenilworth, NJ, USA) as a counterstain. Matching isotype controls were also included. 
Reactive appendix or tonsil tissues were used as positive controls. Stained slides were 
scanned using a Nanozoomer Digital Pathology Scanner (NDP Scan U 10074-01; Ham-
amatsu Photonics K.K., Shizuoka, Japan).

Histo-score (H-score) analysis
For each tissue, a region of interest (ROI) was selected in representative areas that 
contained infiltrating cells. Three layers of the vessel wall (including intima, media and 
adventitia) were scored. The percentage of positive cells per layer was assessed with 
QuPath image analysis software (V0.2.2) (18). The relative intensity of each staining was 
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defined as absent=0, weak but detectable above control=1, moderate=2 and strong=3 
(see Supplementary figure 2), as assessed by two independent investigators. The final 
H-score was calculated as the sum of the relative intensity of specific staining multiplied 
by the percentage of positive cells. As both CD8 and CD3 staining intensity were always 
strong, the intensities were always scored as 3.

Triple fluorescence multispectral imaging
Immunofluorescence stainings were carried out on paraffin TAB sections that were first 
deparaffinized and rehydrated (for the antibody panel used, see Supplementary table 3). 
Antigen retrieval was performed using Tris-EDTA buffer (pH 9) in a microwave for 15 min-
utes. Tissues were then incubated with anti-CD3 antibody overnight at 4oC. Subsequent-
ly, the tissues were incubated with anti-GM-CSF and anti-CD8 antibody cocktails for an 
hour followed by incubation with secondary antibody cocktail for another hour at room 
temperature. Finally, a cocktail of fluorescently tagged tertiary antibodies was applied 
and incubated for one hour. Afterward, autofluorescence was blocked with TrueView 
autofluorescence quenching kit (Vector Labs) for 5 minutes followed by counterstaining 
with DAPI for 10 minutes and sealed. Image cubes were captured at a magnification of 
20X or 40X using Nuance Multispectral Imaging System 3.0.1 (PerkinElmer) using Nu-
anceFX 3.0.1 software (PerkinElmer). To acquire the image cube, multiple wavelengths 
were used; 440:460 for DAPI, 490:530 for Alexa 488, 570:600 for Alexa 568, 710:720 for 
Alexa 647. Spectral unmixing was performed with spectral libraries of each fluorophore 
assigned different colors (DAPI = blue, AF488 = green, AF568 = red, AF647 = yellow), 
subtracting the background autofluorescence. Colocalization of CD3 and GM-CSF was 
assigned the color magenta, while the colocalization of CD8 and GM-CSF was assigned 
the color cyan.

Statistical analysis
Flow cytometry data was analyzed with Kaluza Analysis Software (Beckman Coulter). 
Graphs were created with GraphPad Prism version 8 (GraphPad Software, San Diego, 
USA). Two-tailed Kruskal-Wallis tests were used to compare multiple groups. If the Kru-
skal-Wallis test was significant, the Mann-Whitney U-test was then used to compare 
two groups. Correlation analyses were performed using Spearman’s correlation. P-val-
ue < 0.05 was considered statistically significant.

RESULTS

No differences in frequencies of GM-CSF producing T cells and inten-
sity of GM-CSF expression between HCs and GCA patients
To determine the capacity of T cells to produce GM-CSF in HCs and GCA patients, we 
assessed the frequencies, absolute numbers and the mean fluorescence intensity (MFI) 
of total GM-CSF-producing CD4+ and CD8+ T cells (Figure 1A-B). In all groups, variable 
proportions of CD4+ (range 0.10%-8.21% in HCs, 1.14%-5.29% in GCA baseline, 0.08%-

9.12% in GCA GC-FR) and CD8+ T cells (range 0.55%-15.64% in HCs, 0.79%-14.65% in GCA 
baseline, 0.61%-11.61% in GCA GC-FR) were capable of producing GM-CSF. There was 
also great variation in absolute counts of CD4+ (range 0.08-6.65 x 107 cells/L in HCs, 
0.87-6.51 x 107 cells/L in GCA baseline, 0.18-10.31 x 107 cells/L in GCA GC-FR) and CD8+ 
T cells (range 0.09-4.38 x 107 cells/L in HCs, 0.08-6.60 x 107 cells/L in GCA baseline, 
0.26-7.86 x 107 cells/L in GCA GC-FR) that produced GM-CSF. No statistically significant 
differences were found between HCs and GCA baseline and GCA GC-FR patients.

Next, we determined the frequencies of CD4+ and CD8+ T cell Th1/Tc1, Th2/Tc2 and 
Th17/Tc17 subsets that also expressed GM-CSF (Figure 1C-D). No significant differences 
were found regarding GM-CSF-expressing CD4+ and CD8+ T cell subsets between the 
three groups. Importantly, Th1 and Tc1 cells were the highest producers of GM-CSF in 
the circulation of patients (median Th1: 1.37% GCA baseline, 2.15% GCA GC-FR; Tc1: 
2.89% GCA baseline, 3.11% GCA GC-FR) and controls (Median Th1: 1.37%; Tc1: 3.54%).

Infiltrating T cells in inflamed GCA vessel express GM-CSF
Immunohistochemical detection of CD3 and CD8 revealed that T-cell-infiltrates were 
abundant in inflamed TABs of GCA patients, primarily in the adventitia (n=5, Figure 2A, 
for isotype control, see Supplementary figure 3). The expression of GM-CSF was detect-
ed in all three layers of inflamed vessel walls including areas that are commonly rich in 
infiltrating T cells, macrophages (n=5, Figure 2A, for isotype control, see Supplementary 
figure 3). The expression of GM-CSF was also detected in resident vessel wall cells 
such as vascular smooth muscle cells, fibroblasts and vasa vasorum endothelial cells 
(Figure 2A). In non-inflamed TABs (skip lesions), GM-CSF positivity was also detected 
in endothelial cells of the vasa vasorum, medial smooth muscle cells and occasionally 
in intimal fibroblasts (Supplementary figure 4).
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Figure 1. GM-CSF-producing capacity of circulating T cells. The frequencies, absolute numbers 
and MFI of total GM-CSF-producing CD4+ (A) and CD8+ (B) T cells were determined after in vitro 
stimulation in HC, GCA at baseline and in GCA in GC-FR (n=10 each group). Then, GM-CSF-produc-
ing Th1, Th17 and Th2 (C) and GM-CSF-producing Tc1, Tc17 and Tc2 (D) cells were determined. 
Horizontal lines represent median values. No significant differences were found between the 
groups by Kruskal-Wallis tests.

Consecutive staining showed that GM-CSF expression was detected in all layers of 
the vessel wall, but especially in areas of T-cell infiltration (Figure 2A) suggesting that 
infiltrating T cells, both CD3+ and CD8+ cells, are an important cellular source of GM-CSF 
in GCA lesions. Triple fluorescence staining for GM-CSF, CD3 and CD8 confirmed expres-
sion of GM-CSF by CD8 T cells and implicated GM-CSF expression by CD4 T cells as well, 
as can be seen in the regions positive for CD3+GM-CSF+ but negative for CD8 (Figure 3).

Figure 2. Distribution of T cells and GM-CSF in GCA lesions. (A) GM-CSF, CD3 and CD8 expression 
was detected throughout the 3 layers of the vessel wall in TABs most prominently in the adventitia. 
The expression of GM-CSF was detected in T-cells and macrophage rich areas (red arrows), medial 
smooth muscle cells (green arrow), vasa vasorum endothelial cells (yellow arrows) and fibroblasts 
(blue arrows). (B) H-scores of the TABs (n =5) further corroborated our observation.
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Figure 3. T cells express GM-CSF in GCA lesion. (A) single staining IHC of GM-CSF. (B) Repre-
sentative image showing triple fluorescent staining for CD3 (green), CD8 (red), GM-CSF (yellow) 
and nuclear marker DAPI (blue). (C) Merge image of the four immunofluorescence colours. (D) 
Overlapping pixels indicating the colocalization of CD3 and GM-CSF are represented in magenta. 
(E) Overlapping pixels indicating the colocalization of CD8 and GM-CSF, are represented in brown. 
GM-CSF expressing CD4+ T-cells (defined by CD3+CD8-, magenta positive brown negative cells) 
are indicated by the white arrows.

CD8+ T cells may be the major producer and orchestrator of GM-CSF 
overexpression in GCA lesions
As CD8+GM-CSF+ T cells were readily detected at the site of inflammation in GCA, 
we aimed to further investigate their relation with GM-CSF production. Further analy-
sis of consecutive stainings (Figure 4A) revealed that the degree of GM-CSF positivity 
increased with the degree of CD8+ T-cell infiltration. Interestingly, GM-CSF positivity 
also increases in macrophage rich areas and fibroblast rich areas with the degree of 
CD8+ T-cell infiltration. To confirm our observations, we performed correlation analy-
ses of GM-CSF positivity with the extent of T-cell infiltration. Indeed, GM-CSF positivity 
strongly correlated with the ratio of CD8/CD3 (r=0.83, p=0.0003, Figure 4B) and the 
degree of CD8 infiltration (r=0.74, p=0.0023, Figure 4C), but not with the degree of CD3 
infiltration (r=0.38, p=0.1649, Figure 4D). Thus, although both CD4+ and CD8+ T cells 
express GM-CSF our data suggest that CD8+ T cells, in particular, are major producers 
and drivers of GM-CSF expression by other cells in GCA lesions.

Figure 4. GM-CSF positivity increases with CD8+ T-cell infiltration. (A) Consecutive staining of 
GM-CSF, CD8 and CD3 demonstrated that the degree of GM-CSF positivity correlates with the 
abundancy of CD8+ cell infiltrates in the inflamed TAB tissue, not only in the T-cell rich areas but 
also in the macrophage/giant cell rich areas (red arrows), medial smooth muscle layers (green 
arrows) and fibroblasts rich areas (blue arrows). For correlation analysis, each data point represents 
the H-score from the 3 vessel wall layers (intima, media and adventitia) from 5 GCA affected 
vessels (n=15). (B) Correlation between GM-CSF positivity and the ratio between CD8+/CD3+ T 
cells (Spearman’s r=0.83, P=0.0003). (C) Correlation between GM-CSF positivity and CD8+ T cell 
infiltration (Spearman’s r=0.74, P=0.0023). (D) Correlation between GM-CSF positivity and CD3+ 
T cell infiltration (Spearman’s r=0.38, P=0.1649). Green dots represent the H-score of the intima. 
Blue dots represent the H-score of the media. Black dots represent the H-score of the adventitia.
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DISCUSSION

In the present study we investigated whether T cells play a major role in GM-CSF produc-
tion in GCA, both systemically and in the inflamed vessel. Our data revealed that both 
CD4+ and CD8+ T cells express GM-CSF in GCA temporal artery tissue. Our data further 
implicate CD8+ as the major producer and enhancer of GM-CSF expression in inflamed 
GCA vessels. Analysis of peripheral blood samples did not reveal differences between 
patients and controls in the capacities of CD4 and CD8 T cells to produce GM-CSF.

The term granulocyte macrophage colony stimulating factor (GM-CSF) was originally 
defined based on its capacity to induce granulocyte and macrophage proliferation, dif-
ferentiation and colony formation from bone marrow progenitor cells (19). More recently, 
GM-CSF has also been implicated as an important factor in the skewing of macrophages 
towards a proinflammatory and tissue destructive phenotype (14,20).

Our results revealed no differences in the frequencies of GM-CSF producing CD4+ 
and CD8+ T-cells in peripheral blood of GCA patients (active and remission) compared 
to those of HCs. However, both CD4+ and CD8+ T cells in inflamed TABs expressed GM-
CSF. Although serum levels of GM-CSF are generally low, high levels of GM-CSF can be 
induced at sites of inflammation where it may act as a communication conduit between 
lymphocytes and myeloid cells that drives and amplifies the inflammatory processes 
(21,22). This characteristic of GM-CSF has also been implicated in the pathogenesis of 
multiple sclerosis (MS). In MS patients, and in line with our observations, frequencies 
of circulating GM-CSF-producing CD4+ T-cells are similar to those found in HCs. In con-
trast, high frequencies of GM-CSF+CD4+ T cells have been detected in the cerebrospinal 
fluid of MS patients (23). Similarly, in GCA, only low serum levels of GM-CSF have been 
reported that did not differ from those in HCs (24,25). Moreover, preliminary data from 
a preclinical artery graft mouse model and an ex vivo artery explant model confirmed 
that GM-CSF mRNA is indeed expressed in the inflamed vessel wall (15,16). Collectively, 
these studies further support the contention that T cell-derived GM-CSF may actively 
contribute to the vascular inflammatory process in GCA.

Our data also suggest that CD8+ T cells in particular may be an important source 
as well as a driver of GM-CSF expression in GCA. Although both CD4+ and CD8+ T 
cells expressed GM-CSF in inflamed TABs, the expression of GM-CSF increased with 
the degree of CD8+ T-cell infiltration. Interestingly, this increase in GM-CSF expression 
was observed not only in the T-cell dominated areas but also in areas dominated by 
macrophages/giant cells infiltration and in the fibroblast rich areas. All of these cells 
are known to be able to produce GM-CSF upon priming with cytokines such as IL-1β and 
TNF-α, both highly expressed in GCA lesions (14,26). Whether lesional CD8+ T cells in 
GCA TABs indeed release such stimuli and exacerbate local GM-CSF expression remains 
to be elucidated.

Similar to GCA, Takayasu Arteritis (TA) is a form of vasculitis affecting medium- to 
large-sized vessels. However, TA manifests itself at a younger age than GCA. Interest-
ingly, in comparison to GCA, TA has been associated with a higher number of CD8+ T 
cells (27). Serum levels of GM-CSF have also been reported to be higher in TA patients 
compared to GCA patients (28), implicating that CD8+ T cells could be one of the con-
tributing factors to these differences in circulating GM-CSF.

The strengths of our study are the comprehensive analysis of both CD4+ and CD8+ 
T cells in the peripheral blood and in the inflamed GCA tissue lesions. The blood and 
tissue samples used here were obtained from treatment naïve patients to exclude the 
potential effects of GCs on the expression of GM-CSF. Additionally, we included blood 
samples obtained from GC free remission patients and age-matched HCs to explore 
the possible alteration between disease and remission and to minimize age-related 
changes in circulating GM-CSF expressing cells. We detected a strong correlation be-
tween GM-CSF positivity and CD8+ T cell infiltration in spite of the small sample size 
(n =5). Future studies in different cohorts with bigger sample sizes are warranted to 
confirm these findings. In vitro studies should be conducted to confirm the ability of 
CD8+ T cells to induce GM-CSF expression in myeloid and non-myeloid cells, including 
smooth muscle cells and fibroblasts, as well as to identify the factors that may drive 
this process. Additionally, future studies should explore the effects of GC treatment on 
the local production of GM-CSF.

Our findings aid in the identification of the cellular sources of GM-CSF and expand our 
understanding of the involvement of CD8+ T cells in the vasculopathy of GCA. Although 
CD8+ T cells have previously been linked with the vascular pathology of GCA (29), their 
contribution has generally been considered to be minor (30). Here, we provide evidence 
that (massive) CD8+ T-cell infiltration may amplify vascular inflammation by directly and 
indirectly enhancing local GM-CSF expression.

CONCLUSIONS

T cells (both CD4+ and CD8+) are an important cellular source of GM-CSF production 
in the inflamed vessels in GCA. Although both CD4+ and CD8+ T cells are capable of 
expressing GM-CSF, its expression in GCA lesions may be enhanced by the degree of 
CD8+ T-cells infiltration. Our data, therefore, suggest that CD8+ T cells are active con-
tributors to the exacerbation of vessel wall inflammation in GCA and could constitute a 
novel therapeutic target to halt disease progression.
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Supplementary figure 2. The intensity of GM-CSF staining compared to the isotype control stain-
ing. The relative intensity of each staining was defined as not present, weak but detectable above 
control, moderate and strong.

Supplementary figure 3. Isotype control for (A) GM-CSF, (B) CD3 and (C) CD8.
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Supplementary figure 4. Distribution of GM-CSF in non-inflamed TABs. Shown are non-inflamed 
TABs from GCA patients (A&B) and a PMR patient (C). GM-CSF positivity was detected in endo-
thelial cells of the vasa vasorum (yellow arrows), medial smooth muscle cells (green arrows) and 
occasional intimal fibroblasts (blue arrows).

Supplementary table 1. Fluorescent-conjugated monoclonal antibodies.

Antibody Clone Company Catalogue number

IL-4 BV605 MP4-25D2 Biolegend 500828

GM-CSF APC BVD2-21C11 Biolegend 502310

IFN-γ FITC 4s.B3 Biolegend 502506

IL-17A PE-Cy7 eBio64DEC17 ThermoFisher 25-7179-42

CD3 PerCPcy5.5 SK7 Biolegend 344808

CD4 BUV395 SK3 BD 612748

CD8 BUV737 SK-1 BD 612754
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ABSTRACT

Background
The early detection of renal involvement in anti-neutrophil cytoplasmic antibody (AN-
CA)-associated vasculitis (AAV) patients is crucial to minimize renal damage. Tradi-
tional inflammatory biomarkers lack specificity and sensitivity for the detection of renal 
disease activity. Urinary soluble CD163 (usCD163), a scavenger receptor expressed by 
macrophages, has recently been demonstrated to be a potent biomarker for renal active 
disease in AAV patients. However, even with usCD163 up to 27% of renal active patients 
still test false negative. Here, we investigated whether serum soluble CD206 (ssCD206), 
another macrophage scavenger receptor, may aid usCD163 in the detection of renal 
active disease in AAV patients.

Methods
Kidney biopsies from renal active AAV patients (n=8) were immunohistochemically 
stained for CD163 and CD206. Immunofluorescence double staining was performed to 
assess colocalization of CD163 and CD206. Levels of soluble CD163 and soluble CD206 
were measured in urine and serum respectively, using enzyme-linked immunosorbent 
assay (ELISA) in two independent cohorts (inception and validation) with a total of 62 
renal active patients, 17 extrarenal active patients, 46 patients in remission, and 38 
healthy controls. Receiver operating characteristics (ROC) curves were generated and 
the utility of ssCD206 in the detection of renal disease activity in combination with 
usCD163 was analysed.

Results
Immunohistochemistry revealed abundant infiltration of CD163 and CD206 positive mac-
rophages in the kidney biopsies of renal active AAV patients. Interestingly, CD163+CD206- 
macrophages were mainly detected in affected glomeruli while CD206+CD163+ and 
CD206+CD163- macrophages were mainly found in the tubulointerstitium. Significantly 
higher levels of sCD163 were detected in the urine of renal active AAV patients compared 
to extrarenal active AAV patients and patients in remission in both the inception and 
validation cohort. sCD206 levels were significantly higher in the serum of renal active 
AAV patients compared to healthy individuals in the inception cohort and patients in 
remission in the validation cohort. Moreover, ssCD206 increased the sensitivity in the 
detection of renal active AAV compared to usCD163 alone.

Conclusion
In the kidneys of renal active AAV patients, distinct populations of CD163+ and CD206+ 
macrophages can be detected. The combined measurement of ssCD206 and usCD163 
levels is superior to usCD163 alone in the detection of renal activity in AAV patients.

INTRODUCTION

The anti-neutrophil cytoplasmic antibody (ANCA) associated vasculitides (AAV) are 
a group of autoimmune diseases characterized by systemic inflammation of small- to 
medium-sized vessels mainly affecting the kidneys and upper airways (1). Up to 70% of 
all AAV patients eventually develop kidney involvement associated with a decline in renal 
function leading to increased morbidity and mortality (2,3). Traditional inflammatory 
biomarkers such as C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) 
and even urinary markers (i.e. proteinuria and hematuria) lack sufficient sensitivity and 
specificity for the detection of renal activity. Hence, the gold standard in establishing 
renal involvement in AAV is a kidney biopsy which is an invasive procedure with the risk 
for complications (4). Therefore, there is a clinical need for non-invasive biomarkers to 
detect renal activity in patients diagnosed with AAV.

A histological hallmark of renal active AAV is crescentic glomerulonephritis (GN), 
a term coined for diseases that injure the glomeruli presenting as half-moon shaped 
extracapillary lesions characterized by proliferating parietal epithelial cells and the 
accumulation of macrophages (5,6). Upon activation, macrophages shed or secrete 
various proteins that might be detectable in the urine or serum and signal (renal) active 
disease. CD163, a receptor for the haemoglobin/haptoglobin complex expressed by 
macrophages, has recently been identified as a marker for active renal vasculitis (7). In 
response to inflammatory stimuli, CD163 can be actively shed from macrophages result-
ing in a soluble form of CD163 (sCD163) (8). sCD163 has been detected in the serum and 
plasma of patients affected by various autoimmune and inflammatory conditions such 
as systemic sclerosis, multiple sclerosis and rheumatoid arthritis (9–11). In AAV patients, 
O’Reilly et al. were the first to show that increased levels of urinary sCD163 (usCD163) 
correlate tightly with active renal vasculitis and glomerular macrophage infiltration (7). 
However, in the same study, a significant proportion of renal active AAV patients (up 
to 27%) still tested negative for usCD163. In a recent study, Dekkema et al. proposed 
soluble CD25 (sCD25), a marker of T-cell activation, as an additional biomarker of renal 
disease activity in AAV patients (12). The study demonstrated improved detection of 
renal flares by measuring serum sCD25 (ssCD25) and urinary sCD25 (usCD25) levels 
in combination with usCD163. Notably, 15% of renal active patients still tested negative 
despite the combined measurement of ssCD25, usCD25 and usCD163 - emphasizing 
the need for additional or better biomarkers to improve the accuracy of detecting active 
renal vasculitis.

CD206, also known as the mannose receptor (MR), is a pattern recognition receptor 
expressed on the surface of macrophages that binds mannose and fucose residues with 
high affinity (13). Both CD206+ and CD163+ macrophages have been detected in active 
crescentic nephritis in systemic lupus erythematosus and AAV patients, suggesting 
a role in glomerular crescent formation (14). Moreover, like CD163, CD206 is shed by 
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macrophages upon activation suggesting that levels of soluble CD206 may reflect renal 
active AAV as well (8).

In this study, we aimed to investigate whether serum soluble CD206 (ssCD206) is a 
suitable biomarker for active renal disease in AAV. To this end, we first performed im-
munohistochemical analysis of CD206 on kidney biopsies of AAV patients to assess the 
presence and spatial distribution of CD206+ macrophages in renal vasculitis lesions. 
Next, ssCD206 levels were measured in two independent cohorts of AAV patients and 
its potential as a biomarker to complement usCD163 was analyzed.

MATERIALS AND METHODS

Patients
This study involved patients from two independent cohorts. Patients included in the 
inception cohort were recruited from the University Medical Center Groningen (UMCG), 
Groningen, The Netherlands. The inception cohort consisted of 17 patients with active 
renal AAV, 3 patients with active non-renal AAV and 8 patients in remission. Serum 
samples from 38 healthy donors were included as control. Samples in the validation 
cohort were obtained from the Rare Kidney Disease (RKD) Biobank, Trinity Healthy Kidney 
Centre, Dublin, Ireland. The validation cohort consisted of 45 patients with active renal 
AAV, 14 patients with active non-renal AAV and 38 patients in remission. Patient char-
acteristics are listed in Table 1. The Chapel Hill consensus classification criteria were 
used to assess AAV (15). Disease activity was determined using the third version of the 
Birmingham Vasculitis Activity Score (BVAS v3) (16). Active renal vasculitis was defined 
according to clinical practice as new or increasing haematuria, and/or proteinuria, and/or 
a rise in serum creatinine, or renal tissue when available. For immunohistochemical and 
immunofluorescence stainings, eight formalin-fixed paraffin-embedded kidney biopsies 
from renal active AAV patients were obtained from the Limburg Renal Registry Maas-
tricht University Medical Center, Limburg, The Netherlands. The study was approved by 
the local ethics committees and informed consent was obtained from all participants 
in accordance with the Declaration of Helsinki.

Immunohistochemistry
Formalin-fixed, paraffin-embedded renal tissue sections were stained for CD163 and 
CD206. Three µm sections were deparaffinized and rehydrated, followed by antigen 
retrieval with Tris-EDTA buffer (pH 9) at 98 °C for 60 minutes and blocking with 3% H2O2. 
Rabbit anti-CD163 mAb (Abcam, Cambridge, United Kingdom) and mouse anti-MMR/
CD206 mAb (R&D systems, Minneapolis, MN, USA) were diluted 1:300 and 1:50, respec-
tively, in PBS and were incubated for 30 minutes. EnVision anti-rabbit HRP (Agilent, Santa 
Clara, CA, USA) was used to visualize CD163 and CD206.

Immunofluorescence staining
For costaining of CD163 and CD206, three µm sections were deparaffinized and rehydrat-
ed, followed by antigen retrieval with Tris-EDTA buffer (pH 9) at 98 °C for 60 minutes and 
blocking with 10% goat serum/PBS. Sections were incubated overnight at 4° with rabbit 
anti-CD163 mAb (Abcam, Cambridge, United Kingdom) and mouse anti-MMR/CD206 
mAb (R&D systems, Minneapolis, MN, USA) diluted 1:100 and 1:20, respectively, in 10% 
goat serum/PBS. Subsequently, sections were incubated with secondary antibodies Goat 
anti-rabbit IgG-AF488 (ThermoFisher, Waltham, MA, USA) and Goat anti-mouse IgG-
AF544 (ThermoFisher, Waltham, MA, USA) diluted both 1:200. Slides were sealed with 
Vectashield Antifade Mounting Medium with DAPI (Vector Laboratories, Inc., Burlingame, 
CA, USA). Images were captured using a Zeiss Axioplan 2 Fluorescent Microscope (Carl 
Zeiss Microscopy GmbH, Oberkochen, Germany).

Table 1. Patient characteristics.

Characteristics Inception 
cohort 
(Groningen)

Validation cohort
(Irish)

Healthy controls
(Groningen)

Number of patients 28 97 34

Median age, years (range) 53 (32.92-81.92) 59.7 (18.61-86.54) 69.99 (62.26-91.32)

Male, n (%) 12 (42.86) 57 (58.76) 15 (44.1)

ANCA Specificity, n (%)
- MPO
- PR3
- ELISA negative

7 (25)
21 (75)

52 (53.61)
42 (43.29)
3 (3.09)

Disease state, n (%)
- Active renal
- Extrarenal active
- Remission

17 (60.7)
3 (10.7)
8 (28.6)

47 (48.45)
12 (12.37)
38 (39.18)

Diagnose/Relapse
- Active renal
- Extrarenal active

8/9
2/1

41/6
4/8

BVAS, active renal (IQR)
BVAS, extra renal active (IQR)

15 (14-20)
18 (14.5-18.5)

15 (12.5-18.5)
9.5 (6.75-13.5)

Serum creatinine (umol/L)
- Active renal (IQR)
- Extrarenal active (IQR)
- Remission (IQR)

253 (134-345)
90 (76.5-128)
85 (74.25-132.5)

272 (142-355.5)
85 (64-99.5)
116.5 (93.5-220.25)

Immunosuppressive 
medications, n (%)

12 (42.86) 61 (62.89)
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Serum sample collection and preparation
Ten mL of blood was collected and allowed to clot at room temperature for 1 h. Sam-
ples were then centrifuged for 10 min at 1500 g and serum was collected and stored 
at either −20°C (UMCG samples) or −80°C (RKD samples). For patients recruited in the 
UMCG, urine samples were diluted 1:1 in phosphate-buffered saline (PBS), centrifuged 
for 15 min at 1200 g, and the supernatants were collected and stored at −20°C until use. 
Urine samples from patients enrolled in the RKD cohort were centrifuged at 2000 g for 
10 min at 4°C and supernatants were stored at −80°C until use.

Detection of serum sCD206 and urinary sCD163 ELISA
sCD206 levels were detected in serum and sCD163 levels were detected in urine by en-
zyme-linked immunosorbent assay (ELISA) (human soluble Mannose Receptor HK381; 
HycultBiotech, Uden, The Netherlands) according to the manufacturer’s instructions. 
For sCD206, serum was diluted 1:10 in dilution buffer provided in the kit. In the case of 
urinary sCD163 (usCD163), levels measured were corrected for urinary creatinine levels 
to correct for urinary dilution. These data have been published previously (7) but are 
presented here as well to determine the utility to detect renal active vasculitis of ssCD206 
alone or in combination with usCD163.

Statistical analysis
Statistical analyses were performed with Prism Graphpad 8 for Windows (GraphPad 
Software, La Jolla, CA, USA). Differences between the groups were analyzed using the 
Kruskal-Wallis test with posthoc Dunn’s comparison. Wilcoxon matched-pairs testing 
was used for paired analysis. Correlations were tested using Spearman’s rank (rs) cor-
relation. Receiver operating characteristic (ROC) analysis was used to assess the diag-
nostic accuracy of the macrophage markers. The optimal cut-off points were identified 
by the maximum of the sum of sensitivity and specificity subtracted by 1 (sensitivity + 
specificity – 1), according to the Youden Index.

RESULTS

CD163 and CD206 are expressed by infiltrating macrophages in kid-
neys of renal active AAV patients
Immunochemistry was performed on kidney biopsies obtained from renal active AAV 
patients to determine the presence and spatial distribution of CD163+ and CD206+ 
macrophages in renal lesions. Indeed, both CD163+ and CD206+ macrophages were 
detected in inflamed kidneys (Figure 1A&B). CD163+ macrophages were detected in both 
the affected glomeruli and tubulointerstitial compartments. In contrast, CD206+ macro-
phages were most abundant in the tubulointerstitial compartment and rarely detected in 
glomeruli. Immunofluorescent double staining further revealed the presence of CD163+ 
and CD206+ single positive macrophages, as well as CD163+/CD206+ double positive 
macrophages in the kidneys of AAV patients (Figure 2). CD163+ single positive mac-

rophages were most abundant in affected glomeruli whereas CD163+/CD206+ double 
positive as well CD206+ single positive macrophages were predominantly detected in 
the tubulointerstitium.

Figure 1. Distribution pattern of CD163+ and CD206+ macrophages in the kidneys of renal active 
AAV patients. Shown are representative consecutive immunohistochemistry stainings for CD163 
and CD206 in kidney biopsies from two renal active AAV patients (A&B). CD163+ macrophages 
were detected in the affected glomeruli (red circles) and tubulointerstitial compartment (blue 
circles). CD206+ macrophages on the other hand, were mostly detected in the tubulointerstitial 
compartment (blue circles) but rarely in glomeruli (red circles).

Urinary soluble CD163 and serum soluble CD206 are elevated in pa-
tients with active renal AAV
Patients with active renal vasculitis had significantly higher levels of usCD163 compared 
to non-renal active AAV patients and patients in remission in both the inception and 
validation cohort (Figure 3A-B). Similarly, ssCD206 levels were elevated in renal active 
AAV patients compared to healthy individuals in the inception cohort and patients in 
remission in the validation cohort (Figure 3C-D). However, no significant difference in 
ssCD206 levels was detected between renal active and extrarenal AAV patients.
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Figure 2. CD163+, CD206+ and CD163+CD206+ macrophages were detected in the kidneys of 
renal active AAV patients. The image shown is a representative immunofluorescence staining 
of CD163 (green) and CD206 (red) in a kidney of a renal active AAV patient. Images in green and 
red boxes represent zoom-in images showing the tubulointerstitial compartment and glomerulus 
respectively. CD163+CD206+ macrophages (yellow arrows) are found abundantly in the tubuloint-
erstitial compartment but rarely in the glomerulus. CD163+CD206- macrophages (green arrows) 
are found abundantly in the glomerulus while a small number of CD206+CD163- macrophages are 
detected in the tubulointerstitial compartments.

Figure 3. Urinary sCD163 and serum sCD206 levels of renal active patients compared to extra-re-
nal active patients, patients in remission and healthy controls. usCD163 levels were significantly 
higher in renal active patients compared to non-renal active patients and patients in remission. 
ssCD206 levels were significantly higher in renal active patients compared to healthy controls or 
patients in remission. Differences between the groups were tested using the Kruskal-Wallis test. 
The lines shown indicate the median and interquartile range.

The utility of usCD163 and ssCCD206 as biomarkers of renal active AAV
In order to test the utility of these markers for detecting renal active disease, ROC curves 
were generated for patients with renal active AAV compared to those without renal active 
AAV and patients in remission (Supplementary figure 1A&C, Figure 4A). Based on the 
ROC curves generated for the inception cohort, optimal cut-off points were calculated 
for usCD163 (372,6 ng/mmol) and ssCD206 (269,9 ng/mL) based on the Youden index.
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Table 2. The utility of usCD163 and ssCD206 as biomarkers for renal active AAV.

AUC Sens Spec Cut-off

Inception cohort (AAV renal = 17; AAV non-
renal/rem = 11)

usCD163/creatinine (ng/mmol) 0.98 88.2 100 > 372.6 ng/mmol

ssCD206 (ng/mL) 0.84 100 63.6 > 269.9 ng/mL

Decision tree
(inception cohort) - 100 63.6 -

Validation cohort (AAV renal = 47; AAV non-
renal/rem = 50)

usCD163/creatinine (ng/mmol) 0.88 63.8 100 -

ssCD206 (ng/mL) 0.73 44.7 88 -

Decision tree
(validation cohort) - 80.9 88 -

Total cohort (AAV renal = 64; AAV non-renal/
rem = 61)

usCD163/creatinine (ng/mmol) 0.91 70.3 100 -

ssCD206 (ng/mL) 0.76 59.4 83.6 -

Decision tree
(total cohort) - 85.9 83.6 -

AUC: area under the curve; Sens: sensitivity; Spec: specificity.

In both cohorts, usCD163 was effective in detecting active renal vasculitis with a 
sensitivity of 88.2% in the inception cohort and 63.8% in the validation cohort (Table 
2). Interestingly, when used alone, ssCD206 levels were highly efficacious with a 100% 
sensitivity in the inception cohort but performed poorly with only 44.7% sensitivity in the 
validation cohort. Additionally, usCD163 tested to be 100% specific in both inception and 
validation cohorts, while ssCD206 also showed a specificity of 63.6% in the inception 
cohort and 88% in the validation cohort.

ssCD206 complements usCD163 for the detection of renal active AAV
Next, to investigate if ssCD206 would complement usCD163 and subsequently increase 
the sensitivity of detecting active renal vasculitis, we assessed the combination of both 
markers by creating decision trees based on the cut-off points calculated from the ROC 
curve generated from the data of the inception cohort. Patients were first tested with 
usCD163 alone and those with levels above cut-off values were considered to have renal 
active AAV. Patients who did not reach the cut-off values were subsequently tested 
for ssCD206. Patients who reached the cut-off values of ssCD206 were considered as 
having active renal AAV. Patients who tested below the cut-off values for both usCD163 
and ssCD206 were considered to be non-renal active. With this combination, the test 
sensitivity to detect renal active AAV was increased in both the inception cohort (100% 

sensitivity) and validation cohort (80.9% sensitivity) compared to usCD163 alone (incep-
tion cohort 88.2% sensitivity, validation cohort 63.8% sensitivity, Supplementary figure 
1B&D; Table 2). In the total cohort, this combination of usCD163 and ssCD206 led to an 
increase in sensitivity from 70.3% using usCD163 alone to 85.9% for the combination 
(Figure 4B; Table 2).

Figure 4. ROC curve and decision tree for the utility of usCD163 and ssCD206 in the detection of 
renal active AAV in the total cohort. (A) ROC curves of ssCD206 and ssCD163. (B) Decision tree 
flowchart based on the cut-off values of usCD163 and ssCD206 calculated from the inception 
cohort. The bold numbers represent patients with active renal disease while the italic numbers 
represent patients with AAV without renal involvement and patients in remission.
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ssCD206 correlates with elevated serum creatinine
In order to study the relation between ssCD206 and serum creatinine as another marker 
for renal disease activity, correlation analyses were performed (Figure 5A&B). A moder-
ate positive correlation of ssCD206 with serum creatinine was found in both the inception 
cohort (r=0.6596, p=0.0001) and validation cohort (r=0.4694, p<0.0001).

Figure 5. ssCD206 levels correlate positively with serum creatinine levels. Spearman’s correlation 
analysis of ssCD206 with serum creatinine showed moderate positive correlation between both 
markers in inception cohort (r=0.6596, P=0.0001) and validation cohort (r=0.4694, P<0.0001).

DISCUSSION

Early detection of renal involvement in AAV patients is clinically important to allow 
prompt treatment and limit renal damage. Previous studies have identified soluble CD163 
as a promising urinary marker for the detection of active renal disease in AAV patients 
with high specificity and sensitivity (7, 12, 17). However, a significant number of AAV 
patients with renal involvement (up to 27%) still test negative for usCD163. Therefore, 
we investigated the utility of ssCD206 as an additional macrophage derived biomarker 
to complement usCD163 in the detection of active renal disease in patients with an 
established diagnosis of AAV.

Macrophages are one of the most prominent cell types in the pathology of AAV. These 
cells are considered to play a central role in the development of renal injury as well as 
tissue repair. Macrophages are associated with granulomatous inflammation (18, 19), 
which is a characteristic pathological feature in the kidneys of renal active AAV patients. 
In the early stages of ANCA-associated necrotizing glomerulonephritis, CD163+ macro-
phages are the most prominent infiltrating cell type at sites of fibrinoid necrosis, where 
they surpass the numbers of T cells and neutrophils (5,14). In other studies, CD206+ 
macrophages have been documented in the renal lesion of an experimental autoimmune 
vasculitis (EAV) rat model and the kidneys of active crescentic nephritis AAV patients, 
supporting the rationale of measuring ssCD206 as a biomarker for renal disease activity 
in AAV patients (7,11).

In kidney biopsies from patients with renal active AAV, CD206+ macrophages were 
abundant in the tubulointerstitial compartment but rarely detectable in affected glomeru-
li corroborating previous observations by Li et al. (14). Conversely, CD163+ macrophages 
were more abundantly present in affected glomeruli (14). In a separate study, the group 
reported massive infiltration of CD206+ macrophages in acute tubulointerstitial diseases 
including interstitial nephritis and tubular necrosis (21). A recent publication confirmed 
that CD163+ macrophages are abundant in the glomeruli of renal active AAV patients, 
that usCD163 levels correlate with the severity of glomerular crescents and fibrinoid 
necrosis and that usCD163 can recognize relapsing ANCA GN (17). Additionally, diverse 
phenotypes of CD206+CD163-, CD163+CD206- and CD163+CD206+ macrophages have 
been reported to be present in affected glomeruli in EAV rat model (7). Collectively, 
these studies suggest the presence of diverse macrophage phenotypes with distinct 
roles in the immunopathology of renal AAV. Future studies unraveling the roles of these 
different macrophage populations in the immunopathology of renal AAV are warranted.

Here we showed that serum soluble CD206 levels are elevated in patients with renal 
active AAV in comparison to healthy donors and patients in remission. Alone, ssCD206 
proved to be a reasonable marker for active renal AAV with an area under the curve of 
0.84 (inception cohort), 0.73 (validation cohort) and 0.76 (total cohort). However, we 
observed a notable difference in the sensitivity when using ssCD206 alone in the incep-
tion cohort (100% sensitive) compared to the validation cohort (44.7% sensitivity) using 
the cut-off value determined from the inception cohort. This difference in sensitivity 
is probably due to the significantly higher levels of ssCD206 measured in the patient 
samples in the inception cohort and could be due to the higher proportion of patients 
receiving immunosuppressive treatment at the time of sampling in the validation cohort. 
Furthermore, in both cohorts, the presence of active renal vasculitis was based on tra-
ditional biomarkers as opposed to a renal biopsy, i.e., the golden standard to detect 
active renal vasculitis.

We also show that ssCD206 complements usCD163 in detecting renal activity in AAV 
patients. As mentioned before, usCD163 has been demonstrated as a potent marker for 
active renal disease that outperforms ssCD206 with a sensitivity that ranges between 
73% and 96% (7). However, the use of serum ssCD206 in combination with usCD163 
levels improves the detection of active renal patients. In our cohorts, the measurement 
of usCD163 alone led to false-negative rates ranging from 36.2% to 11.8%. However, in 
combination with ssCD206, the false-negative rate decreased to 19.1% to 0%, a com-
pelling increase in sensitivity compared to usCD163 alone. However, the combination 
with ssCD206 also led to a decrease in specificity, with up to 36.4% of patients without 
renal involvement also testing positive. This is most likely due to the fact that CD206+ 
macrophages also contribute to extrarenal manifestations implying that ssCD206 does 
not solely reflect renal involvement but extrarenal inflammation as well. Indeed, elevat-
ed ssCD206 levels have been reported in the serum and plasma of patients affected 
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with various infections, autoimmune and inflammatory conditions such as rheumatoid 
arthritis and alcohol induced inflammatory liver disease (22–27).

Similar to usCD163, we attempted to measure sCD206 in the urine of AAV patients 
and healthy controls but found this to be undetectable despite the fact that up to 70% 
of recombinant CD206 spiked into healthy donor urine was detectable by ELISA (data 
not shown). Although sCD206 is relatively stable in the blood (28), these findings may 
suggest that sCD206 might be unstable in urine upon long-term storage as was the 
case for the urine samples used in this study. Future studies with freshly obtained urine 
samples as well as investigations into the stability of sCD206 in urine are certainly war-
ranted to further explore the utility of usCD206 as a biomarker for active renal disease 
in AAV patients.

In conclusion, our results confirm that CD206+ macrophages are a prominent com-
ponent of the cellular infiltrate in the kidneys of renal active AAV patients, indicating 
that these macrophages may play a distinct role in the renal immunopathology in AAV. 
Additionally, soluble CD206 levels in serum may complement usCD163 in the detection 
of active renal disease in AAV patients.
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SUPPLEMENTARY MATERIALS

Supplementary figure 1. ROC curves and decision trees for the utility of usCD163 and 
ssCD206 in the detection of renal active AAV in the inception and validation cohorts. 
ROC curves of ssCD206, ssCD163 in the inception cohort (A) and validation cohort (C). 
Decision tree flowchart for the inception (B) and validation cohort (D) based on the 
cut-off values of usCD163 and ssCD206 calculated from the inception cohort. The bold 
numbers represent patients with active renal disease while the italic numbers represent 
patients with AAV without renal involvement and patients in remission.
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SUMMARY OF THIS THESIS

Giant cell arteritis (GCA) and anti-neutrophil cytoplasmic antibody (ANCA)-associated 
vasculitis (AAV) are diseases marked by inflammation of blood vessels (1). Patients 
affected by GCA suffer from inflammation of the medium- to large-sized vessels that 
can lead to various severe complications such as blindness, stroke, and aortic dissec-
tion (2–5). AAV patients, on the other hand, suffer from small- to medium-sized vessel 
inflammation. Vascular damage occurring from AAV often leads to organ malfunction 
such as kidney failure, leading to increased morbidity and mortality of the patients (6–9). 
Both GCA and AAV are marked by systemic inflammation and massive local leukocyte 
infiltration at the site of inflammation. In both diseases, macrophages account for the 
majority of infiltrating leukocytes – affirming their importance in the pathological de-
velopment of these diseases and making them attractive targets as cellular markers 
for disease progression and treatment response (10–13). Macrophages are incredibly 
plastic cells that have the ability to change their phenotype based on the cues in their 
microenvironment (14). However, to date, knowledge of macrophage heterogeneity in 
the pathogenesis of the vasculitides is limited. In order to target these cells for diag-
nostic and therapeutic purposes, a betterunderstanding of their phenotypes and spe-
cific functions is required. 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 the vasculitides to facilitate their utility as diagnostic markers and 
therapeutic targets.

The gold standard for the diagnosis of GCA is a positive temporal artery biopsy, which 
is an invasive and potentially risky procedure. Another drawback is that the biopsy is 
negative in GCA patients without temporal artery involvement (large vessel GCA). More 
recently, imaging techniques such as ultrasonography (US) and positron emission to-
mography (PET) scans are gaining importance as alternative non-invasive methods to 
aid the diagnosis of GCA (15, 16). Both US and PET radiotracer, [18F]fluorodeoxyglucose 
([18F]FDG) scan, however, show a steep decline in accuracy 3 days after start of gluco-
corticoid (GC) therapy (17, 18). Therefore, diagnostic markers which are not affected by 
GC are highly needed to improve diagnostic accuracy and treatment monitoring. Macro-
phages as one of the central players that are abundantly present at the site of vascular 
inflammation are excellent candidates for the development of new radiotracer targets.

In chapter 2, we provide a comprehensive review of the plethora of macrophage tar-
geted radiotracers currently used in clinical and pre-clinical development. Promising 
new macrophage targeted radiotracers such as radiotracers targeting folate receptor 
beta (FRβ) and the mannose receptor (CD206) may prove to be useful in the diagnosis 
and disease monitoring of GCA. However, more in-depth knowledge of macrophage 
phenotypes involved in the pathogenesis of GCA is needed before suitable radiotracers 
can be selected for further studies in diagnostic and therapeutic monitoring of GCA.

GCA is a disease marked by the destruction and remodeling of the media layer of the 
vessel wall followed by proliferation of the intima in the later stage. Since macrophages 
are incredibly plastic, it is possible that different phenotypes of macrophages pertaining 
to different functions are present at various stages during the development of vascular 
inflammation. In chapter 3, we identified a spatial distribution of two distinct types of 
macrophages associated with tissue destruction and intimal hyperplasia. A distinct 
phenotype of CD206+ macrophages expressing matrix metalloproteinase (MMP-9) was 
found at the site of media destruction in temporal artery biopsies (TABs) from GCA 
patients, while FRβ+ macrophages were abundantly found in the inner intima, adjacent 
to CD206+ macrophages, where intimal proliferation occurs. Importantly, this distinct 
macrophage distribution pattern was also found surrounding necrotic media layers in 
the aorta of GCA patients, but not in atherosclerotic aortas. Our data also showed that 
granulocyte-macrophage stimulating factor (GM-CSF) and macrophage colony-stim-
ulating factor (M-CSF) may be responsible in skewing of these distinct macrophage 
phenotypes and their spatial distribution in inflamed GCA vessels.

YKL-40 (also known as chitinase-3 like-1 / CHI3L1) is a protein highly expressed by 
macrophages in inflammatory conditions and its expression is enhanced by stimulation 
with pro-inflammatory skewing signals such as GM-CSF, IL-6, and interferon gamma 
(IFNγ) (19). In GCA patients, the serum levels of YKL-40 are elevated and remain elevat-
ed during the course of GC treatment (20). Furthermore, YKL-40 has been reported as 
one of the upstream signals for MMP-9 expression by macrophages involved in tissue 
destruction and promotion of neovessel formation, two important processes in the 
pathogenesis of GCA (21–24). YKL-40 alone was reported to perform equally well as 
vascular endothelial growth factor (VEGF) in stimulating endothelial tube formation in 
vitro (25). In chapter 4, we studied the cellular sources and functions of YKL-40 in the 
pathogenesis of GCA. YKL-40 was found to be highly expressed by GM-CSF skewed, 
tissue destructive CD206+MMP-9+ macrophages mainly located in the media and media 
borders. Additionally, IL-13 receptor alpha 2 (IL-13Rα2), a confirmed receptor for YKL-40, 
was highly expressed by infiltrating leukocytes and endothelial cells in inflamed GCA 
TABs. By siRNA mediated silencing of the YKL-40 gene and its subsequent protein pro-
duction in macrophages, we showed downregulation of MMP-9 expression, confirming 
the upstream importance of YKL-40 in MMP-9 mediated tissue destruction. Finally, we 
demonstrated that YKL-40 promoted tube formation by endothelial cells, supporting its 
potential role in neovessel formation in GCA. Collectively, our studies in chapters 3 and 
4 contribute to improved insights into the pathogenesis of GCA and lay the foundation 
for designing new macrophage-targeted therapies and imaging tracers.

Given the importance of GM-CSF in the pathogenesis of GCA, it is crucial to investi-
gate its main cellular sources in GCA. T cells (both CD4+ and CD8+ T cells) have been 
identified as major producers of GM-CSF in various immune-mediated inflammatory 
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diseases, such as multiple sclerosis (MS) (26–28). These observations prompted us to 
investigate whether T cells play a major role in GM-CSF production in the vasculopathy 
of GCA. In chapter 5, we confirmed that CD4+ and CD8+ T cells express GM-CSF in GCA 
lesions. However, no difference was found in the frequency and intensity of GM-CSF 
producing T cells in the blood of GCA patients compared to healthy donors. Generally, 
levels of GM-CSF in the blood are barely detectable, but its expression is highly enhanced 
at the site of inflammation. This characteristic of GM-CSF has also been reported in 
MS patients where no differences in the proportions of GM-CSF-positive T cells were 
detected in the periphery, but increased infiltration of GM-CSF-producing T cells was 
found in local MS lesions (29). Interestingly, we found a strong correlation between the 
intensity of GM-CSF positivity with the degree of CD8+ T-cells infiltration in GCA lesions, 
indicating the importance of CD8+ T cells in exacerbating vascular inflammation in GCA.

In AAV, the gold standard for the diagnosis of renal involvement is a kidney biopsy, 
which poses a risk of complications for patients. Recently, urinary soluble CD163 
(usCD163) was shown to be a potent marker for renal activity in AAV patients (30). How-
ever, up to 27% of patients with renal active disease still tested negative for this marker 
prompting the search for additional markers to increase diagnostic sensitivity. Recently, 
combined measurement of usCD163 with serum and urinary soluble CD25 (ssCD25 & 
usCD25) was shown to increase diagnostic sensitivity to 85% (15% false negative rate), 
an improvement compared to the 73% sensitivity (27% false negative rate) when using 
usCD163 alone (31). As the search for non-invasive biomarkers continues, we investi-
gated the utility of serum soluble CD206 (ssCD206) as a biomarker complementary to 
usCD163 in the detection of renal activity in AAV patients in chapter 6. Similar to affected 
(temporal) arteries in GCA, macrophages account for the majority of cells infiltrating 
the kidney in AAV. High serum levels of GM-CSF have previously been reported in AAV 
patients, supporting the rationale that CD206, a GM-CSF inducible marker, may serve as a 
complementary marker for the detection of renal active AAV. Indeed, significantly higher 
levels of ssCD206 were detected in the serum of renal active AAV patients. In combina-
tion with usCD163, measurement of CD206 increased the sensitivity for detecting renal 
disease activity to 85.9% (14.1% false negative rate) compared to 70.3% (29.7% false 
negative rate) using usCD163 alone. Interestingly, CD206+CD163-, CD206-CD163+, and 
CD206+CD163+ cells were detected in the kidney of renal active AAV patients, possibly 
indicating distinct roles of these different macrophage populations in the pathogenesis 
of AAV. Overall, this study demonstrated the possible utility of ssCD206 in complement-
ing usCD163 for the detection of renal activity in AAV patients. Although further studies 
are needed to unravel the function of CD206+ and CD163+ macrophages in AAV, our 
study also suggests that macrophage heterogeneity is an important characteristic of 
renal lesions in AAV that can impact the pathogenesis of AAV.

THESIS DISCUSSION

Part I: Macrophages are pivotal in the pathology of the vasculitides
The immunopathology of the vasculitides involves complex interactions between various 
innate and adaptive immune cells, resulting in a chronically inflamed microenvironment. 
While CD4+ T cells and neutrophils have been widely studied and implicated as major ef-
fector cells in the immunopathogenesis of GCA and AAV respectively, macrophages are 
regarded as essential cells in the development of these granulomatous diseases (1-12). 
Macrophages play pivotal roles in maintaining body homeostasis in various conditions 
from eliminating pathogens in infections to tissue damage repair by means of inflam-
matory reactions such as releasing proinflammatory cytokines and chemokines as well 
as matrix remodeling molecules (32). In healthy individuals, the inflammatory reactions 
will gradually recede upon resolution of the infection/disease. However, in the case of 
autoinflammatory and autoimmune diseases like GCA and AAV, the inflammation does 
not resolve and instead leads to chronic inflammation that causes cumulative damage to 
the affected organs. In GCA and AAV, the inflamed vessels and organs supplied by these 
inflamed vessels are damaged. Chronic inflammation of the vessels is characterized 
by persistent infiltration of monocyte-derived macrophages (33). As macrophages in 
tissue are plastic and varyingly alter their phenotypes in response to different microen-
vironmental cues, this thesis was dedicated to characterizing the heterogeneity of these 
macrophages and exploring their potentially distinct roles in the development of GCA and 
AAV in order to exploit them as targets for new diagnostic tools and treatment options.

Macrophage heterogeneity in GCA: distinct phenotypes and func-
tions in disease progression
Macrophages play substantial roles in inflammation and contribute to tissue remod-
eling by producing signaling molecules (cytokines), metalloproteinases (MMPs) and 
growth factors (34). Furthermore, macrophages also produce chemokines leading to 
the recruitment of leukocytes to the site of inflammation, thereby enhancing the in-
flammatory reactions. With such diverse phenotypes and roles, it is highly likely that 
macrophages in disease lesions may also change their phenotypes and roles in different 
stages of disease development as proposed by Watanabe et al. (35). In their report, the 
authors proposed two possible pathways by which macrophages contribute to tissue 
damage and repair. In the first pathway, tissue infiltrating macrophages initially adopt 
a tissue-damaging macrophage phenotype and then switch to a pro-resolving tissue 
remodeling phenotype in the later stage of the disease. In the second pathway, the 
first wave of macrophages enters the tissue and differentiates into tissue destructive 
macrophages. Upon resolution of inflammation, the tissue destructive macrophages 
are cleared from the tissue followed by infiltration of a second wave of macrophages, 
which differentiate into pro-resolving macrophages in response to microenvironmental 
signals. In chapters 3 and 4, we identified different macrophage phenotypes associated 
with tissue destruction/angiogenesis and tissue remodeling in temporal artery biopsies 
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(TABs) and aortas of GCA patients. In TABs, CD206+YKL-40+MMP-9+ macrophages 
were mainly found in the media and media borders along the sites of lamina elastica 
degradation, in line with a tissue destructive proangiogenic phenotype. In contrast, FRβ+ 
macrophages were largely found in regions adjacent to the CD206+ macrophages in 
the adventitia and in the inner intima where intimal proliferation occurs, in line with a 
tissue remodeling phenotype. In the aortas, CD206+YKL-40+MMP-9+ macrophages were 
mainly found in the media surrounding necrotic medial smooth muscle cells while FRβ+ 
macrophages were found in the adventitia and surrounding the CD206+ macrophages. 
Notably, all of these macrophages were positive for CD64, a macrophage marker asso-
ciated with proinflammatory macrophages. Although previous reports have suggested 
that macrophages in different layers of the inflamed GCA vessel wall may play different 
roles, our studies for the first time explored the distinct macrophages phenotypes by 
their differential expression of surface markers expression in conjunction with their 
distinct locations within the inflamed vessel wall.

The observed macrophage phenotypic heterogeneity is likely caused by local produc-
tion of GM-CSF and M-CSF. The ability of GM-CSF and M-CSF to induce overexpression 
of CD206 and FRβ, respectively, has been reported in numerous publications (36–38) 
and was also confirmed by our in vitro data (chapter 3). This implies that a gradient of 
GM-CSF and M-CSF production in the different layers of the vessel wall may be responsi-
ble for the distinct macrophage phenotype distribution observed. Additionally, although 
lower expression of CD206 can also be seen in M-CSF differentiated macrophages (M-
MØs) in vitro, proinflammatory cytokines such as IFNγ that are highly expressed in GCA 
lesions can diminish CD206 expression on M-MØs but not on GM-CSF differentiated 
macrophages (GM-MØs) (38). This may underlie the distinct CD206+ and FRβ+ macro-
phage distribution patterns in TABs.

In GCA affected TABs, GM-CSF is mainly expressed by infiltrating T cells. The ability 
of CD4+ and CD8+ T cells to produce GM-CSF upon activation is well known (39). To 
date, CD4+ T cells (mainly Th1 and Th17) are regarded as major contributors to the 
pathogenesis of GCA, while CD8+ T cells are considered to play a minor role (40). In 
chapter 5, we showed that not only CD4+ T cells but also CD8+ T cells in inflamed GCA 
TABs are positive for GM-CSF. Interestingly, we observed increasing GM-CSF positivity 
in TABs with a higher degree of CD8+ T-cell infiltration. Although GCA may develop 
in TABs with only CD4+ T-cell infiltration, we found that the presence of CD8+ T-cell 
infiltrates may exacerbate inflammation by promoting overexpression of GM-CSF by 
both tissue-resident cells and infiltrating leukocytes. This indicates that CD8+ T cells 
by virtue of their GM-CSF promoting effects may exacerbate vessel wall inflammation 
and thus play an important role in the progression of GCA. Our data, therefore, challenge 
the contention that CD8+ T cells are minor contributors in the vasculopathy of GCA. 
However, the detailed mechanism underlying the CD8+ T-cell mediated augmentation 
of GM-CSF expression by infiltrating leukocytes and tissue resident fibroblasts remains 

to be further explored. Besides T cells, B cells may also act as one of the possible sourc-
es of GM-CSF production in GCA. In multiple sclerosis patients, higher proportions of 
GM-CSF expressing B cells have been reported both in the periphery and at local sites 
than in healthy donors (41). In GCA, the role of B cells is still unclear as they have been 
scarcely investigated due to the lack of disease-specific autoantibodies. However, B-cell 
infiltration in the TABs and aorta of GCA patients has been documented (42), albeit that 
these are outnumbered by T cells, and suggest possible alternative roles for B cells 
such as enhancement of inflammation by the production of cytokines, chemokines, and 
growth factors including GM-CSF.

The tissue destructive proangiogenic CD206+YKL-40+MMP-9+ macrophages locat-
ed in the media and media borders are likely skewed by local GM-CSF signals. In the 
field of oncology, YKL-40 has not only been reported to upregulate MMP-9 production 
by macrophages but also to enhance vasa vasorum vascular tube formation in cancer 
metastasis (17-19, 22). Apart from breaking down the lamina elastica, MMP-9-mediated 
extracellular matrix degradation is essential for T cells invasion and endothelial cells 
migration, promoting inflammation and neovessel formation, respectively (19-21). In the 
tissue, we found that medial CD206+ macrophages, likely skewed by GM-CSF signals, are 
positive for YKL-40 and MMP-9 (chapter 4). Therefore, GM-CSF could be an important 
factor in YKL-40 and MMP-9 production. Furthermore, higher expression of YKL-40 by 
GM-MØs has been reported (43). Indeed, GM-MØs of GCA patients released higher levels 
of YKL-40 compared to M-MØs. Compellingly, we did not find higher YKL-40 release by 
healthy donor GM-MØs compared to M-MØs. This difference can be explained by an 
altered monocyte subset composition, whereby the proportion of classical monocytes 
is higher in GCA patients as previously reported by our group (44). On the other hand, the 
proportion of intermediate monocytes has been reported to be higher in older healthy 
donors (45). We found that GM-CSF receptor expression was the highest on classical 
monocytes while M-CSF receptor was the highest on intermediate monocytes (chapter 
3). Additionally, proinflammatory cytokines such as IL-6 and IFNγ that are massively 
overexpressed in inflamed GCA vessels can also upregulate YKL-40 expression (46).

Signaling of YKL-40 through IL-13Rα2 activates AKT and ERK pathways, both crucial 
for MMP-9 production (47, 48). Indeed, in inflamed GCA TABs, abundant expression of 
IL-13Rα2 was detected throughout the vessel wall by infiltrating cells, including mac-
rophages, and endothelial cells. Of note, the expression of YKL-40 and IL-13Rα2 was 
absent or weak in non-inflamed control vessels, corroborating the importance of the 
YKL-40-IL-13Rα2 axis in the pathogenesis of GCA. Furthermore, CD206+ GM-MØs in 
GCA lesions were positive for YKL-40 and MMP-9. The reduction of MMP-9 production 
by silencing of the YKL-40 gene suggests that these macrophages express YKL-40 that 
could boost their MMP-9 expression in an autocrine or paracrine fashion. Additionally, 
exposure of endothelial cells to YKL-40 leads to capillary-like tube formation in vitro. Vasa 
vasorum tube formation is an important pathogenic feature of GCA as these neovessels 
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augment the recruitment of infiltration of leukocytes to the site of inflammation which 
further exacerbates the inflammatory reactions. Collectively, these observations support 
a pathogenic role of YKL40 as a promotor of MMP-9-mediated tissue destruction and 
neoangiogenesis in the vasculopathy of GCA.

In contrast to CD206, FRβ expression is likely skewed by local M-CSF signals. GM-CSF 
has been reported to diminish FRβ expression by macrophages (36, 37). In inflamed GCA 
TABs, M-CSF expression was found to be highly localized in the area of CD206+ GM-MØs 
(chapter 3). Confirming our observation in tissue, expression of M-CSF was detected to 
be significantly higher in GM-Mфs, suggesting that M-CSF produced by GM-MØs primed 
adjacent macrophages to become FRβ+ M-MØs. Intriguingly, significantly higher num-
bers of infiltrating FRβ+ M-MØs were detected in the inner intima of vessels with massive 
intimal hyperplasia, suggesting their importance in promoting fibroblast proliferation. 
Indeed, we found that M-MØs secreted higher levels of platelet-derived growth factor 
(PDGF)-AA, a growth factor known to promote fibroblast migration and proliferation. 
Fittingly, a recent report showed that M-CSF differentiated macrophages promote the 
proliferation and collagen production by fibroblasts via the PDGF-AA-PDGF-(receptor 
alpha) RA axis in pulmonary fibrosis (49). The detailed mechanistic interaction of FRβ+ 
M-MØs in promoting fibroblast proliferation and intimal hyperplasia in GCA remains to 
be further explored. Of note, although our data showed the importance of GM-CSF and 
M-CSF in skewing these macrophage phenotypes, the microenvironment in inflamed 
GCA vessels is very complex. A plethora of cytokines in the microenvironment, some 
of which may not yet be revealed, may act together to give rise to these distinct macro-
phage phenotypes.

In summary, our findings expand our current understanding of the pathogenesis of 
GCA. Based on our data (chapters 3, 4 and 5), we therefore propose an updated GCA 
pathogenesis model detailing five phases of disease development as briefly explained 
below and illustrated in Figure 1:

(1) The initiation of GCA is characterized by the activation of adventitial vascular den-
dritic cells (DCs) through toll-like receptors by an unknown trigger or danger signal, 
eventually leading to the loss of immunological tolerance.

(2) Activation of vascular DCs in the adventitia leads to the production of chemokines 
and cytokines that recruit, activate, and polarize T cells (CD4+ and CD8+). These 
CD4+ and CD8+ 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 CD4+ T cells towards T helper 1 (Th1) and T helper 17 (Th17) cells, 
which produce large amounts of GM-CSF in addition to IFNγ and IL-17, respectively. 

Beside Th1 and Th17 cells, activated CD8+ T cells also produce GM-CSF that con-
tributes to shaping the proinflammatory microenvironment.

(3) Proinflammatory cytokines in the microenvironment activate vascular smooth muscle 
cells (VSMCs) and endothelial cells (ECs), resulting in the production of more chemo-
kines fostering monocyte recruitment. Chemokines (CCL2, CX3CL1, CXCL9, CXCL10, 
and CXCL11), released by activated VSMCs, recruit monocytes into the vessel wall.

(4) Infiltrating monocytes are initially primed by GM-CSF, after which they differentiate 
into CD206+YKL-40+MMP-9+ GM-MØs. These GM-MØs then migrate to the media. 
YKL-40 released by these macrophages promotes neoangiogenesis and boosts local 
MMP-9 overexpression leading to the digestion of the lamina elastica, damage to 
the media layer, and promotion of T cell invasion.

(5) CD206+ GM-MØs in the media then release large amounts of M-CSF, which in turn 
primes the macrophages surrounding them to express FRβ. These FRβ+ M-MØs 
then boost fibroblast migration and proliferation by higher production of growth 
factors (such as PDGF-AA). This process eventually leads to enhanced fibroblast 
proliferation, leading to luminal occlusion.

Apart from expanding the current pathogenic model of GCA, these observations also lay 
the foundation for designing novel macrophage targeted diagnostic tools and therapies 
for GCA.

Our model is in line with the first stage in the model proposed by Watanabe et al. 
whereby monocytes enter the tissue, differentiate into tissue destructive macrophages 
(CD206+YKL-40+MMP-9+) likely skewed by GM-CSF signal from the microenvironment 
(Figure 1-1 to 1-3). In the second stage of the disease, some of these macrophages 
change their phenotype to a tissue remodeling phenotype (FRβ+PDGF-AAhigh) upon re-
ceiving M-CSF signal (Figure 1-4). In GCA however, the inflammation does not resolve but 
results in an amplification loop mediated by the abundance of proinflammatory cytokines 
and chemokines in the microenvironment perpetuating the inflammatory response and 
enhancing the tissue remodeling process by macrophages (Figure 1-5).
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Macrophage heterogeneity in the pathology of AAV
In contrast to GCA, AAV mainly affects small- to medium-sized vessels. The initiation 
of vasculitis in AAV starts with activation of neutrophils triggered by auto-antibodies 
to proteinase 3 (PR3) or myeloperoxidase (MPO), leading to their degranulation, the 
release of reactive oxygen species (ROS), and NETosis, all of which cause damage to 
the vessel wall. The proinflammatory microenvironment then results in the recruitment 
and activation of T cells, followed by the recruitment of monocytes and their differen-
tiation into macrophages (6-9). Similar to GCA, macrophages in AAV produce a pleth-
ora of tissue-destructive and remodeling molecules that cause damage and fibrotic 
changes in the affected organs. Again, having a high degree of plasticity, it is expected 
that different macrophage phenotypes exist and play different roles in the pathology of 
AAV. Indeed, we identified distinct phenotypes of CD206+CD163-, CD206-CD163+, and 
CD206+CD163+ double positive macrophages in kidney biopsies of AAV patients with 
glomerulonephritis (chapter 6), confirming observations by others (30). In contrast to 
CD206, which is highly upregulated by macrophages upon GM-CSF treatment, CD163 
has been reported to be highly expressed in response to M-CSF treatment (50, 51). This 
suggests that spatial temporal differences in GM-CSF and M-CSF expression may also 
occur in the immunopathological development of AAV. In the blood compartment of 
AAV patients, higher levels of both GM-CSF and M-CSF have been reported (52, 53), 
corroborating that these growth factors may indeed be important in the immunopathol-
ogy of AAV. In the kidney of renal active AAV patients, we observed massive infiltration 
of CD163+ macrophages in the glomeruli while CD206+ macrophage infiltration was 
largely detected in the tubulointerstitial compartment. Indeed, expression of M-CSF by 
glomerular cells that subsequently promotes glomerular macrophage infiltration and 
development of glomerular crescents has been reported in various forms of glomerulo-
nephritis (54–56). Additionally, in an experimental mouse model of glomerulonephritis 
extensive expression of GM-CSF by tubular cells promoting tubulointerstitial inflam-
mation has been reported (57). Moreover, ablation of GM-CSF expression attenuated 
tubulointerstitial inflammation and glomerular injury in mouse models of glomerulo-
nephritis (57, 58). Finally, both CD206+ and CD163+ macrophages have been associ-
ated with tubulointerstitial and glomerular fibrosis (59). Taken together, these reports 
corroborate our observation that infiltration of CD163+ macrophages in glomeruli and 
CD206+ macrophages in the tubulointerstitium are disparate processes that may occur 
simultaneously due to the fact that in these distinct compartments of the kidney M-CSF 
and GM-CSF concentrations differ (Figure 2). Besides GM-CSF/M-CSF, other cytokines 
in the microenvironment, such as IL-4 (60), may also alter the expression of CD163 and 
CD206, which may partly explain the presence of double positive CD206+CD163+ mac-
rophages. The detailed mechanistic involvement of these distinct macrophage subsets 
in the development of AAV remains to be further investigated. As our focus in this thesis 
was on the kidney, future studies should also explore macrophage heterogeneity in other 
tissues commonly affected by AAV such as the lungs and upper airways. Infiltration of 
CD163+ and CD86+ macrophages have been previously reported in nasal and airway 
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biopsies of AAV patients (61). However, the expression of CD206 has not been reported 
in these tissues. Further studies including additional macrophage phenotypic markers 
such as CD206 and FRβ in these tissues may reveal specific spatial distribution patterns 
of phenotypically distinct macrophages in conjunction with their specific roles in the 
upper airways and lungs of AAV.

Figure 2. Macrophage plasticity in AAV associated glomerulonephritis. Glomerular expression of 
M-CSF promotes CD163+ macrophage differentiation that boosts epithelial cells proliferation and 
glomerular crescent formation. High GM-CSF expression by tubular cells promotes differentiation 
of CD206+ macrophages, leading to tubulointerstitial inflammation and tissue damage.

Part II: Targeting macrophages for diagnosis and therapy: implications 
of findings and future perspectives
Macrophages play pivotal roles and are abundantly present in the inflammatory lesions 
of numerous diseases, including autoinflammatory, autoimmune, and oncological con-
ditions, making them one of the most attractive cell types to target for diagnostics and 
therapy. Numerous macrophage targeted radiotracers and therapeutics are currently in 
preclinical development and some are already tested in clinical trials. As macrophages 
are plastic cells, not all of these tracers and therapeutics are suitable for the diagnosis 
and treatments of vasculitides. In this part of the discussion, a few selected, potentially 
useful radiotracers and therapeutic strategies for GCA and AAV are discussed based 
on the findings in this thesis.

Macrophage related biomarkers as radiotracer targets for the diagno-
sis of GCA
The gold standard for diagnosis of both GCA and AAV is the use of histological evidence 
from the analysis of a biopsy of affected tissue. However, taking a biopsy is an invasive 
and potentially risky procedure with limitations as only a very tiny part of the whole 
lesion is investigated. More recently, imaging techniques such as Colour Doppler Ultraso-
nography (CDUS) and the use of [18F]FDG-PET lesions are starting to be widely employed. 
Previously, PET imaging was thought to be only useful for the diagnosis of large-vessel 
GCA (LV-GCA) due to its limited resolution in imaging medium- to smaller-sized ves-
sels. However, a recent article by our group reported that a PET/CT scan is a reliable 
method for the diagnosis of cranial GCA (C-GCA) (83% sensitivity and 75% specificity by 
visual analysis) (62). These techniques, however, still pose certain limitations such as 
the high glucose uptake by the brain that could interfere with the proper interpretation 
of the scans. Currently, the diagnosis of C-GCA is aided by Doppler ultrasonography for 
the detection of the presence of a hypoechoic halo sign caused by edema around the 
affected vessel wall as well as narrowing of the blood vessel (63). Apart from cranial 
vessels, CDUS is also utilized to detect halo signs in auxiliary vessels. That being said, 
the use of CDUS is limited to the visualization of superficial vessels, while PET imaging 
is more useful to visualize vessels that are deeper within the body.

Although CDUS has been proven useful in the detection of C-GCA, recent evidence 
showed that atherosclerosis can produce a false positive halo sign in temporal arteries 
(64). Additionally, the diagnosis of GCA by means of CDUS can only be performed by 
experienced ultrasonographers with extensive training and using a high end US machine 
with a high frequency probe and good resolution (65, 66). As for PET, the application 
of [18F]FDG-PET imaging for visualizing inflammation has proven to be useful for early 
diagnosis of LV-GCA (i.e. within a week from the start of glucocorticoid treatment reg-
imens) (17). However, not all patients are able to undergo a PET scan within this short 
time frame due to limited hospital capacities. Additionally, the diagnostic accuracy of 
[18F]FDG-PET in patients on glucocorticoid treatment is drastically decreased after 3 
days of GC treatment and it is therefore not effective for monitoring disease progression 
and evaluating therapy responses in such cases (17, 18, 67). Furthermore, higher [18F]
FDG uptake in aging vessels due to changes in metabolic activity, persistent vessel wall 
remodeling, and atherosclerotic calcifications may also pose a problem in the diagnosis 
of an aging disease such as GCA (68, 69). All in all, it is important that more specific 
radiotracers and better methods are explored for the diagnosis and treatment monitoring 
of GCA. In chapter 2, we comprehensively reviewed macrophage targeted radiotracers 
that may prove to be useful in improving the diagnosis and disease monitoring of GCA. 
Based on the findings in this thesis, CD206 and FRβ are interesting candidates for im-
aging purposes in GCA and several promising CD206 and FRβ targeted radiotracers are 
currently being investigated in preclinical and in clinical settings (Table 1).
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Table 1. CD206 and FRβ targeted PET radiotracers in preclinical and clinical development.

Tracer target Radiotracer Stage References

CD206 [18F]FDM Preclinical (70)

[68Ga]NOTA-MSA Preclinical (71)

[18F]FB-anti-MMR Preclinical (72)

[64Cu]MAN-LIPs
[68Ga]NOTA-anti-MMR-sdAb

Preclinical
Clinical

(73)
(74)

FRβ [18F]PEG-folate Clinical (75)

3′-aza-2′-[18F]fluorofolicacid Preclinical (76)

CD206, also known as the mannose receptor, is a pattern recognition receptor ex-
pressed on the membrane of macrophages, which binds mannose and fucose residues 
with high affinity. 99mTc-Tilmanocept, a single-photon emission computed tomography 
(SPECT) radiotracer that targets CD206, has been shown to accumulate in areas of 
CD206+ macrophage infiltration in HIV associated inflammatory lesions (77). 18F labeled 
mannose ([18F]FDM), a CD206 targeted PET radiotracer, was reported to accumulate in 
macrophage rich areas of atherosclerotic plaques in a rabbit model (70). Notably, the 
study also showed a 35% increased macrophage uptake of FDM compared to FGD in 
vitro. In another study, a 68Ga radiolabeled mannosylated albumin ([68Ga]NOTA-MSA) was 
shown to be taken up specifically by CD206+ macrophages in vitro (71). [68Ga]NOTA-MSA 
also exhibited a specific and intense signal reproduction in atherosclerotic plaques 
compared to healthy arteries. More recently, a clinical grade gallium-68 tagged antibody 
fragment targeting CD206 ([68Ga]NOTA-anti-MMR-sdAb) has been developed for phase 
I clinical studies in humans (74), marking a significant leap in CD206+ macrophage 
targeted imaging. Another macrophage marker, FRβ, has also gained importance as a 
diagnostic target. FRβ is a folate receptor subtype exclusively expressed on cells of the 
myeloid lineage. Recently, imaging of FRβ+ macrophages has been reported as a means 
to detect active disease in rheumatoid arthritis patients (75). In this study, the authors 
reported rapid blood clearance and high target to background ratios in the detection of 
joint inflammation using [18F]PEG-folate as the radiotracer.

These novel radiotracers may potentially also be useful in the diagnosis of GCA. It 
is important to note, however, that our studies described in this thesis focused largely 
on the phenotypes of macrophages in treatment naïve samples. Future studies should 
evaluate the changes of these markers in the tissues of patients undergoing treatment 
to determine their utility in monitoring treatment effectiveness. Additionally, although 
CD206 and FRβ are highly expressed by macrophages in GCA, these markers are also 
expressed by macrophages and foam cells in atherosclerotic plaques. Therefore, these 
markers are not able to solve the problem of non-disease specific accumulation in ath-
erosclerotic lesions in GCA patients. As novel high plex spatial proteomic and transcrip-

tomic techniques, such as the GeoMXTM platform by Nanostring and the Visium Spatial 
gene expression platform by 10X Genomics, are currently emerging, future studies could 
leverage these techniques to map macrophage heterogeneity in GCA lesions in more 
detail to identify disease specific markers that can differentiate between GCA and ath-
erosclerosis.

In order to improve the diagnosis of C-GCA, multispectral optoacoustic tomography 
(MSOT), a newly emerging and novel imaging method that combines ultrasonography 
with tracer detection may open up a new venture in imaging C-GCA. MSOT utilizes the 
absorbance spectrum of chromophores by excitation with specific wavelength (78). 
Upon excitation, these chromophores produce ultrasound waves, which are then cap-
tured by an ultrasound detector and processed into images. The feasibility of using 
optoacoustic imaging to image human vasculature has been reported (79). By utilizing 
CD206 and FRβ targeted tracers with tagged IRdye, MSOT may be able to detect mac-
rophage rich areas in GCA affected arteries. Furthermore, the detection of GCA lesions 
by macrophage targeted MSOT may aid ultrasonographers with less experience in deal-
ing with temporal arteries to provide a more accurate diagnosis. Additionally, MSOT 
possesses the ability to detect the excitation of intrinsic chromophore properties of 
lipids. Successful detection of lipid accumulation in atherosclerotic plaques has been 
previously reported (80, 81). As MSOT allows the detection of multiple excitations and 
emission spectra, it is theoretically possible to image and differentiate atherosclerotic 
plaques from GCA related inflammation with the combination of a macrophage target-
ed tracer and lipid accumulation imaging. In short, MSOT may pose as an interesting 
improvement to CDUS in the detection and possible treatment monitoring of GCA and 
should be further explored in future research. Of note, the utility of MSOT is limited to 
the visualization of superficial vessels (such as cranial arteries and auxiliary arteries) 
and therefore is not suitable for the detection of GCA in vessels that are deeper within 
the body such as the aorta.

Soluble macrophage biomarkers for the diagnosis of AAV
The detection of inflammatory biomarkers in biofluids, such as in serum and urine, has 
been widely utilized to aid the diagnosis of vasculitides. However, the classical blood in-
flammatory markers, C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR), 
are not specific enough for the detection and treatment monitoring of the vasculitides 
as they are also elevated in infection and other chronic inflammatory diseases. In this 
context, soluble macrophage-related biomarkers may be more useful. Upon activation, 
macrophages shed or secrete various proteins that may be detectable in biofluids such 
as serum and urine. In inflammatory diseases, these proteins are often increased in 
these biofluids due to leakage from the local lesion into the bloodstream and, in some 
cases, the urine.
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AAV patients often suffer from impaired organ function arising from microvascular 
injury, particularly in the lungs and kidneys. To date, tissue biopsies remain the primary 
means of detecting AAV related organ involvement. In an attempt to discover non-in-
vasive alternatives, macrophage-related biomarkers have been extensively studied for 
the detection of renal involvement in AAV. Urinary soluble monocyte chemoattractant 
protein-1 (MCP-1 or CCL2) was the first macrophage-related biomarker to be reported as 
a marker of active renal vasculitis (82, 83). However, uMCP-1 was not able to accurately 
distinguish non-renal AAV since significantly increased uMCP-1 levels were also de-
tected in non-renal active patients (84). More recently, urinary soluble CD163 (usCD163) 
was reported to be a more specific and sensitive marker for renal active vasculitis (30). 
However, even by measuring usCD163, up to 27% of renal active patients tested nega-
tive. In order to improve the diagnostic accuracy, sCD25, a T-cell activation marker, was 
combined with usCD163 and successfully increased diagnostic accuracy to 85% (31). 
In chapter 6, we investigated the utility of ssCD206 in aiding usCD163 for the detection 
of renal active AAV. Intriguingly, with the combination of these two markers, our data 
revealed an increase in sensitivity of 85.9%. However, this increase in sensitivity came 
at the expense of a decreased specificity to 83.6% from 100% using usCD163 alone. In 
the report by Dekkema et al., using the combination of usCD163 and usCD25 increased 
diagnostic sensitivity of usCD163 from 70% to 90%, but reduced specificity from 98% 
to 72% (31). However, the additional measurement of ssCD25 resulted in 84.7% sensi-
tivity and 95.1% specificity. This indicates the possibility of improving the specificity of 
the combination of usCD163 and ssCD206 with additional marker(s). Future research 
should explore different combinations of usCD163 and ssCD206 with additional mea-
surements of MCP-1, sCD25, and other potential novel markers. Biomarkers related to 
other key cellular players in the pathogenesis of AAV, such as neutrophils, may also be 
interesting to explore. One such marker is calprotectin, a protein highly expressed by 
both neutrophils and macrophages. Multiple studies have demonstrated that elevated 
serum levels of calprotectin are correlated with increased disease activity and worsening 
of renal function, hematuria, and rising proteinuria in AAV patients (85, 86). A myeloid 
biomarker panel that covers markers of neutrophil, monocyte, and macrophage activa-
tion may improve the diagnostic accuracy as these cells are the major cellular players 
in the pathogenesis of AAV.

Targeting macrophages as alternative therapeutic strategies for the 
treatment of vasculitides
To date, long-term high-dose GC treatment regimens remain the primary treatment 
option for vasculitides. However, long-term GC treatment is associated with severe side 
effects such as diabetes, osteoporosis, hypertension, and malignancies. Therefore, it is 
imperative that alternative treatment options are explored to reduce dependency on long-
term GC treatment. Novel alternative treatments, such as IL-6 receptor blockade with to-
cilizumab and the C5a complement receptor inhibitor CCX168, have recently proven to be 
effective GC-sparing alternatives for the treatment of GCA and AAV respectively (87–89). 

However, even with tocilizumab and CCX168 treatment, up to 44% of GCA patients and 
up to 34.3% AAV patients, respectively, do not achieve remission (87, 90) – emphasizing 
that there is still a clinical need for more specific and lasting treatment targets for these 
diseases. Furthermore, reports have shown that macrophage infiltration persists in the 
vessels of GCA patients with ongoing treatments, indicating that current treatments 
do not sufficiently suppress the local inflammatory response (33). Therefore, targeting 
macrophages or their related pathways may prove to be more effective for suppressing 
chronic ongoing inflammation and may provide lasting remission.

The fact that macrophages play key roles in various diseases has encouraged many 
research groups to extensively explore the viability of targeting macrophages for ther-
apeutic purposes in the past years. This is especially true in the targeting of tumor as-
sociated macrophages (TAMs) in cancer. The various therapeutic strategies that have 
been pursued are briefly explained below:

(1) Macrophage re-education:
Macrophage re-education strategies exploit the plasticity of macrophages and aim to 
re-educate them into a disease protective phenotype. This strategy has been extensive-
ly explored for anti-cancer therapy. TAMs exert tumor promoting capabilities via the 
release of high proangiogenic molecules that promote tumor metastases as well via 
immunosuppressive effects on adaptive immune responses that otherwise would kill 
tumor cells. Re-education of these TAMs to exert proinflammatory anti-tumor activities 
have been promising. An example of this strategy is the administration of IFNγ to induce 
proinflammatory antitumor macrophages. Administration of IFNγ has been shown to 
enhance clinical responses in women with ovarian cancer (91). This strategy, however, 
may not be suitable for the treatment of vasculitides as macrophages in GCA and AAV 
have shown combined proinflammatory and proremodeling phenotypes.

(2) Macrophage depletion in tissue:
This more radical approach is achieved by either targeted killing of pathological mac-
rophages or the inhibition of macrophage migration to the site of inflammation. This 
first strategy can be achieved in several ways, such as through the inhibition of survival 
related pathways and targeted delivery of toxic molecules. One of the more success-
ful macrophage depletion strategies is by blockage of CSF1R, the receptor for M-CSF. 
Blocking of CSF1R in vitro was shown to induce selective apoptosis of CD163+ TAMs and 
depleted TAMs in tumor-bearing mice. Interestingly, as M-CSF also shows a chemotactic 
capability in the recruitment of monocytes, blocking CSF1R was also shown to inhibit 
macrophage infiltration and accumulation in the kidney of unilateral ureteric obstruction 
(UUO) mouse models of renal inflammation (92). Furthermore, another study showed 
inhibition of glomerular macrophage infiltration that halts the development of crescentic 
glomerulonephritis in anti-glomerular basement membrane (anti-GBM) glomerulone-
phritis in rats (56). Together, these studies highlighted the possibility of targeting the 
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CSF1R-M-CSF pathway in the treatment of renal AAV. Whether or not targeting this 
pathway is useful for the treatment of GCA remains to be elucidated.

Alternatively, targeted delivery of cytotoxic molecules to kill a certain population of 
macrophages has also been explored. One such approach utilizes recombinant immu-
notoxins, hybrid proteins consisting of a toxin moiety that is linked with a targeting 
moiety. The targeting moieties of immunotoxins are generally monoclonal antibodies, 
antibody fragments, or receptor specific ligands. The first evidence of success in target-
ing inflammatory macrophages with immunotoxins was demonstrated by Thepen et al. 
showing resolution of chronic cutaneous inflammation in transgenic mice by elimination 
of inflammatory macrophages using a CD64-directed immunotoxin H22-RicinA (93). In 
a follow-up study, selective elimination of inflammatory macrophages in RA affected 
synovial tissue by the application of another CD64-directed immunotoxin (CD64-Rici-
nA) that attenuated cartilage destruction in synovial tissue explants (94). In another 
approach, Lee et al. showed successful depletion of CD206+ macrophages in tumors of 
a subcutaneous tumor model with a novel recombinant peptide, MEL-dKLA, consisting 
of an apoptosis-inducing peptide paired to a CD206 ligand (95). As all macrophages 
in GCA lesions are highly positive for CD64 while the tissue-destructive proangiogenic 
macrophages are CD206+, these immunotoxin approaches are certainly interesting to 
pursue as an alternative treatment strategy for GCA. Arguably, the elimination of CD206+ 
and/or CD163+ macrophages may also be interesting for the elimination of pathogenic 
macrophages in AAV.

(3) Inhibition of macrophage related proinflammatory mediators and pathways:
Inhibition of proinflammatory mediators is arguably the most adapted strategy for the 
treatment of primary vasculitides. Novel treatment strategies such as IL-6 receptor block-
ade, TNF-α inhibitors, IL-1β inhibitors, JAK/STAT pathway inhibitors, and complement 
inhibitors have all been explored for the treatment of vasculitides. Although not macro-
phage specific, these drugs target macrophage-related inflammatory pathways as well. 
In this thesis, our studies have highlighted the importance of GM-CSF as a mediator of 
inflammation and tissue remodeling in GCA, making it one of the most interesting mol-
ecules to target for therapy. Concurrent with our studies, a GM-CSF receptor antagonist 
mavrilimumab is being evaluated for the treatment of GCA. The first encouraging results 
of this phase 2 trial (NCT03827018) have recently been reported, showing a 62% lower 
risk of flare by week 26 compared to placebo treatment (96). This study is in line with our 
findings that GM-CSF skews towards a pathogenic type of macrophage and emphasizes 
the importance of GM-CSF in the pathogenesis of GCA.

Alternatively, YKL-40 may be an attractive target for GCA. In xenograft tumor mouse 
models, inhibition of YKL-40 with a neutralizing antibody decreased tumor growth, an-
giogenesis, and metastasis (97, 98). Potentially, targeting YKL-40 in GCA may reduce 
tissue destruction, neoangiogenesis, and lymphocyte infiltration into the vessel wall by 

reducing MMP-9 production and vasa vasorum formation. Alternatively, blockage of 
IL-13Rα2 may also lead to similar effects.

Altogether, the findings in this thesis open up numerous possible novel therapeutic 
approaches for the treatment of vasculitides. Furthermore, multiple combined approach-
es such as targeted delivery of inhibitory drugs to distinct populations of macrophages 
is also a possibility. An interesting study reported selective delivery of nanocapsules 
coated with mannosylated nanoparticles (Mn-NPs) to CD206+ TAMs in vivo (99). Fol-
lowing that, the same group reported the successful delivery of IκBα inhibiting siRNA 
to TAMs in vitro, leading to the activation of the NF-κB signaling pathway and promotion 
of antitumor macrophages (100). With such delivery vehicles, precision medicine may 
be achieved in the vasculitides as well, which may help in reducing treatment-related 
side-effects as seen with GC treatment. Furthermore, a combination of targeted therapy 
and diagnostics may open up possibilities for theranostic applications. Recently, Li et 
al. generated a fluorescence tagged mannose-conjugated anti biofouling magnetic iron 
oxide nanoparticles (Man-IONP). Their report showed colocalization of Man-IONP with 
CD206+ macrophages in mouse mammary tumors. Besides visualizing CD206+ mac-
rophages, Man-IONP can also act as a vehicle for drug delivery to these macrophages 
combining diagnosis and therapy at the same time.

Future studies should explore the therapeutic potential of such strategies to target 
pathological macrophages in preclinical models of vasculitides. A number of animal 
models for AAV have been generated including mouse models for AAV associated renal 
vasculitis (101). For GCA, two experimental models are currently being employed in pre-
clinical studies. In the first model, human arteries with vasculitis lesions are engrafted 
into immunodeficient mice (24, 102) whereas the second model employs ex vivo cultures 
of explanted arteries from GCA patients (103). Although these models may not fully rep-
licate the conditions in the human body, they are valuable to demonstrate the efficacy 
of targeted therapies in the local lesional microenvironment.

CONCLUSION

The immunopathology of vasculitides has yet to be fully understood. A deeper under-
standing of the complex initiation and prolongation of the dynamic interactions between 
immune cells and their specific microenvironment in affected tissues is imperative to 
identify relevant molecules and targets for designing novel diagnostic tracers and ther-
apeutic strategies. Given the plasticity and the importance of macrophages in GCA and 
AAV, studies presented in this thesis focused on unraveling the phenotypic heterogeneity 
of these macrophages and their specific roles in the development of vasculitis. This 
thesis identified distinct macrophage populations associated with distinct functions 
pertaining to the development of GCA and AAV. Additionally, soluble factors shed by 
these macrophages may aid in disease diagnosis and monitoring. Last but not least, 
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we discussed the vast possibilities of specifically targeting these macrophages for the 
purpose of disease monitoring and treatment. Future studies in experimental models of 
vasculitis are warranted to further explore whether targeting specific macrophage sub-
sets is a viable approach for molecular imaging, diagnostic and/or therapeutic purposes.
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NEDERLANDSE SAMENVATTING

Reuscelarteriitis (RCA) en vasculitis geassocieerd met anti-neutrofiele cytoplasmatische 
autoantistoffen (AAV) zijn ziekten die worden gekenmerkt door ontsteking van bloedvat-
en. Patiënten met RCA lijden aan een ontsteking van de middelgrote tot grote bloedvaten 
die kan leiden tot verschillende ernstige complicaties zoals blindheid, beroerte en aorta-
dissectie. In AAV-patiënten zijn de kleine tot middelgrote bloedvaten ontstoken wat kan 
leiden tot ernstige orgaanschade, zoals nierfalen, met als gevolgeen verhoogde morbid-
iteit en mortaliteit van de patiënten. Zowel RCA als AAV worden gekenmerkt door syste-
mische ontsteking en massale infiltratie van leukocyten op de plaats van ontsteking. Bij 
beide ziekten overheersen macrofagen het ontstekingsinfiltraat   wat hun belang in de 
ontwikkeling van deze ziekten benadrukt en ze aantrekkelijke  cellulaire merkers maakt 
voor het meten  van ziekteprogressie en het bepalen van de behandelingsrespons. Mac-
rofagen zijn plastische cellen die het vermogen hebben om hun fenotype te veranderen 
gestuurd door signalen in hun micro-omgeving. Tot op heden is de kennis omtrent de 
heterogeniteit van macrofagen in de pathogenese van de vasculitiden echter beperkt. 
Om uit te zoeken of deze cellen kunnen fungeren als doelwit voor diagnostische en thera-
peutische doeleinden, is een beter begrip van hun fenotypische kenmerken en specifieke 
functies vereist. Het hoofddoel van het onderzoek beschreven in dit proefschrift is het in 
kaart brengen van de fenotypische en functionele heterogeniteit van macrofagen in de 
pathogenese van de vasculitiden met als doel om hun bruikbaarheid als diagnostische 
merkers en gerichte behandeling te onderzoeken.

De gouden standaard voor de diagnose van RCA is een positieve biopsie van de tem-
poraal arterie, wat een invasieve en potentieel riskante procedure is. Een ander nadeel 
is dat de biopsie negatief is bij RCA-patiënten zonder betrokkenheid van de temporaal 
arterie(Grote Vaten-RCA). Anno 2021 zijn de ultrasonografie (US) en positronemissi-
etomografie (PET)-scans eerste keus om RCA aan te tonen dan wel uit te sluiten te. 
Zowel US als PET radiotracer, [18F]fluorodeoxyglucose ([18F]FDG) scans laten echter 
een sterke afname in nauwkeurigheid zien 3 dagen na start van de prednisolon ook wel 
glucocorticoïden-(GC) therapie. Er is daarom een dringende behoefte aan diagnostische 
merkers die niet worden beïnvloed door prednisolon behandeling om de diagnostische 
nauwkeurigheid en het monitoren van de behandeling te verbeteren. Macrofagen zijn 
uitstekende kandidaten voor de ontwikkeling van nieuwe radiotracers, omdat deze cellen 
een centrale rol spelen in het ontstekingsproces en overvloedig aanwezig zijn op de 
plaats van de ontsteking.

In hoofdstuk 2 wordt een uitgebreid overzicht gegeven van de bestaande literatuur ten 
aanzien van de  macrofaag specifieke radiotracers die momenteel worden gebruikt en in 
ontwikkeling zijn voor preklinische en klinische doeleinden. Veelbelovende nieuwe mac-
rofaag-gerichte radiotracers waaronder tracers specifiek gericht op de folaatreceptor 
bèta (FRβ) en de mannose-receptor (CD206) kunnen nuttig zijn bij het diagnosticeren en 

ziektemonitoring van RCA. Er is echter meer gedetailleerde kennis nodig van macrofaag-
fenotypen die betrokken zijn bij de pathogenese van RCA alvorens de meest geschikte 
radiotracers kunnen worden geselecteerd voor verder onderzoek in diagnostische en 
therapeutische monitoring van RCA.

RCA is een ziekte die wordt gekenmerkt door destructieen herherstelvan de middelste 
laag (media) van de vaatwand, gevolgd door proliferatie van de binnenste laag (intima) 
in een laterstadium. Aangezien macrofagen dynamische cellen zijn, is het mogelijk dat 
verschillende fenotypes van macrofagen met uiteenlopende functies aanwezig zijn in 
verschillende stadia tijdens de ontwikkeling vande vaatwand inflammatie. In hoofdstuk 3 
identificeerden we verschillende typen macrofagen in temporale arteriebiopten (TABs) van 
RCA-patiënten die afhankelijk van de locatie in het aangedane bloedvat geassocieerd zijn 
met weefseldestructie en intimale hyperplasie. CD206+ macrofagen die matrixmetallo-
proteinase 9 (MMP-9) tot expressie brengen, werden met name gevonden op de plaats 
van mediadestructie, terwijl FRβ+ macrofagen overvloedig aanwezig waren in de bin-
nenste intima, grenzend aan CD206+ macrofagen, waar intimale proliferatie plaatsvindt. 
Belangrijk is dat dit duidelijke distributiepatroon van macrofagen ook werd gevonden 
rond necrotische medialagen in de aorta van RCA-patiënten, maar niet in atherosclero-
tische aorta’s. Onze gegevens toonden daarnaast aan dat de groeifactoren GM-CSF en 
M-CSF verantwoordelijk kunnen zijn voor deze verschillende macrofaagfenotypen en 
hun locatie in ontstoken RCA-vaten.

YKL-40 (ook bekend als chitinase-3 like-1 / Chi3l1) is een eiwit dat in hoge mate tot 
expressie wordt gebracht door macrofagen bij inflammatoire aandoeningen. De expres-
sie ervan wordt versterkt door stimulatie met pro-inflammatoire signaalstoffen  zoals 
GM-CSF, IL-6 en interferon-gamma (IFNγ). Bij RCA-patiënten zijn de serumspiegels van 
YKL-40 verhoogd en deze blijven verhoogd tijdens de GC-behandeling. Bovendien heeft 
eerder onderzoek aangetoond dat YKL-40 MMP-9-expressie induceert in macrofagen 
die betrokken zijn bij weefseldestructie en bevordert YKL-40 de vorming van nieuwe 
bloedvaten, twee belangrijke processen in de pathogenese van RCA. In hoofdstuk 4 
hebben we onderzocht welke cellen YKL-40 produceren in  RCA TAB’s en via welke 
mechanismen YKL-40 zou kunnen bijdragen aan het ontstekingsproces in RCA. YKL-40 
bleek in hoge mate tot expressie te worden gebracht door GM-CSF geïnduceerde, weef-
seldestructieve CD206+MMP-9+ macrofagen die zich voornamelijk in de media en op 
het grensvlak grenzen van de media bevinden. Bovendien werd IL-13-receptor alfa 2 
(IL-13Rα2), een receptor voor YKL-40, hoog tot expressie gebracht door leukocyten en 
endotheelcellen in ontstoken RCA TAB’s. Geinduceerde downregulatie van YKL-40-gen-
expressie in macrofagen leidde tot een verminderde MMP-9- eiwitexpressie suggererend 
dat YKL-40 gemedieerde MMP-9 productie een belangrijke rol speelt in het proces van 
weefsel destructie. Tenslotte konden we bevestigen dat YKL-40 de buisvorming door 
endotheelcellen bevordert wat de potentiële rol van YKL-40 in de vorming van nieuwe 
bloedvaatjes in RCA ondersteunt. Gezamenlijk dragen onze studies in hoofdstuk 3 en 
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4 bij aan verbeterde inzichten in de diversiteit van macrofaag fenotypes en functies 
betrokken bij het ontstekingsproces in RCA en leggen ze de basis voor het ontwerpen 
van nieuwe op macrofagen gerichte therapieën en beeldvormende tracers.

Gezien het belang van GM-CSF in de pathogenese van RCA, is het cruciaal om de 
cellulaire bron ervan in RCA te identificeren. Eerder onderzoek in verschillende immu-
ungemedieerde ontstekingsziekten, zoals multiple sclerose (MS), heeft aangetoond 
dat zowel CD4+ als CD8+ T-cellen, een belangrijke bron zijn GM-CSF. Deze bevindingen 
waren voor ons aanleiding om te onderzoeken of T-cellen ook een belangrijke rol spelen 
bij de productie van GM-CSF in de vasculopathie van RCA. In hoofdstuk 5 hebben we 
aangetoond dat CD4+ en CD8+ T-cellen GM-CSF tot expressie brengen in RCA-laesies. Er 
werd echter geen verschil gevonden in de frequentie en intensiteit van GM-CSF-producer-
ende T-cellen in het bloed van RCA-patiënten in vergelijking met gezonde donoren. Over 
het algemeen zijn niveaus van GM-CSF in het bloed nauwelijks detecteerbaar, maar de 
expressie ervan is sterk verhoogd op de plaats van ontsteking. Eenzelfde beeld is eerder 
aangetoond in MS-patiënten. Ook in deze patiënten waren geen verschillen in frequenties 
van circulerende GM-CSF-positieve T-cellen aantoonbaar, echter werd een verhoogde 
infiltratie van GM-CSF-producerende T-cellen gevonden op de plek van de ontsteking. 
Tot slot, vonden we een sterke correlatie tussen de mate van GM-CSF-positiviteit en de 
mate van CD8+ T-cel infiltratie in RCA-laesies, suggererend dat  CD8+ T-cellen een rol 
spelen in het bevorderen van het ontstekingsproces in RCA.

Voor AAV patiënten is het van essentieel belang dat hernieuwde ziekteactiviteit op 
tijd wordt herkend aangezien elke periode van actieve ziekte resulteert in toegenomen 
orgaanschade. Omdat het merendeel van de patiënten met AAV renale betrokkenheid 
ontwikkelt, is het vroeg kunnen detecteren van ziekte activiteit in de nieren van cruciaal 
belang teneinde nierschade te kunnen voorkomen. De gouden standaard voor de diag-
nose van nierbetrokkenheid in AAV is een nierbiopsie. Een nierbiopsie is echter invasief 
en heeft een relatief hoog risico op complicaties. Uit recent onderzoek is gebleken dat 
verhoogde spiegels van CD163, een oppervlakte merker van macrofagen die na activatie 
afgesplitst wordt, in de urine (usCD163), een krachtige voorspeller is voor actieve nierbe-
trokkenheid bij AAV-patiënten. Echter, omdat niet alle patiënten met actieve nierziekte pos-
itief testten voor usCD163 is het van belang om aanvullende merkers te identificeren om 
de diagnostische betrouwbaarheid en sensitiviteit te verhogen. In hoofdstuk 6 is daarom 
onderzocht of het bepalen van in serum-oplosbaar CD206 (ssCD206) in combinatie met  
usCD163 de sensitiviteit voor de detectie van actieve nierziekte bij AAV-patiënten ver-
hoogt. In het serum van AAV-patiënten met nierbetrokkenheid werden inderdaad signifi-
cant hogere spiegels van ssCD206 gedetecteerd. In combinatie met usCD163, verhoogde 
de additionele bepaling van ssCD206 spiegels de sensitiviteit voor het detecteren van 
nieractiviteit tot 85,9% (14,1% vals-negatief) vergeleken met 70,3% (29,7% vals negatief) 
als alleen usCD163 werd gemeten. Bovendien werd in hoofdstuk 6 aangetoond dat zowel 
CD206+CD163- als CD206-CD163+ en CD206+CD163+ macrofagen aanwezig zijn in 

nierbiopten van AAV-patiënten met nierbetrokkenheid, wat mogelijk wijst op een ver-
schillende rol van deze verschillende macrofaagpopulaties in het nierontstekingspro-
ces in AAV. Concluderend  toonde deze studie het mogelijke nut van ssCD206 aan als 
aanvulling op usCD163 voor de detectie van nieractiviteit bij AAV-patiënten. Hoewel 
verdere studies nodig zijn om de functie van CD206+ en CD163+ macrofagen in AAV te 
ontrafelen, suggereert deze studie ook dat heterogeniteit van macrofagen een belangrijk 
kenmerk is van nierlaesies in AAV.

Conclusie
De immunopathologie van vasculitiden wordt nog niet volledig begrepen. Een beter 
begrip van de dynamische interacties tussen immuuncellen en hun specifieke micro-om-
geving in aangetaste weefsels is noodzakelijk om relevante moleculen en doelen te 
identificeren voor het ontwerpen van nieuwe diagnostische tracers en therapeutische 
strategieën. Gezien de plasticiteit en het belang van macrofagen in RCA en AAV, richtten 
de studies gepresenteerd in dit proefschrift zich op het ontrafelen van de fenotypische 
heterogeniteit van deze macrofagen en hun specifieke rol in de ontwikkeling van vas-
culitis. Onderzoek beschreven in dit proefschrift identificeerde dat diverse macrofaag-
populaties geassocieerd zijn met verschillende functies de ontwikkeling van RCA en 
AAV. Bovendien kunnen oplosbare stoffen die door deze macrofagen worden afgegeven 
helpen bij de diagnose en monitoring van de ziekte. Toekomstige studies in experimen-
tele modellen van vasculitis zijn nodig om verder te onderzoeken of specifieke macrofaag 
subsets kunnen helpen bij het eerder herkennen van vasculitis, het eerder en correct  
stellen van de diagnose vasculitis en het snel instellen van een gerichte behandeling.
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