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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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