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INTRODUCTION
Giant cell arteritis (GCA) is an inflammatory disease affecting the medium- and large-sized  

arteries [1] with potential serious acute complications such as blindness and stroke. Chronic 

complications can also occur, as long-term aortic inflammation is associated with aneurysms and 

dissection [2, 3]. GCA is commonly treated with glucocorticoids (GCs). More recently, tocilizumab 

(interleukin (IL)-6 receptor blockade) has become available as GC sparing therapy in GCA [4]. 

GCs and tocilizumab treatment generally manage to suppress disease symptoms. It is less clear, 

however, if GCs and tocilizumab suppress smoldering vascular inflammation, which is likely 

associated with patient relapses and chronic complications of GCA [5-9]. Reliable serum markers 

of vascular inflammation may aid the development of treatment regimens targeting persistent 

vascular inflammation. 

An interesting candidate serum marker of ongoing vascular inflammation is YKL-40. We 

previously showed that serum levels of YKL-40 are elevated in GCA at diagnosis, but do not 

normalize after initiation of 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 and PMR [7, 10]. YKL-40 is a chitinase-like protein, which means it 

is able to bind to chitin but is not able to cleave it [11]. YKL-40 production by innate immune cells, 

including macrophages, is induced by various cytokines, not only IL-6 but also IL-1β and interferon  

γ (IFNγ) [12]. Cancer studies have implicated YKL-40 production by tumor-associated macrophages 

in various inflammatory and tissue remodeling processes, including angiogenesis. These tumor-

associated macrophages thereby promote tumor growth and are associated with poor survival [11]. 

Less is known about the role of YKL-40 in inflammatory diseases such as GCA. In this study, we 

investigated the cellular source and the pro-angiogenic function of YKL-40 in GCA patients.

MATERIALS AND METHODS
YKL-40 production by macrophages in vivo and in vitro

For this study we performed immunohistochemistry (IHC) and cell culture experiments. IHC was 

performed on GCA positive temporal artery biopsies (TABs; n=12) of treatment-naive patients. In 

addition, we stained aortas (n=10) obtained from GCA patients who were undergoing surgery for 

an aortic aneurysm, not using any GCs. Staining for YKL-40 (R&D System, Minneapolis, MN, USA) 

was compared to staining for CD206 and matrix-metalloproteinase-9 (MMP-9), stainings that were 

performed in the context of our previous study [13]. Expression of YKL-40 by macrophages was 

confirmed by double staining with macrophage transcription factor PU.1 (Abcam, Cambridge, 

UK; upper right panel). Additionally, the TABs were stained for IL-13Rα2, the receptor for YKL-40 

(Proteintech, Rosemont, IL, USA). 

To assess the effect of skewing signals on YKL-40 production by macrophages, we cultured 

monocytes of 8 treatment-naive GCA patients for seven days in the presence of either 100 ng/mL 

GM-CSF (Peprotech, Rocky Hill, NJ, USA) or 100 ng/mL M-CSF (Peprotech) to generate macrophages 

(GM-MØ and M-MØ, respectively). 100 ng/mL of lipopolysaccharide (LPS; O55:B5 from E.coli, 
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Sigma-Aldrich, St. Louis, Missouri, USA) was added to activate the cells on the fifth day of culture. 

On day 7, culture supernatants were assayed for YKL-40 by Luminex.

Angiogenic potential of YKL-40 in vitro

The angiogenic potential of YKL-40 was studied in vitro. Human microvascular endothelial cells 

(HMVECs, Lonza, Basel, Switzerland) were starved in endothelial cell basal medium containing 

0.5% FBS for 24 hours before the experiment. To visualize the cells, the PKH26 Red Fluorescent Cell 

Linker Kit for General Cell Membrane Labeling (Sigma-Aldrich, Saint Louis, MO, USA) was used, prior 

to adding the cells to the culture. 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. Each condition was measured by three technical replicates for the following 

conditions: control, 150 ng/mL YKL-40 (Org 39141, MSD, Oss, The Netherlands), 1500 ng/mL YKL-40 

and 20 ng/mL of the well-known angiogenic instigator VEGF (Peprotech). HMVECs were cultured 

for 16 hours, after which the wells were scanned by TissueFAXS (TissueGnostics, Vienna, Austria). 

Tube formation was assessed by counting the number of enclosed fields visible. 

RESULTS AND DISCUSSION
YKL-40, produced by a specialized macrophage subset, serves as a marker 
of ongoing vascular inflammation in GCA

YKL-40 is produced by a distinct subset of macrophages in GCA temporal artery biopsies (TABs) 

and aortas. Previously, we showed strong expression of YKL-40 in the media and the media borders, 

which is in congruence with an earlier report [7, 14]. Our recent characterization of macrophage 

phenotypes revealed the presence of a CD206+ macrophage subset in GCA lesions, which is 

thought to be involved in tissue destruction by the production of MMP-9 [13]. We here show YKL-40 

to be expressed by CD206+/MMP-9+ macrophages in all GCA TABs (Figure 1A). A similar pattern 

was observed in aortas of GCA patients with an aortic aneurysm (Figure 1B), a late-stage disease 

complication which may develop when the vascular inflammation is not sufficiently suppressed 

(9). Bonneh-Barkay et al. showed that YKL-40 production by macrophages may be insensitive 

to anti-inflammatory drugs [15]. These findings suggest that the high serum levels of YKL-40 

in treated patients may originate from the CD206+/ MMP-9+ macrophages in vascular tissue. 

Moreover, IFNγ, vastly produced by T-cells in the GCA TAB, appears to be largely unaffected by GC  

treatment [16, 17]. Tissue production of IFNγ, however, is not reflected by elevated levels in 

the blood [18]. We therefore suggest that YKL-40 qualifies as a candidate biomarker of smoldering 

vessel inflammation caused by persistent IFNγ signaling in GCA tissues. It remains to be established 

if IFNγ is indeed the driver of YKL-40 production in GCA, and if this ongoing process is accurately 

reflected by serum levels of YKL-40.

Previously, we provided evidence that this CD206+ macrophage phenotype is dependent 

on local GM-CSF production in GCA tissues [13]. To validate if YKL-40 production is elevated in 

GM-CSF skewed macrophages, monocytes of GCA patients were differentiated into macrophages 

in the presence of GM-CSF or M-CSF. Our results show that GM-CSF skewed macrophages, highly 

expressing CD206, produced higher levels of YKL-40 than M-CSF macrophages (Figure 1C). This 

finding corresponds to our data on expression of CD206 and YKL-40 in the same regions of 

the GCA TABs. Indeed, others have reported that CD206 expression distinguishes YKL-40 positive 

macrophages from YKL-40 negative macrophages [15]. Taken together, the CD206+/MMP9+ 

macrophage subset skewed by local GM-CSF signals is likely the main producer of YKL-40 in GCA 

TABs and aortas. 

YKL-40 as instigator of angiogenesis in GCA

We next wondered what function YKL-40 serves at the inflammatory site in GCA. The high 

angiogenic potential of YKL-40 was previously reported showing that YKL-40 performs equally 

well as VEGF in stimulating tube formation of HMVECs [19]. Indeed, our preliminary data confirm 

that YKL-40 stimulation induces more tube formation compared to unstimulated HMVECs  

(Figure 2AB) and that YKL-40 has a potential equal to VEGF to stimulate tube formation [19]. 

Angiogenic effects of YKL-40 are thought to be governed by its receptor IL-13 receptor α2 (IL-13Rα2), 

Figure 1. YKL-40 is likely produced by CD206+, MMP-9+, GM-CSF skewed macrophages in GCA affected 

medium- and large-sized arteries. TABs (N=12) of treatment-naive GCA patients were stained for YKL-40 by IHC 

(A, upper left panel). Double staining with macrophage transcription factor PU.1 shows YKL-40 production by 

macrophages (lower left panel). Higher magnification pictures show expression of YLK-40 and CD206 within 

the same region of the TAB (right panels). In B, 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 GCA affected aortas. In 

vitro, we show that GM-CSF differentiated macrophages are specialized in producing YKL-40 (C). The Wilcoxon 

signed rank test showed significantly higher concentrations of YKL-40 in the supernatant of GM-MØ compared 

to M-MØ.
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a decoy receptor of IL-13 [20]. We here show that IL-13Rα2 is also abundantly expressed in GCA TABs 

(Figure 2C). YKL-40 induced angiogenesis, as seen in tumor growth and metastasis, may thus also 

fuel vascular inflammation in diseases such as GCA and PMR [21, 22]. Moreover, abundant expression 

of IL-13Rα2 is observed in macrophage-rich areas. Indeed, YKL-40 can signal macrophages, inducing 

the production of inflammatory, migratory and tissue remodeling mediators such as CCL-2, CXCL2, 

IL-8 and MMP-9 [11]. In line with this, YKL-40 has been shown to significantly enhance the migration  

of macrophages [23]. 

Figure 2. The angiogenic potential of YKL-40, as assessed by tube formation of HMVECs, is relevant for GCA. 

Shown are representative photos and the analysis of HMVEC tube formation with or without stimulation with 

YKL-40 or VEGF (A). The visible HMVEC membranes are colored blue, the enclosed fields are marked with 

a yellow dot. The number of enclosed fields was higher for YKL-40 and VEGF stimulated HMVECs than for 

HMVECs in plain medium (B). Data are expressed as mean and standard deviation. To identify whether YKL-40 

can signal in GCA lesions, we stained GCA TABs for expression of IL-13Rα2 by IHC. IL-13Rα2 expression was 

observed in the inflammatory infiltrate in all three layers, as well as by endothelial cells of the vasa vasorum (C). 

Two zoomed in regions identifying the vasa vasorum are shown in the upper right corner (red arrows indicate 

IL-13Rα2-positive capillaries), and a close-up of the inflammatory infiltrate in the intima is shown in the lower 

right corner. 

CONCLUSION
Taken together, we show here that a distinct subset of macrophages, skewed by GM-CSF, is 

responsible for the production of YKL-40 in GCA. This YKL-40 production may be involved 

in angiogenesis in GCA tissues, a process important for the continuation of the inflammatory 

process. The high serum levels of YKL-40 in patients during treatment suggest that this pathogenic 

macrophage subset is not properly targeted by GCs. Currently, a trial is ongoing targeting 

GM-CSF signaling in GCA (NCT03827018), which possibly also targets this YKL-40 producing  

macrophage subset.
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