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ABSTRACT
Background Effective and safe therapies are needed 
for the treatment of patients with giant cell arteritis 
(GCA). Emerging as a key cytokine in inflammation, 
granulocyte- macrophage colony stimulating factor (GM- 
CSF) may play a role in promoting inflammation in GCA.
Objectives To investigate expression of GM- CSF and 
its receptor in arterial lesions from patients with GCA. To 
analyse activation of GM- CSF receptor- associated signalling 
pathways and expression of target genes. To evaluate the 
effects of blocking GM- CSF receptor α with mavrilimumab 
in ex vivo cultured arteries from patients with GCA.
Methods Quantitative real time PCR, in situ RNA 
hybridisation, immunohistochemistry, immunofluorescence 
and confocal microscopy, immunoassay, western blot and ex 
vivo temporal artery culture.
Results GM- CSF and GM- CSF receptor α mRNA and 
protein were increased in GCA lesions; enhanced JAK2/
STAT5A expression/phosphorylation as well as increased 
expression of target genes CD83 and Spi1/PU.1 were 
observed. Treatment of ex vivo cultured GCA arteries 
with mavrilimumab resulted in decreased transcripts of 
CD3ε, CD20, CD14 and CD16 cell markers, and reduction 
of infiltrating CD16 and CD3ε cells was observed by 
immunofluorescence. Mavrilimumab reduced expression 
of molecules relevant to T cell activation (human leukocyte 
antigen- DR [HLA- DR]) and Th1 differentiation (interferon-γ), 
the pro- inflammatory cytokines: interleukin 6 (IL- 6), 
tumour necrosis factor α (TNFα) and IL- 1β, as well as 
molecules related to vascular injury (matrix metalloprotease 
9, lipid peroxidation products and inducible nitric oxide 
synthase [iNOS]). Mavrilimumab reduced CD34 + cells and 
neoangiogenesis in GCA lesions.
Conclusion The inhibitory effects of mavrilimumab on 
multiple steps in the GCA pathogenesis cascade in vitro 
are consistent with the clinical observation of reduced GCA 
flares in a phase 2 trial and support its development as a 
therapeutic option for patients with GCA.

INTRODUCTION
Giant cell arteritis (GCA) is a chronic inflamma-
tory condition affecting large and medium arteries 
in individuals older than 50 years. Common mani-
festations include headache, scalp tenderness, poly-
myalgia rheumatica and systemic symptoms.1 2 

Inflammation- induced vascular remodelling results 
in ischaemic complications or aneurysms.3

High- dose glucocorticoids (GCs) dramatically 
improve symptoms of GCA, but relapses occur in 
34%–75% of patients when GCs are tapered,4–6 

Key messages

What is already known about this subject?
 ► GM- CSF transcripts were detected in temporal 
arteries from patients with giant cell arteritis 
(GCA) more than two decades ago.

 ► More recently, GM- CSF protein has been shown 
to be produced and secreted by peripheral 
blood mononuclear cells from patients with 
active GCA and detected in GCA- involved 
temporal arteries by immunohistochemistry.

 ► Expression of GM- CSF receptor and its 
functional role in GCA lesions has not been 
previously explored.

What does this study add?
 ► The study demonstrates expression of GM- CSF 
and its receptor in distinct cell subsets in GCA 
lesions.

 ► Moreover, GM- CSF receptor signalling is 
activated, and expression of typical target genes 
is increased.

 ► Exposure of ex- vivo cultured arteries to 
mavrilimumab reduces CD16 and CD3ε 
cell infiltration and reduces key molecules 
involved in T cell activation and differentiation, 
expression of pro- inflammatory cytokines, 
markers of vascular injury and neoangiogenesis.

 ► Taken together, these data point towards a 
relevant role of GM- CSF in the development of 
vascular inflammation and injury in GCA.

How might this impact on clinical practice or 
future developments?

 ► The clear impact of mavrilimumab on key 
steps in the pathogenesis of GCA supports its 
further development as a therapeutic option for 
patients with GCA.
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leading to prolonged treatment and frequent GC- associated 
side effects.7 8 Blocking the interleukin 6 (IL- 6) receptor with 
tocilizumab (TCZ) demonstrated efficacy in reducing relapses, 
sparing GC,9 10 and improving quality of life.11 However, more 
than 40% of patients treated with TCZ are unable to main-
tain GC- free remission and about 60% of responders relapse 
on discontinuation,12 indicating heterogeneity in response and 
underlining the need for alternative therapeutic options. TCZ 
also inhibits synthesis of acute- phase reactants, even without full 
suppression of disease activity, rendering their use unreliable for 
monitoring of disease flare.13 14

The search for additional therapeutic targets in GCA is 
hampered by the limited understanding of pathogenesis. Studies 
indicate that genetics, ageing and immune responses against 
unknown antigen(s) likely play a major role.15 16 Dendritic cells 
activated by innate immune mechanisms may drive adaptive 
immunity by stimulating T lymphocytes and promoting their 
differentiation into Th1 and Th17 effector cells.17–24 Concomi-
tant and subsequent activation of macrophages amplifies inflam-
matory loops, leading to vascular injury and remodelling.25–27

GM- CSF is a pro- inflammatory cytokine produced by fibro-
blasts, epithelial, endothelial, myeloid and T cells on stimula-
tion with other cytokines or pathogen- associated molecular 
pattern molecules.28–30 GM- CSF has a seminal role in disease 
progression in animal models of inflammatory conditions.28–30 
GM- CSF receptor is composed of an alpha- chain conferring 
specificity and a signalling beta- chain shared with other cytokine 
receptors (IL- 3, IL- 5 and IL- 34).28–30 On GM- CSF binding, the 
receptor beta- chain predominantly signals through JAK2–STAT5 
pathway. GM- CSF acts primarily on myeloid cells, promoting 
activation of dendritic cells and macrophages and differentia-
tion of monocytes into dendritic cells, but other cell types may 
also respond.28–30 GM- CSF mRNA has been detected in arte-
rial lesions of GCA, and GM- CSF protein production by circu-
lating peripheral blood mononuclear cells from GCA patients 
is increased compared with healthy controls.22 24 According to 
its known biological functions, GM- CSF may have a role in 
promoting and amplifying vascular inflammation and injury in 
GCA.

Mavrilimumab is a fully human IgG4 monoclonal antibody 
able to neutralise GM- CSF effects by binding to the GM- CSF 
receptor alpha chain (GM- CSFRα).31 In a phase 2b trial in 
patients with rheumatoid arthritis, mavrilimumab showed 
comparable efficacy to anti- TNFα blocker golimumab and 
superior efficacy compared with placebo, as well as a good 
safety profile.32–34 The putative role of GM- CSF in critical 
steps of GCA pathogenesis suggests therapeutic potential for 
mavrilimumab in this disease, supported by a recent phase 2 
trial.35

This study aimed to investigate the expression of GM- CSF 
and GM- CSFRα in inflamed arteries from patients with GCA, 
to detect activation of GM- CSFR- related signalling pathways 
and modulation of downstream gene expression, and to inves-
tigate the impact of GM- CSFRα blockade with mavrilimumab 
on inflammation in ex vivo cultured arteries from patients with 
GCA.

PATIENTS AND METHODS
Patients
The study investigated samples from four different patient 
groups according to the processing of their biospecimens (clin-
ical characteristics of patients, controls and their samples: online 
supplemental table S1).

Temporal artery culture
Details have been previously described36 and are available in 
online supplemental methods.

In situ RNA hybridisation
RNAScope (RS) (ACDbio, Abingdon, UK) in situ hybridisation 
was performed on formalin- fixed paraffin- embedded (FFPE) 
sections of GCA and control temporal artery biopsies to detect 
transcripts of specific genes, including GM- CSF, GM- CSFRα, 
CD83 and Spi1 (PU.1). After fixation and sectioning, tissue was 
permeabilised and probed with target- specific double Z probes 
specific to single target mRNA, and hybridisation signals were 
further amplified for detection. Visualised with a microscope, 
each red dot represents a single target mRNA molecule. Expres-
sion score was calculated as RS score (dots/cell) multiplied by 
positivity score (% cells positive with  >1 dot/cell) (online 
supplemental table S2).

Candidate gene expression analysis
Candidate genes relevant to the immunopathogenesis of GCA 
were selected according to the current pathogenesis model15 16 
and known effects of GM- CSF in experimental systems.28 29 
Transcripts were detected by quantitative real- time PCR, details 
of RNA extraction, reverse transcription and fluorescence quan-
tification are provided in the online supplemental methods 
(online supplemental table S3).

Immunohistochemistry
Two micrometre thick temporal artery sections from FFPE 
samples were used for immunohistochemistry. After 20- minute 
antigen retrieval with citrate buffer (pH 6), samples were immu-
nostained with specific antibodies, using the Leica Microsystems’ 
Bond- max automated immunostainer and the Bond Polymer 
Refine Detection System (Leica Microsystems), developed with 
diaminobenzidine and counterstained with haematoxylin (anti-
bodies used, dilutions and optimised incubation times: online 
supplemental table S4- C). Positive and negative control tissues 
for protocol optimisation were selected from Human Protein 
Atlas (www.proteinatlas.org) and obtained from Institut d'Inves-
tigacions Biomèdiques August Pi i Sunyer Biobank.

Immunofluorescence
Immunofluorescence staining and imaging were performed with 
fresh- frozen or cultured temporal artery sections (online supple-
mental methods and online supplemental table S4- A).

Protein detection by western blot
Fresh- frozen temporal artery biopsies (TABs) from three patients 
with GCA and three controls were processed as described in 
online supplemental table S4- B.

Detection of proteins in the supernatants of cultured arteries 
and patient sera
Cytokines, chemokines or membrane- bound molecules released 
into artery culture supernatants were detected by immunoassay 
(online supplemental table S5).

Statistical analysis
Non- parametric Mann- Whitney U test and Wilcoxon matched- 
pairs signed rank test were used for unpaired and paired data 
analysis, respectively, using Graphpad Prism software.
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RESULTS
GM-CSF and GM-CSFRα expression is increased in GCA lesions
GM- CSF and GM- CSFRα transcripts were increased in 
homogenised temporal artery biopsies from patients with 
GCA, whereas GM- CSF mRNA was virtually undetectable, 
and GM- CSFRα expression was very low in control arteries 
(figure 1A,B). Transcripts for GM- CSF or GM- CSFRα mRNA 
were clearly detectable by in situ RNA hybridisation in all arte-
rial layers of GCA biopsies, whereas virtually no signal for either 
gene product was detectable in control arteries (figure 1C–E).

Immunostaining confirmed the presence of GM- CSF and 
GM- CSFRα protein on infiltrating inflammatory cells and endo-
thelial cells in GCA arteries. In contrast, no GM- CSF protein 
and only low levels of GM- CSFRα protein were detected in 
control arteries (figure 1F,G).

Cell subsets potentially expressing GM- CSF and GM- CSFRα 
in GCA lesions were explored. As illustrated by immunofluores-
cence in figure 2, GM- CSF was mainly observed in macrophages 
and luminal endothelial cells and, to a lesser extent, in T cells, 
intimal myofibroblasts, and endothelial cells from vasa vasorum 
and neovessels. GM- CSFRα was detected mainly in macro-
phages, giant cells, endothelial cells and intimal myofibroblasts.

Serum GM- CSF concentration at diagnosis was 0.061±0.02 
pg/mL (average±SEM) in patients with GCA and 0.035±0.02 
pg/mL in controls (p=0.889).

GM-CSF receptor-driven signalling pathways are activated in 
GCA lesions, and expression of molecules regulated by this 
pathway is increased
After observing higher expression of GM- CSF and GM- CSFRα 
in GCA- involved arteries, signalling molecules downstream of 
GM- CSFR were examined. As shown in figure 3A,B and online 
supplemental figure S1, JAK2 and STAT5A, the main signalling 
proteins activated by GM- CSFR engagement, were phosphor-
ylated in GCA lesions, and transcripts regulated by STAT5, 
such as Spi1 (PU.1) and CD83, were significantly increased in 
GCA arteries (figure 3C–G). CD83 and PU.1 protein, absent in 
controls, were clearly expressed in GCA arteries (figure 3H,I). 
PU.1 was detected in the nuclei, consistent with its function 
as transcription factor and suggestive of nuclear translocation 
on activation of upstream signalling. CD83 staining was more 
diffuse, possibly due to detection of its soluble form in addition 
to the membrane molecule.

GM-CSFRα inhibiting monoclonal antibody mavrilimumab 
reduces lymphocyte and myeloid cell markers in ex vivo 
cultured arteries from patients with GCA
To determine the contribution of GM- CSF to the above results 
and to assess the effects of GM- CSF pathway blockade on 
vascular inflammation, GCA arteries were cultured with anti- 
GM- CSFRα, mavrilimumab, for 5 days. Compared with placebo, 
treatment with mavrilimumab resulted in reduced phospho- 
STAT5 in lesions (figure 4A,B) and in lower mRNA expression of 
Spi1 (PU.1), a transcription factor that, along with STAT5, medi-
ates GM- CSF effects (figure 4C).28–30 Furthermore, treatment 
with mavrilimumab resulted in significantly lower mRNA levels 
for T cell marker CD3ε, B cell marker CD20, monocyte marker 
CD14 and myeloid cell marker CD16 mRNAs (figure 4D). By 
contrast, no consistent changes were observed with transcripts 
for the macrophage marker CD68. Accordingly, fewer CD16 + 
and CD3ε + infiltrating cells and no change in CD68 + cells 
were observed by immunofluorescence (figure 4F). The reduc-
tion in CD20 transcripts, however, did not result from decreased 

numbers of B cells in tissue during the duration of mavrilimumab 
exposure (figure 4E,F).

Mavrilimumab reduces expression of molecules involved in T 
cell activation and related to the Th1 differentiation pathway 
in ex vivo cultured arteries from patients with GCA
To further delineate the effects of mavrilimumab, expression of 
human leukocyte antigen- DR (HLA- DR) and CD83, relevant 
molecules to antigen presentation and T cell activation, was 
examined. Mavrilimumab significantly reduced HLA- DR and 
CD83 transcripts (figure 5A). Interestingly, concentration of the 
soluble, shed form of CD83, with counter- regulatory functions, 
did not decrease in the supernatant (figure 5A). HLA- DR reduc-
tion was also observed at the protein level (figure 5A).

To determine whether these effects resulted in decreased 
differentiation of T cells towards the Th1 or Th17 lineage, select 
markers were explored. Transcripts of master regulators of Th1 
and Th17 differentiation, TBX21 (T- bet) and RORC (RORγ), 
respectively, trended lower (figure 5B,C). Cytokines/chemok-
ines related to Th1 differentiation pathway (interferon-γ (IFNγ) 
and CXCL10) trended lower (mRNA level) or were significantly 
lower (protein level) (figure 5B). IL- 17A mRNA was virtually 
undetected in cultured arteries (data not shown), and IL- 23p19 
had disparate response among donors (figure 5C).

Mavrilimumab decreases pro-inflammatory cytokines in ex 
vivo cultured arteries from patients with GCA
Mavrilimumab elicited a significant reduction in the produc-
tion and release of pro- inflammatory cytokines IL- 6, TNFα and 
IL- 1β, mostly but not exclusively produced by macrophages 
(figure 6A). Mavrilimumab also decreased markers of M2- like 
phenotype, including the mannose receptor CD206 and the 
scavenger receptor CD163 (figure 6B). A trend towards an 
increase in the anti- inflammatory cytokine IL- 10 (mRNA and 
protein) was also observed (figure 6B).

Further supporting these results, recombinant human 
GM- CSF increased expression of the main transcripts decreased 
by mavrilimumab (online supplemental figure S2)

Mavrilimumab decreases mediators of vascular injury in ex 
vivo cultured arteries from patients with GCA
Mavrilimumab decreased transcript and protein concentrations 
of the elastinolytic matrix metalloprotease 9 (MMP- 9), whereas 
mRNA and protein of its natural inhibitor tissue inhibitor of 
metalloproteinases 1 (TIMP- 1) remained unchanged, resulting 
in a significant decrease in proteolytic MMP- 9/TIMP- 1 balance 
(figure 7A,B). Mavrilimumab also reduced oxidative damage, as 
demonstrated by decreased presence of lipid peroxidation prod-
ucts (4- hydroxynonenal (HNE) protein adducts) in cultured 
arteries exposed to mavrilimumab as compared with placebo 
(figure 7C). NOS2 (inducible nitric oxide synthase [iNOS]) 
mRNA expression also trended lower (figure 7D).

Mavrilimumab reduces tissue angiogenesis in ex vivo cultured 
arteries from patients with GCA
Mavrilimumab reduced vascular endothelial growth factor A 
(VEGFA) mRNA in cultured arteries and VEGFA protein expres-
sion in tissue by immunofluorescence (figure 8A–C). However, 
no changes in VEGFA protein in the supernatant was observed, 
possibly due to its matrix- binding capacity and its autocrine/
paracrine function.37 Based on the reduction of this important 
angiogenic factor, we explored the effects of mavrilimumab on 
endothelial cell markers and angiogenesis. Mavrilimumab did 
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Figure 1 Granulocyte- macrophage colony stimulating factor (GM- CSF) and GM- CSFRα expression in GCA lesions. Concentrations of GM- CSF (A) 
and GM- CSFRα mRNA (B) measured by qRT- PCR in fresh- frozen histologically negative arteries (controls) (n=10) vs GCA- positive arteries (n=10). 
Results are expressed in relative units normalised to the housekeeping transcript GUSB. GM- CSF (C) and GM- CSFRα (D) RNA hybridisation signals 
(red dots) on control temporal arteries and GCA- involved arteries. (E) Quantitation of RS signal (expression score) in different arterial layers in 6 
GCA- involved and 5 control arteries. Immunostaining with anti- GM- CSF (F) and anti- GM- CSFRα (G) antibodies (brown colour) of FFPE normal or 
GCA- involved arteries (representative of 5 controls and 12 GCA arteries). A, adventitia layer; FFPE, formalin- fixed paraffin- embedded; GCA, giant cell 
arteritis; GM- CSFRα, GM- CSF receptor alpha chain; I, intima layer; M, media layer; qRT- PCR, quantitative real- time PCR; RS, RNAScope.
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Figure 2 GM- CSF and GM- CSFRα expression by immune and resident cells. Merged double immunofluorescence staining with anti- GM- CSF (A) or 
anti- GM- CSFRα (B) antibodies (both in green) and cell surface markers CD68 (macrophages), CD31 (endothelial cells), CD3 (T lymphocytes), CD20 (B 
lymphocytes) and SMA (identifying vascular smooth muscle cells and myofibroblasts) (all in red) of fresh- frozen temporal arteries from patients with 
GCA or controls (first panel). Nuclei are stained with DAPI (blue). Co- expression (orange/yellow) is pointed with arrows and insets show magnified 
double- positive cells (scale bars in figures measure 100 μm and 15 μm for insets). (C) Summary panel of GM- CSF and GM- CSFRα expression by 
different cell types in three GCA- involved temporal arteries detected by immunofluorescence as in A and B. +++: 50%–100% positive cells; ++: 20%–
40% positive cells; +: less than 20% positive cells; +/−: scattered cells; −: negative. DAPI, 4′,6- diamidino- 2- phenylindole; GCA, giant cell arteritis; GM- 
CSF, granulocyte- macrophage colony stimulating factor; GM- CSFRα, GM- CSF receptor alpha chain; SMA, smooth muscle actin; TAB, temporal artery 
biopsy; VSMC, vascular smooth muscle cells.
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not elicit changes in constitutive endothelial cell marker vWF 
or CD31 mRNAs but a decrease in CD34 mRNA, expressed by 
neovessels and haematopoietic stem cells (HSC) was observed 

(figure 8D).38 39 Immunofluorescence showed a reduction in 
CD31 + and CD34+ neovessels within inflammatory lesions 
on exposure to mavrilimumab (figure 8E,F). Scattered CD34 + 

Figure 3 Activation of GM- CSFR- driven signalling pathways and target gene expression in GCA lesions. Immunostaining of histologically negative 
temporal artery biopsies (control) and GCA- involved arteries with anti- phospho- JAK2 (A) or anti- phospho- STAT5 (B) antibody (brown colour). 
Representative of 12 GCA and 5 control arteries. mRNA concentrations of PU.1 (C) and CD83 (D), in fresh- frozen control and GCA arteries (n=10 
each group). PU.1 (E) and CD83 (F) RS images with positive red staining on control (n=5) and GCA temporal arteries (n=6), with their corresponding 
quantitation (G) in the intima, media and adventitia layers of the artery wall. Immunohistochemistry with anti- PU.1 (H) and anti- CD83 (I) antibodies 
on FFPE control and GCA arteries (brown). Representative of 12 GCA arteries and 5 controls. Magnification of each figure is indicated individually. 
FFPE, formalin- fixed paraffin- embedded; GCA, giant cell arteritis; GM- CSF, granulocyte- macrophage colony stimulating factor; GM- CSFRα, GM- CSF 
receptor alpha chain; RS, RNAScope.
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cells not aligned around a lumen were also observed in lesions 
and were reduced by mavrilimumab.

DISCUSSION
This study demonstrates expression of GM- CSFRα, the target 
of mavrilimumab, within the lesions of GCA- affected arteries 
and confirms the increased production of GM- CSF previously 
reported.24 40 41 Macrophages were the main cell type immunos-
tained for GM- CSF and GM- CSFRα in inflamed arteries. Luminal 
endothelial cells and, to a lesser extent, intimal myofibroblasts and 
endothelial cells from vasa vasorum and neovessels also expressed 

GM- CSF along with a small subset of T cells, presumably 
ThGM- CSF cells.30 GM- CSFRα was expressed mainly by macro-
phages, endothelial cells and intimal myofibroblasts, suggesting 
that these cell types would be the most responsive to GM- CSF.

Contrary to a report in granulomatosis with polyangiitis,42 
but similar to findings in other inflammatory conditions,28–30 
GM- CSF was barely detectable in serum from patients with 
GCA, with no differences from healthy individuals. This 
supports a paracrine function of GM- CSF in the inflammatory 
microenvironment and limits the utility of serum GM- CSF as a 
biomarker of disease activity.

Figure 4 Effect of mavrilimumab on inflammatory infiltrates in ex vivo cultured arteries from patients with GCA. (A) Immunofluorescence staining 
with anti- phospho- STAT5 antibody (green) of a GCA artery cultured with placebo or mavrilimumab. (B) Quantification of positive cells per field A; 
this experiment was performed three times with similar results. (C) mRNA Spl1/PU.1 transcripts in 11 cultured GCA- affected temporal arteries in the 
presence of placebo or mavrilimumab. (D) Transcript levels for cell markers CD3ε, CD20, CD14, CD16 and CD68 in 11 cultured GCA- involved temporal 
arteries exposed to placebo or mavrilimumab. (E) Quantification of cells per field that are positive for anti- CD16, anti- CD3Ɛ, anti- CD68, and anti- 
CD20. (F) Immunofluorescence staining of cultured GCA- involved arteries in the presence of placebo or mavrilimumab with anti- CD16, anti- CD3Ɛ, 
anti- CD68, and anti- CD20 (red colour) and DAPI (blue). Representative of 3 GCA cultured arteries. Panel E is the quantification of panel F. DAPI, 
4′,6- diamidino- 2- phenylindole; GCA, giant cell arteritis.
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Figure 5 Mavrilimumab decreases molecules related to T lymphocyte activation and differentiation. (A) mRNA transcripts of CD83 (left) and HLA- 
DR (right) expressed in relative units and normalised to housekeeping gene GUSB in GCA- positive temporal arteries (n=11) cultured with placebo or 
mavrilimumab. Soluble CD83 measured (pg/mL) in supernatants of nine GCA cultured arteries exposed to placebo or mavrilimumab (central panel). 
Image shows HLA- DR expression by immunofluorescence in a GCA artery cultured with placebo or mavrilimumab. Images show detailed zoom 
amplification by confocal microscope with arrows indicating green HLA- DR- positive cells. Nuclei are stained with DAPI (blue). The graph on the right 
show the number of HLA- DR- positive cells per field in 9 fields per section. Immunofluorescence was performed in two GCA cultured arteries, with 
consistent results. (B) mRNA transcripts of TBX21 (T- bet), IFNG (IFNγ) and CXCL10 in GCA arteries cultured with placebo or mavrilimumab (n=11). 
IFN-γ and CXCL- 10 proteins were also measured in artery culture supernatants of the same specimens. Results are expressed in pg/mL. (C) RORC 
(ROR-γ) and IL- 23A mRNA measurement in cultured GCA arteries treated with placebo or mavrilimumab. DAPI, 4′,6- diamidino- 2- phenylindole; GCA, 
giant cell arteritis; HLA- DR, human leukocyte antigen- DR; IFN, interferon.
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Detection of JAK2 and STAT5A phosphorylation in GCA 
lesions, along with increased expression of paradigmatic STAT5- 
regulated molecules, such as CD83 and transcription factor Spi1/
PU.1,43 suggested activation of GM- CSF receptor- driven signal-
ling pathways. Increased expression of additional relevant STAT5 
or PU.1 regulated molecules, including major histocompatibility 
complex (MHC) class II molecule HLA- DR, adhesion molecules 
intercellular adhesion molecule 1 (ICAM- 1) or vascular cell 
adhesion molecule 1 (VCAM- 1), macrophage marker CD163, 
pro- inflammatory cytokines, such as IL- 1 and TNFα, and metal-
loproteases such as MMP- 9, has been previously demonstrated 
in GCA.44–48 Although these pathways can be activated by other 
cytokines, these data suggest active GM- CSF signalling in GCA 
arteries and a contribution of GM- CSF to the increased expres-
sion of key molecules involved in the pathogenesis of GCA.

To confirm the participation of GM- CSFR- mediated signal-
ling in the increased expression of these and additional relevant 
molecules and inflammatory cell markers, cultured temporal 
arteries from patients with histopathologically proven GCA 
were exposed to mavrilimumab. Treatment with mavrilim-
umab resulted in significantly decreased transcripts of lymphoid 
markers, including B lymphocyte surface molecule CD20 and T 
lymphocyte surface glycoprotein CD3ε. A significant decrease in 
classical monocyte marker CD14 and myeloid cell marker CD16 

mRNAs was also observed. In contrast, there was no consistent 
change in the expression of CD68, a scavenger receptor widely 
expressed by macrophages.

Mavrilimumab decreased expression of molecules produced 
by dendritic cells and B cells, which are essential for antigen- 
presenting function/T cell activation, such as CD83 and HLA- 
DR.49 50 This likely resulted in decreased Th1 differentiation, 
as indicated by reduced expression of Th1- related molecules, 
including IFNγ, TNFα and IFNγ-induced molecules such as 
CXCL10. Molecules related to Th17 differentiation, IL- 1β and 
IL- 6 were also decreased, but a more direct impact on IL- 17 
production could not be assessed. Although we and others 
have previously shown increased IL- 17 expression in affected 
temporal arteries from patients with GCA,18 21–23 baseline 
expression of IL- 17 was very low in cultured arteries, possibly 
related to previous GC treatment in the majority of patients18 or 
to the possible impact of culture on certain molecules.36

Mavrilimumab had a significant impact on pro- inflammatory 
functions of macrophages and endothelial cells, including 
expression of IL- 1β, TNFα and IL- 6, and expression of adhesion 
molecules for leucocytes. It also tended to increase expression 
and release of the anti- inflammatory cytokine IL- 10, produced 
by regulatory T cells and B cells and M2- type macrophages.51 
Mavrilimumab reduced MMP- 9 expression with no change in 

Figure 6 Mavrilimumab impacts macrophage functions. (A) Transcript levels of IL- 6 (left), TNFα (central) and IL- 1β (right) in GCA- positive arteries 
(n=11) exposed to placebo or mavrilimumab (mRNA, relative units). IL- 6, tumour necrosis factor α (TNFα) and IL- 1β proteins (pg/mL) were also 
measured in GCA artery culture supernatants of the same samples. (B) CD206, CD163 and IL- 10 mRNA transcript levels in the same GCA arteries 
exposed to mavrilimumab or placebo. IL- 10 protein (pg/mL) was also detected in the supernatant (right panel). GCA, giant cell arteritis; IL, interleukin.
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expression of its natural inhibitor TIMP- 1, thereby suggesting 
a shift in the MMP- 9 proteolytic balance.47 Proteolytic enzyme 
MMP- 9 has elastinolytic activity and may contribute to elastin 
degradation since it is expressed and activated in GCA lesions 
and in aortic tissue.52 MMP- 9 may also contribute to GM- CSF- 
induced aneurysm formation, shown in an animal model.53 
Macrophages present in GCA lesions have oxidative capacity as 
indicated by the presence of lipid peroxidation products (HNE) 
in GCA lesions.27 Treatment with mavrilimumab decreased 
HNE presence in cultured arteries indicating that mavrilimumab 
decreases oxidative damage in inflamed arteries.

The tuning in macrophage function induced by mavrilim-
umab does not parallel classical M1 (pro- inflammatory) or 
M2 (anti- inflammatory, reparative) phenotypes. Mavrilim-
umab reduced M1 markers, including HLA- DR and iNOS, and 
tended to increase M2 cytokine IL- 10. However, mavrilimumab 
also reduced CD206 and CD163, which have been considered 

markers of M2 phenotype.54 It is important to remark that this 
distinction has been established mostly in in vitro differenti-
ated macrophages or in murine models. In humans, plasticity of 
macrophages is far more complex.54 For example, macrophages 
co- expressing CD206 and MMP- 9 have been observed in GCA 
lesions41 and a population of pro- inflammatory CD14+ HLA- 
DRhigh CD206+ macrophages has been identified in human viral 
hepatitis.55 Overall, mavrilimumab decreased the inflammatory 
and destructive potential of macrophages.

GM- CSF influences endothelial cell behaviour and stimulates 
angiogenesis in experimental systems.56 Accordingly, mavrilim-
umab reduced microvessel density in GCA lesions. In addition 
to its potential direct effects, our results indicate that GM- CSF 
regulates VEGFA production. Since CD34 is expressed not only 
by endothelial cells from neovessels but also by HSC, which have 
recently been identified in chronic inflammatory lesions and 
promoted by GM- CSF,57 58 we cannot exclude the possibility 

Figure 7 Effect of mavrilimumab on molecules related to vascular injury. (A) Transcripts of MMP- 9, tissue inhibitor of metalloproteinases 1 
(TIMP- 1) and MMP- 9/TIMP- 1 mRNA ratio in 8 GCA- positive temporal arteries cultured with placebo or mavrilimumab. (B) MMP- 9, TIMP- 1 protein 
concentration and MMP- 9/TIMP- 1 protein ratio in the corresponding supernatants (ng/mL). (C) Immunofluorescence staining of HNE (green) 
with nuclei (in blue) in a GCA- involved artery cultured with placebo or mavrilimumab, and its quantitation (right panel). Immunofluorescence 
was performed in two GCA cultured arteries, with consistent results. (D) NOS2 transcripts in 11 cultured GCA arteries exposed to placebo or 
mavrilimumab. GCA, giant cell arteritis; HNE, 4- hydroxynonenal; MMP- 9, matrix metalloprotease 9.
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that some detected CD34 + cells were ectopic HSC. Mavrilim-
umab reduction of ectopic HSC may be a potential new relevant 
effect of mavrilimumab. Since neoangiogenesis is prominent in 
GCA lesions, and newly formed capillaries express adhesion 

molecules and recruit inflammatory leucocytes into arteries,45 57 
mavrilimumab could indirectly reduce leucocyte recruitment by 
decreasing neoangiogenesis in addition to its direct effects on 
myeloid and other cells

Figure 8 Mavrilimumab effect on angiogenesis. (A) Detection of vascular endothelial growth factor A (VEGFA) transcripts in 11 GCA- positive 
temporal arteries cultured with placebo or mavrilimumab. (B) Detection of VEGFA protein (pg/mL) in supernatants of eight respective arteries cultured 
with placebo or mavrilimumab. (C) Immunofluorescence with anti- VEGFA antibody of a GCA artery cultured with placebo or mavrilimumab (I, intima; 
M, media; A, adventitia). The graph on the right shows quantification of mean fluorescence intensity of the entire artery wall. (D) Measurement of 
PECAM- 1 (n=8), vWF (n=8) and CD34 (n=11) transcripts in GCA cultured temporal arteries treated with placebo or mavrilimumab (relative units, 
normalised to housekeeping GUSB). (E) Quantification (positive cells per field) of immunofluorescence. Immunofluorescence was performed on 
two cultured biopsies with consistent results. (F) Immunofluorescence with anti- CD31 or anti- CD34 antibody of a GCA artery cultured with placebo 
or mavrilimumab. Inset images show zoom amplifications of positive (red) cells in areas of interest across the neointimal layer. Panel E is the 
quantification of panel F. GCA, giant cell arteritis.
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Our study has limitations, including the relatively small 
number of cases investigated, inherent to the low incidence of 
GCA and the need of viable fresh tissue. In addition, our model 
explores changes induced by mavrilimumab in a target organ 
isolated from a functional immune system. However, the effects 
of mavrilimumab observed were consistent with the known 
functions of GM- CSF obtained in a variety of experimental 
systems. Furthermore, due to the small amount of available 
tissue, our experiments were limited to a single time- point. We 
cannot exclude that effects could be more prominent at other 
time points. Finally, most arteries were obtained from patients 
who had previously received GC treatment, as currently advised 
by international guidelines on GCA suspicion.59 Previous GC 
exposure reduces baseline expression of a variety of mole-
cules, including GM- CSF.36 60 It would be possible that using 
treatment- naïve samples, changes would have been more prom-
inent. However, this setting better reflects the real world and 
mavrilimumab still adds to potential GC effects on key inflam-
matory molecules.

In summary, this study reveals for the first time, functional 
changes induced by mavrilimumab in a classical target tissue of 
GCA. Mavrilimumab impacts inflammatory pathways consid-
ered relevant to the pathogenesis of vascular inflammation 
and injury, and the results from a recent phase 2 trial in which 
mavrilimumab was superior to placebo (both with 26- week pred-
nisone taper) in reducing the risk of GCA flare and maintaining 
sustained remission35 validated the role of GM- CSF in GCA.

Author affiliations
1Vasculitis Research Group, Department of Autoimmune Diseases, Hospital Clínic, 
University of Barcelona, Institut d’Investigacions Biomèdiques August Pi i Sunyer 
(IDIBAPS), Barcelona, Spain
2Kiniksa Pharmaceuticals Corp, Lexington, Massachusetts, USA
3Biobank, IDIBAPS, Barcelona, Spain
4Department of Hematology- Oncology, IDIBAPS, Barcelona, Spain

Acknowledgements The authors are grateful to Mrs Ester Tobías for tissue 
processing; Mrs Elisenda Coll, Mrs Gemma Martin and Dr Maria Calvo from the 
Advanced Microscopy Platform for their advice. The authors would also like to 
acknowledge Emily Plummer, PhD, Kiniksa Pharmaceuticals Corp., for medical writing 
support. The authors would like to thank Rohan Gandhi for his early contributions to 
the work in this manuscript.

Contributors MCC and JFP are responsible for the overall content as the 
guarantor. MCC and JFP designed and supervised the work. MC- B, RA- R, FK and 
AD performed the experiments. GE- F, RR- G and JM- H performed accurate patient 
selection and collected biological samples. SM, AJ, AD’A and KB supervised 
experiments. MCC, MC- B and RA- R made the initial manuscript draft. All 
authors contributed intellectual input, revised data and revised and approved 
the manuscript.MCC dedicates her contribution to the Department of Oncology, 
Hospital Clínic, Barcelona, particularly to the Oncology specialists Montserrat Muñoz, 
Meritxell Molla and Immaculada Alonso for their excellent professional care and 
encouragement throughout the development of this study. Without their support, her 
contribution would have not been possible.

Funding The study was funded by Kiniksa Pharmaceuticals. MCC and MC- B were 
funded by Ministerio de Ciencia e Innovación/AEI//10.13039/501100011033 
(PID2020- 114909RB- I00), co- funded by Fondo Europeo de Desarrollo Regional and 
the CERCA programme and by Marató TV3 (2014/20150730). RA- R was funded 
by Ministerio de Ciencia e innovación (BES- 2015- 075661). GE- F was funded by 
Instituto de Salud Carlos III (PI15/00092 and PI18/00461). RR- G was funded by 
Instituto de Salud Carlos III (Río Hortega programme). JM- H was funded by Premi 
Fi de Residència from Hospital Clínic. FK was funded by Marie S Curie Actions’ 
innovative training network, HELICAL.

Competing interests SM, AJ and AD’A report employment by Kiniksa 
Pharmaceuticals Corp. during development of the manuscript. KB and JFP report 
current employment by Kiniksa Pharmaceuticals Corp. MCC reports consulting 
fees from GSK, Abbvie, Vifor and Janssen, and a research grant from Kiniksa 
Pharmaceuticals Corp. GE- F reports consulting fees from Janssen.

Patient consent for publication Not applicable.

Ethics approval The study was approved by the Ethics Committee of Hospital 
Clínic of Barcelona (HCB/2018/0397) and patients signed informed consent.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. The 
individual anonymised data supporting the analyses contained in the manuscript 
will be made available upon reasonable written request from researchers whose 
proposed use of the data for a specific purpose has been approved. Data will not 
be provided to requesters with potential or actual conflicts of interest, including 
individuals requesting access for commercial, competitive or legal purposes. Data 
access may be precluded for studies in which clinical data were collected subject 
to legal, contractual or consent provisions that prohibit transfer to third parties. All 
those receiving access to data will be required to enter into a Data Use Agreement, 
which shall contain terms and conditions that are customary for similar agreements 
and similar companies in the industry. For requests, please email JFP, Kiniksa 
Pharmaceuticals’s Chief Medical Officer, at  jpaolini@ kiniksa. com.

Supplemental material This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/ 
licenses/by/4.0/.

ORCID iDs
Roser Alba- Rovira http://orcid.org/0000-0003-3308-5787
Roberto Ríos- Garcés http://orcid.org/0000-0003-2229-0822
Kent Bondensgaard http://orcid.org/0000-0002-1490-468X
Maria C Cid http://orcid.org/0000-0002-4730-0938

REFERENCES
 1 Hoffman GS. Giant cell arteritis. Ann Intern Med 2016;165:ITC65–80.
 2 Salvarani C, Pipitone N, Versari A, et al. Clinical features of polymyalgia rheumatica 

and giant cell arteritis. Nat Rev Rheumatol 2012;8:509–21.
 3 Cid MC, Prieto- González S, Arguis P, et al. The spectrum of vascular involvement 

in giant- cell arteritis: clinical consequences of detrimental vascular remodelling at 
different sites. APMIS Suppl 2009;127:10–20.

 4 Alba MA, García- Martínez A, Prieto- González S, et al. Relapses in patients with 
giant cell arteritis: prevalence, characteristics, and associated clinical findings in a 
longitudinally followed cohort of 106 patients. Medicine 2014;93:194–201.

 5 Labarca C, Koster MJ, Crowson CS, et al. Predictors of relapse and treatment 
outcomes in biopsy- proven giant cell arteritis: a retrospective cohort study. 
Rheumatology 2016;55:347–56.

 6 Mainbourg S, Addario A, Samson M, et al. Prevalence of giant cell arteritis relapse 
in patients treated with glucocorticoids: a meta- analysis. Arthritis Care Res 
2020;72:838–49.

 7 Proven A, Gabriel SE, Orces C, et al. Glucocorticoid therapy in giant cell arteritis: 
duration and adverse outcomes. Arthritis Rheum 2003;49:703–8.

 8 Wilson JC, Sarsour K, Collinson N, et al. Serious adverse effects associated with 
glucocorticoid therapy in patients with giant cell arteritis (GCA): a nested case- control 
analysis. Semin Arthritis Rheum 2017;46:819–27.

 9 Stone JH, Tuckwell K, Dimonaco S, et al. Trial of tocilizumab in giant- cell arteritis. N 
Engl J Med 2017;377:317–28.

 10 Villiger PM, Adler S, Kuchen S, et al. Tocilizumab for induction and maintenance 
of remission in giant cell arteritis: a phase 2, randomised, double- blind, placebo- 
controlled trial. Lancet 2016;387:1921–7.

 11 Strand V, Dimonaco S, Tuckwell K, et al. Health- related quality of life in patients with 
giant cell arteritis treated with tocilizumab in a phase 3 randomised controlled trial. 
Arthritis Res Ther 2019;21:64.

 12 Stone JH, Han J, M: A. Long- Term effect of tocilizumab in patients with giant- cell 
arteritis: open label extension phase of the giant cell arteritis Actemra (GiACTA) trial. 
Lancet Rheumatol 2021;3:E328–36.

 13 Stone JH, Tuckwell K, Dimonaco S, et al. Glucocorticoid dosages and acute- phase 
reactant levels at giant cell arteritis flare in a randomized trial of tocilizumab. Arthritis 
Rheumatol 2019;71:1329–38.

 14 Unizony S, Arias- Urdaneta L, Miloslavsky E, et al. Tocilizumab for the treatment 
of large- vessel vasculitis (giant cell arteritis, Takayasu arteritis) and polymyalgia 
rheumatica. Arthritis Care Res 2012;64:1720–9.

 15 Terrades- Garcia N, Cid MC. Pathogenesis of giant- cell arteritis: how targeted therapies 
are influencing our understanding of the mechanisms involved. Rheumatology 
2018;57:ii51–62.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2021-220873 on 19 January 2022. D

ow
nloaded from

 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-3308-5787
http://orcid.org/0000-0003-2229-0822
http://orcid.org/0000-0002-1490-468X
http://orcid.org/0000-0002-4730-0938
http://dx.doi.org/10.7326/AITC201611010
http://dx.doi.org/10.1038/nrrheum.2012.97
http://dx.doi.org/10.1111/j.1600-0463.2009.02471.x
http://dx.doi.org/10.1097/MD.0000000000000033
http://dx.doi.org/10.1093/rheumatology/kev348
http://dx.doi.org/10.1002/acr.23901
http://dx.doi.org/10.1002/art.11388
http://dx.doi.org/10.1016/j.semarthrit.2016.11.006
http://dx.doi.org/10.1056/NEJMoa1613849
http://dx.doi.org/10.1056/NEJMoa1613849
http://dx.doi.org/10.1016/S0140-6736(16)00560-2
http://dx.doi.org/10.1186/s13075-019-1837-7
http://dx.doi.org/10.1002/art.40876
http://dx.doi.org/10.1002/art.40876
http://dx.doi.org/10.1002/acr.21750
http://dx.doi.org/10.1093/rheumatology/kex423
http://ard.bmj.com/


536 Corbera- Bellalta M, et al. Ann Rheum Dis 2022;81:524–536. doi:10.1136/annrheumdis-2021-220873

Vasculitis

 16 Robinette ML, Rao DA, Monach PA. The immunopathology of giant cell arteritis across 
disease spectra. Front Immunol 2021;12:623716.

 17 Corbera- Bellalta M, Planas- Rigol E, Lozano E, et al. Blocking interferon γ reduces 
expression of chemokines CXCL9, CXCL10 and CXCL11 and decreases macrophage 
infiltration in ex vivo cultured arteries from patients with giant cell arteritis. Ann 
Rheum Dis 2016;75:1177–86.

 18 Espígol- Frigolé G, Corbera- Bellalta M, Planas- Rigol E, et al. Increased IL- 17A 
expression in temporal artery lesions is a predictor of sustained response to 
glucocorticoid treatment in patients with giant- cell arteritis. Ann Rheum Dis 
2013;72:1481–7.

 19 Espígol- Frigolé G, Planas- Rigol E, Lozano E, et al. Expression and function of 
IL12/23 related cytokine subunits (p35, p40, and P19) in giant- cell arteritis lesions: 
contribution of p40 to Th1- and TH17- mediated inflammatory pathways. Front 
Immunol 2018;9:809.

 20 Ma- Krupa W, Jeon M- S, Spoerl S, et al. Activation of arterial wall dendritic cells and 
breakdown of self- tolerance in giant cell arteritis. J Exp Med 2004;199:173–83.

 21 Samson M, Audia S, Fraszczak J, et al. Th1 and Th17 lymphocytes expressing CD161 
are implicated in giant cell arteritis and polymyalgia rheumatica pathogenesis. 
Arthritis Rheum 2012;64:3788–98.

 22 Terrier B, Geri G, Chaara W, et al. Interleukin- 21 modulates Th1 and Th17 responses in 
giant cell arteritis. Arthritis Rheum 2012;64:2001–11.

 23 Visvanathan S, Rahman MU, Hoffman GS, et al. Tissue and serum markers of 
inflammation during the follow- up of patients with giant- cell arteritis--a prospective 
longitudinal study. Rheumatology 2011;50:2061–70.

 24 Weyand CM, Hicok KC, Hunder GG, et al. Tissue cytokine patterns in patients with 
polymyalgia rheumatica and giant cell arteritis. Ann Intern Med 1994;121:484–91.

 25 Lozano E, Segarra M, García- Martínez A, et al. Imatinib mesylate inhibits in vitro and 
ex vivo biological responses related to vascular occlusion in giant cell arteritis. Ann 
Rheum Dis 2008;67:1581–8.

 26 Planas- Rigol E, Terrades- Garcia N, Corbera- Bellalta M, et al. Endothelin- 1 promotes 
vascular smooth muscle cell migration across the artery wall: a mechanism 
contributing to vascular remodelling and intimal hyperplasia in giant- cell arteritis. Ann 
Rheum Dis 2017;76:1624–34.

 27 Rittner HL, Kaiser M, Brack A, et al. Tissue- destructive macrophages in giant cell 
arteritis. Circ Res 1999;84:1050–8.

 28 Becher B, Tugues S, Greter M. Gm- Csf: from growth factor to central mediator of 
tissue inflammation. Immunity 2016;45:963–73.

 29 Dougan M, Dranoff G, Dougan SK. Gm- Csf, IL- 3, and IL- 5 family of cytokines: 
regulators of inflammation. Immunity 2019;50:796–811.

 30 Hamilton JA. GM- CSF in inflammation. J Exp Med 2020;217. doi:10.1084/
jem.20190945. [Epub ahead of print: 06 Jan 2020].

 31 Cook AD, Hamilton JA. Investigational therapies targeting the granulocyte 
macrophage colony- stimulating factor receptor-α in rheumatoid arthritis: focus on 
mavrilimumab. Ther Adv Musculoskelet Dis 2018;10:29–38.

 32 Burmester GR, McInnes IB, Kremer J, et al. A randomised phase IIb study of 
mavrilimumab, a novel GM- CSF receptor alpha monoclonal antibody, in the treatment 
of rheumatoid arthritis. Ann Rheum Dis 2017;76:1020–30.

 33 Burmester GR, McInnes IB, Kremer JM, et al. Mavrilimumab, a fully human 
granulocyte- macrophage colony- stimulating factor receptor α monoclonal antibody: 
long- term safety and efficacy in patients with rheumatoid arthritis. Arthritis 
Rheumatol 2018;70:679–89.

 34 Weinblatt ME, McInnes IB, Kremer JM, et al. A randomized phase IIb study of 
mavrilimumab and golimumab in rheumatoid arthritis. Arthritis Rheumatol 
2018;70:49–59.

 35 Cid MC, Unizony S, Pupim L. Mavrilimumab (anti GM- CSF receptor α monoclonal 
antibody) reduces risk of flare and increases sustained remission in a phase 2 trial of 
patients with giant cell arteritis [abstract]. Arthritis Rheumatol 2020;72 (suppl 10).

 36 Corbera- Bellalta M, García- Martínez A, Lozano E, et al. Changes in biomarkers after 
therapeutic intervention in temporal arteries cultured in matrigel: a new model for 
preclinical studies in giant- cell arteritis. Ann Rheum Dis 2014;73:616–23.

 37 Ferrara N. Binding to the extracellular matrix and proteolytic processing: two key 
mechanisms regulating vascular endothelial growth factor action. Mol Biol Cell 
2010;21:687–90.

 38 Lanza F, Healy L, Sutherland DR. Structural and functional features of the CD34 
antigen: an update. J Biol Regul Homeost Agents 2001;15:1–13.

 39 Nordborg C, Larsson K, Nordborg E. Stereological study of neovascularization in 
temporal arteritis. J Rheumatol 2006;33:2020–5.

 40 Cid MC, Gandhi R, Corbera- Bellalta M. GM- CSF pathway signature identified in 
temporal artery biopsies of patients with giant cell arteritis [abstract 2689]. Arthritis & 
rheumatology 2019;71.

 41 Jiemy WF, van Sleen Y, van der Geest KS, et al. Distinct macrophage phenotypes 
skewed by local granulocyte macrophage colony- stimulating factor (GM- CSF) and 
macrophage colony- stimulating factor (M- CSF) are associated with tissue destruction 
and intimal hyperplasia in giant cell arteritis. Clin Transl Immunology 2020;9:e1164.

 42 Berti A, Warner R, Johnson K, et al. Brief report: circulating cytokine profiles and 
antineutrophil cytoplasmic antibody specificity in patients with antineutrophil 
cytoplasmic antibody- associated vasculitis. Arthritis Rheumatol 2018;70:1114–21.

 43 Rouillard AD, Gundersen GW, Fernandez NF, et al. The harmonizome: a collection of 
processed datasets gathered to serve and mine knowledge about genes and proteins. 
Database 2016;2016. doi:10.1093/database/baw100. [Epub ahead of print: 03 Jul 
2016].

 44 Cid MC, Campo E, Ercilla G, et al. Immunohistochemical analysis of lymphoid and 
macrophage cell subsets and their immunologic activation markers in temporal 
arteritis. Influence of corticosteroid treatment. Arthritis Rheum 1989;32:884–93.

 45 Cid MC, Cebrián M, Font C, et al. Cell adhesion molecules in the development of 
inflammatory infiltrates in giant cell arteritis: inflammation- induced angiogenesis 
as the preferential site of leukocyte- endothelial cell interactions. Arthritis Rheum 
2000;43:184–94.

 46 Hernández- Rodríguez J, Segarra M, Vilardell C, et al. Tissue production of pro- 
inflammatory cytokines (IL- 1beta, TNFalpha and IL- 6) correlates with the intensity of 
the systemic inflammatory response and with corticosteroid requirements in giant- cell 
arteritis. Rheumatology 2004;43:294–301.

 47 Segarra M, García- Martínez A, Sánchez M, et al. Gelatinase expression and proteolytic 
activity in giant- cell arteritis. Ann Rheum Dis 2007;66:1429–35.

 48 van Sleen Y, Sandovici M, Abdulahad WH. Markers of angiogenesis and macrophage 
products for predicting disease course and monitoring vascular inflammation in giant 
cell arteritis. Rheumatology 2019. doi:10.1093/rheumatology/kez034. [Epub ahead of 
print: 25 Feb 2019].

 49 Fang D, Zhu J. Dynamic balance between master transcription factors determines 
the fates and functions of CD4 T cell and innate lymphoid cell subsets. J Exp Med 
2017;214:1861–76.

 50 Li Z, Ju X, Silveira PA, et al. CD83: activation marker for antigen presenting cells and 
its therapeutic potential. Front Immunol 2019;10:1312.

 51 Saraiva M, Vieira P, O’Garra A. Biology and therapeutic potential of interleukin- 10. J 
Exp Med 2020;217. doi:10.1084/jem.20190418. [Epub ahead of print: 06 Jan 2020].

 52 García- Martínez A, Hernández- Rodríguez J, Arguis P, et al. Development of aortic 
aneurysm/dilatation during the followup of patients with giant cell arteritis: a cross- 
sectional screening of fifty- four prospectively followed patients. Arthritis Rheum 
2008;59:422–30.

 53 Son B- K, Sawaki D, Tomida S, et al. Granulocyte macrophage colony- stimulating factor 
is required for aortic dissection/intramural haematoma. Nat Commun 2015;6:6994.

 54 Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and significance of 
macrophage plasticity. Annu Rev Pathol 2020;15:123–47.

 55 Tan- Garcia A, Wai L- E, Zheng D, et al. Intrahepatic CD206+ macrophages contribute to 
inflammation in advanced viral- related liver disease. J Hepatol 2017;67:490–500.

 56 Ribatti D, Tamma R. Hematopoietic growth factors and tumor angiogenesis. Cancer 
Lett 2019;440- 441:47–53. doi:10.1016/j.canlet.2018.10.008

 57 Foell D, Hernandez- Rodriguez J, Sanchez M. Early recruitment of phagocytes 
contributes to the vascular inflammation of giant cell arteritis. J Pathol 
2004;204:311–6.

 58 Regan- Komito D, Swann JW, Demetriou P, et al. GM- CSF drives dysregulated 
hematopoietic stem cell activity and pathogenic extramedullary myelopoiesis in 
experimental spondyloarthritis. Nat Commun 2020;11:155. doi:10.1038/s41467-019-
13853-4

 59 Hellmich B, Agueda A, Monti S, et al. 2018 update of the EULAR recommendations 
for the management of large vessel vasculitis. Ann Rheum Dis 2020;79:19–30. 
doi:10.1136/annrheumdis-2019-215672

 60 Wagner AD, Wittkop U, Thalmann J, et al. Glucocorticoid effects on tissue residing 
immune cells in giant cell arteritis: importance of GM- CSF. Front Med 2021;8:709404. 
doi:10.3389/fmed.2021.709404

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://ard.bm

j.com
/

A
nn R

heum
 D

is: first published as 10.1136/annrheum
dis-2021-220873 on 19 January 2022. D

ow
nloaded from

 

http://dx.doi.org/10.3389/fimmu.2021.623716
http://dx.doi.org/10.1136/annrheumdis-2015-208371
http://dx.doi.org/10.1136/annrheumdis-2015-208371
http://dx.doi.org/10.1136/annrheumdis-2012-201836
http://dx.doi.org/10.3389/fimmu.2018.00809
http://dx.doi.org/10.3389/fimmu.2018.00809
http://dx.doi.org/10.1084/jem.20030850
http://dx.doi.org/10.1002/art.34647
http://dx.doi.org/10.1002/art.34327
http://dx.doi.org/10.1093/rheumatology/ker163
http://dx.doi.org/10.7326/0003-4819-121-7-199410010-00003
http://dx.doi.org/10.1136/ard.2007.070805
http://dx.doi.org/10.1136/ard.2007.070805
http://dx.doi.org/10.1136/annrheumdis-2016-210792
http://dx.doi.org/10.1136/annrheumdis-2016-210792
http://dx.doi.org/10.1161/01.res.84.9.1050
http://dx.doi.org/10.1016/j.immuni.2016.10.026
http://dx.doi.org/10.1016/j.immuni.2019.03.022
http://dx.doi.org/10.1084/jem.20190945
http://dx.doi.org/10.1177/1759720X17752036
http://dx.doi.org/10.1136/annrheumdis-2016-210624
http://dx.doi.org/10.1002/art.40420
http://dx.doi.org/10.1002/art.40420
http://dx.doi.org/10.1002/art.40323
http://dx.doi.org/10.1136/annrheumdis-2012-202883
http://dx.doi.org/10.1091/mbc.e09-07-0590
http://www.ncbi.nlm.nih.gov/pubmed/11388737
http://www.ncbi.nlm.nih.gov/pubmed/16924688
http://dx.doi.org/10.1002/cti2.1164
http://dx.doi.org/10.1002/art.40471
http://dx.doi.org/10.1093/database/baw100
http://www.ncbi.nlm.nih.gov/pubmed/2787641
http://dx.doi.org/10.1002/1529-0131(200001)43:1<184::AID-ANR23>3.0.CO;2-N
http://dx.doi.org/10.1093/rheumatology/keh058
http://dx.doi.org/10.1136/ard.2006.068148
http://dx.doi.org/10.1093/rheumatology/kez034
http://dx.doi.org/10.1084/jem.20170494
http://dx.doi.org/10.3389/fimmu.2019.01312
http://dx.doi.org/10.1084/jem.20190418
http://dx.doi.org/10.1084/jem.20190418
http://dx.doi.org/10.1002/art.23315
http://dx.doi.org/10.1038/ncomms7994
http://dx.doi.org/10.1146/annurev-pathmechdis-012418-012718
http://dx.doi.org/10.1016/j.jhep.2017.04.023
http://dx.doi.org/10.1016/j.canlet.2018.10.008
http://dx.doi.org/10.1016/j.canlet.2018.10.008
http://dx.doi.org/10.1038/s41467-019-13853-4
http://dx.doi.org/10.1136/annrheumdis-2019-215672
http://dx.doi.org/10.3389/fmed.2021.709404
http://ard.bmj.com/

	Blocking GM-CSF receptor α with mavrilimumab reduces infiltrating cells, pro-inflammatory markers and neoangiogenesis in ex vivo cultured arteries from patients with giant cell arteritis
	Abstract
	Introduction
	Patients and methods
	Patients
	Temporal artery culture
	In situ RNA hybridisation
	Candidate gene expression analysis
	Immunohistochemistry
	Immunofluorescence
	Protein detection by western blot
	Detection of proteins in the supernatants of cultured arteries and patient sera
	Statistical analysis

	Results
	GM-CSF and GM-CSFRα expression is increased in GCA lesions
	GM-CSF receptor-driven signalling pathways are activated in GCA lesions, and expression of molecules regulated by this pathway is increased
	GM-CSFRα inhibiting monoclonal antibody mavrilimumab reduces lymphocyte and myeloid cell markers in ex vivo cultured arteries from patients with GCA
	Mavrilimumab reduces expression of molecules involved in T cell activation and related to the Th1 differentiation pathway in ex vivo cultured arteries from patients with GCA
	Mavrilimumab decreases pro-inflammatory cytokines in ex vivo cultured arteries from patients with GCA
	Mavrilimumab decreases mediators of vascular injury in ex vivo cultured arteries from patients with GCA
	Mavrilimumab reduces tissue angiogenesis in ex vivo cultured arteries from patients with GCA

	Discussion
	References


