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Large vessel vasculitis (LVV) mainly include giant cell arteritis (GCA). LVV may lead to segmental stenosis, 
occlusion, dilatation and/or aneurysm formation in the aorta and/or its main branches1. Histological lesions 
are characterized by an in�ammatory in�ltrate located in the inner part of aortic wall (media) associated with a 
fragmentation of the internal elastic lamina and hyperplasia of vaso vasori. LVV are driven by common immune 
mechanisms in the activation and regulation of CD4 T cells. Indeed, vascular lesion formation is mediated by 
inadequate immune response, characterized by in situ activation of CD4 T cells. Weyand et al., have shown the 
de�ciency of the programmed cell death protein-1 immune checkpoint in GCA promoting CD4� T cells activa-
tion1. Apart from the strength of the antigen/T-cell receptor (TCR) signal, the microenvironment is also critical 
in T-cell activation and polarisation. Previous studies have provided evidence that LVV in�ammation was driven 
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���‘�•�…�‡�’�–�‹�‘�•�á�����‡�”�˜�‹�…�‡���†�‡�����±�†�‡�…�‹�•�‡�����•�–�‡�”�•�‡�á�����ƒ�”�•�‡�‹�Ž�Ž�‡�á���	�”�ƒ�•�…�‡�ä�����‡�•�ƒ�‹�Ž�ã���†�ƒ�˜�‹�†�ä�•�ƒ�ƒ�†�‘�—�•�;�ƒ�’�Š�’�ä�ˆ�”

OPEN

https://doi.org/10.1038/s41598-020-63042-3
mailto:david.saadoun@aphp.fr


2SCIENTIFIC REPOrTs |         (2020) 10:6405  | �Š�–�–�’�•�ã�����†�‘�‹�ä�‘�”�‰���w�v�ä�w�v�y�~���•�z�w�{�•�~�æ�v�x�v�æ�|�y�v�z�x�æ�y

www.nature.com/scientificreportswww.nature.com/scientificreports/

by �1 and �17 cells in the peripheral blood and in�amed tissues2–4. �ey also demonstrated a quantitative de�-
ciency of regulatory T cells (Tregs)5. However, the mechanisms involved in regulation of CD4 T cell homeostasis 
in LVV are poorly understood and need to be further studied in order to highlight potential therapeutic targets.

Ciccia et al. have reported overexpression of IL-33 within in�ammatory lesions of temporal arteries in GCA 
patients6. A meta-analysis has found an association of GCA and an IL-33 genetic variant7. Interleukin 33 (IL-
33), a recently identi�ed cytokine belonging to the IL-1 family8, is known to be implicated in the regulation of 
immune response in several human diseases9–12. IL-33 is constitutively expressed in the nucleus of epithelial, 
endothelial cells and also �broblasts and has been shown to license innate and adaptive immunity by enhancing 
�2 cytokines production. IL-33 is secreted secondary to cell apoptosis and necrosis. IL-33 binds to a heterodi-
meric receptor called ST2/IL-1R4, expressed mainly on �2 cells, Tregs, mast cells, eosinophils, basophils, Group 
2 Innate Lymphoid Cells (ILC2s) and Natural Killer (NK) cells13. During in�ammation, several mechanisms allow 
the regulation of IL-33 e�ects, such as sST2, a soluble form of ST2 acting as a decoy receptor that inhibits IL-33 
signalling. Studies have demonstrated that IL-33 is a key regulator of the immune response, and is involved in 
many autoimmune and in�ammatory disorders. However, its immune function in patients with LVV is largely 
unknown.

�e present study examined the critical role of IL-33 to modulate T cell activation in LVV.

���‡�–�Š�‘�†�•
���ƒ�–�‹�‡�•�–�•�ä �e study population consisted of 52 GCA patients (median [IQR] age at diagnosis: 74.7 [66.3; 
83.2] years), ful�lling the international criteria for GCA, respectively14,15. Clinical characteristics of LVV patients 
are indicated in Table�1. For IL-33 measurement in sera, 50% and 24.5% of samples were performed in patients 
with active disease and without treatment, respectively. For functional experiments, PBMC and CD4� T cells 
were obtained from patients who were untreated or receiving corticosteroids�10 mg/day. Blood samples from 
50 age and sex-matched healthy donors (HD) were obtained from Etablissement Français du Sang (Hôpital Pitié-
Salpêtrière) and were used as controls. Aorta biopsies were obtained from consecutive GCA patients undergoing 
surgical repair for aortic aneurysm or dissection. �ree non-in�ammatory aorta biopsies were provided by a 
tissue bank and obtained from vessels taken for transplant in mutlti-organ and tissue donors. Temporal arteries 
and aorta were obtained at diagnosis and some aortas specimens were collected during a vascular complication.

The study was approved by our institutional ethics review board (Comité de Protection des 
Personnes-Ile-de-France-VI) and was performed according to the Helsinki declaration. Donors gave informed 
consent.

���•�ƒ�Ž�›�•�‹�•���‘�ˆ���…�›�–�‘�•�‹�•�‡���’�”�‘�†�—�…�–�‹�‘�•�ä Levels of IL-33 in sera were performed using enzyme-linked immu-
nosorbent assay (ELISA, R&D systems) in LVV patients and HD. ST2 level in sera was performed using 
enzyme-linked immunosorbent assay (ELISA, R&D systems) in GCA patients and HD. Quantitative determi-
nation of �1 (IFN� ), �17 (IL-17), �2 (IL-4, IL-5, IL-13) cytokines, IL-10 and IL-6, was performed in culture 
supernatant using Human Cytokine 25-Plex (Invitrogen, France) in accordance with the manufacturer protocol.

For intracellular staining, peripheral blood mononuclear cells (PBMCs) were stimulated for 4 hours with 
0,05 � g/mL Phorbol 12-myristate 13-acetate (PMA) and 1 mM (1 � g/mL) ionomycin (Sigma-Aldrich) in the pres-
ence of brefeldin A (BD Pharmingen) and were stained with the following conjugated monoclonal antibodies, at 
predetermined optimal dilutions, for 15 minutes at room temperature: CD3-APC-Alexa Fluor 750, CD4-ECD, 
CD8-APC-Alexa Fluor 700, (Beckman Coulter). Intracellular detection of IL-4-PE (BD, France), IFN�-FITC 
(Miltenyi Biotec), TNF�-PE (Miltenyi Biotec), IL17-eFluor 660 (ebioscience), IL-10-APC (BD, France) was per-
formed on �xed and permeabilized cells using appropriate bu�er (BD Pharmingen).

For analysis of regulatory T cells (Tregs), intranuclear detection of FOXP3-AF647 (Beckman Coulter), 
with CD3-FITC (Beckman Coulter), CD8-KO (Beckman Coulter), CD4-PB (Beckamn Coulter), CD127-PC7 
(Beckamn-Coulter), CD25-PE (BD) was performed using PerFIX-nc Kit (Beckman Coulter). Data were acquired 
using a Navios �ow cytometer and analyzed with the Kaluza analysis so�ware (Beckman Coulter).

Parameters
GCA
n-�52

Demographic features
Median age [IQR] 74.7[66.3; 83.2]

Female gender 35 (67.3%)

Geographic origin

���Caucasian 50 (96.2%)

���African 0 (0%)

���North African 2 (3.8%)

���Other 0 (0%)

Clinical features

Stroke 7 (13.4%)

Aortic aneurysms 4 (7.7%)

Aortitis 14 (26.9%)

Ocular complications 5 (9.6%)

Table 1. Main demographical and clinical characteristics of LVV patients.
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For all analyses, the gating strategy consisted in excluding debris and dead cells, then selecting CD3� T cells 
among lymphocytes, and therea�er studying markers of interest among those CD3� CD4� T cells.

�����…�‡�Ž�Ž���†�‹�¡�‡�”�‡�•�–�‹�ƒ�–�‹�‘�•���™�‹�–�Š�������æ�y�y�ä Peripheral blood mononuclear cells (PBMCs) of LVV patients were cul-
tured in RPMI-1640 medium supplemented with 10% Fetal Bovine Serum (FBS) and 2% penicillin-streptomycin 
(1 �  106 cells/ml) and stimulated in 48-well plates coated with anti-CD3/CD28 monoclonal antibodies with or 
without 10 ng/mL human recombinant IL-33 (eBiosciences). A�er 3 and 5 days of culture, culture supernatants 
were harvested and immediately frozen. Quantitative determination of IL-4, IL-10, IL-5, IL-13 and IFN� , IL17 in 
culture supernatant was performed using Human Milliplex® kit (Merck Millipore, France) in accordance with 
the manufacturer protocol. Intracellular expression of �1 and �2 cytokines was determined by �ow cytometry 
(Navios, Beckman Coulter). �e proportion of CD4� CD25High CD127Low FOXP3� cells among TCD4� cells 
was assessed by �ow cytometry.

In order to investigate the impact of mast cells on Tregs in presence of IL-33, CD4� T cells (1 � 106) of 
LVV patients were puri�ed from PBMC according the instructions of the manufacturer (Stemcell ®) and were 
co-cultured in 24-well plates coated with anti-CD3/CD28 monoclonal antibodies for 4 days with or without 
human ROSAKITWT 16 mast cells (2.5 � 105) in the presence or the absence of recombinant IL-33. �e proportion 
of FOXP3� CD25High CD4� cells in each condition was assessed by �ow cytometry as described previously.

���•�•�‡�•�•�•�‡�•�–���‘�ˆ���‹�•�†�‘�Ž�‡�ƒ�•�‹�•�‡�æ�x�á���y�æ�†�‡�‘�š�‹�‰�‡�•�ƒ�•�‡���������������ƒ�…�–�‹�˜�‹�–�›�ä  �e kynurenin to tryptophan ratio 
was used as a surrogate indicator of IDO activity. Levels of tryptophan and kynurenin were analyzed by isocratic 
liquid chromatography with coulometric detection17.

���•�•�—�•�‘�ˆ�Ž�—�‘�”�‡�•�…�‡�•�…�‡���ƒ�•�ƒ�Ž�›�•�‹�•�ä  Detection of IL-33� , Von Willebrand Factor, ST2/IL-1R4� , CD3� , 
FOXP3� , Tryptase� , IL-10� , VEGF (Vascular Endothelial Growth Factor) and IL-4�  cells was performed on 
�xed, para�n-embedded samples from 5 consecutive temporal arteries and 13 consecutive aorta of GCA patients 
with active in�ammatory arterial lesions and 5 temporal arteries of controls and 3 non-in�ammatory aorta. A�er 
dewaxing in baths of xylene and ethanol, slides were submitted to antigen retrieval by heating in citrate bu�er pH 
6.0. Before incubation with primary antibodies, Fc receptor was blocked with normal goat serum 5%. Slides were 
incubated over night with monoclonal mouse anti-human CD3 (dilution 1:50, Abcam) rabbit polyclonal anti 
Von Willebrand Factor (dilution 1:250, Dako Cytomation), mouse monoclonal anti-IL-33 (dilution 1:1000, Enzo 
Life Sciences), rabbit polyclonal anti-ST2 (dilution 1:100, Sigma-Aldrich), rabbit polyclonal anti-IL-4 (dilution 
1:50,Abcam), rabbit polyclonal anti IL-10 (dilution 1:25, Abcam), rat monoclonal anti-FoxP3 (1:100, eBiosci-
ence), mouse anti-tryptase (1:400, DAKO) or with isotype control: polyclonal Rabbit IgG or monoclonal mouse 
IgG (Abcam) or monoclonal rat IgG (eBioscience). Slides were then incubated for 2 hours at room temperature 
with Cy3-conjugated goat anti-mouse (working dilution 1:1000, Jackson Immunoresearch) and Alexa 488 donkey 
anti- rabbit (working dilution 1:1000, Life Technologies), mounted in Mowiol, and evaluated under �uorescence 
microscopy.

�
�‡�•�‡�� �‡�š�’�”�‡�•�•�‹�‘�•�� �“�—�ƒ�•�–�‹�ˆ�‹�…�ƒ�–�‹�‘�•�� �ƒ�–�� �–�Š�‡�� �•�������� �Ž�‡�˜�‡�Ž�� �‹�•�� �ƒ�‘�”�–�‹�…�� �–�‹�•�•�—�‡�•�ä Quantification of 
mRNA expression was performed on paraffin-embedded aorta samples from GCA (n �  20) patients and 
non-in�ammatory aorta controls (n �  3). ST2, IL-1�, IL-10, TNF�, IL-6, IL-8, IFN�, IL-4, GATA-3, FOX-P3, 
T-BET, ROR-� t, CD-45 genes were analyzed. �e theoretical and practical aspects of real-time quantitative 
reverse transcriptase-polymerase chain reaction (RT-PCR) using the ABI Prism 7900 Sequence Detection System 
(PerkinElmer Applied Biosystems, Foster City, CA) have been described in detail elsewhere (13). Brie�y, total 
FFPE RNA was extracted using the High Pure FFPET RNA Isolation Kit (Roche) following the supplier’s proto-
col and reverse transcribed before real-time PCR ampli�cation. Gene mRNA expression levels were quanti�ed 
by using real time RT-PCR. Quantitative values were obtained from the cycle number (Ct value) at which the 
increase in the �uorescence signal associated with exponential growth of PCR products started to be detected by 
the laser detector of the ABI Prism 7900 Sequence Detection System (Perkin-Elmer Applied Biosystems), using 
PE Biosystems analysis so�ware according to the manufacturer’s manuals. �e precise amount of total RNA 
added to each reaction mix (based on optical density) and its quality (i.e., lack of extensive degradation) are both 
di�cult to assess. We therefore also quanti�ed transcripts of the RPLP0 gene (Genbank accession: NM_001002) 
encoding the ribosomal protein subunit P0 as an endogenous RNA control and normalized each sample on 
the basis of its RPLP0 content. Results, expressed as N-fold di�erences in target gene expression relative to the 
RPLP0 gene and termed “Ntarget,” were determined as Ntarget �  2� Ct-sample, where the �Ct value of the sample was 
determined by subtracting the average Ct value of the target gene from the average Ct value of the RPLP0 gene. 
�e Ntarget values of the samples were subsequently normalized to obtain a ‘basal mRNA level’ (smallest amount 
of mRNA quanti�able (Ct�35)) equal to 1. �e primers for all genes were chosen with the assistance of the Oligo 
6.0 program (National Biosciences). We scanned the dbEST and nr databases to con�rm the total gene speci�city 
of the nucleotide sequences chosen for the primers and the absence of SNPs. To avoid ampli�cation of contami-
nating gDNA, 1 of the 2 primers was placed at the junction between 2 exons or on 2 di�erent exons. Agarose gel 
electrophoresis was used to verify the speci�city of PCR amplicons.

���—�Ž�–�—�”�‡���‘�ˆ���–�‡�•�’�‘�”�ƒ�Ž���ƒ�”�–�‡�”�‹�‡�•�ä Temporal arteries of GCA patients (n �  8) and controls (n �  5) were cultured 
for 24 hours without or with 10 ng/ml recombinant human IL-33 for 24 hours. Temporal arteries were then incu-
bated for 24 h in RNAlater at �4 °C and then frozen at �80 °C. Culture supernatants were collected and immedi-
ately frozen at �80 °C. �e determination of cytokines dosages in supernatants was performed using Milliplex® 
kit (Merck Millipore, France) in accordance with the manufacturer protocol. Quanti�cation of IL-1�, IL-10, 
TNF� , IL-6, IL-8, IFN�, IL-4, CD-45 mRNA was also performed. Temporal arteries were lyzed and homoge-
nized. Total RNA was extracted by TRIzol reagent (Invitrogen) and reverse-transcribed using SuperScript VILO 
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cDNA Synthesis Kit (Invitrogen) both according to the manufacturer’s instruction. Gene expression was deter-
mined by real-time PCR. Each cDNA sample was ampli�ed in triplicate using SYBR Green (Applied Biosystems) 
on 7500 FAST Real-time PCR System (Applied Biosystems). �e thermal cycling conditions comprised an initial 
denaturation step at 95 °C for 10 minutes, followed by 40 cycles at 95 °C for 15 seconds and 65 °C for 1 minute. 
Quantitative values were obtained from the threshold cycle (Ct) number at which the increase in the signal asso-
ciated with exponential growth of PCR products began to be detected. GADPH gene was used as an endogenous 
control and each sample was normalized on the basis of its GADPH content and the expression of CD45. �e 
primers were designed to span introns and are listed in supplementary Table.

���–�ƒ�–�‹�•�–�‹�…�•�ä  Continuous variables are presented with the median and range or with the mean � SEM. 
Categorical variables are presented with counts and proportions. Statistical comparisons were performed by using 
the Mann-Whitney test for quantitative unpaired data, and the Wilcoxon matched pairs test for quantitative 
paired data. All statistical tests were two-tailed with a signi�cance level of 0.05. Statistical signi�cance was evalu-
ated using GraphPad Prism version 5.00 for Windows (GraphPad So�ware, San Diego, CA, USA).

���‡�•�—�Ž�–�•
���š�’�”�‡�•�•�‹�‘�•���‘�ˆ�����Š�x���ƒ�•�†���”�‡�‰�—�Ž�ƒ�–�‘�”�›���…�›�–�‘�•�‹�•�‡�•���‹�•���„�Ž�‘�‘�†���ƒ�•�†���‹�•�ˆ�Ž�ƒ�•�‡�†���˜�‡�•�•�‡�Ž�•���‹�•���������ä  IL-33 is 
known to be implicated in the regulation of immune response by enhancing �2 cytokines production and 
Tregs. To study the e�ects of IL-33 on CD4� T cells homeostasis in LVV, we �rst evaluated if �2 and regulatory 
responses were present in blood and in�amed vessels in LVV patients besides the secretion of �1 and �17 
cytokines, previously shown in LVV (Fig.�S1).

We �rst evaluated the level of �2 and regulatory (IL-10) cytokines in culture supernatant of PBMC a�er 
4 hours of PMA-ionomycine stimulation. Comparisons of cytokines between LVV patients and HD are pre-
sented in Fig.�1A–C. Active LVV patients had signi�cantly increased median levels of IL-4 (p �  0.01), IL-5 
(p �  0.002) and IL-10 (p �  0.003) as compared to HD. Consistently, the quantitative analysis of mRNA within 
in�ammatory lesions of LVV aorta revealed an overexpression of GATA 3 (11 �  17), as compared to controls 
with non-in�ammatory aorta aneurysms (p �  0.006) (Supplementary Data�S2). Immuno�uorescence analyses of 
aorta tissue specimens from patients with LVV also revealed an expression of IL-4 and IL-10, partially by T cells 
(Figs.�1D and S3). Within in�ammatory lesions, immuno�uorescence analysis of aorta in patients with LVV also 
revealed that Tregs (de�ned as positive FOXP3 cells) expressed ST2/IL-1R4 (Figs.�1D and S3). Consistently, the 
quantitative analysis of mRNA within in�ammatory lesions of LVV aorta revealed an overexpression of FOXP3 
(44.2 � 55.2, p �  0.005), as compared to controls with non-in�ammatory aorta aneurysms (data not shown).

We next assessed in LVV patients the expression of IL-33 and other cytokines known to promote �2 polar-
isation (i.e IL-25 and TSLP (�ymic stromal lymphopoietin). We found overexpression of IL-33 in LVV relative 
to HD (Fig.�1E). A signi�cant increased level of IL-33 was observed in sera of LVV patients as compared to HD 
(449.4 (�894.9) vs 67.7 (�204.6) pg/mL, p � 0.002) (Fig.�1E). Consistently, mean level of IL-33 receptor (soluble 
ST2) was increased in sera of LVV patients as compared to HD (n �  17) [2808.7 (�1284.7) and 677.7 (�322) 
in HD, p �  0.0001] (Fig.�1F). In contrast, levels of IL-25 and of TSLP were not di�erent in LVV and in HD 
(Fig.�1G,H).

�����æ�y�y���ƒ�•�†���‹�–�•���”�‡�…�‡�’�–�‘�”�������x���ƒ�”�‡���‘�˜�‡�”�‡�š�’�”�‡�•�•�‡�†���‹�•���’�ƒ�–�Š�‘�Ž�‘�‰�‹�…�ƒ�Ž���˜�‡�•�•�‡�Ž�•���‘�ˆ�����������’�ƒ�–�‹�‡�•�–�•�ä We next 
studied the expression of IL-33 in LVV in�ammatory vessels and controls. Immuno�uorescence analyses of tem-
poral arteries and aorta tissue specimens from LVV patients and controls were used to investigate the expression 
pattern of IL-33 and ST2/IL-1R4. IL-33 was mainly expressed within adventitial vessels in co-localization with 
endothelial cells [i.e. von willebrand factor (WF)] and in a lesser extent within few in�ammatory cells in aorta 
(Fig.�2A) and temporal arteries. Expression of ST2/IL-1R4 was observed within the in�ammatory in�ltrates of 
aorta (Fig.�2B) and temporal arteries of LVV patients. �e proportion of IL-33 positive vessels was higher in aorta 
of LVV (n �  5) patients as compared to controls (p � 0.036) (Fig.�2C).

�����æ�y�y���’�”�‡�†�‘�•�‹�•�ƒ�•�–�Ž�›���‹�•�†�—�…�‡�•���ƒ�����Š�x���ƒ�•�†���”�‡�‰�—�Ž�ƒ�–�‘�”�›���‹�•�•�—�•�‡���”�‡�•�’�‘�•�•�‡�•���‹�•���������ä �rough ST2 bind-
ing, IL-33 is known to be able to induce helper T cells, mast cells and eosinophils to produce type 2 cytokines in 
allergy. We next attempted to determine whether IL-33 overexpression was accompanied by an increase in �2 
cytokines in LVV. Freshly isolated PBMC from LVV patients (with corticosteroids�15 mg/day) and controls were 
cultured with anti-CD3/CD28 with or without IL-33 stimulation for 5 days. �e secretion of cytokines was eval-
uated by �ow cytometry (Figs.�3A, S4) and by quantitative determination in culture supernatants (Fig.�3B) a�er 5 
days of PBMC culture with anti-CD3/CD28 monoclonal antibodies.

�e proportion of CD4 �  cells secreting IL-4 was increased a�er IL-33 stimulation [9.6 (�11.7) % vs 7.06 (� 
9.1) %, p �  0.006] in LVV patients but not in HD (Fig.�3A). IL-33 stimulation led to an increase of IL-5, IL-4 and 
IL-13 production in culture supernatants of PBMC a�er 5 days of culture with anti-CD3/CD28 monoclonal anti-
bodies [332.7 (�237.2) pg/ml with IL-33 vs. 200.1 (�176.1) pg/ml without IL-33, p �  0.005 and 18.1 (�15.4) pg/
ml with IL-33 vs 13.9 (�11.4) pg/ml without IL-33, p �  0.02 and 1479.5.6 (�669.9) pg/ml with IL-33 vs 1317.6 
(�644.9) pg/ml without IL-33, p �  0.07, respectively], but not of IFN� , IL-17 and IL-10 (Fig.�3A,B).

Since regulatory T cells (Treg) can also express ST2/IL-1R4, we next studied the impact of IL-33 on the pro-
portion of Tregs. We have shown that IL-33 induced an increased proportion of Tregs a�er 5 days of PBMC 
culture [5.3% without IL-33 vs 6.2% with IL-33, (p � 0.001)] (Figs.�3C, S5). In addition, Tregs expanded by IL-33 
were functional (i.e. assessed by their ability to inhibit e�ector T cells proliferation, Fig.�S6).

We next studied the correlation between �2 and regulatory cytokines and IL-33 expression in LVV arteries 
in order to study the in vivo e�ects of IL-33. We assessed by quantitative PCR (qPCR) the expression of IL-33, 
ST2, �1 and �2 cytokines within in�ammatory aortic lesions of 18 LVV patients who underwent a surgical 
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Figure 1. Expression of �2 and anti-in�ammatory cytokines in LVV. (A–C) PBMC of active LVV patients 
(aLVV) (n �  23) and HD (n �  27) were stimulated for 4 hours with PMA-ionomycine. Expression levels of 
interleukin 4 (IL-4), interleukin 5 (IL-5) and interleukin 10 (IL-10) measured in supernatant are represented. 
�e levels of IL-4, IL-5 and IL-10 are higher in LVV patients as compared to HD [p � 0.01; p � 0.002 and 
p �  0.003, respectively]. We used a Mann Whitney test. �ese data are shown as the mean � SEM. (D) 
Immuno�uorescence analysis of in�ammatory lesions from LVV patients reveals the expression of �2 (here 
IL-4) and IL-10 cytokines partially by CD3 positive cells. Expression of ST2 by Treg (de�ned as FOXP3 cells) 
by immuno�uorescence analysis. (E) Expression level of IL-33 in LVV (n �  44) patients serum was higher 
compared to HD (n � 18), �P � 0.05. (F) Mean level of soluble ST2 was increased in LVV patient sera (n � 38) 
as compared to HD (n � 17), ���P  � 0.001. (G) Level of TSLP in LVV (n �  16) patients serum compared to HD 
(n � 9). (H) Level of IL-25 in LVV (n �  16) patients serum compared to HD (n � 9).
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repair for an aortic aneurysm/dissection. Relative expression of IL-33 mRNA was signi�cantly correlated with 
the expression of IL-10 and TGF-� mRNA [r �  0.6 (p �  0.008) and r �  0.8 (p �  0.0001), respectively] (Fig.�3D). 
�e relative expression of IL-33 was not correlated with the expression of T-Bet, ROR�t, GATA3 and IFN�. �e 
relative expression of ST2 was correlated with those of FOXP3 and GATA-3 [r �  0.6 (p �  0.0035) and r �  0.6 
(p �  0.009), respectively] (data not shown). Altogether, these data suggest a signi�cant correlation between IL33/
ST2 axis and regulatory immune response in vivo.

To further precise the impact of IL-33 on the immune response within in�ammatory lesions, we assessed the 
secretion of cytokines secreted by GCA temporal arteries (n �  8) stimulated or not by IL-33. IL-33 stimulation 
tended to be associated with increased production of IL-10 by temporal arteries measured by both quantitative 
determination of cytokines in culture supernatants [51.4 (� 66.1) pg/ml vs 18.8 (�12.9) pg/ml] and qPCR [rela-
tive expression of 1.9 (�1.1)] from temporal arteries (data not shown). IL-33 did not increase the production of 
IFN�, nor IL-6 in culture supernatants of temporal arteries (data not shown).

���›�•�‡�”�‰�‹�…���”�‘�Ž�‡���‘�ˆ�������æ�y�y���ƒ�•�†���•�–�‹�•�—�Ž�ƒ�–�‡�†���•�ƒ�•�–���…�‡�Ž�Ž�•���‹�•���‹�•�•�—�•�‡���”�‡�‰�—�Ž�ƒ�–�‹�‘�•���‹�•���������ä We have previ-
ously shown a direct role of IL-33 on T cells polarization. As mast cells (MC) represent one of the main targets 
of IL-33, we next studied whether MC stimulated by IL-33 could also enhance a regulatory immune response in 
patients with LVV. First, we demonstrated the presence of MC within in�ammatory in�ltrates of LVV aorta. Some 
mast cells in arterial wall had positive staining for IL-33 receptor (ST2/IL-1R4) (Fig.�4A). We have also shown by 

Figure 2. IL-33 and its receptor ST2 were overexpressed in LVV. (A) Immuno�uorescence analyses of aorta 
tissue specimens from LVV patients revealed that IL-33 was mainly expressed within adventitial vessels and 
co-localized with endothelial cells with positive von willebrand factor (WF) staining. Immuno�uorescence 
analysis of non-in�ammatory aorta did not reveal IL-33 positive staining. (B) Expression of ST2 was mainly 
observed within the in�ammatory in�ltrates in aorta tissue specimen. Immuno�uorescence analyses of one 
non-in�ammatory aorta show vessels (WF positive staining) without positive IL-33 staining and absence of ST2 
staining. Immuno�uorescence analysis of non-in�ammatory aorta did not reveal ST2 positive staining. (C) �e 
proportion of vessels with positive IL-33 staining was higher in aorta from LVV patients (n �  5) as compared to 
non-in�ammatory controls (n � 3), �P �  0.05. �ese data are shown as the mean � SEM.
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Figure 3. Il-33 predominantly induced a �2 and regulatory immune response in LVV. (A) Freshly isolated 
PBMC from LVV patients (with corticosteroids�15 mg/day) were cultured with anti-CD3/CD28 with or 
without IL-33 stimulation for 5 days. �e secretion of �1 and �2 cytokines was assessed by �ow cytometry. 
Le� panel: Dot plots representing IFN� and IL-4 secreting CD4� T cells with or without IL-33 stimulation. 
Right panel: Changes of cytokine production in PBMC stimulated with IL-33 compared to PBMC not 
stimulated. �e proportion of IL4-secreting CD4�  T cells was increased with IL-33 stimulation (p � 0.01) 
in LVV patients (n �  13) but not in HD (n �  6). �ese data are shown as the mean � SEM. �ese results are 
from 13 independent experiments. (B) A�er 5 days of culture, quantitative determination of cytokines was 
performed in culture supernatants (n �  12) of LVV PBMC. IL-33 stimulation led to a signi�cant increase of 
IL-5 and IL-4 secretion, �p � 0.05, ���P  � 0.001. (C) Le� panel: Dot plots representing CD25hiFOXP3�  and 
CD127lowFOXP3�  CD4�  cells are shown. On the le�, PBMC of one LVV patient are cultured for 5 days without 
IL-33. �e frequency of CD127lowFOXP3�  CD4�  cells is shown. On the right, PBMC of the same LVV patient 
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immuno�uorescence an increased number of mast cells in LVV lesions (n �  7) within the aorta as compared to 
non-in�ammatory controls [51.9 (� 37.6) in LVV vs 3.3 (� 3.5), p � 0.02] (Fig.�4B).

We �rst assessed the impact of IL-33 on mediators’ secretion of MC stimulated with patient serum. In these 
conditions, there was no impact of IL-33 on IL-4, IL-6, IL-8 and VEGF production (data not shown). Next, we 
have evaluated the impact of IL-33 stimulated- MC on �2 polarization and on Tregs promotion. CD4�  cells of 
8 LVV patients (treated with corticosteroids�10 mg/day) stimulated with � CD28/� CD3 were cultured alone or 
combined with MC with or without IL-33 for 4 days. IL-33-stimulated MC led to a signi�cant increased secretion 
of IL-5 [144.7 (�121) in CD4 T cells vs 634.8 (�671.5) pg/ml in CD4 T cells and MC vs 1168.2 (�1461.5) pg/ml 
in CD4 T cells, MC and IL-33, p �  0.008], IL-13 [1895.4 (�1296.6) pg/ml in CD4 T cells vs 4643.2 (�3375.5) pg/
ml in CD4T cells and MC vs 9800 (� 9548.4) pg/ml in CD4 T cells, MC and IL-33, p �  0.008 and 0.03] and IL-4 
[74.6 (� 79.9) pg/ml in CD4 T cells vs 291.5 (�410.1) pg/ml in CD4 T cells and MC vs 499.5 (�585.9) pg/ml in 
CD4 T cells, MC and IL-33, p � 0.03] (Fig.�4C).

�e proportion of Tregs was also determined in each previously described condition. We observed an increase 
in Treg number when stimulated CD4�  cells of LVV patients were cultured with MC as compared to the condi-
tion without MC. �e addition of IL-33 to MC further increased the proportion of Treg as compared to the other 
conditions [median proportion of CD25hiFOXP3� CD4� T cells of 1.88 (0.34; 8.85) % in CD4�  T cells alone vs 5.57 
(2.38; 7.79) % in CD4�  T cells plus MC and 11.02 (1.7; 14.84) % in CD4�  T cells plus MC with IL-33 (p �  0.02 and 
0.008, respectively)]. Altogether, these results show that MC and IL-33 enhance a regulatory immune response 
(Figs.�4D and S7).

Finally, we studied by which mechanisms MC stimulated by IL-33 could enhance regulatory response. 
Quantitative determination of cytokines was also performed in coculture supernatants of MC and CD4� T cells 
(n �  8). IL-33-stimulated MC led to a signi�cant increase of IL-2 secretion [136.4 (�167.4) pg/ml in CD4 T cells 
alone vs 2080 (�2808.9) pg/ml in CD4 T cells with MC vs 3555.4 (�5062) pg/ml in CD4 T cells, MC and IL-33, 
p �  0.008 and 0.03], which may explain the increase of Tregs by MC and IL-33 (Fig.�4D). IL-2 blocking led to a 
decrease in Treg frequency of 29% (n � 4).

IL-33 led to very discreet increase of degranulation by MC (Fig.�4E). However, we found an increased activity 
of indoleamine 2 3-dioxygenase (IDO) in MC incubated with LVV serum and IL-33 as compared to those not 
stimulated with IL-33 [9 (6.7; 15.4) % vs 5.8 (2.4; 10.8) %, p �  0.001]. �e increased production of IDO, an impor-
tant immunomodulatory mediator, also may explain the increase of Treg (Fig.�4E).

Together, the results indicate that IL-33 and MC further enhanced �2 and regulatory responses by induc-
ing a 6.1 fold increased proportion of Tregs (p �  0.008). Stimulation of MC by IL-33 increased indoleamine 2 
3-dioxygenase (IDO) activity and IL-33 was associated with an increase in IL-2 secretion (by T cells and/or MC) 
which participates to production of Tregs.

���‹�•�…�—�•�•�‹�‘�•
�e present study examined the critical role of IL-33 in regulating T cell activation in LVV. IL-33 has been previ-
ously found overexpressed of IL-33 in temporal arteries of GCA patients6. A meta-analysis has found an associ-
ation of GCA and an IL-33 genetic variant7. However, the functional role of IL-33 in LVV patients is unknown. 
IL-33 is a key regulator of immune responses shown to license innate and adaptive immunity18,19.

Herein, we found overexpression of IL-33 and its receptor soluble ST2 in LVV patients. Endothelial cells were 
the main source of IL-33 in in�amed aorta. �e analysis of cytokine production in LVV patients pointed out, 
besides �1 and �17 polarization, a secretion of �2 cytokines increased in LVV patients compared to healthy 
controls. In addition, IL-4 and IL-10 were expressed within the in�ammatory aorta of LVV patients. In hemato-
poietic cells, IL-33 is known to act primarily on immune cells associated with type 2 response8,20. �rough ST2/
IL-1R4 interactions, IL-33 induces helper T cells, mast cells and eosinophils to produce type 2 cytokines. Indeed, 
�2 cells express constitutively high levels of ST2/IL-1R4. In �2 GATA3�  cells, combined IL-33 and IL-2/STAT5 
increase the expression of GATA-3 and hence promote �2 program and enhance also the expression of ST2/
IL-1R418. IL-33 signi�cantly modulates the immune response in favor of type 2 cytokine in LVV. �ey exert a syn-
ergistic e�ect on IL-5, IL-4 and IL-13 production in LVV patients whereas no signi�cant change was observed for 
�1 and �17 cytokines. In addition, ST2 expression in in�amed aorta was correlated with GATA-3 and FOXP3. 
�ese �ndings are in line with data showing expression of ST2 by �2 cells and Tregs18. IL-33 has been shown to 
exert protective e�ects in atherosclerosis mice through a switch from a pro-atherosclerotic �1type to a protective 
�2 type immune response. 11In cardiovascular disease models, IL-33 induction following vascular and cardiac 
stress was correlated with improved outcomes3,11,12,15,27. Taken together, IL-33 may tilt the �1 and �17 in�am-
matory responses observed in LVV patients.

Since Tregs expressed ST2/IL-1R4 in vessels of LVV, we next studied the impact of IL-33 on Tregs. We have 
shown that IL-33 expanded functional Tregs. Within in�ammatory aorta lesions in LVV patients, the expression 
of IL-33 mRNA was correlated with those of TGF-� and IL-10 mRNA. Consistently, the addition of human rIL-
33 to GCA temporal arteries was associated with an overexpression of IL-10. Besides �2 polarization, IL-33 acts 

were cultured for 5 days with IL-33. Right panel: Corresponding results of 15 LVV patients. �e frequency of 
Tregs was increased in stimulated PBMC with IL-33 as compared to those without IL-33. �ese results are from 
4 independent experiments. �ese data are shown as the mean � SEM. ��P �  0.01. �e statistical test used was 
a Wilcoxon matched pair test. (D) We next assessed by quantitative PCR the expression of IL-33, ST2 and �1 
and �2 cytokines within LVV aortic lesions (n �  18). Relative expression of IL-33 mRNA was signi�cantly 
correlated with the expression of IL-10 mRNA [r � 0.6 (p �  0.008)]. Relative expression of IL-33 mRNA was 
signi�cantly correlated with the expression of TGF-b mRNA [r � 0.8 (p � 0.0001)].
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Figure 4. IL-33 enhanced a regulatory and �2 immune response through MC. (A) Immuno�uorescence 
staining of LVV in�ammatory lesions of 2 LVV patients and 1 non-in�ammatory aorta control for ST2 and MC. 
(B) �e number of MC within aorta was higher in LVV patients (n �  7) than in non-in�ammatory controls 
(n � 3) �P �  0.05. �ese data are shown as the mean � SEM. (C) Quantitative determination of �2 cytokines 
in culture supernatants (n �  8) of MC and CD4�  T cells. IL-33-stimulated MC led to a signi�cant increase in 
IL-5, IL-13 and IL-4 secretion. �P � 0.05, ��P  �  0.01. �ese data are shown as the mean � SEM. (D) Le� panel: 
Dot plots representing the proportion of CD25highFOXP3�  and CD127lowFOXP3�  CD4�  cells are shown. On the 
le�: CD4�  T cells of one LVV patient are cultured for 5 days without IL-33. �e proportion of CD127lowFOXP3�  
CD4�  cells is shown. On the middle: MC and stimulated CD4 T cells were cultured for 5 days without IL-33. 
On the right: MC and stimulated T CD4 cells were cultured for 5 days with IL-33. �is patient is representative 
of the whole cohort (n �  8). Middle panel: �e corresponding results of 8 LVV patients. MC alone and IL-
33-stimulated MC promote the increase of Tregs frequency. �P � 0.05, ��P  �  0.01. �ese results are from 8 
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primarily on regulatory immune responses, through mast cells and Tregs8,21. Some Tregs express constitutively 
high levels of ST2/IL-1R4, IL-33 enhances FOXP3 expression and thereby Tregs program and also boosts the 
expression of ST218. Tissue Tregs are highly suppressive and express IL-10. In in�ammatory bowel diseases, ST2/
IL-1R4 is preferentially expressed on colonic Tregs cells22 and IL-33 through ST2 promotes Treg function and 
adaptation to the in�ammatory environment. IL-33 signalling enhances TGFb-mediated di�erentiation, accu-
mulation and maintenance of Treg in in�amed tissue. Altogether, our data suggest a regulatory mechanism of 
the IL-33/�2 axis that controls the �1 and �17 mediated in�ammation. Consistent with the immunomod-
ulatory role of IL-33 in LVV, IL-33 expression was observed at diagnosis in arteries during the acute phase of 
in�ammation. However, we cannot exclude that IL-33 production also characterizes a “healing” stage of vasculitis 
occurring a�er the acute phase of in�ammation. IL-33 re�ects the plasticity of immune cells that secrete cytokines 
participating in immune regulation and tissue healing, according the phase of in�ammation.

IL-33 and mast cells synergize the expansion of Tregs. Indeed, we showed that IL33 increases Tregs and that 
this e�ect is ampli�ed by MC [about 6-fold increase with MC stimulated with IL-33 compared to CD4�  T cells 
alone]. Higher levels of IDO and of IL-2 were observed a�er stimulation of IL-33 stimulated mast cells. �ese 
two molecules are critical in the homeostasis of Tregs23 and may be key mediators of Tregs expansion. Although 
mast cells are known to contribute to in�ammation in many conditions such as allergy or rheumatoid arthritis24, 
other reports suggest that they are also critical in enhancing a regulatory immune response25–27. Consistently, MC 
were found to be central for skin allogra� tolerance in mice, via Treg-secreted IL-9 which leads to activation and 
recruitment of MC25. Rodrigues et al. recently found that dendritic cells with direct contact with MC expressed 
higher levels of PDL1, secreted higher levels of IDO and stimulated regulatory T lymphocytes producing IL-10 
and TGF-�26. In a model of papain-induced allergy, MC stimulated with IL-33 have been shown to be crucial to 
suppress papain-induced in�ammation by promoting regulatory T cells28. IL-33 was shown to both enhance air-
way eosinophilia and in�ammation through ILC2 stimulation but also to lead to increased Treg number though 
MC and IL-228. �us, our results highlight immunomodulatory properties of mast cells in LVV, and suggest that 
mast cells might be a potential therapeutic target.

In conclusion, our results demonstrate an unrecognized link between an endogenous mediator of tissue dam-
age and an anti-in�ammatory pathway in LVV. We provide evidence that IL-33 may regulate in�ammation in 
LVV through their action on �2 and Tregs cells.
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