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ABSTRACT
Objective. Inflammatory fibrosis of 
aortic lesions promoted by type II mac-
rophages (M2) is one of the most serious 
incidents in Takayasu’s arteritis (TAK), 
and the currently available therapies 
can not effectively block the inflamma-
tory fibrosis. Here we explored whether 
leflunomide (LEF) could improve the 
fibrosis by down-regulating M2 in TAK.
Methods. Peripheral blood mono-
nuclear cells (PBMCs) from 16 TAK 
patients were treated by leflunomide, 
and the ratio of M1/M2 macrophages 
and apoptosis of M2 were detected by 
flow cytometry. Supernatant levels of 
cytokines and chemokines secreted by 
M2 were measured by ELISAs. mRNA 
expression of profibrotic factors in M2 
were analysed by real time PCR. West-
ern blotting was used to analyse the ac-
tivation of signal transducer activator 
of transcription (STAT)-6.
Results. LEF could inhibit M2 polari-
sation by curtailing STAT6 phospho-
rylation. LEF could also promote ap-
optosis of M2 and reduce the release of 
M2-derived CCL22 as well as the ex-
pression of profibrotic cytokines includ-
ing CCL22 and TGF-β in M2. 
Conclusion. LEF could potentially re-
duce vascular fibrosis by down-regu-
lating the number and function of M2, 
which, eventually, could alleviate in-
flammatory fibrosis of aortic lesions in 
TAK patients.

Introduction
Takayasu’s arteritis (TAK) is a chronic 
inflammatory disease characterised by 
progressive inflammatory fibrosis in the 
aorta and its major branches (1). Pro-
gressive inflammatory fibrosis results 
in ischaemia and dysfunction of target 
organs and, eventually, death (2, 3). 
Therefore, inhibition of inflammatory 
fibrosis of arterial walls in TAK patients 
is important. However, currently treat-

ments could not block inflammatory 
fibrosis of TAK effectively so far. Glu-
cocorticoids were the first-line medi-
cine for TAK treatment, which could 
alleviate inflammation, but could not 
prevent vascular fibrosis subsequent to 
inflammation. Structural impairment 
on radiographic and histopathological 
evaluation was still found in patients 
receiving glucocorticoids, even though 
inflammation had been controlled very 
well (4-6). Similar results have also 
been observed in the patients treated 
with methotrexate (MTX) (7). There-
fore, it is crucial to find proper treat-
ments to block the vascular fibrosis in 
patients with TAK.
As an anti-inflammatory reagent, leflu-
nomide (LEF) has been widely used in 
rheumatoid arteritis treatment but not 
been generally recommended for TAK 
treatment so far (8). Recently, stud-
ies have shown that LEF might have 
more potential efficacy in TAK treat-
ment. Keser and Aksu recommended 
LEF as alternative treatment, especially 
for refractory TAK cases (9). Another 
study demonstrated that LEF could 
maintain disease remission for more 
than 12 months in about 50% patients 
(10). Moreover, we have found that in 
TAK patients who received LEF for 12 
months, progression of vascular steno-
sis in TA was delayed or even improved 
(11). Taken together, these data suggest 
that LEF might alleviate fibrosis of aor-
tic wall. Previous animal studies show 
that leflunomide could attenuate organ 
fibrosis in lung, heart and liver (12-14). 
Leflunomide could alleviate bleomy-
cin-induced pulmonary fibrosis, inhibit 
FYN/AKT signalling pathway in car-
diac fibrosis, and inhibit the expression 
of NF-κB in fibrotic liver tissue. Given 
the critical role of chronic fibrosis in the 
progression of TAK, understanding the 
mechanism of the anti-fibrosis role of 
LEF might benefit TAK patients.
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Monocytes/macrophages play impor-
tant roles in the pathogenesis of inflam-
matory diseases (15). According to the 
function and phenotype, macrophages 
can be divided into type I (M1) and 
type II (M2). The former are known 
as “classical” macrophages and mainly 
promote inflammation (15). In contrast, 
M2 macrophages are known as “alter-
native” macrophages and are involved 
in fibrosis subsequent to inflammation 
in the chronic phase of inflammatory 
disease (15). Under the chronic inflam-
mation microenvironment, M2 further 
divided into the subsets M2a-d accord-
ing to differentiation-dependent stimu-
latory factors (16). CD68+CD163+M2a 
cells, promoted by IL-4 and/or IL-13 in 
vitro, are the main subset of M2 mac-
rophages in development of fibrosis in 
inflammatory diseases. M2a cells could 
produce extracellular matrix, enhance 
collagen deposition, and induce the ex-
pression of C-C motif chemokine ligand 
(CCL)-22, CCL17 and IL-10 etc. (17, 
18). In mice suffering from endometrial 
fibrosis, M2a macrophages have been 
shown to increase the extent of fibrotic 
injury, and to be closely related to kid-
ney and myocardial fibrosis (19, 20). 
CCL22, also known as “macrophage-
derived chemokine”, is a chemokine 
produced mainly by M2 macrophages, 
and has been shown to be closely as-
sociated with fibrosis in rheumatoid 
arthritis (21). In addition, M2a mac-
rophages have been shown to express 
the profibrotic genes LGALS3, TGFB1 
and PDGFB (22), which are related 
to the profibrotic cytokines galectin3, 
transforming growth factor (TGF)-β 
and platelet-derived growth factor 
(PDGF)-β, respectively. Previously, we 
found abundant macrophages in inflam-
mation- and fibrosis-affected areas of 
aortic lesions (23), which suggested that 
targeting macrophages, especially M2a 
subset, were involved in the pathogen-
esis of inflammatory fibrosis in TAK.
In the present study we aim to evaluate 
whether LEF could affect the differenti-
ation and function of M2a macrophages 
derived from the peripheral blood mono-
nuclear cells (PBMCs) of TAK patients. 
We found that LEF has the potential 
ability in alleviating vascular fibrosis by 
downregulate M2a in TAK. LEF could 

not only reduce the number of M2a by 
inhibiting the polarisation and promot-
ing apoptosis simultaneously, but also 
down-regulate the fibro-genic factors 
expression in M2a cells. Thus, LEF 
might be recommended as anti-fibrosis 
therapy in TAK patients with long-term 
disease course, which will benefit for 
TAK patients’ treatment greatly.

Materials and methods
Ethical approval of the study protocol
The research protocol was approved 
by the Ethics Committee of Zhongshan 
Hospital of Fudan University (B2016-
168; Shanghai, China). The study pro-
tocol conformed to the tenets of the 
Helsinki Declaration. All patients pro-
vided written informed consent to par-
ticipate in our study.

Patients
TAK patients hospitalised within 
the Department of Rheumatology in 
Zhongshan Hospital of Fudan Univer-
sity from 2017 to 2018 were enrolled 
in this study (Supplementary Table S1). 
The TAK diagnosis was made accord-
ing to the classification criteria for TAK 
set by the American College of Rheu-
matology in 1990. Pathology speci-
mens were obtained from Zhongshan 
Hospital for further analyses. 

Staining (haematoxylin and 
eosin (H&E), Masson’s trichrome 
and immunofluorescence)
Blood-vessel specimens from four TAK 
patients were fixed in 10% neutral-buff-
ered formalin for 24h at room tempera-
ture, and then embedded in paraffin. 
The procedures used to carry out im-
munofluorescence staining have been 
described previously (24). Antibodies 
specific to CD68, CD86, and CD163 
(Abcam, Cambridge, UK) were used 
to identify macrophage phenotypes (as 
shown in Suppl. Table S3) (25, 26). 
Tissue sections were also stained with 
H&E and Masson’s trichrome for each 
patient according to the manufacturers’ 
instructions.

Cell cultures and differentiation 
to M2a macrophages
Human peripheral blood mononuclear 
cells were isolated from blood samples 

of TAK patients by lysing red blood cells 
with Red Cell Lysis Buffer (Beyotime 
Technology, Shanghai, China). This 
was followed by isolation of monocytes 
with a Human Pan Monocyte Isolation 
kit according to manufacturer (Miltenyi 
Biotec, Bergisch Gladbach, Germany) 
instructions. Blood samples from dif-
ferent patients were processed and ana-
lysed separately. Cells were cultured at 
a 1×10^5/cm2 in RPMI1640 medium 
(Thermos Fisher Scientific, Waltham, 
MA, USA) supplemented with 5% fetal 
bovine serum, penicillin (100U/ml) and 
streptomycin (100μg/ml) in an incu-
bator maintained at 37℃ in an atmos-
phere of 5% CO2. For differentiation 
of monocytes into macrophages, mac-
rophage colony-stimulating factor (M-
CSF; 20 ng/mL; R&D Systems, Min-
neapolis, MN, USA) was added to the 
culture media and incubation for 5 days 
followed. Additional stimuli (all of 
which were from R&D Systems) were 
added for macrophages polarisation af-
ter 5 days: lipopolysaccharide (LPS; 50 
ng/mL) and IFN-γ (20 ng/mL) or IL-4 
(10ng/mL) and IL-13 (10ng/mL).
The human acute monocytic leuke-
mia cell lines THP-1 was purchased 
from the Chinese Academy of Science 
(Shanghai, China). This cell line was 
cultured in RPMI1640 medium supple-
mented with 10% fetal bovine serum, 
penicillin and streptomycin. For differ-
entiation into macrophages, cells were 
incubated with phorbol 12-myristate 
13-acetate (100nM; Sigma-Aldrich, 
Saint Louis, MO, USA) for 24 h, fol-
lowed by incubation in RPMI1640 me-
dium for 24 h. The same stimuli men-
tioned above were added to the culture 
media for macrophages polarisation. 
To simulate ischaemia and a hypoxia 
microenvironment in TA, fetal bovine 
serum in culture media was reduced to 
7% when THP-1 cells were differenti-
ated to macrophages.

LEF treatment
LEF can undertake its biological func-
tion only after it has been transformed 
into A77 1726, an active metabolite of 
LEF (27, 28). Accordingly, the dose 
conversion of A77 1726 and LEF is 
50μg/mL of A77 1726 in plasma if 
patients receive 20mg of LEF per day 
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(29). The clinical dose of LEF is 5-20 
mg/day (7), so the dose of A77 1726 
used in our study was 15-60μg/mL.
A77 1726 was purchased from Cinkate 
(Suzhou, China). With the stimuli for 
polarisation described above, cells 
were incubated with A77 1726 at the 
concentrations and time indicated. Glu-
cocorticoid and methotrexate were pur-
chased from Selleck Chemicals (Hou-
ston, TX, USA). The clinical dose of 
glucocorticoid is usually 1 mg/kg per 
day, and the concentration converted to 
1 μg/ml for cell-culture in vitro accord-
ingly. The clinical dose of methotrexate 
ranges from 7.5 to 25 mg/week, and 
the average Cmax of methotrexate is 
about 22.7ng/ml (30) which converted 
to 50nM for cell culture. In our study, 
the dose of methotrexate used was 50-
100nM. AS1517499 (Selleck Chemi-
cals), an inhibitor of STAT6, was incu-
bated with macrophages 30 min before 
polarisation and used as the positive 
control.

Enzyme-linked immunosorbent 
assay (ELISA)
Macrophages differentiated from hu-
man monocytes were incubated with 
polarisation stimuli with or without 
A77 1726 for 24h. Cell-culture super-
natants of cells stimulated with IL-4 
and IL-13 were collected to meas-
ure concentrations of IL-10, CCL22, 
TGF-β and PDGF by using ELISA kits 
according to manufacturer (R&D sys-
tems) instructions. A standard curve 
was created for each plate and used to 
calculate the absolute concentrations.

Analyses of macrophage phenotypes
To assess the surface expression of an-
tigens in differentiated macrophages, 
macrophages derived from human 
monocytes were incubated with stimuli 
for polarisation with or without A77 
1726 for 24 h. Cells were detached 
by incubation in ice-cold phosphate-
buffered saline (PBS) for 30 min. After 
detachment, macrophages were stained 
with antibodies for 15 min at room 
temperature. Fluorescence-conjugated 
monoclonal antibodies specific to hu-
man phycoerythrin (PE)-cy7 CD14, flu-
orescein isothiocyanate (FITC) CD16, 
PE CD68, Percp (Peridinin Chloro-

phyll-a Protein)-cy5.5 human leuko-
cyte antigen-DR isotype (HLA-DR) 
and Allophycocyanin (APC) CD163 
(BD Pharmingen, San Diego, CA, 
USA) were used. Flow cytometry was 
carried out using a FASCAriaTM II cy-
tometer (BD Pharmingen), and the data 
was analysed using FlowJo software v. 
10 (FlowJo, Ashland, OR, USA). We 
used CD68, HLA-DR and CD163 as 
markers for M1 and M2 macrophages 
(Suppl. Table S3) (18, 31).

Apoptosis analyses
Macrophages derived from human 
monocytes were incubated with stimuli 
for polarisation with or without A77 
1726 for 24 h and then detached, as de-
scribed above. After detachment, cells 
were stained using a FITC Annexin 
V Apoptosis Detection kit according 
to manufacturer (BD Pharmingen) in-
structions. After 15 min of staining at 
room temperature, flow cytometry was 
done immediately using a FASCAriaTM 
II cytometer (BD Pharmingen).

Real-time polymerase chain 
reaction (PCR)
Real-time PCR was done as described 
previously (24). Briefly, the total RNA 
of macrophages was extracted with 
TRIzolTM (Invitrogen, Carlsbad, CA, 
USA). cDNA was synthesised using a 
reverse transcription kit (Takara Bio, 
Shiga, Japan). Gene expression was 
measured by real-time quantitative 
PCR using the SYBR Green (Yeasen, 
Shanghai, China) method and normal-
ised to that of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH). Data 
were calculated by the ΔΔCT method. 
The primer sequences were from Prim-
er-BLAST (Suppl. Table S4).

Western blotting
Protein immunoblotting was done as 
reported previously (24). Briefly, cell 
lysates were separated by sodium do-
decyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to poly-
vinylidene difluoride (PVDF) mem-
branes (Millipore, Bedford, MA, USA) 
at 100 V for 90 min. STAT6 phospho-
rylation was analysed using specific 
antibody (Cell Signaling Technology, 
Danvers, MA, USA). After washing 

with Tris-buffered saline and Tween 
20 (TBST), PVDF membranes were 
incubated with horseradish peroxidase-
conjugated goat anti-rabbit immuno-
globulin-G at room temperature for 
1 h followed by washing with TBST. 
Target proteins were examined using 
an electrochemiluminescence detec-
tion reagent (Yeasen) with a LAS-3000 
detection systems (Tanon, Shanghai, 
China). Band intensities were detected 
using ImageJ (National Institutes of 
Health, Bethesda, MD, USA).

Statistical analysis
All experiments were repeated at least 
three times. Data are the mean ± standard 
deviation. Data were analysed by one-
way ANOVA followed by a subgroup 
analysis using Bonferroni multiple com-
parisons. Prim 6 (GraphPad, San Diego, 
CA, USA) was used for data analyses. 
p<0.05 was considered significant.

Results
The number of M2 macrophages 
increased in the adventitia of 
arterial walls of TAK patients
In order to explore the phenotype of 
macrophages in the arterial walls of 
patients with TAK, we collected the 
arterial tissues from four patients with 
TAK. Inflammation and fibrosis was 
analysed by staining (H&E and Mas-
son’s trichrome), and co-localised M1 
and M2 macrophages was analysed by 
immunofluorescence staining. Detailed 
data of patients are shown in Supple-
mentary Table S2.
Staining using H&E and Masson’s 
trichrome revealed severe inflamma-
tory injury (Fig. 1a) and collagen-fiber 
hyperplasia (Fig. 1b) in adventitia of 
TAK arteria. Immunofluorescence 
staining showed that, in tissues with 
typically adventitia inflammation, M1 
macrophages with CD68 and CD86 
co-expression accumulated in regions 
with infiltration of pro-inflammatory 
cells (Fig. 1a). However, in tissues with 
severe proliferation of collagenous fib-
ers in the tunica media of arteries, the 
number of M2 macrophages with CD68 
and CD163 co-expression increased and 
most of them accumulated in the adven-
titia (Fig. 1b). The distinguishing dis-
tribution of different macrophage phe-
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notypes in the adventitia of arteries of 
TAK patients suggested that M1 and M2 
macrophages could have different roles 

in TAK pathogenesis. In the late stage of 
TAK, although obvious inflammation in 
the adventitia has been controlled, M2 

macrophages persist, and could be as-
sociated with collagen proliferation and 
fibrosis in the vessel wall.

Fig. 1. Macrophages were increased and accumulated in the adventitia of arteries of TAK patients. Staining (H&E, Masson’s trichrome and immunofluo-
rescence) shows: (a) distribution of M1 macrophages expressing CD68 and CD86, and M2 macrophages expressing CD68 and CD163, in the inflammation 
sites of the adventitia (magnification: ×10 and ×40) and (b) distribution of M1 macrophages expressing CD68 and CD86, and M2 macrophages expressing 
CD68 and CD163, in the adventitia without obvious inflammation of proinflammatory cells (magnification: ×10 and ×40).
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LEF inhibits M2 polarisation in TAK
We next explored the effect of LEF on 
M2 macrophages in TAK patients. We 
collected monocytes from 16 patients 
with TAK. Detailed demographic data 
of these patients are shown in Sup-
plementary Table S1. Among the pa-
tients, 37.5% were with active TAK, 
about half were taking glucocorticoids 

with dosage >15 mg/d, and half were 
receiving LEF treatment. After 5 days 
of culture with M-CSF, macrophages 
were co-cultured with LEF (15, 30 and 
60μg/mL) for 24h, together with stim-
uli to induce polarisation. The effect 
of LEF on monocyte polarisation was 
analysed by flow cytometry. The num-
ber of M2 (but not M1) macrophages in 

TA patients was decreased significantly 
(p=0.03), suggesting that polarisation 
of M2 macrophages of PBMs derived 
from TAK patients was inhibited (Fig. 
2a-b). Further analyses using MCS-F 
plus IL-4 and IL-13 revealed that LEF 
could inhibit polarisation of M2a mac-
rophages in a dose-dependent manner 
(Fig. 2c). Glucocorticoids and metho-

Fig. 2. LEF inhibits polarisation of M2 macrophages in TAK. (a) Expression of CD68+HLA-DR+cells in human macrophages incubated with LPS and 
IFN-γ with/without intervention of LEF (A771726 with a concentration of 15, 30 or 60μg/mL for 24 h). (b) Expression of CD68+CD163+ cells in human 
macrophages incubated with IL-4 and IL-13 with/without intervention of LEF (A771726 with a concentration of 15, 30 or 60μg/mL for 24 h). (c) The ratio 
of CD68+HLA-DR+ and CD68+CD163+ cells in human macrophages under intervention of LEF (A771726 with a concentration of 15, 30 or 60μg/mL for 24 
h), and the ratio between CD68+HLA-DR+ and CD68+CD163+ cells with individual intervention.
*p<0.05; **p<0.01 (n=16). LEF: leflunomide.
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trexate, as drugs commonly used for 
TAK treatment, were also analysed 
for their effects on monocyte polarisa-
tion. The number of M2 macrophages 
only decreased when co-cultured with 
high dosage of methotrexate (Suppl. 
Fig. S1). Monocytes from patients with 
different disease activity and different 
treatment regimens showed similar 
changes when cultured in vitro.

LEF promotes M2a apoptosis in TA
Given that LEF could inhibit the polari-
sation of M2a macrophages in TAK, we 
further evaluated the effect of LEF on 
apoptosis of M2a macrophages. Mac-
rophages were co-cultured with dif-
ferent doses of LEF in the presence of 
IL-4 and IL-13, and the population of 
M2a macrophages was detected by flow 
cytometry. Only a proportion of M2a 
macrophages undergoing early apopto-
sis (Annexin V+Propidium iodide (PI)- 
cells) increased significantly (p=0.01) 
in number upon LEF treatment (Fig. 3a, 
b), suggesting that LEF could induce 
apoptosis in M2a macrophages derived 
from TAK patients.

LEF inhibits expression of profibrotic 
genes in M2 like cells from THP-1 cells
Whether LEF affects the pro-fibrotic 
function of M2a macrophages needs to 
be further analysed. Hence, we further 
examined expression of fibrosis-related 
genes in the M2a cells derived from 
THP-1 cell line (a widely used hu-
man cell line in macrophage research) 
(32). By mimicking the condition of 
TAK, THP-1 cells were polarised into 
M2a macrophages in the presence of 
IL-4 plus IL-13 and treated with LEF 
in a low-nutrient environment for 4 h. 
Subsequently, expression of the M2a 
macrophage-related genes IRF4 and 
IL10 were measured by real-time PCR. 
We found that expression of these two 
genes was down-regulated significant-
ly (p<0.01 and =0.03, respectively) 
(Fig. 4a), suggesting that LEF inhib-
ited polarisation of THP-1 cells to M2a 
macrophages significantly.
To evaluate the pro-fibrotic function of 
M2a macrophages, we further examined 
the relative expression of the mRNA of 
the profibrotic genes LAGLS3, PDGFB 
and TGFB1 expressed in THP-1 cell-

Fig. 3. LEF promotes apoptosis of M2a macrophages in TAK. (a) Expression of Annexin V and PI on 
the cell surfaces of macrophages under intervention of LEF (A771726 with a concentration of 15, 30 
or 60μg/mL for 24 h). (b) The ratio of Annexin V+PI- and AnnexinV+PI+ cells in macrophages under the 
intervention of LEF (A771726 with a concentration of 15, 30 or 60μg/mL for 24 h).
*p < 0.05 (n=4). LEF: leflunomide.

Fig. 4. LEF inhibits expression of profibrotic genes in M2 macrophages derived from THP-1 cells. 
(a) Relative expression of the mRNA of IL10 and IRF4 in M2 macrophages co-cultured with LEF 
(A771726 with a concentration of 15, 30 or 60μg/mL for 4 h). (b) Relative expression of the mRNA of 
LAGLS3, PDGFB and TGFB1 in M2 macrophages co-cultured with LEF (A771726 with a concentra-
tion of 15, 30 or 60μg/mL for 4 h).
*p<0.05; ***p<0.001 (n=5). LEF: leflunomide.
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induced M2a macrophages. Expression 
of all of these genes was decreased sig-
nificantly upon LEF intervention (all 
p<0.01) (Fig. 4b). Relative expression 

of LAGLS3, PDGFB and TGFB1 in 
LEF (30 μg/mL)-stimulated cells was 
<30% of that expressed in cells incu-
bated only with IL-4 and IL-13. These 

results suggested that LEF could inhib-
it vascular fibrosis in TAK by regulat-
ing expression of the profibrotic genes 
in M2 macrophages.

LEF inhibits expression 
of chemokines and cytokines 
of M2a macrophages
Based on the results stated above, 
the secretory function of M2a mac-
rophages was also explored. ELISAs 
showed that CCL22 expression in the 
supernatants of M2a macrophages de-
rived from the PBMs of TA patients 
decreased significantly (p<0.01) in a 
dose-dependent manner when co-cul-
tured with LEF (Fig. 5a). Expression 
of TGF-β (a profibrotic cytokine ex-
pressed by TGFB1) was also reduced 
significantly in the supernatants of 
M2a macrophages (p=0.02), but that 
of PDGF did not change (Fig. 5b). 
Also, the level of TGF-β secreted by 
M2a macrophages decreased in a dose-
dependent manner when M2a mac-
rophages were treated with LEF. These 
data suggested that, in TAK patients, 
LEF inhibits the number and biologic 
function of M2a macrophages by cur-
tailing production of the cytokines and 
chemokines associated with inflamma-
tion and fibrosis.

LEF inhibits polarisation 
of M2a macrophages by 
inhibiting activation of STAT6
Based on the inhibition of polarisation 
of M2a macrophages caused by LEF in 
TAK patients, we examined the polar-
isation-related signalling pathways in 
M2 macrophages derived from THP-1 
cells, and co-cultured cells with LEF or 
AS1517499 for 12 h. Western blotting 
revealed that expression of phospho-
rylated-STAT6 decreased significantly 
(p<0.01) in M2 macrophages co-cul-
tured with LEF (Fig. 6a-b). These data 
suggested that LEF could inhibit polar-
isation of M2a macrophages by inhibit-
ing STAT6 phosphorylation.

Discussion
The arterial-wall fibrosis could not 
been effectively controlled by current 
reagents in TAK patients (8, 33). Due 
to the anti-inflammatory function, LEF 
has been used widely as a disease-mod-

Fig. 5. LEF inhibits secretion of inflammation- and fibrosis-associated cytokines and chemokines from 
M2a macrophages in TAK. (a) Levels of CCL22 and IL-10 in cell culture medium supernatants of 
PBM-derived M2a macrophages under intervention of LEF (A771726 with a concentration of 15, 30 
or 60μg/mL for 24 h). (b) Levels of TGF-β and PDGF in cell-culture medium supernatants of PBM-
derived M2 macrophages under intervention of LEF (A771726 with a concentration of 15, 30 or 60μg/
mL for 24 h).
*p<0.05; **p<0.01 (n=16). LEF: leflunomide.

Fig. 6. LEF inhibits polarisation of M2 macrophages by inhibiting STAT6 phosphorylation.                   
(a) Expression of total STAT6, phosphorylated STAT6 and GAPDH proteins in M2 macrophages co-
cultured with LEF (A771726 with a concentration of 30 or 60μg/mL for 12 h) and the STAT6 inhibitor 
AS1517499 (100nM) as a positive control, for 12 h. (b) Relative expression of phosphorylated STAT6 
protein compared with total STAT6 in M2 macrophages co-cultured with LEF (A771726 with a con-
centration of 30 or 60μg/mL for 12 h) and AS1517499 (100nM) for 12 h.
**p<0.01 (n=3). LEF: leflunomide.
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ifying anti-rheumatic reagent (34, 35), 
and has been recommended as an al-
ternative treatment for refractory TAK 
(9). Some studies have shown that LEF 
can reduce fibrosis (12, 13). Hence, 
exploring whether LEF can alleviate 
inflammatory fibrosis in TAK patients 
and the underline mechanism is impor-
tant. M2a macrophages have important 
roles in the pathology of fibrosis (36). 
Hence, we assessed the effect of LEF 
on number and function of M2a mac-
rophages.
First, we found that in tissues with se-
vere proliferation of collagenous fibers 
in the tunica media of arteries, the num-
ber of M2 (but not M1) macrophages 
increased significantly, which is con-
sistent with our previous study. In the 
previous study, we have found that the 
subsets of macrophages in arterial wall 
shifted in different phases of treatment. 
Before treatment, M1 macrophages 
indeed filtrated in all the layers while 
few M2 were observed. In contrast, 
after treatment, although M1 cells sig-
nificantly reduced, M2 macrophages 
increased and mainly infiltrated in the 
outer layer (data not shown). These 
observations suggest that down-regula-
tion of M2 macrophages might have a 

potential role in alleviating the fibrosis 
observed in TAK.
Secondly, we demonstrated that the num-
ber of IL-10-producing CD68+CD163+ 
M2a macrophages were reduced re-
markably upon LEF incubation in vitro. 
Previous study found that, in mice suf-
fering from overproduction of hydro-
gen peroxide, LEF could inhibit expres-
sion of a marker of M2a macrophages, 
CD23 and its associated genes ym1 and 
fizz1 (37). However, the effect of LEF 
on human M2a development has not 
been reported before. Here, we found 
that LEF could down regulate the po-
larisation of M2a macrophages in hu-
mans with a dose-dependent manner. 
Especially, even in a relatively low 
dose, LEF could reduce number and 
function of M2a in vitro. Moreover, by 
comparison with MTX, which is widely 
used in TAK treatment, we found that 
MTX could reduce polarisation of M2a 
macrophages only in high dose, which 
exceeds the safe range. As shown in the 
present study, LEF could inhibit M2a 
polarisation with a safe dose (equally to 
no more than 20mg daily), which indi-
cates the advantage of LEF on regulat-
ing M2a comparing with MTX for TAK 
treatment.

Furthermore, Montagna et al. showed 
that LEF can promote the apoptosis of 
immune cells (including macrophages) 
by activating the Fas/FasL system (38). 
Hence, we explored the regulatory ef-
fect of LEF on apoptosis of M2a mac-
rophages. We found that LEF could re-
duce the number of M2a macrophages 
by inducing apoptosis of M2a. Thus, 
LEF inhibit M2a by down regulating 
polarisation but promoting apoptosis.
M2 macrophages have been reported 
to promote fibrosis by expressing the 
profibrotic genes LGALS3, TGFB1 and 
PDGFB22, which express the fibrosis-re-
lated proteins galectin3, TGF-β and sub-
unit B of PDGF, respectively (39-41). 
Indeed, we found that LEF could inhibit 
not only the expression of these profi-
brotic genes, but also the production of 
their related proteins. Studies have fo-
cused on the inhibitory effect of LEF on 
fibrosis by reducing production of col-
lagen I, hydroxyproline and TGF-β in 
a hepatic-fibrosis model in mice (14) or 
inhibiting production of matrix metallo-
proteinases in the fibroblasts of patients 
suffering from rheumatoid arthritis (42). 
However, we are the first to show that 
LEF could inhibit expression of PDGF-
BB, galectin-3 and TGFB mRNA direct-
ly in M2a macrophages. Since the effect 
of promoting fibrosis in M2, our study 
reveals that LEF would be effective in 
TAK treatment by inhibiting not only 
differentiation of M2 macrophages, but 
also the expression of pro-fibrotic mol-
ecules directly.
CCL22 is a chemokine produced 
mainly by M2 macrophages. CCL22 
can bind to CC chemokine receptor-4 
on fibroblasts, and promote the migra-
tion and growth of fibroblasts, as well 
as IL-6 secretion (21). Studies have 
shown that CCL22 expression in bron-
choalveolar lavage fluid is increased 
significantly in patients with idiopathic 
pulmonary fibrosis (43). It has been 
recognised that LEF can inhibit secre-
tion of the proinflammatory cytokines 
IL-6 and TNF-α by macrophages (44). 
In patients with rheumatoid arthritis, 
serum levels of CCL22 are decreased 
significantly upon LEF treatment and, 
in the human tumour cell line Caco-2, 
CCL22 expression is inhibited signifi-
cantly upon LEF treatment (45). How-

Fig. 7. Research summary. Leflunomide could regulate the number and function of M2a cells in 
Takayasu’s arteritis through multiple targets, including restriction of M2a polarisation by inhibiting 
STAT6 phosphorylation and reducing expression of IL-10 and IRF4, promotion of apoptosis, inhibition 
of profibrotic genes expression, as well as reduction of production of profibrotic chemokines. Through 
these functions, leflunomide could prohibit the involvement of M2a in vascular remodelling.
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ever, whether LEF can stop/reduce M2 
macrophages producing CCL22 is not 
known. We demonstrated that LEF 
can inhibit CCL22 production by M2a 
macrophages. In our previous study, we 
have shown that increase expression of 
IL-6 in the aorta can promote adventi-
tial fibrosis, and that abnormal activa-
tion of fibroblasts has an important role 
in the fibrotic process seen in TAK (23). 
Thus, the present study supplied new 
evidence that LEF can block the inter-
action of macrophages and fibroblasts 
in the aortic walls of TAK patients by 
affecting CCL22 production.
M2 macrophages polarisation is asso-
ciated with activation of multiple sig-
nalling pathways. Upon stimulation of 
IL-4 and IL-13, the janus kinase-1/2/3-
Stat6 signalling pathway is activated 
in the cytoplasm of macrophages, with 
increasing IRF-4 expression, next fol-
lowed by an increase in production of 
IL-10 (18). Vergadi et al. showed that 
the phosphoinositide 3-kinase/protein 
kinase B signalling pathway also has a 
role in polarisation of M2 macrophag-
es (46). Our study showed that STAT6 
phosphorylation in macrophages as well 
as the mRNA expression of IRF-4 and 
IL-10 were inhibited significantly by 
LEF, which were in accordance with 
the work of He et al. (37). These results 
suggest that LEF can affect multiple tar-
gets of differentiation at RNA and pro-
tein levels to inhibit polarisation of M2 
macrophages.

Conclusions
Our study suggests that LEF could reg-
ulate the number and function of M2a 
macrophages in TAK by: (i) restriction 
of polarisation of M2a macrophages by 
inhibiting STAT6 phosphorylation; (ii) 
promotion of apoptosis of M2a mac-
rophages; (iii) inhibition of production 
of fibrosis-associated chemokines by 
M2a macrophages; (iv) reduction of 
expression of profibrotic genes (Fig. 
7). Treatment with LEF in TAK can 
prevent vascular fibrosis by modulat-
ing M2a macrophages function. More-
over, our data support that LEF might 
be commended as one of the first-line 
medicine in TAK treatment, due to its 
role not only in anti-inflammation, but 
also in anti-fibrosis.
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