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Background: Autophagy is a ubiquitous and evolutionarily conserved self-rescue process. Studies have shown
that autophagy is involved in the pathogenesis of multiple diseases; however, whether autophagy is associated
1L-6 with the pathogenesis of Takayasu's arteritis (TA), a large vessel idiopathic inflammatory disease characterized
L?‘rge _VESSEI arteritis by vascular fibrosis, remains unclear. Moreover, although IL-6 is believed to be a direct target for TA treatment,
Fibrosis . anti-IL-6 treatment could not block TA-associated fibrosis in some cases, which impairs the aortic function of
Inflammation . . . . . . . . .

patients and can result in death. Thus, identify the mechanisms associated with TA is extremely important. Based
on the relationship between autophagy and IL-6, we investigated the role of autophagy in the vascular fibrosis of
TA induced by IL-6.
Methods: Autophagy proteins (LC3 and Atg3), IL-6, and markers of fibrosis (collagen 1 and a-SMA) were de-
tected in tissues with TA lesions via immunochemistry, immunofluorescence, and Western blot, respectively.
Different stages of autophagy were analyzed by the specific inhibitors, 3-methyladenosine (early stage), hy-
droxychloroquine sulfate (late stage), and bafilomycin Al (late stage). Autophagosomes were detected using
electron microscopy and a viral-vector transfection assay. The fibrosis profiles induced by IL-6-dependent au-
tophagy was assessed with an ELISA.
Results: The expression of autophagy, IL-6, and fibrosis markers were elevated and correlated with each other in
the adventitia tissues of TA patients. Furthermore, exogenous IL-6/IL-6Ra could significantly increase autophagy
and fibrosis in vitro. An autophagy inhibitor was found to significantly block both autophagy and fibrosis induced
by IL-6. Finally, IL-6 was found to significantly promote autophagy-induced fibrosis through the activation of the
Jakl pathway.
Conclusions: IL-6-induced autophagy plays an important role in vascular fibrosis of TA. Targeting autophagy
pathways might represent a novel therapeutic option for the treatment of TA.

1. Introduction

It has been well-established that autophagy is a ubiquitous and
evolutionarily conserved self-rescue process required to maintain he-
mostasis when cells are exposed to environmental stress [1,2]; how-
ever, whether autophagy is associated with the pathogenesis of Ta-
kayasu's arteritis (TA) remains unclear.

TA is a large vessel idiopathic inflammatory disease characterized
by vascular fibrosis [3]. Our previous studies have found that the

elevated level of IL-6 in the local tissue can promote aortic adventitial
fibrosis, leading to vessel thickening and remodeling, subsequently in-
fluencing patient outcome and quality-of-life [4,5]. Although clinically,
anti-inflammatory therapies (e.g., DMARDs) appear to effectively block
the progression of TA [6,7], some reports have shown that such therapy
could not reduce vascular fibrosis during the long-term follow-up
[6-10]. Therefore, there is an urgent need to elucidate the potential
novel mechanisms associated with inflammation-induced adventitial
fibrosis, to improve patient treatment.
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Recently, multiple cytokines have been shown to regulate autop-
hagy, among which IL-6 was found to have several functions associated
with autophagy [11]. For example, IL-6 could promote autophagy in
the human neuroblastoma cell line, SHSY5Y [12], but inhibit autop-
hagy in the human histiocytic lymphoma cell line, U937, and bronchial
epithelial cell line, N20 [13,14]. However, whether autophagy is as-
sociated with IL-6-induced aortic fibrosis of TA remains unknown.

In the present study, we found that IL-6-induced autophagy plays an
extremely important role in the vascular fibrosis of TA through systemic
analysis, which indicated that targeting the autophagy pathway might
represent a novel effective therapeutic option for TA treatment.

2. Materials and methods
2.1. Patients

Patients diagnosed with TA according to the American College of
Rheumatology criteria 1990 for Takayasu arteritis were enrolled in this
study from the Zhongshan Hospital of Fudan University in 2017 [15]
(Supplementary Table 1). Pathological specimens were obtained from
our hospital for further detection and analysis. Moreover, normal spe-
cimens, including aortic arteries from heart transplantations or other
aortic operations were used as controls. Written informed consent was
obtained from all of the subjects prior to enrollment. The study protocol
was reviewed and approved by the Ethics Committee of Zhongshan
Hospital of Fudan University (Approval No. B2016-168), and the in-
vestigation conformed to the declaration of Helsinki.

2.2. Pathological staining of fibrosis, autophagy, and inflammation

To detect the extent of fibrosis, vessel specimens embedded in
paraffin were dewaxed and subjected to Masson and Sirius-Red staining
according to the manufacturers' instructions. The procedures used to
perform immunohistochemistry (IHC) and immunofluorescence (IF)
were as previously described [5]. Antibodies specific to LC3 (Abcam,
Cambridge, UK) and P62 (Abcam) were used to confirm the level of
autophagy in the two groups using IHC. Mouse anti-human IL-6
(Abcam), rabbit anti-human a-SMA (Abcam), and sheep anti-human
Atg3 (R&D systems, Minnesota, USA) were used to explore their re-
lationship with Donkey anti-mouse-Alexa Flour 594 (Jackson Im-
munoResearch, PA, USA), Donkey anti-rabbit-Alexa Flour 488 (Jackson
ImmunoResearch), and Donkey anti-sheep-Alexa Flour 647 (Abcam) by
laser confocal microscopy (Leica, Wetzlar, German). The areas positive
in the IHC pictures and integrated optical density (IOD) from the IF
photos were evaluated by three independent investigators using Image
J software.

2.3. Cell culture and treatment

Primary human aortic adventitial fibroblasts (HAAFs) (Sciencecell
Research Laboratories, Carlsbad, CA, USA) were cultured as previously
described [5]. At passage six, the cells were gently washed three times
with complete culture medium (Sciencecell) and stimulated with IL-6
and IL-6Ra (R&D systems, Minnesota, USA) at the indicated time and
concentrations. Autophagy inducers, rapamycin (CST, Boston, USA)
and brefeldin A (medchemexpress, MCE, NJ, USA), were incubated
with the fibroblasts for 12h as positive controls [16]. Autophagy in-
hibitors, 3-methyladenine (3-MA), hydroxychloroquine sulfate (HCQ)
and bafilomycin Al (baf Al), together with the signaling pathway in-
hibitors, Itacitinib (all from MCE) and tofacitinib (Pfizer, NY, USA),
were used to pre-treat the cells for 1h, followed by IL-6/IL-6Ra (ab-
breviated as IL6) intervention with corresponding reagents.

2.4. Transmission electron microscopy (TEM)

The cells were centrifuged and fixed in 2.5% glutaraldehyde
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containing 0.1 M sodium cacodylate. After fixing in 1% osmic acid, the
samples were dehydrated in graded acetone, embedded in Epon812,
and cut into 50 nm ultra-thin sections. The images were acquired with a
Tecnai sprite biotwin at 120 KV (FEI, OR, USA) after staining the sec-
tions with uranyl acetate and lead citrate at the Yuyi Test Center
(Shanghai, China). The initial autophagic vacuole (AVi) and de-
gradative autophagic vacuole (AVd) was judged and counted at the
scale of 500 nm by three independent researchers in a blinded manner
as described previously [13].

2.5. mCherry-GFP-LC3 adenovirus transfection

The cells were transfected with mCherry-GFP-LC3 adenoviral vec-
tors (Hanbio, Shanghai, China) and cultured on glass coverslips ac-
cording to the manufacturers' instructions. Following the addition of
IL6 and baf Al, the cells were observed with confocal microscopy
(Leica). According to a previous study [17], mCherry appears red and
the GFP appears green when used to label cellular components. In an
autophagy assay, because the green fluorescence of GFP is quenched in
the lysosomes, the autophagosome (not binding with the lysosomes) is
labeled as yellow puncta while the autolysosome (binding with the
lysosomes) was labeled as the red-only puncta under a confocal mi-
croscope. Based on the different color of the autophagosomes and au-
tolysosomes, an increase in autophagy flux can be detected using an
mCherry-GFP-LC3 adenoviral vector. When both colors are elevated in
cells, the level of autophagy is increased. Conversely, when only ele-
vated autophagosomes are observed, it indicates that the autophagy
flux was blocked before binding to the lysosomes. In the present study,
the autophagy profile was determined by counting the yellow (autop-
hagosome) and red-only (autolysosome) puncta, respectively, in
20 cells by three independent researchers using Adobe Photoshop
(Adobe, CA, USA).

2.6. ELISA

Cells were treated with IL6 and inhibitors for the indicated time
periods. Cell culture medium supernatants were collected to measure
the concentration of fibrosis associated protein fibronectin, Collagen
la, Collagen 3, and TGF-f1 with an ELISA (R&D systems), according to
the manufacturer's instructions.

2.7. Western blot (WB)

A WB was performed as previously described [5]. Specific anti-
bodies against fibronectin, collagen 1, collagen 3, CTGF, a-SMA, TGF-f3,
P62, and LC3B, and B-actin were purchased from Abcam. A phospho-
Jak family antibody sampler kit was obtained from CST. Image J soft-
ware was used to detect the band intensities with Tanon LAS-3000
detection systems (Tanon, Shanghai, China) and the super ECL detec-
tion reagent (Yeasen, Shanghai, China). The expression of the target
protein was normalized to the level of (3-actin and the normal control.

2.8. Statistical analysis

The data was expressed as the mean # standard deviation (SD). A
Pearson's correlation analysis was used to explore the relationship be-
tween variables. GraphPad software was used to construct figures and
analyze the differences between two groups with a t-test or between
two more groups with a one-way ANOVA together with multiple
comparisons, if necessary. The sample size of each group was three
unless indicated otherwise. With a two-tailed test, a P value less than
0.05 was statistically significant.

Please see the Supplementary Methods for additional methods.
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Fig. 1. Autophagy is present and elevated in the adventitia with fibrosis in TA patients. (A) The fibrotic conditions of the outer membrane of the aorta in TA and the
control with Masson Staining. In the adventitia, the intensity of the blue staining indicates the level of collagen (magnification: x 40). (B) Sirius-Red staining of aortic
adventitia fibrosis in TA and the control. In the adventitia, the intensity of the red staining indicates the level of extracellular matrix accumulation (magnifica-
tion: x 40). (C) Immunohistochemistry showing the expression of autophagy substrate P62 in the outer membrane of TA and normal aorta (magnification: X 100/
X 400). (D) Immunohistochemistry showing the expression of the autophagy-associated protein, LC3B, in the adventitia of TA and normal aorta (magnifica-
tion: X 100/ x 400). (E) The scoring of P62 and LC3 in C and D. “**P < 0.0001. (n = 24). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

3. Results
3.1. Autophagy was increased in the tissues from TA patients

A total of 16 TA (TA group) and 8 control aortic specimens (Control
group) were used for the analysis. The corresponding demographic
information is summarized in Supplementary Table 1.

The Masson (Fig. 1A) and Sirius-Red staining (Fig. 1B) show that the
extent of fibrosis in the adventitia of TA was much more severe com-
pared to that of the control. Moreover, IHC staining revealed that au-
tophagy protein, LC3, was significantly increased (P < 0.001) whereas
the autophagy substrate, P62, was significantly decreased in TA
(Fig. 1C-E). These results indicate that autophagy was increased in the
fibrotic regions of TA adventitia.

3.2. Elevated levels of IL-6 were associated with autophagy in the tissues
from TA patients

Since we found that IL-6 was associated with vascular fibrosis in TA
[5], we evaluated the level of IL-6, a-SMA, and autophagy catalytic
enzymes Atg3 in TA patients. The results revealed that the expression of
these proteins was much higher in the outer membrane of TA than that
of the control, and extended analysis revealed that they were sig-
nificantly correlated (P < 0.05) (Fig. 2A-D). The colocation analysis
showed that the fibroblasts were surrounded by IL-6, with elevated a-
SMA and Atg3 in IF (Fig. 2E). These results suggest that IL-6, autop-
hagy, and fibrosis are closely connected in the vascular fibrosis of TA.

3.3. IL-6 promoted the autophagy of HAAFs in an in vitro assay

Next, we added exogenous IL-6/IL-6a into the HAAF culture and
explored the relationship between IL-6, autophagy, and fibrosis and the
associated regulating mechanisms in vitro.

The results showed that compared with the normal (normal control,
NC) and positive controls, IL-6 significantly increased the level of au-
tophagy-related protein, LC3-II, and gene profile expression (e.g., Atg3,
P62, LC3B, Atg4a, Atgl2, and beclin-1) at 8h (Fig. 3A and C,
Supplementary Fig. 1A). In contrast, the substrate, P62, decreased
moderately when IL-6 was added (Fig. 3B), which was confirmed fol-
lowing stimulation with different concentrations of IL-6 at 8 h (Fig. 3D).
These data imply that IL-6 might enhance autophagy in HAAFs.

)

3.4. IL-6-induced autophagy prior to the fusion of autophagosomes and
Lysosomes

Given that transmission electron microscopy (TEM) could be used to
observe the autophagy status, the early-stage autophagy autophago-
somes (AVi) could be identified by a double membrane with the en-
gulfed cytosolic contents. Late-stage autophagy autolysosomes (AVd)
could be identified by the partially degraded contents due to autop-
hagosome and lysosome fusion [17]. We demonstrated that IL-6 pro-
moted autophagy with TEM by using inhibitors to block autophagy at
different stages in the HAAFs (Supplementary Fig. 1B-D and K). The
results revealed that compared with the NC, IL-6 increased the number
of AVi and AVd with TEM (Fig. 4A and B). The inhibitor, baf A1, which
can block the fusion between autophagosomes and lysosomes, sig-
nificantly increased the boundary of AVi morphologically. The number
of AVi were also significantly increased when IL-6 was added to baf Al,
without a significant change in AVd (Fig. 4A and B).

Adenovirus transfection (mCherry-GFP-LC3) can be used to monitor
the autophagy status [17]. In our study, we treated the HAAF with IL-6
and found that there were an increased number of autophagosomes
(yellow puncta) and autolysosomes (red-only puncta) in the cells. In the
presence of baf Al, IL-6 significantly increased the number of autop-
hagosomes without a significant change in autolysosomes (Fig. 4C and
D).

The WB results showed that the inhibitors, baf A1 and HCQ (which
block the degradation of autophagosomes), could further increase the
level of LC3-II with IL-6 at 8 h, while 3-MA (which blocks the formation
of autophagosomes) could mitigate the accumulation of LC3-II caused
by IL-6 (Fig. 4E-G). In contrast to the WB results, the three inhibitors
demonstrated a similar ability to significantly decrease the gene ex-
pression of autophagy (Supplementary Fig. 1E-G). Taken together,
these results demonstrate that IL-6 promotes autophagy prior to the
maturation step of autophagy.

3.5. Blocking autophagy alleviated the IL-6-induced fibrosis in vivo

To observe the level of fibrosis induced by autophagy, the baseline
levels of fibrosis-related protein and gene expression was detected. In
WB and PCR, treatment with IL-6 increased the expression of fibrosis-
related proteins (e.g., fibronectin and collagen 1) at 4h, 8, and 12h,
with the levels peaking at 8 h (Supplementary Fig. 2A and 2B). A dose-
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Fig. 2. The colocalization and correlation analysis of Atg3, a-SMA, and IL-6 in the adventitia in TA and the control. (A-D) Correlation analysis of Atg3, a-SMA, and
IL-6 in the adventitia in TA and the control (magnification: X 400). (E) Colocation analysis of Atg3, a-SMA, and IL-6 in the adventitia of TA and the control

(magnification: X 2000). (n = 24).
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Fig. 3. IL6 influences the expression of autophagy-
associated proteins in HAAF. (A) The expression
level of autophagy-related proteins P62 and LC3-II
changes with the stimulation time. Treatment of
stimulated HAAFs with the mTOR inhibitor, Rapa
(rapamycin), and endoplasmic reticulum stress in-
ducer, BFA (brefeldin A), for 12h were used as po-
sitive controls (pos con). (B and C) The level of P62
and LC3-II normalized to the f-actin at the corre-
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different concentrations of IL6 on P62 and LC3 at 8h
of stimulation. *P < 0.05. (n = 3).
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color in this figure legend, the reader is referred to the Web version of this article.)

dependent pro-fibrosis effect was also observed at 8 h (Supplementary
Fig. 2C).

Moreover, we observed that IL-6 could augment the expression of
fibrosis protein profiles, including fibronectin, collagen 1, a-SMA, and
TGF-f3, which could be partially blocked by three autophagic inhibitors,
3-MA, baf Al, and HCQ (Fig. 5A-D). Similar results were found using
quantitative PCR (Supplementary Fig. 2D-G). Since most of these pro-
teins are secretory proteins, the level of fibrosis proteins in the culture
supernatants was also examined. Compared with the NC, IL-6 sig-
nificantly increased the level of fibronectin (P = 0.04), collagen la
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(P = 0.003), collagen 3 (P = 0.04), and TGF-f1 (P = 0.04), among
which the effects on fibronectin and collagen la secretion could be
reversed by baf Al (Fig. 5E-H). Collectively, these results indicate that
blocking autophagy can mitigate the fibrosis induced by IL-6.

3.6. Fibrosis promoted by IL-6/autophagy was dependent on Jak1
activation

To investigate the signaling pathways involved in IL-6-induced au-
tophagy, the Jak family was screened. Jakl was significantly activated
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when HAAFs were exposed to IL-6 (Fig. 6A, Supplementary Fig. 3A). To
inhibit the activity of Jakl, the Jakl inhibitors, Itacitinib and tofaci-
tinib, were used. Following exposure to the inhibitors, the upregulated
levels of LC3-II, as well as the elevated number of autophagosomes and
autolysosomes induced by IL-6 were significantly reduced (Fig. 6B-E,
Supplementary Fig. 3B-E). Moreover, the fibrosis-related proteins, fi-
bronectin and collagen 1a, induced by IL-6 were significantly reduced
in both the cell lysates and culture supernatants (Fig. 6F-P). Finally, the
alleviated phosphorylation of stat3 and the augmented bcl-2 was ob-
served in the cell lysates as well in the downstream (Supplementary
Fig. 3F — H). These results suggest that IL-6/autophagy promotes vas-
cular fibrosis in TA through Jakl/stat3 activation (see Fig. 7).

4. Discussion

Clinically, it is often found that in some patients who have received
anti-inflammatory therapy, vascular fibrosis development could not be
inhibited, which results in the dysfunction of the aorta and related
organs [6,7]. This reveals that vascular fibrosis is an extremely complex
process. Autophagy is a well-established self-rescue process, but it has
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now been found that abnormal autophagy is involved in multiple dis-
eases [18]. In the present study, we found that autophagy and IL-6 were
severely elevated in the fibrotic aortic specimens from TA patients, and
further analysis showed that they were collocated in the lesioned tis-
sues. This implies that autophagy is related to elevated levels of IL-6
and fibrosis in TA patients.

We previously found that increased levels of IL-6 could promote
aortic adventitial fibrosis, further resulting in vessel thickening and
remodeling [4,5]. In the study of autophagy, IL-6 has been found to
play a double-edged sword, promoting or inhibiting autophagy in dif-
ferent cell lines [12-14]. Thus, we sought to determine whether ele-
vated IL-6 in the tissue promotes or inhibits autophagy.

To address this question, we performed an in vitro analysis. We
found that exogenous IL-6/IL-6Ra could induce autophagy, including
increased mature autophagosomes and autophagy-related genes and
proteins. It has been reported that IL-6 could promote autophagy during
the late stage (maturation step) in the SHSY5Y cell line [12]. We found
that IL-6 enhanced autophagy at an early stage with inhibitors 3-MA,
HCQ, and baf Al, respectively.

It has been found that the promotion of autophagy during the early
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and LC3 when Itacitinib and tofacitinib were added in IL-6-induced autophagy. (E) The changes in the yellow and red-only puncta when Itacitinib and tofacitinib
were added in IL-6-induced autophagy. *IL-6 vs inhibitors + IL-6 in yellow puncta; * NC and inhibitors + IL-6 vs IL-6 in red-only puncta. (F-L) Fibrosis-related
protein changes with the addition of Jak1 inhibitors. (M-P) Changes in fibrosis-related proteins in the cell culture supernatants in the presence of Jak1 inhibitors.
P < 0.05; *P < 0.01; **P < 0.001; *P < 0.05; **P < 0.01; **#P < 0.001 (n = 3). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

and late stages differs with the pathogenesis of disease. The former
(early stage) is an initiation factor which is very important in the de-
velopment of disease, while the latter (late stage) is an enhancer in the
process of disease [19]. In the present study, we found that IL-6 pro-
moted autophagy at the early stage, indicating that IL-6 is critical in the
autophagy-related pathogenesis of disease.

Given that fibrosis is an end-stage pathogenesis of TA, we further
explored the role of IL-6-induced autophagy in the development of fi-
brosis. The results showed that the interruption of autophagy could
significantly abrogate fibrosis induced by IL-6.

Studies have found that autophagy can both promote or inhibit
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fibrosis [20]. For example, autophagy could increase mouse kidney
interstitial and liver fibrosis [21,22]. However, in mouse mesangial
cells, enhanced autophagy was found to inhibit fibrosis through the
degradation of collagen 1 [23]. In the present study, it was found that in
TA, autophagy promoted fibrosis via IL-6, indicating that targeting both
autophagy and IL-6 could effectively alleviate vascular fibrosis clini-
cally.

It has been well-established that HCQ is widely used for the treat-
ment of rheumatological diseases. As an alkaline molecule, HCQ can
increase the lysosomal pH and prevent lysosomal degradation [24,25].
In autophagy flux, the autophagosome and the lysosomes fuse in order
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Fig. 7. Research summary. In HAAF, IL-6 could activate the Jak1 signaling pathway to facilitate autophagy in the presence of soluble IL-6Ra(sIL-6Ra), which could
be interrupted by the Jak1 inhibitors, Itacitinib and tofacitinib. 3-MA was found to inhibit the initiation of the beclin-1 complex (or VPS34 complex) while HCQ and
baf Al could alter the pH to prevent the degradation of autolysosomes in the process of autophagy. This increased autophagy could subsequently promote fibrosis and

influence the vascular remodeling.

to degrade their contents during the maturation step [26]. In an ana-
lysis of autophagy, it was demonstrated that HCQ could block the au-
tophagy flux during the maturation step [12], indicating that it acts on
the late stage of autophagy in relation to the development of fibrosis. In
this study, we found that HCQ could effectively alleviate IL-6/autop-
hagy-induced vascular fibrosis, indicating that this is a popular
pathway in inflammatory fibrosis. Accordingly, in a clinical setting,
HCQ has been found to mediate both structural and functional pro-
tection against vascular lesions in patients with chronic kidney disease
and systemic arteritis [27,28]. Therefore, the potential mechanisms
might also be autophagy-dependent.

We have previously found that IL-6 promoted fibrosis through ac-
tivation of the Jak2/stat3 pathway in TA patients [5]. Similarly, in
adult ventricular myocytes, IL-6 was found to activate the Jak2/Stat3
signaling pathway [29]; however, in U937 cells, IL-6 could regulate
autophagy through the Jakl/Stat3/bcl2/BECN1 pathway [13]. In the
present study, we found that IL-6 initiated autophagy through Jakl/
stat3 activation, indicating that IL-6-induced fibrosis is dependent on
the combination of Jakl and Jak2. Correspondingly, two pathways
should be inhibited simultaneously to obtain the optimal anti-fibrotic
effect in TA patients.

Tofacitinib is used to treat patients with rheumatoid arthritis [30].
Moreover, mechanistic studies have shown that tofacitinib could inhibit
Jaks in a dose-dependent manner [31]. In this study, we found that
tofacitinib could inhibit autophagy, which was identified by IL-6/Jak1
activation. Therefore, in combination with the results of the Jakl in-
hibitor, Itacitinib, we speculate that tofacitinib selectively inhibits the
Jakl signaling pathway in IL-6-induced autophagy.
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To date, tofacitinib has been found to alleviate vascular stiffness in
rheumatoid arthritis [30] without significantly elevating the incidence
of cardiovascular disease [32,33]; however, this agent has not been
used to treat TA to date. In the present study, we found that tofacitinib
could effectively block IL-6/autophagy-induced vascular fibrosis, which
indicates that tofacitinib could be used to treat TA clinically in the
future.

In conclusion, our findings suggest that autophagy promoted by IL-
6/Jakl augments the vascular fibrosis of TA. Inhibition of the autop-
hagy pathway could prevent vascular remodeling in TA.
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