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Tregs-derived interleukin 35 attenuates endothelial proliferation
through STAT1 in pulmonary hypertension
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Background: To explore the source, the role and the specific mechanism of IL-35 and its downstream
molecules in the development of pulmonary hypertension.

Methods: 8-10 weeks male mice were undergoing hypoxia combined with SU5416 (HySu) to establish a
pulmonary hypertension (PH) model. The phenotype of PH mice was measured by immunohistochemistry
and immunofluorescence staining. The levels of two subunits (EBI3 and p35 subunits) in lung tissue were
measured by real-time PCR and western blotting. EBI3 monoclonal antibody was administrated as IL-35
neutralization to offset systemic IL-35 expression. Fludarabine, an inhibitor of STAT1 (signal transducer and
activator of transcription 1) was used to clarify the role of STAT1 under IL-35 treatment.

Results: After pulmonary hypertension, the expression of IL-35 and its two subunits (EBI3 and p35
subunits) in lung tissue were significantly increased. And the two subunits of IL-35 are highly expressed in
Treg cells. Compared with the controlled PH mice, the IL-35 neutralization PH mice showed aggravated
pulmonary hypertension phenotype. The specific manifestations are the increase of right ventricular
systolic pressure (RVSP), the growing proportion of right heart [RV/(LV+S)], and the remodeling of
pulmonary blood vessels increases. The expression of pulmonary vascular endothelium (CD31) in PH mice
increased, and the proliferation ability of vascular endothelium enhanced after IL-35 was inhibited. IL-35
phosphorylates STAT'1 through the receptor GP130 on pulmonary vascular endothelial cells, which in turn
inhibits endothelial cell proliferation. IL-35 recombinant protein can reduce the expression of CD31 in
lung tissues of PH mice. But the administration of STAT1 inhibitor made it invalid from the IL-35 effect of
reversing pulmonary hypertension.

Conclusions: Tregs-derived IL-35 can reverse the remodeling of pulmonary blood vessels and alleviate

the progression of pulmonary hypertension by reducing the proliferation of endothelial cells.
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Introduction

Pulmonary hypertension (PH), is a complicated and
fatal cardiovascular disease, symbolized by progressive
pulmonary vascular remodeling after an elevation of
pulmonary arterial pressure of more than 20 mmHg (1).
The pathogenesis of PH involves a complex series of
processes during which the dysfunction of endothelial
cells (ECs) (2), hypertrophy of vascular smooth muscle
cells (SMCs), and perivascular infiltration of inflammatory
cells may play crucial roles (3). For clinical management
of pulmonary hypertension, concerns about clinical
symptoms, quality of life, and survival time of PH patients
have been used to justify the rapid development of targeted
therapies (4). The currently approved drugs mainly include
targeted drugs that act on different targets in the three
classic pathways of prostacyclin, nitric oxide (NO) and
endothelin, but they are all weak antiproliferative agents
and are not effective reverse vascular remodeling. So far, no
specific medicine has been found to treat the disease, and
it is still difficult to escape the fate of lung transplantation
at the end stage. And the 5-year mortality rate of patients
suffering PH, at 43 %, remains low (5). New treatments are
urgently needed to effectively avert the pulmonary arterial
remodeling present in PH.

Increasing evidence has shown that immunotherapies
may play a critical role in managing pulmonary vascular
remodeling and targeting immune-related treaties may even
ameliorate clinical pulmonary hypertension (6).

Interleukin 35 (IL-35) consists of an Epstein-Barr
virus-induced gene 3 (EBI3) subunit and a p35 subunit,
is a novel member of the Interleukin-12 family (7), and
is an immune-suppressive cytokine, mostly derived from
CD3+CD4+CD25hiFoxp3+ regulatory T cells (Tregs). The
IL-35 receptor incorporates three diverse dimers, all of
which are composed of GP130 and IL-12RB2. After being
stimulated, the receptor can trigger a downstream signaling
through either one of the dimers, which are a heterodimer
(GP130 with IL12RB2) or a homodimer (GP130 with
GP130 and/or IL12RB2 with IL12RB2) (8). After binding
to its receptor, IL-35 can activate and further phosphorylase
the signal transducer and activator of transcription (STAT)
family members (9). In other cardiovascular diseases,
IL-35 has been proven to execute protective functions
preventing the cardiovascular system from atherosclerosis
erosion and immune inflammation attack after myocardial
infarction (10). However, it is far from clear whether 1L.-35
participates in the pathogenesis or development of PH.
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This purpose of this study was to determine whether and
how IL-35 participates in pulmonary vascular remodeling
after experimentally induced PH. Initially, we assessed
serum levels of IL-35 level and two of its ligands, EBI3
and p35, in mice and found these were unregulated in PH.
However, ablation of IL-35 markedly aggravated PH mice
exposed to chronic hypoxia, by exacerbating pulmonary
vascular remodeling and the growth of pulmonary arterial
ECs. Further, we showed that IL-35 was expressed mainly
in Tregs in the lung tissues after a hypoxia-induced mice
model, and exogenous supplying recombinant IL-35
(RelL-35) protein could ameliorate pulmonary arterial
pressure and convert pulmonary vascular remodeling.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-1952).

Methods
Mice

We purchased EBI3” and Foxp3"“"" mice from The
Jackson Laboratory and crossed them to produce EBI3”
Foxp3"“*" mice. Wild-type (WT) mice (SLRC Laboratory
Animal, Shanghai, China) aged 8-10 weeks were used
as experimental controls. Male mice were used in the
experiments, given previous reports that estrogens can
protect the development of PH through both nongenomic
and genomic mechanisms (11). EBI3 monoclonal antibody
(MABF848, Sigma-Aldrich) was administrated as IL-35
neutralization, which neutralizes unique IL-35 rather than
IL-27, the other known cytokine containing the EBI3
subunit. The antibody was administered by intraperitoneal
(i.p.) injection of monoclonal antibody with an initial dose
of 100 pg, 50ug additional dose, and a corresponding dose
of phosphate buffer saline (PBS) was administered to the
control group. Mouse recombinant IL-35 protein (CHI-
MF-11135, Chimerigen, Switzerland) was intraperitoneally
injected (every other day, 1.5 pg dissolved in 100 uL. PBS)
to WT mice, against the vehicle group performed 200 pL.
sterile PBS every other day. To offset the function of
STAT1, after Rell.-35 triggered the pathway, Fludarabine
(Sigma, 1.5 pg) was used as a STAT1 inhibitor. The
mice were exposed to standard nutritious food and fresh
sterile water freely and were deposited in an environment
retaining controlled temperature (23x1 °C) and suitable
humidity (50%=5%) on a half day light cycle. All animal

experiments were performed under a project license granted
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by the Animal Ethics Committee of Ruijin Hospital,
Shanghai Jiaotong University School of Medicine, China,
in compliance with the Animal Ethics Committee of Ruijin
Hospital’s guidelines for the care and use of animals.

HySu-induced PH mouse model

In the HySu-induced PH model, male mice were utilized
to avoid hormonal effects. The 8-week-old male WT
mice underwent hypoxia-treated (10% O,) in a ventilated
chamber for 21 days, then randomly received subcutaneously
injection of SU5416 (20 mg/kg), a VEGFR?2 inhibitor
(58442, purchased from Sigma-Aldrich), every single week
under isoflurane anesthesia, as previously described (12,13).
The hemodynamic profile was measured at the end point of
exposure, as previously described (13,14). Briefly, mice were
injected with pentobarbital (30 mg/kg) intraperitoneally in
order to anesthetize without offending respiration. A 1.2-F
microtip pressure transducer catheter (Millar Instruments,
Houston, TX, USA) was then carefully inserted into the
right ventricle (RV) to recorded right ventricular systolic
pressure (RVSP) for no less than 1 min and the RVSP
was captured by a PowerLab data acquisition system (AD
Instruments, Sydney, Australia). Mice with HR <250/min
were excluded a priori from the analysis (15). After the
hemodynamic measurements were completed, the lung
vascular system was washed promptly with cold phosphate-
buffered saline (PBS), leaving lung sections and heart tissues
to be collected. The right ventricle was carefully minced
from heart and related the RV and LV, along with the
septum (LV+S) were blotted dry, and weighed. The right
ventricular proportion was calculated by the weight ratio of
the right ventricular wall to the LV and septum [RV/(LV+S),
Fulton Index]. All treatments and analyses were performed
blinded to the experimental conditions of the animals
during hemodynamic measurement and data collection.

Histological analysis

Lungs were extracted from mice and fixed in 10%
formaldehyde for no less than 24 h. After fixation,
lung tissues were patted dry to plant in a paraffin-
embedded container and prepared to be sectioned (5 pm
thickness). The lung paraffin slices were then dewaxed
and incorporated with hematoxylin and eosin (H&E)
staining for histological and imaging analyses. Pulmonary
vascular remodeling was quantified using the wall thickness
measurement (14,16,17). Around twenty vessels categorized
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as 20-50 pm (<50 pm) or 51-100 pm (>50 pm) in diameter
were captured and Image] software (National Institutes of
Health, Bethesda, MD, USA) was utilized to calculate wall
thickness, presented as a medial area proportion to cross-
sectional area (CSA).

Cell culture and isolation

Mouse lung endothelial cells (mLECs) were sectioned
and cultured as previously described (14,18) and were
carefully separated into 1-2 mm pieces. The pieces were
then promptly transported into a sterile container and
digested with 10 mL of 1 mg/mL sterile collagenase (Sigma)
in a humidly 37 °C environment for 1 h. The digested
tissues were carefully filtrated through sterile 70-pm cell
strainers and twice flushed with warm sterile PBS. The
cell suspension was then incubated with anti-CD31-coated
Dynabeads (Invitrogen) and the suspension was separated
in a magnetic rack. Isolated lung ECs were cultured in
endothelial cell medium (ECM) (ScienCell Research
Laboratories, Carlsbad, CA, USA) incorporated with 5%
FBS (ScienCell Research Laboratories, Carlsbad, CA,
USA), and Endothelial Cell Growth Supplement (ECGS)
(ScienCell Research Laboratories, Carlsbad, CA, USA).
After reaching no less than 80% confluence, cells were
again separated with CD102 Dynabeads (BD Pharmingen,
San Diego, CA, USA, #553325). For hypoxia exposure in
vitro, cells were embedded in culture dishes deposited in a
humid and warm tank with 3% 0O,/5%CO, (16).

Cell proliferation assay

A Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) was used to measure cell proliferation, according
to the manufacturer’s manual. Cells (3x10*well) were
embedded in 96-well plates, further cultured with indicated
treatment and according to the manufacturer’s protocol,
the remaining medium was removed and replaced by
100 pL fresh medium along with a 10 pL. Cell Counting
Kit-8 solution. Plates were incubated in a humidified and
dark incubator for 1.5 h at 37 °C and a SpectraMax 190
Microplate Reader (Molecular Devices) was used to evaluate
the absorbances and generate growth curves under 450 nm.

Cell immunofluorescence staining

CD45°CD3"CD4'CD25"'Foxp3” Tregs,
CD45°CD11b"CD64" macrophages, and
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CD45"CD11b"CD64 CD11¢"MHC II' dendritic cells were
sorted from the lung tissues. Cells were firstly centrifuged
in a Cytospin centrifuge (800 rpm, 5 min, Thermo Shandon
Cytospin 3) onto Cytospin slides which were air-dried.
Fixed cell-slides were then coated in 4% paraformaldehyde
(PFA) for no more than 10 min and carefully washed
5 min with sterile PBS three times. After fixation, coated-
cells were subjected to a permeabilization with 0.1% Triton
X-100 in PBS for no more than 10 min, washed with sterile
PBS for 5 min, then embedded with blocking solution for
1 h at room temperature. The plants were then covered
with Foxp3 (13-5773-82, eBioscience), CD11c (ab33483,
Abcam), CD68 (ab213363, Abcam), p35 (ab131039,
Abcam), and EBI3 (sc-166158, Santa Cruz Biotechnology),
followed by embedding with secondary antibody (A21208,
A32727 and A21094, Invitrogen) for 1 h and incorporated
with 4',6-diamidino-2-phenylindole (DAPI) for 5 min.

RNA extraction and real-time PCR

Using TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA) total RNA was extracted from lung tissues and
mLECs following the manufacturer’s protocols. RNA
concentrations were assessed by NanoDrop 2000 (Thermo
Fisher Scientific, Uppsala, Sweden). RNA samples (1 pg)
were reverse-transcribed to cDNA with the Reverse
Transcription Reagent Kit (Takara, Dalian, China) and
the cDNA was amplified by SYBR Green Universal PCR
Mix (Takara, Dalian, China). Target gene expression was
normalized to the level of internal control, Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA. The
PCR protocol was as follows: 5 min at 95 °C for one cycle,
followed by 40 cycles at 95 °C for 20 s, 60 °C for 30 s, and
72 °C for 30 s, along with a final extension at 72 °C for
5 min. Related gene expression was measured by the 2**Ct
method. The primer sequences for PCR are listed as follows:
mouse GAPDH 3'—-5'-CCCTTATTGACCTCAACTAC
ATGGT, 5'—=3'-GAGGGGCCATCCACAGTCTTCTG;
IL-12RB2 3'=5'-AGAGAATGCTCATTGGCACTTC,
5'53"-AACTGGGATAATGTGAACAGCC;
gpl30 3'=5"-ATCTTCTCTTGCCTTGGCCT,
5'"-53'-AGCTGAAGTTCTCTGGGGTC;
p35 3'=5'"-AGTTTGGCCAGGGTCATTCC,
5'=>3'"-TCTCTGGCCGTCTTCACCAT;
EBI3 3'-5'-CTTACAGGCTCGGTGTGGC,
5'=3'-GTGACATTTAGCATGTAGGGCA.
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Immunofluorescence analysis

Lungs were extracted and embedded in optimal cutting
temperature (OCT) compound (Sakura, Torrance, CA,
USA), then frozen on the next day. Frozen mice lung
sections (7 pm thickness) were then fixed in cold acetone
and carefully washed three times with PBS, followed by
permeabilization with 0.25% Triton X-100 solution for no
more than 10 min, and further embedded with 3% bovine
serum albumin (BSA) in PBS for 30 min to offset the non-
specific binding site. Additionally, incubation was performed
initial covering with the primary antibody overnight at 4 °C.
Signals were embedded and visualized by Alexa Fluor 488,
555, and 633-conjugated secondary antibodies (A21208,
A32727, and A21094, Invitrogen) after 2 h incubation at
room temperature. The primary antibodies utilized for
the experiments were as follows: Foxp3 (1:200; 13-5773-
82, eBioscience, San Diego, CA, USA), PCNA (1:200;
25868, Cell Signaling Technology), CD31 (1:400; ab28364,
abcam), EBI3 (1:400; sc-166158, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), alpha smooth muscle actin (a-SMA)
(1:800; A5228, Sigma-Aldrich), and p35 (1:300; ab131039,
Abcam). 4',6-diamidino-2-phenylindole (DAPI, Invitrogen)
was used to stain DNA/nuclei and the immunofluorescence
images were seized by a laser scanning confocal microscope
(Carl Zeiss, Oberkochen, Germany). The PCNA" PAECs
were measured using Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD, USA) and further calculated as
a proportion of an overall amount of CD31" PAECs (19,20),
while the mPAEC size was quantified as CD3 1-positive area
per cell (16). The measurement of immunohistochemistry
was scored independently by two observers.

Western blotting

Proteins from cell and tissue homogenate were extracted
with lysis buffer containing protease inhibitors.
Bicinchoninic acid (BCA) Protein Assay Kit (Pierce,
Thermo Scientific, Waltham, MA, USA), along with the
standard protein samples, was used to calculate the total
protein concentration and further determined with the
BCA method. Lysates containing equal quantities of protein
were distributed as indicated and further segregated in 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). A polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA) used to transfer, then the
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membrane was immersed in 5% fat-free milk dissolved
in Tris-buffered saline [150 mM NaCl, 50 mM Tris (pH
7.4)] with 0.1% Tween 20 for 1-1.5 h and embedded at
4 °C overnight with primary antibodies against the following
proteins: EBI3 (sc-166158, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), p35 (ab131039, Abcam), alpha
smooth muscle actin (A5228, Sigma-Aldrich), PCNA
(25868, Cell Signaling Technology), p-Statl (9167; Cell
Signaling Technology, Danvers, MA, USA), p-Stat4 (5267;
Cell Signaling Technology), Statl (9172; Cell Signaling
"Technology), Stat4 (2653; Cell Signaling Technology), and
GAPDH (5174; Cell Signaling Technology). The membrane
was embedded with related horseradish peroxidase-
conjugated secondary antibodies (1:2,000; Cell Signaling
"Technology) dissolved in 5% bovine serum albumin (BSA)
solution at room temperature for 1 h and immunoreactivity
was then captured by enhanced chemiluminescence reagent
(Thermo Fisher Scientific). The blots were then scanned
using Tanon Imaging system (Tanon-5200Mult, shanghai,
China).

Tregs isolation and adoptive transfer experiments

Mice Tregs were isolated from Foxp3"“"" and EBI3™
Foxp3"“*" mice. Spleen sections were flushed through
a 100 pm cell sieve (352360, Corning, NY, USA) to
generate and collect single cell suspension and the
cells were then resuspended by supplemented with
2% fetal bovine serum (number 10438026, Gibco).
CD45°CD3"CD4"CD25"Foxp3™ Tregs were selected by
flow cytometry under disinfectant. For the adoptive transfer
model, the mice were injected via the tail vein with sterile
PBS, or 8x10° WT CD45* CD3'CD4' CD25" Foxp3* Tregs
or 8x10° EBI3” CD45"CD3'CD4" CD25'Foxp3* Tregs
dissolved in 200 mL sterile PBS 7 days prior to treated
hypoxia and SU5416 (21).

Statistical analysis

All statistical data are showed as the mean + SEM. Data
was measured in Prism 7 (Graph Pad Prism Software Inc.,
San Diego, CA, USA) and Mann-Whitney U test was
deployed to compare the mean of two groups. Normal data
distribution was examined using Shapiro-Wilk normality
test and the means comparison of different groups was
performed with the Bonferroni post-hoc test (95%
confidence interval). Statistical significance was defined as
P<0.05 and randomization and blind analyses were used
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whenever possible.

Results

IL-35 expression elevates in HySu-induced PH mice

IL-35 subunits (EBI3 and p35) mRNA and protein levels
were comparatively elevated in lung tissue in HySu-
treated mice (Figure 14,B). Additionally, compared with the
normoxia group, the lung tissues of HySu-induced mice
tended to express higher IL-35 levels (Figure 1C) and the
serum IL-35 expression also increased in PH mice model
based on ELISA analysis (Figure 1D). These results suggest
IL-35 may participate in the development of PH.

IL-35 mostly derived from regulatory T cells in PH mice

IL-35 has been proven to generate from Tregs and
dendritic cells (DCs), and its subunits can express in
macrophages. Immunofluorescence staining indicated
that the two subunits (EBI3 and p35) were mainly stained
in Tregs in mouse lungs after being HySu-induced
(Figure 2A4,B). To further identify the main source of IL-
35 after PH, we used FACS analysis sorting out Tregs,
DCs, and macrophages from PH mice to detect the co-
expression of EBI3 and p35. Interestingly, the two subunits
tended to express in Tregs, and comparatively lower p35
subunit expression was seen in macrophages and DCs
(Figure 2B). To test whether IL-35 positive Tregs participate
in the process of PH, wild-type C57BL/6 mice received
CD45"CD3"CD4 Foxp3"CD25 Tregs adoptive transference
from Foxp3"“"or EBI3 " Foxp3"“"" mice spleen 7 days
before exposure to hypoxia (Figure S1A,B). Intriguingly,
the RVSP and RV/(LV+S) of EBI3” Tregs transferred
PH mice tended to be higher and the pulmonary vascular
remodeling worsened, while WT Tregs transferred PH
mice showed a better outcome for symptomatic relief
(Figure 2C,D,E,F). However, this protective phenomenon
from WT Tregs adaptive transference could be averted by
further neutralizing IL-35 treatment. All this strengthened
the case for the source of IL-35 after PH development and
the potentially protective function of Tregs-derived IL-35
after PH.

IL-35 inhibition exacerbates HySu-induced PH and PA
remodeling in mice

To further explore the role of IL-35 in PH, we initially
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Figure 1 IL-35 expression elevates in HySu-induced PH mice. (A) Relative mRNA levels of EBI3 and p35 were normalized and analyzed
from lung tissues in wild-type (WT) mice subjected to normoxia or hypoxia plus SU5416 (HySu). *P<0.05 vs. normoxia controls; n=6 per
group. (B) Western blotting analysis of EBI3 and p35 levels in lung tissues from WT mice exposed to normoxia or HySu environment.

(C) IL-35 generation in lung tissues from W' mice after normoxia or HySu treatment. *P<0.05 vs. normoxia controls; n=7 per group. (D)

Serum IL-35 contents were measured from normoxia and HySu-induced mice. *P<0.05 vs. normoxia controls; n=7 per group. Data represent

the mean =+ SEM. Statistical significance was evaluated using the Mann-Whitney U test. PH, pulmonary hypertension. HySu, hypoxia plus

SuU5416.

investigated whether systemic neutralized IL-35 would
impact the progression of PH. EBI3 monoclonal antibody
(MABF848, Sigma-Aldrich) was administrated as systemic
IL-35 neutralization as it uniquely neutralizes IL-35
(7,22,23). Wild-type C57BL/6 mice received HySu for
3 weeks and received treatment with IL-35 inhibition or
PBS every week (Figure 3A). Intriguingly, IL-35 inhibition
dramatically exacerbated the experimental PH mice by
developing a significantly higher RVSP and RV/(LV+S)
ratio (Figure 3B,C). Additionally, IL-35 neutralization
treatment resulted in a modest aggravation of HySu-
induced pulmonary vascular remodeling, evidenced by
growing pulmonary vascular wall thickness in both small
pulmonary arteries and arterioles (media/CSA), when
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compared to the PH control group (Figure 3D,E). These
results are consistent with the protective function of
Tregs-derived IL-35, indicating that IL-35 inhibition may
exacerbate PH development, probably by participating in
the pulmonary vascular remodeling.

IL.-35 inhbibition aggravates lung vascular EC proliferation
in PH mice

Pathological lesions, characterized by neomuscularization,
proliferated ECs and abnormal perivascular matrix proteins
deposition in the development of PH, mainly affect the
distal pulmonary arterioles (2,24,25). However, comparison
of 1L-35 inhibited mice with their counterparts after
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evaluated using the Mann-Whitney U test. PH, pulmonary hypertension. HySu, hypoxia plus SU5416. RV/(LV+S), weight ratio of the right
ventricular wall to the LV and septum. DC, dendritic cells; Treg, regulatory T cells.
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IL35 or isotype. Mice received intraperitoneal (i.p.) injection of IL-35 neutralizing antibody (initial dose 100 pg, 50 pg additionally dose).
(B) Effect of IL-35 mAb administration on right ventricular systolic pressure (RVSP) of HySu-induced mice. "P<0.05 vs. normoxia controls;
*P<0.05 ws. vehicle group; n=7 per group. (C) RV/(IV+S) weight ratio in HySu-exposed PH mice with or without IL-35 inhibition. *P<0.05
vs. normoxia controls; *P<0.05 vs. vehicle group; n=7 per group. (D) Representative images of H&E staining of lung sections from HySu-
induced mice with or without IL-35 mAb administration. Scale bar: 20 um. (E) Quantification of the ratio of the thickness of vascular media
to total vessel size (media/CSA) for HySu-induced mice administered with or without IL-35 inhibition. *P<0.05 vs. control; *P<0.05 vs.
vehicle; n=7 per group. Data represent the mean =+ SEM. Statistical significance was evaluated using the Mann-Whitney U test or Kruskal-
Wallis tests followed by Dunn test. PH, pulmonary hypertension. PA, pulmonary arterial. HySu, hypoxia plus SU5416. RV/(LV+S), weight
ratio of the right ventricular wall to the LV and septum.

HySu-treatment showed there was no significant difference
in a smooth muscle actin (a-SMA) expression and a-SMA
positive cells, which is a symbol of pulmonary vascular
neomuscularization. (Figure 4A4,B). Also, IL-35 inhibition
failed to make a significant change to the perivascular
matrix proteins deposition in lung of HySu-induced mice,
such as collagen-1 (Figure 44). Western blotting analysis
and Immunofluorescence staining demonstrated that IL-
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35 inhibition markedly increased CD31 expression in lung
and aggravated HySu-induced lung EC size (Figure 4A,B).
In the PH mice model, staining for CD31 showed that IL-
35 inhibition remarkably exacerbated lung EC proliferation
by increasing PCNA incorporation rate (Figure 4C,D). We
then tested whether this phenomenon could be replicated
in vitro. IL-35 neutralization treatment was used in
mLECs (22) and the results showed that the inhibition of

Ann Transl Med 2021;9(11):926 | http://dx.doi.org/10.21037/atm-21-1952
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lung endothelial cells.
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IL-35 enhanced hypoxia-induced mLECs proliferation
(Figure 4E). Thus, inhibited IL-35 exacerbated HySu-
induced PH and pulmonary vascular remodeling in mice by
aggravating lung vascular EC proliferation.

IL-35 abrogates pulmonary EC proliferation through
STAT1

The IL-35 receptor (IL-35R) is made up of IL12RB2 and
GP130 subunits and IL-35 can trigger downstream in a
unique and unconventional way. It can signal down through
a heterodimer of both two receptor chains IL12Rp2 and
GP130 (GP130:1L12RpB2) or homodimers of each single
chain (GP130:GP130 and/or IL12RB2:IL12RB2) (8),
and requires STAT1 (downstream of GP130) and/or
STAT4 (downstream of IL12RB2) to transcription (9).
To investigate this we first detected whether these two
receptors were present in mLECs and found GP130 was
significantly expressed in lung ECs (Figure 5A), while
IL12RpB2 expression increased in the mLECs of HySu-
induced mice compared to an extremely low level in
normoxia mLECs (Figure 5B). To detail the mechanism
by which IL-35 meditates ECs homeostasis under hypoxic
condition, two specific antibodies blocking GP130 or
IL12RP2 were used in ECs. Interestingly, blocking GP130
interfered with the phosphorylation of STAT1 under IL-
35 treatment, further increased PCNA expression after
exposure to hypoxia. However, IL12RB2 blockage interfered
with the phosphorylation of STAT4 after IL-35 stimulation
treatment and had no significant influence on PCNA
expression under hypoxic conditions (Figure 5C). That
means, 1L-35 interfered PCNA expression only by GP130
receptor in ECs under hypoxia. Given the unconventional
mode through which IL-35 is signaled (8), we hypothesized
that IL-35 may wield its function by one receptor subunit,
GP130, and its downstream STAT1 in ECs. We then used
fludarabine (Sigma), a STAT' inhibitor, to offset the effect
of STATT after IL-35 triggered the pathway under hypoxia.
We found STAT1 inhibition had the same function as
GP130 blockage had, which increased expression of PCNA
(Figure 5C).

Next, RelL-35 and fludarabine were applied to the
PH mice model (Figure S2A). We examined pulmonary
hemodynamic and histological changes in HySu-induced
mice after IL-35 treatment. As expected, IL-35 significantly
attenuated PH by reducing RVSP and RV/(LV+S)
(Figure S2B,C). Furthermore, IL-35 treatment tended
to modestly suppress HySu-induced pulmonary vascular
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remodeling in pulmonary arteries, that is, it decreased
pulmonary vascular wall thickness (Figure S2D).
IL-35 also dramatically suppressed HySu-induced
lung ECs by reducing their size (Figure 5D). Further
immunofluorescence staining showed that IL-35
remarkably inhibited HySu-induced lung proliferation by
reducing the PCNA expression rate in CD31 (Figure SE,F).
This could also be seen in the in vivo phenotype as the
decreased proliferation ability of mLECs under IL-35
treatment after exposure to hypoxia (Figure 5G). Indeed,
these beneficial phenotypes from IL-35 could be abolished
by blocking STAT1 (Figure S2B,C,D). When compared to
IL-35 treatment PH mice, mice further undergoing STAT'1
blockage developed severe PH, just as vehicle PH mice, and
when exposed to hypoxia, the inhibition ability of IL-35
to suppress ECs proliferation could not be observed when
STAT'1 was blocked. These results indicate IL-35 abrogates
HySu-induced mice by triggering GP130 and the STAT1
signaling pathway in ECs.

Discussion

Current therapies for PH are mainly designed to slow
the progression of vascular remodeling focus on releasing
the pulmonary vasculature temporarily in sync with
reducing pulmonary arterial pressure (4). However,
little attention has been paid to changing pulmonary
vascular immune conditions and averting related vascular
remodeling disorders in the long run. Therefore, a deeper
understanding of disorders of immune regulation in PH
would assist current therapies to a more productive level
and potentially benefit novel drug R&D in the treatment
of PH.

Cytokines in the pulmonary microenvironment play
essential roles in pulmonary vascular remodeling, such as
triggering the hypertrophy of pulmonary vascular smooth
muscle cells and attracting infiltrated immune cells.
The Interleukin-12 family was discovered in 2007, and
Interleukin-35 is a new member of it (7). Recent studies
have investigated the connection between impaired immune
regulation and pulmonary endothelium, which is required
for pulmonary vascular local homeostasis (26). Under
physiological conditions, IL-35 expression was absent or
present only at very low levels in the cardiovascular system.
However, under stress conditions such as ischemia, hypoxia,
hyperlipidemia, and an acidic environment, upregulated
IL-35 displayed significantly higher activities (27,28). Our
HySu-induced PH mice model involves hypoxic stress and
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Figure 5 IL-35 abrogates pulmonary EC proliferation through STAT1. (A) Relative mRNA levels of gp130 in mLECs extracted from lung
tissues of normoxia or HySu-induced mice. *P<0.05 vs. normoxia controls; n=6 per group. (B) Relative mRNA levels of il12rb2 in mLECs
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STATT inhibitor fludarabine (2 mg/mL) for 30 min, then cultured with ReIL-35 (100 ng/mL) for 24h under hypoxia. (D) Representative
immunofluorescence analyses of a-SMA and CD31 in the lung tissue of HySu-induced mice with Rell.-35 administration, without Rell.-
35 administration, and with both ReIL.-35 and STAT'1 inhibition treated. Scale bars: 20 pm. (E) Representative immunofluorescence images
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vs. vehicle group; n=6 per group. (G) Effect of ReIL-35 and both RelL.-35 and fludarabine on the proliferation of hypoxia-exposed mLECs.
*P<0.05 vs. vehicle group; "P<0.05 vs. vehicle group; n=6 per group. Data represent the mean = SEM. Statistical significance was evaluated
using the Mann-Whitney U test or Kruskal-Wallis tests followed by Dunn test. EC, endothelial cell; mLECs, mouse lung endothelial cells;
HySu, hypoxia plus SU5416; RellL-35, recombinant IL-35.
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could generate a potential milieu for IL-35 expression, and
activation (29), and growing evidence indicates that other
Interleukin-12 family members (IL-12, I1.-23, 11.-27) have
participated in cardiovascular diseases (30-32). STAT'1 can
promote cell proliferation and angiogenesis in tumors (33).
Proliferation of pulmonary arterial ECs, which is seen as a
harmful consequence of pulmonary vascular remodeling,
thereby aggravating the development of PH progression
(21,34).

In this study, we showed two constitutive subunits
of IL-35 (EBI3 and p35) mRNA and protein were
strikingly upregulated in lung tissues from HySu-induced
experimental PH mice, and mice serum IL-35 levels were
elevated after exposure to HySu. Recent investigations
have indicated that IL-35 can be expressed in Tregs,
macrophages, and dendritic cells (7,35,36). Concurrent with
the results of immunofluorescence staining in the existing
research, IL-35 was mainly derived from regulatory T cells,
rather than macrophages and dendritic cells, in HySu-
induced pulmonary hypertensive mice. In agreement with
our observations, Tregs are able to avert the phenotype
of PH, suggesting that they may be a key strategy for
regulating pulmonary vascular remodeling (21,37). In the
complex environment of PH affected lung tissue, the spatial
and temporal mediation of different cytokines, chemokines,
and growth factors expression may impact Tregs
habitation (38), although further studies may be required to
prove such potential consequences. Furthermore, by using
a pharmacological blockade approach, we explored how IL-
35 inhibition or disruption aggravated the development of
HySu-induced PH through elevating the RVSP and the
thickness of the RV wall, further worsening pulmonary
vascular remodeling in mice. These observations suggest
that Tregs-derived IL-35 upregulation in lung tissue
contributes to pulmonary vascular remodeling associated
with PH. Tt must be noted that using EBI3""Foxp3“ mice
to observe the function of Tregs-derived IL-35 might be
beneficial to further validate the observed results in this
study. In addition, we revealed that IL-35 neutralization
deteriorated the PH in mice by inducing pulmonary arterial
EC proliferation. However, PH mice could be attenuated
by elevating IL-35 expression, which wielded its function
through STAT1 in ECs. These results suggest that the IL-
35 signaling pathway specifically affects pulmonary vascular
remodeling in PH by modulating conditions for pulmonary
EC proliferation.

This study has limitations. Given the lack of tissue and
cell samples from PH patients, and with current studies
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focused only on animal models, it stands to reason that
future studies on IL-35 from lung samples in PH patients
are required. In summary, we demonstrated that IL-35
can attenuate pulmonary vascular remodeling under PH
by reducing pulmonary EC proliferation by enhancing the
production of STAT'1. Interventions using this immune axis
may benefit the management of PH and potentially become
a novel therapeutic idea for PH.
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Figure S2 IL-35 abrogates pulmonary EC proliferation through STAT1. (A) Experimental protocol for mice receiving RelL.-35
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treatment on right ventricular systolic pressure (RVSP) of HySu-induced mice. *P<0.05 vs. vehicle group; *P<0.05 vs. vehicle group; n=6
per group. (C) RV/(LV+S) weight ratio in HySu-exposed PH mice with RelL.-35 administration without RelLL.-35 administration and with
both RelL.-35 and STAT'1 inhibition administrated. *P<0.05 vs. vehicle group; “P<0.05 vs. vehicle group; n=6 per group. (D) Representative
images of H&E staining of lung sections from HySu-induced mice with RelL-35 administration, without RelL.-35 administration, and
with both RelL.-35 and STAT1 inhibition administrated. Scale bar: 20 pm. EC, endothelial cell. HySu, hypoxia plus SU5416. RelL-35,
recombinant IL-35.
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