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A B S T R A C T

Pulmonary arterial hypertension (PAH) is a severe complication of systemic lupus erythematosus (SLE), with
unclear etiopathogenesis. We evaluated the role of macrophage migration inhibitory factor (MIF), which has
been implicated in idiopathic pulmonary hypertension (PH), in SLE-associated PAH. Circulating MIF was
measured in SLE patients, SLE-PAH patients, and healthy donors. In situ pulmonary artery MIF protein expression
was determined in spontaneous SLE mice (MRL/lpr) and hypoxia-induced C57BL/6J mice. Daily MIF098 was
administered to C57BL/6J mice, and these mice were maintained in a hypoxic chamber for 4 weeks. The right
ventricular systolic pressure (RVSP) and pathological characteristics of the pulmonary artery (PA), such as
hyperproliferation, muscularization, and fibrosis were then measured in each group of mice. Data were also
obtained in vitro using pulmonary smooth muscle cells (PASMC) challenged with platelet-derived growth factor
(PDGF)-BB or 1% O2 hypoxia. As a result, circulating MIF was elevated in SLE-PAH patients compared with SLE
patients or healthy donors. Higher RVSP SLE mice produced more MIF protein than lower RVSP SLE mice in the
pulmonary artery. MIF098 decreased RVSP and inhibited distal pulmonary artery hyperproliferation, muscu-
larization, and collagen deposition in hypoxia challenged mice. In addition, MIF098 inhibited PASMC pro-
liferation and migration by regulating mitogen-activated protein kinase/extracellular signal-regulated kinase 1/
2 (MAPK/ERK1/2) signal- and cell-cycle-related proteins. MIF098 also reduced collagen synthesis by inhibiting
the TGFβ1/Smad2/Smad3 pathway in cell-based experiments. In conclusion, MIF may serve as a biomarker and
a therapeutic target of SLE-associated PAH. Pharmacologic MIF antagonism may be an effective means to
ameliorate SLE-PAH.

1. Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease
characterized by aberrant host innate and adaptive immune response
and a wide spectrum of disease manifestations [1]. Among them, pul-
monary arterial hypertension (PAH) is one of the most severe compli-
cations and the third leading cause of mortality in SLE patients [2,3].
PAH can occur at any time during the course of SLE, and once PAH
develops, outcomes are poorer than in patients with idiopathic PAH
(iPAH) [4–6]. A better understanding of SLE-PAH may lead to more
effective prevention and treatment of this severe complication of SLE.

PAH is a clinical condition characterized by the presence of pre-

capillary pulmonary hypertension, which is defined as a high mean
pulmonary artery pressure (≥25mmHg) at rest, confirmed by right
heart catheterization (RHC) and in the presence of normal pulmonary
capillary wedge pressure (PCWP≤15mmHg) and increased pulmonary
vascular resistance (PVR>3 Wood units) [7,8]. The most important
pathological characteristics are abnormal vascular remodeling, ex-
cessive pulmonary vasoconstriction, in situ thrombosis, and in-
flammatory cell infiltration [9]. Various autoantibodies, including anti-
nuclear antibodies, anti-phospholipid antibodies, and anti-endothelial
cell antibodies, as well as different immune mediators can be detected
in the pulmonary arteries in SLE-PAH patients [10]. Specific drugs are
lacking, and current therapeutic approaches for SLE-PAH patients
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follow the treatment of iPAH, such as prostacyclin analogs, phospho-
diesterase (PDE)-5 inhibitors, and endothelin receptor antagonists
(ERA) [11,12]. These interventions are insufficient to suppress the
progression of vascular remodeling, however, which is the key patho-
logical feature of PAH.

Macrophage migration inhibitory factor (MIF) is an upstream in-
flammatory cytokine released from numerous cell types, such as mac-
rophages, T-cells, and dendritic cells [13,14], as well as by pulmonary
epithelium [15]. MIF activates its cognate receptor CD74, leading to the
activation of the mitogen-activated protein kinase/extracellular signal-
regulated kinase 1/2 (MAPK/ERK1/2), AKT, and nuclear factor κB
(NFκB) pathways, and downstream proliferation and enhanced survival
[16,17]. MIF promotes cell cycle progression and suppresses P53-
mediated cell-cycle arrest [16,18]. MIF plays a deleterious role in
various inflammatory disorders, such as rheumatoid arthritis, systemic
sclerosis, including systemic sclerosis PAH, and sepsis [19–22]. Ele-
vated MIF plasma concentrations are detected in PAH patients, and
PAH pulmonary arterial cells, including endothelial cells and smooth
muscle cells, express a high level of MIF and CD74 [23–25]. MIF gene
deficiency or treatment with the prototypic MIF antagonist ISO-1 has
been shown to decrease right ventricular systolic pressure and reduce
the progression of pulmonary artery remodeling [24,26]. The potential
contribution of MIF to the PAH which occurs in SLE, where MIF is
overexpressed, has not been studied. In this study, we assessed MIF
levels in SLE-PAH patients and SLE-PAH mice. In addition, we explored
whether MIF antagonist 3-(3-hydroxybenzyl)-5-methylbenzooxazol-2-
one, designated MIF098, could ameliorate the pathological progression
of PAH.

The chemical structure of MIF098 (C15H13NO3) is shown in Fig. 1.
In a study of Shin MS et al., MIF098, which blocks MIF binding to its
cognate receptor CD74, suppressed NLRP3 upregulation, a rate-limiting
step in activating the NLRP3 inflammasome, as well as caspase-1 acti-
vation and downstream interleukin (IL)-1β production in snRNP im-
mune complex-stimulated human monocytes [27]. MIF098 also has
been reported to inhibit the phosphorylation of ERK1/2 by preventing
MIF-CD74 interaction in synovial fibroblasts [28,29]. We therefore in-
vestigated whether pharmacologic MIF antagonism with MIF098 could
ameliorate PAH in a relevant mouse model of SLE.

2. Materials and methods

2.1. Study population

Sera from 3 cohorts of subjects were studied. The patients with SLE
were enrolled if they conformed to the 1997 revised American College
of Rheumatology (ACR) criteria [30]. Age- and sex-matched SLE-PAH
patients were collected in accordance with both SLE and PAH criteria.
PAH was diagnosed by right heart catheterization with a mean pul-
monary arterial pressure (mPAP) ≥25mmHg, plus a pulmonary ca-
pillary wedge pressure (PCWP) ≤15mmHg, and pulmonary vascular
resistance (PVR) > 3 Woods units. Ten healthy donors were also en-
rolled in this study. The clinical characteristics of the patients in the 3
groups is shown in Table 1. The study was approved by the Ethics
Review Board at Ren Ji Hospital, Shanghai Jiaotong University (No.
2017201).

2.2. Animals

Female MRL/Faslpr (lpr) mice (BALB/c background) and 25 male
C57BL/6J mice were purchased from Shanghai SLAC Laboratory
Animal Co Ltd. (Shanghai, China). All animals were maintained under
the Specific Pathogen-Free (SPF) conditions with a 12 h light/12 h dark
cycle, a temperature of 24–25 °C, and ad libitum access to standard chow
and water at the SLAC Experimental Animal Center. All of the aspects of
animal care and experimentation performed in this study were ap-
proved by the Animal Research Committee at Renji Hospital, Shanghai
Jiaotong University.

2.3. Hypoxic mouse model of PAH and experimental protocols

To induce pulmonary arterial hypertension, male C57BL/6J mice
were exposed to hypoxia in a chamber (XBS-03, Aipu, Hangzhou,
China) for 4 weeks. In the hypoxic chamber, oxygen was tightly regu-
lated, nitrogen was automatically introduced to maintain the proper
fraction of inspired oxygen (FiO2, 10%). Age- and sex-matched litter-
mates were exposed to normoxia (room air, 21% O2) and served as
controls. In the treatment groups, the MIF antagonist MIF098 (4mg/ml,
dissolved in 10% dimethyl sulfoxide (DMSO)) was injected in-
traperitoneally into hypoxic mice at a dosage of 40mg/kg once a day
started at the day they received hypoxia exposure until the exposure
ended. An equal number of C57BL/6J mice were treated with 10%
DMSO daily in hypoxic conditions as a PAH model group. Mice kept in
normoxic conditions served as negative controls. The chamber was
open<20min every day for intraperitoneal injection or drug or ve-
hicle.

2.4. Measurement of RV pressure and tissue collection

Four weeks after hypoxia exposure, mice were used for RVSP
measurement. Mice were anesthetized by an intraperitoneal injection of
4% chloral hydrate at a dosage of 0.1ml/10 g body-weight. The right
internal jugular vein was exposed after bluntly dissecting the neck skin
of the animal. Then, a 1.4F Millar catheter (SPR-671, Mikro-Tip,
Houston, USA) was inserted into the right ventricle and RV pressure
was recorded. After data collection, mice were euthanized by cervicalFig. 1. The chemical structure of MIF098.

Table 1
Characteristics of the study groups.

Parameters Health (n= 10) SLE (n= 15) SLE-PAH (n= 15)

Age, years 43.8 ± 8.8 41.0 ± 12.7 37.9 ± 9.5
Female, n (%) 7(70) 14(93.3) 13(86.7)
SLE duration, months – 92.7 ± 99.6 102.3 ± 80.2
SLEDAI – 5.2 ± 4.7 4.5 ± 2.6
PAH duration, months – – 30.5 ± 27.2
WHO functional class, n

(%)
I – – 2(13.3)
II – – 5(33.3)
III – – 6(40)
IV – – 2(13.3)
PASP, mmHg – – 74.0 ± 6.5
PADP, mmHg – – 69.5 ± 16.6
mPAP, mmHg – – 35.9 ± 6.5
PCWP, mmHg – – 6.7 ± 3.4
PVR, Wood units – – 10.3 ± 3.9
BNP, pg/ml – – 693.4 ± 285.2
LVEF, % – – 66.4 ± 7.7
CO, liter/min – – 3.5 ± 1.4

SLEDAI= Systemic Lupus Erythematosus Disease Activity Index;
WHO=World Health Organization; PASP= pulmonary artery systolic pres-
sure; PADP=pulmonary artery diastolic pressure; mPAP=mean pulmonary
artery pressure; PCWP=pulmonary capillary wedge pressure;
PVR=pulmonary vascular resistance; BNP=brain natriuretic peptide;
LVEF= left ventricular ejection fraction; CO= cardiac output.
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dislocation. Lung tissues were removed and fixed in 4% paraf-
ormaldehyde for H&E staining and immunohistochemical staining. The
ratio of the weight of right ventricle to that of the left ventricle (LV)
plus septum (S) was used to assess right ventricle (RV) hypertrophy.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Human sera were 1:100 diluted with distilled water before the
measurement. MIF concentrations were measured with the Human MIF
ELISA Kit (Thermo Scientific, USA) according to the manufacturer's
instructions. The plate was read with a microplate reader (Thermo
Scientific, USA) at the absorbance of 450 nm wavelength. Data were
analyzed with GraphPad Prism Version 6.00 (GraphPad Software, La
Jolla, CA, USA).

2.6. Immunohistochemistry (IHC)

Paraffin lung tissues were cut into 5-μm-thick sections. After de-
paraffinization and hydration, sections were incubated with primary
antibodies against α-smooth muscle actin (α-SMA, ab7817, Abcam,
USA), MIF (ab7207, Abcam, USA), or Ki67 (ab16667, Abcam, USA) at
appropriate concentrations. Diluted biotinylated secondary antibodies
were added, and sections were incubated at room temperature for
30min. Then sections were incubated in the Streptavidin-Biotin
Complex (SABC, BOSTER, Wuhan, China) for 20min. Finally, sections
were treated with diaminobenzidine (DAB) substrate solution until the
desired color intensity was achieved.

2.7. Cell culture

Mouse pulmonary artery smooth muscle cells (mPASMCs) were
purchased from the American Type Culture Collection (ATCC). Cells
were cultured in Dulbecco's modified Eagle's medium (DMEM) con-
taining 10% fetal bovine serum (FBS) and 100mg/ml of penicillin and
100 IU/ml of streptomycin and incubated at 37 °C in a humidified at-
mosphere (5% CO2 in air). Cells at passages 3–5 were used for experi-
ments. Before reagents were added to the plates, mPASMCs were
starved for 24 h by incubating in serum-free DMEM, then culture was
replaced in DMEM containing 1% FBS for further stimulation.

2.8. Cell counting kit 8 (CCK8) cell proliferation assay

mPASMCs were seeded in 96-well plates at a density of 3000 cells
per well. After 24 h of starvation, cells were stimulated with 20 ng/ml
of platelet-derived growth factor-BB (PDGF-BB, Pepro Tech, Rocky Hill,
USA) or exposed to 1% O2, and various concentrations (0, 10 nM,
100 nM, 1 μM, 10 μM) of MIF098 were used as treatments for 48 h.
Culture was removed, and DMEM containing 10% Cell Counting Kit-8
reagent (Dojindo, Kumamoto, Japan) was added into each well. The
absorbance at 450 nm was measured with a microplate reader (Thermo
Scientific, USA) after 2 h of incubation at 37 °C in the dark. Each group
included 6 wells, and means and standard deviations were calculated
after elimination of any outlying values (> 2 SDs).

2.9. EdU staining

The Cell-Light™ EdU Apollo®488 In Vitro Imaging Kit (Ribobio,
Guangzhou, China) was used to detect cell proliferation. After treat-
ments, cells were incubated with EdU (5-ethynyl-2′-deoxyuridine) for
2 h at 37 °C. Then, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100 for 20min. After washing 3
times with phosphate-buffered saline (PBS), cells were incubated with
1× Click-iT reaction cocktails for 1 h at room temperature. PASMC
nuclei were stained by Hoechst 33342 for cell enumeration. EdU-posi-
tive cells were visualized with an inverted fluorescence microscope
(Nikon, Japan) at a wavelength of 488 nm. Three randomly selected

views from each sample image were used to calculate the relative EdU-
positive ratio for quantification of the PASMC proliferative rate.

2.10. Cell migration assay

Cell migratory ability in vitro was evaluated by wound-healing assay
and a Transwell system. A scratch was made by p10 pipette tip on
confluent monolayer cells. After 24 h of treatment, photos were taken,
and the decreased width of the scratch was measured. The Transwell
migration system contained 12-μm polycarbonate membrane hanging
cell culture inserts (Costar, USA) in 24-well culture plates. Untreated
mPASMCs were starved for 24 h, then cells were digested and trans-
ferred into the upper inserts of plates at a number of 5×104 cells per
well. The 24-well plate was incubated for 12 h, and cells on the mem-
branes of the Transwell inserts were fixed with 4% paraformaldehyde.
After detaching non-migrated cells from the upper surface of inserts,
cells that migrated to the lower surface were stained with 0.3% crystal
violet (Beyotime, China) for 30min. Cells in 5 random fields were
counted under an optical microscope (Nikon, Japan).

2.11. Immunofluorescence

PASMCs were seeded on cover glasses in a 6-well plate. After 48 h of
incubation with stimuli, cells were fixed with 4% paraformaldehyde for
20min. Then, cells were treated with 0.3% Triton X-100 and 5%
normal goat serum in PBS for 1 h at room temperature. Diluted Ki67
(1:100 dilution, ab16667, Abcam, UK) primary antibody was added on
the glass, and cells were incubated in a humidified box at 4 °C over-
night. Cells were incubated with the recommended dilution of the
secondary antibody (Alexa Fluor® 488 Conjugate, Cell Signaling
Technology, 8494S, USA) at room temperature for 1 h. DAPI was used
to stain nucleus for 5min. Photos were taken under a fluorescence
microscope (Nikon, Tokyo, Japan).

2.12. Picrosirius red staining and Masson trichrome staining

Picrosirius Red staining and Masson trichrome staining was used to
determine the content of collagen in tissues. For Picrosirius Red
staining, paraffin sections were de-waxed, hydrated, and stained with
hematoxylin and Picrosirius Red. Sections were observed under an
optical microscope (Nikon, Japan). The protocol of Masson trichrome
staining was described previously [31]. Images were analyzed using
Image-Pro Plus software (National Institutes of Health, USA).

2.13. Immunoblotting

PASMC lysates were extracted by ice-cold radio-
immunoprecipitation assay (RIPA) buffer (Beyotime, China) containing
1% phenylmethanesulfonyl fluoride (Beyotime, China). Protein samples
were subjected to electrophoresis in sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), then transferred to poly-
vinylidene difluoride membranes (Millipore, USA). After blocking in
5% skim milk for 60min at room temperature, membranes were in-
cubated with the primary antibodies against MIF (1:2000 dilution,
ab7207, Abcam, UK), P53 (1:1000 dilution, ab131442, Abcam, UK),
P21 (1:1000 dilution, ab188224, Abcam, UK), Cyclin D1 (1:1000 di-
lution, ab134175, Abcam, UK), CDK4 (1:1000 dilution, ab108357,
Abcam, UK), CDK6 (1:1000 dilution, ab124821, Abcam, UK), p-ERK1/2
(1:1000 dilution, Cell Signaling Technology, 4370, USA), ERK1/2
(1:1000 dilution, Cell Signaling Technology, 4695, USA), Collagen I
(1:1000 dilution, ab34710, Abcam, UK), Collagen II (1:1000 dilution,
ab34712, Abcam, UK), Fibronectin (1:1000 dilution, ab2413, Abcam,
UK), p-Smad2 (1:1000 dilution, ab53100, Abcam, UK), p-Smad3
(1:1000 dilution, ab52903, Abcam, UK), Smad2/3 (1:1000 dilution,
Santa-Cruz, sc-133,098, USA) or β-actin (1:1000 dilution, Cell Signaling
Technology, 3000 T, USA) at 4 °C overnight. Membranes were

H. Huang, et al. International Immunopharmacology 76 (2019) 105874

3



subsequently incubated with appropriate horseradish peroxidase-con-
jugated secondary antibodies (1:5000 dilution, Cell Signaling
Technology, 7074 or 7076, USA) for 1 h at room temperature. Protein
bands were visualized using enhanced chemiluminescence (Tanon
5200, China).

2.14. SiRNA transfection

mPASMCs were transfected with small-interfering RNA (siRNA)
according to the manufacturer's instructions (Ribobio, China) after cells
reached 30–40% confluence. Further treatment was performed after
mPASMCs had been transfected with siRNA for 48 h.

2.15. Data analysis

All values were expressed as means ± standard error of mean.
Group comparisons were evaluated by unpaired Student's t-test.
Pearson's correlation analyses were performed when indicated. P va-
lues< 0.05 or less were considered statistically significant. All analysis
was performed using Graphpad Prism 6.0 software (Graphpad
Software, Inc., La Jolla, CA, USA) and SPSS software version 20.0
(SPSS, Inc., USA).

3. Results

3.1. MIF levels are increased in sera of SLE-PAH patients, as well as in high-
RVSP SLE mice and in the pulmonary arteries of hypoxia-induced mice

We examined circulating MIF in SLE-PAH patients and compared
them to SLE subjects without PAH but similar Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) scores. There was a
significant increase of circulating MIF in SLE-PAH patients' sera when
compared with SLE patients without PAH or healthy donors (Fig. 2A).
The correlations between circulating MIF and PASP, mPAP, or BNP in
SLE-PAH patients were also analyzed by Pearson's correlation analysis.
Circulating MIF levels were positively correlated with PASP (r= 0.524,
p=0.045, Fig. 2B). However, there was no correlation between MIF
levels and mPAP (r= 0.184, p= 0.512, Fig. 2C); nor was correlation
found between circulating MIF and BNP (r= 0.069, p=0.806, Fig. 2D)
in SLE-PAH patients.

We examined the right ventricular systolic pressure (RVSP) of 16-
week-old spontaneous SLE mice (MRL/lpr) by right heart catheteriza-
tion (RHC). High-RVSP (30.87 ± 0.56mmHg) SLE mice served as SLE-
PAH mice, and low-RVSP (22.41 ± 1.87mmHg) SLE mice were stu-
died as controls (Fig. 2E). The pathological characteristics of PAH were
typical in high-RVSP SLE mice, with a significantly thicker media wall
of distal pulmonary arteries in this group of mice (Fig. 2G). To better
understand MIF expression at PA in the pathogenesis of SLE-PAH, we
examined the protein expression pattern of MIF at PA from SLE-PAH
mice. We observed an increase of MIF protein in pulmonary smooth
muscle cells of SLE-PAH mice when compared to low-RVSP SLE mice
(Fig. 2H). We also found MIF to be highly expressed in PASMC of hy-
poxia-induced C57BL/6J mice (Fig. 2H), which is in agreement with
previously published data, and similar to that SLE-PAH mice versus SLE
mice. Because of the variability in the development of PAH in sponta-
neous MRL/lpr SLE mice, further studies were performed with hypoxia-
induced C57BL/6J mice in the following study.

3.2. MIF098 attenuated the process of hypoxia-induced pulmonary arterial
hypertension of C57BL/6J mice

After 4 weeks of exposure, hypoxia-induced C57BL/6J mice showed
a significant increase of RVSP, as examined by right heart catheter-
ization (Fig. 3A). In addition, the percentage of medial wall thickness,
muscularization and cardiac fibrosis were increased compared with
normoxic counterparts (Fig. 3C–G). The RV / (LV+S) ratio was

obviously higher in PAH mice (Fig. 3E). Notably, we observed that daily
treatment with the pharmacologic MIF antagonist MIF098 (40mg/kg)
reduced RVSP, RV/(LV+ S) ratio, percentage medial wall thickness,
and muscularization, as well as right ventricle collagen deposition
when compared with PAH mice receiving vehicle (Fig. 3A–G).

3.3. MIF098 inhibited mPASMC proliferation in in vivo and in vitro
experiments

To better demonstrate the mechanism of MIF098 in ameliorating
the pulmonary artery pathological process in PAH mice, lung samples
from PAH, MIF098 treated-PAH, and control group mice were studied
by IHC. PAH mice were found to have an increasing number of pro-
liferative PASMCs compared with control mice. However, daily MIF098
injection reduced the percentage of proliferating cells, as stained with
Ki67 (Fig. 4A), and observed by immunofluorescence. As we can see in
Fig. 4C, Ki67 were downregulated by MIF098 in spite of the stimulation
of PDGF-BB, a well-recognized reagent used for promoting cell pro-
liferation in studying PAH. The effect of MIF098 on cell proliferation
was proven in in vitro experiments. As shown in the CCK-8 assay, 20 ng/
ml of PDGF-BB or 1% O2 hypoxia significantly promoted mPASMC
proliferation compared with the vehicle-treated group. However,
MIF098 inhibited stimulus-induced proliferation in a concentration-
dependent manner (Fig. 4E and F). Similar results were observed by
EdU staining shown in Fig. 4G and I. In addition, MIF098 did not inhibit
the proliferation of MIF-deficient mPASMCs, indicating that MIF098
decreased the proliferation of mPASMCs by blocking the MIF pathway
(Supplementary Materials Fig. S1A). We also found that cell-cycle re-
lated proteins, such as CyclinD1, CDK4, and CDK6 were upregulated by
PDGF-BB or exposed to 1% O2 condition but decreased by 10 μM
MIF098 after 48 h of treatment (Fig. 5A and C). The level of P53, P21,
or P27 proteins, associated with cell-cycle arrest, were downregulated
by PDGF-BB or hypoxia treatment, and the P53 and P21 protein in-
creased when incubated together with MIF antagonist MIF098 (Fig. 5A
and C).

3.4. MIF098 inhibited mPASMC migration induced by PDGF-BB

Pulmonary smooth muscle cell migration is an important feature in
PAH development. As shown in Fig. 6A, more cells migrated to the
lower membrane in Transwells after stimulation with PDGF-BB for 12 h
compared with vehicle-treated cells. Migration was reduced by co-in-
cubation with MIF098. The wound-healing assays supported the results
of Transwell assay, MIF098 reduced the width of the scratch compared
to the untreated with PDGF-BB stimulated group (Fig. 6C). We found
that MIF098 did not inhibit the migration of MIF-deficient mPASMCs,
indicating that MIF098 prevents mPASMC migration by blocking the
MIF pathway (Supplementary Materials Fig. S1C). By western blotting,
MIF098 decreased p-ERK1/2 and p-AKT expression, which was upre-
gulated by PDGF-BB in 60min (Fig. 6E). In addition, p-ERK1/2 and p-
AKT are also important regulators in cell proliferation, indicating that
MIF098 can reduce cell proliferation by inhibiting MAPK/ERK1/2 and
AKT pathways.

3.5. MIF098 reduced collagen synthesis and pulmonary artery fibrosis

Aberrant deposition of fibronectin and collagen in pulmonary artery
is an important characteristic of vascular remodeling in pulmonary
arterial hypertension. Masson's trichrome staining showed that hy-
poxia-induced PAH mice had a significantly higher percentage of col-
lagen fibers in PA than control group mice, which was attenuated by
MIF098 treatment for 4 weeks (Fig. 7A). The TGFβ1/Smad2/Smad3
pathway plays a pivotal role in collagen synthesis and accumulation.
Mouse TGFβ1 induced collagen synthesis or fibrosis in PASMC, as de-
tectable by western blotting for fibronectin, collagen I, and collagen II,
which were upregulated at 72 h recombinant TGFβ1 (10 ng/ml)
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stimulation. The production of these proteins was decreased by MIF098
treatment (Fig. 7C). MIF098 also had the effect of reducing TGFβ1-in-
duced Smad2 and Smad3 phosphorylation (Fig. 7E). Taken together,
these data support the conclusion that the MIF antagonist MIF098 re-
duces collagen synthesis and fibrosis in pulmonary arteries by in-
hibiting the TGFβ1/Smad2/3 pathway.

4. Discussion

Pulmonary arterial hypertension is a serious complication that
markedly increases morbidity and mortality in patients with SLE [32],
and the prognosis of SLE-associated PAH is poor compared with idio-
pathic PAH [4]. Conventional therapies as well as immunosuppression
can reduce morbidity and prolong survival of SLE-PAH. However, the
pathological process of this disease cannot be reversed. In the present
study, we found that MIF expression is elevated in the serum of PAH
patients with SLE compared with SLE patients without PAH, and also

elevated in the pulmonary arteries of SLE-PAH mice. We also found that
circulating MIF had a positive correlation with PASP in SLE-PAH pa-
tients. Pharmacologic MIF antagonism with MIF098 decreased RVSP of
hypoxia-induced PAH mice and attenuated PA thickness and right
ventricle hypertrophy. These effects were associated with an inhibition
of PASMC proliferation, migration, and fibrosis.

There are no reliable biomarkers to indicate or evaluate SLE-asso-
ciated PAH in a clinical setting. Antiphospholipid antibodies may
contribute to the pathogenesis of SLE-PAH [2], and high levels of uric
acid are associated with pulmonary hypertension [33]. The endothelin
receptor type A (ERTA) autoantibody has also been found to be a po-
tential biomarker of mechanistic relevance in SLE and mediate PAH
development in SLE. ERTA also aggravates right ventricular hyper-
trophy and vascular remodeling in a monocrotaline-induced rat PAH
model [34]. The role of MIF in SLE-associated PAH remains poorly
understood, although the MIF/CD74 signaling axis has been implicated
in contributing to a dysfunctional endothelial response in PAH (Le

Fig. 2. MIF was elevated in SLE-PAH patients' serum and in the pulmonary arteries of high-RVSP SLE mice. (A) Circulating MIF in SLE-PAH patients (n=15) is
higher than in SLE patients (n=15) and healthy donors (n=10). (B)–(D) Correlation analysis between circulating MIF and PASP, mPAP, or BNP in SLE-PAH
patients (n=15). (E)-(G) High-RVSP SLE mice (30.87 ± 0.56mmHg, n= 3) and low-RVSP SLE mice (22.41 ± 1.87mmHg, n= 3) were chosen for analysis. The
distal pulmonary artery wall in high-RVSP MRL/lpr mice is thicker than in low-RVSP lpr mice. (H)(I) MIF protein is highly expressed in the pulmonary arteries of
high-RVSP MRL/lpr SLE mice, and hypoxia-induced C57BL/6J mice (n= 3). *p < 0.05, **p < 0.01.
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Hiress et al.). Neutralizing MIF or its receptor CD74 by antibodies or
small molecule antagonists improves outcome in numerous animal
models of human disease, and anti-CD74 is currently in phase II clinical
testing (Wallace et al. Lupus Sci & Med). It has been well demonstrated
that the circulating MIF level is positively correlated with disease ac-
tivity and organ damage of SLE [35,36]. Previous studies have in-
dicated that MIF proteins are increased in pulmonary endothelial cells
and smooth muscle cells in iPAH animal models [24], and high ex-
pression MIF alleles have been linked to PAH in systemic sclerosis [37].
Right ventricle systolic pressure was downregulated, and the patholo-
gical process of PA was partially prevented when PAH model animals
were treated with the first generation of MIF antagonist ISO-1 or anti-

CD74 [24]. The present data indicated that the MIF level was higher in
SLE-PAH patients' serum than that of healthy donors and SLE patients
with similar disease severity. Circulating MIF had a positive correlation
with PASP (r= 0.524, p=0.045) in SLE-PAH patients. Additionally, in
high-RVSP SLE mice, MIF protein in pulmonary arteries was also ele-
vated compared with lower RVSP SLE mice. These results indicated that
circulating MIF may have the potential to be a biomarker in SLE-asso-
ciated PAH, and MIF may promote the PA pathological process of SLE-
associated PAH.

Notably, we found that MIF proteins were also increased in pul-
monary arteries in hypoxia-induced PAH mice, which is coincident with
high-RVSP SLE mice versus low-RVSP SLE mice. We found that daily

Fig. 3. MIF098 attenuates hypoxia-induced PAH and pathology in C57BL/6J mice. (A)(B) Daily treatment with MIF098 decreases RVSP of PAH mice. (C)(D) MIF098
inhibited medial wall thickness and muscularization of PAH mice. (E)-(G) MIF098 inhibits right ventricle hypertrophy and collagen deposition in hypoxia-induced
mice. N= 4–7 in different groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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intraperitoneal injection of MIF098 not only decreased RVSP, but also
reduced mitigated pulmonary artery hypertrophy and right ventricular
damage in PAH mice. These results were mostly benefited from the
relief of pulmonary artery remodeling, generally regarded as the most
important pathological mechanism in PAH, which is characterized by
PASMC hyperproliferation, muscularization, and fibrosis [12]. PASMC
proliferation induces distal pulmonary artery hypertrophy and narrows
the pulmonary artery lumen which, together with increased collagen
deposition, increases pulmonary artery stiffness. As PA pressure be-
comes elevated, the right ventricle becomes hypertrophic or even fails.
Accordingly, therapeutic approaches should aim to reduce abnormal
changes of pulmonary artery smooth muscle cells. The antiproliferative
function of MIF098 to PA was evidenced by a less thick pulmonary
medial layer in PAH animals, as well as the reducing expression of Ki67
in PA [38]. The result was confirmed in the PDGF-BB- or hypoxia-
challenged cell experiment in CCK8, EdU, and immunofluorescence

assays. It has been reported in some studies that MIF promotes cell
proliferation or cell survival by activating the MAPK/ERK1/2 and AKT
pathways [17,39], and cell cycle progression is considered of biological
relevance in PAH [40]. Supporting our hypothesis, we found that MIF
antagonist MIF098 inhibited the expression of p-ERK1/2, p-AKT, and
essential cell-cycle related proteins, such as CyclinD1, CDK6, and CDK4.
MIF098 also induced elevation of the P53, P21, and P27 cell-cycle ar-
rest proteins in PASMCs.

PASMC migration also contributes to pulmonary artery remodeling
in PAH [40], and inhibiting MIF using MIF098 reduced the migration of
PASMCs in the challenge of PDGF-BB. Pulmonary artery fibrosis is an
essential characteristic of PA in PAH, since too much collagen deposi-
tion in the medial layer is detrimental to the pulmonary artery com-
pliance [41]. In line with the vasoconstriction theory, it was demon-
strated that SLE-PAH patients have increased arterial stiffness (assessed
by brachial–ankle pulse wave velocity), and this was an independent

Fig. 4. MIF098 inhibits mPASMC proliferation. (A)(B) Ki67 positive smooth muscle cells are increased in PAH mice and MIF098 decreases the proportion of cells in
treated PAH mice (n= 3). (C)(D) MIF098 reduced Ki67 positive mPASMCs stimulated by PDGF-BB (n= 3). (E)(F) MPASMC proliferation is decreased by MIF098 in a
dose-dependent manner of both in PDGF-BB and 1% O2 induced cell proliferation assays. N=4 in each group. (G)–(J) MIF098 inhibits mPASMC proliferation
induced by PDGF-BB or hypoxia in EdU assay (n=3 in each group). *p < 0.05, **p < 0.01, ***p < 0.001, ****P < 0.0001.
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Fig. 5. Impact of MIF098 on cell-cycle related proteins in PDGF-BB- or hypoxia-stimulated cells. (A)(B) MIF098 reduces cell-cycle related protein (CyclinD1, CDK6,
CDK4) and upregulated cell-cycle arrest protein (P53, P21, P27) expression after PDGF-BB stimulation (n= 4). (C)(D) MIF098 reduces CyclinD1, CDK6 and up-
regulates P53 and P21 expression in hypoxic conditions (n= 4). *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 6. MIF098 inhibits PDGF-BB-induced mPASMC migration. (A)(B) MIF098 reduces the number of migrated PASMCs in Transwell assays. N= 3 in each group. (C)
(D) MIF098 decreases the healing size of mPASMCs in wound-healing assay induced by 24 h of PDGF-BB treatment (n= 3 in each group). (E)–(G) Cell migration
related protein p-AKT and p-ERK1/2 are downregulated by MIF098 (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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predictor of PAH [42]. The function of MIF in promoting fibrosis has
been reported previously [43], and the present study demonstrated that
MIF expression was elevated patients' lungs with idiopathic pulmonary
fibrosis [44]. Four weeks of hypoxia induced collagen synthesis in PA of
PAH mice, which was reduced by daily MIF098 treatment. Our data
suggested that the reduction was due to MIF inhibition of a TGFβ1/
Smad2/3-dependent pathway for fibronectin and collagen I and II ex-
pression.

5. Conclusions

This study is the first to highlight MIF in SLE-associated pulmonary
arterial hypertension, and it provides evidence for the efficiency of
MIF098, an MIF antagonist, in preventing PAH in animal model and cell
experiments. In summary, MIF098 inhibits the pathological progression
of PAH, mainly by inhibiting the proliferation, migration, muscular-
ization and fibrosis of pulmonary artery smooth muscle cells.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105874.
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