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Scientific knowledge on the subject
• Inflammatory processes are prominent in various types of human and experimental
pulmonary hypertension (PH) and are increasingly recognized as major pathogenic
components of pulmonary vascular remodeling.
• CD74 (invariant chain, Ii) demonstrates high-affinity binding to the pro-inflammatory
cytokine macrophage migration-inhibitory factor (MIF), and the MIF homologue Ddopachrome tautomerase (DDT).
• This ligand/receptor complex initiates survival pathways and cell proliferation, triggers the
synthesis/ secretion of major pro-inflammatory factors and cell adhesion molecules.
What this study adds to the field
• Dysfunctional pulmonary endothelial cells (ECs) from idiopathic PH patients exhibit a
steady state pro-inflammatory phenotype in situ and in vitro.
• The pro-inflammatory cytokine MIF and the endothelial receptor CD74 are increased in
human and experimental PH and contribute to the endothelial pro-inflammatory phenotype
and to an exaggerated recruitment of PBMCs to pulmonary PAH ECs.
• Daily curative treatment of rats with the MIF antagonist ISO-1 or with anti-CD74
neutralizing antibodies started 2 weeks after a subcutaneous monocrotaline injection
substantially attenuates the abnormal pulmonary endothelial pro-inflammatory phenotype
and partially regresses established PH.
These findings offer new insight into the importance of MIF/CD74 complex in PH. We provide
the first in situ and in vitro demonstration that pulmonary ECs from idiopathic PH patients
exhibit a steady state pro-inflammatory phenotype. Furthermore, our findings underscore for
the first time the critical role of MIF and CD74 in this process. These results strongly support
that MIF and its signaling through CD74 are key players at the crossroad of inflammation,
cancer-like phenotype and endothelial dysfunction in PAH pathogenesis.
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ABSTRACT
Rationale: Inflammation and endothelial dysfunction are considered two primary instigators
of pulmonary arterial hypertension (PAH). CD74 is a receptor for the pro-inflammatory
cytokine macrophage migration-inhibitory factor (MIF). This ligand/receptor complex initiates
survival pathways and cell proliferation, triggers the synthesis/secretion of major proinflammatory factors and cell adhesion molecules.
Objectives: We hypothesized that MIF/CD74 signaling pathway is over-expressed in
idiopathic PAH (iPAH) and contributes to a pro-inflammatory endothelial cell (EC) phenotype.
Measurements and Main Results: In human lung tissues, ICAM-1, VCAM-1, and E-selectin
expressions are markedly up-regulated in endothelium of distal iPAH pulmonary arteries.
Circulating MIF levels are increased in serum of PAH patients as compared to controls and
T-cell lymphocytes represent a source of this overabundance. In addition, CD74 is highly
expressed in the endothelium of muscularized pulmonary arterioles and in cultured
pulmonary ECs from iPAH, contributing to an exaggerated recruitment of peripheral blood
mononuclear cells (PBMCs) to pulmonary iPAH ECs. Finally, we found that curative
treatments with the MIF antagonist ISO-1 or anti-CD74 neutralizing antibodies partially
reverse development of pulmonary hypertension in rats and substantially reduced
inflammatory cell infiltration.
Conclusions: We report here that CD74 and MIF are markedly increased and activated in
iPAH patients, contributing to the abnormal pro-inflammatory phenotype of pulmonary ECs in
iPAH.

Word count: 206 words
Keywords: pulmonary hypertension • endothelial dysfunction • macrophage migration
inhibitory factor • CD74 signaling pathway • adhesion molecules
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a rare and severe disease characterized by
vascular proliferation and remodeling of the small pulmonary arteries leading to a
progressive increase in pulmonary vascular resistance and ultimately to right ventricular
failure and death. PAH constitutes a heterogeneous group of clinical entities sharing similar
physiopathological mechanisms, whereas idiopathic PAH (iPAH) corresponds to sporadic
disease in which there is neither a family history of PAH nor an identified risk factor (1, 2).
Although the exact mechanisms leading to the onset and progression of PAH are still largely
unclear, a complex interplay between pulmonary endothelial dysfunction and inflammation is
strongly suspected to influence the development of the disease (3). However, the underlying
mechanisms linking characteristics of dysfunctional pulmonary endothelium and the
development of PAH have not been fully elucidated.
CD74 (invariant chain, li) is a non-polymorphic transmembrane glycoprotein that
exists in different isoforms and plays a major role in regulating the trafficking of major
histocompatibility complex (MHC) class II proteins in antigen-presenting cells (4). However,
CD74 can also be expressed in the absence of the MHC class II protein (2-5%) and has
recently been reported to be a high-affinity binding protein for the pro-inflammatory cytokine
macrophage migration inhibitory factor (MIF), providing evidence for a role in signal
transduction pathways (4, 5). The lung is a major source of MIF, which is released upon
stimulation by stress, endotoxins, inflammatory and immune stimuli and plays a pivotal
upstream role in the inflammatory cascade by promoting the release of other inflammatory
cytokines (tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, IL-8, IL-12, interferon-γ...)
(6-8). Stimulation of CD74 initiates a signaling cascade through the sustained and transient
activation of the mitogen-activated protein kinases (MAPKs), extracellular signal-regulated
kinase (ERK)1 and ERK2, protein kinase B (Akt) and nuclear factor (NF)-κB, leading to
leukocytic integrin activation, cell proliferation, and survival and induction of pro-inflammatory
gene expression (5, 7, 9-13). CD74 is known to be present in limited amounts in endothelial
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cells (ECs) in physiological conditions and overexpressed in certain physiopathological
conditions (26). However, the endothelial MIF/CD74 expression and activity patterns and its
contribution to PAH progression remain unanswered questions. Therefore, we hypothesized
that endothelial CD74 could be a key molecule at the crossroad of inflammation and
pulmonary endothelial dysfunction in PAH, contributing to the endothelial pro-inflammatory
phenotype. We investigated: 1) the endothelial pro-inflammatory activation state in iPAH in
situ and in vitro; 2) the MIF levels in the serum of iPAH patients and controls; 3) the in situ
CD74 protein expression within walls of iPAH and control pulmonary arteries; 4) whether or
not intrinsic abnormalities in the endothelial CD74 signaling pathway are a characteristic of
pulmonary ECs (P-ECs) from iPAH patients; 5) whether or not the abnormal CD74 activation
in P-ECs can contribute to the pulmonary endothelial pro-inflammatory phenotype, through
modulation of the expression of proteins involved in leukocyte recruitment or adhesion; 6) the
MIF levels in the serum and the CD74 protein expression in two rodent models of pulmonary
hypertension (PH); 7) the efficacies of curative treatments with either the MIF antagonist
ISO-1 or anti-CD74 neutralizing antibodies on the aberrant pro-inflammatory endothelial
phenotype in vitro and in vivo and on the progression of monocrotaline (MCT)-induced PH.

METHODS
Study population
For the in vitro and in situ studies, we used lung specimens obtained during lung
transplantation in patients with iPAH or heritable PAH (hPAH) and during lobectomy or
pneumonectomy for localized lung cancer in control subjects (Supplemental Table 1 for
clinical data). The lung specimens from the controls were collected at a distance from the
tumor foci. This study was approved by the local ethics committee (CPP Ile-de-France VII, Le
Kremlin-Bicêtre, France). All patients gave informed consent before the study.
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Isolation, culture and functional analyses of human pulmonary endothelial cells (PECs)
Human P-ECs were isolated and cultured as previously described (14-19). The isolated PECs were strongly positive for acetylated low-density lipoprotein coupled to Alexa 488
(Alexa488-Ac-LDL), von Willebrand factor (vWF), CD31, and for Ulex europaeus agglutinin-1
(UEA-1) and negative for alpha-smooth muscle actin (a-SMA) (Supplemental Fig S1). To
suppress CD74 expression, P-ECs were transfected using lipofectamine RNAiMAX with 100
nM of CD74 siRNA or with a scrambled sequence (Invitrogen, Cergy-Pontoise, France). To
overexpress CD74, P-ECs were transfected using lipofectamine 2000 with 1 µg of a fulllengh human CD74 (p35 isoform) construct in the pcDNA 3.1/v5-His/CD74 plasmid (20)
kindly provided by Pr. Richard Bucala (Yale University School of Medicine, New Haven, CT,
USA) or with 1 µg of pcDNA 3.1/v5-His/LacZ plasmid. The cells were studied within 3 days
after transfection. Suppression or overexpression of CD74 levels was documented 72 hours
after transfection. Human peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood of control patients using Ficoll density gradient centrifugation and labeled with
dichlorofluorescein (Molecular Probes, Cergy-Pontoise, France). PBMCs (1x106 cells/ 6-wellplate) were added for 3h to confluent iPAH or control EC monolayers previously labeled with
CellTrackerTM probes (Molecular probes) and preincubated or not for 24 h with recombinant
human MIF (100 ng/ml, Raybiotech, Le Perray en Yvelines, France). Non-adherent PBMCs
were then removed and nuclei labeled with DAPI. The total number of adherent PBMCs was
determined in 3 randomly high-powered fields/ well acquired with a fluorescence microscope
Nikon Eclipse 80i and NIS-Elements BR 2.30 software. Migration of PBMCs was assayed in
24-well cell-culture chambers using inserts with 3-µm pore membranes as previously
described (18, 19). Briefly, conditioned media with similar pH from confluent control and
iPAH P-EC monolayers, collected at 24 hours and used pure, were added to the lower
compartment of a modified Boyden chamber, while freshly human PBMCs isolated from
whole blood of control patients were placed to the upper compartment for 4 hours. The
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numbers of migrating PBMCs that migrated to the lower compartment were counted by flow
cytometry after Hoechst 33342 staining.
Total RNA isolation and real-time quantitative PCR
The mRNA expression of IL-1a, IL-1b, IL-6, IL-8, IL-12, monocyte chemoattractant protein-1
(MCP)-1, intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule
(VCAM)-1, P-selectin and E-selectin was measured by real-time quantitative PCR as
previously described (15, 19, 21). Relative quantification was calculated by normalizing the
Ct (threshold cycle) of the gene of interest to the Ct of 18S in the same sample, according to
the comparative CT method (ΔΔCT method).

Flow cytometry analyses
After blood samples withdrawal, PBMCs from iPAH patients and controls were obtained by
Ficoll density gradient centrifugation using standard UNI-SEP+ system (Eurobio,
Courtaboeuf, France). The cells were carefully washed with PBS and resuspended in a
staining buffer containing 5% of BSA. The cells were fixed then fluorescently labeled with the
following antibodies under permeabilized conditions (IntraPrep, following manufacturer’s
instructions, Beckman Coulter, Nyon, Switzerland): fluorophore conjugated monoclonal antiCD19, monoclonal anti-CD3, monoclonal anti-CD14 (Becton Dickinson, Le Pont de Claix,
France), and polyclonal anti-MIF (BIOSS, Montluçon, France). Flow cytometry gating
conditions and the mean fluorescence intensity (MFI) were set and normalized, respectively,
against isotype- and fluorophore-matched non-immune immunoglobulins (IgGs). Flow
cytometry data were acquired with a flow cytometer (MACSQuant, Miltenyi Biotec, Paris,
France) and analyzed by FlowJo software program (Tree Star, Inc).

Western blot, ELISA, and Immunostaining
Cells/tissues were homogenized and sonicated in PBS containing protease and phosphatase
inhibitors and 30 µg of protein was used to detect CD74 (Santa Cruz, Dallas, TX, USA) and
β-actin (Sigma-Aldrich, Saint-Quentin Fallavier, France) as previously described (19).
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Concentrations of IL-6, and MCP-1 in serum were evaluated using Quantikine (R&D
Systems, Lille, France) according to the manufacturer instructions. Immunohistochemistry
and immunocytofluorescent staining for ICAM-1 (Santa Cruz), VCAM-1 (Abcam, Paris,
France), E-selectin, a-SMA (Santa Cruz), CD3, CD45 (BD Pharmingen, Le Pont de Claix,
France) and CD68 (Santa Cruz) were performed as previously described (15, 19, 22).
Images were taken using LSM700 confocal microscope (Zeiss, Marly Le Roi, France).
Quantifications of the mean fluorescence intensity (MFI) for endothelial ICAM-1, VCAM-1
and E-selectin were performed in vWF+ cells of 5-10 remodeled vessels per subjects (n=8 for
each groups) using Zen software (Zeiss, Marly Le Roi, France) or in P-ECs using a 60 x
objective viewing fields using ImageJ (National Institutes of Health, Bethesda, MD, USA).

Rodent models of pulmonary hypertension
Animal studies were approved by the administrative panel on animal care at the Univ. ParisSud, Le Plessis-Robinson, France. Young male Wistar rats (100 g, Janvier Labs, Saint
Berthevin, France) were either studied 3 weeks after a single subcutaneous injection of
monocrotaline (MCT) (60 mg/kg; Sigma-Aldrich) or vehicle (21), or 3 weeks after chronic
exposure to hypoxia (10% oxygen) or in room air (23). Two weeks after a single
subcutaneous injection of MCT, rats were randomly divided into 3 groups and treated for 2
weeks with daily intraperitoneal injections of (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5isoxazole acetic acid methyl ester (ISO-1) (at a dose of 10 or 30mg/kg/day) and vehicle (a
50:50 mix of normal saline and dimethyl sulfoxide (DMSO)). In an additional experiment,
MCT-injected rats were randomly divided into 4 groups and treated with 3 intraperitoneal
injections of anti-CD74 neutralizing antibodies (Santa Cruz) (15 or 30µg/kg), IgG isotype
(Santa Cruz) (30µg/kg) during 1 week. Animals were anesthetized with isoflurane. A polyvinyl
catheter was introduced into the right jugular vein and pushed through the right ventricle into
the pulmonary artery. Cardiac output in rats was measured using the thermodilution method.
After measurement of hemodynamic parameters, the thorax was opened and the left lung
immediately removed and frozen. The right lung was fixed in the distended state with
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formalin buffer. The right ventricular hypertrophy assessed by the Fulton index [weight ratio
of right ventricle (RV) and (left ventricle (LV) + septum)] and the percentage of wall thickness
[(2 × medial wall thickness/ external diameter) × 100] and of muscularized vessels were
determined as previously described (15).
Cardiac fibrosis analyses
Heart from MCT-injected rats or control rats were deparaffinized, and stained for collagen
using Picrosirius red staining. Three randomly selected fields from transversally sectioned
tissue were used. Fibrosis areas of both right and left ventricle myocardium were quantified
using ImageJ software and expressed as collagen area fraction.
Statistical Analyses
The data are expressed as mean ± SEM. Statistical significance was tested using the
nonparametric Mann-Whitney test or two-way ANOVA with Bonferroni post hoc tests.
Significant difference was assumed at a p value of < 0.05.

RESULTS
Pulmonary ECs from iPAH patients exhibit a steady state pro-inflammatory phenotype
To determine whether the pulmonary endothelium in PAH is characterized by a transition
from a quiescent state (without adhesion capacity) to an activated state with adhesive
capacity, confocal microscopic analyses and double labeling with either ICAM-1, VCAM-1
and E-selectin were used to investigate the adhesion molecule expression on P-ECs in lung
specimens from 8 patients with iPAH and 8 control subjects (Supplemental Table 1). We
found strong staining for these adhesion molecules in paraffin-embedded lungs of patients
with iPAH when compared with controls (Figure 1). Interestingly, we found strong ICAM-1
(Figure 1A, 1D and Supplemental Fig S2), VCAM-1 (Figure 1B, 1D and Supplemental Fig
S2), and E-selectin (Figure 1C, 1D and Supplemental Fig S2) expressions within the
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endothelium of distal pulmonary arteries from patients with iPAH as compared with a weak
staining within the endothelium of control specimens.
Consistent with these in situ observations, we found that freshly isolated human P-ECs from
iPAH patients exhibited also a marked pro-inflammatory transcriptional signature. Primary
early (< 3) passage cultures of human ECs isolated from lung tissues obtained from iPAH
patients displayed higher expressions of IL-1α, IL-6, IL-8, IL-12, MCP-1, E-selectin, ICAM-1,
P-selectin, and VCAM-1 as compared to control cells (Figure 2A, Supplemental Table 1, and
Fig S1). To investigate the functional consequences of these gene expression changes,
modified Boyden chamber assays were first used to study the ability of P-ECs from iPAH and
controls to attract leukocytes. We noted that the migratory capacity of PBMCs was
substantially increased (up to 4-fold) in presence of conditioned media of quiescent cultured
human P-ECs from patients with iPAH when compared with conditioned media of control
cells (Figure 2B). In addition, we also found that the amount of bound PBMCs on confluent
cell monolayers is about 2- to 3-times higher when iPAH ECs were used as compared to
control ECs (69±13 versus 35±11 adherent PBMCs per field in absolute numbers) (Figure
2C).
Increased expression patterns of MIF and CD74 in iPAH patients
A substantial increase in circulating MIF protein levels was observed in the serum of PAH
patients compared with controls (147±14 versus 66±7 ng/mL respectively; p<0.001) (Figure
3A and Supplemental Table 2) [No significant difference was noted between iPAH and hPAH
patients (p=0.20, NS; Supplemental Fig S3)]. In contrast, circulating protein levels of the MIF
homologue D-dopachrome tautomerase (DDT) were similar to levels found in a control
population (7,4±2.2 versus 4.6±1.0 ng/mL respectively; NS) (Figure 3A). Furthermore, we
were able to show that T-cell lymphocytes represent a source of this overabundance in iPAH
(Figure 3B). In normal tissues, expression of CD74 is limited to B cells, monocytes,
macrophages, dendritic cells and epithelial cells of endodermal and mesodermal origin (24,
25). Consistent with this knowledge, our data show several CD74 positive cells in the
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pulmonary perivascular area in normal and iPAH lung tissues (Figure 3C and Supplemental
Fig S4). In addition, it is also known that CD74 is present in limited amounts in ECs in
physiological conditions (24). However, Richard et al. recently found an increased endothelial
expression of CD74 in human breast cancer (26). Interestingly, we also noted a strong CD74
staining within the endothelium of distal-pulmonary arteries from iPAH patients (arrows),
contrasting with a negative or a weak staining for CD74 in control lung tissues (increased by
about 2.1±0.3, p=0.0037; n=7-8 patients) (Figure 3C and Supplemental Fig S4). These in situ
observations were maintained in vitro, with cultured P-ECs from iPAH patients exhibiting
increased CD74 protein expression levels as compared to control cells (Figure 3D).
MIF/ CD74 is involved in the endothelial pro-inflammatory phenotype and leukocyte
recruitment in PAH
Leukocyte recruitment and arrest are central steps in inflammatory reactions and associated
diseases, including PAH (27-29). To study the effect of endothelial CD74 signaling on
leukocyte recruitment, subsequent studies were carried out using confluent P-EC
monolayers from iPAH and control patients and exogenous MIF. We found that expressions
of E-selectin, VCAM-1, ICAM-1 and secretions of endothelial-derived IL-6 and MCP-1 were
substantially increased following MIF pretreatment (for 24 hours) in control P-ECs (Figure 4A
and B). Consistent with these observations, we found that a pretreatment with MIF for 24 h
increased the amount of bound PBMCs on control P-ECs (56±5 versus 29±2 adherent
PBMCs per field in absolute numbers, respectively), a phenomenon that was even more
pronounced when iPAH P-ECs were used (108±11 versus 48±5 adherent PBMCs per field in
absolute numbers, respectively) (Figure 4C). Additional experiments were done using control
P-ECs expressing different CD74 protein levels. In this complementary approach, we
increased the amount of bound PBMCs on confluent EC monolayers overexpressing CD74
(69±2 versus 36±5 adherent PBMCs per field in absolute numbers, respectively), whereas
this amount was lower when decreasing CD74 signaling by RNA interference (37±3 versus
26±6 adherent PBMCs in absolute numbers) (Figure 4D and Supplemental Fig S5). Finally,
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we showed that both ISO-1 and neutralizing antibodies against CD74 are able to decrease
the pro-inflammatory signature of P-ECs derived from patients with iPAH (Figure 4E). Of
note, since MIF is also known to bind with low nanomolar affinity to CXCR2 and CXCR4, we
assessed the role of MIF/CXCR2 and MIF/CXCR4 in the aberrant endothelial proinflammatory phenotype and found: no difference in the relative mRNA levels of CXCR2 and
CXCR4 in P-ECs from controls and iPAH patients (Supplemental Fig S6A); and no difference
in the relative mRNA levels of ICAM-1, VCAM-1 and E-selectin in iPAH P-ECs treated or not
with either the selective nonpeptide CXCR2 antagonist SB225002 (5, 25 and 50nM) or the
CXCR4 blocking agents AMD3100 (5, 25 and 50 μM) for 24h (Supplemental Fig S6B).
MIF and CD74 protein levels are increased in two pulmonary hypertension animal
models
To better understand the endothelial MIF/CD74 signaling in the pathogenesis of the disease,
we next examined the protein expression pattern of MIF and CD74 in lungs from rodent
models of PH. Consistent with findings obtained in human lung tissues, a substantial
increase in circulating MIF protein levels was observed in the two well recognized and widely
used MCT- and chronic hypoxia-induced PH models (Figure 5A). Since the MCT-induced PH
model demonstrated a more significant increase in circulating MIF levels, Western blotting
and immunohistochemistry were performed on lung sections of vehicle and MCT-injected
rats. Consistent with our findings obtained in human samples, a substantial progressive
increase in CD74 protein levels was observed in lungs of MCT-injected rats, starting at Day14 and reaching a maximal 2- to 3-fold increase after 21 days when compared with their
control rats (Figure 5B). In addition, a substantial increase in endothelial CD74 protein levels
were also observed in situ (Figure 5C and Supplemental Fig S7) and in collagenase-digested
lung tissues from MCT-injected rats when compared with their control rats at 21 days (Figure
5D).
Efficacy of treatment with the MIF antagonist ISO-1 on the progression of MCTinduced PH and on the abnormal pulmonary endothelial pro-inflammatory phenotype
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Daily treatment with the MIF antagonist ISO-1 started 2 weeks after a subcutaneous MCT
injection substantially attenuates the abnormal pulmonary endothelial pro-inflammatory
phenotype and regresses established PH (Figure 6). On day 21, in MCT-injected rats treated
with vehicle, a marked increase in mean pulmonary arterial pressure (mPAP), RV/(LV+ S)
ratio, percentage medial wall thickness, and numbers of muscularized distal pulmonary
arteries were found compared with controls (Figure 6A and B). However, we noted that MCTinjected rats receiving ISO-1 at the dose of 30 mg/kg exhibited reduced cardiac output as
compared to MCT-injected rats receiving vehicle (Figure 6A). Notably, there was no
significant difference in values of mPAP, right ventricular hypertrophy, and cardiac output
between control rats treated with either ISO-1 at the doses of 10 - 30 mg/kg or vehicle
(Supplemental Fig S8). To investigate the efficacy of ISO-1 treatment on the abnormal
pulmonary endothelial pro-inflammatory phenotype, we conducted parallel evaluations of the
cell surface expression of cell adhesion molecules on endothelial cells, of circulating IL-6 and
MCP-1 levels, and of pulmonary infiltration. On day 21, levels of endothelial ICAM-1, VCAM1, E-selectin were substantially reduced in lungs of MCT-injected rats treated with ISO-1
when compared to MCT-injected rats treated with vehicle (Figure 6C). In addition, we noted a
substantial reduction in circulating levels of IL-6 and MCP-1 in MCT-injected rats treated with
the highest dose of ISO-1 (Figure 6D). Consistent with these findings, numbers of CD45-,
CD3- and CD68-positive cells were markedly reduced when compared to vehicle-treated rats
(Supplemental Fig S9, panel A).
Reversal of MCT-induced PH with anti-CD74 neutralizing antibodies
To further demonstrate that the decrease in pulmonary vascular changes and PH severity
obtained with ISO-1 were produced by the decreased endothelial-MIF/CD74 signaling, we
have investigated whether selective anti-CD74 neutralizing antibodies reversed PH induced
by MCT in rats. In rats treated with anti-CD74 neutralizing antibodies (30) at the dose of 30
µg/kg, a marked decrease in mPAP, RV/(LV+ S) ratio, percentage medial wall thickness and
distal artery muscularization was observed compared to rats treated with 30 µg/kg of IgG
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isotype (Figure 7A and B). In addition, MCT-injected rats receiving anti-CD74 neutralizing
antibodies at the dose of 30 µg/kg presented higher values of cardiac output than MCTinjected rats receiving vehicle (Figure 7A). Consistent with our findings obtained with the MIF
antagonist ISO-1, levels of endothelial ICAM-1, VCAM-1, E-selectin, levels of circulating IL-6
and MCP-1, and numbers of CD45-, CD3- and CD68-positive cells at day 21 were markedly
attenuated in rats treated with anti-CD74 neutralizing antibodies when compared to IgG
isotype-treated rats (Figure 7C, 7D, and Supplemental Fig S9 panel B).
Treatment with ISO-1, in contrast to treatment with anti-CD74 neutralizing antibodies,
leads to cardiac fibrosis
Picrosirius staining of tissue sections of right ventricle myocardium showed increased
collagen fibers in endomysium in MCT-injected rats when compared with control rats (Figure
8A and C). We found that this increased right ventricle fibrosis was even more pronounced in
MCT-injected rats receiving ISO-1 at the dose of 30 mg/kg when compared with vehicletreated MCT-injected rats. Interestingly, a substantial reduction in the level of collagen area
fraction was observed in the MCT-injected rats treated with anti-CD74 neutralizing antibodies
when compared with vehicle-treated MCT-injected rats (Figure 8B and C). Notably, there is
no significant difference in collagen area fraction in left ventricle myocardium rats treated or
not with ISO-1 or anti-CD74 neutralizing antibodies (Supplemental Fig S10).

DISCUSSION
Both inflammation and pulmonary endothelial dysfunction are intertwined with the initiation
and progression of PAH (3, 17, 19). In a series of in situ, in vitro and in vivo experiments, we
are reporting novel findings, demonstrating that dysfunctional P-ECs from iPAH patients
exhibit a steady state pro-inflammatory phenotype in situ and in vitro, characterized not only
by an increased expression/secretion of key cytokines and chemokines for PAH but also by a
marked expression of key cell adhesion molecules. We also found that MIF protein levels are
increased in serum of PAH patients as compared to controls and that T-cell lymphocytes
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represent a cause of this overabundance. Based on these observations, we hypothesized
that the MIF receptor CD74 on the cell surface of P-ECs could contribute to the endothelial
pro-inflammatory phenotype in PAH. We found that CD74 is highly expressed in the
endothelium of muscularized distal pulmonary arteries as well as in cultured P-ECs from
PAH patients and contributes to an exaggerated recruitment of PBMCs to pulmonary PAH
ECs. Finally, we found that daily curative treatment of rats with the MIF antagonist ISO-1 or
with anti-CD74 neutralizing antibodies started 2 weeks after a subcutaneous MCT injection
substantially attenuates the abnormal pulmonary endothelial pro-inflammatory phenotype
and partially regresses established PH, assessed by mPAP, right ventricular hypertrophy,
and pulmonary arterial muscularization. Thus, we report, for the first time, evidence that the
endothelial CD74 signaling system contributes to the steady state pro-inflammatory EC
phenotype in PAH, characterized by an abnormal inflammatory mediator release and overexpressions of key adhesion molecules.
The study presented here is the first to provide direct experimental proof that the P-ECs
from iPAH patients exhibit a steady state pro-inflammatory phenotype in situ and in vitro.
Among the adhesion molecule positive cells, our data clearly show that the dysfunctional PECs from iPAH patients abnormally express high levels of the integrin ligands ICAM-1,
VCAM-1, E-selectin, and P-selectin. Together with other altered immune processes,
leukocyte recruitment and arrest are central steps in inflammatory reactions and associated
diseases, including PAH (29). Histopathologically, pulmonary vascular lesions occurring in
patients with PAH as well as in experimental PH are characterized by varying degrees of
perivascular inflammatory infiltrates, comprising of T- and B-lymphocytes, macrophages,
dendritic and mast cells. Recently, correlations of the average perivascular inflammation
score with intima plus media and adventitia thickness respectively, and with mPAP have
been found, strongly supporting an important role of perivascular inflammation in the
processes of vascular remodeling (29). Beyond altered perivascular accumulation,
abnormally elevated circulating levels of certain cytokines and chemokines, i.e. IL-1β, IL-6,
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IL-8, CCL2/MCP-1, CX3CL1/fractalkine, CCL5/RANTES and TNF-α, have been reported to
correlate with a worse clinical outcome in PAH patients (31, 32). Although we obtained
evidences that the dysfunctional pulmonary endothelium partly contributes to the
immune/inflammatory component of PAH, other altered processes are known to be critical (3,
33). Here, we showed that primary early (< 3) passage cultures of human ECs established
from lung tissue obtained from iPAH patients also expressed high levels of different key
cytokines and chemokines, namely IL-1α, IL-6, IL-8, IL-12, and MCP-1. Although
transforming growth factor-beta (TGF-β)/ bone morphogenic protein (BMP) signaling is
involved in the pathogenesis of PAH and is able to modulate key inflammatory genes (3437), we did not find any differences between PAH patients carrying a BMP receptor 2
mutation and noncarriers. In addition, we obtained evidences that primary early passage
cultures of P-ECs derived from iPAH patients can attract and bind more leukocytes than
control cells.
It is known that signaling of MIF through CD74 contributes to inflammation (4-6). Here,
we obtained direct evidences that CD74 and its signaling through MIF are key players at the
crossroad of inflammation and endothelial dysfunction in the pathogenesis of PAH.
Pretreatment with exogenous MIF induces a substantial increases in secretions of
endothelial-derived IL-6 and MCP-1 as well as the expressions of adhesion molecules,
leading to exaggerated PBMC adhesion on confluent EC monolayers of both iPAH and
control P-ECs. The precise mechanism(s) by which the activation of the endothelial CD74
signaling further increases this phenomenon in cultured iPAH cells remain(s) to be
determined. We also showed that decreasing CD74 signaling by RNA interference
diminished the amount of bound PBMCs on confluent EC monolayers, whereas
overexpressing CD74 signaling by a plasmid-based expression vector substantially
enhanced this amount of bound PBMCs. Importantly, we also obtained direct in vitro
evidence demonstrating that ISO-1 and neutralizing antibodies against CD74 are able to
decrease the pro-inflammatory signature of P-ECs derived from patients with iPAH. Finally,
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we found substantial reduction in levels of ICAM-1, VCAM-1, E-selectin, IL-6 and MCP-1 in
lungs of MCT-injected rats treated with ISO-1 and anti-CD74 when compared to MCTinjected rats treated with vehicle. Consistent with these findings, pulmonary infiltration of
MCT-injected rats chronically treated with the MIF antagonist ISO-1 or with anti-CD74
neutralizing antibodies is substantially reduced. Consistent with our findings, Zhang and
colleagues have also reported that MIF plays a critical role in hypoxia-induced PH and that
its inhibition may be beneficial in preventing the development and progression of the hypoxic
PH (38, 39). In addition, Bernhagen and colleagues (9) have demonstrated that the inhibition
of CD74 with neutralizing antibodies reduced the MIF-dependent monocyte arrest on ex vivo
carotid arteries from apolipoprotein E–deficient (Apoe–/–) mice. Takahashi and colleagues
(12) obtained clear evidence that MIF, in the alveolar space, results in neutrophil
accumulation via activation of CD74. Furthermore, Fan and colleagues (7) have clearly
demonstrated that exogenous MIF-induced leukocyte adhesion and transmigration were
severely impaired in transgenic mice deficient in CD74. In both the CD74 and MIF deficient
mice, it was shown that the MCP-1 induced monocyte arrest and endothelial transmigration
were impaired (7). MIF is also known to bind with low nanomolar affinity to chemokine
receptors CXCRs (i.e. CXCR2 and CXCR4) that our group has shown to be overexpressed
in pulmonary vascular SMCs of chronic hypoxia-exposed mice after development of PH. We
reported that AMD3100, a CXCR4 antagonist, alone or combined with CCX771, a CXCR7
antagonist, prevented vascular remodeling, PH and perivascular accumulation of c-kit+/sca1+ progenitor cells, with a synergistic effect of these agents (40). In contrast, herein, no
difference in the relative mRNA levels of CXCR2 and CXCR4 were found in P-ECs from
controls and iPAH patients. Consistently, no difference was observed in the relative mRNA
levels of ICAM-1, VCAM-1 and E-selectin in iPAH P-ECs treated or not with CXCR2 and
CXCR4 antagonists (SB225002 and AMD3100, respectively). These findings support the
notion that in P-ECs MIF/CD74, but MIF/CXCR2 or MIF/CXCR4, is an important axis for the
aberrant pro-inflammatory EC phenotype in iPAH. Using the MIF inhibitor ISO-1, we could
not exclude the possibility that the observed beneficial effects were also due to the inhibition
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of CXCR signaling in SMCs. These data are the rationale for using a neutralizing antibody
against CD74 in our model to specifically demonstrate the contribution of the MIF/CD74
pathway in the progression of PH and its therapeutical potential.
CD74 is present in limited amounts in the pulmonary endothelium of control lung tissues
but overexpressed in the endothelium of remodeled vessels in iPAH patient lungs, supporting
the hypothesis that it is an attractive target for therapy. In normal tissues, expression of
CD74 is known to be limited to B cells, monocytes, macrophages, dendritic cells and
epithelial cells of endodermal and mesodermal origin (24). Consistent with this knowledge,
several CD74 positive cells are found in the perivascular area in the pulmonary endothelium
of normal and iPAH lung tissues. However, our results also showed strong CD74 staining
within the endothelium of distal-pulmonary arteries from iPAH patients, contrasting with a
negative or a weak staining for CD74 in control lung tissues. Here, we found that ISO-1 and
neutralizing antibodies against CD74 are able to decrease the pro-inflammatory signature of
P-ECs derived from patients with iPAH. In addition, daily treatment of rats with the MIF
antagonist ISO-1 or with anti-CD74 neutralizing antibodies started 2 weeks after a
subcutaneous MCT injection partially regress established PH, assessed by mPAP, right
ventricular hypertrophy, percentage of medial wall thickness and pulmonary arterial
muscularization. Since MIF/ CD74 signaling is not restricted to the endothelial layer, we
cannot exclude that beneficial effects observed in vivo with ISO-1 and neutralizing antibodies
against CD74 are due to actions on other cell-types and not only on dysfunctional P-ECs.
Although we noted a mild beneficial effect of anti-CD74 neutralizing antibody treatment on
pulmonary hemodynamics, levels of endothelial ICAM-1, VCAM-1, E-selectin, levels of
circulating IL-6 and MCP-1, and numbers of CD45-, CD3- and CD68-positive cells at day 21
were markedly attenuated. It is believed that initial inflammatory mononuclear infiltration is
mainly driven by the acute vascular injury induced by monocrotaline-pyrrole (21). In contrast,
in the following phases of the animal model, a chronic inflammation takes place and
contributes to PA-SMC proliferation and subsequent vascular remodeling, which result in
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pulmonary hypertension, and finally, in right ventricular failure (3, 21, 33). Therefore, our
results underlie the importance of MIF/CD74 signaling pathway in the progression of the
disease, offering a valuable therapeutical target.
The potential impact of therapeutic molecules on heart function and adaptive responses
is an important concern in patients with PH. In order to verify the translational potential of
anti-CD74 strategies (ISO-1 and anti-CD74) and since MIF modulates the activation of the
cardio-protective AMPK pathway during ischemia, we wanted to assess their cardiac effects
in our in vivo studies. We found that blocking MIF in MCT-injected rats with ISO-1, but not
with anti-CD74 neutralizing antibodies, can aggravate the reduction in cardiac output and
lead to cardiac fibrosis. Consistent with our findings, Kiyokazu Koga and collaborators (41)
have demonstrated that loss of the intrinsic oxidoreductase activity of MIF in the heart results
in augmented cardiac hypertrophy in response to hemodynamic stress, supporting the notion
that this activity is important in maintaining redox homeostasis (42). Therefore, further
studies are needed to better understand the effect of MIF inhibition in chronic heart disease.
Moreover, substantial work remains to be done to discover and/or develop new, bettertolerated and more powerful therapeutic small molecules to inhibit MIF/CD74 signaling
system.

In summary, our study provides the first in situ and in vitro demonstration that P-ECs
from iPAH patients exhibit a steady state pro-inflammatory phenotype. Furthermore, our
findings underscore for the first time the critical role of endothelial CD74 signaling in this
process. Chronic treatment with the MIF antagonist ISO-1 or with anti-CD74 neutralizing
antibodies in the MCT-induced PH model revealed reduced disease progression, decreased
pulmonary infiltration and vascular remodeling. We therefore report strong evidence that MIF
and its signaling through endothelial CD74 could be key players at the crossroad of
inflammation, cancer-like phenotype and endothelial dysfunction in PAH pathogenesis.
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FIGURE LEGENDS
Figure 1. Increased expressions of adhesion molecules in endothelium of pulmonary
arteries in human idiopathic pulmonary arterial hypertension (iPAH). Representative
images of intercellular adhesion molecule (ICAM)-1 (red) (A), vascular cell adhesion
molecule (VCAM)-1 (red) (B), and E-selectin (red) (C) in pulmonary endothelial cells (positive
for von Willebrand factor (vWF); green) in lungs from control (CTR) subjects and patients
with iPAH. D: Quantification of the intensity of fluorescence for endothelial ICAM-1, VCAM-1
and E-selectin in vWF+ cells of 5-10 remodeled vessels per subject (n=5 control subjects and
n=5 patients with iPAH). The bar graph represents means ± SEM. * p-value < 0.05; ** pvalue < 0.01 compared with CTR. Scale bar = 50 µm in all sections.
Figure 2. Pulmonary endothelial cells (P-ECs) from idiopathic pulmonary arterial
hypertension (iPAH) patients exhibit a steady state pro-inflammatory phenotype. A:
Gene expression analysis of primary early (< 3) passage cultures of human P-ECs
established from lung tissue obtained from control (CTR) and iPAH patients. B: Effects of
conditioned media of quiescent cultured human P-ECs from CTR and iPAH patients on the
migratory capacity of peripheral blood mononuclear cells (PBMCs). The left part of the panel
contains two representative FACS dot plots obtained from migrating PBMCs in the lower
compartment of the modified Boyden chamber stained with Hoechst 33342. Quantification is
shown in the right panel. C: Adhesion of PBMCs (stained using green-fluorescent Oregon
Green® 488 wheat germ agglutinin) to confluent monolayers of P-ECs from CTR and iPAH
patients (stained using CellTracker™ Red CMTPX). The bar graph represents means ± SEM
(n= 4-8, where n represents the number of patients). * p-value < 0.05; ** p-value < 0.01; ***
p-value < 0.001 compared with CTR P-ECs. Scale bar = 20 µm in all sections. NS: non
significant; FSC: forward scatter.
Figure 3. Dysregulation of the MIF/ CD74 signaling pathway in pulmonary arterial
hypertension (PAH). A: Levels of circulating MIF (left panel) and D-dopachrome
tautomerase (DDT) (right panel) proteins in the serum of patients with PAH compared with
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those from controls (CTR). B: Quantification of mean fluorescence intensity of MIF
intracellular content in CD3 (T lymphocytes), CD19 (B lymphocytes), and CD14 (monocytes)
positive cells by FACS using dual labeling of human PBMCs. C: Representative
photomicrographs of CD74 immunostaining in distal pulmonary arteries in lung sections from
CTR and iPAH patients. D: Representative Western blots and quantification of the CD74/bactin ratio in pulmonary endothelial cells (P-ECs) from CTR and iPAH patients. Values are
means ± SEM (n= 5-40, where n represents the number of patients). ** p-value < 0.01; *** pvalue < 0.001 compared with CTR P-ECs. Scale bar = 20 µm in all sections. NS= non
significative.
Figure 4. MIF/ CD74 is involved in the endothelial pro-inflammatory phenotype and
leukocyte recruitment in pulmonary arterial hypertension (PAH). A: Representative
images of E-selectin, vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion
molecule (ICAM)-1 labeling in control (CTR) pulmonary endothelial cells (P-ECs) treated or
not for 24 h with 100ng/mL of MIF [included measurements of mean fluorescence intensity
(means ± SEM)]. B: Secretions of IL-6 and MCP-1 in conditioned media of CTR P-ECs
treated or not for 24 h with 100ng/mL of MIF. C: Adhesion of PBMCs to confluent
monolayers of CTR and idiopathic (i)PAH P-ECs with or without a pretreatment for 24 h with
100ng/mL of MIF (left panel: representative images; right panel: quantification). D: Adhesion
of PBMCs to confluent monolayers of P-ECs from CTR with or without CD74 inhibition by
RNA-interference and with or without CD74 overexpression using the pcDNA3.1/v5His/CD74 plasmid or the pcDNA3.1/v5-His/LacZ plasmid (left panel: representative images;
right panels: quantification). E: Gene expression analyses of primary early (< 3) passage
cultures of human P-ECs derived from iPAH patients treated or not with ISO-1 (10, 50, and
100 µM; n=3 patients), anti-IgG isotype, anti-CD74 neutralizing antibodies (30 µg/mL; n=3
patients), or vehicle (n=3 patients). Values are means ± SEM (n= 3-7, where n represents
the number of patients). * p-value < 0.05; ** p-value < 0.01 compared with untreated CTR P-
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ECs, cells transfected with the scrambled sequence, pcDNA3.1/v5-His/LacZ plasmid, iPAH
P-ECs + Vehicle, or iPAH P-ECs + IgG isotype. Scale bar = 20 µm in all sections.
Figure 5. Dysregulation of the MIF/ CD74 signaling pathway in two animal models of
pulmonary hypertension (PH). A: Levels of circulating MIF proteins in the serum of control
animals, chronic hypoxia-exposed animals, and monocrotaline (MCT)-injected rats. B:
Representative Western blots and quantification of the CD74/b-actin ratio in lungs from MCTinjected rats (from Day-0 to Day-21). C: Representative photomicrographs of CD74
immunostaining in distal pulmonary arteries in lung sections from control animals and MCTinjected rats. D: Representative FACS dot plots of CD74 expression in von Willebrand factor
(vWF) positive cells in collagenase-digested lung tissues from control and MCT-injected rat.
The right panel represents the percentage of CD74+ vWF+ cells. Values are means ± SEM
(n= 4-13, where n represents the number of rats). * p-value < 0.05; *** p-value < 0.001
compared with vehicle-injected rats. # p-value < 0.05 compared with MCT-injected rats at
Day-14. Scale bar = 50 µm in all sections.
Figure 6. Evaluation of the efficacy of ISO-1 treatment on the progression of
monocrotaline (MCT)-induced pulmonary hypertension (PH) and on the abnormal
pulmonary endothelial pro-inflammatory phenotype. A: Top panel: experimental design;
Lower panels: mean pulmonary arterial pressure (mPAP), Fulton index, and cardiac output.
B: Representative images of hematoxylin-eosin (H&E) staining and alpha smooth muscleactin (αSMA) (left panel) and quantification of the percentage medial wall thickness and the
percentage of muscularized distal pulmonary arteries (right panel). C: Representative images
and quantifications of immunostainings in rat lungs for intercellular adhesion molecule
(ICAM)-1, vascular cell adhesion molecule (VCAM)-1 and E-selectin in vehicle- or MCTinjected rats treated or not with ISO-1 or vehicle. D: Levels of circulating IL-6 and MCP-1
proteins in the serum of vehicle- or MCT-injected rats treated or not with ISO-1 or vehicle.
Values are means ± SEM (n= 3-7, where n represents the number of rats). * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001 compared with vehicle-injected rats. # p-value < 0.05;
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## p-value < 0.01 compared with MCT-injected rats. Scale bar = 50 µm in all sections. NS=
non significative.
Figure 7. Evaluation of the efficacy of anti-CD74 neutralizing antibodies treatment on
the progression of monocrotaline (MCT)-induced PH and on the abnormal pulmonary
endothelial pro-inflammatory phenotype. A: Top panel: experimental design; Lower
panels: mean pulmonary arterial pressure (mPAP), Fulton index, and cardiac output. B:
Representative images of hematoxylin-eosin (H&E) staining and alpha-smooth muscle actin
(αSMA) and quantification of the percentage medial wall thickness and the percentage of
muscularized distal pulmonary arteries. C: Representative images and quantifications of
immunostainings in rat lungs for intercellular adhesion molecule (ICAM)-1, vascular cell
adhesion molecule (VCAM)-1 and E-selectin in vehicle- or MCT-injected rats treated or not
with anti-CD74 neutralizing antibodies or IgG isotype. D: Levels of circulating IL-6 and MCP1 proteins in the serum of vehicle- or monocrotaline-injected rats treated or not with antiCD74 neutralizing antibodies or IgG isotype. Values are means ± SEM (n= 3-9, where n
represents the number of rats). * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001
compared with vehicle-injected rats. # p-value < 0.05; ## p-value < 0.01; compared with
MCT-injected rats treated or no with IgG isotype . Scale bar = 50 µm in all sections.
Figure 8. Evaluation of cardiac fibrosis in right ventricle myocardium of rats treated or
not with ISO-1, anti-IgG isotype, or anti-CD74 neutralizing antibodies. A: Representative
images of picrosirius staining of tissue section of right ventricle myocardium of control and
monocrotaline (MCT)-injected rats treated with ISO-1. B: Representative images of
picrosirius staining of tissue section of right ventricle myocardium of control and MCTinjected rats treated with anti-IgG isotype, or anti-CD74 neutralizing antibodies. C:
Quantification of the collagen area fraction in control and MCT-injected rats treated or not
with ISO-1, vehicle, anti-CD74 neutralizing antibodies or IgG isotype. Values are means ±
SEM (n= 7, where n represents the number of rats). ** p-value < 0.01, *** p-value < 0.001
compared with vehicle-injected rats. # p-value < 0.05 compared with MCT-injected rats.
Scale bar = 100 µm in all sections. NS= non significative.
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Supplemental Table 1 – Characteristics Of Controls And Patients With
Idiopathic Pulmonary Arterial Hypertension (iPAH) Before Lung Transplantation:

Age, yrs
Sex, M/F (ratio)

iPAH
n=8
40.9 ± 2.1
2 / 6 (0.33)

Controls
n=8
58.2 ± 5.3
3 / 5 (0.60)

NYHA functional class, n
class II
class III
class IV
mPAP, mmHg
CI, l/min/m²
PVRi, mmHg/l/min/m²
PCWP, mmHg

1
5
2
53.6 ± 3.6
3 ± 0.2
9 ± 1.6
11 ± 1.6

NA
NA
NA
NA
NA
NA
NA

iew

ev

rR

Fo

NYHA=New York Heart Association; mPAP=mean pulmonary
artery pressure; CI=cardiac index; PVRi=pulmonary vascular
resistance index; PCWP=pulmonary capillary wedge pressure;
NA =not applicable
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Supplemental Table 2 – Characteristics Of Controls And Patients With
Pulmonary Arterial Hypertension (PAH) For Determination of MIF and DDopachrome Tautomerase (DDT) Protein Levels:
Controls
iPAH
hPAH
n=20
n=25
n=15
38 ± 3
54 ± 3
47 ± 2
8/12 (0.67) 5/20 (0.25) 6/9 (0.67)

Age, yrs
Sex, M/F (ratio)

3
16
6
0
465 ± 21
45 ± 3
3.0 ± 0.2
6.4 ± 0.7
8 ± 0.6
5 ± 0.9

1
8
6
0
469 ± 13
49 ± 1.8
2.1 ± 0.2
7.1 ± 0.6
8 ± 0.6
6 ± 0.8

NA
NA
NA
NA
NA
NA
NA

11
0
8
2
2
2
0

0
0
6
2
1
6
0

iew

Specific PAH Therapy
- ERA
- PDE-5i
- ERA + PDE-5i
- ERA + PGI2
- PDE-5i + PGI2
- ERA + PDE-5i + PGI2
- No Treatment

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

ev

rR

Fo

NYHA functional class, n
class I
class II
class III
class IV
6-MWD, m
mPAP, mmHg
CI, l/min/m²
PVR, Wood unit
PcwP, mmHg
RAP, Wood unit

On

ly

iPAH= idiopathic pulmonary arterial hypertension; hPAH= heritable
pulmonary arterial hypertension; NYHA=New York Heart Association; 6MWD=6 minute walk distance; mPAP=mean pulmonary artery pressure;
CI=cardiac index; PVR= pulmonary vascular resistance; PcwP=pulmonary
capillary wedge pressure; ERA=endothelin receptor antagonists; PDE5i=Phophodiesterase 5 inhibitors; PGI2: prostacyclin; NA = not applicable
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Supplemental Fig S1.
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Supplemental Fig S1. Caracterisation of human pulmonary endothelial cells (P-ECs) in
primary cultures: The isolated P-ECs were strongly positive for acetylated low-density
lipoprotein coupled to Alexa 488 (Alexa488-Ac-LDL), von Willebrand factor (vWF),
CD31, and for Ulex europaeus agglutinin-1 (UEA-1) and negative for α-smooth muscle
actin (α-SMA).
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Supplemental Fig S2.
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Supplemental Fig S2. Increased expressions of adhesion molecules in endothelium of
pulmonary arteries in human idiopathic pulmonary arterial hypertension (iPAH) with
various degrees of muscularization [non muscularized (a), midly muscularized (b), and
muscularized (c)]. Representative images of intercellular adhesion molecule (ICAM)-1,
vascular cell adhesion molecule (VCAM)-1, and E-selectin in pulmonary endothelium
in lungs from control (CTR) subjects and patients with iPAH. Scale bar = 50 µm in all
sections.
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Supplemental Fig S3.
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Supplemental Fig S3. Levels of circulating MIF protein in the serum of patients
with idiopathic pulmonary arterial hypertension (iPAH), of patients with heritable
(hPAH) carrying a BMP receptor 2 mutation and controls (CTR). *** p-value <
0.001 compared with CTR.
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Supplemental Fig S4.
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Supplemental Fig S4. Representative photomicrographs for CD74 immunostaing
in distal pulmonary arteries in lung sections from controls (CTR) and idiopathic
pulmonary arterial hypertension (iPAH) patients.
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Supplemental Fig S5.
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Supplemental Fig S5. Representative Western blots and quantification of the CD74/βactin ratio in pulmonary endothelial cells (P-ECs) from control (CTR) patients transfected
or not with scrambled sequence, or with siRNA against CD74, or with pcDNA3.1/V5-His/
CD74 plasmid, or with pcDNA3.1/V5-His/LacZ plasmid. Values are means ±SEM (n=4).
* p-value < 0.05 compared with CTR P-ECs transfected with scrambled sequence (siCTR)
or pcDNA3.1/V5-His/LacZ plasmid.
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Supplemental Fig S6.
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Supplemental Fig S6. Evaluation of the role of the CXCR2 and CXCR4 in the abberant
endothelial pro-inflammatory phenotype. A: Relative mRNA levels of CXCR2 and CXCR4
in primary early (<3) passage cultures of human pulmonary endothelial cells (P-ECs)
established from lung tissue obtained from control (CTR) and idiopathic pulmonary arterial
hypertension (iPAH) patients. B: Effects of pretreatments of iPAH ECs with the selective
nonpeptide CXCR2 antagonist SB225002 (5, 25 and 50nM) or the CXCR4 blocking agents
AMD3100 (5, 25 and 50 µM) for 24 h on the relative mRNA level of intercellular adhesion
molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-1, and E-selectin.
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Supplemental Fig S7.
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Supplemental Fig S7. Representative photomicrographs of CD74 immunostaining
in distal pulmonary arteries in lung sections from control animals and monocrotaline
(MCT)-injected rats. L= vessel lumen. Scale bar = 50 µm in all sections.
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Supplemental Fig S8.
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Supplemental Fig S8. Evaluation of the effect of ISO-1 treatments on the pulmonary
hemodynamics in control rats. A: mean pulmonary arterial pressure (mPAP), B: right
ventricular hypertrophy (Fulton index), C: cardiac output. NS= non significative.
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A

Control

MCT + Vehicle

MCT + ISO-1 (30 mg/kg)
MCT + IgG Isotype (30 µg/kg)
MCT + anti-CD74 (15 µg/kg)
MCT + anti-CD74 (30 µg/kg)

MCT + ISO-1 (10 mg/kg) MCT + ISO-1 (30 mg/kg)

CD45

CD3

10

***

**

4
2
0

0

Control

*

iew

B

6

ev

*

1

***

rR

3
2

***

8

CD68+ cells / vessel

4

###

CD3+ cells / vessel

5

###

###

Fo

CD45+ cells / vessel

CD68

5
4
3

**
*

2
1
0

MCT + IgG Isotype MCT + anti-CD74
(30 µg/kg)
(15 µg/kg)

MCT + Vehicle

***

ly

On

MCT + anti-CD74
(30 µg/kg)

CD45

CD3

4
2
0

###

10

###
***
***
**

*

8
6
4
2
0

***

***
***

***

CD68+ cells / vessel

6

CD3+ cells / vessel

CD45+ cells / vessel

CD68

8
6
4

###
***
***

2
0

Supplemental Fig S9. Representative images and quantifications of immunostainings in rat
lungs for CD45 (leukocyte common antigen), CD3 (T-lymphocytes), and CD68
(macrophages). Values are means ±SEM (n=3-6). * p-value < 0.05; ** p-value < 0.01; ***
p-value < 0.001 compared with control rats; ### p-value < 0.001 compared with
monocrotaline (MCT)-injected rats treated or not vehicle or IgG isotype.
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Supplemental Fig S10.
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Supplemental Fig S10. Evaluation of cardiac fibrosis in left ventricle myocardium of rats
treated or not with ISO-1, anti-IgG isotype, or anti-CD74 neutralizing antibodies. A:
Representative images of picrocirius staining of tissue section of left ventricle myocardium
of control and monocrotaline (MCT)-injected rats treated with ISO-1. B: Representative
images of picrocirius staining of tissue section of left ventricle myocardium of control and
MCT-injected rats treated with IgG isotype, or anti-CD74 neutralyzing antibodies. C:
Quantification of the collagen area fraction. Values are means±SEM (n=7). Scale bar =
100µm in all section.

