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ABSTRACT  Pulmonary artery smooth muscle cell (PA-SMC) proliferation and inflammation are key
components of pulmonary arterial hypertension (PAH). Interleukin (IL)-1f binds to IL-1 receptor (R)I,
thereby recruiting the molecular adaptor myeloid differentiation primary response protein 88 (MyD88)
(involved in IL-1R1 and Toll-like receptor signal transduction) and inducing IL-1, IL-6 and tumour
necrosis factor-o. synthesis through nuclear factor-«xB activation.

We investigated the IL-1R1/MyD88 pathway in the pathogenesis of pulmonary hypertension.

Marked IL-1R1 and MyD88 expression with predominant PA-SMC immunostaining was found in lungs
from patients with idiopathic PAH, mice with hypoxia-induced pulmonary hypertension and SM22-5-HTT"
mice. Elevations in lung IL-1p, IL-1R1, MyD88 and IL-6 preceded pulmonary hypertension in hypoxic mice.
IL-1R17"7, MyD88™'~ and control mice given the IL-1R1 antagonist anakinra were protected similarly
against hypoxic pulmonary hypertension and perivascular macrophage recruitment. Anakinra reversed
pulmonary hypertension partially in SM22-5-HTT" mice and markedly in monocrotaline-treated rats. IL-1f-
mediated stimulation of mouse PA-SMC growth was abolished by anakinra and absent in IL-IR1”~ and
MyD88™'~ mice. Gene deletion confined to the myeloid lineage (M.lys-Cre MyD88™™ mice) decreased
pulmonary hypertension severity versus controls, suggesting IL-1B-mediated effects on PA-SMCs and
macrophages. The growth-promoting effect of media conditioned by M1 or M2 macrophages from M.lys-
Cre MyD88ﬂ/  mice was attenuated.

Pulmonary vessel remodelling and inflammation during pulmonary hypertension require IL-1R1/MyD88
signalling. Targeting the IL-1B/IL-1R1 pathway may hold promise for treating human PAH.
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Introduction

Chronic inflammation has been identified as a characteristic feature of various forms of pulmonary
hypertension, including human pulmonary arterial hypertension (PAH) [1-4]. However, the connection
between pulmonary hypertension and inflammation is poorly understood. Inflammation may occur as a
secondary event during the course of pulmonary hypertension, due to the ability of proliferating pulmonary
vessel cells to secrete inflammatory mediators and generate an inflammatory microenvironment [5-7]. In
animal models of pulmonary hypertension, inflammation precedes vascular remodelling, suggesting that
altered immunity may be a primary event during the development of pulmonary hypertension [8]. The
complex processes that initiate inflammation in non-infectious conditions involve pattern-recognition
receptors such as cytoplasmic nucleotide oligomerization domain (NOD)-like receptors, which assemble into
high molecular-weight molecular platforms called inflammasomes and into membrane-bound Toll-like
receptors (TLRs) [9]. One consequence of TLR signalling is the activation of the transcription factor nuclear
factor (NF)-kB, which triggers the production of interleukin (IL)-1p, tumour necrosis factor-o, and IL-6 [10].
Inflammasomes, through the activation of pro-inflammatory caspases, in particular caspase-1, lead to the
maturation and secretion of IL-1p and IL-18 [11]. As a major player in the complex processes involved in
innate immune responses, IL-1B has been labelled the “gatekeeper of inflammation” [12, 13].

IL-1 ligands bind to a cellular receptor complex consisting of IL-1 receptor 1 (IL-1R1) and IL-1R accessory
protein. The natural antagonist IL-1Ra acts by trapping IL-1R1 molecules [14, 15]. IL-1RI shares a
common signalling pathway with most of the TLRs by recruiting the myeloid differentiation primary
response protein 88 (MyD88) [16, 17], which is a critical adaptor protein in innate immunity signal
transduction, leading to NF-xB activation [18, 19]. This effect explains that IL-18 can induce its own
synthesis through IL-1R1/MyD88-mediated activation of NF-xB. Thus, IL-1p, IL-1R1 and MyD88 are key
actors in the innate immune response that may occur during pulmonary hypertension and contribute to
the inflammation and pulmonary vessel remodelling. However, the potential role for the IL-1R1/MyD88
pathway in pulmonary hypertension has not been specifically examined. In previous studies by our group
and others [20-22], IL-1p was shown to act as a potent mitogenic factor on cultured pulmonary artery
smooth muscle cells (PA-SMCs). Moreover, there is evidence that TLR-4 deficient mice are protected
against the development of pulmonary hypertension [23] and that platelet TLR-4 activation contributes to
pulmonary hypertension [24]. In rats exposed to monocrotaline, which causes lung inflammation and
PAH, the recombinant IL-1R antagonist anakinra decreased pulmonary hypertension severity [25].
Finally, improvement of PAH has been reported in a patient during anakinra therapy for adult-onset Still’s
disease [26].

Here, we investigated the IL-1R1/MyD88 pathway in pulmonary hypertension in several gene-deficient
mouse models. Given our findings showing that IL-1R1 and MyD88 are strongly expressed in remodelled
vessels from patients with idiopathic PAH (iPAH), we investigated IL-1R1~'~ and MyD88 ™'~ mice exposed
to hypoxia, and we assessed the effect of anakinra on wild-type (WT) mice exposed to hypoxia; as well as
on SM22-5HTT" mice and on rats treated with monocrotaline. To determine whether pulmonary
hypertension induction by IL-1R1 or MyD88 involved a direct effect on PA-SMCs or required macrophage
activation, we studied cultured PA-SMCs and evaluated pulmonary hypertension severity in transgenic
mice with MyD88 gene deletion confined to the myeloid-lineage macrophages (M.lys-Cre MyD88™" mice).
Finally, we studied the effects of conditioned media from differentiated M1 and M2 macrophages from
WT and M.lys-Cre MyD88"" mice on the proliferation of PA-SMCs.

Methods

Collection of human tissue samples

Lung tissue was obtained from six patients with iPAH who underwent lung transplantation at the
Universitaire Ziekenhuizen (Leuven, Belgium). Control lung tissue was collected from eight patients
undergoing lung resection surgery for localised lung tumours at the Institut Mutualiste Montsouris (Paris,
France). In each institution, the ethics committee approved the collection protocol.

Animals

All animal experiments were approved by the institutional animal care and use committee of the French
National Institute of Health and Medical Research. Transgenic mice constitutively deleted for IL-1R1
(IL-1R177) or MyD88 (MyD88_/ ~) were obtained from Richard Flavell (Department of Immunobiology,
School of Medicine, Yale University, New Haven, CT, USA) and Shizuo Akira (Laboratory of Host
Defense, WPI Immunology Frontier Research Centre (IFReC), Osaka University, Osaka, Japan) [27, 28].
Mice with MyD88 gene deletion confined to the myeloid-cell lineage (M.lys-Cre MyD88"" mice) were
generated on BL6 embryonic stem cells at the national scientific research centre (CNRS, UMR7355,
Orleans, France). Transgenic mice with 5-hydroxytryptamine transporter (HTT) overexpression in SMCs
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(SM22-5HTT") were produced and bred as previously described [29]. WT C57BL/6j mice and Wistar rats
were obtained from Janvier (Le Genest-Saint-Isle, France).

The online supplementary material provides details of the animal studies, anakinra treatment, macrophage
isolation and polarisation, PA-SMC proliferation experiments, analyses of IL-1B/IL-1R1/MyD88 and
inflammasome pathways and statistical analysis.

Results

Increased expression of IL-1R1 and MyD88 in lungs from patients with iPAH and mice with
pulmonary hypertension

In lung tissue from patients with iPAH, we found marked increases in IL-1R1 and MyD88 protein levels
compared to control lung tissue (fig. la). Immunofluorescence staining for IL-1R1 and MyD88
predominated in PA-SMCs from the hypertrophied media of pulmonary vessels, as shown by
double-immunofluorescence staining for a-smooth muscle actin and IL-1R1 or MyD88 (fig. 1b).

In mice exposed to 21 days of hypoxia, we found substantial increases in lung IL-1R1 and MyD88 mRNA
and protein levels compared with normoxic mice (fig. 2a), with predominance of IL-1R1 and MyD88
immunostaining in the PA-SMC layer of remodelled vessels (fig. 2c). We found no immunostaining for
IL-1R1 or MyD88 in lungs from IL-1R17™'~ or MyD88 ™'~ mice, respectively (online supplementary fig. S1).
Interestingly, lung IL-1R1 and MyD88 mRNA increased early during hypoxia exposure, before pulmonary
hypertension development. Lung IL-18 mRNA and protein levels peaked at 48 h then decreased, with the
protein returning to control normoxic levels by day 21 (fig. 2b). IL-6 levels paralleled the IL-1 levels.
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FIGURE 1 Increased expression of interleukin-1 receptor (IL-1R)1 and myeloid differentiation primary response protein 88 (MyD88) in human
pulmonary arterial hypertension (PAH). a) IL-1R1 and MyD88 protein levels measured by Western blot in total lung-protein extracts from six
patients with idiopathic ()PAH and eight age- and sex-matched controls. **: p<0.01. b} IL-1R1 and MyD88 co-localise with smooth muscle cells.
Representative micrographs of lung tissue from patients and controls. IL-1R1 or MyD88 (red), a-smooth muscle actin (SMA) (green) for smooth
muscle cell staining, or Hoechst dye for nucleus staining (blue). No positive immunoreactivity was detected in sections incubated with the
appropriate control IgG followed by secondary anti-rabbit and anti-mouse antibodies. Scale bars=50 um.
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FIGURE 2 Increased expression of the interleukin-1 receptor (IL-1R)1/myeloid differentiation primary response protein 88 (MyD88) pathway in
murine hypoxia-induced pulmonary arterial hypertension (PAH). a) IL-1R1, MyD88, IL-1B and IL-6 mRNA levels measured using quantitative
real-time polymerase chain reaction in lungs from mice after hypoxia exposure for various durations (12 h, 48 h or 21 days (d)). b) Lung IL-1R1
and MyD88 protein levels measured using Western blot and lung IL-1pB and IL-é protein levels measured using ELISA after hypoxia exposure for

various durations. Data are meanzsem of six animals.

#

: p<0.016; T: p<0.0033, compared with values in control mice exposed to normoxia.

c) Representative micrographs of lung tissue from mice under normoxia and after 21 d of hypoxia. IL-1R1 or MyD88 (red), a-smooth muscle actin
(SMA] (green) for smooth muscle cell staining, or Hoechst for nucleus staining (blue). No immunoreactivity was detected in sections incubated
with rabbit IgG control and secondary anti-rabbit antibody. Scale bars=30 um.
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Similarly, SM22-5HTT" mice with spontaneous pulmonary hypertension exhibited increased lung IL-1R1
and MyD88 mRNA levels compared to control WT mice, despite being studied under normoxic
conditions (online supplementary fig. S2A).

Effects of IL-1R1 or MyD88 gene deletion and anakinra treatment on hypoxic pulmonary
hypertension in mice

After 21 days of hypoxia exposure, right ventricular (RV) systolic pressure was significantly lower and RV
hypertrophy less severe in IL-1R1~~ and MyD88 ™'~ mice than in control WT mice (fig. 3a). Furthermore,
distal pulmonary vessels were less muscular in mutant mice than in WT mice, with a smaller percentage
of dividing Ki67" pulmonary vessel cells (fig. 3b). Severity of pulmonary hypertension was not
significantly different between IL-1R1™'~ and MyD88™'~ mice. Hypoxic WT mice treated daily with
anakinra (20 mg-kg™") exhibited a similar degree of protection against pulmonary hypertension, as did the
IL-1R17~ and MyD88_/_ mice (fig. 3a and b). The peak in lung IL-1B was suppressed in mutant mice
and in WT mice treated with anakinra, with a partial decrease in lung IL-6 levels (fig. 3c). Accordingly,
the levels of lung phosphorylated NF-xB p65, which increased markedly during hypoxia in WT mice, were
reduced in IL-1R1™'~ and MyD887/7 mice, as well as in WT mice treated with anakinra after 3 weeks of
hypoxia (online supplementary fig. S3). In contrast, the increased levels of downstream inflammasome
components, including ASCs (apoptosis-associated speck-like protein containing a CARD), IL-18 and
caspase-1, remained elevated in IL-IR1™'~ and MyD88™~ mice compared to WT mice (online
supplementary fig. S3A and B).

Effect of IL-1p and anakinra on growth of PA-SMCs from IL-1R1™~ and My088’/ ~ mice compared
to control WT mice

Cultured PA-SMCs from normoxic WT mice exhibited strong immunostaining for IL-1R1 and MyD88
(fig. 4a). IL-1p treatment of PA-SMCs from WT mice stimulated cell growth in a dose-dependent manner
(fig. 4b) and this effect was suppressed by anakinra (fig. 4c and online supplementary fig. S4). Similar
results were observed with human PA-SMCs (online supplementary fig. S5A). IL-1B had no effect on
PA-SMCs from IL-1IR1™~ or MyD88~~ mice and anakinra (5uM) produced no additional inhibition
(fig. 4d). The growth-promoting effect of platelet-derived growth factor was unchanged in PA-SMCs from
IL-1R17~ or MyD88™'~ mice and unaffected by anakinra (fig. 4d and e).

IL-1R1/MyD88 pathway activation persisted in PA-SMCs from mice exposed to chronic hypoxia (fig. 5a).
Accordingly, PA-SMCs from chronically hypoxic mice showed increased growth compared to those from
control mice, but this increase was not abolished by anakinra (fig. 5b). As expected, anakinra suppressed
the activation of NF-xB induced by PA-SMC treatment with IL-1B. No changes were seen in ASC, IL-18
and caspase-1 protein levels (online supplementary fig. S6).

Contribution of macrophages to pulmonary hypertension development via the IL-1R1/MyD88
pathway

Double immunofluorescence staining with F4/80 and IL-1R1 or MyD88 revealed perivascular IL-1R1- and
MyD88-stained macrophages in lungs from hypoxic mice, whereas staining was very faint in normoxic
mice (fig. 6a and b). The number of perivascular macrophages did not increase from normoxia to hypoxia
in hypoxic IL-1R17~ or MyD88_/ ~ mice or in anakinra-treated WT mice (fig. 6¢).

To further explore the role of IL-1R1/MyD88 signalling in macrophages, we induced hypoxic pulmonary
hypertension in transgenic mice with MyD88 gene deletion confined to the myeloid lineage (M.lys-Cre
MyD88"" mice), which were compared to MyD88~'~ and WT mice. After 21 days of hypoxia exposure,
pulmonary hypertension severity was reduced in M.lys-Cre MyD88"" mice compared to control WT
mice, but not to the same extent as in MyD88™'~ mice (fig. 7a and b). Moreover, after hypoxia exposure
the number of macrophages surrounding pulmonary vessels was smaller in M.lys-Cre MyD88"" mice than
in WT mice, but higher than in MyD88~'~ mice (fig. 7c).

Macrophages induced proliferation of PA-SMCs via the IL-18/IL-1R1/MyD88 pathway

We assessed the effects of conditioned medium from bone marrow-derived cultured macrophages on
PA-SMC growth. Conditioned media from M0 macrophages induced slight PA-SMC proliferation, with no
difference between cells from WT and M.lys-Cre MyD88"™ mice and no effects of anakinra (fig. 7d).
Conditioned media from M1 macrophages induced greater PA-SMC growth stimulation than did media
from MO macrophages and this effect was partially inhibited by anakinra or was attenuated when using
macrophages from M.lys-Cre MyD88™" mice. Finally, M2 macrophage-conditioned media from WT mice
induced stronger PA-SMC proliferation compared to media conditioned by M0 or M1 macrophages. This
stimulatory effect was not inhibited by anakinra, but was diminished when conditioned media from
M.lys-Cre MyD88"" mice were used (fig. 7d).



PULMONARY VASCULAR DISEASES | A. PARPALEIX ET AL.

#
al 351 % 35~ =) o WT+vet/1icle
| | . e MyD88~/—
%0 N ;‘ o 30 S + IL-1R1-/-
o 25 L o NV IR . + WT + anakinra
= Aa o
E wy L 5o BeET
wn
a 151 < 154
g 10+ S 10
o
5 5
0 T T G T T
Normoxia Hypoxia Normoxia Hypoxia
b) 70+ " 501 #
= 404 “
© % st 40 =
3 50+ * AA:‘L o [u] +
[0} e O e + .
2 40- L ies 2 307 v .
o * @ A,
& 30- Y =
ey S 20' v A
©
S 201 . 2 o
& a 10+ a " #A: :j
é 01 % N2 e & 3
D T T G T T
Normoxia Hypoxia Normoxia Hypoxia
WT + vehicle MyD88~/~ IL-1R1-/- WT + anakinra

TG T

Normoxia

[ ' ‘_, 2
> W A
D o
& ) 1 Y- A 7
BT y 13 e
‘ \'5 - g"

Hypoxia

c 3 4 c 3 O Normoxia
L # M 48 h hypoxia
c a
-5 '% 24 \? 24 1 1 1
o) = —
c o =
22 . . . £
[¢) E %
S i 4
N | H ﬂ I H [ -::CU | ﬂ ﬂ ﬂ
[S]
o
K
0 T T T T L O' T T T
WT + MyD88~/-IL-1R1-/= WT + WT+ MyD88~/-IL-1R1~/= WT +
vehicle anakinra vehicle anakinra

FIGURE 3 MyD88 (myeloid differentiation primary response protein 88) gene deficiency, /L-1R7 (interleukin-1
receptor 1) gene deficiency or anakinra-induced IL-1R1 inhibition similarly abrogated the development of
hypoxic pulmonary arterial hypertension (PAH) in mice. a, b] Right ventricular systolic pressure (RVSP) and
right ventricular hypertrophy index (right ventricle (RV)/left ventricle (LV) plus septum weight (S]), pulmonary
vessel muscularisation and dividing Ki67* cells in wild-type (WT) mice treated daily with vehicle, MyD88~/~
mice, IL-TR1™~ mice and WT mice treated daily with anakinra (20 mg-kg™"), under normoxia and hypoxia
(21 days). Representative micrographs of pulmonary vessels stained for Ki67. Red arrows show Kié7" nuclei.
No immunoreactivity was detected in sections incubated with rabbit IgG control and secondary anti-rabbit
antibody. Scale bars=40 um. c] Lung IL-1B and IL-6 protein levels measured using ELISA after 48 h of hypoxia
exposure. Data are presented as meanssem of six animals. #: p<0.005 compared with values in control mice
exposed to normoxia; : p<0.0166, *: p<0.0033 compared with values in control mice exposed to hypoxia.
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FIGURE 4 Effect of interleukin-1 receptor (IL-1R])1 activation by IL-1B stimulation on proliferation of mouse
pulmonary artery smooth muscle cells (PA-SMCs). a) Representative micrographs of PA-SMCs from control
normoxic mice. IL-1RT or MyD88 (red), a-smooth muscle actin (SMA] (green) and Hoechst for nucleus
staining (blue). No immunoreactivity was detected in sections incubated with rabbit IgG control and secondary
anti-rabbit antibody. Scale bars=50 um. b] Dose-response curve of the effect of IL-18 on mouse PA-SMC
proliferation (5-60 ng-mL~"). Data are presented as meanzsem of 12-16 values from at least two different
experiments. OD: optical density; FCS: fetal calf serum. *: p<0.05; **: p<0.01; *: p<0.005 compared to
non-stimulated cells. c) Dose-response curve of the effect of anakinra (0.01-100 uM) on mouse PA-SMC
proliferation induced by IL-1B (50 ng-mL~"). Data are presented as meanzsem of 12-16 values from at least
two different experiments. *: p<0.05; **: p<0.01; #: p<0.005 compared to cells stimulated with IL-1p alone.
d, e) Proliferation of PA-SMCs from wild-type (WT), IL-1R1™~ and MyD88~/~ mice stimulated by IL-1p
(50 ng-mL~") or 15% FCS with or without anakinra (5 uM). Data are presented as meanzsem of 18-22 values
from at least three different experiments. #: p<0.005 compared to control cells.

Effects of anakinra on the progression of monocrotaline-induced pulmonary hypertension in rats

We assessed the potential curative effects of anakinra in rats with monocrotaline-induced pulmonary
hypertension. Rats examined 21 days after monocrotaline administration had severe pulmonary hypertension
with marked increases in pulmonary arterial pressure (PAP), RV hypertrophy and pulmonary artery
muscularisation compared with control rats given saline instead of monocrotaline (fig. 8a).
Monocrotaline-treated rats given vehicle from day 21 to day 42 showed further increases in PAP, RV
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FIGURE 5 Increased expression of the interleukin-1 receptor (IL-1R)1/myeloid differentiation primary
response protein 88 (MyD88) pathway and proliferation of pulmonary artery smooth muscle cells (PA-SMCs)
from mice exposed to hypoxia. a] IL-TR1 and MyD88 protein levels measured using Western blotting in
PA-SMCs from normoxic (Nx) mice or hypoxic (Hx) mice. Data are presented as meansem protein levels in
PA-SMCs from seven mice. b] Proliferation of PA-SMCs from normoxic or hypoxic mice, stimulated by IL-1B
(50 ng-mL’1] with or without anakinra (5 uM). Data are presented as mean+sem of 18-22 values from at least
three different experiments. OD: optical density. **: p<0.01; #: p<0.005.

hypertrophy and pulmonary vessel wall thickness. In contrast, those given daily anakinra treatment
(20 mgkg™") from day 21 to 42 showed marked decreases in PAP, RV hypertrophy, number of muscularised
pulmonary vessels and pulmonary arterial wall thickness compared with vehicle-treated monocrotaline rats
(fig. 8a). Monocrotaline-induced pulmonary hypertension was associated with time-dependent increases in
lung IL-1R1 and MyD88 protein levels, together with activation of NF-«B (fig. 8b) and parallel changes in lung
IL-1B and IL-6 mRNA levels (fig. 8c). Of note, anakinra treatment reduced lung NF-kB activation and,
subsequently, lung IL-1P and IL-6 mRNA levels (online supplementary fig. S7).

Discussion

The present results show that the pulmonary vessel remodelling and inflammation characteristic of pulmonary
hypertension development require IL-1R1/MyD88 signalling. Both IL-1R1 and MyD88 were markedly
overexpressed in pulmonary vessels from patients with iPAH. In mice exposed to chronic hypoxia, the
production of IL-1B and the expression of IL-IR1 and MyD88 preceded the development of pulmonary
hypertension. Our finding that IL-1R1™~ and MyD88™'~ mice were similarly protected against pulmonary
hypertension development identified IL-1R1 as a major player in the pathogenesis of pulmonary hypertension
which affects both PA-SMC proliferation and macrophage recruitment. The only partial protection of
M.lys-Cre MyD88"" against pulmonary hypertension indicates that the IL-13/IL-1R1 effect on pulmonary
hypertension is mediated in part by macrophage activation. Together with the finding that the IL-1R
antagonist anakinra also partially reversed established pulmonary hypertension, these results suggest that
pharmacological interventions targeting the IL-1p/IL-1R1 pathway may hold promise for treating human PAH.

We focused on the potential role for the IL-1R1/MyD88 pathway in pulmonary hypertension, based on its
strong involvement in innate immunity [15]. IL-1B is a major pro-inflammatory cytokine whose expression,
maturation and secretion are dependent on the complex processes of innate immunity [9, 11]. We found an
early rise in IL-1p levels upon hypoxia exposure, together with increases in IL-1R1, MyD88, NF-kB and IL-6.
The early and transient elevations in IL-1B, NF-kB and IL-6 are consistent with global activation of the innate
immune system, responsible for the initiation of inflammation at the early phase of hypoxia exposure [8]. A
major finding is that overexpression of both IL-1R1 and MyD88 was tightly associated with pulmonary vessel
remodelling and pulmonary hypertension, as demonstrated in patients with iPAH and in our two murine
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FIGURE 6 MyD88 (myeloid differentiation primary response protein 88) gene deficiency, /L-TR1 [(interleukin-1 receptor 1) gene deficiency or
anakinra-induced IL-1R1 inhibition similarly reduced the perivascular macrophage accumulation observed in murine hypoxia-induced pulmonary
arterial hypertension. a, b) IL-1R1 and MyD88 are expressed in macrophages stained with F4/80. Lung sections from wild-type (WT) mice under
normoxia and after 21 days of hypoxia were stained for IL-1R1 or MyD88 (green] and F4/80 (red). Nuclei were stained with Hoechst dye (blue).
c) Macrophage counts surrounding small pulmonary vessels. Vessels are detected using a-smooth muscle actin (SMA] staining. The graph depicts the
fold change in perivascular F4/80" macrophages between normoxia and hypoxia. The micrographs show representative staining of macrophages
surrounding lung vessels in WT mice treated daily with vehicle, MyD88_/_ mice, IL-TR17~ mice and WT mice treated daily with anakinra (20 mg-kg™"),
during 21 days of hypoxia. No positive immunoreactivity was detected in sections incubated with control IgG followed by secondary anti-rabbit or
anti-rat antibody. Scale bars=30 um. #: p<0.005 compared to control WT normoxic mice; : p<0.0033 compared to control WT hypoxic mice.

pulmonary hypertension models, i.e. mice exposed to hypoxia and SM22-5HTT" mice. Moreover, IL-1R1 and
MyD88 were strongly expressed by PA-SMCs as well as by lung macrophages. These results confirm that both
of these major transduction elements are expressed in the lung, not only by cells of myeloid lineage, but also
by constitutive vascular cells, whose proliferation underlies the pulmonary vessel remodelling process.
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FIGURE 7 Contribution of macrophages to pulmonary hypertension development via the interleukin-1 receptor (IL-1R)1/myeloid differentiation
primary response protein 88 (MyD88) pathway. a, b) Graphs of right ventricular systolic pressure (RVSP) and right ventricular hypertrophy index
(right ventricle (RV])/left ventricle (LV] plus septum weight (S]], pulmonary vessel muscularisation and dividing Ki67* cells in wild-type (WT) mice,
in M.lys-Cre MyD88“/fl mice and in MyD88~'~ mice under normoxia and hypoxia (21 days]. Representative micrographs of pulmonary vessels
stained for Kié7. Arrows show Kié7* cells. Scale bars=40 um. c] Macrophage counts surrounding small pulmonary vessels in WT mice, M.lys-Cre
MyD88“/fl mice and MyD88~'~ mice under normoxia and hypoxia (21 days). Micrographs show representative staining of macrophages surrounding
lung vessels: F4/80 (red); a-smooth muscle actin (green); Hoechst dye (nuclei) (blue). No positive immunoreactivity was detected in sections
incubated with control IgG followed by secondary anti-rabbit or anti-rat antibody. Scale bars=40 um. #: p<0.025, 1: p<0.005 compared with values
in control mice exposed to hypoxia. *: p<0.05; **: p<0.01. d] Effect on pulmonary artery smooth muscle cell (PA-SMC) proliferation of MO, M1 or
M2 macrophage-conditioned media from WT or M.lys-Cre MyD88“/ﬂ mice. PA-SMCs were from WT mice and were pre-treated with anakinra
(5 uM) or vehicle. Data are meanzsem of 10-15 values from at least two different experiments. #: p<0.025, T: p<0.005, *: p<0.0025 compared with
proliferation induced by MO WT macrophage-conditioned media; ™: p<0.005.
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FIGURE 8 Anakinra reversed the progression of pulmonary hypertension induced in rats by monocrotaline injection. a] Pulmonary arterial pressure
(PAP) and right ventricular hypertrophy index (right ventricle (RV)/left ventricle [LV] plus septum weight (S)) in rats studied 21 days (d) or 42 d after
administration of monocrotaline (MCT) or saline (controls). Anakinra (20 mg-kg™" per day) or vehicle was given intraperitoneally from day 21 to 42.
Pulmonary vascular remodelling: muscularisation of pulmonary vessels, reported as the percentages of non-muscularised or fully muscularised
distal vessels and pulmonary artery wall thickness from rats on days 21 and 42 after saline (controls) or MCT administration. Representative
micrographs of pulmonary vessels are shown. Each value is the meantsem of 10 independent determinations. Data are presented as meantsem of
seven or eight animals. **: p<0.01; ***: p<0.001. b) Lung levels of interleukin-1 receptor (IL-1R)1 protein, myeloid differentiation primary response
protein 88 (MyD88) proteln and ratio of phosphorylated nuclear factor (NF)- K‘B pé5 Ser536 (p-NF-xB) over NF-xB pé5 protein, measured using
Western blotting before and at different time points after MCT administration. #: p<0.025, # p<0 005, comgared with control values. c) Lung levels of
IL-1B and IL-6 mRNA at the same time points. Data are presented as meanssem of six anlmals : p<0.025, p<0.005, compared with control values.
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We found that IL-IRI or MyD88 gene deletion and/or pharmacological inactivation of IL-1R1 protected
mice against hypoxic pulmonary hypertension and partially reversed pulmonary hypertension in
SM22-5HTT" mice. Of note, protection against hypoxic pulmonary hypertension was of similar magnitude
in MyD88™'~ mice, IL-1R1™~ mice and WT mice treated with anakinra. This indicates that the protection
against pulmonary hypertension afforded by MyD88 deletion was mainly due to inactivation of the IL-1R1/
MyD88 pathway, without any combined effects of the TLR/MyD88 pathway. This finding does not conflict
with previous reports that TLR-4 deletion in mice confers some protection against pulmonary hypertension
[23, 24]. Indeed, MyD88 as an adaptor protein is not mandatory for TLR-4 signal transduction to occur
[10]. Moreover, we found that high mobility group box-1-induced TLR-4 stimulation in PA-SMCs was not
associated with a strong effect on cell growth, as previously reported [23]. Another interesting point is that
the early increase in IL-1p in response to hypoxia was completely suppressed in MyD88™/~ mice, IL-1R17~
mice and WT mice treated with the IL-1R1 inhibitor, which also exhibited a marked reduction in lung
NF-xB. This finding is consistent with the ability of IL-1B to induce its own synthesis via IL-1R1/
MyD88-mediated activation of NF-kB [15, 30]. In contrast, no changes were observed in downstream
molecular components of the inflammasome in MyD88™'~ mice or IL-1R1™'~ mice.

Protection against pulmonary hypertension was associated with decreases in distal PA muscularisation and
with a decrease in perivascular macrophage counts. We evaluated the potential influence of IL-1B on
PA-SMC proliferation. In keeping with previous results reported by our group and others [20-22], IL-1B
(50 ng-mL™") strongly enhanced the growth of cultured PA-SMCs. As expected, this stimulatory effect of
IL-1B was suppressed by anakinra and was not observed in PA-SMCs from either IL-1R1™'~ or MyD88 ™/~
mice. Thus, these in vitro results are consistent with a direct effect on PA-SMCs mediated by IL-1R1/
MyD88 signalling. In addition, IL-1R1 and MyD88 expression was increased in PA-SMCs from
chronically hypoxic mice, with a stronger growth-promoting effect of IL-1B in PA-SMCs from chronically
hypoxic mice than from normoxic controls. However, anakinra failed to completely reverse the increased
growth rate of cells from chronically hypoxic mice.

In our study, perivascular macrophage counts were diminished in anakinra-treated hypoxic mice and in
hypoxic IL-IR1™’~ or MyD88 ™/~ mice, compared to their respective controls. The mechanisms underlying
the decrease in macrophage counts may involve specific inactivation of the IL-1R1 on macrophages, or on
other cell types including endothelial cells, which express adhesion molecules for monocytes [31, 32]. We
therefore compared hypoxic MyD88™'~ mice with mice whose MyD88 gene had been deleted only in
macrophages (M.lys-Cre MyD88"" mice). We found that M.lys-Cre MyD88"" mice were protected against
pulmonary hypertension, but to a lesser extent than MyD88™'~ mice, and also showed a smaller decrease in
perivascular macrophage counts. These results indicate that the effects of IL-1R1 inactivation were related
in part to the perivascular macrophages. That global deletion was more efficient on pulmonary
hypertension than macrophage-specific deletion of MyD88 is consistent with a dual effect of IL-1R1, on
macrophage migration and activation, as well as on PA-SMC proliferation. To further delineate the role for
IL-1B in mediating the effects of macrophages on PA-SMC proliferation, we examined the effects of media
conditioned by macrophages from WT and M.lys-Cre MyD88"" mice, with culture conditions that
produced MO, M1 and M2 macrophages. As previously reported [33, 34], we found that conditioned
medium from any of these three macrophage types stimulated PA-SMC growth, with greater effects of M2
compared to M1 macrophages, and of M1 compared to MO macrophages. An effect on PA-SMC growth of
macrophage-derived IL-1B was clearly shown with M1 macrophages, since the stimulatory effect of the
macrophage medium was reduced by anakinra. No effect of anakinra was found using conditioned medium
from M2 macrophages. However, MyD88 deficiency reduced the stimulatory effect of M2 macrophages on
PA-SMC growth, supporting an important role for MyD88 in macrophage activation and subsequent
mitogenic-factor release. Taken together, these studies support a role for the IL-1R1/MyD88 pathway in
mediating macrophage recruitment around pulmonary vessels and macrophage activation responsible for
the release of PA-SMC mitogens, including IL-1B among the factors released by M1 macrophages.

By focusing on the IL-1R1/MyD88 pathway, we investigated a primary mechanism involved in the innate
immune response that occurs at an early phase of pulmonary hypertension development. That genetic or
pharmacological IL-1R1/MyD88 pathway inactivation may prevent the development of pulmonary
hypertension is consistent with a key contribution of inflammation to the initiation of pulmonary
hypertension. In addition, our results indicate that pharmacological intervention targeting this pathway at
the stage of established pulmonary hypertension can partially reverse pulmonary hypertension. In rats with
established monocrotaline-induced pulmonary hypertension, daily anakinra treatment started 3 weeks after
the monocrotaline injection produced large decreases in PAP, RV hypertrophy, number of muscularised
pulmonary vessels and pulmonary arterial wall thickness compared with monocrotaline-injected rats given
vehicle instead of anakinra. Thus, anakinra reversed the progression of pulmonary hypertension induced in
rats by monocrotaline injection to an extent that appeared greater than in SM22-5HTT" mice. Moreover,
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increased expression of ILIR1 and Myd88 was found in lungs from monocrotaline-treated rats, together
with increased expression of IL-1B, as also reported in previous studies [35]. These findings, together with
the strong inhibitory effect of anakinra on NF-kB activation and on IL-1p and IL-6 expression, are consistent
with the general concept of a major inflammatory component in monocrotaline-induced pulmonary
hypertension [25], and establish the pivotal importance of the IL-1R1/MyD88 pathway in pulmonary
hypertension progression, even at the stage of advanced pulmonary hypertension. Our observation of
prominent MyD88 overexpression in PA-SMCs and macrophages from patients with iPAH strongly supports
the concept that targeting the IL-1R1/MyD88 pathway may provide clinical benefits to patients with PAH.
Consistent with this possibility, an improvement in PAH was recently reported in a patient who received
anakinra therapy to treat adult-onset Still's disease [26]. Further studies are therefore warranted to evaluate
whether targeting the IL-1R1/MyD88 pathway constitutes a valid treatment option for patients with PAH.
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