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RESUME
L’hypertension artérielle pulmonaire (HTAP) est désormais la principale cause de mortalité

lige a la maladie chez les patients atteints de sclérodermie systémique (SSc). Deux écueils

émergent pour améliorer son pronostic :

e d'une part, une physiopathologie mal élucidée. A linverse des composantes
immunologiques et fibrosantes de la SSc dont la physiopathologie et les interactions ont
fait I'objet de plusieurs études, peu de travaux se sont intéressés aux relations entre
immunité et vaisseau dans cette pathologie.

e d’autre part, une prise en charge limitée par une importante hétérogénéité clinique, des
stratégies diagnostiques sous-optimales et des options thérapeutiques restreintes

(reposant principalement sur des traitements vasodilatateurs)

Au cours de ce travail de these, notre objectif était d’identifier de nouveaux biomarqueurs
associés a I'HTAP-SSc, afin de générer de nouvelles hypothéses physiopathologiques,
d’améliorer la caractérisation clinique des patients, et d’ouvrir des pistes thérapeutiques.

Pour cela, nous avons exploré le protéome sérique des patients HTAP-SSc a I'aide d’une
approche haut débit (SOMAscan), permettant de doser simultanément 1129 protéines non
sélectionnées. Au total, 53 protéines étaient différentiellement exprimées par rapport aux
patients SSc sans HTAP. Parmi elles, 2 biomarqueurs candidats étaient explorés plus avant du

fait de leur intérét potentiel en termes de pronostic :

e Chemerin et son récepteur CMKLR1

Parmi les 1129 protéines étudiées, les taux de chemerin (adipokine impliquée dans
différents processus inflammatoires, fibrosants et vasculaires) étaient les seuls corrélés aux
résistances vasculaires pulmonaires dans 2 cohortes indépendantes. Une étude en single cell
RNA sequencing sur poumons HTAP-SSc localisait la production de chemerin au niveau des
fibroblastes, des cellules musculaires lisses artérielles pulmonaires (CML-AP)/péricytes et des
cellules mésothéliales. En immunofluorescence confocale, la présence de chemerin n’était pas
détectée au niveau pulmonaire ; mais son récepteur CMKLR1 était surexprimé par les CML-
AP. Le sérum de patients SSc-HTAP accentuait la prolifération des CML-AP, et cet effet était
neutralisé par un inhibiteur de CMKLR1. Ces résultats plaident pour I'implication de I'axe

chemerin-CMKLR1 dans le remodelage vasculaire associé a 'HTAP-SSc.



e BAFF et le lymphocyte B

Plusieurs protéines associées au lymphocyte B (LB) (telles que B2-microglobuline, CXCL13
et BAFF) étaient différentiellement exprimées entre patients SSc avec et sans HTAP dans
I'étude par SOMAscan. Pour compléter, nous avons établi un panel de 14 biomarqueurs LB
(comprenant B2-microglobuline, facteur rhumatoide, immunoglobulines (Ig) G, IgA, 1gM,
BAFF, APRIL, formes solubles (s) des récepteurs TACI et BCMA, sCD21, sCD23, sCD25, sCD27,
et CXCL13), dont les associations entre taux sériques et les caractéristiques cliniques de la SSc
étaient étudiées au sein de 2 cohortes indépendantes.

On mettait en évidence plusieurs corrélations entre différents biomarqueurs LB et les
parametres associés a I'HTAP. En particulier, il existait une forte corrélation entre les taux de
BAFF, cytokine essentielle a la survie des LB, et les marqueurs de sévérité de 'HTAP. On
démontrait enfin la capacité des LB SSc a produire des médiateurs pro-angiogéniques,

suggérant ainsi leur implication dans la microangiopathie associée a la maladie.

Les axes chemerin-CMKLR1 et BAFF-LB constituent des candidats biomarqueurs robustes
de I'HTAP-SSc, présentant un potentiel diagnostique et pronostique, ouvrant la voie a de
nouvelles possibilités thérapeutiques et suggérant des interactions physiopathologiques

insoupgonnées entre immunité et vaisseau.

MOTS-CLES
Sclérodermie systémique — HTAP — adipokines — endothélium — biomarqueurs — lymphocyte
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SUMMARY
Pulmonary arterial hypertension (PAH) is now the leading cause of disease-related
mortality in patients with systemic sclerosis (SSc). Two issues arise to improve its prognosis:
o first, its pathogenesis is poorly elucidated. Interactions between the immunological and
fibrosing components of SSc have been extensively investigated, but few studies have
focused on the relationship between immunity and the vasculature in this disease;
e second, its management is hindered by clinical heterogeneity, sub-optimal diagnostic

strategies and limited therapeutic options (mostly based on vasodilator treatments).

During this PhD project, our objective was to identify new biomarkers associated with SSc-
PAH, in order to generate new pathophysiological hypotheses, to improve the clinical
characterization of patients, and to open therapeutic avenues.

To do this, we mined the serum proteome of SSc-PAH patients using a high-throughput
technigue (SOMAscan), allowing the simultaneous measurement of 1129 unselected proteins.
Overall, 53 proteins were differentially expressed compared to SSc patients without PAH.

Among them, 2 candidate biomarkers were further explored:

e Chemerin and its receptor CMKLR1

Among the 1129 proteins studied, serum levels of chemerin (an adipokine involved in
various inflammatory, fibrosing and vascular processes) were the only ones correlated with
pulmonary vascular resistance in 2 independent cohorts. A single-cell RNA sequencing study
on SSc-PAH lungs localized the production of chemerin within fibroblasts, pulmonary arterial
smooth muscle cells (PA-SMC)/pericytes and mesothelial cells. Confocal immunofluorescence
did not detect any chemerin staining in the lungs; but its receptor CMKLR1 was overexpressed
by PA-SMC. Serum from SSc-PAH patients increased the PASMC proliferation, and this effect
was neutralized by a CMKLR1 inhibitor. These results plead for the involvement of the

chemerin-CMKLR1 axis in the pathophysiology of SSc-PAH.

e BAFF and B cells

Several B cell-associated proteins were differentially expressed between SSc patients with
and without PAH in the SOMAscan dataset. A panel of 14 B-cell biomarkers (including 32-

microglobulin, rheumatoid factor, immunoglobulin (Ig) G, IgA, IgM, BAFF, APRIL, soluble forms



(s) of TACI and BCMA receptors, sCD21, sCD23, sCD25, sCD27, and CXCL13) was thus created;
and the associations between their serum levels and various SSc characteristics were studied
in 2 independent cohorts.

Several correlations were observed between different B-cell biomarkers and parameters
associated with PAH. Notably, a strong correlation was identified between the levels of BAFF,
a cytokine essential for the survival of B cells, and markers of PAH severity. Finally, we
demonstrated the capacity of SSc B cells to produce pro-angiogenic mediators, suggesting

their contribution to the microangiopathy associated with the disease.

The chemerin-CMKLR1 and BAFF-B cell axes are robust biomarker candidates of SSc-PAH,
presenting diagnostic and prognostic potential, opening the way to new therapeutic
possibilities and suggesting unsuspected pathophysiological interactions between immunity

and the vasculature.
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ABREVIATIONS

o-NETA : 2-(alpha-naphthoyl)ethyltrimethylammonium iodide
ALK : activin receptor-like kinase

APRIL : a proliferation-inducing ligand

BAFF : B cell activating factor
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BNP : brain natriuretic peptide

CCL : C-C motif chemokine ligand

CD : cluster de différentiation

CMKLR1 : chemokine-like receptor 1

CML-AP : cellules musculaires lisses artérielles pulmonaires
CVF : capacité vitale fonctionnelle

CXCL : C-X-C motif chemokine

DLCO : capacité de diffusion pulmonaire du monoxyde de carbone
HTAP : hypertension artérielle pulmonaire

HTP : hypertension pulmonaire

Ig : immunoglobuline

IL : interleukine

LB : lymphocyte B

MMP : matrix metallopeptidase

NT-pro-BNP : N-terminal prohormone of brain natriuretic peptide
PDGF : platelet derived growth factor

RVP: résistances vasculaires pulmonaires

SSc : sclérodermie systémique

TACI : transmembrane activator and CAML interactor

Tth : T follicular helper

Th : T helper

TIMP : tissue inhibitor of metalloproteinases

VEGFR : vascular endothelial growth factor receptor

VITmax : vitesse maximale de la fuite tricuspide
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Introduction



La sclérodermie systémique (SSc) est la plus sévére des maladies auto-immunes
systémiques (1). A’'heure actuelle, sa physiopathologie repose sur I'interaction entre 3 grands
acteurs, qui sous-tendent les principales manifestations cliniques de la maladie (2) : systéme
immunitaire (expliquant notamment la présence d’auto-anticorps), fibroblastes (responsables
de complications fibrosantes au niveau de la peau, des poumons, du coeur et du tube digestif)
et vaisseaux (microangiopathie s’exprimant notamment au niveau périphérique par le
phénomene de Raynaud et les ulcérations digitales, et au niveau pulmonaire par
I’'hypertension artérielle pulmonaire (HTAP)).

L’hypertension pulmonaire (HTP) est la plus grave des complications vasculaires de la SSc
(3). Elle se définit par la mise en évidence d’une élévation de la pression artérielle pulmonaire
moyenne > 20 mm Hg au cours d’un examen invasif, le cathétérisme cardiaque droit, et peut
relever de différents mécanismes. L'HTAP est la principale cause d’"HTP observée au cours de
la SSc et traduit la diffusion au niveau pulmonaire de la vasculopathie observée au plan
systémique. Elle se caractérise par un remodelage vasculaire majeur intéressant les petites
artéres pulmonaires, et touchant l'intima (dysfonction, prolifération, vasoconstriction et
fibrose de I'endothélium), la média (hypertrophiée par prolifération des cellules musculaires
lisses et/ou transition endothélio-mésenchymateuse) et I’adventice (infiltration immunitaire
et fibrose) (4).

L'HTAP est désormais la principale cause de morbi-mortalité associée a la SSc (5). Deux
problématiques majeures contribuent a expliquer ce pronostic sombre :

e d’une part, les mécanismes intimes du remodelage vasculaire observé au cours de 'HTAP-
SSc restent mal compris. Des données récentes plaident pour un réle important de
'immunité dans leur genese et leur pérennisation, notamment au cours de I'HTAP
idiopathique (4). Cependant, les interactions entre systémes immunitaire et vasculaire
n‘ont été que trés peu étudiées au cours de la SSc, au contraire des relations unissant
immunité et fibrose (6). Mieux préciser la nature de ces interactions pourrait permettre
d’envisager le recours aux traitements immunosuppresseurs et/ou anti-inflammatoires,
potentiellement capables de modifier I'histoire naturelle de la maladie et de prévenir
I'apparition de nouvelles lésions ;

e d’autre part, la prise en charge des patients est limitée par leur grande hétérogénéité
clinique, des difficultés diagnostiques (notamment en termes de stratégie de dépistage

permettant d’orienter la réalisation du cathétérisme cardiaque droit) et des options
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thérapeutiques restreintes (reposant essentiellement sur des molécules vasodilatatrices).
Il existe donc un besoin insatisfait de mieux stratifier les patients, en termes de probabilité
diagnostique, de mécanismes étiologiques, de présentation clinique, de pronostic et de

réponse au traitement (notamment immunosuppresseur/anti-inflammatoire).

Un biomarqueur se définit, dans son acception la plus large, comme un marqueur
biologique qui se substitue a un événement clinique ou biologique plus difficile a observer, ou
capable de prédire sa survenue future (7). Bien que I'origine du terme remonte aux années
1970, les « approches biomarqueurs » se sont largement déployées dans la fin des années
2000. Les applications cliniques potentielles des biomarqueurs sont vastes et peuvent
concerner les aspects diagnostiques (dépistage, diagnostic positif et négatif, classification
d’une maladie), pronostiques (prédiction de la survenue d’'une maladie, d’'une complication
ou du déces) et thérapeutiques (prédiction de la réponse au traitement ou de la survenue
d’effets secondaires, surveillance sous traitement). La nature biologique du biomarqueur
identifié et sa relation avec I'’évenement clinique étudié peuvent également ouvrir des pistes
physiopathologiques porteuses. Ainsi, il apparait que l'identification de biomarqueurs
robustes et pertinents pourrait contribuer a améliorer la prise en charge des patients
présentant une HTAP-SSc.

Plusieurs biomarqueurs ont été découverts pour caractériser le phénotype des patients
atteints d’"HTAP-SSc et ont ainsi pu étre déployés en routine avec succes : on peut ainsi citer
les auto-anticorps associés a la maladie (en particulier anti-centromére et anti-U1-RNP) et les
peptides natriurétiques (BNP et Nt-pro-BNP) (8). Plusieurs travaux ont depuis tenté
d’identifier de nouveaux biomarqueurs permettant de stratifier encore plus précisément les
patients (9,10) et ont mis en évidence des associations entre des protéines impliquées dans
différents processus biologiques (notamment angiogenése et inflammation) et la survenue
et/ou la sévérité de I'HTAP-SSc. Cependant, la robustesse de ces biomarqueurs reste
discutable, la plupart de ces résultats n’étant pas toujours reproduits, ce qui compromet
souvent leur transfert en pratique clinique quotidienne et l'investigation de pistes

physiopathologiques novatrices.

Dans le cadre de ce travail de thése, notre objectif était donc d’identifier de nouveaux

biomarqueurs associés a [I'HTAP-SSc, afin de générer de nouvelles hypothéses
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physiopathologiques, d’améliorer la caractérisation clinique des patients, et d’ouvrir des
pistes thérapeutiques. Pour cela, nous avons exploré le protéome sérique de patients
présentant une HTAP-SSc (Partie 1) et identifié 2 pistes présentant un intérét potentiel : I'axe

chemerin-CMKLR1 (Partie I) ; et 'axe BAFF-lymphocyte B (Partie Il).

L'ensemble de ces résultats ont été publiés ou sont en cours de publication, et sont

présentés ci-apres.
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Etat de I'art



Avant de replacer nos résultats dans leur contexte clinique, nous avons réalisé une revue
actualisée de la littérature portant sur ’'HTAP-SSc. Afin d’en illustrer I'hétérogénéité clinique
et physiopathologique qui a rendu nécessaire notre travail de thése, le champ de cette revue
a été étendu a I'ensemble des groupes d’HTP, sans se limiter aux groupes 1 (HTAP), et a

I’ensemble des connectivites.

Ce travail est actuellement en cours de révision dans la Revue de Médecine Interne.
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RESUME DETAILLE EN FRANCAIS

L’hypertension pulmonaire (HTP) est une complication rare des connectivites, notamment
de la sclérodermie systémique (SSc), du lupus érythémateux systémique et de la connectivite
mixte. Elle se définit par une élévation de la pression artérielle pulmonaire moyenne > 20 mm
Hg documentée par un cathétérisme cardiaque droit. Du fait de leur nature systémique, les
connectivites peuvent induire une HTP par différents mécanismes, parfois intriqués :
vasculopathie pulmonaire (groupe 1 de la classification de I’HTP) affectant les artérioles
(hypertension artérielle pulmonaire, HTAP) et possiblement les veinules (ex-maladie veno-
occlusive pulmonaire), cardiopathie gauche (groupe 2), maladie respiratoire chronique
(groupe 3) ou maladie thrombo-embolique chronique (groupe 4).

L'existence d’une HTP peut étre suspectée par la clinique (dyspnée, asthénie),
I’échographie cardiaque (élévation de la vitesse de la fuite tricuspide), une baisse isolée de la
DLCO lors des épreuves fonctionnelles respiratoires, et/ou une élévation du BNP/NT-pro-BNP.
Son diagnostic nécessite toujours une confirmation hémodynamique par cathétérisme
cardiagque droit. Plusieurs stratégies de dépistage ont été étudiées dans I'HTAP associée a la
SSc, mais peu de données sont disponibles dans les autres connectivites.

La prise en charge thérapeutique de I'HTP dépend du(es) mécanisme(s) en cause:
traitement spécifique en cas d’HTP de groupe 1 (avec discussion d’une immunosuppression
en cas de lupus ou de connectivite mixte) ; traitement de la cardiopathie gauche en cas d’"HTP
de groupe 2 ; traitement de la maladie respiratoire chronique avec discussion d’un traitement
par treprostinil inhalé en cas d’HTP du groupe 3 ; anticoagulation, traitement vasodilatateur,
endartériectomie et/ou angioplastie pulmonaire en cas d’HTP du groupe 4. Un suivi régulier

est indispensable.
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Pulmonary hypertension (PH) is a possible complication of connective tissue diseases
(CTDs), with prevalence and mechanism(s) varying among each condition but often associated
with a poor prognosis [1]. In this review, we describe the main pathophysiological and clinical

characteristics of PH associated with CTDs, as well as the core principles of its management.

1. DEFINITION AND CLASSIFICATION OF PULMONARY HYPERTENSION
Definition

PH refers to any hemodynamic situation in which the pulmonary circulation operates in a
high-pressure regimen. The threshold for elevated mean pulmonary arterial pressure (mPAP)
was arbitrarily set at 25 mmHg during the first World Symposium on PH in 1973 [2].
Subsequently, studies showed that normal mPAP revolves around 14+3 mmHg [3]. Therefore,
the 2022 European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines
have adopted a cut-off of 20 mmHg (i.e., 2 standard deviations above normal value) as the

new hemodynamic definition of PH [4].

Principles of right heart catheterization

The diagnosis of PH requires the invasive measurement of pulmonary pressures during a
right heart catheterization (RHC) [5]. During this exam, a Swan-Ganz catheter is introduced
into a peripheral (or central) vein, progresses to the right heart cavities and up to the
pulmonary arteries (PA), where the following parameters are evaluated (direct measurement
or calculation):

e right atrial pressure (RAP) (mmHg);

e systolic (sPAP), diastolic (dPAP) and mean (mPAP) pulmonary arterial pressure (mmHg);

e pulmonary arterial wedge pressure (PAWP) (mmHg). PAWP is assessed by occluding a
small PA branch using an inflated balloon at the tip of the catheter [6]. This creates a static
column of blood between the catheter tip and the left atrium (LA), and pressures at both
ends of the column equilibrate according to Pascal’s law. As such, PAWP allows for an
indirect measurement of LA pressure. In the absence of obstruction between LA and the
capillary bed (such as venous occlusion), PAWP also provides an estimation of capillary

pressure;
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e cardiac output (CO) (L/min) and cardiac index (Cl) (L/min/m?), that can be measured using
different methods (thermodilution technique, Fick’s equation);

e mixed venous oxygen saturation (Sv02) (%);

e pulmonary vascular resistance (PVR): calculated as PVR = (mPAP-PAWP)/CO (mmHg/L/min
or Wood units, WU).

e right ventricular stroke volume index (SVI) (mL/beats/m?): calculated as SVI = Cl/heart rate.
SVI represents the volume of blood ejected from the right ventricle (RV) during each
systole, indexed on body surface area.

Of note, acute vasoreactivity testing is no longer recommended in CTD-PAH, as long-term

response to calcium-channel blockers (CCBs) is exceptional in these patients [7].

Clinical and hemodynamic classifications of PH
Hemodynamic classification of PH is based on whether the process leading to the increased
pulmonary pressures is located before the capillary bed (pulmonary arterial diseases, as
appreciated by elevated PVR) and/or after the capillary bed (elevated venous pressure due to
left heart diseases, as appreciated by elevated PAWP) [4]. Thus, a distinction is made between:
e pre-capillary PH: defined by mPAP > 20 mmHg, PAWP < 15 mmHg and PVR > 2 WU;
e jsolated post-capillary PH: defined by mPAP > 20 mmHg, PAWP > 15 mmHg and PVR £ 2
WU;
e combined pre- and post-capillary PH (cpcPH): defined by mPAP > 20 mmHg, PAWP > 15
mmHg and PVR > 2 WU.

Clinical classification of PH identifies 5 major groups (Table 1, Figure 1) [4]:
e Group 1: pulmonary arterial hypertension (PAH)

PH is caused by increased vascular resistance related to pulmonary arterial damage
(parietal remodeling, vasoconstriction, in situ thrombosis). PAH can be limited to the
arterial side; or also involve lesions on the venous and capillary sides, a situation now
called PAH with features of venous/capillary involvement (and previously referred to as
pulmonary veno-occlusive disease (PVOD) or pulmonary capillary hemangiomatosis
(PCH)).

e Group 2: PH associated with left heart diseases
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PH is caused by an increased LA pressure, responsible for passive elevation in upstream
vascular pressures (pulmonary venous, capillary and arterial pressures).

Group 3: PH associated with chronic lung diseases

PH is caused by rarefaction of the vascular bed (due to parenchymal destruction), parietal
thickening (due to adjacent inflammation and fibrosis), and vasoconstriction reactive to
chronic hypoxemia (compensatory mechanism aiming at limiting perfusion in unventilated
territories), occurring in the setting of a chronic respiratory condition.

Group 4: PH associated with pulmonary artery obstruction

PH is caused by chronic PA obstruction (macrovascular component), associated with
vascular remodeling induced by chronic blood flow redistribution to perfused territories
(microvascular component). This usually occurs in the context of an acute pulmonary
embolism (PE) followed by incomplete recanalization of the arterial lumen and/or distal
embolizations, a condition called chronic thrombo-embolic PH (CTEPH). CTEPH can also
occur in patients without any known history of PE in 50% of cases.

Group 5: PH with unclear and/or multifactorial mechanisms

Discriminating intricated causes of PH

In systemic diseases such as CTDs, several mechanisms may contribute to the emergence

of PH in the same patient. For instance, systemic sclerosis (S5c) may cause group 1 (pulmonary

vasculopathy causing PAH with or without features of venous involvement), group 2 (due to

specific cardiomyopathy), group 3 (in case of extensive interstitial lung disease (ILD)) and/or

group 4 (in patients with associated antiphospholipid syndrome (APS)) [8].

Confirming the existence of intricated mechanisms can sometimes be difficult, especially in

certain situations:

Presence of pulmonary vasculopathy in patients with extensive ILD

In patients with CTD and chronic lung diseases, it can be challenging to determine whether
PH is exclusively due to the parenchymal condition (group 3-only PH) or if a CTD-associated
pulmonary vasculopathy is also participating (group 3+1 PH). The latter must be discussed
in case of severe PH, defined as PVR > 5 WU [9].

Presence of post-capillary PH due to heart failure with preserved ejection fraction (HFpEF)

in patients with PAWP < 15 mmHg
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Post-capillary PH related to HFpEF is volume-dependent and not always associated with a
PAWP > 15 mmHg, especially in case of volume depletion. In patients with features of
HFpEF and borderline PAWP (13-15 mmHg), a fluid challenge (infusion of 500 mL of
isotonic saline by 5-10 min) during RHC can unmask post-capillary PH due to occult
diastolic heart failure if PAWP raises above 18 mmHg [6].
e Presence of venous/capillary involvement (PVOD-like) in patients with PAH

In this setting, venous/capillary involvement should be suspected in addition to PAH in
case of signs of impaired gas exchange due to capillary alterations (profound hypoxemia,
markedly decreased DLCO) and/or signs of fluid overload due to venous obstruction
(lymph node enlargement, centrilobular ground-glass opacities, and septal lines on chest
CT-scan) [10]. Although there is some degree of post-capillary obstruction, PAWP is normal
in PVOD-like (as this is one of the few cases in which PAWP does not accurately reflect

capillary pressure; see above) [11].

2. CLINICAL PRESENTATION OF PULMONARY HYPERTENSION ASSOCIATED WITH
CONNECTIVE TISSUE DISEASES
Systemic sclerosis (55c)

SSc is characterized by the triad of vascular (Raynaud's phenomenon (RP), telangiectasias),
immunologic (autoantibodies) and fibrosing (skin fibrosis, ILD) manifestations [12]. Over the
past decades, lung involvement, and especially PH, has become its leading cause of mortality
[13].

As its pathogenesis involves widespread microangiopathy, SSc was identified as the most
frequent CTD associated with PAH in Europe and North America [14-16]. SSc-PAH is
characterized by vascular remodeling of the small pulmonary arteries (<500 um) and involves
substantial modifications in the intima (endothelial dysfunction, proliferation,
vasoconstriction and fibrosis), media (hypertrophy due to smooth muscle cell (SMC)
proliferation and/or endothelial-mesenchymal transition, loss of clear intima-media
delineation forming a “neo-intima”) and adventitia (immune infiltration and fibrosis) [17-19].
Plexiform lesions and thromboses may rarely be observed [20]. Histological studies suggested
that SSc-PAH is frequently associated with venous and capillary involvements, leading to

PVOD-like [21]. The exact mechanisms driving endothelial damage and vascular remodeling in
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SSc-PAH remain elusive, although recent works have suggested a participation of the immune
system in the pathogenesis of the disease [22,23].

Causes of PH can be numerous in SSc due to its systemic nature [8]: PAH with or without
features of venous involvement (group 1), specific cardiomyopathy with HFpEF (group 2),
extensive ILD (group 3) [24]. A particular subset of SSc-ILD patients, characterized by apical
emphysema and basal fibrosis (a condition called combined pulmonary fibrosis and
emphysema, CPFE), appeared at higher risk of group 3 PH [25]. SSc patients have an increased
incidence of thromboembolic events (even without antiphospholipid antibodies (aPL)) [26],
making the occurrence of group 4 PH possible; however, SSc-CTEPH has only been
exceptionally reported so far [27,28]. As PH is a heterogeneous complication in SSc, cluster
analysis was used on a multicenter US-French cohort to delineate homogeneous subsets of
SSc-PH patients: 4 clusters were identified and mainly differed in terms of ILD extent, DLCO,
PVR and survival [29]. Careful attention must thus be paid to accurately classify SSc-PH
patients in adequate clinical groups.

The prevalence of hemodynamically-proven pre-capillary PH in large SSc cohorts was
estimated between 5% and 12% using the former mPAP cut-off of 25 mmHg [30,31]. Recent
studies focusing on the 2022 ESC/ERS definition showed that the new criteria reclassified 10-
13% of SSc patients with available RHC data [32,33]. In the French multicenter ItinérAIR
cohort, the estimated incidence of PAH was 0.61 cases per 100 patient-years [34].

Classical risk factors for PAH occurrence in SSc are longstanding disease (>5 years), older
age at onset, limited cutaneous subset, profuse telangiectasias, anti-centromere and anti-
U1RNP antibodies [35]. However, PAH occurs within the first 5 years of disease onset in 55%
of cases, and in diffuse SSc in 22% of cases, justifying screening for all patients [36].

A meta-analysis including 22 studies (2244 SSc-PH patients) confirmed poor survival rates
at 1, 2, and 3 years: 81%, 64%, and 52%, respectively [37]. Survival have been improving in
recent years in patients <70 years old, probably due to a more aggressive therapeutic
management [38]. Nonetheless, SSc-PAH prognosis remains worse than iPAH, which may be
explained by more frequent occurrence of PVOD-like and comorbidities. Prognostic factors
associated with survival are age, WHO functional class, six-minute walk distance (6MWD),
DLCO, pericardial effusion, and hemodynamics (mPAP, Cl, PVR, SvO;). For patients with group

1 PH specifically, male gender and RAP were also prognostic markers [37,39].
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Systemic lupus erythematosus (SLE)

While rare in European and Northern American cohorts, SLE is the most frequent CTD
associated with PAH in Asian populations [40]. Like SSc, SLE can cause PH through various
mechanisms [41], although most patients were classified as group 1 PAH in the French PH
registry [42]. As SLE is associated with a higher risk of thromboembolic events and frequent
co-occurrence of APS, careful attention should be given to excluding CTEPH [43].

The exact prevalence of PH in SLE remains unknown, with estimates ranging from 0.5% to
17% (depending on echocardiographic cut-offs, RHC confirmation, study populations and care
setting), but likely does not exceed 1% in Caucasian patients [41,44,45]. Several risk factors
for PH were identified: RP; aPL, anti-U1RNP and anti-SSA/SSB antibodies; and high disease
activity [42,45].

SLE-PAH patients have better survival than SSc-PAH patients. A recent meta-analysis
including 6 studies (323 patients) estimated 1-, 3- and 5-year survival rates of 88%, 81% and
68%, respectively [46]. In the French PH registry, the 5-year survival of SLE-PAH patients was
84% [42]. Factors associated with mortality were WHO functional class, 6MWD, BNP/NT-
proBNP levels, mPAP and PVR [46]. The reasons for this difference in survival are unclear but
could be due to a more important role of immunity, making it accessible to
immunosuppressive therapy [47—-49]. Indeed, complete reversibility of PH has been described
in SLE patients treated by immunosuppressants and PAH-approved drugs, with some

achieving total withdrawal of pulmonary vasodilators [49].

Mixed connective tissue disease (MCTD)

MCTD is an entity defined by the simultaneous presence of clinical signs usually found in
other well-defined CTDs, associated with anti-ULRNP antibodies. Occurrence of group 1 PAH
and group 3 PH due to extensive ILD were both described in MCTD patients [50]. In the latter
case however, the hemodynamic impairment is usually severe and suggests an underlying
pulmonary vasculopathy [50,51]. As they share common clinical features, differential
diagnosis between MCTD-PAH and SSc-PAH associated with anti-U1-RNP is often challenging.
The prevalence of PH in MCTD patients was historically reported around 19-24% in patients
followed in tertiary care centers; but is closer to 2% in unselected cohorts [50]. Its incidence
was estimated at 2.1 per million/year [50]. Several risk factors were recognized: pericarditis,

polyarthritis, thrombocytopenia, ILD and anti-Sm antibodies [51].
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PAH was described as the first cause of death in MCTD patients [52]. The estimated survival
rates at 1, 5 and 10 years were 83%, 67% and 56%, respectively [51]. The main prognostic
factor in MCTD-PAH is tobacco exposure [51]. Conversely, anti-U1RNP antibodies, which are
found in all MCTD patients by definition, were associated with better survival in a study

performed in CTD-PAH, even after adjustment on the usual prognostic factors [53].

Primary Sjégren’s syndrome (pSS)

PH is a rare occurrence during pSS, although its exact prevalence has not been assessed in
large epidemiological studies [54]. Data from the French Health Insurance database however
confirmed pSS as a risk factor for PH occurrence (with a hazard ratio of 3.32) [54]. In the
majority of reported cases, PH is classified as group 1 (PAH) [55]. Other mechanisms of PH
have also been described, more anecdotally [56,57]. The development of PH in patients with
pSS seems associated with the presence of extra-glandular signs (RP, cutaneous vasculitis, ILD,
pericardial effusion) and immunological anomalies (rheumatoid factor; anti-nuclear, anti-
SSA/SSB, anti-RNP antibodies; hypergammaglobulinemia) [55,58,59]. It has a negative impact
on prognosis, with an estimated 3-year mortality of 66% in the French PH registry and 88% in
a multicenter Chinese cohort [55,58]. Cl, PVR and pSS damage index were identified as

predictors of death in Chinese patients [59].

Idiopathic inflammatory myopathies (I1IM)

The occurrence of PH in patients with IIM seems rare, but robust epidemiological data are
lacking [60,61]. Two consecutive studies observed an estimated sPAP >40 mmHg on
echocardiography in 16% of patients with polymyositis (PM) or dermatomyositis (DM), but
without hemodynamic confirmation [62,63]. Most of the cases described report group 3 PH
due to extensive ILD and usually part of an anti-synthetase syndrome (ASS) [64]. Nevertheless,
hemodynamics are often too severe to be explained by the chronic respiratory disease alone,
which suggest an underlying pulmonary vasculopathy [64]. Several publications also report
genuine isolated PAH in these patients [60,61]. Group 2 (cardiac myositis) and group 4 PH have
also been described on a more occasional basis [61].

The risk factors for PH occurrence during IIM are not clearly established. In patients with
ASS, PH was associated with arthralgias, ILD and low DLCO [64]. In [IM patients without ILD,

occurrence of PAH was associated with DM subtype, signs of peripheral microangiopathy, and

33



anti-SSA antibodies [60]. Prognosis is usually poor, with a 3-year mortality estimated between

42% and 44% [60,61].

Rheumatoid arthritis (RA)

The association between RA and PH is controversial. In the French PH registry, the
prevalence of RA was similar to the general population, which pleads for an incidental
association (explained by the relative frequency of the disease) [65]. Pharmacovigilance data
also suggested an association between treatment by leflunomide and PH occurrence [66],
which could account for some cases in RA patients.

In this cohort of 20 patients, PH was classified as group 1 in 50% of cases (including one
case of drug-induced PAH and one case of porto-pulmonary hypertension), group 3 in 30%
(five cases of pulmonary fibrosis and one case of non-fibrosing ILD), and group 4 in 20%

(without APS) [65]. Survival was estimated at 84% at 1 year and 78% at 3 years [65].

3. SCREENING AND RISK ASSESSMENT OF PULMONARY HYPERTENSION ASSOCIATED WITH
CONNECTIVE TISSUE DISEASES

A. SCREENING

Several tools are available to screen for PH in CTDs (Table 2) but only allow for a PH
probability assessment. In case of high suspicion of PH, RHC remains mandatory to formally
establish its diagnosis, and to guide etiologic investigations, prognostic evaluation and

treatment strategy [4].

Transthoracic echocardiography (TTE)
Resting TTE is the cornerstone of non-invasive PH screening. Several key parameters are
measured during this exam [67]:
e Estimation of sPAP:
PA and RV systolic pressures are not directly accessible during TTE. Therefore, sPAP values
can only be indirectly estimated by measuring:
o the peak tricuspid regurgitation velocity (TRV), from which the tricuspid regurgitation

pressure gradient (TRPG) is calculated using Bernouilli’s equation (TRPG = 4xTRV?);
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o the diameter and inspiratory collapse of the inferior vena cava (IVC), from which RAP
is roughly approximated;

o with sPAP ~ TRPG + RAP ~ 4xTRV? + RAP.

Crucially, TTE only gives an imperfect estimate of the true sPAP (risk of over- and

underestimation), which explains why hemodynamic confirmation remains essential for

the diagnosis of PH.
e Indirect signs of PH:

Aside from the estimation of sPAP, other parameters can further refine the

echocardiographic probability of PH. With the recent lowering of the mPAP threshold to

20 mmHg, these have gained a particular importance to allow for an earlier detection of

PH. These are indices related to:

o heart ventricles: signs suggestive of RV dilation (RV/LV diameter or area ratio >1,
flattening of the interventricular septum) or failure (estimated by the tricuspid annular
plan systolic excursion (TAPSE)/sPAP ratio, see below);

o pulmonary artery: signs suggestive of elevated pressure (modifications in the pulse
wave of the RV outflow tract, assessed by a shortened acceleration time (AT) and/or a
mid-systolic notching; estimation of mPAP by measurement of peak pulmonary
regurgitation velocity);

o IVC and RA: signs of IVC dilation (diameter > 21 mm with decreased inspiratory
collapse) and/or RA dilation (area > 18 cm?).

e Assessment of RV function:

RV function can be indirectly appreciated by assessing the movements of the tricuspid

annulus during systole, which partially reflect RV contraction. Two main echocardiographic

indices are available: tricuspid annular plan systolic excursion (TAPSE) and tissue Doppler-
derived tricuspid annulus velocity (S’ wave). Recently, the TAPSE/sPAP ratio, an indirect
marker of RV-PA coupling (which appreciates RV function in relation to the degree of

pressure elevation), was found to have both diagnostic and prognostic values in PH [68].

e Assessment of LV function and disease:
Assessment of LV diastolic and systolic functions, as well as LV conditions (such as mitral

or aortic valve diseases), are warranted and may point towards group 2 PH.

Pulmonary function tests (PFTs)
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Patients with suspected PH should undergo complete PFTs with forced spirometry, body
plethysmography and lung diffusion capacity for carbon monoxide [4]. PH in itself is usually
characterized by a mild decrease in DLCO with normal lung volumes, but diffusion can
sometimes be normal [69]. A progressive diminution in DLCO values over repeated PFTs during
follow-up is predictive of PH occurrence [70]. A profound decrease (< 45%) in DLCO is
uncommon in PAH and suggests an associated PVOD-like and/or ILD [71]; in any case, it is
associated with poor prognosis [72].

Abnormal pulmonary volumes cannot be attributed to PH and usually indicate an
underlying chronic lung disease. In this circumstance, it may be difficult to determine whether
the low DLCO is entirely explained by the respiratory disease alone or if an association with
PH must be suspected. A decrease in DLCO that is proportionally greater than FVC
(FVC(%)/DLCO(%) > 1.6) or alveolar volume (DLCO/VA < 70%) argues for an associated PH [73].

Cardiac biomarkers (BNP and NT-proBNP)

Elevation of natriuretic peptides (BNP and NT-proBNP) is common in PH but mainly reflects
RV pressure overload [74]. Thus, peptide levels are not very accurate for PH detection or
screening, but are excellent prognostic markers. Another limit is that these anomalies are not

specific to PH and may also be explained by left heart diseases or renal failure.

Six-minute walk test (6 MWT)

The 6MWT is a submaximal exercise test in which the patient is asked to walk as far as
possible during six minutes [75]. A decrease in the walking distance (6MWD) and the
occurrence of exercise desaturation can be observed in PH [76]. Interpreting this test in the
context of CTDs is delicate, because of other disease manifestations that can impact walking
and challenge its interpretation (musculoskeletal involvement, ILD, cardiac disease, etc.) [77].
In all cases, it reflects the functional capacities of the patient, and therefore yields prognostic

importance.
Electrocardiogram

The electrocardiogram inconsistently shows right heart signs (P pulmonale, right axis

deviation, RV hypertrophy, right bundle branch block), mostly in severe PH [78].
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Chest CT scan without and with contrast enhancement

Chest CT can sometimes contribute to the diagnosis of PH by showing dilatation of PA (as
assessed by the PA/aorta ratio) and/or right heart chambers. More frequently, it helps in the
clinical classification of PH by showing signs of chronic respiratory disease (CTD-ILD), PVOD-
like (lymphadenopathy, centrilobular ground-glass opacities, septal lines) and/or CTEPH
(filling defects, webs or bands inside Pas, PA retraction/dilatation, mosaic perfusion, and

enlarged bronchial arteries) [79].

Cardiac magnetic resonance imaging (MRI)
Cardiac MRI can show features suggestive of PH, such as dilatation of PA or right heart
chambers. More importantly, it allows measurements of several prognostic determinants,

such as RV ejection fraction, SVI and RV end-systolic volume index (RVESVI) [79].

Ventilation-perfusion (V/Q) lung scan

V/Q lung scan is the gold standard exam to exclude CTEPH and should be part of the initial
assessment of CTD-PH patients. In case of CTEPH, it typically shows mismatched perfusion
defects persisting after at least 3 months of anticoagulation, with a higher sensitivity but lower

specificity than chest angio-CT [79].

Screening strategies and RHC referral
The screening modalities for PH in CTDs differ according to the underlying condition [4]:

e forSSc (or MCTD with SSc features): screening by TTE, PFTs, cardiac biomarkers and 6MWD
is recommended annually for asymptomatic patients, and at symptom onset in
symptomatic patients [80];

e for all other CTDs: screening by TTE, PFTs, cardiac biomarkers and 6MWD should be
considered only in symptomatic patients.

At the end of the screening workup, patients with suspected PH should undergo RHC for
hemodynamic confirmation. Indications for RHC are poorly codified: several decision
algorithms have been proposed and mostly validated in SSc patients [4,81,30,74] (Table 3). As

of today, the best strategy still remains a area of intensive investigation [82].
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Moreover, these algorithms were developed to identify patients that validate the previous
hemodynamic definition of PH. Further studies are needed to assess how the new criteria may

impact our current screening strategies.

B. INITIAL RISK ASSESSMENT

The 2022 ESC/ERS guidelines provide a 3-strata risk assessment model to estimate the 1-
year mortality of PAH patients at diagnosis (Table 4) [4]. Several key prognostic factors were
identified: clinical presentation, functional evaluation, cardiac biomarkers, TTE parameters
(notably RA area and TAPSE/sPAP), cardiac MRI, and hemodynamics (RAP, Cl, SVI and SvO>).
Using these prognostic markers, patients are stratified as low risk (estimated 1-year mortality
< 5%), intermediate risk (5-20%) or high risk (> 20%).

This stratification drives therapeutic management. However, CTD-PAH patients may have
several intricated causes of PH (simultaneously or consecutively), which challenge its

interpretation in this setting [8].

C. FOLLOW-UP

Regular follow-up is mandatory in CTD-PH patients and should include clinical assessment
(with WHO functional classification), 6MWT, cardiac biomarkers and TTE. A 4-strata risk
assessment model was recently developed to refine prognostic evaluation during follow-up
and adapt treatment accordingly (Table 4) [4]. This model identifies WHO functional class,
6MWT and BNP/Nt-proBNP levels as the main determinants of prognosis, and classifies
patients as low risk, intermediate-low risk, intermediate-high risk, and high risk. It has recently
been validated in CTD-PAH populations [83].

RHC is not systematically repeated during follow-up but is warranted in patients with

clinical worsening and 3-6 months after changes in therapy.

4. TREATMENT STRATEGY IN PULMONARY HYPERTENSION ASSOCIATED WITH CONNECTIVE
TISSUE DISEASES

A. GENERAL MEASURES

Several general measures are consistently discussed in all CTD-PH cases [4,84]:
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o referralto an expert center specialized in the management of pulmonary vascular diseases

(for France, see list at: https://respifil.fr/);

e vaccinations against influenza, COVID-19 and pneumococcal infections;

e supervised cardiorespiratory rehabilitation, after careful safety evaluation;

e anticipation of high-risk situations: pregnancy (generally contraindicated), surgery
(carefully weighing its risks vs its benefits), anesthesia (avoidance of general anesthesia);

e long-term oxygen therapy in case of chronic respiratory failure (PaO2 < 60 mmHg);

e diuretics in case of signs of fluid retention and/or right ventricular failure.

B. MEDICATIONS
The drugs used to treat CTD-PH patients vary according to PH mechanism(s) and the

underlying CTD (Figure 1).

Group 1: PAH (without features of venous/capillary involvement)

The 2022 ESC/ERS guidelines recommend that treatment of CTD-PAH patients follow the
same algorithm as iPAH patients [4]. However, most of the available data regarding CTD-PAH
therapy stems from clinical trials that analyzed overall PAH populations, mixing patients with
different causes of PAH [84]. Usually, these studies would include about one-third of patients
with CTDs; and subgroup analyses are not always available. When they are, they often show
that the magnitude of treatment response is lower than for iPAH patients. Furthermore, many
trials have used the 6MWD as their primary endpoint, which is not an adequate surrogate for

hemodynamics in CTD-PAH, especially in SSc [76].

e Anticoagulation

The relevance of anticoagulation in CTD-PAH is controversial: although scientific evidence
(in situ thrombosis, pro-coagulant state) suggests a potential interest, clinical data from SSc-
PAH patients demonstrated a poor tolerance due to an increased bleeding risk [85,86]. As
such, systematic anticoagulation is no longer recommended in CTD-PAH patients, but can be
discussed on a case-by-case basis [4]. Anticoagulants used for other indications (such as APS)

can be maintained if well tolerated.
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e (Calcium-channel blockers

Conversely to iPAH, long-term response to CCBs is exceptional in CTD-PAH [7]. As such,
acute vasoreactivity testing is no longer recommended in these patients; and CCBs were
removed from their therapeutic arsenal [4]. CCBs used for other indications (such as RP) can

be maintained if well tolerated.

e Conventional PAH-approved drugs

Conventional drugs approved for PAH try to reverse vasoconstriction and vascular
remodeling by limiting the impact of endothelial dysfunction on PA-SMCs. To do so, they
target 3 main mediators: endothelin-1 (endothelin receptor antagonists (ERAs)), the NO-
cGMP couple (phosphodiesterase 5 inhibitors (PDE5is) and direct soluble guanylate cyclase
stimulators (sGCs)), and prostacyclin (prostacyclin analogues (PCA) and prostacyclin receptor
agonists (PRA)) [84]. The detailed characteristics of these drugs are provided in Table 5.
Results from the major studies that focused specifically on their efficacy and safety in CTD-
PAH are detailed in Table 6 [87-98].

As the common feature of these drugs is to induce pulmonary vasodilation, they all expose
patients to 2 possible complications [84]:

o pulmonary edema: in patients with elevated capillary pressure (as seen in HfpEF or
PVOD-like), pulmonary vasodilation will overflow the capillary bed and lead to plasma
leakage into the alveolae;

o worsening of gas exchanges: in patients with chronic lung diseases (such as CTD-ILD)
compensatory vasoconstriction wusually occurs in unventilated territories to
redistribute blood flow in ventilated segments. Pulmonary vasodilation induced by
PAH-specific drugs will alleviate this adaptive mechanism, increasing perfusion in
unventilated territories and possibly degrading blood oxygenation.

As such, therapeutic strategy in CTD-PAH now integrates the presence of relevant
cardiopulmonary comorbidities, as they condition treatment tolerance [4]. These include
cardiovascular risk factors associated with LV diastolic dysfunction (obesity, hypertension,
diabetes mellitus, coronary heart disease) and pulmonary conditions (signs of mild
parenchymal lung disease, markedly low DLCO as seen in PVOD-like and ILD).

Conventional PAH-approved therapies in CTD-PAH patients are initiated and adapted based

on the existence of such comorbidities, as well as on 1-year mortality predicted by risk
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assessment models (3-strata at baseline, 4-strata during follow-up) [4]. Treatment objective
is to bring and maintain patients in the low-risk category. A detailed therapeutic algorithm is

presented in Figure 2.

e Immunosuppressants

The place of immune suppression and modulation in the management of CTD-PAH is still a
matter of debate [99].

Regarding conventional immunosuppressants, retrospective studies have suggested a
potential benefit of corticosteroids combined with cyclophosphamide in SLE- and MCTD-PAH
patients, with a response to immunosuppression alone occurring in approximately 50% of
patients, especially in case of milder baseline functional limitation and hemodynamic
impairment [47,48]. Indications for immunosuppressants in SLE and MCTD-PAH patients
should always be discussed with a competence or reference center. Conversely, no response
was noted in any of the patients with SSc-PAH [47]. In pSS- and I[IM-PAH, response to
immunosuppression monotherapy seemed more variable and usually required second-line
incrementation by PAH-approved drugs [55,60]. More recently, a small randomized placebo-
controlled phase lla trial demonstrated the safety of tacrolimus in 23 PAH patients (including
5 with CTDs), although no change was noted in the 6MWD, Nt-pro-BNP levels and
echocardiographic parameters [100].

Regarding biological therapies, rituximab has recently been evaluated in an NIH-sponsored
randomized placebo-controlled trial to treat SSc-PAH patients [101]. The change in 6MWD at
week 24, used as the primary outcome measure, did not differ significantly between arms.
However, in a secondary analysis using data through week 48, rituximab was superior to
placebo. Machine learning identified a subgroup of patients, characterized by low levels of
rheumatoid factor, interleukin (IL)-12, and IL-17, that benefited most from treatment.
Conversely, a phase Il open-label trial of intravenous tocilizumab failed to demonstrate any
significant change in PVR in 29 PAH patients (including 10 with CTDs) and was associated with

frequent occurrence of moderate/severe adverse effects (20%) [102].

e Sotatercept
Sotatercept, a fusion protein that traps activins involved in PAH pathogenesis, was studied

as an add-on therapy in PAH patients, including 18% with CTDs [103]. Treatment with
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sotatercept resulted in significant improvement in 6MWD, PVR, Nt-proBNP, WHO functional
class and time to clinical worsening in the overall population, although subgroup analysis in
CTD-PAH showed a milder effect. Treatment was also associated with an increased incidence

of telangiectasias, which warrants careful monitoring in SSc-PAH patients.

e Investigational drugs

Several phase 2 and/or 3 trials are currently investigating the efficacy and safety of novel
treatment options in PAH [104]. These includes new drugs that act on “canonical” PAH
pathways (vardenafil, an inhaled PDE5i; MK-5475, an inhaled sGCs; ralinepag, an oral PCA);
and agents that target original pathways: PDGF signaling (imatinib and seralutinib), serotonin

metabolism (rodatristat) or epigenetic regulation (apabetalone).

Group 1: PAH with features of venous/capillary involvement (PVOD-like)

Management of CTD patients with PAH with features of venous/capillary involvement is
challenging [11]. Indeed, PAH-specific therapies are usually poorly tolerated in that setting
(risk of pulmonary edema; see above). Initial monotherapy with slow dose titration and strict

volemia control by diuretics are usually prescribed, but prognosis remains poor.

Group 2

Treatment of group 2 PH mostly consists in the management of the underlying left heart
disease [6]. The use of PAH-specific therapies in that setting is controversial, as there are
concerns regarding their tolerance (risk of pulmonary edema; see above). However, recent
data indicate that PDE5is may be safely used in patients with HFpEF-cpcPH [4].
As such, there is generally no indication for PAH-specific drugs in patients with isolated post-
capillary CTD-PH [4]. In patients with cpcPH, the origin of the pre-capillary component should
be investigated, as CTD patients may have group 1 and/or group 3 PH due to other disease
manifestations. In case a PAH-approved therapy is indicated, PDE5is monotherapy should be

preferentially prescribed, with close monitoring of volemia.

Group 3
Similarly, treatment of group 3 PH mostly consists in the management of the underlying

chronic lung disease (usually an extensive CTD-ILD) [24]. The use of PAH-specific therapies in
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these patients is also an unsettled issue, as these drugs can have detrimental effects on gas
exchanges (see above) [105]. Specifically, ambrisentan and riociguat were both associated
with increased risk of clinical worsening in patients with idiopathic pulmonary fibrosis-
associated PH [4]. Conversely, in a recent randomized controlled trial performed on ILD-PH
patients (including 22% with an underlying CTD), inhaled treprostinil was associated with
higher 6MWD, lower Nt-proBNP, lower clinical worsening and an excellent tolerance profile
[106].

As such, PAH-specific drugs are generally not indicated in most patients with non-severe
group 3 CTD-PH [4]. Treatment with inhaled treprostinil (in case of ILD-PH with PVR >3 WU)
or PDE5i monotherapy (if PVR >5 WU) can be considered on a case-by-case basis, with close

monitoring of blood oxygenation and referral to expert centers.

Group 4
CTEPH is the only potentially curable cause of PH in CTDs [4]. Referral to an expert
multidisciplinary team including experienced thoracic surgeons and interventional
radiologists is recommended. Treatment takes into consideration the macrovascular (PA
obstruction) and microvascular (microangiopathy) components of the disease, and includes a
combination of:
e surgical pulmonary endarterectomy for accessible lesions;
e interventional balloon pulmonary angioplasty and/or medical therapy with riociguat for
inoperable lesions/patients or PH persistence after surgery.
Prevention of new thromboembolic events by lifelong therapeutic anticoagulation is indicated

for all patients.

C. LUNG TRANSPLANTATION

Potentially-eligible CTD-PH patients should be referred early to a transplantation center in
case of inadequate response to appropriate therapy (e.g. patients remaining in intermediate-
high/high risk or with progressive/worsening disease), treatment by i.v./s.c. prostacyclin
analogues or features of venous/capillary involvement [4]. Severe/refractory ILD in patients
with group 3 PH can also be an indication in itself.

Exhaustive pre-transplant evaluation is mandatory to identify usual conditions (e.g.,

chronic/recurrent infections or recent/active neoplasia) as well as CTD-specific manifestations
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(especially digital ulcers, active myositis, gastrointestinal disorders, heart conduction/rhythm
anomalies, renal involvement) that could act as contraindications [107].

Bilateral lung transplantation is now preferred over heart-lung transplantation in CTD-PH
patients. Survival was estimated at 69% at 10 years and is considered similar to (or better

than) patients with other transplant indications [108,109].

CONCLUSION

PAH is a rare but severe complication of CTDs. Several progresses have been made over
the last decades to improve disease phenotyping, screening, prognosis and treatment.
Clinicians managing these patients should be aware of its numerous specificities in terms of

clinical features and management.
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Table 1. Simplified clinical classification of PH (adapted from [4]).

Group 1. Pulmonary arterial hypertension (PAH)

1.1 Idiopathic PAH

1.2 Heritable PAH

1.3 PAH associated with drugs or toxins

1.4. PAH associated with:

1.4.1. Connective tissue diseases

1.4.2. HIV infection

1.4.3. Portal hypertension

1.4.4 Congenital heart disease

1.4.5. Schistosomiasis

1.5. PAH with features of venous/capillary (PVOD/PCH) involvement

1.6. Persistent PH of the newborn

Group 2. PH associated with left heart disease

2.1. Heart failure

2.1.1. with preserved ejection fraction (HFpEF)

2.1.2. with reduced ejection fraction

2.2. Valvular heart disease

2.3. Congenital/acquired cardiovascular conditions leading to post-capillary PH

Group 3. PH associated with lung diseases and/or hypoxia

3.1. Obstructive lung disease or emphysema

3.2. Restrictive lung disease

3.3. Lung disease with mixed restrictive/obstructive pattern

3.4. Hypoventilation syndromes

3.5. Hypoxia without lung disease (e.g. high altitude)

3.6. Developmental lung disorders

Group 4. PH associated with pulmonary artery obstructions

4.1. Chronic thrombo-embolic PH

4.2 Other pulmonary artery obstructions

Group 5. PH with unclear and/or multifactorial mechanisms

Causes of PH that can occur in CTDs are displayed in bold characters.

HIV: human immunodeficiency virus; HFpEF: heart failure with preserved ejection fraction; PCH: pulmonary
capillary hemangiomatosis; PH: pulmonary hypertension; PVOD: pulmonary veno-occlusive disease.
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Table 2. Exam work-up for CTD patients with suspected/confirmed PH.

Diagnosis Causes Prognosis
TTE Peak TRV Left-heart function (group 2 PH) RA area
Indirect signs of PH Valves (group 2 PH) TAPSE/sPAP
Pericardial effusion
PFTs and ABGs DLCO Lung volumes (group 3 PH) DLCO
FVC(%)/DLCO(%) DLCO, PaO, (PVOD-like, group 3 PH)
DLCO/VA
BNP/NT-proBNP Elevation of cardiac biomarkers / Elevation of cardiac biomarkers
6MWT 6MWD / 6MWD
Exercise desaturation
ECG Signs of right heart overload / Heart rhythm disorders
Chest CT scan PA dilation (PA/aorta ratio) PVOD-like (group 1 PH) /
Right heart dilation Chronic lung disease (group 3 PH)
CTEPH (group 4 PH)
Cardiac MRI PA dilation Left-heart function (group 2 PH) RV ejection fraction
Right heart dilation Valves (group 2 PH) Stroke volume index
RV end-systolic volume index
V/Qlung / CTEPH (group 4 PH) /
scintigraphy

6MWD: 6-minute walking distance; 6MWT: 6-minute walking test; ABG: arterial blood gases; BNP: brain natriuretic peptide; CT: computed tomography; CTD: connective tissue
disease; CTEPH: chronic thrombo-embolic pulmonary hypertension; DLCO: diffusing capacity of the lung for carbon monoxide; ECG: electrocardiogram; FVC: forced vital
capacity; MRI: magnetic resonance imaging; NT-proBNP: N-terminal proBNP; PA: pulmonary artery; PaO2: arterial partial pressure of oxygen; PFT: pulmonary function test;
PH: pulmonary hypertension; PVOD: pulmonary veno-occlusive disease; RA: right atrium; RV: right ventricle; sPAP: systolic pulmonary arterial pressure; TAPSE: tricuspid annular

plan systolic excursion; TRV: tricuspid regurgitation velocity; TTE: transthoracic echocardiography; V/Q : ventilation/perfusion; VA: alveolar ventilation.
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Table 3. RHC referral algorithms in CTD-PH.

2022 ESC/ERS guidelines for PH (adapted from [4])
These recommendations were not specifically developed for CTDs and are based on the
assessment of an echocardiographic probability of PH.

Peak TRV (m/s) Indirect signs of | Echocardiographic RHC referral
PH probability of PH
2.8 (or unmeasurable) No Low RHC not recommended
TTE follow-up
2.8 (or unmeasurable) Yes Intermediate RHC discussed
2.9-3.4 No TTE follow-up

\ 2.9-3.4 Yes Strong RHC recommended
>34 /
Khanna et al. 2013 [81]

These recommendations were specifically formulated for CTD-PAH and suggest that RHC should
be performed in each of the following situations:
e TTE criteria:
o peak TRV 2.5-2.8 m/s + clinical signs suggestive of PH
o peak TRV>2.8m/s
o RA(>53 mm) or RV (> 35 mm) dilation
e PFT criteria:
o FVC(%)/DLCO(%) > 1.6 and/or DLCO < 60% + clinical signs suggestive of PH
o FVC(%)/DLCO(%) > 1.6 and/or DLCO < 60% + Nt-proBNP > 2xN

DETECT algorithm [30]
The DETECT algorithm was established using data from a prospective study including 466 SSc
patients who all received systematic RHC. Patients with disease duration < 3 years or DLCO >
60% were considered at low risk of PH and not included. The developed score has the advantage
of a combined multimodal approach (clinical data, labs, PFT and TTE) and proceeds in successive
steps:
e Preliminary step: eligibility for the DETECT score

The score can only be used in SSc patients with disease duration > 3 years and DLCO < 60%.
e Step 1: collection of six pre-echocardiographic items (telangiectasias, FVC(%)/DLCO(%) ratio,

anti-centromere status, NT-proBNP, uricemia, right axial deviation in ECG)

If the total score exceeds 300 points, the patient should be referred for TTE.
e Step 2: collection of two echocardiographic items (peak TRV, RA area)

If the total score exceeds 35 points, the patient should be referred for RHC.
Its main advantage relies in its excellent sensitivity, better than echocardiography alone.
Limitations include its low specificity, the lack of validation in patients with DLCO > 60% and the
limited relevance of the pre- echocardiographic step (as TTE is often systematically performed
in SSc patients).

ASIG algorithm [74]
The ASIG algorithm was developed in SSc patients and relies on PFTs and Nt-proBNP to shift the
burden of PAH screening away from TTE. The screening strategy proceeds as follows:
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DLCO > 70% with FVC(%)/DLCO(%) < 1.8 AND Nt-proBNP <210 pg/ml: PAH unlikely, repeat
screening in 12 months

DLCO < 70% with FVC(%)/DLCO(%) > 1.8 AND/OR Nt-proBNP > 210 pg/ml: refer for TTE (
chest CT-scan, V/Q lung scintigraphy, 6MWT) and, if PAH is suspected, to RHC

6MWT: 6-minute walking test; ASIG: Australian Scleroderma Interest Group; CT: computed tomography,; CTD:
connective tissue disease; DLCO: diffusing capacity of the lung for carbon monoxide; ECG: electrocardiogram;
FVC: forced vital capacity; NT-proBNP: N-terminal pro-brain natriuretic peptide; PAH: pulmonary arterial
hypertension; PFT: pulmonary function test; PH: pulmonary hypertension; RA: right atrium; RHC: right heart
catheterization; RV: right ventricle; SSc: systemic sclerosis; TRV: tricuspid regurgitation velocity; TTE:
transthoracic echocardiography; V/Q : ventilation/perfusion
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Table 4. Assessment of 1-year mortality in CTD-PAH patients (adapted from Humbert et al. 2022 [4]).

Risk assessment at diagnosis (3-strata model)
Low risk Intermediate risk High risk
Signs of right heart failure No Yes
Progression of symptoms Slow Rapid
Syncope Occasional Repeated
WHO functional class I
6MWD 165-440 m
Cardiopulmonary exercise Peak VO; 11-15 mL/min/kg (35-65% Rd=EL A OrR &N 1| Wil (¥4 74 CIR LTS
testing predicted) predicted)
VE/VCO; slope 36-44 VE/VCO; slope > 44
Cardiac biomarkers BNP 50-800 ng/L BNP > 800 ng/L
NT-proBNP 300-1100 ng/L NT-proBNP > 1100 ng/L
Echocardiography RA area 18-26 cm? RA area >26 cm?
TAPSE/sPAP 0.19-0.32 mm/mmHg RIS TEZ RN R0 Viai1anls
Minimal pericardial effusion Moderate or large pericardial
effusion
Cardiac MRI RVEF 37-54% RVEF <37%
SVI 26-40 mL/m? SVI <26 mL/m?
RVESVI 42-54 mL/m? RVESVI >54 mL/m?
RHC RAP 8-14 mmHg RAP >14 mmHg
Cl 2.0-2.4 L/min/m? Cl <2.0 L/min/m?
SVI 31-38 mL/m? SVI <31 mL/m?
SvO, 60-65% Sv0; <60%
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Risk assessment at follow-up (4-strata model)

Low risk Intermediate-low risk Intermediate-high risk
WHO functional class / 1
6MWD 320-440 m 165-319 m

Cardiac biomarkers

BNP 50-199 ng/L
NT-proBNP 300-649 ng/L

BNP 200-800 ng/L

High risk

v

<165 m

BNP > 800 ng/L

NT-proBNP 650-1100 ng/L INLE el - KiKo[oNqT-748

6MWD: 6-minute walking distance; BNP: brain natriuretic peptide; Cl: cardiac index; MRI: magnetic resonance imaging; NT-proBNP: N-terminal pro-brain natriuretic peptide;
PAH: pulmonary arterial hypertension; RA: right atrium; RAP: right atrial pressure; sPAP: systolic pulmonary arterial pressure; SvO,: mixed venous oxygen saturation; RVESVI:
right ventricular end-systolic volume index; RVEF: right ventricular ejection fraction; SVI: stroke volume index; TAPSE: tricuspid annular plane systolic excursion; VE/VCO;:

ventilatory equivalents for carbon dioxide; VO,: oxygen uptake; WHO-FC: World Health Organization.
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Table 5. Characteristics of the main conventional PAH-approved drugs used in CTD-PAH patients.

Class Mode of action Drugs Route | Starting dose Target dose | Adverse effects and precautions Comments
Prevent binding of ET-1 Bosentan PO 62.5mg bid 125mg bid Drug interactions (IS, PDESi, HIV Also approved for preventing
o toits receptor ETRA (£ B) | (dual antagonist) drugs, warfarine, contraception) DU recurrence in SSc
_E Endothelin on PA-SMCs, which Abnormal liver function tests Monitor liver function 1/month
=
s othe alleviates ET1-induced Ambrisentan PO 5mg od 10mg od Peripheral edemas
receptor . .
£ . vasoconstriction and (selective ETRA
5 antagonists liferati .
£ (ERA) proliferation antagonist)
S Macitentan PO 10mg od 10mg od Anemia
S (dual antagonist)
Potentiate NO-induced Sildenafil PO 20 mg tid 20 mg tid Systemic vasodilation* Do not combine PDE5is and
F Phospho- liberation of cGMP in PA- sGCs together or with nitrates
E diesterase-5 | SMCs by stimulating its (severe hypotension)
§ inhibitors producing enzyme (sGCs) | Tadalafil PO 20mg od 40mg od Sildenafil can also be used for
a (PDES5I) or inhibiting its refractory RP or DU healing in
5 degrading enzyme SSc
o"-’ Direct sGC (PDES5i), which induces Riociguat PO 1mg tid 2.5mg tid
z stimulators vasodilation and
(sGCs) antiproliferation
Reproduce prostacyclin- Epoprostenol cont. 2 ng/kg/min variable Systemic vasodilation* Continuous infusion using
> . induced vasodilation and v Catheter infections or obstructions portable pump (education)
[ Prostacyclin . . .. L .
E analogues antiproliferation in PA- Administration over 1 (epo) to
‘é (PCA) SMCs Treprostinil cont. 1.25 ng/kg/min | variable Systemic vasodilation* (rare) 3 (trepro) days
£ SC Local vasodilation: erythema, Rebound PAH in case of abrupt
g induration and pain at infusion site withdrawal
o . . . . . . *
g Prostacyclin Selexipag PO 200 pg bid maximum Systemic vasodilation
o receptor tolerated
o . dose, up to
agonists (PRA) 1600 g bid

Only drugs marketed in Europe are presented (macitentan is not marketed in France).
*Side effects due to systemic vasodilation includes pain (headache, extremity pain, jaw pain), flushing, epistaxis, diarrhea/nausea/vomiting, fatigue, systemic hypotension.

cGMP: cyclic guanosine monophosphate; cont.: continuous; DU: digital ulcers; epo: epoprostenol; ERA: endothelin receptor antagonist; ET-1: endothelin-1; ETR: endothelin
receptor; HIV: human immunodeficiency virus; IS: immunosuppressants; IV: intravenous; NO: nitric oxide; PAH: pulmonary arterial hypertension; PA-SMC: pulmonary arterial
smooth muscle cells; PCA: prostacyclin analogue; PDE5i: phosphodiesterase-5 inhibitors; PO: per os; PRA: prostacyclin receptor agonist; RP: Raynaud’s phenomenon; SC: sub-
cutaneous; sGCs: soluble guanylate cyclase stimulators; SSc: systemic sclerosis; trepro: treprostinil.
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Table 6. Therapeutic trials of conventional PAH-approved drugs that specifically focused on CTD-PAH patients.

Source Intervention Control Period N Baseline | SSc-PAH MCTD-PAH | SLE-PAH Selected outcome
(weeks) WHO FC | (%) (%) (%) measures

Endothelin pathway

Denton et al., 2006 [87] Bosentan Placebo 12 or 16 66 1l (95%) 79 NA 12 ABWMD, TTCW

Sub-analysis of Study-351 and IV (5%)

BREATHE-1

Launay et al., 2010 [88] Bosentan iPAH patients 12and 52 | 49 11 (12%) 100 0 0 A6MWD, survival
1l (78%)

Badesch et al., 2007 [89] Ambrisentan Placebo 12 124 | NA NA NA NA A6WMD

Sub-analysis of ARIES-1 and -2

Badesch et al., 2012 [90] Ambrisentan Placebo 24 40 Il (30%) NA NA NA ABWMD

ARIES-3 1 (68%)

NO-cGMP pathway

Badesch et al., 2007 [91] Sildenafil Placebo 12 84 Il (38%) 45 10 22 For 20mg tid:

Sub-analysis of SUPER-1 1l (61%) AGWMD +42m

ANYHA 2>1in 29%
APVR -3.0WU

Galie et al., 2009 [92] Tadalafil Placebo 16 89 NA NA NA NA For 40mg od:

Sub-analysis of PHIRST A6WMD + 49m

Humbert et al., 2017 [93] Riociguat Placebo 12 111 | 11(36%) 59 9 16 A6WMD, FC, PVR, Cl

Sub-analysis of PATENT-1 and -2 Il (57%)

Combination

Hassoun et al., 2015 [94] Combination of | No control 36 24 11 (35%) 100 0 0 APVR -55%

ambrisentan Il (65%) ANYHA 1/11 +26%
and tadalafil A6WMD +52m (estimated)
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Coghlan et al., 2017 [95] Combination of | Ambrisentan or | NA 187 | 11(26%) 63 12 9 TTCW reduction of 57%
Sub-analysis of AMBITION ambrisentan tadalafil 1l (74%)
and tadalafil monotherapy
Prostacyclin pathway
Badesch et al., 2000 [96] Epoprostenol Conventional 12 111 | I (78%) 100 0 0 A6WMD +63.5m
v treatment IV (17%) APVR -4.58WU
Oudiz et al., 2004 [97] Treprostinil SC | Placebo 12 90 l (74%) 50 19 28 A6WMD
Sub-analysis of Simonneau et al., 2002 IV (16%)
Gaine et al., 2017 [98] Selexipag Placebo NA 334 | Il (46%) 51 11 25 TTCW reduction of 41%
Sub-analysis of GRIPHON Il (53%)

Bold characters indicate that the outcome criterion was met. Detailed results are provided only for positive studies; variations are expressed relative to baseline values.

A: variation of; 6WMD: 6-minute walking distance; cGMP: cyclic guanosine monophosphate; Cl: cardiac index; CTD: connective tissue disease; FC: functional class; i: idiopathic;
IV: intravenous; MICTD: mixed connective tissue disease; NA: not available; NO: nitric oxide; PAH: pulmonary arterial hypertension; PVR: pulmonary vascular resistance; RV:
right ventricle; SC: sub-cutaneous; SLE: systemic lupus erythematosus; SSc: systemic sclerosis; TTCW: time to clinical worsening; WHO: World Health Organization.
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Figure 1. Clinical groups of pulmonary hypertension in connective tissue diseases:
pathogenic mechanisms, associated diseases and treatment modalities

PAH-approved drugs Diuretics
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Round inserts depict the main pathophysiological lesions responsible for PH in each clinical group.

Yellow squared inserts refer to the main CTDs associated with each PH group. Their relative frequencies are
depicted using an arbitrary semi-quantitative scale ranging from - (uncommon association) to +++ (classic
association).

Green squared inserts refer to the main therapeutic modalities for each PH group.

CTEPH: chronic thromboembolic PH; IIM: idiopathic inflammatory myopathy; ILD: interstitial lung disease; LHD:
left heart disease; LV: left ventricle; MCTD: mixed connective tissue disease; PA: pulmonary artery; PAH:
pulmonary arterial hypertension; pSS: primary Sjogren’s syndrome; PV: pulmonary vein; RV: right ventricle; SLE:
systemic lupus erythematosus; SSc: systemic sclerosis.
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Figure 2. Management of conventional PAH-approved therapies in CTD-PAH patients
(adapted from Humbert et al. 2022 [4])
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Relevant cardiopulmonary comorbidities include cardiovascular risk factors associated with LV diastolic
dysfunction (obesity, hypertension, diabetes mellitus, coronary heart disease) and pulmonary conditions (signs of
mild parenchymal lung disease, DLCO <45%).

Due to the systemic nature of CTDs, treatment adverse effects, and common epidemiology, cardiopulmonary
comorbidities are frequent in CTD-PAH. However, it also has a worse prognosis than other forms of PAH and could
benefit from early dual therapy. As such, it seems reasonable to escalate treatment to a combination of PDE5i
and ERA after a few weeks if the initial monotherapy was well tolerated, and under careful monitoring.

In patients without cardiopulmonary comorbidities, initial triple-combination therapy including an
intravenous/subcutaneous prostacyclin analogue should be considered in patients at high risk, or at intermediate
risk presenting with major hemodynamic impairment (e.g. PVR 212 WU).

CTD: connective tissue disease; ERA: endothelin receptor antagonist; iv: intravenous; PAH: pulmonary arterial

hypertension; PCA: prostacyclin analogue; PDE5i: phosphodiesterase-5 inhibitors; PRA: prostacyclin receptor
agonist; sc: sub-cutaneous.
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PARTIE |

Exploration protéomique et
premier candidat biomarqueur :

I’axe chemerin-CMKLR1



Dans une premiére étape exploratoire, afin d’identifier des candidats biomarqueurs
prometteurs, nous avons exploré sans a priori le protéome sérique des patients HTAP-SSc a
I'aide une technique de protéomique haut-débit, le SOMAscan.

Afin de renforcer la robustesse et la reproductibilité de nos résultats (et en particulier
d’éviter toute interférence liée aux atteintes fibrosantes et aux traitements), nous avons fait
le choix d’inclure une cohorte homogéne et ciblée de patients présentant une HTP pré-
capillaire avec prélévement de sérum réalisé le jour du cathétérisme cardiaque droit, une SSc
cutanée limitée, pas de fibrose pulmonaire extensive, ni de traitement vasodilatateur
spécifique. Ce travail a été rendu possible par une collaboration internationale impliquant les
équipes de Boston University, University of Pittsburgh, Le Kremlin-Bicétre (Paris-Saclay),
Grenoble et Lille.

Nous avons ainsi pu identifier un premier candidat biomarqueur, chemerin, qui semble
présenter un intérét diagnostique (biomarqueur de substitution des RVP, susceptible de
guider la réalisation d’un cathétérisme cardiaque droit), pronostique (association a la sévérité
hémodynamique) et physiopathologique (implication de I'axe chemerin-CMKLR1 dans le

remodelage vasculaire pulmonaire).

Ces résultats ont fait I'objet d’une publication dans Annals of the Rheumatic Diseases
(Sanges S, et al. Biomarkers of haemodynamic severity of systemic sclerosis-associated
pulmonary arterial hypertension by serum proteome analysis. Ann Rheum Dis 2023;82:365—
373. doi:10.1136/ard-2022-223237; version PDF accessible sur le lien suivant:
https://ard.bmj.com/content/82/3/365.long).
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RESUME DETAILLE EN FRANCAIS

Au cours de ce projet collaboratif international, nous avons étudié le protéome sérique des
patients atteints d’HTAP associée a la sclérodermie systémique (SSc) afin d’identifier des
biomarqueurs candidats reflétant la sévérité hémodynamique de la maladie. Parmi 1129
protéines évaluées par une approche protéomique a haut débit (SOMAscan), les taux sériques
de chemerin, une adipokine impliquée dans différents processus inflammatoires, fibrosants et
vasculaires, étaient significativement corrélés aux résistances vasculaires pulmonaires dans
une cohorte de patients sélectionnée (SSc cutanée limitée, HTP de groupe 1 sans PID
extensive, absence de traitement vasodilatateur spécifique), suivie au sein du Boston
University Arthritis Center. Ces résultats étaient validés dans une cohorte internationale
indépendante, confirmant leur robustesse et permettant d’envisager leur transfert en
pratique clinique. Les taux sériques de chemerin étaient également mesurés dans d’autres
phénotypes de patients SSc (notamment atteints de fibrose cutanée diffuse et de
pneumopathie interstitielle diffuse extensive) : leur élévation était spécifiquement observée

en cas d’"HTAP.

Nous avons ensuite exploré le role physiopathologique de chemerin dans I’'HTAP-SSc. Une
étude en cellule unique du transcriptome (single cell RNA sequencing) réalisée sur poumons
de patients HTAP-SSc localisait la production de chemerin au niveau des fibroblastes, des
cellules musculaires lisses artérielles pulmonaires (CML-AP)/péricytes et des cellules
mésothéliales. En immunofluorescence confocale, la présence de chemerin n’était pas
détectée au niveau pulmonaire ; mais son récepteur CMKLR1 était surexprimé par les CML-
AP. Le sérum de patients HTAP-SSc induisait une prolifération plus importante des CML-AP
que le sérum de patients SSc sans HTAP ; un effet qui était neutralisé par un inhibiteur de
CMKLR1, a-NETA. Ces résultats plaident pour I'implication de I'axe chemerin-CMKLR1 dans la
physiopathologie de I’'HTAP-SSc.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is the most devastating complication of systemic
sclerosis (SSc) [1]. A common pathological hallmark of PAH is remodeling of precapillary
pulmonary arteries, manifested by pulmonary vasoconstriction and medial thickening due to
increased expansion of pulmonary artery (PA) smooth muscle cells (SMCs) [2]. This alteration
of the small/medium-sized pulmonary arteries contributes to the progressive and rapid
increase in pulmonary vascular resistance (PVR) that eventually lead to right ventricular failure
[3]. Right heart catheterization (RHC) is required to confirm the diagnosis of PAH, to assess
the severity of the hemodynamic impairment and the response to treatment [4].

PAH has become a leading cause of death in SSc, with a standardized mortality ratio of
5.27 and a median survival of 3 years [1,5]. Improving its prognosis is thus a major challenge
when managing SSc patients [3], requiring early diagnosis to allow for timely initiation of
treatment, as well as rapid detection of treatment failure to allow for immediate adjustment
of medications. However, since diagnosis and disease progression in PAH have hemodynamic
definitions, this supposes performing iterative RHCs, highlighting the need to identify
biomarkers for the accurate and non-invasive prediction of PAH in SSc patients.

Several works have previously tried to address this issue [6—12]. Most of them focused on
identifying surrogates for hemodynamic diagnostic parameters, with biomarkers that could
accurately discriminate SSc patients with and without PAH [7-10]. Few studies however have
tried to find surrogate markers for severity parameters, such as PVR [6,11]. This is a matter of
importance, since PVR reflect the ongoing vascular remodeling underlying the disease
progression and can be used to guide treatment initiation and assess therapeutic efficacy
[11,13].

This work was an exploratory study that aimed to identify proteins that correlate with
hemodynamic severity in SSc-PAH patients and to serve as a base on which future hypotheses
could be tested. To achieve this, we used a wide-scale approach by investigating alterations
in the patients’ serum proteome with a high-throughput assay. In a second step, we assessed

whether the identified candidate biomarkers were involved in disease pathogenesis.
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METHODS

1. Serum proteome signature of SSc-PAH

1.1. Study population

In a first step, in order to identify candidate biomarkers, a discovery cohort was recruited
from Boston University Arthritis Centre. Patients were included if they met the following
criteria: (1) diagnosis of SSc according to the 2013 ACR/EULAR criteria [14]; (2) limited
cutaneous (Ic) subset of SSc according to LeRoy’s criteria [15]; (3) absence of extensive ILD
according to Goh’s criteria [16]; (4) absence of PAH-specific therapy. In that first step, patients
with diffuse cutaneous (dc)SSc and/or extensive ILD were excluded in order to avoid our
biomarker screening to be interfered with by any active organ involvement other than PAH,
and our results to be mediated by any pathogenic process other than pulmonary
microangiopathy. Additionally, extensive ILD was also considered an exclusion criterion in
order to avoid including patients with secondary (group 3) pulmonary hypertension that
probably did not have significant pulmonary microangiopathy. Patients fulfilling these
inclusion criteria were classified as cases if they had an RHC-proven diagnosis of PAH according
to the 2015 ESC/ERS guidelines [4]; and as controls if they had no evidence of PAH. PAH
screening modalities, assessment of PAH probability and referral for RHC followed ESC/ERS
guidelines in effect at the time of sample collection. For cases, all serum samples were
collected on the same day as RHC.

In a second step, in order to confirm the validity of the identified candidate biomarkers,
an independent validation cohort was recruited from Boston University, Grenoble University
Hospital and Lille national reference centre for SSc. Patients were included if they met the
same criteria as the discovery cohort. Cases and controls were also similarly defined. For cases,
serum samples were collected on the same day as RHC (except for 4 samples collected within
6 weeks before).

In a third step, in order to determine if our candidate biomarkers were influenced by other
SSc manifestations apart from PAH, 3 other patient groups were recruited from Boston
University Arthritis Centre. A first group included patients with dcSSc, no extensive ILD, and
no evidence of PAH. A second group included patients with [cSSc, extensive ILD, and no
evidence of PAH. A third group included healthy controls.

All patients were recruited in a consecutive fashion by screening the databases of

participating centres in 2015. Serum samples had been collected between 2004 and 2014.
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1.2. SOMAscan assay

The relative expression levels of 1129 serum proteins were assessed in the discovery
cohort using the SOMAscan platform (Somalogic Inc., Boulder, CO, USA), a highly multiplexed
aptamer microarray, as previously described [17,18]. Briefly, samples were deposited in a 96-
well plate and incubated with a mixture of the 1129 SOMAmer reagents. Two sequential bead-
based immobilization and washing steps eliminated unbound proteins, non-specifically bound
proteins and unbound SOMAmer reagents. The remaining specifically bound SOMAmer
reagents were isolated, and each reagent was quantified simultaneously on a custom Agilent
hybridization array. The amount of each SOMAmer measured was quantitatively proportional
to the protein concentration in the original sample. Results were expressed in relative

fluorescence units (RFU).

1.3. ELISA assays

To confirm result reproducibility and cross-platform consistency, serum concentrations of
candidate proteins were measured in duplicate in the validation cohort using commercial
ELISA assays (Quantikine® ELISA Human Chemerin Immunoassay, R&D systems; SET Nuclear
Oncogene (SET) ELISA Kit (Human), cat. #ABIN1152447, antibodies-online.com) at appropriate

dilutions (1:100 for chemerin; 1:1 for SET), according to the manufacturer’s protocol.

1.4. Statistical analyses

For the description of study populations, quantitative variables were expressed as means
+ standard deviation (SD) or medians (interquartile range) for non-normal distributions, and
categorical variables were expressed as numbers (percentage). Normality of distributions was
assessed using histograms and tested using the Shapiro-Wilk test.

In a first step, data from the discovery cohort were log2 transformed and a differential
analysis was performed between cases and controls with the Bioconductor R (v3.6.1) package
limma (v3.38.3) [19]. Limma uses an empirical Bayesian approach to estimate variances in
moderated t-tests, which has proven to improve results on standard t-tests, especially when
the number of replicates is small. Raw P-values were adjusted with the Benjamini Hochberg
method [20] and proteins with adjusted P-values<0.05 were considered differentially

expressed. For cases, the Spearman correlations between PVR and expressions of these
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differentially expressed proteins were tested and were considered significant if raw P-values
were <0.05.

In a second step, differential expression of candidate biomarkers identified in the
discovery cohort was assessed between cases and controls from the validation cohort using
Mann-Whitney test; and correlations with PVR in cases were analyzed using Spearman test.
In a third step, serum levels of the candidate biomarkers were compared between the 5
patient groups using the Kruskal-Wallis test. Pairwise comparison was conducted by post-hoc
Dunn test followed by Bonferroni correction.

As protein production could always be quantified in all datasets, no imputation for missing
data was performed. A heatmap was drawn for differentially expressed proteins with the R
package pheatmap (v1.0.12) after standardization of the expression data. Other figures were

created using GraphPad Prism v9.1.0 (GraphPad Software, CA).

2. Chemerin/CMKLR1 axis and pulmonary vascular remodelling

2.1. Study population

Patients were recruited from Le Kremlin-Bicétre and Pittsburgh reference centres for PAH.
Lung specimens were obtained during transplantation in patients diagnosed with SSc-PAH
and/or ILD or idiopathic PAH (iPAH) [21], and during lobectomy or pneumonectomy for
localized lung cancer in control subjects (non-SSc controls). Lung specimens from controls
were collected at a distance from the tumor foci. Preoperative echocardiography was

performed in controls to rule out PAH.

2.2. Single-cell RNA sequencing in explanted human lungs
2.2.1. Data generation

Lung samples from 4 SSc-PAH patients and 4 non-SSc controls were transported in
Perfadex and processed within 30 minutes of explantation as previously described [22]. Of
note, 3 SSc patients had extensive ILD. Following mechanical and enzymatic digestion by
Liberase DL and DNase |, resulting single-cell suspensions were loaded into 10x Genomics
Chromium instrument (Pleasanton, CA), with scRNA-seq library preparation per
manufacturer’s protocol. Sequencing was performed on an lllumina NovaSeq 6000 instrument

through the UPMC Genome Center.
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2.2.2. Data analysis

Data analysis was performed with R (v4.0.4) package Seurat (v4.1.0). Samples were
merged with batch correction by Harmony for individual sample, followed by normalization,
identification and visualization of cell populations, and differential expression testing. Cell
populations were identified by gene markers and visualized by uniform manifold and

approximation projection (UMAP) plot.

2.3. Confocal immunofluorescence analyses in explanted human lungs

Immunofluorescent staining for chemerin and chemokine-like receptor 1 (CMKLR1) was
performed on lung paraffin sections from SSc-PAH patients, SSc-no PAH patients and non-SSc
controls as previously described [23]. Of note, both SSc patient groups had extensive ILD.
Briefly, lung sections were deparaffined and incubated with retrieval buffer. Then, sections
were saturated with blocking buffer and incubated overnight with specific antibodies (sc-
398769, CliniSciences, France), followed by corresponding secondary fluorescent-labelled
antibodies (Thermo-Fisher Scientific, France). Nuclei were labelled using 4',6-diamidino-2-
phénylindole (DAPI) (Thermo-Fisher Scientific). Mounting was done using ProLong Gold
antifade reagent (Thermo-Fisher Scientific). Images were taken using LSM700 confocal

microscope (Zeiss, France).

2.4. Role of CMKLR1 in the proliferation of human PA-SMCs
2.4.1. PA-SMC proliferation experiments

PA-SMCs were isolated from distal PA of lung explants from iPAH patients and non-SSc
controls, and cultured as previously described [24,25]. The isolated PA-SMCs were strongly
positive for a-smooth muscle actin (a-SMA), smooth muscle-specific SM22 protein and
calponin, and negative for von Willebrand factor and CD31. Cells were used at passage < 5.
The mRNA expression of CMKLR1 was measured by real-time quantitative PCR using TagMan
gene expression assay (assay ID: Hs01081979_s1) as previously described [23,26]. Relative
guantification 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 (AACT method).
PA-SMCs were cultured with 5% serum from 5 SSc-PAH and 5 SSc-no PAH patients included in
the proteomic validation cohort, in the presence or absence of 2-

(anaphthoyl)ethyltrimethylammonium iodide (a-NETA) at 1uM. Proliferation was assessed by
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5-bromo-2-deoxyuridine (BrdU) incorporation and direct cell counting.

2.4.2. Descriptive analysis

Figures were created using GraphPad Prism v9.1.0 (GraphPad Software, CA). Differences

were assessed visually without statistical analysis due to small sample size.
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RESULTS

1. Serum levels of chemerin are elevated and correlate with PVR in SSc-PAH patients

In afirst step, serum expression of 1129 biomarkers was assessed by SOMAscan in 15 cases
(SSc-PAH patients) and 16 controls (SSc-no PAH patients) from a discovery cohort (Table 1; for
additional details, see also Supplementary Table 1). We identified 53 proteins differentially
expressed between the 2 groups (Figure 1). Among them, 2 analytes showed a significant
correlation with PVR in cases: chemerin (p=0.62, P=0.01), an adipokine (Figure 2); and SET
nuclear protooncogene (p=0.62, P=0.01). Similar results were found when removing an outlier
patient with markedly high PVR value from the analysis.

In a second step, to confirm these results, serum levels of chemerin and SET were then
measured by ELISA in 24 cases and 17 controls from an independent validation cohort (Table
1; Supplementary Table 1). Consistently, serum levels of chemerin were significantly higher
(P=0.01) and correlated significantly with PVR levels (p=0.42, P=0.04) in cases (Figure 2).
Serum SET levels were undetectable in both cases and controls when measured by ELISA,
consistent with its intracellular nature.

In a third step, in order to determine if other SSc manifestations influenced biomarker
concentrations, chemerin serum levels from our discovery cases and controls were compared
with other patient groups included in the SOMAscan dataset: patients with dcSSc, no
extensive ILD and no PAH (n=11); patients with IcSSc, extensive ILD and no PAH (n=10); and
healthy controls (n=11). Circulating concentrations of chemerin were only increased in the
PAH group, and similar to healthy controls in all others (Figure 3).

Overall, these results could suggest that chemerin seems a potential surrogate biomarker
for PVR in SSc-PAH. Since results with SET were not reproduced, and since literature data
suggested chemerin to be a more promising pathophysiological lead, we chose to focus our

investigations on this latter protein.

2. Expression of chemerin receptor CMKLR1 is increased on PA-SMCs from SSc-PAH patients

Because the binding of chemerin to its receptor CMKLR1 stimulates the proliferation and
migration of PA-SMCs [27], we first performed a single cell RNA-sequencing (scRNAseq)
analysis in lungs from 4 SSc-PAH and 4 non-SSc controls to obtain a global view of chemerin
and CMKLR1 expression patterns. Our scRNAseq data indicate that CMKLR1 was

predominantly expressed by a subpopulation of cells expressing a-SMA and clustering with

73



PA-SMCs/pericytes and myofibroblasts; as well as by endothelial cells and macrophages
(Figure 4). However, no significant difference between SSc-PAH patients and non-SSc controls
was observed in CMKLR1 mRNA expression levels in these different cell populations. In
addition, our scRNAseq data indicated that chemerin is mostly expressed by fibroblasts, PA-
SMCs/pericytes and mesothelial cells, with a significant increase in SSc-PAH patients as
compared to non-SSc controls for this last cell population (Figure 4).

To confirm our scRNAseq data, confocal microscopic analyses were next performed on
lung specimens dually labelled with CMLKR1 and a specific PA-SMC marker, o-SMA.
Examination of CMLKR1 protein expression patterns showed CMLKR1 staining to be more
pronounced in the smooth muscle layer in both patients with SSc and SSc-PAH groups relative
to non-SSc controls (Figure 5). No difference was observed in chemerin staining between
groups (Supplemental Figure S1).

Taken altogether, these data could suggest an upregulation in the expression pattern of

the chemerin/CMRLK1 axis in SSc-PAH pulmonary vessels.

3. The SSc-PAH serum-induced PA-SMC proliferation seems inhibited by a chemerin-CMKLR1

inhibitor

To further examine the functional consequences of these changes on PA-SMC
proliferation, we next determined the efficacy of the CMKLR1 antagonist a-NETA to attenuate
the proliferation of PA-SMCs derived from iPAH patients. First, we confirmed an increased
CMKLR1 mRNA production in PA-SMCs from iPAH versus control (Supplemental Figure S2).
Then, PA-SMCs from iPAH patients were stimulated with serum obtained from 5 SSc-PAH and
5 SSc-no PAH patients in the presence or absence of a-NETA (Figure 6). Serum from SSc-PAH
cases seemed to induce higher PA-SMC proliferation than serum from SSc-no PAH controls.
This difference seemed neutralized in the presence of a-NETA.

Overall, these findings suggest that serum from SSc-PAH patients seems to induce
proliferation of PA-SMCs and that inhibition of CMKLR1 activation could partly abolish this

phenomenon.
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DISCUSSION

To our knowledge, this is the first study that focused on identifying surrogate marker for
hemodynamic severity in SSc-PAH using a wide-scale approach. Our results can be
summarized as follows: (1) chemerin seems to be a potential surrogate marker for
hemodynamic severity in SSc-PAH, as it showed robust correlations with PVR; (2) in lungs,
chemerin mRNA was detected in fibroblasts, PA-SMCs/pericytes and mesothelial cell
populations; (3) elevated chemerin serum levels and increased expression of its receptor
CMKLR1 by PA-SMCs could contribute to SSc-PAH pathogenesis by inducing PA-SMC

proliferation.

1. Chemerin as a surrogate marker for hemodynamic severity in SSc-PAH

Since PAH is characterized by progressive pulmonary vascular remodeling leading to
increased pulmonary vascular resistance, PVR is thought to reflect the severity of this process
[13]. As such, it can be used to monitor treatment efficacy and failure. Developing non-
invasive methods to assess PVR is thus a major unmet need in the field of SSc-PAH
management, that has only been scarcely investigated so far [6,11]. Although there is some
dispersion on the scatterplots that could limit future works, the correlation between PVR and
chemerin serum levels was reproducible and can be described as moderate to strong based
on Spearman coefficient values. In a recent work [11], Bauer et al. measured 313 proteins on
sera from the DETECT cohort and identified a panel of 8 analytes capable of accurately
discriminating SSc-PAH from SSc-no PAH patients. When testing the ability of these
biomarkers to predict PVR, they found moderate correlations for a model comprised of 5
proteins: RAGE, NT-pro-BNP, IGFBP-7, SP-D and VCAM-1. Since this study focused primarily on
identifying diagnostic biomarkers, and not PVR surrogates, further comparison with our
results is challenging.

Interestingly, the increase in chemerin concentrations appeared restricted to SSc-PAH
patients in our study. Previous publications have reported on chemerin serum levels in SSc,
albeit with conflicting results [28—-30]. Akamata et al. found similar values between SSc
patients and healthy controls, and no difference between cutaneous subsets of the disease
[28]. Chemerin levels correlated with modified Rodnan skin score (mRSS) and disease duration
in dcSSc patients, as well as with digital ulcers in the whole cohort; but not with DLCO nor

elevated systolic pulmonary arterial pressure (sPAP) on echocardiography [28]. According to

75



Chighizola et al., chemerin levels were lower in diffuse cutaneous (dc) SSc patients but similar
in 1cSSc patients when compared to healthy controls; and correlated with disease duration
(especially in dcSSc) but not with capillaroscopic pattern, ILD or digital ulcers [29]. Sawicka et
al. observed higher chemerin values in SSc patients, especially among dcSSc, than in controls
[30]. They were also associated with acute phase reactants in the whole cohort and with mRSS
in dcSSc patients, but not with disease duration, forced vital capacity nor DLCO [30]. In
summary, while no association was identified with ILD, previous studies have reported
chemerin levels in dcSSc patients as similar, lower and higher that IcSSc and healthy controls.
This discrepancy is challenging to explain. It should be noted however that our work used a
different design, as we deliberately constituted homogeneous patient subgroups and
compared chemerin levels between them, rather than included a broad heterogenous patient
population and assessed correlations. We believe that this allowed us to better ascertain the
disease parameter responsible for elevated chemerin levels. Moreover, it is possible that the
associations observed in dcSSc patients were in fact mediated by undiagnosed PAH (as
chemerin levels were reported to correlate with sPAP among dcSSc patients [30]). Finally, this
may also be explained by measurement of different chemerin isoforms [31]. In any case,
further studies including well-defined homogeneous patient groups are needed to determine
whether abnormal serum levels of chemerin are specific to PAH in SSc.

Of note, serum chemerin levels were also studied in in patients with iPAH and were
significantly increased compared to controls, with a satisfactory sensitivity (85.7%) and

specificity (100%) at a concentration of 471.76 pg/ml [32].

2. Chemerin as a contributor to the pathogenesis of SSc-PAH

Chemerin is pleiotropic protein that exerts multiple effects (acting to varying degrees as a
chemokine, an adipokine and/or a growth factor) on different tissues (notably the immune
system, the adipose tissue and the vasculature) [31,33]. In blood vessels, chemerin can act on
endothelial cells (regulating angiogenesis, cell adhesion and nitric oxide production) [34-37]
as well as SMCs (inducing contraction, migration and proliferation) [38—41]. As such, it has
been implicated in several cardiovascular diseases, such as arterial hypertension,
atherosclerosis, diabetic microangiopathy and pre-eclampsia [31,33]. Chemerin also yields
pro-inflammatory effects by attracting and stimulating cytokine production from

macrophages, dendritic cells and natural killer cells [42—-44]; and thus has also been involved
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in various immunologic conditions, such as rheumatoid arthritis and psoriasis [31].

In our work, chemerin mRNA was expressed primarily by fibroblasts and smooth
muscle/pericytes, though not increased compared to non-SSc controls; and its protein was
not detected by immunostaining. This discrepancy may reflect difficulties in detecting this
secreted protein, limitations of the staining antibody, or lack of mRNA translation, possibly
suggesting extra-pulmonary production. In our previous work detailing scRNAseq data in iPAH
patients, chemerin was also expressed primarily by fibroblasts and upregulated 2.075-fold
[45]. These data suggest that upregulated secretion of chemerin by adventitial pulmonary
fibroblasts and/or peripheral tissues may contribute to the pathogenesis of SSc-PAH.

Interestingly, previous studies have suggested a role of chemerin in both SSc and PAH
pathogenesis [27,28,46]. In SSc patients, chemerin expression is increased in dermal
endothelial cells; and circulating levels of chemerin correlated with occurrence of digital ulcers
[28]. Chemerin expression was also decreased in dermal fibroblasts, due to autocrine TGF-b
secretion and Flil deficiency; and serum chemerin levels correlated with mRSS [28]. Of note,
CMKLR1 expression in SSc patients’ skin was similar to healthy controls’ [28]. In PA from
healthy rats, chemerin and CMKLR1 expression is detected in both endothelial cells and SMCs
[47]. Exposure to chemerin potentiated vascular responses to vasoconstrictors
(phenylephrine, endothelin-1 and serotonin) in rat PA and impaired acetylcholine-induced PA
vasodilatation, by mechanisms involving at least partly NO signaling and oxidative stress [47].
In primary cultured PASMCs from healthy rats, exposure to chemerin induced a dose-
dependent proliferation and migration (potentiated by combination with endothelin-1)
[27,32], and reduced staurosporine-induced apoptosis [27]. Chemerin treatment did not alter
gene expression of IL-6, IL-6R and IL-1p, but increased TNF-a at high doses [27]. Healthy rat
PASMCs exposed to chemerin up-regulated the ERK1/2 pathways; and treatment by an ERK
inhibitor annulled the chemerin-induced proliferation [32]. In the monocrotaline (MCT) rat
model of PAH, chemerin-induced contraction of intrapulmonary arteries (IPA) is increased
compared to controls [46]. Lungs from MCT rats showed increased expression of CMKLR1 and
production of various chemerin isoforms (possibly due to glycosylation) compared to healthy
animals [46]. Expression of CMKLR1 in MCT rats was increased in SMCs but decreased
expression in endothelial cells compared to controls [32,46]. Finally, in studies performed in
other vascular diseases, chemerin was able to induce angiogenesis in vitro [48]; and

knockdown of chemerin significantly inhibited SMC proliferation and neointimal hyperplasia
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in a rat model of vascular injury induced by balloon angioplasty [49].
Overall, these data suggest that the chemerin-CMKLR1 axis could contribute to the
pathogenesis of SSc-PAH through vascular effects but could also be involved in the fibrotic and

inflammatory events occurring during the disease.

3. Strengths and limitations

Our study draws strength from the sample collection on the same day as RHC (which
allowed to perform accurate hemodynamic correlations), its wide-scale proteomic approach,
the validation of our results on an independent cohort, and evidences for the
pathophysiological relevance of the candidate biomarkers.

It also has limitations. Firstly, we limited our study population to untreated patients with
IcSSc and non-extensive ILD, so that our biomarker screening would not be interfered with by
an active cutaneous or interstitial lung involvement, nor by the effect of PAH-specific therapy.
Although it allowed us to generate reproducible results in this specific subgroup, it also limited
the generalizability of our findings. Further studies should try to investigate the relevance of
chemerin as a PVR surrogate in other causes of PH (especially group 2 and 3), as well as its
PAH-specificity in other patient subgroups (notably dcSSc and extensive ILD). Secondly,
although we screened a large number candidate biomarkers, more recent panels now include
several thousand proteins, that were not tested here. Thirdly, as we wanted to obtain reliable
hits, we used statistical methods that limited the risk of false discoveries. Due to this stringent
approach, some other relevant biomarkers may not have reach statistical significance and thus
been missed. Fourthly, due to small sample size and missing data, we could not assess the
added value of chemerin serum levels when integrated in PAH diagnostic algorithm and/or
risk assessment. This should be addressed in future studies by performing multi-level analysis
on larger cohorts. Fifthly, due to sample availability considerations, lung experiments included
different patient populations, such as iPAH, SSc-ILD and patients with a participation of group
3 pulmonary hypertension. Finally, as our work had a cross-sectional design, we could not
assess the capacity of chemerin level variations to reflect changes in PVR during follow-up.
Longitudinal studies are warranted to test its value as a surrogate for treatment efficacy and

failure.

4. Conclusions
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Using a wide-scale proteomic approach, we identified chemerin as a potential surrogate
for PVR in SSc-PAH patients, that could be interesting as a non-invasive assessment of
hemodynamic severity. Chemerin and its receptor CMKLR1 could contribute to the
pathogenesis of the disease through PA-SMC proliferation, but could also be involved in
inflammatory and fibrotic processes occurring during SSc. Further studies should investigate

the potential of this pathway as a marker of disease progression and as a therapeutic target.
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Table 1. Characteristics of SSc-PAH patients from the discovery and the validation cohorts

DISCOVERY VALIDATION
COHORT COHORT
N N
Sex (female) 15 14 (93%) 24 17 (71%)
Age (yo) 15 65 (+7) 24 68 (+9)
RP duration (y) 10 19 (+13) 8 18 (£12)
SSc duration (y) 15 1.25[0.05 ;6] 9 0.5[0;9]
BMI (kg/m?) 15 28 (+4) 16 28 (+6)
NYHA functional class 15 18
-class | 0 (0%) 0 (0%)
-class Il 7 (47%) 6 (33%)
- class Il 8 (53%) 10 (56%)
- class IV 0 (0%) 2 (11%)
BNP (pg/mL) 12 | 147 [69 ;505] 14 | 84[39;264]
or Nt-pro-BNP (pg/mL), / / 9 878 [374 ;1124]
if BNP not available
eGFR (mL/min) 12 73 (+16) 15 81 (+28)
ANA 13 | 13 (100%) 17 | 17 (100%)
- ACA 12 | 9(75%) 8 7 (88%)
- ATA 12 | 0(0%) 8 0 (0%)
- Anti-U1RNP 12 | 1(8%) 8 0 (0%)
LVEF (%) 12 | 60 (9) 14 | 65 (+9)
FVC (% predicted) 13 | 85 (+10) 20 | 88(+20)
TLC (% predicted) 13 | 90 (12) 14 | 87 (+15)
DLCO (% predicted) 15 35 [8;52] 10 41 [33;65]
ILD on chest CT-scan 15 6 (40%) 24 5(21%)
mPAP (mmHg) 15 | 44 (+10) 24 | 37 (+8)
PAWP (mmHg) 15 | 10 (2) 24 | 10 (+3)
CO (L/min) 15 | 4.9 (+1.6) 24 | 4.6(+1.2)
Cl (L/min/m?) 15 | 2.7 (+1.0) 18 | 2.5(+0.5)
PVR (WU) 15 | 8.5 (+5.0) 24 | 6.2(+2.3)

ACA: anti-centromere antibodies; ANA: antinuclear antibodies; ATA: anti-topoisomerase | antibodies; Anti-
UIRNP: anti-U1-ribonucleoprotein antibodies; BMI: body-mass index; BNP: brain natriuretic peptide; Cl: cardiac
index; CO: cardiac output; DLCO: diffusing capacity of the lung for carbon monoxide; eGFR: estimated glomerular
filtration rate; FVC: forced vital capacity: ILD: interstitial lung disease: LVEF: left ventricular ejection fraction;
mPAP: mean pulmonary arterial pressure; Nt-pro-BNP: N-terminal pro-brain natriuretic peptide; NYHA: New York
Heart Association; PAH: pulmonary arterial hypertension; PAWP: pulmonary arterial wedge pressure; PVR:
pulmonary vascular resistance; RP: Raynaud phenomenon; SSc: systemic sclerosis; TLC: total lung capacity; WU:
Wood unit; y: year; yo: year old.

Values are expressed as the number (%), mean (+ standard deviation) or median [interquartile range].
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Figure 1. Heatmap depicting the differential expression of the 53 candidate biomarkers

identified in the discovery cohort
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Figure 2. Differential expression of chemerin and correlation with PVR in the discovery and

the validation cohorts
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Figure 3. Differential expression of chemerin in different SSc patient groups
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Figure 4. Expression of CMKLR1, chemerin and a-smooth muscle actin mRNA in cell populations from SSc-PAH lungs assessed by single-cell

RNA-sequencing
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Top panels provide information from all cell populations; Bottom panels provide information on mesenchymal cell populations.

a-SMA: a-smooth muscle actin; CMKLR1: chemokine-Like Receptor 1; PAH: pulmonary arterial hypertension; SSc: systemic sclerosis.
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Figure 5. Representative images of lung sections immunostained with DAPI (blue), a-SMA (green)
and CMKLR1 (red) from non-SSc controls (top row), SSc-no PAH (middle row) and SSc-PAH (bottom

row)

Non-SSc controls

SSc-no PAH

SSc-PAH

a-SMA: a-smooth muscle actin; CMKLR1: chemokine-Like Receptor 1; DAPI: 4'6-diamidino-2-phenylindole; PAH:

pulmonary arterial hypertension; SSc: systemic sclerosis. Scale bar = 50 um in all sections.
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Figure 6. Proliferation of PA-SMCs from idiopathic PAH patients, after stimulation with serum from

SSc-PAH and SSc-no PAH patients, in the presence or absence of a-NETA

10=-
8 - .X‘
.-\
- 6 - [ 2 ‘t‘
T —e
0 4= R
2 =
0 | | | |
SSc-no PAH SSc-no PAH SSc-PAH SSc-PAH
+ a-NETA + a-NETA

a-NETA: 2-(anaphthoyl)ethyltrimethylammonium iodide; BrdU: 5-bromo-2-deoxyuridine; i: idiopathic; PAH: pulmonary

arterial hypertension; PA-SMC: pulmonary arterial smooth muscle cells; SSc: systemic sclerosis.
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Supplemental Fig. S1. Representative images of lung sections immunostained with DAPI (blue), a-
SMA (green) and chemerin (white) from non-SSc controls (top row), SSc-no PAH (middle row) and

SSc-PAH (bottom row)
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a-SMA: a-smooth muscle actin; DAPI: 4',6-diamidino-2-phenylindole; PAH: pulmonary arterial hypertension; SSc: systemic

sclerosis. Scale bar = 50 um in all sections.
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Supplemental Fig. S$2. CMKLR1 mRNA expression in idiopathic PAH patients and controls, assessed

by real time quantitative-PCR
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CMKLR1: chemokine-like receptor 1; i: idiopathicc mRNA: messenger ribonucleic acid; PAH: pulmonary arterial

hypertension; RT-PCR: reverse transcriptase polymerase chain reaction.
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PARTIE I

Deuxieme candidat biomarqueur :

I’axe BAFF-lymphocyte B




Notre exploration du protéome sérique des patients HTAP-SSc a donc identifié 53 biomarqueurs
différentiellement exprimés par rapport aux patients SSc sans HTAP. Parmi eux se trouvaient
plusieurs protéines associées au lymphocyte B (LB), notamment la f2-microglobuline et CXCL13 (BLC;
chimiokine majeure des LB), ainsi que CCL19 (MIP-33), CCL21 (6CKine) et CCL28, chimiokines
associées aux LB et LT (cf. heatmap présentée en page 81). Apres réanalyse de I'ensemble des
données SOMAscan, on notait que d’autres biomarqueurs LB étaient également différentiellement
exprimés entre cas et témoins, mais n’atteignaient pas la significativité statistique aprés ajustement
sur comparaisons multiples (Figure 1). Parmi elles figurait BAFF, cytokine importante pour
I'activation, la maturation et la survie des LB, dont on constatait en outre que les taux sériques
présentaient une corrélation avec les RVP proche de la significativité statistique (Figure 2).

Notre laboratoire s’intéresse de longue date a I'implication du LB dans la physiopathologie de la
SSc (voir a ce sujet notre revue [1]), et notamment a I'utilité clinique de biomarqueurs LB (comme les
taux circulants de chaines légéres libres d’lg [2]) dans cette pathologie. Nous avions ainsi déja pu
observer une corrélation significative entre les taux sériques de BAFF et la vitesse maximale de
I'insuffisance tricuspide (VITmax, estimation échographique de la pression artérielle pulmonaire
systolique) dans une cohorte de patients SSc non sélectionnés (Figure 3).

Si I'implication du LB dans les phénomeénes fibrosants survenant au cours de la SSc a été avérée
(et a permis d’inclure le rituximab, anticorps monoclonal anti-CD20, au sein de [larsenal
thérapeutique des formes cutanées diffuses précoces [3]), leur réle dans la microangiopathie associée
a la maladie, et notamment I’'HTAP, n’a été que peu étudié jusqu’ici. Nous avons donc sélectionné un
large panel de biomarqueurs LB et cherché a déterminer s’ils pouvaient présenter un intérét clinique
au cours de I'HTAP-SSc et s’ils pouvaient permettre d’identifier de nouveaux mécanismes
physiopathologiques sous-tendant la maladie (et en particulier des interactions entre immunité et

vaisseaux).

Ce travail fait I'objet d’une publication dans Frontiers in Immunology (Sanges S, et al. Soluble
markers of B cell activation suggest a role of B cells in the pathogenesis of systemic sclerosis-
associated pulmonary  arterial  hypertension. Front.  Immunol. 13:954007.  doi:
10.3389/fimmu.2022.954007 ; version PDF accessible sur le lien suivant :
https://www.frontiersin.org/articles/10.3389/fimmu.2022.954007/full).
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Figure 1. Taux sériques des biomarqueurs LB mesurés en SOMAscan chez les patients SSc avec et

sans HTAP (données non publiées).

50000

40000

30000

RFU

20000

10000

2400
2200

- 2000

Fi

% 1800
1600

1400

T T
S§Sc-PAH SSc-no PAH

CD22
ns
1
.
‘e
. Iy
: ®e%00
4
.
L]

20000
15000
E 10000

5000

T
8§Sc-PAH  SSc-no PAH

CXCL13
sk

:

T T
SSc-PAH SSc-no PAH

B2-microglobulin

4000 ok
1
L4 .
3000 .
= slae
T 2000 R o
. 0]
®s0000
1000

T T
S§Sc-PAH SSc-no PAH

IgM IgE
15000 ns 40000 *
L] L]
30000
10000 o H
> o 5
L T 20000
5000 - .
10000 .
o
0 oa0
S§Sc-PAH  §Sc-no PAH
TACI BCMA
2500 i 15000 ns
2000 - 2 U °
'.:':I:r:'—' d 10000
1500
2 2 tas H
& 1000 . ®
50004 ®gle® .
500 ° .

T T T T
$Sc-PAH SSc-no PAH S$Sc-PAH SSc-no PAH

cD23 cD25
20000 6000 *
* 1
I hd
15000 . *
4000
°
= 2
I 10000 ede o® I
5000
o ” S
v T T 0 T T
$Sc-PAH S§Sc-no PAH SSc-PAH SSc-no PAH
CCL19
ok CCL21
3000 1 30000 dokok
e ® '—l
o ®
L]
2000 ° H 20000 el e
=] = [ . o
w eole L] w o *
2 ] x] © . ;
1000 ¢ Py 10000 soe
. [ 'Y

T T T T
S§Sc-PAH  SSc-no PAH S§Sc-PAH SSc-no PAH

IgD

60000

40000
=}
[
o
20000
0
8Sc-PAH SSc-no PAH
BAFF-R
5000 ns
1
4000 .
E 3000 .
0
% 2000 3‘?‘—-[:‘!. B35
L]
1000
0 T T
SSc-PAH  SSc-no PAH
CD27
9000
8000
S 7000
3
6000
5000
4000 T T
S§Sc-PAH SSc-no PAH
CCL28
sk
50000 —
.
40000
.
o 30000
&
20000
10000
8-.;:..
0 *Te

T T
8Sc-PAH SSc-no PAH

Les comparaisons entre les patients SSc-PAH et SSc-no PAH ont été réalisées a I’aide du test non-paramétrique de Mann-

Whitney, sans ajustement sur les comparaisons multiples. Le seuil de significativité statistique a été fixé a p<0,05. Les

valeurs de p sont figurées de la facon suivante : ***p < 0,001 ; **p <0,01 ; *p < 0,05 ; ns pour p 2 0,05.
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Figure 2. Association entre les taux sériques de BAFF (mesurés en SOMAscan) et les résistances
vasculaires pulmonaires (en cathétérisme cardiaque droit) chez les patients HTAP-SSc (données non

publiées).
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L’association entre BAFF et les PVR était étudiée a I'aide du test non-paramétrique de Spearman. Le seuil de significativité

statistique a été fixé a p<0,05.
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Figure 3. Association entre les taux sériques de BAFF (mesurés en ELISA) et la vitesse maximale de

la fuite tricuspide (en échographie cardiaque) dans une cohorte non sélectionnée de 134 patients

SSc (données non publiées).
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L’association entre BAFF et la VITmax était étudiée a I'aide du test non-paramétrique de Spearman. Le seuil de

significativité statistique a été fixé a p<0,05.
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RESUME DETAILLE EN FRANCAIS

Les marqueurs solubles associés au lymphocyte B (LB) sont des outils diagnostiques et
pronostiques intéressants dans les maladies auto-immunes. Peu de données sont disponibles sur
leurs taux sériques au cours de la sclérodermie systémique (SSc) et sur leur association avec les
caractéristiques de la maladie.

Nous avons donc mesuré les taux sériques de 14 biomarqueurs LB (B2-microglobuline, facteur
rhumatoide (FR), immunoglobulines (Ig) G, IgA, IgM, BAFF, APRIL, formes solubles (s) des récepteurs
TACI et BCMA, sCD21, sCD23, sCD25, sCD27, et CXCL13) dans un panel de 80 patients SSc
représentatif de I'hétérogénéité de la maladie, et chez 80 témoins sains. Nous avons observé une
positivité plus fréquente du FR et des taux circulants plus élevés de B2-microglobuline, d’lIgG et de
CXCL13 chez les patients SSc par rapport aux témoins. Nous avons également mis en évidence des
associations significatives entre plusieurs biomarqueurs et les caractéristiques de la SSc liées au
phénotype, a I'activité et a la sévérité de la maladie. En particulier, les taux sériques d’lgG étaient
associés a I’hypertension pulmonaire (HTP) : f2-microglobuline avec Nt-pro-BNP et DLCO ; et BAFF
avec vitesse maximale de la fuite tricuspide (VITmax).

Nous avons ensuite exploré cette association dans une cohorte de validation ciblée, composée de
36 patients atteints de SSc cutanée limitée sans fibrose pulmonaire extensive, dont 18 avec HTP de
groupe 1 (HTAP). Nous avons observé des taux sériques d’lgG plus faibles et des taux plus élevés de
B2-microglobuline, sSBCMA, sCD23 et sCD27 chez les patients atteints d’HTAP. Les niveaux de BAFF
étaient fortement corrélés aux valeurs de Nt-pro-BNP, au rapport CVF/DLCO et a la VITmax chez les
patients HTAP-SSc.

Enfin, nous avons évalué la pertinence physiopathologique de cette association entre
biomarqueurs LB et HTAP en étudiant la production de protéines pro- et anti-angiogéniques dans le
surnageant de culture de LB circulants provenant de patients SSc. Les LB SSc produisaient plus de
facteurs pro-angiogéniques (angiogénine, angiopoiétine-1, VEGFR-1, PDGF-AA, MMP-8, TIMP-1, L-
sélectine) et moins de facteurs anti-angiogéniques (angiopoiétine-2) que ceux des témoins sains,

indépendamment de la présence d’"HTAP.
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INTRODUCTION

Systemic sclerosis (SSc) is one of the most severe systemic autoimmune diseases (1). It is
characterized by a clinical triad that combines immunological anomalies (autoantibodies, hyper-
gammaglobulinemia, elevated acute phase reactants), fibrosing manifestations (in the skin, lungs and
digestive tract) and vascular complications (such as pulmonary hypertension (PH), Raynaud
phenomenon and digital ulcers) (2). SSc is a heterogeneous condition, whose burden on patient
quality of life is variable and can range from mild symptoms to life-threatening situations (3-5). As
such, there is an unmet need to develop tools that can better predict and diagnose severe organ
involvements, as well as accurately assess disease activity and severity.

The pathophysiology of SSc reflects this clinical triad since it is currently seen as the result of the
interactions between 3 major players: the immune system (aberrant activation of innate and adaptive
immunity), fibroblasts (activation and acquisition of a myofibroblast phenotype) and the vasculature
(obliterative microangiopathy with endothelial dysfunction) (6). Among the different immunity actors
involved in SSc, the almost-constant presence of autoantibodies has long suggested a potential
implication of B cells in the pathogenesis of the disease (7). Recent works have confirmed that B cells
are activated in SSc, especially in early active forms of the disease, and contribute to fibrosis and
vascular damage through production of pathogenic autoantibodies directed against endothelial cells
and fibroblasts, pro-inflammatory and pro-fibrotic cytokines (8—10).

Interestingly, in other conditions involving B cells, several circulating proteins reflecting B cell
activation have proved to be valuable diagnostic and prognostic markers (11). In patients with
systemic lupus erythematosus (SLE), serum levels of BAFF (B-cell-activating factor) and APRIL (a
proliferation-inducing ligand), 2 cytokines involved in the maturation and survival of B cells, as well
as the soluble fraction of their receptors TACI (transmembrane activator and CAML interactor) and
BCMA (B-cell maturation antigen), are elevated and correlate with disease activity (12—17). APRIL
levels are also associated with the occurrence of lupus nephritis and may predict response to
immunosuppressants (18). In patients with various types of B-cell ymphomas, serum concentrations
of soluble CD23 (sCD23), sCD27 and sCD30 are elevated several years before diagnosis (19,20).
Circulating levels of CXCL13 (C-X-C motif chemokine 13), a chemokine known to attract B cells, are
elevated, correlate with disease activity, severity and treatment response in patients with SLE,

Sjogren’s syndrome, rheumatoid arthritis and ANCA-associated vasculitides (21-26). However, in the
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field of SSc, the relevance of such markers has not been extensively studied; and this was mostly done
in ancient studies with small sample sizes (10,11,27-56).

To address this issue, we assessed the serum levels of several markers of B cell activation in a
large and well-phenotyped SSc population, and tested their correlations with various disease
characteristics including organs involvement, activity and severity. We discovered an association
between B cell biomarkers and pulmonary arterial hypertension (PAH); and demonstrated that B cells

can produce angiogenic mediators in SSc patients.
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PATIENTS AND METHODS
Study population

All patients included were followed in the Lille National Referral Center for SSc and met the 2013
ACR/EULAR classification criteria for SSc (57). The cutaneous subset of SSc was defined as limited (Ic)
or diffuse (dc) according to LeRoy’s criteria (58). Early dcSSc was defined as dcSSc with disease
duration < 3 years at the time of inclusion. Interstitial lung disease (ILD) was diagnosed on high-
resolution CT-scan (HRCT); and staged as limited (if HRCT extent < 20% and forced vital capacity (FVC)
> 70%) or extensive (if HRCT extent > 20% or FVC < 70%) according to Goh’s system (59). PH was
diagnosed by right-heart catheterization (RHC) using the 6™ World Symposium hemodynamic
definitions and classified into causative groups according to the updated clinical classification of PH
(60). Specifically, patients with PAH (= group 1 PH) fulfilled the hemodynamic definition for pre-
capillary PH: mean pulmonary arterial pressure (mPAP) > 20 mmHg with pulmonary arterial wedge
pressure (PAWP) < 15 mmHg and pulmonary vascular resistance (PVR) > 3 Wood units (WU).

In our first exploratory step, we designed our discovery cohort to be enriched in the most severe
SSc complications, in order to unmask associations with biomarkers that could have been missed
otherwise. To do so, we selected a panel of 80 patients from our clinical database, aiming at including
approximately an equal proportion of patients with limited and diffuse cutaneous subsets, an equal
proportion of patients with no / limited / extensive ILD, and about a quarter of patients with PH. For
this population, there were no exclusion criteria.

In our second validation step focusing on PAH, we constituted an independent validation cohort,
consisting of SSc patients with limited cutaneous subset, no extensive ILD, no treatment by
immunosuppressants or corticosteroids; and either a diagnosis of group 1 PH (PAH) or no evidence
of PH on screening exams. These criteria were chosen so that our biomarker assessment would not
be biased by any active skin or lung involvement, nor by the effect of immunosuppressive drugs. For
this population, patients with dcSSc, extensive ILD and/or treatment by immunosuppressants or

corticosteroids were excluded.

Data and samples collection
Data were collected systematically by a physician in a standardized case-report form for all
patients referred to our day-patient clinic. All of them underwent a comprehensive evaluation

performed within the same day. Data collected included patient and SSc characteristics, clinical
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parameters (including modified Rodnan skin score (mRSS) and New York Heart Association (NYHA)
functional class), biological results (including C-reactive protein (CRP) and N-terminal prohormone of
brain natriuretic peptide (Nt-pro-BNP) levels), transthoracic echocardiography (TTE) (including peak
tricuspid regurgitation velocity (TRV) and left ventricle ejection fraction (LVEF)), pulmonary function
tests (PFT) (including forced vital capacity (FVC), total lung capacity (TLC) and diffusing capacity of the
lung for carbon monoxide (DLCO)), composite scores (European Scleroderma Study Group Activity
Index (EScSG-Al) (61), Medsger severity score (62), scleroderma Health Assessment Questionnaire
(sHAQ) (63)) and treatments. For patients with PAH, hemodynamic data at PAH diagnosis as well as
from the last available RHC evaluation were also collected.

Whole blood samples were collected during routine venipuncture on the same day as clinical
evaluation and were processed immediately after collection. Serum samples were obtained after
clotting and centrifugation and were immediately stored at -80°C. Peripheral blood mononuclear cells
(PBMCs) were isolated with density gradient centrifugation using Ficoll medium (Eurobio®), freezed

in dimethyl sulfoxide-containing cryopreservative medium and stored in liquid nitrogen.

Serum levels of soluble markers of B cell activation

A panel of circulating proteins reflecting immune activation, especially associated with B cells,
was selected based on data from the literature. Serum concentrations of 32-microglobulin were
measured using commercially available assays on the fully automated Optilite® turbidimetric analyzer
(The Binding Site Group Ltd). Serum concentrations of rheumatoid factor (RF) were measured using
commercially available fluorimetric assays (Phadia 250®, Thermo Fischer Scientific). Serum
concentrations of IgA, 1gG and IgM were measured using commercially available nephelemetric
assays (Siemens). Normal range values were defined according to the manufacturer’s specifications.
Serum concentrations of sSBCMA and sCD21 were measured in duplicate using commercial ELISA
assays (Human BCMA/TNFRSF17 DuoSet ELISA, cat. #DY193; Human CD21 DuoSet ELISA, cat.
#DY4909-05). Serum concentrations of APRIL, BAFF, sTACI, CXCL13, sCD23, sCD25 and sCD27 were
measured in duplicate using commercial customized pre-mixed multiplex assays (Luminex Assay, R&D

Systems). All experiments were conducted according to the manufacturer’s protocol.

B cell isolation and culture

103



PBMCs were thawed and washed in complete medium (Roswell Park Memorial Institute (RPMI)
1640 medium containing 10% heat-inactivated fetal calf serum (FCS), 100 Ul/mL penicillin, 100 pg/mL
streptomycin, 2 mM Glutamax®, and 1 mM pyruvate). B cells were isolated from PBMCs using a
negative magnetic bead-assisted sorting assay (EasySep Human Pan-B Cell Enrichment Kit, cat.
#19554, StemCell Technologies) according to the manufacturer’s protocol. Expression of a B cell
marker (CD19) was analyzed by flow cytometry to assess the purity of sorted B cells. Purity (i.e
proportion of CD19+ cells) was higher than 93% in all samples (Supplemental Figure 1).

Immediately after sorting, purified B cells were seeded on a 96-well U-bottom plate (200 000 B
cells/mL, i.e. 40 000/well) within complete medium. They were cultured during 48 hours at 37°C in
humidified atmosphere with 5% CO2; and either stimulated with anti-B cell receptor (BCR) 10 ug/mL
(cat. #109-006-064, Jackson Immuno Research), CpG 10ug/mL (cat. #tlrl-2006-1, Invivogen), CD40L-
his 50ng/mL (cat. #2706-CL, R&D Systems) with anti-his crosslinking antibody 5pg/mL (cat. #MABO50,
R&D Systems), and BAFF 100 ng/mL (cat. #7537-BF, R&D Systems); or left without stimulation. After

culture, supernatants were collected and immediately stored at -80°C.

B cell production of angiogenic mediators

A panel of proteins associated with angiogenesis was selected based on data from the literature,
and included angiogenin, angiopoietin 1, angiopoietin 2, angiopoietin-like protein 6 (ANGPTL-6), Tie-
2, endostatin, endothelin-1, vascular endothelial growth factor (VEGF), VEGF receptor (VEGFR)-1,
VEGFR-2, VEGFR-3, platelet derived growth factor (PDGF)-AA, PDGF-AB, PDGF-BB, L-selectin, matrix
metallopeptidase (MMP)-3, MMP-8, MMP-9, tissue inhibitor of metalloproteinases (TIMP)-1, bone
morphogenetic protein (BMP)-9, thrombospondin 2, uPAR, and neuropilin 1. B cell production of
these angiogenic mediators was assessed in culture supernatants in duplicate using commercial
customized pre-mixed multiplex assays (Luminex Assay, R&D Systems), according to the

manufacturer’s protocol.

Statistical analyses
Description of the populations
Quantitative variables were expressed as means ( standard deviation, SD) in the case of normal

distribution or medians (first quartile, Q1; third quartile, Q3) otherwise. Normality of distributions
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was assessed using histograms and the Shapiro-Wilk test. Categorical variables were expressed as

numbers (percentage).

B cell biomarkers associations in the discovery population

In a first discovery step, associations between preselected quantitative B cell biomarkers and the
presence of SSc were tested using analysis of covariance with an adjustment for age and gender (after
log-transformation for normalization of distribution). The Cohen d (standardized adjusted difference
between the 2 groups “SSc patients” and “healthy controls”) was computed as effect size with 95%
confidence interval (Cl). For this analysis, RF was considered as binary biomarker (positive/negative);
and we used a multivariable logistic regression with RF biomarker as dependent variable and the
status (“SSc patient”/“healthy control (HC)”), age and gender as independent variables. The effect
size was assessed by the odds ratio (OR) with 95% ClI for the risk of positive RF (with the status “HC”
as reference value). All p-values were corrected for multiplicity using the Benjamini Hochberg
procedure (False Discovery Rate) with a cut-off of 5%.

Exploratory analyses were performed among the “SSc patients” group to investigate the potential
associations between B cell biomarkers and 13 prespecified disease characteristics. All analyses were
adjusted for age, gender and immunosuppressive treatments. Given the nature exploratory of these
analyses, no correction for multiplicity were performed. For the quantitative biomarkers, we used
non-parametric correlation analysis or analysis of covariance, depending on the type of disease
characteristics (quantitative or categorical). Effect sizes were assessed by the partial Spearman
correlation coefficient p for quantitative characteristics, the adjusted Cohen d for binary
characteristics and partial m? statistics for categorical characteristics (64). The partial 1n? is the
proportion of variation accounted for by the characteristic being tested, after adjustment for all
others. For the binary biomarker (RF), we used multivariable logistic regressions; and OR with 95% ClI
were computed as effect sizes.

Effect sizes were interpreted as follows. For Cohen d, values between 0.20-0.49 represent a small
change, 0.50-0.79 a medium change, and = 0.80 a large change. For the partial correlation coefficient
p, values between 0.00-0.19 are very weak, 0.20-0.39 weak, 0.40-0.59 moderate, 0.60-0.79 strong,

and > 0.80 very strong. For partial 12, values of 0.01 are small, 0.06 medium, 0.14 large.

B cell biomarkers associations in the validation population
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In a second validation step, we compared serum levels of B cell biomarkers between SSc patients
with (n=18) and without (n=18) PAH using Mann-Whitney tests (given the small sample sizes) and
computed the Cohen d effect sizes with 95% Cl. Associations between B cell biomarkers and 3
prespecified disease characteristics (Nt-pro-BNP levels, peak TRV and FVC/DLCO ratio) were
investigated among SSc-PAH patients using non-parametric correlation analysis with adjustment for
age. Effect sizes were assessed by partial Spearman correlation coefficients p with 95% Cl. For these
analyses, RF was considered a quantitative variable. Given the nature exploratory of these analyses,

no correction for multiplicity were performed.

B cell production of angiogenic mediators

In a third mechanistic step, we compared levels of several angiogenic mediators in B cell culture
supernatants from HC (n=9) and SSc patients (n=18) using Mann-Whitney tests (given the small
sample sizes) and computed the Cohen d effect sizes with 95% Cl. Angiogenic mediators that were
significantly different at the p=0.05 level between HC and SSc patients were compared between SSc
patients with (n=9) and without (n=9) PAH. Given the nature exploratory of these analyses, no

correction for multiplicity were performed.
Softwares

All statistical analyses were performed with the SAS software v9.4 (SAS Institute Inc.). Figures

were created using GraphPad Prism v9.3.1 (GraphPad Software).
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RESULTS
Soluble markers of B cell activation are differentially expressed in SSc patients and correlate with
several disease characteristics, including pulmonary hypertension

In a first exploratory step, we have determined the clinical and pathophysiological relevance of
14 soluble markers of B cell activation (RF, B2-microglobulin, 1gG, IgA, IgM, BAFF, APRIL, sBCMA,
sTACI, sCD21, sCD23, sCD25, sCD27, CXCL13) in SSc. We have selected a discovery panel of 80 SSc
patients encompassing the whole spectrum of SSc clinical manifestations, measured the serum
concentrations of these 14 biomarkers in this population, and compared them to those of 80 healthy
blood donors (female 70%, mean age 43 + 3 years).

The main characteristics of our discovery population are displayed in Table 1 and can be
summarized as follows: female 81%, mean age 56 + 13 years; 41 IcSSc and 15 early dcSSc; 29 extensive
and 25 limited ILD; and 19 PH among which 13 were group 1 PH (PAH). Conditions associated with RF
positivity in the 44 RF-positive SSc patients were detailed in Supplemental Table 1. Overlap syndrome
with another connective tissue disease was noted in 32% of cases, which seemed higher than
previously reported (65-68): this could be explained by the enriched proportion of SSc-ILD patients
in our population (67), a complication associated with overlap syndrome, and by systematic CTD
screenings routinely performed during patient follow-up in our center. Among the 80 SSc patients, 7
had been treated by rituximab (RTX); and 3 of them received their last infusion less than 12 months
before inclusion (in others, treatment was stopped several years prior). Detailed information
regarding these 7 patients and their RTX regimens are provided in Supplemental Table 2.

After adjustment on age, gender and multiplicity, we observed a significantly increased
proportion of RF positivity (55% vs 10%, p<0.0001) and higher median levels of f2-microglobulin (2.09
[1.76;2.64] vs 1.55 [1.34;1.74] mg/L, p<0.0001), IgG (9.66 [8.30;12.04] vs 9.30 [7.96;10.31] g/L,
p=0.001) and CXCL13 (81.73 [46.58;120.5] vs 36.95 [24.46;55.77] pg/mL, p<0.0001) in SSc patients
compared with HC (Table 2, Figure 1). There was also a trend for an increase in IgA concentrations
(2.03 [1.64;2.91] vs 1.82 [1.31;2.45] g/L, p=0.06) in SSc patients. There was no difference in serum
levels of IgM, BAFF, APRIL, sBCMA, sTACI, sCD21, sCD23, sCD25 and sCD27 between the 2 groups. A
sensitivity analysis excluding the 7 patients that received RTX yielded similar results, except that the
increase in serum IgA levels in the SSc patient group reached statistical significance (p=0.04)

(Supplemental Table 3).
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As previous studies reported elevated serum BAFF levels in SSc patients (10,29,31,33-35,69), we
tried to further investigate the association between BAFF concentrations and disease status. In
univariate analysis, the difference in circulating BAFF levels between the 2 groups reached statistical
significance (620 [478;864] vs 534 [446;624] pg/mL in SSc patients and HC respectively, p=0.04).
However, this was no longer the case after adjustment on age and gender (p=0.90): indeed, there
was a positive association between age and BAFF concentrations in our population (r=0.17, p=0.03).
As none of the HC were under immunosuppressants, we also wondered immunosuppressive therapy
in SSc patients could contribute explain our result; however we did not observe any difference in the
serum BAFF levels of HC when compared to SSc patients with (534 [446;624] vs 630 [434;887] pg/mL
respectively, p=0.80) or without (534 [446;624] vs 586 [487;859] pg/mL respectively, p=0.53)
immunosuppressants.

Next, we assessed the associations between serum levels of soluble markers of B cell activation
and various disease characteristics in the SSc patient group (Table 3). After adjustment on age, gender
and immunosuppressive drugs, significant associations were identified between B cell biomarkers
and SSc parameters related to:

e disease phenotype: SSc subtype with RF positivity (p=0.004) and sCD23 (p=0.03); autoantibody
profile with IgG (p<0.001) and APRIL (p=0.02);

e global disease activity and severity: CRP with f2-microglobulin (p=0.03), BAFF (p=0.001), APRIL
(p=0.002), sCD21 (p=0.02) and sCD25 (p=0.03); EScSG-Al score with sCD21 (p=0.02); total Medsger
score with B2-microglobulin (p=0.01);

e |ILD: history of ILD with APRIL (p=0.02) and sBCMA (p=0.02); FVC with IgA (p=0.002) and with IgG
(p=0.03);

e PH (Figure 2): history of PH with RF positivity (p=0.03) and IgG (p=0.01); Nt-pro-BNP with 2-
microglobulin (p=0.01); peak TRV with RF positivity (p=0.004) and BAFF (p=0.002); DLCO with RF
positivity (p=0.01) and 32-microglobulin (p=0.02). There was also a trend for associations between
Nt-pro-BNP and sBCMA (p=0.07), DLCO and BAFF (p=0.09) and DLCO and sCD23 levels (p=0.07).
Overall, these data suggest that soluble markers of B cell activation are differentially expressed in

SSc patients and correlate with several disease characteristics, especially PH.
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Circulating levels of f2-microglobulin, IgG, sBCMA, sCD23 and sCD27 are differentially expressed in
SSc patients with and without PAH; and serum BAFF levels correlate with clinical markers of PH in
SSc-PAH patients

Since involvement of B cells in skin fibrosis, SSc-ILD and disease activity has already been reported
(7), we chose to further focus on the association between B cell activation and SSc-PAH observed in
our discovery population. We assessed the serum levels of the same B cell biomarkers in an
independent validation cohort, consisting of SSc patients with limited cutaneous subset, no extensive
ILD, no treatment by immunosuppressants or corticosteroids; and either a diagnosis of group 1 PH
(PAH) confirmed by RHC (n=18) or no evidence of PH on screening exams (n=18) (Table 4). These
inclusion criteria were chosen so that our biomarker assessment would not be biased by any active
skin or lung involvement, nor by the effect of immunosuppressive drugs. Groups were matched on
age (+ 5 years) and gender.

In SSc patients with PAH, we observed significantly higher median levels of f2-microglobulin (3.15
[2.76;3.49] vs 2.46 [2.14;3.15] mg/L, p=0.02), sSBCMA (36699 [32360;45190] vs 32,068 [27656;35352]
pg/mL, p=0.03), sCD23 (4609 [3469;7628] vs 3094 [2554;4200] pg/mL, p=0.04), and sCD27 (8859
[6889;10667] vs 6282 [5825;7645], p=0.05), and lower median levels of IgG (8.40[7.10;10.40] vs 10.45
[9.10;11.80] g/L, p=0.02), compared to those without PAH (Table 5, Figure 3). There was no difference
in serum levels of RF, IgA, IgM, BAFF, APRIL, sTACI, sCD25 and CXCL13 between the 2 groups.

Next, we assessed the associations between serum levels of soluble markers of B cell activation
and clinical markers of PH in the SSc-PAH group (Table 6). We identified moderate to strong
associations of BAFF with Nt-pro-BNP levels (p=0.01, p=0.62), FVC/DLCO ratio (p=0.60, p=0.01) and
peak TRV (p=0.45, p=0.09) (Figure 4). Peak TRV also correlated moderately with IgM (p=-0.59,
p=0.02); and FVC/DLCO ratio with f2-microglobulin (p=0.43, p=0.08) and 1gG (p=-0.41, p=0.10).

Overall, these data suggest that soluble markers of B cell activation are differentially expressed in

SSc-PAH patients and correlate with clinical markers of PH, especially for BAFF.

B cells from SSc patients showed differential production of various pro- and anti-angiogenic
mediators compared to HC

As our previous results suggested a link between B cell activation and SSc-PAH, we next wondered
if B cells could be involved in the pathogenesis of SSc microangiopathy. In order to investigate this

hypothesis, we tried to determine whether SSc B cells can produce proteins involved in angiogenic

109



processes. As pathogenic antibodies against endothelial antigens have already been described in SSc
patients (70-81), we chose to focus on non-lg angiogenic mediators.

Circulating B cells from HC (n=9), and SSc patients with (n=9) and without (n=9) PAH from our
validation cohort were cultured for 48h with and without stimulation. Our in vitro stimulation of B
cells was designed to mimic an antigen- and T cell-dependent stimulation in presence of Toll-like
receptor ligand and BAFF, as it is believed to occur in SSc patients. Groups were matched on age (@ 5
years) and gender. Concentrations of several angiogenic mediators were assessed in culture
supernatants (Table 7, Figure 5).

We observed higher production of angiogenin (p=0.004 and p=0.008), angiopoietin 1 (p=0.03 and
p=0.02), PDGF-AA (p=0.09 and p=0.04) and TIMP-1 (p=0.03 and p=0.05) in B cell culture supernatants
from SSc patients compared to HC, both with and without stimulation (respectively). We also found
lower levels of angiopoietin 2 (p=0.05) as well as higher levels of VEGFR-1 (p=0.04) and MMP-8
(p=0.04) in supernatants of SSc B cells only after stimulation. Concentrations of ANGPTL-6 and MMP-
9 were similar in supernatants from SSc patients and HC, both with and without stimulation. There
was no detectable or negligeable B cell production of any of the other selected angiogenic mediators
in any groups and regardless of stimulation.

When comparing supernatant levels of SSc patients with and without PAH, we observed no
significant difference in B cell secretion of any of these angiogenic factors, in both stimulation
conditions.

Overall, these results suggest that B cell produce angiogenic mediators in SSc patients, although

with no significant difference in case of PAH.
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DISCUSSION

To our knowledge, this is the first study that assessed a wide panel of soluble markers of B cell
activation in 2 large and well-characterized SSc patient cohorts. Our results can be summarized as
follows: 1/ in a discovery cohort of SSc patients, we identified associations of B cell biomarkers with
SSc phenotype, disease activity and severity, ILD and PH; 2/ in this discovery population as well as in
an independent validation cohort enriched with SSc-PAH patients, serum 1gG, B2-microglobulin,
BAFF, sSBCMA and sCD23 levels were associated with PH status and/or clinical markers (Table 8); 3/ B
cells from SSc patients showed differential production of various pro- and anti-angiogenic mediators

compared to HC.

Soluble markers of B cell activation in systemic sclerosis

Previous publications that studied B cell biomarkers in SSc reported various associations with
disease characteristics, especially with cutaneous and interstitial lung involvements. RF positivity in
SSc patients varied considerably between studies, ranging from 12 to 71%, with no clear relationship
with articular involvement (39-45). In line with our results, circulating concentrations of [32-
microglobulin were found increased in SSc patients, with no difference between cutaneous subsets,
and correlated with erythrocyte sedimentation rate (30). Conversely, serum IgG levels were
previously reported as similar in SSc patients and HC, although significant differences were found
among IgG subclasses (38).

Associations of BAFF with SSc characteristics have been more thoroughly documented, yet with
conflicting results that challenge comparisons with our work. Conversely to our study, previous
publications have consistently observed elevated serum BAFF levels in SSc patients (10,31,33-35,69).
Our result could be at least partly explained by a positive correlation between age and BAFF
concentrations in our cohort; an unexpected result since BAFF levels have been described as
negatively associated with age in HC (82) and SLE patients (83). Although we do not have a satisfying
explanation for this phenomenon, it should be noted that these studies included patients with a very
wide spectrum of ages; and it is not sure that this negative association observed over several decades
of life remains true when focusing on shorter age ranges.

We did not observe any association of BAFF with skin involvement, ILD or autoantibody profile.
Previous studies reported highly contradictory results: some observed significant associations with

cutaneous subset and mRSS (35,69) while others did not (31,33,34); serum BAFF levels were found
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positively (69), negatively (31) or not (33,34) correlated with ILD; and association with autoantibody
profile have been observed in one study (31) but not others (33,34,69). BAFF concentrations were
also associated with CRP and EScSG-AI score (although not reaching statistical significance for the
latter in our work), which was not observed in other publications (33,35,69). Overall, these
discrepancies could be due to heterogeneities between study populations, especially since our
discovery cohort was selected to include a wide range of SSc manifestations; and probably reflect a
differential implication of B cells between patients, organ involvements, and disease stages.

Serum APRIL levels have been described as either similar (10) or increased (28,29) compared to
HC. Contrary to our work, no correlation was found with CRP levels or autoantibody profile; and
associations with ILD were inconsistently observed (28,29). CXCL13 levels were increased in SSc
(10,33,84) and correlated with EScSG-Al score (an association that we also observed in our work,
although not reaching statistical significance). Associations with cutaneous subset and ILD were
inconsistently reported (33,84).

Levels of sCD21 were found lower in SSc than in HC, especially in case of IcSSc and ILD, but not
associated with autoantibody profile (46). Concentrations of sCD23 in SSc were higher than in HC in
a single study (47). Previous publications regarding sCD25 levels in SSc found discordant results:
sCD25 concentrations have been reported as both higher than (51,52,54-56) and similar to (49,50)
HC; and correlations with skin fibrosis (53,54,56) and ILD (48,53,54) were not consistently observed.
However, associations with disease activity seemed more systematically reported (49,52,56,85), a
result that we also observed in our study.

We could not find previous reports of sCD27, sTACI and sBCMA levels in SSc patients.

Overall, these data suggest that soluble markers of B cell activation could be interesting tools to
assess organ involvement, disease activity and severity in SSc patients. Future studies should try to

further validate their relevance as diagnostic and prognostic biomarkers in this disease.

B cell activation in SSc-PAH

A further original finding of our work is the identification of associations between several markers
of B cell activation (IgG, f2-microglobulin, BAFF, sBCMA and sCD23) and PAH status and/or clinical
markers in 2 independent populations. Few publications have focused on B cell biomarkers and PAH
in SSc patients: serum BAFF, APRIL and CXCL13 levels were found similar between patients with and

without PH (31,33,34,84); but apart from one study that reported an almost-significant correlation
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between CXCL13 and TTE-estimated systolic pulmonary arterial pressure (84), associations with
clinical markers of PH were not studied. Although some results overlap between our discovery and
validation cohorts, B cell biomarkers associations with PH status and clinical markers were not exactly
similar in the 2 populations (Table 8). This could be explained by differences in inclusion criteria
between cohorts (and notably the presence of patients with group 2 and group 3 PH in the discovery
cohort), but could also suggest heterogeneities in B cell activation among SSc patients with PH.

Aside from SSc, B cell biomarkers have also been studied in other causes of PH. For instance,
serum concentrations of CXCL13 were increased in patients with idiopathic PAH, connective tissue
diseases-associated PAH and chronic thromboembolic PH (86,87) with weak correlations with
hemodynamic parameters in this latter subgroup (87). In patients with Sjogren’s syndrome,
occurrence of PAH was associated with higher RF titers and hypergammaglobulinemia (88,89).
Interestingly, a novel mutation of TNFRSF13B, the gene coding for TACI, was identified as responsible
for a familial form of PAH in Japanese patients (90).

Several evidence pleads for a participation of B cell activation in the pathogenesis of SSc-PAH.
Firstly, recent works have observed abnormal B cell homeostasis in SSc-PAH patients, with lower total
B cell counts, expanded IgD* naive subset and decreased memory B cells (91). SSc-PAH B cells display
features of activation, with membrane over-expression of CD25 and increased susceptibility to
apoptosis (92); and B-cell related genes were amongst the most differentially expressed between SSc
patients with and without PAH (93). Moreover, a recently described B cell population, characterized
by a low membrane expression of CD21, appeared particularly associated with vascular events in SSc
patients: indeed, the proportion of circulating CD21'°" B cells was associated with sPAP, DLCO and
FVC/DLCO ratio in SSc patients (94).

Secondly, there is also evidence of functional anomalies in SSc B cells that can contribute to
pulmonary vasculopathy. Indeed, SSc-PAH B cells display anomalies in their antibody repertoire, with
anover-representation of specific VDJ rearrangements and somatic hypermutations, suggesting small
clonal selections and expansions (91). Furthermore, several autoantibodies have been identified in
the serum of SSc patients, that seem to have a direct pathogenic effect on the endothelium: indeed,
antibodies directed against endothelial cells, endothelin 1 receptor and angiotensin Il receptor can
induce activation and apoptosis of endothelial cells and are associated with PAH onset (70-81).

Finally, a recent randomized placebo-controlled trial tested the efficacy of rituximab to treat SSc-

PAH patients (95). In the primary analysis based on longitudinal data through week 24, the adjusted
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mean change in the six-minute walk distance (6MWD) from baseline to 24 weeks did not differ
significantly between arms. However, in a secondary analysis using 6MWD data through week 48, the
rituximab arm was superior to placebo. Interestingly, machine learning analysis identified low levels
of RF, as well as IL-12 and IL-17, as robust predictors to response to rituximab. The authors suggested
that this phenomenon may be explained by a reduction of complement-dependent cytotoxicity due
to the binding of RF to the Fc portion of rituximab.

Overall, these data further suggest the occurrence of B cell activation in SSc-PAH patients.

B cells as producers of angiogenic mediators: a new player in SSc microangiopathy?

Another original finding of our study is the demonstration that SSc B cells can produce angiogenic
factors, which to our knowledge has never been reported before in this disease. B cells have been
shown to secrete various pro- and anti-angiogenic mediators (including angiopoietins, VEGFs and
their receptors, PDGFs, MMPs and their inhibitors TIMPs) in other conditions, but essentially in the
context of B cell neoplasias (96—105).

Angiogenesis is a highly regulated process that leads to the formation of newly formed capillaries
from preexisting vessels (106). It is initiated by the release of proteolytic enzymes, such as matrix
metalloproteinases (MMPs), resulting in the degradation of the endothelial cell basement membrane
and the perivascular extracellular matrix (106). Following matrix degradation, endothelial cells
activate, proliferate and migrate into the surrounding area, forming vessel sprouts, under the effect
of specific proangiogenic factors such as angiogenin, angiopoietin 1, VEGFs and PDGFs (106). Proteins
that inhibit matrix degradation (like TIMPs) or endothelial cell mobilization (such as angiopoietin 2, a
natural antagonist of angiopoietin 1) thus have angiostatic properties (106). During SSc, chronic
vascular injury induces hypoxia and tissue ischemia, which are classical triggers of angiogenesis, but
eventually leads to loss of capillaries and avascular areas: as such, angiogenesis is generally
considered to be dysregulated in SSc and insufficient to compensate for the loss of vasculature
occurring during the disease (107,108).

Dysregulation of several pro- and anti-angiogenic factors have been documented in SSc patients
(109). Circulating angiogenin concentrations are elevated in SSc patients, with no correlation with
Raynaud phenomenon or disease duration (110). SSc patients also displays an imbalance in
angiopoietin production, with decreased serum levels of angiopoietin 1 and increased serum levels

of angiopoietin 2 (associated with digital ulcers) (111). VEGF is strongly upregulated in the skin and

114



serum of SSc patients, including its anti-angiogenic VEGF(165)b isoform. Studies on VEGFR-1 and -2
expression by skin endothelial cells have yielded conflicting results (112). PDGF levels are increased
in the serum, skin and bronchoalveolar lavage of SSc patients (113); and stimulatory autoantibodies
directed against PDGF receptors have also been documented (114). Dysregulated production of
various MMPs and TIMPs was observed in the skin and serum of SSc patients (115,116).

Although the balance between pro- and anti-angiogenic mediator dysregulation clearly favors the
former, this does not seem sufficient to induce compensatory angiogenesis in SSc, which suggests
that more complex mechanisms are at work to account for SSc vasculopathy (109). Uncontrolled
chronic over-expression of proangiogenic mediators throughout various disease stages might
contribute to disturbed vessel morphology and endothelial dysfunction rather than to promote new
vessel formation (109). As such, it is difficult to predict how the production of angiogenic mediators
by B cells would contribute to SSc microangiopathy. Further mechanistic works are warranted to

elucidate the pathophysiological relevance of this finding.

Strengths and limitations

Our study draws strength from its large and well-phenotyped study populations, the wide panel
of biomarkers screened, the sample collection on the same day as clinical evaluation (which allowed
to perform accurate correlations), the validation of our results on an independent cohort, and the
confirmation of the pathophysiological relevance of our observations.

It also has limitations. Firstly, we included 2 selected SSc populations, which may limit the
generalization of our findings. Secondly, as this was an exploratory, hypothesis-generating study,
statistical analyses were not systematically corrected for multiplicity, which could have increased the
a-risk score. Thirdly, most of the associations observed between B cell biomarkers and SSc
characteristics have low to medium effect sizes, which could limit the scope of our findings. Fourthly,
patients from the discovery cohort were treated by drugs targeting the immune system
(corticosteroids, hydroxychloroquine, immunosuppressants), which could have influenced the serum
levels of our B cell biomarkers, or biased the associations that were studied. However, we have tried
to take their effect into account in our analyses by adjusting our associations on these treatments in
our discovery population, and excluding patients treated with such drugs from our validation
population. Fifthly, some patients in the discovery cohort had received rituximab infusions, although

treatment was discontinued several years before inclusion for most of them. Finally, SSc-PAH patients
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were treated by PAH-specific drugs, which may have biased the associations between B cell

biomarkers and PH clinical markers, and possibly the B cell production of angiogenic factors.

Conclusion

Soluble markers of B cell activation could be relevant tools to assess organ involvements, disease
activity and severity in SSc patients. Further studies with larger samples and longitudinal design are
warranted to test their capacity to predict the occurrence of severe organ involvements. Notably,
some of them showed interesting associations with PAH, which can plead for a role of B cell activation
in the pathogenesis of the pulmonary microangiopathy. B cells could contribute to the SSc

vasculopathy through the production of non-lg angiogenic mediators.
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Table 1. Characteristics of SSc patients from the discovery population.

N Value
Demographic data
Females, n (%) 80 65 (81)
Age at inclusion (years), mean = SD 80 56+ 13
BMI (kg/m?), mean * SD 80 24 +5
Diagnosis of SSc
SSc subtype 80
Early dcSSc, n (%) 15 (19)
Late dcSSc, n (%) 24 (30)
IcSSc, n (%) 41 (51)
Immunological profile 80
Anti-centromere antibodies, n (%) 20 (25)
Anti-topoisomerase | antibodies, n (%) 21 (26)
Anti-RNA polymerase Il antibodies, n (%) 7 (9)
Other antibody specificities, n (%) 17 (21)
Positive ANA without antibody specificity, n (%) 6 (8)
Negative ANA 9(11)
Overlap with another connective tissue disease 79 25 (32)
Systemic lupus erythematosus, n (%) 4 (5)
Sjogren’s syndrome, n (%) 12 (15)
Inflammatory myopathy, n (%) 4 (5)
Rheumatoid arthritis, n (%) 2 (3)
Lymphoma (current or previous history), n (%) 80 0(0)
Disease duration at inclusion
Since diagnosis (years), mean + SD 80 10+ 10
Since first non-Raynaud symptom (years), mean + SD 78 11+10
Since Raynaud phenomenon onset (years), mean + SD 76 14 +13
History of organ involvements
Interstitial lung disease 80
No ILD, n (%) 26 (33)
Limited ILD, n (%) 25 (31)
Extensive ILD, n (%) 29 (36)
ILD duration at inclusion (years), mean = SD 54 7+7
Pulmonary hypertension, n (%) 80 19 (24)
Group 1, n (%) 13 (17)
Group 1’, n (%) 1(1)
Group 2, n (%) 6 (8)
Group 3, n (%) 3(4)
PH duration at inclusion (years), mean + SD 19 4+4
Scleroderma renal crisis, n (%) 80 0(0)
History of digital ulcers, n (%) 80 49 (61)
Clinical evaluation at inclusion
Modified Rodnan skin score, mean + SD 79 7.6+6.5
in dcSSc patients, mean + SD 41 10.8+6.8
NYHA functional class 80
Class I, n (%) 29 (36)
Class Il, n (%) 21 (26)
Class I, n (%) 23 (29)
Class IV, n (%) 7(9)
6-minute walk distance (m), mean + SD 74 401 + 117
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6-minute walk distance (% predicted), mean + SD
Active Raynaud attacks at inclusion, n (%)

Active digital ulcers at inclusion, n (%)
Telangiectasias, n (%)

Calcinosis cutis, n (%)

Biological data

ESR (mm/h), mean + SD

CRP (mg/L), mean + SD

Creatinin (mg/L), mean + SD

Estimated GFR (mL/min/1,73m?), mean * SD
Nt-pro-BNP (pg/mL), mean + SD

Ferritin (ng/mL), mean £ SD

Uric acid (mg/L), mean = SD

Complement activation, n (%)

Transthoracic echocardiography

Left ventricular ejection fraction (%), mean + SD
Left ventricular diastolic dysfunction, n (%)
Peak TRV (m/s), mean = SD

RA area (cm?), mean + SD

Pulmonary function tests

TLC (% predicted), mean = SD
FVC (% predicted), mean = SD
DLCO (% predicted), mean + SD
KCO (% predicted), mean = SD

Composite scores
EScSG-Al score, mean + SD

in 1cSSc patients, mean £ SD

in dcSSc patients, mean + SD
Medsger severity score, mean * SD
sHAQ score, mean + SD

Treatments at inclusion
Corticosteroids, n (%)

Corticosteroid dosage (mg prednisone equivalent/day), mean + SD
Immunosuppressants, n (%)

Cyclophosphamide, n (%)

Mycophenolate mofetil, n (%)

Methotrexate, n (%)

Azathioprine, n (%)

Rituximab (current or previous), n (%)

Current treatment by rituximab (last infusion < 12 months)

Hydroxychloroquine, n (%)
PAH specific drugs®, n (%)

74
76
80
79
74

74
80
80
80
80
79
80
80

79
78
69
67

78
80
77
78

78
41
37
77
72

80
47
80

80
80

72+18
35 (46)
16 (20)
59 (75)
12 (16)

17+ 19
6.9+8.9
7.9+2.4
94 +27
578 + 1452
112 + 121
47 + 15
1(1)

64 +7
62 (80)
2.78 £ 0.68
15+5

83+19
88+23
57 +20
73+21

1.58+1.31
1.46 £1.22
1.72 £1.40

5.90 +2.86

0.90+0.63

47 (59)
8+3
43 (54)
0(0)
31(39)
3(4)
2(3)
7(9)
3(4)
7(8.8)
21 (26)

ANA: antinuclear antibodies; BMI: body mass index; CRP: C-reactive protein; dc: diffuse cutaneous; DLCO: diffusing

capacity of the lung for carbon monoxide; EScSG-Al: European Scleroderma Study Group Activity Index; ESR: erythrocyte

sedimentation rate; FVC: forced vital capacity; GFR: glomerular filtration rate; sHAQ: scleroderma Health Assessment

Questionnaire; ILD: interstitial lung disease; KCO: diffusing coefficient for carbon monoxide; Ic: limited cutaneous; Nt-pro-
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BNP: N-terminal prohormone of brain natriuretic peptide; NYHA: New York Heart Association; PAH: pulmonary arterial
hypertension; RA: right atrium; SSc: systemic sclerosis; TLC: total lung capacity; TRV: tricuspid regurgitation velocity.
*PAH specific drugs included phosphodiesterase 5 inhibitors, endothelin receptor antagonists and prostacyclin analogues.

These could have been prescribed for PAH, digital ulcers and/or refractory Raynaud phenomenon.
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Table 2. Serum levels of soluble markers of B cell activation in the SSc patients and healthy controls (discovery cohort).

Biomarkers Healthy controls SSc patients Effect size! p-values? p-values
(N=80) (N=80) adjusted for
FDR?

Positive RF, n (%) 8 (10%) 44 (55%) 12.68 (4.78 ; 33.61) <0.0001 <0.0001
B2-microglobulin (mg/L), median (Q1;Q3) | 1.55 (1.34; 1.74) 2.09 (1.76 ; 2.64) 0.61 (0.35; 0.87) <0.0001 <0.0001
IgA (g/L), median (Q1;Q3) 1.82(1.31; 2.45) 2.03(1.64;2.91) 0.36 (0.05 ; 0.68) 0.02 0.06
IgG (g/L), median (Q1;Q3) 9.30(7.96; 10.31) 9.66 (8.30; 12.04) 0.55 (0.25; 0.86) 0.0004 0.001
IgM (g/L), median (Q1;Q3) 0.81 (0.61; 1.20) 1.01 (0.62; 1.57) 0.12 (-0.17 ; 0.41) 0.42 0.53
BAFF (pg/ml), median (Q1;Q3) 534 (446 ; 624) 620 (478 ; 864) 0.02 (-0.28 ; 0.32) 0.90 0.90
APRIL (pg/ml), median (Q1;Q3) 1911 (1619 ; 2236) 1958 (1425 ; 2313) 0.03 (-0.28 ; 0.34) 0.83 0.90
SBCMA (pg/ml), median (Q1;Q3) 37344 (29070 ; 47014) 44019 (24470 ; 59028) 0.24 (-0.07 ; 0.55) 0.13 0.23
STACI (pg/ml), median (Q1;Q3) 3.79 (1.64 ; 7.18) 5.05(1.79; 10.62) 0.24 (-0.07 ; 0.55) 0.14 0.90
sCD21 (pg/ml), median (Q1;Q3) 51516 (39990 ; 64006) 45520 (30635 ; 58414) -0.17 (-0.47 ; 0.13) 0.27 0.42
sCD23 (pg/ml), median (Q1;Q3) 1952 (1405 ; 3168) 1803 (984.8 ; 3144) -0.13 (-0.44 ; 0.18) 0.40 0.53
sCD25 (pg/ml), median (Q1;Q3) 305 (246 ; 391) 327.7 (248 ; 569) 0.24 (-0.07 ; 0.55) 0.13 0.23
sCD27 (pg/ml), median (Q1;Q3) 4440 (3615 ; 5658) 4906 (4191 ; 7395) 0.28 (-0.02 ; 0.59) 0.07 0.16
CXCL13 (pg/ml), median (Q1;Q3) 36.95 (24.46 ; 55.77) 81.73 (46.58 ; 120.5) 1.01 (0.69; 1.33) <0.0001 <0.0001

APRIL: a proliferation-inducing ligand; BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CXCL13: C-X-C motif chemokine 13;

FDR: false discovery rate; Ig: immunoglobulin; Q: quartile; RF: rheumatoid factor; s: soluble; SSc: systemic sclerosis; TACI: transmembrane activator and CAML interactor.

Results are expressed as median (first quartile; third quartile) for quantitative biomarkers and as frequency (percentage) otherwise.

All analyses were adjusted for age and gender.

1 For quantitative biomarkers, effect sizes were calculated on log transformed variables using the Cohen d. Absolute values of 0.20-0.49 represent a small change; values

of 0.50-0.79 a medium change; and values of 3 0.80 a large change. For the binary biomarker, effect size is the odds ratio of the status for the risk of positive RF with the

status control as reference value.

2 p-values calculated on log-transformed variables for quantitative biomarkers.

3 p-values corrected for multiplicity using the False Discovery Rate (FDR) method (Benjamini Hochberg procedure).
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Table 3. Associations between serum levels of soluble markers of B cell activation and disease characteristics assessed among the 80 SSc

patients from the discovery cohort.

Positive RF* B2m> IgA> 1gG° lgM> BAFF° APRIL® SBCMA> STACI® sCD21° sCD23° sCD25° sCD27° CXCL13°
(mg/L) (g/L) (8/L) (g/L) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
$Sc subtype p=0.004 p=0.72 p=0.53 p=0.98 p=0.73 p=0.91 p=0.79 p=0.84 p=0.17 p=0.15 p=0.03 p=0.23 p=0.08 p=0.22
Icvs dc OR=5.18 d=0.07 d=0.14 d=0.01 d=-0.07 d=-0.02 d=0.06 d=-0.04 d=0.30 d=0.30 d=0.46 d=-0.27 d=-0.39 d=0.27
(1.72;15.63) | (-0.31;044) | (-0.30,058) | (-0.40;042) | (-0.45;0.31) | (-0.45;0.40) | (-0.37;0.48) | (-0.46;037) | (-0.13;0.74) | (-0.11;0.72) | (0.04;0.89) (-0.71;017) | (-0.83;0.04) | (-0.16;0.71)
mRSS? p=0.29 p=0.50 p=0.67 p=0.21 p=0.51 p=0.12 p=0.16 p=0.56 p=0.79 p=0.66 p=0.36 p=0.65 p=0.98 p=0.87
OR=0.75 p=-0.08 p=-0.05 p=-0.14 p=0.08 p=0.18 p=0.16 p=-0.07 p=-0.03 p=-0.05 p=-0.11 0=0.05 0=-0.003 0=-0.02
(0.44;1.27) (-0.30,0.15) (-0.27;0.18) (-0.36,0.09) (-0.15;0.30) (-0.05;0.39) (-0.06;0.37) (-0.29;0.16) (-0.25;0.20) (-0.27,0.18) (-0.32;0.12) (-0.18;0.27) (-0.23;0.22) (-0.24,0.21)
Disease p=0.90 p=0.62 p=0.70 p=0.57 p=0.85 p=0.42 p=0.33 p=0.78 p=0.44 p=0.78 p=0.71 p=0.88 p=0.90 p=0.41
duration? OR=1.03 p=-0.06 p=-0.04 p=-0.07 p=0.02 p=0.09 p=-0.11 p=-0.03 p=-0.09 p=-0.03 0=0.04 0=-0.02 p=-0.01 0=-0.10
(years) (0.65;1.64) (-0.28;,0.17) | (-0.27;0.18) | (-0.28;0.16) | (-0.20;0.24) | (-0.14;,031) | (-0.33;0.11) | (-0.25;0.19) | (-0.31;0.14) | (-0.25;0.19) | (-0.18;0.26) | (-0.24;,021) | (-0.24;,0.21) | (-0.31;0.13)
Auto-Ab p=0.46 p=0.63 p=0.23 p<0.0001 p=0.82 p=0.64 p=0.02 p=0.40 p=0.62 p=0.51 p=0.40 p=0.64 p=0.19 p=0.24
ATA vs ACA OR 1.90 12=0.03 1?=0.06 n2=0.29 12=0.01 12=0.03 n?=0.14 1?=0.04 12=0.03 12=0.03 1?=0.04 1?=0.03 12=0.07 12=0.06
(0.42;8.53) (0.00;0.10) (0.00;0.16) (0.09;0.42) (0.00;0.06) (0.00;0.09) (0.00;0.26) (0.00;0.13) (0.00;0.10) (0.00;0.11) (0.00;0.13) (0.00;0.09) (0.00;0.17) (0.00;0.16)
ARA vs ACA ORS5.12
(0.68;38.46)
other vs ACA OR2.11
(0.48;9.25)
ILD p=0.18 p=0.70 p=0.10 p=0.36 p=0.96 p=0.16 p=0.02 p=0.02 p=0.76 p=0.17 p=0.89 p=0.20 p=0.11 p=0.36
lim vs none OR0.94 1%=0.01 1%=0.06 1n?=0.03 1?=0.001 1n?=0.05 1n?=0.10 1n?=0.10 1n?=0.01 1n?=0.05 1n?=0.003 Nn?=0.04 1%=0.06 1%=0.03
(0.28;3.14) (0.00;0.07) (0.00;0.17) (0.00;0.11) (0.00;0.01) (0.00;0.15) (0.00;0.22) (0.00;0.22) (0.00;0.06) (0.00;0.15) (0.00;0.04) (0.00;0.14) (0.00;0.16) (0.00;0.11)
ext vs none OR0.34
(0.09;1.23)
FVC* p=0.38 0=0.05 p=0.002 p=0.03 p=0.59 p=0.99 p=0.94 p=0.56 p=0.16 p=0.67 p=0.79 p=0.47 p=0.66 p=0.06
(%) OR=0.39 p=-0.22 p=-0.35 p=-0.25 p=-0.06 p=-0.001 p=-0.01 p=-0.07 p=-0.16 0=0.05 0=-0.03 0=0.08 0=0.05 0=-0.22
(0.05;3.15) (-0.42;0.004) (-0.53;-0.14) (-0.45;-0.03) (-0.28;0.16) (-0.22;0.22) (-0.23;0.22) (-0.29;0.16) (-0.37;0.06) (-0.18;0.27) (-0.25;0.20) (-0.14;0.30) (-0.18;0.27) (-0.42;0.01)
PH p=0.03 p=0.07 p=0.97 p=0.01 p=0.87 p=0.82 p=0.34 p=0.47 p=0.90 p=0.07 p=0.17 p=0.36 p=0.14 p=0.65
vs no PH OR=4.41 d=0.41 d=-0.01 d=-0.68 d=-0.04 d=0.06 d=-0.24 d=0.18 d=-0.03 d=0.46 d=0.34 d=-0.24 d=-0.39 d=0.12
(1.15;16.92) (-0.03;0.85) (-0.52;0.50) (-1.17,-0.19) (-0.48,0.41) (-0.44,0.56) (-0.74,0.25) (-0.31;0.67) (-0.54;0.47) (-0.03;0.94) (-0.15;0.84) (-0.75;0.27) (-0.89;0.12) (-0.39;0.63)
Nt-pro-BNP? p=0.36 p=0.01 p=0.83 p=0.96 p=0.50 p=0.85 p=0.83 p=0.07 p=0.46 p=0.35 p=0.28 p=0.92 p=0.85 p=0.29
(pg/mL) OR=1.20 p=031 p=0.03 p=0.01 p=-0.08 p=-0.02 p=-0.02 p=0.21 0=0.09 p=0.11 0=0.13 0=0.01 0=-0.02 0=0.12
(0.82;1.75) (0.09;0.50) (-0.20;0.25) (-0.22;0.23) (-0.30;0.15) (-0.24,0.20) (-0.25;0.20) (-0.02;0.41) (-0.14;0.30) (-0.12;0.32) (-0.10;0.34) (-0.21;0.24) (-0.24,0.20) (-0.11;0.34)
Peak TRV? p=0.004 p=0.26 0=0.48 p=0.27 p=0.22 p=0.002 p=0.40 p=0.80 p=0.28 p=0.23 p=0.62 p=0.98 p=0.31 p=0.95
(m/s) OR=12.23 p=0.14 p=-0.09 p=-0.14 p=0.15 p=0.37 p=0.10 p=-0.03 p=-0.14 p=-0.15 0=0.06 0=-0.003 p=-0.13 0=-0.01
(2.23;66.90) (-0.11;0.37) (-0.32;0.16) (-0.37,0.11) (-0.09;0.38) (0.13;0.56) (-0.14;0.34) (-0.27;0.21) (-0.36;0.11) (-0.38;0.10) (-0.18;0.30) (-0.24;0.24) (-0.36,0.12) (-0.25;0.23)
DLCO* p=0.01 p=0.02 p=0.21 p=0.74 p=0.83 p=0.09 p=0.90 p=0.96 p=0.87 p=0.84 p=0.07 p=0.44 p=0.36 p=0.15
(%) OR=0.03 p=-0.27 p=-0.15 p=0.04 p=0.03 p=-0.20 p=-0.01 p=-0.01 0=0.02 0=0.02 p=-0.21 0=0.09 p=0.11 p=-0.17
(0.002;,0.43) | (-0.47;-0.05) | (-0.36;0.08) | (-0.19;0.26) | (-0.20;0.25) | (-0.41;0.03) | (-0.24;021) | (-0.23;022) | (-0.21;025) | (-0.21;0.25) | (-0.42;0.02) | (-0.14;031) | (-0.12;0.33) | (-0.38;0.06)
CRP? p=0.68 p=0.03 p=0.51 p=0.76 p=0.20 p=0.001 p=0.002 p=0.67 p=0.81 p=0.02 p=0.99 p=0.03 p=0.92 p=0.85
(mg/L) OR=1.15 p=0.25 p=-0.08 p=0.03 p=0.15 p=0.37 0=0.35 p=-0.05 0=0.03 p=-0.26 0=0.001 0=0.24 0=0.01 0=0.02
(0.59;2.28) (0.02;0.45) (-0.29;0.15) | (-0.19;0.26) | (-0.08;0.36) | (0.15;0.54) (0.13;0.53) (-0.27;0.18) | (-0.20;025) | (-0.46;-0.04) | (-0.22;0.23) | (0.02;0.44) (-0.21;0.23) | (-0.20;0.25)
ESCSG-Al p=0.15 p=0.12 p=0.34 p=0.85 p=0.30 p=0.08 p=0.38 p=0.48 p=0.45 p=0.02 p=0.84 p=0.17 p=0.74 p=0.07
score? OR=2.12 p=0.18 p=0.11 p=-0.02 p=0.12 p=0.20 p=0.10 p=-0.08 p=0.09 p=-0.28 p=-0.02 p=0.16 p=0.04 p=0.21
(0.76;5.92) (-0.05;0.39) | (-0.12;033) | (-0.25;021) | (-0.11;0.34) | (-0.03;041) | (-0.13;0.32) | (-0.30;0.15) | (-0.14;031) | (-0.47;-0.05) | (-0.25;0.20) | (-0.07;0.37) | (-0.19;0.26) | (-0.02;0.42)
Medsger p=0.97 p=0.01 p=0.57 p=0.87 p=0.74 p=0.06 p=0.40 p=0.90 p=0.26 p=0.64 p=0.80 p=0.91 p=0.74 p=0.20
score? OR=1.00 p=0.29 p=0.07 p=0.02 p=0.04 p=0.22 p=0.10 p=-0.01 0=0.13 0=0.06 0=0.03 0=0.01 0=0.04 0=0.15
(0.85;1.18) (0.06;0.48) (-0.16;0.29) | (-0.21;0.25) | (-0.19;0.26) | (-0.01;0.43) | (-0.13;0.32) | (-0.24;021) | (-0.10;0.35) | (-0.18;0.28) | (-0.20;0.26) | (-0.22;0.24) | (-0.19;0.26) | (-0.08;0.37)
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ACA: anti-centromere antibodies; ARA: anti-RNA polymerase Il antibodies; ATA: anti-topoisomerase antibodies; APRIL: a proliferation-inducing ligand; BAFF: B-cell-
activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CRP: C-reactive protein; CXCL13: C-X-C motif chemokine 13, dc: diffuse cutaneous; DLCO:
diffusing capacity of the lung for carbon monoxide; EScSG-Al: European Scleroderma Study Group Activity Index; ext: extensive; FVC: forced vital capacity; Ig:
immunoglobulin; Ic: limited cutaneous; lim: limited; mRSS: modified Rodnan skin score; Nt-pro-BNP: N-terminal prohormone of brain natriuretic peptide; PH: pulmonary
hypertension; RF: rheumatoid factor; s: soluble; SD: standard deviation; SSc: systemic sclerosis; TACI: transmembrane activator and CAML interactor; TRV: tricuspid
regurgitation velocity; b2m: 32-microglobulin.

All analyses are adjusted for age, gender and immunosuppressive treatments. Given the exploratory nature of this analysis, p-values were not corrected for multiplicity.
1 For associations between binary biomarkers (RF) and disease characteristics, effect sizes are expressed as odds ratio (OR) for the risk of positive RF (with 95% confidence
interval).

2 OR per increasing of one unit in the log transformed variable.

3 OR per increasing of one unit in the original variable.

4 OR per increasing of 100 units in the original variables.

®> For associations between quantitative biomarkers and quantitative disease characteristics, effect sizes are expressed as the partial Spearman correlation coefficient r
(with 95% confidence interval). The usual interpretation is that an absolute value of correlation between 0.00 to 0.19 is very weak; 0.20 to 0.39 weak; 0.40 to 0.59
moderate; 0.60 to 0.79 strong; and greater than 0.80 very strong.

For associations between quantitative biomarkers and binary disease characteristics, effect sizes are expressed as the Cohen d. Values of 0.20-0.49 represent a small
change; values of 0.50-0.79 a medium change; and values of 2 0.80 a large change.

For associations between quantitative biomarkers and nominal disease characteristics, effect sizes are expressed by the partial h? statistics proposed by Cohen. It is the

partial proportion of variation accounted for by the effect being tested. Values of 0.01 are small; 0.06 medium; and 0.14 large.
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Table 4. Characteristics of SSc-PAH and SSc-no PAH patients from the validation population.

SSc-no PAH SSc-PAH
N  Value N Value
Demographic data
Females, n (%) 18 17 (94) 18 17 (94)
Age at inclusion (years), mean + SD 18 70110 18 69+9.3
BMI (kg/m?), mean * SD 18 265 18 25+4.8
Diagnosis of SSc
SSc subtype 18 18
IcSSc, n (%) 18 (100) 18 (100)
dcSSc, n (%) 0(0) 0(0)
Immunological profile 18 18
Anti-centromere antibodies, n (%) 18 (100) 17 (94)
Anti-topoisomerase | antibodies, n (%) 0(0) 0(0)
Anti-RNA polymerase Il antibodies, n (%) 0(0) 0(0)
Anti-fibrillarin, n (%) 0(0) 1(6)
Overlap with another connective tissue disease 18 6(33) 18 6 (33)
Systemic lupus erythematosus, n (%) 0(0) 0(0)
Sjogren’s syndrome, n (%) 6 (33) 6 (33)
Inflammatory myopathy, n (%) 0(0) 0(0)
Lymphoma (current or previous history), n (%) 18 0(0) 18 0(0)
Disease duration at inclusion
Since diagnosis (years), mean + SD 18 14+9 18 17+9.8
Since first non-Raynaud symptom (years), mean + SD 16 167 17 18+8.1
Since Raynaud phenomenon onset (years), mean + SD 18 23+11 18 29+15
History of organ involvements
Interstitial lung disease 18 18
No ILD, n (%) 14 (73) 14 (73)
Limited ILD, n (%) 4 (22) 4(22)
Extensive ILD, n (%) 0(0) 0(0)
ILD duration at inclusion (years), mean = SD 4 7+4 4 10+11
Pulmonary hypertension, n (%) 18 0(0) 18 18 (100)
Group 1, n (%) 0(0) 18 (100)
Group 1’, n (%) 0(0) 2 (15)
Group 2, n (%) 0(0) 0(0)
Group 3, n (%) 0(0) 0(0)
PH duration at inclusion (years), mean + SD 18 3+23
Scleroderma renal crisis, n (%) 18 0(0) 18 0(0)
History of digital ulcers, n (%) 18 11 (61) 18 12 (67)
Clinical evaluation at inclusion
Modified Rodnan skin score, mean + SD 18 4.1+3.8 18 71+6.1
NYHA functional class 18 18
Class |, n (%) 8 (44) 4(22)
Class Il, n (%) 8 (44) 3(17)
Class I, n (%) 1(6) 7 (39)
Class IV, n (%) 1(6) 4(22)
6-minute walk distance (m), mean + SD 14 383+86 17 298 + 125
6-minute walk distance (% predicted), mean £ SD 14 78+20 17 59+ 21
Active Raynaud attacks at inclusion, n (%) 18 10 (56) 14 4 (29)
Active digital ulcers at inclusion, n (%) 18 5(28) 18 2 (11)
Telangiectasias, n (%) 18 16 (89) 18 16 (89)
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Calcinosis cutis, n (%)

Biological data

ESR (mm/h), mean + SD

CRP (mg/L), mean + SD

Creatinin (mg/L), mean + SD

Estimated GFR (mL/min/1,73m?), mean * SD
Nt-pro-BNP (pg/mL), mean + SD

Ferritin (ng/mL), mean £ SD

Uric acid (mg/L), mean = SD

Complement activation, n (%)

Transthoracic echocardiography

Left ventricular ejection fraction (%), mean + SD
Left ventricular diastolic dysfunction, n (%)
Peak TRV (m/s), mean = SD

RA area (cm?), mean + SD

Pulmonary function tests

TLC (% predicted), mean = SD

FVC (% predicted), mean = SD

DLCO (% predicted), mean + SD

KCO (% predicted), mean = SD

FVC (% predicted)/DLCO (% predicted) ratio, mean + SD

Right heart catheterization
At PAH diagnosis

18

17
18
18
18
18
18
18
18

16
16
14
17

17
18
18
18
18

Time between RHC and inclusion (months), mean = SD

RAP (mmHg), mean = SD
SPAP (mmHg), mean £ SD
dPAP (mmHg), mean = SD
mPAP (mmHg), mean = SD
PAWP (mmHg), mean £ SD
Cardiac output (L/min), mean + SD
Cardiac index (L/min/m?2), mean + SD
SvO; (%), mean £ SD
PVR (Wood units), mean + SD
Latest available RHC data

Time between RHC and inclusion (months), mean = SD

RAP (mmHg), mean + SD

SPAP (mmHg), mean + SD

dPAP (mmHg), mean + SD

mPAP (mmHg), mean + SD

PAWP (mmHg), mean + SD

Cardiac output (L/min), mean + SD
Cardiac index (L/min/m?2), mean + SD
SvO; (%), mean £ SD

PVR (Wood units), mean + SD

Composite scores

EScSG-Al score, mean £ SD
Medsger severity score, mean * SD
sHAQ score, mean = SD

Treatments at inclusion

18
18
13

4(22)

16+ 8.6
3.8+1.8
7.1+1.6
92 +29
150 £ 123
81+73
46+ 11
0(0)

64 +8.2
4 (25)

2.46 +0.37
14+ 4.8

104 £ 12
117+ 16
70+ 13

76 +13
1.73+£0.35

1.17+1.32
0.78+1.48
0.87 £0.67

15

16
18
18
18
18
18
17
17

16
17
16
18

16
18
18
18
18

18
18
18
18
18
18
18
18
16
18

18
17
17
17
18
18
18
18
16
18

18
16
15

6 (40)

19+13
6.6+5.2
8.7+1.8
73+20
950 + 1241
58 +44
61+24
0(0)

66 * 6.6

7 (41)
3.63 +0.65
21+7.7

92+9.3
102 £ 17
38+11
45+ 11
2.86+0.76

34 +26
57+3.2
60 + 16
21+6.5
36+10
7.9+23
47+1.0
2.8+0.6
69+6
6.13+2.38

12+14

55+34
57+16

26+24

35+9.3
9.1+£3.2
51+13
3.0+£0.6
66 + 9.6
56+29

144 +1.21
1.26 £1.93
1.01+0.54
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Corticosteroids, n (%) 18 0(0) 18 0(0)
Immunosuppressants, n (%) 18 0(0) 18 0(0)
Hydroxychloroquine, n (%) 18 0(0) 18 0(0)

PAH specific drugs*, n (%) 18 1(6) 18 12 (67)
Phosphodiesterase 5 inhibitors, n (%) 1(6) 12 (67)
Endothelin receptor antagonists, n (%) 0(0) 8 (44)
Prostacyclin analogues, n (%) 0(0) 1(6)

Oxygen, n (%) 18 0(0) 18 4(22)

ANA: antinuclear antibodies; BMI: body mass index; CRP: C-reactive protein; dc: diffuse cutaneous; DLCO: diffusing
capacity of the lung for carbon monoxide; dPAP: diastolic pulmonary arterial pressure; EScSG-Al: European Scleroderma
Study Group Activity Index; ESR: erythrocyte sedimentation rate; FVC: forced vital capacity; GFR: glomerular filtration rate;
SHAQ: scleroderma Health Assessment Questionnaire; ILD: interstitial lung disease; KCO: diffusing coefficient for carbon
monoxide; Ic: limited cutaneous; mPAP: mean systolic pulmonary arterial pressure; Nt-pro-BNP: N-terminal prohormone
of brain natriuretic peptide; NYHA: New York Heart Association; PAH: pulmonary arterial hypertension; PAWP: pulmonary
arterial wedge pressure; PVR: pulmonary vascular resistance; RA: right atrium; RAP: right atrial pressure; sPAP: systolic
pulmonary arterial pressure; SSc: systemic sclerosis; SvO,: venous saturation in oxygen; TLC: total lung capacity; TRV:
tricuspid regurgitation velocity.

*In SSc-no PAH patients, these drugs were prescribed for digital ulcers and/or refractory Raynaud phenomenon.
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Table 5. Serum levels of soluble markers of B cell activation in SSc patients with and without PAH (validation cohort).

Biomarkers SSc-no PAH SSc-PAH Effect size p-values
(N=18) (N=18)

RF (IU/mL), median (Q1;Q3) 7.35(2.90; 37.00) 10.25 (4.60 ; 28.00) 0.1 (-0.55;0.75) 0.78
[32-microglobulin (mg/L), median (Q1;Q3) 2.46 (2.14 ; 3.15) 3.15(2.76; 3.49) 0.89(0.2; 1.57) 0.02
IgA (g/L), median (Q1;Q3) 2.18 (1.61; 2.59) 1.78 (1.33 ; 2.44) -0.28 (-0.94; 0.37) 0.40
IgG (g/L), median (Q1;Q3) 10.45 (9.10; 11.80) 8.40 (7.10; 10.40) -0.85 (-1.53;-0.17) 0.02
IgM (g/L), median (Q1;Q3) 1.26 (0.98; 1.90) 1.55 (1.00; 1.93) 0.15(-0.51; 0.8) 0.67
BAFF (pg/mL), median (Q1;Q3) 727.5 (649.1; 897.9) 731.5 (602.3 ; 925.3) -0.09 (-0.75 ; 0.56) 0.79
APRIL (pg/mL), median (Q1;Q3) 1907 (1532 ; 2358) 1804 (1384 ; 2169) -0.29 (-0.95 ; 0.36) 0.38
SBCMA (pg/mL), median (Q1;Q3) 32068 (27656 ; 35352) 36699 (32360 ; 45190) 0.76 (0.08 ; 1.44) 0.03
STACI (pg/mL), median (Q1;Q3) 15.35 (9.88 ; 20.67) 18.61 (9.39; 22.49) 0.24 (-0.42 ; 0.89) 0.49
sCD23 (pg/mL), median (Q1;Q3) 3094 (2554 ; 4200) 4609 (3469 ; 7628) 0.72 (0.05 ; 1.39) 0.04
sCD25 (pg/mL), median (Q1;Q3) 552.6 (448.2 ; 686.0) 584.2 (471.6 ; 756.6) 0.33(-0.33 ; 0.98) 0.33
sCD27 (pg/mL), median (Q1;Q3) 6282 (5825 ; 7645) 8859 (6889 ; 10667) 0.71 (0.03 ; 1.38) 0.05
CXCL13 (pg/mL), median (Q1;Q3) 83.82(59.15 ; 142.3) 87.49 (64.77 ; 158.4) 0.14 (-0.51 ; 0.79) 0.68

APRIL: a proliferation-inducing ligand; BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CXCL13: C-X-C motif chemokine 13;
FDR: false discovery rate; Ig: immunoglobulin; IU: international units; PAH: pulmonary hypertension; Q: quartile; RF: rheumatoid factor; s: soluble; SSc: systemic sclerosis;
TACI: transmembrane activator and CAML interactor.

Results are expressed as median (first quartile; third quartile).

Effect sizes were calculated using the Cohen d. Absolute values of 0.20-0.49 represent a small change; values of 0.50-0.79 a medium change; and values of 2 0.80 a large

change. Groups were matched on age (+ 5 years) and gender. Given the exploratory nature of this analysis, p-values were not corrected for multiplicity.
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Table 6. Associations between serum levels of soluble markers of B cell activation and clinical markers of PH assessed among the 18 SSc-

PAH patients from the validation cohort.

RF

B2m IgA 1gG IgM BAFF APRIL SBCMA STACI sCD23 sCD25 sCD27 CXCL13
(1U/mL) (mg/L) (g/L) (/L) (g/L) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)
Nt-pro-BNP p=0.18 p=0.37 p=0.35 p=0.34 p=0.50 p=0.01 p=0.10 p=0.26 p=0.56 p=0.62 p=0.24 p=0.82 p=0.57
(pg/mL) p=0.34 p=0.23 p=-0.24 p=-0.25 p=-0.18 p=0.62 p=0.41 p=0.29 p=0.15 p=0.13 p=0.30 0=0.06 p=0.15
(-0.18;0.7) (-0.29;0.64) (-0.64;0.28) (-0.65;0.27) (-0.60;0.34) (0.17;0.84) (-0.10;0.74) (-0.23;0.67) (-0.36;0.59) (-0.38;0.57) (-0.22;0.68) (-0.43;0.52) (-0.36;0.58)
Peak TRV p=0.79 p=0.34 p=0.19 p=0.24 p=0.02 p=0.09 p=0.06 p=0.18 p=0.06 p=0.69 p=0.47 p=0.77 p=0.44
(m/s) p=0.08 p=0.27 p=-0.36 p=-0.32 p=-0.59 0=0.45 0=0.50 0=0.37 0=0.49 0=0.11 0=0.20 p=-0.08 p=0.21
(-0.46;0.56) (-0.29;0.68) (-0.73;0.2) (-0.71;0.24) (-0.84;-0.09) | (-0.1,0.77) (-0.04;0.80) (-0.19;0.73) (-0.05;0.79) (-0.43;0.59) (-0.35;0.64) (-0.57,0.45) (-0.34;0.65)
FVC/DLCO p=0.65 p=0.08 p=0.68 p=0.10 p=0.53 p=0.01 p=0.73 p=0.95 p=0.28 p=0.83 p=0.45 p=0.93 p=0.99
ratio p=-0.12 p=0.43 p=0.11 p=-0.41 p=-0.16 p=0.60 p=0.09 p=0.02 p=0.28 p=0.06 p=0.20 p=-0.02 p=0.004
(-0.56;0.39) (-0.07;0.75) (-0.40;0.56) (-0.74;0.10) (-0.59;0.35) (0.15;0.83) (-0.41;0.54) (-0.47,0.49) (-0.24;0.66) (-0.44;0.52) (-0.32;,0.62) (-0.50;0.46) (-0.48;0.48)

APRIL: a proliferation-inducing ligand; BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CXCL13: C-X-C motif chemokine 13;

DLCO: diffusing capacity of the lung for carbon monoxide; FVC: forced vital capacity; Ig: immunoglobulin; IU: international unit; Nt-pro-BNP: N-terminal prohormone of

brain natriuretic peptide; PH: pulmonary hypertension; PAH: pulmonary arterial hypertension; RF: rheumatoid factor; s: soluble; SSc: systemic sclerosis; TACI:

transmembrane activator and CAML interactor; TRV: tricuspid regurgitation velocity; b2m: B2-microglobulin.

All analyses are adjusted for age. Given the exploratory nature of this analysis, p-values were not corrected for multiplicity.

Effect sizes are expressed as the partial Spearman correlation coefficient r (with 95% confidence interval). The usual interpretation is that an absolute value of correlation

between 0.00 to 0.19 is very weak; 0.20 to 0.39 weak; 0.40 to 0.59 moderate; 0.60 to 0.79 strong; and greater than 0.80 very strong.
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Table 7. Concentrations of angiogenic mediators in B cell culture supernatants from healthy controls, and SSc patients with and without

PAH from the validation cohort.

Healthy controls vs SSc patients SSc-no PAH vs SSc-PAH patients
HC SSc Effect size p SSc-no PH SSc-PAH Effect size p
(N=9) (N=18) (N=9) (N=9)

Angiogenin (pg/mL) No stim | 23.35(1.28 ; 25.09) 29.01(24.51;33.30) | 1.36(0.48; 2.24) 0.008 | 29.01(23.40;31.71) | 29.01(25.09;34.86) | 0.21(-0.72;1.13) 0.69
median (Q1;Q3) Stim 25.66 (1.28 ; 29.01) 34.08 (29.55; 38.44) | 1.49 (0.60; 2.38) 0.004 | 31.40(30.10;36.41) | 37.43 (29.55;38.44) | 0.29(-0.64 ; 1.21) 0.57
Angiopoietin 1 (pg/mL) | Nostim | 136.3(39.20;156.9) | 167.1 (146.6;197.7) | 1.15(0.29; 2.00) 0.02 | 172.3(167.1;197.7) | 156.9 (146.6;187.6) | -0.33(-1.26;0.60) | 0.51
median (Q1;Q3) Stim 105.2 (54.68 ; 136.3) | 149.2 (146.6;212.9) | 1.00(0.16; 1.84) 0.03 | 146.6 (146.6;212.9) | 156.9 (136.3;187.6) | -0.06 (-0.99;0.86) | 0.93
Angiopoietin 2 (pg/mL) | Nostim | 599.0(589.4;612.6) | 606.5(592.9;620.4) | 0.05(-0.75; 0.85) 0.92 | 608.2(592.9;620.4) | 604.9(595.9;614.3) | -0.08 (-1.01;0.84) | 0.89
median (Q1;Q3) Stim 589.4 (577.5;604.9) | 565.2(552.9;595.9) | -0.92 (-1.76; -0.08) 0.05 | 565.2(559.1;612.6) | 565.2(552.9;583.6) | -0.37(-1.30;0.56) | 0.45
ANGPTL-6 (pg/mL) No stim | 106.5(106.5; 136.4) | 110.8 (89.03;192.8) | 0.03 (-0.77; 0.83) 0.96 | 106.5(89.03;175.6) | 115.2 (106.5;192.8) | 0.18(-0.74; 1.11) 0.72
median (Q1;Q3) Stim 227.1(192.8;388.9) | 218.6 (201.4;261.3) | -0.2(-1.00; 0.6) 0.62 | 227.1(201.4;227.1) | 210.0(210.0; 261.3) | -0.08 (-1.01;0.84) | 0.89
VEGFR-1 (pg/mL) No stim | 6.16 (0.35; 6.16) 6.16 (6.16 ; 6.16) 0.46 (-0.35; 1.27) 0.26 | 6.16 (6.16;6.16) 6.16 (6.16 ; 6.16) 0.00 (-0.92; 0.92) 1.00
median (Q1,Q3) Stim 24.29(15.40; 66.24) | 94.49 (39.36; 138.4) | 0.90 (0.07 ; 1.74) 0.04 | 93.28(39.36;138.4) | 95.70(51.02;138.4) | 0.08 (-0.84;1.01) 0.89
PDGF-AA (pg/mL) No stim | 1.21(0.42;1.99) 2.71(1.21;5.87) 0.95(0.11; 1.79) 0.04 | 2.71(1.22;3.78) 1.79(1.21;5.87) -0.10(-1.03;0.82) | 0.86
median (Q1;Q3) Stim 56.54(33.29; 62.46) | 73.97(47.33;96.53) | 0.77 (-0.06; 1.59) 0.09 | 74.88(63.92;97.90) | 57.15(47.33;83.17) | -0.31(-1.24;0.62) | 0.54
L-selectin (pg/mL) No stim | 1988 (1042 ; 1988) 1988 (1988 ; 3329) 0.46 (-0.35; 1.27) 0.27 | 1988 (1988 ;3329) 1988 (1988 ; 2939) -0.17 (-1.09;0.76) | 0.75
median (Q1;Q3) Stim 2939 (1988 ; 2961) 3539 (2939 ; 3684) 1.34(0.47;2.22) 0.007 | 3329(2939; 3684) 3684 (3184 ; 3684) 0.19 (-0.74; 1.12) 0.71
MMP-8 (pg/mL) No stim | 260.4 (92.43;274.9) | 274.9 (195.7;328.4) | 0.68 (-0.14 ; 1.50) 0.12 | 274.9(274.9;328.4) | 213.1(195.7;288.9) | -0.27(-1.19; 0.66) | 0.59
median (Q1;Q3) Stim 177.2(92.43;229.6) | 252.9(177.2;274.9) | 1.00(0.16; 1.84) 0.04 | 260.4 (245.3;274.9) | 229.6(177.2;274.9) | -0.06 (-0.99;0.86) | 0.93
MMP-9 (pg/mL) No stim | 111.4(77.59;198.1) | 56.22 (39.83;164.7) | -0.30(-1.11; 0.50) 0.49 | 53.64(39.83;164.7) | 58.80 (46.75;161.7) | 0.16(-0.76 ; 1.09) 0.76
median (Q1;Q3) Stim 260.7 (198.1;293.9) | 345.4(118.2;618.1) | 0.30(-0.51;1.10) 0.50 | 406.5(323.4;513.5) | 163.4(118.2;618.1) | -0.14 (-1.07;0.78) | 0.79
TIMP-1 (pg/mL) No stim | 19.28(19.28;26.57) | 62.09 (19.28 ; 135.4) | 0.94(0.10; 1.78) 0.05 | 52.86(26.57;95.98) | 81.82(19.28;135.4) | 0.02 (-0.90;0.94) 1.00
median (Q1;Q3) Stim 135.4(128.2;237.5) | 251.1(194.9;376.7) | 0.99 (0.14 ; 1.83) 0.03 | 219.4(206.0;339.9) | 259.6(145.2;376.7) | 0.02 (-0.90; 0.94) 1.00

ANGPTL-6: angiopoietin-like protein 6; HC: healthy control; MMP: matrix metallopeptidase; PAH: pulmonary arterial hypertension; PDGF-AA: platelet derived growth
factor AA; SSc: systemic sclerosis; stim: stimulation; TIMP-1: tissue inhibitor of metalloproteinases; VEGFR-1: vascular endothelial growth factor receptor 1.

Results are pooled from 2 independent experiments and expressed as median (first quartile; third quartile).

Effect sizes were calculated using the Cohen d. Absolute values of 0.20-0.49 represent a small change; values of 0.50-0.79 a medium change; and values of 20.80 a large

change. Given the exploratory nature of this analysis, p-values were not corrected for multiplicity.
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Table 8. Synthetic view of the associations identified between soluble markers of B cell activation

and clinical markers of PH in the discovery and validation cohorts.

Discovery cohort Validation cohort
PH vs no PH IgG PAH vs no PAH IgG
RF B2-microglobulin
sBCMA
sCD23
sCD27
Nt-pro-BNP B2-microglobulin Nt-pro-BNP BAFF
sBCMA
Peak TRV BAFF Peak TRV BAFF
RF IgM
DLCO B2-microglobulin FVC/DLCO 2-microglobulin
BAFF BAFF
sCD23 IgG
RF

BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; DLCO: diffusing capacity of
the lung for carbon monoxide; Nt-pro-BNP: N-terminal prohormone of brain natriuretic peptide; PAH: pulmonary arterial
hypertension; PH: pulmonary hypertension; RF: rheumatoid factor; s: soluble; TRV: tricuspid regurgitation velocity.

Bold characters denote statistical significance (p< 0.05). Regular characters denote trends for statistical significance (p<

0.10).
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Figure 1. Serum levels of soluble markers of B cell activation in SSc patients and healthy controls (discovery cohort).
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APRIL: a proliferation-inducing ligand; BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CXCL13: C-X-C motif chemokine 13;
HC: healthy controls; Ig: immunoglobulin; RF: rheumatoid factor; s: soluble; SSc: systemic sclerosis; TACI: transmembrane activator and CAML interactor.
The dotted line on the RF panel represents the threshold for RF positivity. Error bars display means and standard deviations. p-values are adjusted for age, gender and

multiplicity. The p-value displayed on the RF panel refers to the analysis using RF as a binary variable.

130



Figure 2. Significant associations between serum levels of soluble markers of B cell activation and

SSc characteristics related to PH, assessed among the 80 SSc patients from the discovery cohort.
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BAFF: B-cell-activating factor; DLCO: diffusing capacity of the lung for carbon monoxide; Ig: immunoglobulin; Nt-pro-BNP:
N-terminal prohormone of brain natriuretic peptide; OR: odds ratio; PH: pulmonary hypertension; RF: rheumatoid factor;
SSc: systemic sclerosis; TRV: tricuspid regurgitation velocity.

Error bars display means and standard deviations. p-values are adjusted for age, gender and immunosuppressive drugs.
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Figure 3. Serum levels of soluble markers of B cell activation in SSc patients with and without PAH (validation cohort).
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APRIL: a proliferation-inducing ligand; BAFF: B-cell-activating factor; BCMA: B-cell maturation antigen; CD: cluster of differentiation; CXCL13: C-X-C motif chemokine 13;

HC: healthy controls; Ig: immunoglobulin; PAH: pulmonary arterial hypertension; RF: rheumatoid factor; s: soluble; SSc: systemic sclerosis; TACI: transmembrane activator

and CAML interactor.

The dotted line on the RF panel represents the threshold for RF positivity. Error bars display means and standard deviations.
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Figure 4. Associations between BAFF and clinical markers of PH, assessed among the 18 SSc-PAH patients from the validation cohort.
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BAFF: B-cell-activating factor; DLCO: diffusing capacity of the lung for carbon monoxide; FVC: forced vital capacity; Nt-pro-BNP: N-terminal prohormone of brain

natriuretic peptide; PAH: pulmonary arterial hypertension; SSc: systemic sclerosis; TRV: tricuspid regurgitation velocity.
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Error bars display means and standard deviations. p-values are adjusted for age.

133

Peak TRV (m/s)

o
=)
]

>
o
1

oy
o
1

ol
]
1

ot
=)
1

g
2

p=0.09
0p=0.45

o

500 1000

BAFF (pg/mL)

1500



Figure 5. Concentrations of angiogenic mediators in B cell culture supernatants from SSc patients and healthy controls.
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ANGPTL-6: angiopoietin-like protein 6; HC: healthy control; MMP: matrix metallopeptidase; PDGF-AA: platelet derived growth factor AA; SSc: systemic sclerosis; stim:

stimulation; TIMP-1: tissue inhibitor of metalloproteinases; VEGFR-1: vascular endothelial growth factor receptor 1.

Results are pooled from 2 independent experiments. Error bars display means and standard deviations. Levels of significance are pictured as follows: *** for p<0.001, **

for p<0.01, * for p<0.05, ns for p>0.05. Given the exploratory nature of this analysis, p-values were not corrected for multiplicity.
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Notre travail portant sur les biomarqueurs LB a donc permis de mettre en évidence une
association entre activation lymphocytaire B et HTAP chez les patients SSc. Ce résultat original
nous a conduit a réaliser une revue exhaustive de la littérature, afin de déterminer si d’autres
arguments cliniques ou expérimentaux soutenaient 'implication du LB dans I'apparition et la
pérennisation de la vasculopathie pulmonaire. Nous avons élargi le champ de cette revue pour
inclure I’ensemble des HTP du groupe 1, et notamment I’"HTAP idiopathique pour lesquelles

de nombreuses données suggerent un réle crucial de I'immunité.

Ce travail a été réalisé en collaboration avec I'équipe du Pr Mark Nicolls a Stanford

University et est soumis pour publication dans European Respiratory Journal.
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RESUME DETAILLE EN FRANCAIS

Il existe un besoin non satisfait de nouvelles stratégies thérapeutiques ciblant des voies
alternatives pour améliorer le pronostic des patients atteints d’hypertension artérielle
pulmonaire (HTAP). Dans la mesure ou I'immunité semble jouer un réle majeur dans le
développement et la progression des Iésions vasculaires pulmonaires associée a I’HTAP, nous
avons examiné la contribution potentielle des lymphocytes B (LB) dans sa physiopathologie et
évalué la pertinence des thérapies ciblées sur LB.

L’homéostasie des LB circulants est altérée chez les patients atteints d’HTAP, avec une
lymphopénie B, une distribution anormale des sous-populations B (expansion des formes
naives, des plasmablastes et des plasmocytes ; contraction du compartiment B mémoire) et
des stigmates d’activation chronique. En effet, les LB sont intensément recrutés de la
périphérie vers les poumons du fait de la sécrétion locale de chimiokines, et sont activés par
plusieurs mécanismes : interaction des auto-antigénes vasculaires pulmonaires avec leur BCR
spécifique ; signaux de costimulation fournis par les lymphocytes Tfh (production d’IL-21), les
lymphocytes Th2 et les mastocytes (production d’IL-4, IL-6 et IL-13) ; sighaux de survie accrus
provenant du systeme BAFF. Ce processus aboutit a la formation de centres germinatifs au
sein d’organes lymphoides tertiaires périvasculaires et a la production locale d’auto-anticorps
pathogenes ciblant les vaisseaux pulmonaires (cellules endothéliales, cellules musculaires
lisses, fibroblastes adventitiels, récepteurs de I’angiotensine-ll/endothéline-1 et récepteurs
BMPR/ALK). Les LB médient également leurs effets par une production accrue de cytokines
pro-inflammatoires, des propriétés anti-inflammatoires réduites par les LB régulateurs,
I’activation du complément induite par les IgG et I’activation de mastocytes induite par les IgE.

Les approches de médecine de précision ciblant I'immunité des LB constituent une
perspective prometteuse pour certaines formes d’"HTAP, comme le suggéerent I'efficacité du
traitement anti-CD20 dans différents modéles expérimentaux et un essai clinique récent sur

le rituximab dans I’'HTAP associée a la SSc.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a severe disease characterized by progressive
thickening and obliteration of pulmonary vessels, resulting in increased vascular resistance,
elevated pulmonary artery (PA) pressures, and right heart failure [1]. Current treatments
mostly rely on vasodilating sometimes occluded vessels and have limited effectiveness in
reversing vascular remodeling or preventing new lesion formation. Therefore, there is an
urgent need for innovative therapeutic strategies that can modify the natural course of the
disease.

Extensive research has recently emphasized the crucial role of immunity in the
development and progression of pulmonary vascular alterations in PAH. Notably, B cells have
attracted particular attention due to their potential as therapeutic targets, as they can be
specifically reduced by the same treatments used for hematological malignancies and
autoimmune disorders [2]. As such, it appears relevant to examine the extent to which the
cellular and humoral arms of B cell immunity contribute to the pathogenic events occurring
during PAH.

This review summarizes the emerging evidence regarding the involvement of B cells in the
pathogenesis of PAH, highlighting activating mechanisms, effector functions, and therapeutic

potential.

144



1. ABNORMAL B CELL HOMEOSTASIS IN PAH

Several lines of evidence suggest abnormal B cell homeostasis in PAH. Although not
consistently observed [3-5], most studies have reported lower circulating B cell counts in
idiopathic (i)PAH and connective tissue diseases (CTD)-PAH compared to healthy controls (HC)
[6-9]. B cell subset distribution is also altered: typical modifications include an expansion of
antigen (Ag)-unexperienced populations (mostly mature naive B cells), plasmablasts, and
plasma cells (especially immunoglobulin (Ig)A*); findings that contrast with a contraction of
the memory B cell compartment (particularly non-switched forms) [4, 5, 10, 11]. These
anomalies correlate with survival in patients with heritable (h) and iPAH [12]. The lower levels
of circulating memory B cells may be explained by an enhanced pulmonary recruitment, as
they are found in increased proportions within the lungs of hypoxic rats [13].

A recently identified B cell population, associated with autoimmune processes and
characterized by a specific membrane phenotype (CD27/IgD double negativity, low CD21
expression), is expanded in iPAH patients [11]. Their levels are similar in systemic sclerosis
(SSc) patients with and without PAH [14], but correlate with clinical markers of pulmonary
hypertension (PH) [15].

Moreover, several observations suggest that circulating B cells are activated in PAH. B cells
from SSc-PAH patients display an increased expression of CD25 and are prone to apoptosis
[7]. Genes involved in B cell-specific processes are the most differentially-expressed genes in
peripheral blood mononuclear cells (PBMCs) from SSc-PAH compared to SSc-no PAH and HC
[8,9]. IniPAH, B cells display a distinct mRNA expression profile, characterized by upregulation

of genes involved in inflammation and immune response, compared to HC [16].
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2. ACTIVATING MECHANISMS OF B CELLS IN PAH

B cell activation classically requires the engagement of a specific Ag to its cognate
membrane B cell receptor (BCR) [17]. Costimulatory signals are mandatory and usually
provided by Ag-specific CD4* T cells through direct cell-cell interactions and cytokine
production [17]. In the field of autoimmune diseases, interactions between ligands and
receptors from the B-cell activating factor (BAFF) system are also of specific importance to

drive survival and proliferation of autoreactive B cells [18].

2.1. Abnormal BCR signaling

The BCR platform is a complex signaling system consisting of a membrane Ig, a
transmembrane signal transducer (the CD79A-CD79B heterodimer), a constellation of kinases
that mediate downstream intracellular signaling (such as Bruton tyrosine kinase (BTK)), and
several membrane co-receptors that act as positive (CD19, CD21) or negative (CD22, CD35)
signal regulators [19]. Ag engagement on its cognate BCR triggers this signaling cascade
leading to B cell activation through various intracellular pathways (notably the BTK-nuclear
factor-kappa B (NFkB) axis) [19].

Gene expression studies performed on PBMCs from SSc-PAH patients and lungs from
various PAH patients reveal a significant upregulation of genes involved in BCR signaling and
NFkB pathway in the PAH groups [8, 20]. In lungs from rats with monocrotaline (MCT)-induced
PAH, genes related to B cell activation, and especially BCR signaling mediators, display the
strongest correlations with hemodynamic and histologic markers of PAH severity [21]. These
anomalies become more pronounced with the course of the experimental disease. Pathway
analysis reveals significant dysregulation of several key components of the BCR complex (such
as upregulation of CD79A/B, BTK, CD19 and CD21) [21].

Among the various components involved in the abnormal BCR signaling observed during
human and experimental PAH, BTK was the focus of recent attention. In iPAH and CTD-PAH
patients, intracellular BTK expression is increased in total B cells, as well as in the naive and
memory subsets, and correlates with the presence of circulating auto-antibodies (Abs) [5].
Moreover, B-cell-specific BTK overexpression in transgenic mice exposed to bleomycin
induces a PH phenotype, leads to accumulation of memory B cells and ASCs in mediastinal
lymph nodes and stimulates production of serum Abs targeting endothelial Ags [5]. In MCT

rats, treatment by a BTK inhibitor attenuates right ventricle (RV) systolic pressure (SP)
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elevation, pulmonary vascular remodeling, RV hypertrophy and endothelium-mesenchymal

transition, although these effects could be mediated by inhibition of macrophage BTK [22].

2.2. Abnormal costimulatory signals

In addition to Ag-BCR interaction, second costimulatory signals are mandatory to induce B
cell proliferation and differentiation. These are usually provided by direct cell-cell interactions
with cognate T helper (Th) cells, as well as by specific cytokine environments produced by

various sources [17, 23].

2.2.1. Th2cells, IL-4, IL-6, and IL-13

Th2 cells and their related cytokines (such as IL-4, IL-6 and IL-13) seem to play a major role
in B cell activation in PAH. Preferential class-switching towards Igg, a hallmark of Th2
stimulation, is frequently noted in PAH. Increased IgE serum levels and IgE* B cells are
observed in the blood of PAH patients and the lungs of several experimental models [24, 25].

Single-cell RNA sequencing performed on the lungs of hypoxia-induced PH (HPH) mice
reveals a significant infiltration of Th2 cells with upregulated genes involved in the IL-4
pathway, an increased expression of costimulatory receptors in both T cells (CD28) and B cells
(CD86 and CD40), as well as differential expression of genes involved in B cell activation and
IgE class-switching (GLe) [25]. In a similar model induced by combined hypoxia and ovalbumin
exposure, Th2 inhibition due to CD294 deficiency or IL-4/1L-13 neutralization decreases lung
infiltration by IgE* B cells and attenuated PH [24]. Overall, these data suggest that Th2 cells
contribute to B cell activation and IgE class-switching through direct interactions and cytokine
production.

Increased IgE production leads to mast cell priming and activation through binding of FceRl
receptors [26]. Interestingly, lung infiltration by mast cells is a prominent feature of the
disease in human and experimental PAH; and IL-4, IL-6 and IL-13 were identified as the main
mediators produced by mast cells after IgE stimulation in animal models [25, 27-31]. Mast cell
inhibition in MCT rats results in lower B cell lung infiltration, lower circulating auto-Abs and
normalized serum IgG levels [29]. Most of these effects are also observed in animals treated
by anti-IL6 Abs [29]. Overall, these data indicate that Th2 cytokines produced by mast cells

also participate in B cell activation in PAH [27, 29].
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2.2.2. Tfhcellsand IL-21

Although T follicular helper (Tfh) cells are mainly located next to germinal centers (GC) in
lymphoid organs, a circulating equivalent (cTfh) to this population has recently been identified
in human peripheral blood [32], that facilitated their study in PAH.

In SSc patients, cTfh cell counts are higher in the case of PAH and correlate with circulating
plasma cell counts [33]. SSc cTfh cells also produce more IL-21 and CXCL13 (a B cell chemokine)
than HC. In coculture experiments using cTfh and B cells from SSc and HC, SSc cTfh cells induce
more plasmablast differentiation and IgG/M production than SSc non-cTfh T cells and HC cTfh
cells. This effect is neutralized when cocultures are performed with an IL-21 antagonist.

In iPAH patients, cTfh levels have been described as increased [11], or decreased but with
higher cTfh17 subset [5]. BTK intracellular levels in B cells positively correlate with the
proportion of several cTfh subsets [5]. Considered collectively, these data suggest that Tfh
cells promote B cell recruitment and activation, plasmablast differentiation and Ig production,

through an IL21-mediated mechanism.

2.3. Abnormal production of B cell survival signals: the BAFF system

The BAFF system consists of several protein members of the tumor-necrosis factor (TNF)
superfamily: 2 ligands, BAFF and a proliferation-induced ligand (APRIL); and 3 receptors,
transmembrane activator and CAML interactor (TACI), B-cell maturation antigen (BCMA) and
BAFF-receptor (BAFF-R). BAFF-R is expressed on most B cells beyond the pre-B cell stage with
the exception of antibody-secreting cells (ASCs), but can only bind BAFF. TACI and BCMA
expression is restricted to activated B cells, memory B cells and ASCs, but they bind both BAFF
and APRIL. Fixation of the ligands on their receptors promote the survival, proliferation, and
differentiation of peripheral B cells through activation of the NFkB pathway. Compared with
normal B cells, the generation of autoreactive B cells is more dependent on the BAFF system
[18].

The role of the BAFF system in PAH B cell activation has yet to be thoroughly investigated.
Serum BAFF concentrations have been assessed in several SSc cohorts: while BAFF levels are
similar in patients with and without PH, they strongly correlate with clinical markers of PH
severity in SSc-PAH patients [34—-37]. A pathogenic variant in the gene coding for TACI has

recently been identified as a new causative mutation for PAH, possibly by promoting
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dysregulated vascular inflammation [38]. BAFF-R is also one of the most upregulated gene in
the lungs of MCT rats [21].

Interestingly, the BAFF system has also been extensively implicated in the pathogenesis of
atherosclerosis, another cardiovascular disease that involves inflammation and shares
common mechanisms with PAH [39]. In humans, mutations in BAFF-R are the second most
prominent candidate gene in determining cardiovascular risk [40]. In experimental models,
animals that are BAFF-R-deficient or treated by anti-BAFF-R Abs display reduced
atherosclerosis [41—-43]. Paradoxically, mice treated by anti-BAFF Abs or TACI-deficient have
increased atherosclerosis, which was explained by unexpected extra-B cell effects: BAFF
ligates to macrophage TACI and represses its production of pro-atherogenic CXCL10; and
APRIL binds endothelial heparan-sulfate proteoglycans and limits the constitution of
atherosclerotic plaques [44, 45]. Finally, endothelial progenitor cells (EPCs) isolated from SLE
patients PBMCs express BAFF-R, TACI and BCMA. Incubation with BAFF induces their
apoptosis, which is rescued by belimumab, an anti-BAFF Ab [46]. Whether these processes are
similarly at play in the pulmonary vascular bed of PAH has yet to be explored. These data
collectively suggest that there are pleiotropic effects of the BAFF system in vascular diseases;
effects that go beyond B cells themselves and could also involve activated signaling pathways

in endothelial cells that may recapitulate certain B cell signaling pathways.
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3. EFFECTOR MECHANISMS OF B CELLS IN PAH

B cellimmunity encompasses both the direct cellular actions of cells and Abs; both of these
arms may be involved in PAH pathogenesis. B cells give rise to plasmablasts which
subsequently differentiate into non-dividing plasma cells. Plasma cells synthesize lgs whose
effects are either Ag-specific (direct consequences of Ag stimulation or inhibition due to the
Ab binding) or Ag-nonspecific (opsonization, i.e., tagging Ag for phagocytes; antibody-
dependent cellular cytotoxicity, i.e., tagging Ag for cytotoxic cells; and complement
activation). Additionally, another effector mechanism, specific to IgEs, consists in mast cell
priming and activation through FceRlI receptor fixation.

Recently, other important B cell properties were acknowledged, namely cytokine/growth
factor production and direct cell-cell interactions. Through these newly described functions,
B cells were recognized as major regulators of immune responses, but also can also potentially
act on non-immune processes [47]. We speculate below on how Abs and B cells may

contribute to pulmonary vascular pathology in PAH.

3.1. Production of auto-antibodies

The importance of auto-Abs in the constitution and perpetuation of vascular lesions in PAH
was highlighted by several experimental observations. Passive transfer of serum 1gG from
various PH models to healthy animals is sufficient to induce pulmonary vascular remodeling
and hemodynamic alterations [48-50]. Conversely, Ig-deficient mice are resistant to hypoxia-

induced PH [51].

3.1.1. Global antibody repertoire: serum immunoglobulins

In the UK national iPAH cohort, serum levels of IgG, IgM, IgA, 1gG1, I1gG2, and IgG4 are
identical to those of HC [52]. Only IgG3 titers are significantly increased, possibly due to
preferential class-switching induced by elevated IL-21 concentrations [52]. When
unsupervised clustering was applied on the whole blood transcriptome from this cohort, 3
patient subgroups are delineated that display incremental risks of mortality: interestingly, the
genes, whose expression allows the best discrimination between clusters, are Ig genes; here,
higher expression was associated with better survival [12]. Although not measured in this
cohort, previous studies reported elevated IgE levels in iPAH patients, due to skewed isotype

switching induced by Th2 cytokines [24, 25]. Few data are available regarding patients with
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CTD-PAH, with conflicting reports of elevated IgA [53] and decreased IgG [37] levels in SSc-
PAH (compared to SSc without PH).

3.1.2. Global antibody repertoire: BCR diversity

Anomalies of the BCR repertoire in PAH have been highlighted by 2 recent works, one
focusing on total B cells from SSc-PAH patients [10] and the other on plasmablasts from iPAH
patients [4], that yielded similar results. First, in an analysis of the complementarity-
determining regions 3 (CDR3; the Ig segment responsible for Ag specificity), no common
sequence among patients was revealed; this finding argues against a shared antigenic motif
driving the humoral response. Alternatively, this result could also indicate immunological
idiosyncrasy, i.e., that different Ag (or different epitopes of the same Ag) are driving the
immune response in each patient. Second, analysis of the VDJ segments, the Ig region involved
in Ag binding and supporting the diversity of the Ab repertoire, indicates over- and under-used
recombinations, suggesting small clonal expansions driven by chronic exposure to specific Ags.
Third, quantification of mutation loads in the VDJ segments reveals a higher number of fixed
mutations, suggestive of increased selective sweeps and sustained affinity maturation. Finally,
monoclonal Abs generated from representative iPAH plasmablast clones bind multiple
proteins on an auto-Ag microarray, indicating that the PAH Ab repertoire is autoreactive (Abs
target self-Ags) and polyreactive (a single Ab targets multiple Ags, possibly by recognizing
shared post-translational modifications). These results are consistent with a persistent
humoral response polarized against specific auto-Ags that are probably different from one

patient to another.

3.1.3. Ag-specific antibodies and properties: conventional auto-antibodies

The frequent occurrence of conventional auto-Abs in PAH has long been documented,
with older studies already observing antinuclear Ab positivity in about 40% of iPAH patients
[54, 55]. In patients with CTDs, certain auto-Ab specificities are associated with an increased
risk of PAH occurrence (anti-centromere and anti-U1-ribonucleoprotein (RNP) Abs in SSc [56];
anti-phospholipid, anti-sicca syndrome (SS)A/SSB and anti-U1RNP Abs in SLE [57, 58]) and with
PAH prognosis (improved survival in anti-ULRNP-positive CTD-PAH patients [59]). In the UK
national iPAH cohort, several conventional Ab specificities (notably targeting cardiolipin,

histones, SSB, RNP complex or thyroid Ags) occur more frequently than in HC [52]. Their serum
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levels allow to delineate 3 distinct clusters of patients (“high”, “intermediate” and “low” auto-
Ab positivity), with the “high Ab” cluster having a more severe PAH phenotype but better
survival [52].

Whether these conventional auto-Abs, that are specific to intracellular Ags, can exert a
direct pathogenic role remains a controversial issue [60], although some research suggests
their ability to act on endothelial cells (ECs) in CTD patients. Stimulation of human umbilical
vein (HUV)ECs by immune complexes (ICs) containing SSc Abs induces endothelial activation
with different characteristics according to each Ab specificity, and through distinct
intracellular pathways [61]. Incubation of human PA (HPA)ECs with serum IgG from anti-U1-

RNP-positive CTD patients specifically induces a pro-adhesive phenotype [62].

3.1.4. Ag-specific antibodies and properties: functional auto-antibodies

Aside from conventional routinely-tested auto-Abs, several Ab specificities have been
subsequently identified (Table 1), with more evidence supporting a pathogenic role in PAH
[63]. These Abs are usually designated based on the location of their putative target Ag, either
on a vascular cell (anti-EC, anti-smooth muscle cell (SMC) and anti-fibroblast (Fb) Abs) or a
vascular membrane receptor (members of the G-protein-coupled receptor (GPCR) or the

transforming growth factor (TGF)[3 receptor superfamilies).

e Anti-endothelial cell antibodies

Prevalence. There are considerable variations in the reported prevalence of anti-EC Abs in
PAH, due different detection methods, EC substrates and patient ethnic background. In a
European population, the frequency of anti-EC Abs is estimated at 62% (IgG) and 45% (IgM) in
iPAH, 78% (1gG) and 61% (IgM) in CTD-PAH, and 33% (IgG) and 20% (IgM) in HC using a HUVEC-
based ELISA [64]. In Chinese cohorts, their prevalence in CTD-PAH, CTD-no PH and HC is 63%,
41% and 5% respectively using a HPAEC-based ELISA [65]; and 82%, 73% and 20% respectively
using Western blot [66]. Most studies have usually observed higher Ab titers in PAH patients
compared to HC, and in similar range between PAH groups; however, comparisons of CTD
patients with and without PAH have yielded conflicting results [64—-70].

Targets. Serum IgG from iPAH and SSc-PAH patients express distinct reactivity profiles with
macrovascular and microvascular EC Ags [71], indicating different targets depending on EC

types and underlying disease. If HUVECs are used, anti-EC Abs from both patient groups
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recognize cytoskeletal (lamin A/C, tubulin-f chain, vimentin) and ribosomal proteins [72]. In
an animal model of PH, serum IgA from experimental mice specifically stains PA intima,
indicating a reactivity against endothelial Ags at the pulmonary level [73].

Effects. Stimulation of various endothelial cell-lines with serum IgG from seropositive PAH
patients consistently activates ECs into a pro-inflammatory (increased IL-6, IL-8, CCL2 and CCL5
expression) and pro-adhesive (increased E-selectin, intercellular adhesion molecule (ICAM)-1
and vascular cell adhesion molecule (VCAM)-1 production) phenotype [4, 65, 69, 70, 74]. No
effect is observed in endothelin-1 expression [4]. Conversely to previous observations in other

CTDs, serum IgG from seropositive PAH patients does not induce EC apoptosis.[75, 76].

e Anti-smooth muscle cell antibodies

Prevalence. Anti-SMC Abs are detected by immunofluorescence on permeabilized human
aortic SMCs in the serum of iPAH, SSc-PAH and SSc-no PH patients, but not HC. The prevalence
of anti- stress-induced phosphoprotein 1 (STIP1) Abs, one of the major anti-SMC idiotypes (see
below), is estimated at 84% in SSc-no PH, 76% in SSc-PAH and 24% in iPAH (compared with 3%
in HC) [77].

Targets. When immunoblotted against mammary arterial SMC Ags, serum 1gG from SSc-
PAH and iPAH patients more frequently recognizes STIP1 and a-enolase than those of HC.
Other targets also include cytoskeletal (such as tropomyosin a-1 chain) and mRNA regulation
(such as KH-Type Splicing Regulatory Protein (KSRP)) proteins [77].

Effects. Serum 1gG from SSc-PAH and iPAH patients induces SMC contraction within a
collagen matrix, conversely to those of HC [77]. Serum IgG from an anti-a-enolase Ab-positive
SLE-PAH patient promoted lamellipodia formation and migration of PA-SMCs, which was
reversed by removal of the auto-Abs from the IgG fraction and by treatment with an a-enolase
inhibitor [78]. As STIP1 is a co-chaperone of heat shock protein (HSP)70, a major regulator of
SMC homeostasis, anti-STIP1 Abs could also modulate SMC migration by modifying the

interactions between these 2 proteins [77].

e Anti-fibroblast antibodies

Prevalence. Anti-Fb Abs are detected in 40% of iPAH patients, 30% of SSc-PAH patients,
15% of SSc-no PH patients and 3% of HC, using a human dermal Fb-based ELISA assay [79].
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Immunofluorescence performed on human PA-Fbs confirms significant staining with plasma
from PH patients, which is not observed with HC [48].

Targets. By immunoblotting serum IgG from PAH patients against human dermal Fb
proteome, several Ags were identified as putative targets of anti-Fb Abs [80]. These proteins
are involved in various biological processes: cytoskeletal organization (vimentin, calumenin,
phosphoinositide 3-kinase (P13K)), cell contraction (tropomyosin 1), oxidative stress (HSP27
and 70) and other key cellular pathways [80]. Additionally, plasma from MCT rats labels PA
adventitia, suggesting reactivity against Fb Ags at the pulmonary level; and vimentin, PI3K and
HSP27 are also confirmed as targets to anti-Fb Abs in this model [48].

Effects. Human PA-Fbs stimulated by anti-Fb Ab-positive plasma from PAH patients
acquire a pro-inflammatory (increased IL-1p and IL-6 secretion) and pro-adhesive (enhanced
ICAM-1 expression) properties [48]. In SSc patients, anti-Fb Abs induce a myofibroblast
phenotype with production of reactive oxygen species and extracellular matrix (ECM)
remodeling [81, 82]. Additionally, Abs directed against fibrillin-1, a major component of ECM
that regulates TGF-3 signaling by sequestering TGF-1 molecules, have been detected in iPAH
sera [83]: these Abs can indirectly activate Fbs by liberating the TGF-B1 proteins trapped
within the ECM microfibrils [84].

e Anti-GPCR antibodies: anti-AT1R and ETAR antibodies

Abs against GPCR have been described in various conditions and in health, and are
considered natural components of the immune system [85, 86]. They form a network of
closely intercorrelated Abs that targets structurally and functionally related molecules, such
as vascular, neuronal or chemokine receptors. Gender, age and diseases (such as SSc) modify
Ab titers and correlations, in a way that suggests alterations to homeostasis (disease-specific
modification of the overall network) rather than production driven by exposure to an auto-
Ag. [85]. In PAH, Abs targeting angiotensin receptor 1 (AT1R), endothelin receptor A (ETAR)
and B (ETBR), al-adrenergic receptor, sphingosine-1-phosphate receptor 2 (S1PR2) and S1PR3
were reported [50, 87-92]; but only anti-angiotensin and endothelin receptors Abs were
thoroughly investigated [50, 87, 88].

Prevalence. Anti-AT1R and ETAR Abs occur more frequently in patients with SSc-PAH (69%
and 65%, respectively) and CTD-PAH (63% and 55%, respectively) than in iPAH (21% and 11%,

respectively) [50, 87]. Anti-ETBR Abs are also found at higher concentrations in SSc-PAH (but
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not iPAH patients) compared to HC [88]. Anti-AT1R and ETAR Abs show weak-to-inexistent
correlation with hemodynamics but predict the occurrence of PAH in SSc patients and
mortality in SSc-PAH patients [50, 87, 93].

Targets. The epitopes targeted by anti-AT1R, anti-ETAR and anti-ETBR Abs have not been
investigated so far.

Effects. Anti-AT1R/ETAR Ab display agonistic properties on their target receptors. Indeed,
stimulation of rat PA segments with seropositive SSc-PAH serum increases endothelial
cytosolic Ca?* concentration (a downstream signal of AT1IR/ETAR activation) and amplifies
vasoconstriction induced by angiotensin and endothelin exposure [50]. These effects are
blocked by pretreatment with valsartan and sitaxsentan [50]. Anti-ETAR Abs also increase
HUVEC permeability and expression of vascular endothelial growth factor (VEGF)-A and
platelet-derived growth factor (PDGF)-B, as well as human PA-SMC proliferation and
expression of PDGF-R[3; both of which are annulled by exposure to bosentan [87]. Transfer of
anti-AT1R Abs induce pulmonary vasculopathy in healthy mice [94]; and transfer of anti-ETAR
Abs worsen hemodynamics and vascular remodeling in MCT rats [87]. In SSc patients, anti-
AT1R/ETAR Ab-positive serum induces pro-inflammatory (increased expression of IL-8 and
CXCLS, increased neutrophil migration and activation) and pro-adhesive (increased expression
of VCAM-1) properties in human microvascular ECs [95].

The effects of anti-AT1R and anti-ETAR Abs may extend beyond the vasculature. Indeed,
AT1R and ETAR are expressed by normal human PBMCs. In SSc patients, serum IgG induce T
cell chemotaxis and PBMC secretion of IL-8 and CCL-18, both of which are reduced by
exposure to AT1R and ETAR antagonists [96]. The functional properties of anti-ETBR Abs have
not been reported. As ETBR-deficient mice develop PAH, an inhibitory activity on its target

receptor could be hypothesized [88].

e Anti-TGF-BR antibodies: anti-BMPR/ALK antibodies

Studies performed in Asian populations have identified specific patterns of reactivity
against bone morphogenetic protein (BMP) receptor (BMPR) and activin receptor-like kinase
(ALK) [97, 98]: presence of anti-ALK1 Abs in SLE-PAH patients (conversely to SLE-no PAH and
HC), but not in MCTD-PAH and iPAH patients; presence of anti-BMPR1A Abs in SLE-PAH
patients (conversely to SLE-no PH and HC); absence of anti-BMPR2 Abs in SLE-PAH, MCTD-PAH

and iPAH. In the UK national iPAH cohort, patient sera were screened for reactivity against
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various members of the BMPR/ALK signaling pathway [52]. Anti-BMPR2 Abs are detected in a
small fraction of iPAH patients, and none of the HC. Anti-BMPR2 Abs recognize the

extracellular domain of the protein and attenuate BMP4 signaling in PA-SMCs.

3.1.5. Functions of Abs not specific to known Ags

Among the various Ag-nonspecific effector functions of Abs, two mechanisms appear of
particular importance in PAH: IgG-mediated complement activation and IgE-mediated mast
cell activation. A recent study highlighted the critical role of the complement cascade, and
especially its alternative pathway, in driving perivascular inflammation in the lungs of iPAH
patients and various PH models [51]. Interestingly, IgM and IgG deposits co-localize with C4
and C3 staining in lungs of HPH mice; and Ig-deficient animals are protected against the
complement activation, vascular changes and RVSP elevation caused by hypoxia. These effects
are restored by immune reconstitution with polyvalent IgG from HC, suggesting a possible
contribution of physiologically occurring so-called “natural Abs”.

Another recent work demonstrated the importance of IgE-induced mast cell activation in
the pathogenesis of PAH [25]. In HPH mice and MCT rats, treatment by anti-IgE Abs or mast
cell-specific FceRI deletion normalizes hemodynamics, pulmonary vascular thickening and

muscularization, as well as IL-6 and IL-13 expression in lung tissues.

3.2. Production of cytokines/growth factors and direct cell-cell interactions
3.2.1. Pro-inflammatory properties: effector B cells

B cells have been increasingly recognized as a major source of pro-inflammatory cytokines
(notably IL-6 and interferon (IFN)-y) in autoimmune diseases in recent years [99]. For instance,
circulating B cells from SSc patients produce more IL-6 than those from HC [100, 101].

In PAH, however, their pro-inflammatory properties have not been a focus of attention. In
a novel model of SSc-PAH induced by P-selectin glycoprotein ligand-1 (PSGL-1) deficiency in
female mice, IFN-y-producing B cells infiltrate the lungs in higher proportion than in control
animals [102]. In a rat PAH model induced by a double-hit of anti-VEGF Sugen-5416 injection
and ovalbumin immunization, B cell depletion is associated with lower IL-6 expression in lungs

[103].

3.2.2. Anti-inflammatory properties: requlatory B cells
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The term “Bregs” (regulatory B cells) refers to a heterogeneous group of various B cell
subsets, all involved in suppressing immune responses and maintaining immune tolerance
through distinct mechanisms (secretion of IL-10, IL-35 and TGF-f3, direct cellular interactions
mediated by CD1d and programmed death-ligand 1 (PD-L1)) [104]. As such, they play a crucial
role in the emergence of the autoreactivity observed in various autoimmune diseases.

In SSc-PAH patients, circulating levels of CD24" CD27* B regs are decreased compared to
SSc-no PAH patients [14]. HPH mice have decreased Breg levels in the spleen and peripheral
blood, and decreased blimp-1 (a major Breg transcription factor) expression in the lungs [105].
Adoptive transfer of Bregs improves hemodynamics and pulmonary vascular remodeling in
HPH mice. In co-culture experiments, Bregs favor CD4* differentiation into T follicular
regulator (Tfr) cells at the expanse of Tfh cells; and inhibit hypoxia-induced PA-SMC

proliferation.

3.2.3. Angio-active properties: angiogenic B cells?

A novel angiogenic B cell population have been reported in patients with melanoma and
eosinophilic esophagitis, as well as in HC [106]. This subset, characterized by a specific
membrane phenotype (IgG4* CD49b* CD73* B cells), can produce proangiogenic cytokines
(such as VEGF and PDGFA) and promote EC tube formation.

The presence and putative role of this subset has yet to be investigated in PAH. However,
indirect evidence may suggest a direct action of B cells on the vasculature in these patients.
In SSc, B cells produce angiogenic mediators (such as angiogenin and angiopoietin 1) in greater
proportion than HC, but without difference in patients with and without PAH [37]. Various
plasma cell proliferative disorders are characterized by elevated VEGF levels and vascular

manifestations, including PAH [107].
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4. LOCAL INVOLVEMENT OF B CELLS IN PAH LUNGS: FUNCTIONAL TERTIARY LYMPHOID
ORGANS AS A MODEL RECAPITULATING B CELL PARTICIPATION IN PAH
Although most available data stem from experiments using peripheral blood samples,

several studies have evaluated B cells and Abs directly within PAH lungs.

4.1. B cell infiltration and Ig deposits are observed in PAH lungs

B cell infiltration has been reported in the lungs of PAH patients and several PH models [6,
30, 31, 48, 108—-114]. They typically form lymphoid aggregates located in perivascular areas
(within the adventitial layer; distributed throughout the whole arterial tree and around
plexiform lesions) but also less frequently in peri-bronchial areas. Solitary infiltrating B cells
are rarely seen and, when present, usually localize within PA intima, or between ECs in
plexiform lesions. B cell lung infiltration in PAH is probably an early event, as it preceded
pulmonary vascular remodeling and RVSP elevation in a model of PAH induced by Sugen-5416
administration in athymic rats [110].

Similarly, local Ab deposition in the form of ICs has also been observed in human and
experimental PAH and mostly localizes in PA intima and adventitia [6, 51]. The main target Ag
of ICs isolated from the lungs of iPAH patients was recently identified as SAM domain and HD
domain-containing protein 1 (SAMHD1), a cellular enzyme expressed by ECs in reaction to the
increased replication of an endogenous retrovirus called HERV-K [115]. Interestingly, other
candidates also include cytoskeletal and ribosomal proteins, reminiscent of the targets
recognized by anti-EC and anti-Fb Abs from the peripheral blood of PAH patients (see above).
Similarly, serum from two distinct PAH models stains PA intima and adventitia when applied
on lung samples from diseased animals [48, 113]. Overall, these data suggest that the

circulating auto-Ab in PAH may actually target lung self-Ags.

4.2. Lung B cells organize as functional tertiary lymphoid organs and are the main source of
local and circulating auto-antibodies targeting pulmonary vascular self-antigens in PAH

B cell aggregates in PAH lungs adopt a classic conformation of tertiary lymphoid organs
(TLOs), characterized by a central B-cell follicle that contains follicular dendritic cells (FDCs),
and a well-segregated CD4* T cell peripheral zone embedded in a network of fibroblastic

reticular cells (FRCs) and supplied by high-endothelial venules [6, 48, 113, 114]. Lung TLOs in
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PAH appears to provide an adequate model that recapitulates the involvement of B cells in
the pathogenesis of PAH (Figure 1).

TLO generation is usually initiated by the interaction of lymphoid tissue inducer cells
(hypothesized to have a mast cell phenotype in PAH) and lymphoid tissue organizer cells
(typically FDCs and FRCs) through the lymphotoxin (LT)o/B-LTBR couple [6]. This process
results in the local production of lymphorganogenic chemokines (especially CXCL13, CCL19,
CCL20 and CCL21 in PAH) by FRCs and FDCs, that recruit circulating CXCR5* and/or CCR7* T
cells and B cells (which accounts for the decreased B cell levels and altered subset distribution
observed in these patients) [6]. A local expansion in lymphatic vasculature is also observed
[6], that allows pulmonary self-Ags from damaged vessels to circulate and activate B cells
through interactions with their cognate BCR. Strong co-stimulatory signals are locally provided
by Th2 cells located in T-cell zones, mast cells surrounding lymphatics and IL-21-producing Tfh
within B cell follicles [6]. Although not specifically studied in PAH, the BAFF system is also
involved in B cell activation during tertiary lymphoid neogenesis in autoimmune diseases
[116]. As such, it appears that the main factors incriminated in B cell activation in PAH can be
locally available within TLOs.

B cell activation in TLOs leads to a GC reaction, as suggested by the presence of b-cell
lymphoma (Bcl)2" Bcl6* Ki67* B cells (characteristic of GC B cells) within follicles, the strong
over-expression of activation-induced cytidine deaminase (AID) (supporting the occurrence of
somatic hypermutations and class-switch recombinations), and the presence of CD138*
plasma cells and 1gG*/IgA* cells (indicating generation of ASCs and memory B cells, both
terminal products of the GC reaction) [6, 48, 113]. These data suggest that TLOs are functional
and act as a local producer of auto-Abs, which mainly targets auto-Ag expressed by PA ECs
and Fbs. Interestingly, experimental interventions preventing lung TLO generation in MCT rats
diminish serum auto-Ab titers, identifying them as the source of the circulating auto-Abs

observed in PAH [48].
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5. B CELL-TARGETED THERAPIES IN PAH

As evidence supporting their pathogenic role have accumulated over the last decades,
several works have tried to assess the potential of B cells as a therapeutic target in PAH.
Various approaches were investigated in both human patients and experimental models of
the disease, the most studied so far remaining B cell depletion induced by rituximab (RTX), an

anti-CD20 monoclonal Ab.

5.1. Rituximab

Preliminary evidence suggesting an efficacy of RTX in PAH originated from animal studies.
Indeed, anti-CD20 therapy improves hemodynamics, RV hypertrophy and pulmonary vascular
remodeling in several models of PH [103, 105, 114]. Treatment also limits IC deposition and
IL-6, VEGF and hypoxia-induced factor (HIF)-1a. expression in the lungs of Sugen-
5416/ovalbumin rats [103]; and annulled the increase in survival and proliferation observed
in PAECs incubated with MCT plasma [114]. Concurrently, several case reports also described
a clinical improvement in CTD-PAH and iPAH patients treated by RTX for indications other than
the pulmonary vascular disease [117-121].

More recently, an NIH multi-center randomized placebo-controlled trial tried to assess the
safety and efficacy of RTX as an add-on therapy in SSc-PAH patients [122]. In the primary
analysis based on a model using longitudinal data through week 24, the adjusted mean change
in the 6-minute walking distance (6MWD) from baseline to week 24, the primary outcome
measure of this study, does not differ significantly between arms (p=0.12). However, in a
secondary analysis using a model with 6MWD data through week 48, the RTX arm is superior
to placebo (p=0.03). Treatment appears to be safe and well tolerated. Machine learning
identified a subgroup of patients, characterized by low levels of rheumatoid factor, IL-12, and
IL-17, that gains the greatest benefit from RTX.

Interpreting these results is challenging because of several unexpected methodological
issues that hindered the conduct of this trial. First, the study was underpowered because of
insufficient recruitment, due to stringent inclusion criteria and competing industry-sponsored
protocols. Second, the primary outcome measure was modified from hemodynamic
improvement to 6MWD variation during the course of the study, because baseline PVR were
lower than expected in SSc-PAH patients, rendering the original primary outcome measure

much less useful. Interestingly however, an independent re-analysis of the trial data focused
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on the subgroup that displayed the biomarker signature predictive of RTX efficacy and
revealed noteworthy findings. Specifically, patients receiving RTX exhibited a 6MWD variation
of +80m (compared to -21m with placebo) and a PVR variation of -1.06 Wood Units (WU)
(compared to +1.5 WU with placebo) [123].

Finally, these equivocal clinical findings may appear contradictory to experimental
observations of RTX efficacy. However, it should be noted that, in studies using animal models
of PH, anti-CD20 therapy was started at the time of disease induction, making it more of a
prophylaxis than a curative treatment [103, 105, 114]. As such, RTX could be an interesting
option to prevent PAH occurrence in high-risk individuals such CTD patients, or, alternatively,
as an adjunctive therapy in select patients with the biomarkers suggesting RTX-
responsiveness. At the very least, RTX treatment appears to be safe for patients who are being
appropriately monitored for hypersensitivity reactions. Further studies are warranted to

further determine the relevance and place of B cell depletion within PAH therapeutic arsenal.

5.2. Other B cell-oriented strategies
5.2.1. Proteasome inhibitors

Proteasome inhibitors (such as bortezomib) were initially developed to target plasma cells
in multiple myeloma, but their use have since then been extended to autoimmune diseases
[124]. In several animal models of PH, proteasome inhibition improves hemodynamics, RV
hypertrophy, pulmonary vascular remodeling and survival [125-131]. Although a direct effect
on PA ECs and SMCs can explain these outcomes, a possible mediation through plasma cell

inhibition was not investigated.

5.2.2. BTKnhibitors

BTK inhibition improves hemodynamics, RV hypertrophy, PA remodeling and fibrosis and
endothelial-to-mesenchymal transition in MCT rats [22]. Although BTK expression mostly co-
localizes with macrophages in this model, it remains possible that these results are also
mediated by an effect through B-cell BTK. In SSc patients, ibrutinib reduces the production of
pro-inflammatory cytokines and auto-Abs by peripheral B cells without modifying their IL-10

secretion [132].

5.2.3. Anti-CD22 antibody
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In HPH mice, treatment by anti-CD22 Ab worsens hemodynamics, RV hypertrophy and

pulmonary vascular remodeling, by inducing a specific depletion of Bregs [105].

5.2.4. Vaccination against endothelin receptors

Vaccine immunization against the second extracellular loop of ETAR leads to the
generation of inhibitory Abs in MCT rats (conversely to naturally-occurring anti-ETAR Abs, that
are agonistic) [133]. Anti-ETAR vaccination is associated with improved clinical
(hemodynamics, RV hypertrophy) and pathophysiological (PA thickening, proliferation,

inflammation and fibrosis) outcomes with no obvious side effects [133, 134].

5.2.5. Immunoadsorption

The rationale for an effect of immunoadsorption in PAH relies on the removal of
pathogenic Igs, notably anti-ETAR and anti-al-adrenergic receptor Abs [90]. Its efficacy is
suggested by two small studies, that report modest improvements in hemodynamics, RV

function, exercise capacity and patient-reported outcomes [90, 91].
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CONCLUSION

In conclusion, B cells are emerging as potential key immunological players in the
pathogenesis of PAH. Their aberrant activation contributes to the inflammatory milieu and
vascular remodeling characteristic of this devastating disease through various mechanisms,
including auto-Ab production, cytokine release, and direct cell interactions. Targeting B cells
and their associated pathways may offer promising therapeutic avenues for the treatment of
PAH. Ultimately, a deeper understanding of the role of B cells in PAH may pave the way for

personalized and targeted approaches that improve patient outcomes and quality of life.
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HSP-27, HSP-70, G6PD

Frequency Targets Effects
Anti-endothelial cell iPAH (62%), CTD-PAH (63-82%), HC (5-33%) Lamin A/C Induction of pro-inflammatory (increased IL-6, IL-8, CCL2 and
[64-66, 69, 71, 72, 74, Tubulin-B chain CCL5 expression) and pro-adhesive (increased E-selectin, ICAM-
76] Vimentin 1 and VCAM-1 production) properties in ECs
Anti-smooth muscle cell | More frequent in SSc-PAH, SSc-no PAH and iPAH than in STIP1 Induction of contraction and proliferation of SMCs
[77, 78] HC a-enolase
Anti-fibroblast iPAH (40%), SSc-PAH (30%), SSc-no PAH (15%), HC (3%) Vimentin, calumenin, PI3K | Induction of pro-inflammatory (increased IL-13 and IL-6
[79, 80] Tropomyosin 1 secretion), pro-adhesive (enhanced ICAM-1 expression) and

pro-fibrotic (production of ROS and ECM remodeling)
properties in Fbs

Anti-S1PR3: SSc-PAH (28%), SSc-no PAH (18%), HC (8%)

Anti-AT1R/ETAR Anti-AT1R: SSc-PAH (69%), CTD-PAH (63%), iPAH (21%) AT1R Agonistic properties on ATIR/ETAR:

[50, 87, 93, 95, 96] Anti-ETAR: SSc-PAH (65%), CTD-PAH (55%), iPAH (11%) ETAR e ECs: vasoconstriction, permeability, expression of VEGF-A
Positivity predicts occurrence of PAH in SSc and mortality and PDGF-B, pro-inflammatory (IL-8 and CXCL8 production,
in SSc-PAH neutrophil recruitment) and pro-adhesive (VCAM-1

expression) properties
e SMCs: proliferation and expression of PDGF-Rf

Anti-ETBR Higher titers in SSc-PAH than HC (but not iPAH) ETBR Not investigated (hypothesized to be antagonistic, as ETBR-

[88] deficient mice develop a PAH phenotype)

Anti-alAR Pre-capillary PH (95%), with PAH (100%) al-adrenergic receptor Activation of a1AR on rat cardiomyocytes, inducing long-lasting

[90, 91] stimulatory effects without receptor desensitization (contrary

to its natural agonist)

Anti-S1PR Anti-S1PR1: SSc-PAH (16%), SSc-no PAH (18%), HC (3%) S1P receptors Not investigated (anti-S1PR2/3 hypothesized to be agonistic,

[92] Anti-S1PR2: SSc-PAH (26%), SSc-no PAH (15%), HC (4%) promoting PA-SMC proliferation and medial thickening)

Anti-BMPR2 i/hPAH (0-1.4%), CTD (0%), HC (0%) Extracellular domain of Diminution of BMP4 signaling in PA-SMCs

[52, 97, 98] BMPR2

Anti-BMPR1A Higher titers in SLE-PAH than in SLE-no PAH and HC BMPR1A (=ALK3) Not investigated (hypothesized to interfere with ligand binding)
[98]

Anti-ALK1 No detection in MCTD-PAH and iPAH ALK1 Not investigated (hypothesized to interfere with ligand binding)
[97, 98] Higher titers in SLE-PAH than in SLE-no PAH and HC
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Anti-fibrillin 1 iPAH (93%), anorexigen PAH (67%), HC (2%) N-terminal fragment of Release of sequestered TGF-B1 from fibrillin-1-containing

[83, 84] fibrillin 1 microfibrils in the ECM, leading to fibroblast activation into a
profibrotic phenotype

Anti-ACE 2 More frequent in CTD patients with vasculopathy ACE 2 Inhibition of ACE-2 activity (which transforms Angll into Ang(1-

[135] (including PAH) than those without 7), an Ang isoform with vasodilating and antiproliferative
properties)

Table 1. Functional auto-antibodies in PAH

alAR: al-adrenergic receptor; ACE: angiotensin converting enzyme; ALK: activin receptor-like kinase; Ang: angiotensin; AT1R: angiotensin receptor 1; BMP: bone
morphogenetic protein; BMPPR: bone morphogenetic protein receptor; CCL: C-C motif chemokine ligand; CTD: connective tissue disease; CXCL: chemokine (C-X-C motif) ligand;
EC: endothelial cell; ECM: extracellular matrix; ETAR: endothelin receptor A; ETBR: endothelin receptor B; Fb: fibroblast; G6PD: glucose-6-phosphate dehydrogenase; GPCR: G-
protein coupled receptor; h: heritable; HC: healthy control; HSP: heat shock protein; i: idiopathic; ICAM: intercellular adhesion molecule; IL: interleukin; MCTD: mixed connective
tissue disease; PA: pulmonary artery; PAH: pulmonary arterial hypertension; PDGF-R: platelet-derived growth factor receptor; PDGF: platelet-derived growth factor; PH:
pulmonary hypertension; PI3K: phosphoinositide 3-kinase; ROS: reactive oxygen species; S1PR: sphingosine-1-phosphate receptor; SLE: systemic lupus erythematosus; SMC:
smooth muscle cell; SSc: systemic sclerosis; STIP1: stress-induced phosphoprotein 1; TGF- BR: transforming growth factor 3 receptor; TGF-8: transforming growth factor f;
VCAM: vascular cell adhesion molecule; VEGF: vascular endothelial growth factor.
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Figure 3. B cells in PAH: a proposed model.

In PAH patients, B cells are recruited to the lungs and activated by several mechanisms: interaction of lung
vascular auto-antigens with their cognate BCR; co-stimulatory signals provided by Tfh cells (IL-21), Th2 cells and
mast cells (IL-4, IL-6 and IL-13); and increased survival signals provided by the BAFF system. This process results
in the formation of germinal centres within perivascular tertiary lymphoid organs (TLOs) and in the local
production of pathogenic auto-antibodies targeting the pulmonary vasculature (endothelial cells, smooth muscle
cells, adventitial fibroblasts). B cells also mediate their effects through enhanced production of pro-inflammatory
cytokines, reduced anti-inflammatory properties by regulatory B cells, IgG-induced complement activation, and

IgE-induced mast cell activation.

Ab: antibody; Ag: antigen; BAFF: B cell activating factor; BAFF-R: BAFF-receptor; BCMA: B-cell maturation
antigen; BCR: B cell receptor; CD: cluster of differentiation; IL: interleukin; PAH: pulmonary arterial hypertension;
TACI: transmembrane activator and CAML interactor; Tfh: T follicular helper cell; Th: T helper cell; TLO: tertiary
lymphoid organ.
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Conclusion



L’'HTAP-SSc reste grevée d’'une morbi-mortalité majeure (1). Nous avons donc entrepris ce
travail de thése dans I'objectif de mettre en évidence de nouveaux biomarqueurs qui puissent
améliorer la caractérisation clinique des patients, identifier des mécanismes
physiopathologiques méconnus sous-tendant la maladie et ouvrir de nouvelles pistes
thérapeutiques.

En explorant le protéome sérique des patients présentant une HTAP-SSc, nous avons
identifié 2 pistes de biomarqueurs associés a la maladie :

e [‘axe chemerin-CMKLR1 : chemerin parait étre un marqueur de substitution robuste des
RVP mesurées lors du cathétérisme cardiaque droit ; et 'axe chemerin-CMKLR1 pourrait
participer au remodelage vasculaire pulmonaire en stimulant la prolifération des CML-AP ;

e ['axe BAFF-LB : BAFF semble associé a différents paramétres d’HTAP (VITmax, CVF/DLCO,
Nt-pro-BNP, RVP); et les LB pourraient contribuer aux lésions de microangiopathie
sclérodermique en produisant des médiateurs pro-angiogéniques, notamment chemerin
(Figure 1).

Afin de nous assurer de la fiabilité de nos biomarqueurs, nous avons reproduit nos
résultats dans plusieurs cohortes indépendantes de patients HTAP-SSc. La SSc étant une
maladie multi-systémique faisant intervenir d’autres processus physiopathologiques, nous
avons également confirmé le lien entre nos biomarqueurs et la maladie vasculaire pulmonaire
en les testant dans d’autres phénotypes de patients SSc. Ceci conforte la robustesse de nos
résultats et leur potentielle utilité sur un plan diagnostique, pronostique, thérapeutique et

physiopathologique.

BIOMARQUEURS DE L’HTAP-SSC : PERSPECTIVES DIAGNOSTIQUES

La prise en charge clinique des patients atteints d’"HTAP-SSc reste émaillée de nombreux
défis, responsables d’un pronostic sombre (1). La SSc confére un surrisque majeur de survenue
d’HTP, et justifie un dépistage régulier des patients (2). Néanmoins, les modalités exactes de
ce dépistage, I'estimation précise de la probabilité d’HTP et la stratégie d’adressage au
cathétérisme cardiaque droit restent mal définies. On prendra ainsi I'exemple du score
DETECT (3) : issu d’une vaste étude internationale ayant inclus 466 patients SSc bénéficiant
d’une évaluation hémodynamique systématique, cet algorithme décisionnel se caractérise par
une excellente valeur prédictive négative mais une mauvaise valeur prédictive positive,

conduisant a la réalisation en excés de nombreux cathétérisme cardiaque droit.
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On manque ainsi de biomarqueurs permettant de mieux stratifier les patients SSc, a la fois
pour évaluer la présence d’une HTP au moment de I'évaluation, mais aussi en termes de risque
d’apparition au cours du suivi. Plusieurs études préalables ont tenté de pourvoir ce besoin.
Ainsi, Bauer et al. ont pu analyser 313 protéines dosés en multiplex sur le sérum des patients
inclus dans I'étude DETECT et ont identifié un panel de 8 biomarqueurs (collagen 1V,
endostatin, IGFBP-2, IGFBP-7, MMP-2, neuropilin-1, Nt-pro-BNP et RAGE) capable de
discriminer les patients SSc avec et sans HTAP (4). On notera que, dans cette cohorte, les taux
sériques de 32-microglobuline et CXCL13 étaient différentiellement exprimés chez les patients
HTAP-SSc ; les taux de BAFF étaient identiques dans les 2 groupes ; et les taux de chemerin,
bien que dosés, n’étaient pas rapportés par les auteurs. L'étude d’associations avec les
parametres cliniques d’HTAP n’était effectuée qu’avec les 8 protéines sélectionnées et mettait
en évidence des corrélations modestes avec les RVP (coefficient r de Pearson entre 0,34 et
0,46). D’autres travaux ont identifié plusieurs biomarqueurs candidats, notamment impliqués
dans les processus angiogéniques (endoglin, VEGF-A, endothelin-1) et inflammatoires (IFN, IL-
6, TNF-a) (5,6). La place exacte de ces nouveaux parameétres biologiques reste cependant a
définir pour favoriser leur transfert en routine clinique.

Nous prévoyons ainsi de poursuivre nos travaux en tentant de mieux préciser I'utilité
diagnostique potentielle des dosages de chemerin et BAFF. Nous doserons les taux sériques
de BAFF et chemerin de facon longitudinale chez des patients ne présentant pas d’HTP a
I'inclusion et développant cette complication au cours du suivi. Nous évaluerons ainsi si une
élévation des concentrations de nos biomarqueurs au cours du temps s’associe a I'apparition
d’une HTP, et tenteront d’intégrer ces dosages dans les stratégies de dépistage actuelles
(associant notamment échographie cardiaque, mesure de la DLCO et du Nt-pro-BNP) afin de
déterminer s’ils permettent d’améliorer leur performance diagnostique. En outre, la mise en
évidence d’'une augmentation progressive des taux de nos biomarqueurs en paralléle de la
constitution des lésions vasculaires pulmonaires constituerait un argument fort pour leur

implication physiopathologique.

BIOMARQUEURS DE L’HTAP-SSC : PERSPECTIVES PRONOSTIQUES
Les indications d’initiation et d’adaptation thérapeutiques dans I’'HTAP-SSc sont guidées
par le risque de progression et mortalité a court terme. Actuellement, celui-ci est évalué par

un score multimodal, incluant notamment des paramétres cliniques, fonctionnels,
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échographiques, hémodynamique et biologiques, et permettant une estimation
approximative de la mortalité a 1 an (7) : risque bas (<5%), intermédiaire (5-20%) et élevé
(20%). Néanmoins, une importante proportion de patients est classifiée en risque
intermédiaire (8) ; et il existe donc un besoin non pourvu de mieux stratifier les patients en
termes pronostiques.

Récemment, Boucly et al. ont pu tester un panel de 20 biomarqueurs dans 2 cohortes
indépendantes de patients atteints d’'HTAP idiopathique, héritable ou médicamenteuse (9).
De fagon assez intéressante, 3 cytokines, B-NGF, CXCL9 et TRAIL, étaient indépendamment
associées au pronostic a court terme de I'HTAP, suggérant la encore I'importance du role de
I'immunité dans la progression de la maladie. Lorsqu’elle était intégrée au modele actuel
d’évaluation du risque, cette signature biologique permettait d’en améliorer la précision.

Nos travaux ont pu démontrer I'existence de corrélation entre nos candidats
biomarqueurs et plusieurs paramétres pronostiques de I’"HTAP-SSc : chemerin et RVP ; BAFF
et Nt-pro-BNP. Ainsi, nous nous prévoyons d’étudier la valeur ajoutée de chemerin et BAFF
dans la stratégie actuelle d’évaluation du risque d’évolution péjorative a court terme. Pour
cela, nous étudierons I’association entre les taux initiaux de biomarqueurs et le statut clinique
a 1 an, et réaliserons une modélisation du pronostic intégrant les parametres présents dans
le score actuellement utilisé en pratique clinique.

Dans le cas de chemerin, la robustesse de son association aux RVP fait poser la question
de son utilisation en tant que marqueur de substitution non invasif de ['évaluation
hémodynamique au cours du suivi. Ainsi, nous étudierons si la corrélation entre les taux
sériques de chemerin et les RVP persiste aprés I'introduction de vasodilatateurs spécifiques,
et si la variation de chemerin est un reflet adéquat de la variation des RVP sous traitement.
Pour cela, nous prolongerons notre collaboration avec I'’équipe du centre national de
référence HTAP du Kremlin-Bicétre, afin de collecter des échantillons de sérum prélevés le
jour de la réalisation du cathétérisme cardiaque droit des patients HTAP-SSc, et de pouvoir

tester nos associations dans des conditions fiables.

BIOMARQUEURS DE L’HTAP-SSC : PERSPECTIVES THERAPEUTIQUES
Al’heure actuelle, les stratégies thérapeutiques dans ’'HTAP-SSc reposent essentiellement
sur l'utilisation de traitements spécifiques ciblant les voies du NO-GPMpc, de I’endothéline ou

des prostacyclines (7). L'essentiel de leur effet parait porté par leurs propriétés
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vasodilatatrices ; et leur capacité a agir sur le remodelage vasculaire (prévention de nouvelles
lésions, voire réversion des lésions installées) reste hypothétique. L'absence de véritable
impact de ces molécules sur I’histoire naturelle de la maladie contribue vraisemblablement a
expliquer son pronostic encore sombre. Ainsi, il existe un besoin crucial de développer de
nouvelles options thérapeutiques ciblant d’autres processus physiopathologiques.

Plusieurs travaux se sont penchés sur I'utilité de stratégies immunosuppressives dans
I'HTAP, notamment associée a la SSc (10). En particulier, un travail récent de I'équipe de
Stanford a évalué I'efficacité et la tolérance du rituximab en traitement de I’'HTAP-SSc dans un
essai randomisé contre placebo (11). La variation du test de marche de 6 minutes entre
I'inclusion et la semaine 24, utilisée comme critére de jugement principal, ne différait pas de
maniere significative entre les 2 bras. Cependant, dans une analyse secondaire utilisant les
données jusqu’a la semaine 48, le rituximab était supérieur au placebo. Une approche en
machine learning identifiait un sous-groupe de patients, caractérisés par de faibles taux de
facteur rhumatoide, d’IL-12 et d’IL-17, comme répondeur au traitement. Sans constituer une
preuve formelle de son efficacité, ce travail constitue une preuve de concept invitant a
considérer de plus prés la place potentielle du rituximab dans I'arsenal thérapeutique de
I'HTAP-SSc. De fagon intéressante, des données expérimentales ont démontré que le
traitement anti-CD20 prévient |'apparition de la maladie dans différents modeles d’'HTAP
idiopathique, lorsqu’il est utilisé en modalité prophylactique (12,13). Ainsi, il nous a paru
pertinent d’étudier la capacité du rituximab a prévenir la survenue d’une HTP chez les patients
SSc ne présentant pas de maladie vasculaire pulmonaire connue au moment de l'initiation du
traitement anti-CD20. Pour cela, nous avons élaboré I'étude PROPHETS (Prophylaxis using
Rituximab for the Occurrence of Pulmonary HypErTension in Scleroderma) et eu accés aux
données de la base EUSTAR, base européenne colligeant 88 000 visites auprés de 23 000
patients SSc, dont plus de 1 000 ont été exposés au rituximab. Les données sont actuellement
en cours d’analyse par notre équipe statistique.

A notre connaissance, les adipokines ne constituent pas pour I’heure une cible
thérapeutique a I’étude dans I'HTAP (14). Au vu de nos résultats plaidant pour I'implication de
I'axe chemerin-CMKLR1 dans le remodelage vasculaire, la question se pose de |'effet d’'une
inhibition de cette voie physiopathologique sur ’'hémodynamique pulmonaire et les Iésions
de vasculopathie sous-jacentes. Grace a notre collaboration en cours avec le centre de

référence HTAP du Kremlin-Bicétre, nous prévoyons de tester I'efficacité et la tolérance du
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traitement par a-NETA, inhibiteur de CMKLR1, dans un modéle murin d’"HTAP idiopathique
(rat monocrotaline) dans lequel le role de chemerin a déja été souligné. En fonction des
résultats obtenus, nous nous poserons la question d’y associer un modéle expérimental plus

proche de 'HTAP-SSc, comme la souris Fra2'e.

BIOMARQUEURS DE L'HTAP-SSC : PERSPECTIVES PHYSIOPATHOLOGIQUES
Chemerin : marqueur spécifique du remodelage vasculaire pulmonaire au cours des HTP
associés a la SSc ?

Nos travaux ont suggéré le role de I'axe chemerin-CMKLR1 dans la vasculopathie
pulmonaire sous-tendant I'HTAP-SSc, mais également I'absence de I’élévation des taux
circulants de chemerin dans les autres complications de la maladie, et notamment la fibrose
pulmonaire. Ceci fait poser la question de la capacité de chemerin a discriminer les HTP de
groupe 1 (en lien avec une microangiopathie pulmonaire) et de groupe 3 (liée a une
vasoconstriction réactionnelle) chez les patients SSc présentant une fibrose pulmonaire
extensive. L'impact clinique en serait majeur, car les modalités thérapeutiques différent entre
les groupes (7).

Ainsi, nous souhaitons explorer plus amplement le réle différentiel de 'axe chemerin-
CMKLR1 dans les différents phénotypes d’HTP pouvant survenir au cours de la SSc, et
tenterons en particulier de déterminer si des anomalies de cet axe peuvent plaider en faveur
de I'existence d’une vasculopathie pulmonaire en cas d’association d’HTP et de fibrose
pulmonaire étendue chez un méme patient. Pour cela, nous nous appuierons sur notre
collaboration avec le centre de référence HTAP du Kremlin-Bicétre, et étudierons I'expression
tissulaire de chemerin et CMKLR1 sur des explants pulmonaires de patients SSc présentant

différents groupes d’HTP.

Implication du LB dans la vasculopathie pulmonaire associée a I’HTAP

Nos travaux, ainsi que de nombreux arguments cliniques et expérimentaux, soutiennent
une implication du LB dans la genése et/ou la pérennisation des lésions vasculaires
pulmonaires survenant au cours de I'HTAP (15). Nous nous proposons d’étudier plus

précisément la nature de leur contribution sous différents aspects.

e Aspects tissulaires
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Dans le modele actuel, le LB périphériques sont recrutés au sein des poumons HTAP pour
former des organes lymphoides tertiaires fonctionnels, produisant des anticorps dirigés
contre des auto-antigénes de la vascularisation pulmonaire (16). Afin de mieux caractériser
les anomalies de leur programme fonctionnel, nous avons initié une collaboration avec le
laboratoire du Pr Mark Nicolls a Stanford University et avons ainsi pu étudier le transcriptome
des LB pulmonaires a I'échelle de la cellule unique (single-cell RNA sequencing) dans un
modéle murin d’HTAP idiopathique (rat BMPR2*- exposés au 5LO). Les données sont

actuellement en cours d’exploitation aupres de notre équipe bio-informatique.

e Aspects cellulaires

Nos travaux ont suggéré que la participation du LB dans les anomalies vasculaires
associées a la SSc pourraient passer par la production de médiateurs angio-actifs. De facon
intéressante, une étude récente a mis en évidence |'existence d’'une sous-population LB dotée
de propriétés angiogéniques et impliquées dans différentes pathologies inflammatoires et
cancéreuses (17). Cette population se caractérise par un phénotype membranaire particulier
(CD19* IgG4* CD49b* CD73*) et la production de protéines pro-angiogéniques (EGF, CYR61,
ADM, FGF2, PDGFA, MDK) capables d’induire la formation de tubes de cellules endothéliales
in vitro. Nous prévoyons donc d’étudier la présence de cette population dans le sang circulants
des patients SSc et de déterminer si elle est particulierement associée a la survenue de
manifestations vasculaires (en particulier I’'HTAP). Dans un deuxiéme temps, cette sous-
population LB pourra étre isolée, faire I'objet d’une caractérisation fonctionnelle multi-
omique, et étre mise au contact de cellules endothéliales pulmonaires récupérées lors du

cathétérisme cardiaque droit des patients HTAP-SSc.

e Aspects humoraux

L'un des mécanismes principaux par lesquels les LB interagissent avec la circulation
pulmonaire passe par la production d’auto-anticorps spécifiques (18). Néanmoins, les
conséquences fonctionnelles de ces auto-anticorps restent incertaines. Afin de mieux préciser
leur contribution, nous souhaitons mettre au contact de différentes lignées de cellules
endothéliales les IgG sériques de patients présentant différents phénotypes (notamment
présence d’HTAP) et auto-anticorps de SSc. Nous évaluerons ainsi 'impact différentiel des

fractions IgG issues de ces différents profils patient sur le programme fonctionnel de la cellule
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endothéliale par une approche combinant transcriptomique et protéomique. Les techniques
nécessaires a la réalisation de ce projet sont bien maitrisées par notre laboratoire et ont fait

I'objet d’une publication récente (19).

BAFF et HTAP-SSc : le LB comme seule cible ?

Nos résultats suggerent donc I'existence d’une association clinique entre BAFF et HTAP au
cours de la SSc. De facon intéressante, des travaux précédents ont souligné I'importance de
BAFF dans des modeles murins d’athérosclérose, par une action portant non seulement sur
les LB, mais également sur les macrophages (20). Un role direct sur la cellule endothéliale a
également été envisagé au cours du lupus systémique (21).

Afin de mieux préciser le réle joué par BAFF au cours de I’'HTAP-SSc, il pourrait étre
intéressant d’en étudier les cellules cibles ainsi que les conséquences de son inhibition dans

un modele expérimental de SSc comportant une atteinte vasculaire pulmonaire.

Notre exploration sans a priori du protéome sérique des patients HTAP-SSc a donc permis
d’identifier 2 pistes prometteuses, a la fois en termes de biomarqueurs cliniques, de
mécanismes physiopathologiques et de potentielles cibles thérapeutiques. Ainsi, nous avons
souhaité reproduire cette approche en dépistant un panel plus large de biomarqueurs (en
spectrométrie de masse) dans différents phénotypes de patients SSc, permettant d’englober
I'ensemble des manifestations cliniques de la maladie (projet SCLERO-PROT). Les données
sont actuellement en cours d’analyse aupres de notre équipe bio-informatique.

Il est notable que, parmi les 53 biomarqueurs exprimés différentiellement en cas d’HTAP
lors de notre exploration protéomique, au moins 10 d’entre eux sont des protéines impliquées
dans des processus immunologiques. Ceci renforce I'importance de la participation de
I'immunité dans la genése et/ou la pérennisation des lésions vasculaires pulmonaires, et
suggere des interactions jusqu’alors insoupgonnées entre systemes immunitaire et vasculaire.
Mieux comprendre les relations unissant ces 2 composantes de la maladie permettrait
d’ouvrir la voie a de nouvelles pistes thérapeutiques, susceptibles de véritablement modifier

I'histoire naturelle de I’'HTAP-SSc, et a terme d’en changer le pronostic.
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Figure 1. Concentration de chemerin dans le surnageant de culture de LB circulants issus de
témoins sains, de patients SSc avec HTAP et sans HTP, avec et sans stimulation (données

non publiées).
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Les LB circulants de 6 témoins sains, 8 patients SSc sans HTAP et 7 patients HTAP-SSc étaient isolés par tri
magnétique et mis en culture sur une plaque 96-puits (40000 LB/puits) pendant 48h en présence d’une stimulation
immunologique (anti-BCR, CpG, CD40L et BAFF) ou en I'absence de stimulation. Les taux de chemerin dans le

surnageant de culture étaient mesurés en Luminex.
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Les axes chemerin-CMKLR1 et BAFF-LB constituent des candidats biomarqueurs robustes
de ’HTAP-SSc, présentant un potentiel diagnostique et pronostique, ouvrant la voie a de
nouvelles possibilités thérapeutiques et suggérant des interactions physiopathologiques

insoupgonnées entre immunité et vaisseau.
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