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Consensus statement



Pulmonary arterial hypertension

Predisposing genes



FAMILIAL PULMONARY HYPERTENSION

Dresdale DT. Bull NY Acad Med 1954

1st familial cases of PAH reported in 1954 by Dresdale DT
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CLASSIFICATION – ESC/ERS Guidelines 2022

1.1 Idiopathic PAH

1.2 Heritable PAH 

1.3 Drugs and toxins induced

1.4  Associated with: 

1.5.1 Connective tissue disease

1.5.2 HIV infection

1.5.3 Portal hypertension

1.5.4 Congenital heart disease

1.5.5 Schistosomiasis

1.5 PAH long-term responders to CCB)

1.6 PAH with overt signs of venous/capillaries (PVOD/PCH) involvement

1.7 Persistent PH of the Newborn syndrome
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Pulmonary arterial hypertension

Genotype/Phenotype relationship
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TASKFORCE 2: Genetics & Genomics

BMPR2

PREDISPOSING GENES IN PAH
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PAH1. Promotes regeneration of small arteries

2. Induces apoptosis of cells that occlude the vessel

3. Maintains elastic fibers

4. Blocks inflammation

5. Preserves mitochondria, repairs damaged DNA

Atkinson, Circulation 2002

BMPRII



Sporadic or familial

PAH patients

Genetic testing

BMPR2 mutation (20%)

Genetic Counseling in the 

French Referral Centre for PH

Girerd B, Eur Respir J 2016

PAH associated with BMPR2 mutation



Genetic transmission of BMPR2 mutation

• BMPR2 mutation (such as all PAH predisposing genes) are characterized by :

- autosomal dominant trait

- female predominance

- incomplete penetrance

Penetrance in BMPR2 mutation carriers

Male: 14% and Female: 42%

Larkin, Am J Crit Care Med 2012



BMPR2 mutation carriers present with more severe disease

French study in 2008 1

Confirmation from 9 cohorts 

reporting 1624 patients 2

Paris, Giessen, Shanghai, Beijing, 

Bologna, Nashville, Salt Lake City, 

Heidelberg, New York, Japan

1 Sztrymf, AJRCCM 2008
2 Evans et al, 

Lancet Respir Med 2016

BMPRII
ACVRL1 (ALK1)

ActR-1a (ALK2)

BMPR1A (ALK3)

BMPR1B (ALK6)

BMPs

Gene transcription

Smad1

Smad5

Smad8

Smad4

Endoglin

BMPRII
ACVRL1 (ALK1)

ActR-1a (ALK2)

BMPR1A (ALK3)

BMPR1B (ALK6)

BMPs

Gene transcription

Smad1

Smad5

Smad8

Smad4

EndoglinBMPR2



BMPR2 mutation carriers present with more severe disease

Evans et al, Lancet Respir Med 2016
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Total population
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Survival

ACVRL1(ALK1): predisposing gene for HHT but also PAH 

PAH is usually associated with signs of Hereditary Hemorrhagic

Telangiectasia (HHT) in patients or in their family.

Female predominance ≠  HHT

PAH may be the 1st symptom of HHT   

Girerd B, AJRCCM 2010



BMPR2 variants: distinct phenotype

Montani D, Chest 2023
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TASKFORCE 2: Genetics & Genomics

PREDISPOSING GENES IN PAH : KCNK3

Channelopathy



PREDISPOSING GENES IN PAH : KCNK3

Potassium channel KCNK3: 

Control the resting membrane potential

in many cell types (PA-SMCs)

Ma L, N Engl J Med 2013 Saint-Martin Willer A,, J Physiol. 2023



Pulmonary veno-occlusive disease



PULMONARY VENO-OCCLUSIVE DISEASE

Montani D et al. Eur Respir J 2016

Autosomal recessive transmission

Biallelic mutations in EIF2AK4 gene

Eyries, Nature Genet 2014 



Montani D et al. Eur Respir J 2016

PULMONARY VENO-OCCLUSIVE DISEASE



GENETIC TESTING CAN CORRECT CLINICAL DIAGNOSIS

Final diagnosis

PVOD

Histological analysis confirmed PVOD

Hadinnapola, Circulation 2017



PH and developmental genes



1.1 Idiopathic PAH

1.2 Heritable PAH 

1.3 Drugs and toxins induced

1.4  Associated with: 

1.5.1 Connective tissue disease

1.5.2 HIV infection

1.5.3 Portal hypertension

1.5.4 Congenital heart disease

1.5.5 Schistosomiasis

1.5 PAH long-term responders to CCB)

1.6 PAH with overt signs of venous/capillaries

(PVOD/PCH) involvement

1.7 Persistent PH of the Newborn syndrome

1. Pulmonary Arterial Hypertension

Morrell NJ, Eur Respir J 2019

TASKFORCE 2: Genetics & Genomics

PREDISPOSING GENES IN PAH : Developmental Genes

Development

KDR

SOX17
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TBX4 MUTATIONS IN PAH : Small Patella Syndrome

• Knee: patellar aplasia or hypoplasia

• irregular ossification of the ischiopubic junctions

• foot anomalies : wide gap between the 1st and 2nd toes

                               short 4th and 5th toes

                               pes planus

Sometimes include in the 17q23 microdeletion syndrome 

(TBX4 / TBX2)

 Craniofacial anomalies, hear loss, congenital heart disease



TBX4 MUTATIONS IN PAH : Small Patella Syndrome

Major variation of phenotypic expression

usually mild or asymptomatic



Galambos, Eur Respir J 2019 Thoré P, Eur Respir J 2020

TBX4 MUTATIONS IN PAH



TBX4 MUTATIONS IN PAH

Karolak, Am J Respir Crit care Med 2023

Thoré P, Eur Respir J 2020

Emphysema

Tracheal 

diverticula

Peri-bronchial cysts

Lung branching

& Pulmonary development



TBX4 MUTATIONS IN PAH

Karolak, Am J Respir Crit care Med 2023

Thoré P, Eur Respir J 2020

Lung branching

& Pulmonary development



TBX4 MUTATIONS IN PAH : Small Patella Syndrome

Zhu N, Genome Med 2019, Thoré P, Eur Respir J 2020

Age distribution at diagnosis of PAH

Severe lung  

developmental 

disorders and 

moderate vascular 

involvement

Mild or absence of 

lung 

developmental 

disorders 

and severe PH

≈ PH group 3
developmental disorders

≈ PAH group 1



TBX4 MUTATIONS IN PAH : Small Patella Syndrome

Severe PH 

& 

Non-specific 

chronic respiratory 

diseases

Lung branching

& Pulmonary development

Karolak, Am J Respir Crit care Med 2023

Thoré P, Eur Respir J 2020

severe 

PH group 3 ?



Small Patella syndrome: Congenital heart disease

10-15% Congenital heart diseases

ASD, patent ductus arteriosus

17q23 microdeletion syndrome 
(TBX4 and TBX2)

Several T-box involved in heart development

≈ PAH group 1
Congenital heart disease



Wu, Eur Respir J 2021

DEVELOPMENTAL GENE in PAH: SOX17



DEVELOPMENTAL GENE in PAH: SOX17

Montani, Eur Respir J 2022



DEVELOPMENTAL GENE in PAH: SOX17

Montani, Eur Respir J 2022



DEVELOPMENTAL GENE in PAH: TBX4, KDR, SOX17

• Frequent congenital heart diseases ++++

SOX17 

Atrial 

septal 

defect Ventricular

septal 

defect

2nd HIT ?



Depistage HTAP



➢ Strategy of genetic counselling

 All PAH patients    considered to be idiopathic

      with a family history of PAH 

       with anorexigen exposure

 

 All PAH associated with CHD

 All PVOD patients

  

➢ Next Generation Sequencing (NGS)

BMPR2, ACVRL1, ENG, CAV1, KCNK3, SMAD9, TBX4, SMAD4, GDF2, EIF2AK4….

➢ Whole GENOME sequencing program

underwent genetic counseling and were 

offered genetic screening (no cost)

Conseil génétique de l’HTAP en France



PAH patients 1st degree relatives

BMPR2 mutation (20%)

Genetic
counseling

50% of BMPR2 mutation

Genetic testing

PAH

?

Conseil génétique des apparentés BMPR2



Asymptomatic BMPR2 mutation 
carriers (adults)

Visit

. NYHA

. NT-pro BNP

. ECG

. Chest Rx

Functional tests

. 6MWT

. CPET

. PFTs, DLco

Biobank

. Plasma 

. serum

Right Heart Cath 
Rest / exercise

Echocardio

. TRJ

. TAPSE

. RV, RA

Every 12 months or symptoms

Dyspnea or 
unexplained 

syncopa

Decrease in VO2

max > 20 % TRJ > 2.8 m/sor or

Confirmed PAH Management according to 
ERS / ESC guidelines

Optional at inclusion
Right heart cath

Rest / exercise

DELPHI-2 Study

Montani, Eur Respir J 2021



Asymptomatic BMPR2
mutations carriers 

n=55

No PAH
n=53

RHC at rest at inclusion

PAH
n=2

Distribution mPAP

DELPHI-2 Study

Montani, Eur Respir J 2021



Asymptomatic BMPR2
mutations carriers 

n=55

No PAH
n=53

RHC at rest at inclusion

PAH
n=2

Non-invasive tools for screening
Blinded from RHC

- Echocardiography
- ECG 
- CPET (probability score)
- Pulmonary function tests
- NT-proBNP

➢ Echocardiography and NT-proBNP failed to screen 
asymptomatic PAH patients

➢ ECG, CPET, PFTs (Dlco) may be useful

DELPHI-2 Study

Montani, Eur Respir J 2021



DELPHI-2 Study

Montani, Eur Respir J 2021

Asymptomatic BMPR2
mutations carriers 

n=55

No PAH
n=53

RHC at rest at inclusion

PAH
n=2

PH at exercise *

n=12 (23%)

RHC at exercise (n=52)

* defined as mPAP ≥ 30 
mmHg and TPR > 3 WU

No PH at exercise
n=39

RHC at exercise

Long-term extension study

247 visits, 3-5 years follow-up PAH n=1
after 6 years

PAH n=2
after 6 years

= 2.5% = 17% 

Exercise PH : 
early marker of pulmonary vascular remodeling ?



DELPHI-2 study

Age, years 25.5 78.1

Gender, M/F F F

NYHA I I

mPAP, mmHg 25 26

Cardiac index, L.min-1.m² 4.38 2.80

PVR, WU 2.5 4.4

TRV, m/s 2 2.65

NT-proBNP / BNP normal normal

Long-term extension study

49.9 46.8 72.5

F M F

II II I/II

43 50 29

2.31 2.36 1.94

9.2 9.2 7.3

4.2 4.4 3.3

increased increased normal

Long-term extension study

247 visits
3 to 5 years additional period

9.1% of asymptomatic BMPR2 carriers 
developed PAH during follow-up 

Incidence of PAH : 2.25 % /yr

3.4% in female and 1% in male

DELPHI-2 Study

Montani, Eur Respir J 2021



Patient 1 Patient 2 Patient 3 Patient 4 Patient 5

Delay between diagnosis and 

assessment, months
101 99 35 36 35

PAH therapies ERA + PDE5i iPDE5 ERA + PDE5i ERA + PDE5i ERA + PDE5i

REVEAL 2.0 Score

Score at last follow-up 4 (low risk) 4 (low risk) 5 (low risk) 2 (low risk) 3 (low risk)

ESC/ERS Guidelines

Signs of right heart failure No No No No No

Progression of symptoms No No No No No

Syncope No No No No No

NYHA functional class II I II I II

6MWD, m 587 358 454 490 533

NT-proBNP, ng/mL 96 234 66 92 113

Echocardiography :   RA area

PE

< 18

No

< 18 

No
-

< 18

No

<18

No

RHC      RAP, mmHg

CI, L.min-1.m²
SvO2, %

6 7 5 4 11

2.57 2.56 2.83 2.42 2.68

71 68 73 71 71

DELPHI-2 Study

Montani, Eur Respir J 2021



DELPHI-2 Study

Gerghes, in submission

Exercise PH : 
early marker of pulmonary

vascular remodeling ?

= 25% = 5% 



DELPHI-2 Study

Gerghes, in submission

Pulmonary vascular distensibility

mPAP=[(1+α*mPAWP) 5 + 5αR0CO]1/5 -1]/α



Frydman N, 
Eur Respir J 2012

CONSEIL GENETIQUE DANS L’HTAP



Conclusions



CONCLUSIONS

2022 ESC/ERS Clinical classification of PH

TBX4,

KDR, SOX17 



Proposition de test génétique
Sans coût financier pour le patient

HTAP héritable

> 95% des formes familiales 
> 15% des HTAP sporadiques 

HTAP sans cause 
génétique identifiée

+ -

RCP nationale mensuelle
Pr Montani & Dr Eyries

CONSEIL GENETIQUE

Toutes les HTAP et MVO familiales et « idiopathiques »
HTAP associée à cardiopathie congénitale

Stratégie du conseil 
génétique en France

PANEL NGS (Pitié-Salpétrière)

> 20 gènes de prédisposition testés 

Conseil génétique (± test)
des apparentés du 1er degré

obligation légale
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