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ABSTRACT
Introduction Autoreactivity against pulmonary 
vascular structures is thought to be involved in idiopathic 
pulmonary arterial hypertension (IPAH), but the 
underlying mechanisms remain poorly understood. We 
hypothesised that aberrant B- cell activation contributes 
to IPAH aetiology.
Methods Mice with enhanced B- cell activation due 
to B- cell- specific overexpression of the B- cell receptor 
(BCR) signalling molecule Bruton’s tyrosine kinase 
(BTK) were subjected to lung injury and examined for 
several pulmonary hypertension (PH) indices. Peripheral 
blood lymphocytes from patients with IPAH (n=13), 
connective tissue disease- associated PAH (CTD- PAH, 
n=9), congenital heart disease PAH (n=7), interstitial 
lung disease associated PH (n=17) and healthy controls 
(n=19) were characterised by 14- colour flow cytometry.
Results Following pulmonary injury, BTK- overexpressing 
mice showed prolonged activation of B cells and CXCR5+ 
follicular T- helper (Tfh) cells, as well as features of PH 
development. Patients with CTD- PAH and CHD- PAH 
displayed reduced proportions of circulating non- 
switched- memory B cells (p=0.03, p=0.02, respectively). 
Interestingly, we observed increased BTK protein 
expression in naive (p=0.007) and memory B- cell 
subsets of patients with IPAH and CTD- PAH. BTK was 
particularly high in patients with IPAH with circulating 
autoantibodies (p=0.045). IPAH patients had low 
frequencies of circulating CXCR5+ Tfh cells (p=0.005). 
Hereby, the increased BTK protein expression in B cells 
was associated with high proportions of Tfh17 (p=0.018) 
and Tfh17.1 (p=0.007) cells within the circulating Tfh 
population.
Conclusions Our study shows that pulmonary injury in 
combination with enhanced B- cell activation is sufficient 
to induce PH symptoms in mice. In parallel, immune 
homeostasis in patients with IPAH is compromised, 
as evidenced by increased BCR signalling and cTfh17 
polarisation, indicating that adaptive immune activation 
contributes to IPAH disease induction or progression.

BACKGROUND
Pulmonary arterial hypertension (PAH) is a fatal 
disease characterised by progressive pulmonary 
vascular remodelling mediated by endothelial 
cell dysfunction leading to increased pulmonary 
vascular pressure and right ventricle dysfunction.1–3

Idiopathic pulmonary arterial hypertension (IPAH) 
is a form of pulmonary hypertension (PH) in which 
no underlying disease or aetiology is identified at time 

of diagnosis. The presence of various immune cells in 
and around hypertensive pulmonary vascular lesions 
indicates their contribution to disease.4 5 Several lines 
of evidence point towards a role for increased adaptive 
immune responses and cytokines involved in vascular 
remodelling.2 6 It is currently unclear whether chronic 
immune activation is cause or consequence of the 
primary remodelling process.7 Nevertheless, accumu-
lating evidence suggests that vascular and lung injury 
could lead to impaired tolerance to self- antigens, 
which may contribute to vascular remodelling and 
subsequent PH development.2 8 A considerable frac-
tion of patients with IPAH has increased levels of 
circulating autoreactive plasmablasts and autoanti-
bodies, which may often be produced by plasma cells 
in tertiary lymphoid structures in the lung.9 10

Well- regulated B- cell receptor (BCR) signalling is 
crucial to maintain self- tolerance.11 A key signalling 
protein downstream of the BCR is Bruton’s tyrosine 
kinase (BTK).12 Increased BTK levels are associated 
with active disease in several autoimmune disorders 
in humans.13 Moreover, B- cell- specific BTK over-
expression in CD19- hBTK transgenic mice induced 
spontaneous germinal centre (GC) formation in the 
spleen, production of antinuclear autoantibodies 
and development of an autoimmune phenotype.13 14 

key messages

What is the key question?
 ► Which mechanisms are involved in the loss of 
immune homeostasis in idiopathic pulmonary 
arterial hypertension (IPAH) development?

What is the bottom line?
 ► Pulmonary injury in combination with 
enhanced B- cell activation is sufficient to 
induce pulmonary hypertension symptoms in 
mice and patients with IPAH show increased 
B- cell receptor signalling and increased 
circulating follicular T helper-17 polarisation, 
indicating that adaptive immune activation 
may contribute to vascular remodelling, disease 
induction or progression in IPAH.

Why read on?
 ► We believe that this novel perspective on IPAH 
aetiology will have relevance for the clinic, as 
it may open up new possibilities for therapy 
development.
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Pulmonary vasculature

Another crucial step for adequate B- cell activation and selection 
is T cell help from follicular T- helper (Tfh) cells.15 Tfh cells 
are antigen- experienced CD4+ T cells that express the B- cell 
follicle homing receptor CXCR5 and are therefore present 
in B- cell follicles in lymph nodes, spleen, Peyer’s patches and 
tertiary lymphoid organs (TLOs). A breakdown of self- tolerance 
could result from aberrant Tfh- cell activation in GCs.16 17 Inter-
estingly, BTK overexpression in CD19- hBTK transgenic mice 
is associated with an increase in Tfh cells in the spleen and 
drives systemic autoimmunity by disrupting T- cell homeostasis, 
providing a detrimental feedforward loop.18 Tfh cells in TLOs 
and GCs are not easily accessible in patients. However, circu-
lating CXCR5+CD4+ T cells, which are often referred to as 
circulating Tfh (cTfh) cells, share functional properties with Tfh 
cells.19 These cells are thought to represent a circulating pool of 
memory Tfh cells and alterations in Tfh cells are associated with 
autoimmunity in humans.19 20

Given the parallels of IPAH and autoimmune diseases, it is conceiv-
able that aberrant B- cell activation and Tfh activity contribute to 
the aetiology of IPAH. Similar to our observation of robust induc-
tion of autoantibodies in the lung following influenza infection in 
CD19- hBTK mice,13 14 we hypothesised that autoantibodies reac-
tive against pulmonary vascular structures may arise in these mice 
on induction of pulmonary injury. Although bleomycin exposure 
is often used to induce lung fibrosis in mice, several groups have 
applied the bleomycin mouse model to investigate experimental 
PH.21 22 Therefore, we investigated whether CD19- hBTK mice 
developed enhanced PH symptoms on bleomycin exposure. Next, 
we used 14- colour flowcytometry to investigate B cells and circu-
lating Tfh- cell subsets and their activation status in peripheral blood 
of patients with IPAH. In these analyses, we also included blood 
samples from patients with connective tissue disease associated PAH 
(CTD- PAH), congenital heart disease PAH (CHD- PAH), interstitial 
lung disease related PH (ILD- PH) and healthy controls (HCs).

METHODS
Subjects
Twenty- nine patients with PAH who entered the ‘Biomarker 
activity in adults with pulmonary hypertension’ (BioPulse) study 
or were diagnosed in the Erasmus MC (see table 1 for patient 
characteristics) were included in the study. Patients were diag-
nosed according to the current European Society of Cardiology 
(ESC) and European Respiratory Society (ERS) guidelines and 
therefore all patients underwent a right heart catheterisation.23 
HCs (n=19) were age and sex matched. All patients and controls 
gave written informed consent. This study adheres to the Decla-
ration of Helsinki and the Medical Ethical Committee of the 
Erasmus MC approved this study (MEC-2011-392 and 2012-
512) and gave consent for collection of blood samples.

Flow cytometry procedures
Procedures of flow cytometry experiments are described in 
online supplemental methods.

Self-reactive IgG
Plasma samples (1/50 diluted) of patients and HCs with PH 
were incubated for 1 hour on Kallestad HEp-2 slides (Bio- Rad 
Laboratories), using various Ig F(ab′)2 fragments as detection 
antibodies (online supplemental table 1). Fluorescence intensi-
ties of HEp2 slides signals were evaluated using an LSM 311 
META confocal fluorescence microscope (Zeiss) and LSM Image 
Browser V.4.2.0.12 software (Zeiss).

Mice
CD19- hBtk transgenic mice13 were bred on the C57BL/6J back-
ground and kept under specified pathogen- free conditions in the 
Erasmus MC experimental animal facility. Experimental proto-
cols were reviewed and approved by the Erasmus Medical Center 
MC Committee of animal experiments. Procedures of mouse 
experiments are described in online supplemental methods.

Principal component analysis
Principal component analyses (PCA) were performed using R and 
RStudio, and the packages FactoMineR and Factoextra. Prior to 
PCA, data were log10- transformed to better fit a normal distribu-
tion and scaled. Contribution of the variables to the dimensions 
was determined in percentages by (squared cosine of the variable × 
100)/ (total squared cosine of the principal component).

Statistical analyses
For calculating the significance of differences between >2 
groups, we used the Kruskal- Wallis test combined with a Dunn’s 
multiple comparison test. Mann- Whitney U test was used for 

Table 1 Patient characteristics

IPAH (n=13)* CTD- PAH (n=9)† CHD- PAH (n=7)‡

Gender (male) 3 (23%) 1 (11%) 5 (71%)

Age (years) 50 (33–60) 71 (50–74) 41 (26–40)

Time to diagnosis 
(months)

40 (12–80) 6 (3–15) 1 (1–12)

Right heart catheterisation

  mPAP (mm Hg) 58 (47–78) 37 (31–52) 43 (38–61)

  RAP (mm Hg) 13 (8–19) 8 (6–11) 8 (6–9)

  PAWP (mm Hg) 13 (11–17) 9 (5–13) 12 (10–16)

  CI (L/min/m2) 2.4 (1.6–2.8) 3.1 (2.4–3.6) 3.3 (2.9–3.5)

  CO (L/min) 4.2 (2.7–5.1) 5.6 (4.8–6.9) 6.0 (4.1–7.4)

  PVR (dynes s/cm5) 1025 (628–1430) 371 (189–830) 426 (293–577)

  SvO2 (%) 60 (56–73) 63 (61–75) 70 (60–79)

Functional parameters

  NYHA functional class 
1 (n)

0 (0%) 0 (0%) 1 (14%)

  NYHA functional class 
2 (n)

5 (38%) 4 (44%) 2 (28%)

  NYHA functional class 
3 (n)

7 (54%) 4 (44%) 4 (57%)

  NYHA functional class 
4 (n)

1 (8%) 1 (11%) 0 (0%)

  6MWD (m) 320 (226–365) 289 (267–432) 452 (263–592)

NT proBNP (μmol/L) 69 (32–203) 69 (15–79) 34 (11–43)

Vasoactive medication 
(n)§

10 (77%) 5 (56%) 0 (0%)

Healthy subject characteristics: n=19, gender (male) = 6 (32%), age (years) = 48 (30–52). 
Continuous variables are presented as median and IQR in parentheses and categorical 
variables as counts and percentages in parentheses.
*Genetic testing revealed that two patients had a BMPR2 gene mutation.
†Seven patients with rheumatoid arthritis, one patient with systemic sclerosis, one patient 
with systemic lupus erythematosus.
‡Five patients with atrial septal defect, one patient with Eisenmenger’s syndrome and 
ventricular septal defect, one patient with major aortopulmonary collateral arteries.
§Vasoactive medication at the time when blood sample was taken.
CHD- PAH, congenital heart disease associated pulmonary arterial hypertension; CI, cardiac 
index; CO, cardiac output; CTD- PAH, connective tissue disease associated pulmonary arterial 
hypertension; IPAH, idiopathic pulmonary arterial hypertension; mPAP, mean pulmonary 
arterial pressure; 6MWD, 6 min walk distance; NYHA, New York Heart Association; PAWP, 
pulmonary arterial wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial 
pressure; SvO2, central mixed venous oxygen saturation.

2 Heukels P, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2020-215460
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Pulmonary vasculature

comparison of two groups. The variability explained by the 
PCA was tested for statistical significance by inertia of the first 
two dimension using the R package FactoInvestigate. Correla-
tion coefficients were calculated using Spearman’s rank method. 
Statistical analyses were performed using IBM SPSS Statistics 
V.21 and GraphPad Prism V.6 software. P values<0.05 were 
considered significant.

RESULTS
CD19-hBTK transgenic mice develop PH and local 
autoreactivity on bleomycin exposure
We have previously shown that aged CD19- hBTK trans-
genic mice spontaneously develop autoimmune pathology, 

accompanied by inflammatory infiltrates around pulmonary 
vascular structures with segregated T- cell and B- cell zones 
(figure 1A).13 To provoke lung injury, we subjected these mice 
to intratracheal bleomycin (or saline as a control). Because 
the bleomycin model is generally employed as a model for 
lung fibrosis, we first investigated whether the presence of the 
CD19- hBTK transgene would lead to augmented fibrosis at 3 
and 10 weeks after bleomycin exposure (online supplemental 
figure 1). The hydroxyproline content, lung tissue elastance 
and total fibrosis score were similar between hBTK- mice and 
control littermates at 3 weeks and a similar degree of resolu-
tion of fibrosis occurred at 10 weeks, as previously reported for 
wild- type (WT) mice.24

Figure 1 CD19- hBTK transgenic mice develop pH and local autoreactivity on bleomycin exposure. (A) Pulmonary inflammatory infiltrate in lung 
tissue (cryo- section) in a 40- week- old CD19- hBTK mouse stained with anti- CD3 (T cells, red) and anti- B220 (B cells, blue). This inflammatory infiltrate 
is located next to a pulmonary vessel (arrows) and airway (asterisk). (B–C) Pulmonary hypertension indices in WT and CD19- hBTK mice 10 weeks 
after saline or bleomycin exposure: RVSP (B) and Fulton index (ratio of right ventricular to left ventricular and septal weight) (C) in the indicated 
four mouse groups. (D) Quantification of total numbers of B- cell subpopulations in WT and CD19- hBTK transgenic mice 10 weeks after bleomycin 
or saline exposure: memory B cells (CD19+B220+CD80+PDL2+), GC B cells (CD19+B220+IgD-CD95+), plasmablasts (CD19+CD138+) and plasma cells 
(CD19lowCD138+). (E) Total numbers of Tfh cells (CD3+CD4+CXCR5+PD1+) in MedLN. (F) MFI values of ICOS expression on gated MedLN Tfh cells (left) 
and representative histogram overlays of ICOS expression on gated Tfh cells (right) (G) representative staining patterns of human epithelial cells 
(HEp)-2 slides with serum of the indicated mice WT and CD19- hBTK mice, at 3 weeks after bleomycin or saline exposure. (H) Cryosections of lung 
tissue of Rag1−/− mice incubated with serum of WT or CD19- hBTK mice, 10 weeks after bleomycin or saline exposure, as indicated. Anti- IgM or anti- 
IgG was used for visualisation of antibodies reactive to endothelial antigens (arrows) (left). Proportions of mice in which antibodies reactive to lung 
antigens were detected in the serum (right). The survival rates for the four mouse groups at ~10 weeks were: 100% for saline treated mice, 83% for 
bleomycin/WT and 65% for bleomycin/CD19- hBTK mice. The results are shown as median (IQR), p exact values were obtained following a Kruskal- 
Wallis test (B–F). Dots represent individual mice. GC, germinal centre; ICOS, inducible costimulator; MFI, mean fluorescence intensity; RVSP, right 
ventricular systolic pressure; Tfh, follicular T- helper; WT, wildtype.

3Heukels P, et al. Thorax 2021;0:1–10. doi:10.1136/thoraxjnl-2020-215460
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PH symptoms have been reported at early timepoints (2–4 
weeks) after bleomycin exposure in mice.21 22 At 10 weeks after 
exposure, we still observed a significant bleomycin- induced 
increase of right ventricular systolic pressure (RVSP, p=0.015) and 
signs of right ventricular hypertrophy (Fulton Index, p=0.030) 
in CD19- hBTK mice, but not in WT mice (figure 1B,C). In both 
mouse strains the numbers of pulmonary vessels with perivas-
cular and endothelial cells expressing α-smooth muscle actin 
(α-SMA) and the proportions of α-SMA- positive areas of the 
total artery did not significantly change at 10 weeks after bleo-
mycin exposure (online supplemental figure 2).

To examine whether lymphocyte activation on bleomycin 
exposure was enhanced in CD19- hBTK mice, we analysed the 
B- cell compartment in mediastinal lymph nodes (MedLNs) using 
the gating strategy in online supplemental figure 3. The numbers 
of memory B cells (CD19+B220+CD80+PDL2+), GC B cells 
(CD19+B220+IgD-CD95+), plasmablasts (CD19+CD138+) and 
plasma cells (CD19lowCD138+) in MedLNs of CD19- hBTK mice 
exposed to bleomycin were significantly increased (p=0.017, 
p=0.015, p=0.019, p=0.031, respectively), compared with 
bleomycin- exposed WT mice (figure 1D). Likewise, MedLN 
from bleomycin- exposed CD19- hBTK mice showed a significant 
increase (p=0.028) of Tfh- cells (figure 1E), which displayed 
enhanced surface expression of inducible costimulator (ICOS, 
p=0.022), a marker for T- cell activation (figure 1F).

Next, we evaluated whether increased B- cell activation via 
BTK upregulation also resulted in increased autoantibody 
production. At 21 days post exposure ~86% of bleomycin- 
treated CD19- hBTK mice—and none of the control litter-
mates—had serum antinuclear IgG autoantibodies, as shown by 
HEp2 reactivity (figure 1G), but at day 70 these autoantibodies 
were no longer detectable. At 70 days post exposure, serum of 
a fraction of bleomycin- treated CD19- hBTK mice—and not any 
of the other mice—was positive for autoreactive IgM (~50%) 
and IgG (~33%) recognising endothelial antigens, as detected in 
cryosections of lung tissue of Rag1−/− mice (figure 1H).

In conclusion, CD19- hBTK mice developed haemodynamic 
and cardiac signs of PH after pulmonary injury with bleomycin, 
which was not seen in WT mice. Additionally, bleomycin- induced 
pulmonary injury in CD19- hBTK mice resulted in enhanced 
B- cell activation and production of autoantibodies, including 
antibodies recognising vascular structures in the lung. Although 
we did not observe profound vascular remodelling in this model, 
these findings were hypothesis- generating and suggested that 
increased B- cell activation may enhance the susceptibility to PH 
development.

Decreased proportions of circulating non-switched memory 
(NSM) B cells in patients with PAH
Given the link between BTK expression, B- cell activation and 
PH development in mice, we evaluated B- cell subsets and BTK 
expression in peripheral blood of patients with IPAH (n=13) 
and compared these with HCs (n=19) and patients with CTD- 
PAH (n=9) or CHD- PAH (n=7). Increased B- cell activation and 
autoantibody reactivity against vascular structures contribute 
to the development of CTD- PAH and therefore this subgroup 
served as a ‘positive’ disease control.25 CHD- PAH is mainly 
driven by (congenital) structural cardiac changes and served as 
a ‘negative’ disease control. Patient and HC characteristics are 
shown in table 1.

We used flow cytometry to quantify total peripheral 
blood CD19+ B cells, as well as CD38+CD27− transitional, 
IgD+CD27− naive, IgD+CD27+ and IgD−IgM+CD27+ NSM, 

IgD−IgM−CD27+ switched memory B cells and CD38+CD27+ 
plasmablasts, following the gating strategy in figure 2A. The 
total proportions of B cells did not differ between patients and 
control groups (figure 2B) with IPAH. Within the B- cell popu-
lation, NSM B cells were decreased in all three PAH subgroups 
compared with HC, reaching significance for patients with CTD- 
PAH (p=0.03) and patients with CHD- PAH (p=0.02), paral-
leling published findings in rheumatoid arthritis and systemic 
sclerosis.26 27

Increased BTK protein expression and phosphorylation in 
circulating B cells of patients with IPAH
Because increased BTK levels in B cells were associated with 
enhanced PH development in mice, we next evaluated BTK 
expression and BCR signalling in circulating B cells in the three 
groups of patients and HCs with PAH.

Representative histogram overlays showing BTK protein 
expression in total B cells and B- cell subsets, as determined 
by intracellular flow cytometry, are depicted in figure 3A. We 
observed higher BTK protein levels in all B- cell subsets, except 
for class- switched memory B cells, in patients with IPAH and 
CTD- PAH compared with HCs and patients with CHD- PAH 
(figure 3A; quantified in figure 3B).

To link BTK protein levels to its activity, we measured BTK 
phosphorylation at Y551 (pBTK) by phosphoflow analysis in B 
cells from patients ex vivo (without in vitro stimulation). pBTK 
expression was significantly increased (p=0.041) in B cells from 
patients with IPAH compared with HCs (figure 3C) with IPAH 
and correlated significantly (p=0.009) with BTK protein levels 
(figure 3D).

To obtain a more comprehensive overview of the B- cell 
profiles across the three patient groups and HCs, we performed 
a principal component analysis (PCA) of 16 parameters of 
B- cell subsets and BTK expression levels. HCs and patients with 
IPAH were significantly separated by dimension 1 (Dim1), to 
which particularly BTK levels across B- cell subsets contributed 
(p=0.008; figure 3E) and not proportions of B- cell subpopula-
tions, which dominated Dim2.

Our finding that bleomycin as a second trigger induced PH 
in the CD19- hBTK mouse model, raised the question if BTK 
expression is also increased in ILD- PH. Analysis of a cohort of 
patients with ILD- PH (see for patient characteristics: online 
supplemental figure 4A) did not reveal alterations in B- cell 
subsets, compared with HCs (online supplemental figure 4B). We 
even observed decreased BTK protein levels in B cells in patients 
with ILD- PH, compared with HC, which reached significance 
in patients receiving treatment (p=0.001; online supplemental 
figure 4C). This analysis suggests that enhanced B- cell activation 
is not a crucial driver of ILD- PH.

Taken together, our multivariate data analysis demonstrates 
that BTK protein expression was increased in circulating B 
cells of patients with IPAH . This increase in BTK protein also 
reflected augmented BCR signalling.

Autoreactive IgG antibodies in plasma of patients with IPAH 
correlate with BTK levels
To explore the presence of autoantibodies in plasma of patients 
and controls with PH, we screened HEp-2 slides (figure 4A). Six 
(~55%) out of 11 patients with IPAH had detectable autoreac-
tive IgG, versus 1 of 11 HCs and 1 of 7 patients with CHD- PAH. 
As expected, all CTD- PAH had detectable IgG autoantibodies. 
Interestingly, the patients with IPAH who were HEp2- positive 
had higher intracellular BTK protein levels compared with 
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the patients with IPAH who were HEp2- negative, p=0.045 
(figure 4B).

This finding indicates that increased intracellular BTK protein 
expression in peripheral blood B cells of patients with IPAH was 
associated with the presence of circulating autoantibodies.

Increased proportions of cTfh-17 cells in patients with IPAH
As we found BTK overexpression in B cells from patients with 
IPAH, we focused on this group of patientsH for the evaluation 
of cTfh cells, which can be induced by BTK overexpression in 
B cells.18 Based on surface C–C chemokine receptor 6 (CCR6) 
and C–X–C motif chemokine receptor 3 (CXCR3) expression, 
different cTfh subsets can be discriminated with cytokine profile 
characteristics of Th1, Th2 and Th17 cells19 (figure 5A).

Patients with IPAH exhibited significantly reduced propor-
tions of CXCR5+ memory T cells in the circulation (p=0.005; 
figure 5B). Within this cell population, we noticed an altered cTfh 
subset distribution. The fraction of cTfh17 cells was significantly 

increased (p=0.014) compared with HCs (figure 5C). Interest-
ingly, in HCs, and patients with IPAH increased BTK protein 
levels in B cells correlated with increased proportions of circu-
lating cTfh17 (p=0.018) and cTfh17.1 cells (p=0.007). BTK 
protein levels in B cells showed a negative correlation with 
proportions of cTfh2 cells (p=0.014; figure 5D) and did not 
correlate with proportions of cTfh1 cells (figure 5D) or total 
cTfh cells (online supplemental figure 5).

In conclusion, patients with IPAH displayed an imbalance 
in cTfh- cell subset distribution, with increased cTfh17 cells, 
whereby increased cTfh17 and cTfh 17.1 proportions correlate 
with enhanced B- cell activation.

DISCUSSION
To investigate the involvement of activated B cells in the patho-
genesis of IPAH, we studied an autoimmune- prone mouse model 
with enhanced BCR signalling, as well as circulating B cells and 
T cells in three groups of patients with PAH.

Figure 2 Decreased proportions of circulating NSM B cells in patients with PAH. (A) Representative gating strategy for the identification of 
B- cell subsets in peripheral blood. Starting with live single cells, total B cells (CD19+), transitional B cells (CD19+CD38+CD27−), plasmablasts 
(CD19+CD38hiCD27+), naive B cells (CD19+IgD+CD27−), NSM B cells (CD19+IgD+CD27+), IgD− memory B cells (CD19+IgD−CD27+), IgM+ memory B 
cells (CD19+CD27+IgD−IgM+) and switched memory B cells (CD19+CD27+IgD−IgM−) were identified. (B) Proportions of circulating total B cells and the 
indicated B- cell subpopulations in HC (n=19) and patients with IPAH (n=13), CTD- PAH (n=9) and CHD- PAH (n=7). The results are shown as median 
(IQR), p exact values were obtained following Kruskal- Wallis test. Dots represent values in individual patients or HC. CHD- PAH, congenital heart 
disease pulmonary arterial hypertension; CTD- PAH, connective tissue disease- associated pulmonary arterial hypertension; FCS, forward scatter; HC, 
healthy controls; IPAH, idiopathic pulmonary arterial hypertension; NSM, non- switched memory.
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We observed that CD19- hBTK transgenic mice with increased 
protein levels of the BCR- associated kinase BTK specifically 
in B cells developed haemodynamic and cardiac signs of PH, 
following induction of pulmonary injury with bleomycin. In this 
hypothesis- generating two- hit model, the MedLNs contained 
active GCs with prolonged B- cell activation and increased 

proportions of activated ICOShigh Tfh cells, while autoantibodies 
with reactivity against vascular antigens were present in the 
serum. In parallel, peripheral blood B cells from patients with 
IPAH displayed increased BTK protein expression, already in 
naive B cells. The increase in BTK levels was associated with 
enhanced BTK phosphorylation in B cells, the presence of IgG 

Figure 3 Increased BTK protein expression and BCR signalling in circulating B cells of patients with IPAH. (A) Representative histogram overlays 
of BTK geometric mean fluorescence intensity (gMFI) values assessed by intracellular flow cytometry analysis of the indicated B- cell subpopulations 
of HCs and patients with IPAH, CTD- PAH and CHD- PAH, as indicated. (B) Quantification of BTK protein expression levels, shown as gMFI values of 
intracellular flow cytometry analysis of the indicated B- cell subpopulations in HCs and the three patient groups. (C) Quantification of phosphorylated 
BTK protein (pBTK- Y551) levels, shown as gMFI values of intracellular flow cytometry analysis (left) and representative histogram overlays of 
pBTK- Y551 expression (right). (D) Correlation of pBTK and BTK protein expression in HCs and patients with IPAH and CTD- PAH. Correlation coefficient 
was calculated using Spearman’s rank method. (E) PCA of B- cell subsets and BTK levels in PH subgroups and HC. Contribution of variables on the 
first dimension (Dim1) and second dimension (Dim2) of the PCA. The PCA of the B- cell subsets and BTK levels showed a non- random distribution 
over Dim1 and Dim2, which was not due to gender (p=0.083 (Dim1) and p=0.378 (Dim2)) or age (p=0.069 (Dim1) and p=0.790 (Dim2)). PCA were 
on log10- transformed and scaled values. The results are shown as median (IQR; B–D), p exact values were obtained following Kruskal- Wallis test (>2 
groups) or Mann- Whitney U test. dots represent values in individual patients or HC (B–E). BTK, Bruton’s tyrosine kinase; CTD- PAH, connective tissue 
disease associated pulmonary arterial hypertension; CHD- PAH, congenital heart disease pulmonary arterial hypertension; gMFI, geometric mean 
fluorescence intensity; HCs, healthy controls; IPAH; idiopathic pulmonary arterial hypertension; PCA, principal component analyses; PH, pulmonary 
hypertension.
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autoantibodies in plasma, as well as higher proportions of circu-
lating Tfh17 cells. Taken together, our study provides evidence 
that loss of immune homeostasis—characterised by altered BCR 
signalling in (naive) B cells, activation of B cells in GCs and an 
unbalanced Tfh- cell subset distribution—can contribute to PH 
development.

Our findings are in line with RNA expression studies on 
peripheral blood total B- cell samples that suggest that B cells are 
activated in patients with IPAH, compared with HCs.28 Several 
checkpoints exist in the bone marrow and in the periphery that 
prevent the development of autoreactive B cells and their inad-
vertent activation. However, enhanced BCR signalling due to 
BTK overexpression in mice is sufficient to induce resistance 
to Fas- mediated apoptosis and development of B- cell mediated 
autoimmunity.13 Parallel to our recent observation of increased 
BTK expression and phosphorylation in patients with anticitrul-
linated protein antibody- positive rheumatoid arthritis, Sjogren’s 
syndrome and autoimmune vasculitis,14 29 we found that BTK 
expression was also increased in naive B cells in patients with 
IPAH. Since such B cells have not encountered antigen, a possible 
explanation of these findings is that signals from the microen-
vironment, such as cytokine and chemokine levels or presence 
of Toll- Like receptor ligands, induce changes in the epigenome, 
transcriptome or proteome of naive B cells.30 It is therefore 
attractive to speculate that the threshold for activation of naive B 
cells by self- antigens is reduced, which would then contribute to 
engagement of naive B cells in IPAH pathology. Alternatively, it is 
possible that in patients with IPAH the proportions of circulating 
autoreactive naive B cells is increased as a result of defective self- 
tolerance in developing B cells, as was also shown in the auto-
immune disease systemic lupus erythematosus.31 In any case, we 
found that 6 out of 11 patients with IPAH had circulating auto-
antibodies as well as high BTK levels in their peripheral blood 
B cells. We therefore conclude that in this regard the phenotype 
of patients with IPAH is most probably heterogeneous, whereby 
a substantial fraction of patients with IPAH displays striking 
immunological similarities to patients with CTD- PAH.32

We observed that BTK levels were not increased in untreated 
patients with ILD- PH and were decreased in patients receiving 
treatment with antifibrotics. Although the pathogenesis of 
ILD- PH is multifactorial, sustained hypoxia is believed to be 

one of the most frequent inducers of PH in this group.33 34 
Chronic hypoxia may lead to decreased nitric oxide, increased 
hydrogen peroxide (H2O2, and alterations in voltage- gated K+ 
channels.33 34 It is conceivable that these mechanisms leading to 
hypoxic- induced PH operate in an inflammation- independent 
way and do not involve enhanced B- cell activation. Because BCR 
signalling is sensitive to treatment or disease remission,14 29 anti-
fibrotic treatment of patients wit ILD- PH might have influenced 
BTK protein expression.

We observed that in patients with PAH, the proportions of 
NSM B cells in the circulation were decreased, which was also 
observed in various autoimmune diseases.26 27 35 This is particu-
larly interesting because self- reactive B cells are removed from 
the repertoire at the transition from CD27− naive B cell to non- 
switched CD27+ memory B cell, thus at a stage that precedes 
the induction of somatic hypermutation.36 These NSM B cells 
have the capacity to interact with T cells in secondary and 
tertiary lymphoid organs in patients with IPAH, whereby their 
increased BTK expression levels may disrupt T- cell homeostasis. 
This would be supported by our finding that increased BTK- 
mediated signalling in B cells involves a positive- feedback loop 
that establishes T- cell- propagated autoimmune pathology and 
is accompanied by increased proportions of splenic Tfh cells.18 
Hereby, the increased surface expression of the costimulatory 
molecules CD80 and CD86 on CD19- hBTK transgenic B cells 
likely supports T- cell activation. Interestingly, BTK levels in B 
cells correlated with ICOS expression on cTfh cells in patients 
with rheumatoid arthritis and with parotid gland T- cell infil-
tration in patients with Sjögren syndrome.14 In this context, it 
is of note that we found that proportions of cTfh17 cells were 
increased in patients with IPAH, similar to findings in systemic 
sclerosis20 and correlated with BTK expression levels in circu-
lating B cells. In general, IL-17 immune polarisation is a feature 
of several chronic inflammatory and autoimmune conditions.37 
Moreover, mounting evidence suggests that Th17 immune 
polarisation is also a feature of PAH. CD4+ T cells isolated from 
patients with PAH contain higher levels of IL- 17A.38 39 Addition-
ally, the numbers of Th17 cells are increased and these cells are 
often localised in perivascular regions.6 38 39 Also adoptive trans-
fers of Th17 cells to Rag1−/− mice, lacking mature T cells and B 
cells, induced PH symptoms independent of chronic hypoxia.38 

Figure 4 Autoreactive IgG antibodies in plasma of patients with IPAH correlate with BTK levels. (A) Staining pattern of human epithelial cell (Hep)-2 
slides incubated with plasma of HCs and patients with IPAH, CTD- PAH and CHD- PAH. As detection antibodies IgG F(ab′)2 fragments were applied. For 
each group two representative slides are depicted. (B) Quantification of BTK protein expression levels (gMFI values) in total circulating B cells from 
patients who were Hep2- positive and Hep2- negative and with IPAH. The results are shown as median (IQR), p exact values were obtained following 
Mann- Whitney U test. Dots represent values in individual patients. BTK, Bruton’s tyrosine kinase; CTD- PAH, connective tissue disease associated 
pulmonary arterial hypertension; CHD- PAH, congenital heart disease pulmonary arterial hypertension; gMFI, geometric mean fluorescence intensity; 
HCs, healthy controls; IPAH; idiopathic pulmonary arterial hypertension.
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However, whether the cTfh17 or cTfh17.1 cells represent a 
functional and clinically relevant T- cell subtype is currently 
unknown and is a topic for further research.

The use of a bleomycin mouse model for PH research raises 
some concerns, since bleomycin exposure induces extensive lung 
damage, fibrotic changes and PH symptoms at 3 weeks.21 22 40 It 
is unclear if PH indices persist at later time points, but resolution 
of fibrosis occurs before ~10 weeks after bleomycin exposure.24 
Although endothelial damage or pulmonary injury associated 
with viral infections are thought to be involved in PAH devel-
opment,41 the extent and dynamics of lung damage in the bleo-
mycin mouse model generally does not reflect lung injury seen 
in patients. Moreover, the bleomycin mouse model depends on 
inflammation and therefore we cannot formally rule out that 

additional inflammatory processes critically contribute to PH 
development in our mouse model. It is conceivable that PH 
development in CD19- hBTK mice may be promoted by chronic 
B- cell activation and autoantibodies. This would be supported 
by our observation that influenza virus infection provoked rapid 
autoantibody formation in the lungs of CD19- hBTK mice.13 
Nevertheless, it would be interesting to explore if enhanced BCR 
signalling in other PAH models, such as the BMPR2- targeted 
mice, would lead to progressive PAH. Although our mouse 
model is primarily hypothesis- generating, we nevertheless 
observed interesting similarities with human B- cell pathobiology.

Together with the described anomalies in the B- cell compart-
ment, suggestive for a sustained immune response against self- 
antigens in patients with PAH,9 10 28 32 42 our findings indicate 

Figure 5 Increased proportions of cTfh-17 cells in patients with IPAH. (A) Representative gating strategy for the identification of CXCR5+ cTfh 
cells, starting from non- regulatory (CD25+CD127low) CD4+CD45RA− memory T cells, and further discrimination of cTfh subsets based on surface CCR6 
and CXCR3 expression: cTfh-1 (CCR6−CXCR3+), cTfh17.1 (CCR6+CXCR3+), cTfh17 (CCR6+CXCR3−) and cTfh2 (CCR6−CXCR3−), as depicted for a HC 
and patient with IPAH . (B) Proportions of CXCR5+ memory T cells as percentages of total memory CD4+ T cells. (C) Proportions of the indicated cTfh 
subsets as percentages of CXCR5+ memory CD4+ T cells. (D) Correlations of cTfh subsets and BTK protein in total B cells. The results are shown as 
median (IQR), p exact values were obtained following Mann- Whitney U test. Correlation coefficient was calculated using Spearman’s rank method. 
Dots represent values in individual patients. BTK, Bruton’s tyrosine kinase; cTfh, circulating follicular T helper; IPAH, idiopathic pulmonary arterial 
hypertension.
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that B- cell modulating therapies may hold potential for the 
treatment of PAH. Accordingly, B- cell depletion with anti- 
CD20 antibodies attenuated PH development in rats exposed to 
SU5416 and ovalbumin immunisation.43 Very recently, a double- 
blinded, randomised placebo- controlled clinical trial including 
57 patients with systemic sclerosis (SSc)- PAH indicated that 
B- cell depletion therapy with anti- CD20 antibody rituximab is a 
potentially effective and safe adjuvant treatment for SSc- PAH.44 
Whether anti- B- cell therapies could be effective in patients with 
IPAH needs to be further evaluated. Crucial will be the selection 
of patients with IPAH eligible for B- cell modulating therapies 
next to the current standard of care with vasoactive medication. 
Selecting patients should be based on inflammatory biomarkers, 
preferably those that reflect B- cell (auto- )reactivity or activation 
status. From our perspective, BTK levels could be a candidate 
biomarker, however its usefulness should be tested in prospec-
tive trials.

A limitation of our study is that we investigated only a rela-
tively small number of patients within each PAH WHO subclass, 
which precluded subgroup analyses and identification of correla-
tions with clinical parameters or survival. Further research with 
larger sample sizes is needed to confirm our findings.

In conclusion, our findings provide evidence that enhanced 
BCR signalling in B cells and increased circulating Tfh17 cell 
polarisation—together with lung damage—contribute to 
autoimmune- mediated vascular remodelling and disease patho-
genesis in patients with IPAH. This new perspective on the 
aetiology of IPAH may prompt future translational studies on 
immune cells and inflammatory mediators as a potential diag-
nostic or prognostic marker in IPAH. Moreover, the identifica-
tion of loss of immune homeostasis in patients with IPAH points 
to potential for new therapeutic anti- inflammatory targets in 
selected patients, next to existing vasoactive therapies.
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online supplementary methods 32 

 33 

Human flow cytometry procedures 34 

Blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes (BD Vacutainer K2E). 35 

Peripheral blood mononuclear cells (PBMCs) and plasma were obtained, processed and stored 36 

according to standard protocols.1 37 

 PBMCs were stained for extra- and intracellular markers (online supplementary table 1). To 38 

prevent non-specific labeling Fc-block (Anti-Mouse CD16/CD32 Fc-Block) was used. Fixable Viability 39 

Dye eFluor 506 (eBiosciences) was applied as a live-dead marker. Flow cytometry procedures for B-cell 40 

staining have been described previously2. Cells for the T-cell staining were first incubated in MACS 41 

buffer (0.5% BSA + 2mM EDTA in PBS) with fluorescent antibodies against chemokine receptors for 60 42 

minutes at 4°C. A second extracellular incubation step was performed for antibodies with Brilliant 43 

Violet (BV) conjugates in Brilliant Stain-buffer (BD Biosciences, cat#563794). After fixation and 44 

permeabilization, cells were incubated with a forkhead box P3 (FOXP3)-specific antibody in 45 

permeabilization buffer for 60 minutes at 4°C. Live cells (>200,000) were acquired and data were 46 

analyzed by FACS Flow-Jo software.  47 

 48 

mouse experiments and procedures 49 

 50 

Genotyping and inducing pulmonary injury 51 

CD19-hBtk3 on a mixed background (Fvb × 129/Sv × C57BL/6J) were backcrossed on C57BL/6J for > 10 52 

generations. Genotyping was performed by polymerase chain reaction (PCR), as previously described.4 53 

Wild-type mice used for the experiments are non-transgenic littermates. Mice were bred and kept at 54 

specified pathogen-free conditions in the Erasmus MC experimental animal facility. All experimental 55 

protocols have been reviewed and approved by the Erasmus MC Committee of animal experiments. 56 

To induce pulmonary injury, bleomycin-hydrochloride was administered intra tracheally in 8-10 week 57 

old mice (0,04U/80 μl saline) or saline as a control as previously described.5 Mice were sacrificed 21 58 

days and 70 days after bleomycin exposure.   59 

 60 

Right ventricular systolic pressure (RVSP) and lung tissue elastance 61 

Mice were anaesthetized with isoflurane  and right ventricular pressures were recorded using right 62 

heart catheterizations (mikro-tip catheter 1,4F , Millar instruments, model SPR-671) and analyzed with 63 

WinDaq Data acquisition software. Lung tissue elastance was measured with a flexiVent FX system as 64 

previously described.6 Data was analyzed with flexiWare 7 software. 65 
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 66 

Flow cytometric procedures  67 

Preparations of single-cell suspensions of MLN using standard procedures. Monoclonal antibodies are 68 

listed in online supplementary table 1. For intracellular staining, cells were fixed in Cytofix/Cytoperm 69 

and permeabilized, and then stained in Perm/Wash buffer (BD Bioscience). All measurements were 70 

performed on a LSRII flow cytometer (BD Bioscience), and results were analyzed using FlowJo software.  71 

 72 

Immunohistochemistry  73 

Immunohistochemical analyses and staining were performed according to standard procedures.7 Used 74 

antibodies are listed in online supplementary table 1. After staining, tissue sections were embedded 75 

in Kaiser glycerol gelatin (Merck). Pulmonary vascular remodeling was studied by quantification of 76 

intraacinar pulmonary vessels containing a-smooth muscle actin (α-SMA)-positive cells in their walls. 77 

Vessels between and 15 and 50um external diameter and located in normal lung tissue were assessed.  78 

To assess the presence of self-reactive antigens in serum of CD19-hBTK and control mice, serum was 79 

stored and frozen until further use. Serum was subjected to cryo-sections of lungs of RAG-/- mice 80 

(lacking mature B and T lymphocytes). Detection Antibodies against IgG and IgM are listed in online 81 

supplementary table 1. Micrographs were made using a DM LB light microscope (Leica), a DFC500 82 

camera (Leica), and Imaging for Windows Version 1.0 software (Kodak).  83 

 84 

The Fulton index 85 

 Hearts were excised and dissected to determine the ratio of right ventricular to left ventricular and 86 

septal weight [RV/(LV + S)].   87 

 88 

Hydroxy proline assay 89 

Whole left lung homogenates were analyzed by quantitative hydroxyproline assay. The left lung 90 

homogenate was  hydrolyzed in 6M  HCl at 95°C for 20 hours. Hydroxyproline was oxidized with 91 

chloramine t, and visualized with Erlich’s reagent (4-DMAB, isopropanol and perchloric acid) 92 

measured at a microplate reader at 560nm.   93 

 94 

HEp-2 95 

To assess the presence of self-reactive antigens in serum of CD19-hBTK and control mice, serum was 96 

stored and frozen until further use.  Serum samples (1/50 diluted) were incubated for 1 hour on 97 

Kallestad human epithelial cell (HEp-2) slides (Bio-Rad Laboratories). As detection antibodies Ig 98 

F(ab’)2 fragments were applied to the HEp2 slides (online supplementary table 1). The fluorescence 99 
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intensity of HEp2 slides was  evaluated using a LSM 311 META confocal fluorescence microscope 100 

(Zeiss) and LSM Image Browser Version 4.2.0.12 software (Zeiss) 101 

 102 

α-SMA area to total artery area  103 

Percentage α-SMA area to total artery area was evaluated using NanoZoomer 2.0-HT slide scanner 104 

(Hamamatsu) and NDP.view 2.7.25  (Hamamatsu). Photos were analysed using Adobe Photoshop 105 

2021 in an automated and thus independent manner. 106 

 107 

Total fibrosis score 108 

A pathologist (blinded for treatment) scored the Ashcroft scale (grade 1-8)8 and the percentage of 109 

lung involvement (grade 1-5; 1 =0-10% to 6 = 75-100% of total lung involvement). The Total Fibrosis 110 

score (TFS) is the product of Ashcroft scale and lung involvement and was previously described. 9 111 

 112 
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online Supplementary Table 1 Overview of extra- and intracellular antibodies use for human and 165 

mouse experiments. 166 

 marker conjugate company Cat# intra/extracellular dilution 

HUMAN      

      
antibodies used for 

flow cytometry 
     

IgG FITC BD 555786 extracellular 1:20 

Btk PE BD 611117 intracellular 1:5 

IgM  Bio BD 555781 extracellular 1:20 

CD19 PerCP-Cy5.5 BD 332780 extracellular 1:400 

CD38 APC BD 560980 extracellular 1:10 

IgD APC-H7 BD 561305 extracellular 1:10 

CD27 BV421 BD 562513 extracellular 1:80 

CD24 BV711 BD 563401 extracellular 1:40 

CD3  AF700 eBioscience 56-0038-42 extracellular 1:40 

CXCR5 PerCP5.5 BD 562781 extracellular 1:20 

CD3 APC ef780 eBioscience 47-0038-42 extracellular 1:100 

CD4 AF700 eBioscience E08948-1631 extracellular 1:100 

CD45RA BV650 BD 563963 extracellular 1:40 

PD1 BV786 BD 563789 extracellular 1:20 

FoxP3 PE eBioscience 12-4777-42 intracellular 1:20 

CXCR3 BV711 BD 563156 extracellular 1:20 

CCR4 FITC BD FAB1567F extracellular 1:20 

CCR6 APC BD 560619 extracellular 1:5 

CXCR5 PerCP5.5 BD 562781 extracellular 1:20 

      
      

HEp-2 antibodies      

Anti-Mouse 

F(ab’) IgG 

Cy3 Jackson IR  115-166-003   

      

MOUSE      
antibodies used for 

flow cytometry 
     

GL7 FITC BD 553666 extracellular 1:2000 

CD95 PE-TxR BD 562499 extracellular 1:400 

IgM Pe-Cy7 eBioscience 25-5790-82 extracellular/ 

intracellular 

1:500 

IgD APC eBioscience 17-5993-82 extracellular/ 

intracellular 

1:1280 

CD19 Af700 eBioscience 56-0193-82 extracellular 1:50 

CD138 BV605 BD 563147 extracellular 1:400 

CD3  PE-CF594 BD 562286 extracellular 1:100 

CD4 Af700 eBioscience 56-0041-82 extracellular 1:200 

MHC II FITC BD 553565 extracellular 1:200 

PD-1 PE BD 551892 extracellular 1:100 

CD3 PE-CF594 BD 562286 extracellular 1:100 

CD40L (CD154) PerCP-eFl710 eBioscience 46-1541-82 extracellular 1:100 

CXCR5 biotin BD 551960 extracellular 1:50 

ICOS APC eBioscience 17-9949-82 extracellular 1:1600 
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CD4 AF700 eBioscience 56-0041-82 extracellular 1:400 

CD11c APC-eFl750 eBioscience 47-0114-82 extracellular 1:200 

CD11b eFl450 eBioscience 48-0112-82 extracellular 1:200 

PD-L1 BV711 BD 563369 extracellular 1:100 

      

HEp-2 antibodies      

Anti-Human 

F(ab’) IgG 

Cy3 Jackson IR  109-166-003   

      

      
Immunohisto- 

chemistry Lung 
     

Anti-hαSMA PE R&D IC1420P   

Anti-PE  AP Rockland 600-105-387   

Anti-B220 Unlabeled Bioceros    

Anti-Rat  AP Sigma A8438 – 1ML   

Anti-hCD3 Unlabeled DAKO A0452   

Anti-Rabbit  Biotin Biogenex HK326-UR   

Anti-Goat  AP Sigma A4187 – 1ML   

Anti-IgG  Biotin S. Biotech 1030-08   

Anti-IgM Biotin  S. Biotech  1020-08   

Streptavidin AP Biogenex HK321-UK   

Stretavidin PO Biogenex HK320-UK   

      

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 
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8 

 

Online Supplementary Figure 1. Similar fibrosis indices in WT and CD19-hBTK mice upon bleomycin 180 

exposure. 181 

 182 

(A) Mice were sacrificed 3 and 10 weeks after saline or bleomycin exposure and analyzed for fibrosis 183 

indices. (B) Representative hematoxylin/eosin (H&E) staining of cryo-sections of lung tissue of a WT or 184 

CD19-hBTK mouse 3 and 10 weeks after bleomycin exposure. Inflammatory exudate and obvious 185 
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damage to lung architecture (asterisk) and diffuse fibrous thickening of alveolar septa (arrow). 186 

Resolution of fibrosis at 10 weeks. Magnification 40x. (C) Hydroxyproline content (µg per left lung) in 187 

WT or CD19-hBTK mice 3 and 10 weeks post bleomycin exposure (D) Tissue elastance assessed with a 188 

flexiVent FX system in WT or CD19-hBTK mice 21 days and 70 days post saline or bleomycin exposure. 189 

(E) Total fibrosis score. A pathologist (blinded for treatment) scored the Ashcroft scale (grade 1-8) and 190 

the percentage of lung involvement (grade 1-5; 1 =0-10% to 6 = 75-100% of total lung involvement). 191 

The total fibrosis score is the product of Ashcroft scale and lung involvement. The results (C-E) are 192 

shown as median (IQR), p exact values were obtained following a Kruskal-Wallis test. Number of mice 193 

used for each experiment are depicted below the graph. 194 

 195 
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Online Supplementary Figure 2. α-SMA in WT or CD19-hBTK mice 10 weeks post bleomycin exposure.  212 

 213 

 214 

(A) Representative hematoxylin/eosin and α-smooth muscle actin (α-SMA) staining of cryo-sections of 215 

the indicated lung tissue. (B) Number of SMA-positive vessels per lung. Vessels between 15 and 50µm 216 

external diameter and located in normal lung tissue were assessed. (C) Percentage α-SMA area to total 217 

artery area of the assessed vessels. The results are shown as median (IQR), p exact values were 218 

obtained following Kruskal-Wallis test. Dots represent individual mice. 219 

 220 

 221 

 222 

 223 
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 225 
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 227 

 228 

 229 

 230 
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Online supplementary figure 3 232 

 233 

Representative gating strategy for identification of B-cell subsets and follicular T helper (Tfh)-cells in 234 

mediastinal lymph nodes (MedLN) in mice, starting with live single cells. L/D, life-death marker; FCS, 235 

forward scatter. From the total CD19+B220+ B-cell population, memory B-cells 236 

(CD19+B220+CD80+PDL2+), germinal center (GC) B-cells (CD19+B220+IgD-CD95+), plasmablasts 237 

(CD19+CD138+) and plasma cells (CD19lowCD138+) were identified. From the CD3+CD4+ population, total 238 

numbers of Tfh-cells (CD3+CD4+CXCR5+PD1+) were identified.  239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 
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Online Supplementary Figure 4: B-cell subsets and BTK expression in ILD-PH 247 

 248 

 249 

(A) Table showing the characteristics of patients with interstitial lung disease-related PH (ILD-PH) and 250 

healthy subject (HC). mPAP; mean pulmonary artery pressure. A In 6 patients only echocardiographic 251 

measurements available, showing estimated RVSP> 35mmHg and signs of RV dysfunction and no signs 252 

of left heart disease or left sided heart failure. B Four patients used prednisone >10mg/day and one 253 

patient was on azathioprine. C Nintedanib (n=3) or pirfenidone (n=4). D Ten patients with IPF, 3 patients 254 

with non-specific interstitial pneumonia, 1 patient with respiratory bronchiolitis interstitial lung 255 

disease, 1 patient with extrinsic allergic alveolitis, 1 patient with combined pulmonary fibrosis and 256 

emphysema, and 1 patient with interstitial pneumonia with autoimmune features. Continuous 257 

variables are presented as median and IQR in parentheses and categorical variable as count and 258 

percentages in parentheses. 259 

(B) Proportions of circulating total B-cells and B-cell subpopulations (naïve B-cells (CD19+IgD+CD27-), 260 

non-switched memory B-cells (CD19+IgD+CD27+), and class switched memory B-cells (CD19+CD27+IgD-261 

IgM-), and plasmablasts (CD19+CD38hiCD27+)) in HC and patients with ILD-PH. (C) Quantification of BTK 262 

protein expression levels, shown as gMFI values of intracellular flow cytometry analysis of total B cells 263 
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in HCs and ILD-PH patients receiving immunomodulatory or anti-fibrotic treatment (black dots) or no 264 

treatment (red dots).  p exact values were obtained by a Mann-Whitney U test or Kruskal-Wallis test 265 

(>2 groups). Dots represent individual values in patients.  266 
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Online Supplementary Figure 5: No correlation of cTfh cells and BTK protein in total B-cells 299 

 300 

 301 

No correlation of circulating follicular T helper (cTfh) cells (CD4+CD45RA-FoxP3lowCXCR5+) and BTK 302 

protein in total B cells in HC and patients with IPAH. Correlation coefficient was calculated using 303 

Spearman's rank method. 304 

 305 

 306 

 307 
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