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Abstract
Background Signalling through platelet-derived growth factor receptor (PDGFR), colony-stimulating
factor 1 receptor (CSF1R) and mast/stem cell growth factor receptor kit (c-KIT) plays a critical role in
pulmonary arterial hypertension (PAH). We examined the preclinical efficacy of inhaled seralutinib, a
unique small-molecule PDGFR/CSF1R/c-KIT kinase inhibitor in clinical development for PAH, in
comparison to a proof-of-concept kinase inhibitor, imatinib.
Methods Seralutinib and imatinib potency and selectivity were compared. Inhaled seralutinib
pharmacokinetics/pharmacodynamics were studied in healthy rats. Efficacy was evaluated in two rat
models of PAH: SU5416/Hypoxia (SU5416/H) and monocrotaline pneumonectomy (MCTPN). Effects on
inflammatory/cytokine signalling were examined. PDGFR, CSF1R and c-KIT immunohistochemistry in rat
and human PAH lung samples and microRNA (miRNA) analysis in the SU5416/H model were performed.
Results Seralutinib potently inhibited PDGFRα/β, CSF1R and c-KIT. Inhaled seralutinib demonstrated
dose-dependent inhibition of lung PDGFR and c-KIT signalling and increased bone morphogenetic protein
receptor type 2 (BMPR2). Seralutinib improved cardiopulmonary haemodynamic parameters and reduced
small pulmonary artery muscularisation and right ventricle hypertrophy in both models. In the SU5416/H
model, seralutinib improved cardiopulmonary haemodynamic parameters, restored lung BMPR2 protein
levels and decreased N-terminal pro-brain natriuretic peptide (NT-proBNP), more than imatinib.
Quantitative immunohistochemistry in human lung PAH samples demonstrated increased PDGFR, CSF1R
and c-KIT. miRNA analysis revealed candidates that could mediate seralutinib effects on BMPR2.
Conclusions Inhaled seralutinib was an effective treatment of severe PAH in two animal models, with
improved cardiopulmonary haemodynamic parameters, a reduction in NT-proBNP, reverse remodelling of
pulmonary vascular pathology and improvement in inflammatory biomarkers. Seralutinib showed greater
efficacy compared to imatinib in a preclinical study.

Introduction
Pulmonary arterial hypertension (PAH) is characterised by perivascular inflammation and proliferation of
pulmonary artery smooth muscle cells (PASMCs), myofibroblasts and endothelial cells, resulting in
pulmonary arterial blood flow obstruction [1–6]. The emergence of apoptosis-resistant cells within
pulmonary vascular lesions led to the cancer paradigm hypothesis to explain the abnormal cell proliferation
observed in PAH lesions [1, 4, 5, 7, 8].
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Within the context of this cancer-like paradigm, evidence from human PAH lung explants, cell-based
assays and preclinical models points to a pivotal role of platelet-derived growth factor (PDGF) signalling in
PAH pathogenesis [9–14]. Expression of PDGF ligands and receptors (PDGF receptors α and β (PDGFRα/β))
was increased in small pulmonary arteries of patients with idiopathic PAH (iPAH) versus controls, and
PDGFB gene expression was increased in a single-cell RNA sequencing study in iPAH [11, 15]. Genetic
knockout studies suggest that PDGFRα and PDGFRβ mediate overlapping and distinct effects across
PAH-associated pathways: both receptors regulate cell proliferation, migration and inflammation, while
PDGFRβ may uniquely affect angiogenesis [16]. Crosstalk between PDGFR and other signalling cascades
implicated in PAH, such as transforming growth factor β (TGF-β), has been reported [17, 18].
Furthermore, PDGF signalling decreased bone morphogenetic protein receptor type 2 (BMPR2) expression
in PASMCs via miRNA-376b-mediated degradation [9]. These findings highlight the therapeutic potential
of PDGFR kinase inhibitors for iPAH [19].

Imatinib (a potent PDGFR/ABL/c-KIT kinase inhibitor) reversed pulmonary hypertension in the rat
monocrotaline (MCT) model, demonstrating histological and functional improvements [12]. In clinical
trials, imatinib improved pulmonary vascular resistance (PVR) and exercise capacity in patients with
advanced PAH; however, serious adverse events and discontinuations were common, limiting its
development as a PAH treatment [20, 21].

Given the robust evidence implicating PDGFR signalling in PAH pathogenesis and limitations associated
with systemic administration of PDGFR inhibitors [21], seralutinib (N-[3-[(1S)-1-[[6-(3,4-dimethoxyphenyl)
pyrazin-2-yl]amino]ethyl]phenyl]-5-methylpyridine-3-carboxamide, formerly PK10571 and also known as
GB002) was designed and formulated as a dry powder for inhalation drug delivery. In addition to its
potent inhibition of PDGFRα and PDGFRβ, seralutinib inhibits PDGFR-related kinases,
colony-stimulating factor 1 receptor (CSF1R) and mast/stem cell growth factor receptor kit (c-KIT), which
are implicated in PAH pathogenesis and progression [22–26]. c-KIT is expressed on endothelial progenitor
cells and mast cells, potentially contributing to perivascular inflammation and vascular remodelling [8, 23, 27].
Increased infiltration of c-KIT+ cells has been observed in pulmonary arterial plexiform lesions in PAH
patient lungs [23]. CSF1R is expressed on monocytes and macrophages [22]. Macrophages secrete PDGF
ligands and pro-inflammatory cytokines contributing to pathological remodelling in PAH [24, 25, 28].
Thus, a compelling rationale exists to target PDGFR, CSF1R and c-KIT as a treatment for PAH.
Seralutinib targets these pathways and is the first tyrosine kinase inhibitor in clinical development
specifically designed as an inhalation therapy for PAH. Given the limitations of imatinib, seralutinib was
intentionally developed with low oral bioavailability and rapid clearance characteristics to minimise
systemic exposure and associated adverse events.

The objectives of the preclinical studies reported here were to investigate the in vitro potency and
selectivity of seralutinib and characterise its efficacy as compared to imatinib in relevant animal models
of PAH.

Methods
The potency and selectivity of seralutinib and imatinib were determined in vitro. Pharmacokinetic and
pharmacodynamic effects of inhaled seralutinib were studied in healthy rats. Efficacy was evaluated in the
rat SU5416/Hypoxia (SU5416/H) (Study 1 and 3) and MCT pneumonectomy (MCTPN) (Study 2) models.
In Study 1, treatment was initiated 1 day after a 3-week hypoxia exposure; in Study 2, treatment was
started on day 25 after pneumonectomy (day 15 after MCT administration). In Study 3, seralutinib or
imatinib was started 2 weeks after return to normoxia, subsequent to the 3-week hypoxia period. Treatment
effects on echocardiographic parameters, cardiopulmonary haemodynamic parameters, N-terminal pro-
brain natriuretic peptide (NT-proBNP), BMPR2 and inflammatory markers were examined. PDGFR,
CSF1R and c-KIT immunohistochemistry (IHC) was performed with rat and human lung PAH and control
samples. microRNA (miRNA) analysis of SU5416/H lungs (Study 3) was performed. Detailed methods are
available in the supplementary material.

Results
In vitro activity of seralutinib
Seralutinib inhibited proliferation of H1703 (a PDGFRα-driven human lung epithelial cell line), human
pulmonary arterial smooth muscle cells (HPASMCs) (which express similar levels of PDGFRα and
PDGFRβ) and human lung fibroblasts (HLFs) (which express PDGFRβ more than PDGFRα) with median
inhibitory concentrations (IC50s) of 32 nM, 33 nM and 29 nM, respectively (figure 1, supplementary table
S1). Although imatinib inhibited H1703 proliferation with an IC50 of 62 nM, its potency was 13–20-fold
less than seralutinib in human PASMC and HLF proliferation assays. Both compounds potently inhibited
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FIGURE 1 In vitro cell-based potency of seralutinib versus imatinib. Inhibition of proliferation in
a) constitutively active platelet-derived growth factor receptor α (PDGFRα)-driven human lung epithelial cells
(H1703), b) platelet-derived growth factor-BB (PDGF-BB) stimulated human pulmonary arterial smooth muscle
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PDGF-BB-induced extracellular signal-regulated kinase (ERK) phosphorylation in H1703 cells; however,
only seralutinib inhibited ERK phosphorylation in HLFs (figure 1, supplementary table S1). Furthermore,
seralutinib was more potent than imatinib against c-KIT and CSF1R kinases. Seralutinib inhibited stem-cell
factor (SCF)-induced c-KIT autophosphorylation in human pulmonary artery endothelial cells (HPAECs)
with an IC50 of 7.8 nM and displayed an IC50 of 14.4 nM in macrophage colony-stimulating factor
(M-CSF)-induced phosphorylation of CSF1R in human primary differentiated macrophages (34-fold more
potent than imatinib) (supplementary table S1, figure 1).

Pharmacokinetic and pharmacodynamic studies
Seralutinib lung concentration peaked immediately after a 2-h passive inhalation and steadily declined over
time in rats. Substantially lower plasma exposures were observed relative to lung exposures (figure 2a).
Four independent rat pharmacokinetic studies demonstrated an average seralutinib lung-to-plasma ratio of
30 (range 16–80) over a 24-h period. Seralutinib inhalation significantly inhibited PDGF-BB-induced
PDGFRα/β autophosphorylation in the lung across all three dose levels tested (figure 2b, c). In a separate
experiment, with co-administered intratracheal PDGF-BB and SCF, seralutinib inhibited c-KIT Y719
phosphorylation by 43% (figure 2d). Seralutinib inhibition of PDGFRβ phosphorylation in this experiment
was similar to that observed when PDGF-BB was given alone. Furthermore, seralutinib demonstrated a
2-to-2.5-fold dose-dependent increase in lung BMPR2 protein expression over time (figure 2e).

Seralutinib efficacy in preclinical models of PAH
SU5416/H model (Study 1)
Two cohorts, with and without telemetry monitoring, received seralutinib 2.5 mg·kg−1 and 4.6 mg·kg−1

twice daily, respectively, for 2 weeks (figure 3a). Prior to initiating treatment, elevated pulmonary artery
systolic pressure (PASP) was confirmed in vehicle (100.8±5 mmHg) and seralutinib (99.1±8 mmHg)
groups by telemetry. Seralutinib 2.5 mg·kg−1 twice daily reduced PASP by 43% (p<0.0001) relative to
vehicle at the end of treatment (figure 3b). End-of-study right ventricular systolic pressure (RVSP)
measurements revealed a dose-dependent reduction with seralutinib compared to vehicle (2.5 mg·kg−1:
49.6±3.1 mmHg versus 64.4±5.4 mmHg, p<0.05; 4.6 mg·kg−1: 34.7±2.2 mmHg versus 64.4±5.4 mmHg,
p<0.001) (figure 3c). A reduction in RV hypertrophy was observed in both seralutinib groups (2.5 mg·kg−1:
0.36±0.01, p<0.0001; 4.6 mg·kg−1: 0.40±0.02, p<0.005) compared to vehicle (0.54±0.03) (figure 3d).

Small pulmonary artery occlusion analysis (vessel diameter <80 μm) was performed in lung tissues from
vehicle and seralutinib 4.6 mg·kg−1 twice daily groups. A significant decrease was observed in the number
of grade 2 lesions in the seralutinib-treated group compared to vehicle (p<0.05; figure 3e, f ). Small
pulmonary artery lumen-to-media area was increased in the seralutinib-treated group compared to vehicle
(p<0.05; figure 3g). IHC of lungs for phospho-PDGFRβ revealed reduced intensity in the
seralutinib-treated group compared to vehicle (figure 3h).

MCTPN model (Study 2)
In the MCTPN model, seralutinib 2.5 mg·kg−1 twice daily was initiated after PAH development, and
continued for 11 days (figure 4a). PASP remained stable in the seralutinib group but continued to increase
in the vehicle group (figure 4b). On days 9, 10 and 11, PASP was 34%, 37% and 41% lower, respectively,
in the seralutinib group compared to vehicle (p<0.05). A 50% reduction in RVSP was observed in the
seralutinib group compared to vehicle (p<0.001; figure 4c). Right ventricular hypertrophy was reduced by
49% in the seralutinib group compared to vehicle (p<0.0001; figure 4d). Lumen-to-media area was
increased in the seralutinib-treated group compared to controls, which indicates favourable reverse

cells (HPASMCs) and c) human lung fibroblasts (HLFs) measured using CyQuant or CellTiter-Glo assays. For b)
and c), the values for each concentration were normalised to 3 days of PDGF-BB stimulation (considered 100%
proliferation) and no stimulation for 3 days (0% proliferation). For the HPASMC proliferation assay (b), D0
represents the basal value at day 0 prior to PDGF-BB stimulation. d) Inhibition of stem-cell factor (SCF)-induced
phosphorylation of mast/stem cell growth factor receptor kit (c-KIT) in human pulmonary artery endothelial
cells (HPAECs) (ELISA assay). Inhibition of PDGF-BB-induced phosphorylation of extracellular signal-regulated
kinase in e) H1703, f ) HPASMCs and g) HLFs was measured using a homogeneous time-resolved fluorescence
(HTRF) assay. h) Macrophage colony-stimulating factor (M-CSF)-induced phosphorylation of colony-stimulating
factor 1 receptor (CSF1R) in human primary macrophages (ELISA assay). Error bars represent the standard
deviation of duplicate or triplicate measurements. Data are presented as the half maximal inhibitory
concentration (IC50) values (nM) for seralutinib (blue) and imatinib (red). pERK: phosphorylated ERK; pc-KIT:
phosphorylated c-KIT.
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FIGURE 2 Seralutinib in vivo pharmacokinetic/pharmacodynamic profile. Male Sprague-Dawley rats received vehicle or seralutinib 4.3 mg·kg−1,
16.2 mg·kg−1 and 66.3 mg·kg−1 via passive inhalation. a) Seralutinib concentrations in lung (square) and plasma (circle) over 24 h post 4.3 mg·kg−1

passive inhalation. For pharmacodynamic readout in lungs, rats were administered platelet-derived growth factor-BB (PDGF-BB) and stem-cell
factor (SCF) via intratracheal insufflation into the lungs immediately post-dosing. 5 min post-challenge, lungs were harvested to measure
phosphorylation of platelet-derived growth factor receptor (PDGFR) and mast/stem cell growth factor receptor kit (c-KIT). Data are presented as the
per cent change in b) phosphorylated (p)PDGFRβ (Y1021)/total PDGFRβ, c) pPDGFRα/β (Y849/Y857)/PDGFRα and d) pc-KIT/total c-KIT in lung
homogenates by Western blot analysis. e) Mean fold change in lung bone morphogenetic protein receptor type 2 (BMPR2)/β-Actin protein
expression at 8, 16 and 24 h post-seralutinib dosing. Data are presented as mean±SEM (n=4 for a–c, n=2–5 for d, n=4–8 for e). Statistical analysis was
performed using one-way ANOVA with Dunnett’s multiple comparisons test. *: p<0.05; **: p<0.005; ***: p<0.001; ****: p<0.0001 seralutinib versus
vehicle treatment group.
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remodelling (p<0.001; figure 4e, f ), with fewer grade 1 and 2 lesions (figure 4e, g). A qualitative decrease
in perivascular fibrosis was observed in seralutinib-treated lungs compared to vehicle (supplementary
figure S1).

Seralutinib significantly improved tidal volume (p<0.005) and decreased respiratory rate (p<0.001) as
compared to vehicle (supplementary figure S2a, b). Minute ventilation and airway resistance were similar
between seralutinib- and vehicle-treated animals (supplementary figure S2c, d).

SU5416/H model (Study 3): comparison to imatinib
Seralutinib (12.8 mg·kg−1 twice daily), imatinib (15.0 mg·kg−1 once daily) or vehicle control (once daily)
was administered for 2 weeks following disease induction and a 2-week period of normoxia (figure 5a, b).
The imatinib dose selected for the in vivo study displayed potent inhibition of PDGFRβ phosphorylation in
healthy rats (supplementary figure S3).
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https://doi.org/10.1183/13993003.02356-2021 6

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | A. GALKIN ET AL.

http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02356-2021.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02356-2021.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02356-2021.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02356-2021.figures-only#fig-data-supplementary-materials
http://erj.ersjournals.com/lookup/doi/10.1183/13993003.02356-2021.figures-only#fig-data-supplementary-materials


At treatment initiation, disease severity was evaluated by echocardiography. Stroke volume index and
cardiac index were decreased in diseased animals compared to healthy controls (figure 5c, d).
Vehicle-treated PAH rats had elevated RVSP (85.2±11.0 mmHg) and mean pulmonary artery pressure
(mPAP) (50.9±5.0 mmHg) compared to healthy controls (RVSP 19.5±1.0 mmHg; mPAP 12.6±0.6 mmHg;
p<0.001 for both; figure 5e, f ). Seralutinib improved haemodynamic parameters, with reductions of 45%
in RVSP (46.7±3.9 mmHg) and 37% in mPAP (31.9±2.6 mmHg) compared to vehicle (p<0.001;
figure 5e f ). The decrease in mPAP and improvement in cardiac index resulted in a 60% improvement in
PVR index (PVRI) in the seralutinib group (p<0.0001; figure 5g). Imatinib reduced RVSP by 28%
(61.1±7.4 mmHg) and mPAP by 27% (37.4±3.9 mmHg) (p<0.05 versus vehicle; figure 5e, f). Compared to
imatinib, seralutinib had a significantly greater effect on stroke volume index and cardiac index
(figure 5c, d). The reduction in PVRI from imatinib treatment was ∼37%. Disease induction increased
NT-proBNP by nine-fold. Seralutinib decreased NT-proBNP by 55% versus vehicle control (p<0.05),
while no significant effect was observed with imatinib (figure 5h). Although the effects of seralutinib on
these parameters were statistically greater than the effects of imatinib compared to vehicle, there was no
statistically significant difference between seralutinib and imatinib with regard to mPAP, RVSP, PVRI or
NT-proBNP.
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Haemodynamic improvements were accompanied by a decrease in small pulmonary vessel muscularisation
(figure 5i, j). Analysis of haematoxylin and eosin-stained lung sections and α-smooth muscle actin-stained
sections demonstrated a decrease in small pulmonary artery muscularisation in the seralutinib group
compared to both the vehicle and imatinib-treated groups (figure 5i, j, supplementary figure S4).
Seralutinib significantly increased BMPR2, whereas no significant effect on BMPR2 was observed with
imatinib (figure 5k). An increase in SMAD1/5 phosphorylation in seralutinib-treated animals was
observed, suggesting activation of signalling through BMPR2 (supplementary figure S5).

Effects on biomarkers of inflammation
Seralutinib decreased circulating levels of plasma tumour necrosis factor α (TNF-α) (p<0.001) and
increased interleukin (IL)-10 compared to vehicle (p<0.05; figure 6a, b). Imatinib did not significantly
alter TNF-α or IL-10 levels. A trend towards decreased PDGF-BB was observed in the seralutinib-treated
group (figure 6c). Seralutinib also decreased lung mRNA and protein levels of monocyte chemoattractant
protein 1 (MCP-1), a pro-inflammatory cytokine that regulates macrophage recruitment and contributes to
MCT-induced pulmonary hypertension [29] (SU5416/H model: p<0.05 compared to vehicle;
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FIGURE 6 Effect of inhaled seralutinib or oral imatinib on the circulating cytokines a) tumour necrosis factor α (TNF-α), b) interleukin 10 (IL-10)
and c) platelet-derived growth factor-BB (PDGF-BB) at the end of treatment (day 49) in the SU5416/H pulmonary arterial hypertension (PAH)
model. Data are presented as mean±SEM (healthy n=6, vehicle n=6–7, seralutinib n=9, imatinib n=5–6). Statistical analysis performed using one-way
ANOVA with Dunnett’s multiple comparisons test. *: p<0.05; ***: p<0.001 versus vehicle.

(pre-treatment) and D49 (post-treatment) to measure c) change in stroke volume index (SVI) and d) cardiac index (CI) in normoxic control, vehicle,
inhaled seralutinib and oral imatinib groups, while e) shows the haemodynamic parameter right ventricular systolic pressure (RVSP) at the end of
treatment (D49). f ) Mean pulmonary arterial pressure (mPAP), g) pulmonary vascular resistance index (PVRI) (mPAP/cardiac index) and h) change in
the peripheral biomarker of N-terminal pro-brain natriuretic protein (NT-proBNP) at the end of treatment (D49). i) Representative
photomicrographs of histological changes in lung by hematoxylin and eosin stain. Scale bars: 100 μm. Change in j) muscularisation, k) lung bone
morphogenetic protein receptor type 2 (BMPR2) and l) miR-135a-5p and miR-146a-5p. Relative microRNA (miRNA) expression is defined as gene
expression fold change relative to the vehicle control group calculated using 2−ΔΔCt values. Data are presented as mean±SEM; healthy n=5–8; vehicle
n=4–7; seralutinib n=6–9; imatinib n=4–7; n=3 for all groups for change in muscularisation. Statistical analysis was performed using one-way ANOVA
with Dunnett’s test for multiple comparisons. Two-way ANOVA with multiple comparison was performed for SVI and cardiac index. One animal was
excluded for failure to develop pulmonary hypertension. Statistical analysis of miRNA is described in the supplementary material.
s.c.: subcutaneous; BW: body weight. For SVI, CI, RVSP, mPAP, PVRI, NT-proBNP, histological quantification, BMPR2 and miRNA: *: p<0.05;
**: p<0.005; ***: p<0.001; ****: p<0.0001 versus vehicle group and #: p<0.05; ##: p<0.005; ###: p<0.001; ####: p<0.0001 versus imatinib.
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supplementary figure S6b, c). Imatinib did not modulate MCP-1. Seralutinib reduced MCP-1 secretion in a
dose-dependent manner in CSF1R+ human macrophages (supplementary figure S6a).

Effect of seralutinib on miRNAs in the lung
Six miRNAs predicted to repress both human and rat BMPR2 were differentially expressed in
seralutinib-treated SU5416/H rat lungs relative to vehicle (supplementary table S2). Two of the six
miRNAs decreased following treatment with seralutinib compared to vehicle (miR-135a-5p: p=0.01;
miR-146a-5p: p=0.02), consistent with the observed increase in BMPR2 protein (figure 5k, l). Four
miRNAs were increased by seralutinib, including miR-381-3p, which exhibited the largest expression shift
and was significantly higher in seralutinib and imatinib groups relative to vehicle groups.

IHC in iPAH versus control lungs
We evaluated expression of PDGFRα/β, CSF1R and c-KIT proteins in human lung tissue samples to
demonstrate relevance of seralutinib targets in iPAH (figure 7). Increases in PDGFRα, PDGFRβ, CSF1R
and c-KIT were observed in PAH lung sections compared to controls. IHC in rat lungs from the MCTPN
and SU5416/H models showed patterns of PDGFRα/β and CSF1R similar to those seen in human PAH
samples (supplementary figures S7 and S8). In both animal models, treatment with seralutinib was
associated with decreased signal for PDGFRα/β and CSF1R.

PA

Ob

PA

Plx

PA PA

C

c-KIT (CD117)CSF1R�RFGDPPDGFR�

c-KIT (CD117)CSF1RPDGFR�PDGFR�

Control

iPAH

0

In
te

g
ra

te
d

 in
te

n
si

ty

****

0

In
te

g
ra

te
d

 in
te

n
si

ty

*

0

In
te

g
ra

te
d

 in
te

n
si

ty

**

Control iPAH iPAHControliPAHControl Control iPAH

0

In
te

g
ra

te
d

 in
te

n
si

ty

*

i)

4 000 000

3 000 000

2 000 000

1 000 000

4 000 000

3 000 000

2 000 000

1 000 000

2 500 000

2 000 000

1 500 000

1 000 000

500 000

4 000 000

3 000 000

2 000 000

1 000 000

5 000 000

a) b) c) d)

e) f) g) h)

FIGURE 7 Expression of platelet-derived growth factor receptor α (PDGFRα) in a) control and e) idiopathic pulmonary arterial hypertension (iPAH)
lung sections, platelet-derived growth factor receptor β (PDGFRβ) in b) control and f) iPAH lung sections, colony-stimulating factor 1 receptor
(CSF1R) in c) control and g) iPAH lung sections and mast/stem cell growth factor receptor kit (c-KIT) in d) control and h) iPAH lung sections.
PDGFRα is expressed in media smooth muscle cells in normal pulmonary arteries (PAs) in control lungs (arrows) (a), with marked expression in
iPAH obliterative lesion (Ob, arrows) and perivascular tissue (arrowhead) (e). PDGFRβ is predominantly expressed in perivascular tissue in control
lung (arrows) (b), while a complex plexiform (Plx) pulmonary vascular lesion in iPAH (f ) shows intense expression in the intima (arrow) and within
the incipient blood vessels and cell clusters (Plx, arrowhead). CSF1R expression is noted in the intima of control PAs (arrowhead), with stronger
expression in alveolar macrophages (arrows) (c), while in iPAH lungs, there is marked expression in the intima of obliterative lesion (arrow), with
expression in macrophages (arrowhead) (g). Individual c-KIT+ cells are sparsely seen around normal PAs in control lungs (arrow) (d), while iPAH
lungs show permeation of concentric vascular lesions (C) with positive cells (arrows) (h). Representative of n=10 control and n=10 iPAH lungs. Scale
bars: 100 µm (g), 200 µm (a–e, h), 300 µm (f). i) Quantitative analysis demonstrated a significant increase of integrated intensity for PDGFRα,
PDGFRβ, CSF1R and c-KIT in iPAH lung sections compared to controls. *: p<0.05; **: p<0.01; ****: p<0.0001.
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Discussion
PDGFR, CSF1R and c-KIT signalling play crucial roles in the pathology and progression of PAH [9–15,
21–26, 30, 31]. Targeting these pathways therefore holds promise as a therapeutic strategy in PAH.
Seralutinib is a highly potent PDGFR, CSF1R and c-KIT kinase inhibitor, and is the first and only tyrosine
kinase inhibitor intentionally designed as a treatment for PAH. The unique physical properties of
seralutinib make it suitable for the inhaled route of administration, potentially optimising therapeutic
efficacy while limiting systemic exposure and associated side-effects.

Clinical trials of imatinib in PAH provided proof of concept that targeting PDGFR signalling can affect
PAH disease progression [21]. However, further development of imatinib was limited owing to side-effects
attributable to relatively high systemic exposure. The clinical experience with imatinib provided impetus
and rationale to develop a tyrosine kinase inhibitor targeting pathways relevant to PAH and optimised for
delivery directly to the diseased lung by inhalation.

In addition to its optimisation for inhaled delivery, seralutinib displays several other unique features
compared to imatinib. For example, only seralutinib inhibited ERK phosphorylation in HLFs. This
difference could be important because constitutive activation of ERK1/2 is a driver of proliferation in
BMPR2-silenced PAH-derived cells [32]. Seralutinib showed a 13- to 20-fold greater potency at inhibiting
proliferation in human PASMCs and HLFs compared to imatinib. Furthermore, seralutinib was more potent
than imatinib against CSF1R and c-KIT kinases. A limitation of the current data is the absence of
compound profiling in patient-derived cells. PAH-derived PASMCs and HLFs display altered metabolism
and functional signalling compared to healthy cells [33, 34]. Future studies using PAH patient cells could
provide additional insights into the effects of these compounds.

Two animal models of PAH were used to examine the efficacy of inhaled seralutinib: the SU5416/H
model and the MCTPN model. The SU5416/H model reproduces significant features of human PAH,
including angio-obliterative lesions and vascular remodelling [35]. The MCTPN model is associated with
increased inflammation, fibrosis, increased pulmonary arterial pressure and obstructive neointimal lesions
(a feature not observed in the MCT-only model) [36, 37]. While it is recognised that the results of drug
studies performed in animal models of PAH do not necessarily translate to human disease, the models we
studied replicate key features and different aspects of human PAH. Furthermore, the experiments were
designed to demonstrate a therapeutic effect after pulmonary hypertension was established rather than a
preventive strategy.

Seralutinib prevented PAH progression in the MCTPN model and reversed pulmonary hypertension in the
SU5416/H model in a dose-responsive manner. Haemodynamic improvements were accompanied by reverse
pulmonary vascular remodelling, a reduction in NT-proBNP, an increase in pulmonary BMPR2 and an
improvement in inflammatory biomarkers. The pathways targeted directly or indirectly by seralutinib stand
out as key regulatory nodes in the pathological remodelling associated with PAH (figure 8). In our
head-to-head preclinical study, both seralutinib and imatinib decreased mPAP, RVSP, PVRI and NT-proBNP
compared to vehicle; however, the effects of seralutinib were more statistically robust. In addition, seralutinib
had a greater effect in restoring small pulmonary artery muscularisation towards normal compared to
imatinib. Interestingly, BMPR2 was restored to normal levels in the seralutinib-treated group, but not in the
imatinib-treated group. Furthermore, while seralutinib decreased MCP-1 (CCL2), imatinib did not.
Differences in compound potency, kinase selectivity and downstream signalling profiles as well as target
coverage in vivo could be contributing to the observed differences between seralutinib and imatinib.

Seralutinib is a more potent PDGFRβ inhibitor than imatinib. Because signalling through PDGFRα and
PDGFRβ may mediate different effects important in pathological pulmonary vascular remodelling, potent
inhibition of both kinases may lead to improved efficacy in vivo. Seralutinib is also a strikingly more
potent inhibitor of CSF1R than imatinib, potentially contributing to reduced inflammation and reverse
remodelling. In seralutinib-treated animals in the MCTPN study, inhibition of both PDGFR and CSF1R
signalling pathways may be contributing to the observed reduction in perivascular fibrosis. Although we
cannot rule out that down-modulation of inflammatory markers observed in the current study may be an
indirect outcome of seralutinib’s reverse remodelling effects, MCP-1 modulation has been directly linked
to CSF1R signal transduction in human macrophages [38, 39], and would therefore be indicative of
seralutinib target engagement. Future studies to evaluate the potential anti-inflammatory and anti-fibrotic
properties of seralutinib would be of interest.

Loss of BMPR2 plays a pivotal role in the pathogenesis of PAH, and crosstalk between PDGFR signalling
and BMPR2 expression has been reported [9]. It is known that miRNAs can mediate crosstalk between
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PDGFR signalling and BMPR2, directly by repressing BMPR2 expression or indirectly by repressing other
targets that alter BMPR2 [40–42]. We identified six miRNAs predicted to suppress both rat and human
BMPR2 that were differentially expressed in SU5416/H rats treated with seralutinib. Of these,
miR-135a-5p and miR-146a-5p were decreased in seralutinib-treated lungs, consistent with the observed
BMPR2 increase. Of note, miR-135a has previously been implicated in human pulmonary hypertension
[42, 43] and linked to BMPR2-specific expression in animal models [41, 44]. For example, in the mouse
ovalbumin-urban particulate matter (OVA-PM) model of PAH, treatment with Antago-miR-135a restored
BMPR2 to levels observed in healthy lungs [41]. A limitation of our study is that miR-135a-5p expression
was only detected in one out of four animals treated with imatinib, which suggests this miRNA may not be
the sole contributor to the observed changes in BMPR2 in the seralutinib group (given that BMPR2 in the
imatinib group was unchanged). Expression of miR-146a-5p, which decreased with seralutinib in our
study, was increased in serum from PAH patients relative to healthy controls, and has been shown to
promote proliferation in HPAECs [45]. Although miR-376b is reportedly regulated by PDGF-BB, we did
not find a significant regulation of this miRNA in our model [9]. Several additional predicted
BMPR2-regulating miRNAs (i.e. predicted to reduce BMPR2 protein expression) were elevated following
treatment with seralutinib. For example, miR-381-3p was strongly upregulated in the seralutinib and
imatinib groups compared to vehicle. This miRNA is predicted to weakly repress BMPR2 but also
functions as a tumour suppressor, blocking proliferation in cancer cell lines [46]. Furthermore, increased
miR-381-3p has been shown to repress TGF-β and inhibit proliferation of human bronchial smooth muscle
cells [47]. The net effect on BMPR2 expression of these miRNAs as an ensemble has not been
characterised and is difficult to predict. Future studies could shed light on the contribution of each miRNA
to seralutinib’s mechanism of action. Regardless of mechanism, the increase in BMPR2 following
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FIGURE 8 Seralutinib inhibits platelet-derived growth factor receptor (PDGFR), colony-stimulating factor 1
receptor (CSF1R) and c-KIT, thereby modulating key signalling pathways involved in pathological remodelling in
pulmonary arterial hypertension. Activation of PDGFRs may result in decreased bone morphogenetic protein
receptor type 2 (BMPR2) expression. Seralutinib, by inhibiting PDGFR signalling, could increase BMPR2 levels.
SCF: stem-cell factor; PDGF: platelet-derived growth factor; PASMC: pulmonary artery smooth muscle cell.
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seralutinib treatment could lead to synergistic effects in combination with therapeutic approaches
specifically targeting the activin/TGF-β pathway.

Seralutinib is also a potent c-KIT inhibitor and decreased SCF-induced autophosphorylation of KIT in
HPAECs. Hypoxia has been shown to increase c-KIT expression on pulmonary endothelial cells, enhancing
the angiogenic response to SCF and contributing to pulmonary vascular pathology in the SU5416/H rat
model [26]. Infiltration of c-KIT+ cells (endothelial progenitor cells and mast cells) was also reported in
pulmonary arterial plexiform lesions in PAH lungs [8, 23, 27, 48]. Lung-targeted delivery of seralutinib may
mitigate risks associated with systemic c-KIT inhibition by limiting inhibition to the disease site.

Quantitative IHC demonstrated increased integrated intensity of PDGFRα, PDGFRβ, CSF1R and c-KIT in
human PAH lungs compared to controls. Our findings are consistent with previous reports of increased
expression of PDGFRα, PDGFRβ and c-KIT in human PAH lungs [11, 23]. To our knowledge, this is the
first report of increased CSF1R expression in human PAH. These findings support the relevance of
targeting CSF1R in addition to PDGFRs and c-KIT in PAH. IHC of PDGFRα/β and CSF1R in both the
rat MCTPN and SU5416/H models showed patterns similar to those seen in human PAH.

In conclusion, seralutinib delivered as an inhaled dry powder was effective in two preclinical models of
PAH. Because these animal models of PAH replicate different features of the human disease, the fact that
seralutinib demonstrated robust efficacy in both models increases the likelihood of seralutinib’s efficacy as
a treatment in human PAH. The improvement in BMPR2 levels observed with seralutinib is consistent
with the reverse remodelling of small pulmonary arteries in PAH. Current standard-of-care treatments in
PAH function primarily as vasodilators, with limited effects on neointimal proliferation and pulmonary
vascular remodelling. Our studies indicate that seralutinib has a direct ameliorative impact on pulmonary
vascular remodelling that results in improved cardiopulmonary haemodynamic parameters. The design of
these studies ensured that seralutinib was initiated under fully established disease conditions, thus
demonstrating the potential for efficacy in a therapeutic setting. Observed reverse remodelling of the small
pulmonary arteries and restoration of lung BMPR2 expression in the rat PAH models suggest that
seralutinib may have an impact on underlying causes of PAH. Seralutinib is currently in clinical
development for patients with PAH (NCT04456998).
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