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ABSTRACT This study aimed to describe the long-term outcomes of pulmonary arterial hypertension
(PAH) induced by dasatinib.

21 incident, right heart catheterisation-confirmed cases of dasatinib-induced PAH were identified from
the French Pulmonary Hypertension Registry. Clinical and haemodynamic variables were compared from
baseline to last follow-up (median (range) 24 (1–81) months).

Median age was 52 years and 15 patients were female (71%). 19 patients received dasatinib for chronic
myelogenous leukaemia for a median (range) duration of 42 (8–74) months before PAH diagnosis. No
bone morphogenic protein receptor-2 (BMPR2) mutations were found in the 10 patients tested. Dasatinib
was uniformly discontinued and 11 patients received PAH medications. Four patients died during follow-
up. New York Heart Association functional class improved from 76% in class III/IV to 90% in class I/II
(p<0.01). Median (range) 6-min walk distance improved from 306 (0–660) to 430 (165–635) m (p<0.01).
Median (range) mean pulmonary arterial pressure improved from 45 (30–70) to 26 (17–50) mmHg
(p<0.01) and pulmonary vascular resistance from 6.1 (3.2–27.3) to 2.6 (1.2–5.9) Wood units (p<0.01).
Patients treated with PAH medications had worse baseline haemodynamics but similar long-term
outcomes to untreated patients. PAH persisted in 37% of patients.

Dasatinib-induced PAH frequently improves after discontinuation but persisted in over one-third of
patients, therefore systematic follow-up is essential.
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Introduction
Pulmonary arterial hypertension (PAH) is a severe, progressive disease of the pre-capillary pulmonary
arteries, and is defined by an elevation in mean pulmonary arterial pressure (mPAP) ⩾25 mmHg at rest
with a normal pulmonary artery wedge pressure (PAWP) ⩽15 mmHg and elevated pulmonary vascular
resistance (PVR) >3 Wood units (WU) [1]. PAH can be idiopathic, or develop as a result of heritable
genetic mutations, exposure to drugs or toxins, connective tissue diseases, congenital heart diseases, portal
hypertension and HIV or schistosomiasis infection [2]. All of these causes of PAH share similar
pathological features and pathophysiological characteristics, including endothelial cell dysfunction,
vasoconstriction, inflammation, in situ thrombosis, proliferation and vascular remodelling [3]. Although
significant recent advances have resulted in effective targeted therapies and improved outcomes for
patients with PAH, it remains a severe, progressive and ultimately fatal disease in most cases [1].

Dasatinib (Sprycel; Bristol-Myers-Squibb, Princeton, NJ, USA) is an oral second-generation tyrosine kinase
inhibitor (TKI) currently approved as a first- or second-line treatment for chronic myelogenous leukaemia
(CML) that results in superior short- and long-term response rates compared with imatinib [4, 5].
Dasatinib is also approved for second-line treatment of Philadelphia chromosome-positive acute
lymphoblastic leukaemia (ALL) [6]. The family of TKIs targeting BCR-ABL in CML includes imatinib,
dasatinib, nilotinib, bosutinib and ponatinib. Compared with imatinib, dasatinib exhibits more potent
inhibition of BCR-ABL but also more extensive inhibition of other tyrosine kinases and members of
different protein kinase families. These different inhibition profiles may in part explain differences in
side-effects, especially the development of PAH and pleural or pericardial effusions in dasatinib-treated
patients [7]. Cases of PAH have been predominantly reported in association with dasatinib [8], but also
recently with bosutinib [9, 10] and ponatinib [11]. Despite being more frequently used than dasatinib, no
definite cases of PAH have been established in association with imatinib or nilotinib, likely due to their
higher receptor tyrosine kinase specificity and minimal overlap with dasatinib for other types of protein
kinases [12, 13]. Among the drugs and toxins that can cause PAH, dasatinib is unique in that PAH usually
improves or resolves following discontinuation of the offending medication [8]. Although rare, PAH is
now a recognised complication of dasatinib that appears as a warning on the product label [6] with an
estimated incidence of at least 0.45% in chronically treated patients [8].

A recent report sponsored by the manufacturer of dasatinib summarised 41 cases of dasatinib-induced
PAH from an international pharmacovigilance database between June 2006 and October 2013, and noted
improvement or resolution of PAH in 94% of cases, with complete resolution in 58% [14]. However,
long-term follow-up was limited in that study and repeat haemodynamic assessment by right heart
catheterisation (RHC), the gold standard to diagnose and follow PAH, was performed for only five
patients and follow-up echocardiography was done for seven patients. Therefore, the frequency of
complete resolution of dasatinib-induced PAH and the long-term outcome of these patients, based on
haemodynamic criteria, is unclear.

Material and methods
Study design and subjects
This was a retrospective study of all incident cases of PAH from the French Pulmonary Hypertension
Registry that were confirmed by RHC and associated with dasatinib treatment. The French Pulmonary
Hypertension Registry was established in accordance with French bioethics laws (Commission Nationale
de l’Informatique et des Libertés) and all patients gave informed consent. All of the identified cases were
reported to the French pharmacovigilance network (VIGIAPATH). The main objective was to describe the
long-term clinical, functional and haemodynamic outcomes of dasatinib-induced PAH patients from the
French Pulmonary Hypertension Registry.

Methods
Routine evaluation at baseline included medical history, physical examination, echocardiography,
contrast-enhanced computed tomography of the chest, ventilation/perfusion lung scan, abdominal
ultrasound, autoimmunity screening and HIV serology. Age at diagnosis and clinical status as assessed by
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modified New York Heart Association (NYHA) functional class and a nonencouraged 6-min walk distance
(6MWD) were recorded. Right atrial pressure, mPAP, PAWP and mixed venous oxygen saturation were
recorded. Cardiac output was measured by the thermodilution technique and cardiac index was calculated
as cardiac output/body surface area. Pulmonary vascular resistance (PVR) was calculated as (mPAP
−PAWP)/cardiac output (expressed in WU).

Analysis
Continuous variables are reported as median (minimum–maximum range). Changes in NYHA functional
class, 6MWD and haemodynamics were compared using a paired t-test or the Wilcoxon signed-rank test
depending on normality of data using SPSS version 17.0 (SPSS, Chicago, IL, USA). Survival time was calculated
from the date of first RHC to the date of last follow-up or death and was analysed using the Kaplan–Meier
method. Two patients were switched to bosutinib after stopping dasatinib and experienced worsening PAH on
bosutinib [8]. For these two patients, the most recent clinical and haemodynamic follow-up data were used:
6 months after stopping bosutinib for one patient and while on bosutinib treatment for 5 months for the other
patient. Graphics were created using Prism version 5.0 (GraphPad, La Jolla, CA, USA).

Results
Characteristics of patients with dasatinib-induced PAH
From the approval of dasatinib (November 2006) to September 2016, 21 incident patients with
dasatinib-induced PAH were identified in the French Pulmonary Hypertension Registry. Short-term
outcomes for 11 of these patients have been previously published [8, 9] and 10 cases have not been
previously reported. Baseline characteristics of 21 subjects are shown in table 1. 15 (71%) patients were
female and the median (range) age was 52 (17–74) years. All patients were receiving dasatinib at the time
of diagnosis and the median (range) delay between the initiation of dasatinib and diagnosis of PAH was
42 (8–74) months. 19 patients (90%) were receiving dasatinib for CML, one patient for ALL and one
patient for systemic mastocytosis. Most of the patients (86%) had received another TKI, mainly imatinib,
before initiation of dasatinib. 17 patients received hydroxycarbamide and 10 patients had previously
received interferon (IFN)-α2A or -α2B in their chemotherapeutic regimens. Bone morphogenic protein
receptor-2 (BMPR2) mutation testing was performed in 10 patients, which were all negative. At the time
of PAH diagnosis, the dose of dasatinib ranged from 50 to 140 mg·day−1 (median 100 mg·day−1). All
patients presented with marked clinical and functional impairment: 16 (76%) patients were NYHA
functional class III/IV and median (range) 6MWD was 306 (0–660) m. Isolated pre-capillary pulmonary
hypertension was confirmed by RHC in 19 patients, and two patients had combined pre- and
post-capillary pulmonary hypertension with elevations in the PVR of 9.2 and 6.4 WU and elevated
diastolic pressure gradients of 25 and 18 mmHg, respectively. Median (range) mPAP was 45 (30–
70) mmHg, cardiac index was 3.3 (1.4–4.8) L·min−1·m−2 and PVR was 6.1 (3.2–27.3) WU. Two patients
(9.5%) met criteria for acute vasoreactivity to nitric oxide [1]. The individual haemodynamic
characteristics at diagnosis for all 21 patients are presented in supplementary table S1. Contrast-enhanced
computed tomography of the chest and echocardiography showed pleural effusions in 13 patients (62%)
and pericardial effusion in six patients (29%).

Clinical, functional and haemodynamic evolution after withdrawal of dasatinib
Dasatinib was discontinued in all patients following confirmation of the diagnosis of PAH. Nine patients
received specific PAH therapy, two patients received calcium channel blockers and treatment with specific
PAH therapy was not deemed necessary for 10 patients. After a median (range) clinical follow-up time of
24 (1–81) months, 19 patients had improved at least one NYHA functional class (figure 1), while two
patients remained unchanged in NYHA functional class II. At the last evaluation, 90% of patients were in
NYHA functional class I/II (57% class I, 33% class II and 10% class III). A follow-up 6MWD was available
for 19 patients (figure 1) and showed significant improvement to a median (range) of 430 (165–635) m
(p<0.01). Haemodynamic follow-up (median (range) interval 12 (3–81) months) was available for
19 patients, which showed improvements (figure 2) in median (range) mPAP from 45 (30–70) to
26 (17–50) mmHg (p<0.001) and PVR from 6.1 (3.2–27.3) to 2.6 (1.2–5.9) WU (p<0.001). The evolution
of haemodynamic and 6MWD improvements for each individual is shown in supplementary figure S1.
Improvements in 6MWD occurred within 4 months for most patients. 12 (63%) out of the 19 patients
with haemodynamic follow-up had achieved a normal PVR (<3 WU) within a median (range) time
interval of 9 (3–40) months; however, seven patients (37%) had persistent PAH. Persistent PAH at
short-term follow-up RHC (within 4 months of diagnosis) did not predict long-term persistent PAH, as
four out of seven patients with PVR >3 WU at short-term follow-up RHC eventually normalised PVR.
Patients who received PAH-specific therapies or calcium channel blockers (n=11) were generally more
severe than patients who received no therapy (supplementary table S2). The median cardiac index was
significantly lower in patients who received treatment compared with those who did not receive treatment
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TABLE 1 Clinical characteristics at the time of pulmonary arterial hypertension (PAH)
diagnosis

Subjects 21
Age years 52 (17–74)
Female 15 (71)
Diagnosis
CML 19 (90)
ALL 1 (5)
Systemic mastocytosis 1 (5)

TKI treatment prior to dasatinib
Imatinib 17 (81)
Nilotinib 2 (10)
None 4 (19)

Other oncological treatment
Hydroxycarbamide 17 (81)
Interferon 10 (48)
Cytarabine 5 (24)
None 2 (5)

Delay from dasatinib initiation to PAH diagnosis months 42 (8–74)
Dasatinib dose at PAH diagnosis mg·day−1 100 (50–140)
NYHA FC I/II/III/IV 0/5/10/6 (0/24/48/29)
Pleural effusions 13 (62)
Pericardial effusion 6 (29)
6MWD m 306 (0–660)
BNP ng·L−1 163 (49–1635)
PaO2 kPa 9.9 (6.3–14)
Haemoglobin g·dL−1 13.2 (7.9–19)
DLCO % pred 63 (41–98)
RAP mmHg 6 (3–24)
mPAP mmHg 45 (30–70)
PAWP mmHg 10 (3–23)
Cardiac output L·min−1 6.0 (2.3–9.2)
Cardiac index L·min−1·m−2 3.3 (1.4–4.8)
PVR WU 6.1 (3.2–27.3)
SvO2 % 65 (44–85)

Data are presented as n, median (range) or n (%). CML: chronic myelogenous leukaemia; ALL: acute
lymphoblastic leukaemia; TKI: tyrosine kinase inhibitor; NYHA FC: New York Heart Association functional
class; 6MWD: 6-min walk distance; BNP: brain natriuretic peptide; PaO2: arterial oxygen tension; DLCO:
diffusion capacity of the lung for carbon monoxide; RAP: right atrial pressure; mPAP: mean pulmonary
artery pressure; PAWP: pulmonary artery wedge pressure; PVR: pulmonary vascular resistance; WU: Wood
units; SvO2: mixed venous oxygen saturation.
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FIGURE 1 Functional changes from diagnosis to last evaluation: a) New York Heart Association functional
class (NYHA FC) and b) 6-min walk distance (6MWD). The median (range) duration between diagnosis and the
most recent evaluation was 20 (1–81) months for NYHA FC and 18 (3–48) months for 6MWD. There was a
significant decrease in the proportion of patients in NYHA FC III/IV to NYHA FC I/II and the mean improvement
in 6MWD was +146 m. *: p<0.01. Boxes reflect median with interquartile range and whiskers represent
minimum–maximum range.
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FIGURE 2 Haemodynamic changes from diagnosis to last evaluation. Haemodynamic reassessment was available for 19 patients with a median
(range) duration between initial diagnostic right heart catheterisation (RHC) to last RHC of 12 (3–81) months. Changes from baseline to most
recent RHC in a) mean pulmonary arterial pressure (mPAP), which decreased from a median (range) of 45 (30–70) to 26 (17–50) mmHg, b)
pulmonary vascular resistance (PVR), which decreased from a median (range) of 6.1 (3.2–27.3) to 2.6 (1.2–5.9) Wood units (WU) and c) cardiac
output, which increased from a median (range) of 6.0 (2.3–9.2) to 6.9 (4.9–9.9) L·min−1. *: p=0.03; **: p<0.001. The shaded areas below the dashed
lines reflect an absence of pulmonary arterial hypertension (PAH) if a) mPAP <25 mmHg and b) PVR <3 WU. Seven patients (37%) had persistent
PAH at last follow-up, defined as mPAP ⩾25 mmHg, pulmonary artery wedge pressure ⩽15 mmHg and PVR >3 WU. Boxes reflect median with
interquartile range and whiskers represent minimum–maximum range.
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FIGURE 3 Changes in haemodynamic variables and 6-min walk distance (6MWD) by treatment strategy.
Changes in haemodynamics (n=19) from baseline to last evaluation according to initial treatment strategy
after the discontinuation of dasatinib: no treatment (n=8), treatment group that received pulmonary arterial
hypertension (PAH)-specific treatment (n=9) and calcium channel blocker therapy (n=2). Median (range)
values for a) mean pulmonary artery pressure (mPAP) and b) pulmonary vascular resistance (PVR) were not
significantly different between treatment groups at baseline or last evaluation, although baseline PVR was
higher in the group who received PAH-specific treatment compared with those who received no treatment (8
versus 5.8 Wood units (WU); p=0.14). c) Baseline median cardiac index was significantly lower in the treatment
group.*: p<0.01. d) Baseline median 6MWD was nonsignificantly lower in the treatment group (p=0.15).
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(figure 3). Changes in 6MWD and haemodynamics according to treatment group for each individual
patient are shown in supplementary figure S2. Among the 12 patients who normalised haemodynamics,
three had exercise haemodynamic testing and two of these patients had pulmonary hypertension during
exercise, defined as peak mPAP >30 mmHg and total pulmonary resistance >3 WU [15], at 36 and
9 months follow-up, respectively. One patient with persistent PAH, who had initially improved with PAH
therapy, developed haemodynamic worsening 81 months after diagnosis, following a therapeutic
de-escalation from a combination of a phosphodiesterase type 5 (PDE-5) inhibitor and endothelin receptor
antagonist (“ERA to ERA”) monotherapy. Two patients experienced worsening PAH after switching to
bosutinib [9]. Four patients died at 8, 12, 39 and 74 months after pulmonary hypertension diagnosis,
resulting in 1-, 3- and 5-year survival rates of 90.5%, 90.5% and 85.7%, respectively (figure 4). One patient
died of heart failure in the context of Candida albicans septicaemia, one died suddenly a few days after a
long-distance flight [8] and no information was available on the cause of death for the other two patients.

Based on the experience from patients in the current study and other published cases [10, 11, 14, 16–19],
we propose a management algorithm for dasatinib-induced PAH to help guide clinical decisions (figure
5). Given the small number of reported cases of dasatinib-induced PAH, this algorithm reflects current
guidelines [1] for PAH diagnosis and treatment in addition to incorporating our opinions on the optimal
clinical management of dasatinib-induced PAH and should not be considered an official recommendation.

Discussion
This is the first study to report long-term clinical and haemodynamic outcomes in a cohort of patients
with dasatinib-induced PAH and, to the best of our knowledge, is the largest series of dasatinib-induced
PAH. A novel finding of this study is that, while the majority of patients improved after discontinuation of
dasatinib, more than one-third had persistent PAH when reassessed by RHC during long-term follow-up.
Furthermore, 43% remained symptomatic with NYHA functional class II/III symptoms despite
discontinuation of dasatinib. This underscores the importance of long-term surveillance of all patients who
develop PAH associated with dasatinib, regardless of whether initial improvements occur after
discontinuation. We also report characteristics and outcomes according to whether specific treatment was
administered, which may help guide future management of patients with dasatinib-induced PAH.

Our finding that PAH persisted long-term in seven out of 19 patients (37%) despite discontinuation of
dasatinib suggests that dasatinib can cause irreversible pulmonary vascular dysfunction and remodelling,
which is supported by experimental animal models [20]. One patient in our study experienced
haemodynamic worsening after withdrawal of a PAH-specific medication 81 months after diagnosis, and
two patients remained symptomatic and had exercise pulmonary hypertension despite normal resting
haemodynamic measures, lending further support to the hypothesis that dasatinib can also induce
irreversible pulmonary vascular disease. In line with our results, a recent study by SHAH et al. [14] also
reported that complete resolution of PAH occurred in 58% of patients; however, the majority of these
cases had no documented follow-up RHC or echocardiography. We have more definitively demonstrated
with systematic follow-up RHC that the majority of patients with dasatinib-induced PAH do normalise
haemodynamics over the long-term.

FIGURE 4 Kaplan–Meier survival
function for 21 patients with
dasatinib-induced pulmonary
arterial hypertension. 90.5%, 90.5%
and 85.7% of patients were still
alive at 1, 3 and 5 years,
respectively.
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From our analysis of long-term clinical and haemodynamic outcomes, it is difficult to conclude whether
PAH-specific therapy is effective or unnecessary in dasatinib-induced PAH. Although we observed similar
clinical and haemodynamic outcomes in treated and nontreated patients at last follow-up (figure 3),
patients who received treatment with PAH-specific medications (i.e. endothelin receptor antagonists or
PDE-5 inhibitors) tended to be more severe at baseline. Specifically, more of the treated patients had
presented in NYHA functional class IV and they had a significantly lower cardiac index at diagnosis.
Furthermore, a higher proportion of the treated patients had persistent PAH at last follow-up RHC despite
treatment, suggesting their more severe clinical presentation was associated with irreversible pulmonary
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FIGURE 5 Proposed management algorithm for dasatinib-induced pulmonary arterial hypertension (PAH).
mPAP: mean pulmonary arterial pressure; PVR: pulmonary vascular resistance; PAWP: pulmonary artery
wedge pressure; WU: Wood units; NYHA FC: New York Heart Association functional class. #: a multidisciplinary
discussion is recommended to decide which tyrosine kinase inhibitor (TKI) should be initiated in place of
dasatinib; ¶: more frequent follow-up evaluations or continuation of PAH-specific treatment may be warranted if
bosutinib or ponatinib are initiated due to the potential risk of recurrent/worsening PAH with these TKIs.
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vascular remodelling. Therefore, given these baseline differences between the treatment groups and
nonrandomised treatment decisions, a beneficial effect of PAH-specific therapy in the most severe patients
cannot be excluded.

In our series, four patients (19%) died at 8, 12, 39 and 74 months after PAH diagnosis, respectively (figure
4). Only one of these patients had evidence of persistent PAH at the time of death. The 85.7% survival at
5 years in this study is comparable to the 5-year overall survival rates of 80.6–93.8% reported for CML
patients treated with first-line dasatinib in clinical trials [5], suggesting that PAH contributes to morbidity
but may not necessarily contribute to an increased risk of death in most patients if PAH is properly
diagnosed and dasatinib is discontinued. Although rare, at least one death attributable to
dasatinib-induced PAH has been reported in the literature; a recent case report from Japan described a
36-year-old woman with CML who developed dasatinib-induced PAH and died from right heart failure
despite discontinuation of dasatinib and treatment with catecholamines and a PDE-5 inhibitor [16].
Therefore, PAH-specific therapy is justified in severe cases that present with poor prognostic factors such
as right heart failure, a low cardiac index or in NYHA functional class IV (figure 5). For those patients in
NYHA functional class III with a cardiac index ⩾3.0 L·min−1·m−2 and for patients presenting in NYHA
functional class I/II, discontinuation of dasatinib alone without treatment and with a follow-up RHC
within 3–4 months is reasonable. In milder cases, PAH-specific treatment could be reserved for patients
with inadequate improvement by 3–4 months or with objective worsening despite discontinuation of
dasatinib. Continuation of PAH-specific therapies and/or closer surveillance may be warranted if the
introduction of bosutinib or ponatinib is being considered, as there is a risk of worsening or recurrent
PAH with these TKIs [9–11].

Additional environmental or genetic factors, a so-called “second hit”, are necessary to incite the development
of PAH in a susceptible individual [8, 20]. Our results do lead to several hypotheses regarding the nature of
these predisposing factors and secondary insults. None of our patients were found to carry BMPR2
mutations to suggest a genetic predisposition to dasatinib-induced PAH; however, BMPR2 status was not
available in 11 patients and other predisposing genetic mutations associated with PAH were not assessed in
this study. As there was a female predominance in our series (as opposed to a male majority in CML clinical
trials [4]), we can hypothesise that sex-related hormonal, pharmacokinetic or immunological differences
could contribute to the risk of dasatinib-induced PAH, although this remains speculative. The long delay
(median 42 months) between the initiation of dasatinib and the development of PAH suggests that an
adequately long exposure to dasatinib is necessary before a secondary insult can trigger the development of
PAH. While other causes of pulmonary hypertension were excluded at the time of diagnosis, many patients
had previous exposure to chemotherapeutic drugs (including IFN-α, hydroxycarbamide and imatinib) and
two patients reported previous brief (<2 months) exposure to anorexigen drugs (dexfenfluramine n=1 and
benfluorex n=1). IFN-α has been associated with the development of PAH, most often in the setting of
chronic hepatitis C infection [21–23], and both dexfenfluramine and benfluorex are known causes of
drug-induced PAH [1]. Of the seven patients with persistent PAH, one was exposed to IFN-α and one was
exposed to dexfenfluramine. Therefore, these medications could interact with dasatinib to increase individual
susceptibility to mitochondrial oxidative stress and the development of PAH [20]. For the remaining four
patients with persistent PAH, no other risk factors were identified, suggesting that other factors such as
individual variation in susceptibility to the effects of oxidative stress, genetic polymorphisms or other as-yet
unrecognised environmental factors could have contributed.

Receptor tyrosine kinases, including the receptors for platelet-derived growth factor, c-Kit and Src, among
others, are involved in the pathogenesis of PAH [24, 25]. This led to interest in TKIs as potential
therapeutic options for PAH patients [26]. However, a randomised trial of imatinib in patients with PAH
found no reduction in clinical worsening of PAH and there was a high rate of adverse events [27]. Despite
interest in TKIs for treating PAH [26, 27], dasatinib and other TKIs (bosutinib and ponatinib)
paradoxically seem to incite the development of PAH, which is likely due to more widespread inhibition of
off-target receptor and nonreceptor tyrosine kinases or other types of protein kinases that are not affected
by imatinib (figure 6) [7–13, 28]. As dasatinib more potently inhibits BCR-ABL, induction of CML
cellular apoptosis does not require continuous target inhibition, in contrast to imatinib where sensitivity
increases with increasing exposure time [29]. Older age (>65 years old) and dasatinib dosing regimens
other than 100 mg once daily appear to be associated with higher rates of pleural effusion, suggesting that
dose exposure is related to the degree of endothelial dysfunction [5, 30–32]. In pharmacokinetic studies,
steady-state trough levels of dasatinib are lowest at the 100 mg once-daily dose and patients taking this
dose have the lowest incidence of pleural effusion [30, 31, 33]. The extent of off-target protein kinase
inhibition by dasatinib is far wider than imatinib within the normal range of dasatinib plasma
concentrations [34]. Thus, more than once-daily dosing of dasatinib can result in unnecessarily higher
total exposure to dasatinib, which also prolongs off-target inhibition, increasing the potential for adverse
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secondary effects [30, 34]. Although individual variation in pharmacokinetics results in markedly different
plasma concentrations between patients for a similar dose, it is not yet established whether
individualisation of dasatinib dosing regimens based on trough levels will translate to a decreased
incidence of dasatinib-related complications, including PAH [35]. In our current study, steady-state
dasatinib plasma concentrations at the time of PAH diagnosis were not assessed and therefore we cannot
confirm this hypothesis that pharmacokinetic variability contributes to PAH susceptibility.

The mechanisms by which PAH develops during dasatinib treatment have been partially elucidated in
recent studies. Dasatinib also more potently targets the Src family of tyrosine kinases than imatinib [12].
Inhibition of Src by dasatinib results in pulmonary vasoconstriction and increased pulmonary artery
pressure through the inhibition of the TWIK-related acid sensitive potassium-1 channel [36]. It had
therefore been hypothesised that Src-mediated vasoconstriction, rather than vascular remodelling, might
explain the reversible nature of dasatinib-induced PAH in humans [19, 36]. A recent experimental study
in rats and human pulmonary endothelial cells demonstrated that dasatinib causes dose-dependent
pulmonary endothelial dysfunction, injury and apoptosis, which is mediated by the production of
mitochondrial reactive oxygen species independent of Src inhibition [20]. In this recent study by
GUIGNABERT et al. [20], CML patients treated with dasatinib also had higher markers of endothelial injury,
such as soluble intercellular adhesion molecule-1, soluble vascular cell adhesion molecule-1 and soluble
E-selectin, than treatment-naive patients with CML, patients treated with imatinib and healthy controls.
Furthermore, pre-treatment of rats with high doses of dasatinib caused exaggerated pulmonary arterial
remodelling in response to a second insult such as hypoxia or monocrotaline. This is consistent with our
finding of a high rate of persistent pulmonary vascular disease, as seven patients had persistent PAH and
two additional patients had exercise pulmonary hypertension.

We acknowledge several limitations in the current study given its retrospective nature and that short-term
outcomes for some of these cases have previously been reported. Most of the treated patients have
remained on therapy and therefore it is not clear if PAH may have evolved favourably without treatment
or would have progressed in these patients without treatment. As a result, our management algorithm in
figure 5 is not based on strong evidence. Furthermore, the optimal timing of PAH medication withdrawal
in patients who improve is not well defined based on our results. A final limitation is the possibility that
management and outcomes of the 12 patients diagnosed after publication of the first nine cases in France
[8] were influenced by improved awareness of this complication among haematologists and earlier
diagnosis. A greater proportion of patients diagnosed after 2012 received PAH-specific treatment (eight
out of 12) compared with three out of the initial nine cases, perhaps due to greater experience and
knowledge that complete resolution of dasatinib-induced PAH was not universal [8]. However, the 12
patients diagnosed after 2012 also had slightly worse cardiac index at diagnosis (median cardiac index 3.2
versus 3.6 L·min−1·m−2), which could also have influenced management decisions.

In conclusion, we report the long-term clinical and haemodynamic outcomes for 21 patients with
dasatinib-induced PAH, which was persistent in 37% of patients. Although four patients died during follow-up,
no deaths were directly attributable to PAH and long-term survival was comparable to that of TKI-treated
CML patients without PAH. With persistent symptoms and haemodynamic abnormalities in a significant
proportion of patients, and the potential for relapse when specific PAH medications are discontinued, ongoing
surveillance is necessary by physicians involved in the care of these patients. Management of dasatinib-induced
PAH necessitates permanent discontinuation and PAH medications may be helpful in severe cases.

FIGURE 6 Receptor and
nonreceptor kinase inhibition
profiles for imatinib and dasatinib.
Adapted from [7, 28].
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