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Abstract
Background. There is an urgent need for additional therapies to treat recurrent glioblastoma (GBM). Preclinical 
studies suggest that high dose macitentan, an oral dual endothelin receptor antagonist, enhances the cytotoxic 
effects of temozolomide (TMZ) in GBM, improving survival. This phase I trial investigated the maximum tolerated 
dose of macitentan combined with TMZ in patients with recurrent GBM and assessed the safety and tolerability of 
high dose macitentan in these patients (NCT01499251).
Methods.  Adults with recurrent GBM received ascending doses of macitentan from 30 mg once daily concom-
itantly with TMZ. Safety and tolerability were assessed in addition to exploratory efficacy and pharmacokinetic 
endpoints. An ancillary study examined biomarker expression following macitentan treatment prior to surgical 
resection of recurrent GBM.
Results. Thirty-eight patients with recurrent GBM were administered macitentan doses up to 300 mg once daily; 
no dose-limiting toxicities were observed, and a maximum tolerated dose was not determined. All patients experi-
enced at least one treatment-emergent adverse event (TEAE), the majority associated with GBM or TMZ treatment. 
TEAEs related to macitentan and TMZ were reported for 16 (42.1%) and 26 (68.4%) patients, respectively, with no 
serious macitentan-related TEAEs. Macitentan concentrations increased with dose, with no plateau in exposure. 
Substantial heterogeneity was observed in the expression of efficacy biomarkers within tumors. The Kaplan-Meier 
estimate of median overall survival across all dose groups was 9.4 (95% CI 8.5, 13.4) months.
Conclusion.  High-dose macitentan was well tolerated in recurrent GBM patients concomitantly receiving TMZ. 
TEAEs were consistent with those seen in patients receiving either drug individually.

Key Points

	•	 High-dose macitentan was well tolerated in recurrent glioblastoma patients.

	•	 No mutual PK interaction between macitentan and temozolomide was evident.

	•	 Expression of efficacy biomarkers within individual tumors was heterogeneous.

Glioblastoma (GBM) is the most common and aggressive pri-
mary brain tumor.1 For patients newly diagnosed with GBM, 
the standard of care includes maximal safe surgical resection 

followed by radiotherapy plus concomitant temozolomide 
(TMZ) and adjuvant therapy with cyclic TMZ.2 In more than 
90% of patients, GBM inevitably recurs,2,3 and management 

Results of a phase I trial to assess the safety of 
macitentan in combination with temozolomide for the 
treatment of recurrent glioblastoma
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can involve further surgical resection, chemotherapy, 
re-irradiation, bevacizumab (Avastin®) or, in a minority of 
patients, investigational therapies.2

Bevacizumab, a humanized monoclonal antibody targeting 
vascular endothelial growth factor, was approved in 2009 in 
the USA for recurrent GBM.4,5 Although bevacizumab use 
has been shown to improve progression-free survival (PFS), 
this has not led to a meaningful overall survival (OS) ben-
efit.4 Lomustine, an alkylating cytotoxic chemotherapy, is 
often used as a salvage therapy in recurrent GBM,6 primarily 
because other treatments are yet to demonstrate superior 
results in randomized controlled trials.4 However, PFS fol-
lowing lomustine at 6 months remains low (15–25%).4 Other 
approaches for the treatment of recurrent GBM include dose-
dense TMZ (ddTMZ) regimens, which have shown higher PFS 
at 6 months than standard TMZ dosing.7 Irrespective of the 
treatment strategy chosen, prognosis remains poor,2 with a 
median survival of 14.6 months following the initial diagnosis 
of GBM.3 As such, there remains a significant unmet medical 
need for additional treatments, and a number of therapies 
targeting novel pathways involved in the GBM pathology are 
currently under investigation.1

The endothelin axis is recognized to promote growth and 
differentiation in a number of cancers, and the expression 
of endothelin A (ET-A) and B (ET-B) receptors is markedly in-
creased in GBM.8,9 Stimulation of these receptors, located 
on both tumor and endothelial cell membranes, ultimately 
promotes tumor progression and neovascularization.10 
Macitentan is an oral, dual endothelin receptor antag-
onist (ERA), approved at a 10 mg once-daily dose for the 
treatment of pulmonary arterial hypertension (PAH).11 In 
preclinical in vitro experiments, dual endothelin receptor 
antagonism with macitentan reversed glioma cell TMZ 
chemoprotection, afforded by astrocytes and endothelial 
cells.10 Furthermore, a murine orthotopic model of glioblas-
toma showed that macitentan in combination with ddTMZ 
downregulated markers of cell survival (pAKT and MAPK) 
whilst greatly enhancing apoptosis in both glioma and 
tumor-associated endothelial cells. A  second orthotopic 
murine model, established using a TMZ-resistant LN-229 
cell line, demonstrated that the combination of macitentan 
with ddTMZ dramatically prolonged survival.12 In contrast, 
targeting only the ET-A receptor using zibotentan did not 
result in any increase in survival in the orthotopic murine 
model, compared to ddTMZ alone.12

In addition to the preclinical models of GBM described 
above,12 an additional study also examined the impact of 
combined macitentan and paclitaxel in a murine model of 
ovarian cancer, reporting inhibition of survival pathways 
and reduced tumor progression.13

Importantly, these preclinical studies have demonstrated 
macitentan efficacy using doses (per kg) substantially 
higher than the once-daily dose of 10 mg approved for use 
in PAH.12 Toxicity studies performed in rats and dogs have 
indicated that, at an exposure level equivalent to 30 mg/
day in humans, macitentan administration was safe (un-
published data). Preclinical data are supported by safety 
studies in healthy human volunteers, in which macitentan 
doses of up to 300  mg/day were well tolerated.14,15 
Together, these studies provided a strong preclinical and 
clinical rationale for human studies combining high dose 
macitentan with ddTMZ in GBM.

This manuscript reports the results of a prospective, 
single-center, open-label, phase I  multiple ascending 
dose study used to examine the safety and tolerability 
of macitentan in patients with recurrent GBM. The study 
aimed to expand safety information on the maximum 
tolerated dose (MTD) of macitentan with ddTMZ in pa-
tients with recurrent GBM. Exploratory efficacy endpoints 
were assessed in addition to treatment-emergent adverse 
events (TEAEs) of special interest based on the safety pro-
file of macitentan observed in other indications. An ancil-
lary study aimed to determine changes in the expression 
of biomarkers associated with target modulation and 
pharmacodynamics.

Materials and Methods

Study Population

This study enrolled adults with histologically confirmed 
WHO grade IV GBM at first recurrence who were at least 
3 months from completion of concurrent chemoradiation. 
Patients were required to have a Karnofsky Performance 
Status (KPS) ≥ 60 with adequate bone marrow function 
and to have previously tolerated TMZ without the need 
for transfusion. The study was conducted in accordance 
with the Declaration of Helsinki and a local institutional 

Importance of the Study

Glioblastoma is the most common malignant 
primary brain tumor in adults and invariably car-
ries a poor prognosis. Recurrence is inevitable 
and salvage therapies are limited underscoring 
this unmet therapeutic need. Glioblastomas pro-
duce endothelins, and the expression of their 
receptors (endothelin A [ET-A] and B [ET-B] recep-
tors) is increased in glioblastoma. Stimulation of 
these receptors influences neovascularization 
and tumor progression. Macitentan, a dual 

endothelin receptor antagonist approved for 
the treatment of pulmonary arterial hyperten-
sion, has demonstrated efficacy in preclinical 
tumor models and has a good safety profile. 
A phase I  trial examined macitentan combined 
with dose-dense temozolomide in recurrent gli-
oblastoma patients. Results demonstrated that 
macitentan is well tolerated at doses far higher 
than those used for the treatment of pulmonary 
hypertension.
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review board approved the protocol. Informed consent 
was obtained from patients before study entry and any 
mandated study procedure. The study was monitored 
throughout by a safety monitoring committee (SMC), in-
cluding assessment of dose-limiting toxicities (DLTs).

Study Design and Treatment

The study (NCT01499251) assessed the safety and toler-
ability of ascending doses of oral macitentan given con-
comitantly with oral ddTMZ. Samples were collected from 
patients enrolled for treatment at the MD Anderson Cancer 
Center, Houston Texas.

Macitentan was administered once-daily 7-days prior to 
ddTMZ (150  mg/m2) and was given throughout all treat-
ment periods. Modification of ddTMZ dosing was per-
mitted for new cohorts following review by the SMC. Given 
that, at the time of study initiation, there was no standard 
of care for recurrent GBM patients, that a similar ddTMZ 
schedule (150 mg TMZ for 7-days every two weeks) had re-
ported significant reductions in O6-Methylguanine-DNA-
methyltransferase (MGMT) activity,16 and coupled to the 
positive preclinical data where combination of ddTMZ and 
macitentan were found to be efficacious,12 a ddTMZ reg-
imen was utilized in this study.

Once ddTMZ treatment was initiated, patients alter-
nated treatment periods of 7 days on and 7 days off for up 
to 12 cycles, each cycle lasting 28  days (Supplementary 
methods). DLTs were assessed within the first cycle of 
macitentan plus ddTMZ. End of treatment (EOT) occurred 
when a patient discontinued macitentan and ddTMZ after 
completing 12 cycles of treatment or when study treatment 
was prematurely discontinued for any reason. The study 
was comprised of a phase I and phase Ib component with 
an ancillary biomarker study (Figure 1).

Phase I Study

A conventional 3+3 dose escalation design17 was used to 
determine the MTD of macitentan in combination with 
ddTMZ. If 0/3 patients experienced a DLT and there was no 
plateau in macitentan plasma levels, 3 additional patients 
were enrolled and treated at the next higher dose level. The 
starting dose of macitentan was 30 mg once-daily which 
increased in 30 mg increments. The MTD was to be defined 
as the highest dose of macitentan at which 0/3 or < 2/6 pa-
tients experienced a DLT (Supplementary methods).

Phase Ib Study

The phase Ib study was designed to expand on the safety 
and tolerability data, using the recommended macitentan 
and ddTMZ dosing schedule determined from the phase 
I dose-escalation study. The SMC selected the 150 mg once-
daily macitentan dose for evaluation in the phase Ib cohort 
(Figure 1). Please refer to the Supplementary methods and 
ET-1 plasma results (Supplementary Figure 1) for details on 
the rationale for selecting this dose of macitentan in the 
phase Ib study.

Ancillary Study

An ancillary study was performed to evaluate the effects 
of macitentan with ddTMZ on brain tumor tissue bio-
markers and macitentan safety and tolerability in patients 
with recurrent GBM undergoing craniotomy. Patients were 
treated with macitentan at an assigned dose selected by 
the SMC (150  mg or 120  mg), starting 8–14  days before 
planned surgery. Brain tumor tissue was resected during 
surgery for biomarker assessment. Macitentan treatment 
was stopped 1 day before surgery and then restarted at the 
same dose after recovery, 3–5 weeks after surgery. Where 
available, biomarker staining was performed on samples 
of the primary tumor, and brain tumor tissue resected fol-
lowing recurrence. This provided an opportunity to com-
pare biomarker staining intensity pre- and post-macitentan 
treatment.

Study Endpoints and Outcome Measures

The primary objective of the study was to determine the 
MTD of macitentan in combination with ddTMZ. Safety 
and tolerability assessments included measurement of 
TEAEs, serious adverse events (SAEs), TEAEs leading to 
study treatment discontinuation, and the occurrence of ele-
vations >3 times the upper limit of normal (ULN) in alanine 
aminotransferase (ALT) and/or aspartate aminotransferase 
(AST), or elevations in bilirubin of >1.5 times the ULN. 
TEAEs of special interest were defined by pre-specified 
preferred terms for anemia, hepatic disorders, hypoten-
sion, edema, and fluid retention.

Exploratory pharmacokinetic (PK) endpoints for 
macitentan and its metabolite ACT-132577 were as-
sessed. For the phase I  and Ib studies, trough plasma 
concentrations were measured for all doses of 
macitentan on Days 1, 8, 14, on the last day of TMZ 
treatment at Months 2 and 6, and at progression or 
EOT. Samples for determining TMZ and monomethyl-
triazeno-imidazole-carboxamide (MTIC) concentrations 
were collected 1 hour after TMZ administration on Day 
14, on the last treatment day in Month 2 and Month 6, 
and at progression or EOT. Additionally, in the phase 
Ib study, a 24-hour PK profile for macitentan and ACT-
132577 was obtained from patients receiving 150  mg 
macitentan on Day 14. For the ancillary study, trough 
plasma concentrations of macitentan and its metabolite 
(ACT-132577) were measured for all doses of macitentan 
on Day 1, Day 8, Day of surgery, on the last day of TMZ 
treatment at Months 2, 6, and at progression or EOT.

Exploratory efficacy endpoints were PFS, OS, time to 
progression (TTP), and objective response rate (ORR). Time 
to progression was defined as the time from treatment in-
itiation until documentation of disease progression by 
contrast-enhanced magnetic resonance imaging, or until 
neurological deterioration. Tumor response was assessed 
by the MacDonald criteria,18 using contrast-enhanced 
brain magnetic resonance imaging (MRI) and clinical as-
sessment. Response criteria were defined as complete re-
sponse, partial response, stable disease, or progression 
(Supplementary methods).

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
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Biomarker Immunofluorescent Staining

Tumor biopsies were embedded in standard embedding 
medium for frozen tissue specimens to ensure optimum 
cutting temperature (OCT) and stored at –80˚C. Tissue 
sections of 4  µm were prepared using a cryostat (Leica 
CM3050S), mounted on positively charged slides, air-dried 
for 5 minutes, and stored at –80˚C.

Immunofluorescent staining was performed on 
sections from primary and recurrent tumor samples. 
Briefly, sections were incubated with primary antibodies 
against ET-A (Santa Cruz), ET-B (Santa Cruz), phospho mi-
togen associated protein kinase (pMAPK) (Cell Signaling 
Technology) or phospho RAC-alpha serine/threonine-
protein kinase (pAKT) (Cell Signaling Technology) over-
night at 4˚C, washed 3 times in phosphate-buffered 
saline (PBS) and then incubated with their requisite 

fluorescently-labeled secondary antibodies for 1–2 hours 
at room temperature. Subsequently, slides were rinsed be-
fore counterstaining with the nucleic acid marker Hoechst 
33342 (H3570, Invitrogen). Sections were mounted using 
a glycerol/PBS solution containing 0.1 M propyl gallate to 
minimize photobleaching.

For double staining of ET-A or ET-B receptors with 
phospho-serine (pSER); following staining for ET-A or ET-B 
receptors, as described above, sections were washed and 
incubated with blocking solution for 30 minutes at room 
temperature, prior to the addition of the primary antibody 
against pSER (BD Biosciences) overnight at 4˚C. Secondary 
antibody incubation, nucleic acid counterstain, and slide 
mounting were performed as previously described.

Staining for each biomarker was performed on slides 
prepared in duplicate. If results from these two slides did 
not match, additional replicates were performed on tissue 
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Figure 1.  Study design. The phase I  dose escalation period followed a conventional 3+3 dose escalation design (Supplementary methods). 
A 30-day follow-up period following discontinuation of the study treatment was included for assessment of adverse events/serious adverse events, 
vital signs, physical examination and concomitant medications. Dose adjustments of TMZ were permitted if required. *End of treatment occurred 
if study treatment was discontinued due to disease progression, death or for another reason. **Assessment of an additional dose was planned but 
not completed due to early termination. †Macitentan was stopped 1-day prior to surgery and restarted 3–5 weeks post-surgery. DLT: Dose-limiting 
toxicity.
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sections derived from a separate region of the tumor 
tissue, until matching results were obtained.

Images were captured using an Olympus BX-51 fluores-
cence microscope at 400X optical magnification. Images 
were processed using proprietary Olympus software. 
Reference clinical specimens from GBM control tissue, un-
treated with macitentan, were provided by Dr. Ken Aldape 
and used to evaluate the signal intensity of biopsy sections 
obtained in this study. Signal intensity was qualitatively 
evaluated by two suitably qualified independent persons.

Statistical Methods

Data analysis was performed using the all-treated set un-
less otherwise specified. The all-treated set included en-
rolled patients who received any study therapy (macitentan 
or ddTMZ). The efficacy analysis set included all patients 
who received macitentan or ddTMZ, excluding patients 
in the ancillary study who did not receive any study treat-
ment post-surgery. The PK analysis set included all patients 
for whom at least one PK blood sample was taken. The PD 

analysis set included all patients from whom at least one 
ET-1 blood sample was taken.

All analyses were descriptive, and patients were sum-
marized by macitentan dose level. PFS, OS, and TTP were 
summarized using the Kaplan-Meier method and reported 
with 95% confidence intervals (CIs). ORR is reported with 
95% exact CIs calculated by the Clopper Pearson method.

Results

Baseline Patient Data

Between January 2012 and November 2015, 47 patients 
were screened and a total of 38 patients were enrolled 
across the three parts of the study (Figure 2) and treated 
with macitentan doses from 30 mg to 300 mg (one patient 
received 300 mg). The all-treated set and PK analysis set 
included 38 patients and the efficacy analysis set included 
36 patients (two patients were excluded as they did not 
receive any study treatment after surgery in the ancillary 
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Figure 2.  Patient disposition. The phase Ib study included 9 patients receiving 150 mg macitentan who were in the phase I dose escalation study 
and 6 additional patients that were not included in the phase I dose escalation study. Thirty-six patients discontinued study treatment before com-
pleting 12 cycles of treatment; 89.5% of early discontinuations were due to progressive disease. †1 patient in the 120 mg group and 3 patients in 
the 150 mg group were replaced due to incorrect treatment (Supplementary methods). Patients were contacted every 3 months until the end of the 
study to assess vital status.

  

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
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study). Baseline patient demographics and characteristics 
by dose are described in Table 1.

The study was terminated early due to a sponsor deci-
sion, as described in the discussion. At the point of termi-
nation, the macitentan dose had been escalated to 300 mg.

Safety

Patients received macitentan for a median (range) du-
ration of 61 (8–462) days; five (13.2%) patients received 
macitentan for more than six months and two (5.3%) pa-
tients for more than 12  months. Half of the patients re-
ceived at least two cycles of ddTMZ in combination with 
macitentan and the median (range) duration of exposure 
to ddTMZ was 28 (7–171) days.

No DLTs were observed with macitentan doses up to 
300 mg and an MTD was not determined. All patients had 
at least one TEAE, with lymphocyte count decrease (44.7%) 
most frequently reported (Table 2). No grade V TEAEs 
were reported. TEAEs of decreased lymphocyte count 
were the only reported Grade IV AEs (5 patients, 13.2%). 
TEAEs related to macitentan were reported for 16 (42.1%) 
patients and to ddTMZ treatment for 26 (68.4%) patients. 
A total of 17 (44.7%) patients had at least one SAE, none of 
which were related to macitentan. There were 12 patients 
(31.6%) who experienced a TEAE leading to discontinua-
tion of study treatment (macitentan or both macitentan 
and ddTMZ). One patient died due to GBM progression 
deemed unrelated to macitentan use.

Eight (21.1%) patients had at least one TEAE of special 
interest; these were in the categories of edema and fluid 
retention (six patients; all unrelated to macitentan use) or 
hypotension (three patients; related to macitentan use for 
two patients). No AEs of treatment-emergent orthostatic 
hypotension (defined as ≥20 mmHg decrease in orthostatic 
systolic blood pressure or ≥10 mmHg decrease in ortho-
static diastolic blood pressure) occurring from first dose 
up to 30 days after last dose were reported. No clinically 
meaningful changes in systolic or diastolic blood pres-
sure were noted during the study. No TEAEs of special in-
terest denoting anemia or hepatic disorders were reported. 
Sporadic non-dose-related elevations in ALT and/or AST of 
>1 to ≤3 × ULN, or elevations in bilirubin of >1 to ≤1.5 × 
ULN, were observed; however, these did not lead to dis-
continuation of macitentan.

Pharmacokinetics

Mean trough concentrations indicated that steady-state con-
ditions for macitentan and ACT-132577 were reached by Week 
1, with a dose-dependent increase in mean trough concentra-
tions of both macitentan (from 338 ng/mL at 30 mg to 1960 ng/
mL at 225 mg) and ACT-132577 (from 2633 ng/mL at 30 mg to 
13610 ng/mL at 225 mg). Macitentan plasma concentrations did 
not reach a plateau over the dose range tested. Steady-state PK 
parameters following administration of macitentan 150 mg on 
Day 14 to six patients enrolled in the phase Ib study are sum-
marized in Table 3, and 24-hour PK profiles are presented in 
Figure 3. There was no evidence for any mutual PK interaction 
between macitentan and TMZ (Supplementary Figure 2).

Exploratory Efficacy Analyses

Across all dose groups, the Kaplan-Meier median PFS and 
TTP estimate was 2.0  months (95% CI 1.6, 3.1); Kaplan-
Meier estimate for percentage of patients alive and pro-
gression free at 6 months and 12 months was 16.7% (95% 
CI 6.8, 30.4) and 8.3% (95% CI 2.1, 20.1), respectively. 
Kaplan-Meier median overall survival in the 150 mg group 
was 9.3 months (95% CI 7.2, 10.5) and in all dose groups 
was 9.4 months (95% CI 8.5, 13.4). The best ORR (complete 
response plus partial response) was 13.9% (5 patients: 95% 
CI 4.7, 29.5) at both 6 and 12 months. Example MRI images 
from one of these patients with a partial response after 
4 cycles of ddTMZ and 150 mg macitentan are shown in 
Supplementary Figure 3.

Ancillary Biomarker Analysis

Enrollment in the ancillary study was terminated at 6 pa-
tients due to lack of pre-treatment tumor samples and the 
substantial biomarker heterogeneity observed between 
patients and within tumors.

When clinical reference samples from untreated (control) 
patients were stained for ET-A/pSER, ET-B/pSER, pMAPK, 
and pAKT, a high degree of heterogeneity was observed 
between sections from the same patient, and between pa-
tients (Supplementary Figure 4). As such, it was not pos-
sible to establish a reference level of expression to use as 
a comparator for the samples collected from macitentan 
treated patients in the ancillary study.

Of the six patients enrolled in the ancillary study, data 
are presented for two patients treated with macitentan 
(120 or 150 mg), in which primary tumor tissue was avail-
able for comparison (Supplementary Figure 5). Data are 
not presented for the other four patients enrolled (who re-
ceived macitentan 120): recurrent brain tumor tissue could 
not be obtained from two patients due to tissue necrosis, 
one patient died prior to surgery, and one patient did not 
have primary tissue available for comparison.

For two patients, presented in Supplementary Figure 
5 biomarker expression in the primary, untreated tumor 
was compared with that in the post-macitentan treat-
ment tumor sample obtained upon GBM recurrence. Post-
treatment, immunofluorescent signals for ET-A/pSER, ET-B/
pSER, MAPK, and AKT were low in comparison to primary 
tumor samples.

Discussion

The results of this phase I study show that macitentan was 
generally safe and well-tolerated in patients with GBM 
concomitantly receiving TMZ, at levels substantially higher 
than the 10 mg daily dose approved for PAH.11

Although all patients experienced at least one AE, the ma-
jority were associated with GBM and its complications, or 
otherwise the known side effects of TMZ. The AEs related to 
macitentan were consistent with its established safety pro-
file.11 Macitentan is a vasodilatory agent and AEs of special 
interest denoting hypotension were observed, however; 

http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
http://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab141#supplementary-data
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none of these met the criteria for orthostatic hypotension. 
No clinically relevant shifts in liver function tests were ob-
served at any dose level despite the hepatotoxic nature 
of TMZ. No transient ALT elevations exceeded >3 × ULN 
and no bilirubin elevations exceeded >1.5 x ULN; all en-
zyme levels returned to normal or pre-treatment levels 
while patients remained on macitentan. No novel safety 
signals related to fluid retention or anemia were ob-
served at doses higher than 10 mg of macitentan. Despite 
concurrent treatment with TMZ and macitentan, both of 
which can increase the risk of hepatic and anemia-related 
adverse events,11,19 the rates of events in this study were 
consistent with those seen in patients receiving either 
agent individually, suggesting no additive or synergistic 
effect on these safety outcomes.

PK analysis indicated that macitentan reached steady-
state within 1 week, which is consistent with data gen-
erated in healthy volunteers.14 The median tmax of 
macitentan 150  mg and ACT-132577 (measured on Day 
14) was 5.5 hours post-dosing, earlier than the 10-hour 
(at Day 1) and 8-hour (Day 10) median tmax observed in 
healthy individuals receiving doses of macitentan up 
to 30 mg.14 No plateau in macitentan exposure was ob-
served over the dose range tested in this study. A  pre-
vious single-ascending dose study in healthy volunteers15 
reported a non-proportional increase in macitentan Cmax 
over a dose range of 0.2–600  mg. Consistent with the 
results reported here, no plateau in macitentan plasma 
concentration was reported.15 This is also consistent with 
observations from another multiple ascending dose study 
in healthy individuals with up to 30 mg macitentan.14

In the current study, treatment with macitentan 
and ddTMZ led to an ORR of 13.9% and median OS of 
9.4 months; in pooled analyses of multiple clinical trials 
for recurrent GBM, ORRs ranged from 4–7% and median 
OS was 5–7 months.20 Although a subsequent clinical trial 
reported an ORR of 41.5% and median OS of 9.1 months 
for patients treated with lomustine plus bevacizumab,21 
the discrepancy in progression reported by central re-
view and local assessment may make these values 
less reliable; this was not discussed by the authors. 
Furthermore, the ORR for the lomustine alone arm in this 
trial was 13.9%,21 which is considerably higher than the 
ORR reported in other trials.6,22 It should be noted that 
the evaluation of efficacy presented here was explor-
atory and there were too few patients for any clinically 
meaningful conclusions to be drawn. Although the study 
was not powered to establish efficacy, the publication of 
supportive preclinical data led to the anticipation that a 
stronger efficacy signal would be observed. As such, the 
sponsor made the decision to prematurely terminate 
the study.

The findings in this trial could be impacted by several 
elements. It is not known whether macitentan crosses 
the blood-brain barrier (BBB); macitentan has greater 
lipophilicity than other ERAs, which may theoretically 
aid crossing of the BBB,23 and the efficacy of macitentan 
in preclinical GBM models12 suggests that, in mice, 
macitentan may cross the BBB. However, species differ-
ences may reduce macitentan BBB penetration in hu-
mans, alter macitentan pharmacokinetics, or account 
for differences in ET-A/ET-B receptor expression within 
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tumors, leading to a variable impact from endothelin re-
ceptor antagonism. Images from the ancillary study in-
dicate lower ET-A and ET-B receptor phosphorylation 
(activation) in the macitentan-treated tumor samples in 
comparison to the untreated primary tumor; however, 

given the substantial variability in the staining for these 
markers in the control tissue, even within tumors from 
the same patient, this result may be independent of 
macitentan treatment, and no meaningful interpretation 
of this finding is possible.
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Figure 3.  Macitentan and ACT-132577 plasma concentrations over 24 hours at steady state in the recurrent GBM patient population. (a) 24-hour PK 
profile for plasma macitentan concentrations after 150 mg macitentan at Day 14. N = 6 at each timepoint except N = 5 at 24 h. (b) 24-hour PK profile 
for plasma ACT-132577 concentrations after 150 mg macitentan at Day 14. N = 6 at each timepoint, except N = 5 at 24h. Data at each timepoint are 
mean ± SD.
  

  
Table 3.  Summary of Plasma Macitentan and ACT-132577 PK Parameters Following Administration of 150 mg Macitentan

Cmax tmax AUCτ

(ng/mL) N = 6 (h)  N = 6 (h × ng/mL)  N = 5

Macitentan 2334.2 (1788.3, 3046.7) 5.5 (3.0–10.0) 38862.5 (26926.5, 56089.6)

ACT-132577 10939.7 (7839.4, 15266.2) 5.5 (1.0–10.0) 222102.2 (149755.9, 329398.5)

Geometric means (95% confidence intervals) are given for all PK parameters except tmax, where median (range) are given. 
AUCτ: Area under the plasma concentration-time curve over one dosing interval; GBM: glioblastoma; Cmax: maximum plasma concentration; tmax: 
time to reach the maximum plasma concentration.
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The small number of patients enrolled in this study rep-
resents a key limitation. As recruitment may have been 
affected by increased interest in the development of new 
experimental immunotherapies for GBM, the chances of 
recruiting sufficient patients were believed to have been 
diminished. Lack of support for an efficacy signal from the 
ancillary biomarker study further contributed to the deci-
sion to terminate the study early.

The novelty of the current study lies in the investiga-
tion of a dual ERA alongside the cytotoxic agent TMZ in 
patients with recurrent GBM. Macitentan was determined 
to be generally safe and well tolerated in GBM patients 
at doses up to 30 times greater than the 10 mg once daily 
approved for PAH treatment. Combining macitentan with 
ddTMZ did not produce any new safety signals for either 
drug in GBM patients. Further studies to explore the po-
tential biological mechanisms of macitentan are needed 
to understand the therapeutic potential of this agent 
against gliomas.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
Advances online.
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