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Abstract: Studies have suggested roles for angiopoietin-2 (Ang-2) and soluble P-selectin (sP-selectin) as biomarkers of disease severity and
treatment response in pulmonary arterial hypertension (PAH), but additional data are required for validation. We evaluated these biomarkers
using data from FREEDOM-C2, in which patients with PAH receiving stable monotherapy or combination therapy were randomized to receive
additional treatment with oral treprostinil (up-titrated from 0.25 mg twice daily) or placebo for 16 weeks. Biomarker analysis was optional in
FREEDOM-C2. We measured plasma Ang-2 and sP-selectin levels at baseline and at week 16, and we assessed their association with pre-
defined outcomes (6-minute walk distance [6MWD] change from baseline >40 m, 6MWD >380 m, functional class I/II, and/or N-terminal
pro-brain natriuretic peptide [NT-proBNP] <1,800 pg/mL at week 16) using Spearman correlation, receiver operating characteristics, and
logistic regression. Biomarker data were available for 83 of 157 and 95 of 153 patients in the oral treprostinil and placebo groups, respectively.
In the oral treprostinil group, baseline Ang-2 levels correlated with week 16 NT-proBNP levels (P < 0.0001). Baseline Ang-2 ≥12 ng/mL was
associated with a reduced likelihood of having NT-proBNP <1,800 pg/mL at week 16 (multivariate odds ratio: 0.08; 95% confidence interval:
0.02–0.32). However, Ang-2 showed no significant association with the other assessed outcomes, and sP-selectin was not associated or
correlated with any of the outcomes. These data suggest that Ang-2 and sP-selectin are not associated with response to oral treprostinil in
patients already receiving stable PAH therapy. Trial registration: Clinicaltrials.gov identifier NCT00887978.
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The role of biomarkers is to support clinical decision-making and
patient education with respect to diagnosis, prognosis, and therapeu-
tic intervention. Advances in the understanding of the pathophysiol-
ogy and pathogenesis of pulmonary arterial hypertension (PAH) have
resulted in the identification of several potential biomarkers, including
markers of myocyte insult (e.g., brain natriuretic peptide [BNP] and
N-terminal pro-BNP [NT-proBNP]), endothelial dysfunction/remod-
eling (e.g., endothelin-1), inflammation or oxidative stress (e.g., C-
reactive protein), and end-organ dysfunction (e.g., creatinine).1 BNP
and NT-proBNP have been adopted as prognostic biomarkers in
PAH management guidelines, but they tend to have high variability
and are not specific for pulmonary hypertension.2,3 The search for
additional potential biomarkers therefore continues, with recently
identified candidates including adiponectin, angiopoietin-2 (Ang-2),
cystatin C, growth differentiation factor 15, intercellular adhesion
molecule 1, osteopontin, platelet endothelial cell adhesion molecule,
P-selectin, and tenascin-C.1,4-7

Ang-2 has shown very promising results as a biomarker: results
from a cohort study involving patients with idiopathic PAH sug-
gested that it could be a better predictor of survival than the estab-
lished biomarker, NT-proBNP.8 Ang-2 is stored in secretory organ-
elles, known as Weibel–Palade bodies, in endothelial cells; it is
released in response to various stimuli that include thrombin and
histamine, and its expression is increased in hypoxic conditions.9-11

Ang-2 binds the endothelial receptor Tie-2 and antagonizes Ang-1,
thereby causing a destabilization of the endothelium.12,13 In the pres-
ence of vascular endothelial growth factor, this leads to angiogen-
esis, whereas in the absence of vascular endothelial growth factor, it
leads to endothelial cell death and vessel regression.14 Elevated levels
of Ang-2 have been reported in patients with chronic and acute heart
failure15-17 as well as in patients with PAH.7,8 In a cohort study in-
volving 106 patients with idiopathic PAH, changes of Ang-2 during
follow-up were closely related to treatment response, and Ang-2 cor-
related with disease severity and was an independent predictor of out-
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come.8 In a randomized, controlled trial in a group of patients with
PAH, Ang-2 was decreased from baseline in 12 of 13 patients with
available biomarker data after 3 months of treatment with intrave-
nous treprostinil.7

Ang-2 has been shown to induce cell surface translocation of P-
selectin, which is also a potential PAH biomarker.6,18,19 P-selectin is a
transmembrane glycoprotein that occurs in endothelial Weibel-Palade
bodies and in platelets.20 When transported to the endothelial cell
surface, P-selectin mediates leukocyte adhesion and rolling.21 A solu-
ble form of P-selectin (sP-selectin) exists in plasma and is thought to
reflect platelet activation and/or endothelial cell injury.22,23 Increased
levels of sP-selectin were found in patients with PAH compared with
healthy controls,23-26 and administration of intravenous prostacyclin
to 18 patients with PAH led to a reduction in sP-selectin levels from
baseline after a mean follow-up period of 90 days, suggesting an im-
provement in endothelial injury and altered hemostasis.23

Ang-2 and sP-selectin have not yet been extensively investigated
in a clinical setting, and data on their response to specific PAH
monotherapy or combination therapy are limited; additional data are
needed to validate their potential role as biomarkers. We therefore
assessed Ang-2 and sP-selectin levels in patients with PAH partici-
pating in the FREEDOM-C2 study of oral treprostinil.27 We hypoth-
esized that Ang-2 and sP-selectin levels are associated with the
treatment response when oral treprostinil is administered in combi-
nation with other PAH medications and that they may therefore
have an impact on clinical decision-making and disease monitoring.

METHODS

Study design and patients
Details of the study design have been described elsewhere.27 Briefly,
FREEDOM-C2 was an international, randomized, double-blind,
placebo-controlled, 16-week trial. Adult patients with PAH who were
already being treated with an endothelin receptor antagonist and/or a
phosphodiesterase 5 inhibitor (for ≥90 days before baseline and at a
stable dose for ≥30 days before baseline) were randomized 1 ∶ 1 to
receive oral treprostinil or placebo on top of their existing treatment.
Randomization was stratified by background therapy and 6-minute
walk distance (6MWD; ≤350 m or >350 m). The starting dosage of
the study drug was 0.25 mg twice daily, and the dose could be titrated
upward every 3 days if clinically indicated (in increments of 0.25 mg
in the first 4 weeks and 0.25 mg or 0.5 mg thereafter). The study de-
sign included assessment of outcomes such as 6MWD, World Health
Organization (WHO)/New York Heart Association (NYHA) func-
tional class, and NT-proBNP levels as well as optional blood sampling
for biomarker analysis. It did not include invasive hemodynamic or
echocardiographic assessments. The FREEDOM-C2 protocol was ap-
proved by institutional review boards at all participating study centers,
and all patients provided written informed consent.27 The current post
hoc analysis was conducted in the subset of patients who provided
optional blood samples for biomarker analysis and who had Ang-2
and sP-selectin data available both at baseline and at week 16.

Study objectives
The primary objectives of the current substudy were to compare
Ang-2 and sP-selectin levels at baseline and week 16 and their

change from baseline to week 16 in responders and nonresponders
to treprostinil therapy. Ang-2 and sP-selectin were assessed in EDTA
plasma using a multiplexed immunoassay (DiscoveryMAP ver. 3.0
assay; Myriad RBM, Austin, Texas). Treatment response was prede-
fined in five different ways for the current study: (1) 6MWD change
from baseline at week 16 >40 m (adapted from two previous studies
that identified 38.6 m and 41.8 m as significant thresholds),28,29

(2) 6MWD >380 m at week 16 (as assessed by Hoeper et al.30 and
recommended by McLaughlin et al.31 for goal-directed therapy),
(3) WHO/NYHA functional class I/II at week 16 (based on Euro-
pean guidelines2 and the recommendations of McLaughlin et al.31),
(4) NT-proBNP <1,800 pg/mL at week 16 (based on the sugges-
tions for treatment goals made by McLaughlin et al.31), and (5) all
of the previous four criteria (hereafter referred to as overall response).

The secondary objectives were to compare Ang-2 and sP-selectin
at baseline and at week 16 and the change in Ang-2 and sP-selectin
from baseline to week 16 between low-dose and high-dose treprostinil
groups (≤3.1 mg and >3.1 mg twice daily at week 16, respectively).
The dose threshold was the mean dose of oral treprostinil received by
patients at week 16 (3.1 ± 1.9 mg twice daily).27

Statistical analysis
Data are expressed as mean ± standard deviation (SD), median
(range), or number (%) for normally distributed parameters, non-
normally distributed parameters, or categorical parameters, respec-
tively. Between-group differences were analyzed with a two-sample t
test for normally distributed parameters, the Mann-Whitney U test
for nonnormally distributed parameters, and the Fisher exact test for
categorical parameters. P < 0.05 was considered statistically signifi-
cant for comparison between groups. Analyses of the relationship of
Ang-2 and sP-selectin levels with treatment response were conducted
in the oral treprostinil group only. The correlation of Ang-2 and
sP-selectin with 6MWD, WHO/NYHA functional class, and NT-
proBNP was assessed in the oral treprostinil group using Spearman’s
methods. Receiver operating characteristic (ROC) analyses were
performed to evaluate the potential utility of Ang-2 and sP-selectin
thresholds as predictors of treatment response. Cutoff points were
determined using the Youden index. Univariate and multivariate lo-
gistic regression analyses were used to clarify whether baseline Ang-2
or sP-selectin levels (dichotomized at the median or the threshold
value obtained from ROC analysis if the latter had sufficient power
[area under the ROC curve >0.8]) were independently associated
with therapy response (based on individual response criteria as well
as overall response). Baseline 6MWD, age, sex, WHO/NYHA func-
tional class, Borg index, and disease etiology were included in the
multivariate model.

RESULTS

Baseline characteristics
Of the 310 patients in the FREEDOM-C2 study, 157 were random-
ized to receive oral treprostinil, and 153 were randomized to receive
placebo. Baseline characteristics of the randomized patients are
presented in Table 1. There were no significant differences in base-
line characteristics between the oral treprostinil group and the placebo
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group. All included patients were receiving stable background PAH
therapy (as stipulated by the study protocol), and many of the
patients were already receiving dual combination therapy with both
an endothelin receptor antagonist and a phosphodiesterase 5 inhibi-
tor at baseline (41.4% of the oral treprostinil group and 39.2% of the
placebo group). Of the randomized patients, 209 provided blood
samples for biomarker analysis, and 178 (83 in the oral treprostinil
group and 95 in the placebo group) had biomarker data both at
baseline and at week 16. Baseline characteristics showed no signifi-
cant differences between patients with and patients without biomarker
data (Table 2).

Effect of oral treprostinil on Ang-2
and sP-selectin levels
At week 16, no significant differences in Ang-2 or sP-selectin levels
were observed between the oral treprostinil and placebo groups. The

median level of Ang-2 in the oral treprostinil group was 8.4 mg/mL,
compared with 7.8 ng/mL in the placebo group (P = 0.775). The
corresponding median levels of sP-selectin were 66.0 ng/mL and
65.0 ng/mL, respectively (P = 0.375). The change in Ang-2 or sP-
selectin from baseline was also not significantly different between the
two treatment groups; Ang-2 showed a slight difference that ap-
proached statistical significance but was not considered to be clinically
relevant (median: −0.2 ng/mL [oral treprostinil] vs. +0.2 ng/mL [pla-
cebo]; P = 0.064), whereas sP-selectin showed no difference (median:
0.0 ng/mL [oral treprostinil] vs. 2.0 ng/mL [placebo]; P = 0.752).

Association of Ang-2 and sP-selectin levels
with treatment response at week 16
The proportions of patients in the oral treprostinil group who
showed a treatment response at week 16 (based on individual re-
sponse criteria and overall response) are displayed in Figure 1. Ang-2

Table 1. Baseline characteristics of randomized patients

Variable
Oral treprostinil

(N = 157)
Placebo
(N = 153) P value

Age, years 52.0 (18.0–76.0) 50.0 (20.0–75.0) 0.470a

Female sex 119 (75.8) 122 (79.7) 0.404

PAH etiology: 0.661b

Idiopathic or familial 104 (66.2) 99 (64.7)

Connective tissue disease 48 (30.6) 49 (32.0)

HIV infection 2 (1.3) 4 (2.6)

Congenital heart disease 3 (1.9) 1 (.7)

NYHA/WHO functional class:c 0.217b

II 43 (27.6) 37 (24.3)

III 110 (70.5) 115 (75.7)

IV 3 (1.9) 0 (.0)

6MWD, m 359.0 (150.0–422.0) 355.0 (152.0–422.0) 0.386a

NT-proBNP, pg/mLd 712.0 (25.5–11,256.0) 796.0 (25.5–20,456.0) 0.392a

Background PAH therapy: 0.840

ERA 25 (15.9) 28 (18.3)

PDE5I 67 (42.7) 65 (42.5)

ERA + PDE5I 65 (41.4) 60 (39.2)

Years since PAH diagnosis 1.7 (0.0–15.0) 1.9 (0.0–26.4) 0.367a

Angiopoietin-2, ng/mLe 9.3 (1.8–52.0) 8.4 (2.5–43.0) 0.638a

Soluble P-selectin, ng/mLe 64.0 (21.0–146.0) 67.0 (33.0–800.0) 0.234a

Note: Adapted from Tapson et al.25 Data are presented as median (range) or number (%).
6MWD: 6-minute walk distance; ERA: endothelin receptor antagonist; NT-proBNP: N-terminal
pro-brain natriuretic peptide; NYHA: New York Heart Association; PAH: pulmonary arterial hy-
pertension; PDE5I: phosphodiesterase 5 inhibitor; WHO: World Health Organization.

a Nonparametric test (Mann-Whitney U test).
b Fisher exact test.
c Data available for 156 and 152 patients in the oral treprostinil and placebo groups, respectively.
d Data available for 149 and 148 patients in the oral treprostinil and placebo groups, respectively.
e Data available for 83 and 95 patients in the oral treprostinil and placebo groups, respectively.
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and sP-selectin levels at baseline and at week 16 and their change
from baseline to week 16 were compared between treatment re-
sponse and nonresponse subgroups. Ang-2 levels at baseline and at
week 16 were both significantly lower in patients with versus patients
without a treatment response, defined as NT-proBNP <1,800 pg/mL
(median: 7.6 vs. 16.0 ng/mL [baseline] and 6.3 vs. 17.0 ng/mL [week 16];
both P < 0.001). The change from baseline to week 16 in sP-selectin
level was significantly greater in patients whose 6MWD improved
>40 m from baseline compared with those who did not show such
an improvement (median: +8.0 vs. −1.0 ng/mL; P = 0.041) and in
patients who showed an overall treatment response at week 16 com-
pared with those who did not show an overall response (median:
+10.5 vs. −1.0 ng/mL; P = 0.043). No other significant differences in
Ang-2 and sP-selectin levels were found between response subgroups.
The median change from baseline to week 16 in Ang-2 level was −1.0
versus 0.0 ng/mL (P = 0.249) in patients subdivided by change from
baseline in 6MWD (>40 vs. ≤40 m), −0.2 versus −0.3 ng/mL (P =
0.978) in patients subdivided by absolute 6MWD at week 16 (>380 vs.

≤380 m), −0.7 versus 0.0 ng/mL (P = 0.402) in patients subdivided by
WHO/NYHA functional class at week 16 (I/II vs. III/IV), −0.2 versus
−0.6 ng/mL (P = 0.835) in patients subdivided by NT-proBNP level
at week 16 (<1,800 vs. ≥1,800 pg/mL), and −0.1 versus −0.3 ng/mL
(P = 0.804) in patients subdivided by overall response (responder vs.
nonresponder). The median change from baseline to week 16 in sP-
selectin level was 2.0 versus −1.0 ng/mL (P = 0.505) in patients
subdivided by absolute 6MWD at week 16 (>380 vs. ≤380 m), 3.0
versus −1.0 ng/mL (P = 0.280) in patients subdivided by WHO/
NYHA functional class at week 16 (I/II vs. III/IV), and 3.0 versus
1.0 ng/mL (P = 0.889) in patients subdivided by NT-proBNP level at
week 16 (<1,800 vs. ≥1,800 pg/mL).

The correlation of individual treatment response parameters
with Ang-2 and sP-selectin levels is summarized in Table 3. One
significant correlation was found: baseline Ang-2 levels correlated
with NT-proBNP levels at week 16 (P < 0.0001; Table 3 and Fig. 2).

The results of ROC analyses to assess the potential of baseline
Ang-2 and sP-selectin levels as predictors of response to oral trepros-

Table 2. Baseline characteristics of patients with and patients without biomarker data at baseline
and week 16

Variable
Patients with biomarker data

(N = 178)

Patients without
biomarker data

(N = 132) P value

Age, years 49.5 (20.0–76.0) 53.0 (18.0–75.0) 0.437a

Female sex 136 (76.4) 105 (79.5) 0.511

PAH etiology: 0.400b

Idiopathic or familial 110 (61.8) 93 (70.5)

Connective tissue disease 62 (34.8) 35 (26.5)

HIV infection 4 (2.2) 2 (1.5)

Congenital heart disease 2 (1.1) 2 (1.5)

NYHA/WHO functional class:c 0.252b

II 41 (23.2) 39 (29.8)

III 135 (76.3) 90 (68.7)

IV 1 (.6) 2 (1.5)

6MWD, m 360.0 (150.0–422.0) 352.0 (156.0–422.0) 0.590a

NT-proBNP, pg/mLd 779.7 (25.5–20,456.0) 659.0 (25.5–10,360.0) 0.666a

Background PAH therapy: 0.541

ERA 27 (15.2) 26 (19.7)

PDE5I 79 (44.4) 53 (40.2)

ERA + PDE5I 72 (40.4) 53 (40.2)

Years since PAH diagnosis 1.7 (0.0–24.0) 1.8 (0.0–26.4) 0.440a

Note: Data are presented as median (range) or number (%). 6MWD: 6-minute walk distance; ERA:
endothelin receptor antagonist; NT-proBNP: N-terminal pro-brain natriuretic peptide; NYHA: New
York Heart Association; PAH: pulmonary arterial hypertension; PDE5I: phosphodiesterase 5 inhibitor;
WHO: World Health Organization.

a Nonparametric test (Mann-Whitney U test).
b Fisher exact test.
c Data available for 177 and 131 patients in the groups with and without biomarker data, respectively.
d Data available for 174 and 123 patients in the groups with and without biomarker data, respectively.
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tinil therapy (based on individual response criteria and overall re-
sponse) are displayed in Table 4. Most of the results were around
0.5, indicating insufficient power to use the biomarker thresholds
obtained from the ROC analyses to predict treatment response. The
exception was baseline Ang-2 level as a predictor of NT-proBNP
<1,800 pg/mL, for which an ROC threshold of 12 ng/mL was identified.

Univariate and multivariate logistic regression analyses to deter-
mine the associations between baseline Ang-2 or sP-selectin and
response to therapy at week 16 are shown in Table 5. A significant
association was found between Ang-2 at baseline and NT-proBNP at
week 16, with P values of 0.0002 and 0.0004 in the univariate and
multivariate analyses, respectively. No other significant associations
were found for Ang-2 or sP-selectin.

Association of Ang-2 and sP-selectin levels with
dose of oral treprostinil at week 16
Ang-2 and sP-selectin levels and their change from baseline at
week 16 showed no significant difference between patients receiving
low and high doses of oral treprostinil (≤3.1 mg and >3.1 mg twice
daily, respectively). The median change from baseline in Ang-2 level
at week 16 was −0.2 ng/mL and −0.4 ng/mL in the low- and high-

dose groups, respectively (P = 0.306); the corresponding median
changes in sP-selectin were 3.0 ng/mL and −3.0 ng/mL, respectively
(P = 0.351). Spearman correlation analyses also found no significant
association between oral treprostinil dose at week 16 and Ang-2 or
sP-selectin baseline levels or change from baseline at week 16 (Table 3).

DISCUSSION

This study explores two potential biomarkers, Ang-2 and sP-selectin,
in a cohort of patients from the FREEDOM-C2 study. In total, bio-
marker data were available for 83 patients in the oral treprostinil
group (53%) and 95 patients in the placebo group (62%). There were
no significant differences in Ang-2 or sP-selectin levels between the
two treatment groups at baseline or at week 16. In addition, no
clinically relevant changes were seen when comparing baseline levels
of Ang-2 and sP-selectin with levels at week 16; paradoxically, sP-
selectin was increased from baseline to a greater extent in patients
who showed a response to oral treprostinil compared with those who
did not. Additional comprehensive analysis showed no significant
association of Ang-2 or sP-selectin levels with functional outcome at
week 16. Of note, Ang-2 was associated with the predefined treat-
ment response of lowering the levels of a prognostic biomarker (NT-

Figure 1. Treatment response at week 16 for patients receiving oral treprostinil (subset with available data on angiopoietin-2 and soluble
P-selectin; n = 83). 6MWD: 6-minute walk distance; NT-proBNP: N-terminal pro-brain natriuretic peptide; NYHA: New York Heart
Association; WHO: World Health Organization.

Table 3. Spearman correlation coefficients and P values for association of angiopoietin-2 (Ang-2) and soluble P-selectin (sP-selectin) levels
with clinical parameters at week 16 in patients receiving oral treprostinil (n = 83)

Correlation coefficient (P value)
6MWD at
week 16, m

NYHA/WHO
functional class at

week 16
NT-proBNP at
week 16, pg/mL

Oral treprostinil dose at
week 16, mg BID

Ang-2 at baseline, ng/mL −0.19 (0.0906) 0.19 (0.0940) 0.59 (<0.0001a) −0.18 (0.1148)

sP-selectin at baseline, ng/mL −0.15 (0.1747) 0.07 (0.5279) 0.08 (0.4899) 0.06 (0.5831)

Ang-2 change from baseline, ng/mL −0.05 (0.6530) 0.10 (0.3481) 0.06 (0.5995) −0.00 (1.0000)

sP-selectin change from baseline, ng/mL 0.02 (0.8646) −0.09 (0.4076) −0.01 (0.9131) −0.06 (0.6092)

Note: 6MWD: 6-minute walk distance; BID: twice daily; NT-proBNP: N-terminal pro-brain natriuretic peptide; NYHA: New York Heart
Association; WHO: World Health Organization.

a Significant at type I error level of 0.05.
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proBNP) at week 16, but Ang-2 itself was not associated with an
overall clinical response to therapy.

An association of Ang-2 with NT-proBNP level has been
reported in patients with acute myocardial infarction,32 but other-
wise our findings contrast with those of published studies. Ang-2
levels were associated with disease severity and predicted poor
outcomes in earlier studies involving patients with chronic heart
failure, acute decompensated heart failure, and myocardial infarc-
tion16,17,32,33 as well as patients with PAH.7,8 In a cohort study in-
volving patients with idiopathic PAH, Ang-2 correlated with hemo-
dynamic parameters and mixed venous oxygen saturation, and
elevated Ang-2 (>2.9 ng/mL) was an independent predictor of mor-
tality.8 Earlier research also demonstrated a positive correlation be-
tween sP-selectin and mean pulmonary arterial pressure, total pul-
monary resistance, and pulmonary vascular resistance in patients
with primary pulmonary hypertension (but not in those with sec-
ondary pulmonary hypertension).23 Furthermore, Ang-2 and sP-
selectin levels in patients with PAH were found to decrease following
treatment with intravenous prostacyclin, and the Ang-2 decrease was
associated with an improvement in 6MWD.7,23 Treatment of PAH
with the endothelin receptor antagonist bosentan was also associated
with a decrease in sP-selectin levels in one study,24 whereas another
study showed an overall increase.25

In FREEDOM-C2, background PAH therapy was established and
stable in all included patients, with the majority already receiving
double combination therapy. By contrast, earlier published studies
mainly included therapy-naive patients or patients for whom earlier
treatment had shown minimal or no efficacy.7,8,23-25 One can specu-
late that the background therapy in FREEDOM-C2 had already in-

fluenced the biomarker profile at baseline, resulting in low levels that
left little opportunity for further reduction by addition of oral
treprostinil. Our sP-selectin data provide some support for this: the
mean level in our study population at baseline was 76.6 ng/mL,
compared with previously reported baseline levels of 243–367 ng/mL
in patients with PAH and 99–132 ng/mL in control subjects.23,24 One
other study that reported low baseline levels of sP-selectin (88.3 ng/mL
in patients with PAH associated with connective tissue disease and
45.2 ng/mL in control subjects) also showed an increase in sP-
selectin from baseline after study treatment.25 However, the median
Ang-2 level at baseline in our study (8.7 ng/mL) was broadly con-
sistent with baseline levels in earlier PAH studies in which Ang-2
decreased in response to treatment (6.5 ng/mL8 and ∼9 ng/mL7

[estimated from graph]). Nevertheless, one can speculate that Ang-2
and sP-selectin might be of clinical interest when oral treprostinil is
given to therapy-naive patients.

Our post hoc analysis of FREEDOM-C2 data used a new, pre-
defined composite end point that had not been previously assessed
in the main study.27 The composite end point, which comprised
WHO/NYHA functional class I–II, NT-proBNP <1,800 pg/mL, and
relevant improvement of 6MWD at week 16, was reached by only
16 of 83 patients receiving oral treprostinil, independently of dose
titration. Thus, a significant treatment response (as defined by our
composite end-point criteria) was evident in only a small propor-
tion of the patients, and the ability to detect an association of the
selected biomarker with outcome is statistically limited by the small
number of patients. Possible reasons for not reaching the pre-
defined composite end point of our study include the presence of
stable background PAH therapy at baseline and the relatively short
duration of the trial; a longer trial may have allowed titration of the
study drug to higher doses, which might have had greater efficacy,
as discussed in the main publication on the FREEDOM-C2 study.27

Figure 2. Scatter plot showing the relationship between Ang-2
concentration at baseline and NT-proBNP concentration at week 16
for patients receiving oral treprostinil (subset with available data on
Ang-2 and NT-proBNP; n = 78). Ang-2: angiopoietin-2; NT-
proBNP: N-terminal pro-brain natriuretic peptide.

Table 4. Receiver-operating characteristic (ROC) analyses of base-
line angiopoietin-2 (Ang-2) and soluble P-selectin (sP-selectin)
levels as potential predictors of response to oral treprostinil
therapy at week 16

Area under the ROC curve

Definition of response
at week 16

Ang-2 at
baseline

sP-selectin at
baseline

6MWD change from baseline >40 m 0.566 0.560

6MWD >380 m 0.592 0.573

NYHA/WHO functional class I/II 0.621 0.542

NT-proBNP <1,800 pg/mL 0.808a 0.521

All of the above 0.641 0.500

Note: 6MWD: 6-minute walk distance; NT-proBNP: N-terminal
pro-brain natriuretic peptide; NYHA: New York Heart Association;
ROC: receiver operating characteristics; WHO: World Health Orga-
nization.

a Sufficient to use ROC as threshold.
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In addition, a predefined combined end point was reached by 16.8%
of patients in a large multicenter study investigating the inhalation of
iloprost,34 highlighting the complexity of reaching numerous strict
end points in multicenter trials.

Other limitations of the current study are the sample size and the
lack of complete biomarker data from all patients, since the biomarker
analysis was optional and not mandatory in the FREEDOM-C2
study.27 Considering that biomarker data were available for only
53% of the treatment group, selection bias is likely, although an
analysis of key baseline characteristics found no significant differ-
ences between patients with and patients without biomarker data.
Furthermore, there were no pulmonary hemodynamic data and no
echocardiography data available, because these were not included
in the initial study design.27 The definition of treatment response
should also be considered when interpreting the results. For exam-
ple, at baseline, more than one-quarter of the randomized patients
in FREEDOM-C2 were already in WHO/NYHA functional class II
and more than half already had NT-proBNP <1,800 pg/mL; if
these patients met the response criteria for functional class and/or
NT-proBNP at week 16, this may have been due to the continua-
tion of their stable background therapy rather than a true response
to the addition of oral treprostinil. Thus, the responder population
may have been diluted somewhat. However, the response criterion
of >40-m increase from baseline in 6MWD is more likely to reflect
a true response to oral treprostinil, and this also showed no rela-
tionship with Ang-2 levels.

In conclusion, the results of our analysis of patients with PAH
who had available biomarker data in the FREEDOM-C2 study
suggest that Ang-2 and sP-selectin are not associated with treat-
ment response when adding oral treprostinil in addition to stable
monotherapy or dual combination therapy. This finding per se
has a certain clinical relevance, because it mirrors routine clinical
practice for patients already receiving PAH therapy.
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