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Abstract CXC-chemokine ligand 10 (CXCL10) inhib-
its angiogenesis and attracts activated T lymphocytes.
Abnormal angiogenesis and lymphocytic infiltration par-
ticipate in the pathobiology of pulmonary arterial hyper-
tension (PAH). We hypothesized that serum CXCLI10 is
elevated in idiopathic PAH and that it is associated with
clinical outcomes. This was a cohort study that included
40 idiopathic PAH patients (age = 44 £ 14 years, 37
females) and 22 healthy controls (age = 35 £ 6 years, 18
females). It took place at the Pulmonary Vascular Program
at the Cleveland Clinic. Serum CXCL10 levels were
measured by an enzyme-linked immunosorbent assay. A
cutoff value of CXCL10 for best distinguishing alive and
dead patients was obtained from a receiver operating
characteristic curve (ROC). Survival and time to clinical
worsening curves according to the appropriate CXCL10
level were derived by the Kaplan—Meier method and
compared by means of the log-rank test. The prognostic
value of CXCL10 and of other variables of interest was
tested by Cox proportional hazards regression analysis.
Serum CXCL10 levels were elevated in PAH subjects

G. A. Heresi - J. Newman - R. A. Dweik (PX)

Pulmonary and Critical Care Medicine, Respiratory Institute,
Cleveland Clinic, 9500 Euclid Avenue A90, Cleveland,

OH 44195, USA

e-mail: dweikr@ccf.org

G. A. Heresi
e-mail: heresig@ccf.org

J. Newman
e-mail: newmanj3@ccf.org

M. Aytekin

Pathobiology, Lerner Research Institute, Cleveland Clinic,
Cleveland, OH, USA

e-mail: aytekim@ccf.org

compared to controls [CXCL10 pg/ml (mean £+ SEM) for
PAH: 306 £ 73, and for controls: 92 £+ 10; p < 0.0001].
CXCLI10 levels higher than 111 pg/ml discriminated sur-
vivors from nonsurvivors with a sensitivity of 81% and a
specificity of 75% (area under the ROC curve = 0.74).
After a mean follow-up of 23.5 + 13.5 months since the
day of venous sampling, higher CXCL10 levels were
associated with improved survival (hazard ratio for mor-
tality = 0.10, 95% confidence interval = 0.01-0.97;
p = 0.01). Serum CXCL10 is elevated in PAH and this is
associated with improved survival.

Keywords Pulmonary hypertension - Prognosis -
Biomarker - Chemokines

Introduction

While the understanding of the imbalance between
vasodilators and vasoconstrictors in pulmonary arterial
hypertension (PAH) has led to the currently available
targeted therapies, PAH remains a relentlessly progres-
sive incurable disease. Progressive pulmonary vascular
remodeling, characterized by smooth muscle cell prolif-
eration, inflammatory cell infiltration, and angiogenic
endothelial cell proliferation, is the hallmark of severe
PAH [I1, 2]. The inciting triggers for these changes as
well as their regulatory mechanisms remain incompletely
understood. These changes lead to luminal obliteration
which in turn causes a progressive increase in pulmonary
vascular resistance, right ventricular failure, and pre-
mature death.

Chemokines are polypeptides that exert various func-
tions in health and disease [3], with leukocyte chemotaxis
and directed cell migration being their common properties
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[4]. They mediate their effects through interaction with cell
membrane-bound G-coupled receptors [4]. There are two
main families of chemokines, defined by the relative
position of the cysteine residues in the ligands, the CXC
and CC families, where C is a cysteine residue and X is
another amino acid [5]. CXC chemokines can be further
divided into two groups according to the presence or
absence of the sequence glutamic acid-leucine-arginine
(ELR) near the N terminal. ELR 4+ CXC chemokines are
chemotactic for neutrophils and promote angiogenesis,
whereas those lacking this sequence attract lymphocytes
and inhibit angiogenesis [3, 6]. CXCL10 (formerly known
as y-interferon-induced protein 10 [IP-10]) belongs to the
latter group. CXCL10 attracts activated T lymphocytes,
mainly of the T helper 1 subgroup [6, 7], and has also been
shown to inhibit angiogenesis [8—10]. Given that inflam-
matory cell infiltration and abnormal angiogenesis are
present in PAH, we hypothesize that CXCL10 plays a role
in the pathobiology of PAH and that its measurement could
provide prognostic information. CXCL10 has not been
previously reported in PAH.

Materials and Methods
Study Population and Clinical Outcomes

Patients were recruited from the pulmonary vascular pro-
gram at the Cleveland Clinic. We enrolled subjects with
idiopathic and heritable PAH as defined by the updated
clinical classification of pulmonary hypertension from
Dana Point 2008 [11]. Other forms of pulmonary hyper-
tension were excluded by a complete workup, as recom-
mended by guidelines [12]. Other exclusion criteria
included a confirmed or suspected infection and unstable
coronary artery disease. As part of our routine clinical
practice, PAH patients undergo a thorough clinical char-
acterization to assess disease severity and proper therapy.
Parameters routinely obtained include an assessment of the
patient’s exercise capacity by the World Health Organi-
zation (WHO) functional classification and the 6-min walk
test; transthoracic Doppler echocardiography for signs of
right ventricular (RV) dysfunction, e.g., right atrial and
ventricular size, RV systolic dysfunction, tricuspid regur-
gitation, and pericardial effusion; B-type natriuretic pep-
tide (BNP) levels; and pulmonary hemodynamics including
right atrial pressure, cardiac index, pulmonary vascular
resistance, and mean pulmonary artery pressure. These data
were recorded at the time of venous sampling. Healthy
volunteers were used as controls.

Clinical outcomes of interest included hospitalization
for worsening PAH, lung transplantation, and all-cause
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mortality since the date of blood sampling. These data
were recorded retrospectively by review of the medical
record for 18 subjects who had had their serum samples
collected and stored in our laboratory. For the remaining
22 patients, data were collected in a prospective fashion.
Analysis of all samples was performed in one stage only.
Even for the 22 patients whose clinical data were col-
lected prospectively, the venous sample was processed
and stored until measurement of serum CXCLI10. The
study was approved by the Institutional Review Board at
the Cleveland Clinic and written informed consent was
obtained from all subjects.

Measurement of Serum CXCL10 Levels

After informed consent was obtained, peripheral venous
blood was drawn into a serum separator tube and allowed
to clot for 30 min before centrifugation for 15 min at
1,000g. Serum samples were stored at —80°C until ana-
lyzed. Serum CXCLI10 levels were measured by enzyme-
linked immunosorbent assay (ELISA) (R & D Systems,
Minneapolis, MN, catalog No. DIP100) following the
manufacturer’s recommendations. This ELISA has a min-
imum detection limit of 0.41-4.46 pg/ml and a within-run
precision of 3.0-4.6%.

Statistical Analysis

Data are presented as proportions, mean =+ standard
deviation (SD), and mean =+ standard error of the mean
(SEM) as appropriate. We used the Wilcoxon rank sum
test for the comparison of serum CXCL10 levels between
patients and controls, and the Spearman rank test to assess
for correlations with variables of interest. For the purpose
of identifying a cutoff value of CXCL10 for best distin-
guishing alive and dead subjects, the value which maxi-
mized sensitivity and specificity was obtained from a
receiver operating characteristic curve (ROC). Survival
and time to clinical worsening curves according to the
appropriate CXCL10 level were derived by the Kaplan—
Meier method and compared by means of the log-rank
test. The prognostic value of CXCL10 and of other
variables of interest was tested by univariate Cox pro-
portional hazards regression analysis. With the use of
multivariate models, the prognostic power of serum
CXCLI10 was assessed while adjusting for other predictors
that were found significant in univariate analysis. Clinical
worsening was defined as a composite end point of death,
lung transplantation, and hospitalization due to worsening
PAH. Statistical analyses were performed using JMP 8.0
(SAS Institute Inc., Cary, NC, USA) and R version 2.8.1
[13].
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Results
Study Population and Serum CXCL10 Levels

We studied 40 patients with idiopathic PAH and 22 healthy
volunteers. Baseline demographic, clinical, and hemody-
namic features are given in Table 1. As shown in Fig. 1,
serum CXCL10 levels were markedly elevated in PAH
subjects compared to controls. At the time of venous sam-
pling, 9 patients (22.5%) were not receiving PAH-targeted
therapies, 24 were on parenteral prostanoids (60%), 4 were
on sildenafil (10%), and 3 were on bosentan (7.5%).
CXCL10 levels were similar in both naive patients and those
on PAH-targeted therapies (292 + 61 and 310 + 93 pg/ml,
respectively, p = 0.23). While patients receiving parenteral
prostanoids had higher CXCL10 levels than the rest of the
cohort, the difference was not statistically significant and it
was driven by two outliers (351 £ 119 and 238 + 39 pg/ml,
respectively, p = 0.5).

Clinical Outcomes

ROC analysis showed that CXCLI10 levels higher than
111 pg/ml discriminated survivors from nonsurvivors with a
sensitivity of 81% and a specificity of 75% (area under
the curve = 0.74, Fig. 2). Mean follow-up was 23.5 £+
13.5 months (range = 1.9-48.7 months) since the day of
venous sampling. PAH patients with CXCL10 levels above
111 pg/ml had a higher probability of survival than patients
with lower levels (hazard ratio [HR] for mortality = 0.10,
95% confidence interval [CI] = 0.01-0.97, p = 0.01)
(Fig. 3). By comparison, ROC analysis showed that BNP

Table 1 Baseline demographic and clinical characteristics

Patients (n = 40)

Age 44 + 14
Females 37 (92.5)
Functional class

I-1I 17 (42.5)

I-1v 23 (57.5)
6MWD (m)* 397 £ 130
BNP (pg/ml) 140 £ 218
RAP (mmHg) 10+ 6
mPAP (mmHg) 55+ 13
CI (I/min/m?) 233 £ 1.04
PVR (Wood units) 119 £ 55

Data presented as number (%) and mean £+ SD

* n = 39, 1 patient unable to perform test

6MWD 6-min walk distance, BNP B-type natriuretic peptide, CI
cardiac index, mPAP mean pulmonary artery pressure, PVR pul-
monary vascular resistance, RAP mean right atrial pressure

p<0.0001
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Fig. 1 Serum CXCLI10 levels in IPAH versus controls. Each bar
shows the mean = SEM. IPAH patients have significantly higher
serum CXCL10 levels than controls (CXCL10 pg/ml, mean £+ SEM:
PAH, 306 + 73; controls, 92 £+ 10; p < 0.0001)
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Fig. 2 Receiver operating characteristics curve. CXCL10 >111 pg/
ml discriminated survivors from nonsurvivors with a sensitivity of
81% and a specificity of 75% (area under the curve = 0.74)

levels had no predictive ability in our patient population
(area under ROC = 0.46). Survival analysis confirmed that
BNP had no association with mortality (HR = 1.20, 95%
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Fig. 3 Survival according to CXCLI10 levels. One of 30 patients
(3.3%) with CXCL10 levels >111 pg/ml died, compared to three out
ten (30%) of those with levels <111 pg/ml (hazard ratio for mortality,
0.10; 95% CI = 0.01-0.97, p = 0.01)

CI = 0.11-13.28, p = 0.88). The only other variable pre-
dictive of mortality was the distance walked in 6 min. ROC
analysis identified a cutoff of 384 m at and above which no
patient died, compared to four deaths in the group of patients
with baseline distance below 384 m (log-rank test 0.04,
not able to calculate HR as no events in one group). When
adjusted for the baseline 6-min walk distance, serum
CXCLI10 levels remained predictive of mortality (HR =
0.11, 95% CI = 0.01-1.04, p = 0.05). No variable was
predictive of clinical worsening.

CXCLI10 and PAH Severity

Table 2 depicts the clinical characteristics of the patient
cohort divided by the 111-pg/ml cutoff level. Subjects with
higher CXCL10 concentrations had a tendency to be in
WHO functional classes III and IV and to have pericardial
effusion less frequently, but these differences did not
reach statistical significance. Other measures of functional
capacity, BNP levels, and hemodynamic parameters were
similar between the two groups.

Table 3 Correlations between B-type natriuretic peptide and
CXCL10 and standard parameters of PAH severity

BNP (pg/ml) CXCL10 (pg/ml)

6MWD (m) —0.58 (<0.001) —0.18 (0.30)
mPAP (mmHg) 0.26 (0.10) 0.01 (0.96)
RAP (mmHg) 0.49 (0.001) 0.05 (0.75)
CI (/min/m?) —0.31 (0.07) 0.03 (0.84)
PVR (Wood units) 0.15 (0.36) 0.07 (0.68)
MVO, (%) —0.48 (0.01) —0.03 (0.86)
BNP (pg/ml) 0.22 (0.18)

Data presented as Spearman correlation coefficient (p value)

6MWD 6-min walk distance, BNP B-type natriuretic peptide, CI
cardiac index, mPAP mean pulmonary artery pressure, MVO, mixed
venous oxygen saturation, PVR pulmonary vascular resistance, RAP
mean right atrial pressure

CXCL10 levels did not have any significant correlation
with standard parameters of PAH severity (Table 3). There
was no difference in CXCL10 levels according to the
degree of RV dilation assessed by Doppler echocardiog-
raphy (Fig. 4) or the functional class (data not shown). In
comparison, BNP had significant associations with the
distance walked in 6 min, right atrial pressure, mixed
venous oxygen saturation (Table 3), and right ventricular
dilation (Fig. 4).

Discussion

The main findings of our study are that CXCLI10 is ele-
vated in the serum of idiopathic PAH patients and that this
elevation is associated with better survival. Remarkably,
despite its association with mortality, CXCL10 did not
correlate with any of the usual parameters of PAH severity.

Three chemokines have been described as playing a role
in PAH: CCL2 (previously known as monocyte chemoat-
tractant protein-1 [MCP-1]) [14, 15], CCL5 (formerly
Regulated upon Activation, Normal T-cell Expressed, and

Table 2 Clinical characteristics
according to CXCL10 serum

CXCLI10 < 111 pg/ml (n = 11)

CXCL10 > 111 pg/ml (n = 29) )4

levels Age (years) 42 £ 15 45 £ 13 0.61
Females 10 (91) 27 (93) 1
6MWD 6-min walk distance. WHO class III-TV 4 (36) 19 (66) 0.15
BNP B-type natriuretic peptide, 6MWD (m) 421 £ 102 379 £ 128 0.42
CI cardiac index, mPAP mean Pericardial effusion 4 (36) 6 (21) 0.42
pulmonary artery pressure, PVR g\ p (o) 136 + 242 142 £ 214 0.48
pulmonary vascular resistance,
RAP mean right atrial pressure, RAP (mmHg) 11+6 106 0.87
WHO World Health mPAP (mmHg) 55+ 15 54 + 13 1
Organization CI (/min/m?) 251 £+ 1.12 226 £+ 1.02 0.4
Data presented as mean + SD PVR (Wood units) 11.05 + 5.93 12.24 + 5.47 0.47

and number (%)
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Fig. 4 BNP and CXCLI10 levels according to the severity of right
ventricular dilation. Each bar shows the mean = SEM. BNP was
higher with more severe RV dilation (mild to moderate RV dilation,
47 £+ 21 pg/ml; severe RV dilation, 219 + 57 pg/ml, p = 0.009). In
comparison, serum CXCLI10 levels were not different (mild to
moderate RV dilation, 412 £ 180 pg/ml; severe RV dilation,
243 + 49 pg/ml, p = 0.33). RV right ventricular

Secreted [RANTES] [16], and CX5C or fractalkine [17].
These chemokines are elevated in blood [14, 15, 17] and
lungs [15-17] of PAH patients, but they have never been
associated with clinical outcomes. CXCL10 is constitu-
tively expressed in the thymus, spleen, and lymph nodes,
but its production is highly induced by interferons—par-
ticularly yinterferon—in a variety of cells, including
monocytes, keratinocytes, endothelial cells, smooth muscle
cells, and fibroblasts [18, 19]. CXCL10 interacts with the
receptor CXCR3, which is expressed by T cells (especially
T helper 1), B cells, natural killer cells, mesangial cells,
smooth muscle cells, and endothelial cells [3, 7]. CXCL10
has been implicated in atherosclerosis [20], cardiac allo-
graft rejection [21], sarcoidosis [22], pulmonary fibrosis
[23], and chronic obstructive pulmonary disease [24],
among various conditions. To the best of our knowledge,
CXCLI10 has not been previously reported in PAH.
Several blood markers have been investigated in patients
with PAH [25], including uric acid [26, 27], vonWillebrand
factor [28, 29], and natriuretic peptides [30, 31]. In general,
these markers are elevated in blood and correlate with
exercise capacity and hemodynamics, and their elevation is
associated with higher mortality. Our results are unique in
that we report the first biomarker that when elevated in the
peripheral blood, carries a good prognosis. In the case of
natriuretic peptides, the biomarkers most commonly used
in clinical practice [25], patients on PAH therapy with high
BNP levels (>180 pg/ml) have very poor survival [30]. It is

possible that these markers, while effectively reflecting
worsening right ventricular failure, provide prognostic
information only when the disease is too advanced. Most of
our patients were on PAH-targeted therapies, had BNP
levels below 180 pg/ml, and had relatively preserved right
ventricular function (Table 1). It is interesting that in this
population, serum CXCL10 levels were predictive of
mortality. Furthermore, serum CXCLI10 levels had no
correlations with standard prognostic indicators in PAH
(Table 3). BNP had significant correlations with several of
these parameters in our population, but it had no associa-
tions with clinical outcomes.

What may be the mechanism underlying the better
outcomes seen with higher serum CXCL10 levels? A
recent study suggests that intact T-cell activity is needed to
prevent severe pulmonary hypertension and remodeling
[32]. In this context, CXCL10 is notable for attracting
activated T lymphocytes via its interaction with the
receptor CXCR3 [6, 7]. Another factor contributing to
vascular remodeling in PAH is exuberant angioprolifera-
tion [1, 33, 34]. CXCL10 inhibits angiogenesis [8] and may
represent a counterregulatory response to the increase in
new vessel formation seen in PAH. Thus, increased
CXCLI10 activity, through the recruitment of T cells and
the inhibition of angiogenesis, could lead to decreased
vascular remodeling and better outcomes in idiopathic
PAH, as suggested by our data. Under circumstances
leading to relatively decreased CXCL10 production, this
could in turn lead to decreased T-cell activity, worsened
angioproliferation, and shortened survival. This remains
speculative.

The main limitation of this study is the relatively small
sample size with a small number of clinical events. This
could account for the lack of association between BNP and
prognosis, as natriuretic peptides have been found to have
prognostic implications [30, 31]. This also limits the
amount of feasible statistical adjustment for potential
confounders. A sizable proportion of patients were on
prostacyclin therapy, and it is not clear what impact, if any,
these compounds have on CXCL10 serum levels. In a
recent study, a selective prostacyclin receptor agonist
suppressed interferon-y-induced CXCL10 release by
human airway epithelial cells in vitro [35]. There are no
studies in pulmonary vascular cells, and our data do not
establish the source of CXCL10 in these patients.

In summary, we report elevated serum CXCL10 in idi-
opathic PAH and that higher CXCL10 levels are associated
with improved survival. Further studies are needed to
confirm the prognostic utility of serum CXCL10 mea-
surement and to clarify the mechanisms behind CXCL10
production and regulation in patients affected by idiopathic
PAH. CXCL10 appears to be a new promising noninvasive
biomarker for this deadly disease.
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