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Abstract

Pulmonary arterial hypertension (PAH) remains a disease with a poor prognosis, so early detection and treatment are very
important. Sensitive and non-invasive markers for PAH are urgently required. This study was performed to identify sensitive
markers of the clinical severity and prognosis of PAH. Patients diagnosed with PAH (n = 30) and control participants (n = 15) were
enrolled in this observational study. Major EPC and MSC markers (including CD34, CD 133, VEGFR2, CD90, PDGFRa, and NGFR)
in peripheral blood mononuclear cells (PBMNCs) were assessed by flow cytometry. Associations of these markers with hemo-
dynamic parameters (e.g. mean pulmonary arterial pressure, pulmonary vascular resistance, and cardiac index) were assessed.
Patients with PAH were followed up for 12 months to assess the incidence of major adverse events, defined as death or lung
transplantation. Levels of circulating EPC and MSC markers in PBMNCs were higher in patients with PAH than in control
participants. Among the studied markers, nerve growth factor receptor (NGFR) was significantly positively correlated with
hemodynamic parameters. During the |12-month follow-up period, major-event-free survival was significantly higher in patients
with PAH who had relatively low frequencies of NGFR positive cells than patients who had higher frequencies. These results
suggested that the presence of circulating NGFR positive cells among PBMNCs may be a novel biomarker for the severity and
prognosis of PAH.
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Introduction . : .
parameters obtained from RHC is problematic, because

approximately two-thirds of the pulmonary vascular bed
has already irreversibly deteriorated by the time of PAH

Pulmonary arterial hypertension (PAH) is a rare progressive
disease in which pulmonary vascular remodeling leads to

intimal hypertrophy of small arteries, resulting in elevated
pulmonary vascular resistance (PVR) and pressure; these
factors are pivotal in the progression of PAH.! Despite
advances in PAH-specific therapies, the prognosis remains
poor for patients with PAH. At present, the most reliable
diagnostic tool for PAH is right heart catheterization
(RHC) to evaluate hemodynamic parameters such as
mean pulmonary arterial pressure (mPAP), PVR, and car-
diac index (CI). However, RHC is an invasive test; more-
over, early diagnosis of PAH based solely on hemodynamic

diagnosis.” Therefore, identification of biomarkers for the
diagnosis of PAH and assessment of its severity at an early
stage are important priorities in the field of pulmonary vas-
cular medicine. Vascular remodeling is caused by the
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proliferation and abnormal signal transduction of vascular
endothelium and smooth muscle cells. Recently, several
studies have implied that the process of vascular remodeling
is driven in part by bone marrow-derived proangiogenic
cells,** and that endothelial progenitor cells (EPCs) and
mesenchymal stem cells (MSCs) contribute to pulmonary
vascular remodeling.>® Furthermore, circulating mesenchy-
mal precursor cells accumulate in the walls of remodeled
vessels in patients with PAH, thereby contributing to
vessel wall thickening.” The progression of vascular remod-
eling leads to the development and aggravation of PAH®;
therefore, circulating mesenchymal precursor cells, which
play an important role in the initiation of vascular remod-
eling, may better reflect the pathophysiology of PAH.’
A low-affinity receptor, nerve growth factor receptor
(NGFR), has emerged as a marker for the isolation of
highly primitive and proliferative stem cells.'” NGFR gene
expression in peripheral blood mononuclear cells
(PBMNCs) is reportedly associated with the progression
of vascular remodeling in patients with acute coronary syn-
drome,'" suggesting that circulating NGFR positive cells in
PBMNC may play important roles in the pathologic mech-
anisms underlying PAH. We hypothesized that the frequen-
cy of circulating EPCs and MSCs including NGFR positive
cells in PBMNCs increases in patients with PAH and is
associated with hemodynamic measurements that indicate
the severity and prognosis of PAH.

Methods

Study design

This observational study was designed to investigate cell-
surface antigens in PBMNCs from patients with PAH and
was registered in the UMIN Clinical Trials Registry (UMIN
000032832). The study protocol complied with the
Declaration of Helsinki and was approved by the local
ethics committee. This study included patients from
Kanazawa University Hospital in Japan, from July 2016
to March 2020, and informed consent was obtained from
each patient prior to enrollment in the study.

Patient population

Patients diagnosed with PAH were selected; a healthy con-
trol group was also selected, based on an absence of right
heart overload as assessed by echocardiography. In patients
with PAH, RHC showed that mPAP was >25 mmHg and
pulmonary arterial wedge pressure (PAWP) was <15
mmHg at rest. Respiratory functional tests revealed forced
vital capacity >70% and forced expiratory volume in 1s
(FEV1) >60% of the predicted values, indicating no signif-
icant respiratory dysfunction. No abnormalities were
observed in pulmonary ventilation blood flow scintigraphy.
Blood tests showed no findings of blood, systemic inflam-
matory, or metabolic disorders. Patients with acute

coronary syndrome, pregnancy, malignancy, and infectious
diseases were excluded from this study.

Clinical examinations

Patients with PAH underwent RHC at rest to examine
hemodynamic parameters, including mean right atrial pres-
sure, mPAP, and PAWP. Cardiac output was determined by
the thermodilution method. The CI was calculated by divid-
ing cardiac output by body surface area. PVR was calculat-
ed by dividing mPAP by cardiac output. Six-minute walk
distance (6MWD) measurements were performed in
patients with PAH. Blood samples were obtained and
brain natriuretic peptide (BNP) level was measured in all
patients.

Flow cytometry

Peripheral blood samples were collected into heparinized
tubes; PBMNCs were then isolated using Lymphoprep™
tubes (AXIS-SHIELD PoC AS, Oslo, Norway).'” Red cell
lysis was performed using BD PharmLyse™ (BD
Pharmingen, San Diego, CA, USA). IgG was blocked for
10 min at room temperature; subsequently, immunopheno-
typing of PBMNCs was performed by staining for 15 min
on ice in the dark with fluorochrome-labeled monoclonal
antibodies, including anti-human CDI133-FITC (Miltenyi
Biotech, Miltenyi Biotec, Bergisch Gladbach, Germany),
VEGFR2-PE (R&D Systems, Minneapolis, MN, USA),
CD34-PerCP (BD Pharmingen), CD90-FITC (BD
Pharmingen), PDGFRo-PE (BD Pharmingen), and
NGFR-APC (Miltenyi Biotech)."? Isotype-matched control
antibodies were used as negative controls to adjust for fluo-
rochrome overlap.

The fluorescence intensity of cells labeled with fluoro-
chromes was examined using an Accuri C6 flow cytometer
(BD Pharmingen). The data were analyzed using FlowJo
software v10 (BD Pharmingen).

Outcome assessments

Surface antigens of PBMNCs were compared between
patients with PAH and control participants. In patients
with PAH, these markers were compared with 6MWD
and hemodynamic parameters (mPAP, PVR, and CI)
obtained from RHC examinations. In addition, patients
with PAH were followed up for 12 months to assess the
occurrence of adverse events, such as death or lung
transplantation.

Statistical analysis

Statistical analysis and graphs were prepared using Graph
Pad Prism 7.0 (Graph Pad Software, La Jolla, CA, USA).
All variables are presented as medians with interquartile
ranges (IQRs). Statistical significance was defined as
P <0.05 (two-tailed). The Mann—Whitney U test was used
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to compare quantitative variables between groups. Chi-
squared tests were used to compare differences in other
variables between the groups. Correlations were analyzed
using Spearman’s correlation coefficient. Multiple regres-
sion analysis was performed using SPSS for Windows (ver-
sion 17.0; SPSS Japan Inc., Tokyo, Japan). Kaplan—Meier
curves were plotted based on cut-off points for composite
endpoints of major adverse events. Comparisons of event-
free survival curves were performed using the log-rank test.

Results

Patient characteristics

Thirty patients with PAH were enrolled in the study, along
with 15 healthy control participants without findings of

right heart overload on echocardiography. The character-
istics of enrolled patients are shown in Table 1.

There were significant differences in oxygen saturation
and BNP level between control participants and PAH
patients, but no differences in age, sex, BMI, or blood pres-
sure. The numbers of patients with PAH caused by idio-
pathic or heritable PAH, connective tissue disease,
congenital heart disease, portal hypertension, and atypical
PAH were 6 (20%), 11 (36%), 7 (23%), 2 (7%), and 4
(13%), respectively. At the time of evaluation, the numbers
of patients with PAH who had taken endothelin receptor
antagonists, phosphodiesterase type 5 inhibitors, orally
active prostacyclin analogs, and intravenous epoprostenol
were 12 (40%), 11 (37%), 3 (10%), and 1 (3%), respectively.
The numbers of patients with PAH classified as World
Health Organization Functional Classes I-1V were 0 (0%),

Table |. The baseline characteristics in control subjects and patients with PAH.

Control PAH

Baseline characteristics (n=15) (n=30) p-value
Age, years 46 [40-60] 62 [40-72] 0.22
Female sex, no. (%) 9 (60) 20 (67) 0.75
Body mass index, kg/m? 22 [20-23] 22 [20-26] 0.41
Heart rate, beats/min 73 [66-75] 74 [71-85] 0.14
Systolic blood pressure, mmHg 116 [110-123] 115 [109-123] 0.89
Oxygen saturation, % 99 [98-99] 97 [95-98] 0.0002
6-minute walk distance, m n/a 380 [288—473]
WHO-FC, no. (%)

| nla 0 (0)

Il n/a 24 (80)

11l n/a 6 (20)

\% n/a 0 (0)
Subtypes of PAH, no. (%)

Idiopathic or heritable PAH nla 6 (20)

Connective tissue disease n/a Il (36)

Congenital heart disease nla 7 (23)

Portal hypertension n/a 2 (7)

Atypical PAH n/a 4 (13)
Medication, no. (%)

ACE inhibitor/ARB nla 6 (20)

Ca channel blocker nla 2 (7)

Diuretic n/a 14 (47)

Aldosterone antagonist n/a 9 (30)

Endothelin-receptor antagonist n/a 12 (40)

Phosphodiesterase type 5 inhibitor nla Il (37)

Orally active prostacyclin analogue nla 3 (10)

Intravenous epoprostenol n/a I 3)
Hemodynamic variables

Right atrial pressure, mmHg n/a 7 [1-12]

Mean pulmonary artery pressure, mmHg n/a 34 [28-50]

Pulmonary arterial wedge pressure, mmHg n/a 10 [7-13]

Cardiac index, L/min/m? n/a 2.7 [2.2-34]

Pulmonary vascular resistance, Wood units nla 5.6 [3.3-9.7]
BNP, pg/mL 24 [11-34] 92 [25-176] 0.0018

Data are presented as median [interquartile range].

ACE: angiotensin-converting enzyme; ARB: angiotensin |l receptor blocker; BNP: brain natriuretic peptide; n/a: not applicable, PAH: pulmonary arterial hyper-

tension; WHO-FC: World Health Organization functional class.
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24 (80%), 6 (20%), and 0 (0%), respectively. The median
6MWD in patients with PAH was 380 [IQR 288-473] m.

Frequencies of EPC and MSC marker positive cells in
PBMNCs

The gating strategy to identify EPC and MSC marker
positive cells in PBMNCs using flow cytometry is shown
in Fig. 1.

Comparisons of EPC and MSC marker positive cells in
the PAH and control groups are shown in Fig. 2.

The frequencies of EPC and MSC marker positive cells
were significantly higher in patients with PAH than in the
control participants. The median (interquartile range) fre-
quencies of each marker in patients with PAH and in the
control participants were as follows: VEGFR2, 0.098%
(0.071-0.16) vs. 0.062% (0.040-0.094), P=0.011; CD34,
0.16% (0.11-0.22) vs. 0.1% (0.65-0.13), P=0.01; CD133,
0.31% (0.19-0.52) vs. 0.11% (0.073-0.22), P=0.001; CD90,
0.61% (0.21-0.88) wvs. 0.33% (0.14-0.46), P=0.024;
PDGFRa, 0.019% (0.011-0.03) vs. 0.0099% (0.0075-
0.013), P=0.0056; NGFR, 0.061% (0.051-0.076) vs.
0.034% (0.027-0.04), P < 0.0001.

Frequencies of EPC and MSC marker positive cells in
PBMNCs correlated with hemodynamic severity of PAH

The relationships between the frequencies of EPC and MSC
marker positive cells or BNP level and hemodynamic
parameters (mPAP, PVR, and CI) or 6MWD are shown
in Table 2.

Among the studied markers, the frequency of NGFR
positive cells in PBMNCs was strongly correlated with
several hemodynamic parameters: mPAP (R=0.74,
P <0.0001), PVR (R=0.73, P<0.0001), and CI (R=
—0.63, P=0.0002) (Fig. 3).

The frequencies of NGFR positive cells in patients with
different subtypes of PAH are also shown in the
Supplemental Figure. The frequencies were significantly
higher in patients with idiopathic or heritable PAH,
connective tissue disease, and atypical PAH than in
controls. However, we found no difference in the
frequency of NGFR between patients with different PAH
subtypes.

The frequency of CD90 positive cells in PBMNCs was
also positively correlated with mPAP (R =0.45, P=0.013)
and PVR (R=0.42, P=0.022), but not with CI (R=-0.3,
P=0.1). BNP level was correlated with CI (R=-0.42,
P=0.022), but not with mPAP (R=0.35, P=0.054) or
PVR (R=0.28, P=0.13) (Table 2). 6t MWD was also nega-
tively correlated with BNP level (R =—-0.45, P=0.026) and
MSC marker positive cells, such as those positive for
NGFR (R=-0.67, P=0.0003), PDGFRoa (R=-0.67,
P=0.0065), and CD90 (R=-0.53, P=0.015). However,
the frequencies of EPC marker positive cells were not

correlated with hemodynamic parameters or 6MWD

(Table 2).

Regression analysis of hemodynamic parameters

Regression analysis with multiple variables was performed
on the frequencies of NGFR and CD90 positive cells, which
were correlated with hemodynamic parameters based on
univariate analysis. Table 3 shows the results of regression
analysis of these parameters.

The results indicated that the correlation between NGFR
and mPAP was significantly stronger than that between
CD90 and mPAP (P <0.001).

Correlations of the frequencies of NGFR positive cells in
PBMNCs with major adverse events

Patients with PAH were followed up for 12 months to deter-
mine the incidence of major adverse events, defined as death
or lung transplant. The baseline characteristics of patients
with PAH with and without major adverse events are shown
in Table 4.

Major adverse events occurred in five patients (16.7%):
death in five (100%) and lung transplant in none (0%).
The cause of death in all cases was heart failure. Receiver
operating characteristic (ROC) curves predicting major
adverse events based on the frequencies of NGFR positive
cells are shown in Fig. 4a. The AUC was 0.88 (95% CI
0.76-1.0). The cut-off point was 0.067 (specificity = 100%,
sensitivity =72%). The frequencies of NGFR-positive
cells were <0.067 in 18 PAH patients and >0.067 in the
other 12. Kaplan—Meier curves for patients with PAH
with and without major adverse events were constructed
based on a cut-off frequency of 0.067 for NGFR positive
cells (Fig. 4b).

During the 12-month follow-up period, major-event-free
survival was significantly better in patients with PAH
who had frequencies of NGFR positive cells <0.067 than
in patients who had frequencies of NGFR positive cells
>0.067 (cut-off point, 0.067%; hazard ratio, 8.7; 95% con-
fidence interval, 1.49-50.56; P=0.016).

Discussion

In this study, we demonstrated that the frequencies of EPC
and MSC marker positive cells among PBMNCs were
higher in patients with PAH than in control participants.
Among the EPC and MSC markers, NGFR was significant-
ly more abundant in patients with PAH than in control
participants, and this cell subset had the strongest correla-
tion with hemodynamic parameters and clinical severity.
The BNP level was reported to be correlated with PVR,
CI, and mPAP in patients with primary pulmonary hyper-
tension (PH).'"* In the present study, the frequency of
NGFR positive cells was more strongly associated with
mPAP than the BNP level. Moreover, in patients with
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Fig. 1. Gating strategy for flow cytometry assay. Flow cytometry was used to assess the frequencies of NGFR, PDGFRa, CD90, CD 133,
VEGFR?2, and CD34 positive cells in peripheral blood mononuclear cells from patients with PAH and control participants. (a) Mononuclear cells.
(b) Single cells. (<) NGFR positive cells. (d) PDGFRo positive cells. (€) CD90 positive cells. (f) CD133 positive cells. (g) VEGFR2 positive cells.

(h) CD34 positive cells.
FSC: forward scatter; MNCs: mononuclear cells; NGFR: nerve growth factor receptor; PAH: pulmonary arterial hypertension; PDGFRa: platelet-

derived growth factor receptor; SSC: side scatter; VEGFR2: vascular endothelial growth factor receptor 2.

PAH, the incidence of major adverse events was correlated The pathophysiology of PAH, including environmental
with the frequency of NGFR positive cells. These results and genetic factors that promote vascular remodeling, is not
indicate that NGFR positive cells may be a useful marker completely understood.'> '® Risk assessment using multiple
for severity and prognosis in patients with PAH. parameters has been recommended in clinical settings.'’
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Fig. 2. Frequencies of mesenchymal stem cell and endothelial progenitor cell marker positive cells in control participants and patients with
pulmonary arterial hypertension. The frequencies of MSC and EPC marker positive cells were higher in patients with PAH than in control
participants. (a) % NGFR. (b) % PDGFRo. (c) % CD90. (d) % CDI33. (e) % VEGFR2. (f) % CD34. Center lines show medians, bars indicate

interquartile range (IQR).

% CD34: frequency of CD34 positive cells in PBMNCs; % CD90: frequency of CD90 positive cells in PBMNCs; % CD133: frequency of CD133
positive cells in PBMNCs; % NGFR: frequency of NGFR positive cells in PBMNCs; % PDGFRo: frequency of PDGFRu positive cells in PBMNC:s;
% VEGFR2: frequency of VEGFR2 positive cells in PBMNCs; NGFR: nerve growth factor receptor; PAH: pulmonary arterial hypertension;

PBMNC:s: peripheral blood mononuclear cells; PDGFRo: platelet-derived growth factor receptor; VEGFR?2, vascular endothelial growth factor

receptor 2.

Table 2. Univariate correlations between the frequency of MSC and EPC markers or BNP level and hemodynamic parameters or 6MWD.

Mean pulmonary arterial pressure Pulmonary vascular resistance Cardiac index 6MWD
BNP r=0.35 P=0.054 r=0.28 P=0.13 r=-0.42 P=0.022 r=-0.45 P=0.026
NGFR r=0.74 P <0.0001 r=0.73 P <0.0001 r=-0.63 P=0.0002 r=-0.67 P=10.0003
PDGFRx r=0.20 P=0.29 r=0.25 P=0.17 r=-0.22 P=0.23 r=-0.53 P=0.0065
CD9%0 r=0.45 P=0.013 r=0.42 P=0.022 r=-0.30 P=0.10 r=-0.48 P=0.015
CDI33 r=0.020 P=0.91 r=-0.13 P=0.51 r=-0.035 P=0.86 r=-0.21 P=0.30
VEGFR2 r=-0.0074 P=0.97 r=-0.0089 P=0.96 r=0.13 P=0.48 r=-0.20 P=0.34
CD34 r=-0.22 P=0.25 r=-0.28 P=0.14 r=0.17 P=0.36 r=-0.041 P=0.85

Mean pulmonary arterial pressure, mmHg; Pulmonary vascular resistance, Wood units; Cardiac index, L/min/m?.
6MWD: 6-minute walk distance, m; BNP: brain natriuretic peptide; EPC: endothelial progenitor cell; MSC: mesenchymal stem cell; NGFR: nerve growth factor
receptor; PDGFR: platelet-derived growth factor receptor; VEGFR: vascular endothelial growth factor receptor.

However, several parameters proposed for risk stratification
in patients with PAH do not clearly reflect vascular remod-
eling. A non-invasive biomarker reflecting the pathophysi-
ology of PAH may play an important role in treatment.

Recently, MSCs with pluripotency have been reported to
be involved in vascular remodeling, and showed associa-
tions with pathological changes and therapeutic effects.’
In response to tissue injury, circulating MSCs are recruited
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Fig. 3. Correlations between frequency of nerve growth factor receptor positive cells in patients with pulmonary arterial hypertension and
hemodynamic parameters or 6-minute walk distance. The frequency of NGFR positive cells in patients with PAH was significantly associated with
hemodynamic parameters (mPAP (a), PVR (b), and CI (c)) and 6MWD (d).

6MWD: 6-minute walk distance (m); % NGFR: frequency of nerve growth factor receptor positive cells in peripheral blood mononuclear cells;
Cl: cardiac index (L/min/m?); mPAP: mean pulmonary arterial pressure (mmHg); NGFR: nerve growth factor receptor; PVR: pulmonary vascular

resistance (Wood units).

Table 3. Results of regression analysis of NGFR and CD90 in mPAP.

Independent variables

NGFR CD90
mPAP (R?=0.71) B 439 0.091
SEB 104 48
B 0.7 0.003
P <0.001 0.985

Mean pulmonary arterial pressure, mmHg.
mPAP: mean pulmonary arterial pressure; NGFR: nerve growth factor receptor.

to the injury site and contribute to the tissue remodeling
process. In animal models, circulating MSCs are essential
for maintenance of vascular homeostasis in cardiovascular
disorders*; administration of MSCs is also reportedly ben-
eficial for PH.?>?' These results suggest that the
frequency of circulating MSCs may be an excellent
biomarker reflecting vascular remodeling in patients with
PAH. Therefore, we focused on the main markers of
MSCs and showed that levels of circulating MSCs
were significantly elevated in patients with PAH compared
to control participants. Among these MSC markers,
we found that NGFR positive cells were significantly posi-
tively correlated with parameters indicating the severity of

PAH, including mPAP. In this study, we identified NGFR
as one of the major markers of MSC, but it is remains
controversial whether NGFR positive cells in PBMNCs
are MSCs.

NGPFR is involved in several pathological and physiolog-
ical processes,zz’23 such as cell development, survival, and
differentiation. It was initially reported to be expressed on
cells of the central and peripheral nervous systems.”* NGFR
was also reported to be expressed in various tissues in the
immune system, and in peripheral blood, and plays a role in
inflammatory reactions and repair processes in damaged
tissue.> Recently, NGFR has been employed as a surface
marker for mesenchymal progenitor cells with proliferative
and multipotential differentiation abilities.'® To our knowl-
edge, circulating NGFR positive MSCs have not yet been
reported to be associated with PAH pathogenesis or pro-
gression. However, Iso et al. reported that circulating
NGFR positive MSCs increased in abundance and promot-
ed angiogenesis after acute myocardial infarction.’® Some
studies have reported that MSCs are induced in peripheral
blood in response to hypoxia; subsequently, they promote
vascular remodeling and lead to PAH pathogenesis.” The
results of the present study support the suggestion that
NGFR, as an MSC marker, may be related to pathological
states in PAH.
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Table 4. The baseline characteristics of patients with PAH with and without adverse events.

Adverse events

No adverse events

Baseline characteristics (n=5) (n=25) P value
Age, years 69 [65-84] 60 [35-70] 0.063
Female sex, no. (%) 1 (20) 19 (76) 0.031
Body mass index, kg/m? 22.3 (19.8-22.6) 22.3 (19.5-26) 0.59
6-minute walk distance, m 175 (128-228) 390 (330-477) 0.0096
WHO-FC, no. (%)
| 0 0 >0.99
Il I (20) 23 (92) 0.0026
11l 4 (80) 2(8) 0.0026
\% 0 0 >0.99
Subtypes of PAH, no. (%)
Idiopathic or heritable PAH I (20) 5 (20) >0.99
Connective tissue disease 1 (20) 10 (40) 0.63
Congenital heart disease 0 (0) 7 (23) 0.3
Portal hypertension 0 (0) 2 (7) >0.99
Atypical PAH 3 (60) I (4) 0.0093
NGFR 0.095 (0.076-0.11) 0.052 (0.049-0.075) 0.0046
PDGFRo 0.033 (0.021-0.034) 0.017 (0.01-0.03) 0.18
CD%0 0.97 (0.81-1.0) 0.4 (0.2-0.78) 0.15
CDI33 0.24 (0.097-0.52) 0.32 (0.21-0.51) 0.56
VEGFR2 0.16 (0.11-0.18) 0.094 (0.07-0.14) 0.35
CD34 0.12 (0.11-0.16) 0.17 (0.11-0.22) 0.72
Hemodynamic variables
Right atrial pressure, mmHg 10 (5-10) 7 (4-9) 0.5
Mean pulmonary artery pressure, mmHg 53 (50-54) 33 (25-39) 0.0075
Pulmonary arterial wedge pressure, mmHg 7 (7-13) 10 (7-13) 0.81
Cardiac index, L/min/m? 2.2 (2.1-2.5) 2.9 (2.3-3.6) 0.072
Pulmonary vascular resistance, Wood units 10.0 (9.6-12) 5.2 (3.1-7.8) 0.013
BNP, pg/mL 417 (94-485) 81.3 (25-136) 0.057

Data are presented as median [interquartile range].

BNP: brain natriuretic peptide; n/a: not applicable, NGFR: nerve growth factor receptor; PAH: pulmonary arterial hypertension; PDGFR: platelet-derived growth
factor receptor; VEGFR: vascular endothelial growth factor receptor; WHO-FC: World Health Organization functional class.

Chronic hypoxia has emerged as a well-established inde-
pendent cause of vascular remodeling in PAH.?” HIF-1o
functions as a master regulator of oxygen homeostasis
and hypoxic adaptation in the lung. Early studies demon-
strated that the activation of HIF-1lua plays a key role in
vascular remodeling by promoting enhanced arterial wall
thickness under hypoxia in experimental animals.?
Previous findings showed that an interaction between
NGFR and Sah2 regulates the expression of HIF-la
under hypoxic conditions.”® On the basis of these observa-
tions, we speculate that the NGFR-HIF-1o axis might
constitute a promising marker and therapeutic target
for PAH.

Circulating EPCs have also been reported to be associ-
ated with PAH, so we evaluated major EPC markers in this
study.?° In the present study, although the EPC marker
positive cells were elevated in patients with PAH compared
with control participants, they were not correlated with the
severity of PAH. Asosingh et al. reported that circulating
CD34"CD133" bone marrow-derived proangiogenic pre-
cursors were more abundant in patients with PAH than in
healthy control participants, and were correlated with

pulmonary artery pressure.”” Another study reported that
circulating EPCs, defined as CD34"CDI133"VEGFR2"
cells, were induced to a greater extent in patients with
PAH than in healthy controls.*® These reports support the
present findings and suggest that circulating EPCs may play
an important role in PAH.

Endothelial cell apoptosis is an important factor in the
initiation of PH following a reduction of monolayer integ-
rity and disruption of barrier function.’ NGFR is rarely
expressed in healthy endothelial cells, and is strongly
induced in capillary endothelial cells under conditions of
ischemia and diabetes.*> NGFR signaling in pathological
endothelial cells promotes apoptosis through inhibition of
the VEGF-A/Akt/eNOS/NO pathway. The increase in the
number of NGFR positive cells in PAH patients may reflect
endothelial cell apoptosis.

Dysregulated endothelial cell proliferation and complex
vascular lesions also play critical roles in the progression of
PH.*? Occlusive vascular lesions contain proliferating endo-
thelial cells, smooth muscle cells, and inflammatory cells,
including T and B lymphocytes and macrophages. Recent
studies indicated that resident stem/progenitor cells also



Pulmonary Circulation Volume Il Number | | 9

—
)
—_—
-
(=]
o
]

|

— NGFR; AUC 0.88, P=0.0076

Sensitivity (%)
1]
o
L.

0 T 1
0 50 100
100%-Secificity (%)

—
o
—

< 100

= % NGFR < 0.067

= % NGFR > 0.067

Log-rank test, P=0.016

Hazard ratio 8.7 (95% CI, 1.49-50.56)

Major event free survival (%
(41
o
1

o

| | | L | 1 1
0 2 4 6 8 10 12
months

Fig. 4. (a) Receiver operating characteristic curves predicting major
adverse events based on the frequencies of NGFR positive cells. ROC
analysis revealed that NGFR was a predictive biomarker for major
adverse events, with an area under the curve of 0.88 (P <0.01).

(b) Kaplan—Meier curves of survival without major adverse events
based on the frequency of nerve growth factor receptor positive cells.
Kaplan—Meier curves according to the frequency of NGFR positive
cells (cut-off level, 0.067) are shown. Major-event-free survival was
significantly better in pulmonary arterial hypertension patients with
NGFR positive cell frequencies < 0.067 than in patients with

NGFR positive cell frequencies > 0.067 (P=0.016).

AUC: area under the curve; NGFR: nerve growth factor receptor;
ROC: receiver operating characteristic curve.

accumulate and contribute to blood vessel remodeling, lead-
ing to occlusive vascular lesion formation.**

The expression of NGFR has been shown to be
associated with a proliferative state, and increased migra-
tion/invasion in several primary and metastatic human can-
cers. NGFR controls cell survival via the recruitment of
receptor-interacting serine/threonine-protein kinase 2-medi-
ated activation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«B).>> NGFR also trig-
gers the mitogen-activated protein kinase pathway, leading
to signaling processes mediated by extracellular-regulated
kinases or phosphatidylinositol 3-kinases promoting cell
proliferation and survival.*® Here, we showed that circulat-
ing NGFR positive cell expression was positively correlated
with the severity of PAH. These cells may be sources of
proliferating endothelial cells, and show crosstalk with

local cells involved in occlusive vascular lesions. NGFR
has been reported to regulate neuronal survival and apopto-
sis.>” The contrasting effects are due to the dependence of
NGFR signaling on co-receptors and intracellular ligand
availability. Further basic studies are needed to clarify
the roles of circulating NGFR positive cells in the patho-
genesis of PH.

This study had several limitations. First, because PAH is
a rare disease, only 30 patients with PAH participated in the
study. The small number of patients in this study is not
uncommon; other studies have each included approximately
20 patients with PAH.?>*° Although our sample size was
sufficient to identify crude trends among patients with
PAH, the number of cases was not sufficient to allow assess-
ment of the differences in PAH subcategories. We found
that the frequencies of NGFR positive cells, mPAP, and
major adverse events tended to be higher in the atypical
PAH group, perhaps because these patients were older
and had more complications such as heart and respiratory
diseases. Further studies including greater numbers of
patients are also required to identify factors that affect
NGEFR positive cell expression, such as subtypes and treat-
ments of PAH. Furthermore, our subjects had mild-
to-moderate PAH; studies including patients with severe
PAH are required to facilitate more accurate prediction of
survival and adverse events.

Second, only major markers of EPCs (CD34, VEGFR2,
and CDI133) and MSCs (NGFR, PDGFR«, and CD90)
were investigated in this study. Recently, CD146, an MSC
marker, has been shown to be involved with vascular
remodeling and the progression of PAH in animal
models.*® In addition, the changes in single marker positive
EPCs and MSCs did not directly reflect changes in EPC and
MSC expression in PBMNCs. Further study is required
regarding other representative markers of EPCs and
MSCs, and the functions of marker positive cells in PAH.

Furthermore, this study compared only the BNP level
with EPC and MSC markers. However, various other bio-
markers (e.g. IL-6, osteopontin, and N-terminal propeptide
of procollagen III) are also reportedly correlated with
PAH.? Therefore, the abilities of EPC and MSC markers
to predict the severity and prognosis of PAH should also be
compared with the biomarkers mentioned above. Finally,
although NGFR is reportedly expressed on the surface of
MSCs, the present study did not demonstrate that circulat-
ing NGFR positive cells have properties of MSCs. Further
studies are needed to investigate how circulating NGFR

positive cells are involved in vascular remodeling in patients
with PAH.

Conclusion

In conclusion, levels of circulating EPC and MSC markers
in PBMNCs were elevated in patients with PAH. Among
these markers, NGFR was the most strongly correlated with
disease severity, and may be a prognostic factor for PAH.
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These results imply that circulating NGFR positive cells in
PBMNCs may be a useful novel biomarker for severity and
prognosis in patients with PAH.
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