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BACKGROUND: Preclinical evidence implicates neutrophil elastase (NE) in pulmonary arterial
hypertension (PAH) pathogenesis, and the NE inhibitor elafin is under early therapeutic
investigation.

RESEARCH QUESTION: Are circulating NE and elafin levels abnormal in PAH and are they
associated with clinical severity?

STUDY DESIGN AND METHODS: In an observational Stanford University PAH cohort (n ¼ 249),
plasma NE and elafin levels were measured in comparison with those of healthy control
participants (n¼ 106). NE and elafin measurements were then related to PAH clinical features
and relevant ancillary biomarkers. Cox regression models were fitted with cubic spline func-
tions to associate NE and elafin levels with survival. To validate prognostic relationships, we
analyzed two United Kingdom cohorts (n ¼ 75 and n¼ 357). Mixed-effects models evaluated
NE and elafin changes during disease progression. Finally, we studied effects of NE-elafin
balance on pulmonary artery endothelial cells (PAECs) from patients with PAH.

RESULTS: Relative to control participants, patients with PAH were found to have increased NE
levels (205.1 ng/mL [interquartile range (IQR), 123.6-387.3 ng/mL] vs 97.6 ng/mL [IQR, 74.4-
126.6 ng/mL]; P < .0001) and decreased elafin levels (32.0 ng/mL [IQR, 15.3-59.1 ng/mL]
vs 45.5 ng/mL [IQR, 28.1-92.8 ng/mL]; P < .0001) independent of PAH subtype, illness
duration, and therapies. Higher NE levels were associated with worse symptom severity,
shorter 6-min walk distance, higher N-terminal pro-type brain natriuretic peptide levels,
greater right ventricular dysfunction, worse hemodynamics, increased circulating neutrophil
levels, elevated cytokine levels, and lower blood BMPR2 expression. In Stanford patients, NE
levels of> 168.5 ng/mL portended increased mortality risk after adjustment for known clinical
predictors (hazard ratio [HR], 2.52; CI, 1.36-4.65, P¼ .003) or prognostic cytokines (HR, 2.63;
CI, 1.42-4.87; P ¼ .001), and the NE level added incremental value to established PAH risk
scores. Similar prognostic thresholds were identified in validation cohorts. Longitudinal NE
changes tracked with clinical trends and outcomes. PAH PAECs exhibited increased apoptosis
and attenuated angiogenesis when exposed to NE at the level observed in patients’ blood. Elafin
rescued PAEC homeostasis, yet the required dose exceeded levels found in patients.

INTERPRETATION: Blood levels of NE are increased while elafin levels are deficient across
PAH subtypes. Higher NE levels are associated with worse clinical disease severity and
one morphogenetic protein receptor 2;
immune modulating therapy; IQR =
mean pulmonary arterial pressure;

C = pulmonary artery endothelial cell;
ypertension
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Pulmonary arterial hypertension (PAH) is a progressive
occlusive arteriopathy that often culminates in right heart
failure and death, despite available therapies. Persistent
inflammation is a well-recognized feature of PAH,1,2

arising from aberrant reparative immune responses that
follow a disease-provoking vascular insult.3,4 Extracellular
matrix breakdown accompanies this inflammation,
propagating immune cell activation and recruitment.5,6

Levels of perivascular immune cells and blood cytokines
correlate with PAH clinical severity,7-10 suggesting that
inflammation may contribute to disease progression.

Neutrophils are among the immune cells involved and
release neutrophil elastase (NE), a protease implicated in
PAH arteriopathy.11 Neutrophils isolated from patients
with PAH have enhanced NE release capacity12: NE
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localizes to pulmonary arterial smooth muscle cells and
neointimal lesions in PAH lungs,13 and NE activity
temporally associates with vascular remodeling in
experimental pulmonary hypertension.14 NE is thought to
trigger remodeling via extracellular matrix degradation,
which causes release of growth factors, clustering and
activation of their receptors, and ensuing migration and
proliferation of smooth muscle cells and fibroblasts.15-17

NE may perpetuate inflammation by generating
chemotactic elastin fragments,18 proteolytically modifying
cytokines19,20 and downregulating bone morphogenetic
protein receptor 2 (BMPR2) signaling.21,22

Therapies that antagonize NE have yielded favorable
preclinical results.23 We found that recombinant elafin,
an endogenously produced NE inhibitor, reversed
experimental pulmonary hypertension and caused
neointimal lesions to regress in cultured lung tissue.24

Elafin seems to amplify BMPR2 signaling and to
promote normal angiogenesis.24,25 Based on these
findings, we launched a phase 1 trial of elafin therapy for
PAH (ClinicalTrials.gov Identifier: NCT03522935).

An increasing number of novel PAH therapies have failed
in clinical trials, despite promising preclinical data.
Experts call for the development of biomarkers relevant
to pathobiological features, clinical disease state, and drug
mechanism during initial investigation phases to inform
later-phase clinical trial design.26,27 Despite preclinical
evidence linking NE to PAH pathobiological features and
the therapeutic potential of elafin, no study has evaluated
circulating NE and elafin as clinical biomarkers. As part
of the bench-to-bedside development of elafin therapy,
we aimed to determine whether NE and elafin blood
levels are abnormal in PAH and are associated with
disease severity and outcomes. We hypothesized that NE
levels would be increased and elafin levels would be
deficient across PAH subtypes, with more pronounced
derangements in severe disease.

Methods
Study Overview

Plasma NE and elafin levels were measured in an observational
cohort study of patients with PAH and healthy control
participants enrolled at Stanford University (Stanford, CA). Levels
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Take-home Points

Study question: Are blood levels of neutrophil
elastase (NE) and the NE inhibitor elafin abnormal
and associated with clinical features in PAH?
Results: There is a circulating imbalance of increased
NE and deficient elafin across PAH subtypes, and NE
levels associate with disease severity, prognosticate
long-term outcomes, and add incremental value to
established clinical risk stratification scores.
Interpretation: Circulating NE is a promising PAH
biomarker which could aid the development of elafin
and other novel therapies directed at inflammation,
on account of its drug target relevance, its suspected
mechanistic role in PAH pathogenesis, and its asso-
ciation with clinical disease severity and progression.
of these biomarkers (1) were evaluated across PAH subtypes in
comparison with those of control participants, (2) were related to
PAH clinical features and outcomes, (3) were reassessed over time
to examine changes during disease progression, and (4) were
correlated with ancillary blood measures (leukocyte subsets,
cytokines, and BMPR2 expression). To validate observed
relationships with outcomes, we analyzed existing multicenter
United Kingdom (UK) data from prior PAH proteome studies.
Guided by the NE and elafin blood levels found in patients, we
then assessed the effects of NE-elafin imbalance on pulmonary
arterial endothelial cells (PAECs) isolated from PAH lung explants.

Population and Data Collection

The primary cohort included patients with World Health Organization
Group 1 PAH that underwent evaluation at Stanford and had blood
collected for the Vera Moulton Wall Center biobank between 2008
and 2013 (n ¼ 249). The study was approved by the Stanford
University Institutional Review Board (protocol no., 14083), and all
participants provided informed consent. PAH was diagnosed
according to existing guidelines and required mean pulmonary arterial
pressure (mPAP) of $ 25 mm Hg, pulmonary vascular resistance of >
240 dynes/sec/cm5, and wedge pressure of # 15 mm Hg.28 We
excluded patients with chronic lung disease, left ventricular systolic
dysfunction, valvular disease, chronic infection, or any acute illness
within 1 month (e-Fig 1). Control participants (n ¼ 106) were
included from the Stanford Healthy Aging Population Study, which
screened volunteers for cardiovascular and immune health from 2009
through 2013 (e-Appendix 1).

NE and Elafin: Internal jugular venous samples were collected during the
index right heart catheterization at Stanford, regardless of whether PAH
was incident or prevalent. Plasma samples were processed immediately
and stored under strict protocols (e-Appendix 2A). We obtained follow-
up samples from a patient subset during routine surveillance
catheterization (n ¼ 70). NE and elafin levels were measured by enzyme-
linked immunoabsorbent assay (Hycult Biotech) (e-Appendix 3A).

Clinical Data: The Stanford Pulmonary Hypertension Database was
used to extract patient demographics, clinical features, and background
therapies at the time of plasma collection. In patients with follow-up
sampling, therapy interventions and clinical trends were captured.
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All patients were observed over time for the outcome of death or
lung transplantation (e-Appendix 2B).

Ancillary Blood Measurements: For patients with same-day data
available from prior Vera Moulton Wall Center biobank studies,29,30 we
obtained blood measurements of leukocyte subset counts (CBC
differential), 48 cytokines (BioPlex multiplex immunoassay; Bio-Rad),
and BMPR2 messenger RNA expression (real-time quantitative reverse
transcriptase polymerase chain reaction analysis; Applied Biosystems)
(e-Appendix 3B, 3C).

Validation Cohorts: Patients with idiopathic PAH were included from
two UK studies: a prior published cohort31 enrolled at Imperial College
from 2002 through 2011 (cohort A; n ¼ 75) and a multicenter cohort
recruited from 2014 through 2018 for the UK National Cohort Study of
Idiopathic and Heritable PAH (cohort B; n ¼ 357). Aptamer-based
peripheral plasma NE measurements (SomaScan; Somalogic) and
survival data were obtained (e-Appendix 4).

PAEC Studies: Explanted lungs were procured from PAH transplant
recipients (n ¼ 3) and control donors (n ¼ 3) through the Pulmonary
Hypertension Breakthrough Initiative. Harvested PAECs were cultured
and treated with various elastase and elafin dose combinations
(e-Table 1). Under each treatment condition, we evaluated PAEC
apoptosis (caspase 3/7 assay) and angiogenesis activity (tube
formation) (e-Appendix 5).24,32

Statistical Analysis

Analyses were performed using R version 3.5.1 software (R Foundation
for Statistical Computing) (e-Appendix 6). NE and elafin levels in PAH
were compared with those of control participants via Mann-Whitney U
test. Receiver operating characteristic curves assessed the PAH
discriminatory power of each biomarker, and ideal discrimination
cutoffs were identified (Youden’s statistic). To evaluate univariate
biomarker relationships with clinical features, we applied the Spearman
r statistic (continuous variables), the Mann-Whitney U test (binary
variables), the Kruskal-Wallis test (categorical variables), and the Cuzick
test (ordinal variables). We also fit median regression models adjusted
for age, sex, and BMI to associate NE and elafin levels with disease
severity metrics. Biomarker changes were related to clinical features
over time via mixed-effects models. NE and elafin levels were correlated
with leukocyte subset counts and BMPR2 expression levels in blood.
Significance analysis of microarrays was implemented to ascertain
differentially expressed cytokines among patients with increased NE levels.

The outcome of time to death or transplantation from blood sampling
was analyzed, and Kaplan-Meier transplant-free survival estimates were
compared across biomarker quantiles. Univariate Cox regression models
were fitted to assess the relationship between each biomarker and the
outcome. When the assumption of linearity between biomarker levels
and log hazard was not satisfied, Cox models were fitted with cubic
spline functions to examine nonlinear relationships. Bootstrapped spline
model estimates were used to identify the biomarker threshold beyond
which mortality risk remained significantly increased. This prognostic
threshold was evaluated in multivariate Cox models that adjusted for
known predictors of PAH risk, including clinical parameters and
cytokines. We also determined whether the prognostic threshold added
incremental value to established PAH risk stratification scores. The
Registry to Evaluate Early and Long-Term PAH Disease Management
2.0 calculator,33 the French Pulmonary Hypertension Registry
algorithm,34 and the Comparative Prospective Registry of Newly
Initiated Therapies for Pulmonary Hypertension score35 stratified low-,
intermediate-, and high-risk groups (e-Appendix 6C). The predictive
performance of risk score-only and biomarker-inclusive Cox regression
models was compared by likelihood ratio test.
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Results
The Stanford cohort with PAH (Table 1) had a median
age of 49 years (interquartile range [IQR], 38-59 years)
and was predominantly female (76.7%). The most
common PAH subtypes were connective tissue disease
associated (31.7%) and idiopathic (27.7%), followed by
drugs and toxins associated (18.9%), congenital heart
disease associated (15.3%), and portopulmonary
hypertension (6.4%). Many participants showed New
York Heart Association functional class III or IV
symptoms (57.0%), and PAH was hemodynamically
severe: mPAP of 50 mm Hg (IQR, 40-60 mm Hg) and
pulmonary vascular resistance 821 dynes/sec/cm5 (IQR,
506-1197 dynes/sec/cm5). Most patients were either
treatment naïve (35.0%) or were receiving monotherapy
(28.1%).

NE and Elafin Levels in Patients With PAH
vs Healthy Participants

Relative to control participants, patients with PAH were
observed to have increased plasma NE levels (median,
205.1 ng/mL [IQR, 123.6-387.3 ng/mL] vs 97.6 ng/mL
[IQR, 74.4-126.6 ng/mL]), decreased elafin levels
(median, 32.0 ng/mL [IQR, 15.3-59.1 ng/mL] vs 45.5 ng/
mL [IQR, 28.1-92.8 ng/mL]), and higher NE to elafin
ratio (median, 6.2 [IQR, 3.0-17.3] vs 2.0 [IQR, 0.8-3.8];
all P < .0001) (Fig 1A, 1B). The magnitude of NE level
elevation was similar across PAH subtypes. Elafin was
deficient for all subtypes except portopulmonary
hypertension. The NE level better discriminated patients
with PAH than elafin (c-statistic, 0.811 [CI, 0.767-0.853]
vs 0.650 [CI, 0.590-0.710]) (Fig 1C), and ideal cutoffs
were NE level of > 134.8 ng/mL (specificity, 0.83;
sensitivity, 0.70) and elafin level of < 35.9 ng/mL
(specificity, 0.65; sensitivity, 0.56). The NE to elafin
ratio did not improve PAH discriminatory power
(c-statistic, 0.808 [CI, 0.763-0.852]), and no positive or
negative correlation existed between NE and elafin
levels in patients with PAH or healthy participants
(e-Fig 2A, 2B).

NE and Elafin Levels in Relationship to Clinical
Features

NE and elafin levels were independent of age in
patients with PAH and healthy participants
(e-Fig 3A). No sex-related NE differences were
observed, although female patients with PAH
exhibited more pronounced elafin deficiency (e-Fig 3B).
Neither biomarker was related to race or ethnicity or to
BMI (e-Fig 3C, 3D).
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Clinical markers of disease severity were associated
with NE levels, but not elafin levels. The NE level
increased with more severe heart failure symptoms
from New York Heart Association functional classes I
to IV (Fig 2A). Higher NE levels also correlated with
shorter 6-min walk distance (r ¼ –0.30; P ¼ .006),
increased N-terminal pro-type brain natriuretic
peptide (r ¼ 0.25; P ¼ .011), worse right ventricular
function (tricuspid annular plane systolic excursion
r ¼ –0.23; P ¼ .019), and higher mPAP (r ¼ 0.21;
P ¼ .039) (e-Table 2). Relationships persisted after
adjustment for age, sex, and BMI, where each two-fold
NE elevation equated to a 6-min walk distance
reduction of 34.2 m, relative N-terminal pro-type
brain natriuretic peptide increase of 20.2%, tricuspid
annular plane systolic excursion reduction of 0.18 cm,
and mPAP increase of 4.1 mm Hg (Fig 2B).

NE and elafin levels were independent of time
from PAH diagnosis (e-Fig 4), PAH treatment
status (naïve, monotherapy, dual therapy, or
triple therapy) (e-Fig 5), each class of background
PAH therapy (phosphodiesterase-5 inhibitors,
endothelin receptor antagonists, or prostanoids)
(e-Fig 6), and background immune modulators
(e-Fig 7).

NE and Elafin Levels as Prognostic Markers

Stanford Cohort: Median follow-up for outcomes was
3.4 years (IQR, 2.0-5.8 years), during which time 52
patients (20.9%) died and 19 patients (7.6%) underwent
transplantation. The 5-year survival rate was more
favorable in the lowest NE quartile (85.3% [CI, 76.2%-
95.5%]) than higher quartiles (quartile 2, 61.8% [CI,
49.8%-76.7%]; quartile 3, 64.0% [CI, 52.2%-78.4%];
quartile 4, 66.4% [CI, 54.1%-79.3%]; P ¼ .024) (Fig 3A).
A nonlinear threshold-type relationship was observed
between NE level and mortality risk, as demonstrated by
a Cox regression model fitted with a cubic spline
function (Fig 3B). We identified a prognostic threshold
(> 168.5 ng/mL; 42nd percentile of cohort) associated
with increased mortality risk (hazard ratio [HR], 3.07
[CI, 1.72-5.46]; P ¼ .0001) (Fig 3C). This threshold
retained significance in multiple sensitivity analyses and
after adjustment for previously reported PAH predictors
including age, sex, PAH subtype, incident (newly
diagnosed) PAH status, prostacyclin treatment,
functional class, N-terminal pro-type brain natriuretic
peptide, and right atrial pressure (HR, 2.52 [CI, 1.36-
4.65]; P ¼ .003) (Fig 3D, e-Table 3). NE level also added
incremental prognostic value to the Registry to Evaluate
1445
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TABLE 1 ] Stanford Cohort Characteristics at Baseline Measurement of NE and Elafin

Variable
Control Participants

(N ¼ 106)
All PAH

(n ¼ 249)
PAH Subgroup With Follow-up NE and Elafin Measurements

(n ¼ 70)

Age, y 58 (48-72) 49 (38-59) 50 (40-58)

Sex

Female 58 (54.7) 191 (76.7) 53 (75.7)

Male 48 (45.3) 58 (23.3) 17 (24.3)

PAH cause

IPAH þ HPAHa — 69 (27.7) 20 (28.6)

D&T-associated PAH — 47 (18.9) 17 (24.3)

CTD-associated PAH — 79 (31.7) 18 (25.7)

PoPH — 16 (6.4) 7 (10.0)

CHD-associated PAH — 38 (15.3) 8 (11.4)

NYHA FC

I — 14 (5.6) 5 (7.1)

II — 93 (37.3) 33 (47.1)

III — 114 (45.8) 24 (34.3)

IV — 28 (11.2) 8 (11.4)

6MWD, m — 423 (341-513) 433 (366-512)

Therapy extent

Naïve — 87 (35.0) 19 (27.1)

Monotherapy — 70 (28.1) 21 (30.0)

Dual therapy — 69 (27.7) 24 (34.3)

Triple therapy — 23 (9.2) 6 (8.6)

Therapy class

PDE-5 inhibitor — 119 (47.8) 36 (51.4)

ERA — 74 (29.7) 22 (31.4)

Prostacyclin — 84 (33.7) 29 (41.4)

DLCO, % predicted — 71 (54-87) 73 (64-89)

NT-proBNP, pg/mL — 289 (80-1238) 216 (75-934)

Hemodynamics

Right atrial pressure,
mm Hg

— 7 (5-11) 7 (4-12)

mPAP, mm Hg — 50 (40-60) 52 (42-60)

Cardiac index, L/min/m2 — 2.09 (1.76-2.43) 2.07 (1.70-2.36)

PVR, dynes/sec/cm5 — 821 (506-1197) 842 (596-1177)

NE, ng/mL 97.6 (74.4-126.6) 205.1 (123.6-387.3) 169.9 (119.1-310.3)

Elafin, ng/mL 45.5 (28.1-92.8) 32.0 (15.3-59.1) 42.4 (33.1-72.2)

NE to elafin ratio 2.0 (0.8-3.8) 6.2 (3.0-17.3) 4.3 (2.0-7.2)

Data are presented as No. (%) or median (interquartile range). Missing data: all PAH group, 6MWD (n ¼ 5), DLCO (n ¼ 20), RAP (n ¼ 4), CI and PVR (n ¼ 2);
follow-up group: DLCO (n ¼ 10). 6MWD ¼ 6-min walk distance; APAH ¼ associated pulmonary arterial hypertension; CHD ¼ congenital heart disease; CTD ¼
connective tissue disease; D&T ¼ drugs and toxins; DLCO ¼ diffusion capacity of lung for carbon monoxide; — ¼ data not available for healthy control
participants; ERA ¼ endothelin receptor antagonist; HPAH ¼ heritable pulmonary arterial hypertension; IPAH ¼ idiopathic pulmonary arterial hyper-
tension; mPAP ¼ mean pulmonary arterial pressure; NE ¼ neutrophil elastase; NT-proBNP ¼ N-terminal B-type natriuretic peptide; NYHA FC ¼ New York
Heart Association functional class; PAH ¼ pulmonary arterial hypertension; PDE-5 ¼ phosphodiesterase-5; PoPH ¼ portopulmonary hypertension; PVR ¼
pulmonary vascular resistance.
aHPAH: n ¼ 3 patients (1.2% of cohort), who had confirmed BMPR2 mutations. Mutation status was not otherwise evaluated routinely in the cohort.
Early and Long-Term PAH Disease Management 2.0,

French Pulmonary Hypertension Registry, and

Comparative Prospective Registry of Newly Initiated
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Therapies for Pulmonary Hypertension PAH risk

stratification scores (Fig 3E, e-Table 4). Elafin level was

not associated with outcomes (e-Fig 8).
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Figure 1 – A-C, Increased NE and relative elafin deficiency across PAH subtypes. A, Box-and-whisker plots showing log-transformed NE and elafin
levels in patients with PAH (overall and each subtype) compared to those in healthy control participants. Boxplots denote the median, interquartile
range, and 1.5 � IQR. P values reflect comparisons of the PAH population overall vs healthy control participants (top of left panel), patients with each
PAH subtype vs control participants (top of right panel), and across subtypes (bottom of right panel). B, Graphs showing the distributions of NE and
elafin in patients with PAH and healthy control participants, displayed as probability density functions (smoothed histograms resulting (Continued)
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showing baseline NE and elafin (log-scale) stratified by heart failure symptom severity (with increasing NYHA functional class from I to IV). B, Lollipop
plot summarizing median regression analyses that related NE and elafin to baseline PAH clinical metrics. Regression models were adjusted for age, sex,
and BMI. The plot shows the direction and magnitude of clinical differences associated with each two-fold elevation of NE (red) and elafin (blue).
Relationships achieving statistical significance (regression coefficient P < .05) are indicated as follows: *P < .05, **P < .01, or ***P < .001. 6MWD ¼
6-min walk distance; DLCO ¼ diffusion capacity of lung for carbon monoxide; mPAP ¼ mean pulmonary arterial pressure; NE ¼ neutrophil elastase;
NT-proBNP ¼ N-terminal pro-type brain natriuretic peptide; NYHA ¼ New York Heart Association; PVR¼ pulmonary vascular resistance; TAPSE¼
tricuspid annular plane systolic excursion.
UK Cohorts: In cohort A (baseline characteristics in
e-Table 5), median follow-up was 2.5 years (IQR, 1.6-4.8
years), and 56 patients (74.7%) died or underwent
transplantation. In cohort B, events transpired in 78
patients (21.8%) during a median of 4.7 years (IQR,
Figure 1 | (Continued) from Gaussian kernel estimation). Rug plot hash mar
measures. C, Receiver operating characteristic curves displaying the PAH dis
and ideal discrimination cutoffs (derived from Youden’s index) are indicated
CHD ¼ congenital heart disease; CTD ¼ connective tissue disease; D&T ¼
NE ¼ neutrophil elastase; PAH ¼ pulmonary arterial hypertension; PoPH ¼
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3.6-5.4 years) of follow-up. Survival was worse in the
highest NE tertile of cohort A (P ¼ .008), and in cohort
B, a trend toward worse survival was found in the
highest quartile (P ¼ .100) (Fig 4A). Nonlinear
relationships between NE and survival were
ks above and below the probability density curves represent patient-level
criminatory power of NE and elafin. Calculated c-statistics (AUC)
. AUC ¼ area under the receiver operating characteristic curve;
drugs and toxins; IPAH ¼ idiopathic pulmonary arterial hypertension;
portopulmonary hypertension.
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Figure 3 – A-E, Prognostic value of NE in Stanford pulmonary arterial hypertension (PAH) cohort. A, Kaplan-Meier 5-year survival estimates by NE
quartile (Q1, < 123.6 ng/mL; Q2, 123.6-205.1 ng/mL; Q3, 205.1-397.3 ng/mL; and Q4, > 397.3 ng/mL). B, Plot showing the nonlinear relationship
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fitted with a cubic spline function. Model estimates are shown across the measured range of NE, with patient-level measurements indicated (Continued)
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demonstrated in both cohorts, and prognostic
thresholds above which the risk of death was increased
significantly were identifiable in cohort A (HR, 2.46 [CI,
1.37-4.43]; P ¼ .002) and cohort B (HR, 1.95 [CI, 1.20-
3.20]; P ¼ .007) (Fig 4B, 4C). Although UK SomaScan
measurements (in relative fluorescent units) were not
comparable with Stanford enzyme-linked
immunoabsorbent assay data (in nanograms per
milliliter), UK prognostic thresholds fell at higher points
in measured NE distributions (67th and 79th percentiles
of cohorts A and B).

Biomarker Changes During the Disease Course

Median time to follow-up blood sampling was 0.9 years
(IQR, 0.5-1.4 years) among patients who underwent
reassessment (n ¼ 70). Interval PAH therapy addition
occurred in 32 patients (45.7%), and patients collectively
showed modest interval improvements in 6-min walk
distance, mPAP, pulmonary vascular resistance, and
cardiac index (e-Table 6). Mixed models accounting for
baseline patient differences demonstrated overall relative
downtrends in NE levels (–39.0%; P ¼ .023) and elafin
levels (–17.2%; P ¼ .001) (e-Fig 9), where changes were
independent of age, sex, and PAH subtype (e-Table 7).
NE changes were associated with New York Heart
Association functional class trends, as functional class
improvements corresponded to decreasing NE levels
(median, –136.3 ng/mL; P ¼ .011) and class worsening
tracked with increasing NE levels (þ72.8 ng/mL; P ¼
.002) (Fig 5A). Prostacyclin initiation (n ¼ 14/70) was
associated with reductions in levels of NE (P ¼ .035) and
elafin (P ¼ .006) (e-Figs 10, 11), but other initiated
therapies did not produce significant biomarker changes.

Analysis of NE changes relative to the established
prognostic threshold (168.5 ng/mL) revealed that 5-year
event-free survival was poor when the NE level increased
from less than to more than the threshold (9% [CI, 2%-
59%]), was intermediate if NE level remained at more
than the threshold (41% [CI, 23%-73%]), and was more
favorable when NE level either remained less than the
threshold (75% [CI, 59%-95%]) or fell from more than
Figure 3 | (Continued) along the x-axis rug plot. The maroon point highlights
(prognostic threshold> 168.5 ng/mL). C, Kaplan-Meier survival curves for sub
associated with NE > 168.5 ng/mL in univariate analysis, in multivariate ana
prostacyclin treatment, functional class, NT-proBNP, and right atrial pressure
added by NE to three validated PAH risk stratification tools: the REVEAL 2.0
stratified patients into low-, intermediate-, and high-risk groups (e-Appendix
each risk score (red bars) vs those fitted only with risk scores (grey bars). P valu
Registry of Newly Initiated Therapies for Pulmonary Hypertension; CTD¼ con
NE ¼ neutrophil elastase; NT-proBNP ¼ N-terminal pro-type brain natriure
PGI2¼ prostacyclin; PoPH¼ portopulmonary hypertension; Q¼ quartile; RA
Term PAH Disease Management.
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to less than the threshold (67% [CI, 48%-92%]; across-
group P ¼ .004) (Fig 5B).

Relevant Ancillary Biological Measurements

The NE level correlated with the circulating absolute
neutrophil count (r ¼ 0.375, P ¼ .0007) and neutrophil
percentage (r ¼ 0.368; P ¼ .001), but not with other
leukocyte subsets (Fig 6A, 6B, e-Table 8). The level of
NE also correlated negatively with BMPR2 expression in
blood (r ¼ –0.429; P < .0001) (Fig 6A, 6B). Among
patients with NE levels of more than the PAH
discrimination cutoff (> 138.4 ng/mL), 9 of 48
measured cytokines were overexpressed (false-discovery
rate < 0.05: IL-8, IL-18, C-X-C motif chemokine ligand
1, IL-1b, hepatocyte growth factor, IL-6, tumor necrosis
factor-a, C-C motif chemokine ligand 2, and stem cell
growth factor-b) (Fig 6C). In analysis of the 14
measured cytokines that have been implicated
previously as prognostic PAH biomarkers,9,10,36-39 IL-
1b, IL-6, IL-10, and tumor necrosis factor-a were
confirmed as independent predictors of survival in the
cohort (e-Table 9). Even after adjustment for the effects
of these cytokines, NE levels exceeding the prognostic
threshold were associated with increased mortality risk
(HR, 2.62; CI, 1.42-4.87; P ¼ .001) (e-Table 10).

Effect of NE and Elafin Levels on PAEC Homeostasis

In studies of cultured PAECs from PAH and control
lungs (e-Table 11), NE treatment (400 ng/mL) induced
apoptosis (caspase activity) in PAH PAECs, but not in
control PAECs (Fig 7A). Elafin prevented apoptosis in a
dose-dependent manner, yet a high elafin dose (400 ng/
mL) was required to normalize caspase activity. NE
impaired angiogenesis (tube formation) in PAH and
control PAECs (Fig 7B, 7C), although untreated PAH
PAECs formed fewer tubes at baseline. A higher elafin
dose was required to restore angiogenesis in PAH
PAECs (200 ng/mL) than in control PAECs (50 ng/mL).

Discussion
Our work builds on prior preclinical studies which
implicated NE in PAH pathogenesis and demonstrated
the NE level beyond which mortality risk remains significantly increased
groups stratified by this optimal NE prognostic threshold. D, Risk of death
lysis (*adjusted for age, sex, PAH subtype, incident vs prevalent PAH,
), and in subgroup sensitivity analyses. E, Incremental prognostic value
calculator, the FPHR algorithm, and the COMPERA score, which each
6). The c2 values are shown for Cox regression models fitted with NE and
es reflect the likelihood ratio test. COMPERA¼ Comparative Prospective
nective tissue disease; FPHR¼ French Pulmonary Hypertension Registry;
tic peptide; NYHA FC ¼ New York Heart Association functional class;
P¼ right atrial pressure; REVEAL¼ Registry to Evaluate Early and Long-
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Figure 4 – A-C, Prognostic value of NE in United Kingdom validation cohorts. A, Kaplan-Meier estimates of 5-year survival according to NE tertile in
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verse transcriptase polymerase chain reaction measurements quantified by DDCT method, relative to the GAPDH gene). Spearman r and associated
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me day as NE and elafin levels. B, Box-and-whisker plots displaying neutrophil counts and BMPR2 expression among patients with increased NE
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that the NE inhibitor elafin induced disease
regression.11-15,17,24 To the best of our knowledge, we
conducted the first analysis of circulating NE and elafin
in relation to PAH clinical features and outcomes. NE
levels are increased across patients, associating with
greater clinical disease severity and mortality risk,
elevated neutrophil counts, high proinflammatory
cytokine levels, and reduced BMPR2 expression in
blood. A relative elafin deficiency also exists in PAH,
suggesting that the excessive NE is inadequately
counterbalanced. Circulating NE shows promise as an
indicator of disease activity, and forthcoming elafin
clinical trials should incorporate this target-specific
biomarker.

We observed increased NE levels regardless of PAH
subtype, which harmonizes with the subtype-
independent inflammation seen in other studies.8,29

Although NE has a recognized pathogenic role in
various chronic inflammatory diseases,40 we found that
levels are not more elevated in connective tissue disease-
associated PAH than other forms of PAH. NE is
increased whether PAH is incident or prevalent,
supporting the notion that neutrophils remain activated
as dysregulated immunity gives rise to chronic
inflammation.1,4 NE also is an indicator of clinical status
because levels correlate with markers of disease severity,
track with clinical trends over time, prognosticate
survival, and add incremental value to established risk-
stratification scores. Moreover, the NE level offers
prognostic value independent of other cytokines
implicated in PAH survival. Taken with preclinical data
that link NE activity to PAH arteriopathy, our
observations provide complementary evidence
suggesting that excessive NE levels contribute to PAH
progression, rather than reflecting an epiphenomenon or
a nonspecific chronic inflammatory state.

NE is theorized to contribute to pathogenesis in part by
perpetuating inflammation, and our data support this
hypothesis. Several patients exhibited highly amplified
NE levels (Fig 1B shows long-tailed distribution), which
may be explained by mechanisms of positive regulation.
NE excess is associated with high neutrophil counts and
proinflammatory cytokines known to foster neutrophil
function and survival (Fig 6C).11,19,41 NE also inversely
correlates with BMPR2 expression, which is noteworthy
because NE is thought to promote inflammation and
vasculopathy via suppression of BMPR2 signaling.21,22,42

The effect of current PAH therapies on NE remains
unclear. Baseline NE levels were independent of
chestjournal.org
background therapies, yet prostacyclin initiation was
associated with a significant NE downtrend over time.
This could reflect a direct prostacyclin effect, because
iloprost previously was shown to suppress protease
release from isolated PAH neutrophils.12 Alternatively,
the NE downtrend may have reflected improvement in
disease severity among the prostacyclin-treated
subgroup (e-Table 12), rather than a direct
pharmacologic action.

In normal homeostasis, deleterious protease effects are
regulated tightly by antiproteases. Therefore, increased
elafin production may be expected in response to NE
excess. Our paradoxical finding of elafin deficiency
suggests that patients with PAH are particularly
susceptible to NE-induced injury. Consistent with this
finding, arterial elastic fibers are assembled poorly and
are prone to degradation in PAH.43 The cause of elafin
deficiency is unknown. A non-PAH study of alveolar
cells suggested that NE overabundance may inhibit
elafin production,44 although NE and elafin did not
correlate inversely in PAH. Interestingly, women
showed more pronounced elafin deficiency. Whether
this sex-related difference stems from epigenetic
changes, hormone influences, or other factors warrants
investigation.

We anticipated higher elafin levels among patients with
favorable clinical profiles, although elafin did not
associate with disease severity or outcomes. Little
precedence exists for biomarker studies of endogenous
inhibitors used as therapeutics. However, in a-1-
antitrypsin deficiency, the magnitude of a-1-antitrypsin
deficit does not reliably predict the clinical phenotype.45

Possibly, elafin was not a marker of PAH clinical severity
because measurement of elafin alone may inadequately
capture interpatient differences in endogenous NE
inhibition. In some patients, other NE inhibitors may be
active or neutrophil extracellular traps could create
functional elafin resistance by shielding an NE pool from
inhibition.46 It is also plausible that endogenous elafin
levels are too low across patients, given the significant
NE excess, to yield clinically discernable inhibition. Our
studies of isolated PAECs reinforce this hypothesis. NE
exposure at the high level observed in patients’ blood
(400 ng/mL; 75th percentile) expectedly induced PAEC
apoptosis and attenuated angiogenesis. Elafin treatment
rescued PAEC homeostasis, but the dose required
(400 ng/mL; 1:1 NE to elafin ratio) exceeded circulating
levels found in patients (n ¼ 0/249 with elafin > 400 ng/
mL; only n ¼ 14/249 with NE to elafin ratio of # 1:1).
Given these PAEC findings and the relative elafin
1455
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deficiency demonstrated across patients, we postulate
that the observed nonlinear relationship between NE
and mortality risk could be explained by a threshold
phenomenon in which endogenous antiprotease activity
is overwhelmed when NE exceeds a certain level. Elafin
supplementation may be necessary to counteract this NE
excess in PAH.

Our observational study design has limitations, although
we minimized bias by enrolling consecutive patients
regardless of PAH subtype, adhering to strict bio-
banking protocols, using validated assays, and capturing
broad phenotypic data to identify cofounding
relationships. We did not measure biomarkers
concomitantly in the lung; thus, it remains unknown
whether circulating NE reflects activity in the pulmonary
vasculature. Diseased comparators with other
cardiopulmonary or inflammatory conditions were not
included. If NE levels were found to be increased
similarly and to track with symptom severity in left heart
failure, it would signal that nonpulmonary processes
may contribute significantly to circulating levels in PAH.
We only measured total NE, without fractionating the
biologically active and inhibited pools. We did not
differentiate exosome-bound NE, which may be more
pathogenic.47 Also, procedures differed between the
Stanford cohort (central venous sample, enzyme-linked
immunoabsorbent assay) and validation cohorts
(peripheral sample, SomaScan). These differences
precluded validation of the prognostic NE threshold,
because SomaScan technology does not quantify
absolute concentration. Despite differing cohort
characteristics and biomarker platforms, the nonlinear
threshold-type relationship between high NE levels and
worse PAH outcomes was generalizable.

Conducted as part of the bench-to-beside translation of
elafin therapy, our study demonstrated that the target-
specific biomarker NE is increased across PAH subtypes
1456 Original Research
and is associated with clinical severity and outcomes.
Given its relevance to drug mechanism, pathobiological
features, and clinical disease state, NE is a biomarker
that could aid therapeutic development of elafin. Experts
cite the need for more efficient PAH trials of novel
therapies, calling for biomarker-driven strategies to
maximize knowledge gain and to reduce participant risk
exposure.26,27 In our current phase 1 trial evaluating the
safety and tolerability of elafin (ClinicalTrials.gov
Identifier: NCT03522935), we are measuring NE levels
to provide pharmacodynamic insights. Because no PAH
cohort has received elafin to date, we have not yet tested
our hypothesis that NE levels may predict treatment
response. NE-stratified randomization, adaptive
learning, or a split-phase design could be implemented
in the next trial phase to identify responders based on
biomarker levels. This information could be used to
inform cohort enrichment and to increase power in
subsequent trials.48 We speculate that elafin responses
may be variable given the wide NE distribution observed
in PAH. Among some patients, NE levels are normal and
neutrophils may be less involved in pathogenesis.
Conversely, others have amplified NE levels and more
severe disease. Trials of therapies targeting
inflammation especially may benefit from biomarker-
driven strategies, because a recent study identified PAH
immune phenotypes with distinct inflammatory profiles
that stratify subgroups with different clinical risk.29 Our
observational study was not designed to establish NE as
a prognostic biomarker or surrogate end point with
immediate clinical applicability, because large-scale
prospective validation would be required. However,
based on our findings, NE warrants attention in the
context of future PAH studies aiming to investigate
immune-targeting therapies, to identify disease
endotypes, or to develop novel risk assessment
approaches.
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