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High-Sensitivity Sandwich ELISA for Plasma
NT-proUcn2:
Plasma Concentrations and Relationship to Mortality
in Heart Failure
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Carolyn S.P. Lam,"? and A. Mark Richards™>3"

BACKGROUND: Urocortin 2 (Ucn2) has powerful hemo-
dynamic, renal, and neurohormonal actions and likely
participates in normal circulatory homeostasis and the
compensatory response to heart failure (HF). A validated
assay for endogenous circulating Ucn2 would facilitate
investigations into Ucn2 physiology and elucidate its de-
rangement and potential as a biomarker in heart disease.

METHOD: We developed a chemiluminescence-based sand-
wich ELISA to measure plasma N-terminal (NT)-proUcn2
in non-HF patients (control; n = 160) and HF patients
with reduced (HFREF; n = 134) and preserved (HFPEF;
n = 121) left ventricular ejection fraction (LVEF).

RESULTS: The ELISA had a limit of detection of 8.47
ng/L (1.52 pmol/L) and working range of 23.8-572
ng/L. Intra- and interassay CV and total error were 4.8,
16.2, and 17.7%, respectively. The median (interquartile
range) plasma NT-proUcn2 concentration in controls
was 112 (86—132) ng/L. HFREF, HFPEF, and all HF
plasma concentrations were significantly increased [117
(98-141) ng/L, P = 0.0007; 119 (93-136) ng/L, P =
0.0376, and 119 (97-140) ng/L, P = 0.001] compared
with controls but did not differ significantly between
HFREF and HFPEF. NT-proUcn2 was modestly related
to age (r = 0.264, P = 0.001) and cardiac troponin T
(r=0.258, P = 0.001) but not N-terminal pro-B-type
natriuretic peptide, body mass index, LVEF, or estimated
glomerular filtration rate. On multivariate analysis,
plasma NT-proUcn2 was independently and inversely
related to 2-year mortality in HF.

coNcLusioNs: The validated ELISA measured human
NT-proUcn2 in plasma and showed modest but signifi-
cant increases in HF patients compared with controls. In
HF, the unusual inverse relationship between plasma
NT-proUcn2 and 2-year mortality portends potential
prognostic value but requires further corroboration.

© 2016 American Association for Clinical Chemistry

The urocortins (Ucnl, Ucn2, and Ucn3), members of
the corticotropin releasing factor (CRF)* family, have
diverse bioactivities and participate in the neuroendo-
crine responses to stress, appetite suppression, immuno-
modulation, energy and water homeostasis, and cardio-
vascular function (7-5). Their actions are mediated
through the 7-transmembrane G-protein coupled recep-
tors CRFR1 and CRFR2. Ucnl binds to both receptors,
whereas Ucn2 and Ucn3 are specific to CRFR2, widely
expressed in the brain, heart, vasculature, and peripheral
tissues (6—9). Binding of Ucen2 to its receptor triggers an
intricate signaling cascade via protein kinase C, phospha-
tidylinositol-3-kinase/Akt and mitogen-activated protein
kinase pathways to modulate cytokine expression, cell
proliferation, and apoptotic responses (10—12). The
presence of Ucn2 and CRFR2 in the heart and vascula-
ture suggest a potentially important role for Ucn2 in the
physiology and pathophysiology of the circulation in
health and cardiovascular disease (13). Urocortins exert
beneficial effects in experimental cardiovascular disease
models and may have therapeutic potential (14—17).
Previously, we reported the generation and charac-
terization of monoclonal antibodies targeting human
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“ Nonstandard abbreviations: CRF, corticotropin releasing factor; HF, heart failure; NT-
proUcn2, N-terminal-proUrocortin 2; NT-proBNP, N-terminal pro-B-type natriuretic pep-
tide; hs-cTnT, high-sensitivity cardiac troponin T; GAR-HRP, goat anti-rabbit IgG conju-
gated to horse radish peroxidase; HFREF, HF with reduced ejection fraction; LVEF, left
ventricular ejection fraction; HFPEF, heart failure with preserved ejection fraction; mAb,
monoclonal antibody; TrxUCN2pro, recombinant protein comprising NT-proUcn2 fused
to C-terminus of thioredoxin; LC/Q-TOF, liquid chromatography quadrupole TOF; PBST,
phosphate buffer containing 0.05% Tween 20, pH 7.4; RLU, relative luminescence units;
LOD, limit of detection; LLOQ, lower limit of quantification; eGFR, estimated glomerular
filtration rate; BMI, body mass index; AUC, area under the ROC curve.
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Ucn2 prohormone and postulated the value of measuring
endogenous proUcn2 as a surrogate measure of mature
Ucn2 (18). The few reports to date on plasma Ucn2 in
clinical cardiovascular disease offer implausibly discrep-
ant values spread over a thousand-fold range for which
little assay validation is available. Topal et al. (19) re-
ported plasma Ucn2 concentrations in heart failure (HF)
patients with systolic dysfunction in the range of 4.2—
18.6 ng/L (n = 56), whereas Emeto et al. (20) reported a
far higher median concentration of 2200 ng/L (inter-
quartile range 1140-4550 ng/L; n = 67) in patients with
abdominal aortic aneurysm. These authors used com-
mercial ELISA assay kits from Cusabio Biotech and
USCN Life Sciences, both assays ostensibly directed to-
ward mature human Ucn2 (79, 20). In 2 previous stud-
ies, we used an in-house—developed 2-site ELISA applied
to samples from volunteers and patients receiving infu-
sions of exogenous Ucn2 and found plasma Ucn2 con-
centrations of 1280 and 5690 ng/L in healthy individuals
and 1390 and 5360 ng/L in HF patients following infusion
of 25 and 100 pg Uen2 peptide, respectively (21, 22).
However, endogenous circulating concentrations of Ucen2
in healthy individuals have not been evaluated.

Ucn?2 processing in humans is unknown because the
peptide gene products have not been successfully isolated
from native tissues. Precursor and mature sequences are
deduced by analogy to established processing sites of
structurally related neuropeptides. Here we describe a
sandwich ELISA directed against human N-terminal-
proUrocortin 2 (NT-proUcn2) and report plasma con-
centrations in control study participants and HF patients
together with demographic and clinical associates, com-
parisons with current benchmark biomarkers N-terminal
pro-B-type natriuretic peptide (NT-proBNP) and high-
sensitivity cardiac troponin T (hs-cTnT), and the rela-
tionship of plasma NT-proUcn2 to mortality in HF.

Materials and Methods

MATERIALS

Microplates (Black and White Isoplate-96/HB) were
purchased from PerkinElmer. Super ChemiBlock was
from Millipore, BSA from Sigma-Aldrich, polyclonal
goat antirabbit IgG conjugated to horseradish peroxidase
(GAR-HRP) from Dako, and Supersignal ELISA Femto
Maximum Sensitivity Substrate and Pierce® goat anti-
mouse IgG—coated 96-well microplates from Thermo
Scientific. Control EDTA-anticoagulated human plasma
(pooled from 10 healthy white donors age 30— 80 years)
that contained very low concentrations of endogenous
Urocortin 2 was obtained from Bioreclamation.

STUDY POPULATION
Clinical samples were obtained from the previously de-
scribed Singapore Heart Failure Outcomes and Pheno-

types Study (23, 24). EDTA-anticoagulated plasma
samples were collected from June 2010 to May 2013
from 255 patients (age 31-91 years) with a confirmed
clinical diagnosis of HF and from 160 volunteers (age
36—81 years) with no history of coronary artery disease
or HF recruited to the Singapore Longitudinal Aging
Study (23, 24). Among patients hospitalized for acute
decompensated HF, blood was collected after patients
were stabilized and judged fit for discharge. Within 0-2
days of blood sampling, all patients and controls under-
went transthoracic Doppler echocardiography according
to the American Society of Echocardiography guidelines.
HF patients were categorized into HF with reduced ejec-
tion fraction [HFREF; left ventricular ejection fraction
(LVEF) =40%; n = 134] and preserved ejection
(HFPEF; LVEF =50%; n = 121) according to baseline
LVEF determined using the biplane method of disks.
Medical history, physical examination, and 12-lead elec-
trocardiogram were documented for all participants (Ta-
ble 1). Written informed consent was obtained from all
participants. The study protocol was approved by the
National Health Group Domain Specific Review Board
(NHG DSRB Reference Code: 2010/00114) and Insti-
tutional Review Board of the National University of Sin-

gapore (NUS-IRB Reference Code: 04-140).

NT-proBNP AND hs-cTnT MEASUREMENTS

NT-proBNP and hs-cTnT were measured by electro-
chemiluminescence immunoassays on the ELECSYS
Cobas e411 immunoanalyzer (Roche Diagnostics). The
measurement ranges of NT-proBNP and hs-cTnT assays
were 5-35000 ng/L and 3-10000 ng/L respectively.

PREPARATION OF TEST PROTEINS, CALIBRATOR, AND
ANTIBODIES

The mouse monoclonal antibody (mAb 2D7) directed
against human NT-proUcn2 described previously (18)
was used as the capture antibody. The assay calibrator
was a bacterially produced recombinant protein
(TrxUCN2pro) comprising thioredoxin fused to an Hisg
tag and NT-proUcn2 with a predicted mass of 23564 Da
(see Fig. 1A in the Data Supplement that accompanies
the online version of this article at htep://www.
clinchem.org/content/vol62/issue6). Its purity by SDS-
PAGE was >95% (see online Supplemental Fig. 1B) and
its identity was confirmed by liquid chromatography
quadrupole TOF (LC/Q-TOF) mass spectrometry,
which established its mass as 23431 Da (see online Sup-
plemental Fig. 1C), consistent with its amino acid se-
quence but with removal of the N-terminal methionine
as expected. Purified TrxUCN2pro was diluted to obtain
calibrators yielding equivalent NT-proUcn2 concentra-
tions between 23.8—572 ng/L (approximately 4.3—102
pmol/L; NT-proUcn2 molecular mass of 5585 Da). Test
proteins for evaluating assay cross-reactivity to bovine,

Clinical Chemistry 62:6 (2016) 857


http://www.clinchem.org/content/vol62/issue6
http://www.clinchem.org/content/vol62/issue6

Table 1. Baseline characteristics of controls and HFREF and HFPEF patients.?
Control (n = 160) HFREF (n = 134) HFPEF (n =121)
Clinical characteristics
Age, years 58(11) 59 (12)1P 70 (11)0
Male, % 51 62" 42
Race (Chinese/Malay/Indian) 111, 28,17 85, 30, 19 89,24,8
BMI, kg/m? 25 (22-27) 25 (22-29)1" 26 (24-30)""
Heart rate, beats/min 67 (1067 79 (15)! 70 (13
Systolic blood pressure, mmHg 130 (119-142) 120 (110-133)" 130 (120-145)
Diastolic blood pressure, mmHg 75 (68-82) 70 (61-80)" 67 (60-77)V
NYHAS class, % = [Not significant] &
(1 NA 26 22
(1) NA 55 61
(1) NA 17 16
(IV) NA 2 2
Coronary artery disease, % 0 5711 36
Myocardial infarction, % 0 85 27
Atrial fibrillation/flutter, % 107 14071 364
Hypertension, % 29t 6411 89t
Stroke previously, % 107 11 1107
Peripheral vascular disease, % 0™ 1107 30
Chronic respiratory disease, % 4 7 7
Diabetes mellitus, % 9e™) 58 58t
Echocardiographic data
LVEF, % 63 (62-66)" 26 (20-33)"1 60 (55-65)""
Laboratory investigations
Creatinine, pmol/L 69 (52-80)"™ 104 (77-128) 106 (79-138)"
eGFR, mL/min 103 (85-110) 61 (47-86) 55 (39-75)"
Medication
ACE inhibitors, % 30 670 454
Angiotensin receptor blockers, % A 301 4407
Loop/thiazide diuretics, % 407 92 g7t
B blockers, % 1109 96! 84U
Statins, % 170 86 9107
Digoxin, % (I 34071 1407
Calcium channel blockers, % 18 15071 547
Antidiabetics, % 8™ 53 5207
2 Data reported as % (categorical variables), mean (SD) (continuous variables of normal distribution), median (25th-75th percentile) (continuous variable of nonnormal
distribution) as appropriate. Comparison of variables between HF groups based on Pearson chi-square test (categorical), independent t-test (parametric), and Mann-
Whitney U-test (nonparametric).
b significant at P <0.05; **, significant at P <0.001; (), control vs HFREF; [ ], HFREF vs HFPEF; { }, control vs HFPEF.
SNYHA, New York Heart Association Classification; ACE, angiotensin-converting enzyme.

mouse, and rat NT-proUcn2 were produced as thiore- TWO-SITE SANDWICH ELISA

doxin fusions by cloning strategies described previously ~ Capture mAb 2D7 (6 pug/mL in 50 mmol/L carbonate—
(18). Hisc-SUMO-eXact tag fused to prepro-Urocortin - bicarbonate buffer, pH 9.6) was added to a Black and
2, as described previously, was used as antigen for rabbit ~ White Isoplate-96/HB microplate (100 wL/well) and in-
polyclonal antibody production (78). cubated overnightat 4 °C. After 4 washes with phosphate
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buffer containing 0.05% Tween 20, pH 7.4; 300 nL/
well (PBST), blocking was performed overnight with 300
L of 1.4% BSA in PBST at 4 °C. Coated plates were
washed 4 times with PBST before use. Calibration curves
were generated with 6 calibrators at 23.8, 47.7, 95.3,
191, 381, and 572 ng/L of NT-proUcn2. Calibrators
were prepared in assay buffer (PBST containing 5%
mouse serum and 100 mg/L Super ChemiBlock) and
added to control plasma in a 1:1 ratio. Each plasma sam-
ple was prediluted 2-folds with assay buffer. Calibrators,
quality controls, and test samples were added in dupli-
cates to the 2D7-coated microplate (100 wL/well) and
incubated for 2.5 h at room temperature with shaking at
550 rpm. After 4 PBST washes, 150 uL per well of rabbit
polyclonal antibody diluted 1:1000 in PBST/1% mouse
serum was added and incubated at room temperature for
2 h without shaking. The wells were washed 4 times with
PBST, 150 nL per well of GAR-HRP (diluted 1:20000
in PBST/1% mouse serum) was added followed by incu-
bation for 1 hat 37 °C. After 4 PBST washes, 100 wL per
well of Femto substrate was added and chemilumines-
cence signals [in relative luminescence units (RLU)] were
measured after 2 min on the Enspire Multimode Microplate
Reader (PerkinElmer). Results, interpolated from a 5-
parameter logistic model (5-PL), were applied to the calibra-
tors using the microplate reader Enspire® software.

VALIDATION STUDIES

The limit of detection (LOD) was defined as the concen-
tration value derived from the mean RLU of 18 zero
standard replicates plus 2 SDs. The mean LOD was es-
tablished from 10 independent assays. The lower limit of
quantification (LLOQ) was determined as the lowest
analyte concentration at which the intraassay %CV was
within 20% over 24 independent assays.

Intraassay variation was assessed for 25 different
plasma samples (concentrations ranging from 16.3 to
384 ng/L) in quadruplicates from 5 independent assays.
Interassay variation of 5 different samples (mean concen-
trations 30.1, 42.9, 58.3, 120, and 149 ng/L) was ob-
tained from 12 independent assays (2 replicates per sam-
ple) performed over a period of 2 months. Total error was
assessed by combining the within-run and between-run
variance components computed as:

2 — 2 2
O Total = U Within-run t+o Between-run (1)

To evaluate recovery, TrxUCN2pro was spiked into
different plasma samples to increase the NT-proUcn2
concentrations by 18.9, 35.2, 69.4, 135, and 255 ng/L.
The amount of endogenous NT-proUcn2 present in the
sample before spiking was also determined. All samples
were measured in quadruplicate in 4 independent assays.
The percentage of recovery was computed as:

(Concentration of spiked sample —

Concentration of unspiked sample)

% R = - - - X100
% Recovery Assigned spiked concentration

(2)

To evaluate dilution linearity, 4 samples were di-
luted 2-, 4-, 8-, and 16-fold to obtain NT-proUcn2 con-
centrations within the dynamic range of the assay. Mean
concentrations from duplicate measurements were back-
calculated from the fold-dilution and plotted against the
dilution factor. A horizontal plot was expected for perfect
dilution linearity.

Assay specificity was evaluated via cross-reactivity of
mAb 2D7 to bovine, rat, and mouse NT-proUcn2 by
surface plasmon resonance on the ProteOn XPR36 (Bio-
Rad Laboratories). Purified 2D7 was immobilized on a
GLC chip as described previously (78) and tested against
100 nmol/L of thioredoxin fusions of human, bovine,
rat, and mouse NT-proUcn2.

To identify the immunocaptured entity in the assay,
100 uL per well of 2D7 (1 mg/L in PBST) was added to
a goat anti-mouse IgG—coated microplate and incubated
for 60 min at room temperature. Following 3 PBST
washes, 100 uL of plasma diluted 1:2 with PBST was
added to each well and incubated for 2.5 h at room tem-
perature with shaking at 550 rpm. Unbound material was
removed by 3 PBST washes. The 2D7/analyte complex
was eluted serially from 48 wells incubated with either
pooled HF or control plasma using 2 separate 100-uL
aliquots of 0.1 mol/L HCI. Ten microliters of each ali-
quot was injected into the LC/Q-TOF mass spectrome-
ter for analysis (2 tests per sample) using water/0.1%
formic acid and acetonitrile/0.1% formic acid as mobile
phases. Consistent peaks that appeared in the mass spec-
tra from both injections of the same sample were ob-
tained. Treatment by strong acids was expected to degly-
cosylate the captured Urocortin 2 profragments to
facilitate mass identification.

STATISTICAL ANALYSIS

Data are presented as mean (SD) or median (25th—
75th percentiles) as appropriate. Associations between
continuous variables were assessed using scatter plots
and calculation of Pearson’s correlation coefficient.
Intergroup comparisons of continuous variables were
by Student’s #-test. x” tests were applied to categorical
variables. Analyses of univariate and multivariate asso-
ciations of plasma NT-proUcn2 and assessment of
candidate independent predictors of 2-year mortality
in HF were performed by multiple logistic regression.
Receiver-operator analyses were also used to assess the
predictive performance and derive optimally predic-
tive values of NT-proUcn2, NT-proBNP, and hs-
cI'nT. A 2-sided P-value <0.05% was accepted as
statistically significant.
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Table 2. Summary of NT-proUcn2 assay characteristics and performance parameters.

Assay parameter

Assay format

Target

Assay time

Assay range

Sample type

Amount of sample required
Total assay volume

LOD (18 replicates, 10 independent assays)

LLOQ (2 replicates, 24 independent assays)

No detectable cross-reactivity to:

Assay characteristics

Sandwich ELISA/chemiluminescence
NT-proUcn2; human only

5.5h

23.8-572 ng/L (4.3-102 pmol/L)
Plasma EDTA

50 pL plasma per well

100 pL per well

Mean 8.47 ng/L (1.52 pmol/L); range
5.2-13.3 pg/mL;

Interassay %CV = 30.6
23.8 ng/L (4.3 pmol/L);

Intraassay %CV: range =
0.34%-16.8%; mean = 6.9%

Human prepro-urocortin 1 and 3;
bovine, mouse or rat NT-proUcn2

Calibration curve R?
Signal-to-noise ratio

Whole plate uniformity (n = é; raw luminescence
signals)

Intraassay variation (within-run) (25 samples between
16.3-384 ng/L, 4 replicates per assay)

Interassay variation (between-run) (5 samples
between 30.1-149 ng/L, 2 replicates per sample,
12 independent assays)

Total error (within- and between-run) (5 samples
between 30.1-149 ng/L, 2 replicates per sample,
12 independent assays)

Spike and recovery (5 samples between 18.9-255
ng/L; 4 replicates per sample, 4 independent
assays)

Assay performance criteria Observed results

>0.99 >0.99t0 1.0

>8 >8

%CV <10 Mean %CV = 8.1
Median %CV = 4.7
Range %CV = 2.04-23.6

%CV <20 Mean %CV = 4.8
Median %CV = 3.9
Range %CV = 0.5-20.7

%CV <20% Mean %CV = 16.2
Median %CV = 16.1
Range %CV = 13.8-19.4

%CV <30 Mean %CV = 17.7

80%-120%

Median %CV = 17.8
Range %CV = 14.7-20.7
92.5%-117.7%

Results

NT-proUcn2 ASSAY PERFORMANCE

NT-proUcn2 ELISA characteristics, assay acceptance
criteria, and assay performance are summarized in Table
2. The assay working range of 23.8-572 ng/L was estab-
lished on the basis of the precision profile for which the
%CV for each calibrator did not exceed 20% in 24 inde-
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pendent assays performed, with the dose—recovery plot
providing further evidence of the tight concordance be-
tween the interpolated calibrator concentrations and that
of the expected (see online Supplemental Fig. 2A-C).
The mean LOD was 8.47 ng/L (approximately 1.52
pmol/L). Intraassay CVs ranged from 0.5% to 20.7%
(mean 4.8%) for 25 different test samples between 16.3
and 384 ng/L of NT-proUcn2. Interassay CVs for con-
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Fig. 1. Transformed mass spectra showing the peptide entities from plasma of HF and controls that were captured by 2D7 mono-
clonal antibodies.
The mass of peaks that consistently appear in both replicate spectra derived from 2 injections of the same sample are shown.

centrations between 30.1 and 149 ng/L were 13.8%—
19.4% with a mean of 16.2%. Total error ranged be-
tween 14.7% and 20.7% with a mean of 17.7% (see
online Supplemental Table 1). Recovery of spiked NT-
proUcn2 was 92.5% to 118% within the range of 18.9—
255 ng/L (see online Supplemental Table 2). The %
recoveries obtained at 18.9 ng/L of spiked NT-proUcn2
ranged between 97% and 111% and were within +20%
of the assigned values, indicating that the lowest calibra-
tor standard of 23.8 ng/L was within the quantifiable
range. Acceptable linearity was obtained at 4-, 8-, and
16-fold dilutions for all tested samples (see online Sup-
plemental Fig. 2D). However, the observed concentra-
tions at 2-fold dilution were higher compared with those
at higher dilutions, possibly due to matrix effects. NT-
proUcn2 measurements were unaffected by up to 4
freeze—thaw cycles (see online Supplemental Fig. 2E).
Microplate spatial uniformity tested at 2 concentrations
that reflected low and high NT-proUcn2 plasma concen-
trations indicated that 1, possibly 2, out of 6 plates may

have well-to-well variability with CVs at or above 10% (see
online Supplemental Fig. 3). This was consistent with the
well-known row and/or column effects within microplates
as well as systematic differences between them (25-27).

Surface plasmon resonance analysis showed that
mAb 2D7 was specific to human NT-proUcn2 and did
not cross-react with the bovine, mouse, or rat counter-
parts (see online Supplemental Fig. 4A). Two 2D7-
captured protein entities (molecular masses of 6107 and
16423 Da) were common in both HF and control plasma
(Fig. 1). Surprisingly, the 6107-Da product corresponded
to a 57-residue (Gly,s—Arg,,) profragment (calculated
mass, 6109.8 Da). The other product could not be attrib-
uted to any other fragment of the proUcn2 sequence.

NT-proUcn2 CONCENTRATIONS IN CONTROL AND HF
PATIENTS

Table 1 lists and compares the demographic, clinical,
echocardiographic, and biomarker data for the control,
HFREF, and HEREF participants. Fig. 2 shows plasma

Clinical Chemistry 62:6 (2016) 861
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Fig. 2. Plasma (A) NT-proUcn2, (B) NT-proBNP and (C) hs-cTnT, and (D) LVEF (%) in HFREF (n = 134) and HFPEF (n = 121) compared

Toaid visual distinction between groups by plasma NT-proUcn2 concentrations, 1 very high concentration data point for HFREF NT-proUcn2 at
324 ng/L was omitted from the Fig. (although included in analyses). The black, upper red, and lower red lines represent the median, 25th and

concentrations of NT-proUcn2, NT-proBNP, and hs-
cTnT in control, HFREF, and HFPEF. Median plasma
NT-proUcn2 concentrations in HFREF of 117 (98—
141) ng/L and HFPEF of 119 (93-136) ng/L were sig-
nificantly higher than in controls [112 (86-132) ng/L;
P =0.0007 and P = 0.0376, respectively] although con-
centrations did not differ significantly between HFREF
and HFPEF. As expected, NT-proBNP concentrations
were markedly increased in HF with median values of

2550 (1104-7199) ng/L and 1464 (458-2956) ng/L in

862 Clinical Chemistry 62:6 (2016)

HFREF and HFPEF, respectively, compared with 54
(28-493) ng/L in controls (P = 0.0001 for both com-
parisons). Concentrations in HFREF also differed signif-
icantly from those in HFPEF (P = 0.0003). Median
plasma hs-cTnT concentrations were 6.1 (4.2-9.1) ng/L,
27.8(16.3-50.1) ng/L, and 24.6 (14.8—44.4) ng/L in
controls, HFREF and HFPEF respectively. Plasma hs-
cT'nT concentrations in both HFPEF and HFPEF dif-
fered significantly from control (7 = 0.0001 for both
comparisons) whereas HFREF and HFPEF did not differ
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significantly from one another (7 = 0.052). Despite a
trend toward increased plasma NT-proUcn2 with in-
creased severity of NYHA functional class, concentra-
tions did not significantly differ either between NYHA
class I (median 111 ng/L) compared with classes II/I11/
IV combined (median 120 ng/L; P = 0.866) nor be-
tween classes I/11 (117 ng/L) compared with classes 111
IV (124 ng/L; P = 0.860). In contrast, median NT-
proBNP was significantly lower in NYHA class I (840
ng/L) than in classes II/III/IV (2418 ng/L; P < 0.001).
Similarly, hs-cTnT differed between class I and classes
[I/II/IV (medians 18.7 vs 30.2 ng/L; P < 0.001).

In controls (n = 160), plasma NT-proUcn2 was
modestly associated with age (» = 0.264, P = 0.001) and
hs-cTnT (» = 0.258, P = 0.001) but not NT-proBNP,
estimated glomerular filtration rate (¢GFR), body mass
index (BMI), or LVEF. These findings differed from
those for NT-proBNP and hs-cTnT, which both dis-
played correlations with all these variables, in accordance
with previous reports (see online Supplemental Table 3).
In further contrast to NT-proBNP and hs-cTnT, NT-
proUcn2 did not differ according to sex or the presence of
hypertension or diabetes within the control group. In
HF, whether considering all cases combined (n = 255) or
HFREF (n = 134) and HFPEF (n = 121) subgroups
separately, plasma NT-proUcn2 concentrations were not
significantly associated with age, sex, history of hyperten-
sion or diabetes, eGFR, BMI , LVEF, NT-proBNP, or
hs-cTnT (see online Supplemental Table 4).

Multiple linear regression analyses on the entire
study population for possible independent predictors of
plasma NT-proUcn2 concentrations indicated an effect
from study group (i.e., control or HF), which interacted
with age (P = 0.003) when only these variables were
considered. However, with addition of further candidate
associates (including sex, hs-cTnT, LVEF, eGFR, BMI,
and hypertension), no independent associates were ap-
parent and the model explained very little of the interin-
dividual variation in plasma NT-proUcn2 observed (ad-
justed R* = 0.012).

Thirty-five HF patients died over 2 years of follow-
up. NT-proBNP [3524 (1827-1229) ng/L vs 1540
(645-3589); P < 0.001] and hs-cTnT concentrations
[48.8 (27.6—66.9) vs 23.6 (14.6—43.8); P < 0.001]
were significantly higher in decedents than in survivors.
In contrast, plasma NT-proUcn2 was significantly lower
in decedents than in survivors [105 (34) ng/L vs 119 (33)
ng/L; P = 0.029]. Multivariate analyses for identification
of independent predictors of 2-year mortality revealed
NT-proUcn2 to be inversely related to 2-year mortality
[risk ratio 0.99 (0.96-1.00); P = 0.049] independent of
NT-proBNP (which exhibited the expected direct inde-
pendent association with mortality), age, and LVEF.
Each nanogram per liter increase in plasma NT-proUcn2
corresponded to a 1% fall in risk of death at 2 years. The

ROC-derived optimal plasma concentration of NT-
proUcn2 for prediction of 2-year mortality was 103 ng/L
with an associated area under the ROC (AUC) of 0.61
(P < 0.001). Mortality was significantly higher in those
below compared with above this value of NT-proUcn2
(P = 0.001). In contrast, plasma concentrations above,
rather than below, the ROC-derived optimally predictive
values of both NT-proBNP (2919 ng/L; AUC 0.698)
and hs-cTnT (37.2 ng/L; AUC 0.74) were associated
with significantly higher mortality (2 < 0.001 for both).

Discussion

Here we report a sandwich ELISA targeting the NT-
proregion of human Urocortin 2 and its application in
assessing NT-proUcn2 concentrations in health and HF.
NT-proUcn2 concentrations ranged between nondetect-
able to a maximum of 324 ng/L, with the highest ob-
served endogenous concentration readily measured well
within the assay working range. Therefore, it is unlikely
that samples with very high endogenous Ucn2 concen-
trations requiring >2-fold dilution would be encoun-
tered. The assay is specific to human NT-proUcn2 and
does not cross-react with human prepro-Urocortin 1 and
3 (18) nor to bovine, mouse, and rat NT-proUcn2. The
latter observation is concordant with multiple alignment
of the animal peptide sequences against the human coun-
terpart showing minimal conservation of the proregion
(see online Supplemental Fig. 5).

Recent evidence from Ucn2 prohormone isolated
from transduced CHO cells and melanoma cells point to
signal peptide cleavage at Pro,, without further process-
ing of the prohormone (28). We found a peptide frag-
ment corresponding to the profragment (Gly, s—Arg-;) in
HF and control plasma, suggesting signal peptide pro-
cessing after Leu, 4 and processing of the Ucn2 precursor
at Arg,. These discrepancies may reflect different tissue
origins of the isolated molecules in the 2 studies; the
former observations perhaps arising from aberrant cleav-
age at Pro, by proline-specific proteases commonly ob-
served in cancer cells (29) with subsequent loss of signal
peptide and consequent failure of protein translocation
across the endoplasmic reticulum for appropriate prohor-
mone processing in the secretory pathway. Our data pro-
vides the natural processing sites for human Urocortin 2.

Plasma NT-proUcn2 in asymptomatic controls was
significantly, albeit modestly, related to age but not to
other common associates of the benchmark cardiovascu-
lar biomarkers (NT-proBNP and hs-cTnT) including re-
nal function, LVEF, and BMI, or presence/absence of
hypertension or diabetes. An association was found be-
tween plasma NT-proUcn2 and plasma hs-cTnT in these
asymptomatic controls, raising a possible connection
with healthy cardiac cell turnover or apoptosis. However,
this finding requires corroboration and, overall, our cur-
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rent data provide little guidance on the determinants of
plasma NT-proUcn2.

Plasma NT-proUcn2 was significantly increased
above the reference interval especially in HFREF but also
in HFPEF, whereas the numerical difference between
HFREF and HFPEF did not attain significance. The
increases were modest and in health and disease NT-
proUcn2 circulated over a relatively narrow concentra-
tion range compared with NT-proBNP. Unlike NT-
proBNP and hs-cTnT, plasma NT-proUcn2 was
inversely associated with 2-year mortality independent of
NT-proBNP (which exhibits a directionally opposite re-
lationship with mortality), age, and LVEF. The inverse
relationship between NT-proUcn2 and mortality is an
uncommon finding among cardiovascular biomarkers in
HEF. Its significance is uncertain. Ucn2 certainly has a
multitude of protective effects upon the myocardium as
demonstrated in numerous reports of preclinical and
clinical data. Ucn2 exerts favorable effects on hemody-
namics, renal function, and neurohormonal status in ex-
perimental ovine HF (30). Integrated renal, hemody-
namic, and neurohormonal effects demonstrated in
healthy volunteers and patients with chronic HF
(21, 22) has further excited interest in the therapeutic
potential of urocortins or analogs in human cardiovascu-
lar disease including HF and hypertension (37 ). Chan et
al. infused Ucn2 in clinical HF and reported major effects
upon cardiac output and arterial pressure (32). In view of
this background, our results indicate that those patients
with HF who are able to muster a more vigorous Ucn2
response receive some protection through that response.
Corroboration of our finding (of an inverse relationship
between plasma NT-proUcn2 and mortality in HF), its
interpretation and elucidation of underlying mechanisms
will require further work in other independent, clinical
cohorts and in preclinical models with assessment of se-
rial dynamic changes in expression and circulating con-
centrations of NT-proUcn2 in response to cardiac stress.
It also warrants inspection of the cardiac response and
any effect upon survival of manipulating NT-proUcn2
expression, secretion and achieved circulating concentra-

tions in NT-proUcn2 transgenic and knock-out models
in the setting of experimental cardiac failure. Notably,
the cardiac natriuretic peptides also exhibit an array of
cardioprotective actions, and yet plasma concentrations
are directly not inversely related to mortality in HF. This
presumably reflects a compensatory response, propor-
tional to the severity of cardiac dysfunction that has ef-
fectively been overwhelmed resulting in clinical HE.

In conclusion, we validated an immunoassay for
plasma NT-proUcn2 and observed increased plasma
concentrations in clinical HF along with an inverse rela-
tionship to 2-year mortality in HF. Although the modest
increase in NT-proUcn2 concentrations in HF may limit
its utility as a diagnostic marker, the unusual inverse re-
lationship to 2-year mortality portends its potential prog-
nostic value and requires further careful investigations.
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