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BACKGROUND: Prognostic markers and biological pathways linked to detrimental clinical outcomes in heart failure with pre-
served ejection fraction (HFpEF) remain incompletely defined.

METHODS AND RESULTS: We measured serum levels of 4123 unique proteins in 1117 patients with HFpEF enrolled in the
PARAGON-HF (Efficacy and Safety of LCZ696 Compared to Valsartan, on Morbidity and Mortality in Heart Failure Patients
With Preserved Ejection Fraction) trial using a modified aptamer proteomic assay. Baseline circulating protein concentrations
significantly associated with the primary end point and the timing and occurrence of total heart failure hospitalization and
cardiovascular death were identified by recurrent events regression, accounting for multiple testing, adjusted for age, sex,
treatment, and anticoagulant use, and compared with published analyses in 2515 patients with heart failure with reduced ejec-
tion fraction from the PARADIGM-HF (Prospective Comparison of ARNI With ACEI to Determine Impact on Global Mortality
and Morbidity in Heart Failure) and ATMOSPHERE (Efficacy and Safety of Aliskiren and Aliskiren/Enalapril Combination on
Morbidity—Mortality in Patients With Chronic Heart Failure) clinical trials. We identified 288 proteins that were robustly as-
sociated with the risk of heart failure hospitalization and cardiovascular death in patients with HFpEF. The baseline proteins
most strongly related to outcomes included B2M (8-2 microglobulin), TIMP1 (tissue inhibitor of matrix metalloproteinase 1),
SERPINA4 (serpin family A member 4), and SVEP1 (sushi, von Willebrand factor type A, EGF, and pentraxin domain containing
1). Overall, the protein—outcome associations in patients with HFpEF did not markedly differ as compared with patients with
heart failure with reduced ejection fraction. A proteomic risk score derived in patients with HFpEF was not superior to a previ-
ous proteomic score derived in heart failure with reduced ejection fraction nor to clinical risk factors, NT-proBNP (N-terminal
pro-B-type natriuretic peptide), or high-sensitivity cardiac troponin.

CONCLUSIONS: Numerous serum proteins linked to metabolic, coagulation, and extracellular matrix regulatory pathways were
associated with worse HFpEF prognosis in the PARAGON-HF proteomic substudy. Our results demonstrate substantial

Correspondence to: Scott D. Solomon, MD, Cardiovascular Division, Brigham and Women’s Hospital, 75 Francis St., Boston, MA 02115. Email: ssolomon@
bwh.harvard.edu

*M. M. Mendelson, S. D. Solomon, and J. W. Cunningham contributed equally.

This manuscript was sent to Sula Mazimba, MD, MPH, Associate Editor, for review by expert referees, editorial decision, and final disposition.
Supplemental Material is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.033544

For Sources of Funding and Disclosures, see page 11 and 12.

© 2024 The Authors and Novartis Pharma AG. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2024;13:e033544. DOI: 10.1161/JAHA.123.033544 1


https://orcid.org/0000-0001-5230-3626
https://orcid.org/0000-0001-7252-643X
https://orcid.org/0000-0002-4215-9218
https://orcid.org/0000-0002-6856-2857
https://orcid.org/0000-0003-2886-5391
https://orcid.org/0000-0001-8525-6571
https://orcid.org/0000-0002-1442-597X
https://orcid.org/0000-0002-1196-4783
https://orcid.org/0000-0003-0161-3506
https://orcid.org/0000-0001-9156-7499
https://orcid.org/0000-0003-1039-515X
https://orcid.org/0000-0002-2667-8624
https://orcid.org/0000-0002-8830-6316
https://orcid.org/0000-0001-8700-0641
https://orcid.org/0000-0002-1343-0005
https://orcid.org/0000-0002-5767-9603
https://orcid.org/0000-0002-1443-0701
https://orcid.org/0000-0003-4306-5317
https://orcid.org/0000-0003-1828-2387
https://orcid.org/0000-0003-3876-7568
https://orcid.org/0000-0002-0946-7518
https://orcid.org/0000-0002-5353-3877
https://orcid.org/0000-0001-7456-1570
https://orcid.org/0000-0001-7076-221X
https://orcid.org/0000-0002-6317-3975
https://orcid.org/0000-0001-7590-3958
https://orcid.org/0000-0003-3698-9597
mailto:
https://orcid.org/0000-0003-4481-7867
mailto:ssolomon@bwh.harvard.edu
mailto:ssolomon@bwh.harvard.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.123.033544
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha
http://crossmark.crossref.org/dialog/?doi=10.1161%2FJAHA.123.033544&domain=pdf&date_stamp=2024-06-21

202 ‘sz aunr uo Aq Bio'sjeuinofeue//:dny wody pepeojumod

Patel-Murray et al

HFpEF Proteomics (PARAGON-HF)

similarities among serum proteomic risk markers for heart failure hospitalization and cardiovascular death when comparing
clinical trial participants with heart failure across the ejection fraction spectrum.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique Identifiers: NCT01920711, NCT01035255, NCT00853658.

Key Words: cardiovascular m ejection fraction ®m heart failure m HFpEF m HFrEF m proteomics

CLINICAL PERSPECTIVE

What Is New?

In this large-scale proteomic investigation, we
systematically characterized associations be-
tween serum protein levels and risk for heart
failure hospitalization and cardiovascular death
in patients with heart failure with preserved
ejection fraction, highlighting the importance of
proteins involved in coagulation, metabolic dis-
ease, and extracellular matrix regulation in heart
failure with preserved ejection fraction patho-
genesis and disease progression.

What Are the Clinical Implications?

Associations between protein levels and out-
comes in patients with heart failure with preserved
ejection fraction were largely similar to those in
patients with heart failure with reduced ejection
fraction, reinforcing that shared pathologic pro-
cesses are likely important drivers of poor prog-
nosis across the ejection fraction spectrum.

An heart failure with preserved ejection fraction-
specific proteomic risk score did not mean-
ingfully improve risk prediction compared
with clinical factors and commonly measured
biomarkers.

PARAGON-HF Efficacy and Safety of LCZ696
Compared to Valsartan, on
Morbidity and Mortality in
Heart Failure Patients With

Preserved Ejection Fraction

SOMAmer slow off-rate modified aptamer

Nonstandard Abbreviations and Acronyms

ATMOSPHERE Efficacy and Safety of Aliskiren
and Aliskiren/Enalapril
Combination on Morbidity—
Mortality in Patients With
Chronic Heart Failure

FDR false discovery rate

HFH heart failure hospitalization

HFpEF heart failure with preserved
ejection fraction

HFrEF heart failure with reduced
ejection fraction

PARADIGM-HF  Prospective Comparison of

ARNI With ACEI to Determine
Impact on Global Mortality
and Morbidity in Heart Failure
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(HFpEF) is common, rising in prevalence, and

associated with high morbidity and death.'
Despite clinical similarities among patients with HFpEF
and heart failure with reduced ejection fraction (HFrEF),
the greater efficacy of neurohormonal therapies in
HFrEF suggests distinct underlying pathophysiology.*®
Systemic inflammation, nitrosative stress, and myocar-
dial fibrosis, among other mechanisms, are implicated
in HFpEF pathogenesis.®” A greater understanding of
factors that increase the risk of cardiovascular events
in HFpEF can facilitate therapeutic development and
identification of HFpEF subpopulations that may better
respond to specific targeted interventions.

Broad proteomic investigation may identify novel
proteins contributing to HF progression, potentially
highlighting discrete dysregulated pathways among
patients with HFpEF as compared with HFrEF. In pa-
tients with HFrEF, we previously identified and repli-
cated 167 serum proteins associated with risk for HF
hospitalization (HFH) or cardiovascular death, where an
HFrEF-derived proteomic risk score only modestly im-
proved risk prediction performance.® Broad proteomic
profiling and discovery efforts in HFpEF populations to
date have been limited in size, have not included long-
term clinical outcome data, or have focused on treat-
ment effects on protein levels.%10

In this post hoc analysis, we performed discovery
proteomics using the Somal.ogic SomaScan platform
to identify associations between serum protein levels
and clinical outcomes in a substudy of 1117 patients
with HFpEF enrolled in the PARAGON-HF (Efficacy
and Safety of LCZ696 Compared to Valsartan, on
Morbidity and Mortality in Heart Failure Patients With
Preserved Ejection Fraction) trial. We then compared
protein-outcome associations between patients with
HFpEF enrolled in PARAGON-HF and patients with
HFrEF from the ATMOSPHERE (Efficacy and Safety

Heart failure with preserved ejection fraction
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of Aliskiren and Aliskiren/Enalapril Combination on
Morbidity—Mortality in Patients With Chronic Heart
Failure) and PARADIGM-HF (Prospective Comparison
of ARNI With ACEI to Determine Impact on Global
Mortality and Morbidity in Heart Failure) trials to iden-
tify proteins with different prognostic relationships
between the 2 HF subtypes. Finally, we derived and
evaluated the performance of an HFpEF-specific pro-
teomic risk score.

METHODS

The data, analytic methods, and study materials will
not be made available to other researchers for pur-
poses of reproducing the results.

Patient Population

The PARAGON-HF trial was a global, multicenter, ran-
domized clinical trial comparing sacubitril/valsartan
and valsartan (1:1) in 4796 patients with chronic HF, left
ventricular ejection fraction >45%, and elevated NT-
proBNP (N-terminal pro-B-type natriuretic peptide) lev-
els. The design and primary results of PARAGON-HF
have been reported previously."'? Key inclusion cri-
teria included New York Heart Association functional
class Il to IV symptoms, either left ventricular hyper-
trophy or left atrial enlargement by echocardiography,
and diuretic use for at least 30 days. Only patients who
tolerated sequential valsartan and sacubitril/valsartan
run-in periods were randomized and included in the
protein-outcome analyses. Sacubitril/valsartan was
associated with a 13% lower rate of the primary end
point, total (first and recurrent) HFH and cardiovascu-
lar death, which did not reach statistical significance
compared with valsartan alone (rate ratio [RR], 0.87
[95% CI, 0.75-1.01]; P=0.06). The primary outcome
end points were adjudicated by a central clinical events
committee.

Measurements of Circulating Proteins

Serum samples for proteomic assays were available
for 1117 patients in PARAGON-HF at the prespecified
baseline time point (before the start of the valsartan
run-in period). Availability was determined by patient
consent and whether the local site was included in
the biomarker substudy. Samples were stored at
—80°C and analyzed centrally in a single batch. The
SomaScan version 3 proteomic assay was performed
at Somal.ogic Inc. (Boulder, CO) to quantify levels of
4828 signal SOMAmers (slow off-rate modified aptam-
ers) targeting 4123 unique circulating proteins in these
serum samples.’®'% Modified aptamers are DNA oli-
gonucleotides, which have been selected to bind spe-
cific proteins with high affinity.'* SOMAmer levels were
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standardized at Somalogic Inc. including hybridiza-
tion normalization (controls for variability in the readout
of individual microarrays), plate scaling (accounts for
plate-by-plate variation), median signal normalization
(controls for total signal differences between individual
samples), and calibration (removes the variation be-
tween assay runs within and across experiments using
calibrator samples). Median intra- and interassay co-
efficients of variation are <6%." Relative fluorescence
units were transformed to log, scale, normalized to the
median separately by dilution level across all plates,
and standardized (mean, 0 and SD, 1). No samples
were removed for poor data quality, and there were no
missing values in the data.

Statistical Analysis

The study design and statistical approach are shown in
Figure 1. Baseline characteristics of patients with and
without available proteomic data were described using
number and proportion for categorical variables, mean
and SD for normally distributed continuous variables,
and median and interquartile range for skewed con-
tinuous variables. We evaluated associations between
individual serum protein levels and risk of the primary
end point, the occurrence, and timing of total HFH and
cardiovascular death, with recurrent event regression
models using the semiparametric proportional rates
method of Lin et al,'"® which was prespecified for the
primary end point in PARAGON-HF. SOMAmers for
which the proportional hazards assumption was vio-
lated (false discovery rate [FDR] <0.05) were excluded
(2% excluded). Two covariate models were used. First,
a minimally adjusted regression model included co-
variates for age, sex, treatment arm, and anticoagulant
status (given the observation that anticoagulants affect
measurement of serum proteins), and stratified by re-
gion. Second, a risk factor-adjusted regression model
included 10 additional baseline covariates: diabetes,
smoking, history of angiotensin-converting enzyme
intolerance, New York Heart Association functional
class, systolic blood pressure, body mass index, left
ventricular ejection fraction, total cholesterol, estimated
glomerular filtration rate (€GFR), and log-transformed
NT-proBNP.  Protein-outcome  associations — with
Benjamini-Hochberg FDR <0.05 were considered sig-
nificant. To avoid excess influence from extreme val-
ues that may be unreliable due to technical error, we
defined outlier individuals for each SOMAmer as those
individuals whose protein levels exceeded 5 SDs from
the mean value. Only associations that remained sig-
nificant after exclusion of the extreme protein levels of
outlier individuals were considered robust. Between 0
and 20 outlier individuals were identified and removed
per SOMAmer, with a median of 4 outlier individuals
per SOMAmer. QIAGEN Ingenuity Pathway Analysis
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HFpEF Protein Discovery

HFpEF Clinical Trial
PARAGON-HF
Measured 4828 SOMAmers
(n=1117; 335 events)

0 Predicting HFH & CV Deatlj/\

Proteins with Similar or
Different Outcome
Associations in pEF vs. rEF

Compare Associations
Between pEF vs. rEF

Univariate associations of Derive HFpEF
baseline proteins and clinical Proteomic Risk Score by
outcomes in HFpEF Cox LASSO Regression
Primary minimally Secondary risk factor
adjusted model adjusted model Derive &
Test HFpEF
Sensitivity Analysis: P-roteom ic
Split sample < Risk Score
discovery/replication
v

Compare Discrimination vs.
Other Risk Scores for
Outcomes in HFpEF
(Clinical, Biomarker, & HFrEF

Proteomic Risk Score)

HFrEF Clinical Trials
PARADIGM-HF &
ATMOSPHERE
Measured 4828 SOMAmers
(n=2515; 1312 events)

Figure 1. Study design.

ATMOSPHERE indicates Efficacy and Safety of Aliskiren and Aliskiren/Enalapril Combination on Morbidity—
Mortality in Patients With Chronic Heart Failure; CV, cardiovascular; HFH, heart failure hospitalization;
HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction;
LASSO, least absolute shrinkage and selection operator; PARADIGM-HF, Prospective Comparison of
ARNI With ACEI to Determine Impact on Global Mortality and Morbidity in Heart Failure; pEF, preserved
ejection fraction; rEF, reduced ejection fraction; and SOMAmer, slow off-rate modified aptamer.

(QIAGEN Inc., https:/digitalinsights.giagen.com/IPA)
was underpowered to identify groups of biologically
related proteins that were overrepresented in the set
of proteins associated with the primary end point from
the minimally adjusted model, and the results were in-
conclusive and therefore omitted.'® For a conservative
sensitivity analysis, patients were randomly partitioned
into a discovery cohort (67%) and replication cohort
(33%) with the removal of per-protein outliers, as pre-
viously described, such that the event rate was the
same in both cohorts. Only proteins associated with
the primary endpoint (FDR <0.05) in the discovery co-
hort were tested in the replication cohort; those also
associated (FDR <0.05) with the primary end point in
the replication cohort were considered significant. We
also conducted regression analyses for the subcom-
ponents of the primary end point: total HFH, cardiovas-
cular death, and time to first HFH.

We then compared protein—outcome associations
for the primary end point in patients with HFpEF

in PARAGON-HF to patients with HFrEF in the
ATMOSPHERE and PARADIGM-HF clinical trials
whose baseline serum samples were assayed with
the same SOMAscan platform. Both ATMOSPHERE
and PARADIGM-HF enrolled a population of patients
with chronic, stable HFrEF; ATMOSPHERE compared
the direct renin antagonist aliskiren to enalapril, and
PARADIGM-HF compared sacubitril/valsartan with
enalapril. Baseline protein—outcome results from these
patients have been previously published.? The iden-
tical end point (total HFH and cardiovascular death),
minimally adjusted covariates (age, sex, treatment,
anticoagulant status), and regression model (recurrent
event regression using the method of Lin et al'®) were
used in all 3 trials in this study to facilitate comparisons
of regression @ coefficients. SOMAmers for which
the proportional hazards assumption was violated
(FDR <0.05) in any of the 3 trials were excluded (6%
excluded). To enable a single comparison between
HFpEF and HFrEF, summary statistics for the 2 HFrEF
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trials were meta-analyzed using the inverse variance-
weighted average method and random-effects mod-
els. To identify proteins whose relationship with the
primary end point was statistically different between
trials, we calculated a Z-statistic equal to (g~ Bper)/
(SE,g* + SE ). Z scores corresponding to Benjamini—
Hochberg FDR <0.05 provided statistical evidence of
a difference in the magnitude of the protein—outcome
association between the 2 HF populations. As a neg-
ative control, we compared f coefficients between
the 2 HFrEF populations from the ATMOSPHERE and
PARADIGM-HF clinical trials using the same approach.

We derived a proteomic risk score in PARAGON-HF
using Cox least absolute shrinkage and selection op-
erator regression and compared its discriminating
power for the risk of a first HFH or cardiovascular
death end point to existing clinical, immunoassay, and
proteomic risk prediction models. To avoid overesti-
mating discrimination by evaluating the score on the
same patients on which it was derived, we performed
a leave-one-out cross-validation: The PARAGON-HF
cohort was split into a testing set with 1 patient and a
training set including all other patients. The Cox least
absolute shrinkage and selection operator model was
derived in the training set and used to calculate a score
for the single patient in the test set. This procedure
was then repeated for each patient as the test set,
such that each patient’s proteomic score was derived
from the remaining patients. Only proteins, not clinical
variables, were included in the proteomic risk score.
These proteomic scores were then compared with 4
external risk models also evaluated in PARAGON-HF,
including the Meta-Analysis Global Group in Chronic
Heart Failure clinical risk score (which predicts all-
cause death in HFrEF and HFpEF),?° NT-proBNP
measured by immunoassay, high-sensitivity cardiac
troponin T measured by immunoassay, and a previ-
ously published 64-protein risk score derived to pre-
dict time to first HFH or cardiovascular death from
SomaScan data in the ATMOSPHERE trial of chronic
HFrEF.82122 Discrimination was assessed by Harrell's
C-statistic and the 95% Cls for C-statistics, C-statistic
differences, and P values for differences in C-statistics,
which were estimated by Somer’s D method.

Informed consent was obtained from all patients in
PARAGON-HF, PARADIGM-HF, and ATMOSPHERE.
The study protocol was approved by local institutional
review boards and ethics committees. Strengthening
the Reporting of Observational Studies in Epidemiology
cohort reporting guidelines were used.?® Analyses
were conducted in R version 4.0 (R Foundation for
Statistical Computing, Vienna, Austria) and STATA ver-
sion 16 (StataCorp, College Station, TX).?#25 Recurrent
events regression and meta-analysis of the HFrEF trials
were performed using the “survival” and “meta” pack-
ages in R, respectively.?6:27
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RESULTS

Baseline Characteristics and Outcomes
Baseline characteristics of patients in PARAGON-HF
with or without baseline proteomic data are shown
in Table 1. Patients with proteomic data were slightly
older, more likely White race, less likely to have been
enrolled in Asia or Latin America, and had slightly lower
eGFR. Patients with proteomic data experienced 335
instances of the primary end point, total HFH or car-
diovascular death, over a mean follow-up of 2.7 years.
The primary end point event rate was lower in patients
with proteomic data compared with those without (11.0
versus 14.5 events per 100 patient-years; P=0.02).
Patients with proteomic data experienced 262 total
HFH (150 patients) and 73 deaths.

Individual Proteins Predicting Risk of
Heart Failure Events
Associations between baseline serum levels of indi-
vidual proteins and the risk of the primary end point
are shown in Figure 2. We identified 381 SOMAmers
representing 366 unique proteins to be significantly
associated with total HFH and cardiovascular death
in the minimally adjusted model (FDR <0.05), of which
301 SOMAmers representing 288 proteins remained
significant after removal of outlier protein values >5
SD from the mean (Figure 2A). Higher levels of 207
proteins were associated with a greater risk of the pri-
mary end point (Table 2 and Table S1). The strongest
positive associations included B2M (-2 microglobu-
lin; RR, 1.74 [95% Cl, 1.45-2.10] per SD; P=3.9x 1079),
TIMP1 (tissue inhibitor of matrix metalloproteinase 1;
RR, 1.49 [95% ClI, 1.30-1.70] per SD; P=6.5x1079),
and SVEP1 (sushi, von Willebrand factor type A, EGF,
and pentraxin domain containing 1; RR, 1.46 [95% ClI,
1.28-1.67] per SD; P=1.3x1078). Higher levels of 81
proteins were associated with a lower risk of the pri-
mary end point (Table 3 and Table S1). The strongest
negative associations included SERPINA4 (serpin fam-
ily A member 4; RR, 0.73 [95% ClI, 0.66-0.81] per SD;
P=11x1079), AFM (afamin; RR 0.65 [95% CI 0.56-0.77]
per SD, P=2.3x107"), and growth hormone receptor
(RR, 0.68 [95% ClI, 0.59-0.80] per SD; P=9.4x1079).
A sensitivity analysis in which PARAGON-HF patients
were randomly split into discovery (67%) and replica-
tion (83%) cohorts identified a conservative subset of
23 of the 288 proteins from the full discovery popula-
tion, which included SVEP1, TIMP1, SERPINA4, and
GDF15 (growth differentiation factor 15) (Table S2).
Further adjustment for clinical risk factors, includ-
ing eGFR and NT-proBNP, identified a smaller set of
60 SOMAmers corresponding to 59 proteins associ-
ated with the primary end point at FDR <0.05, of which
19 SOMAmers representing 18 proteins remained
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Table 1. Baseline Characteristics of PARAGON-HF
Participants With and Without Proteomic Data

Available No proteomic
proteomic data | data

n n=1117 n=3679 P value
Age, y 73.5+8.0 72.5+8.5 <0.001
Female sex 578 (51.7) 1901 (51.7) 0.97
Race <0.001

White 1035 (92.7) 2872 (78.1)

Asian 37 (3.9 570 (15.5)

Black 15(1.3) 87 (2.4)

Other 30 (2.7) 150 (4.1)
Region <0.001

Asia/Pacific and other | 106 (9.5) 656 (17.8)

Central Europe 532 (47.6) 1183 (32.2)

Latin America 13(1.2) 357 (9.7)

North America 136 (12.2) 423 (11.5)

Western Europe 330 (29.5) 1060 (28.8)
Diabetes 466 (41.7) 1596 (43.4) 0.33
Stroke 119 (10.7) 389 (10.6) 0.92
Hypertension 1072 (96.0) 3512 (95.5) 0.47
Prior Ml 237 (21.2) 846 (23.0) 0.21
Ischemic pathogenesis 412 (36.9) 1311 (35.6) 0.45
Atrial fibrillation/flutter 359 (32.2) 1193 (32.6) 0.83
Prior HF hospitalization 402 (36.0) 1904 (51.8) <0.001
NYHA functional class 017

lorll 884 (79.2) 2959 (80.4)

lhor IV 233 (20.9) 718 (19.5)
Medications

ACEi/ARB 993 (88.9) 3146 (85.5) 0.004

MRA 272 (24.4) 967 (26.3) 0.2

Diuretic 1082 (96.9) 3503 (95.2) 0.018

8 Blocker 919 (82.3) 2902 (78.9) 0.014

Anticoagulant 366 (32.8) 1177 (32.0) 0.63
Systolic BP, mm Hg 130.8+15.3 130.5+15.5 0.5
Diastolic BP, mm Hg 74.5+10.3 74.3+10.6 0.59
BMI, kg/m? 30.7+4.8 30.1£5.0 <0.001
LVEF, % 57.3+7.5 57.6+8.0 0.18
Potassium, mmol/L 45+0.4 4.5+0.5 0.76
eGFR, mL/min per 60.2+17.9 63.3+19.4 <0.001
1.73m?
NT-proBNP, pg/mL 945 (506-1551) | 892 0.19

(452-1643)

hs-TNT, ng/L 17 (11-26) 24 (11-37) 0.045

Values are n (%) for categorical variables or median (interquartile range)
for continuous variables. ACEi indicates angiotensin-converting enzyme
inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index;
BP, blood pressure; eGFR, estimated glomerular filtration rate; HF, heart
failure; hs-TNT, high-sensitivity cardiac troponin T, LVEF, left ventricular
ejection fraction; MI, myocardial infarction; MRA, mineralocorticoid receptor
antagonist; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA,
New York Heart Association; and PARAGON-HF, Efficacy and Safety of
L.CZ696 Compared to Valsartan, on Morbidity and Mortality in Heart Failure
Patients With Preserved Ejection Fraction.
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significant after removal of outlier protein values >5
SDs from the mean (Figure 2B, Table S3). Eleven of the
18 proteins from the risk factor-adjusted model were
also significantly associated with the primary endpoint
in the minimally adjusted model, including TIMP1 and
SERPINA4. Notably, B2M, a known marker of renal
function, remained strongly associated with the pri-
mary end point despite the adjustment for clinical risk
factors and eGFR (RR, 212 [95% ClI, 1.64-2.74] per
SD; P=1.2x1079).

Associations between baseline serum levels of in-
dividual proteins and the risk of the subcomponents
of the primary end point, total HFH, cardiovascular
death, and time to first HFH suggested similar results
(Tables S4-S7). The number of events for each of the
subcomponent outcomes was limiting, and there were
no proteins significantly associated with cardiovascular
death in the risk factor—adjusted model or time to first
HFH in the risk factor-adjusted model.

Comparison of Protein-Outcome
Associations Between HFpEF and HFrEF

Overall, associations between protein levels and total
HFH and cardiovascular death were similar between
patients with HFpEF in PARAGON-HF and patients
with HFrEF in ATMOSPHERE and PARADIGM-HF
(Figure 3). For example, SVEP1 levels were strongly
associated with total HFH and cardiovascular death
in both HFpEF (RR, 1.46 [95% CI, 1.28-1.67] per SD)
and HFrEF (RR, 1.64 [95% CI, 1.52-1.76] per SD)
populations.

RRs were compared between the patients with HFpEF
and patients with HFrEF using recurrent event regres-
sion models that included identical covariates and clini-
cal outcomes. Three proteins had statistically significant
differences in RRs between the 2 HF subtypes after
adjustment for multiple testing (FDR <0.05) (Figure 3
and Table S8). Apolipoprotein E was inversely asso-
ciated with the primary outcome in HFpEF (RR, 0.70
[95% ClI, 0.54-0.85]) but neutral in HFrEF (RR, 1.05
[95% ClI, 0.96-1.14]; P=6.7 x 107° for difference). RNA
polymerase-associated protein RTF1 homolog (RTF1)
was positively associated with the primary outcome in
HFpEF (RR, 1.21 [95% CI 1.16-1.27)] but neutral in
HFrEF (RR, 0.96 [95% ClI, 0.89-1.05]; P=6.2 x 1076 for
difference). von Willebrand factor was inversely asso-
ciated with the primary outcome in HFpEF (RR, 0.86
[95% CI 0.76-0.96]) and positively associated in HFrEF
(RR, 1.18 [95% ClI, 1.07-1.29]; P=1.1 x 107" for differ-
ence). However, in the negative control comparison
between the 2 HFrEF populations (ATMOSPHERE and
PARADIGM-HF), there was a similar number of proteins
with nominal and multiple-testing adjusted significant
differences in the magnitude of the protein-outcome



202 ‘sz aunr uo Aq Bio'sjeuinofeue//:dny wody pepeojumod

Patel-Murray et al

HFpEF Proteomics (PARAGON-HF)

A
L]
12 1
Ld
SERPINA4
L]
T 4 s svep1 [TIMP1 B
S 8 EFEMP1 -
S AFM EPHA10‘TFF3 i
4 * GHR NPPG o o °{TREGIA TNFRSF1A
=1 ° . oo HDGF GAS1 GpF15 o
S APOE ¢ apsp “ o o CsT3
2 CILP2 — . . »~2 o 1 II;18 o |IGFLR1
T 4] e, TAGLN
4 CPT1B “i e,
L] L)
: ‘o}.°
L]
L )
O.
0.50 0.75 1.00 1.25 1,50 175
Rate Ratio
B
8 .
L]
64 PARK? RSPO4
L]
_ apeTL EFEMP1
S ADAM17—2"  Gas1 ®
©
K] CDH3,_ . N.\&P32B TREMLE  LTBP4
a4 4- . o o LILRAG & °
~ L]
= SERPINA4 © 4 st g .
=) s . o o't g'e SRR .
S y .
| P i
2 ‘e .
L]
O.
0.50 0.75 1.00 1.25 1,50 175
Rate Ratio

Figure 2. Serum proteins associated with risk of total heart failure hospitalization and

cardiovascular death.

Circulating proteins significantly associated with the primary end point, total heart failure hospitalization and
cardiovascular death. Associations were considered significant (red label) if the P value was lower than
the false discovery rate threshold of 0.05 both with and without inclusion of outlier values >5 SDs from the
mean. (A) Minimally adjusted model includes age, sex, treatment, and anticoagulant use. (B) Risk factor
adjusted model is further adjusted for ten clinical risk factors: diabetes, smoking, history of angiotensin-
converting enzyme intolerance, New York Heart Association functional class, systolic blood pressure,
body mass index, left ventricular ejection fraction, total cholesterol, estimated glomerular filtration rate,
and log-transformed N-terminal pro-B-type natriuretic peptide.

association (357 proteins in the HFpEF versus HFrEF
analysis as compared with 446 proteins in the HFrEF
versus HFrEF analysis). These negative control findings
suggest that much of the difference between the pro-
tein—outcome associations in the HFpEF and HFrEF
populations may be explained by chance or nonbio-
logical factors, rather than physiological differences.

J Am Heart Assoc. 2024;13:e033544. DOI: 10.1161/JAHA.123.033544

Comparison of the Performance of

Clinical and Proteomic Risk Scores

A 46-protein proteomic risk score for the time to
first HFH or cardiovascular death was developed
in PARAGON-HF and assessed using leave-one-
out cross-validation to prevent overfitting. In the
HFpEF test set, discrimination of the HFpEF-derived
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Table 2. Top 10 Proteins Associated With Greater Risk of Total Heart Failure Hospitalization and Cardiovascular Death in

HFpEF
B2M -2 microglobulin 1.74 (1.45-2.10) 3.9x107° 212 (1.64-2.74) 1.2x1078
TIMPA1 Metalloproteinase inhibitor 1 1.49 (1.30-1.70) 6.5x10°° 1.66 (1.28-2.15) 1.4x10™
SVEP1 Sushi, von Willebrand factor type A, 1.46 (1.28-1.67) 1.3x1078 1.55 (1.21-1.99) 6.0x10™*
EGF and pentraxin domain-containing
protein 1
CLSTN3 Calsyntenin-3 1.47 (1.29-1.68) 1.5x1078 1.17 (0.89-1.53) 2.5x107"
EFEMP1 EGF-containing fibulin-like extracellular 1.36 (1.22-1.52) 3.0x10°8 1.66 (1.34-2.05) 3.3x10°6
matrix protein 1
TFF3 Trefoil factor 3 1.37 (1.22-1.53) 4.0x1078 119 (0.83-1.72) 3.4x107"
TFF2 Trefoil factor 2 1.51 (1.30-1.75) 6.3x1078 1.41 (1.05-1.91) 2.4%x1072
REG1A Lithostathine-1-a 1.49 (1.29-1.73) 7.0x1078 1.43 (0.99-2.07) 5.8x107?
SPON1 Spondin-1 1.48 (1.28-1.71) 1.2x1077 1.44 (1.02-2.04) 3.7x107?
GAS1 Growth arrest-specific protein 1 1.49 (1.28-1.73) 2.0x10~7 1.55 (1.28-1.88) 7.9x107°

The 10 proteins most strongly associated with greater risk of the primary end point, total heart failure hospitalization and cardiovascular death, in PARAGON-HF
in a recurrent events regression model adjusted for age, sex, treatment, and anticoagulant use. Only associations that remained statistically significant at false
discovery rate <0.05 after removal of outlier values >5 SDs from the mean were considered significant. Results from the risk factors adjusted model are
included for reference. The full lists of protein associations are provided in Tables S1 and S3. HFpEF indicates heart failure with preserved ejection fraction; and
PARAGON-HF, Efficacy and Safety of LCZ696 Compared to Valsartan, on Morbidity and Mortality in Heart Failure Patients With Preserved Ejection Fraction.

PARAGON-HF proteomic score (C-statistic, 0.66 [95%
Cl, 0.62-0.70]) was similar to that of the HFrEF-derived
ATMOSPHERE proteomic score (C-statistic, 0.67
[95% CI, 0.63-0.71]; P=0.8 for difference between
C-statistics). The HFpEF-derived PARAGON-HF pro-
teomic score provided only modestly higher discrimi-
nation than the Meta-Analysis Global Group in Chronic
Heart Failure clinical risk score (C-statistic, 0.61 [95%
Cl, 0.57-0.65]; P=0.08 versus PARAGON-HF pro-
teomic score) and no significant improvement as

compared with log-transformed NT-proBNP alone
(C-statistic, 0.62 [95% ClI, 0.58-0.66]; £=0.06 versus
PARAGON-HF score) or high-sensitivity cardiac tro-
ponin T alone (C-statistic, 0.65 [95% ClI, 0.61-0.71];
P=0.8 versus PARAGON-HF score; Figure 4). In a
sensitivity analysis, a PARAGON-HF proteomic risk
developed with Cox least absolute shrinkage and se-
lection operator with a more stringent variable selec-
tion penalty (A 1 SE) included 6 proteins and provided
similar discrimination in cross-validation (C-statistic,

Table 3. Top 10 Proteins Associated With Lower Risk of Heart Failure Hospitalization and Cardiovascular Death in HFpEF

SERPINA4 Kallistatin 0.73 (0.66-0.81) 11x107° 0.7 (0.59-0.84) 1.2x107
AFM Afamin 0.65 (0.56-0.77) 2.2x1077 0.64 (0.49-0.84) 11x1078
GHR Growth hormone receptor 0.68 (0.59-0.8) 9.4x1077 0.7 (0.54-0.92) 9.7x10°°
APOE Apolipoprotein E (isoform E4) 0.70 (0.60-0.81) 4.0x107° 0.72 (0.53-0.97) 3.2x1072
ClLP2 Cartilage intermediate layer protein 2 0.64 (0.52-0.78) 1.4x107° 0.84 (0.64-1.11) 21x107"
AHSP a-Hemoglobin-stabilizing protein 0.72 (0.63-0.84) 1.4x107° 0.87 (0.66-1.16) 3.4x107"
CDH3 Cadherin-3 0.69 (0.58-0.82) 3.2x10°° 0.58 (0.45-0.75) 41x10°°
CPT1B Carnitine O-palmitoyltransferase 1, 0.67 (0.56-0.81) 3.4x107° 0.85(0.61-1.2) 3.7x10""
muscle isoform
CLEC4AM C-type lectin domain family 4 member M | 0.71 (0.61-0.84) 3.7x107° 0.67 (0.51-0.87) 3.4x10°°
CLEC3B Tetranectin 0.67 (0.56-0.81) 4.0x107° 0.69 (0.51-0.94) 1.9x107?

The 10 proteins most strongly associated with lower risk of the primary end point, total heart failure hospitalization and cardiovascular death, in PARAGON-HF
in a recurrent events regression model adjusted for age, sex, treatment, and anticoagulant use. Only associations that remained statistically significant at false
discovery rate <0.05 after removal of outlier values >5 SDs from the mean were considered significant. Results from the risk factors adjusted model are
included for reference. The full lists of protein associations are provided in Tables S1 and S3. HFpEF indicates heart failure with preserved ejection fraction; and
PARAGON-HF, Efficacy and Safety of LCZ696 Compared to Valsartan, on Morbidity and Mortality in Heart Failure Patients With Preserved Ejection Fraction.

J Am Heart Assoc. 2024;13:e033544. DOI: 10.1161/JAHA.123.033544
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Figure 3. Associations between protein levels and total heart failure hospitalization

and cardiovascular death in HFpEF vs HFrEF.

Only 3 proteins (red dots) demonstrated different associations with outcomes with HFrEF vs
HFpEF at a significance level of Benjamini-Hochberg FDR <0.05. Light gray dots indicate

proteins with no evidence of differential association
gray dots indicate proteins for which the difference

between ejection fraction subtypes. Dark
in association was statistically significant

by nominal P value <0.05 but not FDR <0.05. APOE indicates apolipoprotein E; FDR, false
discovery rate; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with
reduced ejection fraction; rEF, reduced ejection fraction; and VWF, von Willebrand factor.

0.64 [95% ClI, 0.60-0.68]); this result suggests any
overfitting did not impair the discrimination of the
HFpEF-specific proteomic risk score.

DISCUSSION

In this broad proteomic study of 1117 patients with
HFpEF enrolled in the PARAGON-HF trial, we identified
288 serum proteins that were significantly associated
with total HFH and cardiovascular death after correction
for multiple testing and outlier samples. Proteins and
protein pathways associated with these clinical events
implicate coagulation, metabolic processes, and extra-
cellular matrix regulation as important in the progression
of HFpEF. For example, SVEP1, a novel HF biomarker
identified in a similar study of patients with HFrEF, was
also among the proteins most strongly associated with
clinical outcomes in patients with preserved ejection
fraction (EF). Notably, associations between base-
line protein levels and outcomes in HFpEF patients in

J Am Heart Assoc. 2024;13:e033544. DOI: 10.1161/JAHA.123.033544

PARAGON-HF were similar to those in patients with
HFrEF. Three proteins were differentially associated with
outcomes in HFpEF as compared with HFrEF (apolipo-
protein E, RTF1, and von Willebrand factor). However, we
note that a similar number of proteins were differentially
associated with outcomes in a comparison of 2 HFrEF
trials (ATMOSPHERE and PARADIGM-HF), suggesting
the possibility for false discovery. Despite enthusiasm
for improved risk prediction in HFpEF with combinations
of multiple proteins, a new proteomic risk score derived
in patients with HFpEF was not meaningfully superior
to clinical risk factors, circulating levels of NT-proBNP,
or high-sensitivity cardiac troponin. Surprisingly, the
internally derived HFpEF proteomic risk score did not
outperform an externally derived HFrEF proteomic risk
score in the PARAGON-HF HFpEF population. Taken
together, these results suggest that physiological pro-
cesses that are reflected in circulating protein levels sim-
ilarly influence risk of adverse cardiovascular outcomes
in both patients with HFpEF and patients with HFrEF.
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Model C-Statistic (95% CI) P Value

PARAGON-HF HFpEF Proteomic Score 0.66 (0.62-0.70) —— ref

ATMOSPHERE HFrEF Proteomic Score  0.67 (0.63-0.71) —<— p=0.83

MAGGIC Clinical Risk Score 0.61 (0.57-0.65) —— p=0.03

NT-proBNP 0.62 (0.58-0.66) —— p=0.06

High-Sensitivity Cardiac Troponin T 0.65 (0.61-0.69) —— p=0.40
0.I55 0.(I50 0.(I35 0.I70 0.I75

C-Statistic

Figure 4. Risk discrimination of clinical, biomarker, and proteomic risk scores for
time to first heart failure hospitalization or cardiovascular death in PARAGON-HF.
Risk discrimination was evaluated in PARAGON-HF. The PARAGON-HF HFpEF
proteomic risk score was derived and evaluated in PARAGON-HF using a leave-one-
out cross-validation method to avoid overfitting. P-values evaluate the null hypothesis
that each C-statistic is significantly different from the C-statistic for the PARAGON-HF
HFpEF proteomic score. ATMOSPHERE indicates Efficacy and Safety of Aliskiren and
Aliskiren/Enalapril Combination on Morbidity—Mortality in Patients With Chronic Heart
Failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with
reduced ejection fraction; MAGGIC, Meta-Analysis Global Group in Chronic Heart Failure;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; and PARAGON-HF, Efficacy and
Safety of LCZ696 Compared to Valsartan, on Morbidity and Mortality in Heart Failure

Patients With Preserved Ejection Fraction.

Reassuringly, we reproduced many known directly
measured biomarkers of HF prognosis, including
NT-proBNP and GDF15. Proteins within the coagula-
tion system and extracellular matrix proteins such as
TIMP1, ADAM17, and LTBP4 were associated with
HFpEF outcomes, particularly after adjustment for
clinical risk factors, consistent with prior work.?®2° The
inverse association between kallistatin/SERPINA4 lev-
els and clinical events in our study has been observed
with other forms of cardiovascular disease, and some
animal studies support a causal role for this protein
in reducing oxidative stress and adverse cardiac re-
modeling.®%-%2 B2M, a known renal function marker,
emerged as the most strongly associated biomarker
after adjustment for clinical covariates, including eGFR
and NT-proBNP, highlighting that known pathologic
processes, such as poor renal function, are key mark-
ers of adverse HFpEF outcomes.

Compared with traditional biomarker immunoas-
says, large-scale proteomic assays offer the ability to
characterize associations between many proteins and
clinical outcomes, and they may identify new associ-
ations using an unbiased hypothesis-free approach.
SVEP1, a novel HF biomarker identified in our previous
study of patients with HFrEF in PARADIGM-HF and
ATMOSPHERE,® was found to be among the stron-
gest predictors of clinical cardiovascular outcomes in
HFpEF. SVEP1 has not been previously identified as
an HFpEF prognosis marker. This finding provides ad-
ditional validation of SVEP1 and indicates a potential
clinical and biological role across the EF spectrum. The
specificity of the SomaScan SVEP1 aptamer for the

J Am Heart Assoc. 2024;13:e033544. DOI: 10.1161/JAHA.123.033544

correct target protein is supported by data from the
deCODE study, in which aptamer-measured SVEP1
levels were strongly associated with a genetic variant in
the SVEPT gene on chromosome 9.2 SVEP1 is an ex-
tracellular matrix protein expressed in vascular smooth
muscle cells that promotes inflammation and athero-
sclerosis through integrin, notch, and fibroblast growth
factor receptor signaling in animal studies.®* Plasma
levels of SVEP1 have been causally linked to human
platelet activation and cardiovascular disease.®® The
mechanism linking circulating SVEP1 and HFpEF out-
comes merits further investigation.

Contrary to our initial hypothesis, the vast major-
ity of proteins showed similar associations with clin-
ical outcomes in patients with HFpEF versus HFrEF.
Consistent outcome associations between HFpEF and
HFrEF are also observed for most traditional prog-
nostic biomarkers (creatinine, NT-proBNP, troponin,
collagen precursors).?®%® These results underscore
that substantial pathophysiology of the HF syndrome
is shared regardless of ejection fraction. Given the
number of proteins tested, numerical differences be-
tween the magnitude of protein—outcome associations
in the HFpEF and HFrEF populations were expected.
We used a rigorous statistical approach to distinguish
robust evidence of true differential associations in the
2 HF subtypes. Despite a total sample size of >3600
patients HF with across the ejection fraction spec-
trum, only 3 proteins (apolipoprotein E, RTF1, and von
Willebrand factor) showed statistically significant het-
erogeneity. While these 3 proteins may validly identify
distinct biology between ejection fraction subtypes,
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they are currently speculative, given the absence of
external validation, possible effects of outliers, poten-
tial for residual confounding by anticoagulants for von
Willebrand factor, and the fact that our approach simi-
larly identified proteins with differential outcome asso-
ciations in the negative control analysis between the 2
HFrEF trial populations.

Finally, we evaluated an HFpEF-specific proteomic
risk score, which did not meaningfully improve risk dis-
crimination as compared with commonly ascertained
clinical parameters and biomarkers like NT-proBNP or
high-sensitivity cardiac troponin. There has been sub-
stantial excitement that combining information from
thousands of protein levels rather than 1 or 2 would
improve clinical risk prediction. Despite this potential,
we observe only small improvements in discrimination
with multiprotein risk scores that are marginally statis-
tically significant and would be unlikely to meaningfully
impact clinical care. Our data do not support a role for
proteomic risk scores in the clinical care of patients
with HFpEF at this time. The strong prognostic value
of NT-proBNP and troponin may explain marginal im-
provement with the inclusion of more proteins, many
of which are correlated with clinical biomarkers. We
acknowledge that the relatively small number of HFH
or cardiovascular death events in PARAGON-HF and
the limitations of the SomaScan platform may have
prevented development of an accurate HFpEF-specific
proteomic risk score.

The results of our study should be considered in the
context of several limitations. The SomaScan version
3 platform contains a wide spectrum of >4000 circu-
lating proteins. However, this captures only a modest
proportion of all human proteins, protein isoforms, and
protein modifications. Many important pathways of cel-
lular physiology and tissue-specific biology are not re-
flected in the circulating proteome. Even when present,
protein levels may not reflect the activation of relevant
cellular processes or HFpEF physiology. Our meth-
odology does not define the tissue from which serum
proteins originated. The SomaScan platform has not
been validated for all proteins, and further antibody-
based or mass spectrometry methods may be needed
to fully determine aptamer accuracy. The protein
quantitative trait loci identified for many of the proteins
strongly support aptamer specificity. Cis-protein quan-
titative trait loci were identified in the deCODE study
for 8 of the top 10 proteins significantly associated with
total HFH and cardiovascular death in the minimally
adjusted model, including SERPINA4, TIMP1, SVEP1,
EFEMP1 (EGF-containing fibulin-like extracellular ma-
trix protein 1), TFF3 (trefoil factor 3), TFF2 (trefoil factor
2), REG1A (lithostathine-1-a), and SPONT1 (spondin-1).
Trans-protein quantitative trait loci were reported for
the remaining 2 of the top 10 significant proteins, B2M
and CLSTN3 (calsyntenin-3).3® The PARAGON-HF
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clinical trial had strict inclusion criteria, which may im-
pact the generalizability of the findings. For example,
the inclusion criteria may have homogenized protein
levels, biasing results toward the null. Proteomic data
were collected on the basis of patient consent, and the
subset of individuals with proteomic data may not be
fully representative of patients with clinical HFpEF. Our
analyses do not account for concomitant medications,
other than anticoagulants, taken by patients before
or during the clinical trial. These concomitant medi-
cations may impact individual protein levels and out-
comes, and they may modify the effect of protein levels
on outcome. Our comparison between HFpEF and
HFrEF trials lacked statistical power to identify subtle
differences in protein—outcome associations between
these EF subtypes. However, our analysis represents
the largest sample of patients with HF with large-scale
proteomic and clinical outcome data currently avail-
able. Because only 1 cohort of patients with HFpEF
with proteomic and cardiovascular outcome data was
available, external replication was not possible. Other
methodological strengths of our study include rigorous
inclusion criteria defining HFpEF, centrally adjudicated
clinical outcomes, and performance of the SomaScan
assay in a single batch for all PARAGON-HF partici-
pants. Consortium efforts and meta-analysis with ad-
ditional cohorts may identify additional proteins more
strongly associated with outcomes in HFpEF or HFrEF.

In this large-scale proteomic investigation, we sys-
temically characterized associations between serum
protein levels and risk for total HFH and cardiovascular
death in patients with HFpEF. Proteins involved in co-
agulation, metabolic disease, and extracellular matrix
regulation were associated with adverse outcomes,
highlighting the importance of these pathways in
HFpEF pathogenesis and disease progression. SVEP1,
a novel HF biomarker identified in a similar study of
patients with HFrEF, was also among the proteins
most strongly associated with clinical cardiovascular
outcomes in patients with preserved ejection fraction.
Associations between protein levels and outcomes in
HFpEF patients in PARAGON-HF were largely similar
to those in patients with HFrEF. An HFpEF-specific pro-
teomic risk score did not meaningfully improve risk pre-
diction compared with clinical factors and commonly
measured biomarkers. These results identify and pri-
oritize proteins associated with adverse outcomes in
HFpEF, including substantial overlap with HFrEF. While
the continued search for effective therapies unique to
HFpEF is warranted, our results reinforce that shared
pathologic processes are likely important drivers of
poor HF prognosis across the EF spectrum.
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