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Prioritizing Candidates of Post-Myocardial
Infarction Heart Failure Using Plasma
Proteomics and Single-Cell Transcriptomics

Editorial, see p 1422

BACKGROUND: Heart failure (HF) is the most common long-term
complication of acute myocardial infarction (MI). Understanding plasma
proteins associated with post-MI HF and their gene expression may
identify new candidates for biomarker and drug target discovery.

METHODS: We used aptamer-based affinity-capture plasma proteomics to
measure 1305 plasma proteins at 1 month post-Ml in a New Zealand cohort

(CDCS [Coronary Disease Cohort Study]) including 181 patients post-MI who were
subsequently hospitalized for HF in comparison with 250 patients post-MI who
remained event free over a median follow-up of 4.9 years. We then correlated
plasma proteins with left ventricular ejection fraction measured at 4 months post-
Ml and identified proteins potentially coregulated in post-MI HF using weighted
gene co-expression network analysis. A Singapore cohort (IMMACULATE [Improving
Outcomes in Myocardial Infarction through Reversal of Cardiac Remodelling]) of 223
patients post-Ml, of which 33 patients were hospitalized for HF (median follow-up,
2.0 years), was used for further candidate enrichment of plasma proteins by using
Fisher meta-analysis, resampling-based statistical testing, and machine learning.

We then cross-referenced differentially expressed proteins with their differentially
expressed genes from single-cell transcriptomes of nonmyocyte cardiac cells isolated
from a murine MI model, and single-cell and single-nucleus transcriptomes of
cardiac myocytes from murine HF models and human patients with HF.

RESULTS: In the CDCS cohort, 212 differentially expressed plasma proteins were
significantly associated with subsequent HF events. Of these, 96 correlated with left
ventricular ejection fraction measured at 4 months post-MI. Weighted gene co-
expression network analysis prioritized 63 of the 212 proteins that demonstrated
significantly higher correlations among patients who developed post-MI HF in
comparison with event-free controls (data set 1). Cross-cohort meta-analysis of the
IMMACULATE cohort identified 36 plasma proteins associated with post-MI HF (data
set 2), whereas single-cell transcriptomes identified 15 gene-protein candidates (data
set 3). The majority of prioritized proteins were of matricellular origin. The 6 most
highly enriched proteins that were common to all 3 data sets included well-established
biomarkers of post-MI HF: N-terminal B-type natriuretic peptide and troponin T, and
newly emergent biomarkers, angiopoietin-2, thrombospondin-2, latent transforming
growth factor-g binding protein-4, and follistatin-related protein-3, as well.

CONCLUSIONS: Large-scale human plasma proteomics, cross-referenced to
unbiased cardiac transcriptomics at single-cell resolution, prioritized protein
candidates associated with post-MI HF for further mechanistic and clinical validation.
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Clinical Perspective
What Is New?

¢ We combined 2 powerful unbiased discovery tools,
aptamer-based proteomics and single-cell tran-
scriptomics, to prioritize 83 post—-myocardial infarc-
tion heart failure candidates using human plasma
from 2 different acute myocardial infarction patient
cohorts and 4 mouse and human single—cardiac
cell transcriptomic studies.

e Six top candidates were consistently associated
with the development of post-myocardial infarc-
tion heart failure in both patient cohorts and
validated in the single-cell data sets: NT-proBNP/
BNP-32 (N-terminal pro B-type natriuretic peptide/
brain natriuretic peptide-32 [NPPB gene]), TNNT2
(troponin T), ANGPT2 (angiopoietin-2), THBS2
(thrombospondin-2), LTBP4 (latent transforming
growth factor beta binding protein 4), and FSTL3
(follistatin-related protein 3).

¢ Besides the 6 top candidates, our bioinformatics
approach identified an additional 19 intermediate-
priority and 58 lower-priority proteins that may
be useful for future investigation of post-myocar-
dial infarction heart failure biomarkers and drug
targets.

What Are the Clinical Implications?

e The emergence of high-throughput unbiased
screening tools is rapidly changing the way we
approach biomarker and drug-target discovery.

e These discovery tools have their limitations; there-
fore, prioritized candidates need further validation
in future studies.

e Alongside B-type natriuretic peptide and cardiac
troponin, angiopoietin-2 and thrombospondin-2
are emerging as important biomarkers in ischemic
cardiomyopathy.

cute myocardial infarction (MI) commonly pre-
Acedes heart failure (HF)." Few biomarkers associ-

ated with HF after MI have gained widespread
acceptance in mainstream clinical testing despite the
discovery of many potential candidates.? Of greater
concern, there have only been a limited number of
new treatments to prevent HF after Ml in recent years.?
These unmet needs with respect to biomarker and drug
discovery necessitate a prioritization of post-MI HF can-
didates for the research community.

We performed large-scale proteomic profiling of
plasma obtained at 30 days after an index Ml to identify
circulating proteins associated with incident HF occurring
beyond 30 days. Network analysis revealed top-ranked
circulating protein candidates, for which association with
HF events was then validated in an independent post-
MI cohort. Differentially expressed proteins were further
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cross-referenced with single-cell and single-nucleus tran-
scriptomes of cardiac myocyte (CM) and non-CM cardiac
cells to identify candidates presenting consistent associa-
tions in murine models of Ml and HF, and in patients with
dilated cardiomyopathy (DCM). Last, the expression pat-
terns of top-priority candidates were confirmed in hu-
man and mouse primary cardiac cell culture models of
disease. The overarching goal was to provide a curated
series of protein candidates for focused biomarker dis-
covery and possible drug targeting.

METHODS

Detailed methods are available in the Data Supplement. The
data, analytical methods, and study materials for the purposes
of reproducing the results or replicating procedures are available
online at https:/github.com/ArisStefanosSn/HFproteomics.

Study Design

A flow diagram summarizing the entire study design is pro-
vided in Figure 1.

Study Populations

The primary cohort was selected from CDCS (Coronary Disease
Cohort Study, ACTRN 12605000431628), which consisted of
2140 patients hospitalized for an acute coronary syndrome in
2 tertiary hospitals in New Zealand from 2002 to 2009 and fol-
lowed up for a median of 5.1 years (interquartile range, 3.7-6.8
years; maximum 9.5 years).* Inclusion criteria were ischemic
chest discomfort plus =1 of the following: electrocardiographic
changes (ST-segment depression or elevation >0.5 mm, T-wave
inversion of >3 mm in >3 leads, or left bundle-branch block)
and elevated cardiac markers. Patients were excluded if they
had a severe comorbidity that reduced their life expectancy to
<3 years. Clinical data, blood samples, and echocardiographic
measurements were obtained at ~30 days, 4 months, and 12
months after hospital admission. Subsequent clinical events
and mortality were obtained from the New Zealand National
Health Information System. The New Zealand Multi-region Ethics
Committee approved the study (CTY/02/02/018), and all partici-
pants gave written informed consent before study participation.
For the current study, we selected nested cases of 181 patients
post-MI who had readmission for HF (HF group) and another
250 patients post-Ml who remained free of HF hospitalization
or death from a cardiovascular cause during follow-up (control
group). Controls were age- and sex-matched to patients post-Ml
with HF by using the MatchIT package in R.> In the HF group,
the median time to HF hospitalization was 1.1 years (interquar-
tile range, 99 days to 3.2 years; maximum, 8.8 years). Controls
remained free of HF hospitalization for a median of 4.9 years
(interquartile range, 3.8-6.5 years; maximum, 9.4 years).

The external cohort was selected from the IMMACULATE
registry (Improving Outcomes in Myocardial Infarction through
Reversal of Cardiac Remodelling), which consisted of 859
patients hospitalized for Ml at 3 hospitals in Singapore from
2013 t0 2017 and followed up for a median of 2.0 years (inter-
quartile range, 1.9-2.1 years; maximum, 6.2 years). Inclusion
criteria were as follows: clinically diagnosed ST-segment—
elevation Ml or non-ST-segment—elevation MI with typical
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Figure 1. Study design, proteomics, and transcriptomics workflow.

Patients with recent MI were sampled at 30-day posthospitalization in both cohorts, CDCS and IMMACULATE. We performed an aptamer-based proteomics that
measures 1305 proteins in a total of 654 patients post-MI and identified candidate proteins through differential expression and network analyses. We also ana-
lyzed 4 single-cell data sets to identify candidate genes that show consistent associations in murine and human Ml and HF models. Candidates that were common
to CDCS, IMMACULATE, and a single-cell data set were further investigated in murine and human cardiac cells subjected to specific HF conditions. CDCS indicates
Coronary Artery Disease Cohort Study; DCM, dilated cardiomyopathy; DINA, differential network analysis; HF, heart failure; IMMACULATE, Improving Outcomes
in Myocardial Infarction through Reversal of Cardiac Remodelling; LVEF, left ventricular ejection fraction; MI, myocardial infarction; RT gPCR, real-time quantitative
polymerase chain reaction; TAC, transverse aortic constriction; and WGCNA, weighted gene coexpression network analysis.

history of ischemic chest pain or angina-equivalent symptoms
with a typical rise and fall of cardiac marker concentrations
(cardiac troponin value exceeding the 99th percentile (in
ng/L or pg/mL) and angiographic findings of >50% occlu-
sion of >1coronary arteries. The exclusion criteria were severe
renal impairment (estimated glomerular filtration rate <15
mL-min-"-m~2); anemia; hemoglobin <8 g/dL (men) and 7 g/dL
(women); cardiogenic shock unable to be weaned off inotropes
or intra-aortic balloon pump; history of malignancy or other
conditions limiting life expectancy diagnosed within the last 12
months. Clinical data, blood samples, and echocardiographic
measurements were obtained within 24 to 72 hours of admis-
sion, 30 days, 6, 12, and 24 months after hospital admission.
We selected a cohort of the first 223 consecutively enrolled
patients who had 30-day plasma samples available and there-
fore had the longest follow-up period at the time of study
completion. Of these 223 patients, 33 were hospitalized for HF
during follow-up. The institutional review board and the ethics
committee at Singapore’s National Healthcare Group Domain
Specific Review Board (DSRB 2013/00248 and 2013/00635)
approved the study protocol, and all patients gave written
informed consent before participation.

For both cohorts, comparisons between groups (HF and
controls) and baseline characteristics were tested with analy-
sis of variance, y?, and log-rank tests, as appropriate. Clinical
data are presented as n (%) or medians and interquartile
ranges, unless stated otherwise.
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Clinical End Points

The primary clinical end point was hospitalization for HF,
defined as clinically diagnosed acute HF requiring hospitaliza-
tion for >24 hours or treatment with diuretics if duration of
stay was <24 hours.

Proteomic Analysis

Plasma samples (50 pL) collected 30 days after the index
event were analyzed using a Slow Off-rate Modified Aptamer
(SOMAmer)-based capture array called SOMAscan (som-
alogic, Inc). We measured 1305 human proteins (47%
secreted proteins, 28% extracellular domains, and 25% intra-
cellular proteins). The experimental processes and normaliza-
tion methods have been previously described®’ (Methods
in the Data Supplement). In brief, fluorescently labeled
SOMAmers were quantified as relative fluorescence units
that correlate with the protein concentration in the original
plasma sample. Quality control was performed at the sample
and SOMAmer level. The former involved the use of hybrid-
ization controls to monitor sample-by-sample variability,
whereas the latter used control SOMAmers for data normal-
ization and calibration samples to control interassay and intra-
assay variabilities. The sample data were first normalized to
remove within-run hybridization variation followed by median
normalization across all samples and finally calibrated to
eliminate interplate and interrun differences. The acceptance
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criteria for normalization were 0.4 to 2.5 and calibration scale
factor for the SOMAmer within +0.4 of the median.

Statistical Analysis

The raw SOMAscan expression profiles of the 1128 proteins
passing the quality control in CDCS cohort samples were log,
transformed and adjusted for a set of confounding factors.
For each protein, we used linear modeling to assess any inde-
pendent effects of the following confounders: sex, age, body
mass index, smoking status, clinical history (diabetes mellitus,
hypertension, hyperlipidemia, culprit vessel, and renal disease),
and medication status (B-blockers and angiotensin-converting
enzyme inhibitors/angiotensin receptor blockers) on protein
abundance. The variables with a false discovery rate (FDR)
<5% were fitted in a multiple regression linear model to mini-
mize confounding effects (Methods in the Data Supplement).
Differential expression analysis was performed on the adjusted
protein levels with the LIMMA model.® We estimated the log,
fold changes of HF versus control groups and the FDR for each
cohort separately. We then tested associations between pro-
tein abundance (at 30 days) with left ventricular ejection frac-
tion (LVEF) at 4 months post-Ml for each of the 1128 proteins
by Spearman correlation. The rationale for correlating protein
abundance with LVEF measured 4 months after the index M
was to enrich for proteins correlating with cardiac function as
a quantitative phenotype during post-MI cardiac remodeling.
To further prioritize protein candidates for validation, we
used a combination of network analysis and functional anno-
tation tools to enrich for protein candidates with the potential
to influence progression from Ml to HF (Methods in the Data
Supplement). We hypothesized that proteins with highly corre-
lated plasma concentrations may be coregulated, or function-
ally related, and that some proteins differentially coregulated
in the HF group may promote progression from Ml to HF. In
brief, we estimated the protein coexpression network of
HF and control sets separately by using weighted gene co-
expression network analysis (WGCNA)® on all 1128 proteins
of each set. Within each network, we performed unsuper-
vised hierarchical clustering with dynamic branch cutting to
identify HF-specific and control-specific clusters of highly cor-
related proteins (functional modules): the stronger the correla-
tions between proteins in a module, the greater the chance
the module represents a network of coregulated, functionally
related proteins'® (Methods in the Data Supplement). The bio-
logical functions of each module were estimated by Gene Set
Enrichment Analysis." Last, we used comparative correlation
network analysis to estimate statistically significant module dif-
ferences between the HF and control networks. Our approach,
based on Differential Network Analysis (DINA),'? quantified the
network differences in terms of protein correlation patterns. In
combination with the evidence from the differential expression
analysis, it pointed to large HF-upregulated protein hubs asso-
ciated with unique functions and pathways potentially influ-
encing the biological processes that underlie progression from
Ml to HF (Methods in the Data Supplement). Cytoscape'® was
used to visualize the significant modules and hubs of interest.

Validation in External Cohort

We combined the differential expression estimates of
the CDCS and IMMACULATE cohorts to identify the
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reproducible up- and downregulated proteins in HF. To allevi-
ate the low power for detecting differential expression in the
IMMACULATE cohort attributable to its smaller number of HF
cases than in the CDCS cohort (33 HF cases in IMMACULATE
versus 181 HF cases in CDCS), we performed cross-cohort
meta-analysis using the Fisher-based P value combination
method from the metaRNASeq R package' (Methods in the
Data Supplement). We considered proteins to be reproduc-
ible if they had the same logFC direction across the 2 cohorts
with FDR<5% in CDCS, P<5% in IMMACULATE and meta-
analysis FDR<5%. We then used supervised random forests to
quantify and compare the accuracy of the reproducible pro-
teins in discriminating the patients with HF from the control
patients in both cohorts. In addition, we ran a 2-dimensional
principal components analysis on the 36 reproducible pro-
teins to determine if the difference in 2-dimensional means
of the 36 selected proteins comparing the HF and control
groups was statistically larger than their respective differences
in 10000 random 36-protein data sets (generated from the
initial 212 differentially expressed proteins). Equality of the
2-dimensional means would imply that the principal compo-
nents clusters overlap completely and the proteins did not
separate the 2 patient groups adequately. The significance of
the test was estimated from 10000 random protein sets of
the same size as P = {#timesTndom > T}/10,000 (Methods
in the Data Supplement).

Murine and Human Single-Cell RNA-
Sequencing Analysis

In parallel, we prioritized protein candidates for validation
by identifying those with consistent associations in murine
models of Ml and HF, and human patients with DCM, ver-
sus controls (Methods in the Data Supplement). In brief,
we cross-referenced protein candidates with single-cell
transcriptomic data from 4 data sets: (1) an unpublished,
in-house single-cell data set from a mouse MI model
(permanent left anterior descending coronary artery liga-
tion); (2) our published mouse HF model (transverse aortic
constriction [TAC]) single-nucleus data set'; (3) a differ-
ent published single-cell data set, also from a mouse TAC
HF model’®; and (4) a published single-cell data set from
human patients with DCM.® Single-cell isolation for data
set 1 was performed as previously described.'” All animal
experiments were approved by the Institutional Animal
Care and Use Committee of the National University of
Singapore and performed in accordance with Singapore
National Advisory Committee for Laboratory Animal
Research guidelines.'

Priority Ranking of Proteins

These analytic steps are expected to yield 3 enriched pro-
tein data sets: CDCS plasma proteomic analysis (data set 1),
IMMACULATE plasma proteomic analysis (data set 2), and sin-
gle-cell transcriptomic analysis (data set 3). We then ranked
proteins according to 3 priorities: lower priority referring to
proteins observed in only 1 of 3 data sets, intermediate prior-
ity referring to proteins observed in 2 of 3 data sets, and high
priority referring to proteins observed in all 3 data sets. A final
enrichment step was then performed by examining which of
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the prioritized proteins were directly linked with proteins in
the DINA analysis, thus forming strong network hubs.

Targeted Gene Expression Analysis
Expression of top-ranked candidates were measured by quan-
titative polymerase chain reaction in diverse cell populations,
including CM, cardiac fibroblasts (CFs), smooth muscle cells
(SMCs), and endothelial cells, that were exposed to prohy-
pertrophic (phenylephrine, isoproterenol, and ET-1), profi-
brotic (transforming growth factor B1), and proinflammatory
(interleukin-1p) stimuli intended to mimic post-MI HF condi-
tions. Gene expression levels of high-priority candidates in dif-
ferent human cell types were compared by using ANOVA with
Bonferroni correction.

RESULTS

Cohort Characteristics and Outcomes

In the CDCS cohort, patients in the HF and control
groups were well matched for sex and ethnicity, but
less so for age and body mass index (Table 1). In the
IMMACULATE cohort, there were no differences in
sex, ethnicity, age, or body mass index between the
different groups (Table | in the Data Supplement). In
comparison with the IMMACULATE cohort, the CDCS
cohort was older (67 years versus 55 years, P<0.001)
with a lower proportion of men (72% versus 93%,
P<0.001). Approximately one-third of the patients in
CDCS had experienced a previous Ml and close to a
tenth had previous HF, cerebral vascular accident, and
peripheral vascular disease. In comparison, one-tenth
of the patients in IMMACULATE had previous Ml and
<1% had previous HF.

Proteins Associated With Post-MI HF

Differential expression analysis of the 1128 SOMAscan
proteins identified 212 differentially expressed proteins
associated with post-MI HF events at FDR <5% (Fig-
ure 2A and Table Il in the Data Supplement. Of these,
concentrations of 128 proteins were higher and con-
centrations of 84 proteins were lower in patients who
developed HF in comparison with control patients.
The top 20 included not only proteins of established
prognostic significance in HF, such as NT-proBNP (N-
terminal pro B-type natriuretic peptide), TNNT2 (car-
diac troponin T), and TNNI3 (troponin 1), but also many
emerging candidates, including TFF3 (trefoil factor 3),
FSTL3 (follistatin-related protein 3), THBS2 (thrombo-
spondin-2), and ANGPT2 (angiopoietin-2; Table Il in
the Data Supplement). NT-proBNP was the top-ranked
differentially expressed protein, regardless of whether
the proteins were ranked on fold change or statisti-
cal significance (1.8-fold higher in HF than in control,
FDR =2.21x107¢).
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Correlation Between Plasma Proteins and
4-Month Post-MI LVEF

Global Spearman nonparametric correlation coefficient
showed that 96 of the 212 differentially expressed pro-
teins correlated with LVEF measured at 4 months post-
MI (Figure 2B and Table Il in the Data Supplement). The
top 5 proteins showing negative correlation with LVEF
were NT-proBNP (r = -0.45, FDR=2.15x10""7), BNP-
32 (brain natriuretic peptide-32), VEGF-D (vascular en-
dothelial growth factor D), TFF3, and FSTL3 (all r < -0.3,
FDR < 1x1077). Seventeen proteins positively correlated
with LVEF including 6-phosphogluconate dehydroge-
nase (r =0.28, FDR=6.67x107°), ST00A6 (5100 cal-
cium-binding protein A6; r =0.23, FDR =2.57x107),
and ENTPD3 (ectonucleoside triphosphate diphospho-
hydrolase-3; r=0.21, FDR=1.26x103).

Bioinformatic Enrichment Through
Network Analysis

To identify proteins with highly correlated plasma con-
centrations that may be coregulated and influence
progression from Ml to HF, WGCNA was applied to all
1128 SOMAscan proteins in the HF and control groups
of the CDCS cohort. Unsupervised hierarchical cluster-
ing revealed 3 modules in the HF group (Figure 3A and
Figures | and Il in the Data Supplement), designated
HF1 (153 proteins), HF2 (662 proteins), and HF3 (313
proteins), and 2 modules in the control group (Figures
| and Il in the Data Supplement), designated Ctrl1 (824
proteins) and Ctrl2 (304 proteins).

Because WGCNA modules may represent net-
works of coregulated, functionally related proteins,®
we explored the potential biological function of the
modules associated with post-MI HF using Gene Set
Enrichment Analysis with a customized background
protein set (Methods in the Data Supplement). The
proteins of the HF1 module were uniquely associated
with the regulation of actin filament process, ephrin
receptor signaling, and regulation of muscle system
processes (FDR £10%; Figure IlIA in the Data Supple-
ment). The enrichment of the ephrin-signaling path-
way was independently validated by REACTOME GO
analysis using g:Profiler.®

Next, we compared the HF and control correlation
networks by DINA to highlight their key differences
in protein coregulation and associate them with spe-
cific biological functions and pathways (Methods in the
Data Supplement). DINA identified a set of 15 proteins
up-regulated in HF at FDR < 5% . Of these, 14 proteins
belonged to the HF1 module (enrichment Fisher test
P—value=5.6x10"%) and had statistically stronger
correlations to other proteins in HF than in control at
resampling-based FDR <5% (Figure IlIB in the Data
Supplement and Table IV in the Data Supplement).

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158
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Table 1. CDCS Baseline Characteristics
Heart Failure
Characteristics Entire Cohort Rehospitalization Control P Value
Number 2140 181 250
Age at admission, y 67 (57-76) 76 (69-83) 68 (62-75) <0.001
Males, n (%) 1531 (71.5) 122 (67.4) 173 (69.2) 0.692
Body mass index, kg/m? 26.8 (24.2-30.0) 26.8(24.1-30.2) 26.7 (24.2-29.6) 0.014
Systolic blood pressure, mmHg 127 (112-141) 125 (110-140) 128 (112-142) 0.552
LV ejection fraction, % 59 (51-65) 49 (38-60) 61 (54-65) <0.001
E/e’ ratio* 11 (8-14) 14 (11-20) 10 (8-13) <0.001
Left atrial area, cm? 22 (18-5) 25 (22-29) 20 (17-24) <0.001
LV end systolic volume, mL 49 (35-68) 67 (41-100) 49 (36-62) <0.001
LV end diastolic volume, mL 121 (94-149) 134 (100-169) 122 (98-143) <0.001
Medical history at admission, n (%)
Myocardial infarction 635 (29.9) 84 (46.9) 44 (17.7) <0.001
Heart failure 201 (9.4) 54 (30.0) 5(2.0) <0.001
Hypertension 1104 (52.0) 117 (66.5) 101 (40.7) <0.001
Diabetes mellitus 348 (16.3) 59 (32.6) 36 (14.4) <0.001
Cerebrovascular accident 257 (12.1) 34 (18.8) 21(8.4) 0.001
Peripheral vascular disease 190 (8.9) 36 (19.9) 11(4.4) <0.001
Laboratory
Plasma high-sensitivity troponin I, pg/mL 8.3(4.5-18.7) 18.6 (9.5-40.8) 8.2 (4.6-16.1) <0.001
Plasma NT- pro-BNP, pg/mL 669 (313-1355) 2047 (1176-3367) 686 (322-1262) <0.001
Plasma creatinine, mg/dL 1.02 (0.92-1.16) 1.17 (0.94-1.42) 1.01 (0.89-1.13) <0.001
Medications, n (%)
Angiotensin-converting enzyme inhibitors or 1336 (62.4) 133 (73.5) 164 (65.6) 0.081
angiotensin Il receptor blockers
f3-Blockers 1837 (85.8) 146 (80.7) 229 (91.6) 0.001
Diuretics 585 (27.3) 114 (63.0) 42 (16.8) <0.001
Statins 1890 (88.3) 146 (80.7) 228 (91.2) 0.001

Values represent baseline medians and interquartile ranges or frequencies and percentage (as appropriate). P values are of the comparisons between heart failure
hospitalization and control groups by ANOVA or Fisher exact test (where appropriate). CDCS indicates Coronary artery Disease Cohort Study; LV, left ventricular; and

NT- pro-BNP, N-terminal pro B-type natriuretic peptide.

*Ratio between early mitral inflow velocity and mitral annular early diastolic velocity.

These 14 proteins were TFF3, B2M (B, microglobulin),
CST3 (Cystatin C), EPHA2 (Ephrin-A2), EFNA4 (Ephrin-
A4), EFNA5 (ephrin-A5), TNFRSF1a, TNFRSF1B, and
RELT (tumor necrosis factor receptor superfamily mem-
bers 1a, 1p, and 19 L), DSC2 (desmocollin-2), IL15RA
(interleukin-15 receptor subunit A), CD59 glycoprotein,
JAM2 (junctional adhesion molecule B), and IGFBP6
(insulin-like growth factor binding protein 6). Cyto-
scape'® (Figure 3B) illustrated the top hubs formed by
these proteins in HF and control, implying that the HF1
module contained strong protein hubs associated with
unique biological functions differentiating the HF group
from the control group (Figure IlIC in the Data Supple-
ment). We found that 63 of the differentially expressed
proteins of HF1 were also correlated with 4-month
post-MI LVEF as a quantitative phenotype (Table IV in
the Data Supplement).

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158

Cross-Cohort Validation of Plasma
Proteins

The cross-cohort meta-analysis of the CDCS and IM-
MACULATE cohorts identified 36 reproducible pro-
teins with FDR<5% in CDCS, P-value<5% in IM-
MACULATE, and meta-analysis FDR <5% (Table 2).
The difference in 2-dimensional means of the HF
and control principal components clusters was sig-
nificantly >10000 random 36-protein sets generated
from the initial 212 differentially expressed proteins
(resampling-based t test P <1x10™) indicating that
the separation of the HF and control groups was
more significant than random (Figure IVA in the Data
Supplement). Supervised random forests indicated
that, when compared with other targeted protein
sets, the 36 reproducible proteins exhibited the high-
est prediction accuracy (minimal estimation errors)
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Figure 2. Plasma proteins associated with post-myocardial infarction heart failure and 4-month post-myocardial infarction left ventricular ejection

fraction.

A, Volcano plot of the 1128 proteins measured in CDCS and their protein differential expression estimates by Limma. Colored dots represent significantly associ-
ated proteins at FDR < 5%. B, Heat map of the protein expression levels vs left ventricular ejection fraction at 4 months (x axis). The strength of the correlation
between protein expression and LVEF is indicated by the red and blue gradients of the heat map; a deeper shade of red indicates that higher protein levels (overex-
pression) correlate more strongly with a particular LVEF value, whereas a deeper shade of blue indicates that lower protein levels (underexpression) correlate more
strongly with a particular LVEF value. The 17 proteins all show a negative correlation with LVEF such that high protein levels (deeper red) is observed with lower
LVEF values. Patient group is indicated as HF in dark red and control in dark blue (top bar). A subset of the 96 significant proteins with the most highly correlated
coefficients are shown (FDR < 5%). The left bar shows the unsupervised hierarchical protein clusters. Protein expression levels have been smoothed by a nonpara-
metric regression model. CDCS indicates Coronary Artery Disease Cohort Study; FC, fold change; FDR, false discovery rate; HF, heart failure; LVEF, left ventricular

ejection fraction; and NT-proBNP, N-terminal pro B-type natriuretic peptide.

and excellent trade-off between the number of re-
producible proteins and predictive accuracy (Meth-
ods in the Data Supplement and Figure IVB in the
Data Supplement).

Cross-Referencing Plasma Proteins With
Cardiac Single-Cell Transcriptomes

To identify candidates presenting consistent associa-
tions in murine models of Ml and HF, and patients with
DCM, as well, we cross-referenced them with single-
cell transcriptomic data from mouse MI and HF disease
models and human patients with DCM.

The first data set consisted of 2031 single nonmyo-
cyte cells from 6 mice 7 days after we had performed
coronary ligation-induced Ml (versus sham) surgery
(1074 cells from 3 Ml mice and 957 cells from 3 sham
mice). Forty-three stable clusters (Figure VA in the

1414  October 13, 2020

Data Supplement) were identified and grouped into 5
major cell populations (Figure VB in the Data Supple-
ment). Of those, the 830 CFs (390 MI and 440 sham)
showed the highest degree of corroboration with the
human plasma protein results (Figure VC in the Data
Supplement) with 39 CF-enriched genes correspond-
ing to proteins detected in the SOMAscan array (Ta-
ble V in the Data Supplement). This consistency adds
validity and emphasizes the key contributory roles of
nonmyocyte cell types such as CFs in post-MI pathol-
ogy. Six genes were identified with significant dif-
ferential expression directionally consistent with the
corresponding clinical plasma protein results: THBSZ2,
ANGPT2, EIF5 (eukaryotic translation initiation fac-
tor-5), ECE1 (endothelin-converting enzyme 1), SFRP1
(secreted frizzled-related protein-1), and IL13RA1 (in-
terleukin-13 receptor subunit a-1; Figure VIA in the
Data Supplement).

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158
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Figure 3. Network analysis of plasma proteins.

A, Hierarchical clustering highlighting the estimated, color-coded WGCNA modules in heart failure. B, The WGCNA Heart Failure network of the HF1 module
proteins highlighting the significant coexpression hubs. In large font are the significant proteins of the Differential Network Analysis model. Only the connections
with weighted correlations a, > 0.2 are shown. HF indicates heart failure; and WGCNA, weighted gene co-expression network analysis.

As a second comparative data set, we analyzed our
published single-nucleus RNA-sequencing analysis of
mouse CMs isolated 8 weeks after we had performed
TAC (versus sham) surgery, a technique commonly
used to induce a HF phenotype in mice.”™ A total of
302 differentially expressed genes were identified, 282
of which were upregulated in the TAC group. Forty of
these genes corresponded to proteins detected on the
SOMAscan array (Table VI in the Data Supplement),
implicating CMs as a major source of plasma protein
biomarker candidates in post-MI HF. For 13 of these
genes, differential expression was both statistically sig-
nificant and directionally consistent with corresponding
plasma protein results: ANP (atrial natriuretic peptide;
NPPA gene), NT-proBNP/BNP-32 (NPPB gene), CST3,
B2M, HINT1 (histidine triad nucleotide-binding protein
1), LDHB (L-lactate dehydrogenase B chain), FABP3
(fatty acid-binding protein, heart), ATP50 (ATP synthase
subunit O, mitochondrial), LUM (lumican), EIF5, IGFBP5
(insulin-like growth factor-binding protein 5), ANXA1
(@annexin A1), and LTBP4 (latent transforming growth
factor beta binding protein 4; Figure VIB in the Data
Supplement).

Next, 169 differentially expressed genes were further
identified in a third data set of murine CMs isolated at 3
days (69 cells), 1 week (83 cells), and 4 weeks (73 cells)
post-TAC and sham (88 cells) from Nomura et al'® (Table
VIl in the Data Supplement). Of these, 10 gene can-
didates: ANP (NPPA gene), NT-proBNP/BNP-32 (NPPB
gene), IL13RA1, LCN2 (neutrophil gelatinase-associated

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158

lipocalin), B2M, THBS4 (thrombospondin-4), EIF5,
PAFAH1(B2 (platelet-activating factor acetylhydrolase
IB subunit beta), ESD (S-formylglutathione hydrolase),
and FSTL3, were statistically significant and directionally
consistent with the results of plasma protein measure-
ments in the CDCS clinical samples (Figure 3C and Fig-
ure VIC in the Data Supplement).

A fourth data set, from the same publicly available
data set of Nomura et al,’® was a human single-cell
transcriptome of 559 CM cells from patients with DCM
versus controls. Differential expression was significant
for 11 gene candidates with the altered expression di-
rectionally consistent with that of corresponding trans-
lated plasma proteins: ANP (NPPA gene), TNNI3, LTBP4,
CFD (complement factor D), LUM, NT-proBNP/BNP-32
(NPPB gene), CST3, SOD3 (extracellular superoxide dis-
mutase [Cu-Zn]), TNNT2, IGFBP6, and KLRF1 (killer cell
lectin-like receptor subfamily F member 1; Table VI in
the Data Supplement; Figure 3C; and Figure VID in the
Data Supplement).

In summary, in single-cell studies we found a total
of 40 genes with altered expression corresponding to
the directional shifts of the concentrations of 30 unique
proteins significantly associated with HF in the CDCS
plasma samples (Figure VIl in the Data Supplement). Of
these 30 proteins, 15 candidates were also correlated
with LVEF measured at 4 months post-MI as a quantita-
tive phenotype: TNNT2, B2M, NT-proBNP, BNP, LCN2,
TNNI3, FABP3, CST3, ANGPT2, ANP, IL13RA1, LTBP4,
THBS2, THBS4, and FSTL3 (Table 3).
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Table 2. The 36 Reproduced Plasma Proteins in the CDCS and IMMACULATE Cohorts

Fisher Meta-

DEP CDCS: HF-Control DEP IMMACULATE: HF-Control Analysis
Target Log,FC P Value FDR Log,FC P Value FDR FDR
NT- pro-BNP 0.839 2.21E-16 2.88E-13 0.797 1.30E-03 1.06E-01 < 1E-16
VEGF-D 0.243 1.32E-08 1.01E-06 0.311 1.04E-06 4.13E-04 2.50E-10
FSTL3 0.223 1.39E-09 3.75E-07 0.177 6.94E-05 1.13E-02 1.10E-09
Angiopoietin-2 0.236 3.52E-08 2.19E-06 0.298 1.72E-05 3.21E-03 4.88E-09
TFF3 0.335 4.55E-11 1.98E-08 0.122 3.64E-02 4.76E-01 1.03E-08
FBLN3 0.173 4.32E-09 5.02E-07 0.127 2.46E-03 1.53E-01 4.41E-08
LTBP4 0.082 2.56E-03 1.85E-02 0.245 8.86E-09 1.16E-05 7.99E-08
Spondin-1 0.137 2.26E-05 4.86E-04 0.229 1.27E-06 4.14E-04 8.90E-08
BNP-32 0.377 8.98E-08 4.88E-06 0.508 3.90E-04 4.24E-02 9.71E-08
Troponin T 0.329 2.03E-08 1.36E-06 0.264 3.46E-03 1.77E-01 1.72E-07
MIC-1 0.323 7.75E-09 6.90E-07 0.239 1.56E-02 3.37E-01 2.66E-07
Adiponectin 0.261 3.78E-06 1.02E-04 0.315 9.63E-05 1.40E-02 6.53E-07
BMP10 0.219 3.70E-08 2.19E-06 0.145 1.29E-02 3.12E-01 7.92E-07
C1QR1 0.1 8.36E-04 7.85E-03 0.253 8.24E-07 4.14E-04 9.89E-07
ATS13 -0.189 6.55E-07 2.38E-05 -0.137 1.23E-02 3.10E-01 7.66E-06
THBS2 0.284 2.31E-06 7.09E-05 0.232 1.73E-02 3.43E-01 2.75E-05
Layilin 0.215 3.71E-06 1.02E-04 0.189 1.54E-02 3.38E-01 3.61E-05
CRDL1 0.129 5.26E-05 1.04E-03 0.108 7.35E-03 2.67E-01 1.87E-04
CYTD 0.281 4.14E-04 4.87E-03 0.469 1.77E-02 1.27E-01 2.99E-04
SMOC1 0.146 5.45E-05 1.04E-03 0.162 1.42E-02 3.26E-01 3.07E-04
Endothelin-converting -0.109 8.92E-05 1.53E-03 -0.112 2.90E-02 4.30E-01 8.25E-04
enzyme 1
Troponin | 0.241 1.06E-03 9.41E-03 0.43 4.80E-03 2.09E-01 1.37E-03
IL-6 0.135 1.81E-02 8.06E-02 0.345 2.78E-04 3.30E-02 1.37E-03
SARP-2 0.234 5.26E-04 5.77E-03 0.335 1.19E-02 3.11E-01 1.52E-03
TIMP-2 0.105 6.26E-04 6.28E-03 0.127 9.58E-03 2.68E-01 1.52E-03
ANP 0.175 9.11E-03 4.85E-02 0.45 6.72E-04 6.26E-02 1.52E-03
Trefoil factor 3 0.127 2.23E-04 3.10E-03 0.139 3.23E-02 4.64E-01 1.65E-03
Lumican 0.078 7.03E-03 4.06E-02 0.14 1.84E-03 1.27E-01 2.57E-03
Coagulation factor Xa -0.13 4.38E-04 5.10E-03 -0.126 4.73E-02 5.23E-01 3.69E-03
Stanniocalcin-1 0.124 6.01E-04 6.17E-03 0.143 3.55E-02 4.76E-01 3.69E-03
IGFBP-1 0.254 7.10E-03 4.06E-02 0.642 2.85E-03 1.63E-01 3.69E-03
UNC5H3 0.107 5.56E-04 6.00E-03 0.101 4.52E-02 5.09E-01 4.08E-03
Notch-3 0.14 2.42E-03 1.77E-02 0.179 1.32E-02 3.13E-01 4.95E-03
ART 0.139 1.16E-03 1.01E-02 0.197 4.29E-02 5.08E-01 6.64E-03
Soggy-1 -0.08 3.07E-03 2.07E-02 -0.089 4.36E-02 5.08E-01 1.31E-02
sL-Selectin -0.074 5.28E-03 3.27E-02 -0.101 2.56E-02 4.04E-01 1.31E-02

The proteins are ranked by the Fisher meta-analysis FDR. ANP indicates atrial natriuretic peptide; ART, agouti-related protein; ATS13, a disintegrin and
metalloproteinase with thrombospondin motifs 13; BMP10, bone morphogenetic protein-10; BNP-32, brain natriuretic peptide-32; CDCS, Coronary artery Disease
Cohort Study; C1QR1, Complement component C1q receptor; CRDL1, Chordin-like protein 1; CYTD, Cystatin-D; DEP, differentially expressed protein; FBLN3,
EGF-containing fibulin-like extracellular matrix protein 1; FC, fold change; FDR, false discovery rate; FSTL3, follistatin-related protein 3; HF, heart failure; IGFBP-1,
insulin-like growth factor-binding protein 1; IL-6, interleukin 6; IMMACULATE, Improving Outcomes in Myocardial Infarction through Reversal of Cardiac Remodeling;
LTBP4, latent transforming growth factor beta binding protein 4; MIC-1, macrophage inhibitory cytokine 1; NT- pro-BNP, N-terminal pro B-type natriuretic peptide;
SARP-2, Secreted frizzled-related protein 1; sL-Selectin, soluble L-selectin; SMOC1, secreted modular calcium-binding protein 1; TFF3, trefoil factor 3; THBS2,
thrombospondin-2; TIMP-2, tissue inhibitor of metalloproteinases 2; UNC5H3, Netrin receptor UNC5C; and VEGF-D, vascular endothelial growth factor D.
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Table 3. Candidates That Were Statistically Significant and Directionally Consistent at Both Plasma Protein and Transcriptomic Levels

Mouse Mouse Mouse Human
Fibroblasts: CMs: CMs: CMs: DCM-

DEP CDCS: HF-Control LVEF Spearman Correlation MI- Sham | TAC*-Sham | TACt-Sham | Healthy
FDR FDR FDR FDR

Target Log,FC P Value FDR r P Value FDR (log,FC) (Log,FC) (Log,FC) (Log,FC)
NT- pro-BNP 0.839 2.21E-16 2.88E-13 -0.451 1.65E-20 2.15E-17 1.0E+00 9.2E-13 4.3E-14 4.0E-04
(0.00) (6.3) (4.55) (1.78)

BNP-32 0.378 8.98E-08 4.88E-06 -0.415 2.81E-17 1.83E-14 1.0E+00 9.2E-13 4.3E-14 4.0E-04
(0.00) (6.3) (4.55) (1.78)

ANP 0.175 9.11E-03 4.85E-02 -0.275 4.67E-08 6.76E-06 1.0E+00 3.9E-19 6.3E-42 1.0E-20
(-0.02) (8.19) (11.1) 4.1)

Cystatin C 0.255 1.44E-11 9.42E-09 -0.253 5.74E-07 4.47E-05 1.4E-13 5.7E-07 1.2E-02 1.4E-05
(0.77) (5.25) (0.70) (1.72)

LTBP4 0.082 2.56E-03 1.85E-02 -0.18 4.03E-04 6.66E-03 1.0E+00 9.8E- 4.6E-01 4.3E-15
(-0.06) 03 (1.75) (0.06) (2.23)

f3,-Microglobulin 0.293 3.35E-09 4.91E-07 -0.243 1.65E-06 8.59E-05 1.0E+00 8.4E- 4.3E-05 9.3E-01
(0.02) 08 (5.05) (2.43) (-0.14)

IL-13 Ral 0.094 6.68E-03 3.87E-02 -0.165 1.20E-03 1.56E-02 1.9E-04 2.2E- 3.1E-13 1.0E+00
(1.17) 01 (0.31) (2.80) (0.00)

Troponin T 033 2.036-08 | 1.36E-06 | -0.28 | 267E-08 | 5.80E-06 | 1.0E+00 4.7E- 1.1E-01 2.7€-06
(0.00) 01 (1.81) 0.11) (1.60)

Troponin | 0.241 1.06E-03 9.41E-03 -0.278 3.37E-08 6.27E-06 1.0E+00 3.9E- 5.6E-03 2.1E-34
(-0.01) 01 (1.26) (-0.57) (3.57)

FSTL3 0.223 1.39E-09 3.75E-07 -0.32 1.57E-10 4.09E-08 1.0E+00 4.9E-01 2.0E-04 1.5E-02
(0.15) (0.07) (1.11) (0.80)

Lipocalin 2 0.172 | 659E-03 | 3.84E-02 | -022 | 1.44E-05 | 4.48E-04 | 1.0E+00 7.2E- 4.6E-06 6.3E-01
(-0.08) 01 (0.05) (2.50) (0.07)

THBS4 0.122 1.42E-03 1.16E-02 -0.15 3.41E-03 3.37E-02 1.0E+00 1.2E-01 (0.8) 1.0E-06 2.5E-01
(0.43) (1.91) (0.58)

FABP3 0.218 3.69E-05 7.65E-04 -0.258 3.21E-07 2.99E-05 1.0E+00 4 4E- 4.0E-02 1.4E-01
(-0.15) 02 (2.86) (0.53) (0.91)

THBS2 0.284 2.31E-06 7.09E-05 -0.252 5.93E-07 4.47E-05 3.2E-03 5.6E- 8.6E-01 7.4E-01
(1.40) 01 (0.04) (0.00) (0.18)

Angiopoietin-2 0.236 | 3.52E-08 | 2.19E-06 | -0.248 | 9.62E-07 | 5.98E-05 | 2.3E-02 5.2E- 7.0E-01 5.8E-44
(1.31) 01 (0.03) (0.00) (-2.96)

Plasma proteins are significant at FDR<5% and gene at FDR<10% and |logFC|>1. ANP indicates atrial natriuretic peptide; BNP-32, brain natriuretic
peptide-32; DCM, dilated cardiomyopathy; DEP, differentially expressed protein; FABP3, fatty acid-binding protein, heart; FC, fold-change; FDR, false discovery
rate; FSTL3, follistatin-related protein 3; IL-13 Ra1, interleukin-13 receptor subunit alpha 1; LTBP4, latent transforming growth factor beta binding protein 4; LVEF,
left ventricular ejection fraction; MI, myocardial infarction; NT- pro-BNP, N-terminal pro B-type natriuretic peptide; TAC, transverse aortic constriction; and THBS2,

thrombospondin-2; THBS4, thrombospondin-4.
*TAC at 8 week (single-nucleus RNA sequencing).

tTAC at 3 days, 1 week, and 4 weeks. The ANOVA test FDR and the average Log,FC across all time points is depicted.

Prioritization and In Vitro Quantitative
Polymerase Chain Reaction Validation of
Post-MI HF Candidates

We compared the 3 enriched protein data sets from the
preceding analysis: the 63 proteins from the HF1 mod-
ule that were correlated with LVEF in CDCS (data set 1),
the 36 proteins from the cross-cohort meta-analysis in
IMMACULATE (data set 2), and the protein identities
of the prioritized genes from the single-cell transcrip-
tomic data (data set 3). Fifty-eight proteins were found
in only 1 data set (lower-priority candidates), 19 candi-
dates were found in 2 data sets (intermediate-priority
candidates), and 6 candidates were found in all 3 data
sets (highest-priority candidates), making a total of 83

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158

prioritized proteins (Table IX in the Data Supplement).
When the 6 highest-priority proteins were mapped
back to the 14 DINA proteins within the densely corre-
lated HF1 module of the WGCNA analysis, TNNT2, AN-
GPT2, THBS2, LTPB4, and FSTL3 all mapped directly to
>1 DINA proteins, but NT-proBNP did not map directly
to any DIiNA proteins, suggesting closer coregulation of
the former 5 proteins than NT-proBNP within the HF1
module of proteins.

To further investigate the source of the 6 top-priority
candidates, we obtained and cultured primary human car-
diac CFs, SMCs, and endothelial cells, alongside human
embryonic stem cell-derived CMs, and exposed these cells
to prohypertrophic, profibrotic, or proinflammatory stim-
uli to mimic conditions that lead to HF after Ml. Cell- and
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condition-specific patterns of candidate gene expression
were detected by quantitative polymerase chain reaction
(Figure 4). NPPB and TNNT2 showed the highest gene ex-
pression in CMs, with NPPB further upregulated by pro-
hypertrophic stimulation. In contrast, FSTL3 and THBS2
showed the highest expression in CFs, with presence
also in SMCs. Proinflammatory and profibrotic stimuli in-
creased THBS2 gene expression in nonmyocytes. Of note,
profibrotic stimulation markedly increased FSTL3 and
LTBP4 expression in CFs and SMCs, whereas prohypertro-
phic stimulation increased FSTL3 and LTBP4 expression in
CMs, therefore suggesting multicellular sources and roles
for FSTL3 and LTBP4 in post-MI HF. The robustness of
these data is further demonstrated by reproduction in pri-
mary cultured murine CMs and CFs (Figure VIl in the Data
Supplement). Only ANGPT2 showed discordant interspe-
cies gene expression and was detectable in murine but
not human CFs; this was probably because of the pres-
ence of some endothelial cells retained in these mouse CF
cultures as previously reported.’”

DISCUSSION

Large-scale proteomics of plasma obtained 30 days after
MI revealed 212 plasma proteins associated with subse-
guent HF hospitalization. Of these protein candidates, 96
were correlated with LVEF measured at 4 months post-
MI. Bioinformatic enrichment further revealed 63 highly
correlated proteins of a single module among patients
who had post-MI HF but not among event-free patients.
Meta-analysis of plasma proteins in an independent post-
MI cohort revealed 36 proteins that were associated with

Prioritizing Post-MI Heart Failure Candidates

post-MI HF. Unbiased single-cell transcriptomics of murine
Ml and HF model systems or human subjects with DCM
further identified 30 candidates of which 15 candidates
correlated with 4-month LVEF. Of the 83 prioritized candi-
dates, the 6 highest-priority proteins were common to the
plasma proteomic analyses of both patient cohorts and
the single-cell transcriptomic analysis; 2 candidates were
well-established biomarkers of post-MI HF, NT-proBNP and
TNNT, whereas the other 4 are newly emerging biomark-
ers, ANGPT2, THBS2, LTBP4, and FSTL3 (Figure 5).

Many of the 83 prioritized proteins are matricellu-
lar proteins that are typically secretable proteins found
most abundantly in non-CMs embedded within the
cardiac extracellular matrix.2° Extracellular matrix fibro-
sis-mediating proteins, including BMP (bone morpho-
genetic protein), VEGF (vascular endothelial growth
factor), and FABP3, and extracellular matrix stress pro-
teins, including GDF15 (growth-differentiating factor
15) CST3, were found in our intermediate-priority list
of proteins.?! The 4 newly emergent biomarkers among
the highest-priority candidates, ANGPT2, THBS2,
LTBP4, and FSTL3, are all proteins with high bioactiv-
ity within the cardiac matricellular environment.?? In
particular, ANGPT2 and THBS2 have demonstrated
strong potential as prognostic biomarkers of cardiac
ischemic risk and HF rehospitalization in several other
studies.?>?* ANGPT2, which is expressed on endothe-
lial cells in response to hypoxia, destabilizes vascular
endothelial integrity and may promote abnormal mi-
crovascular remodeling within the myocardium dur-
ing the chronic postinfarct phase.?> THBS1 (thrombo-
spondin 1) has been previously established as exerting
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Figure 4. Expression of top-priority candidate genes in human cardiac cell cultures.

Human cardiac cells were cultured and stimulated in serum-free conditions. After stimulation, RNA was collected, and candidate gene expression was detected
by quantitative polymerase chain reaction, relative to 185/10000 expression. Data show means, and error bars show standard deviation; n=3 biological replicates.
Prohypertrophic (phenylephrine, isoproterenol, ET-1), fibrotic (TGFB), or inflammatory (IL1B). ANGPT2 indicates angiopoietin-2; CF, cardiac fibroblast; CM, cardiac
myocyte; Ctrl, control; EC, endothelial cell; FSTL3, follistatin-related protein 3; IL1B, interleukin 1f3; ISO, isoproterenol; LTBP4, latent transforming growth factor
beta binding protein 4; NPPB, NT-proBNP/BNP; PE, phenylephrine; Rel. Exp., relative expression; SMC, smooth muscle cell; TGFB, transforming growth factor-B;

THBS2, thrombospondin-2; and TNNT2, troponin T.
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Figure 5. Summary of post-myocardial infarction heart failure candidates.

CDCS indicates Coronary Artery Disease Cohort Study; HF, heart failure; IMMACULATE, Improving Outcomes in Myocardial Infarction through Reversal of Cardiac

Remodelling; LVEF, left ventricular ejection fraction; MI, myocardial infarction; QC,

a deleterious effect in ischemic (post-Ml) HF,?' but the
biological roles of THBS2 in ischemic HF are less clear.
THBS2 promotes fibrosis?® and has recently been shown
to be associated with incident HF events in large hos-
pital- and community-based cohorts profiled using the
same SOMAscan array, in which plasma concentrations
of THBS2 declined after successful cardiac transplanta-
tion for HF.22 LTPB4 has an established role in activating
the profibrotic TGF (transforming growth factor beta)
pathway, whereas FSTL3 is reportedly secreted by CMs
and may regulate CM hypertrophy and activate sur-
rounding CFs.?” We found that exposure to TGFf stim-
ulation, which would likely be present in the post-MI
HF environment, activated FSTL3 gene expression more
strongly in CFs and even SMCs than in CMs (Figure 4), a
finding recapitulated in primary cultured mouse cardiac
cells (Figure VIl in the Data Supplement). Plasma FSTL3
concentrations were higher among patients with HF
than among healthy controls in a small cohort study,?®
whereas plasma FSTL3 concentrations are also higher
in obese individuals with metabolic heart disease and
correlate with echocardiographic indices of diastolic
dysfunction.?

Our study has several strengths. First, the large
scale of the plasma proteomic array and whole-ge-
nome approach of the RNA sequencing at single-cell/
single-nucleus resolution enabled a relatively unbiased

Circulation. 2020;142:1408-1421. DOI: 10.1161/CIRCULATIONAHA.119.045158

quality control; and RT gPCR, real-time quantitative polymerase chain reaction.

exploration of protein-RNA candidates in post-MI HF.
Second, other investigators using the SOMAscan plat-
form to interrogate the plasma proteome have found
typically intracellular proteins to be associated with car-
diovascular diseases such as pulmonary hypertension,
HF, and MI.2%32 Although intracellular plasma proteins
may leach into the circulation immediately after cardiac
cell necrosis, we deliberately obtained plasma 30 days
after the index Ml to limit the number of proteins re-
leased by cardiac cell necrosis. We were able to detect
many proteins in human plasma at 30 days post-MlI,
indicating the robustness of this approach. Third, our 2
independent cohorts were of White and Asian ethnicity,
demonstrating the relevance of our results to post-Ml
patients of diverse genetic backgrounds.

Our study also has limitations. First, our external co-
hort IMMACULATE) was smaller than our primary cohort
(CDCS) with fewer post-MI HF events (33 versus 181);
as such, the power for detecting differentially expressed
proteins in the IMMACULATE cohort is relatively low, a
problem alleviated by the meta-analysis pipeline. Second,
several candidates identified at both the plasma-protein
and gene-expression level did not pass Somalogic quality
control checks; examples of these proteins were perios-
tin and tissue inhibitor of metalloproteinase-1, proteins
that are considered to play key roles in post-Ml cardiac re-
modeling (Tables V through VIl in the Data Supplement;
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Figure VIA through VID in the Data Supplement). This
raises the concern that the quality control checks used
may have been overly conservative. Third, concerns have
been raised about aptamer-based protein identification
and its ability to unambiguously identify whole proteins.
This concern is partly allayed by integration and cross-
validation of candidates against multiple cardiac single-
cell data sets, although these are reliant on transcriptomic
rather than direct protein expression analysis. Fourth, the
availability of high-resolution CM-specific transcriptomic
data sets is currently limited to murine permanent liga-
tion, acute MI, TAC HF, and human DCM, rather than
a strictly post-MI HF disease. Cross-referencing of data
between different cardiac models and pathologies (Ml
and TAC), different molecular profiling platforms (protein
versus RNA), different compartments (plasma and cardiac
cells), different species (murine and human), and differ-
ent ethnic groups (White and Asian) conceivably risks
introducing both false positives and, more likely, false
negatives. We postulate that these pathologies share
many underlying features including CM stress and ac-
companying fibrosis, and are likely to exhibit similarities
in biomarker profiles, which are readily apparent for mul-
tiple identified candidates, such as NPPB and LTBP4. Fifth,
a larger SOMAscan protein array is now available with
~5000 proteins and may identify more candidates than
the 1305 array used in our study.

Conclusions

Large-scale plasma proteomics of 2 independent post-
MI cohorts, cross-referenced to unbiased transcrip-
tomics of murine Ml and TAC HF model systems at
single-cell resolution, identified 83 proteins as potential
biomarkers and drug discovery targets of post-MI HF.
Many of these proteins were secretable matricellular
proteins, highlighting the prominence of the extracel-
lular matrix in post-MI HF. ANGPT2, THBS2, LTBP4, and
FSTL3, 4 of the 6 most highly enriched proteins, are
nascent candidates requiring further validation.
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