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Abstract

Background: Heart failure with preserved ejection fraction (HFpEF) is increasingly prevalent
and has few treatments. The molecular mechanisms and resultant signaling pathways that underlie
the development of HFpEF are poorly defined. It has been proposed that activation of pro-
inflammatory pathways plays a role in the development of cardiac fibrosis. The signature of

gene expression (transcriptome) of previously validated left ventricular (LV) biopsies obtained
from patients with HFpEF and matched referent controls allows for an unbiased assessment of
pro-inflammatory and pro-fibrotic signaling pathways and genes.

Methods: Epicardial LV biopsies from stringently selected HFpEF patients (HFpEF, n=16) and
referent control patients (CTR, n=14) were obtained during aortocoronary bypass surgery. The
sub-epicardial myocardium was flash-frozen to build a repository that was parallel-processed for
RNA sequencing to allow for an unsupervised in-depth comparison of the LV transcriptome.

Results: The average patient age was 67 + 10 years. When compared to controls, HFpEF
patients were hypertensive with a higher body mass index (kg/m?2: 30 + 5 vs. 37 + 6,

p<0.01) and elevated NTproBNP levels (pg/mL: 155(89-328) vs. 1554(888-2178), p<0.001).
The transcriptome analysis revealed differential expression of 477 genes many of which were
involved in pro-fibrotic pathways including extracellular matrix production and post-translational
modification but no pro-inflammatory signature.
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Conclusions: The transcriptome analysis of left ventricular myocardial samples from patients
with HFpEF confirms an overabundant extracellular matrix gene expression, the basis of
myocardial fibrosis, without a signature of activated pro-inflammatory pathways or genes.
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INTRODUCTION

About half of heart failure patients have a preserved ejection fraction (HFpEF) and more
than a quarter of the adult population is at risk.12 Despite an increasing prevalence and
socioeconomic burden, only few therapies are available.3 Clinical heterogeneity, a high
comorbidity-burden combined with a limited understanding of the myocardial substrate have
been put forward to explain why HFpEF is difficult to treat.*

While tissue-level research in heart failure with reduced ejection fraction has greatly
benefited from the availability of explanted failing hearts, HFpEF patient studies are
limited by available myocardium. Autopsy studies have revealed left ventricular (LV)
microvascular rarefication and fibrosis.® Freshly obtained endo- and epimyocardial biopsies
are the only source of HFpEF tissues that allow for comparative analyses.®=9 These studies
suggested that collagen overabundance, sarcomere hypo-phosphorylation and cellular
calcium retention play a pathophysiological role.5:":%-12 |t was proposed that an obesity
associated cardiac pro-inflammatory state may drive several abnormalities chief among them
fibrosis and hypophosporylation.13-15 A recent transcriptome analysis of patient HFpEF
biopsies suggested involvement of pro-inflammatory pathways while another more limited
analysis did not.11.16

We procured a repository of epicardial biopsies of patients with HFpEF and referent controls
that has been validated for the presence of several key abnormalities in HFpEF such as
increased collagen levels, titin modifications and an abnormal cellular calcium handling.®12
Using strict inclusion and exclusion criteria epicardial LV biopsies were obtained during
aortocoronary bypass surgery of HFpEF patients with an ejection fraction of 50% or

higher and referent control patients with the same degree of coronary artery disease but no
hypertension or heart failure. Here we provide an unbiased transcriptome (RNA-sequencing)
analysis with a focus on pathway analyses and the differential regulation of known or
suspected genes to play a role in HFpEF.17:18

METHODS

Data Availability

All raw RNA-sequencing data are deposited at National Center for Biotechnology
Information (NCBI’s) sequence read archive (SRA) under Bioproject accession number
PRINA879763. Parallel processed gene array data (Affymetrix ClariomD) are also available
upon a reasonable request to the corresponding author.
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General Approach

The study cohort consisted of 30 patients from August 2015 to March 2018 recruited

to undergo an intraoperative left ventricular (LV) myocardial biopsy from among those
scheduled for coronary artery bypass grafting at the University of Vermont (UVM) Medical
Center in Burlington, Vermont. All patients signed consent forms approved by the UVM
Institutional Review Board. LV anterior wall myocardial biopsies were obtained from the
epicardial surface as described previously.®12

Clinical Measurements

Demographics, medications, laboratory data, medical history, echocardiographic
measurements, and cardiac catheterization results were tabulated. The severity of coronary
artery disease was graded based on the number of major vessels (left main, left anterior
descending, left circumflex, and right coronary artery) with a stenosis of more than 70%. All
patients underwent an echocardiographic evaluation to assess LV structure and function.

Patient Enrollment and Clinical Data

Inclusion Criteria, Classification and Enrollment: Adult patients scheduled to
undergo coronary artery bypass grafting with preserved left ventricular ejection fraction
(=50% by echocardiography), normal wall motion, and end-diastolic volume index

(<75 mL/m?) were eligible. The patients were categorized into 2 groups: (1) referent
controls without hypertension or heart failure (control patients [CTR]), (2) subjects with
hypertension, evidence of hypertensive heart disease and HFpEF. CTR patients fulfilled the
general inclusion criteria. HFpEF patients fulfilled the general inclusion criteria and had

a documented and confirmed history of hypertension plus echocardiographic evidence of
concentric remodeling or overt hypertrophy (relative wall thickness >0.42 or left ventricular
mass >115g/m? in men, >95g/m? in women) and evidence of HFpEF based on the
European Society of Cardiology and Heart Failure Society of America criteria: (1) EF=50%,
(2) LVEDVI<75 mL/m2, (3) presence of at least 1 symptom (dyspnea at rest or with
minimal exertion or orthopnea) or 1 sign of heart failure (pulmonary crackles, elevated
jugular venous pressure, or peripheral edema), (4) LV end-diastolic pressure >16mm Hg) or
elevated NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels (>1000ng/mL), and
(5) exclusion of non-cardiac diseases that could result in symptoms commonly present in
heart failure.1%-20 We have demonstrated that this choice is reasonable, since we also require
objective evidence of elevated filling pressures in the absence of ongoing ischemia.?12

Exclusion criteria: LV wall motion abnormality or resting ischemia, left ventricular
ejection fraction <50%, LV end-diastolic volume index >75mL/m?2, more than moderate
valvular stenosis or regurgitation, severe chronic pulmonary disease, any non-cardiac
disease or condition known to affect myocardial function, anemia (Hbg<11g/dL in men

and <10g/dL in women), creatinine >2.0mg/dL, off-pump or emergency cardiac surgery,
substance abuse, inability to provide informed consent, active malignancy, severe connective
tissue disease, severe liver disease, hypertrophic or restrictive cardiomyopathies, and
constrictive pericarditis.
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After the informed consent, a blood sample for NT-proBNP was obtained and a history and
physical examination directed at signs and symptoms of HF was performed. De-identified
demographics and clinical data, e.g., medications and co-morbidities, were tabulated for
future analyses.

Experimental Procedures

Biopsy processing: LV myocardial biopsies were obtained from the non-ischemic viable
LV anterior free wall myocardium at a site near its minor axis while patients were on
cardiopulmonary bypass. The entire biopsy was immediately placed in ice-cold protective
Tyrode solution. After removal of the epicardium and fat tissue, the myocardial tissue was
micro-dissected into 2-3 strips and snap frozen in liquid nitrogen for future transcriptome
analyses or used for an immediate contractile and functional assessment of excitable strip
preparations as reported within 15 minutes.12 The presence of amyloidosis was not assessed.
All biopsies were identically procured, processed and stored.

RNA extraction: Total RNA was extracted from samples using the RNeasy Plus Micro kit
(Qiagen) according to the manufactures protocol. Briefly, tissue was transferred to a 1.5ml
tube and homogenized with a motorized pestle in RLT buffer containing p-mercaptoethanol
(RLT-BME). The homogenate was adjusted to 250uL with RLT-BME, to which 250 ul of
70% ethanol was added before transferring to a spin column. The column was centrifuged at
10,000g. Thereafter, the sample was DNase treated and washed twice with RPE according to
the protocol. The final RNA was then eluted in 14ul of RNase-free water and stabilized by
adding 0.5ul of an RNase Inhibitor (Ribolock Therm Fisher). The RNA was quantified with
the Qubit spectrofluorometer and assayed for quality using the Bioanalyzer with a RNA Pico
chip (Agilent Technologies).

Library preparation and next generation RNA sequencing: Total RNA from each
heart sample was converted to Illumina-compatible libraries using the SMARTer® Stranded
Total RNA-Seq Kit v2 (Takara) according to the manufacturer’s protocol. The final RNA-
Seq libraries were checked for quality using Qubit DNA high sensitivity reagents and

the Bioanalyzer DNA HS chip. Libraries were pooled at equimolar concentrations and
sequenced with the Illumina HiSeq 1500/2500 system. Depths of 40-44 million paired-end
80bp reads were generated for each sample. The Collection of Hierarchical UMII/RIS
Pipelines (PURR), developed by the Research Informatics Solutions (RIS) group at the
Minnesota Supercomputing Institute and funded by the University of Minnesota Informatics
Institute (UMII), was employed to process raw sequencing data and analyze differentially
expressed genes (DEGS). Briefly, 2 x 80bp FastQ paired-end reads for 30 samples were
filtered by trimming adaptors and inadequate quality bases using Trimmomatic (v 0.33)
enabled with the optional “-q” option. Quality control on raw data for each sample was
performed with FastQC. Only paired reads with an average quality higher than 30 were kept
and further aligned to the human reference genome sequence (GRCh38) using the Hisat2
(v2.1.0). RNA quantification was done via Feature Counts for raw read counts. Principal
component analysis (PCA) was performed using the PCAtools package in R. Only genes
meeting the inclusion criteria of 0.5 counts per million (CPM) in at least one sample were
used in the PCA. Differentially expressed genes were identified using the edgeR (negative
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binomial) feature in CLC Genomics Workbench (Qiagen, Redwood City, CA) using raw
read counts based on a false discovery rate (FDR) corrected p value of less than 0.1 using
the Benjamini-Hochberg (BH) method. RNA-seq analysis was based on uniquely aligned
reads. The average gene expression levels in control and HFpEF groups were normalized
and presented as average counts per million (CPM) or logarithmically transformed CPM.
Reads per kilobase of transcript per million mapped reads (RPKM) was applied to evaluate
the transcript-level abundance of different genes in the same heart biopsy sample.

Gene ontology (GO) analysis refers to determining and describing the biological
characteristics of genome or transcriptome data in different GO term databases under three
domains including biological process (BP), cellular component (CC) and molecular function
(MF). The REACTOME pathway (https://reactome.org/) database compiles genomic,
chemical, and systematic functional information. In this investigation, GO terms were
analyzed using the GEne SeT AnaLysis Toolkit (WebGestalt, http://www.webgestalt.org), a
web-based bioinformatics resources with tools for the functional interpretation of large-scale
gene datasets.2! REACTOME pathways were analyzed and visualized with ReactomeGSA,
a pathway analysis tool integrated into the Reactome bionetwork for analyzing and
anticipating functional profiles of gene and gene clusters.22 An FDR corrected p value of
0.05 was applied to determine whether a pathway is significantly impacted.

Definition of Pro-fibrotic and Pro-Inflammatory Markers: In addition, we tabulated
the expression of known or suspected pro-inflammatory and pro-fibrotic genes considered
to play a role in HFpEF.18 These include markers of (a) systemic inflammation (i.e.

CRP and sST2), (b) cell based pro-inflammatory and pro-fibrotic tissue response that
involve monocytes, macrophages, fibroblasts and endothelial cells to include cytokines and
chemokines (i.e. TNFa, TGFB1, IL6) and (c) structural and extracellular matrix modifying
proteins that have been implicated in the pathogenesis of HFpEF (i.e. collagens, TIMP1).

Statistical Plan

Continuous data are generally reported as mean and standard deviations (SD) or median
with interquartile range were indicated. Categorical data are generally reported as number
(%). The RNA sequencing data was subjected to log2 transformation of counts per
million values prior to performing principal component analysis in the R environment.
Gene expression analysis between the CTR and HFpEF groups was performed using the
quasi-likelihood test implemented in edgeR. Statistical differences were defined as FDR
corrected p value of less than 0.1, using the Benjamini-Hochberg method for multiple
hypothesis testing. Gene pathway enrichment analyses were performed in WebGestalt and
REACTOME with an FDR corrected p value of less than 0.05.

For the clinical data, student’s unpaired t-tests (parametric) or Mann-Whitney U tests (non-
parametric) were used. The Fisher’s exact test was employed for categorical variables.
Pearson correlation analyses and ANOVA models were used to determine the association of
gene clusters with clinical characteristics, e.g. obesity (BMI) and diabetes.
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RESULTS

Patient Characteristics and Diagnostic Parameters

The mean age was 67+10 years (Table 1). On average HFpEF patients were obese with
BMI’s ranging from 27 to 46 kg/m? and diabetes was prevalent. In the HFpEF cohort,
systolic blood pressures were higher and antihypertensive and diuretic medication use was
common. In addition, LVEDP and NT-proBNP levels were higher with echocardiographic
evidence of left ventricular hypertrophy and left atrial dilation. Coronary artery disease was
equally severe in the CTR and HFpEF group.

Left Ventricular Myocardial Transcriptome

Quality Metrics—The transcriptome sequencing resulted in an average of 34 million
paired-end reads per biopsy sample. After trimming and filtering, over 97% reads with a
quality score of 30 or higher remained. Uniquely mapped reads per sample ranged from 18
to 33 million with an average of 25 million (Figure. S1A) that covered more than 76% of the
sequenced reads with 93% total mapped reads. The clean RNAseq read-set identified 42994
genes. To ascertain tissue specificity we compared absolute transcript abundances of three
established gene markers for each of the 11 major cardiac cell types in adult human heart
tissues as recently described.2324 This confirmed a signature of ventricular myocardium
across all samples with consistently high expression levels of canonical ventricular cardiac
myocyte genes, such as beta-myosin heavy chain (MYH?7) and myosin light chain 2 (MYL2)
and low expression levels of marker genes of atrial myocytes, mesothelial cells, adipocytes,
neuronal cells, lymphoid cells and myeloid cells (Figure. S1B). The relative proportion of
different cell types was consistent and comparable among all samples.

Differential expression—The gene expression signature of the HFpEF and CTR
suggested a substantial overlap and some differences as reflected in the unsupervised
principal component analysis (PCA) which reduces complex high-dimensional data to retain
trends and patterns as shown in Figure 1A. In total, 477 differentially expressed genes
(DEG) were identified between HFpEF and CTR, including 353 upregulated (74%) and 124
downregulated (26%) genes (Figure 1B and C). Expression of B-type natriuretic peptide
gene (NPPB), which encodes brain natriuretic peptide (BNP) was upregulated 53-fold

in HFpEF (Figure 1C). The heatmap of variances in the hierarchical clustering analysis
(Pearson correlation) of all differentially expressed genes in individual control and HFpEF
samples is provided in Figure 1D.

Gene Ontology and Pathway Analysis—Further gene ontology (GO) analysis of
cellular components, biological processes, and molecular function was performed in order
to obtain a GO classification for the 477 DEGs in HFpEF patients. The GO analysis

of these DEGs revealed an involvement in extracellular matrix, cellular anchoring and
interaction. Receptor ligands, intracellular hemostasis regulators of apoptosis and genes
relevant to the function of the Golgi apparatus were also differentially expressed (Figure
2A). Changes were seen in three domains of extracellular matrix homeostasis: synthesis,
processing (matricellular) and post-translational modification. Increased expression of
extracellular matrix genes was associated with HFpEF, including fibrillar type | and type
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[11 collagen (COL1A1 and COL3AL1), and nonfibrillar type XXII collagen (COL22A1).
Prolyl 4-hydroxylase (P4HAL), a key enzyme in collagen synthesis, was also upregulated in
HFpEF. Furthermore, nonstructural matrix proteins, known as matricellular proteins (MCPs)
including periostin (POSTN), proline arginine-rich end leucine-rich repeat protein (PRELP)
and tenascin C (TNC) were associated with HFpEF as was the proteoglycan decorin (DCN).
Overrepresented genes were not modified by the degree of obesity (body mass index) or the
presence of diabetes.

Notably, both GO terms and REACTOME pathway analysis did not reveal any differential
expression of inflammation-associated signaling pathways or gene sets in HFpEF. The top
30 pathways ranked by p value obtained from the ReactomeGSA analysis are listed in Table
S1.

Expression of Genes implicated in HFpEF—Figure 3 depicts heat maps of key
regulators and targets implicated in cardiac pro-fibrotic and pro-inflammatory signaling.
mMRNA level of interleukins (ILs), C-C motif chemokine ligands (CCLs), C-X-C motif
chemokine ligands (CXCLs) and colony stimulating factors (CSFs) were not altered

in HFpEF (Table 2). An extended list of low abundance fibrillar and nonfibrillar

collagens, matrix metalloproteinases (MMPs) and inhibitors of metalloproteinases (TIMPS)
are provided in the supplement (Tables S2 and S3). Genes encoding cytoskeletal and
myofilament proteins are listed in the supplement Table S4.

DISCUSSION

Heart failure with a preserved ejection fraction (HFpEF) is prevalent and has few treatments
that reduce symptoms and heart failure events but none that reduces mortality.3 A

better understanding of the myocardial substrate may aid the development of HFpEF
specific therapies. It has been suggested that activation of cardiac pro-inflammatory
pathways may contribute to HFpEF by increasing fibrosis and hypophosphorylation of
sarcomeric proteins.1114.25 This is a field of extensive investigation and prioritized research
investments.26

We have performed an unbiased gene analysis of previously validated left ventricular
HFpEF biopsies and matched referent control biopsies to reveal HFpEF-specific differences.
Overexpression of genes involved in tissue fibrosis, e.g. collagen I and I11, with
overexpression of matrix-modifying and stabilizing proteins and enzymes was present
confirming our previously reported protein findings.? The analysis of this cohort of HFpEF
patients does not support a tissue level activation of genes involved in pro-inflammatory
pathways. The raw RNA sequencing data is available through the National Center for
Biotechnology Information (NCBI’s) sequence read archive (SRA) biorepository to allow
for inquiries of all detected transcripts.

In the following we will provide an in-depth discussion of patient background, differential
expression and some of the pitfalls of transcriptome studies.

Circ Heart Fail. Author manuscript; available in PMC 2024 August 01.
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Patient Background

Our prospective patient cohort consisted of patients scheduled to undergo aortocoronary
bypass surgery for severe coronary artery disease (CAD). Patients with HFpEF were
required to have a history of hypertension with clinical and objective evidence of HFpEF.
Subjects in the HFpEF cohort were typically obese with a high prevalence of diabetes
requiring multiple antihypertensive medications and diuretic agents, which recapitulates the
prevalent cardiometabolic HFpEF phenotype. Although the duration of heart failure was not
determined, the enrollment criteria and clinical characteristics suggest that our patients had
advanced HFpEF, e.g. atrial dilation, NT-proBNP levels and medications, associated with
an increased mortality.2” Referent control myocardium was obtained from age and gender
matched normotensive patients, with the same degree of severe coronary artery disease and
echocardiographic findings reflective of the general population.28

In comparison to a published cohort that provided right ventricular expression signatures of
HFpEF, our patients were older and had more pronounced left ventricular hypertrophy.11
The prevalence of obesity and hypertension was similar. While the right ventricular analysis
used samples from rejected donor hearts as a control, all our biopsies were identically
procured and processed, similar to a previous smaller analysis of epicardial left ventricular
biopsies from 5 HFpEF and 11 control patients.16

HFpEF Expression Signature

Changes were seen in the four domains of extracellular matrix homeostasis - synthesis,
processing, post-translational modification and potentially degradation. The genes included
collagen I and I11. Also, genes encoding collagen chaperones, such as prolyl 4-hydroxylase,
which catalyzes the conversion from proline to hydroxyproline, which is essential in

the three-dimensional folding of newly synthesized procollagen were upregulated to
suggest excessive extracellular matrix synthesis and maintenance as a predominant theme.
Importantly, extracellular matrix overexpression was present in the absence of activated
pro-inflammatory pathways or genes to suggest that hemodynamic load and circulating
systemic mediators of fibrosis, e.g. aldosterone, sST2 and galectin-3 may be sufficient to
maintain a pro-fibrotic expression signature in more advanced stages of HFpEF.18

Pro-inflammatory Signaling Pathways and Genes

It has been proposed that a systemic and myocardial pro-inflammatory state may play
arole in HFpEF.11.13-15.18 Simjlar to a smaller and less stringent comparison of LV
biopsies, that did not focus on these pathways and genes, our results do not suggest that
pro-inflammatory signaling pathway and gene activation is a prerequisite for extracellular
matrix overexpression in this patient cohort with stable HFpEF.16

The lack of activation of general or vascular pro-inflammatory pathways in our analysis
could have several reasons. Pro-inflammatory mediators and their respective genes are
either not overexpressed or detectable. This includes the possibility of a spatially restricted
increase of inflammation-associated cells, such as perivascular macrophages, that may not
be readily detected. Although an overabundance of pro-inflammatory factors was reported
in HFpEF myocardium, i.e. TGFB1 and VCAM1, low-level lineage specific overexpression
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could still be missed.13 Also, inflammation may not be present in compensated HFpEF
patients able to undergo aortocoronary bypass surgery. However, BNP expression as a
marker of wall stress, was markedly elevated in HFpEF myocardium to suggest that

key pathophysiological stimuli were still at play. It is also possible that the presence of
coronary artery disease which was equally severe in both groups (Table 1) neutralized
potential differences in vascular inflammation, i.e. the NLRP3 inflammasome interleukin-1
pathway.2

However, the most likely explanation for our results is the recent finding that pro-
inflammatory signaling is predominantly active during the initial phase of pressure overload
remodeling, i.e. development of concentric hypertrophy, and not required to maintain a more
advanced HFpEF substrate.30:31 These findings are in line with a recent report by Kaye et
al. that did not detect excess cardiac inflammatory cytokine release in HFpEF patients.32
Combined with the current results this would refine the cardiac pro-inflammatory HFpEF
paradigm as being temporally restricted to active concentric remodeling as shown in Figure
4. The innate program that facilitates the remodeling, in skeletal muscle often referred to

as myokine signaling, involves many of the same cytokines and inflammation mediators
reported in HFpEF.33 An absence of pro-inflammatory cardiac pathway activation in
compensated HFpEF patients has clinical implications as it reduces the likelihood that anti-
inflammatory therapies will benefit patients with more advanced HFpEF. This may explain
why interleukin-1 blockade with anakinra, has yielded inconclusive results.34:3% Studies that
test the efficacy of colchicine (NCT04857931, NCT05637398), a IL-6 ligand monoclonal
antibody (NCT05636176), or a myeloperoxidase inhibitor (NCT03611153, NCT04986202)
are ongoing. In contrast, medications with anti-fibrotic efficacy such as sacubitril/valsartan
and spironolactone have become part of the HFpEF treatment algorithm.36:37

Although spatial factors (e.g. right vs. left and subendocardial vs. subepicardial
myocardium) and disease activity (compensated vs. acute heart failure) can be put forward
to explain the observed differences in gene expression between the studies divergent findings
can also be introduced by exogenous factors such as methodological differences in tissue
sourcing, which can introduce systematic errors.

Limitations and Pitfalls

The vast number of comparisons, almost 43000 in our transcriptome analysis, inevitably
produces numerous incorrect rejections of the null hypothesis, which leads to false
discoveries. In experimental studies, the large number of false positive findings is reduced
by only accepting results with a two-fold or higher difference in expression levels between
the groups. Such thresholds are unrealistic in the analysis of human myocardium, which
commonly displays much more subtle changes in gene or protein expression.%:38

Identical tissue sourcing and sample processing are of critical importance in omics-based
tissue comparisons, i.e. surgery and cardioplegia-induced ischemia alters myocardial gene
expression.3% Endomyocardial biopsies obtained from contracting hearts may therefore have
an advantage as long as the comparator group is equally sourced and processed.11:13
However, if control myocardium from rejected cardioplegia-arrested donor hearts is
compared to freshly obtained RV biopsies, source confounding increases the risk for
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spurious results, e.g. marked upregulation of early transcription factors that play a role
in inflammation (FOS, MY C and JUNB) or higher expression of IL6 and BNP in control
samples.11

As discussed our cross-sectional comparison of LV myocardium obtained from HFpEF
patients with hypertensive heart disease and control myocardium from normotensive patients
with equally severe coronary artery disease will not capture time-varying gene expression
signatures at different HFpEF stages and phenotypes. However, our analysis confirms an
overabundant extracellular matrix expression in HFpEF and substantially extends the list of
contributing matrix genes in HFpEF.

Conclusions

Our findings suggest that overexpression of extracellular matrix, which is the source of
fibrosis, is a leading abnormality in HFpEF. Our analysis does not support a general or
specific tissue level activation of pro-inflammatory pathways in advanced compensated
HFpEF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT IS NEW ?

. It has been proposed that some of the key abnormalities in the myocardial
substrate of patients with heart failure with preserved ejection fraction
(HFpEF) are driven by a local activation of cardiac pro-inflammatory
pathways or genes.

. This analysis revealed an overabundant pro-fibrotic gene expression signature
in HFpEF without a general or specific activation of pro-inflammatory
pathways or genes.

WHAT ARE THE CLINICAL IMPLICATIONS ?

. The gene expression profile of patients with heart failure with a preserved
ejection fraction does not suggest the activation of cardiac pro-inflammatory
pathways or genes while confirming activation of pro-fibrotic pathways.
These results reduce the prospect for anti-inflammatory treatment approaches
in HFpEF.
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Figure 1. Differential gene expression analysis.
A, Principal component analysis of all identified genes shows the overlaps and differences

between the RNA-Seq transcriptome profiles between left ventricular myocardium from
referent controls (CTR, @) and HFpEF (@). First principal component (PC1) is shown

on x-axis while the second principal component (PC2) is shown on y-axis. B, Pie chart

for differentially expressed genes (DEGSs) identified between CTR and HFpEF. C, Volcano
plot with the log, fold change in gene expression in HFpEF on the x-axis. The red and

blue circles represent significantly up- and down-regulated genes on the y-axis. The B-type
natriuretic peptide (NVPPB) gene encoding BNP is markedly upregulated in HFpEF. D, Heat
map of RNA-seq expression data showing the hierarchical clustering of genes that are
differentially expressed between control and HFpEF. Z-scores for each of the 477 DEGs
were calculated and used as input for complete linkage clustering analysis.
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Figure 2. Gene Ontology enrichment analysis of differentially expressed genes.
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A, Bar chart showing the top 5 gene ontology (GO) terms for biological process, cellular
component and molecular function ranked by fold enrichment following analysis of all
differentially expressed HFpEF genes. Significant enriched GO terms are provided. B and
C, Heat maps depict the average expression levels (average log, CPM) of individual genes
in the extracellular matrix in CTR (O) and HFpEF(@®). Main targets in subfamilies of
fibrillar collagen, nonfibrillar collagen, collagen synthesis and modification, matricellular
proteins and other extracellular matrix (ECM) structural proteins are shown as average
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gene expression levels of CTR (n=14) and HFpEF (n=16) hearts. The fold changes (®)
in gene expression in HFpEF is provided and significant changes in gene expression

are highlighted in red. FACITs, fibril-associated collagens with interrupted triple helices;
MACITs, membrane-associated collagens with interrupted triple helices.
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Figure 3. Expression of genes implicated in the pathophysiology of HFpEF.
A heat map of the average log, CPM is provided to include genes involved in pro-fibrotic

and pro-inflammatory pathways. Identifiers of significant down-regulated (blue) and up-
regulated (red) genes are provided.
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Figure 4. Revised model of the hemodynamic load—mediated activation of pro-inflammatory and
pro-fibrotic pathways highlighting the time-varying expression patterns in the development of
HFpEF.

Once the pro-inflammatory pathway dependent hypertensive remodeling is complete the
pro-inflammatory and hypertrophic pathway activation subside while extracellular matrix
overproduction continues. This is most prominently reflected in an excess collagen | and 111
synthesis.
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Table 1.
Patient Baseline Characteristics

Patient Data Control (n=14) | HFpEF (n=16) p value
Age (years) 68 + 12 66+7 0.70
Female (%) 29 25 0.83
Heart Rate (bpm) 67+11 72+10 0.28
BMI (kg/m?) 30+5 37+6 0.002
BSA (m?) 20+0.2 22+03 0.01
SBP (mmHg) 123+12 138 +11 0.002
DBP (mmHg) 75+9 73+20 0.68
Creatinine (mg/dL) 0.87+£0.19 1.03+0.19 0.19
NT-proBNP (pg/ml) * 155(89-328) | 1554 (888-2178) | <0.001
LVEDP (mmHg) 13+5 23+7 0.003
Medications, Medical History and H,FPEF Score
ACE/ARB (%) 14 75 <0.001
CCB (%) 7 36 <0.001
Diuretic Agent (%) 0 71 <0.001
Beta-blocker (%) 54 81 0.12
Statin (%) 46 75 0.12
Diabetes (%) 14 69 0.03
Atrial Fibrillation (%) 0 31 0.05
CAD Severity (# vessels) | 3.0+0.6 32+0.8 0.55
H,FPEF Score 20+1.2 51+17 <0.001
Echocardiography
EF (%) 60+5 59 +7 0.96
Septal Wall (mm) 10.0+1.3 13.6+19 <0.001
Posterior Wall (mm) 8.4+0.6 121+14 <0.001
LVEDD (mm) 495 48 £5 0.49
LVESD (mm) 32+5 2+7 0.95
RWT 0.35+0.03 0.52+0.10 <0.001
LVmass (gr) 163 + 33 244 + 45 <0.001
LVmass / BSA (gr/m?) 82+14 11122 <0.001
LVmass / H (gr/m) 96 + 17 144 + 25 <0.001
LVmass / H?7 407 60 13 <0.001
LA volume (ml) 44 +9 79 £+ 36 0.002
LA volume / BSA 22+5 36 £15 0.004
E (cm/sec) 66 + 12 88 + 26 0.01
A (cm/sec) 79+20 82+29 0.76
E/A ratio 09+04 1.1+0.3 0.21
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Patient Data Control (n=14) | HFpEF (n=16) p value
E/E’ med 8.6+4.1 176+8.0 0.002
E/E’ lat 8.0+2.2 14.2+8.8 0.02

BMI, body mass index; BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; ACE/ARB, ACE-inhibitor/

Page 21

Angiotensin Receptor Blocker; CCB, Calcium Channel Blocker; LVEDP, left ventricular end-diastolic pressure; CAD, coronary artery disease;

EF, ejection fraction; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; RWT, relative wall

thickness; LVmass, left ventricular mass; LVmass/H, left ventricular mass to height ratio; LVmass/H2-7, allometric left ventricular mass index;
LA, left atrial; E, E-wave peak velocity; A, A-wave peak velocity; E/E’med, ratio of mitral peak velocity of early filling (E) to early diastolic

septal mitral annular velocity (E’), E/E’lat, ratio of mitral peak velocity of early filling (E) to early diastolic lateral mitral annular velocity;

*
Median (Interquartile Range) Mann Whitney U test.
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Table 2.

Pro-inflammatory mediators in Control and HFpEF.

Gene ID | Mean CTR (CPM) | Mean HFpEF (CPM) | FDR p value
IL1IB 0.3851 0.5376 0.7868
IL6 0.6835 0.9751 0.6745
IL7 0.3129 0.2797 0.9760
IL10 0.2665 0.1869 0.8322
IL12A 0.2578 0.2131 0.8643
IL15 4.9894 4.9001 0.9947
IL16 15.0293 12.0188 0.5825
IL17D 0.3983 0.3874 0.9851
IL18 2.5176 1.2784 0.4690
IL23A 0.0706 0.0929 0.8647
IL32 14.0823 13.5219 0.9748
IL33 8.5082 7.8487 0.8757
IL34 1.0356 1.3530 0.5625
ccLz 4.9154 4.5330 0.9051
CCL3 0.3286 0.3006 0.9587
CCL3L1 0.1334 0.1286 0.9845
cCL4 0.1920 0.1893 0.9941
cCL4Lz2 0.1179 0.1471 0.9150
CCL5 1.2513 1.4761 0.7694
cCcLs 0.2299 0.3275 0.7048
CCL11 0.8289 1.1145 0.6579
CcCL13 0.2318 0.0882 0.6244
CcCL14 0.2098 0.3059 0.7627
CCL16 0.0691 0.0713 0.9922
cCL17 0.0374 0.0244 0.8693
cCL18 0.2356 0.1688 0.9228
CCL19 0.2033 0.1634 0.9648
ccLz2o 0.0276 0.0071 0.8555
CcCL21 6.7012 5.1999 0.8132
ccLzz 0.0659 0.0643 0.9964
CCL23 0.0285 0.0178 0.9785
ccL24 0.2568 0.0618 0.4358
CCL26 0.0090 0.0514 0.5650
cCL28 0.4620 0.3277 0.7164
CXCL1 1.2774 0.9655 0.7194
CXCLz2 21.7835 19.2811 0.9046
CXCL3 0.7977 0.5684 0.6745
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Gene ID | Mean CTR (CPM) | Mean HFpEF (CPM) | FDR p value
CXCLS5 0.0679 0.0868 0.9156
CXCL6 0.0953 0.0938 0.9845
CXCLE 0.2114 0.4075 0.6745
CXCL9 0.9959 1.3412 0.6745
CXCL10 0.2631 0.5891 0.2150
CXCL11 0.0286 0.1430 0.3613
CXCL12 70.0774 70.5659 0.8887
CXCL14 2.0714 1.1787 0.5671
CXCL16 2.1066 2.0347 0.9845
cXcL17 0.0146 0.0109 0.9852
CSF1 15.0473 12.7733 0.5671
CSF3 0.0881 0.0261 0.6745
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Table 2. List of pro-inflammatory mediators in control and HFpEF myocardium. The mean CPM values for control and HFpEF samples and p
values are provided. CPM, counts per million; /L, interleukin; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; CSF,
colony stimulating factor.
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