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Abstract

Aims Murine models implicate phosphodiesterase 9A (PDE9A) as a nitric oxide-independent regulator of cyclic guanosine
monophosphate and promising novel therapeutic target in heart failure (HF) with preserved ejection fraction (HFpEF). This
study describes PDE9A expression in endomyocardial biopsies (EMBs) and peripheral blood mononuclear cells (PBMNCs) from
patients with different HF phenotypes.

Methods and results Endomyocardial biopsies and PBMNCs were obtained from patients with HFpEF (n = 24), HF with re-
duced ejection fraction (n = 22), and inflammatory cardiomyopathy (n = 24) and patients without HF (n = 7). PDE9A expression
was increased in EMBs and PBMNCs from patients with HFpEF as compared with other HF phenotypes or subjects without HF.
Endomyocardial PDE9SA expression in HFpEF correlated with the inflammatory cell count in EMBs, but not with cardiac fibrosis
or left ventricular diastolic wall stress. PDE9A expression in PBMNCs was increased in HFpEF patients with higher
high-sensitivity C-reactive protein levels and in response to pro-inflammatory stimulation. As a validation cohort, 719 patients
with HFpEF and 1106 subjects without HF were identified from the LIFE-Heart study. PDE9A expression in PBMNCs was ob-
tained from array data and displayed an age-dependent distribution. PDE9A levels were elevated and conferred increased risk
for HFpEF in middle-aged subjects, but not in elderly HFpEF patients. Following age adjustment, lower PDE9A expression in
PBMNCs was associated with worse survival in patients with HFpEF (log-rank test P-value <0.001).

Conclusion Expression profiling indicates an up-regulation of endomyocardial PDE9A in different HF phenotypes with the
most robust increase in EMBs and PBMNCs from patients with HFpEF. An exclusive risk effect of PDE9A expression on HFpEF
in middle-aged patients and an unexpected association with survival calls for further studies to better characterize the role of
PDESA as a treatment target.
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Introduction aldosterone system and beta-blockers have been unable to

demonstrate a definitive benefit in patients with HFpEF in

randomized trials.? Results of a recent

Medical management of patients with heart failure with pre-
served ejection fraction (HFpEF) remains a major challenge in
clinical practice. Therapies targeting the renin—angiotensin—

large-scale
meta-analysis indicate that mineralocorticoid receptor antag-
onist treatment may reduce heart failure (HF) hospitalizations
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in HFpEF.? However, no effect of mineralocorticoid receptor
antagonist treatment on mortality was observed in this anal-
ysis, emphasizing the need for novel therapeutic targets in
patients with HFpEF.

Current pathophysiological concepts of HFpEF underline
the importance of non-cardiac co-morbidities, ageing, and
systemic inflammation as important drivers of cardiovascular
perturbations in HFpEF.3 Pro-oxidative and pro-inflammatory
processes have been suggested to decrease myocardial levels
of cyclic guanosine monophosphate (cGMP), a second mes-
senger molecule that transduces nitric oxide (NO)-coupled
and natriuretic peptide-coupled cardioprotective signalling.>*
Notably, blocking cGMP degradation by inhibition of phos-
phodiesterase 5 (PDE5) did not result in functional improve-
ment in patients with HFpEF.> A recent study identified
cGMP-selective phosphodiesterase 9a (PDESA) as a novel
phosphodiesterase expressed in the mammalian heart, regu-
lating GMP signalling independent of the NO pathway.® Ge-
netic and pharmacological inhibition of PDE9A resulted in
improved cardiac function in a murine model of left ventricu-
lar (LV) pressure overload.®

We sought to investigate the relevance of these findings in
humans by characterizing endomyocardial PDE9A expression
in patients with different HF phenotypes and in a large gene
expression analysis in peripheral blood mononuclear cells
(PBMNCs) from patients with HFpEF and controls without
HF enrolled in a large population-based cohort study.

Methods

A detailed description of the methods is provided in the
Supporting Information.

Patient cohorts

Right ventricular and LV endomyocardial biopsies (EMBs)
were obtained from 22 patients with non-ischaemic HF with
reduced ejection fraction (HFrEF), 24 patients with inflamma-
tory cardiomyopathy (iCMP), and 24 patients with HFpEF. The
diagnosis of HFpEF was made according to current recom-
mendations provided in the European Society of Cardiology
Guidelines for the diagnosis and treatment of acute and
chronic HF.” Differentiation of HFrEF and iCMP was based
on histological findings, as described in detail in the
Supporting Information. Commercially available total RNA
purified from LV autopsy samples of seven subjects without
known cardiovascular disease dying for non-cardiac reason
(mean age 38 years, 3 female), served as a control (BioChain,
Newark, CA and Thermo Fisher Scientific, Waltham, MA).

To further characterize the association between PDE9A ex-
pression in PBMNCs, HFpEF risk, and clinical outcome in pa-
tients with HFpEF, gene array data were analysed from 719

patients with symptomatic HFpEF and 1106 control subjects
without HF recruited in the prospective observational
LIFE-Heart study. Details about the LIFE-Heart study are pro-
vided in the Supporting Information. The definition of HFpEF
was based on current guidelines recommendations.” Control
subjects were identified based on an LV ejection fraction
(LVEF) > 50% and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) level <125 ng/L.

Endomyocardial biopsy analysis

Histological and immunohistological analyses were per-
formed to quantify myocardial inflammation and fibrosis, as
outlined in the Supporting Information.

Quantification of phosphodiesterase 9A mRNA
expression in endomyocardial biopsies

Total RNA was isolated from EMBs and processed for quanti-
tative reverse transcription polymerase chain reaction (PCR).
PDE9A expression was normalized to the respective
TATA-binding protein levels in EMBs.

Isolation and characterization of
phosphodiesterase 9A expression in peripheral
blood mononuclear cells

Peripheral blood mononuclear cells were isolated by Biocoll
density gradient solution, and quantitative reverse transcrip-
tion PCR for PDE9A expression was performed following RNA
purification and cDNA synthesis. The effect of tumour necro-
sis factor-a (TNF-a) and interleukin-1p (IL-1B) on PDESA ex-
pression in PBMNCs from healthy subjects and patients
with different HF phenotypes was tested in separate
experiments.

Calculation of left ventricular meridional diastolic
wall stress

The calculation of end-diastolic meridional wall stress was
based on LV end-diastolic pressure obtained during cardiac
catheterization and LV end-diastolic diameter as well as LV
posterior wall thickness derived from echocardiography.

Gene expression preprocessing in the LIFE-Heart
study

Please refer to the Supporting Information for details about
the processing of gene array expression data in patients with
HFpEF and control subjects identified in the LIFE-Heart study.
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Results

Endomyocardial biopsy samples

Right ventricular and LV EMBs were obtained from 22 pa-
tients with non-ischaemic HFrEF, 24 patients with iCMP,
and 24 patients with HFpEF. The characteristics of the EMB
cohort are displayed in Table 1. Patients with HFpEF were
older, more frequently female, and presented with a higher
cardiovascular risk factor profile, including higher rates of ar-
terial hypertension and dyslipidaemia (Table 1). NT-proBNP
levels were lower in patients with HFpEF as compared with
patients with HFrEF and iCMP (Table 1). Compatible with
the underlying aetiology of HF, patients with iCMP demon-
strated an increased high-sensitivity C-reactive protein
(hsCRP) level, a higher number of CD3-positive T lymphocytes

and CD68-positive macrophages in EMBs, a higher percent-
age of virus-positive EMBs, and enhanced endomyocardial
major histocompatibility complex class Il antigen expression
(Table 1). The percentage of cardiac fibrosis, as assessed on
histology, did not differ significantly between the three
groups of patients (10.7 + 6.2%, 139 * 6.4%, and
11.4 + 5.9% for patients with HFrEF, iCMP, and HFpEF,
respectively).

Myocardial phosphodiesterase 9A expression in
patients with different heart failure phenotypes

As compared with commercially available autopsy samples
from patients without known cardiovascular disease, LV
endomyocardial PDE9A expression was increased in patients

Table 1 Characteristics of the endomyocardial biopsy cohort (derivation cohort)

HFrEF (n = 22) iICMP (n = 24) HFpEF (n = 24)
Age (years) 48.3 * 15.1 45.0 = 11.4 66.1 * 8.6°°
Female, n (%) 8 (36) 10 (42) 20 (83)*°
BMI (kg/mz) 26.8 +7.2 28.7 £ 6.2 29.8 +4.9
Systolic BP (mmHg) 119 + 17 124 + 18 148 + 12°
Diastolic BP (mmHg) 78 £ 8 79 £ 6 81 +38
Heart rate (b.p.m.) 72 =+ 9 76 =10 70 = 11
Creatinine (mg/dL) 0.91 (0.75-1.02) 0.86 (0.73-0.99) 0.89 (0.75-0.97)
hsCRP, mg/L (%) 2.0 (1.1-3.9)° 7.6 (3.3-10.5) 3.1 (1.9-6.2)>°
NT-proBNP (ng/mL) 1831 (918—3547)b 1051 (476-2089) 342 (222—614)3'b
NYHA functional class
NYHA I, n (%) 0 (0) 6 (26) 0 (0)
NYHA I, n (%) 10 (45) 9 (37) 20 (83)
NYHA I, n (%) 12 (55) 9 (37) 4(17)
Cardiovascular risk factors, n (%) 16 (73) 13 (54) 24 (1 00)b
Arterial hypertension, n (%) 11 (50) 10 (42) 23 (96)3'b
Smoking, n (%) 4 (18) 6 (25) 5(21)
Diabetes mellitus, n (%) 5(23) 4(17) 5(21)
Dyslipidaemia, n (%) 8 (36) 7 (29) 21 (88)b
Obesity, n (%) 7 (32) 8 (33) 15 (63)
Atrial fibrillation, n (%) 4 (18) 4 (17) 5(21)
Chronic pulmonary disease, n (%) 5(23) 3(13) 3(13)
ACEI/ARB, n (%) 17 (77) 13 (54) 18 (75)
Beta-blocker, n (%) 9 (41) 6 (25) 14 (58)
Aldosterone antagonist, n (%) 5(23) 3(13) 5(21)
Diuretic, n (%) 14 (64) 8 (33) 11 (46)
Results of echocardiography
LV ejection fraction (%) 30 (22-45) 43 (27-54) 61 (52-69)°
LV end-diastolic diameter (mm) 57 £ 8 52 +4 46 + 4
LV end-systolic diameter (mm)
LA end-systolic volume index (mIsz) 39.9 + 14.5
E/A ratio
E/E' mean ratio
Results of LV endomyocardial biopsy
Number of CD3-positive T lymphocytes 2 (0—3)b 13 (7-14) 3 (1—4)b
Number of CD68-positive macrophages 10 (8-11)° 30 (24-41) 10 (7-12)°
Viral genome detection, n (%) 6 (27)b 13 (54) 5 (21)b
Enhanced MHC class Il antigen expression, n (%) 4(18)° 24 (100) 4(17)°
LV fibrosis (%) 10.7 £ 6.2 139+ 6.4 114 +59

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CD, cluster
of differentiation; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; hsCRP,
high-sensitivity C-reactive protein; iCMP, inflammatory cardiomyopathy; LA, left atrial; LV, left ventricular; MHC, major histocompatibility
complex; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.

3P < 0.05 vs. HFrEF.
°P < 0.05 vs. iCMP.
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with all HF phenotypes (Figure IA). Patients with HFpEF
exerted higher LV endomyocardial PDESA expression when
compared with patients with non-ischaemic HFrEF and iCMP
(Figure 1A). Also, right ventricular endomyocardial expression
of PDE9A was increased in patients with HFpEF as compared
with patients with HFrEF and iCMP (Figure 1B).

When LV endomyocardial PDE9A expression was com-
pared with the percentage of cardiac fibrosis in patients with
HFpEF, a modest and non-significant inverse association was
apparent (Figure 2A). LV endomyocardial PDE9A expression
correlated with the LV inflammatory cell count in patients
with HFpEF, with increased PDE9SA levels being associated
with a higher number of CD3-positive and CD68-positive cells
on EMBs (Figure 2B). In contrast, LV endomyocardial PDESA
expression was not associated with the inflammatory cell
count in EMBs from patients with HFrEF and iCMP
(Supporting Information, Figure SIA and SIB). No relevant
correlation between LV endomyocardial PDE9A levels and
LV meridional diastolic wall stress was apparent in patients
with HFpEF (Figure 2C).

Phosphodiesterase 9A expression in peripheral
blood mononuclear cells from patients with
different heart failure phenotypes

Given the association between LV endomyocardial PDE9A
expression and histological markers of myocardial inflamma-
tion, we sought to investigate the expression of PDE9A in
PBMNCs. PDE9A expression was increased in PBMNCs from
patients with HFpEF as compared with PBMNCs from healthy
control subjects and patients with HFrEF or iCMP (Figure 3A).

A modest but significant correlation was evident when PDE9A
expression in EMBs and PBMNCs from patients with HFpEF
was compared (Supporting Information, Figure S2). More-
over, PDE9A expression in PBMNCs was higher in patients
with HFpEF and hsCRP levels above the median than in pa-
tients with HFpEF and hsCRP levels below the median (Figure
3B). Stimulation of PBMNCs from HFpEF patients with TNF-a
or IL-1B in vitro led to an increase in PDE9A expression in
these cells (Figure 3C). This increase in PDE9A expression
upon incubation with TNF-o. or IL-1B was not evident in
PBMNCs isolated from patients with HFrEF or iCMP and
healthy subjects (Supporting Information, Figure S3).

Patients with heart failure with preserved
ejection fraction and control subjects from LIFE-
Heart

Baseline characteristics of patients with HFpEF and control
subjects from LIFE-Heart are shown in Table 2. Consistent
with data from the EMB cohort, patients with HFpEF in
LIFE-Heart were older, more likely to be female, and
displayed a more pronounced cardiovascular risk factor pro-
file. Levels of creatinine and hsCRP were higher in patients
with HFpEF when compared with control subjects. Median
NT-proBNP level in patients with HFpEF was 283 ng/mL
(inter-quartile range 181-542 ng/mL). In addition, a higher
percentage of patients with HFpEF had atrial fibrillation and
coronary artery disease. Echocardiographic data suggested
elevated LV wall thickness and LV filling pressures in patients
with HFpEF, as indicated by increases in LV mass index, E/e’
mean ratio, and left atrial volume index. Right ventricular

Figure 1 Quantification of endomyocardial phosphodiesterase 9A (PDE9A) expression in patients with different heart failure phenotypes.
Endomyocardial biopsies were obtained from healthy subjects (n = 7) and patients with heart failure with reduced ejection fraction (HFrEF)
(n = 22), inflammatory cardiomyopathy (iCMP) (n = 24), and heart failure with preserved ejection fraction (HFpEF) (n = 24). mRNA expression of PDE9A
was quantified in left (A) and right (B) ventricular endomyocardial biopsies by reverse transcription PCR.
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Figure 2 Association between left ventricular phosphodiesterase 9A (PDE9A) expression, cardiac fibrosis, myocardial inflammation, and diastolic wall
stress. (A) In patients with heart failure with preserved ejection fraction (HFpEF), left ventricular PDE9A expression displayed a non-significant inverse
relationship with left ventricular endomyocardial fibrosis, as assessed by histology. (B) Left ventricular myocardial inflammation was analysed by im-
munohistochemistry in endomyocardial biopsies (EMBs) from patients with HFpEF, and the inflammatory cell count was derived from the total number
of CD68-positive macrophages and CD3-positive T cells in EMBs. A significant positive correlation between left ventricular PDE9A levels and left ven-
tricular myocardial inflammation was apparent in HFpEF. (C) Left ventricular meridional diastolic wall stress was calculated using haemodynamic and
echocardiographic data from patients with HFpEF. No correlation was evident between left ventricular PDE9A levels and diastolic wall stress in patients

with HFpEF.
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function, as assessed by tricuspid annular plane systolic
excursion, was preserved in control subjects and patients
with HFpEF.

Phosphodiesterase 9A expression and heart
failure with preserved ejection fraction in
LIFE-Heart

Phosphodiesterase 9A expression in PBMNCs exhibited an
age-dependent association with HFpEF (P-value for interac-
tion of PDE9SA expression with age = 0.003, Table 3 and
Figure 4). With increasing age, PDE9SA expression in PBMNCs
decreased in control subjects without HF as well as in pa-
tients with HFpEF (Figure 4). We observed a strong risk effect
in middle-aged patients [age 50: odds ratio = 3.4 (95% confi-
dence interval, Cl 1.4-8.2) per PDE9A unit, P = 0.005] and a

reduced or protective effect in elderly patients [age 80: odds
ratio = 0.3 (95% ClI 0.12-0.97) per PDE9A unit, P = 0.04, Table
3]. The same risk effect for PDESA transcript levels was ob-
served when only symptomatic patients with HFpEF in New
York Heart Association (NYHA) Functional Classes Il to IV were
analysed (Supporting Information, Table SI1).

Phosphodiesterase 9A expression and survival in
LIFE-Heart

To investigate whether PDE9A has a prognostic impact in pa-
tients with HFpEF in LIFE-Heart, we tested the relationship
between PDE9SA expression in PBMNCs and survival in these
patients. During a median follow-up of 2773 days (inter-
quartile range 2234-3366 days), 82 of 719 patients with
HFpEF died. Patients with HFpEF whose PDE9SA expression

ESC Heart Failure 2021; 8: 1861-1872
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Figure 3 Phosphodiesterase 9A (PDE9A) expression in peripheral blood mononuclear cells (PBMNCs). (A) Quantification of PDESA mRNA expression in
PBMNCs from healthy subjects (n = 5) and patients with heart failure with reduced ejection fraction (HFrEF) (n = 22), inflammatory cardiomyopathy
(iCMP) (n = 24), and heart failure with preserved ejection fraction (HFpEF) (n = 24) by reverse transcription PCR. (B) PDE9A expression in PBMNCs from
patients with HFpEF (n = 24) stratified by median high-sensitivity C-reactive protein (hsCRP) level. (C) Effect of tumour necrosis factor-o. (TNF-a) and
interleukin-1f (IL-1B) on PDE9A expression in PBMNCs from patients with HFpEF (n = 5-9) after incubation for 3 or 12 h. PBS, phosphate-buffered
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in PBMNCs was in the lower tertile had a significantly
increased risk of mortality when compared with patients
with PDE9A expression in the middle or upper tertile. This
observation was evident in the overall cohort of asymptom-
atic and symptomatic patients with HFpEF (NYHA Classes |
to IV, Figure 5, global log-rank test P-value <0.001) and when
symptomatic patients with HFpEF (NYHA Classes Il to IV) were
analysed separately (Supporting Information, Figure S$4,
global log-rank test P-value <0.001). The protective effect
of higher PDE9A expression was maintained even after
adjustment for age in a multivariate model (PDE9A HR,gq
0.15, 95% Cl 0.04-0.54, per unit).

Discussion

After the description of PDE9A as a new potential therapeutic
target in HFpEF, this is, to the best of our knowledge, the first

study to assess the HF specific expression of PDE9SA in
humans, its association with HFpEF risk, and the prognostic
implications of PDE9A levels in patients with HFpEF. The find-
ings of the present study suggest that PDESA expression is in-
creased in patients with different HF phenotypes with the
most pronounced elevation observed in patients with HFpEF.
Endomyocardial PDE9A expression correlates with cellular
myocardial inflammation in patients with HFpEF, and PDESA
expression in PBMNCs from patients with HFpEF is subject
to pro-inflammatory stimulation in vitro and increased in pa-
tients with higher hsCRP levels. Moreover, validation data in
PBMNCs implied that expression level of PDESA and its role
as a risk marker for HFpEF vary with age. Whereas PDE9A ex-
pression is increased in middle-aged patients with HFpEF as
compared with subjects without HF and serves as a risk
marker in this age group, the difference in PDESA expression
diminishes with advancing age and PDE9A is no longer a risk
marker for HFpEF in elderly subjects. Notably, patients with

ESC Heart Failure 2021; 8: 1861-1872
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Table 2 Characteristics of patients with HFpEF and subjects without HF from the LIFE-Heart study (validation cohort)

Control (n = 1106) HFpEF (n = 719) P-value
Age (years) 58.6 (52.2-66.9) 68.4 (59.9-73.7) <0.01
Female, n g%) 391 (35) 325 (45) <0.01
BMI (kg/m?) 29.0 (26.3-32.4) 29.9 (27.3-33.7) <0.01
LV ejection fraction (%) 63.0 (59.0-67.0) 61.0 (56.0-66.0) <0.01
Systolic BP (mmHg) 137 (125-149) 144 (130-159) <0.01
Diastolic BP (mmHg) 85 (78-91) 84 (75-92) 0.26
Heart rate (b.p.m.) 69 (62-80) 66.0 (59-78) <0.01
Creatinine (mg/dL) 0.85 (0.74-0.97) 0.89 (0.75-1.03) <0.01
hsCRP, mg/L (%) 1.7 (0.9-3.6) 2.6 (1.3-5.3) <0.01
NT-proBNP (ng/mL) 57 (35-87) 283 (181-542) <0.01
HbA1c (%) 5.7 (5.4-6.1) 5.8 (5.5-6.3) <0.01
NYHA functional class
NYHA I, n (%) 709 (64) 362 (50) <0.01
NYHA I, n (%) 336 (31) 272 (38) <0.01
NYHA I/IV, n (%) 61 (5) 85 (12) <0.01
Cardiovascular risk factors, n (%)
Arterial hypertension, n (%) 843 (76) 637 (89) <0.01
Smoking, n (%) 219 (20) 103 (14) <0.01
Diabetes mellitus, n (%) 290 (26) 236 (33) 0.01
Dyslipidaemia, n (%) (LAB/treatment) 715 (65) 478 (67) 0.45
Dyslipidaemia, n (%) (LAB) 482 (44) 248 (35) <0.01
Obesity, n (%) 451 (41) 354 (49) <0.01
Coronary artery disease, n (%) 320 (30) 287 (41) <0.01
Peripheral arterial disease, n (%) 52 (5) 47 (7) 0.09
Atrial fibrillation, n (%) 18 (2) 89 (12) <0.01
ACEI/ARB, n (%) 738 (67) 558 (78) <0.01
Beta-blocker, n (%) 564 (51) 516 (72) <0.01
Aldosterone antagonist, n (%) 15 (1) 23 (3) 0.01
Diuretic, n (%) 144 (13) 216 (30) <0.01
LV mass index (g/mz) 115 (94-138) 128 (107-155) <0.01
E/e' mean ratio (cm/s) 8.0 (6.6-9.7) 10.1 (7.9-13.0) <0.01
LA volume index (mL/mz) 22.8 (18.8-28.1) 27.1 (20.9-31.8) 0.01
TAPSE (mm) 20.0 (19.0-23.0) 20.0 (19.0-23.0) 0.66

ACEIl, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; HF, heart
failure; HFpEF, heart failure with preserved ejection fraction; hsCRP, high-sensitivity C-reactive protein; LA, left atrial; LAB, based on lab-
oratory lipid profiling; LV, left ventricular; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association;
TAPSE, tricuspid annular plane systolic excursion.

Table 3 Logistic regression analysis for the association of PDE9A transcript levels with HFpEF risk in HFpEF patients (NYHA Classes | to 1V)

Variables OR 95% Cl P-value
Age (years) 1.8 1.3-2.6 0.0008
Sex (female/male) 1.5 1.2-1.8 0.0004
Diabetes (yes/no) 1.1 0.8-1.3 0.653
Smoking (yes/no) 1.4 1.1-1.9 0.019
High blood pressure (yes/no) 1.5 1.2-1.8 0.0001
Lymphocytes (increase of 10%) 0.7 0.6-0.8 <0.0001
Monocytes (increase of 10%) 1.1 0.7-1.7 0.790
PDE9A expression (e.units, 50 years old)? 3.4 1.4-8.2 0.005
PDE9A expression (e.units, 80 years old)? 0.3 0.12-0.97 0.04
PDE9A expression—age interaction 0.9 0.88-0.98 0.003

Cl, confidence interval; e.units, expression units; HFpEF, heart failure with preserved ejection fraction; NYHA, New York Heart Association;
OR, odds ratio; PDE9A, phosphodiesterase 9A.

The first entry in ‘(unit)’ represents the counted observation.

“The main effect for PDE9A expression varies between different ages, which is well known when modelling interactions. Therefore, we
present exemplarily results of the main effect for PDE9A for 50- and 80-year-old patients.

HFpEF and lower expression of PDESA in PBMNCs displayed  potential novel therapeutic approach in patients with HFpEF.
increased mortality when compared with patients with  c¢cGMP in cardiomyocytes is produced by either NO-mediated
higher PDE9A expression. activation of soluble guanylate cyclase (sGC) or natriuretic

Recent interest has focused on pharmacological modula- peptide-induced stimulation of receptor-bound guanylate cy-
tion of cardiac GMP/protein kinase G (PKG) signalling as a clase (i.e. GC-A or GC-B).2 cGMP levels were profoundly
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Figure 4 Age-stratified expression of phosphodiesterase 9A (PDE9A) in peripheral blood mononuclear cells (PBMNCs) from subjects without heart fail-
ure (HF) and HF with preserved ejection fraction (HFpEF) in LIFE-Heart. PDESA (ILMN_2306540) expression data from PBMNCs were derived from
HT-12 v4 BeadChip analysis in subjects without HF (n = 1.106) and patients with HFpEF (n = 719). PDESA (ILMN_2306540) expression reveals an
age-dependent association with HFpEF. Younger patients with HFpEF demonstrate higher PDE9A expression in PBMNCs when compared with patients
without HF, whereas older patients with HFpEF have less PDE9A expression in PBMNCs (interaction P-value 0.003; see also Table 3).
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Figure 5 Phosphodiesterase 9A (PDE9A) expression in peripheral blood mononuclear cells (PBMNCs) and mortality in patients with heart failure with
preserved ejection fraction (New York Heart Association Classes | to IV) in LIFE-Heart. Kaplan—Meier curve of the probability of survival in patients with
asymptomatic and symptomatic heart failure with preserved ejection fraction stratified to tertiles of PDE9A expression in PBMNCs. A strong difference
in mortality was observed between patients with PDE9A levels in the lower tertile as compared with patients with PDE9A levels in the middle or upper
tertile (global log-rank test P-value <0.001).
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reduced in EMBs from patients with HFpEF as compared with
patients with HFrEF or aortic stenosis.® Blocking degradation
of cGMP by PDES5 inhibition yielded conflicting results in clini-
cal testing with regard to invasive haemodynamics and clinical
parameters.’®* Overall results of the PDES Inhibition to
Improve Clinical Status and Exercise Capacity in Heart Failure
with Preserved Ejection Fraction (RELAX) trial failed to show
a benefit for sildenafil in terms of exercise capacity or clinical
status.”

Several potential explanations have been put forward to
explain the lack of benefit of sildenafil treatment in patients
with HFpEF. One of them suggests that PDES5 primarily regu-
lates NO-generated cGMP, and therefore, PDE5 inhibition
seems unlikely to yield benefit in patients with HF who are of-
ten characterized by a decrease in NO bioavailability.2 Con-
trary to PDE5, PDE9A regulates natriuretic peptide rather
than NO-stimulated cGMP in cardiomyocytes® and, therefore,
would be a more promising therapeutic target to raise car-
diac cGMP levels in patients with HF. Lee et al.® suggested
that genetic deletion as well as pharmacological inhibition
of up-regulated PDESA improved LV dimensions and function
in a pressure overload model in mice induced by transverse
aortic constriction (TAC).

The present study provides a first systematic analysis of
PDEO9A levels in human HF. Our data imply that LV and right
ventricular expression of PDE9A is not uniformly increased
among HF phenotypes in humans but particularly elevated
in patients with HFpEF. In contrast to observations by Lee
et al.® and our group, a recent publication questioned the
presence of PDE9SA on a protein level in myocardium from pa-
tients with HFrEF sampled at the time of cardiac transplanta-
tion and cardiac muscle from a canine model of HFpEF.
However, the authors used lung samples from rats as a posi-
tive control, and hence, the specificity of this antibody for hu-
man samples needs further investigation. Notably, recent
investigations also identified cardiac PDE9A expression in
two rat HF models induced by abdominal aortic constriction
or isoproterenol treatment, as well as in myocardium and
thoracic aorta from rabbits fed with a high-cholesterol
diet.?**

Current data reinforce the concept that pathophysiology of
HFpEF is fundamentally different to HFrEF and likely involves
a multiple-hit model.*® Although primary unifying abnormal-
ities of the disease still need to be identified,'® a larger in-
volvement of systemic inflammation in HFpEF than in HFrEF
has been inferred from recent biomarker studies.'® Besides
increased markers of systemic inflammation, previous EMB
findings also revealed signs of myocardial inflammation in pa-
tients with HFpEF as compared with patients with HFrEF or
aortic stenosis.'” Interestingly, PDE9A expression in the pres-
ent study correlated with the amount of infiltrating
CD68-positive and CD3-positive cells on EMBs in patients
with HFpEF, but not in patients with HFrEF or iCMP. Also,
PDEYA in PBMNCs was up-regulated in response to TNF-a

and IL-1P in PBMNCs from patients with HFpEF, whereas no
such effect was observed in PBMNCs from other HF pheno-
types, probably pointing towards an association with
disease-specific inflammatory pathways in HFpEF. Of note,
in line with a recent study testing the effect of pharmacolog-
ical PDE9A inhibition in a murine diastolic dysfunction model
induced by TAC and deoxycorticosterone acetate
administration,'® PDE9A did not correlate with the percent-
age of myocardial fibrosis in the present study. These findings
contrast with animal data from Lee et al. suggesting a de-
crease in interstitial myocardial fibrosis in PDE9A-knockout
mice after TAC.® Apart from the fact that the present data
were obtained in humans, TAC represents an animal model
of merely pressure overload-induced LV hypertrophy and
HF. Following an initial phase with concentric LV hypertrophy,
diastolic dysfunction, and lung congestion, this model pro-
gresses to a ‘HFrEF-like’ phenotype with LV chamber dilation
and a decrease in systolic function later on.'® Importantly, the
TAC model lacks metabolic alterations, which are typically ob-
served in patients with HFpEF and likely contribute to the
complex pathophysiology of the disease. Furthermore, LV
PDE9A expression was more pronounced in HFpEF than
HFrEF and did not correlate with end-diastolic wall stress in
patients with HFpEF, supporting the concept that PDE9A is
linked to inflammation rather than pure haemodynamic
alterations.

Expression of PDESA was increased in both EMBs and
PBMNCs from patients with HFpEF. Previously, elevated
PDE9A levels have been identified in circulating
haematopoietic cells in patients with sickle cell disease, mainly
in neutrophils.2® Pharmacological inhibition of PDE9A reduced
neutrophil surface expression of adhesion molecules, neutro-
phil adhesion to fibronectin in vitro, and leucocyte recruit-
ment following TNF-a-induced acute vaso-occlusion in a
murine sickle cell disease model, pointing towards a
pro-inflammatory role of PDE9A in sickle cell disease.?* The
present findings suggest that PDE9A expression in isolated
PBMNCs is subject to pro-inflammatory stimulation and in-
creased in patients with HFpEF as compared with other HF
phenotypes or control subjects, particularly in those HFpEF
patients with more pronounced systemic inflammation. How-
ever, considering the results of the present gene expression
analysis in a larger cohort of HFpEF patients identified in the
LIFE-Heart cohort, the role of PDE9SA expression in these cells
in HFpEF is likely much more complex. First, PDE9A expression
is highly age dependent and decreases in patients with HFpEF
as well as subjects without HF with increasing age. Second, the
age-dependent decrease in PDE9A expression levels in
PBMNCs is more profound in patients with HFpEF than in sub-
jects without HF; that is, older patients with HFpEF have lower
PDE9A expression in PBMNCs than patients without HF.

Our study was not designed to provide a detailed under-
standing of pathophysiological consequences of PDE9SA ex-
pression in PBMNCs in HFpEF. Therefore, any conclusions
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on functional consequences of differential PDE9A expression
in this analysis remain speculative. The expression pattern
and prognostic implications of PDE9A observed in the present
analysis rather argue for a compensatory mechanisms
impacting on PDE9A levels; for example, PDESA may be
down-regulated with increasing age as an adaptive mecha-
nism associated with a decline in cGMP levels in the ageing
patient with HFpEF. Such being the case, pharmacological in-
hibition of PDE9A would be most effective in younger pa-
tients with early stages of HFpEF. Yet aforementioned work
in a diastolic dysfunction model in mice indicated that PDESA
inhibition may be a double-edged sword.*® Parallel to a re-
duction in ventricular diastolic chamber stiffness, chronic
PDE9A inhibition led to impairment in LV contractility and
ventricular—arterial coordination in these animals.'® Hence,
one may speculate that beneficial early effects of lower
PDE9YA levels on diastolic chamber stiffness are later offset
by impairment in systolic LV function, for example, by mech-
anisms potentially mediated by negative inotropic effects of
increased protein kinase G activity®?? or attenuation of cyclic
adenosine monophosphate-mediated signalling.?®> These ef-
fects may ultimately determine the prognostic impact of
PDESA.

Together, these data on PDE9A call for future studies to
further examine potential long-term consequences of mod-
ifying cGMP levels and PKG activity in patients with HFpEF.
In this respect, recent experimental data in a murine HFpEF
model induced by concomitant metabolic and hypertensive
stress suggested an increase in inducible NO synthase activ-
ity and subsequent nitrosative stress, pointing towards ex-
cess NO production as a pathophysiological driver in
HFpEF.2* This is of particular importance given the lack of
a clear short-term benefit in recent trials testing pharmaco-
logical agents targeted at the NO/sGC/cGMP/PKG axis, such
as inorganic nitrite?® or the sGC stimulator vericiguat,® and
the fact that the angiotensin receptor—neprilysin inhibitor
sacubitril-valsartan failed to reduce HF hospitalizations
and death from cardiovascular causes in PARAGON-HF.?’

Limitations

A number of limitations need to be considered when
interpreting the data of the present study. First, the present
analysis does not provide mechanistic insights into the role
of PDE9A in HFpEF, particularly for the observed association
between PDE9A expression and markers of myocardial or sys-
temic inflammation. Further research is mandatory to investi-
gate whether this association is indeed of relevance for the
pathogenesis of HFpEF. Second, the present results on PDESA
expression rely on mRNA detection and there is no confirma-
tion on a protein or enzymatic activity level. This is primarily
because EMB material was limited in the present cohort and
precluded us from running western blot or activity assays. Of

note, several attempts to reliably detect PDESA on western
blot analysis in a subgroup of patients with enough biopsy
material failed owing to the limited specificity of commer-
cially available antibodies. Third, as patients with HFpEF in
the EMB were older, further EMB studies in larger cohorts
of patients with different HF phenotypes are clearly required
to definitely rule out an age-dependent or disease
stage-specific bias in the comparison of endomyocardial
PDE9SA levels. Fourth, future studies are also needed to ad-
dress the questions whether PDE9A expression in PBMNCs in-
deed serves as a readout for myocardial expression and
whether findings obtained in PBMNCs can simply be trans-
ferred to the myocardium. Finally, patients in the EMB cohort
underwent sampling for unexplained LV hypertrophy to rule
out infiltrative cardiomyopathies and storage diseases. As
such, we cannot rule out a potential selection bias in this co-
hort, and these patients likely do not represent the entire
spectrum of HFpEF phenotypes. The same holds true for ab-
solute differences in the distribution of HF medications
among patients in the EMB cohort, although such differences
did not reach statistical significance likely due to the limited
number of patients.

Conclusion

The present data suggest an increase in endomyocardial
PDE9A expression in patients with different HF phenotypes.
When compared with patients with HFrEF and iCMP, the
most robust increase in PDE9A expression is observed in
EMBs and PBMNCs from patients with HFpEF. Specifically in
these patients, PDESA expression correlates with markers of
myocardial and systemic inflammation. Validation of these
findings in a large observational cohort implies that PDE9A
expression in PBMNCs is age dependent with increased levels
in middle-aged subjects being associated with HFpEF risk, a
finding that is no more evident in elderly patients. Even after
age adjustment, lower PDE9A levels remain associated with
higher mortality. While this translational study indicates a
prognostic role of PDE9SA in HFpEF and points towards an as-
sociation with age and disease-specific inflammation, more
mechanistic and clinical data are needed to better define
PDE9A as a potential treatment target.
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