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Aims The exploration of novel immunomodulatory interventions to improve outcome in heart failure (HF) is hampered
by the complexity/redundancies of inflammatory pathways, which remain poorly understood. We thus aimed to in-
vestigate the associations between the activation of diverse immune processes and outcomes in patients with HF.

Methods and We measured 355 biomarkers in 2022 patients with worsening HF and an independent validation cohort (n=1691)

results (BIOSTAT-CHF index and validation cohorts), and classified them according to their functions into biological pro-
cesses based on the gene ontology classification. Principal component analyses were used to extract weighted
scores per process. We investigated the association of these processes with all-cause mortality at 2-year follow-up.
The contribution of each biomarker to the weighted score(s) of the processes was used to identify potential thera-
peutic targets. Mean age was 69 (£12.0) years and 537 (27%) patients were women. We identified 64 unique over-
represented immune-related processes representing 188 of 355 biomarkers. Of these processes, 19 were associ-
ated with all-cause mortality (10 positively and 9 negatively). Increased activation of ‘T-cell costimulation’ and
‘response to interferon-gammalpositive regulation of interferon-gamma production’ showed the most consistent positive
and negative associations with all-cause mortality, respectively, after external validation. Within T-cell costimulation,
inducible costimulator ligand, CD28, CD70, and tumour necrosis factor superfamily member-14 were identified as
potential therapeutic targets.

Conclusions We demonstrate the divergent protective and harmful effects of different immune processes in HF and suggest novel
therapeutic targets. These findings constitute a rich knowledge base for informing future studies of inflammation in HF.
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1. Introduction

The pivotal role of the immune system in the initiation and progression
of heart failure (HF) is supported by extensive literature."? These find-
effects of
immunomodulatory therapies in HF, mostly focusing on tumour

ings have resulted in several studies on the
necrosis factor-o. (TNF-o1). The neutral or even negative results of these
studies have fuelled the assumption that although HF is associated with
increased immune activation, there might not be a causal relationship.
However, the immune system is a highly complex entity incorporating
interweaving molecular signalling mechanisms and  numerous
redundancies.® An alternative hypothesis might thus be that past studies
did not target the right immune processes and/or mediators. Hundreds
of immune-related mediators take part in orchestrating an immune re-
sponse,3 with some being used in revolutionary new treatments in the
fields of immuno-oncology and rheumatology. As such, immunomodula-
tion might still be a viable treatment option for HF. To identify such new
targets in HF, a more holistic approach towards the study of immune-
related biomarkers is required, as a single biomarker cannot realistically
represent all aspects of the immune system. Therefore, the aim of this
study was to characterize immune activation in a diverse cohort of
patients with HF, in order to discern the differential effects of distinct
immune-related processes on mortality and to identify promising targets

for immunomodulation.

2. Methods

2.1 Patients

This was a post hoc analysis of the BIOSTAT-CHF study cohort, which
has been described previously.* Briefly, BIOSTAT-CHF was a multi-
centre observational study enrolling patients from 11 European coun-
tries; it was comprised of an index and validation cohort (n=2516 and
1738, respectively). Participants in the index cohort were aged
>18years, had symptoms of new-onset or worsening HF, confirmed by
a left ventricular ejection fraction (LVEF) <40% or brain-type natriuretic
peptide (BNP) and/or N-terminal proBNP (NT-proBNP) plasma levels
>400 or >2000 pg/mL, respectively. Participants had not been previously
treated with angiotensin-converting enzyme inhibitors/angiotensin re-
ceptor blockers (ACEi/ARB) and/or B-adrenoreceptor blockers (BB) or
were receiving <50% of guideline-recommended target doses, and antic-
ipated their initiation or uptitration. All patients were treated with loop
diuretics. The BIOSTAT-CHEF validation cohort was designed as a multi-
centre, prospective, observational study including patients from six
centres in Scotland, UK. Participants in the validation cohort were aged
>18, were diagnosed with HF, had a previous admission for HF requiring
diuretic treatment, were treated with furosemide >20 mg/day or equiva-
lent, were not previously treated with or were receiving <50% of target
doses of ACEi/ARB and/or BB, according to the 2008 European Society
of Cardiology guidelines, and anticipated initiation or uptitration of
ACEi/ARBs and/or BB. Patients could be enrolled as inpatients or from
outpatient clinics. The primary outcome in both cases was all-cause

Inflammation e Heart failure ® Immunomodulation e Biomarkers e Interferon-gamma e ICOSLG

mortality censored at 2-year follow-up. The study protocol conformed
to the principles outlined in the declaration of Helsinki and was approved
by local and national medical ethics committees (EudraCT 2010-
020808-29; R&D Ref Number 2008-CA03; MREC Number 10/51402/
39). All participants provided written informed consent before study
inclusion.

2.2 Laboratory indices

We measured 368 biomarkers in plasma from 2022 and 1691 patients of
the BIOSTAT-CHF index/validation cohorts (CVD-II/-lll, immune and
oncology panels; Olink Proteomics). Plasma was collected using calcium-
ethylenediaminetetraacetic acid-coated tubes. Each panel included 92
biomarkers (listed in Supplementary material online, Tables S1-54), with
the only overlap being IL-6, c-kit ligand, and amphiregulin. For overlap-
ping biomarkers, the mean of all measurements was used, leaving 364
distinct biomarkers. We also excluded 8 biomarkers with >10% of meas-
urements below the assay’s lowest limit of detection (Supplementary
material online, Table S2), leaving 356 biomarkers suitable for analysis.
Other measurements included plasma concentrations of NT-proBNP,
C-reactive protein (CRP), procalcitonin (PCT), high-sensitivity cardiac
troponin-T (hs-cTnT), iron, ferritin, and transferrin. Estimated glomeru-
lar filtration rate was calculated using the MDRD formula. NT-proBNP,
hs-cTnT, ferritin, and transferrin were measured using sandwich immu-
noassays (Roche Inc.), iron was measured using a colorimetric assay
(Roche Inc.), PCT was measured using sandwich immunoassays (Alere
Inc.), and CRP was measured using competitive immunoassays on a
Luminex platform (Alere Inc.).

2.3 Statistical analysis

Statistical analyses were performed using R v.3.6.0 and the ‘GProfiler’
pathway analyser.” Normality of continuous variables was determined
using Q—Q plots/histograms. Normally distributed variables are pre-
sented as mean (standard deviation), continuous skewed variables are
presented as median [interquartile range (IQR)], and binary/categorical
variables are presented as number (%).

Initially, the 356 analysable biomarkers were imported into
GProfiler and an overrepresentation analysis was performed. To de-
termine the functions of each biomarker, results were categorized
based on the gene ontology (GO) classification of biological processes
(annotation January 1 2020).% Correction for multiple comparisons
was performed using the built-in g:SCS algorithm (false discovery rate
5%); only processes with at least five of their constituents available
were considered significant. Lastly, the biomarker corneodesmosin
could not be analysed (355 biomarkers successfully analysed). In order
to isolate only immune-related GO biological processes, we selected
the most distant second- or third-degree children terms of the pro-
cesses cytokine  production (GO:0001816), defence response
(GO:0006952), and immune system process (GO:0002376) (Figure 1
and 2 and Supplementary material online, Graphic S1, see also
Supplementary material online, Methods).

To study immune-related biological processes, we utilized principal
component analysis (PCA) to reduce the dimensionality of the
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biomarker constituents of each process. A weighted score (first prin-
cipal component) was generated to which each biomarker contrib-
uted to a greater or lesser extent, based on how much population
variance they explain. The weighted score for each process was used
in multivariable Cox regression models to study their association with
outcomes. The same procedure was followed in the validation cohort.
The analysis of the index cohort was additionally corrected for antibi-
otic use. Proportionality of hazards was confirmed using standardized
Schoenfeld residuals. Statistical significance was considered for P-value
<0.05.

Selection of potential treatment targets was based on a two-
pronged approach. The first criterion was individual biomarker
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membership only in processes significantly associated with all-cause
mortality either negatively or positively; the most promising targets
were selected based on their contribution to the particular pro-
cess(es). The second criterion was biomarkers with large positive or
negative net effects on mortality (i.e. biomarkers with contributions
heavily favouring processes positively or negatively associated with
all-cause mortality). In both cases, contributions refer to the extent
each biomarker contributed to the weighted score of each process
based on PCA. Biomarkers identified based on the first method are re-
ferred to as narrow-spectrum/high-specificity targets, while those
identified based on the second method are referred to as broad-spec-
trum/low-specificity targets.
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Figure | The 64 immune-related biological processes that were significantly overrepresented (P-value for overrepresentation analysis) based on 355
analysable biomarkers measured in 2022 and 1691 patients with heart failure from the BIOSTAT-CHF index and validation cohorts, respectively. Each
bar denotes the total number of proteins involved in each process, with red denoting the fraction of proteins that were measured as part of the original

plasma biomarker determinations. GO, gene ontology.
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Figure 2 A directed acyclic graph showing the 64 examined immune-related processes and their parent processes (immune system process, defence
response, cytokine production), based on the functions of 188 distinct biomarkers measured in 2022 and 1691 patients with heart failure from the
BIOSTAT-CHF index and validation cohorts, respectively. Examined processes are denoted in brown and their parent terms are denoted either in blue,
red, or green, respectively. First-degree children terms for parent process are shown in a lighter tone of the corresponding colour. Processes that are in-
between first-degree children and the examined processes are denoted in pink. A fully interactive version of this graph including dynamic search capabili-
ties for specific terms and on-click links to full process descriptions in the official GO website is provided in Supplementary material online, Graphic S1.

GO, gene ontology.

3. Results

Baseline characteristics for the index cohort are presented in Table 1.
Mean age was 69 £ 12years and 537 (27%) patients were women.
Primary HF aetiology was most frequently ischaemic [895 (45%)], 202
(11%) patients had an LVEF >40%, and median NT-proBNP was
2679 pg/mL (IQR 1200-5639). At 2-year follow-up, 490 (24.3%)
patients were rehospitalized for HF, and collectively 477 (23.6%) died
of any cause; specifically, 316 (15.6%), 95 (4.7%), and 66 (3.3%) died
due to CV, non-CV and unknown causes, respectively. Differences in
baseline characteristics between the index and validation cohorts
have been reported previously.* In summary, compared with patients
in the index cohort, those in the validation cohort were more often
male, tended to be older, and had on average a higher LVEF and a
larger proportion of LVEF >45%. In addition, they were more often
recruited from the outpatient setting and had on average lower BNP
and NT-proBNP values.

3.1 Identification of immune system-
related biological processes

Over-representation analysis of the 355 analysed biomarkers yielded
771 significantly over-represented biological processes. The selection of
immune-related GO processes as described in Section 2 and the
Supplementary material online, Methods, yielded after exclusion of 3
overlapping processes a total of 64 distinct immune-related biological

processes. The 64 identified biological processes were represented by
different combinations of 188 of the total 355 biomarkers in the over-
representation analysis, and thus some biomarkers were constituents of
more than one biological process (Figure 2 and Supplementary material
online, Table S5).

3.2 PCA and Cox regression

PCA was used to generate a weighted score for each of the 64 pro-
cesses presented in Figure 1. A multivariable Cox regression analysis
incorporating all processes, represented by their respective
weighted scores, and corrected for known antibiotic use, identified
19 significant predictors of all-cause mortality at 2-year follow-up
(9 negatively and 10 positively associated with all-cause mortality)
(Figure 3). The omission of antibiotic use yielded almost identical
results. Baseline characteristics were also stratified to tertiles of the
weighted score for response to interferon-y (IFN-vy), the immune-
related biological process with the strongest negative association
with all-cause mortality (Table 1). For brevity, biological processes
with negative significant associations with all-cause mortality will
henceforth be referred to as ‘protective’, while those with positive
associations will henceforth be referred to as ‘harmful’. A number
of additional sensitivity analyses were performed, where the model
was corrected separately for age, sex, ischaemic aetiology, medica-
and comorbidities. Most findings
(Supplementary material online, Figure S1).

tion, remained unaffected
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Table | Baseline characteristics of the total study cohort and stratified to tertiles of the weighted score for response to IFN-
7, the immune-related biological process with the strongest negative association with all-cause mortality

Variables Total cohort 1st tertile of response to 2nd tertile of response to 3rd tertile of response to  P-value
IFN-y IFN-y IFN-y
Number of patients 2022 674 674 674 NA
Demographics
Female sex 537 (26.6%) 184 (27.3%) 167 (24.8%) 186 (27.6%) 0.44
Age (years) 68.8 (12.0) 71.5(11.4) 68.5 (12.0) 66.4 (12.2) <0.001*
Years since 1st diag-
nosis of HF
Clinical characteristics and comorbidities
Primary HF aetiology
Ischaemic 895 (45.1%) 318 (48.0%) 307 (46.6%) 270 (40.8%) 0.022%*
Hypertensive 203 (10.2%) 72 (10.9%) 61 (9.3%) 70 (10.6%) 0.59
Cardiomyopathy 506 (25.5%) 134 (20.2%) 170 (25.8%) 202 (30.6%) <0.001%
Valvular 161 (8.1%) 70 (10.6%) 44 (6.7%) 47 (7.1%) 0.018*
HF hospitalization 622 (30.8%) 242 (35.9%) 190 (28.2%) 190 (28.2%) 0.002*
in previous year
Atrial fibrillation 918 (45.4%) 345 (51.2%) 322 (47.8%) 251 (37.2%) <0.001*
Diabetes mellitus 645 (31.9%) 255 (37.8%) 203 (30.1%) 187 (27.7%) <0.001*
Hypertension 1246 (61.6%) 448 (66.5%) 404 (59.9%) 394 (58.5%) 0.006*
Anaemia 708 (36.4%) 298 (46.1%) 216 (33.5%) 194 (29.8%) <0.001*
COPD 346 (17.1%) 127 (18.8%) 109 (16.2%) 110 (16.3%) 0.34
Renal disease 575 (28.4%) 308 (45.7%) 167 (24.8%) 100 (14.8%) <0.001%
Smoking
None 736 (36.5%) 264 (39.2%) 226 (33.6%) 246 (36.5%)
Past 988 (48.9%) 329 (48.9%) 335 (49.9%) 324 (48.1%) 0.075
Current 295 (14.6%) 80 (11.9%) 111 (16.5%) 104 (15.4%)
NYHA functional class (prior to worsening HF)
Class | 174 (10.0%) 42 (7.3%) 62 (10.7%) 70 (11.9%)
Class Il 931 (53.4%) 292 (50.5%) 304 (52.6%) 335 (57.1%) <0.001*
Class Il 571 (32.8%) 224 (38.8%) 181 (31.3%) 166 (28.3%)
Class IV 67 (3.8%) 20 (3.5%) 31 (5.4%) 16 (2.7%)
Physical examination
BMI (kg/m?) 27.8 (5.5) 28.1(5.6) 28.0 (5.5) 274 (5.3) 0.045*
Heart rate (beats/ 80.1 (19.9) 80.2 (19.5) 79.8 (19.4) 80.3 (20.6) 0.88
min)
Systolic blood pres- 1248 (22.2) 1235 (22.1) 125.4 (22.0) 125.5 (22.5) 0.20
sure (mmHg)
Diastolic blood pres- 74.9 (13.3) 734 (13.3) 749 (13.4) 76.3 (13.2) <0.001*
sure (mmHg)
Rales/crepitation 1047 (53.3%) 390 (59.4%) 346 (52.7%) 311 (47.8%) <0.001*
Echocardiographic indices
LVEF (%) 30.0 (25.0-36.0) 30.0 (25.0-38.0) 30.0 (25.0-35.0) 30.0 (25.0-36.0) 0.16
LVEF >40% 202 (11.2%) 83 (14.1%) 64 (10.6%) 55 (9.0%) 0.017*
Laboratory indices
NT-proBNP (pg/mL) 2679.0 (1200.0-5639.0) 3898.5 (1777.0-8492.0) 2452.5 (1131.5-4974.0) 2080.0 (942.5-4284.0) <0.001*
IL-6 (pg/mL) 5.1 (2.8-10.1) 6.6 (3.9-13.4) 5.1(2.8-9.8) 4.0 (21-7.7) <0.001%
CRP (mg/L) 13.4 (5.8-27.2) 17.5 (8.4-32.3) 13.1 (5.9-27.7) 104 (4.2-21.5) <0.001*
High-sensitivity car- 31.3 (19.04-53.1) 41.5 (25.7-67.0) 29.5(19.1-49.5) 25.1 (15.7-43.5) <0.001*
diac troponin-T (pg/
mL)
eGFR (MDRD) (mL/ 63.7 (24.3) 52.6 (22.9) 65.1(22.7) 73.5(22.8) <0.001*
min/1.73 m?)
Haemoglobin (g/dL) 13.2(1.9) 12.8 (2.0) 13.3(1.8) 13.4 (1.8) <0.001*
Iron (umol/L) 8.0 (5.0-12.0) 7.0 (5.0-11.0) 9.0 (5.0-13.0) 9.0 (5.0-13.0) <0.001*

Continued
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Table | Continued

Variables Total cohort 1st tertile of response to 2nd tertile of response to 3rd tertile of response to  P-value
IFN-y IFN-y IFN-y

Ferritin (ug/L) 100.0 (49.0-190.0) 97.0 (52.0-190.0) 102.0 (52.0-196.0) 101.0 (43.0-183.0) 0.30
Transferrin (g/L) 2.0 (0.7) 2.0(0.8) 2.1(0.7) 2.0(0.7) 0.068
Transferrin satura- 16.8 (10.9-24.3) 15.5 (9.9-21.9) 174 (11.4-25.2) 18.2 (11.7-25.3) <0.001*
tion (%)

Medications at baseline
BB (baseline) 1680 (83.1%) 540 (80.1%) 567 (84.1%) 573 (85.0%) 0.038*
BB (target dose) 117 (5.8%) 39 (5.8%) 41 (6.1%) 37 (5.5%) 0.90
BB (% target dose) 0.3 (0.1-0.5) 0.3 (0.0-0.5) 0.3 (0.1-0.4) 0.3 (0.1-0.5) 0.71
ACE:i (baseline) 1456 (72.0%) 444 (65.9%) 504 (74.8%) 508 (75.4%) <0.001*
ACEi/ARB (target 261 (12.9%) 73 (10.8%) 94 (13.9%) 94 (13.9%) 0.14
dose)
ACEi/ARB (% target 0.3 (0.0-0.5) 0.3 (0.0-0.5) 0.3 (0.0-0.5) 0.3 (0.0-0.5) <0.001*
dose)
MRA 1063 (52.6%) 326 (48.4%) 359 (53.3%) 378 (56.1%) 0.016*
Digoxin 375 (18.5%) 138 (20.5%) 120 (17.8%) 117 (17.4%) 0.28

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BB, ff-adrenoreceptor blocker; BMI, body mass index; COPD, chronic obstructive pulmonary
disease; CRP, C-reactive protein; eGFR (MDRD), estimated glomerular filtration rate calculated with the Modification of Diet in Renal Disease study group formula; HF, heart fail-
ure; IFN-y, interferon-y; IL-6, interleukin-6; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NA, not applicable; NT-proBNP, N-terminal pro-
brain natriuretic peptide; NYHA, New York Heart Association.

*P < 0.05 (also denoted in bold face).

All-Cause Mortality Censored at 2-year Follow-up

GO Biological Processes HR 95% Cl p-value
response to interferon-gamma 0.53 (0.38,0.73) 0.0001 HE—
lymphocyte homeostasis 0.59 (0.42,0.84) 0.0034 ! il
regulation of mononuclear cell migration 0.60 (0.44,082) 0.0014 | i
hemopoiesis 062 (044,087) 0005 |  r@—
positive regulation of cytokine secretion 0.65 (0.46,0.91) 0.0115 ——
regulation of interleukin-1 production 0.65 (0.42,0.99) 0.0437 ——
negative regulation of antigen receptor-mediated signaling pathway 0.74 (0.57 ,0.97) 0.0316 |
positive regulation of leukocyte chemotaxis 0.75 (0.57,0.99) 0.0407 |
positive regulation of inflammatory response 0.78 (0.61,0.89) 0.042 | e A
T cell costimulation 137 (1.02,1.85) 0.0392 | ! -
positive regulation of interleukin-10 production 1.41 (1.01,1.86) 0.0406 —
negative regulation of inflammatory response 143 (1.1,1.85) 0.0075 ——
production of molecular mediator involved in inflammatory response 1.43 (1.11,1.86) 0.0064 ——
B cell activation 160 (1.08,237) 0.0202 3 ———
positive regulation of leukocyte mediated immunity 1.63 (1.02,2.62) 0.0423 | : -
monocyte chemotaxis 170 (1.22,2.38) 0.0019 ' : ——
negative regulation of adaptive immune response 1.73 (1.21,246) 0.0026 »—l—«
positive regulation of leukocyte differentiation 1.77 (1.07,293) 0.0273 | ! —_—
T cell migration 2.07 (1.43,3) 0.0001 | ' ——
[ I ] I 1
0 05 1 2 3 4

HR (95% Cl)

Figure 3 Multivariable Cox regression analysis of weighted scores of the 64 overrepresented immune-related biological processes. The analysis was
carried out in 2022 patients of the BIOSTAT-CHF index cohort, as described in Section 2. Only significant processes (19/64) are presented. The com-
plete overview of significant processes in the index and validation cohorts as well as their overlap are presented and classified by domain in Table 2. Cl,
confidence interval; HR, hazard ratio.
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Table 2 Listing of biological processes that were significantly associated with all-cause mortality in the index cohort only, the

validation cohort only, or both

Findings Protective

Index cohort only (4) ® Lymphocyte homeostasis®
® Negative regulation of antigen re-
ceptor-mediated signalling
pathway”

Validation cohort only (3) ® Positive regulation of immunoglob-
ulin production®

Adaptive immune response based
on somatic recombination of im-
mune receptors built from immu-

noglobulin superfamily domains®

Overlap (2) NA

Index cohort only (2) ® Regulation of mononuclear cell
migration®

Validation cohort only (2) ® Regulation of myeloid cell

differentiation®

Overlap (0) NA

Index cohort only (2) ® Regulation of interleukin-1
production®

Validation cohort only (4) ® Positive regulation of interferon-

gamma production®

® Positive regulation of chemokine
production®
Overlap (2) ® Positive regulation of cytokine
secretion®
Index cohort only (5) ® Response to interferon-gamma®®

® Haemopoiesis®
Positive regulation of leucocyte
chemotaxis®

Validation cohort only (0) NA
Overlap (2) ® Positive regulation of inflammatory
response®

Harmful Process subfamily

® T-cell migration® Adaptive immune response
® B-cell activation®

Regulation of natural killer cell-me-
diated immunity*®

Negative regulation of adaptive im-
mune response®
T-cell costimulation®

Monocyte chemotaxis® Innate immune response

Microglial cell activation®

NA
Positive regulation of interleukin-10 Immune mediator production

production®

Positive regulation of cytokine bio-
synthetic process®

Regulation of interleukin-12
production®

Production of molecular mediator

involved in inflammatory |responseb

Negative regulation of inflamma- Other
tory response®
Positive regulation of leucocyte-

mediated immunity®

NA
® Positive regulation of leucocyte
differentiation®

Processes are presented in a simplified classification of whether they form part of the innate/adaptive immune response, those that are related to immune mediator production and
others. Process membership based on the examined parent processes of ‘immune system process’, ‘defence response’, and ‘cytokine production’ is also provided.

NA, oee.

?Part of ‘immune system process’.
PPart of ‘defence response’.

“Part of ‘cytokine production’.

3.3 Independent validation

Independent validation of these results identified 6/19 processes also as-
sociated with all-cause mortality in the validation cohort (Table 2).
When comparing the two cohorts, processes related to IFN-y were
highly protective in both, while T-cell costimulation had a shared harmful

effect. B-cell-related processes were harmful in the index cohort but not
in the validation cohort. Processes associated with all-cause mortality in
the validation cohort are presented in Supplementary material online,
Figure S2. Complete results for all 64 processes for the index and valida-
tion cohort are presented in Supplementary material online, Tables S6
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and S7, respectively. Univariable Cox regression analysis for the 187 bio-
markers involved in immune-related processes is presented for compari-
son in Supplementary material online, Table S8.

3.4 Characterization of biomarker

functions

The contribution of each biomarker to the weighted score of the pro-
cess/processes it constitutes was plotted only for processes significantly
associated with all-cause mortality. For optimal visualization, only bio-
markers that contribute to any significant processes in both the index
and validation cohorts are shown. In total, 133 distinct biomarkers con-
tribute to the 19 processes that were significantly associated with all-
cause mortality in the index cohort (Supplementary material online,
Figures S3 and $4). Of those, 84 biomarkers that also contributed to any
significant processes in the validation cohort are shown in Figure 4A and
B; the bars represent their relative contribution to each weighted score
and have no meaningful unit of measurement. Most biomarkers contrib-
uted to both protective and harmful processes (59/84, 70%). The contri-
butions of biomarkers to processes significantly associated with all-cause
mortality in the validation cohort are presented in Supplementary mate-
rial online, Figures S5 and Sé.

3.5 Identification of potential therapeutic
targets

3.5.1 Narrow-spectrum/high-specificity targets

First, to identify biomarkers that can serve as narrow-spectrum targets
with high specificity for particular processes, we isolated those that con-
tribute only to harmful or only to protective processes in both cohorts.

A Cumulative Contribution of Biomarkers to
GO Immune-Related Processes Affecting Prognosis

1 Process

2Processes |

Biomarkers

3 Processes 5

4 Processes.

>4 Processes

e Loadings (Contribution) Fsiessis

Subsequently, their contributions were plotted against the hazard ratio
of their corresponding process (Figure 5A). This allowed the stratification
of biomarkers both by the prognostic significance of their underlying bio-
logical processes as well as by their relative contribution to those pro-
cesses. Afterwards, the same graph was plotted but with the distinction
between the finding being validated or not (Figure 5B); i.e. was the bio-
marker protective/harmful in both cohorts. Based on this, the most
promising protective targets were thrombin receptor (F2R), cellular
communication network factor 4, fatty acid-binding protein 4, lipopro-
tein lipase, and C-type lectin domain containing 6A, while the most
promising harmful targets were programmed cell death 1-ligand 2
(PDCD1LGY2), inducible costimulator ligand (ICOSLG), and SH2
domain-containing 1A.

3.5.2 Broad-spectrum/low-specificity targets

Second, to isolate targets with the most positive and negative net/over-
arching effects, the net contribution of each of the 133 biomarkers was
calculated by subtracting their collective contribution to harmful pro-
cesses from their collective contribution to protective processes. Again,
by only selecting biomarkers that behaved similarly in the index and vali-
dation cohort (net protective effect in both cohorts or net harmful effect
in both cohorts), a stacked bar plot with the net contribution in each of
the two cohorts was plotted (Figure 6). According to those results, the
top three biomarkers with the greatest net harm were granulin precur-
sor, TNF receptor superfamily member 14 (TNFRSF14), and IL-1 recep-
tor 2, while those with the greatest benefit were ABL1, C-C motif
chemokine ligand 3, and F2R.

B Constituent Biomarkers of

GO Immune-Related Processes Affecting Prognosis
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Figure 4 (A) Cumulative contribution of each biomarker to the weighted scores (principal components) of the 19 GO immune-related processes inde-
pendently associated with all-cause mortality in the index cohort, sorted by the number of processes they are involved in. This analysis was carried out in
2022 patients of the BIOSTAT-CHF index cohort, as described in Section 2. Contributions to protective/harmful processes are on the right/left side of
the graph, respectively. The dashed lines delineate biomarkers contributing to 1, 2, 3, 4, or >4 processes. (B) Circular bar plot displaying the contribution
of individual constituent biomarkers to their respective processes, grouped by process and separated into protective and harmful categories. GO, gene

ontology.
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Figure 5 (A) Biomarkers contributing only to the 9 protective or only to the 10 harmful immune-related processes presented in Figure 3, plotted by
their contribution to and the hazard ratio of their respective process. These findings are based on the Cox regression analysis presented in Figure 4 and
carried out for 2022 patients with heart failure from the BIOSTAT-CHF index cohort. Hazard ratios for protective processes are presented as -1/HR. (B)
Biomarkers that were and were not independently validated as contributors of only protective or harmful processes in 1691 patients of the BIOSTAT-
CHF validation cohort. Biomarkers appearing >1 time, contribute to multiple processes.

4 .D iSCUSSiO n : with a lower mortality, while processes related to T-cell activity are associ-
- ated with a higher mortality. Individual biomarker analyses led to the identifi-

We present an extensive profiling of immune system activity in two indepen-  :  cation of potential novel therapeutic targets which are described below.

dent, large and diverse cohorts of patients with HF. We demonstrate that bi- The study of single biomarkers is often limited by confounding, some

ological processes related to production/response to IFN-y are associated :  of which is accounted for in multivariable models. Nevertheless, the
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cD27
IL2ZRA
ITGB2
CD40LG
LAG3
CD4
IL17RA
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CD28
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CD83
SIRPA
IL1R2
TNFRSF14
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Harmful Net Harm/Benefit

Protective

Figure 6 Net harm/benefit of biomarkers contributing to processes significantly associated with all-cause mortality both in 2022 patients in the index
cohortand 1691 patients in the validation cohort. Biomarker names highlighted in red are only contributing to harmful or protective immune-related pro-

cesses in both cohorts. GO, gene ontology.

entirety of the immune system cannot realistically be modelled by study-
ing a single representative biomarker.> The novelty of our approach is
that we used functional groupings of biomarkers instead of individual bio-
markers, which allowed a more holistic profiling of immune-related pro-
cesses. A particular biomarker may contribute both to protective and/or
harmful processes, which is clearly illustrated by our data. Additionally,
by including all over-represented biological processes in our multivari-
able prognostic model, we adjust individual processes for the relative
state of activation of the remainder of the immune system. The advan-
tages of this become clear when considering that the great majority of in-
dividual biomarkers are associated with worse outcomes
(Supplementary material online, Table $8). Our data thus provide novel
mechanistic insights as to the underlying immune-related processes that
play a prominent role in HF, and constitute an extensive knowledge base
for future studies.

IFN-y is a cytokine with anti-viral, anti-neoplastic, and immunomodu-
latory properties,® which can be both pro- and anti-inflammatory. Pro-in-
flammatory effects are more acute and include T-cell polarization to the
Th1 subtype, inhibition of regulatory T cells (Tregs), and monocyte

polarization to classical macrophages. In contrast, anti-inflammatory
effects are more delayed and usually manifest in long-standing inflamma-
tory states. These include inhibition of T-cell activity by promoting Treg
proliferation and functions,®'® and stimulation of the proliferation of
myeloid-derived suppressor cells, which specifically inhibit T-cell activ-
ity."" This is supported by the finding that increased T-cell activity is asso-
ciated with higher all-cause mortality in both cohorts. Interestingly,
negative regulation of adaptive immune response was associated with in-
creased all-cause mortality in both cohorts. The immune system includes
a multitude of regulatory negative feedback loops,12 which may become
activated in case greater suppression is required. This might be a poten-
tial explanation for this finding. Additionally, since these data are derived
from a multivariable Cox regression model, a process that might biologi-
cally be expected to be protective could appear harmful when the model
is corrected for the relative activation state of the rest of the immune
system. This is also supported by the fact that positive regulation of cytokine
secretion and positive regulation of inflammatory response are protective in
both cohorts. Lastly, the remaining two significant predictors of outcome
for both groups, namely positive regulation of leucocyte differentiation and
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production of molecular mediator involved in inflammatory response, were
both found to be harmful, which conforms with our expectations and
results by others."1314

A number of additional points merit further discussion in this context.
The methodology that was followed relies on independent external vali-
dation of identified findings in the BIOSTAT-CHF index cohort. Thus, dif-
ferences between the index and validation cohort® could be seen as
having major influence, seeing as concordance of findings between the
two populations was a criterion for the selection of potential therapeutic
targets. For instance, two related but different processes associated with
IFN-y (‘response to interferon-gammalpositive regulation of interferon-gamma
production’) were identified as significant predictors of the primary out-
come in the index and validation cohorts and such differences could be
attributed to the varying degree of HF severity and differing clinical char-
acteristics between the index and validation cohorts. Of particular inter-
est, patients in the index cohort were significantly younger than those in
the validation cohort and were more often male. Differences in immune
responses between sexes are apparent both throughout life as well as
between puberty and menopause, thus suggesting that both genetic and
hormonal influences are at work." In addition, processes such as immu-
nosenescence and inflamm-ageing have received increasing scientific at-
tention in recent years as major drivers of disease in the elderly and
should thus not be underestimated as potential variables causing differ-
ences in identified processes between the index and validation cohort.'®
Furthermore, the index and validation cohorts differed significantly in the
proportion of patients with a preserved LVEF, and the validation cohort
was comprised in general of patients with on average higher LVEF values.
The pathophysiology and aetiology of HF with preserved and reduced
LVEF is known to differ considerably between the two subtypes, and
currently very little is known regarding differences in immune activation
between the two.'” As such, this could be the focus of additional re-
search focus in the future. Lastly, patients in the index cohort had on av-
erage significantly higher values of NT-proBNP compared with those in
the validation cohort, which could reflect a greater clinical severity of HF
in the former compared with the latter. This could also account for
some of the identified differences. In general, the strength of the ap-
proach of independent validation is that it strengthens the generalizability
and external validity of identified findings to other populations.
Nevertheless, it could also be argued that certain processes were ex-
cluded due to the differences between populations. The remainder of
the discussion will focus on describing potential novel therapeutic targets
in patients with HF.

4.1 Therapeutic targets: IFN-y

Historically, evidence has been equivocal regarding the cardiac effects of
IFN-v."® More recently, two independent studies reported that IFN-y”-
mice subjected to pressure overload, developed more severe cardiac hy-
pertrophy and had worse cardiac function.'”?° One of these studies also
showed increased cardiac fibrosis in IFN-y'/' mice,19 while another dem-
onstrated that IFN-y promotes cell cycle arrest and induces an anti-
fibrotic phenotype in human cardiac fibroblasts.>' Additionally, IFN-y™~
mice with experimental autoimmune myocarditis developed more se-
vere disease™ and were more prone to transition to HF.* IFN-y also
inhibits the production of IL-1 family cytokines. IL-1B and IL-18 are pro-
duced as inactive pro-IL-1B/pro-IL-18 and require proteolytic cleavage
by the NLRP3 inflammasome to become active.?* IFN-y inhibits NLRP3
inflammasome assembly by stimulating nitric oxide production,** which
is of particular relevance since the benefits of IL-1B blockade in myocar-
dial infarction”® and potential benefits in HF*® have recently been

demonstrated. Interestingly, stimulation of nitric oxide signalling with
vericiguat reduced the combined endpoint of CV death and/or HF ad-
mission in patients with HF with reduced ejection fraction.?” NLRP3
inflammasome inhibition is also one of the postulated mechanisms by
which sodium-glucose cotransporter-2 inhibitors exert beneficial CV
effects.?® Enhanced IFN-y activity might partially exert some of its pro-
tective effects in a similar manner. Our study thus supports the notion
that enhancing IFN-y production could constitute a potential therapy for
HF. This is strengthened by the finding that patients with chronic HF
have reduced circulating levels of IFN-y compared with healthy controls,
regardless of aetiology.” Numerous studies have also reported a rela-
tionship between increased adrenergic activity and reduced IFN-y pro-
duction, which can be reversed by adrenergic blockade.*®*" This is
particularly pertinent considering that BB are often prescribed for HF
with known beneficial effects. It is also interesting to note that previous
studies have reported that -adrenoreceptor blockade can exert immu-
nomodulatory effects in patients both with and without HF,**33 although
this cannot be directly corroborated by our findings.

4.2 Therapeutic targets: T-cell
costimulation
To identify potential novel therapeutic targets, biomarkers were catego-
rized into narrow- and broad-spectrum targets. Interestingly, a consider-
able proportion of either group consisted of biomarkers related to
lymphocyte activation/costimulation. These included TNFRSF14,
galectin-1 (LGALS1), ICOSLG, cluster of differentiation 40 ligand
(CD40LG), PDCD1LG2, CD27, and CD28. Both T cells and B cells may
recognize antigen via their T- and B-cell receptors. However, a second
costimulatory signal (immune checkpoint) is required to prevent inap-
propriate activation. Costimulation provides survival signals for lympho-
cytes and promotes many of their functions. The aforementioned
biomarkers usually exert their effects from their cell membrane, but
they are also proteolytically cleaved by cell surface proteases or differen-
tially spliced to produce soluble forms.**3 These in turn are measurable
in the blood, which can give an indication of their relative expression in
the various immune cells. However, considering that only T-cell costimu-
lation was a common predictive process in both the index and validation
cohort, isolating targets belonging to that process might be the best ap-
proach. Of the aforementioned markers, ICOSLG and PDCD1LG2
were among the narrow-spectrum targets while TNFRSF14, LGALS1,
CD27, CD28, and CD40LG were among the broad-spectrum targets.
ICOSLG primarily promotes the activation and function of effector T
cells®® and plays an important role in cardiac immune responses, as
ICOSLG produced by endothelial cells is increased during cardiac allo-
graft rejection and stimulates cytotoxic T-cell responses.?’ In addition,
ICOSLG blockade halts progression of experimental autoimmune myo-
carditis in mice and reduces cardiac fibrosis.>®3° Notably, mice lacking
functional T cells also do not transition from hypertrophy to HF after
transverse aortic constriction."* The monoclonal antibodies prezalumab
and Rozibafusp alfa (AMG570) target ICOSLG and ICOSLG/B-cell acti-
vating factor, respectively.*” They have been studied in Phase Il trials in
Sjogren syndrome and systemic lupus erythematosus and might consti-
tute potential treatments for HF. Potential pitfalls of this approach in-
clude the development of combined immunodeficiency after prolonged
ICOSLG deficiency®' and the unintentional inhibition of Tregs, for which
ICOSLG is also necessary,”® meaning that patient selection and treat-
ment timing require careful consideration.
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Apart from ICOS, the primary receptor for ICOSLG, CD28 also acts
as a secondary receptor.*> CD28 is the main costimulatory molecule in
T cells and is involved in four distinct harmful processes in our analysis.
CD28 primarily binds to CD80/CD86 on antigen-presenting cells, which
promotes T-cell activation. However, a related process called co-
inhibition is mediated by cytotoxic T-lymphocyte-associated protein 4
(CTLA-4), which also binds to CD80/CD86 but has the opposite ef-
fect.®® Biologicals like abatacept and belatacept are recombinant CTLA-
4 molecules attached to a human immunoglobulin tail and selectively
bind to CD80/CD86. However, this might again negatively affect Tregs
as CTLA-4 plays an important role in their function.”* More recently,
there have been attempts to selectively target CD28, such that costimu-
lation is prevented but co-inhibition remains unaffected. Two such bio-
logicals, FR104 and lulizumab pegol, are in development and have shown
safety and efficacy in a Phase | trial and a Phase Il trial in systemic lupus er-
ythematosus, respectively.43 Two Phase I/ll trials with lulizumab pegol in
allograft rejection are also currently underway. CD40LG induces B-cell
activation and production of CD80/CD86;* however, since B-cell activ-
ity was not uniformly protective or harmful, the benefits of CD40LG
blockade can potentially be derived by selective CD28 blockade as men-
tioned previously.

Similarly to CD28, CD27 and its ligand CD70 control B- and T-cell
function.* Higher CD27/CD70 activity favours helper T-cell survival
and induces apoptosis in Tregs.*® Interestingly, CD27°CD70™ Tregs par-
adoxically have pro-inflammatory effects, while CD277CD70™ Tregs
show strong inhibitory potential.***” Thus, modulation of CD27/CD70
signalling, particularly by selective inhibition of CD70 might be an attrac-
tive approach in HF. Lastly, PDCD1LG2 and LGALS1 are not optimal
targets as they primarily inhibit T-cell activity.***° TNFRSF14 is involved
in both pro- and anti-inflammatory activities via its non-redundant ligands
TNF superfamily member-14 (TNFSF14) (pro-inflammatory), CD160
(mixed), and BTLA (anti-inflammatory).>® CD160 is also equally protec-
tive and harmful in our analysis. Thus, selective inhibition of TNFSF14
might be preferable to TNFRSF14 blockade.’

4.3 Considerations regarding potential
therapeutic targets

Although the targets identified in this investigation present potential
novel therapeutic opportunities for immunomodulation in patients with
HF, care should be taken with potential clinical applications. In particular,
immunomodulation is promising as a treatment because of the high de-
gree of selectivity that can be achieved with specific inhibition or aug-
mentation of molecular targets. At the same time, however, this can be a
potential pitfall, as the multiple redundancies present within the immune
system might circumvent the desired effect generated by the treatment.
This consideration should be kept in mind when designing and investigat-
ing targeted therapeutics for specific molecular targets active within im-
mune signalling. In addition, important considerations in this regard
include the importance of patient selection, the time point of the initia-
tion of treatment with targeted therapeutics, as well as the duration of
treatment. In this respect, the findings of this study constitute a first step
in the identification of potential targets, and further studies specifically in
animals and patients with HF are necessary to elucidate the exact func-
tions of each identified target, such that the aforementioned questions
can adequately be addressed. The findings of this investigation constitute
associations and not causative links; as such a specific biological process
should be shown to be causally related to mortality to be able to draw
definitive conclusions regarding therapeutic applications. Lastly, different

aetiologies of HF might also have differential responses to targeted treat-
ment and future investigations should take this into consideration. These
considerations have been reviewed in detail recently.sz‘53

4.4 Limitations

Our study has a number of limitations. Although we present an extensive
profiling of the immune system, this is based on a subset of processes
represented by the available biomarkers. This affords a lesser degree of
detail compared with a full-blood proteomics analysis. Additionally,
physician-adjudicated infection at inclusion was not recorded. In the in-
dex cohort, this was partially resolved by correcting for current antibi-
otic use; however, this information was not available in the validation
cohort. Furthermore, a potential limitation of this study is model overfit-
ting due to the number of investigated biological processes. We were
also unable to correct for HF duration. Future studies should also focus
on longitudinal profiling of immune activation in order to account for
temporal changes, as well as on investigating individual immune mecha-
nisms in order to establish potential causative links between them and
HF pathophysiology. Lastly, data on the prevalence of autoimmune rheu-
matic diseases and the use of immunomodulatory medication in the
BIOSTAT-CHF cohort were not available.

5. Conclusion

In two large cohorts of patients with HF, profiling of immune system ac-
tivity using a multimarker approach revealed immune-related biological
processes associated with higher or lower all-cause mortality at 2-year
follow-up. Biological processes related to T-cell costimulation and IFN-y
had the most important positive and negative associations with all-cause
mortality, respectively. Potential therapeutic targets for future investiga-
tion include enhancing IFN-y production and blockade of ICOSLG,
CD28, CD70, and TNFSF14.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Previous large randomized control trials employing agents targeting tumour necrosis factor- in heart failure (HF) failed to show benefit. The current
study serves as a knowledge base for future studies and drug development pipelines aimed at the identification of novel immunomodulatory agents
or the repurposing of existing therapies for the treatment of HF. This is accomplished by a thorough multimarker mapping of immune activation in
patients with HF and the identification of a multitude of novel targets that can be independently investigated.
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