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Abstract

The chronic inflammatory response plays an important role in adverse cardiac re-
modelling and the development of heart failure (HF). There is also evidence that in
the pathogenesis of several cardiovascular diseases, chronic inflammation is accom-
panied by antibody and complement deposits in the heart, suggestive of a true auto-
immune response. However, the role of antibody-mediated immune responses in HF
progression is less clear. We assessed whether immune cell infiltration and immuno-
globulin levels are associated with HF type and disease stage, taking sex differences
into account. We found IgG deposits and increased infiltration of immune cells in the
affected myocardium of patients with end-stage HF with reduced ejection fraction
(HFrEF, n = 20). Circulating levels of IgG1 and IgG3 were elevated in these patients.
Furthermore, the percentage of transitional/regulatory B cells was decreased (from
6.9% to 2.4%) compared with healthy controls (n = 5). Similarly, increased levels of
circulating 1gG1 and 1gG3 were observed in men with left ventricular diastolic dys-
function (LVDD, n = 5), possibly an early stage of HF with preserved EF (HFpEF).
In conclusion, IgG deposits and infiltrates of immune cells are present in end-stage
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1 | INTRODUCTION

Heart failure (HF) is a clinical syndrome that affects approximately
1%-2% of people in the western world.! HF is caused by structural or
functional cardiac abnormalities, resulting in a reduced cardiac output
or increased filling pressures.2 This can be caused by systolic dysfunc-
tion leading to HF with reduced ejection fraction (HFrEF), or by diastolic
dysfunction leading to HF with preserved EF (HFpEF).? A large propor-
tion of patients with HFrEF are diagnosed with ischaemic heart disease
(IHD), because of the consequences of an acute myocardial infarc-
tion.>* Another cause of systolic HF is dilated cardiomyopathy (DCM),
in which the heart is functionally decompensating as a result of genetic
pathogenic mutations or other causes, such as viral myocarditis.?>
Regardless of HF aetiology, cardiac remodelling is one of the hall-
marks, in which HF progressively worsens by adverse remodelling of
the heart to compensate for losses in contractility or impaired relax-
ation with increased filling pressures.7'8 One of the main players in
adverse cardiac remodelling is the inflammatory response.2*! In the
acute phase upon a myocardial infarction, mainly neutrophils and
monocytes are important for the clearance of necrotic cells and de-
bris.’® The chronic phase of remodelling is hallmarked by a prolonged
inflammatory response. It has been suggested that this chronic in-
flammatory response has detrimental effects on the heart because of
chronic activation of macrophages and B and T lymphocytes.!! These
leucocytes secrete pro-inflammatory cytokines, growth factors and
immunoglobulins, thereby inducing adverse cardiac remodelling.!**3
Clinical trials targeting the chronic pro-inflammatory response by im-
muno-adsorption showed beneficial effects on mortality in patients
with DCM as clearance of all four immunoglobulin G (IgG) subclasses
improved cardiac performance.'*® Conversely, general inhibition
of the immune response by corticosteroids or intravenous immuno-
globulin (IVIG) administration showed no effect on mortality in HF
patients compared with conventional treatment.?’?® These previous
observations suggest a pathogenic role of a specific antibody-medi-
ated immune response. In line with this hypothesis, deposits of an-
tibodies (mainly 1gG1 and 1gG3) in the myocardium of HF patients
have been observed. These antibodies, reacting to cardiac tissue, are
bound to the failing myocardium where they induce complement ac-
tivation and most likely play an important role in HF progression.?*??

In previous studies, circumstantial evidence has been provided for an

HFrEF. In addition, both LVDD patients and end-stage HFrEF patients show elevated
levels of circulating IgG1 and IgG3, suggesting an antibody-mediated immune re-
sponse upon cardiac remodelling, which in the early phase of remodelling appear to
differ between men and women. These immunoglobulin subclasses might be used as
marker for pre-stage HF and its progression. Future identification of auto-antigens

might open possibilities for new therapeutic interventions.

autoantibodies, autoimmunity, B cells, biomarker, cardiomyopathy, inflammation

antibody-mediated immune response in end-stage HF. However, the
question remains whether this antibody-mediated immune response
is associated with the severity of HF. In addition, it remains to be elu-
cidated whether this immune response is a generalized phenomenon,
or that differences between sex and HF aetiology exist.

Therefore, we investigated the presence of a potential anti-
body-mediated immune response in patients with end-stage HFrEF,
including IHD and DCM. We investigated the presence and localiza-
tion of different immunoglobulin subclasses and immune cells locally
in the myocardium as well as in the circulation. In order to establish
whether immunoglobulins are also detectable in the earliest phase
of HFpEF, we measured immunoglobulin levels in patients with dif-
ferent stages of left ventricular diastolic dysfunction (LVDD).

2 | MATERIAL AND METHODS

2.1 | Patient population with end-stage heart failure

Patient's myocardial tissue was stored in the cardiac tissue biobank
of the University Medical Centre Utrecht in compliance with the
Declaration of Helsinki.>® The study was approved by the local medical
ethics committee (METC, reference number 12/387). Written informed
consent for collection and biobanking of tissue samples and blood was
obtained prior to transplantation or, in certain cases, approved by the
ethics committee when obtaining informed consent was not possible
because of death of the patient. Myocardial tissue from 10 IHD patients
and 10 DCM patients was obtained from the explanted heart during
heart transplantation (HTx; Table S1). Patients carrying a left ventricular
assist device (LVAD) prior to transplantation were not included. Three
control hearts, two donor hearts not used for transplantation and one
heart obtained at autopsy, were used as reference. Fresh plasma sam-
ples of age- and sex-matched IHD (n = 9) and DCM (n = 7) patients prior
to HTx (2018-2019) were collected and compared to fresh plasma sam-

ples of healthy controls without cardiovascular disease history (n = 21).

2.2 | Patient population with early left ventricular
diastolic dysfunction

Plasma of 260 patients with different stages of diastolic dysfunction

was collected in the HELPFul study. HELPFul is an ongoing single
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centre, prospective observational study conducted at a cardiac diag-
nostic outpatient centre in the Netherlands®! (Table S2). Eligible pa-
tients were persons aged 45 years or older referred by their general
practitioner for evaluation of a cardiac cause of symptoms, for exam-
ple chest discomfort, shortness of breath and palpitations. Patients
who had a history of coronary intervention, cardiac (bypass) surgery
or with congenital heart disease were excluded. Written informed
consent was obtained from all participants. The ethics committee ap-
proved the study (reference number NTR6016). Patients were cate-
gorized using the diagnostic algorithm presented at the ESC congress
in Munich by the Heart Failure Association (2018). The algorithm is
a scoring system to estimate the likelihood of HFpEF, which ranges
from zero to six points based on minor or major abnormalities of
echocardiographic diastolic function parameters (ie septal and lat-
eral early diastolic mitral annular recoil velocity [e'], ratio of peak
early [E] diastolic filling velocity to average e’ [E/e’ ratio], left atrial
volume index [LAVI], left ventricular mass index [LVMI], tricuspid re-
gurgitation velocity, relative wall thickness [RWT] and left ventricu-
lar wall thickness) and levels of natriuretic peptides. The algorithm
is proposed to categorize patients into three groups: no HFpEF
(HFpEF likelihood score 0-1), indeterminate for HFpEF (HFpEF like-
lihood score 2-4) and definite HFpEF (HFpEF likelihood score 5-6).
However, as the algorithm score uses diastolic function criteria and
natriuretic peptides, we interpreted it as a diastolic function score
with no LVDD, indeterminate LVDD and definite LVDD, respectively.

2.3 | Myocardial tissue selection

Myocardial tissues were transversally sliced, thereby obtaining cross-
sectional overviews of the diseased heart. Non-ischaemic regions of
a mid-ventricular heart slice of the left ventricle were selected using
haematoxylin and eosin (H&E)- and Masson trichrome-stained sec-
tions using light microscopy. These remote sections were defined as
regions with little fibrosis and the absence of necrotic tissue. The
epicardial layer and any adipose tissue, if present, were removed
from the tissue in further analyses. Both paraffin-embedded and

cryosections were obtained from the myocardium.

2.4 | Immunohistochemistry (IHC) for the
detection of inflammatory cells

Tissue sections (4 pm) of formalin-fixed and paraffin-embedded
(FFPE) myocardium were stained with H&E and consecutive sec-
tions with markers for different immune cell types using immu-
nohistochemistry. Sections were stained for T cells (CD3 DAKO,
A0452, 1:100), B cells (CD20 Roche, 790-2531, undiluted), mac-
rophages (CD68 Novocastra, NCL-CD68-KP1, 1:1600) and plasma
cells (CD138 Serotec, MCA681A647, 1:500) using the Ventana au-
tomatic slide staining system. Detection of enzymatic activity was
performed using diaminobenzidine (DAB). Histological sections
were analysed using semi-quantitative analysis. Immune cell infiltra-
tion was manually scored and classified into four phenotypes per
immune cell type, ranging from O to 4 (0 = no inflammation, complete
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absence of infiltrating cells, 1 = mild inflammation, 0-5 immune cells
present per field, 2 = moderate inflammation, >5 immune cells dif-
fusely present per field, 3 = moderate/severe inflammation, clusters
of immune cells present, 4 = severe inflammation, excessive amount
of infiltrating immune cells and clusters). Each histological section
was assessed by randomly scoring 5 high power fields (magnification
400x) throughout the tissue section, which were averaged as a mean
score per section. The scoring and classifications were determined
by a certified pathologist and two independent observers blinded to

section origin.

2.5 | Immunofluorescence immunohistochemistry
(IF) for the detection of immunoglobulins

Cryosections (8 pm) of human myocardium were incubated with
FITC-labelled anti-IgG1 (Sigma, FO767, 1:30), FITC-labelled anti-
1gG3 (Sigma, F4641, 1:15) and FITC-labelled anti-complement
component 3 (C3c) (DAKO, F0201, 1:10). Sections of diseased
kidney tissue (8 pm) served as positive control. Negative control
stainings were included in which an antibody without fluorescent
label was used. Slides were incubated with Sudan black (0.1%,
Sigma-Aldrich, 4197-25-5) for 20 minutes to limit background lipo-
fuscin fluorescence. To visualize the localization of the antibod-
ies in the myocardium, images were taken using a Zeiss Axiovert
200M microscope.

2.6 | Tissue lysates of myocardium

Cryopreserved myocardium was cut into 10 sections of 10 pm and
collected in tubes containing microbeads. Tissue extraction buffer
([100 mM Tris [pH 7.4]; Roche, 10708976001], 150 mM NaCl [Sigma-
Aldrich, $7653], 1 mM EGTA [Sigma-Aldrich, 03777], 1 mM EDTA
[Sigma-Aldrich, E4884], 1% Triton X-100 [Sigma, T8787] and 0.5%
sodium deoxycholate [Sigma, 30970] dissolved in Mili-Q water) was
added, and the tissue was homogenized for 3x 35 seconds using a
bead shaker (BioSpec). Constant agitation was maintained by rotat-
ing the lysates for 2 hours at 4°C. The samples were then centri-
fuged for 20 minutes (15682g at 4°C). Next, the supernatant was
collected, aliquoted and stored at -80°C.

2.7 | Multiplex immunoassay

Levels of IgM and IgG subclasses (IgG1, 1gG2, 1gG3, 1gG4) were
measured in tissue lysates and fresh plasma samples using a Bio-Plex
Pro™ Human Isotyping immunoassay 6-plex (Bio-Rad, 171A3100M)
according to manufacturer's instructions. Plasma and tissue lysate
immunoglobulin levels were calculated using internal standards.

2.8 | lgGimmunoprecipitation, gel
electrophoresis and Western blot

Immunoprecipitation (IP) of 1gG was performed according to manu-
facturer's protocol (Bio-Rad). In brief, protein G-coated magnetic
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beads (SureBeads™ Protein G Magnetic Beads; Bio-Rad, 161-4023)
were washed with PBS-T (PBS pH 7.4 and 0.1% Tween 20; EMD
Millipore, 9005-64-5) and incubated with 1 ug of goat anti-human
IgG antibody (EMD Millipore, AP112, 1:400) for 1 hour. IgG-cou-
pled beads were incubated o/n with 15 pg protein from tissue
lysates diluted in PBS. Magnetic beads were washed with PBS and
dissolved in 40 pL Laemmli Buffer and 1% Nu-Page sample reduc-
ing agent (Invitrogen, NPO0OO4) and incubated for 10 minutes at
70°C. The precipitate was collected and used for gel electrophore-
sis and Western blotting (WB). Total of 15 pg protein per sample
was loaded on pre-casted Bolt 4%-12% Tris-Plus Gels (Invitrogen,
NWO04120BOX) for 1 hour at 160 V in MOPS SDS running buffer
(Invitrogen, NPO001-02). Proteins were transferred to PVDF mem-
branes (Millipore, IPVYH00010) and incubated o/n with a primary
antibody (mouse anti-human IgG; Novus, 1G226, 1:400) and 1 hour
with a secondary HRPO polyclonal Rabbit antimouse 1gG (Dako,
P0260, 1:2000). For visualization, a chemiluminescent peroxidase
substrate (Sigma, CPS1120) was used and images were quantified
using Image Lab Software (Bio-Rad, 5.1 V).

2.9 | Flow cytometry

Cryopreserved peripheral blood-derived mononuclear cells (PBMCs),
derived from five age- and sex-matched end-stage IHD patients and
five matched end-stage DCM patients, were collected. Peripheral
blood-derived mononuclear cells were thawed and washed with
RPMI (61870010, Gibco) supplemented with GlutaMax (room tem-
perature) containing 25 nM HEPES, 1% penicillin/streptomycin and
2% foetal bovine serum (FBS; 10270-106, Gibco). Peripheral blood-
derived mononuclear cells were filtered over a 40-um cell strainer
(542040, Greiner Bio-One). The single cell suspension was added

to an antibody mixture containing different cell surface markers to

identify B-cell subtypes as described before.>? Cells were stained
with a fixable viability dye (eBioscience, eFluor-506, 65-0866-14).
Viable CD19°CD3™ B lymphocytes were selected for further gating
of C24°CD38" plasmablasts and CD27", 1gG*, CD24*, and CD38"
transitional/regulatory B cells using gating strategy as described

by Meeuwsen et al.*?

All appropriate controls were included in the
experiments, including isotype/subclass-matched primary antibody
of irrelevant specificity. After flow cytometry, data were analysed

using Kaluza 1.5a software (Beckman Coulter).

2.10 | Statistical analysis

Statistical analysis and data representation were performed using
IBM SPSS statistics 21 and GraphPad Prism© (GraphPad Software
Inc version 7.02). Normal data distribution was tested, and normally
distributed data were analysed using an unpaired t test. Non-normally
distributed data were compared using a Mann-Whitney test. Group
comparison was performed by a one-way ANOVA or Kruskal-Wallis
test, corrected for multiple comparison testing. An UNIANOVA was
used with age as covariate for the immunoglobulin analyses of the
HELPFul cohort. Data are presented as mean + SEM, unless stated

otherwise. Values of P < .05 were considered significant.

3 | RESULTS

3.1 | High levels of IgG deposits in the myocardium
of IHD patients with end-stage HF

To investigate the presence of IgG deposits in the HFrEF patient co-
hort, myocardial lysates of the LV were used for immunoprecipita-
tion. 1gG precipitation followed by WB analysis showed high levels

of IgG in myocardial lysates of IHD patients as compared to controls

FIGURE 1 Deposits of IgGin
myocardial lysates. Total IgG levels in
myocardial lysates were determined using
IP and subsequent WB (A). Quantification
of band intensity is shown in (B),

where total IgG levels were increased

in IHD patients compared with DCM
patients. DCM, dilated cardiomyopathy;
IHD, ischaemic heart disease; IP,
immunoprecipitation; WB, Western blot.
Myocardial lysates: control n = 3, DCM

n =10, IHD n = 10. Significance was
determined using one-way ANOVA, **

A
ol - ~assabd
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and DCM patients (Figure 1A). On average, myocardial IHD IgG
levels were 2.7-fold higher compared to DCM (P = .01) and 1.9-fold

higher compared to controls (not significant; Figure 1B).

3.2 | Increased myocardial IgG3 and C3c deposits in
end-stage HF

To visualize the localization of IgG deposits in the myocardium and
to investigate 1gG subclasses and potential co-binding with comple-
ment factor C3c, myocardial sections were fluorescently stained
for 1gG1, IgG3 and C3c (Figure 2). IgG1 showed no clear staining in
both control and IHD/DCM patients. 1gG3 was visible in IHD and
DCM patients, but barely in controls. C3c was clearly elevated in
end-stage HF myocardium in both DCM and IHD patients, as com-

pared to control myocardium. These findings indicate that IgG3 and

1gG1

Control

DCM

IHD

WILEY-7%

C3c form a network of deposit throughout the myocardium of HF

patients.

3.3 | Increased numbers of myocardial immune cells
in end-stage HF

Next, we explored whether immunoglobulin deposits are accompa-
nied with increased numbers of immune cells in the myocardium, ie
T cells (CD3), macrophages (CD68), B cells (CD20) and plasma cells
(CD138; Figure 3). Although traditionally thought to be linked only
to acute MI, more infiltrating immune cells were observed in both
the myocardium of DCM and IHD patients as compared to con-
trols (Figure 3A). Semi-quantitative analysis (Figure 3B-D) showed
a significantly higher number of CD3+ T cells, CD68+ macrophages
and CD20+ B cells in both IHD and DCM patients, as compared to

IgG3 C3c

FIGURE 2 Deposition of IgG1, IgG3 and C3c in healthy and diseased myocardium. Cardiac tissue was fluorescently stained for IgG1,
1gG3 and C3c (reflecting complement activation). DCM and IHD patients showed more deposits of IgG3 and C3c compared with control
myocardium. IgG3 and C3c form an extensive network throughout the myocardium. Line bar indicates 50 um, magnification 20x, C3c,
complement factor 3c; DCM, dilated cardiomyopathy; IHD, ischaemic heart disease
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Infiltration of different immune cell types in the myocardium upon HF. Staining for T cells (CD3), macrophages (CD68), B cells

(CD20) and plasma cells (CD138) in the myocardium of controls, DCM patients and IHD patients (A). The number of infiltrating immune cells
was scored by semi-quantitative analysis. End-stage HF patients, both DCM and IHD, showed increased numbers of T cells (B), macrophages
(C) and B cells (D). The number of plasma cells did not differ between the patient groups (E). Line bar indicates 200 um, magnification 10x.
DCM, dilated cardiomyopathy; IHD, ischaemic heart disease; HF, heart failure. Control n = 3, DCM n = 10, IHD n = 10. Significance was
determined using one-way ANOVA or Kruskal-Wallis test, *P < .05, **P < .01
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controls (T cells: DCM P = .02, IHD P = .02; macrophages: DCM
P =.002, IHD P = .014; and B cells: DCM P = .02, IHD P = .04). Only
a few CD138+ plasma cells were observed in the myocardium, and
no difference in plasma cell numbers was observed between HF pa-
tients and controls (Figure 3E).

3.4 | Increased IgG1 and IgG3 levels and decreased
circulating regulatory B cells in HF patients

Flow cytometry was performed on PBMCs derived from 10 end-
stage HFrEF patients (5 DCM and 5 IHD) and stained for different
B-cell markers to identify B-cell subsets®? (Figure 4A). Data are
presented as the percentage of total B-cell count. The percent-
age of plasmablasts (CD24-CD38+) in HF patients did not differ
significantly from controls (P = .12; Figure 4B). The percentage
of anti-inflammatory transitional/regulatory B cells (CD27", 1gG*,
CD24" CD38") was decreased in HF patients as compared to con-
trols (P = .03; Figure 4C). Next, levels of IgM, I1gG1, IgG3 and 1gG4
were measured in freshly collected plasma samples of HF patients
(n = 16) and compared to healthy controls (n = 21; Figure 4D-G).
1gG1 and 1gG3 levels were significantly increased in patients with
end-stage HF compared with healthy controls (IgG1 P = .0003,
1gG3 P =.0003; Figure 4E,F). IgM and IgG4 levels did not differ sig-
nificantly between healthy controls and HF patients (IgM P = .11,
1gG4 P = .56; Figure 4D-G).

3.5 | Circulating pro-inflammatory markers mostly
pronounced in IHD patients

When the complete HF cohort was divided into DCM and IHD, the
increase in percentage of plasmablasts was most pronounced in IHD.
Furthermore, IHD patients showed significantly fewer transitional/
regulatory B cells (CD38+CD24+; P = .04) as compared to healthy
controls (Figure 5A,B). In addition, IgG1 and IgG3 levels were signifi-
cantly increased in IHD patients (IgG1 = 1.1 x 10 vs 4.5 x 10° ng/
mL, P < .0001, 1gG3 = 1.3 x 10° vs 6.0 x 10° ng/mL, P = .002;
Figure 5D-E). IgG3 levels were also increased in DCM patients com-
pared with healthy controls (IgG3 = 1.1 x 10° vs 6.0 x 10° ng/mL,
P =.02). IgG1 levels showed a trend towards an increase, but did not
reach statistical significance (IgG1 P = .09). IgM and IgG4 levels did
not differ significantly between the groups (Figure 5C,F).

3.6 | lgG1 and IgG3 levels as possible early
markers of diastolic dysfunction in men

To assess whether IgGs are possible markers for pre-stage HF, we
measured IgG1 and IgG3 levels in a cohort of patients, ranging
from only slightly elevated filling pressures to more severe LVDD
(Figure 6). Another advantage of this unique cohort is that it was
specifically designed to assess sex differences in the progression of
LVDD to HFpEF. Interestingly, men with LVDD show significantly
increased levels of 1gG1 (8.2 x 10% vs 5.2 x 10 ng/mL, P = .05) and
IgG3 (1.0 x 10° vs 5.5 x 10° ng/mL, P < .0001) in the circulation

as compared to men without LVDD (Figure 6A), when corrected for
age. In addition, men with increasing HFpEF likelihood score showed
an increasing trend in IgG1 levels (P = .084) and a significant increase
in 1gG3 (P = .003; Figure 6B). We did not find a correlation between
1gG1 levels and C-reactive protein (CRP) or brain natriuretic peptide
(BNP) levels, confirming that these increased antibody levels are not
part of a general inflammatory reaction (Tables S3 and S4). Strikingly,
women with LVDD or increasing HFpEF likelihood score showed no
difference in IgG1 and IgG3 levels as compared to women without
LVDD (Figure S1), suggesting a male-specific effect of the immuno-
globulin levels in diastolic function. The levels of IgG4 and IgM did
not differ between the different groups or men and women (data

not shown).

4 | DISCUSSION

The inflammatory response, in particular of T and B lymphocytes,
plays an important role in adverse cardiac remodelling in HF.?®
Furthermore, deposits of IgG can be found in end-stage HFrEF

myocardium,27'33’34

thereby suggesting the potential role of an
(auto)-immune response. However, the role of an antibody-medi-
ated immune response in HF progression is less clear and might
differ between HF aetiologies. To investigate whether immune cell
infiltration and immunoglobulin levels are associated with HF type
and disease stage, we studied the immune response in patient co-
horts with LVDD and late-stage HFrEF, in which we also took sex
differences into account.

In line with previous studies, we found an increased amount of
1gG deposits in the myocardium of end-stage HFrEF patients.?® This
increase was significant in IHD patients as compared to DCM. Upon
MI, secreted immunoglobulins are able to recognize cardiac-specific
antigens, which are suddenly exposed in great amounts upon isch-
aemia-reperfusion injury. In this way, the immune system possibly
becomes sensitized for these cardiac-specific antigens. In DCM,
the myocardial damage is less massive and therefore the immune
system might be exposed to less cardiac-specific epitopes possi-
bly resulting in a less severe antibody-mediated immune response.
Binding of immunoglobulins to cardiac-specific antigens on cardio-
myocytes can initiate the process of complement activation and
antibody-dependent cellular cytotoxicity (ADCC), resulting in lysis
of cardiomyocytes.??3>%7 |n DCM, it has also been described that
immunoglobulins can directly bind to antigens expressed by the
cardiomyocytes, and then crosslink to the Fc gamma receptor lla
on the cardiomyocyte, resulting in reduced calcium transients, cell
shortening and initiating cellular apoptosis.37'39 The direct binding of
immunoglobulins can also lead to complement-dependent cytotox-
icity (CDC). Using immunofluorescence, we observed an increased
deposition of both IgG3 and C3c in the myocardial tissue of DCM
and IHD patients. IgG3 has a high capability to activate components
of the complement system,40 which probably explains the deposits
of C3c in the failing hearts. Which specific epitopes are leading to
this cascade is still under debate and is currently being investigated.
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FIGURE 4 B-cell subsets and immunoglobulin levels in HF patients. Flow cytometry on cryopreserved PBMC was used to identify
different B-cell subsets. (A) Gating strategy for selecting different B-cell subsets. HF patients showed an increase in the percentage of
plasmablasts (CD24-CD38+), albeit not significant (B). Transitional/regulatory B cells, defined as CD38+CD24+, were decreased upon HF as
compared to healthy controls (C). IgG1 and IgG3 levels were increased in HF patients (E-F). IgM and IgG4 levels did not differ between the

groups (D-G). HF, heart failure; PBMC, peripheral blood mononuclear cells. For PBMCs: control n = 5, HF n = 10. For plasma samples: control

n =21, HF n = 16. Significance was determined using an unpaired t test. *P < .05, ***P < .001
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Significance was determined using one-way ANOVA or Kruskal-Wallis test, *P < .05, **P < .01, ****P < .0001

We also observed increased numbers of macrophages, T cells
and B cells in the myocardium of HF patients compared with control
myocardium. Long-lived plasma cells migrate to the bone marrow,
and this perhaps explains why we did not find increased numbers of
plasma cells in the myocardium.** The increased numbers of differ-
ent inflammatory cell types in the chronically failing heart suggest a

persistent low-grade inflammatory response in these patients, which

until now has mainly been described for the acute phases post-Ml
and in myocarditis patients.*?**

Despite low numbers of plasma cells in the myocardium of HF
patients, we did find an increase in the number of plasmablasts in
the circulation, albeit this fell short of being significant. Plasmablasts
develop upon antigen-stimulation and secrete immunoglobulins.44

The percentage of transitional/ regulatory B cells was decreased
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IgG1 and 1gG3 in male patients with diastolic dysfunction. IgG1 and I1gG3 levels measured in men with different stages of

LVDD and levels (corrected for age). Men with LVDD showed significantly increased levels of IgG1 and 1gG3 in plasma compared with

those without LVDD (A). Increase in the HFpEF likelihood scores in men showed a significant trend towards higher IgG1 levels. Men with

a HFpEF likelihood score of 5-6 had significantly higher levels of IgG3 as compared to lower HFpEF likelihood scores (B). HF, heart failure;
LVDD, left ventricular diastolic dysfunction. No LVDD (score 0-1) n = 20, indeterminate LVDD (score 2-4) n = 64 and LVDD (score 5-6) n = 5.
Significance was determined using an UNIANOVA, *P < .05, **P < .01 and ****P < .0001

in IHD patients compared with healthy controls. This population is
characterized by its immunosuppressive capacity, often mediated by
IL-10.*° A potential increase in the numbers of plasmablasts and a
parallel/concomitant decrease in the numbers of immunosuppres-
sive transitional/regulatory B cells, as observed in our IHD patients,
might promote the putative autoimmune response in HF.
Consistent with our observations in the myocardium, we ob-
served increased levels of I1gG1 and IgG3 in fresh plasma samples
of patients with end-stage HF, most pronounced in IHD patients.
Antibody responses to protein antigens are initiated via B cells and
lead to the production of IgG1 and IgG3 specifically.*® Therefore, in-
creased levels of IgG1 and IgG3 in end-stage HF patients support the
hypothesis of an immune response against cardiac proteins upon HF.
Moreover, we showed that elevated levels of IgG1 and IgG3 are not
limited to the end-stage HFrEF population only, but can also already
be found in patients with LVDD, the potential early phase of HFpEF.
We demonstrated a significant correlation between the severity
of LVDD and circulating levels of 1gG1 and IgG3 in men. Possibly
already in this early stage, small myocardial damage has occurred

that sensitizes the immune system, for example due to microvascu-
lar dysfunction or increased wall pressure. In patients with indeter-
minate LVDD, IgG1 levels were starting to increase, whereas 1gG3
levels were increasing at a later stage. This might be the initial phase
of myocardial damage, leading to the production of IgG1 primarily,
which is later accompanied by IgG3. Interestingly, the levels of IgG1
and IgG3 did not differ in women with LVDD, despite the fact that
in general women are more prone to develop autoimmune diseases
as compared to men.**8 In addition, women are more prone to de-
velop HFpEF, whereas men more often develop HFrEF.3! What is
causing this sex difference in the progression of LVDD to HFpEF is
still poorly understood. Our findings suggest a possible difference
in immune responses in early HF stages between men and women,
thereby probably affecting HF progression.

Possible limitations of this study are the low number of control
hearts and the low number of plasma samples used for the end-
stage HFrEF patients. Generally, the number of HTx is very limited
because of the lack of donor hearts. In case a donor heart is not used

for transplantation, and a consent is available to donate the heart
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to science, the heart can be used as a control heart. Therefore, the
availability of control hearts for research purposes is extremely low.
In addition, as only fresh plasma samples were collected upon HTx
during the study, the number of plasma samples was limited to the
numbers of HTx performed during the study. Another limitation is
the low number of HFpEF patients in our cohort. HFpEF is a dis-
order with nonspecific HF-like symptoms, which makes the diagno-
sis of the disease challenging. Diagnosis guidelines provided by the
ESC are evolving over time, which leads to variation in the different
classifications of HFpEF, and often also LVDD, upon each published
guideline consensus paper. Nevertheless, the strong association of
the immunoglobulins with the different groups of diastolic function
in this heterogeneous population of patients at risk for LVDD under-
scores their potential pathogenic importance.

In conclusion, our study demonstrates an increased inflamma-
tory status in end-stage HFrEF, mostly pronounced in IHD, which
includes increased amounts of IgG deposits, increased numbers of
macrophages and lymphocytes in the myocardium, fewer transi-
tional/regulatory B cells and increased levels of circulating 1IgG1 and
1gG3. In addition, increased IgG1 and IgG3 levels already occur in
patients with more severe LVDD, possibly before the development
of clinical symptoms and signs, that is HFpEF, as shown in men with
definite diastolic dysfunction. These findings support a role of ongo-
ing sex-dependent (auto)immune responses, starting in an pre-clini-
cal phase of LVDD, which has been shown to confer a higher risk of
eventually developing HF. Therefore, this chronic immune response
most likely influences progression of the disease. Our data suggest
that increased levels of 1gG1 and IgG3 may be useful biomarkers
for early detection of HF progression, before clinical symptoms are
present, which contribute to lifestyle and/or therapeutic interven-
tion in an early stage of disease. Future studies should focus on the
identification and validation of the epitopes recognized by autoanti-
bodies. In addition, the role of IgG1 and IgG3 as potential markers for
early HF recognition, screening and progression should be explored.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge Erica Siera-de Koning, Joyce
van Kuik, Jojanneke Renes, Petra van der Kraak-Homoet and John
Meeuwsen for their excellent technical support and Jonne Hos for
her outstanding efforts in and support of the HELPFul study. We
would like to thank Evelyn Velema, Merel Schurink, Anouk Eikendal
and Marja Maat-Leersum for their contribution to the recruitment
of patients and their aid in validating and processing the raw data.
We also thank Danny Elbersen, Sander van de Weg, Daniek Kapteijn,
Nanique Tulkens, Naomi Parr, Hemse Al-Khamisi and Lianne
Granneman for workup of the biobank samples. We thank all people
involved from Cardiology Center Netherlands and specifically the

team at Cardiology Center Utrecht.

CONFLICT OF INTEREST

None declared.

WILEY-75%

AUTHOR CONTRIBUTION

PvdH, SdJ and JS wrote the manuscript. PvdH, SdJ, MH, RdW, AV
and JS conceived and designed the study. PvdH, AS, YP, GV, MO and
HdR acquired and analysed the data. PvdH, SdJ, MH, AS, GV, MO,
RdW, PD, HdR, JL, AV and JS critically revised the manuscript for

important intellectual content.

DATA AVAILABILITY STATEMENT

Data are available upon request because of privacy/ethical

restrictions.

ORCID

Saskia C. A. Jager https://orcid.org/0000-0002-5233-0066

REFERENCES

1. Mosterd A, Hoes AW. Clinical epidemiology of heart failure. Heart.
2007;93:1137-1146.

2. Ponikowski P, Voors AA, Anker SD, et al. 2016 ESC Guidelines for
the diagnosis and treatment of acute and chronic heart failure. Eur J
Heart Fail. 2016;18:891-975.

3. Thygesen K, Alpert JS, Jaffe AS, et al. Third universal definition of
myocardial infarction. Eur Heart J. 2012;33:2551-2567.

4. LiY,HuS, Ma G, et al. Acute myocardial infarction induced func-
tional cardiomyocytes to re-enter the cell cycle. Am J Transl Res.
2013;5:327-335.

5. Hazebroek M, Dennert R, Heymans S. Idiopathic dilated cardiomy-
opathy: possible triggers and treatment strategies. Neth Heart J.
2012;20:332-335.

6. Frangogiannis NG. The immune system and cardiac repair.
Pharmacol Res. 2008;58:88-111.

7. Kemp CD, Conte JV. The pathophysiology of heart failure.
Cardiovasc Pathol. 2012;21:365-371.

8. Frangogiannis NG. The immune system and the remodeling in-
farcted heart: cell biological insights and therapeutic opportunities.
J Cardiovasc Pharmacol. 2014;63:185-195.

9. Frangogiannis NG. The inflammatory response in myocardial injury,
repair and remodeling. Nat Rev Cardiol. 2015;11:255-265.

10. Timmers L, Pasterkamp G, De Hoog VC, et alThe innate im-
mune response in reperfused myocardium. Cardiovasc Res.
2012;94:276-283.

11. Bansal SS, Ismahil MA, Goel M, et al. Activated T lymphocytes are
essential drivers of pathological remodeling in ischemic heart fail-
ure. Circ Heart Fail. 2017;10:1-23.

12. Westermann D, Lindner D, Kasner M, et al. Cardiac inflammation con-
tributes to changes in the extracellular matrix in patients with heart
failure and normal ejection fraction. Circ Hear Fail. 2011;4:44-52.

13. Li X, Chen C, Gan F, Wang Y, Ding L, Hua W. Plasma NT pro-BNP,
hs-CRP and big-ET levels at admission as prognostic markers of sur-
vival in hospitalized patients with dilated cardiomyopathy: a single-
center cohort study. BMC Cardiovasc Disord. 2014;14:1-9.

14. Staudt A, Hummel A, Ruppert J, et al. Inmunoadsorption in dilated
cardiomyopathy: 6-month results from a randomized study. Am
Heart J. 2006;152:712.e1-712.e6.

15. Mobini R, Staudt A, Felix SB, et al. Hemodynamic improvement and
removal of autoantibodies against f1-adrenergic receptor by im-
munoadsorption therapy in dilated cardiomyopathy. J Autoimmun.
2003;20:345-350.


https://orcid.org/0000-0002-5233-0066
https://orcid.org/0000-0002-5233-0066

5 | wiLEy

16.

17.

18.
19.

20.

21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.

33.

VAN DEN HOOGEN ET AL.

Miuller J, Wallukat G, Dandel M, et al. Immunoglobulin adsorption
in patients with idiopathic dilated cardiomyopathy. Circulation.
2000;101:385-391.

Ohlow MA, Brunelli M, Schreiber M, Lauer B. Therapeutic effect
of immunoadsorption and subsequent immunoglobulin substitution
in patients with dilated cardiomyopathy: results from the observa-
tional prospective Bad Berka Registry. J Cardiol. 2017;69:409-416.
Gomez-Almaguer D. Therapeutic plasma exchange a potential
strategy for patients with advanced heart failure. J Clin Apher.
2013;28:349-355.

Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory ther-
apy with canakinumab for atherosclerotic disease. N Engl J Med.
2017;377:1119-1131.

Wojnicz R. Immunosuppressive therapy for heart failure. Heart Fail
Clin. 2005;1:449-456.

Mason JW, O'Connell JB, Herskowitz A, et al. A clinical trial
of immunosuppressive therapy for myocarditis. N Engl J Med.
1995;333:269-275.

McNamara DM, Holubkov R, Starling RC, et al. Controlled trial of in-
travenous immune globulin in recent-onset dilated cardiomyopathy.
Circulation. 2001;103:2254-2259.

Torre-Amione G, Anker SD, Bourge RC, et al. Results of a non-specific
immunomodulation therapy in chronic heart failure (ACCLAIM trial):
a placebo-controlled randomised trial. Lancet. 2008;371:228-236.
Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, Mann
DL. Cytokines and cytokine receptors in advanced heart failure:
an analysis of the cytokine database from the Vesnarinone trial
(VEST). Circulation. 2001;103:2055-2059.

Cordero-Reyes AM, Youker KA, Torre-Amione G. The role of B-cells
in heart failure. Methodist Debakey Cardiovasc J. 2013;9:15-19.
Nishimura H, Okazaki T, Tanaka Y, et al. Autoimmune dilated
cardiomyopathy in PD-1 receptor-deficient mice. Science (80-.).
2001;291:319-322.

Youker KA, Assad-Kottner C, Cordero-Reyes AM, et al. High pro-
portion of patients with end-stage heart failure regardless of ae-
tiology demonstrates anti-cardiac antibody deposition in failing
myocardium: Humoral activation, a potential contributor of disease
progression. Eur Heart J. 2014;35:1061-1068.

Cordero-Reyes AM, Youker KA, Trevino AR, et al. Full expression
of cardiomyopathy is partly dependent on B-cells: a pathway that
involves cytokine activation, immunoglobulin deposition, and acti-
vation of apoptosis. J Am Heart Assoc. 2016;5:1-12.

Keppner L, Heinrichs M, Rieckmann M, et al. Antibodies aggravate
the development of ischemic heart failure. Am J Physiol Circ Physiol.
2018;89:H1358-H1367.

Rickham PP. Human experimentation. Code of ethics of the world
medical association. Declaration of Helsinki. Br Med J. 1964;2:177.
Valstar GB, Bots SH, Groepenhoff F, et al. Discovery of biomarkers
for the presence and progression of left ventricular diastolic dys-
function and HEart faiLure with Preserved ejection Fraction in pa-
tients at risk for cardiovascular disease: rationale and design of the
HELPFul case-cohort study in Dutch cardiology outpatient clinic.
BMJ Open. 2019;9:e028408.

Meeuwsen J, van Duijvenvoorde A, Gohar A, et al. High levels of
(un)switched memory B cells are associated with better outcome in
patients with advanced atherosclerotic disease. J Am Heart Assoc.
2017;6:e005747.

Caforio A, Vinci A, lliceto S. Anti-heart autoantibodies in familial
dilated cardiomyopathy. Autoimmunity. 2008;41:462-469.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Okazaki T, Tanaka Y, Nishio R, et al. Autoantibodies against cardiac
troponin | are responsible for dilated cardiomyopathy in PD-1-defi-
cient mice. Nat Med. 2003;9:1477-1483.

Zhang M, Alicot EM, Chiu |, et al. Identification of the target self-an-
tigens in reperfusion injury. J Exp Med. 2006;203:141-152.

Fiedler B, Wollert KC. Targeting calcineurin and associated path-
ways in cardiac hypertrophy and failure. Expert Opin Ther Targets.
2005;9:963-973.

Staudt A, Eichler P, Trimpert C, et al. FcyReceptors Ila on cardiomy-
ocytes and their potential functional relevance in dilated cardiomy-
opathy. J Am Coll Cardiol. 2007;49:1684-1692.

Felix SB, Staudt A, Landsberger M, et al. Removal of cardiodepres-
sant antibodies in dilated cardiomyopathy by immunoadsorption. J
Am Coll Cardiol. 2002;39:646-652.

Zwaka TP, Manolov D, Ozdemir C, et al. Complement and dilated
cardiomyopathy: a role of sublytic terminal complement complex-
induced tumor necrosis factor-a synthesis in cardiac myocytes. Am
J Pathol. 2002;161:449-457.

Zhang L, Ding Z, Heyman B. IgG3-antigen complexes are deposited
on follicular dendritic cells in the presence of C1q and C3. Sci Rep.
2017;7:1-11.

Slifka MK, Matloubian M, Ahmed R. Bone marrow is a major site of
long-term antibody production after acute viral infection. J Virol.
1995;69:1895-1902.

Nevers T, Salvador AM, Grodecki-Pena A, et al. Left ventricular t-
cell recruitment contributes to the pathogenesis of heart failure.
Circ Hear Fail. 2015;8:776-787.

Swirski FK, Nahrendorf M. Cardioimmunology: the immune
system in cardiac homeostasis and disease. Nat Rev Immunol.
2018;18:733-743.

Hoyer BF, Moser K, Hauser AE, et al. Short-lived plasmablasts and
long-lived plasma cells contribute to chronic humoral autoimmunity
in NZB/W mice. J Exp Med. 2004;199:1577-1584.

van de Veen W, Stanic B, Wirz OF, Jansen K, Globinska A, Akdis
M. Role of regulatory B cells in immune tolerance to allergens and
beyond. J Allergy Clin Immunol. 2016;138:654-665.

Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes:
from structure to effector functions. Front Immunol. 2014;5:520.
Eaton WW, Rose NR, Kalaydjian A, et al. Epidemiology of autoim-
mune diseases in Denmark. J Autoimmun. 2007;29:1-9.

Ngo ST, Steyn FJ, McCombe PA. Gender differences in autoimmune
disease. Front Neuroendocrinol. 2014;35:347-369.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: van den Hoogen P, de Jager SCA,
Huibers MMH, et al. Increased circulating 1gG levels,
myocardial immune cells and IgG deposits support a role for an
immune response in pre- and end-stage heart failure. J Cell Mol
Med. 2019;23:7505-7516. https://doi.org/10.1111/

jemm.14619


https://doi.org/10.1111/jcmm.14619
https://doi.org/10.1111/jcmm.14619

