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Abstract

Heart failure is a complex disease that has great impact on morbidity and mortality in the general population. No recent therapies
have proven to be effective; however, the discovery of new potential pathophysiological mechanisms involved in heart failure
expression and progression could offer novel therapeutic strategies. A number of studies have shown that the immune system
may be a central mediator in the development and progression of heart failure, and here we describe how the B-cell and B-cell-
mediated pathways play specific roles in the heart failure state. Therapies aimed at B-cells, either blocking antibody production
or inactivating B-cell function, may suggest potential new treatment strategies.

Background

Heart failure is a complex disease with high morbidity and
mortality.! Currently available therapies, such as angiotensin
converting enzyme inhibitors (ACEIs), angiotensin receptor
blockers (ARBs), and beta blockers (BBs) are beneficial and have
proven successful in treating heart failure. Yet these strategies that
modify the neurohormonal system have reached a plateau, and
end-stage heart failure requiring mechanical support or cardiac
transplantation as therapy is still prevalent. Therefore, the need
to investigate new pathogenic mechanisms involved in the course
and progression of this devastating disease are urgent and must be
explored in order to develop alternative therapeutic strategies.

Data to date have demonstrated that activation of the immune
system has major effects on the heart failure state, whether by
cytokine surge, antibody production, humoral responses, or other
immune factors. The significance and possible implications that the
immune response may have in disease progression and outcomes
makes it an attractive area of research with potential for developing
new therapeutic strategies. Specific subsets of the immune system
that are of particular interest in heart failure are the B-cell and
B-cell-mediated pathways.

B-Cell Maturation and Activation

The B-cell pathway has a major role in the development of
adaptive immunity and cell-cell interactions. The B-cell maturation
process originates in the bone marrow in early stage pro-B-cells;
after a series of conformational changes, they are secreted into
the circulation as immature B-cells. In this phase, they migrate
to the secondary lymphoid tissue and/or spleen, where they
become transitional B-cells and can be dormant for several years.
Subsequently, B-cell activation and maturation take place once
they encounter an antigenic stimulus and form a specific response.
This specific response results in either isotype switching and
antibody production, or presenting the foreign molecule to T
cells via the major histocompatibility complex (MHC). As mature
B-cells, they will express important molecules such as CD19,
CD20, and CD22. Concomitantly, B-cells will interact with other
components of the immune system (i.e, complement) to mount a
specific immune reaction that will clear the system of the antigen.
The B-cell interaction with several portions of the immune system

represents an important natural defense mechanism. However,

in the case of heart failure, it also can be a mediator of disease
and disease severity when self proteins are recognized as foreign
and an immune response is mounted. More importantly, existing
data demonstrates that the manipulation of B-cell maturation,
activation, and interaction processes can cause major effects in the
cardiovascular system.

B-Cells and the Implications in Heart Failure

A link exists between the different arms of the immune system,
specifically B-cells, and heart failure. As shown by Nishimura
et al,, mice lacking programmed cell death protein-1 (PD-177),
a key factor for B-cell differentiation, develop a severe form
of spontaneous dilated cardiomyopathy (DCM) and express
high levels of circulating IgG that binds specifically to cardiac
myocytes.? Furthermore, others have reported similar findings
with the formation of antibodies against troponin 1.3 However,
this effect was not observed in PD-17- mice that also had defective
T- and B-cells (RAG2”/-, Recombination Activation Gene). Similarly,
unpublished data from our group demonstrates that SCID mice,
which are T- and B-cell deficient due to a defective maturation
process in V(D)] recombination, do not fully develop acute
cardiomyopathy (CMP) in a nonischemic mouse model
(Figure 1). This result is explained by the idea that absent or
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Figure 1. Absence of B- and T-cells prevents the development of fibrosis
in a mouse model of acute cardiomyopathy. Staining is shown for fibrosis
(red) in cardiac tissues from (left) control mice, (center) normal mice that
underwent cardiomyopathy (CMP) induction, and (right) B-cell/T-cell
deficient mice that underwent CMP induction.
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defective B-cells attenuate the expression of acute CMP. Similarly,
Xiu et al. demonstrated a delay in disease progression with the
depletion of B-cells in autoimmune illnesses, as in the case of
autoimmune diabetes.* These findings all support the idea that
B-cells play a key role in immunity homeostasis, and alterations
in B-cell expression can affect several systems, including the heart
and its function.

B-cell interactions with the innate immune system, such as those
mediated by the presence of toll-like receptors (TLRs), play a key
role in CMP. This tight relationship is of great significance because
data have shown that when there is over-activation of B-cell and
TLR-mediated pathways, inflammation and pathogenesis develops
— as demonstrated in atherosclerosis, viral myocarditis, and
septic CMP% ¢ — as well as maladaptive ventricular remodeling
after myocardial infarction in mice.” Thirteen TLRs have been
identified, and one of specific importance is TLR-4, which is
up-regulated in heart failure 3 Other significant interactions
with the innate immune system occur via myeloid differentiation
factor 88 (MyD88) and interleukin-1 receptor-associated kinase 4
(IRAK-4), which determines the formation of mature, antibody
producing plasma cells.® Maladaptive signaling mechanisms via
this pathway also are linked to cardiac fibrosis during progression
to heart failure.l® Another potential contributor from the innate
immune system is interferon regulatory factor-3 (IRF-3), which is
an important mediator of interferon gamma (IFN-y) synthesis. In
an angiotensin-Il-induced hypertension mouse model, decreased
fibrosis was observed in mice lacking IRF-3 expression (IRF-37")
when compared to wild type.!

There are three roles that the B-cell performs during the
immune response activation phase that also are relevant to
the heart failure state. One role is the interaction with T-cells,
specifically T helper (Thl) cells, to stimulate the production of
circulating cytokines, which can affect contractility as well as
adverse remodeling and have a great impact on prognosis and
outcomes.*!® Even though the interaction with T-cells remains
important for the production of cytokines, B-cells also can act
in a T-cell independent way. This observation is supported by
recent findings from our group demonstrating that nude/athymic
(nu-nu) mice, which lack T-cells, develop a severe, acute CMP
similar to that observed in wild-type mice in a nonischemic CMP
mouse model (unpublished data). The second role in heart failure,
occurring when B-cells are activated, is to produce direct injury
via apoptotic signaling pathways and complement-mediated
cytotoxicity.!® This firmly correlates with the observation that
activated B-cells are upregulated during episodes of acute
decompensated heart failure and then return to basal levels once
it resolves. The third role in heart failure occurs when B-cells are
activated and can become memory B-cells. These memory B-cells
form a secondary response when they encounter the same antigen;
the resulting response is greater, much stronger, and can eventually
cause more damage. In cases of multiple episodes of myocardial
infarction where the immune system encounters myocardial
proteins such as troponin, the memory B-cell response may lead to
a persistent inflammatory state, enhancing myocardial cell death
and injury (Figure 2).

During the B-cell activation process, CD19 phosphorylation
triggers the activation of signaling pathways that have an effect
on the progression of CMP. One important signaling regulator
triggered by this process, phosphoinositide 3-kinase (PI3K),
contributes to maladaptive remodeling in a transverse aortic
constriction mouse model?” along with decreases in cardiac
contractility and progression to hypertrophy.!® B-cells can also
stimulate the secretion of proteins such as the enzyme matrix
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Figure 2. Flow chart showing the central role that B-cells may play in heart
failure induction and progression.
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Figure 3. Effects of autoantibodies in the cardiomyocyte. Binding of the
F (ab’) region to a specific receptor can cause an agonistic/antagonistic
response, while binding of the Fc fragment to the Fcy receptor can cause
direct cell death.

metalloproteinase-9 (MMP-9), a key factor in extracellular matrix
(ECM) remodeling, which was shown to be upregulated in the
failing heart, as well as contributing significantly to adverse
remodeling in the myocardium.” These key findings demonstrate
that pathways leading to the activation of B-cells are important
players in heart failure disease progression.?’

Antibody Production and Heart Failure

After activation, B-cells may transform into plasma cells
and generate antibodies. In the CMP state, these antibodies
can recognize cardiac-specific antigens and either deposit in
the myocardium and bind through the F(ab’) region to specific
proteins, or bind through the Fc fragment to the Fc gamma
receptor (Fcy) on cardiomyocytes.* 222 This binding can have
a direct effect, causing cellular apoptosis, or an agonistic/
antagonistic effect towards the specific protein/receptor (Figure
3).2 These antibodies can bind several different proteins/receptors
such as the beta-1 adrenergic receptor.?? Beta-1 adrenergic receptor
autoantibodies can induce apoptosis in isolated myocytes and exert
a similar effect in vivo, causing myocardial dysfunction.?? Antibodies
against the Na*/K+ATPase also have been demonstrated. Their
presence seems to contribute to electrical instability in the heart,
possibly making it prone to arrhythmias. This negative effect may
be caused by binding of the antibody to the alpha subunit of the
Na*/KATPase.? Finally, antibodies specifically targeting the Kv
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Presence of Anti-Cardiac Antibodies in Cardiomyopathy

Anti-B1-adrenergic cardiomyocyte apoptosis DCM Staudt et al.?*
receptor
agonist/antagonist effect, cell surface DCM Limas et al.?®
Anti-M2-receptor agonist/antagonist effect DCM Fu et al.®*
Anti-troponin | Increased expression in sera ICM/DCM Doesch et al.?8
—————— Myocarditis Kaya et al.®
—————— DCM Okazaki et al.°
Anti-myosin | -———-- Myocarditis Neu et al.?®
cardiomyocyte impaired contractility DCM Warraich et al.®?
Anti-Na*'K+ATPase agonist/antagonist effect, electrical instability DCM Baba et al.?®
Anti-Kv channel cardiomyocyte cell death DCM/rat Landsberger et al.?”
Anti-mitochondrial M7, inner mitochondrial membrane DCM Klein et al.3®
Anti-actin Increased expression in sera DCM/ICM Latif et al.3®
Anti-HSP-60 abnormal localization to cell surface DCM/ICM Lin et al."

Table 1. Presence of anti-cardiac antibodies in cardiomyopathy.

*Other anti-cardiac reported in the literature include: anti-SR-Ca2+ATPase, anti-laminin, adenine-nucleotide transporter, anti-tropomyosin.

DCM: dilated cardiomyopathy; ICM: ischemic cardiomyopathy; HSP: heat shock protein.

channel interacting protein (KChIP) also are associated with dilated
CMP and can potentially cause cardiomyocyte death as shown in a
rat model.?

Antibodies against intracellular proteins form after injury has
exposed the circulation to these proteins that typically would not
be recognized by the immune system.? For example, antibodies
against myosin and troponin I have been reported to be present
in experimental models of autoimmune myocarditis,?® 3 in
humans with dilated CMP, and in ischemic heart disease.3-33
Other important antibodies reported in the literature include
antimuscarinic receptor 2, antimitochondrial M7, anti-actin,
and anti-heat shock protein 60 (HSP-60) (Table 1).3+%” In heart
failure, HSP-60 present in the mitochondrial matrix will undergo
translocation to the cellular membrane, where antibodies will
bind and cause increased rates of apoptosis. In mouse models of
ischemic CMP, the expression of cytokines, IgM, and IgG were
increased 3-fold in the post-ischemic state compared to controls.3®
This association between myocardial cell death and immune
system activation may indicate a major pathogenic role in the
evolution of disease.

The presence of autoantibodies and the subclass of
immunoglobulin to which they belong are shown to be of great
importance. IgG3 is the most abundant subclass present in sera of
patients with dilated CMP. In these patients, the presence of IgG3
correlates with depressed cardiac function, poor exercise tolerance,
and poor outcomes.® This may be due to the presence of a hinge
region in IgG3 that has increased affinity to the Fcy receptor.®’
Additionally, IgG3 has high reactivity against proteins as well
as high specificity to activate the complement cascade*! Recent
findings demonstrate that IgG deposited in myocardial tissue
from end-stage heart failure patients are predominantly subclass
IgG3, corroborating the findings in sera. Moreover, the pattern
of IgG3 deposition overlaps with complement (C3c) deposition
(sarcolemmal pattern), supporting the theory of immune cascade
activation and injury (unpublished data).

B-Cells, Autoimmune Diseases, and Heart Failure

B-cells are the core mediators of disease manifestation and
progression for several autoimmune illnesses (e.g., rheumatoid
arthritis, systemic lupus erythematosus, nephritis, autoimmune
diabetes). There also appears to be a correlation between
autoimmune illnesses and heart disease, since patients with
rheumatoid arthritis have higher incidences of heart failure than
the general population, and increased levels of c-reactive protein
(CRP) are associated with heart failure progression.*>#3 In cases of
nephritis, deposition of IgG is similar to that observed in end-stage
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Figure 4. Induction of myocardial dysfunction following cardiac injury and
potential therapeutic targets.
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heart failure, myocarditis, and dilated CMP:* Therapeutic strategies
used in these disease settings have been used to treat CMP with
the notion that it will have similar effects on this disease alone.

Therapeutic Options and Future Directions

Several therapies that target the immune system have been
tested. Therapies using TNF-a inhibitors, such as etanercept
and infliximab, did not prove beneficial in the heart failure
population and therefore are not currently used;* % other
therapies have shown promise but have not yet been fully tested.
Immunomodulatory therapies such as Celecade (Vasogen Inc.,
Mississauga, ON, Canada) were successful in treating patients
without ischemic etiology and patients within New York Heart
Association (NYHA) class IL¥ Currently, the removal of antibodies
using intravenous immunoglobulin (IVIG) has been proposed to
treat patients with dilated CMP and has had beneficial effects in
several small clinical trials.® % Immunoadsorption of IgG3°" 5! and
plasmapheresis also have been performed in small, single-center
populations, with treatment resulting in beneficial effects and
decreased antibody deposition in the myocardium.* The current
findings demonstrate a role for B-cells in the progression of heart
failure and support potential therapeutic strategies that decrease
B-cell function or eliminate B-cells from the periphery (Figure 4).
Accordingly, potential new treatment strategies for heart failure
would consist of antibody depletion or the utilization of molecules
that block or inactivate B-cell function.
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