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Abstract: Chronic inflammation, the activation of immune cells and their cross-talk with cardiomyocytes in the pathogenesis and progression of heart diseases has long been overlooked. However,
with the latest research developments, it is increasingly accepted that a vicious cycle exists where
cardiomyocytes release cardiocrine signaling molecules that spirals down to immune cell activation
and chronic state of low‐level inflammation. For example, cardiocrine molecules released from in‐
jured or stressed cardiomyocytes can stimulate macrophages, dendritic cells, neutrophils and even
T-cells, which then subsequently increase cardiac inflammation by co-stimulation and positive feedback-loops. One of the key proteins involved in stress-mediated cardiomyocyte signal transduction
is a small GTPase RhoA. Importantly, the regulation of RhoA activation is critical for effective immune cell response and is being considered as one of the potential therapeutic targets in many immune-cell-mediated inflammatory diseases. In this review we provide an update on the role of
RhoA at the juncture of immune cell activation, inflammation and cardiac disease.
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1. Introduction
Since Levine et al. reported elevated levels of tumor necrosis factor (TNF) in heart
failure (HF) patients, evidence is accumulating that activation of proinflammatory pathways and chronic inflammation play an important role in HF [1,2]. For example, inflated
levels of several pro-inflammatory cytokines like TNFα, interleukin-1 (IL-1) and IL-6 have
been observed in and associated with HF prognosis [2-4]. Mechanistically, increased expression of TNFα and IL-1β leads to cardiomyocyte hypertrophy, likely through induc‐
tion of transcription factors such as nuclear factor-κB (NF-κB) [5-7]. Generation of a proinflammatory milieu characterized by secretion of cytokines, and chemokines further
stimulate migration of monocytes and their differentiation into macrophages in the cardiac tissue [8-10]. In turn, the expansion of immune cells promotes pathological tissue
remodeling and induces cardiomyocyte apoptosis and ultimately cardiac decompensation [11].
The immune system is based on two main complexes: (1) the innate immune system
and (2) the adaptive immune system. The innate immune system is triggered by direct
contact with pathogens or inflammatory/danger signals and includes non-cellular responses, i.e. the release of inflammatory cytokines, and cellular responses, i.e. infiltration
of innate immune cells (macrophages, dendritic cells, and granulocytes) into affected tissue [12]. The adaptive immune system also involves non-cellular (hormonal) and cellular
responses (stimulation of B- and T-cells), but in contrast to the innate response, it builds
up an “immunologic memory” by developing pathogen-specific receptors [12]. RhoA, an
ubiquitously expressed small GTPase, acts as a molecular switch not only in the activation
of cytoskeletal proteins but also in responding chemokines, cytokines, and growth factors
released from both innate and adaptive immune cells [13]. Furthermore, RhoA activation
and RhoA-dependent signaling pathways in cardiomyocytes [13,14] and in immune cells
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[13,15] have been shown to mediate immune responses, which play an important role in
pathogenesis and progression of cardiac dysfunction [12]. Present review aims at summarizing the possible role RhoA plays in cardiac disease via mediating host immune system
and how it can be exploited therapeutically to improve cardiac health of patients.
2. Links between cardiac hypertrophy, heart failure, and immune cell activation
In the last decades, the role of the innate and adaptive immune response is being
linked with a number of signaling molecules and pathways, including RhoA activation in
cardiomyocytes [13]. Furthermore, it has been illustrated that different cardiac diseases
(e.g. ischemic, hypertensive, and genetic cardiomyopathies) converge in inducing a common immune response that contributes to disease progression [12] (Figure 1). However,
exact causes, underlying mechanisms and signaling pathways of the interplay between
cardiac diseases and pro- as well as anti-inflammatory immune system responses are still
largely unknown.

Figure 1: Cardiomyopathies with different causality led to immune cell responses which contribute to the development of heart failure. Besides viral or bacterial infections, ischemic, hypertensive and genetic cardiomyopathies induce an increase in cytokine level, which triggers the activation of immune cells associated with inflammation and fibrosis and thus exacerbates cardiac dysfunction. RhoA-dependent signaling has been suggested to play a role in the enhancement of cytokine level, deleterious inflammatory and fibrotic remodeling and
the development of heart failure.

Signals that trigger activation of innate immune cells and subsequent immune responses are pathogen associated molecules or “danger-molecules” and other signals arising from damaged tissue [12]. The main group of receptors for inflammatory signals consists of pattern recognition receptors (PRRs) [12]. PRRs, which are generally upregulated
in HF [16], are commonly expressed by immune cells, but have also been found in cardiac
cells [17,18], . Although PPRs are best known for their activation after contact with pathogens, it can also be activated by danger-associated molecular patterns (DAMPs) that are
released by damaged or dying cells [19], e.g. injured myocardium. The activation of PPRs
triggers the release of inflammatory cytokines [20] (e.g. IFN and IL-1β) and thus accelerate
immune responses [12] (Figure 2).
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Natriuretic peptides are key players of cardiac hypertrophy and HF [14]. Brain and
atrial natriuretic peptides (BNP and ANP) are part of the “hypertrophic gene program”
in cardiomyocytes and their upregulation, which is partly mediated by RhoA activation,
is an established marker for cardiac hypertrophy [14,21,22]. In recent years, the function
of natriuretic peptides as cytokines and the links between cardiomyocytes and immune
cells have come into focus [23]. Immune cells, especially macrophages, have been shown
to produce natriuretic peptides and expresses their receptors [23]. In vitro experiments
demonstrated that inflammatory cytokines like TNF and IL-1β upregulate BNP in cardiomyocytes [24], whereas ANP can reduce the activation of NFκB, thus reducing TNF-induced infiltration by neutrophils [25-27]. So, the upregulation of “hypertrophic gene pro‐
gram” might induce a feedback loop attenuating inflammation [12]. However, more studies are needed to understand the links between hypertrophic signaling pathways in cardiomyocytes and immune cell responses.
The best studied immune cells in the context of cardiomyopathies are macrophages.
In general, two classes of macrophages are defined: (1) classically activated macrophages
(= M1), which correlated with pro-inflammatory processes and (2) alternatively activated
macrophages (= M2) correlating with anti-inflammatory processes. Most macrophages
found in damaged (cardiac) tissue originate from myeloid naïve monocytes, which circulate in the blood stream, migrate into affected tissue, and differentiate after activation,
which belong to the M1 class [28]. In addition, one subclass of macrophages, called resident macrophages (rcMACs), resides in specific tissues including myocardium under
physiological circumstances [28,29]. These residential cardiac macrophages can get activated directly by signals of surrounding (cardiac) cells and belong to the M2 class [28,29].
In this context RhoA-signaling has been linked to macrophage polarization via its main
effector ROCK1 in mice cells [30]. Furthermore, activation of macrophages has been
demonstrated to correlate with the progression of cardiac hypertrophy and fibrosis to HF
[12,31-33] (Figure 2). For HFpEF (heart failure with preserved ejection fraction), which is
initially characterized by hypertrophy followed by cardiac fibrosis and left ventricular
dysfunction, the involvement of (innate) immune responses, and especially, activation of
macrophages has been described [12]. Cardiac (resident) macrophages have been shown
to induce cardiomyocyte death and fibrosis during HFpEF [34]. In addition, enhanced
numbers of monocytes in the blood and activation of M2-type macrophages have also
been shown to correlate with left ventricular dysfunction and progression of HFpEF [35].
Dilated cardiomyopathy (DCM) caused by congenital mutations and manifested as dysfunction of the left ventricle has also been associated with activation of immune responses
[31].
It has been suggested that pro-inflammatory signals in hypertrophic hearts generated
by injured myocardium induce differentiation of circulating monocytes to pro-inflammatory M1-type macrophages and even induce pro-inflammatory responses in residential
macrophages, enhancing disease progression [31,32]. In addition, an increase in M2-type
macrophage polarization in the heart has been linked to progression of hypertrophy to
HF, because the anti-inflammatory responses are known to induce fibrosis [12]. However,
treatment with the anti-inflammatory cytokine IL-10 in mice has been shown to block cardiomyocyte hypertrophy and fibrosis induced by pressure overload or hormonal stimulation [36]. Overall, inflammation in cardiac tissue correlates with higher numbers of macrophages in the cardiac tissue, but the origin of these macrophages (resident or infiltrating), their polarization (M1 or M2) and their effect (pro or contra disease-progression), as
well as the exact role of RhoA signaling is still under discussion.
Besides macrophages, dendritic cells (DCs) and neutrophils are the main actors of the
innate immune response system. DCs are derived from myeloid progenitors and are located in tissues with contact to the external environment and in the blood. Upon activation
they migrate to lymph nodes, generate and present specific antigen complexes and so activate B and T-cells. DCs have been found in cardiac tissue injured by cardiac infarction
and there is some evidence that they are involved in the subsequent cardiac remodeling
[37,38]. In this context a beneficial effect of DC activation in the heart by regulation of
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monocyte/macrophage homeostasis has been suggested [38]. In contrast, DCs might also
promote the development and progression of cardiac hypertrophy and HF [39,40]. Recruitment of T-cells, which is generally induced by stimulation of DCs, has been shown to
promote the transition from cardiac hypertrophy to HF in TAC-operated mice [39,40].
However, no detailed studies on the activation and function of DCs in cardiac hypertrophy are published up to now. Neutrophils are also myeloid cells and the most abundant
class of granulocytes. They are best known for their role in anti-bacterial responses. Moreover, neutrophils which are located in blood vessel walls can become activated by biomechanical (shear-)stress and in response to inflammatory signals, migrate into the affected
tissue, and release more inflammatory signals inducing cell death and/or co-stimulation
of other immune cells [12,41]. There is some evidence that neutrophils also play a role in
cardiac remodeling after infarction, as depletion of neutrophils in mice reduced reperfusion-induced necrosis [42] (Figure 2). However, elaborate research on the role of neutrophil activation in cardiomyopathies is still missing.
Data on links between cells of the adaptive immune system (T- and B- cells) and cardiac diseases, especially hypertrophy, is also insufficient. As mentioned above, there is
some evidence that recruitment of T-cells enhances the progress of TAC-induced cardiac
hypertrophy [39,40]. Furthermore, mice with depletion of T-cells exhibit lower number of
infiltrating macrophages, reduced fibrosis and reduced cardiac dysfunction after TAC
[39]. Nevertheless, more studies are needed to identify interconnections of hypertrophic
cardiomyocytes and activation of T- and/or B-cells.
Taken together, there is some evidence for links between cardiac hypertrophy and
immune system responses. An overlap of risk factors for cardiomyopathies and (chronic)
inflammation as well as the activation of immune cells in a variety of cardiac diseases are
promising fields for further research, as is the postulated interplay of upregulation of hypertrophic markers (BNP and ANP) and cytokine signaling [23-27].
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Figure 2: Danger signals released by cardiovascular cells activate immune cells and promote heart failure. Cardiomyocytes and blood vessel cells that are stressed or injured release danger signals with “danger-associated
molecular patterns” (DAMPs), which are recognized by “pattern recognition receptors” (PRRs), expressed by
immune cells and cardiomyocytes. The activation of PRRs induces the migration and activation of (more) immune cells via cytokine signaling. In damaged myocardium M1-type and M2-type macrophages are found,
which are associated with chronic inflammation and fibrosis, respectively. Furthermore, dendritic cells and costimulated T-cells contribute to the development of inflammatory and fibrotic remodeling. Infiltrating neutrophils are associated with increased necrosis. These processes accelerate the progression of cardiac dysfunction.
RhoA-dependent signaling is essential for effective immune cell activation and might also play a role in the
transduction of danger signals and receptor activation in cardiomyocytes. In addition RhoA-signaling is involved in macrophage polarization and signaling pathways mediating the interaction between dendritic cells
and T-cells, contributing to pro- and anti-inflammatory remodeling and finally heart failure.

3. RhoA activation and signaling in immune cells
Recent studies demonstrate that RhoA plays an important role in immune responses, with its
effects being highly depended on the spatio-temporal regulation of RhoA activation in
different innate and adaptive immune cells [13]. On molecular level, the activation of RhoA in
immune cells and cardiomyocytes is regulated by regulatory proteins, namely GEFs (guanine
nucleotide exchange factors), GAPs (GTPase activating proteins), GDIs (guanine nucleotide
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dissociation inhibitors) and GDFs (GDI dissociation factors) [13,22]. A number of these
regulators have been shown to be identical in immune cells and cardiomyocytes (e.g. LARGRhoGEF, Lfc/GEF-H1, PDZ-RhoGEF, p190RhoGAP, and Vav1) [41,43], while others were found
specifically in immune cells (e.g. RhoA-GAP-Myo9B and GEF-ARHGEF7) [44]. Even some of the
up- and downstream signaling pathways of RhoA described in cardiomyocytes have been
proven to play an important role in immune cells, too (e.g. RhoA activation via Gα12/13coupled membrane receptors [45-47] and RhoGEF or activation of the RhoA effector ROCK
[13,15,45-48]. The processes affected by RhoA in the context of immune responses are basic
cellular processes such as cytoskeletal arrangement, mobility, cell-cell contact, cell-cycle
regulation, proliferation and cell survival, as well as directed migration and (co-)stimulation of
immune

cells

[13]

(Error!
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Figure 4).
3.1. RhoA activation in macrophages, dendritic cells and granulocytes
In macrophages, DCs and granulocytes, it has been shown that in general RhoA activation in the rear end (uropod) [15] and RhoA inhibition in the leading edge (podosome,
pseudopod) [15,44] is essential for directed migration [13] (Error! Reference source not
found.A-C). However, a number of experiments have demonstrated that the spatio-temporal regulation of RhoA activation in the immune cells is essential for effective immune
responses [13]. At the leading edge of macrophages, RhoA is inhibited by the Rho-GAPs
Myo9B and p120RhoGAP which in turn are up-regulated by Krüppel-like factor-5 (KLF-
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5) and the B-cell lymphoma-6 (Bcl-6) molecule via the macrophage colony stimulating receptor 1 (CSF1), respectively [49]. Consistently, knockout of Myo9B as well as inhibition
of Bcl-6 led to upregulation of active RhoA in macrophages [50,51]. In accordance with
the importance of spatio-temporal regulation of RhoA, the directed migration of the macrophages was impaired in both experiments [50,51]. The activation of RhoA at the uropod
was stimulated by pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α)-induced signaling via PI3K and the Rho-GDF ERM [52]. RhoA activated the downstream
effectors ROCK and mDia facilitating the retraction of the rear end [52]. Treatment with
the anti-inflammatory cytokine TGF-β1 first induced the RhoA activation at the rear end,
but over time inhibited it via activation of protein kinase A (PKA) and p190RhoGAP [53]
(Error! Reference source not found.A).
RhoA activation in the rear end of DCs with the consecutive activation of ROCK and
mDia, as well as RhoA inhibition by Myo9B have also been suggested as essential signaling pathways for their cytokine-induced directed migration [13,54,55]. Myo9B knockout
mice had lower levels of active RhoA in the DCs and impaired directed migration, similar
to the findings in macrophages [50,56]. RhoA and mDia have been found to be enriched
in the rear end of immature motile mice DCs in vitro [54] and in vivo inhibition of ROCK
in mice skin DCs impaired their migration [57]. Likely time-dependent activation of RhoA
and crosstalk with other Rho-family protein signaling pathways also play a role here, as
Cdc42 was enriched in the front end of mice DCs in vitro [54]. Knockout of the RhoAinhibiting and Rac activating protein SWAP-70 (switch-associated protein 70) [58] interfered with the distribution of the small GTPases Cdc42, Rac, and RhoA and lead to increased RhoA level, which impaired directed migration and attenuated retraction of the
rear end in response to cytokine stimulation [59]. However, DCs with knockout of the
Rho-GEF ARHGEF5 and consequently reduced RhoA level also exhibited impaired migration in vitro and in vivo [55] (Error! Reference source not found.B).
In neutrophils Cdc42 and Rac were found at the leading edge and activated RhoA at
the rear end, too [13]. Upregulation of RhoA in the rear end of neutrophils was associated
with upregulation of RhoGEFs (e.g. PDZ-RhoGEF, LARG-RhoGEF, Lsc/p115RhoGEF, and
Lfc/GEF-H1) which was in part linked to Gα12/13-coupled receptor activation and lead to
RhoA-induced accumulation of ROCK and mDia which is needed for retraction of the rear
end and directed migration [13] (Error! Reference source not found.C).
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Figure 3: RhoA-signaling plays an important role in cells of the innate immune system. Directed migration of
macrophages, dendritic cells, and neutrophils is mediated by spatio-temporal regulated RhoA-activation. In
general, RhoA is activated in the rear end and reduced in the leading edge. The up-regulation of RhoA is
mediated by “guanine nucleotide exchange factors” (GEFs) and leads to activation of the downstream effectors
ROCK and mDia, which promote retraction of the rear end. RhoA-downregulation is mediated by “GTPase
activating proteins” (GAPs) and facilitates infiltration or protrusion. Some signaling molecules up- and
downstream of RhoA-activation have been identified in different immune cells. However, many aspects of the
signaling pathways are not fully known yet (indicated by dotted arrows and question marks). (A) In
macrophages some regulators of RhoA have been identified. KLF5 and CSF1 activation via Bcl6 lead to activation
of the RhoA-GAPs Myo9B and p120RhoA, respectively, reducing RhoA-activation at the front. Contrarily,
RhoGDF-ERM and PI3K promote the activation of RhoA at the end. (B) In dendritic cells Myo9B is also located
at the leading edge, attenuating RhoA-activation, while ARHGEF5 is found in the rear end, promoting RhoAactivation. Furthermore, SWAP-70 was identified as a regulator of small GTPase activity. (C) In neutrophils a
number of GEFs facilitating RhoA activation have been identified. In addition the small GTPases Rac and Cdc42
are located close to the leading edge.
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3.1. RhoA activation in T-cells and B-cells
The effect of RhoA expression in cells of the adaptive immune system is also highly controlled
in a spatio-temporal manner [13]. Pollock et al. have shown that RhoA-induced ROCK/mDia
activation in the uropod of T-cells is essential for their directed migration, as in innate immune
cells

[60]

(

Figure 4A). Similarly, inhibition of RhoA by the Rho-GAP Myo9B in the leading edge
was also shown to be needed for directed migration of T-cells [13,61]. Consistently, depletion of Myo9B in T-cells lead to increased RhoA activation causing impaired directed migration, as described for innate immune cells, and attenuated protrusion through extracellular matrix [61]. However, other in vitro experiments proved that time-dependent regulation of RhoA activation in T-cells is essential [13], as after infiltration into injured tissue
the RhoA downstream effector mDia was found to be increased in the leading edge of
activated T-cells [62,63].
In addition to migration, RhoA has been shown to play an important role in T-cell-associated
(co-)stimulation of immune cells [13,64]. The knockout of the RhoA-GAP Myo9B in mice,
enhancing RhoA activation, did not only impair migration of innate and adaptive immune cells,
but also affected DC/T-cell contact and reduced T-cell proliferation [13]. Knockout of SWAP-70
in DCs, also enhancing RhoA activation, led to reduced expression of the pro-inflammatory
CD4+-T-cell stimulatory surface marker MHC-II [65], but increased presentation of the anti-
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inflammatory CD8+-T-cell stimulatory marker MHC-I [66]. Consistently, mice overexpressing
p190RhoGEF, which is associated with increased RhoA activation, showed defective costimulation

capacity

of

T-cells

[59]

(

Figure 4A). RhoA activation is associated with T-cell receptors (TCRs), which recognize MHC/antigen complexes presented at the surface of other cells and induce a variety
of downstream signaling, leading to co-stimulation of other immune cells and enhancement of pro-inflammatory signaling [13]. However, Rho-GEF Vav1 was shown to get activated by TCR activation and function as part of a negative feedback loop, reducing the
TCR-induced co-stimulation [67,68]. In addition, RhoA was shown to compromise the expression of pro-inflammatory and co-stimulating cytokine IL-2 by T-cells [69].
Like its function in T-cells, RhoA activation in B-cells has been linked to B-cell receptor (BCR)
activation and B-cell proliferation [13,70]. RhoA downregulation attenuated B-cell
proliferation induced by BCR-activation [70]. Furthermore, B-cell activation depends on CD4+-
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MHC-II

presentation

[13]

(

Figure 4B). On the one hand this activation has been associated with increased RhoA
expression via p190RhoGEF [13]. On the other hand, as described above, RhoA has been
suggested to induce downregulation of CD4+/MHC-II stimulation [65]. This might represent another negative feedback loop.
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Figure 4: RhoA-signaling in cells of the adaptive immune system. Directed migration of T- and Bcells is regulated by spatio-temporal activation of RhoA, with mainly rhoA activation in the rear
end and RhoA downregulation in the leading edge.(A) In T-cells RhoA-activation in the rear end
not only leads to retraction via ROCK and mDia, but is also associated with the promotion of Tcell receptor (TCR) activity, inducing T-cell proliferation and co-stimulation of more immune cells.
(B) It is suggested that RhoA-signaling in B-cells involves proteins and processes, similar to those
already described for T-cells, such as the induction of proliferation and co-stimulation via promotion of B-cell receptor (BCR) activity, but little has been ascertained in B-cells yet.

Taken together, in vitro and in vivo experiments have demonstrated that RhoA is a
key player of immune cell responses, influencing the migratory and stimulatory capacity
of innate and adaptive immune cells [13]. In general, RhoA upregulation in the rear end
and RhoA inhibition in the leading edge of innate und adaptive immune cells is necessary
for their directed migration. However, an important aspect is the spatially and temporally
strictly controlled regulation of RhoA activation, to allow effective immune responses
[13]. Further research is needed to unravel the complex regulation and effects of RhoA
activation in immune cells and the impact on immune responses linked to cardiac diseases.
4. Perspectives
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The above-described correlations between immune cell activation and the development and progression of cardiac diseases, are promising starting points for further research.
By analyzing the up- und downstream pathways of RhoA activation in different cells
of the innate and adaptive immune system, more mediators of RhoA signaling could
surely be identified and more regulatory mechanisms of immune cell responses be described. Important is in this context to pay heed to the spatio-temporal regulation, to get
valid and comparable data (e.g. before or after final differentiation or infiltration and localization at the rear or front side).
Another interesting approach to gain more insight into the role of RhoA in the development and progression of cardiac diseases and immune system responses would be
large-scale screens for correlations between mutations in the human RhoA-gene and the
development of cardiac and/or immune cell-related diseases. Up to now, there are no
RhoA mutations corresponding with cardiac diseases known yet, but there is good evidence for direct correlations between mutations of the RhoA-gene as well as known mediators of RhoA signaling pathways and cancer. The mutation RhoA-G17V is common in
CD4+ T-cells in lymphomas lymphomas [71] and is associated with autoimmunity, hyperresponsiveness of T-cells and excessive TCR signaling via Vav1 [72]. Also, a gain-of-function mutation of Vav1 itself has been shown to be over-represented in T-cell lymphoma
[72].
Vav1 inhibition using dasatinib, which is already used against leukemia [73], reduces
TCR-stimulation in lymphoma cells [72]. Accordingly, Vav1-inhibition using dasatinib is
a promising tool to impair RhoA activation in cardiomyocytes and immune cells, thus
attenuating inflammatory processes which promote the progression of cardiac dysfunction. In addition, statins are known to be effective inhibitors of RhoA-dependent signaling
[74] further research could lead to new therapeutic approaches for cardiac diseases.
However, specificity is the key factor in all approaches using inhibitors and more
research is needed to analyze potentially beneficial effects of RhoA-inhibition in immune
cells and cardiomyocytes and detect off-target effects, for example on Rac or Cdc42.
Further analysis of the links between the release of danger signals by injured, or even
just stressed, cardiomyocytes with subsequent cytokine-induced immune cell activation
might lead to the identification of new circulating molecules, which can be used as markers for the extend of myocardial stress and damage.
5. Conclusion
Taken together, the existing data on the interplay of cardiomyocytes and immune
cells, demonstrates good evidence for links between cardiomyocyte damage, immune cell
activation and progression of cardiac dysfunction. The intercellular signaling involved in
and affected by the development and progression of cardiac diseases includes cardiomyocytes, cells of the innate and adaptive immune system, and other cells present in the
myocardium (e.g. fibroblasts). The summary of the data has pointed out that in the intracellular signaling RhoA is one of the key mediators. Regulation of RhoA activation and
RhoA-dependent downstream signaling plays an important role in cardiomyocytes and
immune cells. The data on effects of RhoA activation and inhibition is often contradictory,
depending on specific cell types, spatial, and temporal regulation. For further research,
induction of immune cell responses should be considered when analyzing mechanism of
the development and progression of cardiomyocyte damage and cardiac dysfunction.
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