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Abstract

Cardiovascular disease is a leading cause of death worldwide and is associated with

systemic inflammation. In depth study of the cell-specific signaling mechanisms mediating the
inflammatory response is vital to improving anti-inflammatory therapies that reduce mortality
and morbidity. Cellular damage in the cardiovascular system results in the release of damage
associated molecular patterns (DAMPS), also known as “alarmins,” which activate myeloid cells
through the adaptor protein myeloid differentiation primary response 88 (MyD88). MyD88 is
broadly expressed in most cell types of the immune and cardiovascular systems, and its role often
differs in a cardiovascular disease context and cell specific manner. Herein we review what is
known about MyD88 in the setting of a variety of cardiovascular diseases, discussing cell specific
functions and the relative contributions of MyD88-dependent vs. independent alarmin triggered
inflammatory signaling. The widespread involvement of these pathways in cardiovascular disease,
and their largely unexplored complexity, sets the stage for future in depth mechanistic studies
that may place MyD88 in both immune and non-immune cell types as an attractive target for
therapeutic intervention in cardiovascular disease.
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1. Introduction:

Cardiovascular disease (CVD) is the leading cause of death worldwide, resulting in 18.6
million deaths in 2019.[1] Steadily increasing in prevalence, the top causes of cardiovascular
death include myocardial infarction (Ml), stroke, cardiomyopathies, and myocarditis.[2]
These widely different diseases are connected through common risk factors, along with

the development of chronic systemic inflammation.[3-5] Many forms of CVD lead to
congestive heart failure, and early studies of these patients showed an association with
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increased serum levels of the acute phase reactant C-reactive protein.[6] Since then, many
different inflammatory mediators and immune cell types have been implicated in the
pathogenesis and progression of CVD.[7,8] However, most anti-inflammatory therapies have
failed clinical trials, with only recently promising results using inhibitors of the cytokine
IL-1B.[9-12] As the “cytokine hypothesis” of CVD has yet to translate therapeutically,
deeper mechanistic studies of the immune cell types, cytokines, and signaling molecules
involved in disease pathogenesis will help to improve or develop new anti-inflammatory
therapies.

Innate immune cells are the first to recognize cardiovascular damage, often in the form

of damage associated molecular patterns (DAMPS) or alarmins, released by stressed or
dying cells. Alarmins are sensed by toll-like receptors (TLRs) on innate cells such as
neutrophils, monocytes, and macrophages, which initiate a rapid immune response through
the production of pro-inflammatory cytokines. Alarmins also activate dendritic cells which
participate in the adaptive immune response by presenting antigen to T-cells.[13] Most TLRs
and several cytokine receptors signal through myeloid differentiation primary response
factor 88 (MyD88), an intracellular adapter protein that coordinates pro-inflammatory
signaling cascades.[14,15] Interestingly, while this pathway was widely characterized in
innate cells, MyD88 and TLRs are also expressed in adaptive immune cells.[16] Further,
MyD88 expression at the transcript and protein level was discovered not only in lymphoid
tissues, but in multiple organs including the heart.[17,18] Profiling of TLR components
uncovered mRNA expression of every TLR and all downstream signaling molecules in
human cardiac tissue.[19] However, the exact function of MyD88/TLR signaling outside of
innate immunity is not well understood.

MyD88 is required for full function of the innate immune response, as a result, patients with
a loss of function mutation in Myd88 have recurrent, pyogenic infections.[20] Interestingly,
MyD88 knockout B and T cells have shown impaired antibody and cytokine production,
and similarly, TLR agonists that signal through MyD88 can enhance T-cell activation and
cytokine production.[16,21-23] As such, MyD88 deficient mice are protected in multiple
autoimmune disease models, including cardiac myocarditis.[24-26] However, TLR/MyD88
signaling extends beyond immune cells, and most of the work in preclinical models have
used globally deficient mice. Upregulated TLR/MyD88 signaling has been shown to alter
endothelial cell function and contribute to the pathogenesis of vascular disease, expanding
the importance of this pathway into other cardiovascular cell types.[27] While the role of
MyD88 in the response to pathogens has been well characterized, new functions in a cell and
tissue specific context are only beginning to be uncovered.

In this review, we detail the current understanding of the role of MyD88 in the development
of multiple types of CVD. We focus on the tissue and cell-specific roles for MyD88
signaling, as well the contributions of MyD88-dependent vs. MyD88-independent alarmin
signaling. Considering the widespread involvement of this pathway on cardiovascular
function and the importance of inflammation in CVD, studying MyD88 signaling is relevant
to understand the pathogenesis of CVD and to potentially develop therapeutic strategies that
modulate these pathways.
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2. MyD88 and TLR Signaling: The Basics

Toll-Like Receptors (TLRs) recognize signals of infection or cellular damage: pathogen
associated molecular patterns (PAMPs) and damage associated molecular patterns (DAMPS).
Ten TLRs have been discovered in humans: TLR1-TLR10, and twelve in mice: TLR1-
TLRY, TLR11-TLR13 (Figure 1). Every TLR associates with and signals through MyD88
except for TLR3. Additionally, the IL-1 receptor family (IL-1R, IL-18R, and IL-33R)
signals through MyD88. TLRs can be further divided into cell surface TLRs: TLR1, TLR2,
TLR4, TLR5, TLR6, and TLR10 and intracellular vesicle TLRs: TLR3, TLR7, TLRS,
TLR9, TLR11, TLR12, and TLR13.[14,15] Many TLRs recognize alarmins involved in
CVD, such as high mobility group box 1 (HMGB1), S100 proteins, and heat shock proteins.
TLR4 serves as the receptor for many alarmins, and is unique in that it can signal through
MyD88-dependent and independent pathways both from the membrane and endocytosed
vesicles.[13,28-30]

The Toll-IL1R (TIR) domain of MyD88 allows it to associate with TLRs and the

IL-1R family (Figure 1). Upon ligand binding, MyD88 dimerizes through it’s death
domain (DD) and recruits IL-1R associated kinases (IRAKSs), which also contain a DD.
[14,15] Recruitment of IRAK4 followed by IRAK1/2 results in the assembly of a large
oligomultimeric complex termed the “Myddosome,” consisting of 6 MyD88s, 4 IRAK4s,
and 4 IRAK1/2s. IRAK1/2 can subsequently recruit TNF receptor associated factor 6
(TRAF6), an E3 ubiquitin ligase which builds polyubiquitin chains on multiple targets to
activate downstream signaling cascades.[14,15,29] MyD88-dependent activity leads to the
activation of many signaling pathways, including the MAP kinase cascade, NF-xB, and
interferon regulatory factor (IRF) 5/7, resulting in the transcription of pro-inflammatory
cytokines and type I interferons. These pathways have been mainly characterized in
macrophages to induce inflammation for pathogen clearance, but can as well propagate
inflammation that contributes to CVD. [14,29]

A parallel MyD88-independent pathway exists, used by TLR3 and TLR4, that involves
recruitment of an alternate adaptor protein, TIR-domain containing adaptor inducing
interferon-p (TRIF), which is recruited to the TIR domain of TLR3/TLR4. This sequentially
activates TRAF3, IRF3, and type | interferon production. TRIF can also activate TRAF6
through a non-canonical pathway, leading to NF-xB induction and cytokine release

that contributes to cardiovascular inflammation.[15,29]. These cascades, while somewhat
redundant, allow for the careful and widespread control of inflammatory mediators in
response to TLR stimulation. MyD88 sits at the epicenter, and, as reviewed herein, its
regulation and function is cell and context dependent, leading to pathogenic or protective
roles in cardiovascular disease.

3. Cell Specific Roles of MyD88 in Cardiovascular Disease

3.1. Multicellular Involvement of MyD88 in Atherosclerotic Inflammation:

Atherosclerosis consists of arterial plaque formation, which can lead to plaque rupture and
subsequent vessel blockage. Endothelial damage combined with lipid (LDL) deposition
results in fatty streaks along arteries. As plaques grow, damaged endothelial cells produce
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pro-inflammatory cytokines, and infiltrating macrophages phagocytose oxidized LDL
forming foam cells, a hallmark of early atherosclerosis. This leads to the recruitment

of helper T-cells, pronominally type 1 (Th1 cells), as well as the migration and

proliferation of smooth muscle cells, resulting in an advanced atherosclerotic plaque and

a complex inflammatory environment.[31,32] Characterization of both human and mouse
atherosclerotic lesions showed upregulation of TLRs and MyD88.[33,34] To study MyD88
in atherosclerosis, groups have used My@887'~ mice on the ApoE or LDL-R deficient
background with or without a high fat diet, common models of atherosclerosis. Global
deletion of MyD88 or TLR4 in these models resulted in smaller atherosclerotic plaques.
[35-37] This effect was attributed in part to impairment of macrophage recruitment to the
vascular wall, as well as to lower levels of the vasculature produced chemokines CCL2,
CCL4, CCL7, CCL8, CCL12, CXCL1, CXCL10, and CXCL16. Interestingly, the cytokines
IL-12 and MCP1 were lowered in serum, suggesting a role for MyD88 in T-cell recruitment
and Th1 polarization, but this was not confirmed. No MyD88-dependent changes in serum
lipid profile were observed, excluding this as the protective mechanism.[35-37]

Not only was macrophage recruitment decreased with MyD88 deletion, but MyD88 also
affected macrophage function in plaques. Macrophages isolated from both 7/r47/~ and
Myad88'~ mice showed less activation, lipid accumulation, and foam cell formation in
response to ox-LDL treatment, an alarmin central to atherosclerosis. Reactive oxygen
species (ROS) formation in the endothelium, a driver of ox-LDL formation, was also
reduced.[38,39] Further, macrophage TLR4 expression was induced by ox-LDL treatment,
directly linking TLR/MyD88 signaling to early atherosclerotic plague formation.[40] Plaque
macrophages were the source of many of the chemokines listed above, as well as IL-1p,
TNFa, and IL-6. Similar effects were seen with both siRNA knockdown in macrophages
ex vivo and in macrophages after pharmacologic inhibition of MyD88 in mice, together
confirming that TLR4/MyD88 signaling is involved in macrophage phagocytosis of lipids
and foam cell formation in plaques.[36,41,42]

Bone marrow transfer from Myad88'~ mice into WT mice only had a partial protective effect
on plaque size compared to global knockout mice, indicating an atherogenic role for MyD88
in other types of leukocytes and non-immune cells.[37] Hosseini et. a/ showed that transfer
of Myd88'~ B1a cells into mice results in less secretion of atheroprotective IlgM, which
deposits in lesions and blocks T-cell infiltration and IL-18/TNFa production, slowing plaque
progression. These findings support an anti-inflammatory role for MyD88 in Bla cells.

[43] In line with this observed anti-inflammatory role for MyD88 in adaptive immunity,
mice with a CD11c-Cre driver deletion of MyD88 exhibited worsened atherosclerosis that
was attributed to impairment of T-reg recruitment to plaques by CD11c* dendritic cells,
which help to suppress plaque inflammation.[44] In contrast, a different study showed naive
Myd88'~ CD4* T-cells introduced into B and T-cell deficient mice (RagZ™~) resulted

in smaller atherosclerotic lesions compared to mice given WT CD4* cells. When T-cells
were characterized ex vivo from this model, the authors showed MyD88 deletion resulted

in fewer Th17 cells and lower IL-17 secretion, giving MyD88 a role in regulating T-cell
effector subtypes.[45] Together, these studies show differing contributions from MyD88

in multiple immune cells towards atherosclerosis. Moreover, they highlight that in some
instances, MyD88 can be anti-inflammatory, emphasizing the necessity of in depth studies
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using conditional MyD88 knockout mice to help parse out in which cell types MyD88
modulation might be therapeutically beneficial.

Alteration of the vascular endothelium is an early step in atherosclerotic plaque formation. A
mouse with a deletion of MyD88 using the Tie2-Cre driver demonstrated reduced levels

of circulating IL-6 and CXCL1, and reduced endothelial expression of IL-1p, MCP1,
ICAML1, and VCAML. Endothelial MyD88-dependent production of GM-CSF was also
shown to induce monocyte differentiation into inflammatory M1 type macrophages, making
MyD88 an contributor to early atherogenic inflammation.[46] However, these effects may
be attributed in part to hematopoietic cells, which lack MyD88 in the Tie2-Cre system,
therefore the role of endothelial MyD88 must be confirmed using an endothelial-specific
promoter. Additionally, Liu et. al showed that LPS treatment of aortic endothelial cells
caused MyD88-dependent cytokine release that induced endothelial Proprotein convertase
subtilisin/kexin type 9 (PCSK9) expression under conditions of low blood flow, a risk factor
for endothelial damage and atherosclerotic initiation.[47] PCSK9 is a negative regulator of
the LDL-R and known factor in promoting atherosclerosis, directly involving MyD88 in

the pathogenesis of atherosclerosis through endothelial lipid processing. Vascular smooth
muscle cell (VSMC) proliferation and migration also plays a significant role in late
atherosclerotic plaque development.[32] Both aged and TLR4 stimulated aortic VSMCs
produced higher levels of 1L-6 ex vivo, associated with enhanced cellular migration.
Isolation of VSMCs from MyD88 knockout mice, or treatment of VSMCs with a MyD88
peptide inhibitor partially abrogated this effect, demonstrating a role for VSMC MyD88 in
atherogenesis.[48,49]

To add complexity to the role of alarmin sensing in atherosclerosis, studies using global
71r37'~ mice to evaluate MyD88-independent signaling, showed worse atherosclerotic
burden.[50,51] However, WT mice reconstituted with bone marrow from 7773/~ mice
were protected from atherosclerosis, supporting that these pathways modulate vascular
dependence in a cell dependent, potentially opposing manner.[52] For example, vascular
smooth muscle cells from atherosclerotic plaques showed enhanced expression of TLR3,
and TLR3 dependent increases in IL-6, CCL2, and CCL5.[50,53] While endothelial TLR3/
TRIF has not yet been studied in the context of atherosclerosis, Harari et. al showed
endothelial cells lacked the TRIF adapter protein TRAM, and therefore a functional MyD88-
independent pathway, suggesting that alarmin signaling in endothelial cells is exclusively
dependent on MyD88. Taken together, MyD88 signaling generally promotes both vascular
inflammation and atherosclerotic plaque formation, with the exception of its role in Bla
cells and DCs, components of the adaptive immune system. Understanding the timing and
cellular components of the inflammatory and atherogenic response is critical to design
pharmacologic interventions centered on MyD88.

3.2 MyD88 Promotes Inflammation and Repair Following Myocardial Infarction:

Myocardial infarction (MI) occurs when coronary arterial perfusion of the myocardium is
lost after atherosclerotic plaque rupture, resulting in myocyte death and loss of cardiac
function. It is well established that Ml triggers an innate immune response to resolve
myocardial damage. Necrotic myocytes release pro-inflammatory cytokines and chemokines
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which recruit neutrophils and macrophages to clear dead tissue, followed by subsequent
fibroblast activation to form a scar that promotes healing, but often comes with the
consequence of chronic HF.[54] Global Mya88~'~ mice exhibit smaller infarct sizes and
acutely preserved cardiac function in response to experimental MI. This has been attributed
in part to impaired neutrophil migration into the heart. When hearts of Myd887'~ mice

post MI were studied ex vivo, without access for infiltrating immune cells, this resulted in
restoration of infarct size, however it is unclear whether this can be attributed to neutrophil
intrinsic MyD88, neutrophil recruitment, or both.[55-57] MyD88 genetic knockout or
pharmacologic inhibition by ST2825, an inhibitor of MyD88 homo-dimerization, was shown
to decrease the levels of P-selectin and ICAM-1 in the coronary vasculature, a mechanism
for MyD88 in neutrophil trafficking[57,58] ST2825, and AS-1, a small molecule inhibitor of
the MyD88/IL-1R interaction, decreased neutrophil migration, cytokine release, and infarct
size.[58,59] Directly upstream of MyD88, TLR4 has been shown to be upregulated in
cardiac myocytes after MI1.[60] As such, TAK-242, a TLR4 inhibitor, also reduced cardiac
myocyte cytokine release and subsequent damage.[61] However, these compounds showed
less protection compared to genetic deletion of MyD88. Given that MyD88 has cell-specific
roles in MI, broad pharmacologic approaches that lack cell specificity are expected to be less
effective.

Interestingly, WT mice reconstituted with bone marrow from Myd88'~ mice and then
subjected to M1 exhibited similarly decreased infarct sizes as global Mya@88™'~ mice or
pharmacologically treated mice, but no changes in cardiac cytokine or chemokine levels
compared to mice reconstituted with WT bone marrow. This highlights that MyD88 in
hematopoietic cells is not sufficient to mediate inflammatory responses in cardiac repair.
[56] However, another group showed cardiac resident macrophages to influence both
neutrophil and monocyte recruitment through chemokine production, an effect dependent
on macrophage MyD88 expression.>®:57 This might be explained by the presence of existing
cardiac resident WT macrophages before bone marrow transplant, which contribute to the
MyD88-dependent cytokine and chemokine pool. Multiple studies have also demonstrated
that MyD88 inhibition decreases the production of TNFa., IL-1a/B, IL-6, and IL-18,

or the chemokines IL-8, MCP1, KC, MIP1, and CXCL10 in isolated cardiomyocytes
treated with TLR agonists or at baseline in whole hearts, directly implicating MyD88 in
initiation of the cardiac inflammatory response.[55,57,58,61,64] Additionally, Lugrin et. al
showed the alarmin IL-1a from dying myocytes induced chemokine production in WT

but not Myd88™'~ cardiac fibroblasts.[64] This expanded the role of MyD88 to multiple
cardiac resident cells in MI. Singh et. al farther described attenuation of ROS post Ml in
Myd88'~ mice, an alternative mechanism for MyD88 regulation of cardiac inflammation.
[55] The balance between pro-resolution and harmful inflammation is critical in cardiac
repair post MI. From the literature, we conclude that MyD88 mostly promotes harmful
inflammation, given the amelioration of infarct sizes and inflammation in the absence

of MyD88. However, a few studies support a role for TLR4/MyD88 in pro-resolving
inflammation. For example, LPS activation of TLR4/MyD88 enhanced mesenchymal stem
cell proliferation and prevented myocyte apoptosis /n vitro, and LPS pre-treatment before
infusion of mesenchymal stem cells into hearts helped recover cardiac function ex vivo post
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MI.[65,66] Whether the observations of MyD88 deletion in cardiac repair post Ml extend to
chronic heart failure has yet to be studied.

MyD88-independent alarmin signaling through TLR3 has also been reported to contribute to
cardiac repair, as 7/r3/~ mice also have attenuated infarct sizes. Deletion of TLR3 has been
reported to decrease myocyte autophagy, increase apoptosis, modestly decrease IL-1p/TNFa
production, and decrease neutrophil recruitment post M1.[67-69] Interestingly, 77if'~ mice
have shown contradictory results, either with no effect or a mild decrease in infarct size.
[56,67] This provides some evidence for the dual contribution of MyD88-dependent and
independent signaling in the acute inflammatory response to MI. Their potential redundancy
might limit the benefit of targeting MyD88 in preventing adverse cardiac damage following
M, as alarmin signaling through TLR4 might still influence cardiac pathology via TRIF.

At the same time, the literature reveals novel aspects of MyD88 signaling to be studied in
cardiac repair and ischemic heart failure.

3.3 MyD88 Has Tissue Specific Roles in Hypertension & AAA Formation:

Hypertension (HTN) can be classified as primary, with no identifiable cause, or secondary,
caused by a specific disease such as renal failure.[70] Vascular inflammation is a hallmark
of HTN, and both TLRs and MyD88 are expressed in endothelial cells. Angiotensin 11
(ATI) infusion, a pre-clinical model of HTN, resulted in significantly higher systolic
blood pressures in Myd88'~ and TIr4~ mice compared to WT mice, implying a role

for MyD88 in blood pressure regulation (Figure 3A).[71] ATII has also been shown to
activate MyD88 in vascular smooth muscle cells (VSMCs). While the specific mechanism
connecting ATII to MyD88 in HTN has yet to be discovered, Hernanz et. al showed TLR4
inhibition attenuated aortic remodeling, improved vascular contractility, decreased oxidative
stress, and decreased aortic IL-6, TNFa, and CCL2. Using isolated VSMCs, they attributed
this to decreased MyD88 signaling.[72] Additionally, TLR4 stimulation by the alarmin
HMGB1 in VSMCs increased similar pro-inflammatory cytokines.[73] Taken together, this
shows MyD88-dependent alarmin sensing in VSMCs contributes to ATII induced HTN,
while in other, yet unknown cell types, may be protective. Other models provide further
evidence of MyD88 regulating HTN. In the spontaneous hypertensive rat model (SHRM),
treatment with TLR4-blocking antibodies suppressed MyD88 and resulted in decreased
systolic blood pressure.[74,75] In a renovascular model of HTN, a similar dependence

of blood pressure regulation on TLR4/MyD88 signaling was found in the paraventricular
nucleus (PVN) of the thalamus, an area involved in autonomic homeostasis. Intracranial
TAK-242 infusion lowered systolic BP, MyD88 signaling, and IL-13/TNFa expression in
the PVN.[76] Together, these studies show a complex regulatory role for MyD88 in the
regulation of blood pressure that is variable based on the model used, suggesting cell and
stimulus specific functions as described throughout this review.

In parsing out the TLR pathways involved, Singh et. al showed an increase in TLR3,
TLR4, and TRIF expression in the hearts of Myd88'~ mice treated with AT-11, suggesting
a compensatory upregulation of components of the MyD88-independent pathway, which
might contribute to inflammation in HTN.[77] This was further confirmed in a follow

up study showing 7737~ and 7rif’~ mice are protected from AT-11 induced HTN.[71]
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However, very few studies have investigated TLR3/TRIF signaling in hypertension, and the
cell specificity and mechanisms involved remain completely unknown, making this an area
for future study.

The implication of MyD88-dependent signaling in vascular changes associated with
hypertension is further supported by studies of abdominal aortic aneurysm (AAA), for
which hypertension is a significant risk factor. Whole genome sequencing of patient

AAA samples showed an upregulation of the MyD88 pathway[78], consistent with studies
showing Myd887!~ and Tir4”'~ mice being protected from ATll-induced AAA (Figure 3B).
[37] Interestingly, when bone marrow transplants were performed from each mouse to WT
mice, only MyD88-deficient bone marrow protected mice from AAA development.[37]
This provides evidence that MyD88 in leukocytes promotes AAA formation, in addition
to vascular inflammation discussed previously. 777/~ mice were shown to have a similar
protective effect,[79] suggesting that the MyD88-independent pathway plays some role in
promotion of AAA. Further research is needed to tease out the tissue-specificity of these
pathways in AAA development.

3.4 The Role of MyD88 in Adverse Cardiac Remodeling in Chronic HF:

Heart failure (HF) is a clinical syndrome resulting in the loss of cardiac function, or

inability to pump blood around the body. Cardiomyocyte hypertrophy and cardiac fibrosis
are hallmarks of chronic heart failure, both of which are coordinated in part by members

of the immune system.[8] TLR4 up-regulation was found in the hearts of patients with
non-ischemic HF on both ventricular myocytes and coronary endothelial cells,[80] in what
was the earliest association described between TLR signaling and CVD. This was further
supported by the observation that 77747/~ mice exhibit reduced cardiac hypertrophy and
fibrosis in response to trans-aortic constriction (TAC), a common model of pressure overload
HF.[81] TAC has been shown to induce the expression of MyD88 and its association with
TLR4,[82] and /n vivo transfections of a dominant negative MyD88 construct also showed
decreased cardiac remodeling, reduced myocyte apoptosis, and improved cardiac function

in response to TAC.[82,83] Surprisingly, cardiac-specific overexpression of MyD88 only
slightly decreased cardiac function but did not result in cardiac hypertrophy, suggesting the
need for either specific DAMP engagement of TLRs upstream of MyD88 or non-cardiac cell
MyD88.[84] /n vitro studies attempting to mimic diabetic HF by treating cardiomyocytes
with RBP4, involved in insulin resistance, caused upregulation of markers of hypertrophy
(ANF, BNF, Myh?) and pro-inflammatory cytokines (IL-1p, IL-6, TNFa) in cardiomyocytes
from WT but not Myd88™'~ and Tir4'~ mice. A similar effect was seen in cardiomyocytes
treated with siRNA against MyD88 in response to treatment with the thyroid hormone

T3, which also induces cardiac hypertrophy and inflammation.[85,86] Comprehensive /in
vivo studies of these models using MyD88~~ mice have yet to be completed, however

this suggests a wide variety of stimuli in addition to pressure overload can promote MyD88-
dependent cardiac hypertrophy (Figure 3C).

Pharmacologic inhibition of MyD88 further supports its role in adverse cardiac remodeling.
AS-1 was shown to prevent cardiac myocyte hypertrophy both /n vitro and in response to
TAC, an effect dependent on IL-1p. LMY, another pharmacologic inhibitor of MyD88,
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decreased myocyte production of TNFa and IL-6, as well as macrophage production

of IL-1B, TNFa, and IL-6. These two studies suggest that MyD88-dependent cytokine
production by macrophages and myocytes contributes to inflammation in experimental

HF. Both inhibitors reduced cardiac fibrosis in response to TAC, however the connection
between MyD88 signaling and fibrosis has not been studied in non-ischemic HF.[87,88]
We and others have reported the recruitment of T-cells to the heart in TAC, and that T-cell
communication with cardiac fibroblasts contribute to adverse cardiac remodeling.[89,90]
No study has explored the role of MyD88 in T-cells, fibroblasts, or endothelial cells, or

the MyD88-independent pathways of alarmin sensing through TLR3/TRIF in experimental
non-ischemic HF, despite the well established presence of alarmins in the failing heart. If the
protective effect is limited to cell specific MyD88-dependent inhibition, this represents an
example in which MyD88 could be a strong therapeutic candidate.

3.5 MyD88 Contributes to Cardiovascular Autoimmune Diseases:

Autoimmune myocarditis, characterized by an aberrant immune response to self-antigens
causing inflammation of the heart, has been associated with abnormal TLR signaling.[24,91]
In mouse models of myocarditis, My@88~/~ mice are consistently protected from disease
progression, showing less cardiac hypertrophy, dilation, fibrosis, and myocardial cytokine
production (Figure 3D).[24,92-94] However, the mechanisms and inflammatory mediators
of this phenotype are still under debate. One study showed a partial dependence on TLR7 in
response to a-myosin heavy chain peptide immunization (My-HCa)) while another showed
IL-1R dependence in the bone marrow compartment in response to My-HCa.. Interestingly,
while Myd88™!~ and TIr7-~ mice were both protected from My-HCa induced myocarditis,
only Myd88'~ mice had decreased levels of auto-antibodies in serum, suggesting complex
mechanistic roles for MyD88 in B vs. T cells in this model.[93,94] Another group used
Biglycan, a known TLR2/4 agonist, to induce perimyocarditis in mice.[92] Therefore,
different receptors mediate autoimmune pathogenesis through MyD88 in different models.
Consistent with dependence on bone marrow function, Mya@88™'~ dendritic cells were shown
to have impaired antigen presentation and T-cell activation /in vitro as the mechanism

for preventing autoimmune induction.[24,92] Overall, this supports the role of MyD88-
dependent signaling in dendritic and adaptive immune cell types in promoting autoimmune
myocarditis development.

Coxsackie virus is the most common infectious cause of myocarditis.[95] TLR7, TLRS,
and TLR9, which respond to nucleic acids, have expectedly been shown to increase with
Coxsackie virus B3 (CVB3) infection in mice and patients, as has MyD88 expression.[96—
99] Myd88'~ mice, while susceptible to CVB3/CVBA4 infection, display protection from
cardiac virus infiltration and subsequent myocarditis. One group also reported decreased
NK and T-cell induction in CVB3 infected Mya88'~ mice. Further, they found decreased
level of pro-inflammatory cytokines such as IL-1f, TNFa, and IFNy, but increased

levels of type I interferons[97,98,100]. As TRIF induction of anti-viral interferons is
important for the antiviral response, this suggests a compensatory flux through the MyD88-
independent pathway, helping to curb viral replication and cardiac infection. The importance
of the MyD88-independent pathway in this infectious model is further shown by the
observation that 7/r3/~ and 7rif’~ mice exhibit significantly worse CVB3/4 infection

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bayer and Alcaide

Page 10

and myocarditis. Further, WT macrophages rescued this phenotype, one effector cell

type contributing to antiviral TLR3 signaling.[100,101] Therefore, in Coxsackie virus
infection, MyD88-dependent signaling contributes to cardiac auto-immune inflammation,
while MyD88-independent signaling contributes to the anti-viral response, although the
exact effector cell types have yet to be fully uncovered.

Kawasaki disease (KD), an autoimmune vasculitis, has been shown to have a similar
dependence on MyD88 signaling. Myad88™'=, TIr2"~ and //17~ mice are protected from

KD induction by Lactobacillus casei cell wall injection, indicating the involvement of
multiple MyD88-dependent pathways.[102,103] Lee et. al showed that Myd88'~ mice with
a CD11c-specific MyD88 knock-in retained this protection. Surprisingly, both Myd88'~ to
WT and WT to Mya@88™'~ bone marrow transplants were also protected from KD, therefore
MyD88 signaling in and outside of bone marrow is involved in KD induction.[102] Another
study narrowed their search to macrophages, showing TLR2/MyD88 signaling to mediate
macrophage activation in response to KD antigen.[103] However, when considering the
results of the first study, MyD88 signaling in stromal cells is likely involved too, but this
has yet to be studied. Anakinra, an IL-1R antagonist, has shown efficacy in preventing
myocardial dysfunction in KD, but MyD88 antagonism might prove more effective due

to the involvement of TLR2.[104] Due to the importance of the adaptive immune system

in autoimmune disease pathogenesis, there is likely a role for T and B-Cell MyD88 in

these diseases, but this has not been studied. Additionally, considering the importance of
both endosomal TLR-MyD88 and TLR3-TRIF production of anti-viral interferons, these
pathways likely contribute to the immune response to COVID-19 infection. As COVID-19
patients can develop myocarditis and childhood KD-like symptoms, this remains an
unexplored role for MyD88 modulation in the cardiovascular complications of COVID-19.

3.6 MyD88 is Associated With the Development of Valvular Disease:

Calcific aortic valve disease (CAVD) involves chronic inflammation and osteoblastic
differentiation of aortic valvular interstitial cells (AVICs), resulting in stiff, impaired valves.
[105] No pharmacologic treatments currently exist for CAVD, making the inflammatory
response an attractive potential therapeutic target. Aortic valve samples from patients with
calcific disease showed increased expression of TLR4 and MyD88 at the transcript and
protein levels.[106] Isolated AVICs from patients with CAVD also showed increases in
TLR2/TLRA4 expression, IL-6, IL-8, MCP1, and ICAM-1 expression, and higher levels

of the pro-calcification genes Runx2and BmpZ. This effect was diminished by siRNA
knockdown of TLR2 or TLR4. This indirectly implicated MyD88-dependent signaling in
osteoblastic differentiation and the development of CAVD in humans.[107] Knockdown

of MyD88 in isolated AVICs decreased /in vitro calcium deposition and the osteogenic
response, confirming this connection.[108] Further, MyD88 was shown to be a point

of regulation independent of TLR signaling, as miRNA-214 and IL-37 have both been
shown to down-regulate MyD88-dependent cytokine stimulation in AVICs and osteoblastic
differentiation.[106,109] Interestingly, multiple groups have shown an almost identical effect
through TLR3/TRIF stimulation and knockdown in AVICs.[108,110,111] Together, these
data support a perhaps redundant role of MyD88-dependent and independent signaling in the
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development of CAVD, potentially limiting the opportunity for therapeutic intervention until
the exact contributions of each are delineated.

3.7 MyD88 Signaling in Cardiac Electrical Conduction and Arrythmias:

The discovery that AV node resident macrophages can modulate cardiac electrical
conduction through gap junctions has led to studying immunologic involvement in
arrhythmias.[112] Macrophages have also been shown to induce arrhythmias indirectly

in mouse models of diabetes. Monnerat et. al demonstrated 7/r2/~ mice to be protected
from diabetes-associated arrhythmias, then using /n vitro studies and macrophage depletion
isolated this effect to a TLR2-stimulation of macrophage IL-1p production, inducing
electrical variability in myocytes.[113] While they did not directly evaluate the role of
MyD88, TLR2 only signals through the MyD88-dependent pathway. Further, knocking

out MD1, a known inhibitor of TLR4 signaling, increased MyD88 expression in the
cardiomyocytes of obese mice with subsequent decreases in cardiac ion channel expression
leading to QT prolongation and arrhythmias.[114] Another study showed a similar
TLR4-dependent effect on arrythmias that was abolished with IRF3 inhibition and

not IRAK1/4 inhibition.[115] This provides evidence that in cardiac myocytes, MyD88-
independent signaling influence electrical conduction while infiltrated macrophages use
MyD88-dependent signaling to contribute to arrhythmias. However, these studies have
focused on individual TLRs rather than MyD88 itself, therefore studies of arrythmias in
global or conditional Myd88™'~ mice are necessary to directly implicate MyD88.

4. Targeting MyD88 for Cardiovascular Therapeutics:

Considering the widespread involvement of MyD88 and alarmin signaling in CVD, targeting
this pathway could be beneficial in both treatment and prevention. These strategies would
need to increase or decrease flux through MyD88-dependent vs. independent signaling
pathways, based on which is protective or harmful in each disease process. We suspect

that agents targeting MyD88 directly would be more effective than agents targeting specific
receptor-ligand pairs, as MyD88 is the center of many different signaling inputs that can
contribute to cardiovascular inflammation. For example, IL-1p inhibition has failed clinical
trials in patients with acute MI[9], yet as discussed in Section 3.2, MyD88 mediates
inflammation in M1 through IL-1a/p and multiple TLRs.

Effective small molecule inhibitors of MyD88 exist, which we review below and in Table
1, but none have been advanced to clinical trials thus far. Most of these inhibitors target
MyD88 dimerization and receptor association.[15] AS-1 was the first inhibitor published,
a small peptide mimic of the BB loop in the TIR domain of MyD88, which was shown

to specifically inhibit the IL-1r/MyD88 interaction without interfering with TLR4/MyD88.
[116] This compound showed efficacy in preventing cardiac hypertrophy in response to
TAC as well as myocardial damage post MI when given daily to mice for 2 weeks prior.
[58,88] Another peptide mimic of the BB loop, ST2825, was shown to inhibit MyD88
dimerization and subsequent cytokine production in response to both IL-1 and TLR9
stimulation, although no other TLRs were tested.[117] Pre and post-treatment with ST2825
in mouse MI models prevented the development of ventricular dilation and hypertrophy.
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[59] Olson et. al used computational protein-protein interaction screening to be used in
any /n vivo cardiovascular studies.[118] TJ-M2010-5, yet another inhibitor of MyD88
dimerization, was shown to have anti-inflammatory properties in cancers, autoimmune
disease, and preventing cardiac allograft rejection in mice given daily injections.[119-121]
Chen et. alused TJ-M2010-5 as a backbone and created LM9, an inhibitor with a 5x

lower Kq4 than the parent compound.[122] Subsequent studies in mice demonstrated efficacy
of LM9 in preventing atherosclerosis as well as obesity-related heart failure.[41,87] The
range of effective small molecules inhibiting MyD88 both /n vitroand in animals indicate
that some of these compounds might be considered for pre-clinical pharmacologic testing.
Interestingly, no attempts have been made to activate MyD88 for therapies of CVD, while
examples of MyD88 playing a protective role have been shown in atherosclerosis and HTN
(see above).

Currently, the only approved drug that targets TLRs directly is Imiquimod, a TLR7/

TLR8 agonist used in many dermatologic disorders.[123] Additionally, IL-1R blockade

is a therapeutic strategy that indirectly targets MyD88. Anakinra, a recombinant form of
the IL-1R antagonist, and Canakinumab, a monoclonal antibody against IL-1f, are both
approved to treat inflammatory arthritis and periodic fever disorders. Interestingly, both
have shown only limited potential in clinical trials of patients with HF, MI, and pericarditis.
[124-126] Further, current clinical trials exist using agonists and antagonists against nearly
every TLR, testing efficacy to treat cancers, infectious, autoimmune, and allergic diseases.
[127,128] While many of these drugs are still at early stages or were not originally for
cardiovascular purposes, future successful clinical trials will strengthen their potential for
alternative uses.

A variety of other drugs already approved for other diseases have been shown to indirectly
affect TLR/MyD88, opening up the possibility of repurposing existing drugs to target

this pathway. Statins, which inhibit HMG-CoA Reductase to treat hyperlipidemia, were
discovered to decrease TLR4 expression in whole blood from patients with HF, suppressing
MyD88 signaling in monocytes.[129,130] Since then, statins have been shown to inhibit
TLR signaling and attenuate atherosclerosis, cardiac remodeling, and ischemic injury.[131—
133] While these drugs are already used in atherosclerotic disease, this outlines a new
mechanism for their action and gives support for their use in other CVD. Additionally,
Angiotensin Il receptor blockers, used in HTN and HF, were shown to suppress TLR2/TLR4
mediated inflammation and protect rats from MI reperfusion injury.[134,135]

Glycosaminoglycans such as chondroitin sulfate, a dietary supplement taken by
osteoarthritis patients, also inhibited MyD88-dependent inflammatory signaling in
chondrocytes.[136] Chloroquine and hydroxychloroquine are anti-inflammatory drugs used
in autoimmune diseases or malaria treatment, but also have been shown to decrease MyD88
levels, improve blood pressure in hypertensive rats, and reduce TLR9/MyD88 levels in
patients with Sjogrens syndrome.[137,138] However, these medications have the potential to
cause cardiovascular side effects like arrhythmias, therefore the full mechanisms would need
to be studied before determining a potential benefit. A variety of medications in the tricyclic
family, which target neurotransmitter release and uptake, have also been shown to modulate
TLR activity, the effects of which were eliminated in Myd88~ mice. The antidepressant
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amitriptyline enhanced TLR2/TLR4 signaling in reporter cells while the anti-convulsant
oxcarbazepine inhibited TLR4 signaling.[139] However, this family of medications also has
the potential to cause hypertension and arrythmias. Finally, multiple studies have shown that
opioids can modulate TLR4/MyD88 activity.[140,141] All of these drugs showed varying
levels of activity on TLR/MyD88 signaling, and have varying pharmacodynamic properties,
therefore could be useful for specific forms of CVD depending on the exact contributions of
MyD88. However, while safety profiles have already been established, further study would
need to be done to demonstrate utility in repurposing them for CVD.

5. Concluding Remarks

CVD has become intertwined with cardiac and systemic inflammation, therefore
mechanistic studies are vital to improving therapies and outcomes. Cardiovascular
inflammation involves complex interactions between the innate, adaptive, and non-immune
cells. While MyD88 and alarmin sensors such as TLRs are considered pro-inflammatory in
myeloid cells, they are broadly expressed, and their functions are continuously expanding.
MyD88 signaling has complex roles, influencing cardiac immune cell recruitment, intrinsic
immune cell functions, cellular proliferation or death, and directly modulating fibrosis.

This complexity seems to vary between cell types as well as in the context of different
inflammatory or disease states. As such, examples of MyD88 being protective or pathogenic
can be found in most forms of CVD, such as MyD88 in innate cells contributing to
atherosclerosis while MyD88 in adaptive cells being protective. Comprehensive studies of
the exact function of MyD88 in specific cell types will determine whether MyD88 can be
considered a safe therapeutic target in CVD. As conditional genetic knock-out and knock-in
models are commonly available, this has become a much more feasible goal. One significant
limitation of the work we have reviewed is the lack of studies in humans with CVD. Most
of the literature on MyD88 signaling remains /n vitro and in mouse models, limiting the
translational benefit at this point. For example, mouse models of atherosclerosis do not
exhibit plague rupture, making study using mice of this clinically relevant feature in patients
difficult. However, any already approved drugs found to indirectly modulate MyD88, such
as statins, have the benefit pre-existing data from clinical trials. While we still have
considerable progress before using MyD88-specific treatments in CVD, significant advances
have been made in understanding the role of immune signaling in the cardiovascular system.
Based on this work, we believe that MyD88 remains an important contributor to disease
pathogenesis and holds potential value as a therapeutic target in many forms of CVD.
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Figure 1: MyD88 Signaling Leads to Cell Specific Functions in Cardiovascular Disease.
Alarmins are recognized by TLRs and cytokine receptors, leading to activation of MyD88

and a subsequent immune response, along with cell specific functions (right panel). The
MyD88 independent pathway contributes in parallel. The gene structure and domains of
MyD88 are shown in the lower right panel. (DD = Death domain, Int = Intermediate domain,

TIR = Toll-IL1R domain)
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Figure 2: MyD88 Signaling Contributes to Atherosclerotic & Myocardial Infarction Associated
Inflammation.

Different cell types affect the development of atherosclerotic plaques and inflammation,
which can lead to myocardial infarction. Green arrows indicate protective mechanisms. DC
= dendritic cell, TC = T-Cell, Treg = Regulatory T-Cell, BC = B-Cell, Th17 = Type 17
helper T-cell, EC = endothelial cell, M1 = type 1 macrophage, FC = foam cell, VSMC =
vascular smooth muscle cell, MY = myocyte, M® = macrophage, CFB = cardiac fibroblast,
MFB = myofibroblast
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Figure 3: MyD88 Signaling in Other Forms of Cardiovascular Disease.
The role of MyD88 signaling in the development of hypertension (A), abdominal aortic

aneurysm (B), adverse cardiac remodeling (C), and myocarditis (D)
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Table 1

Pharmacologic Inhibition of MyD88 in Cardiovascular Disease.
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Name Mechanism CVD Uses Original Use Sources
Direct Inhibitors of MyD88
Prevention of cardiac
hypertrophy in response to TAC,
AS-1 IL-1r/MyD88 inhibitor Ischemic injury prevention 58, 88, 116
ST2825 MyD88 dimerization inhibitor ;er)i\t/?\%mn of cardiac remodeling 59, 117
T6167923 MyD88 dimerization inhibitor - - 118
TS Cardiac allograft rejection
TJ-M2010-5 MyD88 dimerization inhibitor prevention - 119-121
Atherosclerosis prevention,
LM9 MyD88 dimerization inhibitor obesity related heart failure - 41, 87,122
prevention
Existing Drugs Thai Indirectly Target the MyD88 Pathway
Cardiac Remodeling, - .
Statins Suppression of TLR4/MyD88 Ischemic injury prevention X%Ihp;g'sﬂg?g:g‘ 129-133
Hyperlipidemia, Atherosclerosis
Suppression of TLR2/TLR4/ Ischemic injury prevention, .
ARBs MyD88 hypertension Hypertension 134-135
Chondroitan Sulfate MyD88 inhibition - Osteoarthritis 136
Chloroquine, S . Autoimmune disease,
Hydroxychloroquine MyD88 (TLR9?) inhibition Hypertension malaria 137-138
T Enhancement of TLR2/TLR4/ .
Amitriptyline MyD88 - Antidepressant 139
Oxcarbazepine Inhibition of TLR4/MyD88 - Seizures 139
Opioids Inhibition or Enhancement of Analgesia 140-141

TLR4/MyD88
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