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Abstract

In the infarcted myocardium, necrotic cardiomyocytes activate innate immune pathways, 

stimulating pro-inflammatory signaling cascades. Although inflammation plays an important role 

in clearance of the infarct from dead cells and matrix debris, repair of the infarcted heart requires 

timely activation of signals that negatively regulate the innate immune response, limiting 

inflammatory injury. We have previously demonstrated that Interleukin receptor-associated kinase 

(IRAK)-M, a member of the IRAK family that suppresses toll-like receptor/interleukin-1 

signaling, is upregulated in the infarcted heart in both macrophages and fibroblasts, and restrains 

pro-inflammatory activation attenuating adverse remodeling. Although IRAK-M is known to 

suppress inflammatory activation of macrophages, its role in fibroblasts remains unknown. Our 

current investigation examines the effects of IRAK-M on fibroblast phenotype and function. In 

vitro, IRAK-M null cardiac fibroblasts have impaired capacity to contract free-floating collagen 

pads. IRAK-M loss reduces transforming growth factor (TGF)-β-mediated α-smooth muscle actin 

(α-SMA) expression. IRAK-M deficient cardiac fibroblasts exhibit a modest reduction in TGF-β-

stimulated Smad activation and increased expression of the α-SMA repressor, Y-box binding 

protein (YB)-1. In a model of non-reperfused myocardial infarction, IRAK-M absence does not 

affect collagen content and myofibroblast density in the infarcted and remodeling myocardium, 

but increases YB-1 levels and is associated with attenuated α-SMA expression in isolated infarct 

myofibroblasts. Our findings suggest that, in addition to its role in restraining inflammation 

following reperfused infarction, IRAK-M may also contribute to myofibroblast conversion.
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INTRODUCTION

The adult mammalian heart has negligible regenerative capacity. Repair of the infarcted 

myocardium is dependent on an inflammatory reaction that clears the wound from dead cells 

and matrix debris, and sets the stage for recruitment and activation of reparative cardiac 

fibroblasts that deposit extracellular matrix proteins maintaining the structural integrity of 

the ventricle [1, 2]. During the first few hours after coronary occlusion, necrotic 

cardiomyocytes release alarmins, danger-associated molecular signals that activate Toll-like 

receptor (TLR) and interleukin (IL)-1 signaling in cardiomyocytes, fibroblasts and immune 

cells, triggering pro-inflammatory cascades [3],[4],[5],[6],[7],[8]. TLR/IL-1 stimulation 

activates the Nuclear Factor (NF)-κB system [9], inducing expression of chemokines and 

adhesion molecules in endothelial cells. Sensing of chemokines bound on the endothelial 

surface by circulating leukocytes triggers adhesive interactions, ultimately resulting in 

extravasation of neutrophils and pro-inflammatory monocytes in the infarcted region. 

Although inflammation is important to clear the wound from dead cells, effective cardiac 

repair is dependent on timely suppression of inflammatory signaling and resolution of the 

leukocyte infiltrate. Inhibition of inflammatory pathways following infarction is an active 

process that requires secretion of anti-inflammatory mediators, and activation of intracellular 

signaling pathways that downmodulate the innate immune response [10],[11],[12]. 

Extensive experimental evidence suggests that defects in molecular signals responsible for 

negative regulation of inflammation extend injury and causes adverse remodeling following 

myocardial infarction [2],[13],[14].

Engagement of TLR by danger signals leads to recruitment of one of the Toll/IL-1 receptor 

(TIR) domain-containing adaptor proteins. Of these proteins, myeloid differentiation 

primary-response gene 88 (MyD88) is required for all TLR signaling pathways (except 

TLR3) and mediates leukocyte infiltration in the infarcted heart [15]. Members of the 

Interleukin receptor-associated (IRAK) family of intracellular kinases function are critically 

involved in regulation of TLR/IL-1 signaling cascades downstream of the TIR adaptors [16]. 

Genetic loss-of-function approaches demonstrated that IRAK-1, IRAK-2 and IRAK-4 

stimulate distinct pro-inflammatory signaling pathways in response to TLR and IL-1 

activation [17],[18],[19]. In the ischemic myocardium, activation of IRAK-1 and IRAK-4 

signaling cascades has been implicated in extension of injury [20], [21]. In contrast, to the 

pro-inflammatory actions of the other IRAKs, IRAK-M serves as a negative regulator of the 

innate immune response [22],[23],[24]. We have previously demonstrated that IRAK-M is 

markedly upregulated in the infarcted myocardium and restrains monocyte-driven 

inflammation [12]. Using a mouse model of myocardial ischemia/reperfusion, we found that 

timely induction of IRAK-M is critical for suppression of inflammation, and protects the 

infarcted heart from adverse remodeling without affecting the size of the infarct. Although 

traditional concepts suggest that IRAK-M is a macrophage-specific product [25], our studies 
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suggested that it is also expressed in activated cardiac fibroblasts upon stimulation with 

growth factors [12]. However, the role of IRAK-M in fibroblast biology remains unknown.

Our current study demonstrates a novel role for IRAK-M in regulation of myofibroblast 

conversion. We found that loss of IRAK-M in fibroblasts attenuates TGF-β-induced α-

smooth muscle actin (α-SMA) expression, resulting in impaired capacity to contract 

collagen gels. Defective function of IRAK-M deficient fibroblasts is associated with 

increased expression of Y-box binding protein (YB)-1, a potent repressor of α-SMA 

synthesis. Our findings suggest that in addition to its role in suppression of the innate 

immune response, IRAK-M may also contribute to fibroblast activation, serving as a 

molecular switch from inflammation to fibrosis.

METHODS

Animals

For all in vivo and in vitro experiments, we used male and female IRAK-M null mice in a 

C57BL6 background [22] and corresponding C57BL6 controls (provided by Jackson labs, 

Bar Harbor ME) [12]. All protocols were approved by the institutional animal care and use 

committee at Albert Einstein College of Medicine.

Isolation and stimulation of mouse cardiac fibroblasts

Fibroblasts were isolated from normal WT and IRAK-M null mouse hearts as previously 

described and cultured in Corning T150mm × 25mm dishes [26],[27],[28]. Cells were 

serum-starved at passage 2 for 24h and subsequently stimulated with 10 ng/ml of 

Transforming Growth Factor (TGF)-β (R&D Systems, Minneapolis MN) for 1h, 4h and 24h. 

At the end of stimulation total protein was extracted using RIPA lysis buffer (Pierce). 

Protein samples were used for assessment of Smad2 phosphorylation. In additional 

experiments, cardiac fibroblasts from WT and IRAK-M null mice were stimulated in the 

presence and absence of TGF-β (10 ng/ml) for 72h and protein was harvested to assess 

expression of α-SMA and type III collagen.

Collagen pad contraction assay

To assess the effects of IRAK-M on the contractile properties of fibroblasts, free floating 

collagen pads were populated with cardiac fibroblasts from WT and IRAK-M null, as 

previously described [29]. Following polymerization, fibroblast-populated collagen pads 

were incubated in triplicates (WT and IRAKM null; n=9) in the presence or absence of fetal 

bovine serum (FBS 1%) and TGF-β1 (10 ng/ml). After 24h, the pictures of the plates were 

taken in a flatbed scanner, and the area of each pad was measured using Image Pro software.

Mouse model of non-reperfused myocardial infarction

Both male and female 2–4 month-old WT and IRAK-M KO mice underwent coronary 

occlusion protocols as previously described [12]. Mice were anesthetized by isoflurane 

inhalation (isoflurane 2–3% vol/vol). Non-reperfused myocardial infarction was induced 

using an open chest model of permanent left coronary artery ligation. After 7 days of 

permanent coronary occlusion, the chest was opened, the heart was immediately excised, 
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snap frozen in liquid nitrogen, and stored at −80°C for protein extraction. In additional 

experiments hearts were used for isolation of cardiac fibroblasts from the infarcted heart.

Echocardiography

Short axis M-mode echocardiography was performed prior to instrumentation and before the 

end of each experiment (after 7 days of permanent coronary occlusion, WT n=13, KO n=10) 

using the Vevo 2100 system (VisualSonics, Toronto ON), as previously described [12]. The 

following parameters were measured as indicators of function and remodeling: left 

ventricular end-diastolic diameter (LVEDD), left ventricular end-diastolic volume 

(LVEDV), ejection fraction, and end-diastolic left ventricular anterior wall thickness 

(LVAWt(d)).

Histopathology and morphometric analysis

Collagen pads populated with WT or IRAK-M KO cardiac fibroblasts for 24h were fixed in 

formalin and embedded in paraffin for histologic analysis. Infarcted hearts were also fixed in 

formalin, embedded in paraffin and sectioned systematically from base to apex as previously 

described [30]. Histological sections from fibroblast-populated pads were stained with sirius 

red, and counterstained with hematoxylin, as previously described [29], to identify the 

fibroblasts and to quantitate their density and cell area. For assessment of cell density 10 

random low power fields were used for each pad. 50 fibroblasts from each pad were 

assessed for quantitation of cell area. In order to quantitatively assess collagen content in the 

infarcted heart, histological sections were stained for sirius red at three different levels, base, 

mid-myocardium and apex. Fifteen fields from the infarcted segments of each mouse were 

used to assess the collagen-stained area. Ten fields from the remote remodeling myocardium 

were used to quantitatively assess the collagen content in the non-infarcted region for each 

animal.

Immunofluorescence

Myofibroblasts were harvested from infarcted hearts as previously described [26]. Cells 

were transferred to 4-chamber polystyrene-treated tissue culture glass slides (BD falcon™, 

Fisher Scientific, Pittsburgh PA), were allowed to attach overnight and were fixed for 10 

min in a 3.7% solution of paraformaldehyde (Sigma, St Louis MO). Cells were then washed 

twice with PBS and stained with FITC-labeled anti–α-SMA (Sigma). Nuclei were stained 

with DAPI (Invitrogen). Myofibroblasts in infarcted hearts were identified, as spindle-

shaped cells located outside the vascular media with α-SMA immunofluorescence using the 

anti-α-SMA antibody and an Alexa-Fluor 594-labeled secondary antibody (Molecular 

Probes). Sections were counterstained with DAPI. Myofibroblast density was quantitatively 

assessed in infarcted myocardium by scanning fifteen fields for each mouse at three different 

levels (basal, mid and apical). Myofibroblast density in the non-infarcted myocardium was 

assessed by counting cell numbers in ten fields from remote remodeling myocardial 

segments.
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Protein extraction and western blotting

Protein was extracted from hearts and from cultured cardiac fibroblasts using standard 

protocols. Western blotting was performed using antibodies to αSMA, type 3 collagen α1 

(Santa Cruz Biotechnology, Dallas TX), pSmad2 (Cell Signaling, Danvers MA), and YB-1 

(Bioss, Woburn MA).

RNA extraction and qPCR

Control and TGF-β-stimulated fibroblasts were used for RNA extraction after 24h of 

stimulation. Isolated total RNA from mouse hearts was reverse transcribed to cDNA using 

the iScript™ cDNA synthesis kit (Bio-Rad) following the manufacturer’s guidelines. 

Quantitative PCR was performed using the SsoFast™ EvaGreen® Supermix (Bio-Rad) 

method on the CFX384™ Real-Time PCR Detection System (Bio-Rad). Primers were 

synthesized by Integrated DNA Technologies. The following sets of primers were used in 

the study: collagen I forward 5′-GAGGTATGCTTGATCTGTA-3′, reverse 5′-

CTGAGTTTGGTGATACGTA-3′, α-SMA forward 5′-ATCAGCGCCTCCAGTTCCTT-3′, 

α-SMA reverse 5′-TCTCACCTAACAGAAACACAA-3′, GAPDH forward 5′-

AACGACCCCTTCATTGACCT-3′, GAPDH reverse 5′-

CACCAGTAGACTCCACGACA-3′. The housekeeping gene GAPDH was used as internal 

control. The qPCR procedure was repeated three times in independent runs; gene expression 

levels were calculated using the ΔΔCT method.

Statistical analysis

Data are expressed as mean ± SEM. Statistical analysis was performed using GraphPad 

version 6 (GraphPad Software Inc., LaJolla, CA, USA) using unpaired, 2-tailed Student’s t 

test using Welch’s correction for unequal variances and 1-way ANOVA with Tukey’s 

multiple comparison test. Results were considered statistically significant at P<0.05.

RESULTS

1. IRAK-M null fibroblasts exhibit impaired ability to contract collagen pads

We have previously demonstrated that IRAK-M is expressed in myofibroblasts infiltrating 

the infarcted myocardium and that in vitro, IRAK-M expression is upregulated in growth 

factor-stimulated cardiac fibroblasts [12]. In order to explore the role of IRAK-M in 

regulating fibroblast function, we studied the effects of IRAK-M loss on contraction of 

fibroblast-populated collagen pads. When compared with WT cardiac fibroblasts, IRAK-M 

null cells exhibited reduced capacity to contract collagen pads (Fig 1A, B). TGF-β1 

stimulation enhanced pad contraction in both WT and IRAK-M KO cells; however, IRAK-

M absence was associated with impaired pad contraction by TGF-β stimulated cells. In 

contrast, pad contraction by FBS-stimulated cells was comparable between WT and IRAK-

M KO cells (Figure 1).
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2. IRAK-M loss does not affect cell density in fibroblast-populated collagen pads, but is 
associated with increased cell size

We hypothesized that impaired contraction of collagen pads populated with IRAK-M KO 

cells may be due to effects of IRAK-M on cell proliferation and/or survival that may affect 

the number of cells in the pad. We used sirius red staining to identify and quantitate pad 

fibroblasts (Figure 2A). FBS stimulation increased WT and KO fibroblast density in 

collagen pads; in contrast TGF-β1 stimulation had no significant effect. IRAK-M loss did 

not significantly affect the density of fibroblasts in the pad (Figure 2B). IRAK-M absence 

was associated with a significant increase in cell size, evidenced by a higher mean cross-

sectional area. FBS stimulation decreased cell size in both WT and IRAK-M KO cells 

(Figure 2C).

3. IRAK-M loss is associated with impaired TGF-β-induced myofibroblast 
transdifferentiation

Because myofibroblasts are critically involved in wound contraction, we examined whether 

the impaired capacity of IRAK-M null cells to contract collagen pads is associated with 

defective myofibroblast transdifferentiation. In cells cultured in plates, TGF-β1 stimulation 

for 72h markedly increased α-SMA protein expression in both WT and IRAK-M KO cells. 

However, when compared with WT cells, IRAK-M KO cardiac fibroblasts exhibited 

significantly lower levels of α-SMA expression (Figure 3A–B).

4. IRAK-M loss is associated with attenuated TGF-β-induced α-SMA mRNA and collagen 1 
synthesis

Next, we examined whether IRAK-M loss affects α-SMA and collagen synthesis by 

activated cardiac fibroblasts. After 24h of stimulation, TGF-β induced a >2-fold increase in 

α-SMA mRNA expression in cardiac fibroblasts and a statistically significant 25% increase 

in collagen 1 mRNA transcription (Figure 3C–D). IRAK-M absence abrogated the effects of 

TGF-β stimulation on α-SMA mRNA levels. Moreover, the effects of TGF-β stimulation on 

collagen 1 mRNA levels by IRAK-M null cells were not statistically significant.

5. IRAK-M loss modestly attenuates TGF-β-mediated Smad phosphorylation

Reduced α-SMA synthesis in IRAK-M null cells (Figure 3) suggests that IRAK-M promotes 

TGF-β-mediated myofibroblast transdifferentiation. In order to examine the mechanism 

responsible for the effects of IRAK-M, we examined whether IRAK-M loss affects TGF-β-

induced Smad activation. TGF-β1 increased Smad2 phosphorylation in both WT and IRAK-

M KO cells after 1h, 4h or 24h of stimulation. IRAK-M null cells exhibited modestly, but 

significantly, attenuated peak p-Smad2 expression after 1h of stimulation (Figure 4). In 

contrast, after 4–24h of stimulation p-Smad2 levels were comparable between WT and 

IRAK-M KO cells.

6. IRAK-M loss is associated with increased expression of the α-SMA repressor YB-1

Expression of the potent transcriptional repressor YB-1 negatively regulates α-SMA 

expression in myofibroblasts [31]. Accordingly, we examined whether reduced α-SMA 

expression in IRAK-M null cells was due to increased expression of the repressor YB-1. 
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Baseline YB-1 expression was comparable between WT and IRAK-M KO cells. TGF-β1 

stimulation markedly suppressed YB-1 expression. TGF-β1-mediated suppression of YB-1 

was attenuated in IRAK-M null cells (Figure 5).

7. In a model of non-reperfused myocardial infarction, IRAK-M loss does not affect cardiac 
dysfunction and collagen deposition

We have previously demonstrated that IRAK-M absence is associated with accentuated 

dilative remodeling following reperfused myocardial infarction [12]. The effects of IRAK-M 

loss are associated with increased inflammation and a pro-inflammatory macrophage 

phenotype [12]. When compared with reperfused infarcts, non-reperfused infarcts exhibit 

markedly attenuated and delayed inflammatory response [32]. Echocardiographic analysis 

showed that, in a model of non-reperfused myocardial infarction, IRAK-M loss did not 

affect chamber dimensions (Figure 6A–B) and ejection fraction (Figure 6C) after 7 days of 

permanent coronary occlusion. Left ventricular anterior wall thickness was also comparable 

between groups (Figure 6D). Quantitative analysis of collagen staining (Figure 6I) using 

Sirius red showed that WT (Figure 6E, F) and IRAK-M KO mice (Figure 6G, H) had 

comparable collagen content in the infarcted (Figure 6E, G) and in the remote remodeling 

myocardium (Figure 6F, H).

8. IRAK-M absence does not affect myofibroblast infiltration in non-reperfused myocardial 
infarction, but is associated with increased YB-1 expression, and reduced α-SMA 
immunoreactivity in isolated infarct myofibroblasts

In the model of non-reperfused myocardial infarction, both WT and IRAK-M KO animals 

exhibited intense infiltration of the border zone with α-SMA+ myofibroblasts (Figure 7A, 

B). IRAK-M loss did not affect myofibroblast density in the infarcted, or in the remote 

remodeling myocardium (Figure 7C–G). In order to examine whether IRAK-M loss in 

fibroblasts is associated with increased YB-1 expression in vivo, we compared YB-1 levels 

between WT and IRAK-M KO infarcts (Figure 7A, B). After 7 days of coronary occlusion, 

IRAK-M KO infarcts had significantly lower YB-1 expression than corresponding WT 

infarcts (Figure 7B). In contrast, α-SMA expression levels were not significantly different 

between groups (Figure 7A, C). Because α-SMA is expressed by both vascular smooth 

muscle cells and myofibroblasts, we harvested myofibroblasts from non-reperfused infarcts 

and stained the cells for α-SMA. Cells harvested from IRAK-M KO infarcts exhibited 

reduced α-SMA immunofluorescence in comparison to cells derived from WT infarcts 

(Figure 7D).

DISCUSSION

Our study reports for the first time that, in addition to its established roles in suppression of 

innate immune signaling and in modulation of macrophage phenotype, IRAK-M is also 

implicated in myofibroblast activation. The effects of IRAK-M in fibroblasts may be 

mediated through suppression of YB-1, a repressor of α-SMA transcription. Thus, IRAK-M 

may serve as a molecular “switch” responsible for the transition from inflammation to 

fibrosis, by restraining pro-inflammatory signaling in macrophages, while activating a 

fibrogenic/contractile phenotype in infarct myofibroblasts,
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The role of IRAK-M in inflammation and immunity

Both in vivo studies and in vitro experiments have demonstrated that IRAK-M is implicated 

in negative regulation of immune responses by exerting critical actions on macrophages and 

dendritic cells [33]. In a model of infectious lung injury, IRAK-M loss was associated with 

increased mortality due to unrestrained inflammatory activation [34]. In experimental 

models of murine lupus [35] and type 1 diabetes [36], IRAK-M loss exacerbated 

autoimmune tissue injury. IRAK-M upregulation is an important mechanism responsible for 

the broad range anti-inflammatory actions of glucocorticoids [37]. The molecular signals 

mediating the anti-inflammatory actions of IRAK-M in macrophages remain poorly 

understood. It has been suggested that IRAK-M may prevent dissociation of IRAK-1 and 

IRAK-4 from their complex with the adaptor protein MyD88, thus preventing formation of 

IRAK-1/TNF receptor associated factor 6 (TRAF6) complexes and inhibiting downstream 

NF-κB and activator protein (AP)-1 signaling [22]. In vitro studies in macrophages have 

suggested additional mechanisms that may mediate the anti-inflammatory actions of IRAK-

M. IRAK-M may act by stabilizing mitogen-activated protein kinase phosphatase (MKP)-1, 

thus attenuating p38 mitogen-activated protein kinase (MAPK) activation and repressing 

MAPK-driven pro-inflammatory actions [38]. Experiments in bone marrow-derived 

macrophages suggested that IRAK-M may also mediate the mitogen-activated protein 

kinase kinase kinase 3 (MEKK3)-dependent “second wave” of NF-κB activation that results 

in production of inhibitory molecules, while negatively regulating translation of pro-

inflammatory cytokines and chemokines [39].

IRAK-M in tissue fibrosis

Information on the role of IRAK-M in tissue fibrosis is extremely limited. In a model of 

renal injury, progressive fibrosis was associated with IRAK-M upregulation [40]. A recently 

published investigation demonstrated that IRAK-M may play a critical role in mediating 

fibrosis in a model of bleomycin-induced lung injury [41]. IRAK-M null mice exhibited 

attenuated pulmonary fibrosis following bleomycin administration. The fibrogenic actions of 

IRAK-M were presumed due to activation of a pro-fibrotic macrophage phenotype, 

associated with expression of IL-13 and subsequent fibroblast stimulation.

Our experiments suggest that, in addition to its role in activation of fibrogenic macrophages, 

IRAK-M may exert direct actions on cardiac fibroblasts. We have previously demonstrated 

that IRAK-M is expressed in a subset of cardiac fibroblasts infiltrating the healing infarct; in 

vitro, IRAK-M is induced in cardiac fibroblasts upon stimulation with cytokines and growth 

factors [12]. Our current study suggests that IRAK-M plays a direct role in myofibroblast 

conversion and activation. IRAK-M null fibroblasts exhibited impaired ability to contract 

free-floating collagen pads upon stimulation with TGF-β (Figure 1) and had attenuated TGF-

β-induced α-SMA expression (Figure 3). The effects of IRAK-M loss on cardiac fibroblasts 

were associated with impaired suppression of YB-1, a potent repressor of α-SMA 

transcription [31]. Our findings suggest for the first time that IRAK-M expression may 

directly stimulate myofibroblast conversion by suppressing YB-1 levels, thus releasing α-

SMA synthesis. Considering the limited information on the mechanisms regulating YB-1 

expression [42], the basis for the effects of IRAK-M loss on YB-1 levels remains unclear. 

Pro-inflammatory cytokines (such as IL-1β) are upregulated in the absence of IRAK-M, and 
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are known to induce YB-1 transcription and activation [43]. Moreover, MAPKs have been 

implicated in regulation and activation of YB-1 [44]. In the absence of IRAK-M, 

accentuation of p38 MAPK signaling [38] may enhance YB-1 expression, repressing α-

SMA.

The role of IRAK-M in the infarcted myocardium: from inflammation to fibrosis

We have previously demonstrated that in reperfused myocardial infarcts, IRAK-M 

expression in macrophages and fibroblasts serves as a critical inhibitory signal that restrains 

the post-infarction inflammatory response and protects the myocardium from dilative 

remodeling [12]. Cardiomyocyte necrosis releases danger signals that activate innate 

immune signaling pathways, triggering an intense inflammatory reaction [45]. Release of 

IL-1 and engagement of Toll-like Receptors (TLRs) initiates signaling responses that lead to 

phosphorylation of IRAK-1 and IRAK-4, and trigger activation of the NF-κB system. 

However, repair of the infarcted heart is dependent on timely suppression of pro-

inflammatory signaling and activation of a reparative program. Repression of pro-

inflammatory mediators is not a passive process, but requires activation of STOP signals 

that suppress inflammatory activity. In the healing infarct, repression of pro-inflammatory 

signaling by regulatory macrophages is temporally linked with activation of fibroblasts that 

acquire a myofibroblast phenotype and deposit large amounts of extracellular matrix 

proteins [1],[46],[47].

Our current study demonstrates that, in contrast to its critical role in preventing adverse 

remodeling in reperfused infarcts, IRAK-M does not significantly affect remodeling in non-

reperfused infarction. The contrasting findings may reflect the consequences of the marked 

accentuation of pro-inflammatory activation induced by reperfusion [32],[48]. In the pro-

inflammatory environment of the reperfused infarct, IRAK-M may function as a key 

inhibitory signal that protects the heart from cytokine-mediated injury. IRAK-M expression 

in macrophages plays an important role in negative regulation of the post-infarction 

inflammatory reaction, suppressing cytokine and chemokine expression [12]. In the absence 

of IRAK-M, unrestrained inflammation results in accentuated matrix metalloproteinase 

expression worsening adverse ventricular remodeling [12]. In contrast, in non-reperfused 

infarcts, levels of cytokines and chemokines are much lower, and the anti-inflammatory 

effects of IRAK-M may be much less important.

What is the in vivo significance of the effects of IRAK-M on myofibroblast 

transdifferentiation? Although in vitro IRAK-M absence impairs fibroblast-mediated 

collagen pad contraction and inhibits myofibroblast transdifferentiation, the in vivo 

consequences of IRAK-M loss on the reparative process are less impressive. IRAK-M 

absence does not significantly affect collagen content and myofibroblast density in the 

infarcted and remodeling myocardium, but is associated with increased YB-1 levels in the 

infarct and with attenuated α-SMA content in isolated infarct myofibroblasts. The absence 

of significant in vivo effects may suggest a limited role for IRAK-M in myofibroblast 

conversion in the complex environment of the infarct, where a wide range of mediators co-

operate to activate cardiac fibroblasts. The findings could also reflect competing actions of 

IRAK-M in macrophages and in myofibroblasts, differentially regulating the reparative 
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response. Cell-specific loss-of-function approaches are needed to dissect the cell biological 

basis for the effects of IRAK-M.

Conclusions

In healing myocardial infarcts, expression of IRAK-M by macrophages and fibroblasts 

marks the end of the inflammatory phase of healing and the transition to fibroblast-driven 

repair. In reperfused infarcts, IRAK-M functions as a key negative regulator of the innate 

immune response, preventing excessive inflammatory signaling. In cardiac fibroblasts, 

IRAK-M enhances fibroblast-mediated matrix contraction and facilitates myofibroblast 

conversion, suppressing expression of the α-SMA repressor, YB-1. These effects of IRAK-

M may reflect a link between termination of innate immune signaling and activation of a 

reparative program.
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HIGHLIGHTS

• Interleukin receptor-associated kinase (IRAK)-M loss is associated with 

impaired fibroblast-mediated contraction in collagen pads.

• IRAK-M absence is associated with impaired transforming growth factor 

(TGF)-β-induced α-smooth muscle actin expression (α-SMA) in cardiac 

fibroblasts.

• IRAK-M loss is associated with a modest attenuation of TGF–β-mediated Smad 

signaling in cardiac fibroblasts.

• Impaired myofibroblast transdifferentiation in the absence of IRAK-M is 

associated with increased expression of the transcriptional repressor Y-box 

binding protein (YB)-1.

• In non-reperfused infarction, IRAK-M absence does not affect myofibroblast 

density, but is associated with increased YB-1 levels and attenuated α-SMA 

expression in infarct myofibroblasts.
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Figure 1. 
IRAK-M KO cardiac fibroblasts exhibit impaired capacity to contract collagen pads. A: 

Representative collagen pads populated with WT or IRAK-M KO fibroblasts, in the 

presence or absence of fetal bovine serum (FBS) and TGF-β1 (TGF). B: FBS and TGF-β1 

increased fibroblast-mediated pad contraction (^p<0.05, ^^<0.01 vs. control). When 

compared with WT cells, IRAK-M null cells had reduced capacity to contract gels at 

baseline and after stimulation with TGF-β1 (**p<0.01 vs. WT). (n=10–12 per group).
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Figure 2. 
Impaired contractile activity of IRAK-M KO fibroblasts is not due to a reduction in cell 

density. A. Representative images of sirius-red stained collagen pads populated with WT or 

IRAK-M KO cardiac fibroblasts (arrows), in the presence or absence of FBS and TGF-β1 

(T). B. FBS stimulation increased fibroblast density in the pad (*p<0.05 vs. corresponding 

control). IRAK-M loss did not affect fibroblast density. TGF-β stimulation did not affect 

fibroblast density in WT or IRAK-M KO cells. C. FBS stimulation decreased cell area in 

both WT and IRAK-M KO fibroblasts (*p<0.05, **p<0.01 vs. corresponding control). 

IRAK-M KO cells had a significantly higher area at baseline and after stimulation with 

TGF-β1 (^^p<0.01 vs. WT). (for cell density, n=4–6 pads/group; for cell area, n=200–300 

cells/group).
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Figure 3. 
IRAK-M absence is associated with attenuated TGF-β-mediated α-SMA mRNA and protein 

upregulation. A–B: Western blotting experiments showed that after 72h of TGF-β1 

stimulation, WT and IRAK-M KO cardiac fibroblasts exhibited markedly increased α-SMA 

expression (**p<0.01, ***p<0.001 vs. corresponding control). When compared with WT 

cells, IRAK-M KO cardiac fibroblasts had significantly lower levels of α-SMA expression 

after stimulation with TGF-β1 (n=5/group). C–D: qPCR showed that IRAK-M loss 

attenuated TGF-β1-mediated a-SMA upregulation after 24 h of stimulation. C: TGF-β1 

induced a 2.2-fold increase in α-SMA mRNA levels in WT cells (^p<0.05 vs. WT C). After 

stimulation with TGF-β1, IRAK-M KO cells had significantly lower α-SMA mRNA 

expression than corresponding WT cells. D: TGF-β1 induced a modest, but statistically 

significant increase in type 1 collagen mRNA expression in WT cells (^p<0.05 vs. control). 

IRAK-M loss did not affect baseline or TGF-β-stimulated collagen transcription (n=6/

group).
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Figure 4. 
Effects of IRAK-M loss on TGF-β-mediated Smad2 phosphorylation. Western blotting for 

pSmad2 showed that TGF-β1 activates Smad signaling in both WT and IRAK-M KO 

cardiac fibroblasts after 1–24h of stimulation (**p<0.01 vs. corresponding control). When 

compared with WT cells, IRAK-M KO cells exhibited a modest, but significant attenuation 

of peak pSmad2 expression after 1h of stimulation (^p<0.05 vs. WT) (n=4–6/group).
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Figure 5. 
IRAK-M loss is associated with attenuated downregulation of YB-1 expression upon 

stimulation with TGF-β1. TGF-β1 stimulation decreased YB-1 expression in both WT and 

IRAK-M KO cardiac fibroblasts (***p<0.001 vs. control). After TGF-β stimulation, IRAK-

M KO cells had significantly higher YB-1 levels than WT cells (^^^p<0.001 vs. WT) (n=3/

group).

Saxena et al. Page 18

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Effects of IRAK-M loss on cardiac remodeling, dysfunction and fibrosis in a mouse model 

of permanent coronary occlusion. A–D. Echocardiographic analysis demonstrated that both 

WT and IRAK-M KO mice exhibited markedly increased left ventricular end-diastolic 

diameter (A, LVEDD) and left ventricular end-diastolic volume (B, LVEDV) after 7 days of 

permanent coronary occlusion (^^p<0.01 vs. corresponding baseline values). Moreover, 

non-reperfused infarction markedly reduced ejection fraction (C) and decreased end-

diastolic left ventricular anterior wall thickness (LVAWt(d) (^^p<0.01 vs pre). IRAK-M loss 

had no significant effect on dilative remodeling, systolic dysfunction and anterior wall 

thinning (n=10–13/group). E–I: IRAK-M absence did not affect collagen content in the 

infarcted and remote remodeling myocardium. Sirius red staining was used to label collagen 

in infarcted and remote remodeling segments of WT (E, F) and IRAK-M KO (G, H) 

infarcts. IRAK-M loss did not affect collagen content in the infarcted and remote 

remodeling myocardium (n=8–11/group) (Inf, infarction; BZ, border zone, scalebar=60μm).
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Figure 7. 
IRAK-M loss does not affect myofibroblast density in non-reperfused myocardial infarction, 

but is associated with increased YB-1 expression and reduced α-SMA expression in infarct 

myofibroblasts. A–F. α-SMA immunofluorescence identifies myofibroblasts infiltrating the 

border zone of the infarcted heart after 7 days of permanent coronary occlusion (A, arrows) 

(scalebar=80μm. Representative images show identification of α-SMA-expressing 

myofibroblasts in the infarcted (B, D) and non-infarcted remodeling myocardium (C, E), in 

WT (B, C) and IRAK-M KO infarcts (D, E; scalebar=50μm). Quantitative analysis showed 

that myofibroblast density was comparable between WT and IRAK-M infarcts (n=8–11/

group) (F). G–H Western blotting showed that IRAK-M KO animals had higher levels of 

YB-1 in the infarcted myocardium than WT animals after 7 days of coronary occlusion. I. α-

SMA levels in the infarcted myocardium (reflecting expression by both smooth muscle cells 

and myofibroblasts) were comparable between groups. J. Immunofluorescent staining 

showed that myofibroblasts harvested from KO infarcts had attenuated α–SMA expression 

when compared to WT cells (n=5/group, scalebar=40μm).
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