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Abstract 25 

RATIONALE: Appropriate fibrotic tissue formation after myocardial infarction (MI) is crucial 26 

to maintenance of the heart’s structure. Reparative or M2-like macrophages play a vital role in 27 

post-MI fibrosis by activating cardiac fibroblasts. However, the mechanism by which post-MI 28 

cardiac fibrosis is regulated is not fully understood. 29 

OBJECTIVE: We investigated the cellular and molecular mechanisms of post-MI fibrotic tissue 30 

formation, especially those related to regulation of cellular senescence and apoptosis. 31 

METHODS AND RESULTS: In vivo and in vitro experiments were used to investigate the 32 

molecular and cellular mechanisms through which post-MI fibrosis occurs, with a focus on the 33 

role of M2-like macrophages. Microarray analysis revealed that CD206+F4/80+CD11b+ M2-like 34 

macrophages collected from mouse hearts on post-MI day 7 showed increased expression of 35 

neuregulin 1 (Nrg1). Nrg1 receptor epidermal growth factor receptor ErbB was expressed on 36 

cardiac fibroblasts in the infarct area. In cardiac fibroblasts in which hydrogen peroxide-induced 37 

senescence, M2-like macrophage-derived Nrg1 suppressed both senescence and apoptosis of the 38 

fibroblasts, whereas blockade of ErbB function significantly accelerated. M2-like macrophage-39 

derived Nrg1/ErbB/PI3K/Akt signaling, which was shown to be related to anti-senescence, was 40 

activated in damaged cardiac fibroblasts. Interestingly, systemic blockade of ErbB function in MI 41 

model mice enhanced senescence and apoptosis of cardiac fibroblasts and exacerbated 42 

inflammation. Further, increased accumulation of M2-like macrophages resulted in excessive 43 

progression of fibrosis in post-MI murine hearts. The molecular mechanism underlying 44 

regulation of fibrotic tissue formation in the infarcted myocardium was shown in part to be 45 

attenuation of apoptosis and senescence of cardiac fibroblasts by activation of 46 

Nrg1/ErbB/PI3K/Akt signaling. 47 
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CONCLUSIONS: M2-like macrophage-mediated regulation of Nrg1/ErbB signaling, shown to 48 

have a substantial effect on fibrotic tissue formation in the infarcted adult mouse heart, is critical 49 

for suppressing the progression of senescence and apoptosis of cardiac fibroblasts. 50 

 51 
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Akt protein kinase B 56 
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Glb1 galactosidase beta 1 62 
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MI myocardial infarction 66 

mTOR mechanistic target of rapamycin 67 

M2 M2-like macrophage 68 

Nrg1 neuregulin 1 69 

Pdgfa platelet derived growth factor subunit A 70 
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PI3K phosphatidylinositol 3-kinase 71 

qRT-PCR quantitative reverse transcription-polymerase chain reaction 72 

SA-β-gal senescence-associated β-galactosidase 73 

SASP senescence-associated secretory phenotype 74 

Spp1 secreted phosphoprotein 1 75 

Tgfb transforming growth factor beta 76 

Thy1 thymocyte antigen 1 77 
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INTRODUCTION 79 

Myocardial infarction (MI) is a leading cause of mortality and disability worldwide. Heart failure 80 

is common among survivors of acute MI, resulting from the adverse ventricular remodeling that 81 

follows MI.1,2 Because the regenerative capacity of the human heart does not fully compensate 82 

for the loss of cardiomyocytes that occurs with MI, formation of connective tissue is essential to 83 

maintenance of the integrity and rigidity of the heart. However, the mechanism by which cardiac 84 

fibrosis is regulated after MI is not fully understood. 85 

MI results in permanent loss of hundreds of millions of cardiomyocytes.3 Studies have shown 86 

that in the infarct area even non-cardiomyocytes, including fibroblasts, disappear in large 87 

quantities by apoptosis and that cellular senescence-associated defects occur in cardiac repair 88 

after MI.4,5 Apoptosis plays an important role in the disappearance of infiltrated immune cells 89 

and cardiac interstitial cells after MI.5 Because senescence and apoptosis of both cardiomyocytes 90 

and fibroblasts are deeply involved in the pathophysiology of adverse left ventricular remodeling 91 

and myocardial rupture after MI,6 understanding the molecular mechanisms by which senescence 92 

and apoptosis are regulated during the post-MI tissue repair process is important. Cellular 93 

senescence and apoptosis are processes of growth arrest that occur with age and in response to 94 

cellular stress and damage, and they limit proliferation of cells.7,8 Senescent cells possess a 95 

complex phenotype and are characterized by cell cycle arrest mediated via p16 and p53/p21 96 

pathways, with some ultimately manifesting a unique secretory phenotype known as the 97 

senescence-associated secretory phenotype (SASP).9 Cell cycle arrest plays a central role in the 98 

senescent phenotype of adult cardiomyocytes, and induction of cell cycle reentry of adult 99 

cardiomyocytes promotes post-MI cardiac repair.10 Administration of anti-apoptotic substances 100 

to rats after MI has been shown to suppress cardiomyocyte apoptosis, which in turn decreases 101 
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infarct size and ameliorates the cardiac dysfunction that typically follows MI.11 Even non-102 

cardiomyocytes in the infarct area, including fibroblasts, undergo apoptosis.4,5 Therefore, 103 

senescence and/or apoptosis of cardiac fibroblasts may be involved in the tissue repair process 104 

that follows MI. Senescent cardiac fibroblasts, in which expression of the major senescence 105 

regulator p53 is significantly upregulated, have been shown to accumulate markedly in the 106 

mouse heart after MI, with the upregulation of p53 shown to limit cardiac collagen production, 107 

and conversely, the inhibition of p53 shown to increase reparative fibrosis.1 However, the 108 

methods used in the aforementioned studies are limited in their ability to identify the particular 109 

subset of immune cells involved in the post-MI fibrotic process as well as the inherent cellular 110 

and molecular mechanisms by which fibroblast senescence and collagen production are 111 

regulated. Whereas fibrosis after MI is crucial to maintaining myocardial structure, excessive 112 

fibrosis leads to eventual heart failure. Therefore, achieving equilibrium between profibrotic and 113 

anti-fibrotic environments is important for a good regenerative outcome. For an understanding of 114 

the fibrosis-based tissue repair process, intercellular communication between senescent and 115 

apoptotic fibroblasts and surrounding immune cells must be clarified. 116 

Investigators have shown macrophages to be essential for regeneration of the neonatal mouse 117 

heart,12 and we have shown that reparative or M2-like macrophages play a pivotal role in the 118 

formation of fibrous tissue following MI by promoting proliferation and activation of cardiac 119 

fibroblasts.13 We hypothesized that M2-like macrophages play a vital role in attenuating 120 

apoptosis and senescence of cardiac fibroblasts, both of which are profoundly involved in the 121 

regulation of fibrotic processes after MI, and we investigated the molecular mechanism by which 122 

this particular subset of immune cells effectuates this regulation. 123 
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Neuregulin 1 (Nrg1) is one of the neuregulin genes (Nrg1–Nrg4) belonging to the family of 124 

epidermal growth factor genes,14,15 and Nrg1/epidermal growth factor receptor (ErbB) signaling 125 

systems play essential roles in the protection and proliferation of cardiomyocytes in response to 126 

injury.16-19 Although association between Nrg1 and protection of cardiomyocytes has been 127 

studied over several decades,16-19 the exact mechanism through which Nrg1 protects cardiac 128 

fibroblasts and the mechanism through which Nrg1 participates in post-MI regeneration have not 129 

been elucidated. A recent study showed that Nrg1 enhances proliferation and viability of normal 130 

human ventricular cardiac fibroblasts, with the Nrg1 activity linked to Nrg1/ErbB signaling.20 131 

Results of a study in a mouse model of myocardial hypertrophy indicated that Nrg1 has an anti-132 

fibrotic effect in the heart, generated by anti-inflammatory Nrg1/ErbB signaling in 133 

macrophages.21 Furthermore, Nrg1-loaded poly-microparticles were used in a later study to 134 

induce macrophage polarization toward an anti-inflammatory phenotype, which prevented their 135 

transition toward the inflammatory phenotype and enhanced cardiac repair after MI.22 However, 136 

whether M2-like macrophages function to ameliorate senescence and apoptosis of cardiac 137 

fibroblasts through Nrg1/ErbB signaling activity in vivo under post-MI conditions is unknown. 138 

Although the contribution of Nrg1/ErbB signaling in macrophages and macrophage polarization 139 

toward an anti-inflammatory phenotype to cardiac tissue repair was investigated in these studies, 140 

the significance of Nrg1/ErbB signaling activity in cardiac fibroblasts with respect to the anti-141 

fibrotic effect of Nrg1 has not been clarified. We established what we believe to be an 142 

appropriate in vitro model for delineation of the precise roles of M2-like macrophage-derived 143 

Nrg1 after MI in anti-senescence, anti-apoptosis, and the fibrotic phenotype of fibroblasts. 144 

Moreover, we used this model and an in vivo model to investigate the molecular and cellular 145 

mechanisms by which post-MI fibrosis occurs, with a focus on the role of M2-like macrophages. 146 
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We aimed to shed light on the pathophysiology of fibrosis after MI and provide information that 147 

will contribute to ultimate development of new therapeutic strategies that exploit Nrg1-driven 148 

senescence and apoptosis of cardiac fibroblasts. 149 

 150 

METHODS 151 

Data Availability 152 

Microarray data: Gene Expression Omnibus GSE69879 153 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69879) 154 

 155 

Please see the Supplemental Materials for Methods and Major Resources. 156 

 157 

RESULTS 158 

Cardiac Fibroblasts Undergo Apoptosis and Senescence After MI 159 

We investigated cellular senescence and apoptosis in a mouse MI model, which was established 160 

by means of coronary artery ligation. Obvious fibrotic tissue formation and increased myocardial 161 

expression of fibrosis-associated genes (αSMA [alpha-smooth muscle actin gene], Col1a1, and 162 

Col3a1) were observed in the infarct area as soon as post-MI day 7 (Figure IA–B in the Data 163 

Supplement). These changes were associated with an increase in the number of thymocyte 164 

antigen 1 (Thy1)+ fibroblasts and Thy1+αSMA+ myofibroblasts in the infarct area (Figure IC–D 165 

in the Data Supplement), which peaked on post-MI day 7. Interestingly, approximately 40% of 166 

Thy1+ fibroblasts in the infarct area were positive for cleaved caspase 3 on post-MI day 7, and 167 

approximately 15% were positive for cleaved caspase 3 on post-MI day 28, indicative of robust 168 

apoptosis of cardiac fibroblasts (Figure 1A). Senescence-associated β-galactosidase (SA-β-gal)-169 
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positive cells were also found in the infarct area. Numerous SA-β-gal-positive cells were spindle-170 

shaped and had many cytoplasmic processes and thus appeared to be fibroblasts (Figure 1B). 171 

Additionally, myocardial expression of senescence-associated genes (p16, p2, and Glb1 [beta 1 172 

galactosidase gene])1,7,8,23,24 and inflammation-associated genes (CCL3, IL-6, and TNF) was 173 

upregulated in the infarct area in comparison to that in the non-infarct (remote) area (Figure 1C 174 

and IE in the Data Supplement). Importantly, myocardial expression of reparative gene Nrg1 was 175 

upregulated in the infarct area, peaking on post-MI day 7 (Figure 1D). Immunohistochemistry 176 

(IHC) showed that most Thy1+ cardiac fibroblasts that had accumulated in both the infarct and 177 

remote areas expressed ErbB2 and ErbB4, which are Nrg1 coreceptors19,25,26 (Figure 1E). Taken 178 

together, these results indicate that apoptosis and senescence of cardiac fibroblasts occur during 179 

fibrotic tissue formation in the post-MI heart and that cardiac fibroblasts express 2 Nrg1 180 

receptors, ErbB2 and ErbB4, in response to ischemic injury. 181 

 182 

M2-Like Macrophages Accumulate in the Infarct Area and Express Nrg1 183 

IHC showed that CD206+ M2-like macrophages had accumulated in the infarct area, with peak 184 

accumulation observed on post-MI day 7 (Figure 2A). Interestingly, this change in M2-like 185 

macrophages corresponded to the change that occurred in cardiac fibroblasts after MI (Figure IC 186 

in the Data Supplement). We further confirmed that CD206+ cells were also positive for F4/80 in 187 

both normal and infarcted hearts (Figure 2B). Microarray analysis showed that the molecular 188 

signature of CD206+F4/80+CD11b+ M2-like macrophages collected from infarcted hearts on 189 

post-MI day 7 differed from that of M2-like macrophages collected from normal hearts (Figure 190 

IIA in the Data Supplement). A range of anti-inflammatory and reparative genes was upregulated 191 

in M2-like macrophages in comparison to expression of the same genes in M2-like macrophages 192 
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obtained from normal hearts (Figure IIB in the Data Supplement; the full dataset is available in 193 

the Gene Expression Omnibus [GEO] database; GSE69879). Importantly, gene ontology analysis 194 

showed association between M2-like macrophages obtained from infarcted hearts and regulation 195 

of apoptosis and cell death (Figure IIC in the Data Supplement). By searching HomoloGene 196 

(https://www.ncbi.nlm.nih.gov/homologene) for genes related to proliferation and viability, we 197 

focused on the increased expression level of Nrg1 in M2-like macrophages obtained from 198 

infarcted hearts (Figure 2C), which was confirmed by quantitative reverse transcription-199 

polymerase chain reaction (qRT-PCR) and IHC (Figure 2D–E). The data indicate that M2-like 200 

macrophages are a source of Nrg1 after MI. 201 

 202 

Bone Marrow-Derived Macrophages Attenuate Hydrogen Peroxide (H2O2)-Induced 203 

Apoptosis and Senescence of Cardiac Fibroblasts Via Nrg1 Secretion 204 

We investigated the role of macrophages in regulating senescence and apoptosis of fibroblasts in 205 

an in vitro coculture model using a Boyden Chamber system in which cells can be independently 206 

cultured or genetically analyzed without being mixed together13,27 (Figure IIIA in the Data 207 

Supplement). Hydrogen peroxide (H2O2) was used to induce senescence of fibroblasts (Figure 208 

IIIB–C in the Data Supplement). Bone marrow-derived macrophages (BMDMs) that were 209 

cocultured with the senescent fibroblasts were of an M2-like macrophage phenotype (Figure 210 

IVA–B in the Data Supplement). As observed in vivo after MI (Figure 2C–E and Figure 1E), 211 

increased expression of Nrg1 was seen in BMDMs (Figure VA in the Data Supplement) and 212 

increased expression of ErbB2 and ErbB4 was seen in cardiac fibroblasts (Figure VB–C in the 213 

Data Supplement) 48 hours after the start of coculture. Phase-contrast microscopy (Figure 3A) 214 

showed that fibroblasts treated with H2O2 had an enlarged, flattened, senescent morphology, but 215 
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after coculture with BMDMs the fibroblasts took on a healthy, spindle-shaped form. Importantly, 216 

addition of anti-ErbB antibody (Ab), which is a competitive inhibitor of Nrg1, changed the gross 217 

morphology of fibroblasts such that they resembled the fibroblasts treated with H2O2. Treatment 218 

with recombinant Nrg1 restored the senescent fibroblasts to a healthy spindle-shaped form. 219 

Approximately 20% of fibroblasts treated with H2O2 were found to be positive for senescence-220 

associated β-galactosidase (SA-β-gal) (Figure 3B). This change was significantly attenuated by 221 

coculture with BMDMs, whereas addition of anti-ErbB Ab eliminated the anti-senescence effect 222 

of the BMDMs. Furthermore, treatment with recombinant Nrg1 suppressed senescence. 223 

Expression of apoptosis-related cleaved caspase 3 (Figure 3C) was similar to that of SA-β-gal. 224 

Conversely, expression of proliferation-related Ki-67 was significantly attenuated by H2O2 225 

treatment and restored by co-culture with BMDMs. Effects of the BMDMs were diminished by 226 

anti-ErbB Ab, whereas recombinant Nrg1 improved H2O2-induced functional deterioration. 227 

Together, these results show that Nrg1 derived from BMDMs reduces both apoptosis and 228 

senescence of cultured fibroblasts and promotes their proliferation. 229 

 230 

BMDMs Promote Activation of Fibroblasts and Collagen Synthesis 231 

Immunocytological staining showed that, although treatment with H2O2 alone did not affect 232 

conversion of cardiac fibroblasts into αSMA+ myofibroblasts, the phenotypic change progressed 233 

in coculture of cardiac fibroblasts with BMDMs. Furthermore, addition of anti-ErbB Ab 234 

enhanced this BMDM-induced activation of fibroblasts. Addition of recombinant Nrg1 did not 235 

affect conversion of cardiac fibroblasts (Figure 4A). Changes in synthesis of types I and III 236 

collagen in fibroblasts in response to H2O2, BMDMs, and recombinant Nrg1 were similar to 237 

changes in αSMA expression (Figure 4B–C). These results suggest that BMDMs, which are of 238 
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an M2-like phenotype (Figure IVA–B in the Data Supplement), induce activation of fibroblasts 239 

for conversion to myofibroblasts and progression of collagen synthesis. The important take-away 240 

point to be drawn from these results is that that cellular senescence and apoptosis alone do not 241 

induce activation of fibroblasts for conversion to myofibroblasts and progression of collagen 242 

synthesis; the presence of BMDMs is required. Osteopontin (secreted phosphoprotein 1 [SPP1]) 243 

is a major mediator of M2-like macrophage-induced cardiac fibroblast activation.13 Spp1 244 

expression was found to be increased in BMDMs in response to H2O2 (Figure VIA in the Data 245 

Supplement). Conversely, other profibrotic factors, including transforming growth factor beta 246 

and platelet derived growth factor subunit A,28,29 were found not to be upregulated in M2-like 247 

macrophages (Figure VIB in the Data Supplement). 248 

 249 

Phosphatidylinositol 3-Kinase/Protein Kinase B Signaling is Associated with BMDM-250 

Attenuated Apoptosis and Senescence of Cardiac Fibroblasts Through Nrg1 251 

We next investigated the molecular mechanism underlying attenuation of apoptosis and 252 

senescence of cardiac fibroblasts by BMDM-derived Nrg1 in an in vitro setting. The 253 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway is downstream of 254 

the ErbB pathway. Western blot analysis showed that H2O2 treatment suppressed PI3K/Akt 255 

activation in fibroblasts (Figure 5A). Coculture with BMDMs and treatment with recombinant 256 

Nrg1upregulated the signaling activity, whereas addition of anti-ErbB Ab suppressed the 257 

signaling activity. To determine the possible relation between senescence-associated p21/p16 and 258 

Nrg1/ErbB/PI3K/Akt signaling pathways, we examined mRNA expression levels of senescence-259 

associated genes (p21, p16, and Glb1) (Figure 5B), cell cycle-associated genes (cyclin-dependent 260 

kinase 4 [Cdk4], cyclin-dependent kinase 6 [Cdk6], cyclin-dependent kinase 2 [Cdk2], and Ki-261 
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67) (Figure 5C), a p53 suppressor gene (murine double minute 2 [MDM2]) (Figure 5D), a cell 262 

survival-associated gene (mechanistic target of rapamycin [mTOR]) (Figure 5E), and an SASP-263 

associated gene (interleukin-6 [IL-6]) (Figure 5F). Expression levels of senescence-associated 264 

genes (p16 and p21) and the SASP-associated gene (IL-6) were significantly higher and 265 

expression levels of cell cycle-associated genes (Cdk4, Cdk6, Cdk2, and Ki-67) were markedly 266 

lower in fibroblasts treated with H2O2 than in non-treated (control) fibroblasts. Importantly, these 267 

changes in expression were reversed by coculture with BMDMs. Anti-ErbB Ab exacerbated 268 

senescence and cell cycle arrest, whereas recombinant Nrg1 suppressed senescence and 269 

enhanced proliferation. BMDMs enhanced or restored expression of p53 suppressor-related 270 

MDM2 and cell survival-related mTOR. These results indicate that the PI3K/Akt signaling 271 

pathway activation in cardiac fibroblasts operates downstream of the BMDM-derived Nrg1/ErbB 272 

system and has a suppressive effect on cell cycle arrest and senescence. This signaling activity is 273 

also likely to increase cell proliferation and survival (Figure 5G). 274 

 275 

In Vivo Inhibition of Nrg1 Signaling Exacerbates Fibrosis 276 

We used trastuzumab to clarify the role of Nrg1 in suppressing post-MI senescence and apoptosis 277 

of cardiac fibroblasts in vivo. Trastuzumab is an anti-ErbB type 2 (ErbB2) monoclonal Ab that 278 

binds to the extracellular juxtamembrane domain of ErbB2.30,31 On the basis of the in vitro 279 

coculture model, we hypothesized that trastuzumab administration would eliminate the anti-280 

apoptotic and anti-senescence effects of Nrg1 and therefore allow senescence of cardiac 281 

fibroblasts to proceed, which would result in excessive fibrosis in the infarcted myocardium. 282 

Intraperitoneal trastuzumab injections did not affect mRNA expression levels of genes associated 283 

with senescence, the SASP, or activation of fibroblasts to myofibroblasts in the normal mouse 284 
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heart (Figure VIIA–C in the Data Supplement). We induced MI in mice surgically and then 285 

injected either trastuzumab or vehicle intraperitoneally (Figure VIIIA in the Data Supplement). 286 

Trastuzumab did not affect post-MI mortality or body weight (Figure VIIIB–C in the Data 287 

Supplement). Gene expression profiles in cardiac fibroblasts resident in infarcted myocardium 288 

suggested that senescence was augmented by trastuzumab administration in the infarct area 289 

(Figure 6A). The changes in gene expression corresponded to increases in the number of 290 

senescent cardiac fibroblasts and cardiac cells in the infarct area (Figure 6B–C). Additionally, 291 

trastuzumab administration increased the proportion of fibrotic tissue in the infarct area (Figure 292 

7A). In fact, the numbers of Thy-1+ fibroblasts and αSMA+Thy1+ myofibroblasts were increased 293 

in association with upregulation of αSMA, Col1a1, and Col3a1 in the infarct area (Figure 7B–C). 294 

Considering these in vitro experimental results, increased inflammation (Figure 8A) and boosted 295 

accumulation of M2-like macrophages (Figure 8B) in this area by ErbB2 blockade may explain 296 

the increased fibroblast activation and augmented fibrosis. Interestingly, trastuzumab 297 

administration induced expression of apoptosis- and senescence-associated genes even in the 298 

remote area (Figure IXA–C in the Data Supplement) where there was little or no direct ischemic 299 

damage after the MI. This corresponded to the increased inflammation (Figure XA in the Data 300 

Supplement) and the augmented accumulation of both M2-like macrophages and cardiac 301 

fibroblasts in the remote myocardium (Figure XB and Figure XIA in the Data Supplement). 302 

Conversion of fibroblasts to myofibroblasts and expression of fibrosis-associated genes were 303 

also induced (Figure XI–B in the Data Supplement). Consequently, acute exacerbation of fibrosis 304 

occurred even in the remote area (Figure XII in the Data Supplement). Thus, administration of 305 

trastuzumab augmented apoptosis and senescence of cardiac fibroblasts following MI, resulting 306 

in excessive fibrosis, even in the remote non-infarct area. 307 
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 308 

DISCUSSION 309 

Despite the clinical importance of cellular and molecular processes underlying post-MI fibrosis, 310 

the processes are not well understood. To precisely determine the roles of cardiac M2-like 311 

macrophages in apoptosis and senescence of fibroblasts, we established an in vitro model in 312 

which senescent cardiac fibroblasts32 were cocultured with BMDMs. This in vitro coculture 313 

model reflects the in vivo post-MI conditions because, under pathological conditions, senescent 314 

cells attract macrophages.33 Expression of both Cdk4/6 and Cdk2 should be stable or increased in 315 

senescent cells, but expression levels were decreased in the cardiac fibroblasts in which 316 

senescence was induced by H2O2. The mechanism is expected to involve increased expression of 317 

p16 and p21, which downregulate Cdk4/6 and Cdk2 expression, respectively.8,34,35 Conversely, 318 

the addition of BMDMs decreased p16 and p21 expression and promoted the cell cycle (as 319 

evidenced by increased expression of Cdk 4/6 and Cdk2). The hypertrophic response to Nrg1 is 320 

mainly dependent on Ras, whereas the anti-apoptotic and cell proliferation effects are likely 321 

dependent on Akt.36,37 Therefore, Nrg1 may attenuate expression of senescence-associated genes 322 

p21, p16, and Glb1 through PI3K/Akt pathways (Figure 5G). We observed a transient increase in 323 

p21, p16, and Glb1 expression in the infarcted myocardium and in cultured fibroblasts. Stress-324 

induced p53 expression increases p21 expression in response to DNA damage and induces 325 

reversible proliferative arrest that provides time for DNA repair and facilitates survival of 326 

cells.38,39 p21, which binds to and inhibits CDK2, is important for initiation of senescence in 327 

some settings, but p21 expression does not persist in senescent cells.8,34,40,41 Increased p16 328 

expression is found in infarcted tissue. Irreversible proliferative arrest can be induced by p16, 329 

which inhibits CDK4 and CDK6.8,35 Therefore, the change in expression levels of these genes 330 
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(i.e., p21 and p16) in both the in vivo and in vitro experiments suggests that Nrg1 is a crucial 331 

factor that controls reversible and irreversible senescence of cardiac cells after MI. Another 332 

possible mechanism for the temporal change in p21 and p16 expression in the in vivo experiment 333 

is as follows: There could be multiple types of p21- and p16-positive cells. Therefore, whereas 334 

some p21- and p16-positive cell populations disappear, other p21- and p16-positive cells may 335 

remain. We showed a possible mechanism linking M2-like macrophages and cardiac fibroblasts, 336 

which contributes to various processes that are critical to many aspects of cellular function, 337 

including cell growth and survival.42 Together, results of our in vivo and in vitro experiments 338 

suggest that macrophage-derived Nrg1 suppresses senescence and promotes proliferation of 339 

cardiac fibroblasts after myocardial injury by activating the ErbB/PI3K/Akt signaling pathway. 340 

ErbB is expressed not only on the surface of fibroblasts but also on the surface of 341 

macrophages, and myeloid-specific ErbB deletion exacerbates myocardial fibrosis.21 342 

Furthermore, Nrg1-induced macrophage polarization from an inflammatory phenotype toward an 343 

anti-inflammatory phenotype enhances cardiac repair after MI.22 Therefore, the question was 344 

raised whether ErbB signaling in BMDMs was simultaneously affected when anti-ErbB Ab was 345 

added to the culture medium in our coculture experiments. The exacerbated phenotypic changes 346 

characterizing senescence and apoptosis of fibroblasts might not be due to inhibition of 347 

Nrg1/ErbB signaling in the fibroblasts. However, we showed that the phenotypic changes and 348 

expression of genes denoting the senescence and apoptosis of H2O2-treated cells, with the 349 

Nrg1/ErbB signaling-induced activation of BMDMs having been excluded, were similar to those 350 

in the H2O2+BMDM+anti-ErbB Ab treated cells (Figure 3A–C and Figure 5B–C). Therefore, our 351 

data suggest that Nrg1/ErbB signaling activity has a greater anti-senescence and anti-apoptotic 352 

effect in fibroblasts than does the signaling activity related to macrophage polarization. 353 
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Nrg1 is a cytokine that belongs to a family of proteins structurally related to epidermal growth 354 

factor, and it plays essential roles in protection and proliferation of cardiomyocytes in response 355 

to injury.16-19 Injecting Nrg1 into adult mice induces cardiomyocyte cell cycle activity and 356 

promotes myocardial regeneration, leading to improved function after MI.16,18 Nrg1 also 357 

significantly decreases apoptosis of adult cardiomyocytes under hypoxia-reoxygenation 358 

conditions.17 However, its function in cardiac fibroblasts in this context has not been well 359 

studied. We present new in vivo and in vitro evidence suggesting that M2-like macrophages play 360 

a vital role in attenuating senescence and apoptosis of fibroblasts through Nrg1/ErbB/PI3K/Akt 361 

signaling pathways. This inherent reparative function allows senescent cardiac fibroblasts to 362 

recover to a certain degree. Conversely, incomplete rescue of fibroblasts from senescence might 363 

lead to undesired fibrosis. 364 

Previous studies have shown that trastuzumab efficiently stops or slows the growth of ErbB2+ 365 

cells in vitro and inhibits the ability of cells to repair damaged DNA.30,31 As inflammation 366 

worsens after MI, M2-like macrophages from bone marrow accumulate at the site of damaged 367 

tissue.43 Our study showed that progression of senescence and apoptosis in cardiac fibroblasts 368 

and exacerbation of inflammation induced by trastuzumab increased the accumulation of M2-369 

like macrophages, which in turn promoted activation of fibroblasts and excessive fibrosis. These 370 

results are consistent with our previous report indicating that interleukin 4-mediated M2-like 371 

macrophage activation induces conversion of fibroblasts into myofibroblasts for progression of 372 

fibrosis.13 Although we analyzed mRNA expression levels in sections of heart tissue and not in 373 

single cells, increased expression levels of senescence-associated genes in the trastuzumab-374 

treated samples were considered to reflect progression of senescence. These results corresponded 375 

to results obtained in vitro with use of anti-ErbB Ab. We administered trastuzumab systemically, 376 
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which has unclarified cardiotoxicity, to explore ErbB signaling in cardiac fibroblasts. Because 377 

cardiotoxicity of trastuzumab is non-specific, our study was limited by the fact that the ErbB 378 

receptor block achieved with anti-ErbB Ab is not specific to cardiac fibroblasts. Moreover, M2-379 

like macrophages are not the only source of Nrg1 after MI. Apart from the M2-like macrophages 380 

we studied, endothelial cells have been identified as a potential cell type for neuregulin 381 

production and are responsible for the healing response after myocardial injury.16-19 Therefore, 382 

further mechanistic studies are needed to clarify the signaling pathways downstream of these 383 

factors and the clear role of Nrg1, i.e., studies that incorporate cardiac fibroblast-specific 384 

conditional ErbB2/ErbB4-knockout mice and macrophage-specific conditional Nrg1-knockout 385 

mice. 386 

Interestingly, senescence and SASP-associated gene expression peaked a little later in the 387 

remote area than in the infarct area. One possible pathological mechanism of the remote non-388 

infarct area is assumed to be indirect damage via SASP rather than direct cytotoxicity due to 389 

ischemia. Senescent cells autonomously induce senescence-like gene expression in surrounding 390 

non-senescent cells through the SASP.44 Increased release of SASP-associated substances in the 391 

infarct area might not simply induce senescence and apoptosis of cells in the infarct area; it 392 

might also have a harmful influence on non-senescent cells in the remote non-infarct area. 393 

Although this study focused on Nrg1-induced anti-apoptosis and anti-senescence of cardiac 394 

fibroblasts, M2-like macrophages are likely to mediate supplementary benefits for cardiac repair 395 

after MI. These benefits may include reduced inflammation, activation of fibroblasts, and 396 

neovascularization, as shown in our previous study.13 To develop potential therapies mediated by 397 

M2-like macrophages, studies are needed to determine how the gene that encodes Nrg1 is 398 
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switched on by MI and to identify other molecules that regulate apoptosis, senescence, and 399 

proliferation of cardiac fibroblasts. 400 

In conclusion, our data provide evidence that the Nrg1/ErbB/PI3K/Akt signaling system 401 

regulates senescence and apoptosis of cardiac fibroblasts in the infarcted adult murine heart. This 402 

process might play a vital role in repair of the infarcted myocardium by regulating collagen 403 

synthesis. Therefore, this tissue repair mechanism controls the degree of rigidity and contraction 404 

of the infarcted heart, thereby determining the prognosis of MI. Better understanding of the 405 

molecular mechanism at play in the healing process of MI and subsequent remodeling may 406 

ultimately lead to new treatments. Targeted activation of M2-like macrophages might enhance 407 

the endogenous repair mechanism in senescent cardiac fibroblasts and serve as an approach to 408 

treatment for MI. 409 
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Figure legends 559 

 560 

Figure 1. Myocardial infarction (MI) induces apoptosis and senescence of cardiac 561 

fibroblasts and upregulates Nrg1 expression in infarcted myocardium. 562 

A, Double immunofluorescence staining for Thy1 and cleaved caspase 3 (CC3), performed on 563 

post-MI days 7 and 28, revealed a significantly increased number of apoptotic cardiac 564 

fibroblasts in the infarct area, relative to the number seen in the remote area. Scale bars: 100 565 

μm. n=4 samples each. 566 

B, Staining for senescence-associated beta-galactosidase (SA-β-gal) on post-MI days 7 and 28 567 

revealed a significantly increased accumulation of spindle-shaped senescent cells in the 568 

infarct area relative to that in the remote area. Scale bars: 100 μm. 569 

C, Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) revealed significant 570 

upregulation of senescence-associated genes (p16 and Glb1) in the infarct area on post-MI 571 

day 7 or 28 or both. n=4 samples each. 572 

D, qRT-PCR analysis confirmed significant upregulation of Nrg1 in the infarct area on post-MI 573 

day 7. n=4 samples each. 574 

E, On immunohistochemistry, the Thy1+ErbB2+ fibroblast/Thy1+ fibroblast ratio and the 575 

Thy1+ErbB4+ fibroblast/Thy1+ fibroblast ratio determined on post-MI day 7 and 28 were 576 

found to be significantly increased. Scale bars: 100 μm. n=4 samples each. Gene expression 577 

levels relative to those in non-MI heart (Day 0) are given. Mean±SEM values are shown 578 

*P<0.05, **P<0.01, ***P<0.005 versus the remote area; #P<0.05, ##P<0.01, ###P<0.005 579 

versus non-MI heart; 1-way ANOVA. 580 
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Figure 2. M2-like macrophages accumulate in the infarct area and express Nrg1. 582 

A, Immunohistochemistry revealed increased accumulation of CD206+ M2-like macrophages in 583 

the infarct area, which peaked on post-MI day 7. Scale bars: 100 μm. n=4 samples each. 584 

Mean±SEM values are shown.  585 

*P<0.05, **P<0.01, ***P<0.005 versus the remote area; #P<0.05, ##P<0.01, ###P<0.005 586 

versus non-MI heart; 1-way ANOVA. 587 

B, Flow cytometric analysis confirmed the presence of CD206+F4/80+CD11b+ M2-like 588 

macrophages in normal (non-MI) hearts of adult C57BL/6 mice and in hearts of mice 589 

subjected to MI. n=6 samples each. 590 

C, Microarray analysis showed the M2 macrophages after MI to have a different expression 591 

profile from that of M2 macrophages in hearts not subjected to MI. The scatter plot shows 592 

upregulation of 70 genes and downregulated of 39 genes in M2-like macrophages after MI 593 

compared to M2-like macrophages . Among the upregulated genes is neuregulin 1 (Nrg1). 594 

D, Quantitative reverse transcription-polymerase chain reaction confirmed post-MI upregulation 595 

of Nrg1 in CD206+F4/80+CD11b+ cardiac M2-like macrophages after MI. n=4 samples each. 596 

Gene expression levels relative to those in M2-like macrophages from normal hearts are 597 

shown. Mean±SEM values are shown.  598 

#P<0.05, ##P<0.01, ###P<0.005 versus M2-like macrophages from normal hearts, 2-tailed, 599 

unpaired Student’s t-test. 600 

E, Double immunofluorescence staining revealed Nrg1 expression on the surface of CD206+ 601 

M2-like macrophages. Scale bars: 100 μm. n=4 samples each.  602 
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Figure 3. Bone marrow-derived macrophages (BMDMs) attenuate H2O2-induced apoptosis 604 

and senescence of cardiac fibroblasts via Nrg1 secretion. 605 

A, Representative phase-contrast microscopy images. Treatment with a hydrogen peroxide 606 

(H2O2) solution changed the spindle-shaped appearance of cardiac fibroblasts to a 607 

significantly enlarged, flattened morphology. Addition of bone marrow-derived macrophages 608 

(BMDMs) altered the senescent morphology to a normal, spindle-shaped morphology. After 609 

addition of anti-ErbB antibody (Ab), fibroblasts displayed the same gross morphology as that 610 

of senescent fibroblasts treated with H2O2. Likewise, addition of recombinant neuregulin 1 611 

(Nrg1) changed the gross morphology to a spindle shape. Scale bars: 100 μm. n=4 samples 612 

each. 613 

B. Staining for SA-β-gal showed that senescence was exacerbated in H2O2-treated fibroblasts but 614 

not in fibroblasts cocultured with BMDMs. This suppression of senescence was attenuated by 615 

coculture with the anti-ErbB Ab. Nrg1 suppressed fibroblast senescence. Scale bars: 100 μm. 616 

n=4 samples each. 617 

C. Apoptosis of cardiac fibroblasts (ratio of cleaved caspase 3+DAPI+ fibroblasts to DAPI+ 618 

fibroblasts) was increased in coculture with H2O2 but decreased in coculture with BMDMs. 619 

This decrease in apoptosis was eliminated by the anti-ErbB Ab. Nrg1 suppressed apoptosis. 620 

Nuclei were counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI). n=4 samples each. 621 

Scale bars: 100 μm. 622 

D, Proliferation of cardiac fibroblasts (ratio of Ki-67+ and DAPI+ fibroblasts to DAPI+ 623 

fibroblasts) was decreased under H2O2 treatment but increased when cells were cocultured 624 

with BMDMs. This enhanced proliferation was suppressed by the anti-ErbB Ab. Nrg1 625 
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accelerated proliferation. Nuclei were counterstained with DAPI. Scale bars: 50 μm. n=4 626 

samples each. Mean±SEM values are shown. 627 

#P<0.05 versus normal cardiac fibroblasts (control), *P<0.05 versus H2O2, ‡P<0.05 versus 628 

H2O2+BMDMs, †P<0.05 versus H2O2+BMDMs+Ab, §P<0.05 versus H2O2+Nrg1; 1-way 629 

ANOVA. 630 

 631 

Figure 4. Bone marrow-derived macrophages (BMDMs) promote fibroblast activation and 632 

collagen synthesis. 633 

A–C. Representative images of cardiac fibroblasts stained immunocytochemically for (A) 634 

vimentin and αSMA, (B) vimentin and collagen I, and (C) vimentin and collagen III. The 635 

staining was performed 48 hours after the start of culture. 636 

A, Activation of cardiac fibroblasts (ratio of vimentin+ and αSMA+ myofibroblasts to vimentin+ 637 

fibroblasts) was equal under treatment with hydrogen peroxide (H2O2) but markedly 638 

increased when cells were cocultured with bone marrow-derived macrophages (BMDMs). 639 

This increase in activation was accelerated by the anti-ErbB antibody (Ab). Addition of 640 

recombinant neuregulin 1 (Nrg1) did not affect activation. Scale bars: 100 μm. n=4 samples 641 

each. 642 

B. Collagen I synthesis was equal under treatment with H2O2 but significantly increased when 643 

cells were cocultured with BMDMs. This increase in production was enhanced by treatment 644 

with anti-ErbB Ab. Addition of Nrg1 did not affect collagen I synthesis. Scale bars: 100 μm. 645 

n=4 samples each.  646 

C. Collagen III synthesis was similar to collagen I synthesis. Scale bars: 100 μm. n=4 samples 647 

each. Mean±SEM values are shown.  648 
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#P<0.05 versus normal cardiac fibroblasts (control), *P<0.05 versus H2O2, ‡P<0.05 versus 649 

H2O2+BMDMs, †P<0.05 versus H2O2+BMDMs+Ab, §P<0.05 versus H2O2+Nrg1; 1-way 650 

ANOVA. 651 

 652 

Figure 5. PI3K/Akt signaling pathway is associated with BMDM-attenuated apoptosis and 653 

senescence of cardiac fibroblasts through Nrg1. 654 

A. Representative bands of PI3K, pPI3K, Akt, pAkt, and β-actin in cardiac fibroblasts treated (or 655 

not treated ) with hydrogen peroxide (H2O2), in those cocultured with bone marrow-derived 656 

macrophages (BMDMs), and those treated (or not treated) with anti-ErbB antibody 657 

(Ab)/recombinant neuregulin 1 (Nrg1). Treatment and coculture lasted 48 hours. Bar graph 658 

shows quantification of relative pPI3k/PI3k and pAkt/Akt. H2O2 alone did not affect activation 659 

of PI3K/AKT signaling in fibroblasts. Addition of BMDMs significantly activated the signaling 660 

pathway and, conversely, addition of the anti-ErbB Ab impaired it. Nrg1 re-stimulated the 661 

signaling pathway. n=4 samples each. 662 

B. Quantitative reverse transcription-polymerase chain reaction analysis of cardiac fibroblasts 663 

having been treated (or not) with H2O2, co-cultured with BMDMs, and treated (or not) with 664 

anti-ErbB Ab/Nrg1. Treatment and coculture lasted 48 hours. Expression levels of 665 

senescence-associated genes (p21, p16, and Glb1) were increased in cells treated with H2O2 666 

but decreased with the addition of BMDMs. Addition of the anti-ErbB Ab exacerbated 667 

senescence and, conversely, addition of Nrg1 suppressed it. n=4 samples each. 668 

C. Expression of cell cycle-associated genes (Cdk4, Cdk6, Cdk2, and Ki-67) were suppressed in 669 

cells treated with H2O2 but restored in cells cocultured with BMDMs. Addition of anti-ErbB 670 
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Ab decreased such expression and, conversely, addition of Nrg1 restored such expression. 671 

n=4 samples each. 672 

D, Expression of the p53 suppressor gene (MDM2) was significantly increased in cells 673 

cocultured with BMDMs. n=4 samples each. 674 

E, Expression of cell survival-associated gene (mTOR) was suppressed in cells treated with H2O2 675 

but restored in cells cocultured with BMDMs. Addition of anti-ErbB Ab re-suppressed the 676 

expression and, conversely, addition of Nrg1 restored the mTOR expression. 677 

F, Expression of senescence-associated secretory phenotype-associated gene (IL-6) was 678 

significantly increased in cells treated with H2O2 and in those cocultured with BMDMs, with  679 

ErbB Ab having been added. n=4 samples each.  680 

G, Schematic representation and overview of the Nrg1/PI3K/AKT pathway. H2O2 treatment 681 

contributes to the development of cellular damage, which leads to senescence, cell cycle 682 

arrest. Nrg1 binding to coreceptor ErbB2/ErbB4 leads to activation of PI3K/AKT and 683 

inactivation of p53 and p21, which results in anti-senescence, cell survival and proliferation. 684 

Arrowheads indicate stimulation, whereas hammerheads represent inhibition. Gene 685 

expression levels relative to the normal cardiac fibroblasts (control) are given. Mean±SEM 686 

values are shown.  687 

#P<0.05 versus control, *P<0.05 versus H2O2, ‡P<0.05 versus H2O2+BMDMs, †P<0.05 688 

versus H2O2+BMDMs+Ab, §P<0.05 versus H2O2+Nrg1; 1-way ANOVA. 689 

 690 

Figure 6. In vivo inhibition of Nrg1 signaling promotes apoptosis and senescence of cardiac 691 

fibroblasts. 692 
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A, Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis showed 693 

post-myocardial infarction (MI) upregulation of senescence-associated genes (p21, p16, and 694 

Glb1) in the infarct area after intraperitoneal injection of the mice with trastuzumab in 695 

comparison to expression of these genes in vehicle injected post-MI heart. n=4 samples each. 696 

B, Double immunofluorescence staining of Thy1 and cleaved caspase 3 (CC3) showed the ratio 697 

of apoptotic cardiac fibroblasts in the infarct area to be increased on post-MI days 7, 14, and 698 

28 in mice injected intraperitoneally with trastuzumab compared with that in mice injected 699 

with vehicle only. Arrow shows Thy1+CC3+ cells. Scale bars: 100 μm. n=4 samples each. 700 

C, SA-β-gal staining revealed increased senescence of cardiac cells in the infarct area on post-MI 701 

days 7 and 14 after intraperitoneal trastuzumab injection compared with senescence after 702 

vehicle injection. Scale bars: 100 μm. n=4 samples each. Gene expression levels relative to 703 

levels in non-MI heart (day 0) are given. Mean±SEM values are shown. 704 

*P<0.05, **P<0.01, ***P<0.005 versus other sample(s); #P<0.05, ##P<0.01, ###P<0.005 705 

versus non-MI heart; 1-way ANOVA. 706 

 707 

Figure 7. In vivo inhibition of Nrg1 signaling activates cardiac fibroblasts and exacerbates 708 

fibrosis. 709 

A, Masson trichrome staining demonstrated that deposition of collagen fibrils was increased in 710 

the infarct area with a time lapse. Intraperitoneal trastuzumab injection significantly increased 711 

collagen fibrils in the infarct area. Scale bars: 100 μm. n=4 samples each. 712 

B, Double immunofluorescence staining of Thy1 and αSMA showed increased accumulation and 713 

activation of cardiac fibroblasts in the infarct area following trastuzumab injection versus 714 

vehicle injection. Scale bars: 100 μm. n=4 samples each. 715 
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C, Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis showed 716 

post-MI upregulation of fibrosis-associated genes (αSMA, Col1a1, and Col3a1) in mice after 717 

intraperitoneal trastuzumab injection compared with expression in mice after vehicle 718 

injection. n=4 samples each. Gene expression levels relative to levels in non-MI heart (day 0) 719 

are given. Mean±SEM values are shown. 720 

*P<0.05, **P<0.01, ***P<0.005 versus other sample(s); #P<0.05, ##P<0.01, ###P<0.005 721 

versus the non-MI heart; 1-way ANOVA. 722 

 723 

Figure 8. In vivo inhibition of Nrg1 signaling exacerbates myocardial inflammation and 724 

promotes accumulation of M2-like macrophages. 725 

A, Quantitative reverse transcription-polymerase chain reaction analysis (qRT-PCR) showed 726 

post-myocardial infarction (MI) upregulation of senescence-associated secretory phenotype-727 

associated genes (CCL3, IL-6, and TNF) in mice given trastuzumab by intraperitoneal 728 

injection compared with expression in vehicle-injected mice. n=4 samples each. 729 

B, Immunohistochemistry showed intraperitoneal trastuzumab injection significantly accelerated 730 

accumulation of CD206+ M2-like macrophages in the infarct area with a post-MI peak on day 731 

7. Scale bars: 100 μm. n=4 samples each. Gene expression levels relative to levels in non-MI 732 

heart (day 0) are given. Mean±SEM values are shown.  733 

*P<0.05, **P<0.01, ***P<0.005 versus other sample(s); #P<0.05 ##P<0.01, ###P<0.005 734 

versus non-MI heart; 1-way ANOVA. 735 

  736 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.01.29.428912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.29.428912


 

35 

Table I. Primers used in PCR 737 

 Forward Reverse 
Arg1 5'-CAAGACAGGGCTCCTTTCAG-3' 5'-AAGCAAGCCAAGGTTAAAGC-3' 
CCL3 5'-CATGAAGGTCTCCACCACTG-3' 5'-CTCCATATGGCGCTGAGAA-3' 
CD11b 5'-CTGAGAAATGACGGTGAGGA-3' 5'-CAGCAGGCTTTACAAACCAA-3' 
CD11c 5'-GGTCCTACTGTGCACCACAC-3' 5'-GACACTCCTGCTGTGCAGTT-3' 
CD206 5'-TGATTACGAGCAGTGGAAGC-3' 5'-GTTCACCGTAAGCCCAATTT-3' 
p21 (Cdkn1a) 5'-GATCCACAGCGATATCCAGACA-3' 5'-AGAGACAACGGCACACTTTG-3' 
p16 (Cdkn2a) 5'-ATAGACTAGCCAGGGCAGCG-3' 5'-TTGCCCATCATCATCACCTGT-3' 
Col1a1 5'-TGAGCCAGCAGATTGAGAAC-3' 5'-CCAGTACTCTCCGCTCTTCC-3' 
Col3a1 5'-AGTCTGGAGTCGGAGGAATG-3' 5'-AGGATGTCCAGAGGAACCAG-3' 
ErbB2 5'-CTGAATACCATGCAGATGGG-3' 5'-TCACACCATAGCTCCACACA-3' 
ErbB4 5'-GAGGAAAGCCCTATGATGGA-3' 5'-TCCAACATTTGACCATGACC-3' 
F4/80 5'-CAACCTGCCACAACACTCTC-3' 5'-CCACATCTTCACAGGATTCG-3' 
Fizz1 5'-AGGAACTTCTTGCCAATCCA-3' 5'-ACAAGCACACCCAGTAGCAG-3' 
Glb1 5'-CGCTACATCTCGGGAAGCAT-3' 5'-GGGCACGTACGTCTGGATTG-3' 
Gapdh 5'-CCCCTGGCCAAGGTCATCCA-3' 5'-CGGAAGGCCATGCCAGTGAG-3' 
IL-1α 5'-CCATGATCTGGAAGAGACCA-3' 5'-GACAAACTTCTGCCTGACGA-3' 
IL-6 5'-AGTCCGGAGAGGAGACTTCA-3' 5'-TTGCCATTGCACAACTCTTT-3' 
Ki-67 5'-TATCTGGGCCACCTACCTTC-3' 5'-GCTGTTTCCAGTCCGCTTAC-3' 
MHC-II 5'-ATTGCGAAAGCTGCAGAAC-3' 5'-TAGCAGCCAGTCATCCTTTG-3' 
Nrg1 5'-GAATTTATGGAAGCGGAGGA-3' 5'-CAGTAGGCCACCACACACAT-3' 
Spp1 5'-GAGGAAACCAGCCAAGGTAA-3' 5'-TAGTCCCTCAGAATTCAGCCA-3' 
Pdgfα 5'-GAGGAGGAGACAGATGTGAGG-3' 5'-ATTGGCAATGAAGCACCATA-3' 
Tgfβ 5'-CAACTTCTGTCTGGGACCCT-3' 5'-CGGGTTGTGTTGGTTGTAGA-3' 
Tnf 5'-TCGTAGCAAACCACCAAGTG-3' 5'-TTGTCTTTGAGATCCATGCC-3' 
p53(Trp53) 5'-GTTCCGAGAGCTGAATGAGG-3' 5'-TTATGGCGGGAGGTAGACTG-3' 
Vegfr2 5'-TGTGGCTTCCTGATGGCAGAA-3' 5'-AGAAACCAGTAGACATAGTTT-3' 
Vegfα 5'-GTACCTCCACCATGCCAAGT-3' 5'-GCATTCACATCTGCTGTGCT-3' 
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Table II. Antibodies used for immunocytochemistry 739 

Primary antibodies Host Dilution 
Company 

Catalogue No. 

AlexaFluor488-conjugated anti-CD206 Rat 1:100 BioLegend 
141709 

anti-ErbB2 Rabbit 1:100 Abcam 
Ab214275 

anti-ErbB4 Hamster 1:100 AbD Serotec 
MCA1369 

anti-CD90 (Thy1) Rat 1:100 eBioscience 
14-0901 

anti-αSMA Rabbit 1:100 Abcam 
ab5694 

anti-Ki67 Rat 1:100 eBioscience 
14-5698 

anti-Cleaved caspase-3 Rabbit 1:200 Cell Signaling 
9661 

anti-Vimentin Chicken 1:100 Abcam 
ab24525 

Secondary antibodies 

AlexaFluor 488-conjugated antibody Goat 1:300 Invitrogen 
A-11006 

AlexaFluor 488-conjugated antibody Donkey 1:300 Invitrogen 
A-21208 

AlexaFluor 488-conjugated antibody Goat 1:300 Invitrogen 
A-11039 

AlexaFluor 594-conjugated antibody Goat 1:300 Invitrogen 
A-11007 

AlexaFluor 594-conjugated antibody Goat 1:300 Invitrogen 
A-11012 
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Table III. Antibodies used for immunoblotting 741 

Primary antibodies Host Dilution Company 
Catalogue No. 

Anti-PI3K p85 alpha (phospho Y607) Rabbit 1:1000 Abcam 
ab182651 

Anti-phospho-Akt (Ser473) Rabbit 1:2000 Cell Signaling 
4060 

HRP-conjugated anti-PI3K Rabbit 1:5000 Abcam 
ab200773 

HRP-conjugated anti-Akt Rabbit 1:1000 Cell Signaling 
8596 

HRP-conjugated anti-beta Actin Mouse 1:50000 Abcam 
ab49900 

Secondary antibody 

HRP-conjugated anti-rabbit IgG Goat 1:1000 Cell Signaling 
7074S 
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Figure 7.
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Figure 8.
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