
Protective role of ErbB3 signaling in myeloid cells during 
adaptation to cardiac pressure overload

Haifeng Yin1, Amanda J. Favreau-Lessard1, Joanne T. deKay1, Yodit R Herrmann1, Michael 
P. Robich1,2, Robert A. Koza1, Igor Prudovsky1, Douglas B. Sawyer1,2, Sergey Ryzhov1

1Maine Medical Center Research Institute, Scarborough, ME

2Maine Medical Center, Cardiovascular Institute, Portland, ME

Abstract

Background—Myeloid cells play an important role in a wide variety of cardiovascular disorders, 

including both ischemic and non-ischemic cardiomyopathies. Neuregulin-1 (NRG-1)/ErbB 

signaling has recently emerged as an important factor contributing to the control of inflammatory 

activation of myeloid cells after an ischemic injury. However, the role of ErbB signaling in 

myeloid cells in non-ischemic cardiomyopathy is not fully understood. This study investigated the 

role of ErbB3 receptors in the regulation of early adaptive response using a mouse model of 

transverse aortic constriction (TAC) for non-ischemic cardiomyopathy.

Methods and results—TAC surgery was performed in groups of age- and sex-matched myeloid 

cell-specific ErbB3-deficient mice (ErbB3MyeKO) and control animals (ErbB3MyeWT). The number 

of cardiac CD45 immune cells, CD11b myeloid cells, Ly6G neutrophils, and Ly6C monocytes was 

determined using flow cytometric analysis. Five days after TAC, survival was dramatically 

reduced in male but not female ErbB3MyeKO mice or control animals. The examination of lung 

weight to body weight ratio suggested that acute pulmonary edema was present in ErbB3MyeKO 

male mice after TAC. To determine the cellular and molecular mechanisms involved in the 

increased mortality in ErbB3MyeKO male mice, cardiac cell populations were examined at day 3 

post-TAC using flow cytometry. Myeloid cells accumulated in control but not in ErbB3MyeKO 

male mouse hearts. This was accompanied by increased proliferation of Sca-1 positive non-

immune cells (endothelial cells and fibroblasts) in control but not ErbB3MyeKO male mice. No 

significant differences in intramyocardial accumulation of myeloid cells or proliferation of Sca-1 

cells were found between the groups of ErbB3MyeKO and ErbB3MyeWT female mice. An antibody-

based protein array analysis revealed that IGF-1 expression was significantly downregulated only 

in ErbB3MyeKO mice hearts compared to control animals after TAC.
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Conclusion: Our data demonstrate the crucial role of myeloid cell-specific ErbB3 signaling in 

the cardiac accumulation of myeloid cells, which contributes to the activation of cardiac 

endothelial cells and fibroblasts and development of an early adaptive response to cardiac pressure 

overload in male mice.
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1. INTRODUCTION

Immune cells play various and diverse roles during the initiation and progression of 

cardiomyopathy, as well as in the transition of cardiomyopathy to heart failure, a major 

cause of morbidity and mortality1. The role of the immune response in ischemic 

cardiomyopathy and heart failure has been intensively investigated during the last two 

decades 2-6. In contrast, the role of the immune cells in the pathophysiology of non-ischemic 

cardiomyopathy is less clear 7. Studies in patients with idiopathic dilated cardiomyopathy 

demonstrated activation of neutrophils8, 9, and a shift in subpopulations of lymphocytes 

toward lower T-suppressor frequencies10, indicating the potential involvement of the 

immune system in non-ischemic cardiomyopathy.

In animal studies, transverse aortic banding11 is widely used to investigate the mechanisms 

of immune cell contribution to non-ischemic injury. In this model, the increased cardiac 

afterload induces the development of adaptive left ventricular hypertrophy, followed by 

maladaptive heart failure12. Immune cells infiltrate pressure overload-stressed myocardium 

as early as day three after the surgery, with blood neutrophils and monocytes being the first 

immune cell types entering the heart13, 14. Within the first week after pressure overload, 

cardiac macrophages undergo proliferation and increase in numbers15, 16. While the 

relationships between different subsets of myeloid cells require further investigation, recent 

studies indicate that neutrophils, monocytes, and macrophages play a role in the modulation 

of early adaptive responses and development of hypertrophy14, 17. In contrast to myeloid 

cells, lymphocytes accumulate in the myocardium later and contribute to the transition from 

hypertrophy to heart failure18, 19.

The ErbB family of receptor tyrosine kinases regulates cardiac inflammation. This family 

consists of four members: ErbB1, also known as epidermal growth factor receptor, ErbB2, 

ErbB3, and ErbB420. ErbB receptor ligands are peptides, the majority of which are 

generated by proteolytic cleavage of membrane-bound growth factors such as epidermal 

growth factor or neuregulins21, 22. Clinical trials have demonstrated the beneficial 

therapeutic effects of neuregulin-1 on left ventricular function in patients with heart failure 
23. However, the effect of neuregulin-1 on the immune system has not been evaluated in 

those studies. Limited data indicate that ErbB1 is expressed on monocytes and regulates 

their function24, 25. However, it is unclear whether the ErbB1/monocyte axis plays a role in 

cardiac inflammation. ErbB2 receptors have no ligand-binding activity and are reliant on 

heterodimerization with ErbB1, ErbB3, or ErbB4.
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Several studies have demonstrated that ErbB3 and ErbB4 are involved in the control of 

inflammation in the cardiovascular system, mostly via signaling in myeloid cells. The 

expression of ErbB4 is significantly upregulated during activation of monocytes and 

macrophages, and ligand-dependent stimulation of ErbB4 results in the induction of 

apoptosis in inflammatory macrophages26. The depletion of ErbB4 expression in myeloid 

cells in mice is associated with increased myocardial inflammation induced by angiotensin 

II27.

We have recently demonstrated that neuregulin-1-dependent activation of ErbB3 reduces 

proinflammatory activation of nonclassical monocytes obtained from patients with heart 

failure28. However, the role of ErbB3 in local myocardial inflammation has not been studied. 

Here, we investigated the role of myeloid ErbB3 signaling using a mouse model of 

transverse aortic constriction. We demonstrate an early mortality effect on male mice with 

ErbB3 deletion in myeloid cells. Our data reveal the novel roles of ErbB3 signaling in the 

regulation of myocardial accumulation of immune cells, proliferation of Sca-1 mesenchymal 

cells, and production of IGF-1 in response to cardiac pressure overload.

2. METHODS

All data that support the findings of this study are available from the corresponding author 

upon reasonable request.

2.1. Animals

All experiments were conducted in accordance with the Guide for the Care and Use of 

Laboratory Animals as adopted and promulgated by the US National Institutes of Health. 

Animal studies were reviewed and approved by the Institutional Animal Care and Use 

Committee of Maine Medical Center Research Institute. ErbB3fl/fl mice (FVB background) 

were a generous gift from Dr. Rebecca Cook, Vanderbilt University. LysM-Cre mice 

(B6.129P2-Lyz2tm1(cre)Ifo/J) and FVB/NJ mice we obtained from Jackson Laboratory (Bar 

Harbor, ME). All of the LysM-Cre mice used in these studies were backcrossed to the FVB 

genetic background for more than ten generations. ErbB3MyeKO mice, with ErbB3 deletion 

in myeloid cells, were generated by crossing ErbB3fl/fl and LysM-cre mice. ErbB3wt/LysM-

Cre+ (ErbB3MyeWT) mice were used as control animals. Genotypes were confirmed by 

analyzing genomic DNA with primers in a polymerase chain reaction as described 29, 30. 

Adult male and female mice were housed in groups of four on a 12-hour light-dark cycle. 

Mice were kept in a temperature and humidity-controlled room with free access to a regular 

low-fat chow diet and water. Male and female (50/50) mice at 16-20 weeks old were used in 

all experiments.

2.2. Reagents

Recombinant NRG-1 (extracellular domain, 377-HB) was purchased from Bio-Techne/R&D 

Systems. Collagenase II (345 units per mg, CLS-2) was purchased from Worthington 

Biochemical Corporation (Lakewood, NJ), dispase II (04942078001) was from Roche Life 

Science (Indianapolis, IN), and DNase I was from Sigma (St. Louis, MO). Recombinant 
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mouse granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage 

colony-stimulating factor (M-CSF) were obtained from BioLegend (San Diego, CA).

2.3. Transverse aortic constriction (TAC)

TAC surgery was performed as previously described 11, 31. In brief, anesthetized mice placed 

on an isothermal pad were maintained on artificial ventilation. The transverse aorta was 

visualized through a sternotomy and 7-0 silk ligature was tied around the aorta between the 

right brachiocephalic and left common carotid arteries to generate 27-gauge constriction. 

The chest was closed in layers, and the animals were gradually weaned from the respirator. 

Sham-operated animals underwent the same surgical procedures except for TAC. The blood 

pressure gradient across the ligation site was confirmed by Doppler ultrasound imaging. 

Echocardiography was performed in conscious mice with a VisualSonics Vevo 2100 imaging 

system, as described previously 32. LV function was recorded at parasternal short axis view 

in M-mode and calculated as a fractional shortening (FS).

2.4. Blood collection and preparation of spleen, cardiac and bone marrow cell 
suspension

Submandibular blood collection was performed using 5 mm GoldenRod Animal Lancets 

(Medipoint Inc, Mineola, NY, USA). Blood was collected into Eppendorf tubes containing a 

citrate-dextrose solution (ACD, Sigma). Erythrocytes were lysed using an ammonia chloride 

solution containing 1.5 M NH4CL, 100 mM sodium bicarbonate, and 10 mM EDTA.

To prepare cell suspension, the spleen was excised and cut into small pieces and pressed 

through 70 μm strainer using a plunger end of the syringe. Cells were washed with 

Dulbecco's PBS and resuspended in PBS/0.5%BSA/2 mM EDTA after erythrocytes lysis.

Isolation of cardiac stromal cell populations was performed according to a protocol 

published previously 33. In brief, minced tissue was incubated in digestion solution (10 

mg/ml collagenase II, 2.5 U/ml dispase II, 1 μg/ml DNase I, and 2.5 mM CaCl2) for 25 min 

at 37°C. After passing through a 70-μm cell strainer, the resulting myocyte-free single-cell 

suspension was centrifuged at 500 x g, washed with Dulbecco's PBS, and resuspended in 

PBS/0.5%BSA/2 mM EDTA.

Bone marrow cells were harvested from the femurs and tibias of ErbB3MyeWT or 

ErbB3MyeKO mice. Erythrocytes were lysed, cells were washed twice with PBS and used for 

isolation of lineage-negative (Lin-) hematopoietic progenitor cells, CD11b cells, 

differentiation and migration assay, and flow cytometric analysis.

2.5. Nuclear Magnetic Resonance (NMR) analysis

NMR analysis was performed as previously described34. In brief, mice were scanned using a 

Minispec NMR (Bruker Optics, Inc), which allows for non-invasive and rapid measurements 

of body composition without the use of anesthesia. Mice were placed in a plastic cylinder 

and kept immobile by insertion of a plunger into the cylinder. The plastic cylinder with the 

animal was placed in the sample chamber for the duration of the scan (approximately two 

minutes). The MiniSpec NMR uses contrasting hydrogen density/hydrogen spin properties 
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from adipose tissue and lean mass for estimation of body composition. A quality control 

check of NMR parameters using a standard provided by the manufacturer was performed 

prior to each day of testing.

2.6. Heart tissue processing, histopathology and immunochistochemistry

Hearts were arrested with potassium and perfused with phosphate buffer saline. Excised 

hearts were immersion fixed in 10% buffered formalin for 24 hours and transferred to 70% 

ethanol. From each paraffin-embedded ventricular part, two transverse sections were made 

at different levels (for a total of six sections). Five-μm sections were prepared from paraffin 

blocks and stained with Hematoxylin and Eosin (H&E). Myocardial fibrosis was assessed 

after Masson's trichrome staining, and the fibrotic area was calculated as a percentage of 

total tissue area.

Rabbit monoclonal antibody against cleaved caspase 3 (D175, Cell Signaling Technology) at 

the dilution 1:250 was used to detect active apoptosis. The image analysis was performed by 

using an Axioskop 40 microscope equipped with a digital camera. All measurements were 

conducted using ImageJ software version 1.45s (NIH) in a blinded manner.

2.7. Flow cytometric analysis

Cells (106 cells/ml) were incubated with murine TruStain FcX™ reagent (BioLegend, San 

Diego, CA) to block non-specific binding, following by the incubation with relevant 

antibodies for 20-30 min at 4°C. Then cells were washed once with ten volumes of cold 

PBS/0.5% BSA/2 mM EDTA and used for the flow cytometric analysis.

Cell-surface antigen expression was examined using the following antibodies: anti-mouse 

CD11b (M1/70), CD31 (390), CD45 (30-F11), Ly6C (HK1.4), Ly6G (1A8), and Sca-1 

(E13-161.7) (all purchased from BioLegend).

Phycoerythrin (PE)-conjugated rabbit polyclonal anti-EGFR (D38B1, Cell Signaling 

Technology) and rat monoclonal anti-ErbB2 (FAB6744P, Bio-techne/R&D System) were 

used for the analysis of cell surface expression of ErbB1 and ErbB2, respectively. Sheep 

anti-mouse ErbB3 (AF4518) and rabbit monoclonal anti-ErbB4 (111B2, Cell Signaling 

Technology) were conjugated with PE, using Mix-n-Stain™ R-PE Antibody Labeling Kit 

(Biotium, Fremont, CA) and used for detection of ErbB3 and ErbB4 at the cell surface of 

myeloid cells. To improve the detection of ErbB receptors, after initial staining with primary 

antibodies conjugated to PE, cells were stained with biotin anti-PE antibody (PE001, 

BioLegend) followed by additional staining with Streptavidin-PE (SAv-PE, BioLegend). 

This resulted in the two-fold increase in the fluorescence intensity corresponding to ErbB 

receptors without increasing background fluorescence.

Alexa Fluor 488-conjugated anti-phosphatidylserine antibody (1H6, Millipore/Sigma) was 

used to detect apoptotic cells.

Intracellular staining for IGF-1 was performed with PE-conjugated anti-IGF-1 antibody 

(NBP2-34679PE, Bio-Techne/Novus) in fixed and permeabilized cells using BD Cytofix/

Cytoperm™ (BD Biosciences). Staining for proliferating cells with Ki-67 (16A8) was done 
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using True-Nuclear™ Transcription Factor Buffer Set (BioLegend). All antibodies were 

titrated to establish a high separation between positive and negative cell populations while 

maintaining a low level of background. Isotype-matched control antibodies were used to 

determine the level of undesired non-specific binding. The expression of cell markers and 

ErbB receptors was determined after subtraction of the mean fluorescence intensity (MFI) of 

isotype-matched controls from the MFI of specific antibodies and represented as a delta 

mean fluorescence intensity (ΔMFI) as described elsewhere 35. Antigen negativity was 

defined as having the same fluorescent intensity as the isotype control.

Data acquisition was performed on a MacsQuant Analyzer 10 (Miltenyi Biotec., Inc.), and 

the data were analyzed using WinList 5.0 software. Viable and non-viable cells were 

distinguished using DAPI (to detect dead nucleated cells) and LIVE/DEAD® Fixable Violet 

Stain kit for the detection of non-nucleated cell debris (Life Technologies, Carlsbad, CA).

2.8. Isolation of hematopoietic progenitor cells and CD11b myeloid cells

Untouched Lin- hematopoietic progenitor cells were purified from bone marrow cell 

suspension using the Lineage Cell Depletion Kit (Miltenyi Biotec, Inc). Isolated cells were 

incubated in the presence of 20 ng/ml of GM-CSF or 20 ng/ml of M-CSF for six days (with 

medium renewal at day three) to generate mature myeloid cells, which corresponds to a 

more proinflammatory phenotype (GM-CSF) or closely resembling tissue-resident 

macrophages (M-CSF).

Enrichment of CD11b cell subpopulations of bone marrow was carried out as described 

previously 36. In brief, after treatment with FcR Blocking Reagent (Miltenyi Biotec), bone 

marrow-derived cells were stained with anti-mouse CD11b conjugated with PE (clone 

M1/70, BioLegend, San Diego, CA), followed by washing and incubation with anti-PE 

microbeads (Miltenyi Biotec). The labeled cells were passed through MS separation 

columns that had been equilibrated with dilution buffer. Columns were washed three times 

with 3 ml dilution buffer. The retained CD11b cells were eluted from the column and 

analyzed for CD11b surface expression by flow cytometry.

2.9. Western blotting

To determine the expression of ErbB receptors in myeloid cells, immunomagnetically sorted 

bone marrow CD11b positive cells (5 x 107 cells) were lysed in radioimmunoprecipitation 

assay (RIPA) buffer containing protease inhibitor cocktails (Roche Diagnostics, 

Indianapolis, IN). Total protein concentrations were quantified with the Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific), and resolved by 8% SDS-PAGE. After blotting, the 

membrane was probed with rabbit monoclonal antibodies raised against ErbB1 (D38B1), 

ErbB2 (29D8), ErbB3 (D22C5), or ErbB4 (111B2). All antibodies are purchased from Cell 

Signaling Technology (Danvers, MA).

For analysis of intramyocardial levels of NRG-1, phosphorylated IGF-1R and total IGF-1R, 

perfused and isolated hearts were homogenized in RIPA buffer (100 mg of heart tissue per 

1000 ul of RIPA buffer). Goat polyclonal anti-NRG-1 antibody (C-18), mouse monoclonal 

anti-phospho-IGF-1R (2B9), and IGF-1R (7G11) antibodies were used to detect levels of 

NRG-1, and phosphorylation of IGF-1 receptors after TAC. All antibodies are purchased 
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from Santa Cruz Biotechnology, Inc (Dallas, TX). The level of NRG-1 was normalized to 

the level of β-actin, which was detected using mouse monoclonal β-actin antibody (ab8224, 

Abcam).

Secondary peroxidase-conjugated antibodies (BioRad, Hercules, CA) and ProSignal™ Pico 

enhanced chemiluminescence kit (Genesee Scientific, San Diego, CA) were used for 

visualization, of immunoreactive bands. Densitometric analysis was conducted using ImageJ 

1.45s software (NIH).

2.10. Transwell migration assay

Cell migration was evaluated using Corning® HTS Transwell® 96 well permeable supports 

(5.0 μm membrane pore size). Magnetically purified bone marrow CD11b cells were 

resuspended in 10% FBS RPMI-1640 medium and added inside the inserts at the 

concentration of 105 cells/well. The inserts were placed over wells with 10% FBS 

RPMI-1640 medium containing 50 ng/ml of recombinant human NRG-1 or PBS (control). 

After incubation under a humidified atmosphere of air/CO2 (19: 1) at 37°C for incubated for 

different time intervals (5, 30, 60, and 120 min), medium from the wells were collected and 

centrifuged at 200 x g for 5 min. Cells in the pellet were stained with 2 μM calcein–

acetoxymethyl ester (Life Technologies). Fluorescence of cells was measured at excitation 

and emission wavelengths of 485 and 535 nm, respectively, and cell migration was 

calculated using a calibration curve constructed for each experiment by measuring the 

fluorescence of predetermined numbers of labeled cells.

2.11. Quantitative antibody array

Expression of cytokines and growth factors in mouse hearts was analyzed on day 3 post-

TAC. In brief, mouse hearts (90-120 mg) were perfused with a phosphate-buffered solution 

to remove blood, isolated and homogenized in 1 ml of radioimmunoprecipitation assay 

buffer (RIPA buffer). Tissue homogenate was centrifuged at 10,000 x g for 30 min, and the 

supernatant was used for the analysis. A Quantibody® Mouse Cytokine Antibody Array 

4000 (#QAM-CAA-4000) was conducted by RayBioTech (Norcross, GA).

2.12. Statistical analysis

Kolmogorov-Smirnov test was used as a test for normality. Normally distributed variables 

are expressed as mean±SEM. Comparisons between 2 groups were performed using two-

tailed unpaired t tests. Paired t test was used to determine statistical significance before and 

after TAC. Comparisons between ≥3 groups were performed using ordinary one-way 

ANOVA with Tukey's multiple-comparisons post-test. The Mantel-Cox log-rank test was 

used to compare the survival rates in mice with ErbB3 deletion and control animals. P<0.05 

was considered significant.

Yin et al. Page 7

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. RESULTS

3.1. Myeloid cell-specific ablation of ErbB3 gene expression did not alter the number of 
CD11b myeloid cells in circulation or their accumulation in the heart.

To compare the levels of ErbB receptors expression between ErbB3MyeWT mice and 

ErbB3MyeWT control animals, we first isolated CD11b positive cells from the primary source 

of myeloid cells, bone marrow (Figure 1A). We then performed the analysis of all four ErbB 

receptors expression using western blotting. As shown in Figure 1B, only ErbB3 and ErbB4 

but not ErbB1 or ErbB2 receptors are expressed in bone marrow myeloid cells. The level of 

ErbB3 protein was decreased by approximately 80% in cells obtained from ErbB3myeKO 

compared to ErbB3myeWT mice (Figure 1C). It should be noted that approximately 

20%-40% of CD11b positive cells in the bone marrow do not express LysM-Cre 37, 38, 

which explains the presence of immunoreactivity bands corresponding to ErbB3 protein in 

LysM-Cre-driven ErbB3 flox/flox mice. The total level of ErbB4 receptors was also 

decreased in knockout mice, though to a lesser degree compared to ErbB3. Because ErbB3 

and ErbB4 receptors are targeted for proteasomal degradation in the endoplasmatic 

reticulum, it is important to determine their expression at the cell surface. Data from flow 

cytometric analysis of bone marrow CD11b myeloid cells revealed the down-regulation of 

ErbB3 cell surface expression (Figures 1D and E), confirming data from western blot 

analysis. No differences were found in the expression of ErbB4 at the CD11b cell surface 

between knockout and control animals. These data may indicate the presence of cooperation 

between post-translational mechanisms involved in the degradation and recycling of ErbB3 

and ErbB439, 40.

To further characterize the expression of ErbB3 and ErbB4, we incubated Lin-hematopoietic 

progenitor cells in the presence of GM-CSF. Our data showed that the level of ErbB3 is 

significantly decreased in mature proinflammatory myeloid cells, including macrophages 

and monocyte-derived dendritic cells (Figures 1F and G). No differences were found in the 

level of cell surface expression of ErbB4.

As shown in Figures 1H, I and J, ErbB3 and ErbB4 receptors are expressed on murine 

myeloid cells in blood, spleen, and heart in control animals. The mean fluorescence intensity 

corresponding to ErbB3 receptor expression was higher on cardiac myeloid cells compared 

to cells in blood and spleen, suggesting the presence of factors that promote cell-surface 

expression of ErbB3 in cardiac tissue. Deletion of ErbB3 gene expression in myeloid cells of 

LysM-Cre/ErbB3 flox/flox mice resulted in the down-regulation of cell-surface expression 

of ErbB3 receptors. Flow cytometric analysis revealed the absence of changes in the number 

of CD11b/CD45 myeloid cells between control and knockout mice in all tested tissues 

(Figure 1K), indicating that ErbB3 receptors are not involved in myeloid cell trafficking in a 

steady-state condition.

3.2. ErbB3 deletion in myeloid cells is associated with an increase in body weight but no 
changes in cardiac function.

We found that both male and female ErbB3MyeKO mice were significantly heavier than the 

control mice (Figure 2A). Weight gain was relatively small: approximately 25% increase in 
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male and 20% increase in female body weight. NMR analysis revealed significant 

differences in the body fat mass and body adiposity index in knockout mice compared to 

control in both male (Figure 2B) and female (Figure 2C) animals. Echocardiographic 

evaluation revealed no changes in the left ventricular fractional shortening, indicating that 

the deletion of ErbB3 expression in myeloid cells did not induce changes in heart function 

(Figure 2D). We did, however, see an increase in the end-systolic and end-diastolic 

diameters, reflecting a physiological adaptation of the cardiovascular system to increased 

body weight in mice with myeloid cell-specific deletion of ErbB3 (Figures 2E and F). 

Accordingly, no differences were found in heart-to-body weight ratios in both male and 

female knockout mice compared to control animals (Figure 2G).

3.3. The deletion of ErbB3 expression in myeloid cells is associated with increased 
mortality in male mice after TAC.

We examined the effect of pressure overload on the survival of control and ErbB3 knockout 

mice using transverse aortic banding. While no differences were found in sham-operated 

mice, TAC was associated with a trend toward increased mortality in ErbB3MyeKO mice 

compared to control animals (Figure 3A). Further analysis revealed sex-dependent 

differences in mice survival. TAC resulted in significantly higher mortality of male mice 

with ErbB3 deletion, with the median value of mice survival at day 5 after the surgery, 

compared to male control animals, which clearly survived longer (Figure 3B).

Interestingly, the first week after the surgery was also associated with elevated mortality in 

female mice with the ablation of ErbB3 expression. However, no statistical differences in the 

mortality rates were found between the groups of control and ErbB3MyeKO female mice over 

the entire course of the study (Figure 3C). We estimate that the sample size needed to reach 

a conclusion in female mice with 85% confidence would require an additional 120 mice.

No differences were found in the pressure gradient between wild type and knockout animals 

(Figure 3D). Post-mortem examination of mice that died after TAC revealed an increased 

lung-to-body weight ratio with a mean value of 10.6 ±0.8 (n=8) in mice with ErbB3 

deletion, indicating the presence of pulmonary edema, consistent with acute heart failure. To 

evaluate differences between control and ErbB3MyeKO mice, we performed an analysis of 

lung-to-body weight ratios on day 3 post-TAC before the increased death of mice with 

ErbB3 deletion. We found that TAC surgery resulted in a significantly increased lung-to-

body weight ratio in knockout male mice compared to control male animals (Figure 3E). No 

differences were found in the lung-to-body weight ratio between control and knockout 

groups of female mice (Figure 3F).

Echocardiographic assessment of cardiac function on day 3 post-TAC did not reveal 

significant changes in fractional shortening (Figure 3G). However, a substantial decrease in 

heart rate was found in knockout male mice on day 3 post-TAC compared to baseline 

(Figures 3H and I). The immunohistochemical analysis did not show any differences in the 

size of cardiomyocytes (Figures 3J and K), tissue fibrosis (Figure 3L), or number of cells 

that are positive for cleaved caspase-3 (Figure 3M, apoptotic cells) between knockout and 

wild type animals on day 3 post-TAC.
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3.4. Deletion of ErbB3 receptors results in the lower accumulation of CD11b myeloid cells 
in male mice after TAC.

To determine whether the deletion of ErbB3 resulted in the altered immune response to 

pressure overload, we performed flow cytometric characterization of cell suspensions 

obtained from hearts of control and ErbB3MyeKO mice on day 3 post-TAC. Since the 

expression of ErbB3 was disrupted in myeloid cells, we first evaluated populations of 

CD11b and CD45 positive cells. We found that TAC induces an increase in the percentages 

and numbers of CD11b myeloid cells and CD45 immune cells in the hearts of both control 

and male knockout mice (Figures 4A-C). However, the number of immune cells, and 

myeloid cells, specifically, was significantly lower in the hearts of ErbB3MyeKO mice 

compared to the control group. Further analysis revealed that the majority of CD11b positive 

cells infiltrating the heart of mice after the surgery were Ly6G neutrophils and Ly6C 

monocytes (Figures 4D and E). The accumulation of both of these subpopulations was 

significantly reduced in male mice with ErbB3 deletion compared to control animals.

Similar to the effect in male mice, TAC surgery induces the accumulation of myeloid cells in 

the hearts of female mice (Figure 4F-J). However, in contrast to male mice, no differences in 

the numbers of infiltrating CD11b/CD45 positive cells or subpopulations of neutrophils and 

monocytes were found between the groups of control and ErbB3MyeKO female mice.

3.5. ErbB3 promotes the migration of myeloid cells.

To elucidate the effect of ErbB3 signaling on myeloid cell migration, we analyzed cell 

migration in vitro using a transwell system. We used purified CD11b positive myeloid cells 

from murine bone marrow to determine the effect of the recombinant extracellular domain of 

neuregulin-1 (active form) on cells obtained from control animals with intact ErbB3 

signaling. We found that neuregulin-1 promotes the migration of CD11b cells. The effect of 

neuregulin-1 reached a peak at one hour after the initiation of migration (Figure 5A). To 

further characterize the migration, we analyzed cells in the two chambers of a transwell 

system and found that only CD11b positive cells migrated from the upper to lower chamber 

(Figure 5B). Next, we analyzed the effect of neuregulin-1 on myeloid cells isolated from 

male and female mice separately. Deletion of ErbB3 resulted in the abolishment of the effect 

of neuregulin-1 on the migration of CD11b positive myeloid cells from both male and 

female mice (Figures 5C and D).

To determine whether the level of ErbB receptor ligands is changing in the hearts after the 

aortic banding, we performed Western blot analysis of neuregulin-1, an ErbB3 ligand. As 

shown in Figures 5 E and F, the low molecular neuregulin-1 (extracellular domain, active 

form) is increased on day 3 post-TAC in both wild type and knockout animals compared to 

the basal (pre-operative) level. These data indicate that neuregulin-1/ ErbB3 signaling 

promotes CD11b cell migration and that an increased level of intramyocardial neuregulin-1 

is involved in the accumulation of myeloid cells after TAC.
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3.6. TAC induces the proliferation of Sca-1 positive non-immune cells in control but not 
ErbB3MyeKO male mice.

To better characterize the effect of TAC in control mice and animals with the deletion of 

ErbB3, we investigated the composition of non-immune cells using flow cytometry. We 

found that the percent of Sca-1 positive non-immune (CD45 negative) cells was increased on 

day 3 post-TAC in control animals (Figure 6A). No difference, however, was found in cell 

suspensions obtained from the hearts of ErbB3MyeKO male mice.

In the murine heart, Sca-1 is expressed on endothelial cells, fibroblasts41, 42, and 

mesenchymal cells with pro-angiogenic signaling 33. We found that the number of 

endothelial cells, as well as Sca-1pos/CD31neg fibroblasts, was higher on day 3 post-TAC 

compared to basal level (before surgery) in the control mice (Figure 6B and C). These 

changes did not reach statistical significance in male ErbB3MyeKO mice. Further analysis 

revealed an increased number of proliferating Sca-1 cells in control but not ErbB3MyeKO 

mice post-TAC (Figure 6D), indicating that the increased number of Sca-1 expressing cells 

in control animals is due to the stimulation of their proliferation. No effects of TAC on 

apoptosis of Sca-1 positive cells were found during the first 3 days after the surgery (Figure 

6E).

A similar analysis demonstrated that in contrast to male mice, TAC was associated with the 

proliferation of CD31 endothelial cells in both control and ErbB3MyeKO female mice (Figure 

6F and G). While we found no effect of TAC on the number of Sca-1pos/CD31neg cells in 

mice with ErbB3 deletion (Figure 6H), the total number of proliferating Sca-1 cells was 

higher in both groups of female mice on day 3 after the surgery (Figure 6I). The number of 

apoptotic cells was not increased after TAC and was similar between the groups (Figure 6J).

3.7. Mice with ErbB3 deletion are characterized by the lower level of IGF-1 expressing 
cells after TAC.

Myeloid cells express many cytokines and growth factors that could play a role in their 

stimulation of proliferation of endothelial cells and fibroblasts and in the regulation of 

myocyte hypertrophic response. To examine potential mechanisms by which the impaired 

accumulation of myeloid cells in male ErbB3MyeKO mice regulates cardiac cell biology, we 

analyzed the level of cytokines and growth factors in the heart's lysates post-TAC using 

quantitative antibody array (Figure 7A). This analysis identified several differences, 

including the lower levels of insulin growth factor-1 (IGF-1), ADAM metallopeptidase with 

thrombospondin type 1 motif 1 (ADAMTS1), fetuin A, and chordin in hearts of 

ErbB3MyeKO mice compared to control animals (Figure 7B). In contrast, the level of TNF-

like weak inducer of apoptosis (TWEAK) was increased in mice with ErbB3 deletion. We 

also found a trend towards a higher level of prostasin, a serine protease, in ErbB3MyeKO 

mice.

IGF-1 is a well-known factor contributing to the compensatory hypertrophic response. To 

validate the antibody array data and determine whether or not the decreased level of IGF-1 is 

associated with decreased IGF-1 signaling in the heart, we performed western blot analysis 

of IGF-1 receptor phosphorylation. As shown in Figures 7C and D, the level of 
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phosphorylated IGF-1R was decreased in the heart lysates obtained from knockout male 

mice compared to control animals.

No differences were found in the level of IGF-1 in the peripheral circulation (Figure 7E), 

indicating that the lower level of IGF-1 in the hearts of knockout mice is not due to 

decreased synthesis of IGF-1 in the liver. To determine the source of IGF-1, we performed 

flow cytometric analysis of the intracellular level of IGF-1 in subpopulations of cardiac 

cells. We found that both CD11b myeloid cells and non-myeloid cells are characterized by 

the low level of IGF-1 production in steady-state conditions in male mice (Figure 7F). TAC 

was associated with an increase in the percent of IGF-1 positive cells in control mice but not 

in ErbB3MyeKO male mice, consistent with the quantitative antibody array data. To 

determine what type of cells are producing IGF-1 besides CD11b myeloid cells, we 

performed flow cytometric analysis of CD45neg non-immune cells (Figure 7G). We found 

that Sca-1 positive cells represent a major population of IGF-1-producing cells in both 

sham-operated and TAC control animals among the non-immune cardiac population. Similar 

to male mice, the percent of IGF-1 producing cells was lower in ErbB3MyeKO female mice 

as compared to control mice post-TAC (Figure 7H). Calculation of flow cytometric data 

indicated a significant accumulation of IGF-1 producing cells (sum of myeloid and non-

immune cells) in control male mice on day 3 post-TAC (Figure 7I). No differences were 

found in the number of IGF-1 positive cells between sham and TAC in the groups of male 

mice with ErbB3 deletion in myeloid cells. In contrast to male mice, aortic banding 

increased the number of IGF-1 producing cells in both groups of female mice on day 3 after 

TAC compared to sham-operated animals (Figure 7J). To determine whether loss of ErbB3 is 

associated with decreased production of IGF-1 from CD11b cells, we measured the level of 

IGF-1 in the supernatant of bone marrow-derived myeloid cells incubated in the presence of 

GM-CSF to generate proinflammatory macrophages and dendritic cells (Figure 7K), or M-

CSF to generate cell resembling the phenotype of tissue-resident macrophages (Figure 7L). 

No differences were found between bone marrow-derived mature myeloid cells obtained 

from wild type and knockout animals in the production of IGF-1.

4. DISCUSSION

Our main findings are that myeloid cell-specific ErbB3 signaling is involved in the 

regulation of myeloid cell migration into the male heart after pressure overload, and that 

reduced accumulation of immune cells in the myocardium and is associated with a blunted 

proliferative response of endothelial cells and fibroblasts, and increased mortality in male 

mice during the first week after TAC.

Emerging evidence indicates that ErbB receptor signaling plays a role in the regulation of 

immune and inflammatory responses 26, 28. In agreement with previous observations 
28, 43, 44, we found the expression of ErbB3 and ErbB4 but not ErbB1 or ErbB2 in myeloid 

cells. Our study revealed the decrease in the total level of ErbB4 protein in ErbB3 knockout 

CD11b cells, which may indicate the presence of cross-talk between post-translational 

modification of ErbB3 and ErbB4 in myeloid cells. Interestingly, E3 ubiquitin-protein ligase 

NRDP1 interacts with both ErbB3 and ErbB4, targeting newly synthesized receptors for the 

proteasomal degradation 39, 45. We suggest that in the absence of ErbB3, the activity of 
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NRDP1 could be redirected toward ErbB4, resulting in its increased ubiquitination and 

proteasomal degradation. However, we did not find the down-regulation of ErbB4 

expression at the cell surface. It would be interesting to investigate whether or not ErbB3 

controls ErbB4 recycling 46. Importantly, our study revealed the absence of compensatory 

up-regulation of other subtypes of ErbB receptors after the loss of ErbB3, indicating that 

ErbB3 plays a non-redundant role in myeloid cells.

In contrast to the immune response after ischemic myocardial injury 47-51, the infiltration of 

immune cells and their role after non-ischemic heart injury remain to be elucidated. 

Recently, several studies demonstrated the early immune cell accumulation and their role in 

the regulation of cardiac hypertrophic response using a mouse model of pressure overload-

induced left ventricular hypertrophy and heart failure 14, 17, 52. Interestingly, the experiments 

with relatively late, two weeks after aortic banding, depletion of Ly6Chigh monocytes, and 

proinflammatory macrophages demonstrated that these cells are dispensable for progression 

to remodeling and failure, indirectly pointing toward the specific contribution of 

mononuclear phagocytes in early compensatory response16. In agreement with these studies, 

we found rapid accumulation, within the first three days, of CD45 positive immune cells in 

the heart after aortic banding in mice with intact ErbB3 signaling in myeloid cells. Flow 

cytometric analysis demonstrated that the majority of immune cells were represented by 

CD11b positive myeloid cells, including Ly6G neutrophils and Ly6Chigh monocytes.

One major finding of the current investigation is that mice with myeloid cell-specific 

deletion of ErbB3 demonstrated sex-specific differences characterized by a significantly 

decreased accumulation of myeloid cells in the hearts of male mice. One potential 

explanation of the impaired immune response in ErbB3 knockout mice might be related to 

the contribution of ErbB3 signaling to cell migration. The role of NRG-1/ErbB signaling in 

the migration of non-immune cells 53-56, as well as the migration of lymphocytes57 and 

primary immune cells58 of the central nervous system, has been shown previously. In our 

study, we demonstrated for the first time that NRG-1 stimulated the migration of bone 

marrow myeloid cells in vitro via activation of ErbB3. This finding explains the reduced 

accumulation of myeloid cells found in male mice with ErbB3 deletion. While we do not 

have an explanation of unaffected intramyocardial accumulation of immune cells in female 

knockout mice, we speculate that the relative contribution of ErbB3 signaling in the 

migration of myeloid cells in vivo might be different between male and female mice. Sex 

hormones are involved in the regulation of immune response 59-61. Cross-talk between ErbB 

and estrogen receptors 62 or androgen receptors 63 may be responsible for differences found 

between male and female mice. Sex steroid hormone receptors are expressed at different 

levels on mononuclear phagocytes from men and women 64. Sex differences are associated 

with variances in the immune response to infection and heart injury in clinical myocarditis, 

with males having worse outcomes than females 65, 66. Further studies are warranted to 

investigate interactions between ErbB3 and sex hormone receptors in the regulation of 

myeloid cell migration.

The second major finding relates to increased early mortality in male mice with myeloid 

cell-specific deletion of ErbB3. Transverse aortic constriction is associated with a low 

mortality rate, rarely exceeding twenty percent in the first two weeks after surgery, the time 
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required for the development of compensatory response12, 67. However, modifications of 

genes that contribute to the development of compensatory responses may lead to 

significantly increased mouse mortality early after TAC 68-70. There are a limited number of 

studies showing the involvement of immune cells in the adaptive response to elevated 

afterload. Meguro et al 71 demonstrated that compensatory hypertrophic growth is attenuated 

by cyclosporine and associated with enhanced susceptibility to decompensation, heart 

failure, and increased mortality within the first ten days after TAC. While the authors did not 

examine the immune response, the well-known immunosuppressive effects of cyclosporine, 

including inhibition of myeloid cell migration 72-74, implicates a role for immune cells in the 

early compensatory response post-TAC.

A recent study demonstrated an important role played by cardiac resident macrophages in 

the early adaptive response to TAC. Liao et al15 found that hemodynamic overload-induced 

macrophage proliferation was followed by cardiac accumulation of macrophages on day 7 

after the surgery. Clodronate-mediated depletion of mononuclear phagocytes was associated 

with ~80% mouse mortality within six days after TAC. Since no effect of CCR2 antagonist 

was found, the authors concluded that resident cardiac macrophages but not blood 

monocytes are involved in the development of compensatory cardiac response. We found a 

similarly high mortality phenotype in male mice with ErbB3 deletion and significantly 

reduced infiltration of neutrophils and monocytes. Our findings indicate the presence of 

complex interactions between neutrophils, monocytes, and resident macrophages, during an 

early adaptive response. Neutrophils are known to induce proliferation of macrophages75, 76, 

and early accumulation of neutrophils after TAC may provide the signals for macrophage 

proliferation and macrophage-dependent cardiomyocyte protection77.

Although the cause of animal death in the absence of intramyocardial accumulation of 

myeloid cells is not known, both Liao et al15 and our current study demonstrate the presence 

of pulmonary edema at day 4 and day 3 post-TAC, respectively. Pulmonary edema often 

develops in parallel with dilated cardiomyopathy in the pressure overload model 78. 

However, no changes in fractional shortening were found in ErbB3 knockout animals, 

indicative of preserved systolic function. Diastolic dysfunction is also associated with 

pulmonary edema 79-82. While we did not evaluate diastolic function in this study, several 

factors point in this direction, including a moderate obesity phenotype 83-85 and low 

myocardial IGF-1 level in knockout animals 86, 87. In addition, low heart rate, found in 

myeloid cell-specific ErbB3 knockout male mice may indicate a potential disturbance in the 

cardiac conduction system. It has been recently shown that cardiac macrophages are 

involved in facilitating electrical conduction 88. Further studies are necessary to determine 

whether or not ErbB3 signaling in myeloid cells is involved in the regulation of the electrical 

conduction system or diastolic function in stressed myocardium.

Another important aspect of our work is related to the role of myeloid cells in the 

proliferation of cardiac mesenchymal cells after TAC. The early induction of endothelial cell 

proliferation in response to pressure overload has been previously documented 89. In the 

current study, we found that aortic banding induced proliferation of Sca-1 expressing 

mesenchymal cells. These cells are represented by subpopulations of endothelial cells and 

non-endothelial cells with pro-angiogenic properties 33, 90. Angiogenesis is necessary for an 
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adaptive response to hemodynamic overload, and the imbalance between the growth of 

cardiomyocytes and angiogenesis results in contractile dysfunction and heart failure 91, 92. It 

has been recently demonstrated that physiological cardiomyocyte growth is regulated by 

VEGF/VEGFR2-dependent signaling, which induces ADAM12 and KLK8-mediated 

shedding of NRG-1 from endothelial cells 93. The transient upregulation of VEGF 

expression has been found early, on day 1, after TAC 94. Interestingly, we found an increase 

in the level of NRG-1 protein on day 3 after TAC, pointing toward the activation of VEGF/

VEGFR2/ADAM12/NRG-1 signaling axis in response to increased cardiac afterload. The 

absence of Sca-1 cell proliferation in male knockout mice demonstrated an important role of 

myeloid cell-specific ErbB3 signaling, which connects cardiac mesenchymal cells activation 

with early immune response contributing to angiogenesis. Our data also suggest that the 

upregulation of IGF-1 may represent an important mechanistic link between immune 

accumulation and angiogenesis95, 96 in response to cardiac overload.

Previous studies demonstrated that monocytes and macrophages represent a source of IGF-1 
97-100. In agreement with these studies, we also found that infiltrating CD11b myeloid cells 

are characterized by increased production of IGF-1. Additionally, our data demonstrated that 

Sca-1 mesenchymal cells produce IGF-1 and that the production of IGF-1 is upregulated 

after TAC. However, this effect is most likely dependent on myeloid cell infiltration in the 

heart since no differences were found in the production of IGF-1 by myeloid cells from wild 

type and knockout animals, and no effect of aortic banding was found on the production of 

IGF-1 by Sca-1 cells in male mice with reduced accumulation of CD11b cells.

In summary, our current study demonstrated for the first time that ErbB3 signaling in 

myeloid cells plays a crucial role in sex-specific adaptation to increased hemodynamic 

loading. Activation of ErbB3 promotes early accumulation of neutrophils and monocytes in 

pressure overload stressed myocardium in male mice. Myeloid cells induce endothelial cells 

and fibroblasts expansion and activation, which in turn, promotes early compensatory 

response through the production of IGF-1101 and protection of cardiac function87, 102, 103. 

We have previously shown that the expression of ErbB3 is characterized by large inter-

individual variability in human myeloid cells 28. Our current finding on the role of ErbB3 

signaling provides a better understanding of differences seen in disease progression in 

patients with heart failure and highlights the importance of studies focused on the role of 

myeloid cells in cardiovascular diseases.
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HIGHLIGHTS

• ErbB3 receptors are expressed on myeloid cells in blood, spleen, and heart. 

The level of ErbB3 cell surface expression is higher on cardiac myeloid cells 

compared to cells in blood and spleen.

• Transverse aortic constriction induced rapid, within three days after surgery, 

accumulation of myeloid cells in the heart.

• Genetic ablation of myeloid cell-specific ErbB3 signaling resulted in the 

development of acute heart failure in male but not female mice.

• At the cellular level, male mice with ErbB3 deletion were characterized by 

the reduced intramyocardial accumulation of neutrophils and monocytes, 

decreased proliferation of Sca-1 positive cells, and production of IGF-1.

• NRG-1, an ErbB receptor ligand, induced migration in myeloid cells from 

control animals but not from mice with ErbB3 deletion.
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Figure 1. Number of myeloid cells are similar between ErbB3MyeWT and ErbB3MyeKO mice in 
steady-state conditions.
A. Bone marrow cells were isolated from femur and tibia bones (left and right legs) and used 

to isolate CD11b positive cells as described in Methods. Representative flow cytometry 

contour plots showing enrichment of CD11b cells after immunomagnetic separation. B. 

Western blot analysis of ErbB receptors protein expression in bone marrow CD11b cells 

obtained from wild type and ErbB3 knockout animals. The horizontal lines on the left are 

the molecular weight ladder. C. Graphical representation of data from western blot analysis 

of ErbB receptors expression in wild type (MyeWT, n=3) and myeloid cell-specific ErbB3 

knockout (MyeKO, n=3) mice. Data are shown as mean±SEM, statistical significance 

calculated using unpaired t test. D. Representative flow cytometry histograms demonstrating 

cell surface expression of ErbB receptors in bone marrow CD11b cells. Shaded histograms – 

IgG control; open blue histograms – wild type mice; open red histograms – knockout 
animals. E. Graphical representation of flow cytometry data on ErbB receptors expression in 

bone marrow CD11b cells obtained from wild type (MyeWT, n=5) or ErbB3 knockout 

(MyeKO, n=5) mice, unpaired t test. F. Bone marrow Lin- hematopoietic progenitor cells 

were incubated in the presence of 20 ng/ml of GM-CSF for six days to generate 

proinflammatory macrophages (left contour plot, blue gate). Levels of ErbB3 (middle 
histogram) and ErbB4 (right histogram) were determined using flow cytometry. G. Data 

from flow cytometric analysis of cell surface expression of ErbB3 and ErbB4 on BM-

derived macrophages generated in the presence of GM-CSF. H- J. Representative flow 

cytometry plots showing the percentage of CD11bposCD45pos myeloid cells (contour plots, 
left), expression of ErbB3 receptors (histograms, left), and ErbB4 (histograms, right) on 

myeloid cells in peripheral blood (H), spleen (I), and heart (J) of wild type (MyeWT, blue 
histograms) and ErbB3 knockout (MyeKO, red histograms) animals. Shaded histograms – 

IgG control. K. Data from flow cytometric analysis showing the number of myeloid cells in 

Yin et al. Page 24

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



blood, spleen, and heart isolated from control mice (MyeWT, n=6) and myeloid cells-

specific ErbB3 knockout (MyeKO, n=6) animals. Unpaired t test.
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Figure 2. ErbB3MyeKO mice show higher weight but no differences in cardiac function at 
baseline.
A. Body weight of 15-week old male (left) ErbB3MyeWT (n=14) and ErbB3MyeKO (n=16) 

and female (right) ErbB3MyeWT (n=13) and ErbB3MyeKO (n=18) mice. Unpaired t test. B-C. 

Fat and lean tissue composition in male (B) and female (C) mice were determined using 

NMR as described in Methods. Body fat percentage was calculated by dividing fat mass by 

body weight; BAI (body adiposity index) as a ratio of fat mass to lean mass; n=5, unpaired t 
test. D. Fractional shortening in MyeWT (n=27) and MyeKO (n=34) animals (males and 
females). Unpaired t test. E-G. Left ventricular end-systolic (E) and end-diastolic diameters 

(F) in male (left) and female (right) mice. G. Heart-to-body weight ratios in male (left) and 

female (right) mice. E-G. n=14, male ErbB3MyeWT; n=16, male ErbB3MyeKO; n=13, female 

ErbB3MyeWT; n=18, female ErbB3MyeKO mice; D-H. Horizontal lines are indicating mean 

values. Statistical significance was calculated using unpaired t test.
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Figure 3. Transverse aortic constriction leads to increased early mortality in ErbB3MyeKO males 
but not in control or ErbB3MyeKO female mice.
A-C. Log-rank (Mantel-Cox) analysis of survival rate for (A) sham-operated control type 

(n= 8, blue line and circles) and ErbB3MyeKO (n=12, red line and circles) and TAC (n= 18, 
control, blue triangles; n= 20, MyeKO, red triangles) groups of male and female mice, (B) 

male ErbB3myeWT (n=9, blue) and ErbB3MyeKO (n=9, red), and (C) female ErbB3myeWT 

(n=9, blue) and ErbB3MyeKO (n=11, red) mice. P values are indicated. D. Doppler 

measurements of pressure gradient at day 3 after TAC. E-F. Body weight (left), lungs weight 

(middle) and lungs-to-body weight ratios (right) in ErbB3myeWT (open) and ErbB3MyeKO 

(grey-shaded) male (E) and female (F) mice. Circles-sham-operated animals; Triangles - day 

3 after TAC surgery. Sham - n=7, male ErbB3MyeWT; n=7, male ErbB3MyeKO; n=6, female 

ErbB3MyeWT; n=6, female ErbB3MyeKO mice; day 3 post TAC - n=9, male ErbB3MyeWT; 

n=9, male ErbB3MyeKO; n=9, female ErbB3MyeWT; n=9, female ErbB3MyeKO mice. 

Horizontal lines indicate mean values. One-way ANOVA, Tukey's multiple comparisons test. 

G. Fractional shortening before (baseline) and on day 3 post-TAC in wild type male (n=5) 

and female (n=6) mice, and ErbB3 knockout male (n=5) and female (n=4) animals. Paired t 
test. H. Representative echocardiograms recorded on day 3 post-TAC in wild-type (upper 
panel) and ErbB3 knockout (lower panel) male mice. I. Graphical representation of heart 

rate, paired t test. J. Representative H&E staining of heart sections 3 days after TAC. K-M. 

Graphical representation of cross-sectional area of H&E stained cardiomyocytes (K), 

myocardial fibrosis after Masson's Trichrome staining (L), and immunohistochemical 

staining of caspase 3 (M). Unpaired t test.

Yin et al. Page 27

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Transverse aortic constriction is associated with the accumulation of myeloid cells in 
the hearts of control but not in ErbB3MyeKO male mice.
A. Representative flow cytometry contour and dot plots showing the percentage of CD11b 

positive myeloid cells (black rectangle gate) in control (MyeWT, upper panel) and ErbB3 

knockout (MyeKO, lower panel) male mice. B-E. Graphical representation of flow 

cytometric data showing the total number of (B) CD45 immune cells, (C) CD11b myeloid 

cells, (D) Ly6GposCD11bpos neutrophils, and (E) Ly6CposCD11bposLy6Gneg monocytes in 

control (WT, open) and myeloid cell-specific ErbB3 knockout (KO, grey-shaded) male mice 

before (n=7, control; n=7, KO) and on day 3 post-TAC (n=9, control; n=8, KO). F-J. Flow 

cytometry plots (F) and the total number of (G) immune cells, (H) myeloid cells, (I), 

neutrophils, and (J) proinflammatory monocytes in female mice; Sham - n=6, control; n=6, 

KO; day 3 post-TAC - n=9, control; n=9, KO. Horizontal lines-mean values. One-way 

ANOVA, Tukey's multiple comparisons test.
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Figure 5. Neuregulin-1/ErbB3 signaling promotes the migration of myeloid cells.
Bone marrow CD11b positive myeloid cells were purified as described in the Methods 

section. A. The number of cells in the lower chamber of the transwell system in the absence 

(open circles) or presence (closed circles) of 50 ng/ml of recombinant NRG-1. n=5, 

**p<0.01; ***p<0.001, One-way ANOVA, Tukey's multiple comparisons test. B. Flow 

cytometric plots showing the percent of myeloid cells in upper and lower chambers of the 

transwell system after 60 min of incubation in the presence of 50 ng/ml of recombinant 

NRG-1. C-D. The effect of 50 ng/ml of recombinant NRG-1 on the migration of myeloid 

cells obtained from ErbB3MyeWT and ErbB3MyeKO male (C) and female (D) mice. n=6, 

One-way ANOVA, Tukey's multiple comparisons test. E-F. Western blot analysis (E) and 

graphical representation (F) of NRG-1 protein levels in hearts isolated from wild type 

(MyeWT) or ErbB3 knockout (MyeKO) males before and on day 3 post-TAC; Data are 

shown as mean±SEM, n=3, One-way ANOVA, Tukey's multiple comparisons test.

Yin et al. Page 29

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Increased proliferation of cardiac Sca-1 non-immune cells in control but not in 
ErbB3MyeKO male mice.
A. Representative flow cytometry plots demonstrating the percentage of CD31posSca-1pos 

endothelial cells (upper right quadrant) and Sca1posCD31neg cardiac fibroblasts (lower 
right), within CD45 negative (non-immune population) in control (MyeWT, upper panel) 
and ErbB3 knockout (MyeKO, lower panel) male mice. The population of Sca-1 positive 

non-immune cells is shown in the blue gate. B-E. Total number of (B) endothelial cells, (C) 

Sca-1 posCD31neg cells, (D) proliferating Sca-1 positive cells (blue gate), and (E) apoptotic 

Sca-1 positive cells, defined as a phosphatidylserine (PS) positive cells, within the blue gate 

in control (WT, open) and myeloid cell-specific ErbB3 knockout (KO, grey-shaded) male 

mice. Sham - n=7, control; n=7, KO; day 3 after TAC - n=9, control; n=8, KO. F-J. Flow 

cytometry plots (F) and the total number of (G) endothelial cells, (H) cardiac fibroblasts, (I) 

proliferating and (J) apoptotic Sca-1 positive cells in female mice. Sham - n=6, control; n=6, 

KO, and on day 3 post-TAC - n=9, control; n=9, KO. Horizontal lines are mean values. One-

way ANOVA, Tukey's multiple comparisons test.
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Figure 7. A higher number of IGF-1 producing cells in hearts from control but not in 
ErbB3MyeKO male mice after TAC.
Hearts from control and ErbB3MyeKO mice were isolated from animals at day 3 after TAC 

and homogenized in RIPA buffer. Lysates were cleared using centrifugation and used to 

perform quantitative antibody array analysis as described in Methods. A. Heatmap of the 

relative levels of protein expression in hearts of ErbB3MyeWT (WT, n=3) and ErbB3 

knockout (KO, n=3) male mice on day 3 after TAC. Heatmap color key with six different 

colors ranging from one-tenth of pictogram (blue) to hundreds of a nanogram (red) of 

proteins level. The numbers associated with a color key are showing arguments of the 

decimal logarithm of protein concentrations. B. Proteins that demonstrated significant 

differences between control (WT) and myeloid cell-specific ErbB3 knockout (KO) mice in 

quantitative antibody array. Unpaired t test. C. Western blot analysis of phosphorylated 

IGF-1R (p-IGF-1R, upper panel) and total IGF-1R (lower panel) protein expression in hearts 

isolated from wild type and ErbB3 knockout animals on day 3 post-TAC. The horizontal 

lines on the left are the molecular weight ladder. D. Graphical representation of data from 

western blot analysis; arbitrary units; MyeWT, n=6, MyeKO, n=6. Data are shown as mean

±SEM; statistical significance calculated using unpaired t test. E. Levels of IGF-1 in 

peripheral blood of male and female animals on day 3 post-TAC.One-way ANOVA; ns - not 

significant. F. Representative flow cytometric plots showing the percentage of IGF-1 

producing cells in cell suspensions obtained from control (WT, upper panel) and 

ErbB3MyeKO(KO, lower panel) male mice. G. Flow cytometric plots showing the percentage 

of IGF-1 producing cells in subpopulation of Sca-1 positive cells in sham-operated mice and 
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TAC control animals. H. Flow cytometric plots showing the percentage of IGF-1 producing 

cells in cell suspensions obtained from control (WT, upper panel) and ErbB3MyeKO (KO, 

lower panel) female mice. I-J. Data from flow cytometric analysis of IGF-1 producing cells 

in male (I, n=6 per group) and female (J, n=6 per group). One-way ANOVA, Tukey's 

multiple comparisons test. K-L. IGF-1 levels measured in the supernatant of Lin- bone 

marrow cells isolated from wild type (MyeWT) or ErbB3 knockout (MyeKO) mice after 

incubation with 20 ng/ml of GM-CSF (K) or M-CSF (L) for 6 days. One-way ANOVA; ns - 

not significant.
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