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Abstract

Inflammation is an integral component of cardiovascular disease and is thought to contribute to 

cardiac dysfunction and heart failure. While ischemia-induced inflammation has been extensively 

studied in the heart, relatively less is known regarding cardiac inflammation during non-ischemic 

stress. Recent work has implicated a role for Yes-associated protein (YAP) in modulating 

inflammation in response to ischemic injury; however, whether YAP influences inflammation 

in the heart during non-ischemic stress is not described. We hypothesized that YAP mediates a 

pro-inflammatory response during pressure overload (PO)-induced non-ischemic injury, and that 

targeted YAP inhibition in the myeloid compartment is cardioprotective. In mice, PO elicited 

myeloid YAP activation, and myeloid-specific YAP knockout mice (YAPF/F;LysMCre) subjected to 

PO stress had better systolic function, and attenuated pathological remodeling compared to control 

mice. Inflammatory indicators were also significantly attenuated, while pro-resolving genes 

including Vegfa were enhanced, in the myocardium, and in isolated macrophages, of myeloid YAP 

KO mice after PO. Experiments using bone marrow-derived macrophages (BMDMs) from YAP 

KO and control mice demonstrated that YAP suppression shifted polarization toward a resolving 

phenotype. We also observed attenuated NLRP3 inflammasome priming and function in YAP 

deficient BMDMs, as well as in myeloid YAP KO hearts following PO, indicating disruption 

of inflammasome induction. Finally, we leveraged nanoparticle-mediated delivery of the YAP 

inhibitor verteporfin and observed attenuated PO-induced pathological remodeling compared 

to DMSO nanoparticle control treatment. These data implicate myeloid YAP as an important 

molecular nodal point that facilitates cardiac inflammation and fibrosis during PO stress and 

suggest that selective inhibition of YAP may prove a novel therapeutic target in non-ischemic heart 

disease.
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1. Introduction

Heart failure is a leading cause of morbidity and mortality in the US. Despite advances in 

therapies to treat the symptoms of heart failure, it remains associated with 50% mortality 

within 5 years of diagnosis[1]. Thus, a deeper understanding resulting in more effective 

treatments for this syndrome are desperately needed.

Inflammation occurs in human failing hearts and is thought to drive adverse cardiac 

remodeling and dysfunction. While initial immune responses can be beneficial, even low-

grade chronic inflammation alters the extracellular matrix composition, increases fibrosis, 

and worsens cardiac function[2]. Recent clinical studies employing targeted inhibition 

of the cytokine IL-1β have yielded promising results, and have renewed interest in 

targeting inflammation in heart failure patients[3]. As a leading risk factor for heart 

failure, hypertension initiates maladaptive changes in immune cell behavior that promote 

cardiac inflammation, adverse remodeling, and dysfunction. However, the majority of 

studies investigating cardiac inflammation have focused on ischemic injury models, and 

far less is known regarding how inflammation is regulated during non-ischemic stress such 

as left ventricular pressure overload (PO), or how hypertensive inflammation modulates 

maladaptive cardiac remodeling and heart failure.

The Hippo signaling pathway is fundamental in maintaining adult heart homeostasis and 

mediates responses to cardiac injury[4]. Most efforts have focused on cardiomyocytes, 

where activation of Hippo restrains the transcription co-factor Yes-associated protein 

(YAP) to inhibit proliferation and enhance cell death. Conversely, YAP activation in 

cardiomyocytes promotes myocardial regeneration and protection against injury[5]. Recent 
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studies have investigated additional cardiac constituents and demonstrated cell-type 

specificity of YAP function that can mediate opposing outcomes on heart failure[6, 7]. 

Whereas cardiomyocyte-specific deletion of YAP exacerbates cardiac injury and heart 

failure[8, 9], fibroblast targeted inhibition of YAP afforded benefit against pathological 

cardiac remodeling and dysfunction that develops in response to myocardial infarction[7, 

10]. Evidence exists linking YAP to inflammation and immune cell function; however, 

results are somewhat discrepant, and likely cell-type and context-dependent[11, 12]. For 

example, YAP has been shown to dampen the anti-viral response through antagonizing IRF3 

function, thereby increasing susceptibility to viral infection[13]. In contrast, separate studies 

have found that YAP can promote macrophage polarization toward a pro-inflammatory 

“M1-like” phenotype in mouse models of atherosclerosis, inflammatory bowel disease, and 

myocardial infarction[12, 14, 15]. Importantly, whether YAP function in myeloid cells 

modulates cardiac inflammation or macrophage polarization during non-ischemic heart 

failure stress has not been examined.

2. Results

2.1 Genetic disruption of myeloid YAP confers cardiac benefit in response to chronic 
pressure overload stress

We first determined the activation status of myeloid YAP within the pressure overloaded 

myocardium. CD11b-positive myeloid cells had significantly increased YAP mRNA, as well 

as increased YAP target gene expression (Ctgf, Cyr61) indicating enhanced YAP activation, 

1 week after PO compared to sham operated mice (Figure 1A). Myeloid-specific YAP 

knockout mice were generated using LysM-Cre (YAPF/F;LysMCre) (Supplemental Figure 

1A) and subjected to TAC. Following 4 weeks PO, YAPF/F;LysMCre mice had better systolic 

function (LVEF%) compared to control YAPF/F mice (Figure 1B, Supplemental Table 

1). While we observed no significant difference in LV mass between genotypes (Figure 

1C), additional markers of cardiac hypertrophy, including septal wall thickness, individual 

cardiomyocyte size, and expression of fetal genes Nppa and Nppb, were attenuated in 

YAPF/F;LysMCre hearts compared to controls after 4 weeks PO (Figure 1D-G, Supplemental 

Table 1). Reduced cardiomyocyte apoptosis, as determined by troponin-T and TUNEL 

double-positive staining, was also observed in YAPF/F;LysMCre mice compared to controls 

after PO (Figure 1H,I) suggesting a cardiac benefit.

Inflammatory processes are intimately tied to cardiac fibroblast activation and the 

progression of fibrosis, which contributes to pathological remodeling[2]. We observed less 

fibrosis in YAPF/F;LysMCre mice after PO stress as determined by collagen deposition in 

the myocardium (Figure 2A,B). Immunofluorescence experiments indicated an attenuation 

of αSMA-positive myofibroblast presence in YAPF/F;LysMCre hearts compared to controls 

after PO (Figure 2C,D). The mRNA expression of fibrosis-related genes (Col1a1, Col3a1, 
Postn) was also attenuated in YAP deficient mice following PO stress compared to control 

mice (Figure 2E-G). Notably, we found that expression of Vegfa was augmented in 

YAPF/F;LysMCre hearts after PO and this correlated with increased ratio of isolectin B4+ 

endothelial cells to cardiomyocytes (Figure 2H-J). Determination of inflammation-related 

gene expression revealed the suppression of multiple pro-inflammatory genes (e.g. Il-1b, 
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Il-6, Ccr2) in myeloid YAP deficient mice (Figure 3A-F). Conversely, established markers 

of resolution-associated genes (Arg1, Il-10) were enhanced in YAPF/F;LysMCre myocardium 

compared to control mice after PO (Figure 3G,H). In addition, we found that the activity 

of caspase-1, a key effector of the inflammasome that processes pro-IL-1β and pro-IL-18 to 

mature forms, was repressed in YAPF/F;LysMCre hearts following PO (Figure 3I).

2.2 Myeloid YAP inhibition improves cardiac phenotype after acute pressure overload 
stress

To investigate the effect of myeloid YAP deletion at an earlier time point prior to the onset 

of cardiac dysfunction, a second cohort of mice was characterized at 1-week post-TAC. 

We observed a significant attenuation of cardiomyocyte enlargement as well as collagen 

deposition in YAPF/F;LysMCre hearts compared to controls after 1-week TAC (Supplemental 

Figure 1B-F). The improved phenotype was associated with reduced expression of genes 

related to fibrosis, inflammation, the fetal gene program, and metabolic substrate utilization 

switching in the YAPF/F;LysMCre hearts after 1-week PO (Supplemental Figure 2A-F). 

Examination of myocardial Hippo-Yap pathway activation, as well as potential changes in 

cardiac autophagy/mitophagy-related proteins, did not reveal differences between control 

and myeloid YAP deficient mice at sham or 1-week PO (Supplemental Figure 3A-J). 

We next determined immune cell abundance in the myocardium of YAPF/F;LysMCre and 

control mice after 1-week PO. Immunostaining of heart sections revealed a reduced number 

of CD68+ macrophages, as well as reduced CCR2+ cells, present in YAPF/F;LysMCre 

hearts compared to control after TAC (Supplemental Figure 4A-D). Importantly, co-staining 

revealed that the majority of the CCR2+ cells we detected were indeed macrophages 

(Supplemental Figure 4E). The relative amounts of monocytes, macrophages, and 

neutrophils within peripheral blood were similar between YAPF/F;LysMCre and control 

mice after TAC (Supplemental Figure 4F), suggesting that the attenuated presence of 

inflammatory macrophages in YAPF/F;LysMCre hearts may be due in part to impaired 

recruitment. To better characterize the myeloid population within the myocardium after 

stress, we isolated macrophage and neutrophil subsets from LV tissues of control and 

myeloid Yap deficient mice (Supplemental Figure 5A). Yap deficient macrophages isolated 

from PO hearts had significantly reduced expression of multiple pro-inflammatory genes 

(Figure 4A-E). On the other hand, Yap deficient macrophages had increased expression 

levels of pro-resolving genes (e.g. Arg1, Ym1) as well as the pro-angiogenic factor Vegfa 
(Figure 4M-P). We also examined genes related to migration/chemotaxis and found that 

their expression was generally reduced in the Yap deficient macrophage populations isolated 

from PO hearts compared to controls, including a significant reduction of Cxcl2, Ccl2, 

and Itgal, as well as a trend toward decreased expression of Ccr2, Itgam, and Itgb2 
(Figure 4F-L). We also isolated LV neutrophils, and somewhat unexpectedly, did not 

observe a significant reduction in neutrophil Yap mRNA levels, inflammatory (IL-1b, IL-6, 
Tnf), or chemotactic genes (Ccl5, Cxcr2), or a difference in the number of neutrophils 

(Ly6G+) present in the myocardium of YAPF/F;LysMCre mice compared to controls 

after PO (Supplemental Figure 5B-I). Taken together, these results demonstrate myeloid 

YAP activation within the myocardium during early PO stress, and selective deletion of 

myeloid YAP affords improved cardiac function and attenuated fibrotic and inflammatory 

remodeling, which is likely mediated through altered macrophage recruitment and function.
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2.3 YAP modulates macrophage gene expression and facilitates NLRP3 inflammasome 
function

To further investigate the mechanism underlying the observed cardiac benefit of myeloid 

YAP deletion, we isolated primary bone marrow-derived macrophages (BMDMs) from 

wild-type C57BL6/J mice. Treatment of BMDMs with either LPS or recombinant IL-1β 
caused an increase in total YAP protein levels. The amount of phosphorylated YAP was not 

significantly changed by either treatment resulting in a decreased phospho-YAP to total YAP 

ratio (Figure 5A-C). TEAD-luciferase reporter assays indicated that LPS treatment induced 

YAP transcriptional activation, which was highly sensitive to verteporfin, a pharmacological 

inhibitor of YAP-TEAD function[16] (Figure 5D). These data demonstrate the activation of 

macrophage YAP by pro-inflammatory stimuli, consistent with previous reports[12, 14]. We 

then isolated and stimulated BMDMs from YAPF/F;LysMCre and control mice using LPS to 

induce an “M1-like” polarization or IL-4 to elicit an “M2-like” phenotype. In YAP deficient 

cells, LPS induced upregulation of pro-inflammatory cytokines and chemokines was 

significantly attenuated compared to control BMDMs (Figure 6A-G). On the other hand, 

genes induced by IL-4 treatment and typically associated with resolution of inflammatory 

processes and wound healing were further enhanced in BMDMs from YAPF/F;LysMCre 

mice compared to controls (Figure 6H-L). Moreover, expression of active YAPS127A in 

the macrophage-like cell line RAW264.7 increased expression of pro-inflammatory genes 

(Supplemental Figure 6A-F).

The NLRP3 inflammasome is active in myeloid cells and contributes to myocardial 

inflammation during injury[17]. To initialize inflammasome activation, transcription of 

essential components, including NLRP3, are upregulated in what is referred to as priming. 

Next, inflammasome components form a complex, leading to the activation of caspase-1, 

and the subsequent cleavage and extracellular release of IL-1β and IL-18 to promote 

inflammation. Using BMDMs from YAPF/F;LysMCre and control mice, we observed a 

significant attenuation of NLRP3 mRNA and protein induction by LPS in the YAP deficient 

cells (Figure 7A,B). Treatment of BMDMs with LPS followed by nigericin, a combination 

that elicits inflammasome priming and activation, triggered caspase-1 activation and the 

accumulation of IL-1β and IL-18 protein in the culture media (Figure 7C-E). These 

responses were significantly blunted in BMDMs isolated from YAPF/F;LysMCre mice, 

indicating that YAP inhibition dampens NLRP3 inflammasome function in macrophages.

To further investigate the transcriptional regulation of key components of the inflammasome, 

NLRP3 and IL-1β, we determined YAP promoter occupancy of each gene based on 

conserved cis TEAD recognition motifs[12]. ChIP experiments performed in RAW264.7 

cells demonstrated the enrichment of endogenous YAP at 2 separate regions within the 

NLRP3 promoter, as well as 2 regions of the IL-1β promoter (Figure 8A-C, F-H). This 

response was further enhanced following the expression of exogenous active YAP (Figure 

8A-C, F-H). We next generated luciferase reporter constructs by cloning endogenous 

promoter regions of the NLRP3 and IL-1β mouse genes. The co-transfection of each 

reporter construct with active YAP elicited significant increases in reporter gene expression 

compared to GFP controls (Figure 8D,E,I,J). Importantly, these YAP-induced transcriptional 
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responses were sensitive to concomitant treatment with verteporfin, providing further 

evidence of TEAD involvement (Figure 8D,E,I,J).

2.4 Pharmacological YAP inhibition attenuates maladaptive cardiac remodeling in 
response to pressure overload stress

Next, we sought to test whether pharmacological inhibition of YAP could shift macrophage 

polarization and provide cardiac benefit in vivo. RAW264.7 cells were pretreated with 

verteporfin or vehicle control, followed by stimulation using LPS or IL-4 to provoke 

inflammatory and resolving gene expression, respectively. Inhibition of YAP significantly 

blunted LPS-induced cytokines/chemokines, while augmenting expression of resolution 

associated genes, Arg1 and Ym1 (Supplemental Figure 7A-E). Moreover, we observed 

increased VEGFA protein following macrophage YAP inhibition (Supplemental Figure 

7F,G) suggesting that YAP-mediated suppression of Vegfa expression is cell autonomous.

We then formulated PLGA nanoparticles loaded with either verteporfin or DMSO 

vehicle[18]. We first used nanoparticles loaded with fluorescent dye to monitor cell uptake 

and track in vivo distribution. We observed selectivity in cell culture by immunofluorescence 

(Supplemental Figure 8A). In vivo analysis by flow cytometry indicated nanoparticle 

selectivity for macrophages and neutrophils in both heart and splenic tissue (Supplemental 

Figure 8B,C). Importantly, these nanoparticles avoided uptake by cardiomyocytes at all time 

points, and remained detectable in myeloid cells after 72 hours (Supplemental Figure 8B,C).

We then subjected wild type C57BL6/J mice to TAC, and randomized mice to receive either 

DMSO control (NP-DMSO) or verteporfin-loaded (NP-VP) nanoparticle administration 

every 3 days beginning 1 day after surgery. After 2 weeks, echo was performed, and mice 

were euthanized for analysis. There was no difference in cardiac function or hypertrophy 

between treatment groups at this relatively early timepoint that precedes dysfunction 

(Supplemental Table 2, Supplemental Figure 9). However, we noted attenuated cardiac 

fibrosis, and increased capillary density, in mice administered NP-VP compared to NP-

DMSO (Figure 9A,B). Additionally, we observed reduced cardiomyocyte apoptosis and 

attenuated pro-inflammatory and fibrotic gene expression in myocardium of NP-VP treated 

mice (Figure 9C,D). We measured IL-1β protein levels in blood after 2-week TAC and 

found that mice administered NP-VP had reduced serum IL-1β compared to NP-DMSO 

controls (Figure 9E). Finally, we detected increased Vegfa mRNA as well as VEGF 

protein in myocardium of NP-VP treated mice compared to NP-DMSO controls (Figure 

9F,G). Together these results indicate that treatment of verteporfin-loaded nanoparticles 

antagonized PO-induced pathological cardiac remodeling.

3. Discussion

Despite being a sterile environment, myocardial inflammation is triggered by non-ischemic 

stress such as sustained pressure overload[19], and is thought to contribute to maladaptive 

remodeling of the heart. Elegant studies employing single cell RNA sequencing have 

begun to define the inflammatory milieu of the PO mouse heart[20, 21]; however, our 

understanding of the regulatory processes involved in orchestrating this response remains 

incomplete. Macrophages are the most abundant immune cells recruited to the heart 
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during the early phase of PO stress, and are highly inflammatory soon after injury[22-24]. 

Moreover, preclinical studies have demonstrated that targeting macrophages to alter their 

polarization and limit their pro-inflammatory function can be cardioprotective[25, 26]. 

In the current study, we identified the transcriptional cofactor YAP as an important 

modulator of macrophage function, thereby influencing the heart’s response to PO. Our 

results demonstrate that inhibition of YAP in the myeloid compartment affords cardiac 

benefit. We predict this is due to reduced recruitment of pro-inflammatory macrophages (i.e. 

CCR2+) and attenuated pro-inflammatory cytokine/chemokine production, as we observed 

attenuation of multiple factors (e.g. IL-1β, IL-6) known to promote cardiac injury and 

dysfunction. In addition, YAP inhibition enhanced the expression of resolution-related genes 

including Vegfa, which correlated with increased endothelial cell density following PO 

stress. The ratio of capillaries to cardiomyocytes is an important determinant of heart 

function and heart failure progression[27], and VEGFA is critical for the formation of new 

vessels[28]; therefore, we believe this mechanism likely also provides benefit stemming 

from myeloid YAP suppression.

Inflammation is an attractive process for the potential mitigation of cardiac pathology, yet 

global macrophage depletion leads to worsened outcomes after cardiac injury and more 

nuance is required for therapeutic benefit[29]. To this end, studies targeting macrophage 

subsets to modify their pro-inflammatory capacity have demonstrated cardioprotection in 

the setting of ischemic stress [23, 24, 26, 30, 31]. Recruited macrophages are monocyte-

derived, largely CCR2-positive, and contribute to the inflammatory milieu through cytokine/

chemokine secretion, which exacerbates myocardial damage and facilitates fibroblast 

activation, extracellular matrix breakdown, cell death, and impaired angiogenesis in 

the heart[32]. On the other hand, macrophages are also needed for proper resolution 

of inflammation and tissue repair. Increasing evidence indicates that cardiac resident 

macrophages serve a protective function against injury and are fundamental for heart 

homeostasis and wound healing responses including the maintenance proper electrical 

conduction, and disposal of waste secreted from cardiomyocytes [33-37]. Our approach 

to inhibit YAP using LysMCre mice is unlikely to target resident cardiac macrophages, 

and whether YAP function differs between macrophage subtypes remains an unanswered 

question. However, because YAP can control both pro-inflammatory behavior, including 

CCR2 expression and cardiac macrophage abundance after PO, as well as VEGFA 

expression and capillary density to regulate wound healing, this transcription cofactor may 

be seen as an attractive target for manipulation. Based on this hypothesis, we employed 

nanoparticle-mediated delivery of the YAP inhibitor verteporfin in mice subjected to PO 

stress, similar to prior work targeting YAP in pulmonary hypertension[38]. Our results 

demonstrate that selective pharmacological targeting of YAP inhibitor to myeloid cells, 

while avoiding cardiomyocyte uptake in vivo, antagonized myocardial inflammation and 

fibrosis, hallmarks of pathological remodeling, and encouraged angiogenic responses, 

suggesting therapeutic potential of this approach.

While generally thought to stimulate transcription, YAP has been shown to repress gene 

expression in certain contexts[39, 40]. Our current work demonstrates that YAP inhibition 

in macrophages results in the attenuation of pro-inflammatory gene expression while 

augmenting expression of genes associated with resolution and wound healing; findings 
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that are consistent with prior reports[12, 14, 15]. Of particular interest is the ability of YAP 

to negatively regulate expression of Vegfa and the observed increase in VEGFA protein 

following inhibition of YAP in vivo and in vitro. Previous work has implicated several 

established epigenetic regulators as important partners of YAP to mediate transcriptional 

repression including HDAC3-NCoR, NuRD complex, and p53[12, 15, 39]. However, the 

precise mechanism underlying the suppression of macrophage VEGFA expression by 

YAP, and the potential necessity of TEAD for this negative regulation, will be explored 

further in future studies. Myeloid YAP inhibition also decreased NLRP3 inflammasome 

activity. Genetic and pharmacological inhibition of the NLRP3 inflammasome afford cardiac 

protection against injury and dysfunctional[41, 42]. Our results indicate that macrophage 

YAP can promote inflammasome function by facilitating the upregulation of NLRP3, the 

subsequent activation of caspase-1, and the processing of its critical substrate, IL-1β. This 

is consistent with a previous report demonstrating positive regulation of NLRP3 by YAP 

through direct interaction and prevention of NLRP3 proteasomal degradation[43]. While our 

data demonstrate transcriptional regulation of NLRP3 by YAP-TEAD, we cannot rule out 

additional reinforcement of NLRP3 protein through enhanced stability. IL-1β is upregulated 

in failing hearts and known to elicit deleterious effects in stressed myocardium[32]. Findings 

from recent clinical trials aimed at neutralizing IL-1β in patients provide additional clinical 

relevance to the modulation of pathways, e.g. YAP, that regulate its maturation and 

bioavailability[3, 44].

Recent work from our group and others has begun to elucidate cell type specific functions of 

Hippo-YAP signaling in resident cardiac cell types, as well as non-resident cells that traffic 

the heart. Whereas inhibition of YAP in cardiomyocytes worsened heart function following 

PO or MI stress[8, 9, 45], disruption of YAP in cardiac fibroblasts provided protection 

against adverse remodeling and heart failure[7, 10]. Our current study demonstrates 

the cardiac benefit of YAP inhibition in myeloid cells during PO, a result consistent 

with previous work using myeloid YAP/TAZ deficient mice in an MI injury model[12]. 

Importantly, Hippo-YAP signaling was not altered in the myocardium of myeloid YAP 

deficient mice at baseline or during PO stress. Based on these findings, we here leveraged a 

delivery approach that would avoid cardiomyocyte targeting of the YAP inhibitor verteporfin 

and prevent deleterious off-target effects. Indeed, we detected minimal nanoparticle uptake 

in cardiomyocytes in vivo, and observed attenuated cardiac pathology in mice administered 

verteporfin-loaded nanoparticles after the onset of PO stress. These encouraging results 

provide rationale for testing this approach in additional models of cardiac stress. Together, 

these findings highlight the effectiveness of blocking myeloid YAP function, and the 

importance of cell type specificity when targeting Hippo-YAP signaling as a potential 

therapeutic intervention for heart disease.

Intercellular communication also influences cardiac inflammation and wound healing 

responses to stress. Through modulation of YAP in the myeloid compartment, we 

observed altered fibrosis, cardiomyocyte apoptosis, and blood vessel density, which may be 

mediated through paracrine effects upon cardiac fibroblasts, myocytes, and endothelial cells. 

Macrophages have been shown to be indispensable for angiogenic responses that are critical 

for heart regeneration and repair[46]. We propose that negative regulation of VEGFA by 

macrophage YAP represents an important paracrine node to modulate angiogenesis during 
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PO. Identification of additional factors downstream of YAP to regulate non-cell autonomous 

effects (e.g. cardiomyocyte apoptosis) remains an area of future investigation.

In summary, we show that inhibition of myeloid YAP attenuates multiple aspects of 

pathological cardiac remodeling including the recruitment of pro-inflammatory cells, 

myocardial fibrosis, and cardiomyocyte apoptosis. YAP inhibition alters macrophage 

functional responses and dampens pro-inflammatory gene expression while augmenting 

transcription of genes associated with wound healing and angiogenesis. Specifically, 

YAP deficient macrophages have impaired NLRP3 inflammasome function and decreased 

production of IL-1β, among other pro-inflammatory cytokines. Conversely, cardiac VEGFA 

was increased in mice with targeted YAP inhibition. We propose that this combination of 

macrophage-derived effects work collectively to antagonize pathological remodeling of the 

heart and the transition to heart failure, thereby positioning myeloid YAP as an intriguing 

therapeutic target for continued investigation in heart disease.

3.1 Study Limitations

Although macrophages contribute to myocardial inflammation and subsequent dysfunction, 

other immune cell types also play important roles. Neutrophils are recruited to the pressure 

overloaded heart and contribute to dysfunction through a Wnt5a-mediated mechanism[47]. 

In this LysMCre model we did not observe a significant reduction in YAP expression 

in neutrophils isolated from pressure overloaded myocardium, and thus we cannot infer 

neutrophil YAP function in this context and believe that future studies using neutrophil-

specific Cre expression are warranted. The recruitment of T cells to the myocardium also 

occurs after PO stress and influences remodeling and impaired heart function[48, 49]. 

While we did not observe differences in the abundance of these cell types in myeloid YAP 

deficient mice, we cannot rule out their altered function in vivo, which could result from 

manipulating the myeloid compartment, and is a limitation of this study. In addition, while 

our nanoparticle experiments demonstrate cardiac benefit and show selective uptake in cells 

from heart and spleen, we did not determine the efficiency of YAP inhibition using this 

approach in vivo because of the technical challenges associated with doing so. Finally, 

we employed pressure overload to induce adverse remodeling and cardiac dysfunction. 

Evaluation of myeloid YAP deficient mice in additional injury models may provide a more 

complete characterization of YAP in these immune cells and its contribution to heart failure 

progression.

4. Materials and Methods

Additional information on materials and methods is included in the Supplemental Appendix.

4.1 Mice.

Conditional Yap1 allele floxed mice[50] were crossed with myeloid (LysM) Cre 

recombinase transgenic mice [51] to generate conditional YAP deleted mice. Wild-type mice 

(stock #000664) and LysM-Cre mice (stock #004781) were purchased from The Jackson 

Laboratories. All mice were C57BL/6J background. Eight- to ten-week-old mice were used 

for these studies. Male and female age and gender matched littermate controls (YapF/F) 
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were used for all experiments. All mouse studies were performed blinded to genotype. 

Mice were housed in a temperature-controlled environment with 12-hour light/dark cycles 

where they received food and water ad libitum. All protocols concerning the use of animals 

were approved by the Institutional Animal Care and Use Committee at Rutgers, The State 

University of New Jersey.

4.2 Transverse aortic constriction.

The method for imposing pressure overload in mice has been described previously[52]. 

Briefly, mice were subcutaneously injected with a small volume of bupivacaine, anesthetized 

with pentobarbital (60 mg/kg, i.p.), and mechanically ventilated. The left chest was opened 

at the second intercostal space. Aortic constriction was achieved by ligation of the transverse 

thoracic aorta between the innominate artery and left common carotid artery with a 27-

gauge needle using a 7-0 braided polyester suture. Sham operation was performed without 

constricting the aorta. Mice with a pressure gradient < 50 mmHg after TAC surgery were 

excluded from the study.

4.3 Echocardiography.

Mice were anesthetized using isoflurane (3% induction, 1-2% maintenance), and 

echocardiography was performed as described previously[53], using a 30-MHz linear 

ultrasound transducer. Two-dimensional guided M-mode measurements of LV internal 

diameter were obtained from at least three beats and then averaged. LV end-diastolic 

dimension (LVIDd) was measured at the time of the apparent maximal LV diastolic 

dimension, and LV end-systolic dimension (LVIDs) was measured at the time of the most 

anterior systolic excursion of the posterior wall.

4.4 ELISA.

IL-1β and IL-18 protein were measured using commercially available kits according to 

the manufacturer’s instructions (Invitrogen #BMS6002, #BMS618-3). Mouse VEGF protein 

was measured according to manufacturer’s instructions (R&D Systems, #MMV00).

4.5 Cell culture and reagents.

The RAW264.7 cell line was purchased from ATCC (TIB-71) and maintained according 

to established protocols[54]. RAW264.7 cells were transfected with eGFP (Addgene 

#13031) or YAPS127A (Addgene #27370). For bone marrow derived macrophage (BMDM) 

experiments, bone marrow cells were isolated from adult YapF/F;LysM-Cre and control 

YapF/F mice[55]. Cells were cultured in complete RPMI medium supplemented with 

20ng/mL recombinant M-CSF (PeproTech) for 5-7 days. Cells were serum starved 24 

hours prior to stimulation. Mouse recombinant IL-4 was purchased from R&D Systems. 

Lipopolysaccharide (LPS) and verteporfin were purchased from Sigma.

4.6 Statistical analysis.

All data are reported as mean ± standard error of the mean (SEM). P values were determined 

by unpaired, two-tailed Student t-test to evaluate the difference in means between two 

groups. Evaluation between three or more groups was done using ordinary one-way analysis 
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of variance (ANOVA). Post-hoc multiple pairwise comparisons were performed using 

Tukey’s test. The normality of continuous variables was determined using the Shapiro-Wilk 

test. Statistical analyses were performed using Graph Pad Prism 9. A P value < 0.05 was 

considered statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myeloid-targeted YAP deletion improves cardiac function and attenuates cardiac 
pathology after chronic pressure overload.
(A) Expression of YAP and YAP target gene mRNA in myeloid cells (CD11b+) isolated 

from left ventricle (LV) tissue 7 days after TAC. (B-D) Postmortem analysis of LV mass 

normalized to tibia length (TL), and wheat germ agglutinin (WGA) staining to determine 

cardiac hypertrophy in control and myeloid YAP deficient mice after 4 weeks TAC. (E 

and F) Quantitative PCR using RNA isolated from LV tissue to measure fetal gene 

expression in control and myeloid YAP deficient mice after 4 weeks TAC. (G and H) 

TUNEL-positive (red) cardiomyocytes (cTNT+; green) were determined in control and 

myeloid YAP deficient mice after 4-weeks TAC. Right panel shows increased magnification 

of yellow border; white arrow indicates TUNEL-positive cardiomyocyte. Scale bar, 50 μm. 

N = 3-14 mice/group. All data are presented as mean ± SEM. P values were determined by 
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unpaired, two-tailed Student t-test, or ordinary one-way ANOVA with multiple comparison. 

*P<0.05, **P<0.01, ***P<0.001, ns = not significant.
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Figure 2. Myeloid-targeted YAP deletion attenuates pressure overload-induced cardiac fibrosis.
(A-B) Collagen deposition was determined by picrosirius red (PSR) staining in control and 

myeloid YAP deficient LV tissue after 4 weeks TAC. (C-D) αSMA-positive staining (green), 

cTNT (red), and DAPI (blue) were determined in control and myeloid YAP deficient LV 

tissue following 4 weeks TAC. (E-G) Quantitative PCR using RNA isolated from LV tissue 

was performed to measure expression of fibrosis related genes in control and myeloid YAP 

deleted mice. (H-I) LV tissue was stained for isolectin B4 (green), WGA (red), and DAPI 

(blue) to determine capillary density in control and myeloid YAP deficient mice after 4 

weeks TAC. (J) Expression of Vegfa mRNA was measured in LV tissue of control and 

myeloid YAP deleted mice. Scale bar, 100 μm. N = 3-10 mice/group. All data are presented 

as mean ± SEM. P values were determined by ordinary one-way ANOVA with multiple 

comparison. *P<0.05, **P<0.01, ***P<0.001, ns = not significant.
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Figure 3. Cardiac inflammatory markers are altered in myeloid YAP deficient mice.
(A-F) Quantitative PCR using RNA isolated from LV tissue was performed to determine 

pro-inflammatory gene expression in control and myeloid YAP deleted mice after 4 weeks 

TAC. (G-H) Expression of resolving-associated genes in LV was determined by qPCR 

in control and myeloid YAP deficient mice. (I) Activity of caspase-1 in LV tissue was 

measured in control and myeloid YAP deleted mice. N = 3-6 mice/group. All data are 

presented as mean ± SEM. P values were determined by ordinary one-way ANOVA with 

multiple comparison. *P<0.05, **P<0.01, ***P<0.001, ns = not significant.
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Figure 4. Characterization of macrophages isolated from hearts of control and myeloid YAP 
deficient mice following pressure overload stress.
Quantitative PCR using RNA isolated from myocardial flow-sorted macrophages was 

performed to determine pro-inflammatory (A-E), migration/chemotaxis-related (F-L), and 

pro-resolving (M-P) gene expression in control and myeloid YAP deleted mice after 1-week 

TAC. N = 4 mice/group. All data are presented as mean ± SEM. P values were determined 

by unpaired, two-tailed Student t-test. *P<0.05, **P<0.01, ns = not significant.
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Figure 5. YAP activation in macrophages.
(A) Representative western blot demonstrating the upregulation of YAP in bone marrow-

derived macrophages following stimulation with LPS (100 ng/mL) or IL-1β (10 ng/mL). 

(B-C) Quantitation of results shown in panel A. (D) Luciferase reporter assay determined 

YAP activation in RAW264.7 cells following LPS treatment, in the presence or absence of 

verteporfin (VP; 1μM). N = 3 experimental replicates. All data are presented as mean ± 

SEM. P values were determined by ordinary one-way ANOVA with multiple comparison. 

**P<0.01, ***P<0.001, ns = not significant.
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Figure 6. YAP deletion influences the polarization of bone marrow-derived macrophages.
(A-G) Bone marrow-derived macrophages (BMDMs) were prepared from control and 

myeloid YAP deficient mice and stimulated with LPS (100 ng/mL). Gene expression was 

measured by qPCR. (H-L) BMDMs from control or myeloid YAP deficient mice were 

treated with recombinant IL-4 (20 ng/mL). Gene expression was measured by qPCR. N 

= 3-4 experimental replicates. All data are presented as mean ± SEM. P values were 

determined by ordinary one-way ANOVA with multiple comparison. *P<0.05, **P<0.01, 

***P<0.001, ns = not significant.
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Figure 7. YAP deletion impairs NLRP3 inflammasome function in macrophages.
(A-B) LPS (100 ng/mL) induced Nlrp3 mRNA and protein levels were determined in 

control and YAP deficient bone marrow-derived macrophages (BMDMs). (C) Caspase-1 

activity was induced by LPS (100 ng/mL) and nigericin (10 μM) stimulation in control 

and YAP deficient BMDMs. (D-E) BMDMs were treated with LPS and nigericin to induce 

NLRP3 inflammasome activation and soluble IL-1β and IL-18 protein were detected in the 

culture media. N = 3-4 experimental replicates. All data are presented as mean ± SEM. P 
values were determined by ordinary one-way ANOVA with multiple comparison. *P<0.05, 

**P<0.01, ***P<0.001, nd = not detectable.
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Figure 8. YAP promotes the transcription of inflammasome related genes.
(A and F) Schemas representing the mouse Nlrp3 and Il-1b gene proximal promoters. 

Transcription start sites (TSS) and conserved TEAD motifs (grey boxes) are shown. (B-C) 

Chromatin immunoprecipitation (ChIP) assays were carried out using RAW264.7 cells 

transfected with GFP or YAP expression vectors and anti-YAP antibody. Separate primer 

sets (P1 or P2) were used to detect distinct regions of the Nlrp3 promoter. (D-E) HEK293 

cells were transfected with luciferase reporter constructs cloned from 2 separate regions of 

the Nlrp3 promoter (L1 or L2) in combination with GFP or YAP plasmids, in the presence 

or absence of verteporfin (VP; 1 μM). (G-H) ChIP assays performed in RAW264.7 cells 

using 2 different primer sets (P1 or P2) to detect distinct regions of the Il-1b promoter. (I-J) 

Luciferase assays conducted in HEK293 cells using reporter constructs generated from 2 

separate regions of the Il-lb promoter (L1 or L2). N = 3-4 experimental replicates. All data 
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are presented as mean ± SEM. P values were determined by ordinary one-way ANOVA with 

multiple comparison. *P<0.05, **P<0.01, ***P<0.001.

Francisco et al. Page 25

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Effect of pharmacological YAP inhibition on pathological cardiac remodeling caused 
by pressure overload.
Wild type mice were subjected to TAC surgery and administered control DMSO-loaded 

nanoparticles (NP-DMSO) or verteporfin-loaded nanoparticles (NP-VP) for 2 weeks. (A) 

Collagen deposition was determined by PSR staining after TAC. (B) Capillary density was 

determined by isolectin B4 (IB4; green), WGA (red), and DAPI (blue) co-staining in LV 

tissue after TAC. (C) Apoptotic cardiomyocytes were determined by TUNEL assay with 

cTNT counterstaining after TAC. (D) Quantitative PCR was performed using RNA isolated 

from LV tissue after TAC. (E) The concentration of IL-1β protein was measured by ELISA 

in blood serum collected 2 weeks after TAC. (F) qPCR was performed using RNA from LV 

tissue after TAC. (G) VEGF protein was measured by ELISA in LV tissue. Scale bar, 100 
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μm. N = 3-4 mice/group. All data are presented as mean ± SEM. P values were determined 

by unpaired, two-tailed Student t-test. *P<0.05, **P<0.01.
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