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Ischemic heart disease resulting from myocardial infarction (MI) is the most prevalent form of heart disease in the United
States. Post-MI cardiac remodeling is a multifaceted process that includes activation of fibroblasts and a complex immune
response. T-regulatory cells (Tregs), a subset of CD4+ T cells, have been shown to suppress the innate and adaptive
immune response and limit deleterious remodeling following myocardial injury. However, the mechanisms by which
injured myocardium recruits suppressive immune cells remain largely unknown. Here, we have shown a role for Hippo
signaling in the epicardium in suppressing the post-infarct inflammatory response through recruitment of Tregs. Mice
deficient in epicardial YAP and TAZ, two core Hippo pathway effectors, developed profound post-MI pericardial
inflammation and myocardial fibrosis, resulting in cardiomyopathy and death. Mutant mice exhibited fewer suppressive
Tregs in the injured myocardium and decreased expression of the gene encoding IFN-γ, a known Treg inducer.
Furthermore, controlled local delivery of IFN-γ following MI rescued Treg infiltration into the injured myocardium of
YAP/TAZ mutants and decreased fibrosis. Collectively, these results suggest that epicardial Hippo signaling plays a key
role in adaptive immune regulation during the post-MI recovery phase.
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Introduction
Ineffective recovery after myocardial infarction (MI) remains 
the principal barrier to improving post-infarct outcomes and 
is associated with the development of heart failure in 1 of 4 
patients (1, 2). Adverse remodeling of post-MI contractile myo-
cardium into fibrotic tissue is a multifaceted phenomenon driv-
en by a potent immune/inflammation cascade (3). Inflamma-
tion following myocardial injury invokes an exquisitely complex 
network of coordinated cytokine-, chemokine-, and leukocyte- 
driven responses resulting in myocardial fibrosis and chamber 
dilation. As a system not delimited to one pathogenic trigger, the 
immune network responds to a spectrum of cardiovascular dis-
eases and is implicated in post-injury remodeling, the genesis of 
arrhythmias, and progression to heart failure (4, 5). Despite the 
crucial relationship between the maladaptive immune response 
and cardiovascular disease, there remains a paucity of investi-
gation into this association.

Recently, a series of studies have demonstrated that the epi-
cardium is activated following myocardial injury (6–10). The epi-
cardium, the cellular layer adjacent to and surrounding the myo-
cardium, was once considered a passive lining of the heart that 
provided a mechanical support to allow for optimal ventricular 
function (11, 12). During embryonic development, the epicardium 
can give rise to fibroblasts, smooth muscle cells, and endothelial 
cells within the heart (13, 14). Furthermore, a regenerative role for 
the epicardium after myocardial injury has been suggested over 
the past decade, wherein epicardial activation and reexpression of 
fetal gene programs following MI allows for repair of injured myo-
cardium through intermediary epicardium-derived cells (EPDCs) 
(6, 10, 15–19), although this hypothesis is controversial (20). The 
activated epicardium after injury has also been implicated as a 
source of cytokines capable of modulating revascularization and 
repair of the damaged heart (21).

The Hippo signaling pathway, a highly conserved serine/thre-
onine kinase cascade, has been shown to play a critical role in the 
heart through the function of 2 core effector proteins, yes-associat-
ed protein (YAP) and WW domain–containing transcription regu-
lator 1 (WWTR1, referred to herein as TAZ) (22, 23). The upstream 
initiating factors that activate the Hippo pathway remain a topic of 
intense investigation, and recent studies have shown that GPCRs, 
as well as mechanical stimuli (i.e., cellular stretch), can engage this 
signaling cascade (24–26). In the post-MI setting, the sympathet-
ic surge results in elevated levels of epinephrine, a known GPCR 
ligand that may play an important role in modulating Hippo. Fur-
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Wt1CreERT2/+-mediated deletion of Yap and Taz revealed epicardial 
activation and expansion of epicardium-derived cells within the 
zone of injury produced by MI, but not by sham surgery (Figure 
1, C and D). Thus, Yap and Taz are dispensable for at least some 
aspects of epicardial response to injury.

Two weeks after MI, the phenotype of the animals lacking 
epicardial Yap/Taz was striking. In every case (n = 5), deletion 
of Yap/Taz resulted in a thick, fibrous cap at the cardiac apex, as 
well as diffuse whitening along the pericardial surface, consistent 
with a hyperinflammatory response. This was never observed in 
control (Yapfl/fl Tazfl/fl, tamoxifen-treated) mice after MI (n = 7) 
(Figure 2A). In each case, the cardiac apex of epicardial Yap/Taz–
mutant animals was attached to and eroding into the soft tissue 
and bone structures of the anterior chest wall (Figure 2B). In con-
trast, control mice had localized fibrosis at the site of the coronary 
ligature and no adhesion to or erosion through the anterior chest 
wall (Figure 2B). Blanching during LAD coronary artery ligation, 
the presence of injury current on continuous telemetry during the 
operation, and fibrotic area quantified 2 days after MI were similar 
in control and mutant mice (n ≥3 per group, Supplemental Figure 
1, A–C; supplemental material available online with this article; 
https://doi.org/10.1172/JCI88759DS1).

Serial images of coronary ligature–to-apex cross section spec-
imens from controls showed localized fibrosis in the region of the 
infarct (Figure 3A). Strikingly, Yap/Taz-mutant specimens showed 
increased diffuse fibrosis throughout the left ventricular (LV) free 
wall (Figure 3A). Quantification of fibrotic scarring (as a percent-
age of the LV free wall cross-sectional area [CSA]) confirmed this 
observation (43.4% ± 3.2% Yapfl/fl Tazfl/fl, n = 7 mice vs. 65.4% ± 
8.2% Wt1CreERT2/+Yapfl/fl Tazfl/fl, n = 5 mice, P < 0.05) (Figure 3B). Nei-
ther sham-operated controls nor mutants exhibited substantial 
fibrosis (Supplemental Figure 1, D and E).

Further phenotyping revealed that epicardial Yap/Taz–mutant 
mice demonstrated disproportionate weight loss 1 week after MI, 
suggesting a failure to thrive (Figure 4A). Quantitative assessment 
of cardiac metrics with echocardiography after MI showed a signif-
icant decrease in LV stroke volume (SV) and cardiac output (CO) 
in mutant mice, indicative of a decrease in overall cardiac systolic 
function following loss of Yap and Taz (Figure 4, B–D). Other echo-
cardiographic measurements were similar between the 2 groups, 
with the exception of the LV end-diastolic volume and LV systolic 
and diastolic lengths, which were also significantly reduced in the 
mutant mice (Supplemental Table 1). Baseline studies showed no 
significant difference in LV size or function between the 2 groups 
(Supplemental Figure 2). Kaplan-Meier survival analysis of 11 con-
trol and 12 mutant mice revealed a significantly higher mortality 
rate in the mutant group (Figure 4E).

Epicardial Yap/Taz deletion modulates post-MI cytokine response. 
To better understand the innate and adaptive immune effectors 
responsible for the exaggerated fibrotic response to MI in Yap/
Taz-mutant mice, we assayed 84 immune genes by quantitative real-
time PCR (qRT-PCR). Mutant and control mice were again treated 
with tamoxifen 2 days before and 2 days after MI injury, and RNA 
was isolated from the LV free wall, which included epicardium and 
EPDCs, 3 days after MI injury (n = 3 biological replicates for each 
genotype). Surprisingly, we found that only 2 of 84 assayed genes 
demonstrated significantly altered gene expression (P < 0.05).  

thermore, the eventual formation of a dense fibrotic scar from MI 
injury likely affects mechanical strain in the local cellular environ-
ment, thereby providing yet another cue to possibly engage Hippo 
signaling in the heart. Myocyte-specific deletion of Yap results in 
impaired cardiac regeneration in neonatal mice after left anteri-
or descending (LAD) coronary artery ligation (27). Conversely, 
expression of a constitutively active form of YAP or inactivation of 
upstream Hippo kinases (mammalian STE20-like protein kinase 
1/2 [MST1/2] or large tumor-suppressor homolog 1/2 [LATS1/2]) 
promotes cardiomyocyte proliferation after MI (27, 28). We have 
recently shown that YAP/TAZ play critical functions in the devel-
oping epicardium and that loss of YAP/TAZ function in embryonic 
epicardium affects myocardial development (29). Therefore, we 
hypothesized that epicardial Hippo signaling modulates myocar-
dial remodeling after MI through paracrine mechanisms.

Over the past decade, there has been renewed interest in the 
role of the innate immune response in cardiovascular disease, 
although with little focus on the adaptive immune response after 
myocardial injury (30). Multiple cell types, including macrophages 
and T cells, play important roles in the adaptive immune response 
(31). Depletion of embryonic macrophages has been shown to abro-
gate the ability of the neonatal heart to regenerate (32). However, 
loss of macrophages during adult injury enhances scar formation 
in the adult (33, 34). Recently, T-regulatory cells (Tregs), a subset of 
CD4+ T cells, have been shown to suppress the immune response 
following myocardial injury (35, 36). Tregs in various animal mod-
els have been shown to reduce the post-infarct scar size in the 
myocardium (36, 37), decrease immune infiltration in myocarditis 
(38), and suppress the development of atherosclerotic plaques (39). 
Furthermore, Tregs can potentiate recovery from skeletal muscle 
damage (40), autoimmune diseases (41), and infections (42). Loss 
of Tregs is thought to result in increased post-MI infarct size due to 
exacerbated cardiac inflammation, perdurance of proinflammato-
ry macrophages, and delayed healing (35, 36). To date, the precise 
mechanism by which the injured myocardium recruits suppressive 
T cells remains unknown. This information is crucial to potentially 
refining the Treg response as part of any novel therapeutic strategy.

Multiple studies have demonstrated a critical role for Hippo sig-
naling in controlling organ size and epithelial-to-mesenchymal tran-
sition. In this study, we demonstrate what we believe to be a novel 
role for YAP/TAZ signaling in post-MI epicardial derivatives through 
recruitment of Tregs to the injured myocardium. Loss of YAP/TAZ in 
epicardium results in a post-MI profibrotic response. This response 
is associated with a decrease in IFN-g (encoding IFN-γ), which is a 
direct transcriptional target of Hippo signaling. Using a bioengi-
neered hydrogel, we partially rescue the mutant phenotype with 
local delivery of IFN-γ in the post-MI setting, thereby providing a 
translational framework for potential future therapeutic efforts.

Results
Epicardial Yap/Taz deletion produces fibrosis, cardiomyopathy, and 
death after MI. To elucidate the role of epicardial Hippo signaling 
in post-MI recovery, we inducibly deleted Yap and Taz in adult 
murine epicardium using the Wt1CreERT2/+ allele, with tamoxifen 
injection 2 days preceding and 2 days following MI injury (Figure 
1A), which resulted in efficient loss of epicardial YAP and TAZ pro-
tein expression (Figure 1B). Lineage tracing of epicardium after 
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(Cd80), C-C motif chemokine receptor 5 (Ccr5), C-C motif chemo-
kine ligand 5 (Ccl5), cluster of differentiation 4 (Cd4), and Tlr9. No 
significant change was detected in the remaining 75 genes assayed. 
Immune arrays completed 14 days after MI (n = 3 biological repli-
cates for each genotype, Supplemental Figure 3) suggested ongo-

Furthermore, we found that IFN-β (Ifnb) levels were elevated in 
Yap/Taz-mutant hearts, while IFN-g expression was significantly 
downregulated (Figure 5, A–C). We observed less significant chang-
es (P < 0.10) for 7 other cytokine genes: colony-stimulating factor 
2 (Csf2), Toll-like receptor 4 (Tlr4), cluster of differentiation 80 

Figure 1. The epicardium is activated after myocardial 
infarction. (A) Experimental design. (B) Post-MI cross 
sections of Yapfl/fl Tazfl/fl (control) and Wt1CreERT2/+ Yapfl/fl  
Tazfl/fl (mutant) mice stained for Hoechst, YAP, TAZ, or 
merged (Hoechst/YAP or Hoechst/TAZ). Arrowheads 
denote YAP+ or TAZ+ cells. p-YAP, phosphorylated YAP. 
(C and D) Cross sections of Wt1CreERT2/+ Yapfl/fl Tazfl/fl  
R26Tomato/+ stained for Hoechst, Tomato, or merged 
(Hoechst/Tomato) 3 (C) or 14 (D) days after sham 
surgery or MI. Arrowheads denote Tomato+ cells in the 
epicardium. Scale bars: 25 μm (B and C) and 50 μm (D).
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strated expression of IFN-g in epicardial cells and their derivatives 
3 days after MI injury, but not in those of sham-operated animals 
(Supplemental Figure 4). These findings support a direct role of 
injury in driving epicardium-activated cells to produce IFN-g.

Loss of cardiac IFN-g after MI results in defective Treg populations 
in the injured myocardium. Given that IFN-g is known to function 
as a Treg chemokine (45, 46), we examined Treg cell infiltration 
of the control and mutant hearts after injury. One week after MI, 
we noted a trend toward fewer Tregs in the LV free wall of mutant 
mice compared with LV free wall Treg numbers in control mice 
(17.0 ± 3.8 CD3+Foxp3+ cells in cross sections from 6 control sec-
tions vs. 9.7 ± 1.5 CD3+Foxp3+ in sections from 6 mutant sections,  
P = 0.10, mean ± SEM) (Figure 6A). Two weeks after MI, the differ-
ence was more striking: CD3+Foxp3+ Tregs were significantly more 
common in the LV free wall of control mice than in that of mutant 
mice (mean number of CD3+Foxp3+ cells per cross section: 48.1 ± 
17.4 CD3+Foxp3+ cells in 5 control mice vs. 7.1 ± 1.4 cells in 6 mutant 
mice, P < 0.05, mean ± SEM) (Figure 6B). We found that the differ-
ence was most dramatic in the peri-infarct region, where clusters 
of CD3+Foxp3+ cells were easily identified in controls, while only 
rare isolated Tregs were identified in mutants. Importantly, the 
total pool of CD4+ lymphocytes in the infarct region was similar 
between control and mutant mice (Supplemental Figure 5A). Thus, 
loss of IFN-g resulting from deletion of Yap/Taz in the epicardium 
is specifically associated with impaired Treg recruitment to injured 
myocardium and an exuberant fibrotic response. We also noted 
that the profibrotic response in mutant mice was accompanied by 
a significantly higher number of F4/80+ macrophages in epicardial 
Yap/Taz–mutant mice after injury (Supplemental Figure 5B).

ing inflammation in mutant hearts compared with that observed 
in control hearts. Interestingly, C-reactive protein (Crp), a robust 
inflammation biomarker, was increased by approximately 8-fold in 
mutant mice; however, this individual target did not reach statistical 
significance (P = 0.105, Supplemental Figure 3A).

Because YAP and TAZ are transcriptional coactivators, we 
focused on the most significantly downregulated gene in Yap/Taz- 
mutant hearts, i.e., IFN-g, at the peak of inflammation, 3 days after 
MI. It is well established that YAP and TAZ activate downstream 
genes by interacting with various DNA-binding cofactors includ-
ing members of the TEA domain (TEAD) family of transcription 
factors (TEAD1–4), and analysis of the IFNG proximal promoter/
enhancer revealed 17 potential TEAD-binding sites within 2 kb of 
the transcription start site. Luciferase reporter assays indicated 
that a 2-kb fragment of the IFNG promoter region was sufficient 
to induce 30- to 60-fold activation of reporter activity upon the 
introduction of YAP/TAZ as compared with controls (Figure 5D). 
The most proximal 400 bp, relative to the transcription start site, 
accounted for the majority of YAP/TAZ-dependent reporter acti-
vation (Figure 5D). YAP-mediated activation of the proximal 2-kb 
IFNG promoter was largely TEAD dependent, as evidenced by sig-
nificant inhibition of YAP-dependent activation produced by the 
simultaneous introduction of a dominant-negative TEAD mutant 
(dnTEAD). This construct encodes a truncated protein that retains 
DNA-binding capacity but cannot recruit YAP or TAZ (Figure 5E) 
(43, 44). Chromatin immunoprecipitation(ChIP) assays confirmed 
that YAP could bind the IFNG proximal promoter, showing up to 
an 11-fold enrichment in YAP occupancy compared with a nearby 
region of the IFNG promoter (Figure 5F). Furthermore, ISH demon-

Figure 2. Deletion of epicardial YAP/TAZ results in profound pericardial inflammation and erosion of the heart through the chest wall. (A) Whole-
mount bright-field images of representative Yapfl/fl Tazfl/fl (control) and Wt1CreERT2/+ Yapfl/fl Tazfl/fl (mutant) hearts in the absence of surgery or following MI 
injury. Arrowheads indicate focal fibrosis at the site of the coronary ligature in control mice and a thick, fibrous cap covering the distal anterior LV wall and 
the entire cardiac apex in mutant mice. Scale bars: 2 mm. (B) Whole-mount bright-field images of representative Yapfl/fl Tazfl/fl (control) and Wt1CreERT2/+ 
Yapfl/fl Tazfl/fl (mutant) chest walls following MI injury. Arrowheads denote erosion of the cardiac apex and anterior LV wall through the soft tissue and bone 
structures of the anterior chest wall in mutant mice.
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ic acid (HA) hydrogel or an IFN-γ–impregnated HA hydrogel (47). 
Mice treated with the control gel showed adhesion of the heart to 
the anterior chest wall and diffuse epicardial inflammation with 
friable tissue (Figure 7A, left). In contrast, mutants treated with 
IFN-γ–impregnated gel had no adhesion to the chest wall and had 
a clear epicardial surface on whole-mount bright-field examina-
tion (Figure 7A, right). We also noted a 34.4% relative reduction of 
myocardial fibrosis in the LV free wall of mice treated with IFN-γ 
(36.3% ± 3.5%, empty gel vs. 23.8% ± 3.6%, IFN-γ gel, P < 0.05,  
n = 4 mice in each cohort) (Figure 7B). Finally, immunohisto-
chemical quantification revealed a 2-fold relative increase in CD3+ 

Foxp3+ Tregs within the infarcted LV free wall of IFN-γ–treat-
ed mutants (14.3 ± 5.4 CD3+Foxp3+ cells, empty gel vs. 30.3 ± 2.8 
CD3+Foxp3+ cells, IFN-γ gel, P < 0.05, n = 4 mice in each cohort) 
(Figure 7, C and D). Collectively, these findings demonstrate that 
IFN-γ treatment is sufficient to locally increase Tregs and partially 
rescue the excessive fibrosis in mutants.

Discussion
Nearly 16 million adult Americans presently suffer from coronary 
heart disease (CHD), with an anticipated increase of 20% by 2030 
(2). Approximately 25% of these adults develop heart failure after 
MI due to maladaptive remodeling of the myocardium (1, 2). Myo-
cardial necrosis and cardiomyocyte apoptosis are the hallmarks of 

Next, we asked whether the post-MI hyperinflammatory phe-
notype correlates with changes in the systemic number of immune 
cells that are available to be recruited to the site of injury. First, 
we dissected and assayed immune cell populations of the spleen 
and mediastinal lymph nodes from mutant and control mice by 
flow cytometry to determine whether global or regional changes 
were present. We found no significant differences between control 
and mutant animals in the percentage of CD4+ cells, CD8+ cells, or 
Tregs in the spleen or mediastinal lymph nodes either 3 or 14 days 
after MI (Supplemental Figure 6, A and B). We observed a small but 
significant decrease in the percentage of B cells in the mediastinal 
lymph nodes of mutant mice 3 and 14 days after MI, although the 
absolute number of B cells was not significantly different (3 days 
after MI: controls, 2,362,525 ± 812,094 cells; mutants, 2,047,170 ± 
1,587,636 cells; 14 days after MI: controls, 4,440,940 ± 2,987,237 
cells; mutants, 3,137,575 ± 1,188,193 cells).

Local controlled delivery of IFN-γ rescues the mutant phenotype 
after MI injury. Given our collective findings implicating IFN-γ 
deficiency in the post-MI hyperinflammatory response in Yap/
Taz-mutant mice, we hypothesized that IFN-γ treatment could par-
tially rescue the excessive fibrosis noted in mutants by recruiting 
Tregs to the injured myocardium. Mutant mice (Wt1CreERT2/+ Yapfl/fl 
Tazfl/fl R26Tomato/+) underwent MI injury, and immediately following 
the procedure, hearts were either treated with an empty hyaluron-

Figure 3. Deletion of epicardial Yap/Taz results in diffuse post-MI myocardial fibrosis. (A) Masson’s trichrome staining of serial cross sections from the 
coronary ligature to the apex of the heart 14 days after MI in 3 representative control (Yapfl/fl Tazfl/fl) and 3 representative mutant (Wt1CreERT2/+ Yapfl/fl Tazfl/fl)  
animals. Fibrotic tissue is stained blue. (B) Quantification of the proportion of fibrosis indexed to the total CSA of the myocardium in the LV free wall. 
There was a significantly greater amount of fibrosis in mutant hearts (65.4% ± 8.2%, n = 5 mice) compared with that in control hearts (43.4% ± 3.2%, n = 7 
mice). *P < 0.05, by 2-tailed Student’s t test. Data represent the mean ± SEM. Scale bar: 2 mm.
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acute coronary syndromes, wherein a multitude of self-antigens 
actuate a profound immune response that allows for deleterious 
remodeling. Although a number of pharmacologic therapies tar-
geting CHD have emerged over the past 2 decades, no immuno-
modulatory treatments are currently available to affect the post-
MI inflammatory and fibrotic response.

Recent work has highlighted the emerging role that the epi-
cardium plays in the developing heart as well as in the adult heart 
after myocardial injury (10, 17, 19, 48). Studies have shown that the 
epicardium becomes relatively quiescent after development but 
that there is robust reactivation of multiple fetal gene programs in 
the setting of myocardial injury (6, 8, 49). One factor implicated 
in this reactivation is thymosin β4 (Tβ4). Tβ4 is expressed in the 
myocardium only during development and provides a paracrine 
stimulus to the epicardium to promote cellular migration and dif-
ferentiation (19). Tβ4 pretreatment, prior to injury, may activate 
epicardial cells, inducing them to adopt cardiac progenitor fates 
or to secrete salutary paracrine factors (10, 21, 50). The functional 
significance of epicardial activation after injury remained unclear 
until recently, with multiple groups demonstrating the release of 
paracrine factors from the epicardium and epicardial derivatives 
upon activation (7, 9, 18, 51, 52). There are both in vivo and in vitro 

data showing that the activated epicardium produces VEGFA and 
FGF2, factors that promote angiogenesis in the remodeling tissue 
(18). Throughout embryonic development, the epicardium stimu-
lates myocardial proliferation through the secretion of mitogen-
ic factors including FGF9/16/20 (53–55). Therefore, epicardial 
activation following MI injury in the adult heart may recapitulate 
developmental mechanisms to serve as a source of signaling mol-
ecules directing myocardial repair in the post-MI setting.

In the present study, we have expanded on these findings 
with a translational approach in a genetic murine model demon-
strating epicardial activation that modulates an adaptive immune 
response through paracrine mechanisms. We describe an unex-
pected role of epicardial YAP/TAZ in recruiting a specific subset 
of suppressive CD4+ Tregs to injured myocardium after MI. The 
brisk systemic cascade that ensues after injury, with the incursion 
of innate immune cells, is mediated at least in part by Tregs. These 
cells have emerged as critical homeostatic controllers to ensure 
that maladaptive inflammation is attenuated in a spectrum of dis-
ease states including myocardial injury from ischemia (35–40, 56, 
57). Through pleiotropic effects, including release of suppressor 
cytokines, sequestration of proinflammatory cytokines, and direct 
cytotoxic effects on proinflammatory immune cells, Tregs are able 

Figure 4. Loss of epicardial YAP/
TAZ results in cardiomyopathy  
and increased mortality after MI 
injury. (A) BW measurement in 
Yapfl/fl Tazfl/fl (control, n = 7) and 
Wt1CreERT2/+ Yapfl/fl Tazfl/fl (mutant,  
n = 6) animals 1 week after MI. (B 
and C) Echocardiographic examina-
tion of cardiac function including SV 
(B) and CO (C) in control (n = 7) and 
mutant mice (n = 6) 1 week after MI. 
Data represent the mean ± SD and 
are shown on the corresponding dot 
plots (A–C). #P < 0.10 and *P < 0.05, 
by 2-tailed Student’s t test. (D) 
M-mode echocardiographic evalua-
tion confirmed decreased LV systolic 
function (white arrows: control, top 
panel; mutant, bottom panel) after 
MI injury. (E) Kaplan-Meier survival 
analysis of 11 control and 12 mutant 
mice after MI shows significantly 
greater mortality in the mutant 
group (P < 0.05, by log-rank test).
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Figure 5. Epicardial YAP and TAZ directly modulate the immune target IFN-γ in the acute recovery phase after MI. (A and B) Bar graph and volcano plot 
of qRT-PCR immune arrays from microdissected LV free walls of control (Yapfl/fl Tazfl/fl) and mutant (Wt1CreERT2/+ Yapfl/fl Tazfl/fl) animals 3 days after MI. Green 
bars/circles represent statistically significant upregulated genes, and red bars/circles represent significantly downregulated genes in mutant mice versus 
control mice (n = 3 in both groups, P < 0.10). (B) Circles above the dotted line have a P value of less than 0.05. Data for each gene were compared using 
a 2-tailed Student’s t test. (C) Bar graph showing specific fold changes for up- and downregulated genes in the qRT-PCR immune arrays (n = 3 in both 
groups). (D and E) Luciferase reporter assays in HEK293T cells using various fragments of the IFNG promoter in the presence or absence of YAP, TAZ, or 
dnTEAD, as indicated. (F) YAP ChIP demonstrated significant YAP occupancy at the IFNG promoter (0 to –1 kb). n = 3 for all pairwise comparisons. Data in 
A–D represent the mean ± SD; data in F represent the mean ± SEM. #P < 0.10, *P < 0.05, **P< 0.01, and ***P < 0.001, by 2-tailed Student’s t test.
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is associated with myocardial fibrosis and increased mortality. 
We hypothesize that the increased mortality of the mutant mice 
likely reflects a combined burden of systolic dysfunction and 
diastolic dysfunction due to abundant cardiac scarring, though 
we cannot formally exclude arrhythmogenesis or progression of 
a restrictive/constrictive process as contributing factors. Resto-
ration of IFN-γ levels via an ectopic hydrogel placed at the time of 
infarct in mutant animals partially rescued Treg infiltration into 
the myocardium and reduced fibrosis. The overall scar size was 
smaller in mice treated with empty hydrogel than that in untreat-
ed mice. We attribute this to well-established benefits inherent 
to the hydrogel itself, including a reduction in LV wall stress via 
a mechanical patch effect, as well as immunogenic alteration 
by HA (63–65). Our findings directly inform potential thera-
peutic efforts that may be targeted to post-MI recovery through 
immunomodulation. It will be interesting to determine whether 
other important clinical syndromes including pericarditis (66, 
67), post-pericardiotomy syndrome (68), and Dressler syndrome 
(69), which share a hyperinflammatory pathophysiologic basis, 
may also benefit from enhanced Treg recruitment to the heart. 
Modulation of YAP/TAZ may be one method to regulate post-MI 
inflammation, but it will be important to more comprehensively 
understand the nonimmune roles of YAP/TAZ in the epicardium 
before conducting any human studies.

to limit the amount of inflammation following tissue injury (58). 
Furthermore, by employing these collective suppressive mech-
anisms, Tregs are able to attenuate inflammation, despite being 
significantly less prevalent than are macrophages after MI injury 
(estimated 1 Treg for every 333 macrophages at 7 days after injury) 
(35). Interestingly, several studies have demonstrated an important 
role for IFN signaling in the activation and recruitment of Tregs to 
injured tissue (45, 46, 59, 60). IFN-γ has been shown in prior stud-
ies to affect multiple pathways, including suppression of fibrosis 
in chronic myocarditis by reducing profibrotic cytokine secretion 
(61), as well as mediation of basic FGF–induced (bFGF-induced) 
fibroblast migration via CXCL10 (62). Recently, however, Tregs 
have been shown to express the IFN-γ–specific receptors IFN-γR1 
and IFN-γR2, thereby allowing a subset of these cells to be medi-
ated directly by the chemokine IFN-γ (45). Additionally, the specif-
ic population of CD4+CD25– T cells depends on IFN-γ to undergo 
conversion to Tregs in certain injury settings (46).

Our findings build on these studies by characterizing the 
process by which Tregs are recruited to injured myocardium. We 
demonstrate that the Hippo effectors YAP/TAZ function with-
in epicardial derivatives to potently drive the production of the 
Treg chemokine IFN-γ after myocardial injury. Without epicar-
dial YAP/TAZ, mutant mice have a significant deficiency of both 
IFN-γ and Tregs in the injured myocardium, and this deficiency 

Figure 6. Yap and Taz deficiency results in impaired homing of Tregs to the injured heart. (A and B) Images of cross sections from Yapfl/fl Tazfl/fl and 
Wt1CreERT2/+ Yapfl/fl Tazfl/fl animals 7 days (A) and 14 days (B) after MI, stained as indicated. See the Results and Methods sections regarding quantifica-
tion. Scale bars: 20 μm.
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phil infiltration (7). Overexpression of a dominant-negative form 
of the C/EBP transcription factor, specifically in the epicardium, 
prevents neutrophil recruitment to the damaged myocardium, 
resulting in improved ejection fraction and decreased scarring 

It has become clear that the crosstalk between the immune 
system and the heart involves multiple cell types communicating 
with each other over the course of the injury response to produce a 
scar. A recent report detailed how the epicardium instructs neutro-

 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

9 0 8 jci.org      Volume 127      Number 3      March 2017

Rockland Immunochemicals Inc.; catalog 600-401-379); anti-Foxp3 
(1:50; Ebioscience; catalog 14-5773-82); anti-WT1 (1:50; Santa Cruz 
Biotechnology Inc.; catalog SC192); anti-YAP (1:200; Cell Signaling 
Technology; catalog 4912S); anti-TAZ (1:100; Cell Signaling Tech-
nology; catalog 4883); anti-CD3 (1:200; Abcam; catalog 16669); anti-
CD4 (1:100; Abcam; catalog 25475); and anti-F4/80 (1:50; BioLeg-
end; catalog 122601). RNAscope ISH was completed using a mouse 
IFN-γ probe according to the protocols provided by the manufacturer 
(Advanced Cell Diagnostics Inc.; catalog 311391).

RNA isolation, complementary DNA synthesis, and qRT-PCR. RNA 
was isolated from LV free wall tissue 3 days after LAD coronary liga-
tion. cDNA was synthesized using the RT2 First Strand Kit (QIAGEN). 
qRT-PCR was performed in triplicate with RT2 SYBR Green ROX 
Mastermix (QIAGEN) using RT2 Profiler PCR Array plates for mouse 
innate and adaptive immune targets (QIAGEN; catalog 330231, 
PAMM-052ZC). Three biological replicate experiments were sepa-
rately completed for each group.

ChIP. To examine YAP occupancy at the IFN-g promoter, chro-
matin was generated from three 100-mm dishes of HEK293T cells 
transfected with 800 ng of the full-length IFN-g -pGL4.27 reporter 
and 100 ng of murine WT YAP. Seventy-two hours after transfection, 
transfected cells were washed twice in cold PBS and cross-linked with 
1% formaldehyde for 10 minutes at room temperature. Next, the reac-
tion was quenched with the addition of 0.14 M glycine for 5 minutes at 
room temperature. Cells were collected in ice-cold PBS, centrifuged, 
and resuspended in SDS lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM 
NaCl, 3 mM MgCl2, 1% NP-40, 1% SDS, 0.5% deoxycholic acid, and 
protease inhibitors). After a 10-minute incubation on ice, the chromatin 
was sheared using a BioRuptor sonicator (Diagenode). Chromatin (10 
μg) was diluted in ChIP dilution buffer (16.7 mM Tris-HCl, pH 8.1, 167 
mM NaCl, 0.01% SDS, and 1.1% Triton-X-100) and incubated overnight 
at 4°C with 0.5 μg anti-YAP rabbit polyclonal antibody (Cell Signaling 
Technology; catalog 4912S) or control rabbit IgG (Santa Cruz Biotech-
nology Inc.; catalog sc-2027). Protein G agarose beads were added to 
each reaction for 1 hour at 4°C. The agarose beads were washed once 
for 5 minutes with each of the following buffers: low-salt buffer, high-
salt buffer, LiCl buffer, and TE buffer. Complexes were eluted in 200 
μl elution buffer (1% SDS and 0.1 M NaHCO3) at room temperature for 
15 minutes. After the reversal of chromatin cross-linking, protein deg-
radation, and DNA purification, samples were PCR amplified using 
primers for specific regions of the IFN-g promoter: fragment 1, forward: 
AACTAGGTACCAGACAGAGAAGGAAACTTTT; fragment 1, reverse: 
CTCAACTCGAGATTCCTCTGCCACTAAATAT; fragment 2, forward: 
GCGGCGGTACCTGAAACTCTTATTCATCATA; fragment 2, reverse: 
TATATCTCGAGCTTGGGCTTCTCAAACCAT; fragment 3, forward: 
ACTTAGGTACCAGTTTCCTTTTATTCAGCCG; fragment 3, reverse: 
ATATACTCGAGAGCCTGCACCTCTCT; negative control, forward: 
CATTAGGTACCTGCTGGGATTAAAGGTATGA; negative control, 
reverse: CCCGACTCGAGATACATAAGCATAAAGATTT.

Mice. All mice were maintained on a mixed genetic background. 
Yapfl/+ (77) and Tazfl/+ (27) alleles were genotyped as previously 
described. Wt1CreERT2/+ mice (Wt1tm2(cre/ERT2)Wtp/J) and R26tdTomato mice 
(B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) were obtained 
from The Jackson Laboratory (strain numbers 010912 and 007914, 
respectively) and genotyped as previously described (78, 79).

For fate-mapping and rescue experiments, both mutant and con-
trol groups had the genotype Wt1CreERT2/+ Yapfl/fl Tazfl/fl R26Tomato/+. For fate 

(7). This beneficial response following loss of C/EBP function, in 
contrast to the deleterious results following loss of epicardial YAP/
TAZ, highlights the importance of understanding the intricacies 
of paracrine signaling and the immune response in cardiac injury.

Our data linking YAP/TAZ to Treg recruitment provided a 
unique opportunity to characterize the role for epicardial activa-
tion in regulating the post-MI adaptive immune response. Of note, 
the loss of IFN-γ expression with deficient Treg recruitment to the 
injured myocardium likely has effects on other immune cell popu-
lations, including macrophages and neutrophils (58, 70, 71). In the 
present study, we found a greater number of F4/80+ macrophages 
in the infarcted myocardium of epicardial YAP/TAZ–mutant mice 
2 weeks after MI injury (Supplemental Figure 5B). This finding may 
be secondary to that of deficient Tregs in the injured myocardium 
(i.e., loss of the suppressive mechanism), or the result of alternative 
cytokine modulation. Future studies will be aimed at identifying 
cytokines that are misregulated within local niches in the injured 
myocardium. Though previous data have demonstrated that deple-
tion of macrophages results in increased scar burden and a reduc-
tion in cardiac function (32–34), it is possible that secondary exces-
sive infiltration of macrophages may also have deleterious effects. 
Following cardiac injury, 2 classes of macrophages, M1 and M2, are 
known to sequentially populate damaged myocardium (32, 72–74). 
After the first week of myocardial injury, M2 macrophages are 
predominant and promote fibrosis, possibly as a protective mech-
anism to prevent cardiac rupture (3, 75). Interestingly, embryonic 
cardiac macrophages have been found to be necessary for neonatal 
cardiac regeneration (32). In the future, it will be critical to decipher 
how macrophages and other immune cells functionally interact 
with Tregs and whether post-MI regeneration and remodeling can 
be beneficially modulated by targeting immune pathways.

Methods
Plasmids. The IFN-γ firefly-luciferase construct was generated by sub-
cloning of specific IFN-γ–specific promoter regions (chr10:118439048-
118441048, mm10) into pGL4.27 (Promega). The TEAD reporter, 
8xGTIIC, murine Yap, murine Taz, and dominant-negative human 
TEAD1 (dnTEAD) were all described previously (76).

Cell culture and luciferase assay. HEK293T cells were maintained 
at 37°C with 5% CO2 in DMEM supplemented with 10% FBS, 1% pen-
icillin, and 1% glutamate and streptomycin. All transfections were 
completed using FuGENE 6 (Roche). Luciferase experiments includ-
ed 250 ng IFN-γ firefly-luciferase reporter constructs, 80 ng Yap or 
Taz, 80 ng dnTEAD, and 75 ng pGL2-Basic-Renilla luciferase (Prome-
ga). All transfections maintained an equal concentration of total DNA 
with transfection of pCMV-Sport6 empty vector (Invitrogen, Thermo 
Fisher Scientific). Cellular extracts were collected 48 hours after trans-
fection and used in a dual-luciferase assay (Promega). Firefly lucifer-
ase activity was normalized to Renilla activity. All experiments were 
performed in biological triplicate experiments. Statistical differences 
between samples were analyzed using a Student’s t test by comparing 
each value with empty vector control.

Histology, immunofluorescence, and ISH. Samples were harvested 
at the designated intervals after surgery, fixed overnight in 4% para-
formaldehyde, and then dehydrated through an ethanol series. Sam-
ples were all paraffin embedded prior to sectioning. The following pri-
mary antibodies for immunofluorescence were used: anti-RFP (1:50; 
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mouse. Large particulate cell debris was filtered out of each suspension 
through a 70-μm mesh and slow-speed centrifugation. Red blood cells 
in the homogenate were then lysed at room temperature with an rbc 
lysis buffer for 10 minutes and resuspended in media for cell counting.

Prior to staining with the antibody master mix, a small aliquot 
of the homogenized cell suspension was stained with trypan blue to 
count the total number of live wbc using a hemocytometer. Subse-
quently, each major group of immune cells was quantitated using data 
collected on a FACSCanto cytometer (BD Biosciences) and analyzed 
by FlowJo software (Tree Star), with the following antigenic defini-
tion for each cell type: %B cells = single, live, CD19+; %CD4 = single, 
live, CD4+; %CD8 = single, live, CD8+; and %Treg = single, live, CD4+, 
CD25+, Foxp3+. The absolute number of cells was defined as the per-
centage of cell populations for each group defined multiplied by the 
total number of cells quantitated.

The antibody reagents anti-CD25 (PC61) and anti-CD19 (1D3) were 
purchased from BD Pharmingen and anti-Foxp3 (FJK-16s), anti-CD4 
(RM4-5), and anti-CD8 (53-6.7) from eBioscience. Cells were stained 
with antibodies against surface antigens at 4°C for 20 minutes in PBS. 
Intracellular Foxp3 staining was performed with the Foxp3 Staining Buf-
fer Set (eBioscience) according to the manufacturer’s protocol.

Quantification of cardiac Tregs. Sections from the coronary liga-
ture to the cardiac apex for mutant and control mice were stained with 
CD3 and Foxp3, counterstained with a nuclear marker (DAPI), and 
examined under the microscope. The numbers of CD3+Foxp3+ cells 
were manually counted in the LV free wall region in each of 3 sections 
chosen at similar anatomic levels for each heart. Statistical differences 
between groups were evaluated with a Student’s t test.

Fibrosis image analysis. We quantified the amount of post-MI myo-
cardial fibrosis in mutant and control mice using a color segmenta-
tion method in ImageJ (NIH) that has been previously described (83). 
Briefly, serial sections from the coronary ligature to the cardiac apex in 
mutant and control mice after MI were stained for Masson’s trichrome 
to mark fibrotic tissue. Five cross-sectional images for each heart were 
analyzed using a color threshold in ImageJ for blue myocardium only 
(scar tissue), followed by the total myocardium. Analysis was limited 
to the LV free wall. Statistical differences in the percentage of fibrosis 
were evaluated with a Student’s t test.

Hydrogel drug delivery. We performed rescue experiments on 
Wt1CreERT2/+ Yapfl/fl Tazfl/fl R26Tomato/+ mice using an HA polymer modi-
fied by hydroxyethyl methacrylate (HEMA-HA, 20% modification) 
to render it photopolymerizable and hydrolytically degradable (64). 
Hydrogel precursor solutions (25 μl per animal) consisted of HEMA-
HA (6.0% weight) dissolved in a photoinitiator solution, as previously 
described (47), and contained either 1 μg recombinant IFN-γ (485-MI/
CF; R&D Systems) or no drug. Each mouse underwent MI injury, and 
the hydrogel depot was subsequently formed onto the epicardial sur-
face by application of the prepared precursor solution using a 28-gauge 
needle through the thoracotomy. Continual curing lamp exposure (Eli-
par 2500; 3M) was used throughout the solution application, with sub-
sequent continued exposure for 2 minutes to allow for completion of 
hydrogel polymerization.

Statistics. Two-tailed Student’s t tests were used to evaluate dif-
ferences between groups in all cases, except when comparing the 
Kaplan-Meier curves, for which a log-rank test was performed. All data 
represent the mean ± SD unless otherwise noted. A P value of less than 
0.05 was considered statistically significant.

mapping, both groups were induced with tamoxifen for 2 days prior to 
surgery, then control mice underwent sham surgery, while mutant mice 
underwent LAD ligation injury. For rescue experiments, all mice were 
induced with tamoxifen for 2 days prior to surgery and then underwent 
MI injury, followed by empty hydrogel treatment (control group) or 
IFN-γ gel treatment (treatment group). Following surgery, induction 
was completed with 2 additional days of tamoxifen treatment. For all 
other experiments, control mice had the genotype Yapfl/fl Tazfl/fl, and 
mutant mice had the genotype Wt1CreERT2/+ Yapfl/fl Tazfl/fl.

MI surgery. MI surgery was performed as previously described (80, 
81). Briefly, adult mice aged 3–5 months were induced with tamoxifen 
(100 μg/g BW) by gavage 2 days before MI injury. After an adequate 
depth of anesthesia by inhalation of isoflurane (1%–3%) was attained, 
the neck and chest regions were shaved and antiseptic solution applied. 
The mouse was fixed in a supine position with tape, and toe-pinch reflex-
es were checked throughout surgery to monitor the depth of anesthesia. 
The tongue was retracted, and a 20-gauge i.v. catheter was inserted into 
the trachea. The catheter was then connected to the mouse ventilator 
(MiniVent Type 845; Harvard Apparatus) via the Y-shaped connector. 
Mice were ventilated with a tidal volume of 0.25 to 0.35 ml and a respi-
ratory rate of 100 to 110 breaths per minute. Next, a left thoracotomy 
was performed by separating the fourth and fifth intercostal spaces to 
expose the heart. The pericardium was opened and the heart visual-
ized by gentle retraction on the rib cage. The left LAD coronary artery 
was permanently ligated to induce MI using an 8-0 silk suture. Com-
plete occlusion of the LAD was visually confirmed by rapid myocardial 
blanching as well as ST-segment elevation on continuous electrocardi-
ography. The sham procedure was performed in an identical manner, 
with the exception that the occluding ligature was not tied. Surgical 
incisions were closed in 2 layers with a 4-0 suture. Mice underwent the 
completion of tamoxifen induction with i.p. injections (100 μg/g BW) 
for 2 days after MI injury. Daily postoperative care was provided until 
the time of tissue harvesting. Animals that died from the surgical proce-
dure were excluded from both groups in the survival analyses.

Echocardiography. For echocardiographic assessment, animal 
preparation was similar to that outlined in previous reports (81, 82). 
Briefly, adult mice were anesthetized with inhalation of isoflurane 
(2.5%–3.0%) using a nose cone. Mice were placed on a warm board 
in the supine position to keep the body temperature around 37°C. The 
chest hair was removed using hair removal gel cream. The limbs were 
taped onto the metal electrocardiographic leads. Warm acoustic gel 
was applied to the scan field as a coupling medium.

Using a VisualSonics Vevo 2100 system and a 30-MHz transduc-
er, M-mode images and real-time 2D B-mode cine loops of short- and 
long-axis views of the LV were acquired for cardiac structure and 
function assessment. Transmitral inflow Doppler spectra and tissue 
Doppler were recorded in an apical 4-chamber view for diastolic func-
tion assessments. Echocardiographic images were downloaded and 
analyzed off-line using VevoLab software (VisualSonics Inc.). At least 
3 beats were measured and averaged for the interpretation of each giv-
en measurement. A single observer blinded to the experimental con-
ditions as well as the histology results performed all image analyses.

Immune cell flow cytometry. Mediastinal lymph nodes and spleens 
were collected from mice immediately after harvesting whole hearts. 
Lymph node tissue was homogenized between the frosted regions of 2 
glass slides in the presence of media for each mouse. Splenic tissue was 
homogenized using a 10-ml syringe in the presence of media for each 
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