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Abstract

Rationale—G protein-coupled receptor kinase 2 (GRK?2) is an important molecule upregulated
after myocardial injury and during heart failure. Myocyte-specific GRK2 loss before and after
myocardial ischemic injury improves cardiac function and remodeling. The cardiac fibroblast
plays an important role in the repair and remodeling events following cardiac ischemia; the
importance of GRK2 in these events has not been investigated.

Objective—The aim of this study is to elucidate the in vivo implications of deleting GRK2 in the
cardiac fibroblast after ischemia/reperfusion (I/R) injury.

Methods and Results—We demonstrate, using Tamoxifen inducible, fibroblast-specific GRK2
knockout mice, that GRK2 loss confers a protective advantage over control mice after myocardial
I/R injury. Fibroblast GRK2 knockout mice presented with decreased infarct size and preserved
cardiac function 24 hours post-1/R as demonstrated by increased ejection fraction (58.1+1.8% vs.
48.7+1.2% in controls, p<0.0005). GRK2 fibroblast knockout mice also had decreased fibrosis and
fibrotic gene expression. Importantly, these protective effects correlated with decreased infiltration
of neutrophils to the ischemia site and decreased levels of TNFa expression and secretion in
GRK?2 fibroblast knockout mice.

Conclusions—These novel data showing the benefits of inhibiting GRK2 in the cardiac
fibroblast adds to previously published data showing the advantage of GRK2 ablation and
reinforces the therapeutic potential of GRK2 inhibition in the heart after myocardial ischemia.

Keywords

Myocardial ischemia/reperfusion injury; G protein-coupled receptor kinase 2; cardiac fibroblast;
fibrosis; inflammation

Address correspondence to: Dr. Walter J. Koch, Department of Pharmacology, Center for Translational Medicine, Temple University,
Philadelphia, PA, 3500 N. Broad Street, Tel: +1 215-707-9820, Fax: +1 215-707-9890, walter.koch@temple.edu.

DISCLOSURES
None.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodall et al. Page 2

INTRODUCTION

Cardiac fibroblasts represent the largest population of interstitial cells in myocardium.! They
are responsible for secreting and maintaining the extracellular matrix forming a three-
dimensional scaffold supporting the surrounding myocytes.2 While not contractile,
fibroblasts are directly connected to myocytes through cell junctions and may act as bridges
to connect myocytes electrically isolated by connective tissue.? Unlike myocytes, cardiac
fibroblasts are particularly resistant to hypoxia and so play multiple roles in the cascade of
events following ischemic injury.2 After ischemic injury, cardiac fibroblasts transform into a
specialized cell type called a myofibroblast marked by increased amounts of a-smooth
muscle actin and characterized as being hyper-secretory. Myofibroblasts have a critical role
in cardiac remodeling by forming a collagen-rich scar that allows the infarcted area to
maintain structural integrity after cardiomyocyte death.* Additionally, in response to injury,
fibroblasts secrete cytokines and chemokines that have important roles in the immediate
inflammatory stage.> Fibroblasts are responsive to a variety of stimuli for these above
functions including agents that activate membrane-bound G protein-coupled receptors
(GPCRs). Thus, regulation of these receptors is important in the overall process of
myofibroblast activation after injury.

Ischemia/reperfusion (I/R) injury activates a ‘sterile’ inflammatory response where
neutrophils are recruited to the ischemic area by necrotic myocytes and reactive oxygen
species (ROS).” Excessive neutrophil infiltration in the infarcted site is thought to be
detrimental to myocyte survival as neutrophils also secrete ROS, further exacerbating cell
and tissue destruction.® Understanding inflammation and remodeling after I/R injury is
important for developing novel therapies; multiple studies have demonstrated that inhibiting
neutrophil extravasation reduces tissue damage and decreases infarct size.%11 We are
interested in the cardiac signals and cellular communication between myocytes and
fibroblasts that may regulate or alter the tissue damage after I/R injury.

While the regulation of GPCRs in myocytes during ischemic injury has been extensively
studied, fibroblast GPCR signaling during I/R injury and the focus of this study, GPCR
kinase 2 (GRK2), has not been well characterized. The primary role of GRK2 is to
phosphorylate agonist-activated GPCRs and target them for p-arrestin-mediated
internalization; in the heart, GRK2 is up-regulated in the myocyte after injury and its
enhanced activity targets the B-adrenergic receptor (BAR) to modulate contractility.12-13
Decades of research have uncovered the detrimental effects of increased GRK2 activity in
heart disease and provided sweeping evidence that loss of myocyte GRK2 expression or its
inhibition either before or after cardiac insult is beneficial for myocardial contractility and
cardiac remodeling.14-16 More recent studies have also expanded on the versatility of GRK2
by delineating non-canonical roles in eNOS regulationl”:18  mitochondrial function920 and
insulin signaling.2!

Currently, little is known concerning the function of GRK2 in the cardiac fibroblast. In this

study we sought to examine whether the loss of fibroblast GRK2 would be advantageous or
detrimental to cardiac function following acute ischemic injury in vivo. Using inducible and
conditional GRK2 knockout (KO) mice we subjected fibroblast-specific GRK2 KO mice to
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myocardial I/R injury and investigated the effects related to heart function, fibrosis and
inflammation. Our results distinctly show that, in an acute situation, loss of fibroblast GRK2
is beneficial for cardiac function and remodeling and that this may be related to differences
in inflammatory cell recruitment in the early hours following reperfusion. We also
performed in vitro experiments in freshly isolated neonatal rat and adult mouse cardiac
fibroblasts to gain insight into how the fibroblast may be influencing myocyte survival and
cardiac inflammation in vivo.

Experimental animals

To obtain inducible, fibroblast-specific GRK2 KO mice, Collagenla2-CreER(T) mice??
(Jackson Labs Stock #029235) were crossed with GRK2/fl mice23 (Jackson Labs Stock #
012458). Pups were backcrossed to generate Collagenla2-CreER(T)/GRK2/fl mice
(referred to as GRK2 fKO). GRK 2/ mice were used as wild-type (WT) littermate controls.
Tamoxifen (Sigma T5648) was injected intraperitoneally (IP) daily for 10 days at 40mg/kg/
day. All animal studies were conducted with the approval of the Animal Care and Use
Committee at Temple University.

Isolation of adult mouse cardiac fibroblasts and myocytes

Hearts were removed from >2-3 month old mice and processed as previously described.24

Isolation of bone marrow cells and lysate preparation

Femurs were removed from >2-3 month old mice. Contents were flushed using Hank's
Buffered Salt Solution (Corning 21-023-CV), a syringe and a 27-gauge needle. Bone
marrow cells were centrifuged and washed with 1X PBS. Cells were resuspended in RIPA
buffer supplemented with protease inhibitors, sonicated and centrifuged to remove cell
debris.

Isolation of vascular smooth muscle and lysate preparation

Thoracic aortas were isolated from >2-3 month old mice. After washing in 1X PBS, aortas
were responded in RIPA buffer supplemented with protease inhibitors, sonicated and
centrifuged to remove cell debris.

Isolation of neonatal rat cardiac fibroblasts

Neonatal rat cardiac fibroblasts are isolated as a byproduct of neonatal rat cardiac myocyte
isolation, performed as previously described’.

Immunoblotting

GRK2 and GAPDH antibodies were from Santa Cruz. Phospho-AKT and total AKT
antibodies were from Cell Signaling.
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In vivo model of ischemia/reperfusion injury

Ischemia/reperfusion injury was performed as described previously.2® Infarct size was
measured as previously described.26

Transthoracic echocardiographic analysis

Transthoracic two-dimensional echocardiography was performed blinded as described.2>

Terminal hemodynamic analysis of cardiac function

Hemodynamic analysis was conducted blinded as described previously.2®

Measurement of myocardial apoptosis

Myocardial apoptosis was assessed by TUNEL staining.18

Assessment of myocardial fibrosis

Collagen levels were measured using the Masson's Trichrome staining kit (Sigma HT15) and
the Hydroxyproline assay kit (Sigma MAKOQ08) without modifications.

Measurement of cCAMP levels

Neonatal rat cardiac fibroblasts were treated with 10uM isoproterenol for 15 minutes. CAMP
levels were measured using the cyclic AMP XP Assay Kit (Cell Signaling 4339) without
modifications.

Immunofluorescence

Hearts were harvested 72 hours post reperfusion, fixed overnight in 4% paraformaldehyde,
embedded in paraffin and cut on the long axis into 6um sections. After deparaffinization,
rehydration and antigen retrieval using Vector Antigen Unmasking Solution (Vector Labs
H3300), sections were blocked in 10% FBS/1X PBS. Primary antibody (a.-SMA, Sigma
Ab5228) was incubated with sections overnight at 4°C. Secondary antibody (Life
Technologies A21463) was applied for 1 hour at room temperature. Sections were treated
with DAPI mounting media and coverslipped. Fluorescence intensity was measured using
ImageJ. For staining of neonatal rat cardiac fibroblasts, cells were treated with methanol for
15 minutes at —20°, washed and blocked for 1 hour at room temperature in 5% BSA/PBS.
P65 antibody (Cell Signaling 6956) was incubated overnight at 4°C and secondary antibody
(Life Technologies) was applied for 1 hour at room temperature. Sections were treated with
DAPI mounting media and coverslipped. Cells were counted using Image J over at least five
fields per group. All immunofluorescence images were taken with a Nikon Ti microscope.

Myeloperoxidase (MPO) staining

Mice were euthanized after 6 and 24 hours of reperfusion and hearts were fixed in 4%
paraformaldehyde. The hearts were embedded in paraffin and cut into 5 um thick sections.
Immunohistochemistry was carried out on sections, including antigen retrieval with Vector
Antigen Unmasking Solution. MPO primary antibody and secondary antibody were sourced
from Santa Cruz (sc16129, sc2354, respectively). Images of the infarct area of the LV wall
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were taken from a least two randomly chosen fields on a Nikon DS-Ril and quantified in a
blind manner using ImageJ.

Cytokine microarray

Adult mouse cardiac fibroblasts were isolated as described above. Cells were subjected to in
vitro ischemia buffer?” and supernatant was harvested for use with the Proteome Profiler
Mouse Cytokine Array Panel A (R&D ARY006) with one modification; IRDye 800CW
Streptavidin (Rockland S000-31) was used.

Conditioned media experiment

Neonatal cardiac fibroblasts were treated with LacZ or shGRK2 containing adenovirus.
After 24 hours fibroblasts were serum starved overnight, treated for 30 minutes with in vitro
ischemia buffer and then reperfused in 0.1% DMEM for 3 hours. Supernatant was collected
and placed on neonatal cardiac myocytes for 10 minutes. Fibroblasts were collected to
ensure GRK2 loss and myocytes were collected for whole cell lysate.

In vitro ischemia reperfusion buffer

This buffer simulates the extracellular milieu of an ischemic environment because it is
glucose deficient, hyperkalemic and acidic/lactate rich. It is composed of 137mM NacCl,
3.8mM KCI, 0.49mM MgCI2, 0.9mM CaCl2, 4.0mM Hepes supplemented with 10mM 2-
deoxyglucose, 20mM sodium lactate, 1mM sodiumdithionite and 12mM KCL, pH 6.5.

Statistical analysis

Data are expressed as mean=SE. Statistical significance was determined by unpaired #test
on experiments comparing two groups or ANOVA and Tukey test for experiments involving
four comparisons using vassarstats.net. £ values <0.05 were considered significant.

RESULTS

Decreased levels and activity of GRK2 in fibroblasts are beneficial to post-I/R myocardium

Eight-week old adult male Col1a2CreER/GRK?2 flox (GRK2 fKO) mice and their control
littermates (WT) were injected intraperitoneally with tamoxifen (40mg/kg/day) for 10 days
(Online Figure I). After a two week washout period, freshly isolated fibroblasts from GRK2
fKO mice demonstrated approximately 60% protein loss compared to fibroblasts from WT
mice (Figure 1a). GRK2 knockdown was specific for fibroblasts, as protein levels were
maintained in myocytes, bone marrow cells and vascular smooth muscle cells following
tamoxifen treatment in both groups (Figure 1a). This finding correlates with previously
published reports using this model for other gene products.24:28 We can infer negligible
interference from knockdown in circulating fibrocytes. While this cell type has fibroblast
qualities, fibrocytes are monocyte-derived and GRK2 levels are maintained in the bone
marrow cells. Left ventricular (LV) infarct size subsequent to 30 minutes of left anterior
descending coronary artery occlusion and 24 hours of reperfusion was measured in GRK2
fKO mice and significant differences were found compared to control mice (Figure 1). In
WT littermates, LV infarct size was 34.17+3.98% of the area at risk (Figure 1b,c). However,
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fibroblast-specific ablation of GRK2 caused a decreased infarct size of 20.67+3.03%. The
LV area at risk was similar in both groups, indicating the same amount of ischemic trauma
(Figure 1d). These results establish that loss of fibroblast GRK2 during acute ischemic
injury confers a protective advantage to reperfused myocardial tissue.

Echocardiography was performed on WT and GRK2 fKO mice after 30 minutes of ischemia
and 24 hours of reperfusion (Figure 2a,b). Control mice presented with decreased LV
ejection fraction of 48+2.1% compared to 62+2.5% at baseline (Figure 2a). WT mice also
exhibited loss of fractional shortening (24+1.2% vs. 33+1.7% in WT baseline group)(Figure
2b). However, GRK2 fKO mice displayed partial but significantly restored cardiac function
with an ejection fraction of 59+1.7% and fractional shortening of 31+1.1%. Both groups
displayed similar baseline ejection fractions, demonstrating equal cardiac function prior to
surgery. To correlate echocardiography data and to measure intact cardiac pressures,
terminal hemodynamics was done 24 hours post-1/R injury and mice were infused with
increasing doses of isoproterenol to assess their inotropic reserve (Figure 2c). WT mice
presented with compromised contractility, demonstrated by decreased +dP/dT 4% and
—dP/dT i compared to GRK2 fKO mice, which maintained contractility levels close to
baseline. In agreement with the systolic function data, we also noted decreased cardiac
output (CO) and stroke volume (SV) in the WT mice compared to GRK2 fKO mice after 24
hours (Table 1). We also assessed cardiac function at 1 and 4 weeks post I/R to determine
the chronic effects of fibroblast GRK2 deletion. The WT I/R group maintained a
significantly reduced ejection fraction at 1 week and 4 weeks post I/R (51.9 + 2.3 and 53.3
+ 0.7 respectively) while the GRK2 fKO mice presented with rescued cardiac function at
both time points (62.1 + 1.2 and 60.3 = 1.7)(Table 1). There were no survival differences
between the I/R groups after 4 weeks of reperfusion (Table 1).

Because myocardial apoptosis is a contributing factor to I/R injury and the loss of viable
myocardium, we evaluated TUNEL positivity in myocardial sections of post-1/R mice
(Figure 3). WT and GRK2 fKO mice were subjected to 30 minutes of myocardial ischemia
and 6 hours of reperfusion. TUNEL staining, along with a.-sarcomeric actin staining for
cardiomyocytes, was performed on heart sections and apoptosis levels were measured in the
ischemic border zone of the infarcted area (Figure 3a). Quantification of these findings
revealed that WT mice exhibited significantly more apoptotic cardiomyocytes with nearly
three times the TUNEL positive myocytes of GRK2 fKO littermates (Figure 3b).

We also performed conditioned media experiments using both isolated myocytes and
fibroblasts from neonatal rats (Figure 3c, d). Fibroblasts were treated with adenovirus
containing an shRNA for GRK2 or a LacZ control adenovirus (Figure 3c top panel), exposed
to an in vitro Kreb's buffer and reperfused with DMEM for 3 hours. The supernatant was
collected, placed on myocytes and AKT signaling was measured (Figure 3C bottom panel).
Conditioned media from LacZ adenovirus and in vitro I/R-treated fibroblasts increased
phosphorylated AKT in myocytes compared to media from fibroblasts treated only with
LacZ adenovirus. Knockdown of GRK2 in cardiac fibroblasts potentiated this increase in
phosphorylated AKT in myocytes after treatment with in vitro I/R fibroblast conditioned
media, indicating that in vitro loss of GRK2 in fibroblasts is able to modify the fibroblast
secretome to enhance survival signaling in myocytes (Figure 3d).
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GRK2 ablation in fibroblasts inhibits I/R induced myocardial fibrosis and fibrotic gene
upregulation

Because collagen deposition by cardiac fibroblasts is linked to myocardial apoptosis, we
wanted to investigate whether the decrease in apoptotic myocytes led to diminished collagen
deposition. Masson's Trichrome staining was performed on heart sections after 30 minutes
of ischemia and 72 hours of reperfusion. Fibrosis was measured in the infarcted area of the
LV. As shown in Figure 4A, WT mice had a robust amount of reparative fibrosis (16.1+1.4%
of the total area quantified) following I/R as compared to Sham treated animals. Correlating
with decreased myocardial cell death, the GRK2 fKO group also presented with diminished
collagen deposition (4.9+1.8% of the total area quantified). Independently, we also used the
hydroxyproline assay to measure collagen levels in equal weights of heart tissue taken from
the LV 72 hours after reperfusion (Figure 4b). WT hearts exhibited an increase in
hydroxyproline levels (0.2049+0.0148 ug/mg tissue) compared to sham animals
(0.1347+0.0013 and 0.1285+0.0073 ug/mg tissue). Like the Masson's Trichrome results,
myocardial tissue from the GRK2 fKO group had decreased hydroxyproline levels
(0.1407+0.0037 ug/ml tissue) compared to the WT post-I/R. We also measured mRNA
levels of Collagen I and Collagen 111 in myocardium taken from the LV and found that while
both collagen types were significantly upregulated (3 fold and 27 fold increase, respectively)
in the WT mice, the GRK2 fKO mouse heart tissue contained significantly decreased levels
of both Collagen I and Collagen 111 (1.25 fold and 11 fold increase, respectively)(Figure 4c).
Attenuated levels of fibrosis were maintained in the GRK2 fibroblast knockout mouse
(10.02+0.79%) after 4 weeks of reperfusion compared to wild type littermates (17.2+1.5%)
(Figure 4d). Importantly, decreased fibrosis levels did not cause cardiac rupture and benefits
to systolic function were still detectable in the GRK2 fKO mouse one week and four weeks
after I/R injury (Table 1).

Following myocardial injury, fibroblasts undergo phenotypic changes that result in the
transformation to the a-smooth muscle actin expressing myofibroblast; this change is also
important for the increase in collagen production necessary for wound healing. In order to
investigate if the decrease in collagen production seen in the GRK2 fKO mice is caused by
the inability of fibroblasts to transform into myofibroblasts, we performed
immunohistochemistry and RTPCR. After 72 hours reperfusion, mouse hearts were
sectioned, probed for a-smooth muscle actin and the level of fluorescence intensity was
measured using ImageJ software (Figure 5a). Interestingly, we found that both WT and
GRK?2 fKO mice expressed equal amounts of a-smooth muscle actin protein with both
groups demonstrating a 2.64 fold increase (Figure 5b). We also found similar increases in a.-
SMA mRNA expression in both the WT and GRK2 fKO mice (Figure 5c).

The first 48 hours following myocardial injury are marked by inflammation and diapedesis
of immune cells; of these cells, neutrophils are the first to migrate to the infarcted area and
have been implicated in negative repercussions for cardiomyocyte survival.2? Therefore, we
assessed whether the decreases in infarct size in the GRK2 fKO mouse could be correlated
to a reduction in neutrophil extravasation. To answer this question we performed
immunohistochemistry for myeloperoxidase (MPO), an enzyme abundantly expressed by
neutrophils. After 6 and 24 hours of reperfusion, hearts were stained for MPO; MPO-
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positive cells were quantified (Figure 6 and Online Figure I1). After 6 hours, WT mice
exhibited a robust accumulation of MPO-positive neutrophils in both the border zone and
infarct area (557459 and 176+17, respectively compared to sham groups) (Figure 6b, c).
Similar results were seen at 24 hours post reperfusion for the border zone and infarct area
(18322 and 169+42, respectively compared to sham groups). Conversely, the GRK2 fKO
hearts displayed attenuated neutrophil accumulation at 6 hours post I/R (329£56 in the
border zone and 80+16 in the infarct area). The GRK2 fKO group also had decreased
neutrophil counts at 24 hours post I/R in the border and infarct zones (132+18 and 61+20,
respectively). The same experiment performed at 6 hours in the myocyte-specific KO
aMHC-Cre/GRK2flox mouse line showed no differences between groups indicating that
this is a fibroblast-specific event (Online Figure Illa,b).

We first explored the possibility that expression levels of the neutrophil-recruiting CXC
chemokines were affected by GRK2 ablation. Surprisingly, we found no changes in mRNA
levels of CXCL1, CXCL2 or CXCL5 (Online Figure 1V). Because inflammation is a
complex process characterized by the activation of multiple cytokines, we turned to the
Mouse Cytokine Antibody Array to glean further insight into what cytokines may be altered
in the GRK2 fKO mouse after I/R injury. Adult cardiac fibroblasts were isolated from WT
and GRK2 fKO mice, treated with in vitro Kreb's buffer and reperfused with DMEM. After
6 hours, the DMEM was collected and used in the Cytokine Antibody Array kit (Figure 7,
Online Figure V). We noted that Tumor Necrosis Factor a (TNFa), a potent activator of
inflammation, was downregulated by 30% in the media obtained from post-ischemic GRK2
fKO purified adult mouse fibroblasts (Figure 7a). Using RTPCR, we investigated mRNA
levels of TNFa in myocardial tissue taken from 6 hour post ischemic hearts and found that
while the WT hearts had an 3.7 fold increase in TNFa mRNA, the GRK2 fKO hearts
presented with reduced TNFa with only a 1.3 fold increase (Figure 7b). There were other
changes in the microarray, including decreases in IL6 and IL1, both important for
inflammation after myocardial ischemia/reperfusion injury. However, we were not able to
resolve differences in mMRNA expression levels as with TNFa. (data not shown). There were
also decreases in IL4 and IL5, however, the role of these cytokines in ischemia/reperfusion
injury is less defined and so we focused on TNFa.. Next, we purified GRK2 flox +/+ adult
mouse cardiac fibroblasts treated with Cre adenovirus to knockdown GRK2 levels. In
agreement with our in vivo RTPCR data, we found that levels of secreted TNFa. were also
decreased after in vitro I/R, compared to control fibroblasts treated with LacZ adenovirus
(Figure 7c,d). NFxB is known to regulate TNFa transcription; therefore we were curious to
see if GRK2 was affecting the ability of NFxB to enter the nucleus. We treated neonatal rat
cardiac fibroblasts with ShGRK2 adenovirus to knockdown GRK2 expression, subjected the
cells to in vitro I/R and used immunofluorescence to track the movement of the p65 subunit
of NFxB. Only in post-ischemic cells treated with control LacZ adenovirus was NFxB able
to move into the nucleus. Nuclear translocation was prevented in post-ischemic cells lacking
GRK2 (Figure 7E). Importantly, increased levels of cAMP, a second messenger that is
indirectly affected by GRK2 activity, have been shown to prevent TNFa expression. To
ascertain if this is a potential mechanism, we infected neonatal rat cardiac fibroblasts with
shGRK?2 adenovirus, treated with isoproterenol and measured fold changes in cAMP versus
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the basal control. Fibroblasts lacking GRK2 had an enhanced fold change compared to the
isoproterenol treated fibroblasts infected with LacZ adenovirus (Figure 7F).

DISCUSSION

Fibroblasts comprise a large proportion of the non-myocyte cells in the heart, which varies
from species to species but constitutes approximately 26% of the total cells in the murine
heart.30 Initially thought to be a relatively inert stromal cell, recent publications have
expanded on favorable and adverse fibroblast contributions after myocardial I/R injury. For
example, following ischemic insult, cardiac fibroblasts undergo mesenchymal to endothelial
transition, contributing to beneficial neovascularization of the injured myocardium.28
Additionally, inflammasome activation in the cardiac fibroblast has been shown to be critical
for the detrimental inflammatory response seen following I/R injury.3! To our knowledge,
this is the first study to investigate the in vivo effects of GRK2 ablation in the fibroblast
following myocardial ischemic injury. This mouse model is beneficial because the Cre is
driven by a fibroblast-specific regulatory sequence, which prevents off target effects to other
collagen-expressing cell types, like vascular smooth muscle cells. Our mouse model is not
cardiac specific and will incur the loss of GRK2 in all fibroblasts. However, this study will
focus on myocardial specific effects of GRK2 ablation in cardiac fibroblasts following
ischemic injury. We have shown here, using an inducible and cell-selective transgenic mouse
model, that the absence of fibroblast GRK2 in the post-ischemic heart confers a protective
advantage for cardiomyocyte survival and cardiac function. In the setting of I/R, these
cardio-protective effects can be attributed to decreased neutrophil infiltration and reduced
TNFa production in the infarcted tissue resulting in smaller infarct size and enhanced
contractility due to more viable myocardium.

Neutrophils are the most abundant type of white blood cell and are a part of the innate
immune system; they are the first immune cells to respond to injury or infection. Multiple
studies have demonstrated that neutrophils are the main source of ROS in the reperfused
heart, lending a negative connotation to the presence of this cell type that is typically thought
of as a beneficial member of the inflammatory environment.32:33 Tumor Necrosis Factor a
(TNFa) is a pleiotropic and potent activator of inflammation and is involved in neutrophil
chemotaxis to the injury area.3* Cardiac fibroblasts secrete TNFa in response to different
types of injury, like mechanical strain and hypoxia.2 While latent TNFa is tethered to the
external plasma membrane for immediate availability via proteolytic cleavage, nascent
production of TNFa is also achieved via activation of the NFxB transcription factor.3° In
macrophages, GRK2 has been shown to intersect with NFxB signaling through
phosphorylation of non-traditional sites of the inhibitor of NFxB, 1B, inducing degradation
and subsequent release and nuclear localization of NFxB.3® This is notable in light of our
data showing a reduction in TNFa mRNA following in vivo I/R in our GRK2 fKO mice. We
also see in neonatal rat cardiac fibroblasts that post-ischemic nuclear localization of NFxB is
prevented when GRK2 is ablated which speaks to another non-classical role for GRK2 in an
injury setting.

B2-ARs have been documented to be anti-inflammatory. In the setting of murine acute lung
injury, B2-AR agonists reduced infiltrating neutrophils and TNFa levels in the supernatant of
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LPS-treated isolated macrophages.3” Additionally, neutrophil infiltration in rat venule
endothelial cells after substance P treatment was inhibited using the B»-AR agonist,
formoterol.38 Cardiac fibroblasts in mice and humans are predominantly populated with the
B2-AR subtype3?: 40 and a major target of GRK2. Loss of GRK2 may maintain or even
enhance B,-AR mediated anti-inflammatory signaling in the setting of ischemic injury,
which could have translational significance in cardiac patients.

Additionally, there is evidence that cAMP inhibits TNFa production through the B>-AR.41
After LPS treatment, the selective cAMP-PDE IV inhibitor rolipram inhibited TNFa
production.#2 Conversely, treating murine macrophages with agents that elevate intracellular
CAMP suppressed LPS-induced inflammatory gene expression, including TNFa..43
Mechanistically, elevated CAMP leads to activated PKA, which phosphorylates and
facilitates the degradation of p105, the precursor of p50.44 These data hint at another
potential mechanism for how decreased GRK2 can result in attenuated TNFa levels; by
maintaining CAMP levels formed by preserved or enhanced B,-AR signaling. In line with
this reasoning, we see that loss of GRK2 in the cardiac fibroblasts resulted in potentiated
levels of cCAMP compared to WT fibroblasts after isoproterenol treatment.

Our results suggesting pro-inflammatory actions of GRK2 conflict with other reports
concluding GRK?2 is anti-inflammatory. Myeloid cell-specific GRK2 knockdown increased
tissue injury after LPS injection by enhancing NFxB1p105-ERK signaling®®. Lymphocytes
with reduced GRK2 levels show increased chemotaxis to CCL3, CCL4 and CCL5%,
However, while GRK2 hemizygous mice afflicted with experimental autoimmune
encephalomyelitis (EAE) have a quicker disease onset than wild type EAE counterparts,
GRK2 +/- mice do not suffer from relapses like wild type mice. The lack of relapses was
correlated with attenuated inflammatory CNS infiltrates®’. In addition, high levels of GRK2
directly correlate with the severity of Alzheimer's disease in human patients*8. These
conflicting reports on the inflammatory role of GRK2 indicate there is no definite answer
and conclusions may be dependent on cell type and disease model.

Cardiac fibroblasts secrete collagen to maintain structural integrity after I/R-induced
cardiomyocyte death. Initially, this is a critical reparative process but eventually excessive
collagen deposition leads to myocardial stiffening and impedes contractility. Our present
study demonstrates that GRK2 loss in fibroblasts decreases fibrosis after I/R. cCAMP, in
addition to its anti-inflammatory capabilities, also possesses anti-fibrotic qualities. Increased
intracellular cAMP can attenuate the pro-fibrotic phenotype of in vitro cardiac
myofibroblasts.#® However, it is likely in our case that decreased fibrosis is a reaction to
limiting myocyte death in GRK2 fKO hearts after I/R. Regardless of the underlying cause,
limiting myocardial apoptosis and fibrosis is a desirable outcome caused by decreased levels
of fibroblast GRK2, noted previously in myocyte-specific GRK2 KO mice.>? Our
conditioned media experiments suggest that fibroblasts secrete factors that influence
cardiomyocyte survival after in vitro I/R and that GRK2 knockdown augments this effect.
Interestingly, conditioned media from fibroblasts has been shown to improve in vitro
cardiomyocyte viability as measured by mitochondrial dehydrogenase activity and troponin |
levels. In this case, augmented cardiomyocyte survival was linked to TIMP1 activity;
inhibiting TIMP1 abolished the effect.?! Fibroblast growth factor-2, a protein secreted by
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cardiac fibroblasts can improve contractility and tissue preservation in isolated perfused rat
hearts; these cardioprotective qualities were attributed to increased AKT signaling.52 This is
interesting in light of our findings that conditioned media from ischemic neonatal rat cardiac
fibroblasts increased AKT signaling in neonatal rat myocytes. Cardiac fibroblasts are also
the main source of IL33, the functional ligand of the ST2 receptor expressed basally on
cardiomyocytes.?3 133 is upregulated by Angiotensin 11, the known activator of the ATII
receptor, a GPCR desensitized by GRK2.53 133 is cardioprotective; this molecule
prevented cardiomyocyte apoptosis, decreased infarct size and improved systolic function
when administered to mice following ischemia/reperfusion injury.* Loss of GRK2 in the
cardiac fibroblast could augment the production of Angiotensin Il induced IL33 to increase
cardiomyocyte survival and preserve inotropy. Reduction in TNFa levels could also be
playing a significant role in decreased myocyte apoptosis in the GRK2 fKO mice as cardiac-
restricted overexpression of TNFa in mice has been shown to cause myocyte apoptosis and
cardiac remodeling through the increased activation of cell death pathways.>®

Another interesting aspect of our findings is that despite the reduced levels of fibrosis and
fibrotic gene expression seen in the GRK2 fKO group, myofibroblast activation and a-SMA
expression appears to be similar in both the WT and fKO mice. The events governing
myofibroblast transformation and fibrotic genes are multi-factorial, with regards to GRK2,
the cAMP axis is one signaling pathway important for regulating these events. Adenylate
cyclase activation following GPCR activation leads to the formation of CAMP. cAMP can
modulate responses through two signaling platforms, PKA and Epac. Swaney et al
demonstrated that both cAMP and Epac activation by exogenous agents can blunt collagen
synthesis, a-SMA expression and myofibroblast transformation in rat cardiac fibroblasts,
indicating parallel roles.56 However, cAMP and Epac have opposing effects on fibroblast
migration.>” These contrasts are most likely due to differences in protocols (ex vivo versus
in vivo), species (rat versus mouse) and injury model (I/R versus exogenous fibrotic agents)
but dysregulation of this dual signaling axis following I/R could explain these differences.

From a therapeutic standpoint, our results are significant because they reinforce the idea that
inhibition of GRK2 in both myocytes and fibroblasts is beneficial for maintaining inotropic
reserve. There is a vast body of literature demonstrating the protective effects of GRK2
ablation in the cardiac myocyte after ischemia, but limited data showing the benefits of
GRK2 deletion in the cardiac fibroblast. The goal of this study was to investigate the acute
and chronic effects of GRK2 ablation in the cardiac fibroblast; we have seen that fibroblast
GRK2 knockdown prevents myocyte death and excessive inflammation and confers long-
term benefits to cardiac function. A detailed investigation into the role of GRK2 during post-
ischemic inflammation in the heart is important for future analysis. However, our current
findings add depth to the various beneficial roles previously attributed to loss of GRK2,
through classical or non-classical pathways.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

AKT Protein kinase B
BAR B-Adrenergic Receptor
Epac exchange factor directly activated by cAMP

GPCR G protein-coupled receptor

GRK2 G protein-coupled receptor kinase 2

I/IR Ischemia/Reperfusion

1B Inhibitor of xB

KO Knockout

LPS Lipopolysaccharide

LV Left Ventricle

MPO Myeloperoxidase

NFxB nuclear factor kappa-light-chain-enhancer of activated B cells

PKA Protein Kinase A

ROS Reactive oxygen species

TNFa Tumor Necrosis Factor a
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Novelty and Significance
What Is Known?

. G protein-coupled receptor kinase 2 (GRK?2) is the major GRK in the
heart, and it is upregulated after cardiac injury and during heart failure.

. The classical role of GRK2 in the heart is to phosphorylate and
desensitize p-adrenergic receptors controlling myocyte contractility;
non-classical roles for GRK2 have also been delineated in metabolism
and insulin signaling.

. Myocyte-specific inhibition of GRK2 before or after myocardial
infarction can rescue heart function and prevent adverse remodeling.

What New Information Does This Article Contribute?

. Inhibition of GRK2 via genetic ablation in the cardiac fibroblast, a
major cell type in the heart, preserves cardiac contractility after
ischemic injury in a mouse model.

. Excessive fibrosis, increased myocyte death and inflammatory cell
infiltration are also prevented.

. The above beneficial effects are linked to decreased TNFa production
and secretion caused by the attenuated ability of NF-xB to translocate
to the nucleus in the cardiac fibroblast.

The beneficial effects of GRK2 inhibition in the myocyte after cardiac injury are well
documented; however, the role of GRK2 in the cardiac fibroblast after ischemic injury
has yet to be investigated. In this study, we show that in a mouse model, fibroblast-
specific GRK2 deletion decreased infarct size and partially rescued the drop in
contractility. Myocyte apoptosis and neutrophil extravasation were also reduced.
Furthermore, we found that cardiac fibroblasts lacking GRK2 express and secrete
diminished levels of TNFa, a critical modulator of inflammation. This correlates with the
inability of NF-xB, a major regulator of TNFa transcription, to translocate to the nucleus
after ischemia reperfusion injury when GRK2 is not present in the cardiac fibroblast.
These data lend further credence to the idea that inhibition of GRK2 in the heart could be
a potential therapy to treat ischemia heart disease.
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Figure 1. GRK2 levels and post I/R left ventricular (LV) infarct size in GRK2 fKO mice
A) Western blots and GRK2 protein quantification of freshly isolated cardiac fibroblast,

myocyte, bone marrow and vascular smooth muscle cell lysate in Tamoxifen-treated WT and
GRK2 fKO mice. *P<0.05 vs. WT. N=3-4. B) Representative photographs of post-1/R
Evan's Blue/triphenyl tetrazolium chloride-stained sections from WT and GRK2 fKO hearts.
C) LV infarct size expressed as a percentage of the area at risk. D) LV area at risk expressed
as a percentage of the total LV. */<0.05 vs. WT. N=6.
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Figure 2. Cardiac function post I/R in WT and GRK2 fKO mice
Cardiac function shown by A) Ejection fraction (%) and B) Fractional shortening (%) from

echocardiography on WT and GRK2 fKO mice at baseline and 24 hours after I/R. *P<0.05
and #P<0.01 vs. WT post I/R, **P<0.01 vs. WT baseline. N=8. C) In vivo contractility
demonstrated by + dP/d Ty and — dP/dT i, measured with terminal hemodynamics.

*P<0.05 and **P<0.01 vs. WT Sham. N=8
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Figure 3. Apoptosis and survival signaling after fibroblast GRK2 ablation
A) Representative photographs of TUNEL and a.-sarcomeric actin (aSA) stained sections

from the border zone of 6 hour post-I/R WT and GRK2 fKO hearts, including 40X image
showing TUNEL and a SA+ cardiomyocytes (white arrows). Scale bar, 100 pm. a-
sarcomeric actin (green), cardiomyocytes; TUNEL (red), apoptotic nuclei; DAPI (blue), total
nuclei. B) TUNEL+ cardiomyocyte quantification represented as the percentage of TUNEL
and aSA + cells in WT and GRK2 fKO. *P<0.05 vs. WT. N=4. C) Western blot
demonstrating GRK2 knockdown in neonatal rat cardiac fibroblasts using an sShRNA-
containing adenovirus for GRK2 (top blot) and AKT levels in neonatal rat cardiac myocytes
following conditioned media treatment (CM) from LacZ and shGRK2 adenovirus-treated
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fibroblasts at basal and following in vitro I/R (bottom blot). D) Quantified phosphorylated
AKT normalized to total AKT in myocytes. **P<0.01 vs. Basal CM, #P<0.05 vs. AdLacZ in
vitro I/R CM. N=3 separate experiments.
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Figure 4. Fibrosis and fibrotic gene expression in GRK2 fKO mice
A) Representative Masson's Trichrome images and quantification of the infarct area 72 hours

post-1/R. Quantification expressed as a percentage of fibrosis from the total area. Scale bar,
50um ***P<0.001 vs. WT. N=4-5. B) Quantitative analysis of collagen with hydroxyproline
assay. **P<0.01 vs. Sham, #P<0.01 vs. WT I/R. N=3-7. C) mRNA levels of Collagen | and
111 measured by RTPCR normalized to 18S; fold change vs. WT Sham. *P<0.05 vs. Sham,
#P<0.05 vs. WT I/R. N=3 Sham, 6 I/R. D) Representative Masson's Trichrome images and
quantification of the infarct area 4 weeks post I/R. Quantification expressed as a percentage
of fibrosis from the total area. Scale bar, 50um **P<0.01 vs WT. N=5.
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Figure 5. Myofibroblast transformation and a-smooth much actin (aSMA) mRNA levels in WT
and GRK2 fKO hearts following I/R

A) Representative immunofluorescence images of sections stained with a-SMA. Scale bar,
100 pm. B) Quantification of the mean fluorescence intensity (MFI) of a-SMA. *p<0.05 vs.
Sham. N=3-4. C) mRNA levels of a-SMA measured by RTPCR normalized to 18S; fold
change vs. WT Sham. *p<0.05 vs. Sham, **p<0.01 vs. Sham, N=3 Sham, 11-12 I/R.
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Figure 6. Neutrophil invasion following I/R in WT and GRK2 fKO mice
A) Representative images of the border zone of myeloperoxidase (MPQ) staining on hearts 6

and 24 hours post I/R. Scale bar, 50 pm. B) Quantification of MPO+ cells/field in the border
and C) infarct area. *P<0.05 vs. Sham, **P<0.01 vs. Sham, #P<0.05 vs. WT 6 hrs, &P<0.01
vs. WT 24 hrs. N=3-4 for Sham, N=10-12 for I/R.
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Figure 7. TNFa levels in post ischemic WT and GRK2 fibroblast knockout groups
A) Post-ischemic conditioned media from WT and GRK2 fKO purified adult mouse cardiac

fibroblasts against TNF on the Mouse Cytokine Micro Array. B) mRNA levels of TNFa
measured by RTPCR in whole hearts from Sham and 6 hours post I/R WT and GRK2 fKO
mice, normalized to 18S; fold change vs. WT Sham. *P<0.05 vs. Sham, #P<0.05 vs. WT
I/R. N=6-7. C) Western blot demonstrating GRK2 knockdown using Cre Adenovirus in
purified GRK2 flox+/+ adult mouse cardiac fibroblasts. D) Soluble TNFa protein measured
by ELISA in post-ischemic purified adult mouse cardiac fibroblasts. *P<0.05. N=4-6. E)
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Representative images of neonatal rat cardiac fibroblasts stained for p65 at baseline and after
30 minutes of in vitro ischemia/30 minutes of reperfusion and quantification of p65+/DAPI+
nuclei. Scale bar, 100 um. **p<0.01 vs. AdLacZ Basal, *p<0.05 vs. AdLacZ I/R. N=3
separate experiments. F) Fold change of cCAMP levels normalized to respective basal
controls in neonatal rat cardiac fibroblasts after isoproterenol (Iso) treatment. **p<0.01 vs
Basal. N=3 separate experiments.
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