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Inhibiting Fibronectin Attenuates Fibrosis
and Improves Cardiac Function in a Model

of Heart Failure

BACKGROUND: Fibronectin (FN) polymerization is necessary for collagen

matrix deposition and is a key contributor to increased abundance of cardiac
myofibroblasts (MFs) after cardiac injury. We hypothesized that interfering with
FN polymerization or its genetic ablation in fibroblasts would attenuate MF
and fibrosis and improve cardiac function after ischemia/reperfusion (I/R) injury.

METHODS: Mouse and human MFs were used to assess the impact

of the FN polymerization inhibitor (pUR4) in attenuating pathological
cellular features such as proliferation, migration, extracellular matrix
deposition, and associated mechanisms. To evaluate the therapeutic
potential of inhibiting FN polymerization in vivo, wild-type mice received
daily intraperitoneal injections of either pUR4 or control peptide (lll-

11C) immediately after cardiac surgery for 7 consecutive days. Mice
were analyzed 7 days after I/R to assess MF markers and inflammatory
cell infiltration or 4 weeks after I/R to evaluate long-term effects of

FN inhibition on cardiac function and fibrosis. Furthermore, inducible,
fibroblast-restricted, FN gene—ablated (Tcf2 1MerCreMer: fnflo) mice were used
to evaluate cell specificity of FN expression and polymerization in the heart.

RESULTS: pUR4 administration on activated MFs reduced FN and collagen
deposition into the extracellular matrix and attenuated cell proliferation,
likely mediated through decreased c-myc signaling. pUR4 also ameliorated
fibroblast migration accompanied by increased 1 integrin internalization
and reduced levels of phosphorylated focal adhesion kinase protein.

In vivo, daily administration of pUR4 for 7 days after I/R significantly
reduced MF markers and neutrophil infiltration. This treatment regimen
also significantly attenuated myocardial dysfunction, pathological cardiac
remodeling, and fibrosis up to 4 weeks after I/R. Last, inducible ablation of
FN in fibroblasts after I/R resulted in significant functional cardioprotection
with reduced hypertrophy and fibrosis. The addition of pUR4 to the FN-
ablated mice did not confer further cardioprotection, suggesting that the
salutary effects of inhibiting FN polymerization may be mediated largely
through effects on FN secreted from the cardiac fibroblast lineage.

CONCLUSIONS: Inhibiting FN polymerization or cardiac fibroblast

gene expression attenuates pathological properties of MFs in vitro and
ameliorates adverse cardiac remodeling and fibrosis in an in vivo model of
heart failure. Interfering with FN polymerization may be a new therapeutic
strategy for treating cardiac fibrosis and heart failure.

Inigo Valiente-Alandi,
PhD

Sarah J. Potter, PhD

Ane M. Salvador, PhD

Allison E. Schafer, BS

Tobias Schips, PhD

Francisco Carrillo-Salinas,
PhD

Aaron M. Gibson, AS

Michelle L. Nieman, BS

Charles Perkins, BS

Michelle A. Sargent, BS

Jiuzhou Huo, BS

John N. Lorenz, PhD

Tony DeFalco, PhD

Jeffery D. Molkentin, PhD

Pilar Alcaide, PhD

Burns C. Blaxall, PhD

Key Words: extracellular matrix
u fibroblasts ® fibronectins ® fibrosis
m heart failure

Sources of Funding, see page 1250
© 2018 American Heart Association, Inc.

https://www.ahajournals.org/journal/circ

1236 September 18,2018 Circulation. 2018;138:1236—1252. DOI: 10.1161/CIRCULATIONAHA.118.034609


http://crossmark.crossref.org/dialog/?doi=10.1161%2FCIRCULATIONAHA.118.034609&domain=pdf&date_stamp=2018-04-13

€20z ‘8T Jequieides uo Aq Bio'sfeulno feye//:dny wouy papeojumoq

Valiente-Alandi et al

Clinical Perspective

What Is New?

¢ The fibronectin (FN) polymerization inhibitor pUR4
attenuates the pathological phenotype exhibited
by mouse and human myofibroblasts by decreas-
ing FN polymerization and collagen deposition into
the extracellular matrix, as well as myofibroblast
proliferation and migration.

¢ Inhibiting FN matrix deposition by pUR4 treatment
or deleting FN gene expression in cardiac fibroblasts
(Tcf21 lineage) confers cardioprotection against
ischemia/reperfusion—induced injury by attenuat-
ing adverse left ventricular remodeling and cardiac
fibrosis, thus preserving cardiac function.

What Are the Clinical Implications?

e Targeting FN polymerization may be a new thera-
peutic strategy for treating cardiac fibrosis and
heart failure, and this principle may also extend to
other fibrotic diseases.

mains a leading cause of death worldwide and a

major socioeconomic burden for Western societ-
ies. In the United States alone, HF affects =6.5 million
people >20 years of age,” and projections show that by
2030 the prevalence of HF will increase to >8 million
people =18 years of age with an estimated cost of $70
billion.? However, despite many advances, there are few
options for efficacious treatment of patients with end-
stage HF.

Most of the causes of HF are associated with pro-
gressive fibrosis that reduces myocardial compliance
and function. Cardiac fibrosis is characterized by ex-
acerbated accumulation of extracellular matrix (ECM)
components in the myocardium. This dynamic mesh-
work is composed of structural and nonstructural pro-
teins that provide an architectural scaffold, surrounding
and connecting various cardiac cell populations. In ad-
dition to its function in tissue support, the myocardial
ECM acts as a signal transducer for cell-cell and cell-
ECM interactions that modulate cell motility, survival,
and proliferation.3#

The cardiac ECM is comprised primarily of collagen
types | and Ill, which form an intricate 3-dimensional
network in which cardiac cell types reside and interact
to maintain organ function.> Cardiac fibroblasts (CFs)
are thought to be the major producers of ECM proteins
and are responsible for ECM homeostasis. However,
after cardiac injury and under stress stimuli, quiescent
CFs transdifferentiate into myofibroblasts (MF) that dis-
play exacerbated proliferative, migratory, and contrac-
tile abilities, as well as a greater capacity to produce
ECM proteins.® Although MFs are initially thought to be

H eart failure (HF) is a devastating disease that re-
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beneficial by promoting tissue healing after injury, their
continued activation and propagation result in adverse
tissue remodeling and fibrosis, eliciting cardiac systolic
and diastolic dysfunction, thus actively contributing to
progression.

Although collagen is the most abundant ECM pro-
tein in the heart, cellular fibronectin (FN) is likely to play
a pivotal role in cardiac fibrosis. This multifunctional
glycoprotein is secreted mainly as a soluble protein by
different cell types, including CFs, MFs, or endothelial
cells,”® and it is polymerized into the ECM by a cell-
dependent process.® FN levels are increased in humans
with ischemic and dilated cardiomyopathy and in ani-
mal models of HF.'"2 Global FN-null animals are embry-
onic lethal'; prior reports suggests that systemic FN ge-
netic ablation may attenuate hypertrophy/dysfunction
after pressure-overload HF'* and may play a role in stem
cell recruitment to the injured heart.'® Furthermore, FN
plays an essential role in the development of lung and
liver fibrosis.'®'® Polymerized FN regulates the deposi-
tion, maturation, and stabilization of other ECM pro-
teins, including collagen 1'°; thus, it is recognized that
polymerized FN guides aspects of ECM biogenesis.?°
Polymerized FN also influences a variety of crucial cellu-
lar processes, including adhesion,?' growth,?' prolifera-
tion,?*?3 migration,?*?° survival,?® and differentiation.?’
Therefore, targeting FN deposition/polymerization and
ablating its gene expression in CF populations may be
a novel approach to attenuate myocardial fibrosis and
HF progression.

pUR4 is a recombinant peptide derived from the
bacterial F1 adhesin that exclusively mimics the cell sur-
face binding site for the 5 N-terminal type | modules
of FN,%2% impeding its polymerization by blocking the
binding of soluble FN to the cell surface.3® As previously
reported, pUR4 has a specific affinity for FN that is not
shared with other ECM components such as collagen
[, laminin, fibrinogen, or vitronectin, indicating a rela-
tively specific bond between pUR4 and FN without af-
fecting additional FN properties.*'

The potential therapeutic effects of pUR4 in re-
ducing FN accumulation and limiting organ fibrosis
in models of liver and flow-induced vascular fibrosis
have been recently reported,'3? raising the possibility
that, by interfering with cardiac FN polymerization in a
mouse model of HF, pUR4 peptide will elicit a reduction
of pathological ECM deposition and preserve cardiac
architecture and function. To assess the therapeutic ef-
ficacy and specificity of our FN polymerization inhibitors
and to determine the cardiac cell-specific roles of FN
inhibition/ablation, we have also used inducible, fibro-
blast-specific FN-knockout (KO) mice. The basic helix-
loop-helix transcription factor Tcf21 is expressed in vir-
tually all resident CFs; these fibroblasts also constitute
the source of activated MFs in the infarct region of the
heart.*3% The inducible Tcf21MeCreMer knock-in mouse
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was crossed with Fno/fox mice to examine the function-
al role of cellular FN in a temporal and cell type—specific
manner.

Here, we demonstrate a potential therapeutic role
for inhibiting FN polymerization or ablating local cel-
lular expression in a mouse model of HF in attenuating
the excess deposition of both FN and collagen that oc-
curs during adverse cardiac remodeling, thereby limit-
ing the pathogenesis of cardiac fibrosis and preserving
cardiac function.

METHODS

The data, analytical methods, and study materials that sup-
port the findings of this study are available from the corre-
sponding author on reasonable request.

Mouse CFs and Cardiomyocytes Isolation

and Culture

Adult CF were collected from 10 to 12-week-old C57BL6/J
wild-type (WT) mouse hearts by enzymatic digestion. Briefly,
mice were given 100 pL heparin (100 U/mL) via intra-
peritoneal injection and anesthetized with isoflurane. The
heart was quickly excised and retrograde-perfused using a
Langendorff apparatus under constant pressure (60 mmHg;
37°C, 4 minutes) in Ca*-free perfusion buffer containing
113 mmol/L NaCl, 4.7 mmol/L KCI, 1.2 mmol/L MgSO,, 5.5
mmol/L glucose, 0.6 mmol/L KH,PO,, 0.6 mmol/L Na,HPO,,
12 mmol/L NaHCO,, 10 mmol/L KHCO,, 10 mmol/L Hepes,
10 mmol/L 2,3-butanedione monoxime, and 30 mmol/L tau-
rine. Digestion was achieved by perfusing for 3 minutes with
Ca?*-free perfusion buffer containing collagenase Il (units
per 1 mL) (600 U/mL of collagenase Il in perfusion buffer;
Worthington LS004177) followed by 8 minutes of perfu-
sion with digestion buffer containing 12.5 pmol/L CaCl,.
Subsequently, it was removed from the apparatus and gently
teased into small pieces with fine forceps in the same enzyme
solution. Heart tissue was further dissociated mechanically
with 2-, 1.5-, and 1-mm-diameter pipettes until all large
heart tissue pieces were dispersed. The digestion buffer
was neutralized with buffer containing 10% FBS and 12.5
pmol/L CaCl, and cell suspension was filtered through 200-
pgm mesh. Cardiomyocytes (CMs) were pelleted by gravity (20
minutes), and the supernatant was collected and stored on
ice. CMs were resuspended in perfusion solution containing
5% FBS and 12.5 umol/L CaCl, and subsequently allowed to
settle for 20 minutes. The 2 supernatants were pooled, and
both non-myocyte-containing CF fractions were centrifuged
at 500g for 7 minutes. CFs were resuspended and plated on
the desired culture plates previously coated with 1% gela-
tin in culture media containing Iscove modified Dulbecco
medium, 10% FBS (ESCell FBS), 100 U/mL penicillin, 100
mg/mL streptomycin, 103 U ESGRO Supplement (Millipore),
10 ng/mL epidermal growth factor, and 20 ng/mL fibroblast
growth factor (37°C, 5% CO,).

Human Fibroblast Isolation

Failing human CFs were isolated from ventricular tissue
excised during left ventricular (LV) assist device implantation
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surgery under the Institutional Review Board protocol 2013-
1386. Tissue was washed in Hanks balanced salt solution and
cut into 1-mm cubed pieces with scissors. Digestion mixture,
consisting of 100 mg collagenase (Worthington), 1 mg tryp-
sin (Worthington TLR3), and 15 mg BSA in DMEM (HyClone
SH30022.01), was applied to dissected tissue, and the mix-
ture was placed in a shaker at 125 rpm for 20 minutes at
37°C. After incubation, a 10-mL pipette was used to gen-
tly dissociate cells, and supernatant was collected and com-
bined with neutralization media containing DMEM+10% FBS;
this process was then repeated until the tissue pieces were
completely digested. The combined supernatants were cen-
trifuged at 1300 rpm for 7 minutes to collect the nonmyo-
cyte pellet, which was then resuspended in growth media (as
described above) and plated on 1% gelatin—coated dishes.

Animals

All animal procedures were conducted according to the
Department of Laboratory Animal Medicine and the University
Committee on Animal Resources at Cincinnati Children’s
Hospital Medical Center.

C57BL6/J WT 10 to 12-week-old male mice (The Jackson
Laboratories) were used for systemic peptide administration.
Fnfe¥io mice were kindly provided by Dr Reinhard Fassler and
crossed with mice expressing tamoxifen-inducible Cre recom-
binase under the control of the basic helix-loop-helix tran-
scription factor Tcf21 promotor (Tcf2 1MercreMen)33 o generate
double transgenic (DTG) inducible fibroblast-specific FN-KO
mice (Tcf2 1mERcremERy fpfiovflox: CF-FN-KO). DTG without tamoxi-
fen or tamoxifen-treated Fnfoiox littermates served as con-
trols. Animals were fed tamoxifen chow (400 mg/kg; Harlan
TD.130860) 2 weeks before cardiac surgery and 4 weeks after
injury to induce FN ablation in Tcf21 lineage fibroblasts (quies-
cent before surgery and activated after injury).3*

Peptides and Treatment
pUR4 is a peptide derived from a surface protein of
Streptococcus pyogenes called F1 adhesin®® and the first
described inhibitor of FN polymerization. pUR4 mimics the
binding site required for soluble FN to anchor into the cell sur-
face, inhibiting its adhesion without interfering with the criti-
cal FN-integrin cell binding domain. pUR4 specifically binds
to FN but does not bind to other ECM proteins.*> In addition,
FN polymerization tightly regulates the assembly of different
ECM proteins, including collagen type 1.2° pUR4 has been
shown to reduce the deposition of endogenous collagen |
into matrix fibrils both in vitro and in vivo.32% We have used
a control peptide called lll-11C that is based on sequences in
the IlI-11 module of FN?¢ that has proven not to have biologi-
cal effects in vitro or in vivo.3®

The pUR4 and [lI-11C peptides were produced as
described*> and dialyzed in PBS, and endotoxin was removed
from peptides with the Acrodisc Unit with Mustang E mem-
brane 0.2 ym (VWR MSTG25E3). Subsequently, endotoxin
levels were measured with a Limulus amebocyte lysate assay
kit (Lonza 50-647U). After purification, endotoxin levels were
<0.1 endotoxin units per 1 mg peptide.

Mice received daily intraperitoneal injections of pUR4 or
N-11C (25 mg-kg~'-d-") for 7 consecutive days starting the
same day of ischemia/reperfusion (I/R) surgery or for 14 days
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starting 4 weeks after I/R injury. Cells received pUR4 or lll-11C
(500 nmol/L) for 72 hours.

Statistical Analysis

Data are reported as mean+SEM. For single biochemical and
physiological observations, the Student t test was applied. A
paired t test was used when different treatments (pUR4 and
I1-11C) were applied to cells isolated from the same animal. An
unpaired t test was applied when pUR4 and Ill-11C were admin-
istered to different animals. Multiple responses were analyzed
by 1-way or 2-way ANOVA. Post hoc analysis was performed
as indicated if statistical significance (P<0.05) was achieved.
Calculations were performed with GraphPad Prism 6.0.

An expanded Materials and Methods section is available in
the online-only Data Supplement.

RESULTS

pUR4 Attenuates FN Deposition in Adult
Mouse CFs In Vitro

A key function of CF is to produce structural proteins
that make up the myocardial ECM and regulate its ho-
meostasis. Polymerized FN regulates the deposition and
maturation of several ECM proteins, including collagen
I, and actively plays a role in cellular survival, prolif-
eration, migration, and differentiation. To explore the
functional role and efficacy of pUR4 in reducing FN as-
sembly into the ECM, in vitro studies were performed
with primary CF cultures. Primary adult mouse CFs
from unchallenged hearts were isolated and treated
for 72 hours with either the FN polymerization inhibitor
pUR4 or the control (ll-11C) peptide, which binds FN
but does not possess inhibitory activity.?" pUR4-treated
cells displayed a robust reduction of ECM network or-
ganization compared with cells treated with the control
l-11C peptide (Figure 1A); however, no effects were
observed on cellular expression of FN mRNA after pUR4
administration (Figure 1B). Furthermore, to explore
whether there were cellular or ECM-related changes in
FN protein content, the cellular and ECM fractions were
isolated separately from CF cultures. Although pUR4
treatment did not alter FN intracellular protein content
compared with llI-11C (Figure 1C), pUR4-treated cells
exhibited attenuation of FN deposition into the ECM
(Figure 1D). However, the normal stoichiometry of total
extracellular FN expression was maintained; pUR4 in-
creased FN abundance in cell culture media measured
by ELISA (Figure 1E). These data demonstrate that pUR4
efficiently blocks FN polymerization within the ECM of
CFs with no effect on cellular transcript or protein level.

pUR4 Attenuates Pathological Mouse
Cardiac MF Activation Profile In Vitro

CFs actively participate in the complex and dynamic in-
tercellular cross-talk between the myriad cardiac cells to
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maintain cardiac structure and function. After cardiac
insult, this cross-talk is dysregulated and elicits the tran-
sition of CFs to MFs, resulting in exacerbated synthesis
and deposition of ECM, as well as enhanced prolifera-
tion and migration. To explore the impact of inhibiting
FN polymerization on cell behavior, primary activated
MFs were isolated from WT hearts 5 days after myo-
cardial I/R injury. First, the activation profile of MF was
confirmed by identifying increased fibrotic and inflam-
matory cytokine gene expression (Figure | in the online-
only Data Supplement). Subsequently, experiments
investigated whether pUR4 reduces FN polymerization
in MF ECM to the same extent as observed in unchal-
lenged CFs. pUR4 exhibited a robust inhibitory effect on
FN polymerization in MFs isolated from injured mouse
hearts compared with Ill-11C—treated cells (Figure Il in
the online-only Data Supplement). FN polymerization
also tightly regulates the assembly of collagen I; when
MFs were cultured in the presence of pUR4, deposition
of collagen into matrix fibrils was reduced (Figure 2A
and 2B). Neither intracellular protein content nor col-
lagen | mRNA transcript levels were affected by pUR4
treatment (Figure 2C and 2D).

To examine whether pUR4 attenuates MF activation,
MFs were treated with pUR4 or lll-11C peptides, and
different cellular functions were analyzed. In vitro MF
proliferation was evaluated by counting the cell num-
ber and by the expression of the mitosis marker phos-
pho-histone H3 72 hours after peptide administration.
Cell proliferation and phospho-histone H3—positive
cells were significantly reduced after pUR4 treatment
in activated cardiac MFs (Figure 2E and 2F). Reduced FN
polymerization resulted in decreased transcript expres-
sion of proliferation-related genes such as c-myc and
auroraB kinase (Figure 2G). In line with these results,
a cell cycle analysis was performed in activated MFs at
different time points after peptide administration (12,
24, 36, 48, 56, and 72 hour); a significant decrease was
observed in the percentage of cells in the S phase at 24,
36, 48, and 56 hours (Figure IlIA and IlIB in the online-
only Data Supplement). However, this decrease was not
associated with changes in signaling via the extracellu-
lar signal-regulated kinase or AKT pathways (Figure IlIC
in the online-only Data Supplement). It is surprising that
inhibiting FN polymerization did not affect cell prolifer-
ation in unchallenged CFs isolated from healthy animals
(Figure IVA in the online-only Data Supplement).

Another central property of MFs is their enhanced
migratory ability after cardiac injury. The effect of
pUR4 in MF migratory capacity was evaluated by per-
forming a scratch-wound healing assay. pUR4-treated
cells displayed a significant reduction in MF migration
(Figure 2H). This finding was also observed in unchal-
lenged CFs (Figure IVB in the online-only Data Supple-
ment). In this context, integrins contribute to the re-
cruitment and activation of crucial signaling proteins
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Figure 1. pUR4 attenuates fibronectin (FN) polymerization in unchallenged primary mouse cardiac fibroblasts (CFs) 72 hours after treatment.

A, FN immunofluorescence staining in healthy CFs. Scale bars, 100 pm. B, FN transcript level expression. n=5. C, Cellular FN protein level expression (without ma-
trix) (representative immunoblots, left; densitometry, right). n=5. D, Matrix FN deposition in the extracellular space of CF is attenuated with pUR4 (representative
immunoblots, left; densitometry, right). n=5. E, FN is accumulated in the cultured media measured by ELISA. n=5. Data are presented as mean+SEM. AU indicates
arbitrary units; and ECM, extracellular matrix. Statistical significance was determined with paired t test. *P<0.05. **P<0.01.

involved in cell migration, including focal adhesion
kinases (FAKs). A significant increase of integrin in-
ternalization was observed after pUR4 treatment (Fig-
ure 21). Because FAKs are among the most prominent
proteins involved in ECM-integrin signaling pathways
crucial for cell migration, the abundance of phospho
(p)-FAK was assessed after peptide treatment. p-FAK
protein content was also reduced in pUR4-treated
cells compared with control Ill-11C—treated cells (Fig-
ure 2J). Furthermore, pUR4 decreased the expression
of a-smooth muscle actin (a-SMA) and reduced the
complexity of fiber formation (Figure 2K) without af-
fecting vimentin expression (Figure 2L). Together,
these data suggest that pUR4 exhibits a principal role
in diminishing MF proliferation via the c-myc signaling
axis and reduces cell migration by promoting integrin
internalization, decreasing FAK activation, and amelio-
rating the activated MF phenotype.

1240 September 18,2018

pPUR4 Does Not Alter Mitochondria
Content, Oxidative Stress, or Cell
Metabolism in Mouse Cardiac MFs

Our data suggest that it is possible to attenuate the
pathological cardiac MF phenotype by interfering with
FN polymerization. Our next aim was to determine
whether pUR4 treatment affected cell survival or me-
tabolism, which may explain the changes overserved
in cell behavior. To this end, the impact of inhibiting
FN polymerization on cell apoptosis, reactive oxygen
species production, and metabolic state was deter-
mined. pUR4 administration did not result in a signifi-
cant difference in apoptosis measured by flow cytom-
etry (Figure 3A). In addition, the accumulation of total
and mitochondrial reactive oxygen species, known
to be increased after cardiac injury, did not differ be-
tween control- and pUR4-treated cells (Figure 3B and

Circulation. 2018;138:1236—1252. DOI: 10.1161/CIRCULATIONAHA.118.034609
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Figure 2. pUR4 attenuates mouse pathological myofibroblast (MF) phenotype.

A, pUR4 decreases collagen | staining in cardiac fibroblasts (CFs) isolated after cardiac ischemia/reperfusion injury by immunofluorescence. Scale bars, 100 ym.

B, Matrix collagen (COL) | deposition in activated MFs is attenuated on pUR4 treatment (representative immunoblots, left; densitometry, right). n=5. C, Cellular
collagen | protein level expression (without matrix) (representative immunoblots, left; densitometry, right). n=5. D, Collagen | transcript level expression. n=6. E,
pUR4 decreases cell proliferation monitored by counting cell number with a hemocytometer. n=6. F, Phospho-histone H3 (pHH3) staining in mouse MFs shows a
decrease in pHH3* cells in pUR4-treated cells (representative pictures, left; quantification, right). Scale bars, 100 um. n=3. G, Reverse transcription-quantitative
polymerase chain reaction of proliferative-related genes in pUR4- and Ill-11C-treated mouse MFs. n=6. H, Scratch wound-healing assay in mouse CF cell migra-
tion; pictures were taken at 0, 12, and 24 hours after scratch. Black dotted lines denote the wound borders (representative photographs, left; mobility quantifica-
tion, right). Scale bars, 1000 pm. n=6. |, Increased 31 integrin internalization was found in MFs treated with pUR4 compared with Ill-11C peptide (representative
immunoblots, left; densitometry, right). n=5. J, Expression of phosphorylated (p-) focal adhesion kinase (FAK) was evaluated by Western blotting and quantified
relative to total FAK expression (representative immunoblots, left; densitometry, right). n=4. K, a-Smooth muscle actin (a-SMA) staining in lll-11C— and pUR4-
treated MFs. Scale bars, 100 um. L, Vimentin staining in peptide-treated cells. Scale bars, 100 ym. Data are presented as mean+SEM. ECM indicates extracellular
matrix; and IgG, immunoglobulin G. Statistical significance was determined with paired t test. *P<0.05. **P<0.01. ***P<0.001.

3Q). Furthermore, cellular mitochondrial content was  the aforementioned pathways after pUR4 administra-

examined to evaluate whether the limited proliferative
and migratory abilities exhibited by pUR4-treated MFs
may be explained by an overall reduction of energy
production. Flow cytometry analysis with Mitrotracker
combined with TOM20 cell staining revealed no dif-
ferences in total mitochondrial content after inhibiting
FN polymerization (Figure 3D and 3E). Last, to evaluate
whether pUR4 treatment affects the metabolic state
of cardiac MFs, cellular ATP levels and oxygen con-
sumption were measured in MF-treated cells. No dif-
ferences were detected in cells lacking an FN network
(Figure 3F and 3G). In addition, cellular glycolysis and
fatty acid oxidation were measured with no effect on

Circulation. 2018;138:1236-1252. DOI: 10.1161/CIRCULATIONAHA.118.034609

tion (Figure 3H and 3l).

These findings demonstrate that inhibiting FN po-
lymerization does not alter cell survival or cellular meta-
bolic state, highlighting the direct ECM-mediated effect
of pUR4 in attenuating MF migration and proliferation.

pUR4 Reduces the Pathological Activation
of Human Failing Cardiac MFs In Vitro

Human CFs regulate normal cardiac function and organ
homeostasis but also are the main mediators of patho-
logical myocardial remodeling after cardiac injury that
contributes to the progression of organ fibrosis and
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Figure 3. pUR4 does not alter myofibroblast (MF) cell survival, reactive oxygen species (ROS) production, mitochondrial content, and metabolism

after 72 hours of peptide treatment.

A, Flow cytometry analysis of annexin-V staining of apoptotic MFs after pUR4 or Ill-11C peptide treatment. n=5. B, MFs treated either with pUR4 or Ill-11C were
stained with superoxide anion-specific dye dihydroethidium (DHE). Oxidized version of DHE was detected by flow cytometry. n=5. C, Levels of mitochondria-
associated ROS in peptide-treated MFs were analyzed by MitoSOX labeling and analyzed with flow cytometry. n=5. D, Mitochondria were stained with MitoTracker
Green and analyzed by flow cytometry. n=5. E, Mitochondria immunostaining with TOM20 in pUR4- or IlI-11C—treated cells. Scale bars, 20 pm. F, ATP content
was measured in peptide-treated MFs after 72 hours. n=5. G, Oxygen consumption was determined without or with calcium stimulation in MFs treated with Il
11C or pUR4. n=7. H, Mitochondrial fatty acid oxidation was measured by long-chain fatty acid concentration existent in the cellular content. n=5. I, Glycolysis ac-
tivity was measured by L-lactate concentration in the cultured media. n=5. Absence of statistical significance was determined with paired t test. Data are presented

as mean+SEM. FSC-A indicates forward scatter area.

HF. To determine the effects of FN polymerization inhi-
bition on human activated cardiac MFs, primary failing
human MFs were isolated from the hearts of patients
with end-stage HF undergoing LV assist device implan-
tation, characterized (Figure V in the online-only Data
Supplement) and treated with pUR4. As with murine
MFs, pUR4 treatment impaired the deposition of FN fi-
brils into the ECM of human MFs (Figure 4A). pUR4 sig-
nificantly reduced in vitro cell growth, as monitored by
total cell counts and phospho-histone H3—positive cells
(Figure 4B and 4C). In addition, pUR4 reduced the ex-
pression levels of proliferative and inflammation-related
transcripts in human failing cardiac MFs (Figure 4D and
4E) and significantly blunted their migratory ability in a
scratch-wound healing assay (Figure 4F). Furthermore,
pUR4-treated cells exhibited a reduced p-FAK expression
(Figure 4G and 4H) and a reduction of F-actin patterning
expression (Figure 4l). In addition, human cardiac MFs ex-
hibited reduced expression of a-SMA and complexity of

1242 September 18,2018

fiber formation (Figure 4J) without affecting vimentin ex-
pression (Figure 4K) on inhibition of FN polymerization.
Collectively, these data show the potential therapeutic
effect of inhibiting FN fibril formation in reducing the
pathological phenotype of human failing cardiac MFs.

Neither pUR4 Nor IlII-11C Affects Baseline
Cardiac Function in Unchallenged Hearts
In Vivo or Isolated CMs In Vitro

To explore the effects of pUR4 peptide administration
on cardiac function at baseline in vivo, WT mice were
injected intraperitoneally with llI-11C or pUR4 once
daily for 7 consecutive days. A fluorescent dye was co-
valently bound to the peptides to verify peptide local-
ization in vivo 24 hours after the last administration. As
shown in Figure VI in the online-only Data Supplement,
the peptide was detected throughout the animal body
in addition to the heart.

Circulation. 2018;138:1236—1252. DOI: 10.1161/CIRCULATIONAHA.118.034609
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Figure 4. pUR4 decreases proliferation and migration of human failing cardiac fibroblasts (CFs).

A, pUR4 reduces fibronectin FN staining. Scale bars, 100 um. B, pUR4 decreases cell proliferation. C, pUR4 decreases phospho-histone H3 (pHH3)-positive hu-
man heart failure CFs (representative pictures, left; quantification, right). Scale bars, 100 pm. D, pUR4 downregulates proliferation-related genes. E, Expression
levels of proinflammatory cytokine transcripts are significantly reduced after pUR4 treatment in failing human CFs measured by reverse transcription—quantitative
polymerase chain reaction. IL1f indicates interleukin 16; 16, interleukin 6; and TNFa, tumor necrosis factor-a. F, Cardiac fibroblasts were scratch wounded and
recorded at 0, 4, 8, and 12 hours after scratch. Black dotted lines denote the wound borders (representative photographs, left; mobility quantification, right).
Scale bars, 500 pm. G, Phosphorylated (p-) focal adhesion kinase (FAK) protein level expression (representative immunoblots, left; densitometry, right). H, Im-
munofluorescence analysis of p-FAK in pUR4- and Ill-11C—treated human myofibroblasts (MFs) (arrowheads). Scale bars, 10 pym. I, F-actin staining in pUR4-treated
cells indicated a compromised defect in cellular organization compared with the control group. Scale bars, 100 pm. J, a-Smooth muscle actin (a-SMA) staining in
ll-11C- and pUR4-treated human MFs. Scale bars, 100 um. K, Vimentin staining in peptide-treated cells. Scale bars, 100 um. Data are presented as mean+SEM.
n=5.Statistical significance was determined with paired t test. *P<0.05. **P<0.01. ***P<0.001.

No effects on cardiac function or morphometry pa-
rameters were detected after 7 days of peptide expo-
sure (Figure VIIA and VIIB and Table | in the online-only
Data Supplement). Furthermore, pUR4 administration
did not result in CM hypertrophy in healthy hearts
(Figure VIIC in the online-only Data Supplement). To
determine whether there was any effect on the cardi-
ac inflammatory milieu after exposure to the peptides,
flow cytometry analysis was performed, and no sig-
nificant changes in the inflammatory cell population
of the heart were observed (Figure VIID in the online-
only Data Supplement). In addition, FN inhibition in
healthy animals did not result in a significant decrease

Circulation. 2018;138:1236-1252. DOI: 10.1161/CIRCULATIONAHA.118.034609

of collagen deposition (Figure VIIE in the online-only
Data Supplement). To further explore possible effects
on cardiac muscle cell contractility, primary CMs were
isolated from unchallenged hearts and assessed for
contractile function. No basal differences in sarco-
meric shortening were observed with either peptide
(Figure VIIF in the online-only Data Supplement). CMs
isolated 5 days after I/R and treated immediately with
lI-11C and pUR4 for 1 hour did not show significant
alterations in contraction (Figure VIIG in the online-
only Data Supplement). Overall, these data suggest
that peptide administration has no significant effect
on baseline cardiovascular function.
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Inhibition of FN Polymerization
Attenuates MF Markers and Inflammatory
Cell Infiltration 7 Days After Injury In Vivo

Our in vitro data suggest that blocking FN deposition
into the ECM attenuates the pathological phenotype
exhibited by activated MFs isolated from failing mouse
and human hearts. Therefore, we sought to examine
whether inhibition of FN polymerization by pUR4 treat-
ment may be salutary after myocardial injury. To test
this hypothesis, WT mice were subjected to myocardial
ischemia followed by 7 days of reperfusion (Figure 5A).
First, FN expression was markedly upregulated 7 days
after I/R (Figure VIl in the online-only Data Supplement)
as previously described.?”*® Seven days of pUR4 treat-
ment after cardiac injury trended toward a reduction
of the expression of FN by 30% (Figure 5B), as well as
fibrosis-related transcripts such as a-SMA and collagen
3 (Figure 5C). In addition, pUR4 significantly reduced
proliferative fibroblast numbers in both the infarcted
and remote areas of the heart 7 days after injury as
observed by EdU administration (Figure 5D).

ECM homeostasis relies on a tight balance between
matrix metalloproteinases (MMPs) and tissue inhibi-
tors of metalloproteinases (TIMPs), which collectively
regulate ECM components in the process of cardiac re-
modeling.?® However, exacerbated MMP activity is det-
rimental for cardiac output.?® To characterize MMP ac-
tivity, we studied the expression of MMPs and TIMPs, as
well as their enzymatic activity. Analysis in pUR4-treated
hearts revealed a trend toward a reduction of MMP-9
activity (Figure IXA in the online-only Data Supplement)
and its transcript level (Figure IXB in the online-only
Data Supplement). TIMP-1 transcript level was signifi-
cantly reduced by pUR4 treatment (Figure IXB in the
online-only Data Supplement).

The role of FN in the recruitment of inflammatory cells
into different tissues has been extensively described.*4’
The robust inflammatory response triggered after cardiac
insult is initially crucial for cardiac repair, but it is also in-
volved in pathological tissue remodeling and HF at later
stages.”> CM necrosis triggers an acute inflammatory
response characterized by immune cell recruitment and
a rapid increase in cytokine and chemokine levels.** Toll-
like receptors (TLRs) play a pivotal role in recognizing en-
dogenous “danger signals” released during cell death.*3
Because FN is a possible ligand for TLR-2 and TLR-4, we
sought to investigate the role of FN inhibition in TLR ex-
pression and inflammatory progression after I/R injury.
TLR-2, but not TLR-4, expression exhibited a significant
reduction in the LV of pUR4-treated hearts (Figure 5E).
Furthermore, the different immune subsets residing in
the heart were evaluated by flow cytometry 7 days after
I/R injury in pUR4- and lll-11C—treated animals (Figure 5F).
The recruitment of neutrophils into the heart was sig-
nificantly attenuated after pUR4 treatment (Figure 5G),
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whereas the total number of CD45* cells recruited was
not significantly altered (Figure 5H), nor was the number
of macrophages, dendritic cells, and other compartments
affected by pUR4 treatment (Figure XA through XF in the
online-only Data Supplement). In addition, we did not
detect a significant decrease in the mRNA expression of
relevant cytokines such as interleukin-1p and -6 in the LV
of pUR4-treated animals 7 days after organ reperfusion
(Figure XG in the online-only Data Supplement).

Given the observed decrease in neutrophil infiltra-
tion in the heart after I/R in mice treated with pUR4, we
hypothesized that pUR4 would impair neutrophil adhe-
sion to heart endothelial cells as a mechanism for the
observed in vivo defect in recruitment. To test whether
pUR4 had any effect on neutrophil adhesion, mouse
heart endothelial cells (MHECs) were evaluated under
shear flow conditions in vitro. Treatment of neutrophils
or MHECs with pUR4 did not alter the expression of the
neutrophil markers Ly6G and CD11b, the expression of
neutrophil adhesion molecules such as P-selectin glyco-
protein ligand-1, or the MHEC monolayer integrity, and
it efficiently inhibited FN polymerization in MHECs (Fig-
ure Xl in the online-only Data Supplement). It is striking
that pUR4 treatment of MHEC resulted in significantly
reduced total accumulation and firm adhesion of neutro-
phils to MHECs compared with ll-11C control treatment
(Figure 51 and 5J) without affecting neutrophil rolling on
MHECs (Figure 5K). This decreased adhesion observed
in pUR4-treated cells was not related to an alteration in
the expression of integrins involved in neutrophil adhe-
sion such as very late antigen-4 and lymphocyte func-
tion-associated antigen 14 (Figure XIIA and XIIB in the
online-only Data Supplement). Subsequent experiments
tested whether FN polymerization regulated the expres-
sion of vascular cell adhesion molecule-1 (VCAM-1) and
intracellular adhesion molecule-1 (ICAM-1), which are
the endothelial ligands for neutrophil very late anti-
gen-4 and lymphocyte function-associated antigen 1,%
on tumor necrosis factor-a stimulation. Although flow
cytometry data showed that pUR4 does not significantly
decrease VCAM-1 and ICAM-1 surface expression in
MHECs treated for 72 hours (Figure XIIC and XIID in the
online-only Data Supplement), cellular MHEC VCAM-1
and ICAM-1 staining demonstrated overall reduction of
protein expression (Figure XIIE and XIIF in the online-only
Data Supplement). Taken together, these results suggest
that pUR4 reduces neutrophil adhesion and arrest on
MHECs under inflammatory conditions by a putative de-
crease of total ICAM-1 and VCAM-1 protein expression.

Systemic Treatment With pUR4 Reduces
Pathological Cardiac Fibrosis and Preserves
Cardiac Function Up to 4 Weeks After I/R

To examine whether pUR4 treatment limits long-term
cardiac injury and fibrosis in vivo, mice were subjected to

Circulation. 2018;138:1236—1252. DOI: 10.1161/CIRCULATIONAHA.118.034609
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Figure 5. Inhibition of fibronectin (FN) polymerization attenuates fibrotic mediators and inflammatory cell infiltration 7 days after ischemia/reperfu-

sion (I/R) in vivo.

A, Schematic of the experimental timeline showing initiation of pUR4 or Ill-11C treatment after the I/R injury. B, FN protein expression in the heart (representative im-
munoblots, top; densitometry, bottom). n=5. C, Fibrosis-related gene expression in left ventricular tissue of peptide-treated hearts. a-SMA indicates a-smooth muscle
actin; and Col, collagen. n=5 to 6. D, Cardiac proliferative cells, S phase (EdU* staining, green), detected in the infarct and remote areas by flow cytometry (representa-
tive plots, left; quantification, right). n=3 to 4. E, Toll-like receptor (TLR)-2 and TLR-4 expression 7 days after infarction in the specified treatment groups. n=5 to 6.

F, Flow cytometry strategy workflow to analyze the different immune cell compartments. G and H, Quantification with flow cytometry of neutrophils (G) and CD45*
cells (H) in the hearts of sham and pUR4- or lll-11C—treated animals. n=5 to 8. I, Quantification of total accumulation of neutrophils to mouse heart endothelial cells
(MHECs). J, Quantification of firm adhesion of neutrophils to MHEC. K, Quantification of neutrophil rolling on tumor necrosis factor-a—activated MHEC pretreated
with the indicated peptides for 72 hours. Neutrophils were perfused at 1 dyne/cm?, and interactions with MHECs were quantified in 10-minute videos and additional
fields of view. Data are presented as mean+SEM. Statistical significance determined by 1-way ANOVA with Tukey post hoc analysis. *P<0.05. **P<0.01. ***P<0.001.

FSC-H indicates forward scatter height.

I/R injury and treated daily with pUR4 or lll-11C for the
first 7 days, followed by evaluation of cardiac function
and histology 4 weeks after I/R (Figure 6A). Seven days
of pUR4 treatment significantly preserved myocardial
function up to 4 weeks after I/R as measured by ejection
fraction and end-systolic volume (Figure 6B and 6C and
Table Il'in the online-only Data Supplement), suggesting
an injury-reducing effect after just short-term (7 days)
pUR4 administration. Attenuation of systolic dysfunc-
tion observed in pUR4-treated animals was possibly the
result of a reduction in the infarct size, either through
direct effects of the peptide on CM survival or through
attenuation of inflammatory CM injury. To further evalu-
ate these possibilities, the infarct size was assessed 24
hours after injury with concomitant peptide treatment
followed by quantification of percent of infarcted area
compared with the area at risk (Figure XIlIA in the on-
line-only Data Supplement). In addition, terminal de-
oxynucleotidyl transferase dUTR nick-end labeling was
performed to measure the number of apoptotic cells in
the infarct area 24 hours after treatment and I/R (Figure
XIlIB in the online-only Data Supplement). No significant
differences were observed either in the area of infarct or
in the number of apoptotic cells between treatments.

Circulation. 2018;138:1236-1252. DOI: 10.1161/CIRCULATIONAHA.118.034609

pUR4-treated animals also exhibited an attenuation
in pathological hypertrophy detected in cardiac mor-
phometry (Figure 6D). The observed attenuation of car-
diac hypertrophy was confirmed by a reduction of CM
size after pUR4 administration (Figure 6E), although
pUR4 appeared not to have a direct effect on CM size
in response to the prohypertrophic signal angiotensin |l
using primary neonatal rat CMs in vitro (Figure XIV in
the online-only Data Supplement).

A reduction of the pathological fibrotic response
was detected in pUR4-treated animals 4 weeks after
I/R. FN content in the LV as analyzed by quantitative
polymerase chain reaction, immunofluorescence, and
Western blotting was reduced after peptide adminis-
tration (Figure 6F through 6H). At 4 weeks after injury,
pUR4 administration resulted in decreased fibrosis and
collagen | accumulation, as evidenced by Picrosirius
Red (Figure 6l), reduction of transcript level expression
(Figure 6J), and immunostaining (Figure 6K). Further-
more, second harmonic generation represents a pow-
erful tool to image collagen at high resolution, with
diffraction-limited resolution (<300 nm), that allows
the study of collagen architecture, orientation, and
crystallinity at a microscopic level better than is possi-
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ble by other microscopy or histological techniques.*64
Second harmonic generation imaging was performed
to further study collagen organization in peptide-treat-
ed groups. A notable reduction of collagen deposition
was observed in pUR4-treated animals comparted with
those treated with lll-11C peptide (Figure XV in the on-
line-only Data Supplement). In addition, the total num-
ber of CD45* cells localized in the infarcted area was
reduced in the LV of pUR4-treated animals (Figure 6L).
Collectively, these data demonstrate the salutary ef-
fects of pUR4 treatment in preserving cardiac function
and attenuating myocardial hypertrophy and fibrosis
after organ injury.

To investigate whether pUR4 may revert the pre-
established scar existing in a later stage of HF, animals
underwent I/R cardiac surgery, and pUR4 or llI-11C
treatment was started 4 weeks after I/R for 2 weeks,
followed by 2 more weeks of survival; hearts were har-
vested 2 weeks after peptide administration (Figure
XVIA in the online-only Data Supplement). Delayed
pUR4—-treated hearts exhibited a trend toward reduc-
tion of hypertrophy and fibrosis (Figure XVIB and XVIC
in the online-only Data Supplement) with no apparent

Fibronectin Inhibition Confers Cardioprotection

effect on cardiac function (Figure XVID and Table Ill in
the online-only Data Supplement). Although we did
not observe significant changes in cardiac remodel-
ing or dysfunction, these data suggest that pUR4 may
hold potential to attenuate the pre-established scar 4
weeks after I/R with no protection in cardiac function
at this time point.

Inducible Fibroblast-Specific FN Ablation
Is Protective After Cardiac Injury

On the basis of the salutary effects of systemic pUR4
treatment after I/R, the therapeutic efficacy of attenuat-
ing local FN polymerization was further evaluated with
fibroblast-restricted FN-KO mice. These mice were fur-
ther treated with llI-11C or pUR4 to characterize cell
specificity of FN in the heart. Fnfodfox (FN*++) animals
were crossed with mice expressing inducible Cre re-
combinase under the control of Tcf21 promoter (Tcf-
2 mERCremER) 33 These mice allow conditional ablation of
FN gene expression on tamoxifen administration in es-
sentially all cardiac resident fibroblasts and in their acti-
vated MF progeny.>* Tamoxifen chow diet was initiated
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Figure 6. Seven days of pUR4 preserves cardiac function and reduces remodeling up to 4 weeks after ischemia/reperfusion (I/R).

A, Animals received daily intraperitoneal peptide injection for 7 days immediately after cardiac surgery and were followed up for 4 weeks total. B, Cardiac function
evaluated by echocardiography shown by percent ejection fraction at 4 weeks after I/R. n=8 to 10 per group. C, Cardiac dilation assessed by echocardiography
shown by end-systolic volume (ESV) 4 weeks after I/R. n=8 to 10 per group. D, Cardiac morphometry is shown as heart weight to body weight ratio (left) and heart
weight to tibia length ratio (right). n=11 to 14 per group. E, Representative cardiomyocyte cross-sectional images of wheat germ agglutinin (WGA) staining (green)
in the infarct border zone of the indicated treatment (left) and quantification (right). Scale bars, 100 um. n=5. CF indicates cardiac fibroblasts; and CM, cardiomyo-
cytes. F, Fibronectin (FN) transcript expression in the left ventricle of the different treatment groups. n=5 to 6. G, Representative images of FN staining obtained in
the infarcted area of I/R groups or in the left ventricles of sham animals. Scale bars, 100 um. Sa.A indicates sarcomeric a-actinin. H, FN expression in the left ventricle
of the indicated treatments was determined by Western blotting. n=6. I, Fibrotic scar formation was evaluated by Picrosirius Red staining (representative pictures,
left; quantification, right). n=5. J, Collagen transcript expression in the left ventricle of the different treatment groups. n=5 to 6. K, Representative images of col-
lagen staining obtained from infarcted area of I/R groups or in the left ventricles of sham animals. Scale bars, 100 pm. L, Inflammatory cells recruited in the infarcted
area were detected with CD45 marker (green) (representative pictures, left; quantification, right). Scale bars, 10 um. n=>5 to 6. Data are presented as mean+SEM.
Statistical significance was determined with 1-way ANOVA with Tukey post hoc analysis. *P<0.05. **P<0.01. ***P<0.001. ****P<0.001.
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2 weeks before surgery and continued for 4 weeks to
conditionally ablate FN gene expression in both resident
and activated fibroblasts (Figure 7A). To determine gene
knockdown, quantitative polymerase chain reaction
and immunostaining analysis for FN were performed
in freshly isolated CFs from DTG mice with or without
tamoxifen (Figure XVII in the online-only Data Supple-
ment). It is remarkable that mice in which FN was ab-
lated in Tcf21+ fibroblast lineage offered a significant
preservation of cardiac function after I/R as measured
by improved percent ejection fraction (Figure 7B) and
reduced cardiac dilation (Figure 7C) compared with
FN+* control mice (Table IV in the online-only Data Sup-
plement). Administration of the pUR4 FN inhibitor after
I/R injury to DTG mice did not further improve cardiac
function (Figure 7B and 7C). In addition, restricted CF-
FN-KO mice exhibited ameliorated pathological chang-
es in cardiac morphometry treated with Ill-11C or pUR4
(Figure 7D). The observed attenuation in cardiac hyper-
trophy was confirmed by a reduction in CM size in CF-
FN-KO animals (Figure 7E); however, pUR4 treatment
did not further attenuate CM hypertrophy (Figure 7E).

To examine the effects of FN genetic ablation in car-
diac fibrosis, hearts of DTG mice with tamoxifen treated
with llI-11C or pUR4 were histologically assessed. Col-
lagen content was significantly reduced in CF-FN-KO
mice with no further changes with pUR4 treatment
(Figure 7F). In addition, immunofluorescence staining
for FN and periostin revealed a decreased FN expression
in DTG mice compared with FN** controls after injury
and tamoxifen administration (Figure 7G and 7H).

Together, these data demonstrate that animals in
which FN was ablated in CF populations exhibited pre-
served cardiac function and reduced hypertrophy and
fibrosis in vivo. These findings may be the result of a
reduced post-I/R fibrotic scar as a consequence of the
attenuation of pathological FN and collagen deposition
derived from CFs.

DISCUSSION

Myocardial ischemia after coronary artery obstruction
triggers the recruitment and activation of resident and
quiescent CFs. These CFs are stimulated by the release
of cytokines, chemokines, and growth factors, as well
as by mechanical forces,*® which alter activation pat-
terns in the myocardium, promoting their differentia-
tion to MFs.*® MFs are a highly proliferative, migratory,
and secretory cell type involved in the pathological re-
modeling of the myocardium on injury, promoting car-
diac fibrosis, which ultimately leads to HF. Although MFs
initially trigger a reparative wound healing response,
prolonged persistence of MF activity is detrimental for
organ compliance.

Production and polymerization of FN are both el-
evated in clinical and experimental models of HF.37-3

Circulation. 2018;138:1236-1252. DOI: 10.1161/CIRCULATIONAHA.118.034609
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Polymerization of FN tightly regulates the assembly of
different ECM proteins, including collagen type [.19:20.50
These processes are necessary for normal tissue repair
but become exacerbated during fibrosis. However, the
impact of inhibiting FN polymerization or targeting its
gene expression in cardiac fibrosis and organ function
after injury had not been elucidated.

In the present study, the functional role of FN
matrix deposition in cardiac remodeling was evalu-
ated with the adhesin-based peptide pUR4, which
specifically binds to FN and inhibits its cell-mediated
polymerization. Administration of pUR4 for 7 days
after cardiac I/R preserved cardiac function, reduced
FN and collagen deposition, and attenuated patho-
logical cardiac remodeling, cardiac fibrosis, and myo-
cardial neutrophil infiltration up to 4 weeks after I/R.
Similar results were obtained in vitro, where pUR4
attenuated key properties of primary mouse and hu-
man failing cardiac MFs such as proliferation and
migration. Our data demonstrate that pUR4 blocked
FN polymerization in the extracellular space in pri-
mary mouse CFs isolated from unchallenged hearts.
However, pUR4-treated cells did not show a decrease
in FN transcript level or intracellular protein content.
These observations are in agreement with previous
studies®"¥ showing that pUR4 administration does
not interfere with FN transcript level expression or
intracellular protein content.

The ECM microenvironment modulates cell pheno-
type and function. FN is known to be required during
tissue homeostasis and after injury wound healing,
influencing a variety of crucial cellular processes, in-
cluding proliferation and migration. The in vitro data
demonstrate that pUR4 blocks the deposition of FN into
ECM fibrils in primary cardiac MFs isolated from mouse
hearts after I/R. In addition, decreasing FN polymeriza-
tion rendered a concomitant reduction of collagen de-
position and maturation into the ECM measured by im-
munocytochemistry and Western blotting. These data
are consistent with several studies demonstrating the
requirement of an established FN network to nucleate
the elaboration of a collagen matrix into the ECM.19.2051
Mouse MFs exhibited a significant reduction in cell
proliferation, likely mediated through c-myc signal-
ing pathway downregulation. Previous in vitro studies
have demonstrated the role of FN in cell proliferation
through c-myc axis regulation,? pinpointing its central
role as a master regulator of cellular proliferation and
its essential requirement for cell cycle progression.>*3
FN polymerization also promotes migration of a variety
of cell types, including MFs."242> Therefore, our data
are consistent with previous reports that recognize a
positive effect of FN polymerization on cell migration.
Furthermore, depletion of FN deposition promoted an
increase of 31 integrin internalization accompanied by
a reduction of phosphorylated FAK protein level and a
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Figure 7. Effect of fibronectin (FN) genetic ablation in cardiac fibroblasts (CFs).

A, Animals were fed tamoxifen chow diet 15 days before cardiac surgery, continued on it for 4 weeks after the injury, and received daily intraperitoneal peptide
injection for 7 days immediately after ischemia/reperfusion (I/R). Animals were followed up for 4 weeks total. B, Cardiac function evaluated by echocardiography
shown by percent ejection fraction at 4 weeks after I/R. C, Cardiac dilation assessed by echocardiography shown by end-systolic volume (ESV) 4 weeks after I/R. D,
Cardiac morphometry represented as heart weight to body weight ratio (left) and heart weight to tibia length ratio (right). E, Representative cardiomyocyte (CM)
cross-sectional images of wheat germ agglutinin (WGA) staining (green) and DAPI (blue) in the infarct border zone of the indicated treatment (left) and quantifica-
tion (right). Scale bars, 100 um. F, Fibrotic scar formation was evaluated by Picrosirius Red staining (representative pictures, left; quantification, right). Scale bars,
1000 pm. G, Representative images for FN staining from the infarcted area of the mentioned experimental groups. Scale bars, 100 pm. H, Representative images
for periostin staining from the infarcted area of the mentioned experimental groups. Scale bars, 100 pm. Fn*+: Fnflofox; CF-FN-/=: Tcf2 1mERCremER: Fpfloxfiox Sarcomeric
a-actinin (SoA). Statistical significance was determined with 1-way ANOVA with Tukey post hoc analysis. Data are presented as mean+SEM. n=6 to 7 per group.
#P<0.05 vs sham. ##P<0.01 vs sham. ####P<0.0001 vs sham. tP<0.05 vs Fn**. 11P<0.01 vs Fn**. t11P<0.001 vs Fn**. tT11P<0.0001 vs Fn**.

decrease in a-SMA expression. Numerous studies have
demonstrated that FN typically binds to a581 integ-
rins>* and that cessation of FN polymerization triggers
the internalization of 1 integrins in a caveolin-1-de-
pendent manner.> In addition, FAKs plays a critical role
in cell migration,®® localizing with integrins at focal con-
tact sites and activated by cell binding to ECM proteins
such as FN.>” Our results suggest that pUR4 treatment
of primary mouse CFs promotes integrin internalization
on inhibition of FN polymerization with the consequent
disruption of p-FAK localization and expression, hence
decreasing the mobility of pUR4-treated cells. Similar
results were observed in pUR4-treated human failing
CFs. As with murine CFs, FN remarkably attenuated the
ability of the failing human CFs to proliferate and mi-
grate, exhibiting a downregulation in c-myc and p-FAK
pathways and a-SMA expression. Collectively, the find-
ings in mouse and human HF MFs highlight the crucial
role of FN in modulating cell behavior and the well-es-
tablished relationship between FN and cell proliferation
and migration. Our in vitro human data in failing MFs
after pUR4 treatment suggest therapeutic promise for
the treatment of HF.
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The positive role that FN exerts in cell survival, thus
inhibiting apoptosis, has been previously reported.?58
Our data demonstrate that inhibiting FN matrix forma-
tion does not significantly alter cell survival, suggesting
that this process may rely on other mechanisms or that
the low levels of FN deposited into the cell surface are
sufficient to maintain cell survival. In addition, no dif-
ferences in reactive oxygen species production or total
mitochondria content were observed in MFs after pUR4
administration, suggesting that inhibiting FN polymer-
ization does not interfere with normal mitochondrial
functions. Plus, pUR4 did not alter cellular metabo-
lism, as evidenced by unaffected ATP production, oxy-
gen consumption, glycolysis, and fatty acid oxidation.
Together, these data suggest that the attenuation of
proliferation and migration detected in MFs on pUR4
administration is not attributed to survival and meta-
bolic state, highlighting that blocking FN polymeriza-
tion directly affects specific aspects of cellular behavior.

Although FN expression levels are low in unchal-
lenged hearts,>>®° its expression is elevated on cardiac
injury in both mouse and human hearts.%¢" Daily pUR4
peptide treatment, initiated the same day as I/R injury,
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decreased fibrosis-related genes, including FN and col-
lagens, in the LV of hearts 7 days after I/R. pUR4 was
sufficient to decrease FN expression and accumulation
in the heart. Concurrently, in vivo EdU pulse-chase ex-
periments revealed a significant decrease of prolifera-
tive fibroblasts in both remote and infarcted areas 7
days after cardiac insult. These in vivo data are consis-
tent with many of our in vitro results demonstrating the
role of pUR4 in attenuating cell proliferation.

The tight balance between MMPs and TIMPs regu-
lates ECM homeostasis.®? However, after cardiac injury,
several MMPs and TIMPs are significantly increased in
the myocardium,®® contributing to the development
and progression of pathological ventricular remodeling.
pUR4 treatment displayed a downward trend in MMP-9
activity and expression and a significant downregula-
tion of TIMP-1, suggesting that blocking FN deposition
may attenuate the imbalance of MMPs and TIMPS that
occurs after cardiac injury.

Inflammation plays a critical role in adverse ventricu-
lar remodeling and decreased cardiac function after in-
jury.*? In this context, TLRs are proposed to be one of the
main targets for endogenous ligands released after car-
diac insult to promote the recruitment of inflammatory
cells into the injured myocardium.® FN acts as a ligand
for TLR-2 and TLR-4. We found TLR-2 expression to be
significantly reduced in the LV of pUR4-treated animals
7 days after I/R. Furthermore, the in vitro adhesion stud-
ies indicated that pUR4 significantly reduced neutrophil
adhesion to tumor necrosis factor-a—activated MHECs,
which may explain the decreased myocardial neutro-
phil recruitment observed in vivo after I/R cardiac injury.
The observation that pUR4 selectively affects neutrophil
arrest, but not neutrophil rolling, suggests that pUR4
regulates the expression of heart endothelial cell in-
tegrin ligands, but not selectins, involved in the firm
arrest and rolling steps of the leukocyte recruitment
cascade, respectively. These data are consistent with
published data showing that targeting FN expression
or polymerization resulted in a suppressed inflamma-
tory response.?'32%> |n fact, the data demonstrate that
inhibiting FN polymerization does not affect neutrophil
integrins involved in cell recruitment, suggesting that
the observed effects of pUR4 in neutrophil recruitment
in vivo and in neutrophil arrest in vitro are mediated by
pUR4 effects on heart endothelial cell integrin ligands
(VCAM-1 and ICAM-1). Although flow cytometry data
show that overall pUR4 does not significantly decrease
ICAM-1 and VCAM-1 surface expression, immunocyto-
chemistry analysis revealed decreased total expression
of both ligands. Several reports have demonstrated
that activated neutrophils trigger an intense oxidative
response®®” and produce proteases and collagenases®®
to further contribute to the pathological remodeling
and the detrimental organ dysfunction exhibited after
cardiac injury. Our observations that pUR4 specifically
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prevents neutrophil myocardial infiltration after I/R in
vivo suggest a significant role of FN in recruiting neu-
trophils to the injured myocardium, potentially through
a regulation of TLRs and heart endothelial cell adhesion
molecules involved in neutrophil recruitment.

As outlined earlier, exaggerated ECM remodeling
accelerates the pathological functional decline associ-
ated with HF progression, eliciting the formation of a
mature scar that severely compromises organ compli-
ance. Therefore, experiments were performed to test
whether 7 days of daily pUR4 to inhibit FN immediately
after I/R would be salutary after myocardial injury up to
28 days after I/R. It is remarkable that 7 days of pUR4
treatment significantly reduced myocardial dysfunction
up to 4 weeks after I/R as measured by echocardiogra-
phy. In addition, pUR4 attenuated pathological changes
in cardiac morphometry. Seven days of pUR4 peptide
injections dramatically reduced pathological cardiac re-
modeling and fibrosis as observed up to 4 weeks after
I/R by a decrease in FN and collagen deposition in the LV.
The decrease of FN in the heart after pUR4 treatment
after injury reduced the fibrotic scar in the myocardium.
Furthermore, delayed pUR4 treatment 4 weeks after I/R
indicated a favorable downward trend in cardiac hyper-
trophy and fibrosis with no significant change in cardiac
function compared with 1ll-11C treatment. Although
we could not detect a significant reduction in cardiac
function at this stage despite a trend toward a reduc-
tion of hypertrophy and fibrosis, this may be the result
of the short period of time of peptide administration
initiated 4 weeks after I/R and the cessation of therapy
for 2 weeks before sample analysis. Future experiments
will further establish the optimal dose and timing of
treatment to potentially revert pathological aspects of
the pre-established scar concomitant with improve-
ment in cardiac function.

Because CFs are believed to be the most abundant
contributors to FN production in the heart, we sought
to validate the salutary effects observed with systemic
pUR4 delivery in our novel, inducible, fibroblast-specific
CF-FN-KO. To this end, FN expression was ablated in
Tcf21+-expressing cells (quiescent CFs before I/R and
their activated MF progeny after cardiac injury).>*>3* FN
ablation in Tcf21+-derived CF lineage attenuated car-
diac hypertrophy and pathological fibrosis, including
reduced CM cross-sectional area and collagen content.
Addition of the FN inhibitor peptide pUR4 did not fur-
ther preserve cardiac function in CF-FN-KO compared
with llI-11C. These findings suggest that the cardiopro-
tective effects proffered by ablating FN expression or at-
tenuating FN polymerization may be mediated through
effects on FN from the CF lineage.

Although FN has been extensively studied, the role
of blocking its polymerization or genetic ablation in CF
populations in regulating cardiac cell behavior and the
development of cardiac fibrosis has not yet been eluci-
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dated. Our data are the first to demonstrate that sup-
pressing FN matrix deposition with a peptide to attenu-
ate FN polymerization or ablating its gene expression
specifically in CF populations preserves cardiac function,
attenuates adverse LV remodeling, and limits cardiac fi-
brosis in a mouse model of HF. These findings reinforce
the importance of understanding the role of FN and its
polymerization in the heart, both during homeostasis
and after cardiac injury, and suggest that targeting FN
polymerization may be a new therapeutic strategy for
treating cardiac fibrosis and HF.
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