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Summary

The study of the mechanisms of development and progression of fibrosis is one of the key directions
of modern cardiology. Our work suggests that the urokinase-type plasminogen activator receptor (uPAR)
is involved in the regulation of mesothelial cell activity and epicardial fibrosis development, which, when
interacting with specific ligands and intermediate proteins, can activate intracellular signaling, trigger
the cascade of proteolytic reactions, including local plasmin formation and activation of matrix metallo-
proteinases, providing matrix remodeling.

Objective: to perform a comparative study of fibrogenic activity of the epicardium in the hearts of uPAR-/-
and wild-type animals and evaluate the effect of cardiac microenvironment factors on the migration activity of
epicardial mesothelial cells.

Material and methods. We used histological and immunofluorescent staining, microarray analysis of
proinflammatory cytokine levels, and a method for assessing the migratory properties of epicardial cells.

Results. Results. We found that compared to wild-type animals, uPAR-/- animals show significant thick-
ening of the epicardial area (2.46+0.77 (uPAR-/- mice) and 1.02+0.17 (Wt mice) relative units, P=0.033) accom-
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panied by accumulation of extracellular matrix proteins. Deficiency of uPAR gene leads to formation of proin-
flammatory microenvironment in the heart (increased levels of proinflammatory factors such as IL-1, IL-13,
IL-17, RANTES and MIP1), increased migratory activity of epicardial mesothelial cells, accumulation of TCF21+
fibroblast/myofibroblast precursors (29.8+13.7 (uPAR-/- mouse) and 3.03+0.8 (Wt mouse) cells per visual field,
P=0.02), as well as development of subepicardial fibrosis.
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Conclusion. These findings suggest that uPAR is a promising candidate for the developing targeted agents
to prevent the development and progression of cardiac fibrosis.

Highlight

Deficiency of urokinase-type plasminogen activator receptor contributes to the formation of proinflam-
matory microenvironment and fibrogenic remodeling of epicardial area.
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Introduction

Extracellular matrix (ECM) proteins are an
important regulators of the structural organization
of human heart, coordinating the efficient electro-
mechanical coupling of myocardial cells, as well as
forming a unique microenvironment to maintain
the fundamental characteristics of cells and per-
form their reparative functions [1]. In a healthy
heart, the balance of ECM components is main-
tained through their enzymatic degradation and de
novo synthesis, which ensures the normal microen-
vironment homeostasis. However, when patholog-
ical conditions develop, this balance is disturbed,
leading to excessive matrix deposition, known as
cardiac fibrosis, which has a significant impact on
cardiac function by increasing myocardial stiffness
and impairing electrical conduction. Fibrosis of
various organs is estimated to be directly or indi-
rectly responsible for almost 45% of deaths in
developed countries, which is highly important
from a social point of view and carries an enormous
economic burden on society [2, 3]. To date, there
are no effective ways to reverse the pathological
reorganization of the cellular microenvironment
and influence the activity of fibroplastic processes
in the heart, which inevitably leads to the develop-
ment of severe heart failure and death. Therefore,
the search for new biological targets and the study
of the mechanisms of cardiac fibrosis development
remains relevant. In this respect, attention has
turned to the epicardium, the outer membrane-like
layer of the heart, formed by a heterogeneous pop-
ulation of epicardial mesothelial cells and extracel-
lular matrix proteins. Studies of transgenic mouse
lines using Cre-lox homologous recombination tar-
geting Wilms tumor genes 1 (Wtl) and Tcf21
revealed a population of progenitor cells in the epi-
cardium that undergo epithelial-mesenchymal
transition (EMT) during embryonic development
and differentiate into a resident fibroblast line
[4-8]. In the adult heart, when ischemia or pressure

overload develop, the epicardial microenvironment
remodeling occurs, leading to re-expression of fetal
epicardial genes and fibroblast-like cell transfor-
mation [9-11].

This study suggested that urokinase-type plas-
minogen activator receptor (uPAR) may act as a
regulator of epicardial microenvironment remod-
eling [12, 13]. It is an integral part of the urokinase
system, which also includes urokinase (uPA) and
two inhibitors (PAI-1 and PAI-2). uPAR is anchored
in the cell membrane via the GPI anchor, which
ensures its mobility in the membrane bilayer and
allows it to focus the proteolytic activity of urokinase
locally in the direction of cell movement. The cas-
cade of proteolytic reactions triggered by urokinase,
including local formation of plasmin and activation
of matrix metalloproteinases, provides matrix
remodeling. However, in addition to the activation
of extracellular proteolysis, most cellular responses
modulated by the urokinase system are enabled by
transmembrane signaling, which is mediated by the
interaction of components of this system with inter-
mediary proteins, such as integrins.

Aim of the study: a comparative study of epi-
cardial fibrogenic activity in the heart of uPAR-/-
and wild-type animals and investigation of the
influence of cardiac microenvironmental factors on
the migratory activity of epicardial mesothelial
cells.

Material and Methods

Animals. Male C57BL/129 mice (wild-type;
n=20) and C57BL/129 uPAR gene knockout mice
(uPAR-/- mice; n=20) donated by the Faculty of
Fundamental Medicine, Lomonosov Moscow State
University, were used in the study. The experiments
were approved by the ethical committee of Na-
tional Medical Research Center for Cardiology.

Detection of collagen fibers in the epicardial
area. Visualization of collagen in the epicardial
zone was done by staining the cryosections with pi-
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crosirius red, according to the technique described
in the literature [14].

Detection of TCF21+ fibroblast progenitor
cells in the epicardial area. TCF21 cells were ana-
lyzed by immunohistochemical staining using a
commercial ABC Elite Kit (Vector Lab, USA).
Cryosections were thawed at room temperature (30
min), washed in phosphate-salt buffer (5 min), and
fixed in 3.7% parapharmaldehyde solution (10
min). After fixation, the sections were washed with
phosphate-buffered saline (PBS) (3 times for 5 min-
utes), permeabilized with 0.1% Triton X100 solution
(5 minutes), endogenous peroxidase was blocked
using the 3% H,0, solution followed by washing
with PBS. Next, the sections were blocked with a so-
lution containing 1% bovine serum albumin (BSA)
and 10% of the second antibody donor serum in
PBS (30 min). After that, cryosections were stained
with antibodies to TCF 21 marker (Biolegend, USA)
for 1 hour. Afterwards, the slides were washed with
PBS (3 times for 5 min each) and secondary biotiny-
lated antibodies were applied to the sections for 30
min. Next, the slides were washed with PBS and
treated with ABC kit for 30 minutes. The slides were
then washed with PBS and stained with the sub-
strate included in the DAB substrate kit. After stain-
ing, the slides were washed with distilled water, de-
hydrated, and mounted using xylene-based
medium.

Obtaining epicardial mesothelial cell cul-
ture. The cells were isolated according to the pro-
tocol described earlier [15].

Assembly of spheroids based on epicardial
mesothelial cells. To assemble epicardial sphe-
roids, V-shaped cups with low-adhesion Gravity-
TRAPTM ULA Plate were used. To obtain spheroids,
a cell suspension (5000 cells in 70 pl of culture
medium) was plated into wells, precipitated by cen-
trifugation (200g, 2 min), and cultured for 72 hours
(in IMDM medium supplemented with 1% fetal calf
serum) under standard incubator conditions (37°C,
5% CO,).

Evaluation of migratory properties of epicar-
dial spheroid cells exposed to conditioned
medium Wt uPAR-/- cardiac explants. Formed
spheroids were placed in 48-well culture dishes
with conditioned medium from Wt and uPAR-\-
cardiac explants (¥» of conditioned medium and
Y, of IMDM medium without serum or other ad-
ditives). Spheroids were cultured for 3 days with
image recording every 24 hours. The migration
area and migration pathway length were estimated
using Image J software (NIH, USA)

Microarray analysis of proinflammatory fac-
tors secretion by Wt and uPAR-\- cardiac explants
cells. Hearts were extracted from the thoracic cav-
ity, large vessels were dissected out, and thoroughly
washed in PBS. Next, the hearts were placed in ster-
ile Petri dishes and crushed with scissors to obtain

1-2 mm slices. The obtained crushed heart samples
were weighed and equalized by weight. Next, the
crushed samples (explants) were planted in culture
cups (uncoated) in IMDM medium (Gibco, USA)
without additives and incubated at 37°C in a 5%
CO, atmosphere. After 48 h, the explants were re-
moved and the conditioned medium was cen-
trifuged in 2 steps (1000g, 20 min). The resulting su-
pernatant was aliquoted and stored at —70°C until
proinflammatory cytokine studies and in vitro ex-
periments were performed. The levels of inflamma-
tory cytokines in conditioned media of cardiac ex-
plants of uPAR-/- mice and wild-type animals were
studied using Mouse Inflammation Antibody Array
(Abcam, USA) strictly according to the kit manufac-
turer's recommendations.

Statistical analysis. The normality of distribu-
tion of variables was assessed using the Kol-
mogorov-Smirnov test. Differences between the
groups were assessed using Mann-Whitney U-test
considering significance at P<0.05. Statistical analy-
sis of the data was performed using Statistica 8.0
software (StatSoft, Inc.). The data were presented as
meantstandard deviation (M+SD).

Results

In the hearts of 1-year-old animals knockout
for the uPAR gene (uPAR-/- mice), collagen fiber
accumulation was observed, which was combined
with 2.4x thickening of the epicardial region
(2.46+0.77 (uPAR-/- mice) and 1.02+0.17 (Wt mice)
relative units, P=0.033), which was not found in
wild-type animals (Fig. 1, a, b, ¢). Considering the
identified changes, we assessed the number of
fibroblast precursor cells in this area of the cardiac
wall. The transcription factor Tcf21 was used to
identify fibroblast precursors. This marker occurs
in epicardial mesothelial and proepicardial cell
populations and is involved in the regulation of dif-
ferentiation toward fibroblast-like derivatives [7, 8].
We found that the number of TCF21+ cells was 9-
fold higher (Fig. 1, ¢, d, ) in the epicardium/subepi-
cardium of uPAR-/- mice compared with wild-type
mice (29.8+13.7 and 3.03+0.8 cells per visual field,
respectively; P=0.02).

To identify the factors that can initiate epicar-
dial remodeling, we studied the levels of proinflam-
matory cytokines in conditioned cardiac explant
media samples (Fig. 2, @), whose elevated levels are
associated with the development of fibrosis.
Increased levels of proinflammatory factors (IL-1,
IL-13,IL-17, RANTES, and MIP1) were observed in
uPAR-/- mice compared with control explant
media (from wild-type mouse hearts).

Since thickening of the epicardial layer of the
heart is associated with the loss of intercellular con-
tacts and redistribution of mesothelial cells, we
analyzed the influence of proinflammatory
microenvironment factors on cell migration prop-
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Fig. 1. Urokinase receptor deficiency is associated with epicardial thickening and increased number of TCF+ fibroblast progen-

itor cells.

Note. Representative staining of heart sections of wild-type (a) and uPAR-/- (b) mice with picrosirius red. c— quantification of epi-
cardial zone thickness in wild-type and uPAR-/- mice. Representative staining of heart sections from wild-type (d) and uPAR-/- (e)
mice with antibodies to the fibroblast progenitor cell marker, TCF21. f — quantification of TCF21+ fibroblast progenitor cells in the
heart of wild-type and uPAR-/- mice. Data are presented as meantstandard deviation (M+SD). * — P<0.05.

erties. To study cell motility we used a 3D model of
the epicardial microenvironment built according to
the spheroid type that provided spatial interaction
of cells and formation of cadherin intercellular con-
tacts. Cell distribution area (day 3: 1069900+226137
(Wt explant medium) and 3329643+312000 (uPAR-/-
explant medium; P=0.04) relative units) and maxi-
mum migration path length (day 3: 526+86 (Wt
explants medium) and 987+57 (uPAR-/- explants
medium) relative units; P=0.01) of the epicardial
cells were significantly higher with conditioned
media from uPAR-/- cardiac explants, compared
with control media (Fig. 2, b—d).

Discussion

The studies showed that the absence of uPAR
gene is associated with the formation of proinflam-
matory microenvironment in the heart, the accumu-
lation of TCF21+ myofibroblast precursors, and the
development of subepicardial fibrosis. Therefore, we
hypothesize that uPAR is required to maintain the
integrity of the cardiac epicardial layer and regulate
the profibrogenic activity of mesothelial cells. uPAR
is widely present in epithelium-like cells of different
types; it is involved in tissue remodeling processes
and participates in the regulation of the most impor-
tant biological processes, including epithelial-mes-
enchymal transition, angiogenesis, fibrinolysis,
inflammation, tumor invasion and metastasis [12, 13,
16]. In the absence of uPAR, urokinase system func-
tion is impaired, which is probably one of the reasons
for the rearrangement of the epicardial/subepicardial
microenvironment. Indeed, increased levels of

proinflammatory factors were observed in the hearts
of uPAR-/- mice, which may act as independent reg-
ulators of cellular function and undetlie the devel-
opment of fibrosis. A study by Genua [17] showed
that uPAR deficiency causes polarization of
macrophages in the M1 direction and promotes
increased secretion of proinflammatory cytokines,
which may act as the basis for the formation of a
proinflammatory microenvironment. In the intact
heart, the mesothelium has a polygonal epithelial-
like morphology, but under the influence of inflam-
matory factors it may undergo transdifferentiation
in the mesenchymal direction and acquires promi-
gratory, proinvasive, and fibroblast-like characteris-
tics. The transition from mesothelial to mesenchy-
mal (fibroblast-like) phenotype in uPAR-/- animals
may be based on the complex effect of inflammatory
factors and altered activity of Ras-ERK1,2 MAPK,
Racl and PI3K-AKT intracellular signaling pathways
(due to impaired mutual influence of uPAR integrins
or other intermediaries) [18, 19], which lead to dis-
ruption of intercellular contacts, cell polarity loss
and cytoskeleton reorganization. Probably, the trig-
gering of this irreversible reaction underlies the for-
mation of fibroblasts/myofibroflasts hyperproduc-
ing extracellular matrix proteins, which are formed
under the control of uPAR. The absence of the recep-
tor leads to the inhibition of uPAR-dependent regu-
lation of integrin functions and increased cell adhe-
sion stimulating the transition of fibroblasts to
myofibroblasts due to the formation of adhesion
contacts and enhanced assembly/stabilization of
smooth muscle alpha-actin fibers [20-22]. An addi-
tional unfavorable factor inducing the epicardial
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Fig. 2. Conditioned medium of uPAR-/- of cardiac explants is characterized by a high level of proinflammatory factors and has
a stimulating effect on the migration properties of epicardial cells.

Note. a— quantification of proinflammatory factors in the medium of cardiac explants of wild-type and uPAR-/- mice; b, c— rep-
resentative images of epicardial cell migration from spheroids under the influence of conditioned medium of cardiac explants of
wild-type (b) and uPAR-/- mice (¢c); d, e— morphometric evaluation of cell distribution area and maximum migration pathway
length when epicardial spheroids were cultured in conditioned medium of cardiac explants of wild-type and uPAR-/- mice. The
data are presented as meantstandard deviation (M+SD). * — P<0.05.

microenvironment rearrangement can be accumu-  of EMT-associated and profibrotic genes [23, 24].
lation of free (not related to uPAR) urokinase in the  Another mechanism is possible that relates to the
heart, which, through interaction with nucleolin, interaction of urokinase with alternative recep-
can be transported to nucleus to activate expression  tors, such as N-cholinoreceptors regulating fibrob-
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last function [25] and fibrosis development/progres-
sion. The results obtained when studying uPAR-/-
animals with signs of inflammatory microenviron-
ment formation combined with cardiac fibrosis have
common features with the clinical manifestations
observed in patients with systemic scleroderma, a
condition characterized by a loss of uPAR function
due to its proteolytic cleavage by MMP12 [26]. Such
patients have elevated levels of IL-1, IL-17, MCP-
1/CCL2, MIP-1¢/CCL3, MIP-13/CCL4 and IL-
8/CXCL8, accompanied by increased EMT activity,
excessive fibroblast formation and fibrotic transfor-
mation of various tissues, including the heart [27, 28].
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