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The CXC chemokine CXCL10is up-regulated in the infarcted myocardium and limits cardiac fibrosis by inhibiting growth
factor-mediated fibroblast migration. CXCL10 signals by binding to its receptor CXCR3; however, recently CXCR3-
independent CXCL10 actions have been suggested. Our study explores the role of CXCR3 signalling in myocardial
infarction and investigates its involvement in mediating the anti-fibrotic effects of CXCL10.

Wild-type and CXCR3 null mice underwent reperfused infarction protocols. CXCL10 was markedly induced in the
infarct; in contrast, expression of the other two CXCR3 ligands, CXCL9 and CXCL11 was extremely low. CXCR3
loss did not affect scar size, geometric ventricular remodelling, collagen deposition, and systolic dysfunction of the
infarcted heart. CXCR3 null mice had increased peak neutrophil recruitment and delayed myofibroblast infiltration in
the infarcted heart, but exhibited comparable myocardial expression of pro-inflammatory cytokines and chemokines.
In vitro, CXCL10 did not modulate Transforming Growth Factor (TGF)-B signalling, but inhibited basic fibroblast
growth factor (bFGF)-induced cardiac fibroblast migration in both wild-type and CXCR3 null cells. Treatment of fibro-
blasts with heparinase and chondroitinase to cleave glycosaminoglycan chains abrogated the inhibitory effects of CXCL10
on cell migration.

CXCR3 signalling does not critically regulate cardiac remodelling and dysfunction following myocardial infarction. The
anti-fibrotic effects of CXCL10 in the healing infarct and in isolated cardiac fibroblasts are CXCR3-independent and
may be mediated through proteoglycan signalling. Thus, administration of CXCR3-defective forms of CXCL10
may be an effective anti-fibrotic strategy in the remodelling myocardium without activating a potentially injurious,
CXCR3-driven T cell response.

Myocardial infarction e Fibroblast e Chemokine e Proteoglycan e Cardiac remodeling

1. Introduction

Chemokine induction is a hallmark of the inflammatory and reparative
response following myocardial infarction.”* Members of both major
subfamilies of chemokines are released in the infarcted myocardium,
bind to glycosaminoglycans on the endothelial surface and interact
with the corresponding chemokine receptors expressed by leucocytes,
playing an important role in chemotaxis of leucocyte subpopulations.

CXC chemokines containing the ELR motif (such as interleukin-8 in
higher mammals and the corresponding CXCR?2 ligands in rodents)
are rapidly up-regulated in the infarcted heart and mediate recruitment
of neutrophils into the healing infarct.>* Members of the CC chemokine
subfamily on the other hand, attract mononuclear cell subsets, orches-
trating the post-infarction inflammatory reaction. CCL2/Monocyte
Chemoattractant Protein (MCP)-1 is a key mediator in the recruitment
of pro-inflammatory and phagocytotic monocytes,”® whereas CCR5

* Corresponding author. Tel: +1 718 430 3546; fax: +1 718 430 8989, Email: nikolaos.frangogiannis@einstein.yu.edu

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2014. For permissions please email: journals.permissions@oup.com.



218

A. Saxena et al.

ligands may attract subpopulations of inhibitory mononuclear cells
suppressing the post-infarction inflammatory response.”

In addition to their established role in leucocyte trafficking, chemo-
kines may also modulate behaviour, differentiation, and function of non-
haematopoietic cells. The ELR-negative CXC chemokine CXCL10/
Interferon-y-inducible protein (IP)-10 modulates endothelial cell and
fibroblast phenotype inducing potent angiostatic and anti-fibrotic
effects. We have previously demonstrated that CXCL10 is markedly
up-regulated in myocardial infarction® and protects the heart from ex-
cessive fibrotic remodelling by inhibiting growth factor-induced fibro-
blast migration.” CXCR3, the only well-characterized functional
receptor for CXCL10,"® is known to activate pro-inflammatory Th1
lymphocyte responses.’ In addition to CXCL10, CXCR3 also binds
two other interferon-y-inducible CXC chemokines: CXCL9/Monokine
induced by interferon-y (Mig) and CXCL11/ITAC (Interferon-inducible
T cell alpha chemoattractant). Both in vitro and in vivo studies have sug-
gested that in addition to CXCR3, CXCL10 may also signal through
other functional receptors;'*'® however, the relative significance of
CXCR3-independent CXCL10 signalling remains unknown.

Our current study examines the role of CXCR3 signalling in the
infarcted heart. Ourinvivo andinvitro studies suggest that the anti-fibrotic
effects of CXCL10 on the remodelling infarcted heart are mediated
through CXCR3-independent mechanisms and may involve proteogly-
can signalling. Our findings may have important therapeutic implications,
suggesting that CXCL10 defective in CXCR3 signalling'® may attenuate
fibrotic cardiac remodelling without exerting potentially injurious
pro-inflammatory CXCR3-mediated effects.

2. Methods

2.1 Animal protocols

Animal studies were approved by the Institutional Animal Care and Use
Committee at Baylor College of Medicine and at Albert Einstein College
of Medicine and conform with the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Female and male C57/
BL6 mice and CXCR3 KO mice in a C57BL6 background, 2—4 months of
age, were anaesthetized using inhaled isoflurane (4% for induction, 2% for
maintenance). WT and CXCR3 KO mice used for in vivo experiments
were from our own colony." For the in vitro studies, CXCR3 mice used to
harvest cardiac fibroblasts were purchased from Jackson labs (B6.129P2-
Cxcr3™'Peen/) 1> glong with corresponding C57BL6) controls. For anal-
gesia, buprenorphine (0.05—0.2 mg/kg s.c.) was administered at the time
of surgery and q12 h thereafter for 2 days. Additional doses of analgesics
were given if the animals appeared to be experiencing pain (based on criteria
such asimmobility and failure to eat). Intraoperatively, heart rate, respiratory
rate, and electrocardiogram were continuously monitored and the depth of
anaesthesia was assessed using the toe pinch method. A closed-chest model
of reperfused myocardial infarction was utilized,'® in order to avoid the
confounding effects of surgical trauma and inflammation. The left anterior
descending coronary artery was occluded for 1 h then reperfused for 6 h,
24 h, 3 days, 7 days, or 28 days. To assess cardiac function and remodelling
following myocardial infarction, animals in the 7-day group underwent base-
line and pre-sacrifice echocardiographic analysis (WT n = 14, KO n = 12).
An additional group of WT and CXCR3 KO mice undergoing 28-day proto-
cols (n = 12/group) had echocardiography only after 28 days of reperfusion.
Additional groups of mice underwent quantitative morphometric analysis
after 7 days (WT n= 15, KO n = 13) or 28 days (WT n= 13, KO n = 6)
of reperfusion. At the end of the experiment, euthanasia was performed
using 2% inhaled isoflurane followed by cervical dislocation. Early euthanasia
was performed with the following criteria, indicating suffering of the animal:
weightloss >20%, vocalization, dehiscent wound, hypothermia, clinical signs

of heart failure (cyanosis, dyspnoea, tachypnoea), lack of movement,
hunched back, ruffled coat, lack of food or water ingestion. The heart was
perfusion-fixed in zinc—formalin, and embedded in paraffin for histological
studies. Additional mice underwent 6 or 24 h reperfusion protocols (n =
9/group) and the hearts were used for RNA extraction. To assess leucocyte
and myofibroblast infiltration, hearts were immersion-fixed in zinc—formalin
and embedded in paraffin for routine histological analysis (24 h reperfusion:
WT n = 10,KO n = 7;72 h reperfusion: WT n = 12 KO = 7; 7 days reper-
fusion WT n =12 KO = 9). Sham animals (WT n = 4/group) were pre-
pared identically without undergoing coronary occlusion/reperfusion.

2.2 Perfusion fixation and morphometric
assessment of ventricular volumes

Perfusion-fixed hearts were used for morphometric assessment of post-
infarction remodelling."” A cardioplegic solution was perfused through the
jugular vein to promote relaxation. Hearts were fixed for 10 min with 10%
zinc buffered formalin by aortic perfusion. The entire heart was cross-
sectioned from base to apex at 250 wm intervals. Ten serial 5 um sections
were obtained at each interval, corresponding to an additional 50 pum
segment. The first section from each interval was stained with haematoxy-
lin/eosin. For each section, the left-ventricular wall area, septal area, left-
ventricular chamber area, and the infarct area were measured using Image
Pro software. Cardiac end-diastolic volumes and scar size were measured
by calculating the sum of the volumes of all 300 wm partitions.

2.3 Echocardiography

Transthoracic echocardiography (short-axis views at the mid-papillary level)
was performed using the Vevo 770 system (Visualsonics). LV end-diastolic
diameter (LVEDD), fractional shortening (FS), and LV mass were measured
asindicators of function and remodelling. The percent changes in these para-
meters at 7 days after infarction were calculated using the following formulas:
ALVEDD = 100 x (LVEDD74—LVEDD,.)/LVEDDyy., ALVmass = 100 x
(LVmassyg—LVmass,.)/LVmassye, and AFS =100 x (FS,.c—~FS74)/FS,re.
Additional groups of WT and CXCR3 KO mice were imaged only after 28
days of reperfusion.

2.4 Immunohistochemistry

Histological sections were stained immunohistochemically with the follow-
ing antibodies: anti-a-smooth muscle actin (a-SMA) antibody (Sigma, St Louis,
MO, USA), rat anti-mouse macrophage antibody Mac-2 (Cedarlane), and
rat anti-neutrophil antibody (Serotec, Raleigh, NC, USA). Staining was
performed using a peroxidase-based technique as previously described.”
Quantitative assessment of neutrophil and macrophage density was per-
formed by counting the number of neutrophils and Mac-2-immunoreactive
cells, respectively, in the infarcted area. Myofibroblasts were identified as
spindle-shaped a-SMA+ cells located outside the vascular media and
their density was measuredin the infarcted area. Immunofluorescent staining
was performed using a rabbit anti-CXCR3 antibody (Bioss Antibodies,
Woburn, MA, USA) and a rat anti-heparan sulfate (HS) antibody (Abcam,
Cambridge, MA, USA). For cellular localization studies, dualimmunofluores-
cence combining CXCR3/a-SMA, CXCR3/Mac2, and heparan sulfate/
a-SMA staining was performed. Collagen content in the infarcted heart,
infarct border zone, and non-infarcted remote remodelling myocardium
was assessed through quantitation of the collagen area in Sirius red-stained
sections as previously described.®

2.5 RNA extraction, ribonuclear protection
assay, and qPCR

Hearts were harvested after 6-24 h of reperfusion; infarcted and non-
infarcted segments were separated by visual inspection. mRNA was
extracted from each segment. NRNA expression level of the cytokines Inter-
leukin (IL)-1B, IL-6, Transforming Growth Factor (TGF)-31,2,and 3,and the
chemokines MCP-1 and MIP-2 was assessed using a ribonuclear protection
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Table I qPCR primers

Forward Reverse
CXCL10/IP-10 TTCTTTAAGGGCTGGTCTGAG GTCGCACCTCCACATAGC
CXCL9/Mig CTGGAGCAGTGTGGAGTTC CCGTTCTTCAGTGTAGCAATG
CXCL1M/ITAC GTTGAAGTGATTGTTACTATGAAG TGGCACAGAGTTCTTATTGG
CXCR3 GCCTGAACTTTGACAGAA GGAAGAGTTAACACCAGC

assay (RiboQuant; Pharmingen).'® Gene expression was normalized to 185
L32 mRNA. Expression levels of CXCR3 and the CXCR3 ligands CXCL10/
IP-10, CXCL11/I-TAC, and CXCL9/Mig were measured using qPCR."” The
primer sequences are listed in Table 1.

2.6 Isolation of WT and CXCR3 null cardiac
fibroblasts and transwell migration assay

Mouse cardiac fibroblasts were isolated from WT and CXCR3 KO hearts by
enzymatic digestion with a collagenase buffer as previously described.”
Fibroblast migration was studied using the colorimetric transwell system
QCM™ (Millipore Corporation, Billerica, MA, USA). Fibroblasts used in
the assay were serum starved for 24 h prior to the experiment. Cells were
harvested using TrypLe express (GIBCO Invitrogen Corporation, Carlsbad,
CA), counted and reconstituted with serum-free DMEM/F12 (GIBCO
Invitrogen Corporation, Carlsbad, CA, USA) to bring the cells to concen-
tration of 5 x 10° cells/mL. Cell suspensions were stimulated with vehicle
or recombinant mouse CXCL10 (R&D systems, Mineapolis, MN, USA)
(100 ng/mL) and incubated for 1 h. Subsequently, 300 wL of CXCL10-
treated or control cell suspensions were added to the upper chamber.
A total of 500 pL of serum-free DMEM/F12 or 20 ng/mL bFGF DMEM/
F12 were added to the lower chamber and incubated for 4 h at 37°C in
5% CO,. After incubation, remaining cell suspensions from upper wells
were removed and inserts were placed in cell stain solution for 20 min at
room temperature. Subsequently, inserts were collected and rinsed
several times in distilled water. Migrated cells were visualized and photo-
graphed using an inverted microscope. Optical density of dye extract was
measured at 560 nm using a NanoDrop spectrophotometer. Cell migration
in each individual experiment was normalized to the level of migration in
chamber without chemoattractant (control). In order to study the role of
proteoglycan signalling in CXCL10-mediated modulation of cardiac fibro-
blast migration, WT cells were pre-treated with heparinase | or chondroiti-
nase ABC (both from Sigma — final concentration 50 mU/mL) for 50 minand
control cells, then used for migration assays. The effects of CXCL10 on
bFGF-induced migration in the presence or absence of heparinase and chon-
droitinase were studied.

2.7 Western blotting

In order to study the effects of CXCL10 on the TGF-3/Smad cascade, iso-
lated mouse cardiac fibroblasts were stimulated with CXCL10 (100 ng/
mL) in the presence or absence of TGF-B1 (10 ng/mL) for 60 min or 4 h.
At the end of the experiment, protein was extracted from the lysed cells.
Western blotting for phosphorylated Smad2 (p-Smad2) and Smad2 was per-
formed using antibodies from Cell Signaling. The ratio of p-Smad2:smad2 ex-
pression was measured.

2.8 Gel contraction assay

WT and CXCR3 KO cardiac fibroblasts were overnight serum starved. Col-
lagen matrix was prepared by diluting a stock solution of rat 3.48 mg/mL col-
lagen | (GIBCO Invitrogen Corporation, Carlsbad, CA, USA) with 2x
DMEM and distilled water for a final concentration of 1 mg/mL collagen.
CXCL10-stimulated and control cell suspensions were mixed with collagen

solution to achieve the final 3 x 10° cells/mL concentration. Subsequently,
500 L of this suspension was aliquoted to a 24-well culture plate (BD
Falcon, San Jose, CA, USA) and allowed to polymerize at 37°C for 15 min.
Following polymerization, pads were released from wells, transferred to
six-well culture plate (BD Falcon, San Jose, CA, USA) and cultured in 0%
FCS DMEM, 10% FCS DMEM, or 20 ng/mL bFGF DMEM, in the presence
or absence of 100 ng/mL CXCL10. At 0 h and after 24 h, the pictures of
the plates were taken in flatbed scanner and the area of each pad was mea-
sured using Image Pro software. In additional experiments, collagen pads
populated with cardiac fibroblasts were used for RNA extraction as previ-
ously described,”’ or were processed for histological analysis.

2.9 Statistical analysis

Statistical analysis was performed using ANOVA followed by t-test
corrected for multiple comparisons (Student—Newman—Keuls). Non-
parametric ANOVA (Kruskall-Wallis) followed by Dunn’s multiple com-
parison post-test was used when one or more data sets did not show
Gaussian distribution. Data were expressed as mean + SEM. Statistical sig-
nificance was set at 0.05.

3. Results

3.1 Regulation of CXCR3 ligands
in the infarcted myocardium

We used gPCR to study the regulation of CXCR3-activating chemo-
kines in infarcted and non-infarcted myocardial segments from mice
undergoing reperfused infarction protocols. In comparison to sham
myocardium, CXCL10 mRNA expression was significantly up-regulated
in the infarcted heart after 624 h of reperfusion (P < 0.05) (Figure 1A).
CXCL11 mRNA levels in theinfarcted myocardium were extremely low
(10 000 times lower than corresponding CXCL10 levels); no statistically
significant up-regulation of CXCL11 was noted in the infarct in compari-
son to the levels noted in sham hearts (Figure 1B). CXCL9 mRNA ex-
pression in the infarcted heart was also very low. There was a trend
towards increased CXCL9 mRNA expression in the infarcted myocar-
dium after 6 h of reperfusion (Figure 1C). Expression of all three CXCR3
ligands in non-infarcted segments from mice with reperfused infarction
was not significantly different than in sham hearts (Figure 1A-C).
We have previously demonstrated that CXCR3 mRNA levels are
up-regulated in the infarcted myocardium.16 In order to define the cel-
lular identity of CXCR3+ cells in the infarcted myocardium, immuno-
fluorescence was performed in reperfused mouse infarcts. After 72 h
of reperfusion, CXCR3 immunoreactivity was localized in round and
elongated cells infiltrating the infarct (Figure 1D). Dual immunofluores-
cence was used to examine whether CXCR3 is expressed by smooth
muscle cells and infarct myofibroblasts. Vascular smooth muscle cells,
identified as a-SMA-expressing cells located in the media did not
express CXCR3; however, a subset of infarct myofibroblasts (identified
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Figure | Regulation of CXCR3 ligand expression in reperfused mouse infarcts. (A) gPCR analysis showed marked up-regulation of CXCL10/IP-10
mMRNA expression in infarcted segments (l) after 6—24 h of reperfusion, when compared with sham hearts. In contrast, non-infarcted (NI) segments
had no significant increase in CXCL10 mRNA expression. (B) CXCL11/ITAC levels in sham and infarcted myocardium were extremely low (after normal-
ization, CXCL11 mRNA levels in the infarcted myocardium were >5000 times lower than corresponding CXCL10 levels). There was no statistically sig-
nificant difference in CXCL11 mRNA levels between infarcted and sham hearts. (C) CXCL9/Mig mRNA expression in the infarct was also low. A trend
towards increased CXCL9 mRNA levels was noted after 6 h of reperfusion (*P < 0.05 vs. sham; infarction, n = 6—9/group, sham n = 4). (D) CXCR3 im-
munofluorescence identified abundant CXCR3+ cells in the infarcted myocardium after 72 h of reperfusion (arrows). (E) Dual immunofluorescence for
CXCR3 (red) and a-SMA (green) showed thata subset of spindle shaped a-SMA+ myofibroblasts (arrows) expressed CXCR3. In contrast, smooth muscle
cells, locatedin the vascular media (arrowheads) did not stain for CXCR3. Dualimmunofluorescence for CXCR3 (red) and Mac2 (green) identified some of
the CXCR3+ cells as macrophages (arrows). (G) In vitro, cardiac fibroblasts populating collagen pads expressed CXCR3 mRNA,; stimulation with bFGF
(50-100 ng/mL) or TGF-B1 (50 ng/mL) did not affect CXCR3 expression levels (n = 4). Scale bar = 50 pm.

as spindle-shaped interstitial a-SMA+ cells), exhibited CXCR3 immu-
noreactivity (Figure 1E). Dual staining for CXCR3 and Mac2 identified
some CXCR3+ cells as macrophages (Figure 1F). In vitro, isolated
cardiac fibroblasts populating collagen pads exhibited baseline expres-
sion of CXCR3 that was not significantly up-regulated upon stimulation
with bFGF and TGF-B1 (Figure 1G).

3.2 CXCR3 absence does not affect
post-infarction cardiac remodelling

We used two independent strategies, echocardiographic imaging and
quantitative morphometric analysis, to examine the effects of CXCR3
loss on cardiac remodelling. Baseline function and chamber dimensions
were comparable between WT and CXCR3 null mice, suggesting that
CXCR3 absence does not affect cardiac homeostasis (Table 2). After
7 days of reperfusion, scar size was comparable between WT and
CXCR3 null animals (Figure 2A). After 28 days of reperfusion, significant
scar contraction was noted in both WT and KO animals; differences in

scar size between WT and CXCR3 KO animals were not statistically sig-
nificant. Morphometric analysis showed that WT and CXCR3 null
animals had comparable dilative remodelling after 7 and 28 days of reper-
fusion (Figure 2B). Moreover, echocardiographic analysis demonstrated
that after 7 days of reperfusion WT and CXCR3 null mice had compar-
able changes in systolic function, chamber dimensions, and left-
ventricular mass (Figure 2C—E, Table 2). In mice undergoing 28-day
reperfusion protocols, chamber dimensions, fractional shortening, and
LV mass were comparable between WT and CXCR3 null animals
(Table 2).

3.3 Effects of CXCR3 gene disruption on the
post-infarction inflammatory response

Because CXCR3 signalling regulates inflammatory pathways, we exam-
ined whether CXCR3 loss affects the post-infarction inflammatory reac-
tion. Following myocardial infarction, CXCR3 null mice had increased
peak neutrophil infiltration after 24 h of reperfusion, but exhibited
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Table 2 Echocardiographic assessment of cardiac function

Pre 7 days 28 days

WT(n=14)KO(n=12) WT(n=14) ........... KO(n=12) WT(n=12)KO(n=12)
LVEDD (mm) 337+ 0.06 329 + 0.05 3.74 £ 0.07% 3.54 4+ 0.06° 415+ 0.13 4.03 +£0.21
FS, % 42 +1 40 £+ 2 35+ 1° 31+2° 27 +3 21+7
LV mass (mg) 1261 + 4.9 110.8 £+ 5.1 1409 + 85 1315+ 53 135.4 + 10.1 1344 + 121

LVEDD, left-ventricular end-diastolic diameter; FS, fractional shortening; LV mass, left-ventricular mass (°P < 0.01; °P < 0.05 vs. corresponding pre).
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Figure 2 CXCR3 KO and WT animals have comparable scar size and post-infarction remodelling following ischaemia/reperfusion. (A) Quantitative
morphometry was performed to measure the scar volume as a percentage of the total left-ventricular volume (scar size). After 7—28 days of reperfusion,
scar size was comparable between WT and CXCR3 KO animals (7 days: WT n = 15, KO = 13; 28 days: WT n = 13, KO n = 6). (B) Quantitative mor-
phometric analysis demonstrated that, when compared with WT animals, CXCR3 KO mice had comparable LVEDV after 7 and 28 days of reperfusion
(*P < 0.05, **P < 0.01 vs. corresponding volume at 7 days). (C—E) Serial echocardiographic analysis showed that CXCR3 KO and WT mice had compar-
able changes in LVEDD, (C: ALVEDD), fractional shortening (D: AFS), and LV mass (E: ALV mass) following reperfused infarction (1 h occlusion/7 days

reperfusion) (WT n = 14, KO n = 12).

timely clearance of the neutrophilic infiltrate (Figure 3A—C). Macrophage
infiltration was also increased in CXCR3 null animals by about 20% after
7 days of reperfusion (Figure 3D—F). In comparison to non-infarcted
areas of the myocardium, infarcted myocardial segments had signifi-
cantly increased expression of the pro-inflammatory cytokines IL-13
and IL-6 (Figure 4A and B) and of the chemokines MCP-1 and MIP-2
(Figure 4C and D) in both WT and CXCR3 null animals. CXCR3
absence did not affect cytokine and chemokine synthesis in the infarcted
myocardium (Figure 4A—D). In order to examine whether CXCR3 loss
affects expression of its ligands in the infarcted heart, we compared ex-
pression of CXCL10, CXCL11, and CXCL9 in infarcted hearts
(Figure 4E—G) after 6 and 24 h of reperfusion. At both timepoints,
CXCL10 and CXCL11 levels were not affected by CXCR3 loss;
however, CXCR3 knockouts exhibited a prolonged induction of
CXCL9/Mig (Figure 4G).

3.4 CXCRS3 loss delays infiltration of the
infarcted myocardium with myofibroblasts
In reperfused murine myocardial infarction, WT mice exhibit rapid infil-
tration of the infarct border zone with a-SMA+ myofibroblasts after
72 h of reperfusion (Figure 5A and B). In comparison to WT animals,
CXCR3 null mice had a delayed peak in infarct myofibroblast density
(Figure 5A—C). Delayed myofibroblast infiltration in CXCR3 KO infarcts
did not affect scar formation and fibrotic remodelling of the heart. Quan-
titative analysis of Sirius red-stained sections demonstrated that WT and
CXCR3 KO hearts had comparable collagen content in the infarcted
area, infarct border zone, and remote remodelling myocardium after
28 days of reperfusion (Figure 5D—F). MRNA expression of TGF-f3 iso-
forms in infarcted myocardial segments was also not affected by
CXCRS3 loss (Figure 5G—I).
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Figure 3 Effects of CXCR3 loss on infiltration of the infarcted myocardium with inflammatory leucocytes. (A) CXCR3 loss was associated with
accentuated peak neutrophil infiltration after 24 h of reperfusion; however, after 72 h of reperfusion neutrophil density was comparable between
groups. (B and C) Representative images show immunohistochemical staining for neutrophils (black) in WT (B) and CXCR3 KO (C) infarcts after 24 h
of reperfusion. Peroxidase-bases staining was performed and developed with diaminobenzidine+-nickel. Sections were counterstained with eosin.
(D) Infarct macrophage density was comparable between WT and CXCR3 null animals after 24 —72 h of reperfusion. However, after 7 days of reperfusion,
macrophage density was higher in CXCR3 KO infarcts. (E and F) Representative images show immunohistochemical staining for Mac2 (black) to identify
macrophagesin WT (E) and CXCR3 KO (F) infarcts after 7 days of reperfusion (**P < 0.01, *P < 0.05 vs. corresponding WT; 24 h:WTn = 10,KOn = 7;
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Figure 4 WT and CXCR3 KO mice have comparable myocardial cytokine and chemokine mRNA levels following myocardial infarction. (A—D) When
compared with corresponding non-infarcted segments (N), infarcted myocardial segments harvested after 6 h of reperfusion (I) had significantly higher
myocardial [L-18 (A), IL-6 (B), CCL2/MCP-1 (C), and CXCL2/MIP-2 (D) mRNA expression. However, no significant differences in cardiac cytokine and
chemokine mRNA expression were noted between infarcted WT and CXCR3 KO animals (**P < 0.01 vs. corresponding non-infarcted segments,
n = 9/group). E—G: Expression of the CXCR3 ligands CXCL10/IP-10 (E) and CXCL11/ITAC (F) was comparable between WT and KO mice after
6—24 h of reperfusion. When compared with WT animals, CXCR3 KO mice had prolonged myocardial up-regulation of CXCL9/Mig (G). *P < 0.05 vs.
WT sham; AP < 0.05, **P < 0.01 vs. KO sham.
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Figure5 CXCR3 KO mice exhibit delayedinfiltration of the infarct with myocfibroblasts. (A) The time course of myofibroblast infiltration in CXCR3 KO
infarcts was delayed when compared with WT animals (n = 7—12/group). (B and C) Myofibroblasts in infarcted WT (B) and KO (C) hearts were identified
through a-SMA immunohistochemistry (black) as spindle-shaped cells located outside the vascular media (counterstained with eosin). (D—F) Fibrotic re-
modelling of the infarcted heart was assessed by quantitation of collagen contentin Sirius red-stained sections. WT and CXCR3 KO animals had comparable
collagen content in the infarct (1), border zone (BZ), and remote remodelling myocardium (R) (**P < 0.01 vs. corresponding R; WT n = 9, KO n = 6).
Representative images of reperfused infarcts after 28 days of reperfusion show collagen deposition in the infarct (I) and in the border zone (BZ) in WT
(E) and KO animals (F). (G—I) In both WT and CXCR3 KO mice, myocardial TGF-f1, -2, and -B3 mRNA expression was significantly higher in infarcted
myocardial segments when compared with non-infarcted segments from the same heart (**P < 0.01 vs. corresponding non-infarcted segments, n = 9/
group). However, WT and CXCR3 KO infarcts had comparable myocardial TGF-f3 isoform levels. Scale bar = 40 pm.

3.5 The inhibitory effects of CXCL10
on cardiac fibroblast migration are
CXCR3-independent

We have previously demonstrated that CXCL10 loss results in
increased fibrosis and accentuated adverse remodelling of the infarcted
heart and demonstrated that CXCL10 inhibits growth factor-mediated
cardiac fibroblast migration.9 Because, in contrast to CXCL10 loss, de-
letion of its only known receptor, CXCR3, does not affect post-
infarction cardiac remodelling, we examined whether CXCL10 exerts
CXCR3-independent actions on isolated cardiac fibroblasts. In a trans-
well fibroblast migration assay, CXCL10 attenuated bFGF-induced
fibroblast migration in WT cells (Figure 6A). CXCR3 null cardiac fibro-
blasts had decreased baseline fibroblast migration and a blunted
migratory response to bFGF. However, much like in WT cells,

CXCL10 decreased fibroblast migration in CXCR3 null cells suggesting
that CXCL10-mediated inhibition of fibroblast migration is CXCR3-
independent (Figure 6A).

3.6 The effects of CXCL10 on contraction
of fibroblast-populated collagen gels
are independent of CXCR3

Myofibroblast transdifferentiation is a key process in the reparative re-
sponse following myocardial infarction; accumulation of fibroblasts
expressing high levels of contractile proteins may play an important
role in scar contraction and in the regulation of cardiac remodelling.
We have previously demonstrated that CXCL10 augments growth
factor-induced contraction of fibroblast-populated collagen pads;
CXCL10 absence is associated with reduced scar contraction in vivo.
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Figure 6 CXCL10/IP-10inhibits growth factor-mediated cardiac fibroblast migration and enhances contraction of fibroblast-populated collagen padsin
a CXCR3-independent manner. (A) A transwell migration assay was used to study the effects of CXCL10 on cardiac fibroblast migration. In WT cells, stimu-
lation with bFGF induced fibroblast migration (*P < 0.05); co-stimulation with CXCL10/IP-10 (I) attenuated the pro-migratory effects of bFGF (F). CXCR3
KO cells exhibited significantly attenuated migratory capacity in response to bFGF (P < 0.01 vs. corresponding WT cells). However, CXCL10 attenuated
FGF-induced fibroblast migration in CXCR3 KO cells (*P < 0.05), suggesting that the only well-characterized CXCL10 receptor is not required for the
anti-migratory effects of the chemokine (n = 3). (B—E) Effects of CXCL10/IP-10 on contraction of fibroblast-populated collagen pads. (B) In collagen pads
populated with WT cells, FCS stimulation caused marked contraction. CXCL10 stimulation did not affect FCS-induced collagen contraction. (C) Collagen
pads populated with CXCR3 KO fibroblasts exhibited attenuated contraction when stimulated with FCS (**P < 0.01 vs. control, n = 8). (D and E) bFGF
stimulation induced contraction in collagen pads populated with WT (D) or CXCR3 KO (E) cells (**P < 0.01 vs. control). Co-stimulation with CXCL10
enhanced bFGF-induced collagen contraction in pads populated with WT or CXCR3 KO cells (*P < 0.05, **P < 0.01 vs. FGF-stimulated, n = 8) suggest-
ing that the effects of CXCL10 on cardiac fibroblast contractile activity are independent of CXCR3. (F) CXCL10 stimulation did not modulate TGF-3/Smad
signalling in isolated cardiac fibroblasts. TGF-1 stimulation (10 ng/mL) increased the expression of phosphorylated Smad2 (p-Smad2) by cardiac fibro-
blasts. CXCL10/IP-10 (1) stimulation (100 ng/mL) did not affect p-Smad2 levels in the presence or absence of TGF-1 (T) (*P < 0.05 vs. control, n = 4).

In order to test the hypothesis that the disparate effects of CXCL10 and
CXCR3 loss in scar contraction may be due to CXCR3-independent
actions of CXCL10, we compared contraction of collagen pads popu-
lated with WT and CXCR3 null cardiac fibroblasts. Stimulation with
serum induced marked contraction of collagen pads populated with
WT cardiac fibroblasts; the effects of serum were attenuated in
CXCR3 null cells (Figure 6B and C). Upon serum stimulation, CXCL10
had no significant effects on gel contraction in both WT and CXCR3
null fibroblasts. bFGF stimulation also induced gel contraction in both
WT and CXCR3 null fibroblasts (Figure 6D and E). CXCL10 augmented
the effects of bFGF in both WT and CXCR3 null cells (Figure 6D and E),
suggesting that the effects of CXCL10 on fibroblast contractile activity
are CXCR3-independent.

3.7 CXCL10 does not modulate
TGF-f-stimulated Smad signalling

In order to dissect the mechanisms of CXCL10-mediated anti-fibrotic
actions, we examined whether CXCL10 modulates the TGF-/Smad
cascade, a key pathway in cardiac fibrosis. In isolated cardiac fibroblasts,

TGF-B1 enhanced Smad2 phosphorylation; however CXCL10 stimula-
tion had no effect on Smad activation in the presence or absence of
TGF-B (Figure 6F).

3.8 The effects of CXCL10 on cardiac
fibroblast migration are dependent on
proteoglycan signalling

In order to examine whether the effects of CXCL10 on cardiac fibro-
blasts are mediated through proteoglycan signalling, we examined the
effects of CXCL10 on growth factor-mediated migration of cells pre-
treated with heparinase and chondroitinase. In a transwell assay bFGF
induced fibroblast migration; CXCL10 stimulation attenuated cell
migration. Pre-treatment with heparinase abrogated the effects of
CXCL10 on bFGF-induced cardiac fibroblast migration. Pre-treatment
with chondroitinase reduced bFGF-mediated migration, but also attenu-
ated the inhibitory effects of CXCL10 on cell migration (Figure 7A). In
order to examine the localization of proteoglycans in the infarcted myo-
cardium, we performed immunofluorescent staining for HS. In normal
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Figure 7 Theinhibitory effects of CXCL10/IP-10 on fibroblast migration are mediated through proteoglycan signalling. (A) In a transwell assay, basic FGF
induced fibroblast migration and CXCL10 inhibited FGF-mediated migration. Pre-treatment of fibroblasts with heparinase (H) abrogated the inhibitory
effects of CXCL10. Pre-treatment with chondroitinase (C) attenuated FGF-induced migration, but also abrogated the inhibitory action of CXCL10
(P < 0.05 vs. C; #P < 0.05, #P < 0.01 vs. FGF, n = 6). (B) Dual immunofluorescence for a-SMA (green) and HS (red) localized HS in normal (B) and
infarcted (C) myocardium. In normal hearts, HS staining labelled the interstitial matrix (B: arrows). After 72 h of reperfusion, HS was localized in the
matrix and on spindle-shaped a-SMA+ myofibroblasts (C: arrows). (D) In vitro experiments showed that fibroblasts populating collagen pads expressed

HS (arrows). Scale bar = 25 pum.

mouse hearts, HS localized in the interstitial matrix (Figure 7B). Dual im-
munofluorescence for HS and a-SMA demonstrated that in the
infarcted myocardium HS localized in the matrix and in infarct myofibro-
blasts (Figure 7C). In vitro, cardiac fibroblasts populating collagen pads
exhibited high expression of HS (Figure 7D).

4. Discussion

We have previously demonstrated that expression of the CXC chemo-
kine CXCL10 and its receptor CXCR3 are markedly induced in canine
and murine myocardial infarction.®'® Using CXCL10 null mice, we
demonstrated that CXCL10 loss is associated with accentuated fibrosis
and increased adverse remodelling of the infarcted heart.” CXCL10
exerts its anti-fibrotic actions, at least in part, through inhibition of fibro-
blast migration. Although CXCR3 is the only well-characterized recep-
tor for CXCL10, a growing body of evidence suggests that certain effects
of CXCL10 may be mediated through CXCR3-independent mechan-
isms. Our current investigation suggests that anti-fibrotic effects of
CXCL10 on the infarcted heart are independent of CXCR3 and
may involve proteoglycan signalling. CXCR3 absence did not affect
geometric remodelling of the infarcted ventricle and did not affect
scar formation in the infarcted heart. In vitro, CXCL10 inhibited
growth factor-mediated fibroblast migration and enhanced contraction
of fibroblast-populated pads in the presence or absence of CXCR3.

Enzymatic depletion of HS and chondroitin sulfate (CS) chains abrogated
the inhibitory effects of CXCL10 on fibroblast migration.

4.1 CXCRS3 ligands in myocardial infarction

In addition to CXCL10, two other IFN-inducible, ELR-negative CXC
chemokines, CXCL9/Mig and CXCL11/ITAC also signal through

CXCR3. Allthree CXCR3 ligands are up-regulated in healing cutaneous

wounds?223

24,25

in various types of inflammatory and allergic skin disor-
ders in experimental models of inflammatory nephritis26 and in
acute cardiac allograft rejection.14 Our studies in reperfused mouse
infarcts demonstrated that, of the three CXCR3 ligands studied, only
CXCL10 expression shows robust and significant up-regulation in the
infarcted myocardium. In contrast, CXCL9 and CXCL11 expression
levels are very low in both sham and infarcted hearts (Figure 7). The dis-
tinct mechanisms involved in the regulation of CXCR3 ligands (due to
the different regulatory elements in their promoters)®’ may explain
their different patterns of expression in various types of tissue injury.
Although CXCL10 synthesis is up-regulated by a wide range of pro-
inflammatory mediators, including TLR ligands, IL-1(, and TNF-8%8
(all rapidly released in the infarcted myocardium,*”>® expression of
CXCL9 and CXCL11 is more restricted and generally requires IFN-y
stimulation.?”%® Thus, in the infarct environment, the predominance
of IL-1/TLR and TNF-dependent signalling may selectively up-regulate
CXCL10.
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4.2 Effects of CXCR3 loss on the reparative
fibrotic response following myocardial
infarction

Because the adult mammalian heart has negligible regenerative capacity,
repair of the infarcted myocardium is dependent on fibroblast activation
and on formation of a collagen-based scar. Recruitment and activation of
reparative cells in the healing infarct is dependent on timely induction
and suppression of an inflammatory reaction; prolonged or overactive
inflammation triggers protease activation causing dilative remodelling
of the infarcted heart. Both morphometric and echocardiographic
analysis showed that CXCR3 loss did not affect cardiac remodelling
following infarction (Figure 2). After 7—28 days of reperfusion, scar size,
chamber dimensions ,and systolic dysfunction were comparable
between CXCR3 KO and WT animals (Table 2, Figure 2). Although loss
of CXCR3 signalling did not affect the reparative and remodelling
responses following infarction, CXCR3 null mice exhibited significant
alterations in the cellular composition of the infarct. In the absence of
CXCR3, early infiltration of the infarct with neutrophils was accentuated
after 24 h of reperfusion and macrophage density was significantly
increased after 72 h of reperfusion. However, these alterations in cellular
composition of the infarct were not associated with significant changes in
the expression of pro-inflammatory cytokines and chemokines (Figure 4),
suggesting that CXCR3 does not have significant and consistent effects on
the intensity of the post-infarction inflammatory response.

CXCR3 absence was associated with delayed infiltration of the
infarcted myocardium with myofibroblasts, but did not affect fibrotic re-
modelling of the ventricle after 28 days of reperfusion (Figure 5). In vitro
experiments suggested that delayed recruitment of fibroblasts in the
absence of CXCR3 may reflect the attenuated migratory capacity of
CXCR3 null cardiac fibroblasts in response to growth factors
(Figure 6A). Experiments using human synovial fibroblasts isolated
from patients with rheumatoid arthritis, suggested that CXCR3 block-
ade may reduce cellular invasiveness, interfering with reorganization
of the actin cytoskeleton and inhibiting the formation of lamellipodia.®’

The effects of CXCR3 in tissue infllmmation, repair, and fibrosis appear
to be dependent on the characteristics of the affected organ. Loss of
CXCR3 signalling in models of cutaneous wounding resulted in delayed
healing®? and late development of a hypercellular and hypertrophic re-
sponse,> associated with cellular proliferation. On the other hand, in a
model of pulmonary fibrosis due to bleomycin-induced injury, CXCR3
loss increased mortality and accentuated fibroproliferation.>* The organ-
specific effects of CXCR3 signalling may reflect differential regulation of
the three CXCR3 ligands in various models of injury. CXCL9 and
CXCL11 are markedly up-regulated (along with CXCL10) in injured
and fibrotic skin and lung.®* In a model of hepatic fibrosis, endogenous
CXCL9 exerted anti-fibrotic actions;*® moreover, in pulmonary fibrosis,
CXCL11 has been reported to exert anti-fibrotic actions presumed due
to the attenuation of aberrant vascular remodelling.’ In contrast, in the
infarcted myocardium, where CXCL9 and CXCL11 are not significantly
up-regulated, CXCL10 is the dominant CXCR3 ligand and appears to
exert its effects, at least in part through CXCR3-independent actions.

4.3 CXCR3-independentactions of CXCL10
may restrain cardiac fibrosis following
myocardial infarction

CXCL10 null mice exhibited significantly accentuated fibrosis following
myocardial infarction leading to worse remodelling;” in contrast, loss of

CXCR3, the best-characterized CXCL10 receptor has no significant
pro-fibrotic effects on the myocardium. Considering that, due to their
low levels of expression in the infarcted heart, the other two CXCR3
ligands (CXCL9 and CXCL11) are unlikely modulators of the cardiac fi-
brotic response, how can we explain the distinct responses of CXCL10
and CXCR3 null animals following myocardial infarction?

Although a subpopulation of infarct myofibroblasts express CXCR3
(Figure 1), our experiments demonstrated that CXCL10-mediated
modulation of fibroblast phenotype is independent of CXCR3 signalling.
Inhibitory effects of CXCL10 on growth factor-induced cardiac fibro-
blast migration were observed in both WT and CXCR3 null cells
(Figure 6A). Enzymatic disruption of HS and CS chains in cardiac fibro-
blasts abrogated the inhibitory effects of CXCL10 on cell migration, sug-
gesting that proteoglycan signalling may mediate the anti-fibrotic actions
of the chemokine. A growing body of evidence suggests an important
role for proteoglycans in CXCL10-induced responses. Jiang et al."
demonstrated that CXCL10/syndecan-4 binding is implicated in mediat-
ing anti-fibrotic actions of CXCL10 in a model of pulmonary fibrosis.
CXCR3-independent CXCL10 actions are not limited to fibroblasts;
CXCL10 inhibition of endothelial cell proliferation correlated with
glycosaminoglycan binding and not with CXCR3 signalling.*®

4.4 Conclusions

Our findings suggest that the anti-fibrotic effects of CXCL10 in the
infarcted heart are mediated through CXCR3-independent proteogly-
can-mediated actions. These observations have important therapeutic
implications in supporting therapeutic exploitation of the properties
of CXCL10in healinginfarcts. Because CXCL10-induced CXCR3 signal-
ling may activate T lymphocytes, inducing Th1-driven inflammation,' "’
administration of CXCL10 protein defective in CXCR3 binding"® may
be effective in attenuating fibrotic remodelling of the infarcted ventricle,
without stimulating potentially injurious inflammatory signalling.
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