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Abstract

Objectives. Renal fibrosis accompanies all chronic kidney disorders,
ultimately leading to end-stage kidney disease and the need for
dialysis or even renal replacement. As such, renal fibrosis poses a
major threat to global health and the search for effective
therapeutic strategies to prevent or treat fibrosis is highly needed.
We evaluated the applicability of a highly positively charged
human peptide derived from the COOH-terminal domain of the
chemokine CXCL9, namely CXCL9(74-103), for therapeutic
intervention. Because of its high density of net positive charges at
physiological pH, CXCL9(74-103) competes with full-length
chemokines for glycosaminoglycan (GAG) binding. Consequently,
CXCL9(74-103) prevents recruitment of inflammatory leucocytes to
sites of inflammation. Methods. CXCL9(74-103) was chemically
synthesised and tested in vitro for anti-fibrotic properties on
human fibroblasts and invivo in the unilateral ureteral
obstruction (UUO) mouse model. Results. CXCL9(74-103)
significantly reduced the mRNA and/or protein expression of
connective tissue growth factor (CTGF), alpha-smooth muscle actin
(0-SMA) and collagen Ill by transforming growth factor (TGF)-
B1-stimulated human fibroblasts. In addition, administration of
CXCL9(74-103) inhibited fibroblast migration towards platelet-
derived growth factor (PDGF), without affecting cell viability. In the
UUO model, CXCL9(74-103) treatment significantly decreased renal
oa-SMA, vimentin, and fibronectin mRNA and protein expression.
Compared with vehicle, CXCL9(74-103) attenuated mRNA expression
of TGF-B1 and the inflammatory markers/mediators MMP-9, F4/80,
CCL2, IL-6 and TNF-o. Finally, CXCL9(74-103) treatment resulted in
reduced influx of leucocytes in the UUO model and preserved
tubular morphology. The anti-fibrotic and anti-inflammatory effects
of CXCL9(74-103) were mediated by competition with chemokines
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and growth factors for GAG binding. Conclusions. Our findings

provide a

scientific

rationale for targeting GAG-protein

interactions in renal fibrotic disease.
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INTRODUCTION

Renal fibrosis provokes the excessive deposition of
extracellular  matrix  resulting in  kidney
dysfunction. It is consistently associated with
chronic kidney disease (CKD), leading to end-stage
kidney disease (ESKD) and demanding renal
replacement therapy." Therefore, new therapies
that halt fibrogenesis and the subsequent
progression to ESKD are urgently needed.
Persistent inflammation has appeared to be a key
driver of fibrosis progression in both diabetic and
non-diabetic kidney diseases.®> Supporting this
notion is the fact that high levels of inflammatory
markers in blood or urine usually reflect a high
risk of developing functional kidney decline. This
indicates that chronic non-resolving inflammation
probably has a central role in the development of
renal fibrosis.?

Inflammation involves the accumulation and
activation of leucocytes driven by designated
guidance molecules known as chemokines. Within
tissues, different cell types such as resident
leucocytes, fibroblasts and endothelial cells are
capable of secreting chemokines. Chemokines
exert their biological functions by activating
dedicated seven-transmembrane G  protein-
coupled receptors (GPCRs).*’ However, additional
interaction partners, in particular
glycosaminoglycans (GAGs), are critically
implicated in regulating chemokine function and
availability in vivo.®® Moreover, the function of
chemokines and their receptors is regulated by
post-translational modifications.®

Besides regulating the influx of immune cells at
sites of injury, additional functions for
chemokines in tissue fibrosis have been recently
uncovered.'™'? For instance, C-X-C chemokine
ligand 9 (CXCL9), a member of the CXC
chemokine family that binds to CXC chemokine
receptor 3 (CXCR3), not only directs activation,
migration and differentiation of immune
cells,”* " but also modulates angiogenesis and
epithelial-to-mesenchymal transition (EMT) and
reduces fibrosis in carbon tetrachloride-treated
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mice."®"” Moreover, the inhibition of pulmonary
fibrosis by the CXCR3-activating chemokine
CXCL10 was shown to be dependent on its GAG-
binding properties.’® Furthermore, polymorphisms
affecting the three interferon (IFN)-y-inducible
CXCR3 ligands CXCL9, CXCL10 and CXCL11 were
associated with liver fibrosis."”® In addition, the
absence of CXCR3 led to progressive lung
fibrosis in the bleomycin-induced lung injury
model.?°

Similar to other CXCR3 ligands, the production
of CXCL9 is induced by the Th1 cytokine IFN-y.
The secreted human CXCL9 protein consists of 103
amino acids and is characterised by a remarkably
long, positively charged COOH-terminus, which is
absent in most other chemokines.'®> The COOH-
terminal region of CXCL9 contains GAG-binding
motifs that are physically separated from its
CXCR3 interaction domain. COOH-terminally
truncated CXCL9 proteins were identified to be
produced by several cell types, such as human
fibroblasts and leucocytes.’’??> Because of the
high number of positive charges, some COOH-
terminal human CXCL9 peptides can bind to GAGs
with higher affinity than most intact chemokines.
As such, they exert anti-inflammatory effects by
competing with intact chemokines for GAG
binding, thereby inhibiting neutrophil
extravasation.?? In previous studies, we showed
that the synthetic CXCL9(74-103) peptide
competed with CXCL8 for binding to GAGs and
inhibited neutrophil migration invivo in
monosodium urate crystal-induced gout, antigen-
induced arthritis and dinitrofluorobenzene-
induced contact hypersensitivity.?> 2> Moreover, as
a result of competition for viral attachment to
GAGs, the peptide possesses antiviral properties
against herpes simplex virus, dengue virus and
respiratory syncytial virus.’® However, the effect
of this peptide on fibrosis was unknown. In the
present study, the potential therapeutic properties
of CXCL9(74-103) were evaluated in vitro, in
fibroblast cultures, and in vivo, in the unilateral
ureteral obstruction (UUO) mouse model for renal
fibrosis.
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RESULTS

Full-length CXCL9 shows anti-fibrotic effects
on TGF-p1-stimulated human fibroblasts

The anti-fibrotic role of full-length human CXCL9
has been reported in animal models of fibrosis."®’
We confirmed the anti-fibrotic potential of the
intact chemokine in vitro by stimulating primary
human fibroblasts with 5 ng mL~"' of TGF-p1 in the
presence of full-length CXCL9(1-103). The intact
chemokine significantly reduced o-SMA mRNA
expression at concentrations of 1-100 nm
(Figure 1a). However, a significant reduction in
collagen Il mRNA expression was observed only at
the highest test concentration (100 nm) of CXCL9
(1-103) (Figure 1b). These data indicate that CXCL9
(1-103) counteracts the pro-fibrotic properties of
TGF-B1 on human fibroblasts.

Synthesis and functional characterisation of
human CXCL9-derived peptides

A highly cationic COOH-terminal peptide of
human CXCL9, that is CXCL9(74-103), and the NH>-
terminal chemokine domain, CXCL9(1-78), were
chemically synthesised, deprotected and purified
by RP-HPLC to investigate their effects on fibrosis
(Figure 2a). Part of the synthesised CXCL9(74-103)
was fluorescently labelled with TAMRA at the
NH,-terminus to study the in vivo biodistribution
of the peptide. The correct relative molecular
masses (Mr) of the synthetic peptides were
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confirmed by ion +trap mass spectrometry
(Figure 2b). A ball-and-stick model of the structure
of CXCL9(1-103) is shown in Figure 2¢, with the
GAG-binding region indicated in pink and green.

The two synthesised peptides displayed highly
different capacities to activate signal transduction
downstream of CXCR3. Whereas the COOH-
terminal peptide CXCL9(74-103) failed to provoke
calcium-dependent signalling in CXCR3-
transfected CHO cells, CXCL9(1-78) induced a clear
increase in intracellular calcium levels
[48.4 nm + 2.8 (n = 6)] albeit with lower efficiency
compared with intact CXCL9 [calcium response of
598.1 + 22.9 nwm (n = 4)].%

Effect of CXCL9(74-103) on fibroblast
viability

Before evaluating the putative anti-fibrotic
potential of CXCL9(74-103) on human fibroblasts,
we first determined whether the peptide exerted
adverse effects on cell viability using the non-
toxic, cell-permeable redox indicator alamarBlue.
Incubation with the peptide alone or in the
presence of TGF-B1 did not reveal any cytotoxic
effects as the conversion of the dye was similar in
all conditions tested (Figure 2d).

CXCL9(74-103) competes with TGF-f1 for
binding to heparan sulphate

Transforming growth factor-p1 (TGF-B1) is a major
pro-fibrotic cytokine that plays a crucial role in
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Figure 1. In vitro anti-fibrotic effect of intact CXCL9. Human primary fibroblasts were seeded in 6-well plates and incubated with medium alone
(control), intact CXCL9 (1 to 100 nm), TGF-B1 alone (5 ng mL™") or TGF-B1 (5 ng mL™") in combination with CXCL9 (1 to 100 nwm). Relative
mRNA expression of the fibrotic markers (a) a-SMA and (b) collagen Il is shown and reported as mean 4+ SEM (n = 4; the four independent
experiments were performed in duplicate, and each cDNA sample was analysed twice). *P < 0.05, **P < 0.01 versus TGF-B1.
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Figure 2. Overview of the synthesised CXCL9 isoforms and effect of CXCL9(74-103) on cell viability. (a) Amino acid sequence and theoretical
and experimentally determined relative molecular masses (Mr) of CXCL9(1-78) and CXCL9(74-103). The GAG-binding motifs are underlined. The
residues present in the synthesised NH,-terminal chemokine domain and the COOH-terminal GAG-binding peptide are indicated in green. (b) The
CXCL9-derived peptides were chemically synthesised based on Fmoc chemistry, and their quality was evaluated by mass spectrometry. The
intensities of the detected ions in function of their specific mass/charge (m/z) ratio are shown for folded CXCL9(1-78) and CXCL9(74-103). To
calculate the Mr of the peptides from the charged ions, Bruker deconvolution software was used. The experimentally determined Mr of the
peptides is shown as an insert on the upper right of the average unprocessed mass spectra. (c) Ball-and-stick model structure of full-length
CXCL9(1-103). The residues present in the synthesised NH,-terminal chemokine domain and COOH-terminal GAG-binding peptide are indicated
in green. (d) Human primary fibroblasts were cultured in a 96-well plate and incubated with CXCL9(74-103) alone or in the presence of TGF-B1
(5 ng mL™"). Cell viability was measured after 48 h using the alamarBlue assay. Error bars indicate the SEM for n = 4 experiments. In each
experiment, all conditions were tested in duplicate.

fibroblast activation and production, and in Interestingly, a dose-dependent, negative effect of

remodelling of the extracellular matrix.2*° TGF-p1
is known to interact with heparin and heparan
sulphate (HS), which enhances its activity and
prevents proteolytic degradation.3'3* Therefore,
we used an ELISA-like GAG-binding competition
assay to determine whether the CXCL9-derived
peptides competed with TGF-B1 for binding to HS.
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CXCL9(74-103) on TGF-B1-HS complex formation
was found. As expected, the NH-terminal
chemokine domain CXCL9(1-78) — bearing only one
GAG-binding domain and lacking a number of
additional positively charged amino acids - failed to
interrupt TGF-B1-HS interaction (Figure 3a). These
results collectively suggest that CXCL9(74-103), with
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its two GAG-binding motifs, attenuates TGF-f1-HS matrix deposition, is one of the central mediators
binding and might consequently block the pro- involved in fibrosis.>> We investigated the effect
fibrotic properties of TGF-p1. of CXCL9(74-103) on PDGF-induced migration of
fibroblasts. Human diploid fibroblasts were
incubated with PDGF (30 ng mL™") to induce
migration. CXCL9(74-103) at 3 pm significantly
reduced the PDGF-induced migratory response of
Given the anti-inflammatory effects of CXCL9- human fibroblasts (Figure 3b).

In vitro anti-fibrotic effects of CXCL9-
derived peptides

derived peptides observed in our previous studies, Connective tissue growth factor, a downstream
and their ability to modulate the binding of TGF-1 mediator of TGF-p1, modulates myofibroblast
to HS, we next investigated the putative anti- activation and is associated with multiple fibrotic

fibrotic effects of CXCL9(74-103) on fibroblast disorders.>® We examined the effect of the peptide
activation in vitro, by evaluating interference of on the production of CTGF by fibroblasts
the peptide with platelet-derived growth factor after treatment with TGF-B1. Human diploid
(PDGF) and TGF-B1 activity. fibroblasts were incubated with  TGF-B1

PDGF, being capable of inducing mesenchymal (5ng mL™") in the presence or absence of
cell proliferation, migration and extracellular CXCL9(74-103). CXCL9(74-103) at 100 nm caused a
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Figure 3. Effect of CXCL9(74-103) on TGF-B1 and PDGF. (a) Competition of recombinant human TGF-B1 with CXCL9(1-78) or CXCL9(74-103)
for binding to heparan sulphate-coated plates was tested. Results are expressed as the percentage inhibition of TGF-B1 binding to heparan
sulphate and shown as mean 4 SEM (n = 2). (b) The xCELLigence Real-Time Cell Analyzer was used to measure fibroblast migration. PDGF-f
(30 ng mL™") or medium (control) was added to the wells of the lower chamber, and medium with or without CXCL9(74-103) (0.3 or 3 pm) was
added with the fibroblasts in the upper chamber. In each experiment, all conditions were tested at least in duplicate. Data represent
mean + SEM (n = 3). *P < 0.05, ***P < 0.001 versus PDGF. (c) To determine the effect of CXCL9(74-103) on TGF-B1-induced CTGF production,
fibroblasts were seeded in six-well plates and either left untreated or stimulated with TGF-B1 in the presence or absence of 100 nm of
CXCL9(74-103). After 48 h, an enzyme-linked immunosorbent sandwich assay (ELISA) was used to measure CTGF production (n = 5; conditions
were tested in duplicate in each experiment). *P < 0.05.
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significant decrease in the production of CTGF
(Figure 30).

We also evaluated changes in fibroblast
activation (based on o-SMA expression) and
production of the extracellular matrix protein
collagen Il upon treatment with TGF-B1
(5ngmL™") in the presence or absence of
CXCL9(74-103) (1-100 nm). We observed that, in
contrast to TGF-B1, the peptide alone did not
affect the expression of the fibrotic genes a-SMA
and collagen Ill (Figure 4). However, the GAG-
binding peptide CXCL9(74-103) markedly reduced
a-SMA and collagen 1l mRNA expression induced
by TGF-B1 (5 ng mL™~"; Figure 4a and b). Also, a-
SMA and collagen 1l protein levels were reduced
upon administration of CXCL9(74-103) (Figure 4c
and d). Representative photomicrographs of a-
SMA and collagen Ill staining are shown in
Figure 4e.

In vivo biodistribution of TAMRA-labelled
CXCL9(74-103) in a mouse model of renal
fibrosis

Before evaluating the in vivo effect of CXCL9
(74-103) on fibrosis, we assessed the biodistribution
of the peptide in the UUO mouse model. After
the UUO procedure, osmotic pumps were
subcutaneously implanted to deliver TAMRA-
labelled CXCL9(74-103) over 7 days. The presence of
the TAMRA fluorescence in different organs was
determined on day 7 and day 10 after implantation
of the pumps. As shown in Figure 5a, the highest
fluorescence signal was observed in the kidneys,
and a rather similar signal was measured in the
UUO and contralateral kidney 10 days after
implantation. Notably, other organs from these
mice (heart, lung, liver and spleen) and plasma
displayed at least ten times lower but consistent
levels of TAMRA fluorescence on days 7 and 10
(Figure 5b).

CXCL9(74-103) reduces a-SMA and vimentin
expression in the UUO mouse model of
renal fibrosis

To investigate whether CXCL9(74-103) treatment
attenuated fibrosis, expression levels of fibroblast
activation markers (a-SMA and vimentin) were
determined in vehicle- versus CXCL9(74-103)-
treated UUO kidneys. UUO induced an increase in
a-SMA and vimentin mRNA expression 7 days
after surgery, which was significantly reduced by
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CXCL9(74-103) in a
(Figure 6a and b).

We next analysed whether the CXCL9(74-103)-
induced reduction in a-SMA and vimentin mRNA
expression also translated into diminished levels
of the encoded proteins by immunofluorescence
microscopy. UUO caused a significant increase in
interstitial o-SMA  and  vimentin  protein
abundance 7 days post-surgery. CXCL9(74-103)
treatment significantly lowered UUO-induced o-
SMA and vimentin protein levels (Figure 6c and
d). Representative photomicrographs of «-SMA
and vimentin staining of UUO kidneys are shown
in Figure 6e. These data collectively indicate that
CXCL9(74-103) effectively reduces fibroblast
activation induced by UUO.

dose-dependent manner

CXCL9(74-103) treatment reduces
extracellular matrix production in the UUO
model

Next, we studied the effect of CXCL9(74-103) on
extracellular matrix deposition by analysing
fibronectin and collagen 1l expression (Figure 7).
UUO induced a prominent increase in fibronectin
(Figure 7a) and collagen Il (Figure 7b) mRNA and
protein expression (Figure 7c and d) at day 7 post-
UUO. Treatment with 4 mg mL~" CXCL9(74-103)
significantly reduced UUO-induced fibronectin
expression both on the mRNA and on the protein
level (Figure 7a and c¢). Compared with vehicle-
treated kidneys, a trend towards reduced
collagen Ill expression was observed in kidneys
treated with 4 mg mL~" CXCL9(74-103) (Figure 7b
and d). Representative photomicrographs of
fibronectin and collagen Il staining are shown
in Figure 7e.

CXCL9(74-103) reduces mRNA expression of
MMP-9 and TGF-$1

Matrix metalloproteinase-9 (MMP-9) has been
shown to activate latent TGF-p,3”-3® suggesting a
pro-fibrotic role for MMP-9. Hence, we evaluated
the effect of the CXCL9-derived peptide on MMP-
9 expression. UUO significantly increased MMP-9
MRNA expression. Treatment of mice with 0.4 or
4 mg mL~" CXCL9(74-103) significantly attenuated
the UUO-induced enhancement of MMP-9 mRNA
expression 7 days after surgery (Figure 8a). In
addition, TGF-B1 mRNA expression, upregulated
by the UUO procedure, was reduced in CXCL9
(74-103)-treated mice (Figure 8b).

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Figure 4. In vitro anti-fibrotic effect of CXCL9(74-103). Relative mRNA expression of (a) a-SMA and (b) collagen IIl in human diploid fibroblasts
incubated with medium alone (control), TGF-B1 (5 ng mL™"), CXCL9(74-103) (1-100 nm) or TGF-B1 (5 ng mL~") in combination with CXCL9
(74-103). Quantitative analysis of (c) a-SMA and (d) collagen Ill protein expression as determined by immunocytochemistry. (e) Representative
images of cells treated with medium, TGF-B1 alone or in combination with CXCL9(74-103), stained with antibodies against collagen Ill or a-SMA.
Data are presented (a-d) as mean 4+ SEM (n = 4; conditions were tested in duplicate in each experiment, and each sample was analysed twice).
*P < 0.05, **P < 0.01, ***P < 0.001 versus TGF-B1.
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subjected to UUO of the left kidney, and subsequently, osmotic pumps were implanted subcutaneously. On day 7 or 10 after surgery, mice were
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CXCL9(74-103) preserves tubular
morphology

Unilateral ureteral obstruction evokes substantial
changes in normal kidney morphology. We thus
sought to determine whether the CXCL9(74-103)-
induced attenuation of renal fibrosis was
accompanied by preservation of tubular
morphology. The cortical tubular luminal area was
measured in UUO-vehicle-treated kidneys versus
UUO-CXCL9(74-103)-treated  kidneys. In UUO
kidneys, the mean tubular luminal areas increased
significantly in comparison with those of healthy
control kidneys (data not shown), indicating
tubular dilation. CXCL9(74-103)-treated UUO
kidneys had a significant attenuation of tubular
dilation (Figure 8c and d).

CXCL9(74-103) attenuates inflammation in
the UUO mouse model of renal fibrosis

Since inflammation is an essential trigger for
fibrosis, we evaluated whether the upregulation
of inflammatory markers in UUO was influenced
by CXCL9(74-103) treatment. The qRT-PCR
analysis revealed increased mRNA levels of F4/80,
CCL2, TNF-o. and IL-6 in UUO kidneys 7 days after
induction of the disease. Mice that received
4mgmL' of (CXCL9(74-103) showed a
significant reduction in the mRNA expression of
these inflammatory markers (Figure 9a-d). At a
10-fold lower dose, CXCL9(74-103) significantly
decreased IL-6 mRNA expression levels but failed
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to significantly reduce the expression of the
other markers of inflammation. We also
performed flow cytometry to analyse cell
infiltration in response to ureter ligation. The
percentage of leucocytes (CD45") in the UUO
kidney was moderately reduced in the CXCL9
(74-103)-treated mice (Figure 9e). This decrease
was primarily caused by impaired recruitment of
monocytes (F4/80") as their percentage significantly
decreased  (Figure 9f). This could be the
consequence of both a lower production of the
monocyte-attracting chemokine CCL2 (Figure 9d)
and a less efficient chemokine presentation on
renal vessels. The percentages of neutrophils
(Figure 9g) and lymphocytes (results not shown)
were not significantly altered, though
absolute counts of these cell types tended to
be lower.

DISCUSSION

Chemokines are professional guidance proteins
orchestrating the directional migration of specific
leucocyte subsets during homeostasis and in
inflammation.>® Over the past few decades, it
gradually became clear that chemokines can
be critically involved in  numerous other
physiological and pathological processes including
fibrosis.'®194942 For instance, the chemokine
receptor CXCR3 and its IFN-y-inducible ligands,
that is CXCL9 to CXCL11, are not only important
for the attraction of activated T cells and natural
killer cells but also influence fibrosis."*?° The

© 2022 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



F Poosti et al. CXCL9(74-103) inhibits renal fibrosis

(@ 5 (b) 15
5 5
2 44 2
4 2
Q |
s g sg 10
xS 3 gL
O —~ (0] E *
2g =
o = o o
o UI) 2+ o= *k
= E=]
Kol *okk K]
[0} 14 Q
[h4 14
0 0
Vehicle CXCL9(74-103) CXCL9(74-103) Vehicle CXCL9(74-103) CXCL9(74-103)
4 mg mL"! 400pg mL" 4 mg mL"! 400pg mL"!
c d
( ) 20+ ( ) 15+
l (o]
8’ 15 Hkk £ -
= £ 104
% > *kkk
< 104 *kkk E,
2 o)
@ £
i
3 = 5
X 5 S
0- 0-
Vehicle CXCL9(74-103) CXCL9(74-103) Vehicle CXCL9(74-103) CXCL9(74-103)
4 mg mL" 400pg mL-! 4 mg mL! 400ug mL-!

Vehicle w CXCL9(74-103) CXCL9(74-103)
4 mgmL"_ 400pug mL"

a-SMA

Vehicle CXCL9(74-103) CXCL9(74-103)
4 mg mL* 400pg mL

Vimentin

Figure 6. Inhibition of o-SMA and vimentin expression by CXCL9(74-103). Osmotic pumps containing 0.4 or 4 mg mL™" of CXCL9(74-103)
peptide (100 plL per pump) were implanted in mice shortly after UUO surgery. Relative gene expression of (a) a-SMA and (b) vimentin in UUO
kidneys at day 7 post-surgery. Quantitative analysis at day 7 post-surgery of (c) a-SMA and (d) vimentin protein expression. (e) Photomicrographs
(scale bars are 50 um) of a-SMA and vimentin immunohistochemical analysis (evaluated at 200x magnification). Data are presented (a-d) as
mean + SEM of 6 mice per group. Each ¢cDNA sample was analysed in duplicate. Staining was quantified in 5 microscopic fields per kidney.
*P < 0.05, #*P < 0.01, ***P < 0.001, ****P < 0.0001 versus vehicle.

potentially pathological functions fulfilled by Strikingly, the majority of mouse CXC chemokine
distinct chemokines provide a scientific rationale genes are colocalised within a chromosomal
for targeting these proteins in human disease. region that contains fibrogenic genes.*®
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Figure 7. Effect of CXCL9(74-103) on extracellular matrix deposition. Relative gene expression of (a) fibronectin and (b) collagen IIl in UUO
kidneys at day 7 post-surgery. Computerised quantitative analysis at day 7 post-surgery of (c) fibronectin and (d) collagen Il protein expression.
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Multiple approaches to tackling chemokine- one approach may be to create chemokine
driven biological processes have come into view. derivatives with superior GAG-binding properties
Because of the key role played by GAGs in the  that fail to activate GPCRs.***’ Such peptides, by
regulation of chemokine activity and availability, competing with full-length, active chemokines for
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GAG binding, reduce the local concentration of
intact chemokines to prevent the formation of a
chemotactic gradient and render chemokines
more sensitive to proteolytic degradation.®4®
Recently, we showed that a peptide derived from
the COOH-terminal domain of human CXCL9, that
is CXCL9(74-103), meets these criteria as
evidenced by its powerful anti-inflammatory
effects in multiple in vitro and in vivo models.??2®
This peptide does not activate CXCR3, but is a
potent GAG binder and competes with
inflammatory chemokines for binding to GAGs.

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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The current study was designed to expose the
putative anti-fibrotic effects of CXCL9(74-103).
Collectively, the presented data revealed for the
first time that CXCL9(74-103) reduces the
production of pro-fibrotic markers in vitro in
human fibroblasts and in vivo in the UUO model
of renal fibrosis. Fibroblast migration, which
contributes to fibroblast accumulation during the
fibrotic process, was suppressed in the presence of
CXCL9(74-103). TGF-B, which is produced by
immune and non-immune cells, is a critical
pathological cytokine in renal fibrosis and CKD.
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relative gene expression levels (each cDNA sample was analysed in
(d) CCL2 were evaluated in UUO kidneys treated with vehicle (PBS),

0.4 mg mL™" or 4 mg mL™" CXCL9(74-103) (100 ulL per pump) (7 days post-surgery). The presence of (e) CD45", (f) F4/80" and (g) CD11b"/
Ly6G* leucocytes was detected by flow cytometry. Data are presented as mean + SEM of six mice per group. *P < 0.05, **P < 0.01,

*xxxp < (0,001 versus vehicle.

TGF-B signalling stimulates the conversion of
resident fibroblasts to myofibroblasts, which then
produce excessive amounts of extracellular matrix
molecules.”®3%*® We found that CXCL9(74-103)
reduced TGF-B1-induced fibroblast activation and
CTGF protein production, as well as TGF-B1-GAG
interaction. The numbers of inflammatory cells
and the levels of inflammatory chemokines and
cytokines have been shown to increase after

2022 | Vol. 11 | e1370
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UUO-promoting  fibrogenesis.>®  CXCL9(74-103)
treatment had an inhibitory effect on the mRNA
expression of TNF-o, IL-6, CCL2 and macrophage
infiltration. In addition, the pro-fibrotic role of
MMP-9 through stimulation of EMT has been well
established in renal fibrosis. MMP-9 is capable of
disrupting E-cadherin/p-catenin-mediated cell-to-
cell adhesion. Besides the induction of EMT,
MMP-9 cleaves the macrophage chemoattractant
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Figure 10. Schematic diagram of the mechanisms that contribute to the anti-fibrotic effect of CXCL9(74-103). (a) The intact CXCL9(1-103)
protein is presented to its G protein-coupled receptor (GPCR) CXCR3 via GAGs present either on the target cell itself or on a nearby cell. In
contrast, CXCL9(1-78) misses the positively charged COOH-terminus and can still activate CXCR3, but will be washed away quickly by the
bloodstream as it cannot be anchored to the endothelial cell layer. The synthetic COOH-terminal peptide of CXCL9, CXCL9(74-103), however,
has a high affinity for GAGs, but cannot activate the GPCR CXCR3. It can displace intact chemokine from the GAGs, forcing detachment of the
intact chemokine from the cell membrane, thereby hampering its inflammatory activity [anti-inflammatory effect of CXCL9(74-103) in b]. (b)
Schematic representation of the mechanisms behind the anti-fibrotic CXCL9(74-103). The anti-fibrotic effect of CXCL9(74-103) is dual: first by
decreasing the influx of leucocytes that locally release pro-fibrotic factors; and second by competition for GAG binding with pro-fibrotic factors,
for example, TGF-B. By preventing GAG binding of the pro-fibrotic factor, the latter can less efficiently activate its cognate receptor.

osteopontin (OPN).>'>* OQur peptide attenuated
the protein expression of the EMT marker
vimentin and mRNA expression of MMP-9,
macrophage marker F4/80 and monocyte
attractant CCL2. Therefore, we speculate that the
CXCL9(74-103)-attenuated MMP-9 expression and
the subsequent impairment of EMT and monocyte
attraction may at least partially explain the
beneficial effects of the CXCL9(74-103) peptide.
Cytokine secretion is one of the key mechanisms
by which injured renal tubular epithelial cells
promote kidney fibrogenesis.>>>’ Additionally, an
increased number of myofibroblasts are associated
with a lack of renal epithelial cell unity and renal

© 2022 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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tissue deformity.>® Importantly, application of the
GAG-binding peptide largely preserved renal
tubular morphology, most probably because of its

negative effects on EMT or myofibroblast
activation/function. The suggested molecular
mechanisms (schematically summarised in

Figure 10) by which CXCL9(74-103) attenuates
fibrosis and inflammation would be (1) by
disruption of pro-fibrotic cytokine pathways, for
example TGF-B-GAG interaction, which potentiates
TGF-B signalling and prevents its proteolytic
degradation,?®3* and (2) by inhibition of
leucocyte recruitment through competition with
active chemokines for binding to GAGs.
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A major challenge that faces the development of
therapeutic compounds is the occurrence of adverse
effects. We therefore checked the peptide’s
cytotoxic potential in vitro. Our results showed that
fibroblasts remain fully viable after exposure to
CXCL9(74-103). Considering the long-term
treatment of chronic diseases, we anticipate that
the short half-life of the peptide may be
problematic. Indeed, intravenously injected CXCL9
(74-103) is rapidly (within minutes) cleared from the
circulation.?? However, peptides were retained on
the endothelium much longer, indicating that
cellular GAG interactions stabilise the peptide and
prevent degradation. To avoid repeated intravenous
injections, we used subcutaneously implanted
osmotic pumps that gradually released the peptide
and showed that this approach allowed treatment
for multiple days. Obviously, robust research is
necessary to improve the half-life of the peptide
and to unravel its pharmacokinetic profile.

In  summary, the present study provides
relevance for interfering with chemokine-GAG
and/or growth factor-GAG interactions to
attenuate fibrosis. Making use of a CXCL9-derived
GAG-binding peptide that is unable to activate
CXCR3, we propose a novel approach to tackle
fibrosis. Although follow-up research is essential,
our data provide a promising strategy for the
development of anti-fibrotic drugs.

METHODS

Chemical synthesis of the human
CXCL9-derived peptides

The NH,-terminal chemokine domain of human CXCL9, that
is CXCL9(1-78), and the COOH-terminal CXCL9-derived
peptide, CXCL9(74-103), were chemically synthesised based
on Fmoc [N-(9-fluorenyl)methoxycarbonyl] chemistry using
an Activo-P11 automated solid-phase peptide synthesiser
(Activotec; Cambridge, UK), as described by Loos et al.?'
Part of the synthetic CXCL9(74-103) peptide was either site-
specifically biotinylated or fluorescently labelled at the NH,-
terminus using biotin-p-nitrophenyl ester (Novabiochem,
Darmstadt, Germany) or 5(6)-carboxytetramethylrhodamine
(TAMRA; Merck Millipore, Darmstadt, Germany).2® Synthetic
peptides were purified on a Proto 300 C18 5-um RP-HPLC
column (10 x 150 mm; Higgins Analytical, Mountain View,
CA, USA) and eluted with an acetonitrile gradient in 0.1%
(v/v) trifluoroacetic acid (TFA). A portion (0.2%) of the
column effluent was directly injected into an electrospray-
ion trap mass spectrometer (Amazon SL ion trap, Bruker,
Bremen, Germany). Fractions containing homogeneous
CXCL9-derived peptide were pooled, lyophilised and
dissolved in PBS. The CXCL9(1-78) protein was folded into
its correct configuration as described previously.’®°® The

2022 | Vol. 11 | e1370
Page 14

F Poosti et al.

purified peptides were weighed to determine the exact
amount, and purity was determined by SDS-PAGE, NH,-
terminal protein sequencing based on Edman degradation
and mass spectrometry.?’

Cells

Human diploid fibroblasts (E;SM/EcSM)>° were grown in
Minimum Essential Medium (MEM) Rega-3 (Gibco/Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
10% (v/v) foetal bovine serum and sodium bicarbonate.
Diploid human fibroblasts were used from passage 21 to
passage 30 and verified for mycoplasm contamination.
Chinese hamster ovary (CHO) cells, stably transfected with
human CXCR3A (CHO/CXCR3A), were kindly provided by
Professor Dr M Parmentier (ULB, Brussels, Belgium) and
cultured as described.®®

Calcium signal transduction assay

The capacity of the CXCL9(1-78) peptide to induce calcium
signalling through CXCR3A was tested using CXCR3A-
transfected CHO cells, as previously described.??

Cell viability assay

Cell viability was measured using an alamarBlue assay
(Thermo Fisher Scientific). Diploid fibroblasts were plated in
a 96-well plate (10* cells per well) and subsequently
incubated with CXCL9(74-103) with or without 5 ng mL™"
TGF-B1 (Peprotech, Rocky Hill, NJ, USA). After 48 h, the
medium was removed and replaced by culture medium
containing 10% (v/v) alamarBlue. Afterwards, the plates
were incubated for 4 h at 37°C, and the absorbance of the
reduced indicator was measured at 570 nm using a plate
reader (CLARIOstar; BMG Labtech, De Meern, the
Netherlands). The magnitude of alamarBlue reduction is an
indicator of cell viability. Four independent experiments
were performed, wherein each experimental condition was
tested in duplicate.

GAG-binding assay

The ability of the CXCL9-derived peptides to compete with
the pro-fibrotic cytokine TGF-p1 for GAG binding was
evaluated using GAG-binding 96-well plates (Galen
Laboratory Supplies, Middletown, CT, USA), which adsorb
GAGs without affecting their protein-binding characteristics.
HS (Iduron, Cheshire, UK) was diluted to 25 pg mL™" in
standard assay buffer (100 mm NaCl, 50 mm sodium acetate,
0.2% (v/v) Tween-20, and pH 7.2) and immobilised on the
plasma-polymerised surface of GAG-binding plates through
overnight incubation in the dark at room temperature. After
three washing steps with standard assay buffer, the plates
were blocked with blocking buffer (standard assay buffer
enriched with 0.2% (w/v) gelatin) for 1 h at 37°C. Blocking
buffer was discarded, and serial dilutions of CXCL9-derived
peptide combined with recombinant human TGF-B1 were
added in duplicate, followed by incubation for 2 h at 37°C.
Unbound peptides and cytokines were removed by three
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washes with standard assay buffer. Bound TGF-f1 was
detected with biotinylated polyclonal rabbit anti-human
TGF-B1 (Cat. No. BAF240; R&D Systems, Minneapolis, MN,
USA), diluted in blocking buffer. After washing, horseradish
peroxidase-labelled streptavidin was added, and the
peroxidase activity was quantified by adding a horseradish
peroxidase substrate solution. Conversion of 3,3',5,5'-
tetramethylbenzidine in the presence of 0.015% (v/v) H,O,
was measured at 450 nm using a Power Wave XS Microplate
Spectrophotometer (BioTek, Winooski, VT, USA). The
experiment was performed twice. Results represent
percentages of inhibition of cytokine binding to HS.

xCELLigence migration assay

To evaluate the effect of PDGF on the migration of human
diploid fibroblasts, a real-time cell analyser (xCELLigence
RTCA DP System; ACEA Biosciences, San Diego, CA, USA) was
employed. First, 160 uL MEM Rega-3 medium supplemented
with 0.4% (v/v) foetal bovine serum (control medium) with or
without 30 ng mL~' PDGF-BB (Peprotech) was added to the
wells of the lower chamber of a Cell Invasion and Migration
(CIM)-Plate (ACEA Biosciences). After assembly of the lower
and upper chamber, wells in the upper part of the chamber
were filled with 50 uL of serum-free MEM Rega-3 medium
with or without 0.3 or 3 pum CXCL9(74-103). After
equilibration of the plate at 37°Cfor 1 h, cells (4 x 10*cellsin
100 pL per well) were added. During an additional 30-min
incubation period at room temperature, cells were allowed to
settle onto the membrane. After transfer of the plate to the
instrument, cell migration, recorded as changes in electrical
impedance, was monitored every 5 min for 24 h. These values
were converted into cell indices as a measure of migration.
Three independent experiments were performed, with each
experimental condition tested at least in duplicate within one
experiment.

Induction assays

The anti-fibrotic effect of CXCL9-derived peptides was
assessed in vitro on human fibroblast cultures. Briefly,
7.5 x 10 cells per well were seeded in six-well culture plates
(TPP, Trasadingen, Switzerland) and grown to reach 70%
confluence. Next, fibroblasts were incubated in duplicate with
authentic CXCL9(1-103) (Peprotech) or CXCL9(74-103), in the
presence or absence of 5 ng mL~' human recombinant TGF-
B1 (Peprotech). As a control, cells were cultured in medium
alone. Following incubation for 48 h, cells were lysed with
RLT buffer (Qiagen, Hilden, Germany) containing 1% (v/v) 2-
mercaptoethanol. RNA was extracted using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions, and
converted to cDNA and used for quantitative analysis by real-
time PCR analysis (see below). Four independent induction
experiments were performed, and every condition was
included in duplicate in each experiment. Cell culture
supernatants were analysed for the presence of CTGF using a
commercially  available  enzyme-linked  immunosorbent
sandwich assay (Cat. No. DY9190-05; R&D Systems), according
to the manufacturers’ instructions. Five independent induction
experiments were performed, and each condition was
included in duplicate in each experiment.
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Experimental animals and surgical
procedures

Male C57BL/6 mice (12 weeks old; weight of 28-30 g) were
obtained from Charles River (Wilmington, MA, USA) and
were housed in cages with free access to food and water.
The surgical procedures started by opening of the abdomen
with a midline incision under general anaesthesia
(isoflurane/O;). Mice were subjected to UUO by a double
ligation of the left ureter proximal to the kidney using 6-0
silk sutures. Right kidneys were used as controls and were
manipulated, but not ligated. Because of the limited half-
life of the peptide in circulation after bolus injection, the
CXCL9(74-103) peptide (0.04 or 0.4 mg in total) was
delivered continuously during 7 days by osmotic pumps
with a reservoir of 100 pL and flow rate of 0.5 uL h™'
(model 1007D; ALZET, Cupertino, CA, USA) that were
implanted subcutaneously following the operation. Follow-
up time was 7 days for all experiments, with the exception
of the biodistribution experiments that are described
below. Groups consisted of 4-6 mice per time point per
read-out (measurement of fluorescence intensity, gene
expression analysis, IHC or flow cytometry). All experiments
involving animals were approved by the Local Animal Ethics
Committee of the University of Leuven (study P045/2017).

In vivo biodistribution of TAMRA-labelled
CXCL9(74-103)

At fixed time points (7 or 10 days) after surgery, mice were
euthanized after anaesthesia. Blood was collected using
heparin-coated Pasteur pipettes. Mice were perfused with
20 mL of phosphate-buffered saline (PBS) in order to
reduce the blood content in the collected organs.
Organs were collected, weighed and subsequently
homogenised by a Precellys tissue homogeniser (Bertin
Instruments, Montigny-le-Bretonneux, France) in 500 pL
radioimmunoprecipitation (RIPA) lysis buffer (Amresco/VWR
Life Science, Haasrode, Belgium) with 2.8-mm zirconium
oxide beads (Bertin Instruments). Then, 50 uL of each
homogenised sample was added to a black 96-well plate,
and fluorescence intensity was measured using a
CLARIOstar plate reader. A standard curve (in duplicate)
was made with TAMRA-labelled CXCL9(74-103).

Quantitative real-time PCR

Total RNA from cells and kidney tissues was extracted using
the RNeasy Mini Kit (Qiagen), according to the
manufacturers’ instructions. The RNA concentrations were
measured on a NanoDrop ND-1000 Spectrophotometer
(Isogen Life Science, Utrecht, the Netherlands). Total RNA
was reverse-transcribed using the high-capacity c<DNA
reverse transcription kit (Applied Biosystems, Foster City,
CA, USA). Subsequently, quantitative polymerase chain
reactions (qPCRs) were performed using predesigned Prime
Time qPCR Probe Assays from Integrated DNA Technologies
(IDT, Leuven, Belgium). Expression levels of o-SMA
(Hs.PT.53a.2559807, Mm.PT.58.16320644), TGF-B1 (Mm.PT.
58.11254750), fibronectin (Mm.PT.58.8135568), vimentin
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(Mm.PT.58.16320644), collagen 1l (Hs.PT.584249241,
Mm.PT.58.13848686), MMP-9 (Mm.PT.58.10100097), IL-6 (Mm.
PT.58.10005566), tumor necrosis factor (TNF)-a (Mm.PT.
58.12575861), F4/80 (Mm.PT. 58.32717794) and the
chemokine CCL2 (Mm.PT.58.422151692) were normalised to
the expression of TATA box-binding protein (tbp) or 18S
ribosomal RNA. All measurements were performed in
duplicate.

Immunostaining

The in vitro anti-fibrotic effect of the CXCL9-derived
peptide was checked on human diploid fibroblasts. These
primary cells were grown overnight on coverslips at 37°C
and 5% CO,. Cells were incubated with CXCL9(74-103)
peptide in the presence or absence of TGF-1. After 48 h,
cells were fixed with acetone/methanol (ratio 1:1) and were
incubated with antibodies against a-SMA (Cat. No. 61001;
ProGen, Heidelberg, Germany) and collagen Il (Cat. No.
ab7778; Abcam, Cambridge, UK). Visualisation of o-SMA
and collagen Ill was realised using FITC-labelled goat anti-
mouse IgG2a (Cat. No. 1081-02; Southern Biotech,
Birmingham, AL, USA) and Alexa Fluor 647-labelled goat
anti-rabbit (Cat. No. A21246; Invitrogen, Eugene, OR, USA)
secondary antibodies, respectively.

Changes in kidney histology following UUO were analysed
by periodic acid-Schiff staining (PAS) on 2-um paraffin
sections. To examine a potential anti-fibrotic role of CXCL9
(74-103) in kidney tissues, we performed o-SMA and
vimentin double immunofluorescent labelling, using primary
antibodies targeting o-SMA (Cat. No. 61001; ProGen) and
vimentin (Cat. No. ab92547; Abcam). To study the effect of
CXCL9(74-103) on extracellular matrix deposition, kidney
tissues were immunohistochemically stained for fibronectin
(Cat. No. ab2413; Abcam) and collagen Il (Cat. No. ab7778;
Abcam). Briefly, 4-um acetone-fixed frozen sections were
blocked for endogenous peroxidase activity with 3% (v/v)
H,O, (in PBS) followed by incubation with primary
antibodies. The binding of primary antibodies was detected
as described above for immunocytochemistry. We used
Hoechst for nuclear counterstaining, and sections were
coverslipped with ProLong Gold antifade reagent
(Invitrogen). Images were acquired with a Zeiss Axiovert
200M inverted microscope and AxioVision acquisition
software (Carl Zeiss, Oberkochen, Germany).

Quantification of immunostaining

To determine the in vitro anti-fibrotic effect of CXCL9(74-103),
a-SMA and collagen Ill expression (number of positive pixels)
was quantified in five images/coverslip (at 200x magnification
starting at the centre and then above, below, right and left of
the centre) using Image) software (Imagel) 1.46r, US National
Institutes of Health, Bethesda, Maryland, USA).

The kidney sections were scanned using a Nikon NiE
microscope + Marzhauser SlideExpress 2 (Nikon Instruments,
Tokyo, Japan). The abundance of cortico-interstitial a-SMA,
vimentin, fibronectin and collagen Il (number of positive
pixels) was determined using ImageJ software (ImageJ 1.46r)
at 200x magnification. To assess renal tubular atrophy, PAS-
stained sections were evaluated in 5 independent, randomly
selected fields for each kidney. Tubular dilation was
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measured by dividing the surface area of the tubular lumen
by the surface area of the tubular lumen + epithelium for all
individual tubules, with the use of ImagelJ software. For each
kidney, the mean ratio was calculated, and an increased ratio
indicated tubular dilation.

Flow cytometry

Single-cell suspensions prepared from excised kidneys
(200 000 cells per tube) were incubated with FcR-blocking
reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) and
stained with the following monoclonal antibodies against
mouse leucocyte markers: BUV395-conjugated anti-Ly6G,
BV421-conjugated CD11b, APC-conjugated CDA45, PE-Cy7-
conjugated CD3 and PE-conjugated F4/80 (eBioscience, San
Diego, CA, USA or BD Biosciences, East Rutherford, NJ,
USA). Dead cells were excluded using Zombie Aqua 516
(BioLegend, San Diego, CA, USA). Flow cytometry was
performed on a BD LSR Fortessa X20. Results were analysed
using FlowJo v10 software (LLC/BD Biosciences).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
5.0 software (La Jolla, CA, USA). All in vitro experiments
were repeated at least three times, and the results
represent mean + standard error of the mean (SEM). Non-
parametric statistical tests were used for non-normally
distributed data. First, non-parametric one-way ANOVA (the
Kruskal-Wallis test) and afterwards pairwise comparisons
(Mann-Whitney U-test) were performed to detect statistical
differences between the two treatment groups. A P-value
< 0.05 was considered statistically significant.
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