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A hallmark of chronic kidney disease is renal fibrosis, which can result in progressive loss
of kidney function. Currently, there is no effective therapy for renal fibrosis. Therefore, there
is an urgent need to identify potential drug targets for renal fibrosis. In this study, we
examined the effect of a selective STAT6 inhibitor, AS1517499, on myeloid fibroblast
activation, macrophage polarization, and development of renal fibrosis in two
experimental murine models. To investigate the effect of STAT6 inhibition on myeloid
fibroblast activation, macrophage polarization, and kidney fibrosis, wild-type mice were
subjected to unilateral ureteral obstruction or folic acid administration and treated with
AS1517499. Mice treated with vehicle were used as control. At the end of experiments,
kidneys were harvested for analysis of myeloid fibroblast activation, macrophage
polarization, and renal fibrosis and function. Unilateral ureteral obstruction or folic acid
administration induced STAT6 activation in interstitial cells of the kidney, which was
significantly abolished by AS1517499 treatment. Mice treated with AS1517499
accumulated fewer myeloid fibroblasts and myofibroblasts in the kidney with ureteral
obstruction or folic acid nephropathy compared with vehicle-treated mice. Moreover,
AS1517499 significantly suppressed M2 macrophage polarization in the injured kidney.
Furthermore, AS1517499 markedly reduced the expression levels of extracellular matrix
proteins, and development of kidney fibrosis and dysfunction. These findings suggest that
AS1517499 inhibits STAT6 activation, suppresses myeloid fibroblast activation, reduces
M2 macrophage polarization, attenuates extracellular matrix protein production, and
preserves kidney function. Therefore, targeting STAT6 with AS1517499 is a novel
therapeutic approach for chronic kidney disease.
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INTRODUCTION

Chronic kidney disease (CKD) has become a significant public
health challenge (1). Fibrosis is the ultimate common pathway
for development of CKD and is considered a major factor for the
progression of all forms of CKD (2). Renal fibrosis is a
pathological feature of CKD, leading to the replacement of
normal kidney tissue structure with extracellular matrix (ECM)
with progressive and irreversible damage to kidney function (3).
However, despite increased understanding of the molecular
mechanisms of renal fibrosis, there is no specific treatment to
control fibrosis and restore renal function. As the origin and
functional contribution of fibroblasts are not completely
understood, effectively targeting fibroblasts in organ fibrosis
remains a challenge.

Accumulating evidence indicates that myeloid myofibroblasts
termed fibrocytes play a crucial role in the process of fibrosis (4–
7). We and others have previously shown that the recruitment of
bone marrow-derived fibroblasts increases the progression and
development of renal fibrosis (8–12). Therefore, targeting these
cells may serve as an effective therapeutic strategy to treat
chronic kidney disease. Bone marrow-derived fibroblasts share
the characteristics of mesenchymal cells as well as hematopoietic
cells (13, 14). However, various cytokines produced in the local
microenvironment determine the differentiation of bone
marrow-derived fibroblasts. We have previously demonstrated
that Th2 cytokines (IL-4 and IL-13), which are considered
profibrotic cytokines, enhances the expression of type I
collagen, fibronectin and a-SMA in bone marrow-derived
monocytes (15, 16).

STAT6 signaling is primarily activated by Th2 cytokines such
as IL-4 and IL-13 and is associated with the pathogenesis of lung
(17, 18), liver (19) and renal fibrosis (15, 20). We have recently
shown that JAK3/STAT6 plays a crucial role in the activation of
bone marrow-derived fibroblasts and development of renal
fibrosis in obstructive nephropathy (15). Furthermore, we have
shown that knockout of IL-4Ra inhibits STAT6 activation,
myeloid fibroblast accumulation and transformation into
myofibroblasts, M2 macrophage polarization, and development
of renal fibrosis following obstructive injury or folic acid
administration (16). These findings suggest that STAT6
signaling pathway may serve as a novel therapeutic target for
renal fibrosis.

In this study, we evaluated the potential therapeutic role of
AS1517499, a potent and selective STAT6 inhibitor (21), in
myeloid fibroblast activation and development of renal fibrosis
in two experimental murine models. Our results demonstrate
that AS1517499 abolished STAT6 activation in the interstitial
cells of the kidney with obstructive injury or folic acid
nephropathy. Furthermore, administration of AS1517499
suppresses the activation of myeloid fibroblasts, reduces M2
macrophage polarization, and attenuate renal fibrosis.
These findings suggest that inhibition of STAT6 with
AS1517499 has the potential for the treatment of fibrotic
kidney disease.
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MATERIALS AND METHODS

Materials
AS1517499 was purchased from AXON Medchem LLC (Reston,
VA, USA). Dimethyl sulphoxide (DMSO), 2-Mercaptoethanol
and 2-Methylbutane were purchased from Sigma Chemicals Co.
(St. Louis, MO, USA). Halt™ Protease and phosphatase inhibitor
cocktail, RIPA Lysis and extraction buffer were obtained from
Thermo Fisher Scientific (Rockford, Illinois, USA).10% Formalin
was purchased from Electron Microscopy Sciences (Hatfield, PA,
USA). BlockAidTM blocking solution (Invitrogen, B10710).
Acetone, Hydrogen Peroxide, Acetic acid, and Xylenes were
purchased from Fisher Chemical (USA). Histo-Clear II were
purchased from Life Science Products (Colorado, USA).
Hematoxylin, VECTASTAIN® Elite ABC-HRP Kit, Peroxidase
(Rabbit IgG) PK-6101, Avidin/Biotin Blocking kit, Antigen
unmasking solution and ImmPACT® DAB Substrate,
Peroxidase (HRP) (Vector Laboratories Burlingame, CA, USA).
The primary and secondary antibodies used for the Western blot
were GAPDH (monoclonal, 1:5000, EMD Millipore, MAB374,
RRID : AB_2107445), anti-a-SMA antibody (monoclonal, 1:500,
Santa Cruz, SC-32251, RRID: AB_262054), anti-type I collagen
antibody (polyclonal, 1:1000, SouthernBiotech, 1310-01, RRID:
AB_2753206), anti-fibronectin antibody (polyclonal,1:1000,
Sigma-Aldrich, F3648, RRID : AB_476976), phospho-STAT6
(Tyr641) antibody (polyclonal, 1:500, cell Signaling
Technology, 9361, RRID : AB_331595) and STAT6 Antibody
(polyclonal, 1:500, Cell Signaling Technology, 9362, RRID:
AB_2271211); and secondary anti-rabbit (polyclonal,1:10000,
Thermo Fisher Scientific A16035, RRID: AB_2534709), anti-
goat (polyclonal,1:10000, Thermo Fisher Scientific, A16005,
RRID: AB_2534679), and anti-mouse (polyclonal,1:10000,
Thermo Fisher Scientific, A16017, RRID: AB_2534691),
respectively. The primary antibodies used in Figures 1, 5 for
immunohistochemistry analysis were phospho-STAT6 (Tyr641)
rabbit antibody (monoclonal, Thermo Fisher Scientific Cat#
700247, RRID: AB_2532305). The primary antibodies used in
Figures 2, 6 for immunofluorescence analysis were rat anti-
CD45 (monoclonal, 1:200, BD Biosciences, 550539, RRID:
AB_2174426), rat anti-CD206 (monoclonal, 1:200, Bio-Rad,
MCA2235, RRID: AB_324622) and rabbit anti-PDGFRb
(polyclonal, 1:100, Santa Cruz Biotechnology, SC-432 RRID:
AB_631068); the secondary antibodies Alexa Fluor 488 donkey
anti-rabbit IgG (polyclonal, 1:400, Thermo Fisher Scientific, A-
21206, RRID : AB_2535792) and Alexa Fluor 594 donkey anti-rat
IgG (polyclonal, 1:400, Thermo Fisher Scientific, A-21209, RRID :
AB_2535795). The primary antibody used in Figures 3, 7 for
immunofluorescence analysis was mouse anti-a-SMA
(monoclonal, 1:400, Santa Cruz, SC-32251, RRID: AB_262054);
the secondary antibody Alexa Fluor 488-conjugated donkey anti-
mouse antibody (polyclonal,1:400, Molecular Probes, A-21202,
RRID: AB_141607). The primary antibodies used in Figures 4, 8
for immunofluorescence analysis anti-fibronectin antibody
(polyclonal,1:400, Sigma-Aldrich, F3648, RRID: AB_476976), and
anti-type I collagen antibody (polyclonal, 1:400, SouthernBiotech,
August 2021 | Volume 12 | Article 735014
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1310-01, RRID: AB_2753206); the secondary antibodies Alexa Fluor
488 donkey anti-rabbit IgG (polyclonal, 1:400, Thermo Fisher
Scientific, A-21206, RRID: AB_2535792) and Alexa Fluor 488-
conjugated donkey anti-goat antibody (polyclonal, 1: 400, Thermo
Fisher Scientific, A-11055, RRID: AB_2534102).

Animals
Wild-type (WT) C57BL/6 mice were purchased from the Jackson
Laboratory. All animal experiments were conducted in
accordance with national and international animal care and
ethical guidelines and have been approved by the institutional
animal care and use committee of the University of Connecticut
Health Center. Mice were housed in groups of 3-5 littermates in a
temperature-controlled environment with 12/12 h light/dark
cycle and ad libitum access to food and water. Male mice at 8-
10 weeks of age, weighing 20-30 grams were used in the study. In
the unilateral ureteral obstruction (UUO) model, mice were
anesthetized with an intraperitoneal injection of ketamine and
xylazine. Through a flank incision, the left ureter was exposed
and ligated at two points using fine suture material (4-0 silk) as
previously described (15). In the folic acid-induced nephropathy
model, WT mice were administrated intraperitoneally with folic
acid (Sigma) at 250 mg/kg dissolved in 0.3 mM sodium
bicarbonate (NaHCO3). Control mice were injected with equal
Frontiers in Immunology | www.frontiersin.org 3
volume of 0.3 mM NaHCO3 (16). These in vivo experimental
models in mice replicates aspects of the human renal fibrosis (3).
A randomization of animals was carried out to generate groups
of equal size. The investigators responsible for data analysis were
blind to the study groups.

AS1517499 Administration
AS1517499 was dissolved in 20% DMSO and 80% normal saline.
In the UUO model, mice received vehicle or AS1517499 at 10
mg/kg via intraperitoneal injection one hour before UUO
surgery. Vehicle or AS1517499 at 10 mg/kg was administered
intraperitoneally every other day following the first dose for 10
days (18).

In the folic acid-induced nephropathy model, mice received
intraperitoneal injection of vehicle or AS1517499 at 10 mg/kg (18,
22) one hour before folic acid or 0.3mMNaCO3 treatment.Vehicle
orAS1517499at 10mg/kgwas administered intraperitoneally every
other day following the initial dose for 14 days.

Western Blot Analysis
Total proteins from kidney tissues were extracted using
radioimmunoprecipitation assay buffer (RIPA) buffer containing
protease and phosphatase inhibitors. Equal amounts of proteins
were separated on SDS-polyacrylamide gels and then
A B

C D

FIGURE 1 | AS1517499 inhibits STAT6 activation in the kidney with obstructive injury. (A) Representative photomicrographs of kidney sections at day 10 of UUO
stained for phosphorylated STAT6 (brown) and counterstained with hematoxylin (blue). Scale bar, 50mm. (B) Quantitative analysis of phosphorylated STAT6-positive
cells in the kidney. ***P < 0.001 vs. Vehicle-CON; ##P < 0.01 vs Vehicle-UUO; ++P < 0.01 vs AS-UUO. n = 6 per group. (C) Representative Western blots show
protein levels of p-STAT6 and STAT6 in the kidney at day 10 of UUO. (D) Quantitative analysis p-STAT6 protein levels in the kidney. ***P < 0.001 vs. Vehicle-CON;
#P < 0.05 vs Vehicle-UUO; +P < 0.05 vs AS-UUO. n = 6 per group.
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E

FIGURE 2 | AS1517499 attenuates myeloid fibroblast accumulation and macrophage polarization in the kidney with obstructive injury. (A) Representative photomicrographs of
kidney sections at day 10 of UUO stained for CD45 (red), PDGFR-b (green), and DAPI (blue). Scale bar, 50mm. (B)Quantitative analysis of CD45+ and PDGFR-b+ fibroblasts in the
kidney. ***P < 0.001 vs Vehicle-CON; ##P < 0.01 vs Vehicle-UUO; ++P < 0.01 vs AS-UUO. n = 6 per group. (C) Representative photomicrographs of the kidney at day 10 of UUO
stained for CD206 (red), PDGFR-b (green), and DAPI (blue). Scale bar, 50mm. (D)Quantitative analysis of CD206+ and PDGFR-b+ fibroblasts in the kidney. **P < 0.01 vs Vehicle-
CON; ##P < 0.01 vs Vehicle-UUO; ++P < 0.01 vs AS-UUO. n = 6 per group. (E)Quantitative analysis of mRNA expression of M2macrophage makers (MRC, FIZZ1, Arg1, CCL17
in the kidney of Vehicle or AS1517499 treated mice. ***P < 0.001, **P < 0.01, *P < 0.05 vs Vehicle-CON; ##P < 0.01, #P < 0.05 vs Vehicle-UUO; +++P < 0.001, +P < 0.05 vs
AS-UUO. n = 6 per group.
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electrophoretically transferred onto nitrocellulosemembranes. The
membranes were incubated overnight in primary antibodies
(fibronectin, collagen type I, a-SMA, phosphorylated-STAT6,
STAT6, or GAPDH), followed by incubation with appropriate
HRP-conjugated secondary antibodies. The proteins of interest
were visualized by chemiluminescence and the signal intensity was
quantified using NIH ImageJ software (23).
Immunohistochemistry
Formalin-fixed paraffin-embedded kidney tissues were sectioned
at 5 mm thickness for evaluation of STAT6 phosphorylation as
described (15). After deparaffinization, antigen retrieval was
performed with antigen unmasking solution for 30 min,
followed by quenching of endogenous peroxidase with 3%
H2O2. Kidney sections were incubated with blocking buffer for
1 hour at room temperature and incubated with phospho-
STAT6 antibody in a humidified chamber overnight at 4°C.
The slides were washed with PBS, and then incubated with HRP-
conjugated secondary antibody and ABC solution sequentially.
Immunoreactivities were detected with diaminobenzidine
substrate and counterstained with hematoxylin. Finally, the
slides were rinsed with water, dehydrated and cover slipped.
Images were obtained using a Nikon microscope equipped with a
digital color camera and analyzed in a blinded manner.
Frontiers in Immunology | www.frontiersin.org 5
Immunofluorescence
Immunofluorescence staining was performed in frozen kidney
sections. After using serum-free protein block to block
nonspecific binding for 1h at room temperature, kidney
sections were hybridized with primary antibodies overnight at
4°C followed by incubation with the corresponding secondary
antibodies. Subsequently, slides were mounted with mounting
medium containing DAPI solution. Fluorescence intensity was
captured using a Nikon microscope equipped with a digital
camera and analyzed in a blinded manner (24).

Quantitative Real-Time RT-PCR
Total RNA was extracted from kidney tissues and bone marrow
cells using TRIzol reagent (Invitrogen, Carlsbad, CA). Aliquots
(1 mg) of total RNA were reverse transcribed using
cDNA Reverse Transcription kit (Bio-Rad, Hercules, CA).
Quantitative real-time PCR was performed using IQ SYBR
green supermix reagent (Bio-Rad, Hercules, CA) with a Bio-
Rad real-time PCR machine according to the manufacturer’s
instructions. Relative mRNA expression levels of target genes
were obtained by normalizing to GAPDH in each sample using
the comparative Ct method (DDCt) and the relative
quantification was calculated as 2−DDCt (25). The gene-specific
primer sequences were: arginase (Arg1) forward, 5’-CTCCAAG
CCAAAGTCCTTAGAG-3’,-reverse, 5’-AGGAGCTGTCATTA
A B

C D

FIGURE 3 | AS1517499 reduces myofibroblast formation in the kidney with obstructive injury. (A) Representative photomicrographs of UUO treated kidney sections
stained for a-SMA (green) and counterstained with DAPI (blue). Scale bar, 50mm. (B)Quantitative analysis of a-SMA positive area in the kidney. ***P < 0.001 vs Vehicle-CON,
#P < 0.05 vs Vehicle-UUO, ++P < 0.01 vs AS-UUO. n = 6 per group. (C) Representative Western blots show a-SMA protein levels in the kidney. (D)Quantitative analysis of
a-SMA protein expression in the kidney. ***P < 0.001 vs Vehicle-CON, ##P < 0.01 vs Vehicle-UUO, ++P < 0.01 vs AS-UUO. n = 6 per group.
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FIGURE 4 | AS1517499 attenuates renal fibrosis and ECM protein production in the kidney with obstructive injury. (A) Representative photomicrographs of kidney
sections stained with Sirius red for evaluation of total collagen deposition in the kidney. Scale bar, 50mm. (B) Quantitative analysis of interstitial collagen deposition in
the kidney. ***P <0.001 vs Vehicle-CON. ##P < 0.01 vs Vehicle-UUO, ++P < 0.01 vs AS-UUO. n = 6 per group. (C) Representative photomicrographs of the kidney
sections stained for fibronectin (green) and counterstained with DAPI (blue). Scale bar, 50mm. (D) Quantitative analysis of fibronectin-positive area in the kidney.
***P < 0.001 vs Vehicle-CON. ##P < 0.01 vs Vehicle-UUO, +P < 0.05 vs AS-UUO. n = 6 per group. (E) Representative photomicrographs of the kidney sections
stained for collagen I (green) and counterstained with DAPI (blue). Scale bar, 50mm. (F) Quantitative analysis of collagen I positive area in the kidney. ***P < 0.001 vs
Vehicle-CON. #P < 0.05 vs Vehicle-UUO, ++P < 0.01 vs AS-UUO. n = 6 per group. (G) Representative Western blots show protein expression of fibronectin and
collagen I in the kidney. (H) Quantitative analysis of protein levels of fibronectin and collagen I in the kidney. ***P < 0.001 vs Veh-CON; ##P < 0.01, #P < 0.05 vs Veh-
UUO; ++P < 0.01 vs AS-UUO. n = 6 per group.
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GGGACATC-3’;mannose receptor C-type 1 (MRC1)-forward, 5’-
GGTCTATGGAACCACGGATGA-3 ’ , - r e v e r s e , 5 ’ -
TGCCCAGTAAGGAGTACATGG-3’;found in inflammatory
zone 1 (Fizz1)-forward, 5’-CCAATCCAGCTAACTATCC
CTCC-3’,-reverse, 5’-ACCCAGTAGCAGTCATCCCA-3’;
CCL17-forward, 5’- CGAGAGTGCTGCCTGGATTACT-3’,-
reverse, 5’- GGTCTGCACAGATGAGCTTGCC-3’;GAPDH-
forward, 5’-CCAATGTGTCCGTC?A3B2 ek?>GCGTGGATCT-
3’,-reverse, 5’-GTTGAAGTCGCAGGAGACAACC-3’.

Evaluation of Renal Fibrosis
Sirius red staining was performed on paraffin-imbedded kidney
sections (26). After deparaffinization and hydration in distilled
water, kidney sections were stained with Sirius red solution for 60
minutes to evaluate collagen fibers. Subsequently, slides were
washed with acetic acid solution and absolute alcohol
sequentially. The Sirius red-stained kidney sections were
visualized using a microscope equipped with a digital camera
(Nikon, Melville, NY) and quantitative evaluation was performed
in a blinded fashion using NIS-Elements Br 3.0 software (9).

Kidney Function Assay
Serum creatinine was measured using a commercially available
kit (BioAssay Systems, Hayward, CA) as reported (27, 28).

Statistical Analysis
All values were expressed as mean ± SEM. Multiple comparisons
were performed by Analysis of variance (ANOVA) followed by
the Bonferroni procedure for comparison of means. A p-value of
less than 0.05 was considered statistically significant.
Frontiers in Immunology | www.frontiersin.org 7
RESULTS

AS1517499 Inhibits STAT6 Activation in the
Kidney With Obstructive Injury
We have reported that JAK3/STAT6 signaling is activated in
interstitial cells of fibrotic kidneys following obstructive injury or
folic acid administration (15, 16). To evaluate whether STAT6
can serve as a therapeutic target for the treatment of renal
fibrosis, wild type mice were subjected to obstructive injury
and then treated with vehicle or AS1517499, a STAT6-specific
inhibitor, every two days for 10 days. Immunohistochemical
staining and Western blot analysis were performed to examine
STAT6 activation in the kidney. Immunohistochemical staining
revealed that positive phosphor-STAT6 staining was mainly
detected in the interstitial cells of the kidney with obstructive
nephropathy, which was reduced by AS1517499 treatment
(Figures 1A, B). Consistent with these findings, Western blot
analysis showed level of phospho-STAT6 was inhibited in the
kidney with obstructive nephropathy following AS1517499
treatment (Figures 1C, D). These data indicate that the
inhibition of STAT6 with AS1517499 prevents STAT6
activation in the kidney with obstructive nephropathy.

AS1517499 Impairs Myeloid Fibroblast
Accumulation in Obstructive Nephropathy
Accumulating evidence indicates that the recruitment of myeloid
fibroblasts contributes significantly to the pathogenesis of renal
fibrosis. To investigate whether AS1517499 affects myeloid
fibroblasts accumulation, kidney sections were stained for the
hematopoietic marker CD45 and mesenchymal marker PDGFR-b.
A B

C D

FIGURE 5 | AS1517499 inhibits STAT6 activation in folic acid nephropathy. (A) Representative images of immunohistochemical staining of phosphorylated STAT6 in
the kidney 2 weeks after vehicle or AS1517499 treatment. Scale bar, 50mm. (B) Quantitative analysis of phosphorylated STAT6-positive cells in the kidney 2 weeks
after vehicle or AS1517499 treatment. ***P < 0.001 vs. CON; ##P < 0.01 vs FA+Veh. n = 6 per group. (C) Representative Western blot of p-STAT6 and STAT6 in the
kidney. (D) Quantitative analysis p-STAT6 protein levels in the kidney. ***P < 0.001 vs. CON; ##P < 0.01 vs FA+Veh. n = 6 per group.
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The number of CD45 and PDGFR-b dual positive cells was
significantly enhanced in the obstructed kidneys, whereas
AS1517499 treatment markedly reduced CD45 and PDGFR-b
dual positive cells (Figures 2A, B). These data suggest that
STAT6 inhibitor AS1517499 ameliorates myeloid fibroblasts
accumulation in the kidney after obstructive injury.

AS1517499 Attenuates M2 Macrophage
Polarization in Obstructive Nephropathy
The transformation of monocytes into bone marrow derived
fibroblasts is mediated by M2 macrophage polarization. STAT6
plays a key role in M2 macrophage polarization. Therefore, we
examined whether the inhibition of STAT6 with AS1517499
mediates macrophage polarization. Kidney sections were stained
Frontiers in Immunology | www.frontiersin.org 8
for CD206 (M2 macrophage marker) and PDGFR-b. CD206 and
PDGFR-b dual positive cells were markedly increased in the
kidney of mice with obstructive injury. In contrast, AS1517499
significantly reduced the number of CD206+ and PDGFR-b+
cells in kidney with obstructive nephropathy (Figures 2C, D).
These data indicate that AS1517499 significantly attenuates the
transition of monocytes into myeloid fibroblasts and reduces M2
macrophage polarization.

To further evaluate the effect of STAT6 inhibitor AS1517499
on M2 macrophage polarization, real-time RT-PCR was
performed to detect mRNA expressions of M2 macrophage
markers. AS1517499 treatment suppressed mRNA expression
abundance of Arg1, MRC1, Fizz1, and CCL17 in obstructed
kidneys (Figure 2E). These data indicate that STAT6 signaling
A B

C D

E

FIGURE 6 | AS1517499 attenuates myeloid fibroblast accumulation and macrophage polarization in folic acid nephropathy. (A) Representative photomicrographs of
kidney sections 2 weeks after vehicle or AS1517499 treatment stained for CD45 (red), PDGFR-b (green), and DAPI (blue). Scale bar, 50mm. (B) Quantitative analysis
of CD45+ and PDGFR-b+ fibroblasts in the kidney. **P < 0.01 vs CON. #P < 0.05 vs FA+Veh. n = 6 per group. (C) Representative photomicrographs of kidney
sections 2 weeks after vehicle or AS1517499 treatment stained for CD206 (red), PDGFR-b (green), and DAPI (blue). Scale bar, 50mm. (D) Quantitative analysis of
CD206+ and PDGFR-b+ fibroblasts in the kidney. ***P < 0.001 vs CON. ##P < 0.01 vs FA+Veh. n = 6 per group. (E) Quantitative analysis of mRNA expression of M2
macrophage makers (MRC, FIZZ1, Arg1, CCL17) in the kidney 2 weeks after vehicle or AS1517499 treatment. ***P < 0.001 vs CON; ###P < 0.001 vs FA+Veh; ##P < 0.01 vs
FA+Veh. n = 6 per group.
August 2021 | Volume 12 | Article 735014

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jiao et al. STAT6 Inhibitor for Renal Fibrosis
promotes M2 macrophage polarization while pharmacological
inhibition of STAT6 with AS1517499 prevents M2 macrophage
differentiation in the damaged kidneys.

AS1517499 Inhibits Myofibroblast
Formation in Obstructive Nephropathy
Activated fibroblasts, which are termed myofibroblasts (29), are
responsible for the production and accumulation of large
amounts of interstitial ECM components in the kidney (30).
We next examined the effect of AS1517499 on myofibroblast
transformation in the kidney by assessing a-smooth muscle actin
(a-SMA) expression in the kidney. Immunohistochemical
staining demonstrated that AS1517499 treatment suppressed
the number of a-SMA positive myofibroblasts in the kidney
with obstructive nephropathy (Figures 3A, B). Western blot
analysis showed that AS1517499 treatment reduced the
expression level of a-SMA protein in the obstructed kidney
compared with vehicle-treated UUO group (Figures 3C, D).

AS1517499 Ameliorates Renal Fibrosis
and ECM Protein Production in
Obstructive Nephropathy
To evaluate the effect of AS1517499 on renal fibrosis, Sirius Red
staining was performed on kidney sections. Sirius red staining
showed significant interstitial collagen deposition in the
obstructed kidney, whereas AS1517499 treatment significantly
attenuated interstitial collagen deposition in the kidney subjected
to UUO injury (Figures 4A, B).

To investigate whether AS1517499 could affect the
production of ECM proteins (collagen I and fibronectin) in the
kidney with obstructive nephropathy, we performed
Frontiers in Immunology | www.frontiersin.org 9
immunofluorescence staining and Western blot analysis.
Immunofluorescence staining and Western blot analysis
revealed the levels of fibronectin and collagen I were markedly
increased in the obstructed kidney, whereas AS1517499
treatment significantly attenuated the protein levels of collagen
I and fibronectin in the obstructed kidney (Figures 4C–H).

AS1517499 Inhibits STAT6 Activation in
Folic Acid Nephropathy
Folic acid nephropathy is another commonly used murine model
of renal fibrosis. Therefore, we examined whether AS1517499
can inhibit STAT6 activation and pathogenesis of renal fibrosis
in folic acid nephropathy. Kidney sections were stained for
phospho-STAT6. STAT6 phosphorylation was significantly
induced in interstitial cells of the kidney with FA nephropathy,
whereas AS1517499 treatment markedly inhibited the expression
of phospho-STAT6 (Figures 5A, B). These findings were further
confirmed by Western blot analysis (Figures 5C, D). These data
indicate that STAT6 is activated in the interstitial cells of the
damaged kidney with folic acid nephropathy, which is
significantly inhibited following AS1517499 treatment.

AS1517499 Suppresses Myeloid Fibroblast
Accumulation in Folic Acid Nephropathy
To examine the role of AS1517499 in the myeloid fibroblast
accumulation in the kidney with folic acid nephropathy, we
performed double immunofluorescence staining for CD45 and
PDGFR-b. The number of CD45 and PDGFR-b dual positive
cells increased in the kidney with folic acid nephropathy.
AS1517499 considerably suppressed the number of CD45 and
A B

C D

FIGURE 7 | AS1517499 reduces myofibroblast formation in folic acid nephropathy. (A) Representative photomicrographs of kidney sections 2 weeks after vehicle
or AS1517499 treatment stained for a-SMA (green) and counterstained with DAPI (blue). Scale bar, 50mm. (B) Quantitative analysis of a-SMA positive area in the
kidney. ***P < 0.001 vs CON; ###P < 0.001 vs FA+Veh. n = 6 per group. (C) Representative Western blots showing a-SMA protein levels in the kidney 2 weeks after
vehicle or AS1517499 treatment. (D) Quantitative analysis of a-SMA protein expression in the kidney. ***P < 0.001 vs CON, ##P < 0.01 vs FA+Veh. n = 6 per group.
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FIGURE 8 | AS1517499 reduces kidney fibrosis and preserve kidney function in folic acid nephropathy. (A) Representative photomicrographs of kidney sections 2
weeks after vehicle or AS1517499 treatment stained with sirius red for evaluation of total collagen deposition in the kidney. Scale bar, 50mm. (B) Quantitative analysis
of interstitial collagen deposition in the kidney. ***P < 0.001 vs CON, ##P < 0.01 vs FA+Veh. n = 6 per group. (C) Representative photomicrographs of kidney
sections stained for fibronectin (green) and counterstained with DAPI (blue). Scale bar, 50mm. (D) Quantitative analysis of fibronectin-positive area in FA treated
kidneys. ***P < 0.001 vs CON, ##P < 0.01 vs FA+Veh. n = 6 per group. (E) Representative photomicrographs of kidney sections stained for collagen I (green) and
counterstained with DAPI (blue). Scale bar, 50mm. (F) Quantitative analysis of collagen I positive area in the kidney. ***P < 0.001 vs CON, #P < 0.05 vs FA+Veh. n = 6
per group. (G) Representative Western blots showing protein expression of fibronectin and collagen I in the kidney. (H) Quantitative analysis of protein levels of
fibronectin and collagen I in the kidney. ***P < 0.001 vs CON; ##P < 0.01 vs FA+Veh. n = 6 per group. (I) Effect of AS1517499 on serum creatinine. **P < 0.001 vs
CON; #P < 0.05 vs FA+Veh. n = 6 per group.
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PDGFR-b dual positive cells in the kidney with folic acid
nephropathy (Figures 6A, B).

AS1517499 Attenuates M2 Macrophage
Polarization in Folic Acid Nephropathy
We then examined whether the pharmacological inhibition of
STAT6 with AS1517499 regulates M2 macrophage polarization
in FA nephropathy. As confirmed by immunofluorescence
staining analysis, treatment of AS1517499 significantly
inhibited the number of CD206 and PDGFR-b dual positive
cells compared with vehicle treated mice with FA administration
(Figures 6C, D). In addition, M2 macrophage markers, Arg1,
MRC1, Fizz1, and CCL17 were induced in folic acid
nephropathy. These M2 macrophage markers were reduced
following AS1517499 treatment (Figure 6E). These data
indicate that the pharmacological inhibition of STAT6 with
AS1517499 attenuates M2 macrophage polarization in the
kidney with FA nephropathy.

AS1517499 Attenuates Myofibroblast
Formation in Folic Acid Nephropathy
To determine whether AS1517499 affects myofibroblast
transformation, a-SMA expression was examined in kidney
sections and by western blot analysis. Consistent with our
findings in the UUO model, a-SMA positive myofibroblasts
and the expression of a-SMA protein was enhanced in the
kidney after treatment with FA compared with vehicle treated
mice. Moreover, co-administration of FA with AS1517499
significantly reduced a-SMA positive cells and a-SMA protein
level in the kidney compared with FA co-administrated vehicle
group (Figures 7A–D). These results demonstrate that
AS1517499 inhibits myofibroblast formation in the kidney
with folic acid nephropathy.

AS1517499 Ameliorates Renal Fibrosis
and Preserves Renal Function in Folic
Acid Nephropathy
Toevaluate the effect ofAS1517499on renalfibrosis, picrosirius red
staining was performed on kidney sections. FA-treated mice had
markedly elevated levels of collagen deposition, whereas
AS1517499 treatment significantly reduced the amounts of
collagen deposition in the kidney (Figures 8A, B). Additionally,
immunofluorescence staining and Western blot analysis further
demonstrated that AS1517499 significantly inhibits the expression
ofECMproteins (fibronectin andcollagen I) in the kidneywith folic
acid nephropathy (Figures 8C–H). These data suggest that
AS1517499 inhibits ECM production in the kidney and the
development of renal fibrosis in folic acid nephropathy.

To assess the effect of STAT6 deficiency on kidney function in
folic acid nephropathy, serum creatinine was measured. Folic
acid treated mice displayed a significant elevation of serum
creatinine (Figure 8I). In contrast, mice treated with
AS1517499 exhibited much lower serum creatinine in folic
acid nephropathy. These results indicate that inhibition of
STAT6 with AS1517499 protects the kidney from folic
acid nephropathy.
Frontiers in Immunology | www.frontiersin.org 11
DISCUSSION

Renal fibrosis is a key pathological feature of chronic kidney
disease. At present, there are no effective treatments or specific
drugs for preventing and/or reversing renal fibrosis progression.
Studies have demonstrated that a major source of myofibroblasts
originates from bone marrow-derived fibroblasts, which is
derived from monocyte subpopulations through the
differentiation of monocytes into fibroblasts (9, 23, 30, 31).
However, the molecular mechanisms underlying monocytes-to-
fibroblast transition in the injured kidney are not fully elucidated.
In the present study, we examined the effect of a STAT6-specific
inhibitor, AS1517499, on monocyte-to-fibroblast transition, M2
macrophage polarization, and development of renal fibrosis in
two murine models of chronic kidney disease induced by ureteral
obstruction or folic acid. Our results show that treatment with
AS1517499 in mice with obstructive nephropathy or FA
nephropathy suppresses myeloid fibroblast accumulation,
decreases M2 macrophage polarization and myofibroblast
transformation, reduces ECM protein production and collagen
deposition in the kidney, and prevents kidney dysfunction.

We have showed that the IL4Ra/JAK3/STAT6 signaling
pathway play an important role in the activation of myeloid
fibroblast and the development of renal fibrosis (15).
Genetic disruption of IL4Ra, pharmacological inhibition of
JAK3, or genetic deletion of STAT6 reduces myeloid fibroblast
accumulation and activation in the kidney in response to
obstructive injury or folic acid injury (15, 16). AS1517499 is a
potent and selective STAT6 inhibitor with an IC50 of 21 nM (21).
Chiba and colleagues report that AS1517499 inhibits antigen-
induced hyperresponsiveness in a murine model of asthma (22).
In the present study, we examine the effect of pharmacological
inhibition of STAT6 with AS1517499 on myeloid fibroblast
activation in experimental models of renal fibrosis induced by
ureteral obstruction or folic acid. Our results reveal that STAT6 is
phosphorylated in the kidney in response to obstructive injury or
folic acid injury. The level of STAT6 phosphorylation in the
kidney is markedly inhibited by AS1517499 administration.
These data indicate that AS1517499 inhibits STAT6 activation
in the kidney with injury. Of note, the total STAT6 levels in the
kidney are increased following ureteral obstruction or folic acid
administration, which is somewhat reduced after AS1517499
treatment. This may be related to STAT6 protein stability/
degradation or decreased expression of STAT6 as consequences
of negative feedback regulation caused by inactivation of STAT6
signaling. Further studies are needed to elucidate the exact
mechanisms. We observed that AS1517499 treatment inhibits
myeloid fibroblast accumulation and activation in the kidney
with injury. These results support an important role of STAT6
in the activation of myeloid fibroblasts in the kidney.

Th2 cytokines IL-4 and IL-13 stimulate STAT6 phosphorylation,
which is involved in M2 macrophage polarization (15). M2
macrophages are characterized by expressing Arg1, MRC1, Fizz1,
CCL17 (32). M2 macrophages have reported to promote tissue
fibrosis (33–35). However, how M2 macrophages promote tissue
fibrosis is not clearly understood. We have previously demonstrated
that myeloid fibroblasts are derived from monocytes through M2
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macrophage polarization (15, 24). Recently, Binnemars-Postma and
colleagues report that inhibition of STAT6 with AS1517499
attenuates tumor associated macrophages into M2 phenotypes
and reduces tumor growth and metastasis (36). In the present
study, we show that treatment with AS1517499 inhibits the number
of CD206 and PDGFR-b dual positive cells in the injured kidney
and reduces the mRNA expression levels of M2 macrophage
markers, Arg1, MRC1, Fizz1, CCL17. These data indicate that
STAT6 inhibitor A1517499 suppresses monocyte-to-fibroblast
transition and M2 macrophage polarization in the injured kidney
during the development of renal fibrosis.

Renal fibrosis is characterized by production and deposition
of ECM proteins leading to destruction of renal parenchyma and
loss of kidney function (2). In the present study, we have shown
that inhibition of STAT6 with AS1517499 reduces the
production of ECM proteins – fibronectin and collagen I as
well as collagen deposition in the kidney in two experimental
models of obstructive nephropathy and folic acid nephropathy.
Furthermore, pharmacological inhibition of STAT6 with
AS1517499 protects the kidney from folic acid-induced kidney
dysfunction. These results indicate that AS1517499 can inhibit
the development of kidney fibrosis and dysfunction.

In summary, our findings indicate that STAT6 is activated in
injured kidneys, leading to the accumulation and activation of
myeloid fibroblasts, M2 macrophage polarization, and
development of kidney fibrosis and dysfunction. Pharmacological
inhibition of STAT6 with AS1517499 suppresses myeloid
fibroblasts accumulation and activation, reduces M2 macrophage
polarization, decreasesECMprotein production, and attenuates the
development of kidney fibrosis and dysfunction. These results
Frontiers in Immunology | www.frontiersin.org 12
indicate that targeting STAT6 with AS1517499 is a promising
therapeutic approach for the treatment of chronic kidney disease.
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