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Abstract: Background: The infiltration of inflammatory cells during a kidney injury stimulates
myofibroblast activation leading to kidney fibrosis. Fibroblast-specific protein 1 (FSP-1) positive cells
have been reported as either myofibroblasts or monocytes during tissue fibrosis. The functions of
FSP-17* cells that are associated with the development of renal fibrosis and the signaling pathways that
regulate FSP-1* cell activation have not been well defined. Methods: In mice with unilateral ureteral
obstruction (UUO), we characterized FSP-1* cells and determined the role of the Notch signaling
pathway in the activation of bone marrow-derived FSP-1* cells during kidney fibrosis. Results: In
kidneys from mice with UUO, the FSP-1* cells accumulated significantly in the tubulointerstitial
area. By using immunostaining and FSP-1 reporter mice, we found that FSP-1 was co-stained
with inflammatory cell markers, but not myofibroblast markers. Results from mice with bone
marrow transplantations showed that FSP-1* cells in obstructed kidneys represent a bone marrow-
derived population of inflammatory cells. In cultured FSP-1* cells, the inhibition of Notch signaling
suppressed the activation and cytokine secretion of FSP-1* cells that were induced by LPS but not by
IL-4. The specific KO or blockade of Notch signaling in bone marrow-derived FSP-17 cells suppressed
UUO-induced ECM deposition, the infiltration of FSP-1* inflammatory cells, and cytokine production.
These responses ameliorated myofibroblast accumulation and renal fibrosis in obstructed kidneys.
Conclusion: Our study reveals that most FSP-1* cells in obstructed kidneys are activated macrophages
that are derived from bone marrow and that Notch signaling activates the production of M1 cytokines
in FSP-1* monocytes/macrophages, which is important for renal inflammation and fibrosis.

Keywords: fibroblast specific protein-1 (FSP-1); fibrosis; unilateral ureter obstruction (UUO); Notch
signaling pathway; macrophage

1. Introduction

Kidney fibrosis from chronic injuries is characterized by the presence of interstitial
fibroblasts and a decline in renal function. Histological, inflammatory lesions usually
involve recruitment, immune activation, and proliferation of leukocytes [1]. In addition,
the accumulation of mononuclear inflammatory cells in the damaged renal interstitium
is a universal finding in chronic kidney disease (CKD). Macrophages seem to foster all
these morphological abnormalities, which suggests the apathogenic role of inflammation
in the development of chronically scarred kidneys [2], but their specific contributions
remain controversial.

Fibroblast-specific protein 1 (FSP-1), also known as S100A4, is expressed in fibroblasts
in different organs that undergo tissue remodeling, including the kidneys, lungs, and

Cells 2023, 12, 214. https:/ /doi.org/10.3390/ cells12020214

https:/ /www.mdpi.com/journal/cells


https://doi.org/10.3390/cells12020214
https://doi.org/10.3390/cells12020214
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://doi.org/10.3390/cells12020214
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12020214?type=check_update&version=1

Cells 2023,12, 214

20f18

heart [3-5]. In addition, FSP-1 is commonly used as a marker to identify epithelial cells
undergoing epithelial-mesenchymal transition (EMT) during tissue fibrogenesis. However,
there is evidence that challenges the specificity of FSP-1 as a fibroblast marker because
the majority of FSP-1* cells in the infarcted myocardium are identified as hematopoietic
cells [6]. In other models of fibrosis occurring in human and experimental liver disease, FSP-
1-positive cells express F4/80 and other markers of the myeloid lineage [7]. Although FSP-1
upregulation has been demonstrated in renal fibrosis [8], the majority of FSP-1* cells express
markers of mononuclear cells in the interstitium of injured kidneys [9]. Consequently, using
FSP-1/5100A4 as a (myo)fibroblast marker has been challenged [10]. Moreover, the function
of FSP-1% cells in renal fibrosis has not been fully understood.

Notch signaling is a critical regulator of cell fate during kidney development [11]. It
is also a central regulator of cellular function in pathological conditions. Activation of
Notch signaling and increased transcription of Notch target genes are found in kidney
injuries [12,13]. Treatment with y-secretase inhibitor blocks Notch activation and prevents
the development of kidney fibrosis after the kidney injury [14]. In contrast, overexpression
of the Notch intracellular domain (NICD) in cultured renal cells could elicit different
biological responses, including cell proliferation, apoptosis, inflammatory, and profibrotic
responses. Notably, the inactivation of Notch 1 or Notch 2 facilitates cyst formation, while
overexpression of N1ICD in podocytes or tubular cells promotes glomerulosclerosis and
interstitial fibrosis, respectively [15,16].

Several studies also show that Notch signaling plays an important role in inflammatory
disorders [17]. A role for Notch signaling is present during the recruitment and function of
macrophages at sites of inflammation via a mechanism that induces CCR2 and expression
of other cytokines. However, the role of FSP-1 cells in the development of renal fibrosis and
whether Notch signaling promotes its activation have not been studied.

In this study, we showed the accumulation of FSP-1* cells in obstructed kidneys and
characterized FSP-1* cells by using reporter mice and BM transplantations. The roles of the
Notch signaling pathway in the activation and differentiation of FSP-1* cells were explored
in mice with a loss-of-Notch function.

2. Methods
2.1. Animals

All studies were approved by the Institutional Animal Care and Use Committee of
Baylor College of Medicine, Houston, Texas, USA, and they were performed in accordance
with the National Institutes of Health guidelines. Mice were housed in an animal facility
with a 12 h light/dark cycle. FSP-1-Cre mice and FSP-1-GFP transgenic mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA). RBP-J«!/f mice were generously
provided by Dr. Susztak from Albert Einstein College of Medicine, New York, USA and
with permission from T. Honjo (Kyoto University Faculty of Medicine, Kyoto, Japan). To
generate mice with KO of RBP-Jk in FSP-1 cells, mice with a floxed RBP-Jk allele were bred
with FSP-1-Cre mice. After a backcross, RBP-Jk!/f /FSP-1-Cre (FSP-1RBPJ« KO) mjce were
obtained (Supplemental Figure S1). Male and female FSP-1RBPJ% KO mice and littermate
control (FSP-1-Cre negative) mice were studied.

2.2. DNMAMLI1 Transgenic Mice

We used the TetOn/rtTA (reverse tetracycline transactivator) inducible system and
Flox-Cre recombination techniques to create FSP-1 cell-specific, inducible DNMAML1
(Dominant Negative Form of Mastermind-like Protein 1, DNMAML1) transgenic mice. To
breed these mice, three strains of mice were required (Supplemental Figure S2): (1) FSP-1-
Cre mice (Jackson lab), that constitutively expressed Cre recombinase, driven by the tissue-
specific promoter in FSP-1 cells; (2) rtTA-EGFP transgenic mice (Jackson lab), in which
the expression of floxed-rtTA is under the control of the ubiquitously expressed ROSA26
promoter; a floxed stop cassette present between the ROSA26 promoter and rtTA, confined
rtTA expression to the cells in which Cre recombinase was present; (3) the TetO-DNMAML1-
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GFP transgenic mice (Jackson lab), driven by the tetracycline-inducible promoter (tetO).
The genotyping was performed according to the protocol provided by the Jackson Lab-
oratory. The resulting mouse line hereafter was referred to as dnMAML1/FSP-1 mice
(FSP-1PNMAMLL pjce). Transgenic littermates were treated with doxycycline-containing
water (0.5 mg/mL; Sigma Chemicals, with 5% sucrose added) to induce DNMAML1 expres-
sion. DNMAML-negative mice that were treated with doxycycline were used as control.
The expression of DNMAML1 was determined by Western blots.

2.3. Generation of Reagents

Penicillin, streptomycin, tetracycline, Dulbecco’s Modified Eagle’s medium, and fetal
bovine serum were obtained from Invitrogen (Life Technologies, Carlsbad, CA, USA). The
protein assay kit was from Bio-Rad (Hercules, CA, USA). Fibronectin and S100A4 were
from Sigma-Aldrich (St. Louis, MO, USA); CD31 antibodies were from BD Biosciences
(BD Biosciences, San Jose, CA, USA); antibodies against Jagged 1, and Hes 1, Hey 1, and
Hes 5 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies
against Notch 1, N1ICD, RBP-Jk, and iNOS were from Cell Signaling Technology (Danvers,
MA, USA). The fluorescent-700/800 secondary antibodies were obtained from Invitrogen
(Carlsbad, CA, USA), an antibody against CD45 was from Millipore (Billerica, MA, USA),
and antibodies against F4/80, proliferating cell nuclear antigen, GFP, and rabbit anti-o-
SMA were from Abcam (Cambridge, MA, USA). The GFP antibody was purchased from
Rockland Immunochemicals (Limerick, PA, USA), and lipopolysaccharide and recombinant
IL-4 were purchased from R&D Systems (Minneapolis, MN, USA). BrdU Labeling and
Detection Kits were obtained from Roche (Indianapolis, IN, USA).

2.4. Renal Interstitial Fibrosis Model

UUO or sham surgeries were performed on two-to-three-month-old mice, as described
previously [18,19]. Mice (6 in each group) were anesthetized with an intraperitoneal
injection of Rodent IIT Combo. Kidney tissues were harvested 3 or 7 days after UUO or
sham surgery. Because previous studies showed no differences between these time points
in sham-operated mice [19], a single time point (day 3 or 7) was used for sham controls in
each experiment. Under anesthesia, the left ureter was isolated and ligated for 3 or 7 days.
After 3 or 7 days, all animals were euthanized, and the kidneys were analyzed.

2.5. Histology and Immunohistochemistry

For histological analysis, the kidneys were prepared by perfusion of the mice with
PBS through the left ventricle, and slides of the kidneys were prepared as described.

Double immunofluorescence staining was performed as a previous report. Isotype-
matched IgG or PBST was used as the negative control. The areas of positive signals were
measured using the NIS-Elements BR 3.0 program. Picrosirius Red and Trichrome staining
were performed for assessment of collagen deposition as described. The amount of cortical
fibrillary collagen was determined by observing areas stained with picrosirius red with a
Nikon Eclipse 80i fluorescence micro microscope (Melville, NY, USA). Images from each
section were analyzed in a blind manner and quantified using Image-Pro Plus software
(Media Cybernetics, Silver Spring, MD, USA).

2.6. Isolation of BM—Derived FSP-1* and BM Transplantation

BM cells were obtained from mouse tibias and femurs of FSP-1-GFP transgenic mice.
GFP* BM cells were isolated by cell sorting (Becton-Dickinson LSRII flow cytometer, BD Bio-
sciences, San Jose, CA, USA). BM transplantation was performed by injecting 5 x 10° BM
cells into the lateral tail vein of lethally irradiated (1100 rads) mouse recipients [20].

2.7. Isolation of Renal Cells from Control and Obstructive Kidneys

UUO (n = 6 mice) and sham (n = 6 mice) surgeries were performed, and renal single
cells were isolated and analyzed by flow cytometry. Briefly, renal tissue was minced and
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placed into a cocktail of 0.25 mg/mL Liberase Blendzyme 3 (Roche Applied Science),
20 U/mL DNase I (Sigma-Aldrich) and shaken at 37 °C for 20 min. Subsequently, cells
were passed through 40 um nylon mesh and centrifuged (10 min, 200 g, 4 °C). Cells
were stained and analyzed using flow cytometry. The following dyes and antibodies
were used: APC-Cy7-conjugated anti-CD45, Alexa Fluor 700-conjugated anti-CD3 (both
from BD Pharmingen), PerCP/Cy5.5-labeled anti-CD31, PE/Cy7-labeled anti-F4/80 (both
from Biolegend), and Cy3-conjugated anti-a-SMA (Sigma). Stained single cells were
resuspended in a staining buffer and immediately analyzed with a Becton Dickinson LSRII
flow cytometer (BD Biosciences).

2.8. BrdU Experiments

BrdU was administered to the mice (i.p., 1.5 mg/day) for 3 or 7 days before kidney col-
lection. BrdU immunofluorescent staining was performed according to the manufacturer’s
instructions (BrdU Labeling and Detection Kit, Roche, Indianapolis, IN, USA).

2.9. Cell Culture

To evaluate cytokines production in GFP* BM cells, LPS (100 ng/mL) or IL-4 (40 ng/mL)
were added and cultured for 72 h before the cells were harvested for further analysis.

2.10. Measurements of mRNA Expression

Total RNAs were isolated by RNeasy kit (Qiagen, Valencia, CA, USA). Real-time re-
verse transcriptase—polymerase chain reactions were performed with primers (Supplemental
Table S1).

2.11. Western Blot Analysis

The protein content of cell extracts prepared in radioimmunoprecipitation assay buffer
was determined by using the Bradford protein assay kit (BioRad, Hercules, CA, USA).
About 30 mg of heat-denatured proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and blotted onto nitrocellulose membranes. Subse-
quently, the immunoblots were blocked with 5% skimmed milk in a Tris-buffered saline
solution, and immunoblots were probed separately with various primary antibodies. Flu-
orescently labeled secondary antibodies were detected by the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

2.12. Statistical Analysis

All statistical analyses were performed with at least 3 independent biological or
experimental replicates. Statistical analyses were performed in Graphpad Prism Version
8. Scatter dot-plots and error bars represent the mean =+ SD. Significant differences were
determined by Mann-Whitney test and unpaired Student’s ¢-test when comparing two
groups; one-way or two-way ANOVA was used to compare multiple groups. Statistical tests
were described in each figure legend. Differences were considered statistically significant
at p-value < 0.05.

3. Result
3.1. FSP-1 Positive Cells Accumulate in Obstructed Kidneys

In UUO mice, FSP-1 expression was increased significantly on day three after UUO and
was even more pronounced after day seven (Figure 1A). In healthy mouse kidneys, only a
few FSP-1* cells were found. While many FSP-1* cells were found in the tubulointerstitial
area in obstructed kidneys (arrowheads pointed in Figure 1A), the number of FSP-1* cells
increased over time in the UUO models, which were evaluated by immunohistochemistry
(Figure 1B).
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Figure 1. FSP-1 positive cells accumulate in UUO. (A,B). The presence of FSP-1* cells was deter-
mined by immunostaining in kidneys after UUO on day 3 and day 7. Positive cells (FSP-1*) were
indicated by arrows (A) and quantified (B) (****, p < 0.0001 vs. Sham; bar = 50 pm). (C,D). The
expression and densitometric analysis of the indicated markers in control and obstructed kidneys
(**, p < 0.005; ***, p < 0.001). (E). Real-time RT-PCR analysis of the expression of indicated molecules.
Relative mRNA levels were shown after normalization with GAPDH. (*, p < 0.05). C, sham controls;
U, UUO kidney; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PDGFR, platelet-derived
growth factor receptor; SMA, smooth muscle actin; FN, fibronectin; PCNA, proliferative cell nuclear
antigen. Data are expressed as mean + SEM, n = 6 mice.

The expression of fibroblast markers (FN, PDGFR«x, x-SMA) and cell proliferation
marker PCNA was also increased significantly in kidneys on day seven of mice with UUO
(Figure 1C,D). The mRNA levels of FSP-1, «-SMA, Collagen I, MCP-1, and PCNA were
significantly increased in the obstructed kidneys vs. in the kidneys of sham control mice
(Figure 1E).

3.2. FSP-1 Is Not a Specific Marker for Myofibroblasts in Fibrogenic Kidneys

To determine the renal cell proliferation responses after UUO injury, BrdU was injected
into mice to label proliferating cells. Inmunostaining results showed that BrdU* /FSP-1*
cells were most pronounced in the interstitium (Figure 2A). BrdU™* cells were also detected
in the dilated tubular cells. Quantification results showed that > 95% of interstitial FSP-
1* cells were positive for BrdU staining in the kidneys of WT mice on the seventh day
following UUO (Figure 2B).
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Figure 2. FSP-1 is not a specific marker for myofibroblasts. (A,B), Double immunostaining of FSP-1
(red) and BrdU (green) was performed to detect proliferation of FSP-1* cells in WT mice following
UUO on day 3 and 7. Double positive cells (FSP-1* /BrdU*) were indicated by arrows (blue) and
quantified in Panel (B). (C,D). Double immunostaining of FSP-1 (red) and «-SMA (green) in the
obstructed kidneys. The percentage of the number of all x-SMA* cells and x-SMA* /FSP-1* cells in
the obstructed kidneys was shown. (E,F). Double immunostaining of FSP-1 (red) and PDGFR« (green)
in the obstructed kidneys. The percentage of the number of all PDGFR«* cells and PDGFR«* /FSP-1*
cells in the obstructed kidneys was shown. (G,H). Double immunostaining of FSP-1 (red) and CD45
(green) in the obstructed kidneys. The percentage of the number of all CD45" cells in the CD45* /FSP-
1* cells was shown. (LJ). Double immunostaining of FSP-1 (red) and F4/80 (green) in the obstructed
kidneys. The percentage of the number of all F4/80* cells and F4/80* /FSP-1* cells in the obstructed
kidneys was shown. BrdU, 5-bromodeoxyuridine; PDGFR, platelet-derived growth factor receptor;
SMA, smooth muscle actin. Bar = 50 um in panels (A,C,E,G,I); data are expressed as mean + SEM,
n = 6 mice. (**, p < 0.005; ns, no significance).
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We examined whether FSP-1 serves as a marker for myofibroblasts. The double
immunofluorescence staining of FSP-1 with mesenchymal markers (including PDGFR«)
and x-SMA was performed. The results showed that the cell staining positively for PDGFRo
or a-SMA represented only 1.5% or 4.1% of FSP-1 positive cells, respectively (Figure 2C-F).
In contrast, almost all FSP-1 positive cells in obstructed kidneys were positively stained with
the hematopoietic cell marker CD45* (Figure 2G,H). Notably, a significant proportion of
FSP-1 positive cells were found to express F4/80*, a macrophage marker (Figure 2L]). These
results indicate that FSP-1* cells in obstructed kidneys express markers of hematopoietic
cells, but not markers of fibroblasts.

3.3. The Majority of FSP-1* Cells in the Obstructed Kidneys Are Identified as BM-Derived
Hematopoietic Cells

To track the FSP-1 cells in injured kidneys, FSP-1-GFP reporter mice, in which the FSP-1
promoter drives GFP expression, were subjected to UUO (Figure 3A). Cells producing GFP
positive signals represent FSP-1 expressing cells in FSP-1-GFP reporter mice. Cells that were
positive for x-SMA or PDGFR« in obstructed kidneys amounted to only a small percentage
of GFP-positive cells (Figure 3B). Flow cytometry results showed that FSP-1* cells were
significantly increased in kidneys after seven days following UUO but were absent in sham
control mice. Nearly 95% of GFP-positive cells were CD45-positive (Figure 3C,D). Most
FSP-1* cells were positive for F4/80* (macrophage marker) or CD45" (hematopoietic cell
marker) in obstructed kidneys after seven days of UUO. While only 2.15% of FSP-1* cells
expressed the myofibroblast marker PDGFR«™" (Figure 3C,D). These results indicate that
the majority of FSP-17 cells in UUO were F4/80* macrophages.

To assess the contribution of BM-derived FSP-17 cells to the total FSP-1* population in
obstructed kidneys, we performed BM transplantation. WT mice were transplanted with
BM cells from FSP-1-GFP mice, and FSP-1-GFP mice were transplanted with WT BM cells.
Immunostaining for FSP-1* cells (green) and GFP* cells (red) indicated that >90% of the
FSP-1* cells were BM-derived in the fibrotic kidneys, whereas <10% of the FSP-1* cells
were derived from the resident cells (Figure 3E,F).

3.4. Notch Signaling Is Activated during UUO

Since the Notch pathway controls cell self-renewal, proliferation, and differentia-
tion [15,16], we determined if Notch signaling regulates FSP-1 cell differentiation. Results
from real-time RT-PCR analysis showed that the expression of Notch receptors and Notch
ligands (Jagl and DI1l4) were induced in obstructed kidneys. Moreover, Notch target genes
(Hes 1, Hey 1, and Hey 2) and the Notch transcription factor, RBP-Jk, were also up-regulated
in UUO (Figure 4A).

Immunostaining results showed that activated Notch 1 intracellular domain (N1ICD)
was detected in dilated tubules and tubulointerstitial cells in UUO (7 day) mice, but there
was no detectable N1ICD in the control kidneys (Figure 4B). More staining of activated
Notch 1 and RBP-Jk were detected in the nuclei of FSP-1* cells in obstructed kidneys
compared with sham control kidneys (Figure 4B). Consistently, protein levels of NI1CD and
Hes1 were up-regulated in UUO mice suggesting that Notch/RBP-J« signaling is activated
in FSP-17 cells following UUO injury (Figure 4C,D).

To investigate the involvement of Notch signaling in the regulation of the differen-
tiation of FSP-1* BMs, we isolated the FSP-1* cells from the BM of FSP-1-GFP mice by
cell sorting. LPS or IL-4 treatment were used to induce the differentiation of BM cells into
the type 1 macrophage (M1) or type 2 macrophage (M2), respectively. After overnight
incubation, we found that the LPS-mediated differentiation of BM cells into M1 cells was
associated with the upregulation of N1ICD, Hes5 and Hes1 (Figure 4E,F). LPS-treated BM
cells showed increased mRNA levels of FSP-1 and inflammatory cytokines (MCP-1,iNOS,
IL-12f3 and IL-6). The induction of these cytokines was diminished by the treatment of
the Notch signaling inhibitor, DAPT (Figure 4G-K). These results demonstrate that Notch
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signaling is required for the activation and differentiation of BM-derived FSP-1 cells into
M1 macrophages.
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Figure 4. Notch signaling pathway was activated in kidneys after UUO. (A). Relative mRNA levels
of molecules in Notch signaling pathway were determined by qRT-PCR in mice 7 days following UUO.

Gene expression levels were normalized to mRNA levels of control animals, and significance was
calculated (**, p < 0.005). (B). Double immunostaining of FSP-1 with N1ICD or RBP-J«k was performed
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in sham control and obstructed kidneys (bar = 50 um). (C,D). Expression of N1ICD and Hes1 were
determined by Western blotting and density analysis in obstructed kidneys on day 7 (**, p < 0.005
vs. Ctl). (EF). Western blotting and density analysis of Notch signaling in FSP-1* BM cells from
FSP-1CFT mice after stimulation with IL-4 or LPS. (¥, p < 0.05; **, p < 0.005; ***, p < 0.001; ****, p < 0.0001;
vs. LPS-treated group; n = 3 repeats). (G-K). The expression of cytokines of type 1 macrophages
was determined by qRT-PCR after the FSP-1 cells were treated with LPS and DAPT. (¥, p < 0.05;
%, p <0.001; and ****, p < 0.0001 vs. Ctl). Data are expressed as mean £+ SEM, n = 6 mice in panels
(A-E). Ctl, control; GFP, green fluorescent protein; N1ICD, NOTCH 1 Intracellular Domain; LPS,
Lipopolysaccharide; DAPT, N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-s-phenylglycinet-butyl ester.

3.5. Genetic Ablation of RBP-Jx in FSP-1" Cells Suppresses Tubulointerstitial Fibrosis Caused
by UUO

During canonical Notch signaling, the N1ICD translocates to the nucleus and binds
to the transcriptional repressor, RBP-Jk, converting it into an activator and inducing the
expression of downstream target genes. RBP-Jk is the only transcriptional coactivator
that transactivates the signals of all four Notch receptors. To determine the role of Notch
signaling in activating FSP-1" macrophages, we generated conditional RBP-Jk KO mice
(RBP-Jk/t /FSP-1-Cre*), where the RBP-Jx was KO only in FSP-1* cells (Supplemental
Figure S1A).

Results from real-time PCR and western blot analysis showed that RBP-Jk was deleted
in most BM-derived FSP-1 cells in FSP-1RBP-Jx KO/GFF mjce (Supplemental Figure S1B,C).
There was no apparent abnormality in the kidneys between WT and FSP-1RBPT< KO mjce
(Figure 5A). Results of double immunofluorescent staining showed that RBP-Jk was not
detected in FSP-1* cells in the obstructed kidneys of FSP-1RBPT< KO mice (white arrow
pointed, Figure 5B). There was an increase in the infiltration of leukocytes, deposition of
interstitial collagen, as well as the staining of Sirius red in WT UUO mice, while these
pathological phenotypes were suppressed in obstructed kidneys in FSP-1RBPJ< KO mjce
(Figure 5C). The influx of FSP-1-positive CD45" and F4/80* macrophages was decreased
in mice with UUO on day seven in FSP-1RBPIx KO mjce vs. WT mice (Figure 5C,D). The
«-SMA positive area was less in obstructed kidneys in FSP-18BPT< KO mice compared to
that in WT mice, indicating KO of RBP-Jk in FSP-1 cells decreased the accumulation of
interstitial myofibroblasts in obstructed kidneys (Figure 5C).

The expressions of FSP-1, x-SMA, and proinflammatory cytokine MCP-1 and iNOS
were decreased significantly in the obstructed kidneys of FSP-1RBPT< KO mice compared
to the results of the WT mice (Figure 5E). Moreover, the results of the Western blotting
showed that the specific KO of RBP-Jk in FSP-1 positive cells significantly decreased the
protein levels of x-SMA and fibronectin in the obstructed kidneys vs. those in WT mice at
seven days after UUO (Figure 5FG). Together, these results indicate that KO of RBP-Jk in
FSP-1 cells suppresses proinflammatory responses and renal fibrosis induced by UUO.

3.6. BM-Derived FSP-1* Cells Are Functionally Important for Renal Fibrosis

Inflammation is associated with the development of renal fibrosis; to assess the func-
tional importance of FSP-1* cells in fibrosis, we determine whether KO of RBP-Jk in
BM-derived FSP-1* cells results in reduced renal inflammation and fibrosis. WT mice
were transplanted with either BM of FSP-1RBPJ< KO mjce (WTRBPJ<KOBM) o WT BM
cells (WTWTBM) - Gimilarly, FSP-1RBPT<-KO mice were transplanted with either BM of
FSP-1RBPT KO mice (KORBIIKKOBM) or WT BM cells (KOWTBM),
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Figure 5. Loss of RBP-Jk-dependent Notch signaling in FSP-1* cells ameliorates UUO-induced
tubulointerstitial fibrosis. (A). PAS staining of kidneys from WT and FSP-1RBPT< KO control mice at
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the age of 8 weeks and 12 weeks. (B). Representative picture showing the double immunofluorescent

staining of FSP-1 and RBP-J« in kidneys of WT and FSP-1RBPJx KO myjce at 1 week after UUO. Yellow
arrows point to RBP-Jk* /FSP-1* inflammatory cells in the kidneys of WT mice, and white arrows
point to RBP-Jk~ /FSP-17 cells in the kidneys of FSP-1RBPJ% KO mijce. (C,D). Representative staining
and density analysis of PAS, Sirius red, and the indicated markers in both WT and FSP-1RBP-J« KO
mice after UUO (¥, p < 0.05, **, p < 0.01 vs. WT). (E). Real-time RT-PCR analysis of expression of
indicated molecules (¥, p < 0.05). (F,G). Representative western blotting and relative intensity analysis
indicated levels of myofibroblast markers and Hes1 in obstructed kidneys of WT and FSP-1RBP-Jx KO
mice (**, p < 0.05). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; FN, fibronectin; SMA,
smooth muscle actin; WT, wild type; KO, knock out. Bar = 50 um in panels (A—-C); data are expressed
as mean + SEM, n = 6 mice.

The expression of RBP-Jk in FSP-1* cells was determined by double immunostaining;
the results showed that RBP-Jk was efficiently and specifically KO in obstructed kidneys
in either WTRBPI<KOBM mjce or KORBPI%KO mice (Figure 6A). In contrast, the expres-
sion of RBP-Jk was positively co-stained with FSP-1* cells in WTWTBM o KOWTBM mijce
(Figure 6A). Notably, there was a significant reduction of FSP-1* and RBP-Jk* cells in
kidneys from WTRBPT<KOBM mjce and KORBPI-KOBM mice (Figure 6A,B). Moreover, the
obstructed kidneys in WTRBPT<-KOBM mice showed less infiltration of F4/80 macrophages
compared to that in WTWT BM mice (Figure 6C,D), indicating that the recruitment of FSP-1*
cells from BM requires Notch signaling.

There were decreased A-SMA positive signals in obstructed kidneys in mice with
BM from FSP-1RBPI< KO mice compared to the obstructed kidneys from mice with BM
from WT mice (Figure 6E), indicating that accumulation of myofibroblast in obstructed
kidneys is associated with active Notch signaling in BM-derived FSP-1 cells. The positive
signals of PAS, Gomori’s Masson trichrome staining, and Sirius red in the kidneys were
decreased on day seven of UUQO in WTRBPTk-KOBM mjce when compared to the kidneys
from WTWT BM mice (Figure 6F-T). Moreover, the levels of the Sirius red positive area which
represents collagen deposition in KOWT BM mice were similar to those in WTWTBM UUO
mice (Figure 6H,I), demonstrating that specific ablation of RBP-Jk in BM-derived FSP-1*
cells reduced UUO-induced fibrosis.

Together, these results suggest that the recruitment of BM-derived FSP-1* cells pro-
motes kidney fibrosis, and RBP-Jk deficiency in FSP-1* BM cells suppresses the accumula-
tion of BM-derived FSP-1* cells in obstructed kidneys.

3.7. Overexpression of DNMAMLI in FSP-1* Cells Inhibits UUO-Induced Renal Inflammation
and Fibrosis

Next, we used a tetracycline (Tet)-based inducible system to express a dominant-
negative MAMLI fused to GFP (DNMAML1-GFP) to inhibit Notch signaling in FSP-1*
cells in mice with UUO (Supplemental Figure S2). Both FSP-1 promoter-driven Cre and the
presence of doxycycline are required to induce DNMAMLI1-specific expression in FSP-1*
cells in FSP-1PNMAMLL mice  The results from immunohistochemical staining showed
increased expression of DNMAML1/GFP in the FSP-1* cells in obstructed kidneys of
FSP-1PNMAMLL mjce after doxycycline treatment (Figure 7A). The DNMAML1-GFP protein
was only induced in obstructed kidneys in FSP-1PNMAMLI mjce following doxycycline
treatment (Figure 7B,C).
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Figure 6. RBP-Jk KO in BM FSP-1* cells suppresses UUO-induced inflammation and fibrosis.
(A,B). Double immunofluorescent staining of FSP-1 and RBP-Jk in kidneys of BM transplanted
chimeric mice after 7 days of UUO. Blue arrows point to FSP-1* /RBP-Jk* co-staining cells; white
arrows point to FSP-1* /RBP-Jk ™ cells. Quantification of FSP-1* cells of the immunostaining was
shown in Panel B (**, p < 0.005). (C-E). Representative images of immunostaining of F4/80 and
«-SMA in kidneys of BM transplanted chimeric mice after 7 days of UUO. Quantification of the
immunostaining of F4/80* cells was shown in Panel (D) (**, p < 0.005). (F,G). Histology (PAS staining)

and Gomori’s Trichrome staining of kidneys of FSP-1RBP-Jx KO BM

TWT BM

chimeric mice after 7 days of UUO.
Controlled kidneys were from W mice. (H,I). Enhanced collagen deposition was determined
by Sirius red staining (**, p < 0.005). The relative density analysis of Sirius red staining was shown
in panel I. Bar = 50 pm in panels (A,C,E-H); data are expressed as mean £+ SEM, n = 6 mice. ns:

no significance.
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Figure 7. DNMAML overexpression-mediated specific Notch blockade in FSP-1* cells inhibits renal
inflammation and fibrosis. (A). Double fluorescent immunostaining of FSP-1/GFP in obstructed
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kidneys of mice with or without Dox induction. (B,C). Western blot and density analysis of expression
of dnMAMLI and Hesl1 in kidneys from FSP-1PNMAMLI 1ice with or without Dox induction at 7 days
after UUO. (**, p < 0.05). (D-G). Immunostaining and densitometry quantification of expression of
FSP-1 and F4/80 in kidneys of FSP-1PNMAMLL mjce at 7 days after UUO (****, p < 0.0001). (H). qRT-
PCR analysis of the mRNA levels of cytokines in WT and FSP-1PNMAMLL mjce at 7 days after UUO
(***, p < 0.001; ****, p < 0.0001). (I]). PAS and Sirius red staining of kidneys of FSP-1PNMAMLI 13506
with or without Dox induction after 7 days of UUO. The relative density analysis of Sirius red staining
was shown in Panel (J) (****, p < 0.0001). (K,L). The expressions of indicated molecules were detected
in sham control and obstructed kidneys of FSP-1PNMAMLI pjce by Western blot and density analysis.
(mean + SEM; **, p < 0.005). DN, Dominant Negative; DOX, Doxycycline; Ctl, control; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; PDGFR, platelet-derived growth factor receptor; SMA,
smooth muscle actin; FN, fibronectin; U, UUO sample. Bar = 50 um in panels (A,C,E,H,I); data are
expressed as mean = SEM, n = 6 mice. ns: no significance.

There was a significant reduction in inflammatory cell infiltration (F4/80* macrophage
and FSP-1*) in FSP-1PNMAMLI mjce vs. results from non-dox-induced mice after UUO
(Figure 7D-G). Similarly, the UUO-induced cytokine production was also significantly
suppressed in FSP-1PNMAMLI pyjce (Figure 7H). The results from PAS and Sirius red staining
confirmed that DNMAML1 overexpression in kidneys inhibited fibrosis on day seven of
UUO when compared with control mice (Figure 71 J). Consistent with these observations,
reduced expressions of FN, a-SMA, and PDGFR« were found in FSP-1PNMAMLL 15500
(Figure 7K,L). As expected, the expression of Notch target gene Hes 1 was reduced in the
kidneys of FSP-1PNMAMLI mice (Figure 7K,L). These results suggest that the upregulation
of DNMAML1 expression in FSP-1* cells suppresses inflammation and fibrosis after UUO.

4. Discussion

Although Notch function in kidney diseases has been reported [21,22], the mechanistic
roles of Notch in regulating the activation and differentiation of monocytes/macrophages
in renal inflammation and fibrosis is unclear. Our results demonstrate that BM-derived
FSP-1* cells stimulate the expression of proinflammatory cytokines in a fashion related to
Notch/RBP-Jk signaling. The following results support our conclusion: (i) results from BM
transplantation experiments verify that BM-derived FSP-1* cells are involved in the process
of developing renal inflammation and fibrosis; (ii) specifically blockades of Notch/RBP-
Jx signaling in FSP-1* cells inhibit macrophage infiltration and renal fibrosis in UUGQ;
(iii) the secretion of cytokines and chemokines from activated BM-derived FSP-1* cells is
suppressed by KO of RBP-Jk.

Organ fibrosis is the consequence of the healing response following inflammation.
The increased infiltration of macrophages and production of cytokines or chemokines
are prominent features in biopsy specimens of patients with CKD that are correlated with
interstitial fibrosis [23]. Recent work exploring the nature of both circulating monocytes and
tissue macrophages has highlighted their multifaceted phenotype and roles in renal fibrosis
in vivo [24]. It has been proposed that proinflammatory macrophages directly promote
renal fibrosis [25]. Increased expression of cytokines is associated with fibrosis in human
diseases, including IgA nephropathy, lupus nephritis, and diabetic nephropathy [26-28].

Increased accumulation of FSP-1* cells is associated with tissue fibrosis and inflamma-
tion in different organs [29-31]. FSP-1 has been used as a marker of fibroblasts in models of
cardiac and liver fibrosis and as a marker of macrophages in mouse kidneys undergoing
remodeling [10,32]. We found that FSP-1-positive cells isolated from injured mouse kidneys
are of hematopoietic origin and belong to the myeloid-monocytic lineage. Regardless,
FSP-1-positive cells express CD45 and macrophage marker, F4/80. We used FSP-1-GFP
reporter mice to label FSP-1-positive cells and found that only a few GFP* cells express
the mesenchymal marker x-SMA. In addition, using genetic lineage tracing and BM trans-
plantation experiments, we showed that FSP-1 does not colocalize with «-SMA, excluding
the possibility that FSP-1 might be a specific marker of uncommitted myofibroblasts. Fur-
thermore, most F4/80" macrophages/monocytes express GFP in FSP-1-GFP reporter mice.
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These findings are consistent with previous studies showing that FSP-1 is not a marker
of myofibroblasts in injured kidneys induced by thiazides and glomerulonephritis [9,33].
Thus, FSP-1 is not a marker of myofibroblast populations in obstructed kidneys.

FSP-1 positive cells express macrophage markers and secrete cytokines in fibrogenic
kidneys. Macrophages are classified into two polarization states: M1 (classically activated)
and M2 (alternatively activated) types [34]. M1 macrophage accumulation is associated
with worse kidney parameters in a proinflammatory model of renal disease [35]. In
RBP-Jk-deficient macrophages, p65 nuclear translocation and Erk1/2 phosphorylation
decreased while the level of IkB increased, suggesting that Notch-RBP-Jk might regulate
these inflammatory pathways in macrophages [36,37]. Disruption of RBP-J« in myeloid cells
inhibits ECM deposition and myofibroblast activation during renal injury [38]. Interestingly,
we found that Notch activity is required for the differentiation and activation of FSP-1* cells
into M1 macrophages but not M2 macrophages. LPS-stimulated macrophages upregulate
MCP-1, IL-183, iNOS, and IL-6; this induction could be blocked by a y-secretase inhibitor
or an RBP-Jk knockdown, indicating that a Notch/RBP-Jk signaling dependent pathway
regulates the differentiation and activation of BM-derived FSP-1* cells.

By using a conditional Cre transgenic mouse model (FSP-1RBPTx KO) 'we found that
the specific deletion of RBP-Jk in FSP-1* cells alleviates UUO-induced renal fibrosis. More-
over, inducible overexpression of DNMAMLI in FSP-1* macrophages also reduced the
inflammation in the kidneys. Therefore, these findings highlight that Notch signaling
regulates macrophage polarization and cytokine secretion in an RBP-Jk-dependent manner.
In addition to reduced macrophage infiltration and MCP-1 expression, the production of
inflammatory and fibrogenic cytokines IL-123, IL-6, and IL-1f3 decreased upon RBP-J«
specific deletion in FSP-1 cells in vivo and in FSP-17 BM cells.

In conclusion, our study reveals that most FSP-1* cells in obstructed kidneys are
activated macrophages that are derived from BM. Notch signaling is required for the
differentiation of BM-derived FSP-1* into type 1 macrophages. Blocking Notch activation in
FSP-1 cells inhibits the production of cytokines secreted from the FSP-1 cells and ameliorates
renal inflammation and fibrosis.
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10.3390/cells12020214 /51, Figure S1: Scheme of breeding strategy to create RBP—]KLOXP/ LoxP /gTOP
LoxP/LoxP_GEP /FSP-1-Cre*/ ~ mice. Figure S2: Scheme of breeding strategy to create DNMAML1/FSP-
1-Cre transgenic mouse. Table S1: The primers used for RT-PCR.
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References

1.  Sean Eardley, K.; Cockwell, P. Macrophages and progressive tubulointerstitial disease. Kidney Int. 2005, 68, 437-455. [CrossRef]
[PubMed]

2. Rodriguez-Iturbe, B.; Pons, H.; Herrera-Acosta, J.; Johnson, R.J. Role of immunocompetent cells in nonimmune renal diseases.
Kidney Int. 2001, 59, 1626-1640. [CrossRef] [PubMed]

3. Boye, K,; Maelandsmo, G.M. S100A4 and metastasis: A small actor playing many roles. Am. ]. Pathol. 2010, 176, 528-535.
[CrossRef] [PubMed]

4. Lawson, W.E,; Polosukhin, V.V.; Zoia, O.; Stathopoulos, G.T.; Han, W.; Plieth, D.; Loyd, J.E.; Neilson, E.G.; Blackwell, T.S.
Characterization of fibroblast-specific protein 1 in pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2005, 171, 899-907. [CrossRef]
[PubMed]

5. Strutz, F,; Okada, H.; Lo, C.W.; Danoff, T.; Carone, R.L.; Tomaszewski, J.E.; Neilson, E.G. Identification and characterization of a
fibroblast marker: FSP1. J. Cell Biol. 1995, 130, 393—405. [CrossRef]

6. Kong, P; Christia, P.; Saxena, A.; Su, Y.; Frangogiannis, N.G. Lack of specificity of fibroblast-specific protein 1 in cardiac
remodeling and fibrosis. Am. J. Physiol. Heart Circ. Physiol. 2013, 305, H1363-H1372. [CrossRef]

7. Osterreicher, C.H.; Penz-Osterreicher, M.; Grivennikov, S.I.; Guma, M.; Koltsova, E.K.; Datz, C.; Sasik, R.; Hardiman, G.; Karin,
M.; Brenner, D.A. Fibroblast-specific protein 1 identifies an inflammatory subpopulation of macrophages in the liver. Proc. Natl.
Acad. Sci. USA 2011, 108, 308-313. [CrossRef]

8.  Okada, H.; Danoff, TM.; Kalluri, R.; Neilson, E.G. Early role of Fsp1 in epithelial-mesenchymal transformation. Am. J. Physiol.
1997, 273, F563-F574. [CrossRef]

9. Picard, N.; Baum, O.; Vogetseder, A.; Kaissling, B.; Le Hir, M. Origin of renal myofibroblasts in the model of unilateral ureter
obstruction in the rat. Histochem. Cell Biol. 2008, 130, 141-155. [CrossRef]

10. Le Hir, M; Hegyi, L; Cueni-Loffing, D.; Loffing, J.; Kaissling, B. Characterization of renal interstitial fibroblast-specific protein
1/5100A4-positive cells in healthy and inflamed rodent kidneys. Histochem. Cell Biol. 2005, 123, 335-346. [CrossRef]

11.  Cheng, H.T.; Miner, ].H.; Lin, M.; Tansey, M.G.; Roth, K.; Kopan, R. Gamma-secretase activity is dispensable for mesenchyme-to-
epithelium transition but required for podocyte and proximal tubule formation in developing mouse kidney. Development 2003,
130, 5031-5042. [CrossRef]

12.  Hsu, Y.C,; Chang, PJ.; Tung, C.W.; Shih, Y.H.; Ni, W.C,; Li, Y.C,; Uto, T.; Shoyama, Y.; Ho, C.; Lin, C.L. De-Glycyrrhizinated
Licorice Extract Attenuates High Glucose-Stimulated Renal Tubular Epithelial-Mesenchymal Transition via Suppressing the
Notch?2 Signaling Pathway. Cells 2020, 9, 125. [CrossRef]

13. Niranjan, T; Bielesz, B.; Gruenwald, A.; Ponda, M.P,; Kopp, ].B.; Thomas, D.B.; Susztak, K. The Notch pathway in podocytes
plays a role in the development of glomerular disease. Nat. Med. 2008, 14, 290-298. [CrossRef]

14. Djudjaj, S.; Chatziantoniou, C.; Raffetseder, U.; Guerrot, D.; Dussaule, ].C.; Boor, P; Kerroch, M.; Hanssen, L.; Brandt, S.; Dittrich,
A.; et al. Notch-3 receptor activation drives inflammation and fibrosis following tubulointerstitial kidney injury. J. Pathol. 2012,
228, 286-299. [CrossRef]

15. Xiao, Z.; Zhang, J.; Peng, X,; Dong, Y.; Jia, L.; Li, H.; Du, J. The Notch gamma-secretase inhibitor ameliorates kidney fibrosis via
inhibition of TGF-beta/Smad2/3 signaling pathway activation. Int. J. Biochem. Cell Biol. 2014, 55, 65-71. [CrossRef]

16. Waters, AM.; Wu, M.Y.; Huang, YW,; Liu, G.Y.; Holmyard, D.; Onay, T.; Jones, N.; Egan, S.E.; Robinson, L.A.; Piscione, T.D. Notch
promotes dynamin-dependent endocytosis of nephrin. J. Am. Soc. Nephrol. 2012, 23, 27-35. [CrossRef]

17.  Boonyatecha, N.; Sangphech, N.; Wongchana, W.; Kueanjinda, P; Palaga, T. Involvement of Notch signaling pathway in regulating
IL-12 expression via c-Rel in activated macrophages. Mol. Immunol. 2012, 51, 255-262. [CrossRef]

18. Liang, A.; Wang, Y;; Han, G.; Truong, L.; Cheng, J. Chronic kidney disease accelerates endothelial barrier dysfunction in a mouse
model of an arteriovenous fistula. Am. J. Physiol.-Ren. Physiol. 2013, 304, F1413-F1420. [CrossRef]

19. Cheng, J.; Wang, Y.; Liang, A.; Jia, L.; Du, J. FSP-1 silencing in bone marrow cells suppresses neointima formation in vein graft.
Circ. Res. 2012, 110, 230-240. [CrossRef]

20. Liang, M.; Wang, Y.; Liang, A.; Dong, ].E; Du, J.; Cheng, ]. Impaired integrin beta3 delays endothelial cell regeneration and
contributes to arteriovenous graft failure in mice. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 607—615. [CrossRef]

21. Bielesz, B.; Sirin, Y.; Si, H.; Niranjan, T.; Gruenwald, A.; Ahn, S.; Kato, H.; Pullman, J.; Gessler, M.; Haase, V.H.; et al. Epithelial
Notch signaling regulates interstitial fibrosis development in the kidneys of mice and humans. J. Clin. Investig. 2010, 120,
4040-4054. [CrossRef] [PubMed]

22. Gupta, S.; Li, S.; Abedin, M.].; Wang, L.; Schneider, E.; Najafian, B.; Rosenberg, M. Effect of Notch activation on the regenerative
response to acute renal failure. Am. J. Physiol.-Ren. Physiol. 2010, 298, F209-F215. [CrossRef] [PubMed]

23.  Conway, B.; Hughes, J. Cellular orchestrators of renal fibrosis. QJM 2012, 105, 611-615. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1523-1755.2005.00422.x
http://www.ncbi.nlm.nih.gov/pubmed/16014021
http://doi.org/10.1046/j.1523-1755.2001.0590051626.x
http://www.ncbi.nlm.nih.gov/pubmed/11318933
http://doi.org/10.2353/ajpath.2010.090526
http://www.ncbi.nlm.nih.gov/pubmed/20019188
http://doi.org/10.1164/rccm.200311-1535OC
http://www.ncbi.nlm.nih.gov/pubmed/15618458
http://doi.org/10.1083/jcb.130.2.393
http://doi.org/10.1152/ajpheart.00395.2013
http://doi.org/10.1073/pnas.1017547108
http://doi.org/10.1152/ajprenal.1997.273.4.F563
http://doi.org/10.1007/s00418-008-0433-8
http://doi.org/10.1007/s00418-005-0788-z
http://doi.org/10.1242/dev.00697
http://doi.org/10.3390/cells9010125
http://doi.org/10.1038/nm1731
http://doi.org/10.1002/path.4076
http://doi.org/10.1016/j.biocel.2014.08.009
http://doi.org/10.1681/ASN.2011010027
http://doi.org/10.1016/j.molimm.2012.03.017
http://doi.org/10.1152/ajprenal.00585.2012
http://doi.org/10.1161/CIRCRESAHA.111.246025
http://doi.org/10.1161/ATVBAHA.114.305089
http://doi.org/10.1172/JCI43025
http://www.ncbi.nlm.nih.gov/pubmed/20978353
http://doi.org/10.1152/ajprenal.00451.2009
http://www.ncbi.nlm.nih.gov/pubmed/19828677
http://doi.org/10.1093/qjmed/hcr235
http://www.ncbi.nlm.nih.gov/pubmed/22139500

Cells 2023,12, 214 18 of 18

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chaves, L.D.; Mathew, L.; Shakaib, M.; Chang, A.; Quigg, R.J.; Puri, T.S. Contrasting effects of systemic monocyte/macrophage
and CD4+ T cell depletion in a reversible ureteral obstruction mouse model of chronic kidney disease. Clin. Dev. Immunol. 2013,
2013, 836989. [CrossRef] [PubMed]

Ricardo, S.D.; van Goor, H.; Eddy, A.A. Macrophage diversity in renal injury and repair. J. Clin. Investig. 2008, 118, 3522-3530.
[CrossRef]

Lepenies, J.; Eardley, K.S.; Kienitz, T.; Hewison, M.; Ihl, T.; Stewart, PM.; Cockwell, P.; Quinkler, M. Renal TLR4 mRNA expression
correlates with inflammatory marker MCP-1 and profibrotic molecule TGF-beta(1) in patients with chronic kidney disease.
Nephron Clin. Pract. 2011, 119, c97-c104. [CrossRef]

Kulkarni, O.; Pawar, R.D.; Purschke, W.; Eulberg, D.; Selve, N.; Buchner, K.; Ninichuk, V.; Segerer, S.; Vielhauer, V.; Klussmann, S.;
et al. Spiegelmer inhibition of CCL2/MCP-1 ameliorates lupus nephritis in MRL-(Fas)lpr mice. . Am. Soc. Nephrol. 2007, 18,
2350-2358. [CrossRef]

Klessens, C.Q.E; Zandbergen, M.; Wolterbeek, R.; Bruijn, J.A.; Rabelink, T.].; Bajema, .M.; IJpelaar, D.H. Macrophages in diabetic
nephropathy in patients with type 2 diabetes. Nephrol. Dial. Transplant. 2017, 32, 1322-1329. [CrossRef]

Ellson, C.D.; Dunmore, R.; Hogaboam, C.M.; Sleeman, M.A.; Murray, L.A. Danger-associated molecular patterns and danger
signals in idiopathic pulmonary fibrosis. Am. . Respir. Cell Mol. Biol. 2014, 51, 163-168. [CrossRef]

Zhang, ].; Jiao, Y,; Hou, S.; Tian, T.; Yuan, Q.; Hao, H.; Wu, Z.; Bao, X. S100A4 contributes to colitis development by increasing the
adherence of Citrobacter rodentium in intestinal epithelial cells. Sci. Rep. 2017, 7, 12099. [CrossRef]

Zhang, W.; Ohno, S.; Steer, B.; Klee, S.; Staab-Weijnitz, C.A.; Wagner, D.; Lehmann, M.; Stoeger, T.; Konigshoff, M.; Adler, H.
5100a4 Is Secreted by Alternatively Activated Alveolar Macrophages and Promotes Activation of Lung Fibroblasts in Pulmonary
Fibrosis. Front. Immunol. 2018, 9, 1216. [CrossRef]

Du, X.; Shimizu, A.; Masuda, Y.; Kuwahara, N.; Arai, T.; Kataoka, M.; Uchiyama, M.; Kaneko, T.; Akimoto, T; lino, Y.; et al.
Involvement of matrix metalloproteinase-2 in the development of renal interstitial fibrosis in mouse obstructive nephropathy. Lab.
Investig. 2012, 92, 1149-1160. [CrossRef]

Loeffler, I.; Liebisch, M.; Allert, S.; Kunisch, E.; Kinne, RW.; Wolf, G. FSP1-specific SMAD2 knockout in renal tubular, endothelial,
and interstitial cells reduces fibrosis and epithelial-to-mesenchymal transition in murine STZ-induced diabetic nephropathy. Cell
Tissue Res. 2018, 372, 115-133. [CrossRef]

Mosser, D.M.; Edwards, ].P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958-969. [CrossRef]
Tang, PM.; Nikolic-Paterson, D.J.; Lan, H.Y. Macrophages: Versatile players in renal inflammation and fibrosis. Nat. Rev. Nephrol.
2019, 15, 144-158. [CrossRef]

Xu, H.; Zhu, J.; Smith, S.; Foldi, J.; Zhao, B.; Chung, A.Y.; Outtz, H.; Kitajewski, J.; Shi, C.; Weber, S.; et al. Notch-RBP-] signaling
regulates the transcription factor IRF8 to promote inflammatory macrophage polarization. Nat. Immunol. 2012, 13, 642-650.
[CrossRef]

Monsalve, E.; Ruiz-Garcia, A.; Baladron, V.; Ruiz-Hidalgo, M.].; Sanchez-Solana, B.; Rivero, S.; Garcia-Ramirez, J.J.; Rubio, A;
Laborda, J.; Diaz-Guerra, M.]. Notch1 upregulates LPS-induced macrophage activation by increasing NF-kappaB activity. Eur. J.
Immunol. 2009, 39, 2556-2570. [CrossRef]

Jiang, Y.; Wang, Y.; Ma, P; An, D.; Zhao, J.; Liang, S.; Ye, Y.; Lu, Y.; Zhang, P; Liu, X.; et al. Myeloid-specific targeting of Notch
ameliorates murine renal fibrosis via reduced infiltration and activation of bone marrow-derived macrophage. Protein Cell 2019,
10, 196-210. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1155/2013/836989
http://www.ncbi.nlm.nih.gov/pubmed/24489579
http://doi.org/10.1172/JCI36150
http://doi.org/10.1159/000324765
http://doi.org/10.1681/ASN.2006121348
http://doi.org/10.1093/ndt/gfw260
http://doi.org/10.1165/rcmb.2013-0366TR
http://doi.org/10.1038/s41598-017-12256-z
http://doi.org/10.3389/fimmu.2018.01216
http://doi.org/10.1038/labinvest.2012.68
http://doi.org/10.1007/s00441-017-2754-1
http://doi.org/10.1038/nri2448
http://doi.org/10.1038/s41581-019-0110-2
http://doi.org/10.1038/ni.2304
http://doi.org/10.1002/eji.200838722
http://doi.org/10.1007/s13238-018-0527-6

	Introduction 
	Methods 
	Animals 
	DNMAML1 Transgenic Mice 
	Generation of Reagents 
	Renal Interstitial Fibrosis Model 
	Histology and Immunohistochemistry 
	Isolation of BM–Derived FSP-1+ and BM Transplantation 
	Isolation of Renal Cells from Control and Obstructive Kidneys 
	BrdU Experiments 
	Cell Culture 
	Measurements of mRNA Expression 
	Western Blot Analysis 
	Statistical Analysis 

	Result 
	FSP-1 Positive Cells Accumulate in Obstructed Kidneys 
	FSP-1 Is Not a Specific Marker for Myofibroblasts in Fibrogenic Kidneys 
	The Majority of FSP-1+ Cells in the Obstructed Kidneys Are Identified as BM-Derived Hematopoietic Cells 
	Notch Signaling Is Activated during UUO 
	Genetic Ablation of RBP-J in FSP-1+ Cells Suppresses Tubulointerstitial Fibrosis Caused by UUO 
	BM-Derived FSP-1+ Cells Are Functionally Important for Renal Fibrosis 
	Overexpression of DNMAML1 in FSP-1+ Cells Inhibits UUO-Induced Renal Inflammation and Fibrosis 

	Discussion 
	References

