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Abstract

Inflammation is a central pathophysiologic mechanism that contributes to diabetes mellitus and
diabetic nephropathy. Recently, we showed that macrophages directly contribute to diabetic renal
injury, and that pharmacological blockade or genetic deficiency of chemokine (C-C motif)
receptor 2 (CCR2) confers kidney protection in diabetic nephropathy. However, the direct role of
CCR2 in kidney-derived cells such as podocytes in diabetic nephropathy remains unclear. To study
this, we developed a transgenic mouse model expressing CCR2 specifically in podocytes
(Tg(NPHS2-Ccr2)) on a nephropathy prone (DBA/2J) and CCR2 deficient (Ccr2-/-) background
with heterozygous Ccr2+/- littermate controls. Diabetes was induced by streptozotocin. As
expected, absence of CCR2 conferred kidney protection after nine weeks of diabetes. In contrast,
transgenic CCR2 over expression in the podocytes of Ccr2-/- mice resulted in significantly
increased albuminuria, blood urea nitrogen, histopathologic changes, kidney fibronectin and
type-1 collagen expression, podocyte loss, and glomerular apoptosis after nine weeks of
streptozotocin-induced diabetes. Interestingly, there was no concurrent increase in kidney
macrophage recruitment or inflammatory cytokine levels in the mice. These findings support a
direct role for CCR2 expression in podocytes to mediate diabetic renal injury, independent of
monocyte/macrophage recruitment. Thus, targeting the CCR2 signaling cascade in podocytes
could be a novel therapeutic approach for treatment of diabetic nephropathy.
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Introduction

Diabetes mellitus (DM) is a global health problem due to its high prevalence and associated
risk of end-stage-renal disease (ESRD), accounting for nearly half of incident ESRD
cases.12 Over the last decade, the incidence of ESRD due to diabetes has doubled. Current
therapy, including blood pressure and glucose control and other life style changes, has been
only modestly successful in delaying the progression of renal failure. Thus, identifying the
molecular mechanisms in the development of diabetic kidney disease may have substantial
impact on morbidity and mortality of the diabetic population.

Several lines of evidence have incriminated monocytes/macrophages as a mediator of DN.
Specifically, monocytes and/or macrophages and their adherence to endothelial cells and
overexpression of proinflammatory cytokines and chemokines has been shown to contribute
to the pathogenesis of DN.3~7 Furthermore, in humans, glomerular macrophage
accumulation occurs in DN8-10 and correlates strongly with the progression of renal
impairment.10 Infiltrating macrophages release lysosomal enzymes, nitric oxide, reactive
oxygen species, transforming growth factor-beta (TGF-), vascular endothelial growth factor
and cytokines such as TNF-a, interleukin (IL)-1 and interferon (IFN)-y,% which could play
pivotal roles in the development and progression of DN. Our previous work!! provides
evidence that macrophages directly contribute to kidney injury in DN; perhaps by altering
podocyte integrity through the pro-inflammatory M1 subset of macrophages. Furthermore,
we recently showed that macrophage-derived TNF-a plays a major role in diabetic renal
injury and that blocking TNF-a could be a novel therapeutic approach for treatment of
DN.12

Chemokine (C-C motif) receptor 2 (CCR2) and its ligands such as MCP-1 and MCP-5
regulate monocyte/macrophage migration into injured tissues.13-14 CCR2 deficient (Ccr27)
and MCP-1 deficient (Cc/2”~) mice are protected from monocyte/macrophage induced
injury in several disease models, including DN.15-19 We have demonstrated previously that
CCR2 is necessary for monocyte/macrophage-induced diabetic renal injury in mice.” Our
previous publication suggests that activation of CCR2 may alter podocyte integrity and
function, thereby contributing to the glomerular permeability defects associated with DN.”
Unfortunately, all published data have focused on the role of CCR2 in macrophage
recruitment. However, CCR2 is also expressed on other kidney cell populations, such as
podocytes.2921 For instance, CCR2 inhibition ameliorated high glucose-induced podocyte
apoptosis.20 These findings suggested a possible direct role of CCR2 in the development and
progression of DN via expression in podocytes. Therefore, we hypothesize that expression
of CCR2 specifically in podocytes will exacerbate renal tissue injury in diabetes. Towards
this goal, we have developed a transgenic mouse that expresses CCR2 in podocytes.

Our results confirm our previous report’ that global CCR2 deficiency confers renal tissue
protection in DN. Conversely, rescue expression of CCR2 in podocytes exacerbates diabetic
renal injury independent of monocyte/macrophage recruitment. Targeting the CCR2
signaling cascade in podocytes could be a novel therapeutic approach for treatment of DN.
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Results

Diabetes induces CCR2 expression in mouse podocytes

Our previous publication demonstrated that CCR2 deletion protects kidneys from diabetic
injury in a mouse model of type-1 diabetes.2? Additionally, CCR2 is overexpressed in
podocytes in human DN patients.23 Here we show that high glucose (HG) media
significantly increased CCR2 mRNA expression in immortalized murine podocytes (kindly
provided by Dr. John R. Sedor) compared to normal glucose (NG) media (Figure 1A).
Similarly, isolated glomeruli derived from diabetic mice are associated with increased CCR2
MRNA expression compared to control (Figure 1B).

Generation and characterization of podocin2.5-CCR2 transgenic mice

As described in “Materials and Methods” section, we created transgenic mice in which
podocytes overexpress mouse CCR2 driven by the human podocin (MPHS2) promoter
(Supplemental Figure 1A). Five founders were obtained and identified by PCR amplification
of a transgene-specific assay (Supplemental Figure 1B). CCR2 expression in podocytes was
verified by RT-PCR of RNA isolated from primary cultures of podocytes isolated from WT
and transgenic mice (not shown). Founder mice on the FVB/N background were mated with
CcrZ™!~ mice on the DBA/2J background (D2;B6- Ccr2m1/fc)3) for 4 generations. DBA/2J
mice are recommended by the Animal Models of Diabetes Complications Consortium
(AMDCC) as a nephropathy prone and an optimal model of DN.2425 CCR2 transgenic
CCR2 heterozygous (Ccr2"'~ Tg(NPHS2-Cer2) mice were then bred with CCR2 deficient
(Cer27) mice to yield the F5 generation. Male Ccr2t'~ (positive control), Ccr2~ (negative
control) and Ccr2™~ Tg(NPHS2-Ccr2) mice were used in our experiments (Supplemental
Figure 1C). As shown in supplemental Figure 1D, CCR2 mRNA was expressed in podocytes
from the transgenic mice, but not CCR2 deficient mice. Importantly, CCR2 mRNA was not
expressed in peritoneal macrophages from the transgenic mice.

Effect of CCR2 overexpression in podocytes on general characteristics of diabetic mice

Diabetes was induced by STZ injection as described in “Materials and Methods” section in
male Ccr2''=, Cerz”~ and CerZ™!~ Tg(NPHS2-Cer2) mice (Supplemental Figure 1C), and
was confirmed by non-fasted blood glucose levels. As shown in table 1, diabetic mice had
significantly increased blood glucose levels, kidney weight to body weight ratio, and
significantly decreased body weight compared to control mice after 9 weeks of diabetes.
There were no significant changes in systolic blood pressure in control or diabetic mice. The
blood glucose levels, kidney-to-body weight ratio and body weights were similar in diabetic
mice regardless of the genetic background. However, diabetes significantly increased
average glomerular size/area in Cer2*~ and CerZ™!~ Tg(NPHS2-Cer2); but not in Cerz!~
mice compared to control mice.

CCR2 expression in podocytes increases albuminuria and blood urea nitrogen (BUN) in
diabetic mice

To determine the role of podocyte-specific CCR2 in diabetic renal function, 24-hour UAER
and BUN were determined after 9 weeks of diabetes as indicators of diabetic kidney injury.
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Diabetes significantly increased UAER (Figure 2) and BUN (Table 1) in Ccr2"'~ mice. In
contrast, CCR2 deficiency (Ccr2™-) significantly reduced albuminuria and BUN compared
to diabetic Ccr2''~ mice; similar to our previous findings.” Conversely, podocyte-specific
expression of CCR2 (Ccr2™!'~ Tg(NPHS2-Ccr2)) significantly increased albuminuria and
BUN to a level that was not significantly different from diabetic Ccr2*/~ mice. Furthermore,
there was a trend towards reduced creatinine clearance in diabetic Ccr2*/~ and diabetic
CerZ™!'= Tg(NPHS2-Ccr2) compared to control mice; although data was not significant
(Table 1).

CCR2 expression in podocytes increases renal histological changes in diabetic mice

PAS staining of kidney sections (Figure 3) revealed increased glomerular cellularity and
mesangial expansion in diabetic Ccr2/~ mice compared to control Cer2~ mice after 9
weeks of diabetes (Score: 0.83+0.06 vs. 0.67+0.04; p<0.05). There was no significant
difference between diabetic and control Ccr2”~ mice (Score: 0.75+0.02 vs. 0.71+0.03). In
contrast, diabetic Ccr2/~ Tg(NPHS2-Cer2) mice had significantly increased glomerular
cellularity and mesangial expansion compared to control Ccr2™/~ Tg(NPHS2-Ccr2) mice
(0.95+0.05 vs. 0.66+0.03, p<0.01).

Masson's trichrome staining of kidney sections (Figure 4) was also used to evaluate
glomerular fibrosis. Diabetes significantly induced glomerular fibrosis in Ccr2"~ mice
compared to control Ccr2~ mice after 9 weeks of diabetes (Score: 0.18+0.03 vs. 0.08+0.02;
p<0.05). There was no significant difference between diabetic and control Ccr2”~ mice
(Score: 0.09:+0.02 vs. 0.06+0.01). In contrast, diabetic Ccr2”/~ Tg(NPHS2- Ccr2) mice
exhibited significantly increased glomerular fibrosis compared to control Ccr2™/~
Tg(NPHSZ-Ccr2) mice (Score: 0.26£0.04 vs. 0.09+0.02; p<0.01). Additionally, Masson's
trichrome staining did not show any significant differences in tubulointerstitial fibrosis
between control and diabetic mice regardless of genetic background (Data not shown).

CCR2 expression in podocytes increases renal fibronectin and type-1 collagen mRNA
expression in diabetic mice

Fibronectin and type-1 collagen are biomarkers of tissue fibrosis. Our results show that both
kidney fibronectin (Figure 5A) and type-1 collagen (Figure 5B) mRNA expression were
significantly increased in diabetic Ccr2'/~ mice, an effect significantly reduced in diabetic
CcrZ™'~ mice. In contrast, podocyte-specific CCR2 expression in diabetic Ccr2/
Tg(NPHSZ-Ccr2) mice significantly increased kidney fibronectin and type-1 collagen
mRNA expression compared to control Ccr2™/~ Tg(NPHS2-Ccr2) mice.

CCR2 expression in podocytes does not increase renal macrophage infiltration in diabetic

mice

Since CCR2 induces monocyte/macrophage migration into diabetic kidneys, we questioned
whether podocyte-specific CCR2 expression would increase monocyte/macrophage
recruitment in diabetic kidneys. Using immunohistochemistry for Mac-2 to detect
glomerular macrophages (Figure 6), we found a significant increase in glomerular
macrophages in diabetic Ccr2"'~ mice, an effect significantly reduced in diabetic Ccr2™/~
mice. Interestingly, podocyte-specific CCR2 expression in diabetic Ccr2~ Tg(NPHS2-
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Ccr2) mice did not increase glomerular macrophage recruitment and was similar to diabetic
CerZ”!= mice.

These results were confirmed by flow cytometry of total kidney macrophage content (Figure
7). In control mice, both CcrZ™/~ and Cerz'= Tg(NPHS2-Ccr2) mice had significantly fewer
kidney macrophages compared to control Ccr2"~ mice (p<0.01). As expected, diabetes
increases kidney macrophage content in diabetic Ccr2*/~ mice (<0.05) compared to control
Ccr2!'~ mice. However, diabetes was not associated with increased kidney macrophage
contents in diabetic Ccr2”'~ or CerZ™!~ Tg(NPHS2-Ccr2) mice.

CCR2 expression in podocytes does not increase inflammatory cytokines in diabetic mice

Increased proinflammatory cytokines and chemokines contribute to the pathogenesis of
DN.3-7 We previously demonstrated that TNF-a. produced by macrophages mediates
diabetic renal injury.12 Thus, we questioned whether podocyte-specific CCR2 expression
would increase proinflammatory cytokines and chemokines in the diabetic kidneys. Our data
support our previous results of kidney macrophage recruitment (Figures 6—7) and indicate
that podocyte-specific CCR2 expression in diabetic Ccr2~ Tg(NPHS2-Ccr2) mice did not
increase kidney TNF-a (Figure 8A), or NOS-2 (Figure 8B) mRNA expression after 9 weeks
of diabetes. Furthermore, podocyte-specific CCR2 expression in diabetic Ccr2/~
Tg(NPHSZ-Ccr2) mice did not increase kidney TNF-a (Figure 8C) and IL-2 (Figure 8D)
protein expression after 9 weeks of diabetes. There were no significant differences in IL-4 or
IL-1pB in all groups regardless of genetic background (Data not shown). We also evaluated
CCL2, CCL7 and CCL12 mRNA expression as ligands for CCR2 receptor. Our data showed
that diabetes up-regulates CCL2, CCL7 and CCL12 mRNA expression regardless of genetic
background (Supplemental Figure 2).

CCR2 expression in podocytes induces podocyte depletion

Our data demonstrated that podocyte-specific CCR2 expression increases albuminuria,
which could be implicated in podocyte injury/loss. Additionally, podocyte loss is associated
DN.26 Our data shows that diabetes is associated with a significant reduction in podocyte
number (Figure 9A-B) in Ccr2"~ mice; an effect significantly restored in diabetic Ccr2/~
mice. In contrast, podocyte-specific CCR2 expression in diabetic Ccr2~ Tg(NPHS2-Ccr2)
mice significantly reduced podocyte number compared to control Ccr2™'~ Tg(NPHS2-Ccr2)
mice.

CCR2 expression in podocytes induces apoptosis in the diabetic glomeruli

A previous report demonstrated that CCR2 is involved in podocyte apoptosis under diabetic
conditions.2? Our current data confirms a significant increases in apoptosis using cleaved
caspase 3 in diabetic Ccr2*~ and Cerz!~ Tg(NPHS2-Cer2) mice (Figure 9C).

Discussion

Immunologic and inflammatory mechanisms play a cardinal role in the development and
progression of DN.27:28 Specifically, monocyte/macrophage recruitment correlates strongly
with the progression of renal impairment in DN.3-8 CCR2 receptors are required for
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monocyte emigration from the bone-marrow (BM), such that Ccr2”/~ mice have fewer
circulating monocytes.14 Data from our laboratory” and others?%:30 showed that CCR2
inhibitors can block the development of DN in association with a reduction in kidney
macrophage infiltration in both type 1 and type 2 diabetic mice. Recently, a multicenter
randomized double-blind, placebo-controlled clinical trial was designed to investigate the
potential efficacy of CCR2 inhibition in type 2 diabetic patients with nephropathy.3! Patients
were followed for 52 weeks, and the results showed renoprotective effects of CCR2
inhibition on top of the current standard of care. Recruitment of monocytes is considered the
predominant mechanism by which CCR2 mediates renal tissue damage. However, in
addition to being expressed on monocyte subsets, 14 CCR2 is also expressed in other cell
types, both /in vitro32-35 and in vivo.35-38 Taken together, these data suggest a role for CCR2
in cells other than monocytes, such as podocytes. Previous reports confirmed the expression
and regulation of CCR2 in podocytes /7 vitro.2021.39 The present studies address the direct
role of CCR2 expression on podocytes /n7 vivoin DN.

In a murine model of type 1 DM, we confirmed that CCR2 is expressed in podocytes and
contributes to diabetic renal injury, independent of kidney monocyte/macrophage
recruitment. These results clearly establish a new role for CCR2 in the pathogenesis of DN.

Previous studies have identified a role for CCR2-induced injury in atherosclerosis,®
experimental autoimmune encephalitis,1® bronchiolitis obliterans syndrome,1”
hepatotoxicity,18 and ureteral obstruction;1? mainly via monocyte/macrophage infiltration.
In these instances, inhibition of CCR2 may serve to block a variety of other inflammatory
mediators and account for its beneficial effect in DN. CCR2 is a receptor for multiple
ligands, such as CCL2, CCL7, and CCL12. The binding of these ligands to CCR2 may
facilitate macrophage migration and infiltration, and act to maintain monocyte
homeostasis.13 All these ligands are able to induce monocyte migration through CCR2,13
indicating that targeting CCR?2 is potentially more efficient than targeting multiple CCR2
ligands. In the current study, we show that diabetes up-regulates CCL2, CCL7 and CCL12
MRNA expression regardless of genetic background (Supplemental Figure 2). These results
provide a possible direct effect of CCR2 in DN independent of its ligands.

Podocytes are important components of the glomerular filtration barrier. They are anchored
to the glomerular basement membrane and play a pivotal role in the pathophysiology of DN.
In humans, an increase in podocyte foot process width and a reduced podocyte number and
density correlate directly with increased urinary albumin excretion rate in both type 1 and
type 2 diabetes.40:41 Furthermore, podocyte expression of B7-142 and MCP-143 have been
clearly established; suggesting a possible role for podocytes as an immune cells.

To address the possibility that podocyte-specific CCR2 expression might contribute to the
pathogenesis of DN, we generated a transgenic mouse model that expresses CCR2
specifically in podocytes. To determine whether podocyte-restricted CCR2 suffices to render
CcrZ™!~ mice more susceptible to DN, transgenic mice were crossed to the Ccr2™/~
background and diabetes was induced via STZ. Our study shows that expression of CCR2
exclusively in podocytes mediates renal tissue injury as evidenced by an increase in
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albuminuria, BUN, average glomerular size/area, histological changes and kidney
fibronectin and type-1 collagen expression.

We also questioned whether the effect of podocyte-specific CCR2 expression to induce renal
tissue injury is mediated via increased monocyte/macrophage recruitment. Interestingly, our
results showed that podocyte-specific CCR2 expression did not affect renal macrophage
infiltration. These data were confirmed by lack of effect of podocyte-specific CCR2
expression to induce kidney inflammatory cytokines; such as TNF-a, Nos2, and IL-2.

The mechanism by which podocyte-specific CCR2 expression induces diabetic kidney
damage is not completely clear at this time; but could be mediated via podocyte loss and
apoptosis. CCR2 has direct effects on podocyte function. For example, in cultured human
podocytes, CCL2/CCR2 binding was able to induce dose-dependent migration of podocytes;
an effect blocked by CCR2 inhibition.2! In addition, CCR2 inhibition ameliorated high
glucose-induced podocyte apoptosis.29 In mesangial cells, CCR2 induced fibronectin and
collagen expression in response to high glucose treatment.4 We saw an increase in
fibronectin and collagen in the Ccr2™'~ Tg(NPHS2-Ccr2) mice, suggesting that CCR2
stimulation of podocytes may also result in production of fibrosis. In a cultured
immortalized murine podocyte model, high-glucose treatment induces CCL2, TGF p1
expression and apoptosis of podocytes. High glucose-induced podocyte apoptosis was
inhibited by CCL2/CCR2 and TGFB1 inhibition without affecting podocyte proliferation;
similar data were obtained in a C57BLKS-Lepr% mouse model.20 These findings indicated
that activation of the CCL2/CCR2 pathway contributes to not only monocyte/macrophage
migration/infiltration, but multiple downstream bio-chemical functions in the different
glomerular compartments including podocytes. In our study, CCR2 overexpression induced
podocyte loss as evidenced by Wt-1 immuno-staining. In addition, CCR2 overexpression in
podocytes increased glomerular cell apoptosis. Therefore, we speculate that the effect of
CCR2 overexpression in DN is mediated via podocyte loss and apoptosis.

In summary, we describe a new transgenic mouse model that express CCR2 exclusively in
podocytes. We provide strong evidence that podocyte-specific CCR2 expression promotes
the pathogenesis of DN, independent of monocyte/macrophage recruitment; possibly via its
effect on podocyte loss and apoptosis. Targeting CCR2 signaling could constitute a novel
therapeutic approach for diabetic kidney disease.

Materials and Methods

Generation of podocin2.5-CCR2 transgenic mice

We generated a new transgenic mouse model in which murine CCR2 is expressed
exclusively in podocytes. Briefly, a 2.5-kb fragment derived from the human podocin gene
(NPHS?2), in plasmid p2.5P-nlacF, was received from Dr. L. Holzman.*> The mouse Ccr2
full-length cDNA was cloned by PCR amplification using kidney RNA template provided by
Thermo Scientific (Waltham, MA). To facilitate introduction into p2.5P, an Ncol site was
introduced to both ends of the cDNA as described previously.#°> The reporter gene was
excised from p2.5P-nlacF and the mouse CCR2 full-length cDNA fragment was inserted.
Correct sequences were verified. The podocin2.5-CCR2 construct was sent to Cyagen
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Biosciences (Santa Clara, CA) for micro-injection to create podocin2.5-CCR2 transgenic
mice on the FVB/NCrl background.

Transgene detection and mouse characterization

A PCR assay was used to identify the transgene. The following primers were used in the
PCR assay. Transgene: forward 5 TATCCTCCTTAGCCCATGCAA 3’; reverse 5’
ACATGATGGCAGAAATAATGCTC 37, product size is 273 bp. Internal control actin:
forward 5 ACTCCAAGGCCACTTATCACC 3’; reverse 5’
ATTGTTACCAACTGGGACGACA 3’, product size is 413 bp. To determine if the CCR2
mMRNA was expressed in podocytes, mouse primary podocytes were isolated from mouse
kidneys as previously described.*6 Briefly, kidney cortex was dissected free and cut into
very small pieces in culture medium. The tissue suspension was then passed through a 250
um-pore screen followed by a 75 um-pore screen; and glomeruli enriched tissues were
retained. Tissue fragments were collected and cultured in RPMI 1640 medium supplemented
with 10% FBS for 7-10 days. RNA was isolated from primary cultured podocytes; samples
were incubated with DNase-I (Ambion; Grand Island, NY) to remove contaminated genomic
DNA. RT-PCR was performed to detect CCR2 mRNA expression using the following
primers: CCR2: Forward: 5 GTG ATT GAC AAG CAC TTA GAC 3’; Reverse: 5° ACT
CGA TCT GCT GTC TCC 3’, product size was 197 bp. GAPDH: Forward: 5 ACG GCA
AAT TCA ACG GCA CAG TCA 3’; Reverse: 5" TGG GGG CAT CGG CAG AAG G 3,
product size was 231 bp. CCR2 deletion was conducted using genotyping PCR assay
according to the protocol provided by The Jackson Laboratory (mouse stock #: 004999).

Generation of a diabetic mouse model

All animal experiments were approved by the Institutional Animal Care and Use Committee
of Penn State University College of Medicine. Founder mice were mated with Ccr2”/~ mice
on the DBA/2J background; generated in our laboratory after breeding Ccr2”/~ mice
(B6.129S4- Cer2mIfe) Jackson laboratory, stock # 004999) with DBA/2J for 7 generations.
DBA/2J mice are recommended by the Animal Models of Diabetes Complications
Consortium (AMDCC) as a nephropathy prone and an optimal model of DN.24:25 The
Cer2!'= Tg(NPHS2-Cer2 (transgenic mice on a heterozygous Ccr2"~ background) were
mated with CcrZ”/~ mice. The male Cer2t'=, Cerz”!= and CerZ™!~ Tg(NPHS2-Cer2) mice
were used in all subsequent experiments. Type 1 diabetes was induced by multiple low doses
of streptozocin (STZ; Sigma, St. Louis, MO; 50 mg/kg body weight dissolved in lactated
Ringers solution intraperitoneally for 5 consecutive days) as recommended by AMDCC?24:25
at 6 weeks of age. Diabetes was confirmed one week later by measurement of blood glucose
level. Mice with blood glucose levels > 350 mg/dl were considered diabetic. Mice were
provided ad lib access to food and water. Urine collections were obtained by housing mice in
metabolic cages. At the end of experiments (9 weeks after diabetes), mice were euthanized
and kidney and blood samples were collected.

Analytical methodology

As described previously,111247 yrine albumin was measured by ELISA using an Albuwell
M kit (Exocell, Philadelphia, PA); Blood urea nitrogen (BUN) was determined using
QuantiChrom Urea Assay Kit (BioAssay Systems cat#DIUR-500), blood glucose was

Kidney Int. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

You et al.

Page 9

measured using a ReliOn micro blood glucose monitor (Bentonville, PA). Mouse systolic
blood pressure was determined using the Coda blood pressure system (Kent Scientific Corp,
Torrington, Connecticut) as previously described.#8:49 Mice were habituated to the blood
pressure measurement for 5 days before the day of the experiment and then were allowed to
rest quietly for 15 minutes at room temperature. All measurements were performed at the
same time for all groups to avoid any diurnal variations.

Flow cytometry

Kidney macrophages were identified by fluorescence-activated cell sorting in a LSR-11 flow
cytometer (BD, Franklin Lakes, NJ) as previously described.11:22 In brief, kidney tissues
were minced, digested and then passed through a 40 um mesh. Samples were pre-incubated
with CD16/32 (2.4G) to block non-specific FcR binding site and 7-AAD (Invitrogen,
Carlsbad, CA) to exclude dead cells. Kidney macrophages were defined as
CD45*CD11bMig"/F4/80!W, Counting beads (Product #: PCB100, Invitrogen) were used in
the experiments to calculate the total number of CD45* cell per gram of kidney tissue. Data
were analyzed using FlowJo software 9.6.2 (Tree Star, Ashland, OR). All the antibodies
were provided by eBioscience.

Histology and immunohistochemistry

Mouse kidney tissues were fixed in 4% neutral buffered formalin and embedded in paraffin.
Periodic acid Schiff (PAS) or Masson's trichrome staining was performed on 3 um kidney
tissue sections. All glomeruli (between 50-110 glomeruli) in a single transverse section for
each mouse were scored individually at 400x in a blinded manner by a pathologist and then
averaged as previously described.3%-53 Images were captured with an Olympus BX51
microscope and DP71 digital camera using cellSens Standard 1.12 image software
(Olympus America, Center Valley, PA). Semiquantitative scores (0-4+) were assigned based
on the masked readings as previously described.11:47.54

Immunohistochemistry was performed using rat anti-mouse Mac-2 antibody (clone M3/38,
Cedarlane, Burlington, NC), Wt-1 antibody (Cat #: SC-192, Santa Cruz Biotechnology,
Santa Cruz, CA), cleaved caspase 3 antibody (Cat #: 9661, Cell Signaling Technology,
Danvers, MA), on paraffin embedded sections. The number of glomerular macrophages,
Wt-1 positive cells and apoptotic cells were counted in 15-40 glomeruli per section in
blinded fashion under 40x magnification and averaged as described previously.1147.54

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA was extracted from kidney tissues using Tri reagent (Molecular Research Center,
Cincinnati, OH) according to manufacturer’s protocol. Single-strand cDNA was synthesized
using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) for two-step gRT-PCR.
Quantitative PCR was performed in a Bio-Rad CFX96 Real-Time system (Bio-Rad,
Hercules, CA). Data were processed using Bio-Rad CFX Manager software (version 2.0).
Relative expression quantification was calculated using the 272ACT equation after
normalization to GAPDH. Tagman gene expression assays were used to determine following
MRNA expressions: GAPDH: Mm99999915 g1; TNF-a: Mm00443260_g1; Nos2:
MmO00440502_m1; Fibronectin: Mm01256744 m1; and type-1 Collagen: Mm00801666_g1;
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CCL2: Mm00441242; CCL7: Mm00443113_m1; CCL12: Mm01617100_m1 as described
previously.11.54

MSD multi-spot assay

Mouse kidney cytokines were measured using a Multi-spot assay system (Mouse
proinflammatory panel 1, Meso Scale Diagnostics, Rockville, MD). The assay was
performed per manufacturer’s instructions. Ninety ug kidney lysates were used for each
assay.

Statistical analysis

Comparisons between groups were analyzed using SPSS (version 19.0, SPSS, Chicago, IL).
Data are expressed as mean £ SEM. One-way ANOVA was used when more than two
groups were compared, and significance of observed differences among the groups was
evaluated with a least significant difference post hoc test. Statistical significance was
identified at p< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diabetes induces CCR2 expression in podocytes
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Control

Diabetes

A: Immortalized murine podocytes were cultured and treated with high glucose for 10 days.
Cells were harvested and RNA was extracted to measure CCR2 mRNA expression. B:
Glomeruli were isolated from DBA mice at week 9 after STZ injection. RNA was extracted

from isolated glomeruli for the measurement of CCR2 mRNA expression. Data are

presented as mean £ SEM. *p<0.05 compared to control.

Kidney Int. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

You et al.

UAER (ng/24 hours)

70

60

50

40

30

20

10

Page 14

-

#
*

T

Cer2*/- Cer2/- Ccr2/- Tg(NPHS2-Ccr2)

Figure 2. Effect of podocin2.5-CCR2 expression on renal function in diabetic mice
Mouse 24 hour urine was collected at week 9 after STZ-induced diabetes for measurement

of urinary albumin excretion (UAER). Data are presented as mean + SEM. Open bar, control
groups; black-filled bar, diabetic groups. *p<0.01 compared to control. #p<0.05 compared to
diabetic Ccrz”~ mice.
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Figure 3. Effect of podocin2.5-CCR2 expression on histological changes in diabetic mice
Sections were stained with PAS and all glomeruli were graded individually at 400x

magnification after 9 weeks of STZ-induced diabetes. Images were taken with 100x (oil)
objective with a total magnification of 1000x. Scale bar: 10 pm.
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Figure 4. Effect of podocin2.5-CCR2 expression on glomerular fibrosis in diabetic mice
Sections were stained with Masson's trichrome and all glomeruli were graded individually at

400x magnification after 9 weeks of STZ-induced diabetes. Images were taken with 100x
(oil) objective with a total magnification of 1000x. Scale bar: 10 pm.
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Figure 5. Effect of podocin2.5-CCR2 expression on kidney fibronectin and type-1 collagen
MRNA expression in diabetic mice

Quantitative RT-PCR was performed on whole mouse kidney total RNA after 9 weeks
following diabetes. Fibronectin (A), and type-1 collagen (B) mMRNA expression were
normalized with GAPDH mRNA. Open bar, control groups; black-filled bar, diabetic
groups. Results are means + SEM. *p<0.05, **p<0.01 compared to control. #p<0.05,
##p<0.01 compared to diabetic Ccr2”/~ mice.
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Figure 6. Effect of podocin2.5-CCR2 expression on glomerular macrophage infiltration in
diabetic mice
(A) Mac-2-positive macrophages in glomeruli were identified by immunohistochemical

staining at 9 weeks following diabetes. B) Summary data for macrophages/glomerulus.
Glomerular macrophages were counted in a double-blinded manner. Open bar, control
groups; black-filled bar, diabetic groups. Results are means + SEM. *p<0.05, **p<0.001
compared to control. #p<0.01 compared to diabetic Ccr2”/~ and diabetic Ccr2/~
TY(NPHSZ-Ccr2) mice.
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Figure 7. Effect of podocin2.5-CCR2 expression on total kidney macrophage infiltration in
diabetic mice

(A) Kidneys were harvested at 9 weeks following diabetes and processed for fluorescence-
activated cell sorting (FACS) analysis as described in the method section. Macrophages were
identified as CD11bM9"F4/801°W, Graphs show representative density contour plots. B)
Summary data for macrophages/gram kidney tissues. Open bar, control groups; black-filled
bar, diabetic groups. Results are means + SEM. *p<0.05 compared to control. #p<0.001
compared to diabetic Ccr2/~ and diabetic Ccr2™'~ Tg(NPHS2-Ccr2) mice.
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Figure 8. Effect of podocin2.5-CCR2 expression on kidney inflammatory cytokines in diabetic
mice

Quantitative RT-PCR was performed on whole mouse kidney total RNA after 9 weeks
following diabetes. TNF-a (A), and NOS2 (B) mRNA expression was normalized with
GAPDH mRNA. MSD multi-spot assay system was performed to measure TNF-a. (C), and
IL-2 (D) protein expression in kidney tissues. Open bar, control groups; black-filled bar,

diabetic groups. Results are means £ SEM. *p<0.05 compared to control.
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Fi_gure 9. Effect of podocin2.5-CCR2 expression on podocyte number and appoptosis in diabetic
mice

(A) Wt-1-positive podocytes were identified by immunohistochemical staining at 9 weeks
following diabetes. B) Summary data for Wt-1 positive podocytes/10 glomerular sections.
Podocyte numbers were counted in a double-blinded manner. C) Summary data for
glomerular apoptotic cell numbers using anti cleaved caspase 3/100 glomerular sections.
Cleaved caspase 3 positive cells were counted in a double-blinded manner. Open bar, control
groups; black-filled bar, diabetic groups. Results are means + SEM. *p<0.05 compared to

control.
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