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Contributes to Progressive Kidney Disease
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ABSTRACT

Clinical and experimental studies have shown that mineralocorticoid receptor (MR) antagonists sub-
stantially reduce kidney injury. However, the specific cellular targets and mechanisms by which MR
antagonists protect against kidney injury must be identified. We used conditional gene deletion of MR
signaling in myeloid cells (MR LysM"® mice; MyMRKO) or podocytes (MR*/fox pod©re mice;
PodMRKO) to establish the role of MR in these cell types in the development of mouse GN. Accelerated
anti-glomerular basement membrane GN was examined in groups of mice: MyMRKO, PodMRKO, wild-
type (WT) littermates, and WT mice receiving eplerenone (100 mg/kg twice a day; EPL-treated). At day 15
of disease, WT mice had glomerular crescents (37%=*5%), severe proteinuria, and a é-fold increase in
serum cystatin-C. MyMRKO, PodMRKO, and EPL-treated mice with GN displayed proteinuria similar to
that in these disease controls. However, MyMRKO and EPL-treated groups had a 35% reduction in serum
cystatin-C levels and reduced crescent numbers compared with WT mice, whereas PodMRKO mice were
not protected. The protection observed in MyMRKO mice appeared to result predominantly from reduced
recruitment of macrophages and neutrophils into the inflamed kidney. Suppression of kidney leukocyte
accumulation in MyMRKO mice correlated with reductions in gene expression of proinflammatory mole-
cules (TNF-a, inducible nitric oxide synthase, chemokine (C-C motif) ligand 2, matrix metalloproteinase-
12), tubular damage, and renal fibrosis and was similar in EPL-treated mice. In conclusion, MR signaling in
myeloid cells, but not podocytes, contributes to the progression of renal injury in mouse GN, and myeloid
deficiency of MR provides protection similar to eplerenone in this disease.
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Mineralocorticoid receptor (MR) antagonists are
known to inhibit renal and cardiovascular disease
(CVD) by direct blockade of MR in tissues and by
reducing hypertension.! They can also suppress
kidney damage in animal models of GN and dia-
betic nephropathy without affecting BP.2-¢ In addi-
tion, MR antagonists provide added protection
against proteinuria and loss of renal function
when used with standard antihypertensive thera-
pies in patients with diabetic and nondiabetic
CKD.7-*?

The clinical use of MR antagonists is limited by
the development of hyperkalemia due to the im-
portance of the MR in tubular regulation of salt
balance.1? This consequence of MR blockade in the
distal tubule is most evident during renal impair-
ment and can require a reduction in the dosage of
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MR antagonist or withdrawal of the agent as a ther-
apy.”>® The specific renal cell types that are targeted
by MR antagonists to reduce injury during kidney
disease have not been clearly identified. Establish-
ing the identity of these cells is an important step
toward developing more selective inhibitors of MR
signaling that do not interfere with tubular cell
function.
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Animal studies demonstrate that the A
protection afforded by MR antagonists in
GN and diabetic nephropathy is associated
with reductions in renal inflammation,
proteinuria, and glomerular injury.»3>11
These studies also link MR blockade to
suppression of leukocyte recruitment
and podocyte injury. This suggests that
the major pathologic effects of MR signal-
ing may occur in podocytes and inflam-
matory cells.

Recent in vitro studies have suggested
that MR signaling can induce apoptosis
in podocytes and oxidative stress in macro-
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phages,'213 which supports a role for MR
signaling in these cell types in kidney dis-
ease. In addition, an MR deficiency in
myeloid cells protects against cardiovas-
cular injury and ischemic cerebral in-
farcts by reducing inflammation and
fibrosis.!4-1¢ However, no in vivo studies
have identified whether MR signaling in
podocytes or macrophages is specifically
important to the development of kidney
disease.

In this study, we created mice with a
selective genetic deficiency of MR in my-
eloid cells or podocytes and used these
strains to evaluate the hypothesis that MR
signaling in macrophages or podocytes is
required for the development of renal
injury in a normotensive model of pro-
gressive GN.

LysmCre WT+EPL

Figure 1. Antibody and complement activity in anti-GBM GN are unaltered by de-
ficiency of MR signaling. (A) Serum levels of mouse anti-sheep immunoglobulin are
equivalent in WT, MyMRKO, and eplerenone-treated mice with GN. (B) Antibody ti-
tration analysis showed that glomerular deposition of mouse immunoglobulin and C3

are the same in WT, MyMRKO and eplerenone-treated mice with GN. (C-J) Immu-
nofluorescence staining shows extensive glomerular deposition of mouse immuno-

RESULTS

globulin and C3 after the development of anti-GBM GN, which was similar in WT,

MyMRKO, and eplerenone-treated mice (magnification X400). Data in A and B are the

Mice with Myeloid MR Deficiency
Have Normal Leukocyte Levels and
Antibody Responses

Analysis of MR?¥1°% 1ysM©™ (MyMRKO) mice found an
80% reduction of MR gene expression in kidney macro-
phages (Supplemental Table 1) and a 50% reduction in
MR protein on blood neutrophils (Supplemental Figure
1). MyMRKO mice had normal circulating levels of white
blood cells (5.2+0.4X10°/L for wild type [WT] versus
5.0%0.4X10°/L for MyMRKO) with a similar proportion
of monocytes (1.4%=*+1.0% for WT versus 1.3%*0.9% for
MyMRKO) and neutrophils (9.6%*0.2% for WT versus
10.9%*2.0% for MyMRKO). During the development of
GN, MyMRKO mice produced a humoral immune response
equivalent to that seen in WT mice, which included equal
levels of circulating antisheep immunoglobulin and glo-
merular deposition of mouse immunoglobulin and C3
(Figure 1).

mean+SEM; n=8.
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Myeloid MR Deficiency Protects Mice from Declining
Renal Function in Anti-Glomerular Basement
Membrane GN
Pre-experimental analysis showed that urinary protein excre-
tion in MyMRKO mice is equivalent to that in normal mice
(Figure 2A). Induction of GN in WT mice resulted in albu-
minuria at day 1 of disease, which remained elevated at days 7
and 14 (Figure 2A). Administration of eplerenone to WT mice
with GN did not affect albuminuria. However, albuminuria
was reduced by 40% in MyMRKO compared with WT mice at
day 1 of disease but was not different at days 7 or 14 of disease.
Serum levels of cystatin C were similar in WTand MyMRKO
mice without disease, indicating that MyMRKO mice had
normal renal function (Figure 2B). WT mice had a 6-fold in-
crease in the serum level of cystatin C at day 15 of anti—
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Figure 2. Myeloid MR deficiency protects mice from loss of renal
function in anti-GBM GN. (A) Albuminuria was reduced in MyMRKO
mice compared with WT and eplerenone-treated mice at day 1 of
anti-GBM disease. However, albuminuria was similar in each of
these groups at days 7 and 14 of disease. (B) At day 15 of anti-GBM
disease, there was a 6-fold increase in serum levels of cystatin Cin WT
mice, which was reduced by 35% in the MyMRKO and eplerenone-
treated groups. Data are the mean=SEM; n=8. *P<0.05 versus WT
with disease.

glomerular basement membrane (GBM) GN, which was re-
duced by approximately 35% in both MyMRKO mice and
eplerenone-treated WT mice.

Myeloid MR Deficiency Reduces Kidney Damage in
Anti-GBM GN

At day 15 of GN, WT mice had severe histologic kidney damage,
which included crescents in 37% of glomeruli (Figure 3, Table 1).
In comparison, MyMRKO mice and eplerenone-treated WT
mice had significantly reduced crescent formation, with levels
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of 26% and 11% of glomeruli, respectively. Immunostaining
analysis identified increased glomerular accumulation of
myofibroblasts in diseased compared with normal WT mice,
which was diminished in MyMRKO and eplerenone-treated
WT mice (Figure 3, Table 1).

Extensive damage was also found in the tubulointerstitial
area of the renal cortex in mice with GN. Apoptotic cells,
identified by immunostaining for activated caspase-3, were
mostly located in the tubulointerstitium in diseased WT type
mice; however, their numbers were decreased in MyMRKO
mice and eplerenone-treated WT mice (Table 1). Similarly,
periglomerular and peritubular myofibroblasts were fre-
quently observed in WT mice with GN, and their presence was
substantially reduced in MyMRKO mice and eplerenone-treated
WT mice (Figure 3, Table 1). Quantitative PCR analysis of whole
kidney identified a 30-fold increase in gene expression of
COL1Al, FN1, and PAI-1 in WT mice with GN (Table 1). The
expression of these profibrotic genes was about 50% lower in
both MyMRKO mice and eplerenone-treated WT mice. In com-
parison, the elevated levels of TGF-81 mRNA seen in the dis-
eased kidneys of WT mice was not reduced in MyMRKO mice or
EPL-treated mice with GN (Table 1); however, TGF-B1 activity
was not examined.

Myeloid MR Deficiency Reduces Renal Inflammation in
Anti-GBM GN

Because MyMRKO mice showed protection from proteinuria
at day 1 of GN, we examined these mice at 3 hours after
disease induction to identify whether the early glomerular
inflammatory response was affected. Immunostaining dem-
onstrated that neutrophils were scarce in the glomeruli
of mice without disease (0.220.05 cells/glomerular cross-
section [gcs] in WT mice versus 0.21*+0.15 cells/gcs in
MyMRKO mice). In comparison, there was a marked influx
of neutrophils in glomeruli at 3 hours of disease in WT mice
(3.5*1.1 cells/gcs), which was reduced by 40% in MyMRKO
mice (2.1£0.7 cells/gcs; P<0.05) and eplerenone-treated
mice (1.9%0.5 cells/gcs; P<0.05). At 3 hours of disease, glo-
merular macrophages were not significantly increased and
glomerular CD417 platelets were increased 2-fold but did
not differ between WT and MyMRKO strains (data not
shown).

At day 15 of GN, neutrophils had diminished to normal
levels in the glomeruli of WT mice and were rarely detected in
the tubulointerstitium (data not shown). In contrast, the
glomerular and interstitial numbers of macrophages and T cells
were substantially increased in these mice (Table 2). Compared
with the WT mice, MyMRKO mice had a 60%-70% reduction
in the accumulation of glomerular and interstitial macro-
phages at day 15, whereas eplerenone-treated WT mice were
less protected from macrophage infiltration (Figure 3, Table 2).
At day 15, glomerular T cells were not reduced in MyMRKO
mice or by eplerenone treatment; however, the number
of interstitial T cells decreased 30% in both these groups
(Table 2).

Myeloid MR Deficiency in GN 2233
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Figure 3. Myeloid MR deficiency reduces kidney damage in anti-GBM GN. Histologic
staining with periodic acid-Schiff (PAS) and hematoxylin shows the kidney structure of
(A) a normal mouse. In comparison, there is severe damage to glomeruli (crescent
formation, sclerosis) and tubules (dilatation, atrophy) in (B) a WT mouse at day 15 of
anti-GBM disease, which is attenuated in (C) a MyMRKO mouse and (D) an eplerenone-
treated WT mouse. Immunostaining of a-smooth muscle actin was found only in the
vasculature in (E) a normal mouse kidney. However, significant expression of a-smooth
muscle actin was seen in myofibroblasts accumulating in glomerular, periglomerular, and
tubulointerstitial regions in (F) a WT mouse at day 15 of anti-GBM disease, which is
reduced in (G) a MyMRKO mouse and (H) an eplerenone-treated WT mouse. Im-
munostaining identified small numbers of resident CD68* macrophages in (I) a normal
mouse kidney. In contrast, there were many infiltrating macrophages in glomeruli and the
interstitium of (J) a WT mouse at day 15 of anti-GBM disease, which is reduced in (K) a
MyMRKO mouse and (L) an eplerenone-treated WT mouse. Magnification: A-D and I-L,
X400; E-H, x250.

Table 1. Kidney damage in MyMRKO mice

Anti-GBM GN
Analysis WT  MyMRKO

WT MyMRKO WT+EPL
Glomerular crescents (%) 0 0 372 26*+12 11+2b
Apoptotic cells (cells/mm?) 0.5+0.2 0.4*0.2 6.0+x0.5 2.9+0.2° 3.7+0.4°
Wilms' tumor-1+podocytes/ges ~ 10.0£0.3 9.9+0.3 3.9x0.2 3.4+0.2 4.8+0.3°
Glomerular myofibroblasts (% area) 0.5+0.1 0.4x0.1 12.2=1.0 4.4+0.4° 5.6+0.5°
Interstitial myofibroblasts (% area)  0.4%=0.1 0.2+0.1 5.3*0.8 1.2%+0.2° 2.4+0.5°¢
COL1TAT mRNA/18s 1.1+£0.3 2.6*+0.2 38+4 16+5°¢ 16+2°
FN1 mRNA/18s 1.1+£0.2 2.2+0.2 27+3 17+3¢ 18+3°
PAI-1 mRNA/18s 1.2+0.2 21*0.4 35+11 184 18+2
TGF-B1 mRNA/18s 1.2+0.4 1.3+x0.3 4.4+06 3.7x04 4.9+0.6

Data are the mean+=SEM.

#P<0.001 versus WT with disease.
PP<0.001 versus MyMRKO with disease.
°P<0.01 versus WT with disease.
9P<0.05 versus MyMRKO with disease.
°P<0.05 versus WT with disease.
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PCR analysis of WT diseased kidneys at day
15 identified a marked increase in the gene
expression of proinflammatory cytokines
(TNF-a, inducible nitric oxide synthase, che-
mokine [C-C motif] ligand [CCL] 2, matrix
metalloproteinase-12 [MMP-12]) associated
with a macrophage M1 phenotype, which
was reduced in MyMRKO mice and to a lesser
extent in the eplerenone group (Table 2). In
comparison, gene expression of markers of a
M2 macrophage phenotype (arginase-1,
CD206) were increased in diseased WT kid-
neys, but the expression levels were un-
changed in MyMRKO mice or by eplerenone
treatment. Further PCR analysis found that
the gene expression of T cell-related mole-
cules (CD3e, granzyme B, CCL5) were mod-
erately increased in WT kidneys at day 15 of
GN; however, only CCL5 expression was re-
duced in the MyMRKO mice and eplerenone-
treated mice (Table 2).

Phenotyping studies were performed on
CD11b" macrophages isolated from normal
WT kidneys and kidneys obtained from WT
or MyMRKO mice at day 15 of GN. PCR
analysis found that macrophage expression
of CCL2, CCR2, nitric oxide synthase-2,
macrophage migration inhibitory factor,
and CD163 did not differ between these
groups. However, in diseased kidneys some
M1 (IL-12, MMP-12) and M2 (arginase-1,
CD206, CCR7, IL-10, heme oxygenase-1)
markers significantly increased and TNF-«
and some oxidative stress markers (Cyba/
p22phox, Cybb/Nox2) decreased; these
changes were not different between WT
and MyMRKO mice (Supplemental Table 1).

Myeloid MR Deficiency Does Not
Affect Tubular Regulation of Salt
Balance

Analysis of serum K" levels found no evi-
dence of hyperkalemia in MyMRKO mice
or in mice treated with eplerenone (Figure
4A). However, when we assessed urine lev-
els of Na* and K*, we found that eplere-
none treatment significantly increased
Na*/K" in urine, whereas urine Na*/K*
remained similar in WT and MyMRKO
mice with and without GN (Figure 4B).

Mice with MR Deficiency in Podocytes
Have Normal Kidney Development
Deletion of MR in podocytes in MR¥/flox
Pod™~ (PodMRKO) mice was confirmed

J Am Soc Nephrol 25: 2231-2240, 2014
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immunostaining demonstrated that the

Anti-GBM GN kidney accumulation of myofibroblasts

Analysis wT MyMRKO WT MyMRKO ~ WT+EPL and apoptotic cells were equivalent in
Glomerular CD68 (cells/ges) 0.15:0.01 0224004 20201 092017 14015 VL Imce and PodMRKO mice with GN
Glomerular CD3 (cells/gcs) 0.4+0.1 0.4+0.1 1.4+0.1 1.2+0.1 1.2+0.1 (Table 3).
Glomerular Ly6G (cells/gcs) 0.09+0.03 0.17%+0.05 0.12+0.02 0.10+0.01 0.17%0.07
Interstitial CD68 (% area) 0.7x0.1 0.7x0.1 5.2*+0.6 2.1%0.2°  4.4+0.6°
Interstitial CD3 (cells/mm?) 7+1 8x2  150+10 103+11° 103+13°  DISCUSSION
TNF-a mRNA/18s 1.2+0.2 1.0+x0.2 10.1=1.3 41+1.0° 9.0+1.2
NOS2 mRNA/18s 1102  07%01  3.4x05 1.3x03° 1.6=x02° Our study has demonstrated a pathologic
CCL2 mRNA/18s 1.3+0.4 1.6+0.6 10.0+1.6 4.0+1.4% 7.2+1.3 roleforMRsignalinginmyeloidce]ls,butnot
MMP12 mRNA/18s 11402 06+0.1  26+5 77+31° 7.9415°  podocytes, in a model of rapidly progressive
Arginase-1 mRNA/18s 13%03  1.0x03  33%7 25410 40+14  GN.To our knowledge, this is the first report
CD206 mRNA/18s 1.2+0.3 0.9+0.2 58+11 32+10 35+5 that in vivo targeting of MR signaling in my-
CD3e mRNA/18s 1.2+x0.4 1.7+0.6 4.2+0.7 2.6+1.0 2.1+0.8 eloid cells can reduce renal injury. Further-
IL-128 mRNA/18s 0.8+0.1 1.0£0.2 49+1.9 40+14 3.5+1.3 jury
Granzyme B mRNA/18s 11403  0.6+01 36+06 28+13 30+06  Mmore we have shown that blockade of MR
CCL5 mRNA/18s 1001  07+0.1 29+04 13+04> 12+03> Signalingin myeloid cells can achieve a level

Data are the mean=SEM. NOS2, nitric oxide synthase-2.
#P<0.001 versus WT with disease.

PP<0.01 versus WT with disease.

€P<0.05 versus MyMRKO with disease.

9P<0.01 versus MyMRKO with disease.

°P<0.05 versus WT with disease.

by immunostaining in kidney sections and by a 50% reduction
in MR gene expression in isolated glomeruli (Figure 5). MR
immunostaining was readily detected in the distal nephron
and in podocytes of WT mice but was absent in the podocytes
of PodMRKO mice (Figure 5, Supplemental Figure 2). Addi-
tional immunohistochemistry analysis showed that
PodMRKO mice had the same number of WT1+podocytes
(10.0%0.7 cells/gcs) as normal WT mice (10.00.7 cells/gcs)
and that their kidney structure was normal (not shown).

Podocyte MR Deficiency Does Not Prevent Loss of
Renal Function in Anti-GBM GN

Urine protein excretion and renal function were identical in
WTand PodMRKO mice without disease (Figure 6). Induction
of GN resulted in the development of proteinuria in WT
and PodMRKO mice that was equivalent at days 1, 7, and 14
(Figure 6A). Similarly, both WT and PodMRKO mice had a
6-fold increase in the serum levels of cystatin C at day 15 of
GN, indicating that these strains had equal loss of renal func-
tion (Figure 6B).

Podocyte MR Deficiency Does Not Prevent Renal
Damage in Anti-GBM GN

Periodic acid—-Schiff staining showed that the severity of kid-
ney damage in PodMRKO mice was similar to that in WT mice
at day 15 of GN (Figure 7). PodMRKO mice with GN had a
high proportion of glomeruli with crescents, which was not
different than findings in WT mice (Table 3). Immunostaining
of WT-1 revealed that podocyte numbers were similarly re-
duced in WT mice and PodMRKO mice at day 15 of GN com-
pared with mice without disease (Table 3). In addition,

J Am Soc Nephrol 25: 2231-2240, 2014

of renal protection similar to that of systemic
MR blockade with eplerenone.

MR signaling played a role in the initial
immune response in anti-GBM GN. In this
model, the rapid glomerular influx of
neutrophils at 3 hours of disease was re-
duced by 40% in both MyMRKO mice and
WT mice treated with eplerenone. Notably, MyMRKO mice
showed a similar reduction in proteinuria at day 1; however,
this protection was not seen with eplerenone treatment,
suggesting that a more thorough inhibition of MR in myeloid
cells is required for this effect. Previous research has demon-
strated that a transient infiltration of neutrophils at the onset of
anti-GBM disease is responsible for the induction of glomer-
ular inflammation and proteinuria but not the progression of
injury.!” In addition, glomerular macrophages did not in-
crease at this stage of disease. Therefore, our findings suggest
that MR signaling in neutrophils may contribute to early glo-
merular damage and the induction of proteinuria in this
model, which could involve effects on neutrophil activation
and subsequent injury to podocytes, glomerular endothelial
cells, and tubular cells.

At day 15 of GN, when a neutrophil infiltrate was absent,
deficiency of MR signaling was associated with suppression of
the macrophage-dependent inflammatory response. Com-
pared with findings in WT mice, glomerular and interstitial
macrophages and gene expression of macrophage-related
proinflammatory cytokines were markedly reduced in
MyMRKO mice and to a similar or lesser extent in eplere-
none-treated WT mice. In contrast, T-cell accumulation and
activity appeared less affected by deficiency of MR signaling. In
anti-GBM disease, MyMRKO and EPL-treated mice had
reduced kidney gene expression of the T-cell chemokine
CCLS5, but the levels of other T cell-related genes (CD3e, IL-
123, and granzyme B) remained similar to levels in WT mice.
In addition, our study found that myeloid MR deficiency had
no effect on antibody responses, indicating that antigen pre-
sentation was not altered. These findings suggest that the effect

Myeloid MR Deficiency in GN 2235
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Figure 4. Myeloid MR deficiency does not alter salt balance. (A)
Plasma levels of K* were similar in mice with and without anti-
GBM GN and were not affected by myeloid MR deficiency or
eplerenone treatment. (B) Urine levels of Na™/K* were equivalent
in WT and MyMRKO mice with and without disease. In contrast,
urine Na*/K™ was significantly elevated in eplerenone-treated WT
mice, indicating that tubular regulation of salt balance had been
affected. Data are the mean+SEM; n=8; **P<0.01; ***P<0.001.

of MR blockade on inflammation during the progression of anti-
GBM GN is primarily through macrophage MR signaling.
Myeloid MR deficiency and EPL treatment had specific anti-
inflammatory effects in anti-GBM GN, the most prominent
being a suppression of macrophage recruitment during disease
progression. This is consistent with previous findings showing
that eplerenone reduces kidney expression of leukocyte
adhesion molecules.!® Furthermore, MyMRKO mice had re-
duced gene expression of proinflammatory cytokines associ-
ated with the reduced macrophage infiltrate. In comparison,

2236 Journal of the American Society of Nephrology
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Figure 5. MR expression by podocytes is absent in PodMRKO
mice. (A) Immunostaining of Cre-recombinase in the podocytes of
a MR1¥1o%/Podocin®® = (PodMRKO) mouse. Immunostaining of
serial sections shows that PodMRKO mice have (B) normal glo-
merular expression of the podocyte marker WT1 (arrows) and that
their podocytes are (C) deficient in MR expression. In contrast,
MR immunostaining is observed in (D) the podocytes of a WT
mouse (arrows). Graph (E) shows that MR gene expression is re-
duced by 50% in the glomeruli of PodMRKO compared with WT
mice. Magnification: A-D, x400. *P<0.05.

studies in models of CVD and cerebral ischemia have shown
that MyMRKO mice have reduced levels of M1 cytokines and
that this can occur with and without a reduction in macro-
phage numbers.1>16:1% Notably, some of these in vivo studies
and experiments using cultured cells have indicated that a de-
ficiency of MR signaling in macrophages can alter macrophage
gene expression toward an M2 alternatively activated pheno-
type.!516 Our PCR analysis of CD11b" macrophages isolated
from WT and MyMRKO kidneys at day 15 of disease found no
difference in the M1/M2 phenotype. Thus, the difference in
expression of most of these markers in the diseased kidneys is
probably due to changes in macrophage numbers rather than
in their phenotype. In addition, macrophages from diseased
kidneys showed a significant increase in mRNA levels of some
M1 (IL-12, MMP-12) and M2 (arginase-1, CD206, CCR7, IL-
10, heme oxygenase-1) markers and a decrease in TNF-a com-
pared with macrophages from normal kidneys. This mixed

J Am Soc Nephrol 25: 2231-2240, 2014
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Figure 6. Podocyte MR deficiency does not prevent loss of renal
function in anti-GBM GN. (A) Albuminuria was equivalent in PodMRKO
mice compared with WT mice at days 1, 7, and 14 of anti-GBM
disease. (B) At day 15 of anti-GBM disease, the serum levels of cystatin
C were equally elevated in and PodMRKO and WT mice, indicating
a similar decline in renal function. Data are the mean*=SEM; n=8;
**P<0.001.

macrophage phenotype is consistent with our recent analysis of
rat anti-GBM disease, which showed a transition from an M1
phenotype during acute inflammation to a more M2 phenotype
during the fibrotic phase.?° However, these findings do not rule
out the possibility that MR deficiency may affect the kidney
macrophage phenotype at an earlier stage of disease. Aldoste-
rone infusion into mice induces oxidative stress in macro-
phages.!3 Therefore, MyMRKO mice may be protected from
kidney oxidative stress early in disease when macrophage MR
signaling may be at a peak in WT mice. Furthermore, it is also
possible that deletion of MR occurs in some dendritic cells in
MyMRKO mice, which may contribute to protection against
anti-GBM GN.
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Kidney damage in anti-GBM GN was markedly reduced by
myeloid MR deficiency. Glomerular crescents, myofibroblast
accumulation, and gene expression of profibrotic molecules
(COL1AL, EN1, PAI-1) were all decreased in MyMRKO mice
compared with WT mice. This suppression of profibrotic mol-
ecule gene expression indicates a reduction in TGF-f1 activity,
although TGF-B1 mRNA levels were not affected by MR de-
ficiency/blockade. Eplerenone-treated mice had a similar re-
duction in myofibroblasts and matrix gene expression but a
greater reduction in crescents than MyMRKO mice. This in-
dicates that eplerenone has additional antiproliferative or an-
tifibrotic effects on parietal epithelial cells to those caused by
blockade of myeloid MR. We also found that MyMRKO mice
and eplerenone-treated mice were equally protected against
declining renal function, suggesting that macrophage MR sig-
naling is responsible for the injury-dependent loss of renal
function in this model. These findings are similar to those
reported in studies in CVD, which show that systemic MR
blockade can reduce histologic lesions and fibrosis in the ab-
sence of an effect on hypertension.2!

Normal regulation of salt balance appears to be unaffected
by myeloid MR deficiency. In our study, hyperkalemia was not
detected in the serum of MyMRKO or eplerenone-treated mice.
However, urine levels of Na*/K* were increased in eplerenone-
treated mice, but not in MyMRKO mice, suggesting that
systemic MR blockade was causing tubular dysfunction.??
Therefore, selective blockade of MR signaling in macrophages
has potential for treating kidney and cardiovascular disease,
without disturbing salt regulation by tubules.

In contrast to MyMRKO mice, PodMRKO mice had no
protection against renal injury in anti-GBM GN. WT and
PodMRKO mice had equivalent albuminuria and loss of renal
function during the progression of disease. Glomerular and
tubulointerstitial damage was also similar in both strains. This
indicates that MR signaling in podocytes is not required for the
progression of anti-GBM GN. Previous studies have identified
that aldosterone can induce MR-mediated podocyte injury in
cultured cells?* and when infused into uninephrectomized rats
on a high-salt diet.?# Furthermore, systemic MR blockade re-
duces podocyte loss or damage in diabetic rats.!>12 Therefore,
our data showing a lack of prevention of albuminuria in diseased
mice with systemic MR blockade or podocyte MR deficiency
indicates that podocyte damage in this rapidly progressive GN
model is mediated by injury mechanisms that are independent
of MR. However, the ability of MR antagonists to reduce pro-
teinuria in CKD, suggests that podocyte MR signaling may play a
role in chronic proteinuria.

In conclusion, our study has identified that myeloid MR
deficiency protects against development of GN. This was primarily
due to inhibition of the transient neutrophil influx during disease
induction and the inhibition of kidney macrophage accumulation
during disease progression. These findings suggest that MR
blockade could be targeted to myeloid cells, or more specifically
macrophages, to avoid the deleterious consequences of systemic
MR antagonism on tubular regulation of salt balance. However,
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eplerenone (100 mg/kg twice daily) by gavage,
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Figure 7. Podocyte MR deficiency does not protect against kidney damage in anti-
GBM GN. Histologic staining with periodic acid-Schiff (PAS) and hematoxylin shows
the kidney structure of (A) a normal mouse. In comparison, there is severe damage to
glomeruli (crescent formation, sclerosis) and tubules (dilatation, atrophy) in (B) a WT
mouse at day 15 of anti-GBM disease, which is similar in (C) a PodMRKO mouse.

Magnification, X400.

Table 3. Kidney damage in PodMRKO mice

Pod €™

beginning 2 hours before disease induction. All
animal experiments were performed in accor-
{ dance with the guidelines of the Monash Med-
o ? ical Centre Animal Ethics Committee.

b

Hematology and Biochemical Analysis
Urine was collected from mice housed in met-

abolic cages. At day 15, heparinized blood and
serum were collected from anesthetized mice.
White blood cell counts were determined by a
hematology analyzer (Cell-Dyn 3700; Abbott
Laboratories, North Chicago, IL). Urine creat-
inine levels were determined by the Jaffe rate
reaction method. ELISAs were used to measure
urine levels of albumin (Bethyl Laboratories,
Montgomery, TX) and serum levels of cystatin C
(BioVendor, Karasek, Czech Republic) and im-
munoglobulin.2¢ Levels of K* or Na* in plasma

or urine were determined by indirect potenti-

b WT PodMRKO Anti-GBM GN ometry using ion selective electrodes.
PodMRKO
Glomerular crescents (%) 0 0 372 37+5 Antibodies
Wilms' tumor-1+podocytes/gcs 10.0+0.3 10.0+0.3 3.9+0.2 4.3+0.2  Antibodies used in this study were anti-MR
Apoptotic cells (cells/mm?) 0.5+0.2 0.5*+0.2 6.0=0.5 5.1*0.6 (2B6, a gift from Professor Celso Gomez-Sanchez,
Glomerular myofibroblasts (% area) 0.5%+0.1 0.5+0.1 12.5+1.0 11.6%x1.2 University of Mississippi), anti-CD68 (FA-11;
Interstitial myofibroblasts (% area) 0.4+0.1 0.4+0.1 5.3*+0.8 6.8+0.8 Serotec, Oxford, UK), anti-Ly6g (Abcam, Inc.,

Data are the mean+SEM.

further testing is required to establish the role of macrophage MR
signaling in chronic forms of kidney disease, such as diabetic
nephropathy.

CONCISE METHODS

Animal Model
Conditional gene deletion of MR was performed in C57BL/6 mice

using the CreLoxP system. Mice with homozygous floxed MR gene
were crossed with littermates expressing Cre recombinase under the
control of a lysozyme M promoter,'* to create MRIO¥/ox Tygpfere/~
(MyMRKO) mice lacking MR in mature myeloid cells (neutrophils,
macrophages), or a podocin promoter,?s to create MR1¥/10% pod<re/~
(PodMRKO) mice lacking MR in podocytes. MR™*¥1°* Jittermates
were used as WT controls. The genotyping details are presented in
Supplemental Table 2.

For experimentation, 12-week-old female mice (n=8) were pre-
immunized subcutaneously with 1 mg sheep IgG in Freund complete
adjuvant. Four days later, GN was induced by intravenous injection of
sheep anti-mouse GBM serum (10 ul/g). Groups were euthanized
after 3 hours of disease (to examine the initial inflammatory re-
sponse) or after 15 days of disease (to examine the progression of
renal damage). To compare conditional MR gene deletion with sys-
temic MR blockade, groups of diseased WT mice were given

2238 Journal of the American Society of Nephrology

Cambridge, UK), anti-CD3 (KT3; Abcam, Inc.),

anti-CD41 (Serotec), anti—a-smooth muscle actin

(1A4; Sigma-Aldrich, St. Louis, MO), anti—cleaved
caspase 3 (Cell Signaling Technology, Beverly, MA), anti-Wilms’ tumor
antigen 1 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Cre (Novagen,
Madison, WI), fluorescein-conjugated anti-CD11b (BD Biosciences, San
Jose, CA), fluorescein conjugated sheep F(ab)2 fragment to mouse immu-
noglobulin (Silenus, Melbourne, Australia), and fluorescein conjugated
goat F(ab)2 fragment to mouse C3 (MP Biomedicals, Solon, OH).

Isolation of Kidney Macrophages
Kidneys were decapsulated, diced, and incubated with 1 mg/ml

collagenase (Sigma-Aldrich) and 0.1 mg/ml DNase I (Invitrogen,
Carlsbad, CA) in DMEM at 37°C for 30 minutes with shaking. Fol-
lowing erythrocyte lysis, the cells were filtered (70 wm) and incubated
with fluorescein-conjugated CD11b antibody for 30 minutes at 4°C
before FACS (MoFlo XDP cell sorter; Beckman Coulter, Brea, CA).
Approximately 1.5-2.5X10° CD11b*/propidium iodide cells were
isolated from two pooled diseased kidneys or four pooled normal
kidneys.

Real-Time PCR
Total RNA was extracted from whole kidney, magnetic-bead isolated

glomeruli,?” or isolated kidney macrophages using Trizol (Invitro-
gen) and reverse transcribed with random primers using the Super-
script First-Strand Synthesis kit (Invitrogen). Real-time PCR analysis
was performed as previously described.?® The Tagman probe and
primer sequences are listed in Supplemental Table 3.
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Histology and Immunostaining
Formalin-fixed kidney sections (2 wm) were stained with periodic

acid-Schiff reagent to identify kidney structure and crescent forma-
tion, and with hematoxylin to distinguish cell nuclei. The percentage
of glomeruli with crescents was assessed by microscopy.

Immunostaining procedures are detailed in the Supplemental
Methods. Briefly, immunofluorescence staining of glomerular im-
munoglobulin and C3 was performed on ethanol-fixed sections
and scored as previously described.?® Immunoperoxidase staining for leu-
kocytes (CD68, CD3, Ly6g) was performed on 2% paraformaldehyde-
lysine-periodate—fixed kidney cryostat sections and assessed using
established protocols.?® Immunoperoxidase staining for MR, a-smooth
muscle actin, activated caspase-3, and Wilms’ tumor-1 was performed
on formalin-fixed sections (4 um) and analyzed according to a previous
report.?® All scoring was performed on blinded slides.

Statistical Analyses
Statistical differences between two groups were analyzed by ¢ test, and

differences between multiple groups were assessed by ANOVA with
post hoc analysis using Tukey multiple comparison test. Data were
analyzed using GraphPad Prism 5.0 (GraphPad Software, San Diego,
CA) and was recorded as the mean*SEM, with P<<0.05 defined as
indicating a statistically significant difference.
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