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CARDIOVASCULAR, PULMONARY, AND RENAL PATHOLOGY
C-C Motif Chemokine 5 Attenuates Angiotensin
IIeDependent Kidney Injury by Limiting Renal
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Inappropriate activation of the renin angiotensin system (RAS) is a key contributor to the pathogenesis
of essential hypertension. During RAS activation, infiltration of immune cells into the kidney exacer-
bates hypertension and renal injury. However, the mechanisms underpinning the accumulation of
mononuclear cells in the kidney after RAS stimulation remain unclear. C-C motif chemokine 5 (CCL5)
drives recruitment of macrophages and T lymphocytes into injured tissues, and we have found that RAS
activation induces CCL5 expression in the kidney during the pathogenesis of hypertension and renal
fibrosis. We therefore evaluated the contribution of CCL5 to renal damage and fibrosis in hypertensive
and normotensive models of RAS stimulation. Surprisingly, during angiotensin II-induced hypertension,
CCL5-deficient (knockout, KO) mice exhibited markedly augmented kidney damage, macrophage infil-
tration, and expression of proinflammatory macrophage cytokines compared with wild-type controls.
When subjected to the normotensive unilateral ureteral obstruction model of endogenous RAS acti-
vation, CCL5 KO mice similarly developed more severe renal fibrosis and greater accumulation of
macrophages in the kidney, congruent with enhanced renal expression of the macrophage chemokine
CCL2. In turn, pharmacologic inhibition of CCL2 abrogated the differences between CCL5 KO and wild-
type mice in kidney fibrosis and macrophage infiltration after unilateral ureteral obstruction. These data
indicate that CCL5 paradoxically limits macrophage accumulation in the injured kidney during RAS
activation by constraining the proinflammatory actions of CCL2. (Am J Pathol 2016, 186: 2846e2856;
http://dx.doi.org/10.1016/j.ajpath.2016.07.015)
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Elevated blood pressure is a significant risk factor for car-
diovascular disease and chronic kidney disease (CKD). The
rising prevalence of hypertension and CKD around the
world highlights the need to further understand the under-
lying mechanisms involved in their pathogenesis. The cause
of essential hypertension is unknown, but the efficacy of
medicines that inhibit the renin angiotensin system (RAS) in
lowering blood pressure indicates that the RAS is inappro-
priately activated in most patients with human hyperten-
sion.1 RAS-dependent hypertension leads to progressive
CKD, manifested pathologically as kidney fibrosis that
predicts organ failure. RAS-mediated kidney fibrosis can
also arise in the absence of hypertension,2,3 but the mech-
anisms underpinning RAS-dependent fibrogenesis require
stigative Pathology. Published by Elsevier Inc
further elucidation. Because CKD affects roughly 28 million
Americans, novel therapeutic targets must be identified to
reduce the risk of cardiovascular and renal complications in
CKD patients that do not respond to current treatments.
A common finding in RAS-dependent hypertension and

CKD is the presence of inflammatory cells in the kidney.4,5
. All rights reserved.
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CCL5 Regulates Kidney Injury
Moreover, emerging experimental data suggest that inhib-
iting immune system activation can reduce blood pressure
and slow the progression of CKD.6,7 Macrophages and
T lymphocytes accumulate around the renal vasculature and
throughout the interstitium of the kidney in hypertension
and during the evolution of kidney fibrosis. These infil-
trating cells generate a milieu of proinflammatory and
prohypertensive molecules that exacerbate tissue injury.8,9

Recent attempts to treat human metabolic and kidney
diseases with novel agents that modulate mononuclear cell
migration10 increase the urgency of clarifying the complex
and overlapping mechanisms that govern immune cell
chemoattraction during tissue damage and fibrosis.

A diverse set of chemokines coordinate the movement of
immune cells from the circulation into damaged tissues,11 and a
clearer understanding of how these traffickingmolecules recruit
inflammatory cells into the injured kidney should guide
the development of novel therapies to alleviate RAS-dependent
renal damage and fibrosis. C-C motif chemokine 5 (CCL5)
is one of several secreted chemokines that attracts leukocytes,
predominately monocytes and T cells, to areas of inflamma-
tion.12 CCL5 binds multiple G protein-coupled chemokine
receptors, including C-C chemokine receptor type (CCR)3,
CCR4, and CCR5.13e15We have previously reported that Ccl5
expression is up-regulated in the hypertensive kidney and have
described exaggerated macrophage accumulation in the kidney
during RAS-dependent hypertension and fibrosis.16 We
therefore posited that CCL5 contributes to hypertensive kidney
damage and renalfibrosis.However, in the present experiments,
wefind thatCCL5protects the kidneyduringRASactivation by
paradoxically limiting the CCL2-dependent recruitment of
macrophages into the kidney interstitium.

Materials and Methods

All mice were housed and bred in the animal facilities at the
Durham Veterans’ Affairs Medical Center according to NIH
guidelines.17 All animal experiments were approved by the
Durham Veterans’ Affairs Medical Center Institutional
Animal Care and Use Committee.

Mice

All mice were bred for more than six generations onto the
129/SvEv background to enhance susceptibility to kidney
damage. CCL5 heterozygous mice were used as experi-
mental breeders, yielding CCL5-deficient (CCL5 KO) and
wild-type (WT) littermates for experiments. Eight- to 12-
week-old mice were used for our studies.

Chronic Ang II Infusion Model of Hypertension and
Kidney Injury

Mice underwent right nephrectomy to render the left
kidney more susceptible to damage. One week after unin-
ephrectomy, pressure transmitters (PA-C10; Data Science
The American Journal of Pathology - ajp.amjpathol.org
International, St. Paul, MN) were surgically implanted to
measure intra-arterial blood pressures by radiotelemetry in
conscious, unrestrained animals. Allowing 7 days for
restoration of diurnal rhythms, baseline blood pressures
were recorded for 3 days. Osmotic minipumps (model 2004;
Alzet, Cupertino, CA) were then implanted subcutaneously
to infuse angiotensin (Ang) II (1000 ng/kg/min; A9525;
Sigma-Aldrich, St. Louis, MO) continuously for 28 days.
On day 25, the mice were placed in metabolic cages, and
urine was collected for 24 hours. Urinary concentrations of
albumin were measured in individual samples using a spe-
cific enzyme-linked immunosorbent assay for mouse albu-
min (Exocell, Philadelphia, PA). Creatinine concentrations
were measured with a picric acid-based method using a kit
(Exocell). Albumin excretion is expressed as microgram per
milligram of creatinine. On day 28, hearts and kidneys were
harvested, weighed, and analyzed as described below.

UUO Model of Renal Fibrosis

Unilateral ureteral obstruction (UUO) was performed as
described previously.18 Some animals were treated with
propagermanium (8 mg/kg per day) or vehicle by oral
gavage beginning on the day of UUO. Briefly, mice were
anesthetized with isoflurane, and the left ureter was ligated 3
to 5 mm below its origin. Seven days after ligation, mice
were euthanized, and the obstructed and nonobstructed
kidneys were harvested for analysis.

RNA Isolation and PCR Analysis

Total RNAwas isolated from cells or tissue using the RNeasy
Mini Kit (Qiagen, Valencia, CA). cDNA was synthesized
using the SuperScript II First-Strand Synthesis kit (Invi-
trogen, Carlsbad, CA). Real-time PCR was performed on an
ABI 7900HT using TaqMan probes (Applied Biosystems,
Foster City, CA) for Col1a1, Serpine1 (Pai-1), Tgfb1, Lcn2
(Ngal), Il1b, Tnf, Ccl1, Ccl3, Ccl4, Ccr1, Ccr5, and Ccl2.

Renal Histology and Immunohistochemistry

Transverse or sagittal portions of the kidney were fixed in 10%
formalin (Sigma-Aldrich) overnight. Kidney portions were
paraffin-embedded and sectioned (5 mm). Sections were stained
with Masson trichrome or picrosirius red for detection of
fibrosis. To visualize the infiltration of macrophages and T
lymphocytes, sections were stained with anti-F4/80 (no.
MCA497G; Serotec, Oxford, United Kingdom) and anti-CD3
(clone SP7; Thermo Fisher Scientific, Waltham, MA), respec-
tively. Interstitial fibrosis and tubular injury were scored by a
pathologist masked to experimental conditions using a semi-
quantitative scoring system as follows: 0, none; 1, minimal; 2,
mild; 3, moderate; and 4, moderately severe, as described.19 For
glomerular injury, the percentage of glomeruli on each section
(1 section/animal) exhibiting both glomerulosclerosis and
epithelial reactivity were tabulated. For collagen deposition and
2847
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macrophage scoring, �20 field images spanning the entire
cortex and outer medulla were photographed and used for
analysis with color-image-analysis software (ImageJ software
version 1.50; NIH, Bethesda, MD). Percentages of positive
stains within the fields were averaged for each mouse and then
for each group. For the hypertension model in which renal
macrophage accumulation was less intense, percentage of
stainingwas separated into quintiles to enhance the sensitivity of
analysis as described.20 Perivascular T-cell infiltrates were
scored in a blinded fashion (M.B.P.) according to a previously
established method and reported as T cells per vessel.21

Kidney Flow Cytometry

Mice were deeply anesthetized, the lower vena cava was
pierced, and 3 mL phosphate-buffered saline was flushed
through the left ventricle. The hypertensive or obstructed
kidney was collected and decapsulated. The kidney was
minced in a petri dish and transferred to a C tube (Miltenyi
Biotec, Auburn, CA) containing 5mLRPMI-1640with 1mg/
mL collagenase IV (Gibco, Carlsbad, CA) and 10 mg/mL
DNase (Sigma-Aldrich). After homogenization with the
GentleMACS (Miltenyi Biotec), the kidney homogenate was
incubated for 30 minutes at 37�C. The resulting cell suspen-
sion was filtered through 70- and 40-m cell strainers and
washed twice with wash buffer (Dulbecco’s phosphate-
buffered saline containing 2% fetal bovine serum and 2mmol/
L EDTA). The cells were treated with FC Block (BioLegend,
San Diego, CA) and incubated with CD11b-fluorescein iso-
thiocyanate, CD45-Brilliant Violet 510, lymphocyte antigen
6 complex (Ly6C)-phycoerythrin-cyanine 7, lymphocyte
antigen 6 complex locus G (Ly6G)-Brilliant Violent 421 (all
BioLegend), CD4-phosphatidylethanolamine, and Near-
infrared dead cell indicator (Life Technologies, Carlsbad,
CA) for 30 minutes at 4 degrees. Cells were washed and fixed
with Fix/Perm buffer (BD Biosciences, San Jose, CA). Flow
cytometry was performed on a FACSCanto II (BD Bio-
sciences) and data were analyzed with FlowJo software
version 10.2 (Tree Star, Inc., Ashland, OR).

Statistical Analysis

All values are expressed as means � SEM. Comparison
between and within groups was performed with two-tailed
unpaired and paired Student’s t-tests, respectively.
Comparison among groups was performed with one-way
analysis of variance or a c2 test.

Results

CCL5 Limits Urinary Albumin Excretion via a Blood
Pressure-Independent Mechanism

To determine the role of CCL5 in the hypertensive response to
RAS activation, we subjected uninephrectomized WT and
CCL5 KO mice to 4 weeks of chronic Ang II infusion and
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measured blood pressures by radiotelemetry. At baseline, blood
pressures were similar in the WT and CCL5 KO cohorts. Both
groupsmounted a robust hypertensive response toAng II, but no
divergence in blood pressure emerged between the groups
during the Ang II infusion period (Figure 1A). Consistent with
their similar blood pressures, the WT and CCL5 KO animals
developed the same degree of cardiac hypertrophy after 4weeks
of hypertension (Figure 1B). However, despite these similar
blood pressures, Ang II-infused CCL5 KO mice had signifi-
cantly greater urinary albumin excretion than WT mice
(Figure 1C), suggesting that CCL5 deficiency may permit
damage to the kidney glomerulus in the setting of hypertension
through a blood pressure-independent mechanism.

CCL5 Deficiency Augments Ang II-Induced Kidney
Damage

To determinewhether the exaggerated albuminuria in theAng
II-infused CCL5 KO cohort reflected more severe renal
injury, we examined renal pathology in the experimental
groups after 4 weeks of Ang II-induced hypertension or saline
control. Kidneys from the normotensive saline-infused con-
trols did not exhibit glomerular or interstitial damage
(Figure 2 and Figure 3). Compared with Ang II-infused WT
animals, the Ang II-treated CCL5 KO animals had worse
glomerular injury marked by glomerulosclerosis
(7.3% � 2.2% versus 11.8% � 2.4%) and epithelial cell
reactivity (10.4% � 2.4% versus 15.7% � 1.3%) (Figure 2).
The extent of fibrosis indicates the degree of damage and
predicts functional failure in all organs, and the degree of
interstitial fibrosis was markedly increased in the Ang II-
infused CCL5 KO mice compared with WT mice (Figure 3).
To evaluate whether CCL5 deficiency congruently altered

gene expression programs for injury and fibrosis in the kidney
during RAS activation, we measured mRNA levels for several
inflammatory mediators and markers after 4 weeks of hyper-
tension. Neutrophil gelatinase-associated lipocalin (LCN2,
NGAL) is a sensitive marker and mediator of renal damage.22

Consistentwith the exaggerated injury in theCCL5KOcohort,
these animals had a striking up-regulation of renal Lcn2 (Ngal)
expression compared with control animals (Figure 4A).
Congruent with the augmented renal fibrosis in the CCL5 KO
group, expression levels of collagen 1 (Col1a1) were increased
more than twofold over those in their WT counterparts
(Figure 4B) as were the expressions of the key fibrosis medi-
ators Serpine1 (Pai1) and Tgfb1 (Figure 4C). Thus, despite the
known actions of CCL5 to recruit inflammatory cells into
injured tissues, CCL5 deficiency augmented kidney damage
and scar formation in our hypertension model.

Exaggerated Accumulation of Macrophages in the
CCL5-Deficient Kidney during Hypertension

CCL5 influences macrophage trafficking, and macrophages
are key regulators of tissue fibrosis.23 Therefore, to deter-
mine whether altered macrophage infiltration into the kidney
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 CCL5-deficient mice have a preserved chronic hypertensive
response to Ang II. A: MAPs of WT and CCL5 KO mice were measured by
radiotelemetry before and during Ang II-dependent hypertension B and
C: Heart weight-to-body weight (B) and albumin-to-creatinine ratios (C)
were determined after 4 weeks of chronic saline or Ang II infusion in WT
and CCL5 KO mice. n Z 22 mice per group. *P < 0.05 versus WT. Ang,
angiotensin; CCL5, C-C motif chemokine 5; KO, knockout; MAP, mean
arterial pressure; WT, wild-type.

CCL5 Regulates Kidney Injury
could account for the amplified renal injury in CCL5 KO
animals, we quantitated F4/80þ macrophage accumulation
in the kidney after 4 weeks of Ang II with a scoring system
we have previously optimized for counting renal T cells.20

Although kidney sections from both groups showed robust
staining for macrophages dispersed throughout the renal
interstitium, the degree of macrophage accumulation was
The American Journal of Pathology - ajp.amjpathol.org
significantly enhanced in the CCL5 KO cohort (P < 0.0001)
(Figure 5, AeC). Similarly, blinded histologic scoring
(M.B.P.) revealed a trend toward enhanced accumulation of
T lymphocytes around the renal blood vessels in the hy-
pertensive CCL5 KO animals (P < 0.07) (Supplemental
Figure S1), and fluorescent cell sorting isolated signifi-
cantly more CD4þ T cells from these CCL5 KO kidneys
than from WT hypertensive controls (12.3 � 1.8 versus
5.7 � 0.8 per 10,000 kidney cells; P < 0.03).

Macrophages elaborate proinflammatory cytokines that
mediate tissue injury and fibrosis, including IL-1b and
tumor necrosis factor (TNF)-a.24,25 After 4 weeks of
hypertension, mRNA levels of Il1b and Tnf in the CCL5
KO kidney were 2.5-fold and threefold, respectively, of
WT values, respectively, whereas IL-6 was similarly
expressed in the two groups (Figure 5D). These data
suggest that CCL5 mitigates kidney fibrosis during RAS
activation by suppressing the renal accumulation of
inflammatory macrophages that generate profibrotic
cytokines.

To determine whether up-regulation of the receptors for
CCL5 or alternative ligands for these receptors in the CCL5
KO kidneys could account for the enhanced renal accu-
mulation of mononuclear cells in the CCL5 cohort after 4
weeks of hypertension, we measured renal mRNA expres-
sion for these receptors and ligands in our experimental
animals (Figure 5E). CCR5 (Ccr5), the prototypical receptor
for CCL5, was similarly expressed in the two groups.
CCR1 (Ccr1), an alternative receptor for CCL5, was down-
regulated in the CCL5 KOs. Among the alternative ligands
for these receptors, CCL1 (Ccl1) was not detectable in the
hypertensive kidneys, CCL3 (Ccl3) was similarly expressed
in the groups, and CCL4 (Ccl4) was down-regulated in the
CCL5 KO cohort. Because none of these CCL5 receptors or
alternative CCL5 ligands was up-regulated in the CCL5
KOs, we measured gene expression for the monocyte and
T-cell chemokine CCL2 (Ccl2) and, in this case, detected
higher levels of Ccl2 expression in the CCL5 KO kidneys
compared with WT kidneys (1.2% � 0.15% versus
0.82% � 0.25%), suggesting that CCL5 deficiency permits
up-regulation of CCL2.
CCL5 Attenuates Renal Scar Formation after Ureteral
Obstruction

RAS activation makes a critical contribution to kidney
fibrosis after UUO.26 Thus, to determine whether CCL5
regulates RAS-dependent renal fibrosis in the absence of
blood pressure elevation, we subjected CCL5 KO and WT
mice to the UUO model and evaluated the deposition of
collagen fibrils after 7 days as measured by staining for
picrosirius red (Figure 6, AeC). The contralateral, unob-
structed kidneys showed minimal fibrosis in both groups.
By contrast, the obstructed kidneys from the CCL5 KO
mice had significantly more fibrosis than WT controls,
2849
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Figure 2 CCL5 mitigates Ang II-mediated glomerular injury. After 28 days of chronic saline or Ang II infusion, kidney sections of WT and CCL5 KO mice were
blindly assessed (A.F.B.) for glomerular injury. A and B: Representative kidney sections from Ang II-infused WT (A) and CCL5 KO (B) mice. Injured glomeruli were
scored based on the combined levels of glomerulosclerosis and epithelial cell reactivity (C). CCL5 KO mice had augmented glomerular injury compared with WT
controls. *P < 0.05 versus WT. Scale barZ 100 mm (A and B). Ang, angiotensin; AU, arbitrary units; CCL5, C-C motif chemokine 5; KO, knockout; WT, wild-type.

Rudemiller et al
corroborating our findings from the hypertensive model of
RAS activation.
CCL5 Deficiency Prompts Additional Accumulation of
Macrophages in the Obstructed Kidney

Because UUO is a more robust model of renal macrophage
infiltration than the hypertensive model of RAS activation,
we quantitated F4/80þ macrophage accumulation in the
UUO kidney at 7 days with morphometric scoring. Here,
again, obstructed kidneys from the CCL5 KO group
revealed more intense macrophage staining than WT con-
trols (Figure 6, DeF). UUO led to more than a 100-fold
induction of mRNA for the chemokine CCL2 in the WT
kidney (122.2 � 27.0 versus 1.0 � 0.2 arbitrary units;
P < 0.001). Nevertheless, consistent with the enhanced
macrophage accumulation in the CCL5 KO obstructed
kidneys, expression of Ccl2 was markedly up-regulated in
the CCL5 KO obstructed kidneys compared with WT con-
trols (Figure 6G). However, this enhanced expression of
CCL2 was not due to its up-regulation in the infiltrating
CCL5 KO macrophages because Ccl2 mRNA expression
was similar in the infiltrating macrophages isolated from the
obstructed WT and CCL5 KO kidneys (1.0 � 0.1 versus
1.0 � 0.2 arbitrary units).
Figure 3 CCL5 protects from renal interstitial damage by RAS activation. After
CCL5 KO kidneys were blindly analyzed (A.F.B.) using a semiquantitative scoring m
A and B: Representative kidney sections from Ang II-infused WT (A) and CCL5 KO
more susceptible to kidney fibrosis. *P < 0.05 versus WT. Scale bar Z 100 mm (A
KO, knockout; RAS, renin angiotensin system; WT, wild-type.

2850
CCL5 Mitigates the Accumulation of Proinflammatory
Ly6Chi Monocytes/Macrophages in the Obstructed
Kidney

Robust expression of the Ly6C on circulating monocytes
marks a proinflammatorymonocyte population that is released
from the bone marrow and recruited to injured tissue via a
CCR2-dependent mechanism.27,28 These cells mediate
inflammation by releasing the proinflammatory cytokines IL-
1b andTNF.29 Seven days after UUO, cells were isolated from
the obstructed kidneys of CCL5 KO and WT mice, and the
level of expression of Ly6C on renal myeloid cells was
determined by flow cytometric analysis. Ly6Chi expression
was augmented on the CCL5 KO compared with the
WT myeloid cells (Figure 7), yielding more
CD11bþLy6G�Ly6Chi inflammatory monocytes in the CCL5
KOgroup (176� 11versus 142� 9 per 1000 renal leukocytes;
PZ 0.037). Thus, CCL5 attenuates the recruitment of proin-
flammatorymonocytes into the kidney during RAS activation.

CCL2 Up-Regulation Worsens RAS-Dependent Fibrosis
in the Absence of CCL5

From these findings, we posited that, in the absence of
CCL5, up-regulation of CCL2 leads to exaggerated
4 weeks of saline control or Ang II-induced hypertension, sections of WT and
ethod of interstitial fibrosis ranging from no injury (0) to severe fibrosis (4).
(B) mice. C: Fibrosis scores. Ang II-infused CCL5 KO mice were significantly
and B). Ang, angiotensin; AU, arbitrary units; CCL5, C-C motif chemokine 5;

ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 mRNA expression of markers and mediators of hypertensive kidney injury. Whole kidney mRNA expression of Lcn2 (A), Col1a1 (B), Serpine1 (Pai1),
and Tgfb1 (C) was determined in WT and CCL5 KO mice after 28 days of chronic Ang II infusion. Expression of these injury markers was elevated in CCL5 KO mice
compared with WT controls. **P < 0.01 and ***P < 0.001 versus WT. Ang, angiotensin; CCL5, C-C motif chemokine 5; KO, knockout; WT, wild-type.

CCL5 Regulates Kidney Injury
macrophage accumulation in the kidney with a consequent
increase in the severity of renal fibrosis. To directly test this
possibility, we treated WT and CCL5 KO animals after
UUO with the CCL2 inhibitor propagermanium (8 mg/kg
per day). CCL2 inhibition reduced levels of fibrosis in both
cohorts and abrogated the differences in fibrosis between the
WT and CCL5 KO cohorts (Figure 8, AeC). Moreover,
CCL2 blockade congruently reduced renal macrophage
infiltration down to similar levels in the WT and CCL5 KO
groups (Figure 8, DeF). Thus, antagonizing CCL2 ame-
liorates the increased kidney macrophage accumulation and
renal scar formation permitted by CCL5 deficiency during
RAS activation.
Figure 5 CCL5 deficiency permits augmented macrophage infiltration and infla
sections were stained for the macrophage marker F4/80 after 28 days of Ang II. C
subjected to c2 analysis (P< 0.0001). D and E:mRNA levels of the proinflammatory
and the CCL5 receptors Ccr1 and Ccr5 (E) weremeasured inWT and CCL5 KO kidneys. *P
B). Ang, angiotensin; CCL5, C-C motif chemokine; CCR, C-C chemokine receptor; KO

The American Journal of Pathology - ajp.amjpathol.org
Discussion

CCL5 is one of several chemokines that directs circulating
immune cells to sites of inflammation via binding of G
protein-coupled chemokine receptors.30 CCL5 is generated
by many cell types, including epithelial and endothelial
cells in the kidney,31e34 particularly during activation of
RAS,35,36 and interacts with CCR1, CCR3, and CCR5.
Studies have determined that immune cell populations,
especially T cells and macrophages, infiltrate the kidney
and amplify injury and fibrosis in hypertension driven by
activation of RAS,37,38 and CCL5 is up-regulated in the
kidney in the Ang II-dependent hypertension and UUO
mmation in the hypertensive kidney. A and B: WT (A) and CCL5 KO (B) kidney
: The density of macrophage staining was digitally scored into quintiles and
mediators Tnf, Il1b, and Il6 (D) and the alternative CCL5 ligands Ccl3 and Ccl4
< 0.05, **P< 0.01, and ***P< 0.001 versusWT. Scale barZ 100mm(A and
, knockout; Tnf, tumor necrosis factor; WT, wild-type.

2851

http://ajp.amjpathol.org


Figure 6 CCL5 deficiency exaggerates fibrosis and infiltration of macrophages in the obstructed kidney. A and B: Seven days after UUO, sections of WT (A)
and CCL5 KO (B) kidneys were stained with picrosirius red to visualize collagen fibrils. C: The percentage of picrosirius red stain per section was digitally
quantified in obstructed and contralateral, unobstructed kidneys. DeF: Sections of WT (D) and CCL5 KO (E) obstructed kidneys were stained with anti-F4/80,
and the percentage of positive stain per section was computed (F). G: mRNA expression of Ccl2, a strong chemoattractant for macrophages, was up-regulated
in obstructed CCL5 KO compared with WT kidneys. Scale bars Z 100 mm (A, B, D, and E). *P < 0.05 versus WT. CCL5, C-C motif chemokine 5; KO, knockout;
UUO, unilateral ureteral obstruction; WT, wild-type.

Rudemiller et al
models of RAS activation.16,19,39 We therefore posited that
CCL5 recruits mononuclear cells into the kidney to prop-
agate blood pressure elevation and/or renal damage and
fibrosis.
Figure 7 CCL5 limits the infiltration of inflammatory Ly6Chi myeloid cells in
evaluated via flow cytometry for their expression of Ly6C. A: The gating strategy
ulation, Ly6Chi expression was significantly enhanced in the CCL5 KO obstructed kid
FSC, forward scatter; KO, knockout; Ly6C, lymphocyte antigen 6 complex; SSC, si

2852
The present studies revealed that CCL5 deficiency does
not modulate blood pressure at baseline or during chronic
Ang II infusion. Consistent with our studies, Krebs et al40

found that deleting CCR5, the receptor for CCL5, had no
to the obstructed kidney. Seven days after UUO, renal myeloid cells were
for analyzing viable myeloid cells. B and C: Within the myeloid cell pop-
ney compared with WT. **P < 0.01 versus WT. CCL5, C-C motif chemokine 5;
de scatter; UUO, unilateral ureteral obstruction; WT, wild-type.

ajp.amjpathol.org - The American Journal of Pathology
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Figure 8 CCL2 antagonism reduces UUO-induced fibrosis and macrophage infiltration in the CCL5 KO kidneys to WT levels. Mice were treated with the CCL2
inhibitor propagermanium after UUO. AeC: CCL2 inhibition yields similar levels of picrosirius red staining for collagen fibrils in obstructed WT (A) and CCL5 KO
(B) kidneys, quantified by morphometric analysis (C). DeF: CCL2 antagonist reduces and renders macrophage infiltration comparable in obstructed WT (D) and
CCL5 KO (E) kidneys, quantified in panel F. Scale bars Z 100 mm (A, B, D, and E). CCL2, C-C motif chemokine 2; CCL5, C-C motif chemokine 5; KO, knockout;
UUO, unilateral ureteral obstruction; WT, wild-type.

CCL5 Regulates Kidney Injury
impact on the hypertensive response in a combined DOCA-
salt/Ang II infusion model.40 Because deleting the receptor
for CCL2, another key macrophage and T-cell chemokine,
also did not influence the hypertensive response during RAS
activation,41 our studies would suggest that these chemo-
kines modulate renal injury through blood pressure-
independent mechanisms. However, pharmacologic doses
of CCL5 in the bloodstream or central nervous system can
influence blood pressure homeostasis,42,43 indicating that a
threshold dose of CCL5 may be required to mediate
hemodynamic effects.

Although CCL5 did not influence blood pressure in our
experiments, CCL5 deficiency led to exaggerated hyperten-
sive renal damage during RAS stimulation, particularly within
the kidney glomerulus. These results contradicted our initial
hypothesis that CCL5 would exacerbate renal injury by
promoting accumulation of inflammatory cells in the kidney.
Nevertheless, some studies of immune-mediated glomerulo-
nephritis have supported a role for CCL5 to ameliorate disease
in the kidney glomerulus. For example, CCL5 blockade
worsened crescentic glomerulonephritis in one case by
increasing the activation of macrophages in the kidney.44,45

Moreover, deficiency of the CCL5 receptor, CCR5,
augmented crescentic glomerulonephritis and murine lupus
nephritis.46,47 These findings are congruent with the enhanced
glomerulosclerosis and albuminuria recorded in our CCL5-
deficient cohort during Ang II-dependent hypertension and
may accrue from the previously reported induction of CCL5
in the glomerular endothelium during RAS activation.35

However, the protective actions of CCL5 appear to be
specific to the kidney because CCL5 has been reported to
promote vascular inflammation and endothelial dysfunction,
The American Journal of Pathology - ajp.amjpathol.org
and CCL5-deficient bone marrow chimeras had blunted
atherosclerosis in the apolipoprotein E-deficient preclinical
model.48,49

Given the chemotactic functions of CCL5, we were
surprised to discover that CCL5 deficiency augments macro-
phage accumulation in the hypertensive kidney. Consistent
with a role for these macrophages to instigate the exaggerated
renal damage in the CCL5-deficient animals, their kidneys
showed marked up-regulation of two key macrophage cyto-
kines, TNF and IL-1b, that we and others have implicated in
the pathogenesis of hypertensive kidney damage driven by
RAS activation.6,21,50 For example, TNF is directly toxic to the
kidney glomerulus.51 Thus, CCL5 appears to limit the extent
of renal damage during RAS-mediated hypertension by sup-
pressing the infiltration into the kidney of inflammatory
macrophages and the injurious cytokines they elaborate.

Because macrophages are key regulators of kidney
fibrosis, we evaluated the extent of kidney scar formation in
our hypertensive animals and found that CCL5 suppresses
mediators of fibrosis, including Tgfb1 and Serpine1 (Pai1),
and matrix deposition in the injured kidney. However, the
degree of renal macrophage infiltration and fibrosis is rela-
tively mild in the Ang II hypertension model. We therefore
confirmed our findings in the normotensive UUO model,
which features robust macrophage accumulation in the
kidney, marked kidney scar formation,52 and endogenous
RAS activation.26 Here, again, CCL5 deficiency permitted
enhanced macrophage infiltration into the injured kidney
and an increase in the severity of renal fibrosis. Because
CCL5 has been reported to potentiate scar formation in the
liver,53 the actions of CCL5 to protect the kidney from
fibrosis also appear to be tissue specific.
2853
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The accumulation of tissue macrophages during injury
depends on the infiltration of circulating monocytes that can
present diverse phenotypes. Therefore, we sought to delin-
eate the monocyte populations in the obstructed kidney of
CCL5 KO and WT mice by measuring their level of Ly6C
expression. Ly6C is a membrane surface protein, and its
robust expression designates a particular subset of proin-
flammatory, bone marrow-derived monocytes. These
Ly6Chi monocytes, although absent in the healthy kidney,
are recruited into the injured kidney54,55 and harbor a
propensity for differentiation to M1 macrophages, which
produce high levels of TNF and IL-1b.56 Consistent with
the exaggerated injury in the CCL5 KO kidneys during RAS
activation, we found a significantly higher proportion of
Ly6Chi proinflammatory myeloid cells in the CCL5 KO
cohort. Recruitment of Ly6Chi monocytes is mediated by
the macrophage chemokine CCL2, which was up-regulated
in the CCL5 KO kidneys.57,58 Moreover, like CCL5, CCL2
is up-regulated in damaged endothelium59 and makes a
critical contribution to the pathogenesis of kidney fibrosis.52

We posited, therefore, that a compensatory induction of
CCL2 drove the increase in inflammatory macrophage
accumulation in the CCL5 KO kidney, leading to exagger-
ated renal damage and fibrosis. Consistent with this
hypothesis, pharmacologic inhibition of CCL2 reduced
macrophage infiltration and fibrosis in both experimental
groups and abrogated the differences between the groups in
both of these parameters. By contrast, we could not detect
up-regulation in the CCL5 KOs of a receptor for CCL5 or
an alternative CCR5 ligand that would otherwise explain the
enhanced mononuclear cell accumulation in the injured
kidneys of the CCL5 KO animals.
Conclusions

In summary, despite reported functions of CCL5 to recruit
mononuclear cells into injured tissues, we find that CCL5
attenuates macrophage infiltration into the kidney during
RAS activation and thereby mitigates the extent of
RAS-dependent renal damage and fibrosis. To resolve this
paradox, we have established that the absence of CCL5
permits augmented induction of the macrophage chemokine
CCL2. Accordingly, blockade of CCL2 prevents the
enhanced renal macrophage infiltration and fibrosis accruing
from CCL5 deficiency. These studies illustrate the complex
interrelations between mononuclear chemokines and the
potential danger of manipulating their signaling pathways in
kidney disease without a complete understanding of their
overlapping functions in disease pathogenesis. As agents
that target CCL2 signaling are beginning to achieve some
therapeutic success in patients with metabolic syndrome
and CKD,10 clarifying the interactions between CCL5 and
CCL2 will become increasingly critical to guide
the emerging translation of chemokine modulators for the
treatment of CKD and other fibrogenic disorders.
2854
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