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Abstract

Netrin-1 regulates inflammation but the mechanism by which this occurs is unknown. Here we
explore the role of netrin-1 in regulating the production of the prostanoid metabolite PGE2 from
neutrophils in invitro and in vivo disease models. Ischemia reperfusion in wild-type and RAG-1
knockout mice induced severe kidney injury that was associated with a large increase in neutrophil
infiltration and COX-2 expression in the infiltrating leukocytes. Administration of netrin-1
suppressed COX-2 expression, PGE2 and thromboxane production, and neutrophil infiltration into
the kidney. This was associated with reduced apoptosis, inflammatory cytokine and chemokine
expression, and improved kidney function. Treatment with the PGE2 receptor EP4 agonist
enhanced neutrophil infiltration and renal injury which was not inhibited by netrin-1. Consistent
with in vivo data, both LPS and IFNy-induced inflammatory cytokine production in macrophages
and IL-17-induced IFNy production in neutrophils were suppressed by netrin-1 in vitro by
suppression of COX-2 expression. Moreover, netrin-1 regulates COX-2 expression at the
transcriptional level through the regulation of NF«B activation. Thus, netrin-1 regulates the
inflammatory response of neutrophils and macrophages through suppression of COX-2 mediated
PGE2 production. This could be a potential drug for treating many inflammatory immune
disorders.
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Introduction

Acute kidney injury (AKI) due to ischemia is a frequent and serious complication of
hospitalized patients. There is no effective therapy available to treat ischemic kidney
diseases. A large body of evidence strongly suggests that ischemia reperfusion injury of the
kidney is an inflammatory disease mediated by both adoptive and innate immune systems
[1-8]. There is no effective therapy currently available for ischemic AKI. Thus, new
therapeutic approaches are desperately needed. Netrin-1 is a laminin-related axon guidance
cue known to regulate inflammatory cell migration and their functions in many diseases and
suppresses ischemic AKI [9-12]. Recent studies suggest that netrin-1 suppresses leukocyte
migration through an UNC5B receptor-mediated increase in cCAMP and inhibition of
chemotaxis in vitro [13] and in vivo [9]. Administration of netrin-1 to mice suppressed
infiltration and inflammation in sepsis, AKI, acute lung injury, peritoneal inflammation, and
whole body hypoxia [9;13-16]. In addition to inhibition of migration, netrin-1 also
suppressed inflammatory cytokine and chemokine production [9]. However, the mechanism
through which it suppresses immune cell function is not completely understood.

Arachidonic acid metabolites play a critical role in mediating inflammation and
inflammatory cytokine production in many acute and chronic diseases [17]. Arachidonic
acid is released from the plasma membrane by phospholipid A2, which is then metabolized
by cyclooxygenase -1 and cyclooxygenase-2 (COX-1 and COX-2) into a series of
prostaglandins, prostacyclins and thromboxanes. COX-1 is constitutively expressed whereas
COX-2 expression is induced by inflammatory stimuli or mediators of inflammation
[18;19]. Prostaglandin E2 (PGE2) is the most commonly studied prostanoid metabolite and
is known to mediate a wide variety of functions, including stimulation of immune cell
function, chemotaxis, and an increase in the production of inflammatory cytokines.
Inhibition of inducible COX-2 expression or function suppressed inflammation and is
currently used to treat many acute and chronic illnesses [18;20;21]. Another pro-
inflammatory metabolite of COX-2 enzyme, thromboxane A2, also has been implicated in
ischemia reperfusion injury [22;23]. Both prostaglandins and thromboxane are known to
induce production of cytokines and chemokines, such as IFNy and IL-17, and mediate
neutrophils and monocyte activation [2;24-26]. Neutrophils, monocytes and inflammatory
mediators released from these cells are known to cause ischemic injury of the kidney
[2;21;27-29]. However, whether netrin-1 regulates arachidonic acid metabolism through
regulation of COX-2 expression in neutrophils and macrophages, thereby suppressing
inflammation and ischemia reperfusion injury are unknown.

The current study was carried out to investigate the hypotheses: 1. Netrin-1 regulates
inflammation through suppression of COX-2-mediated PGE2 production in neutrophils and
monocytes; 2. COX-2 metabolites mediate IL-17-mediated IFNy production, neutrophil
infiltration, IFNvy-induced activation of macrophages, and ischemic AKI; and 3. Netrin-1
regulates COX-2 expression through inhibition of NFxB activation in immune cells.
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Netrin-1 protects kidney against reperfusion injury in both Wild type and RAG-1 knockout

mice

Several studies have demonstrated that neutrophils play a major role in mediating acute
ischemic kidney injury [2;27]. Our earlier studies also showed that neutrophils are a major
subset of that infiltrate after reperfusion injury [9]. However, it was not clear whether
netrin-1-mediated protection against ischemia reperfusion injury and suppression of
neutrophil infiltration occurs through direct or indirect action on T cells. To determine
whether the netrin-1 effect on neutrophils and monocytes is direct and can protect kidney in
the absence of T cells, RAG1 knockout mice were subjected to 26 minutes of ischemia
followed by reperfusion. As shown in Figure 1, both wild-type (WT) and RAG1 knockout
mice developed severe renal injury. Sham-operated WT and RAG1 knockout animals
showed no renal dysfunction. Administration of recombinant netrin-1 to both WT and
RAG1 knockout mice protected kidney, as shown by a significant reduction in serum
creatinine (Figure 1A). Improved kidney function in netrin-1 treated WT and RAG-1
knockout animals was associated with preservation of kidney structure and reduction of
tubular necrosis (Figure 1B).

Netrin-1 suppresses inflammation and neutrophil infiltration independent of T-
cells—Because our previous studies demonstrated that netrin-1 regulates inflammation, we
determined whether the protection of kidney function is due to the suppression of
inflammation. As shown in Figure 2, neutrophil infiltration and cytokine and chemokine
expression were increased in WT and RAG1 mice knockout treated with vehicle. However,
administration of netrin-1 suppressed neutrophil infiltration and inflammatory cytokine and
chemokine expression (Figure 2). Reduction in inflammation was associated with
improvement in histological injury. Moreover, tubular apoptosis was also significantly
suppressed (Figure 3). However, the pathway through which netrin-1 suppresses
inflammation in ischemic AKI is unknown.

Netrin-1 regulates COX-2 expression and PGE2 production in vivo—We
hypothesized that netrin-1 regulates neutrophil function and activation by suppressing
COX-2-mediated PGE2 production, thereby suppressing inflammatory cytokine and
chemokine production and infiltration of neutrophils. To determine this possibility, we
examined the expression of COX-1 and COX-2 after reperfusion in WT and RAG-1
knockout mice. COX-1 expression was not altered significantly after reperfusion whereas
the expression of COX-2 is significantly up-regulated (Figure 2). Administration of netrin-1
suppressed the expression of COX-2 in both WT and RAG1 knockout animals. Consistent
with suppression of COX-2 expression, the ischemia reperfusion-induced increase in PGE2
levels in kidney were suppressed by administration of netrin-1 (Figure 4A). Excretion of
PGE2 was also increased in both WT and RAG-1 knockout mice after ischemia reperfusion,
which was suppressed by administration of netrin-1 (Figure 4B). To further confirm the
netrin-1 effects on COX-2, we measured another COX-2 metabolite, thromboxane B2,
which is a degradation product of thromboxane A2. Ischemia reperfusion induced an
increase in thromboxane B2 excreation in urine, which was significantly suppressed by
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administration of netrin-1 (Figure 4C). To determine specific cell type that expressed
COX-2, immunolocalization was performed. As shown in Figure 4D, COX-2 expression
was seen in the thick ascending limb, distal tubules (also in macula densa) and collecting
ducts in sham-operated kidney, but not in proximal tubules. There is some staining in the
interstitium, which may be associated with endothelial cells. Twenty four hours after
reperfusion, COX-2 expression is highly induced in infiltrating cells. The increase in
expression of COX-2 in infiltrating cells is inhibited in netrin-1-treated animals (Figure 4E).
The infiltrating cells appear to be neutrophils. To confirm this flow cytometry analysis and
co-localization of COX-2 expressing immune cells was performed 24hr after reperfusion.
Over 86% of Gr-1 positive neutrophils and 80% of F4/80 positive monocyte/macrophage
were positive for COX-2 expression. Very few CD4 T cells were seen in the kidney and
60% of them were positive for COX-2 expression. Consistent with flow cytometric analysis,
neutrophils were co-localized for COX-2, confirming that COX-2-expressing infiltrating
cells were indeed neutrophils and macrophages (Figure 5).

Netrin-1 regulates inflammatory responses of macrophages and neutrophils through
COX-2 expression

Since both monocytes and neutrophils are present in RAG-1 knockout animals and these two
cell types are regulated by netrin-1 during ischemia reperfusion injury [9], we determined
whether COX-2-mediated inflammation is regulated by netrin-1 in both macrophages and
neutrophils. We hypothesized that netrin-1 regulates inflammatory responses of
macrophages and neutrophils by suppressing COX-2-mediated PGE2 production, thereby
suppressing inflammatory cytokine and chemokine production. To determine this
possibility, we characterized the mechanism of netrin-1-mediated suppression of COX-2 and
PGE2 production in a macrophage cell line. As shown in Figure 6, addition of either IFNy or
LPS treatment induced a large increase in COX-2 expression and PGE2 production, but not
COX-1 expression (Figure 6A and C). Both IFNy and LPS-induced COX-2 and PGE2
production were suppressed in netrin-1 treated macrophages. IFNy also induced a large
increase in MCP-1 and IP-10 production, which was inhibited by netrin-1 (Figure 6B and
D). The netrin-1 mediated suppressive effect on chemokine production was abolished when
PGE?2 is added to the culture, suggesting that the netrin-1 effect is at the level of COX-2
expression.

To determine whether netrin-1-mediated suppression of the inflammatory response of
neutrophils is through COX-2, we used IL-17 to induce an inflammatory response. IL-17
production in neutrophils in response to ischemia is known to initiate IFNy production and
infiltration into kidney [27]. Moreover, IFNy also regulates I1L-17 production in neutrophils.
Previous studies have shown that PGE2 increases IL-17 production in both Th17 cells and
neutrophils [30]. To determine directly that IL-17-induced IFNy production is dependent on
COX-2-mediated PGE2 and that netrin-1 suppresses this pathway, thereby suppressing IFNy
production and neutrophil infiltration into ischemic kidney, isolated neutrophils were
stimulated with IL-17. As shown in Figure 6E & F, IL-17 increased COX-2 expression and
IFNy production. Increased COX-2 expression was associated with increased PGE2
production, but addition of netrin-1 suppressed both COX-2 expression and IFNy
production. The suppressive effect of netrin-1 on IFNy production was abolished by addition
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of PGEZ2, suggesting that the netrin-1 effect is at the level of production but is not at the
level of its activity.

PGE?2 receptor subtype EP4 mediates inflammatory response and ischemia reperfusion

injury

To determine whether netrin-1 suppresses not only COX-2 expression but also PGE2
activity in vivo, we administered PGE2 receptor EP4 selective agonist to WT mice and
subjected them to ischemia reperfusion injury. Consistent with the in vitro data,
administration of PGE2 receptor EP4 selective agonist (ONO-AE1-329) enhanced ischemic
kidney injury and neutrophil infiltration, and netrin-1 did not suppress the EP4 agonist-
induced increase in renal injury and neutrophil infiltration (Figure 7). These data suggest
and confirm the in vitro findings that netrin-1 regulates COX-2 expression but not PGE2
activity.

Netrin-1 suppresses COX-2 expression through suppression of NFkB activation

The signaling pathway through which netrin-1 suppresses COX-2 expression is unknown.
The COX-2 promoter, however, has several NFkB binding sites and is up-regulated in
response to NFkB activation. Since both IFNy and LPS are known to activate NFkB, we
determined whether LPS-induced activation of NFKB is suppressed by netrin-1 in a
macrophage cell line. As shown in Figure 8A, LPS induces COX-2 expression in a time-
dependent manner, but addition of netrin-1 suppressed COX-2 expression. The induction of
COX-2 is associated with a transient but rapid degradation of 1xBa (Figure 8A & B) which
is significantly inhibited by netrin-1 treatment. Moreover, LPS induced increase in NFkB
activation, as seen by nuclear translocation of the p65 subunit, was suppressed in netrin-1-
treated cells (Figure 8D-E). Netrin-1 treatment alone did not alter NFxB translocation.
Moreover, LPS induced an increase in COX-2 promoter activity in the macrophage cell line,
which was suppressed by netrin-1. These data suggest that netrin-1-mediated suppression of
COX-2 expression may occur through IkBa-mediated inhibition of NFkB.

Discussion

Migration of inflammatory cells to the site of injury is a critical cellular response to initiate
the removal of dead cells and induce a regeneration response. However, inappropriate
excessive activation and migration of these cells into organs also can result in tissue
destruction, and this abnormal influx is thought to be the mechanism involved in many
ischemic injuries of organs. Barriers to aberrant immune cell activation and migration exist,
for example, the production of immunosuppressive, chemorepellent molecules from
endothelium and epithelial cells. One such molecule, netrin-1, is known to suppress
inflammation and inflammatory cell migration into ischemic kidney. However, the
mechanism as to how netrin-1 suppresses immune cell activation and migration has been
unknown. Here, we show for the first time that the neuronal guidance cue netrin-1 regulates
inflammation and inflammatory cell migration through suppression of COX-2-mediated
PGE2 and thromboxane A2 production.
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Consistent with our earlier studies [9], we have demonstrated that the administration of
netrin-1 to WT mice suppressed inflammation and inflammatory cell infiltration. In addition,
suppression of inflammation was also seen in RAG-1 knockout mice, suggesting that the
effect of netrin-1 on neutrophil infiltration is independent of T and B cells. Consistent with
improved renal function, the number of neutrophils that infiltrated the ischemic kidney is
also reduced with netrin-1 treatment. COX-2-mediated production of PGE2 is a known
inflammatory mediator in many disease processes. Our in vivo data shows that netrin-1-
mediated suppression of COX-2 expression was associated with suppression of
inflammatory cytokine production and reduction in infiltrating cells to the ischemic kidney.
COX-2 is known to be induced in kidney epithelial cells and may mediate ischemic kidney
injury [31-34]. Consistent with previous studies, netrin-1-mediated suppression of COX-2
expression also reduced ischemic kidney injury and inflammation.

PGE?2 is known to bind and mediate its activity through four types of receptors (EP1-4). All
four receptors are expressed in neutrophils [35]. Both EP2 and EP4 are highly inducible.
EP4 receptor is known to mediate increased cytokine IL-8 and IL-17 production from
endothelial cells and Th17 cells [26;30;36]. Since IL-17 is known to mediate IFNy-regulated
neutrophil infiltration in ischemic kidney, we tested an EP4 specific agonist on ischemia
reperfusion injury and neutrophil infiltration. Netrin-1-mediated suppression of neutrophil
infiltration is abolished by administration of the EP4 agonist, suggesting that the netrin-1
effect is at the level of PGE2 production, not at the level of PGE2 action. Earlier studies
showed a mixed role of COX-2 in ischemia reperfusion injury. This could be due to use of
the whole body knockout of COX-2 or global inhibition of COX-2 activity. It can be seen
from our study that netrin-1 inhibits only the inducible form of COX-2 expression in
response to ischemia reperfusion. The induction of COX-2 is specific and localized in
infiltrating cells. Therefore, netrin-1-mediated inhibition of COX-2 expression may be more
advantageous as compared to global inhibition of COX-2.

The signal for the increased production of IL-17 and IFNy in neutrophils at early hours of
reperfusion of the kidney is unknown. Our data suggest that COX-2-mediated PGE2
production may initiate IL-17 and IFNvy production, which will then mediate neutrophil
infiltration and kidney injury. This view was supported by another study that showed that an
IL.23.mediated neutrohil migration was increased by PGE2 through increasing the
production of IL-17-Moreover, IL-17-mediated neutrophil infiltration depends on TNFa,
leukotrienes, and IFNy [27;30]. Consistent with this study, we demonstrate that the IL-17-
induced production of TNFa, COX-2 expression, and IFNy was suppressed by addition of
netrin-1, which was abolished by addition of PGE2. Our results also suggest that PGE2 is
not only necessary for IL-17 production but also its downstream effect on inducing cytokine
expression and neutrophil infiltration.

COX-2 is highly induced after inflammation and hypoxia in many cells and tissues [37-40].
NFKB transcription factor-mediated increase in transcription of the COX-2 gene was
responsible for the increase in COX-2 mMRNA. COX-2 promoter analysis showed the
presence of multiple NFkB binding sites. NFxB was sequestered in an inactive form in the
cytoplasm by IkBa. Upon phosphorylation of inhibitory kappa kinase (IKK), IkBa is
degraded, and the released NFkB is then translocated into nucleus for transactivation of
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various genes including COX-2 [37]. Our results show that LPS-induced IkBa degradation
is suppressed by netrin-1, which was associated with suppression of COX-2 expression.
Moreover, LPS-induced COX-2 promoter activity and NFkB translocation into the nucleus
are suppressed by netrin-1. These results suggest that netrin-1 may regulate COX-2
expression through inhibition of NFKB activation.

IFNy was shown to play an important role in mediating neutrophil infiltration into ischemic
kidney [2;27] and activation of monocyte/macrophages to induce chemokines. Our earlier
studies had determined that administration of netrin-1 suppressed IFNy-producing
neutrophil infiltration into the kidney. Moreover, netrin-1 also suppressed monocyte
infiltration into the kidney. Consistent with our earlier observation, netrin-1 suppressed
neutrophil infiltration into ischemic kidney. In addition, our current study also documents
that netrin-1 regulates IL-17-induced IFNy production through the COX-2 — PGE2
pathways. Our result also shows that IFNy-induced macrophage activation and chemokine
production also depends on COX-2 expression and PGE2 production.

In summary, our study demonstrates that netrin-1 protects kidney from ischemia reperfusion
injury in both WT and RAG-1 knockout mice by suppressing inflammation, infiltration of
neutrophils, and apoptosis. In addition, netrin-1 also suppressed COX-2 expression and
PGE2 production in neutrophils in vivo and in vitro. PGE2 mediates IL-17-induced IFNy
production, and administration of PGE2 receptor EP4 agonist exacerbated neutrophil
infiltration. Our study also demonstrated that netrin-1 blocks PGE2 production but not its
activity. Moreover, netrin-1 regulates COX-2 expression through inhibition of IkBa
degradation. Therefore, we conclude that netrin-1 administration represents a novel
therapeutic option for the treatment of ischemia reperfusion injury of the kidney and other
inflammatory diseases.

Materials and Methods

Renal ischemia reperfusion

C57BL/6J mice (8-9 weeks of age, The Jackson Lab, Bar Harbor, ME) were anesthetized
with sodium pentobarbital (50 mg/kg body weight, intra-peritoneally) and placed on a
heating pad to maintain body temperature at 37° C. Both renal pedicles were identified
through dorsal incisions and clamped for 26 minutes. Reperfusion was confirmed visually
upon release of the clamps. As a control, sham-operated animals were subjected to the same
surgical procedure except the renal pedicles were not clamped. Surgical wounds were closed
and mice were given 1 ml of warm saline, intraperitoneally. The mice were kept in a warm
incubator until they regained consciousness. Some animals received recombinant netrin-1 (5
ug/animal) or vehicle (0.1% BSA) and/or PGE2 receptor EP4 selective agonist ONO-
AE1-329 (gift from ONO-Pharmaceuticals, Japan) (0.1 mg/kg body weight) 1 hr before
renal pedicle clamping. Netrin-1 and vehicle were administered intravenously and EP4
agonist was administered subcutaneously. Urine and kidney tissue were collected 24 hrs
after reperfusion and processed for ELISA and RNA isolation. The Institutional Animal
Care and Use Committee of the Georgia Health Sciences University approved all of the
protocols and procedures for using animals (approval number BR10-10-369).
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Isolation of neutrophils and cell culture

Neutrophils were isolated from spleen using anti-Ly6G microbead kit (Cat # 130-092-332,
Milteny Biotech, Inc., Auburn, CA). Cells were counted using a hemocytometer and plated
in RPMI 1640 medium containing 10% FBS. Cells were treated with different agents 2hr
after plating and were harvested 48 hr after treatment. The supernatants were used for
cytokine and PGE2 assays, and the pellet was used for RNA isolation.

Experiments in RAW264.7 macrophage cell line

RAW?264.7 cells (ATCC) were grown to confluence using advanced RPMI medium
containing 5% serum in a 6-well plate. On the day of treatment, serum-free advanced RPMI
medium was added and cells were treated with 10 ng/ml of IFNy or 10 ng/ml of LPS with
250 ng/ml of netrin-1 or vehicle (0.1% BSA). Supernatant and RNA were isolated twenty
four hours after treatment for quantification of PGE2, chemokines and inflammatory gene
expression. For immunofluorescence staining for NFkB, cells were grown in a chamber
slide. At confluence, cells were treated with vehicle, LPS, LPS+netrin-1 or netrin-1 for 1hr
and then fixed and permeabilized. NFkB localization was determined using rabbit anti-p65
primary antibody (Cell Signaling Technology, CA) (1:280 dilution) and goat anti-rabbit
secondary antibody conjugated with FITC.

A COX-2 promoter luciferase construct (US Biological) was transfected into RAW?264.7
cells using Lipofectamine 2000 according to the manufacturer's instruction (Life
Technologies) in a 6-well plate. 24hr after transfection, cells were treated with LPS with/
without netrin-1. Cells were harvested at 48hr after LPS addition and luciferase activity was
determined and expressed as fold increase over vehicle-treated control.

Flow Cytometry

To confirm the infiltrated immune cells that express COX-2 in the kidney after reperfusion,
mice were perfused with 20 ml of saline to remove intravascular leukocytes. Kidneys were
minced into fragments of 1 mm3 and digested with 2 mg/ml collagenase | and 100 U/ml
DNase I. The digested kidneys were then passed through 100- and 40-um mesh,
sequentially. Red blood cells in the resulting renal cells were lysed using red blood cell lysis
buffer (Sigma). Renal immune cells were stained using the following fluorochrome-labeled
antibodies: Anti-F4/80, Gr-1, CD4 (ebiosciences), and ant-rabbit-FITC for COX-2 (Abcam).
Fc receptors on leukocytes were blocked before staining with rat anti-FcR (CD16/CD32)
(BD biosciences). COX-2 staining was performed using BD cytofix/cytoperm kit (BD
Biosciences). After staining renal leukocytes for surface markers, the cells were treated with
fixation and permeabilization buffer containing paraformaldehyde and saponin. The cells
were then washed with permeablization buffer containing saponin and stained for COX-2.
Flow cytometry was performed on FACSCalibur and analyzed using Cyflogic V.1.2.1
software.

Western blot analysis

Protein extraction from RAW264.7 cells and Western blot analysis were carried out as
described before [41;42]. The membrane was probed with rabbit anti-COX-2 (Abcam,
Cambridge, MA) and rabbit anti-IkBa antibodies (1:1000 dilution) (Cell Signaling
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Technology, Danvers, MA). Proteins were detected using enhanced chemiluminescence
detection reagents (Amersham Pharmacia Biotech, Inc.). Protein loading was normalized to
GAPDH expression using anti-mouse GAPDH antibody (Abcam Cambridge, MA).

Quantification of mMRNA by real-time RT-PCR

Real-time RT-PCR was performed in an Applied Biosystems Inc. 7700 Sequence Detection
System (Foster City, California, USA). 1.5 ug total RNA was reverse transcribed in a
reaction volume of 20 ul using Omniscript RT kit and random primers. The product was
diluted to a volume of 150 pl, and 5 pl aliquots were used as templates for amplification
using the SYBR Green PCR amplification reagent (Qiagen) and gene-specific primers. The
primer sets used were: mouse TNFa (forward: GCATGATCCGCGACGTGGAA; reverse:
AGATCCATGCCGTTG GCCAG), MCP-1 (forward: ATGCAGGTCCCTGTCATG;
reverse; GCTTGAGGTGGTTGTGGA), ICAM-1 (forward:
AGATCACATTCACGGTGCTG; reverse: CTTCAGAGGCAGGAAACAGG), COX-1
(forward: GAATGCCACCTTCATCCGAGAAG,; reverse:
GCTCACATTGGAGAAGGACTCC), COX-2 (forward:
GCGACATACTCAAGCAGGAGCA,; reverse: AGTGGTAACCGCTCAGGTGTTG) and
IL-6 (forward : GATGCTACCAAACTGGATATAATC; reverse :
GGTCCTTAGCCACTCCTTCTGTG ). The amount of DNA was normalized to the R-actin
signal amplified in a separate reaction (forward primer: AGAGGGAAATCGTGCGTGAC;
reverse: CAATAGTGATGACCTGGCCGT).

Renal function

Renal function was assessed by measurements of serum creatinine (cat no: DZ072B,
Diazyme Labs, USA).

Cytokine and chemokine measurements

Cytokines and chemokines in plasma were measured using ELISA array kit from
eBioscience.

Prostaglandin and thromboxane B2 quantification

PGE2 and thromboxane were quantified in mouse kidney, urine and cell culture supernatant
using EIA kit (Cayman Chemicals, Ann Arbor, Michigan).

Histology and immunostaining

Kidney tissue was fixed in buffered 10% formalin for 12 hours and then embedded in
paraffin wax. For assessment of injury, 5 uM sections were stained with periodic acid-Schiff
(PAS) followed by hematoxylin. Tubular injury was assessed in PAS-stained sections using
a semiquantitative scale [43] in which the percentage of cortical tubules showing epithelial
cell necrosis, brush-border loss, cast formation, and apoptotic bodies in the cortex was
assigned a score: 0 = normal; 1 = <10%,; 2 = 10-25%; 3 = 26-75%; 4 = >75%. 10 fields of
40X magnification were examined and averaged. The individual scoring of the slides was
blinded to the genotype of the animal. To quantify leukocyte infiltration, sections were
stained with rat anti-mouse neutrophil antibody (Abcam, Cambridge, MA) (1:200 dilution)
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followed by goat anti-rat biotin conjugate. Color was developed after incubation with ABC
reagent (Vector Lab). Stained sections were photographed and five 40X fields of neutrophils
were examined for quantification of leukocytes. To determine COX-2 expression, sections
were stained with rabbit anti-COX-2 antibody (eBiosciences) (1:100 dilution) followed by
goat anti-rabbit biotin conjugate. Color was developed after incubation with ABC reagent
(Vector Lab). To determine COX-2-expressing interstitial cells, sections were double-
stained with rabbit anti-COX-2 antibody (eBiosciences) (1:100 dilution) and rat anti-
neutrophil antibody (Monoclonal antibody NIMP-R14 raised against murine Ly-6G and
Ly-6C) (Abcam, Cambridge, MA) (1:200 dilution) followed by goat anti-rabbit FITC
conjugate and goat anti-rat Texas red conjugate. Fluoresecently labeled slides were mounted
in agueous mounting medium containing DAPI nuclear stain (Molecular Probes). Stained
sections were photographed using an Olympus inverted microscope with color CCD camera.

TACS TdT in situ Apoptosis Detection

To identify apoptotic cells, tissue sections were stained using TACS TdT in situ Apoptosis
Detection kit (R&D Systems, Inc.) according to the manufacturer's instruction. Briefly,
tissue sections were deparaffinized, hydrated, and washed with PBS. Sections were digested
with proteinase K for 15 minutes at 24° C. Slides were then washed and endogenous
peroxidase activity was quenched with 3% H,0, in methanol. Slides were washed and
incubated with TdT labeling reaction mix at 37° C for 1 hour and then with streptavidin-
HRP. Color was developed using TACS blue label substrate solution. Slides were washed,
counterstained, and mounted with Permount. Sections were photographed, and labeled cells
counted and quantified.

Statistical methods

All assays were performed in duplicate. The data are reported as mean £ SEM. Statistical
significance was assessed by an unpaired, two tailed Student t-test for single comparison or
ANOVA for multiple comparisons.
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Figure 1.
Netrin-1 administration protects kidney from ischemia reperfusion-induced dysfunction. A.

Serum creatinine was measured at 24hr after reperfusion in wild-type (WT) and RAG-1
knockout mice subjected to sham operation or ischemia followed by reperfusion (IR) with
vehicle or netrin-1 administration. Values are mean £ SEM. *, p < 0.01 vs. all other groups.
#, p<0.05 vs. IR; n = 6-8 for each group. B. Tubular necrosis was quantified as described in
Materials and Methods. Netrin-1 treatment significantly suppressed ischemia reperfusion
induced tubular necrosis in both WT and RAG-1 knockout mice. Values are mean £ SEM.
*, p <0.001 vs. all other groups. #, p<0.05 vs. IR; n = 4-6 for each group.
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Figure 2.
Netrin-1 administration suppressed inflammation in kidney in response to ischemia

reperfusion (IR). Neutrophil infiltration was quantified after staining kidney sections as
described in Materials and Methods. A. Top: Neutrophil staining is absent in sham-operated
kidney, but is increased after IR. Netrin-1 administration suppressed neutrophil staining.
Scale Bar: 50uM. A. Bottom: Quantification of neutrophil staining in kidney. *, p<0.001 vs.
all other groups. #, p<0.05 vs. IR. Values are mean + SEM. n=4. B. Inflammatory mediator
expression in kidney analyzed by real-time RT-PCR. Top: WT mice subjected to sham, IR
with/without netrin-1 administration. Bottom: RAG-1 knockout mice subjected to sham, IR
with/without netrin-1 administration. *, p<0.05 vs. sham. #, p<0.05 vs. IR. Values are mean
+ SEM. n=4.
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Figure 3.
Effect of netrin-1 administration in ischemia reperfusion-induced apoptosis. Apoptotic cells

were identified using TUNEL staining (top panel). Sham.operated wild-type (WT) and
RAG-1 knockout mouse kidney did not show any apoptotic cells. Twenty.four hours after
reperfusion, the number of apoptotic cells (blue staining) was increased dramatically in WT
as well as RAG-1 knockout mice but was decreased with administration of netrin-1. Bottom
Panel. Quantification of apoptotic cells. Apoptotic-positive cells were counted in eight
random 40X fields. *, p<0.001 vs. sham-operated. #, p<0.001 vs. IR. n=4-6. Scale Bar:
50pM.
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Figure. 4.

Netrin-1 administration suppressed COX-2 expression and PGE2 production in both
wild.type (WT) and RAG-1 knockout mouse kidney. A. Quantification of kidney PGE2 by
EIA kit in WT mice. Ischemia reperfusion (IR)-induced increase in PGE2 was suppressed
by netrin-1. *, p<0.001 vs. sham. #, p<0.05 vs. IR. Values are means = SEM. n=4-6. B.
Quantification of urine PGE2 by EIA. Ischemia reperfusion-induced increase in the
excretion of urine PGE2 was reduced significantly by netrin-1 administration. *, p<0.001 vs.
sham. #, p<0.05 vs. IR. Values are mean + SEM. n=4-6. C. Quantification of urine
thromboxane B2 by EIA. Ischemia reperfusion-induced increase in the excretion of urine
thromboxane B2 was reduced significantly by netrin-1 administration. *, p<0.001 vs. all
other groups. Values are mean + SEM. n=4-6. D and E. Immunohistochemical localization
of COX-2 in WT and RAG-1 knockout mice after different treatments as described in
Materials and Methods. COX-2 staining was seen in distal tubules and associated thick
ascending limb, and collecting ducts from sham-operated kidney; ischemia reperfusion did
not alter staining in distal tubule and thick ascending limp and collecting ducts (D) but
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induced COX-2 expression in infiltrating cells, which was suppressed by administration of
netrin-1 in both WT and RAG-1 knockout mice (E). Scale Bar: 50uM.
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Figureb5.
Flow cytometry analysis of COX-2 expressing immune cells in the kidney. A. Flow

cytometry analysis was carried out as described in Materials and Methods. Percentage of
COX-2 postive cells shown on each histogram (outside bracket) and percentage of COX-2
positive Gr-1 positive neutrophils, F4/80 positive monocyte/macrophage and CD4 positive T
cells were shown inside the bracket on each histogram. B-E. Co-localization of COX-2 and
neutrophils in kidney. Immunofluorescence staining of COX-2 and neutrophils in WT mice
subjected to IR was carried out as described in Materials and Methods. COX-2 (panel B,
green) and neutrophil (panel C, red) staining was seen in the interstitium. Panel D is DAPI
nuclear staining. Overlay of panel B, C and D is shown in E. COX-1 and neutrophils were
co-localized (yellow staining, arrow). Scale Bar: 50uM.

Kidney Int. Author manuscript; available in PMC 2013 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ranganathan et al.

Page 20

>
w

Control
) ny

|| B iy Netiin #
IFNy+Netiin.1+PGE2 ‘
Netrin-1

3
=3

3
e

N
o
ret
Prostaglandin E2
(pg/ml)

mRNA expression
(fold over control)
3
i

w »
o o
o =3
" i

MCP-1 (pg/ml)
g

IP-10 (pg/ml)

=3
E=

IFNy - + + + IFNy - + + +
Netrin-1 - - + + Netrin-1 - - + +
PGE2 - - - + PGE2 - - - -

IL-17+Netrin-1 *
B IL-17+Netrin-1+P G E2

IFNy (pg/ml)

Gene expression
(fold over control)

N W W

[—3 N - < @ g oo

TNF  COX2 Ptges2

Figure®6.
Regulation of COX-2 expression and PGE2 production by netrin-1 in macrophages,

neutrophils and T cells. A. IFNy-induced COX-2 expression was suppressed by addition of
netrin-1 in macrophages. Netrin-1-mediated suppression of COX-2 expression was
abolished by addition of PGE2. #, p<0.001 vs. all other groups. *p<0.001 vs. IFNy-treated.
B. IFNy and LPS-induced increase in PGE2 production in macrophages was suppressed
with netrin-1 treatment. *, p<0.005 vs. control. +, p<0.001 vs. IFNy and LPS-treated groups.
C and D. IFNy-induced production of chemokines MCP-1 and IP-10 was inhibited in
netrin-1 treated macrophages, which was abolished with PGE2 addition. #, p<0.001 vs. all
other groups. *, p<0.001 vs. IFNy-treated. E and F. IL-17-induced COX-2 expression and
inflammatory cytokine production is suppressed by netrin-1 in neutrophils in vitro. E. IL-17
induced the expression of TNFa, COX-2, and prostaglandin E synthase 2 (ptges2) in
neutrophils, which was suppressed by addition of netrin-1. Addition of PGE2 along with
netrin-1 abolished the suppressive effect of netrin-1. *, p<0.001 vs. all other groups. F.
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IL-17-induced IFNy production in neutrophils is suppressed by netrin-1, which was
abolished by addition of PGE2. *, p<0.001 vs. all other groups. Values are mean £ SEM.
n=4-6.
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Figure7.
EP4 agonist increases neutrophil infiltration and exacerbates ischemia reperfusion injury of

the kidney. Neutrophil infiltration was quantified after staining the kidney section as
described in Materials and Methods. Neutrophil staining was absent in antibody control (A)
and sham.operated kidney (B), which is increased after IR (C). Netrin-1 administration
suppressed neutrophil infiltration (D). Administration of EP4 agonist abolished netrin-1-
mediated suppression of neutrophil infiltration (E). Moreover, administration of EP4 agonist
alone exacerbated ischemia reperfusion-induced neutrophil infiltration (F). Quantification of
neutrophil infiltration into kidney after different treatments (G). *, p<0.001 vs. sham and
netrin-1 treated groups. #, p<0.05 vs. vehicle treated group. Scale Bar: 50uM. H. Kidney
function measured by serum creatinine levels. IR-induced kidney dysfunction was
suppressed by netrin-1; administration of EP4 agonist exacerbated kidney dysfunction. *,
p<0.001 vs. sham and netrin-1 treated groups. #, p<0.05 vs. vehicle treated group. Values
are mean + SEM. n=4-6.
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Figure8.
Regulation of NF«B activation by netrin-1 in macrophage cell line (RAW264.7). A. LPS-

induced increase in COX-2 expression and IxBa degradation is inhibited by netrin-1. B.
Densitometric quantification of IxBa degradation in macrophage at different times after
LPS addition. LPS induced IxBa degradation transiently and significantly at 1hr, which was
completely inhibited by netrin-1 treatment. C.F: LPS-induced NF«xB (p65) translocation into
the nucleus was determined by immunofluorescence staining. C. Untreated macrophages
showing cytoplasmic localization of p65 (Green). D. 1hr after addition of LPS p65
localization is shifted to the nucleus, indicating the activation state of NFxB. E. Addition of
netrin-1 along with LPS suppressed NF«kB translocation as determined by presence of
cytoplasmic localization. F. Treatment of macrophages with netrin-1 alone did not alter
cytoplasmic localization of NF«B seen in untreated control. Nucleus was stained with DAPI
(blue). G. LPS-induced increase COX-2 promoter activity was suppressed by addition of
netrin-1 in macrophage cell line. *, p<0.001 vs. control. #, p<0.001 vs. LPS-treated cells.
Scale bar: 100pM.
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