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Abstract

Following acute injury to the kidney, macrophages play an important role in recovery of 

functional and structural integrity, but organ fibrosis and progressive functional decline occur with 

incomplete recovery. Pro-resolving macrophages are characterized by increased cyclooxygenase 

2 (COX-2) expression and this expression was selectively increased in kidney macrophages 

following injury and myeloid-specific COX-2 deletion inhibited recovery. Deletion of the myeloid 

prostaglandin E2 (PGE2) receptor, E-type prostanoid receptor 4 (EP4), mimicked effects seen 

with myeloid COX-2−/− deletion. PGE2-mediated EP4 activation induced expression of the 

transcription factor MafB in kidney macrophages, which upregulated anti-inflammatory genes 

and suppressed pro-inflammatory genes. Myeloid Mafb deletion recapitulated the effects seen with 

either myeloid COX-2 or EP4 deletion following acute kidney injury, with delayed recovery, 

persistent presence of pro-inflammatory kidney macrophages, and increased kidney fibrosis. 
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Thus, our studies identified a previously unknown mechanism by which prostaglandins modulate 

macrophage phenotype following acute organ injury and provide new insight into mechanisms 

underlying detrimental kidney effects of non-steroidal anti-inflammatory drugs that inhibit 

cyclooxygenase activity.

Graphical Abstract

Translational Statement

The mammalian kidney is easily injured by ischemic or toxic insults but can often recover 

functional and structural integrity. Innate immunity is involved in both the injury and recovery 

processes. During resolution from injury, renal myeloid cells express increased cyclooxygenase 2 

(COX-2), and myeloid COX-2 deletion delayed renal recovery from acute kidney injury. These 

studies report the mechanism by which myeloid COX-2 signaling induces polarization of tissue 

macrophages to a pro-resolving phenotype via EP4-mediated MafB activation and identify a 

previously unknown mechanism underlying detrimental effects of cyclooxygenase inhibition by 

nonsteroidal antiinflammatory drugs in the setting of renal dysfunction.
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Introduction

Acute kidney injury (AKI) is defined as an abrupt decrease in renal function. The 

incidence of AKI varies from 5% in all hospitalized patients to 30%–50% in intensive 

care units 1. Incomplete recovery from AKI leads to chronic kidney disease. As the 

majority of interventional trials in AKI have failed in humans, novel therapeutic approaches 

are needed to prevent or treat AKI. There is increasing evidence for an important role 

for innate immune cells in propagation of AKI 2–4. In addition, following the acute 

influx of proinflammatory myeloid cells, there is a shift from a proinflammatory to an 

antiinflammatory and pro-resolution phenotype, which mediates repair and resolution of 
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the injury. Failure to produce effective resolution following AKI can lead to incomplete 

recovery and progressive tubulointerstitial fibrosis.

Arachidonic acid metabolites result from metabolism by three distinct enzymatic pathways: 

the cyclooxygenase, lipoxygenase and CYP450 pathways. Cyclooxygenase (COX) is 

the rate-limiting enzyme that metabolizes arachidonic acid to prostaglandin G2 and 

subsequently to prostaglandin H2, thereby serving as the precursor for subsequent 

metabolism by prostaglandin and thromboxane synthases. Two isoforms of COX exist in 

mammals, constitutive COX-1 and inducible COX-2. COX metabolites have pleiotropic 

functions, mediated by specific G-protein coupled receptor signaling. The most prevalent 

prostanoid is PGE2, which signals through four distinct G protein coupled receptors- EP1 

through EP4. EP1 is coupled primarily to Gq/G11 and EP3 to Gi, while EP2 and EP4 are 

primarily coupled to Gs. Depending upon the tissue distribution of specific PGE2 receptors, 

PGE2 may act as either a pro- or an antiinflammatory mediator. COX-2 is expressed in renal 

immune cells, particularly renal monocytes/macrophages. EP4 is the predominant PGE2 

receptor in macrophages 5, and previous studies have demonstrated that EP4 activation in 

macrophages inhibits macrophage proinflammatory cytokine and chemokine release 5–8.

The myeloid cell COX-2 response to ischemic AKI has not been previously investigated. 

In addition, the potential roles of renal myeloid cell COX-2, COX-2-derived PGE2, and 

PGE2 receptors in renal macrophage polarization, in the initiation and propagation and 

recovery of renal structural integrity and function following ischemic AKI have not been 

investigated. In the current studies, we found that renal COX-2 was selectively increased 

in renal macrophages after ischemic injury. Renal macrophage COX-2-dependent activation 

of myeloid EP4 induced the transcription factor MafB to promote macrophage polarization 

to an antiinflammatory and pre-resolving phenotype, facilitating recovery from acute injury 

and protecting against the development of subsequent renal fibrosis.

Materials and Methods

Animals.

All animal experiments were performed in accordance with the guidelines of the IACUC 

of Vanderbilt University. COX-2−/− mice were on C57BL/6 background. EP4f/f mice were 

generated in Dr. Breyer’s laboratory 9, COX-2 f/f mice in Dr. Fitzgerald’s laboratory 10, 

CD11b-Cre mice in Dr. Vacher’s laboratory 11, and all mice were backcrossed onto the 

FVB background for 12 generations. Myeloid COX-2−/− mice (CD11b-Cre; COX- 2f/f) and 

wild-type (WT) mice (COX-2f/f) as well as myeloid EP4−/− mice (CD11b-Cre; EP4f/f) and 

WT mice (EP4f/f) were used. C57BL/6 Mafbtm1.1 mrl (10621) were from Taconic laboratory 

and C57BL/6J LysM-Cre mice (004781) were from Jackson laboratory (Bar Harbor, ME), 

and myeloid Mafb−/− (LysM-Cre; Mafbf/f) mice and WT (Mafbf/f) mice were generated. 

Male, 8–10 weeks old mice were used for all experiments and genotypes were confirmed 

with PCR before and after experiments. The primers used are described in Supplementary 

Materials and Methods.
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Antibodies and reagents.

A full list of antibodies is shown in Table S2. PGE2 and CAY10598 (EP4 agonist) were 

from Cayman Chemical; PF04418948 (EP2 antagonist), L161982 (EP4 antagonist), H-89 

(PKA inhibitor), 6-Bnz-cAMP (PKA agonist), 666–15 (CREB inhibitor), and dibutyryl-

cAMP (analog of cAMP) were from TOCRIS for in vitro study.

Ischemic AKI and UUO and EP4 agonist administration.

Ischemia-reperfusion-induced AKI was carried out as previously described 2. Briefly, the 

animals were uninephrectomized, immediately followed by unilateral ischemia-reperfusion 

with renal pedicle clamping for 32 min. For UUO, unilateral ureter was ligated for 7 days, 

and the EP4 agonist, ONO-4819 (rivenprost, Cayman Chemicals) was given to a subgroup 

of each of the myeloid knockout mice via 2004 minipump (Alzet) at a dose of 75 μg/kg/day 

one day before surgery.

Isolation of BMDMs and renal myeloid cells.

BMDMs were isolated using a monocyte isolation kit for mice (Miltenyi Biotec, 130–

100-629). Renal myeloid cells were enriched using mouse CD11b Microbeads and MACS 

columns (Milteni Biotec Auburn, CA) following the manufacturer’s protocol. The purity 

of renal myeloid cells isolated with CD11b Microbeads was >95% (95.34 ± 2.04, n=4), 

as determined by flow cytometry (CD45+ CD11b+ cells). For ex vivo polarization, an M0 

phenotype was achieved by culturing BMDMs in DMEM for 48 h, an M1 polarization by 

culturing with LPS and IFN-γ (1 μg/ml for each) for 24 h, and an M2 polarization by 

culturing with IL-4 and IL-13 (10 ng/ml for each) for 48 h.

Flow cytometry analysis.

Kidney single cell suspensions were prepared according to previous reports 12. Cells were 

incubated in 2.5 μg/ml Fc blocking solution, centrifuged (300x g, 10 min, 4°C) and 

resuspended with FACS buffer. Cells were stained for 60 min at 4°C with fluorescent 

conjugated antibodies against different cell marker antigens (Table S2) or isotype control. A 

total of 50 000–1 00 000 cells were acquired by scanning using NovoCyte Quanteon Flow 

Cytometer Systems. Cell debris and dead cells were excluded from the analysis based on 

scatter signals and use of Zombie Violet™ Fixable Viability Kit (Biolegend, Cat# 423114). 

For efferocytosis analysis, neutrophils isolated with anti-Ly-6G microbeads (130–120-337, 

Miltenyi) from WT bone marrows were stained with CFSE and treated with Staurosporine 

(1:1000) for 2 h at 37°C to induce apoptosis. BMDMs isolated from WT, myeloid COX-2−/

−, and myeloid Mafb−/− mice were stained with CytoTell™ blue. A mixture of labeled 

apoptotic neutrophils and BMDMs (4:1) were cultured at 37°C for 6 h. For detection of 

efferocytosis, cells were gated on CytoTell™ blue positivity before counting the number of 

events that were also CFSE positive.

Cyclooxygenase activity assay.

BMDMs were suspended in 2 ml RPMI1640 containing 60 µM arachidonic acid and 

incubated for 1 h at 37°C. Medium was harvested for prostanoid measurement by gas 

chromatographic/negative ion chemical ionization mass spectrometric assays (GC/MS) 
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using stable isotope dilution 13. Protein concentration was measured using protein assay 

kit from Bio-Rad. The production of metabolites is expressed as ng/mg/min in BMDMs.

Quantitative immunofluorescence/immunohistochemistry staining.

Kidney tissue was immersed in fixative containing 3.7% formaldehyde, 10 mM sodium 

m-periodate, 40 mM phosphate buffer, and 1% acetic acid. The tissue was dehydrated 

through a graded series of ethanols, embedded in paraffin, sectioned (4 μm), and mounted 

on glass slides. Immunostaining was carried out as in previous reports 14. Antigen retrieval 

in the deparaffinized sections was performed with citrate buffer by microwave heat for 10 

min and the slides were then blocked with 10% normal donkey serum for 1 h followed 

by incubation with primary antibodies overnight at 4°C. For double immunofluorescence 

staining, the sections were incubated in two rounds of staining overnight at 4°C. Anti-rabbit 

or mouse IgG-HRP were used as secondary antibodies (Santa Cruz). Each round was 

followed by tyramide signal amplification with the appropriate fluorophore (Alexa Flour 488 

tyramide, Alexa Flour 647 tyramide or Alexa Flour 555 tyramide, Tyramide SuperBoost 

Kit with Alexa Fluor Tyramides, Invitrogen) according to its manufacturer’s protocols. 

DAPI was used as a nuclear stain. Sections were viewed and imaged with a Nikon TE300 

fluorescence microscope and spot-cam digital camera (Diagnostic Instruments), followed 

by quantification using Image J software (NIH, Bethesda, MD). IOD were calculated in 

more than 30 fields per mouse or 10 fields per cell slide and expressed as arbitrary units or 

percentage of per field by two independent investigators.

Immunoblotting analysis, efferocytosis assay, qPCR, establishment of Mafb knockout cell 

lines, and luciferase promoter activity assay were described in Supplementary Materials and 

Methods.

Kidney TNF-α measurement.

Mouse TNF-α DuoSet ELISA kit (Catalog No. DY410–05) was used to measure kidney 

TNF-α levels in accordance with the manufacturer’s instructions (R&D Systems).

Picro-Sirius red stain was performed according to the protocol provided by the 

manufacturer (Sigma, St. Louis, MO, USA).

Measurement of BUN and serum creatinine.

BUN was measured using a Urea Assay Kit (BioAssay Systems, Hayward, CA). 

Quantification of endogenous creatinine was performed on an ultra-performance liquid 

chromatography (UPLC) tandem mass spectrometry system as previously described 15.

Bioinformatic data analysis.

SRA documents were downloaded from the GEO database and converted into FASTQ on the 

Galaxy online system. All ChIP-seq data sets were aligned using Bowtie2 to build version 

mouse NCBI37/mm9 of the mouse genome 16. ChIP-seq read densities in genomic regions 

were calculated. We used the MACS2 version peak calling with a p value < 1 × 10−7 and a 

q value of less than 0.1 and a 2-fold enrichment threshold 17. Bed files were analyzed with 

Bedtools and visualized alongside coverage files on IGV 18. Gene set enrichment analysis 
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(GSEA) software were used to determine whether an a priori Mafb target gene set showed 

statistically significant concordant differences in BMDM with PGE2 treatment 19.

Statistical analysis.

Data were expressed as the means ± SD. The numeric data were analyzed using GraphPad 

Prism (version 9; GraphPad Software). Data were analyzed using 2 tailed Student’s t test, 

one-way ANOVA, or two-way ANOVA followed by Tukey’s or Bonferroni’s post hoc tests. 

A P value less than 0.05 was considered significant. For each set of data, at least 4 different 

animals were examined for each condition. Collection, analysis, and interpretation of data 

were conducted by at least 2 independent investigators, who were blinded to the study.

Results

Renal COX-2 was selectively increased in renal macrophages after ischemic injury.

To determine the potential role of cyclooxygenase isoforms in the propagation and recovery 

after ischemic AKI, we first investigated the expression of COX isoforms, COX-1 and 

COX-2, in whole kidney and isolated renal myeloid cells after ischemic injury. Ptgs1 
(COX-1) mRNA levels in both total kidney and isolated renal myeloid cells decreased in 

the days following ischemic injury before returning toward baseline by day 7 (Fig. 1A). 

In contrast, renal myeloid cell Ptgs2 (COX-2) mRNA levels markedly increased by day 

3, when renal myeloid cells have begun to shift from a predominantly proinflammatory 

phenotype to a pro-resolving phenotype, although total kidney Ptgs2 mRNA did not 

significantly change following ischemic injury (Fig. 1A). Of note, Ptgs2 mRNA expression 

was about 100 times higher in renal myeloid cells than in corresponding total kidney tissue. 

Three days after ischemic AKI, increased renal COX-2 primarily colocalized with CD68+ 

cells, a marker of renal macrophages (Fig. 1B).

Myeloid COX-2 deletion led to delayed recovery and increased kidney proinflammatory 
myeloid cells after ischemic injury.

We generated mice with selective COX-2 deletion in myeloid cells (CD11b-Cre; COX-2f/f; 

myeloid COX-2−/−) and utilized a model of ischemia-reperfusion kidney injury. In isolated 

renal myeloid cells 3 days after ischemic AKI, Ptgs2 mRNA levels decreased >70% in 

myeloid COX-2−/− mice (1.52 ± 0.49 vs. 5.12 ± 1.08 of WT mice, P < 0.01) (Fig. 1C). 

Myeloid COX-2−/− mice and WT mice had similar initial injury, indicated by comparable 

BUN and serum creatinine levels at 16 and 24 h after injury (Fig. 1D). However, myeloid 

COX-2−/− mice had delayed functional recovery, indicated by slower decline of BUN and 

serum creatine levels (Fig. 1D). Additionally, immunofluorescent COX-2 was almost absent 

in CD68+ cells in myeloid COX-2−/− mice (Fig. 1B). We evaluated renal myeloid cell 

infiltration by flow cytometry (Fig. 1E). There were no differences in the renal macrophage 

or neutrophil populations between myeloid COX-2−/− mice and WT mice at baseline or one 

day after injury (Fig. 1F). However, at 3 days after ischemic injury, WT mouse kidney had 

decreased CD45+CD11b+Ly6G+ neutrophils but persistently higher CD45+CD11b+F4/80+ 

macrophages and further increased CD45+CD11b+Ly6C+ monocytes. Of note, all of these 

myeloid subtypes were further increased in myeloid COX-2−/− mouse kidneys, with a 
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4-fold increased number of renal neutrophils in myeloid COX-2−/− mice compared to WT 

mice at day 3 after ischemic injury.

We recently reported that hematopoietic cell COX-2 polarizes skin macrophages to an 

antiinflammatory and pro-resolving phenotype 20. Renal myeloid cell proinflammatory M1 

cytokines/chemokines were comparable between WT mice and myeloid COX-2−/− mice 

under basal conditions. However, renal myeloid cell proinflammatory cytokines, Tnf, Il23a, 

Ccl3 and Nos2 (iNOS), were all significantly higher in myeloid COX-2−/− mice than WT 

mice at day 3 following ischemic injury (Fig. 1G). ELISA and immunoblotting analysis 

confirmed higher kidney TNF-α and IL-6 protein levels in myeloid COX-2−/− mice at day 3 

after ischemic injury (Fig. 1 H-I).

Efferocytosis, clearance of apoptotic neutrophils by macrophages, is critical in resolution 

of acute injury 21. We found that renal macrophages isolated from myeloid COX-2−/− 

mice at 2 days after ischemic injury had decreased efferocytosis ability, indicated by 

decreased phagocytosis of apoptotic neutrophils (Fig. S1A). Flow cytometry analysis also 

demonstrated that COX-2−/− BMDMs had decreased efferocytosis of apoptotic neutrophils, 

indicated by the decreased ratio of phagocytic to non-phagocytic cells (Fig. S1B).

Myeloid COX-2 deletion led to persistent renal inflammation and development of renal 
fibrosis 4 weeks after severe ischemic injury.

Myeloid COX-2−/− mouse kidneys had persistently increased macrophages and 

proinflammatory cytokines (Fig. 2A and Fig. S2). Renal myeloid cells from myeloid 

COX-2−/− mice expressed higher levels of proinflammatory cytokines (Fig. 2B). Myeloid 

COX-2−/− mice had increased renal mRNA expression of profibrotic and fibrotic 

components, including Acta2, Tgfb1, Ccn2/Ctgf, Col1a1, Col3a1, and Fn (Fig. 2C). 

Quantitative Sirius red staining, immunoblotting and immunostaining further confirmed 

more kidney fibrosis in myeloid COX-2−/− mice than WT mice (Fig. 2 D-E).

Myeloid COX-2-derived PGE2 regulated renal myeloid cell polarization via EP4 receptors.

To determine the prostanoid profile derived from COX-2 enzymatic activity in myeloid cells 

(Fig. 3A), we isolated BMDMs from WT and global COX-2−/− mice, incubated them in 

the presence of arachidonic acid for 1 h, and then determined prostanoids released into the 

medium using GC/MS 13,20. The major prostanoid derived from COX-2 was PGE2 since it 

was the only prostanoid with decreased production in COX-2−/− BMDMs (Fig. 3B). PGE2 

acts via PGE2 receptors EP1-EP4. To determine which PGE2 receptor modulated myeloid 

cell inflammatory response, isolated BMDMs were polarized to an “M1” (via LPS/IFN-γ) 

or “M2” (via IL-4/IL-13) phenotype. BMDMs expressed detectable Ptger2, Ptger3 and 

Ptger4 mRNA but only Ptger4 mRNA expression changed in response to either M1 or M2 

polarization (Fig. 3C).

EP4 was also the major PGE2 receptor subtype in the mouse macrophage-like cell 

line, RAW264.7 20. PGE2-mediated inhibition of proinflammatory Tnf expression and 

stimulation of antiinflammatory Arg1 expression in these cells were blocked by the selective 

EP4 receptor antagonist, L161982, but not by the selective EP2 receptor antagonist, 

PF04418948 (Fig. 3D).
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We generated myeloid EP4−/− mice (CD11b-Cre; EP4 f/f) mice to evaluate the possible role 

of EP4 receptors in myeloid COX-2-mediated renal myeloid cell polarization. Three days 

after ischemic injury, myeloid EP4−/− mice had increased renal myeloid populations and 

increased renal myeloid proinflammatory cytokines such as Tnf, Ccl3, Il1a, and Il23a (Fig. 

3E), similar the responses in myeloid COX-2−/− mouse kidneys. Myeloid EP4−/− mouse 

kidneys also had increased macrophages and fibrosis four weeks after ischemic injury (Fig. 

3F).

COX-2/PGE2/EP4 signaling regulated expression of MafB, a master transcription factor for 
macrophage pro-resolving polarization.

EP4 receptors couple to Gs and stimulate adenylyl cyclase (AC) to activate the cAMP/PKA/

CREB pathway and Epac, a guanine nucleotide exchange factor for Rap 22,23. The cell 

permeable cAMP analog dibutyryl-cAMP (db-cAMP) treatment inhibited Tnf expression 

and stimulated Arg1 expression in RAW264.7 cells, with reversal by either a selective PKA 

antagonist (H89) or CREB inhibitor (666–15) (Fig. 4 A-B) but not by an Epac inhibitor (data 

not shown).

CREB has been reported to mediate PGE2-induced macrophage M2 polarization 24. MEME 

Suite motif-based sequence analysis tools (http://meme-suite.org/) did not identify any 

predicted conserved CREB binding sites at the promoters of PGE2-regulated Arg1 and 

Tgm2 genes. The basic leucine zipper transcription factor, MafB, is known to upregulate 

antiinflammatory genes and suppress proinflammatory genes 25. We analyzed RNA-seq data 

from a public GEO database (GSE119521) of macrophages exposed to PGE2 and a gene set 

of MafB target genes from GSE75722 26 to perform Gene Set Enrichment Analysis (GSEA) 
27 to determine whether an a priori MafB target gene set showed statistically significant 

concordant differences in BMDM with PGE2 treatment (See Methods and Table S1). GSEA 

indicated Arg1 and Tgm2 could be regulated by MafB in BMDMs treated with PGE2 (NES 

= 1.35, FDRq = 0.02) (Fig. 4C). Further analysis of GSE75722 26 indicated that in mouse 

BMDMs, MafB has the potential to directly bind promoters to inhibit proinflammatory 

genes (Tnf, Ccl2, Ccl3) and stimulate antiinflammatory genes (Arg1, Tgm2, Cd206, Il10) 

as well as the phagocytosis associated gene, Tyro3 (Fig. S3) 26. MafB can also bind to 

enhancers to downregulate other proinflammatory genes and upregulate other pro-resolving 

genes (Fig. S3).

In RAW264.7 cells transfected with a luciferase reporter construct of the proximal 1050 base 

pairs of the Mafb promoter, either PGE2 or the EP4 agonist CY10598 increased luciferase 

expression (Fig. 4D). Consistent with a previous report of a CREB binding site at −201 in 

the Mafb promoter 28, increased luciferase expression induced by either PGE2 or the EP4 

agonist was suppressed by CREB inhibition with 665–15 (Fig. 4D). PGE2, CAY10598 (EP4 

agonist), or 6-Bnz-cAMP (PKA agonist) all increased Mafb expression in RAW264.7 cells 

(Fig. 4E). PGE2-induced Mafb expression was suppressed by inhibition of EP4 receptors 

but not EP2 receptors (Fig. 4F). In addition, either PKA or CREB inhibition abolished 

db-cAMP-induced Mafb mRNA expression (Fig. 4F). COX-2 and MafB co-localized in 

many renal macrophages in WT mouse kidneys 3 days after ischemic injury, but MafB was 
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undetectable in renal macrophages in both myeloid COX-2−/− mice and EP4−/− mice (Fig. 

4 G-H).

Myeloid MafB deletion resulted in renal inflammation and delayed renal functional 
recovery after severe ischemic injury.

To investigate the role of myeloid MafB in the response of myeloid COX-2/PGE2/EP4 

deletion, we generated mice with myeloid Mafb deletion (LysM-Cre; Mafbf/f; myeloid 

Mafb−/−). Myeloid Mafb deletion was confirmed by 10 times lower Mafb mRNA 

levels in BMDMs and renal myeloid cells isolated from myeloid Mafb−/− mice 

(Fig. S4A). Immunofluorescent staining confirmed MafB deletion in renal macrophages 

in myeloid Mafb−/− mice (Fig. S4B). Mafb−/− BMDMs had augmented LPS/IFN-γ-

induced proinflammatory Tnf and Nos2 stimulation and decreased IL-4/IL-13-induced 

antiinflammatory Arg1 and Tgm2 expression (Fig. S4C). Inhibition of proinflammatory 

TNF-α and stimulation of antiinflammatory ARG1 by either PGE2 or a EP4 receptor 

agonist were markedly attenuated in Mafb−/− BMDMs (Fig. S4D) and in RAW264.7 cells 

following stable Mafb knockout (Mafb △) (Fig. S4E).

Similar to what was seen in myeloid COX-2−/− mice, there was no difference from wild 

type in the initial response to ischemic injury in myeloid Mafb−/− mice, but functional 

recovery was delayed in myeloid Mafb−/− mice (Fig. 5A). Three days after ischemic injury, 

myeloid Mafb−/− mice had increased renal myeloid populations (Fig. 5B) and increased 

renal myeloid proinflammatory cytokine expression (Fig. 5C), as well as higher kidney 

TNF-α levels (Fig. 5D). Similar to myeloid cell COX-2 deletion, myeloid cell Mafb−/− 

deletion also led to impaired efferocytosis (Fig. S5). Additionally, 4 weeks after ischemic 

injury, myeloid Mafb−/− mice developed more renal tubulointerstitial fibrosis, indicated by 

quantitative Sirius red staining, α-SMA and collagen I immunostaining, and collagen IV and 

α-SMA immunoblotting (Fig. 5 E-F).

EP4 activation rescued the abnormalities induced by myeloid COX-2 deletion.

Unilateral ureteral obstruction (UUO) induces inflammatory injury and rapid development 

of progressive tubulointerstitial fibrosis, thereby providing an effective and convenient 

model for studying pharmacological rescue. Renal myeloid Ptgs2 and Mafb expression 

increased after UUO (Fig. 6A). Both myeloid COX-2−/− mice and myeloid Mafb−/− mice 

and their WT controls were subjected to UUO for 7 days with or without administration of 

the EP4 agonist (ONO-4819) to the mice with gene deletion. In COX-2−/− mice, the EP4 

agonist significantly increased myeloid MafB expression and decreased renal macrophages, 

myeloid proinflammatory cytokine expression, and renal fibrosis (Fig. 6 B-G). In contrast, 

the EP4 agonist did not rescue any of these abnormalities in Mafb−/− mice exposed to 

UUO (Fig. 6H and Fig. S6). We further investigated whether EP4 activation rescued renal 

functional recovery in ischemic injury in myeloid COX-2−/− mice and myeloid MafB−/

− mice. EP4 activation rescued functional recovery in myeloid COX-2−/− mice but not 

MafB−/− mice (Fig. S7). Of note, EP4 activation had a trend to facilitate renal functional 

recovery in WT mice (Fig. S7).
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Discussion

Previous studies in the kidney have focused on intrinsic COX-2 expression and function 
29–43. However, the potential role of renal myeloid COX-2 in response to development of 

renal interstitial fibrosis as a sequela to acute injury has not been previously investigated. 

The current studies demonstrated: 1) COX-2 selectively increased in renal macrophages 

after AKI; 2) mice with myeloid COX-2 deletion had increased injury, delayed recovery, 

persistent proinflammatory renal macrophages, and increased tubulointerstitial fibrosis 

following AKI; 3) PGE2 was the major myeloid COX-2 metabolite and acted via activation 

of EP4 receptors to inhibit proinflammatory cytokines and promote antiinflammatory 

cytokines in vitro; 4) myeloid EP4 deletion mimicked the abnormalities seen with myeloid 

COX-2 deletion in response to AKI; 5) myeloid cell EP4 activation upregulated MafB 

expression in vitro and in vitro; and myeloid Mafb deletion recapitulated abnormalities 

seen with myeloid COX-2 or EP4 deletion; and 6) EP4 activation rescued the abnormalities 

induced by myeloid COX-2 deletion but not by myeloid Mafb deletion.

Our studies identify a mechanism by which COX-2 dependent EP4 activation mediates 

macrophage polarization to an antiinflammatory and pro-resolving phenotype. PGE2 or 

selective EP4 agonists increased expression of pro-resolving markers. EP4 is known to 

signal primarily through Gs-coupled activation of adenylate cyclase, with production of 

cAMP and activation of PKA, and cAMP or a PKA agonist mimicked the effect of PGE2 

and EP4 activation, while a PKA antagonist or a CREB inhibitor blocked such effects.

MafB is a transcription factor of the large Maf subfamily that contains MafA, MafB, 

c-Maf, and Nrl and is characterized by the presence of a transactivation domain in the 

N-terminal region and C-terminal basic leucine-zipper DNA-binding domain. Recent studies 

have indicated that MafB plays crucial roles in macrophage function, particularly in their 

polarization into a pro-resolving phenotype 25,26,44–47. However, its role in COX-2/PGE2/

EP4-mediated macrophage polarization has not been previously investigated. PGE2 and 

EP4 stimulated macrophage MafB expression, and myeloid Mafb deletion prevented PGE2 

and EP4 induction of pro-resolving macrophage polarization. Although administration 

of an EP4 agonist was able to ameliorate development of renal fibrosis in mice with 

myeloid COX-2 deletion, it had no effect in mice with myeloid Mafb deletion. Collectively, 

these studies describe a heretofore undescribed mechanism by which macrophage COX-2-

dependent PGE2 production acts in an autocrine and/or paracrine fashion to activate 

EP4, thereby stimulating expression of MafB, which mediates macrophage polarization 

to an antiinflammatory and pro-resolving phenotype. Although it is well established that 

alternatively activated (“M2”) macrophages can not only promote tissue repair but also 

mediate increased fibrosis in pathologic conditions, it is also recognized that persistent, 

unresolved inflammation can lead to epithelial cell dedifferentiation and G2/M arrest, 

resulting in production of profibrotic factors that induce myofibroblast transformation and 

production of collagens and other extracellular matrix components 48.

Neutrophils are the first cells to enter the post-ischemic kidney and quickly undergo 

apoptosis. It is then the job of the pro-resolution macrophages to clear them by efferocytosis. 

Macrophages are also necessary for phagocytosis of damaged and apoptotic epithelial 
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cells after AKI. Compared to wild type mice following ischemic injury, mice with 

myeloid COX-2 deficiency had persistent renal neutrophil infiltration. Ex vivo studies 

demonstrated that COX-2-deficient renal macrophages from post-ischemic kidneys had 

decreased efferocytotic capacity. In addition, flow cytometry analysis demonstrated that 

BMDMs with either COX-2 or Mafb deficiency had impaired ability to phagocytose 

apoptotic neutrophils.

In addition to regulation of myeloid polarization, myeloid -derived PGE2 may also bind 

to EP4 in adjacent non-myeloid cells. It has been reported that vascular EP4 receptors 

protect against angiotensin II-induced kidney damage49,50, collecting duct EP4 receptors 

regulate urine concentrating ability through increased aquaporin 2 expression and membrane 

targeting 51, and EP4 receptors in tubular epithelial cells inhibit the loss of mitochondria in 

ischemic renal injury52.

In summary, these studies demonstrate an important role for myeloid-derived COX-2 

and its enzymatic product, PGE2 in mediation of recovery from acute kidney injury 

and prevention of the development of progressive tubulointerstitial fibrosis and identify 

new mechanisms underlying the polarization to a pro-resolving macrophage phenotype. 

In correlative analysis in human kidney diseases, examination of the Nephroseq database 

(http://www.nephroseq.org/) indicates that PTGS2 (COX-2) expression was decreased in 

the kidney glomerulus in patients in chronic kidney disease, in the tubulointerstitial 

compartment in minimal change disease, and in blood cells in IgA nephropathy (Fig. S8). 

Furthermore, the detrimental effects of NSAID use in the setting of kidney disease are 

well-documented. Although classical teaching suggests afferent arteriolar vasoconstriction 

to be the predominant underlying mechanism promoting or exacerbating injury, the 

current study identifies an additional, previously unknown mechanism by which myeloid 

COX-2 inhibition exacerbates acute and chronic kidney injury, a finding that is relevant 

to understanding the potential detrimental effects of NSAIDs in the setting of renal 

dysfunction.
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Fig. 1. Selective COX-2 deletion in myeloid cells led to delayed renal functional recovery and 
renal myeloid cell proinflammatory polarization after ischemic AKI.
(A) In WT mice, Ptgs1 mRNA expression in kidneys and in renal myeloid cells was 

decreased after injury before returning toward baseline by day 7; Ptgs2 mRNA expression 

was 100-fold higher in renal myeloid cells than in kidney and increased by day 3 after 

ischemic injury. *P<0.05 vs. day 0, n=5 at each time point. Data are means ± SD, analyzed 

using 2-way ANOVA followed by Tukey’s post hoc test. (B) Representative image show 

at three days after ischemic injury, COX-2 (red) was expressed in most renal CD68+ 

macrophages (green) in WT mice but in only a small portion of renal macrophages in 

myeloid COX-2−/−mice. Scale bar = 50μm. (C) Renal myeloid cell Ptgs2 mRNA expression 

was decreased >70% in myeloid COX-2−/− mice compared to WT mice cells 3 days after 

AKI. **P<0.01, n=7 in WT mice, n=5 in myeloid COX-2−/− mice. Data are means ± SD, 

analyzed using 2 tailed Student’s t test. (D) Myeloid COX-2−/− mice had similar initial 

injury compared to WT mice but had delayed functional recovery after injury. *P<0.05, 

n=5 at each time point per group. Data are means ± SD, analyzed using 2-way ANOVA 

followed by Tukey’s post hoc test. (E and F) Using gating strategy shown in (E), flow 

cytometry determined from day 1 to day 3 after ischemic injury, WT mouse kidney had 

decreased CD45+CD11b+Ly6G+ neutrophils but persistently higher CD45+CD11b+F4/80+ 
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macrophages and continuously increased CD45+CD11b+Ly6C+ monocytes while all these 

cell populations increased in myeloid COX-2−/− mice. *P<0.05, **P<0.01, n=5 each 

time point per group. Data are means ± SD, analyzed using 2-way ANOVA followed by 

Tukey’s post hoc test. (G) Renal myeloid cells of myeloid COX-2−/− mice had higher 

proinflammatory cytokine expression including Tnf, Ccl3, Nos2, and Il23a at day 3 after 

ischemic injury. *P<0.05, **P<0.01, n=5 at each time point per group. Data are means ± 

SD, analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. (H) ELISA 

indicated kidney TNF-α protein levels were higher in myeloid COX-2−/− mice than WT 

mice at day 3 after ischemic injury. **P<0.01, n=5. Data are means ± SD, analyzed using 

2 tailed Student’s t test. (I) Immunoblotting indicated higher IL-6 and TNF-α protein levels 

in myeloid COX-2−/− mice than WT mice. **P<0.01, n=4. Data are means ± SD, analyzed 

using 2 tailed Student’s t test.
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Fig. 2. Myeloid COX-2−/− mouse kidney had more proinflammatory macrophages and robust 
fibrosis 4 weeks following ischemic injury.
Both WT and myeloid COX-2−/− mice were subjected to ischemic injury for 4 weeks. (A) 

Myeloid COX-2−/− mice had more renal macrophages. **P<0.01, n=4. Data are means 

± SD, analyzed using 2 tailed Student’s t test. Scale bar=100μm. (B) Myeloid COX-2−/− 

mice had increased renal myeloid cell mRNA levels of proinflammatory cytokines including 

Nos2, Tnf, Ccl3, and Il23a. *P<0.05, n=5. Data are means ± SD, analyzed using 2-way 

ANOVA followed by Bonferroni’s post hoc tests. (C) Myeloid COX-2−/− mouse kidney had 

higher mRNA expression of profibrotic and fibrotic components, including Acta2, Tgfb1, 

Ccn2 (Ctgf), Col1a1, Col3a1, and Fn. *P<0.05, n=5. Data are means ± SD, analyzed using 

2-way ANOVA followed by Bonferroni’s post hoc tests. (D and E) Immunoblotting (D) and 

quantitative Sirius red staining and α-SMA and collagen I immunostaining (E) showed more 

renal interstitial fibrosis in myeloid COX-2−/− mice. **P<0.01, n=4. Data are means ± SD, 

analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. Scale bar=100μm.
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Fig. 3. Myeloid COX-2-derived PGE2 regulated renal myeloid cell polarization via EP4 
receptors.
(A) Schematic diagram of COX2/PGE2/EP1–4 pathway. (B) COX-2−/− BMDMs isolated 

from global COX-2−/− mice produced less PGE2 compared to WT BMDMs. **P<0.01, 

n=4. Data are means ± SD, analyzed using 2-way ANOVA followed by Bonferroni’s post 

hoc tests. (C) Among all detectable EP receptors, only Ptger4 (EP4) mRNA expression 

was stimulated by M1 stimulation with LPS/IFN-γ and inhibited by M2 stimulation with 

IL-4/IL-13 in BMDMs. *P<0.05, **P<0.01, n=4 independent repeats. Data are means ± 

SD, analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. (D) PGE2-

mediated Arg1 stimulation and Tnf inhibition in mouse RAW264.7 cells were reversed by 

the EP4 antagonist (L161982, 10 μM) but not the EP2 antagonist (PF04418948, 10μM). 

*P<0.05, **P<0.01, n=6 independent repeats. Data are means ± SD, analyzed using 2-way 

ANOVA followed by Bonferroni’s post hoc tests. (E) Myeloid EP4−/− mouse kidneys had 

increased renal CD45+CD11b+F4/80+ macrophages, CD45+CD11b+Ly6C+ monocytes, and 

CD45+CD11b+Ly6G+ neutrophils determined by flow cytometry (n=5) as well as higher 

proinflammatory cytokine expression including Tnf, Ccl3, Il23a, and Il1a (n=6) at day 3 

after ischemic injury. *P<0.05, **P<0.01. Data are means ± SD, analyzed using 2-way 

ANOVA followed by Bonferroni’s post hoc tests. (F) Sirius red staining and immunostaining 

demonstrated more renal macrophages and fibrosis in myeloid EP4 −/− mice at week 4 after 

ischemic injury. *P<0.05, **P<0.01, n=4–5 mice per group. Data are means ± SD, analyzed 

using 2 tailed Student’s t test. Scale bar=100μm.
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Fig. 4. Transcription factor MafB mediated EP4-induced myeloid cell antiinflammatory and 
pro-resolving polarization.
(A) Schematic diagram of PGE2/EP4/PKA/CREB/MafB pathway. (B) Inhibition of Tnf 
expression and stimulation of Arg1 expression in RAW264.7 cells by a cell permeable 

cAMP analog, db-cAMP, were reversed by either PKA inhibition with H89 or CREB 

inhibition 666–15. **P<0.01, n=5 independent repeats. Data are means ± SD, analyzed 

using 2-way ANOVA followed by Bonferroni’s post hoc tests. (C) GSEA indicated that 

genes upregulated by PGE2, such as Arg1, Tgm2, and Il10 could be regulated by Mafb 

in BMDMs (NES = 1.35, FDR q= 0.02). (D) Both PGE2 and EP4 agonist (CY10598) led 

to increased Mafb promoter activity in a luciferase reporter assay, which was blocked by 

the CREB inhibitor (666–15). *P<0.01, n=3 independent repeats. Data are means ± SD, 

analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. (E) BMDM Mafb 
expression was stimulated by PGE2 or an EP4 agonist (CY10598) or a PKA agonist (6-Bnz-

cAMP). *P<0.05, **P<0.01, n=5 independent repeats. Data are means ± SD, analyzed using 
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2-way ANOVA followed by Bonferroni’s post hoc tests. (F) PGE2-induced Mafb expression 

was prevented by an EP4 antagonist (L161982) and the db-cAMP-induced Mafb expression 

was abolished by PKA inhibition with H-89 or CREB inhibition with 666–15. **P<0.01, 

n=5–7 independent repeats. Data are means ± SD, analyzed using 2-way ANOVA followed 

by Bonferroni’s post hoc tests. (G and H) Representative images showed COX-2 and MafB 

were colocalized to many renal macrophages in WT mice but was not detectable in renal 

macrophages in myeloid COX-2−/− mice (G) and in myeloid EP4−/− mice (H) 3 days after 

ischemic injury. Scale bar=50μm.
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Fig. 5. Myeloid Mafb deletion led to a delayed renal recovery, persistent proinflammatory 
macrophages, and robust fibrosis following ischemic injury.
(A) Myeloid Mafb −/− mice had similar initial injury compared to WT mice but had 

delayed functional recovery after injury. *P<0.05, n=8 at each time point per group. Data 

are means ± SD, analyzed using 2-way ANOVA followed by Tukey’s post hoc test. (B) 

Flow cytometry analysis determined increased renal CD45+CD11b+F4/80+ macrophages, 

CD45+CD11b+Ly6C+ monocytes, and CD45+CD11b+Ly6G+ neutrophils in myeloid Mafb 

−/− mice at day 3 after AKI. *P<0.05, **P<0.01, n=5 at each time point per group. Data are 

means ± SD, analyzed using 2-way ANOVA followed by Tukey’s post hoc test. (C) Renal 

myeloid cells of myeloid Mafb−/− mice had higher proinflammatory cytokine expression 

including Tnf, Ccl3, Il23a, and Nos2 at day 3 after ischemic injury. *P<0.05, **P<0.01, n=6 

at each time point per group. Data are means ± SD, analyzed using 2-way ANOVA followed 

by Bonferroni’s post hoc tests. (D) ELISA determined higher kidney TNF-α protein 

expression in myeloid Mafb−/− mice at day 3 following ischemic injury. **P<0.01, n=7. 

Data are means ± SD, analyzed using 2 tailed Student’s t test. (E and F) Immunoblotting 

(E) and quantitative Sirius red staining and immunostaining (F) demonstrated more renal 

fibrosis in myeloid Mafb −/− mice than WT mice 4 weeks after ischemic injury. **P<0.01, 

n=4–5. Data are means ± SD, analyzed using 2 tailed Student’s t test. Scale bar=100μm.
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Fig. 6. EP4 activation rescued abnormalities induced by myeloid COX-2 deletion but not by 
myeloid Mafb deletion.
Unilateral ureteral obstruction (UUO) was performed in both myeloid COX-2−/− mice and 

myeloid MafB−/− mice without or without administration of EP4 agonist, ONO-4819. (A) 

Both renal myeloid cell Ptgs2 and Mafb expression were increased after UUO. *P<0.05, 

n=3–6. Data are means ± SD, analyzed using 2-way ANOVA followed by Bonferroni’s 

post hoc tests. (B and C) Decreased renal myeloid cell Mafb expression (B) and increased 

kidney Emr1 (F4/80) expression (C) in myeloid COX-2−/− mice after UUO for 7 days 

was reversed by EP4 agonist. **P<0.01, n=5–7. Data are means ± SD, analyzed using 

2-way ANOVA followed by Bonferroni’s post hoc tests. (D) EP4 activation attenuated 

increased renal myeloid cell proinflammatory cytokine expression in myeloid COX-2−/− 

mice after UUO for 7 days, including Tnf, Il6, and Ccl2. *P<0.05, n=4–6. Data are means 

± SD, analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. (E) Sirius 

red staining showed that increased renal fibrosis in UUO myeloid COX-2−/− mice was 

attenuated by EP4 activation. Scale bar=100μm. (F) Immunoblotting illustrated that EP4 

activation decreased kidney protein levels of collagen I (Col I), collagen IV (Col IV), and 

fibronectin (FN) in UUO myeloid COX-2−/− mice. **P<0.05, n=3. Data are means ± SD, 

analyzed using 2-way ANOVA followed by Bonferroni’s post hoc tests. Scale bar=50μm. 

(G) EP4 activation increased renal macrophage MafB expression in myeloid COX-2−/− 
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mice after UUO. Scale bar=50μm. (H) EP4 activation did not affect renal fibrosis seen in 

myeloid Mafb−/− mice after UUO. N=5. Data are means ± SD, analyzed using 2 tailed 

Student’s t test. Scale bar=100μm.
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