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Abstract

Objective-—Ornithine decarboxylase (ODC)-dependent putrescine synthesis promotes the 

successive clearance of apoptotic cells by macrophages, contributing to inflammation resolution. 

However, it remains unknown whether ODC is required for other arms of the resolution program.

Approach and Results-—RNA sequencing of ODC-deficient macrophages exposed to 

apoptotic cells showed increases in mRNAs associated with heightened inflammation and 

decreases in mRNAs related to resolution and repair compared with wild-type macrophages. In 

zymosan peritonitis, myeloid-ODC deletion led to delayed clearance of neutrophils and a decrease 

in the pro-resolving cytokine, IL-10. Nanoparticle-mediated silencing of macrophage ODC in a 

model of atherosclerosis regression lowered IL-10 expression, decreased efferocytosis, enhanced 

necrotic core area, and reduced fibrous cap thickness. Mechanistically, ODC deletion lowered 

basal expression of MerTK, an apoptotic cell receptor, via a histone-methylation-dependent 

transcriptional mechanism. Owing to lower basal MerTK, subsequent exposure to apoptotic cells 

resulted in lower MerTK-Erk1/2-dependent IL-10 production. Putrescine treatment of ODC-

deficient macrophages restored the expression of both MerTK and apoptotic cell-induced IL-10.

Conclusions-—These findings demonstrate that ODC-dependent putrescine synthesis in 

macrophages maintains a basal level of MerTK expression needed to optimally resolve 

inflammation upon subsequent apoptotic cell exposure.
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INTRODUCTION

Inflammation resolution is an active process guided by the production of protein, lipid, and 

gaseous mediators that dampen inflammation, promote repair, and enhance the phagocytic 

clearance (efferocytosis) of apoptotic cells (ACs) by resident and recruited macrophages.1–3 

Interactions between ACs and macrophages, along with the subsequent degradation of ACs 

in the phagolysosome, drive the production of anti-inflammatory cytokines and pro-

resolving mediators and repress the production of pro-inflammatory cytokines.2, 3 When 

efferocytosis fails, uncleared ACs become secondarily necrotic and the pro-resolving and 

anti-inflammatory responses are lost, leading to inflammation and tissue damage. 

Accordingly, impaired efferocytosis underlies a growing list of chronic inflammatory 

diseases, such as atherosclerosis, autoimmune diseases, neurodegenerative diseases, chronic 

lung disease, and inflammatory bowel disease.2, 3

In atherosclerosis, defective efferocytosis promotes features of clinically dangerous plaques, 

notably plaque necrosis and thinning of a protective, collagen-rich fibrous cap that overlies 

advanced plaques.4–6 Restoring efferocytosis or treatment with pro-resolving mediators 

decreases lesion size, reduces necrotic core formation, and enhances fibrous cap thickening.
7–11 A widely-studied, atheroprotective resolving mediator that is produced by 

efferocytosing macrophages is interleukin-10 (IL-10).12, 13 IL-10 knockout mice show 

enhanced atherosclerosis progression compared with wild-type mice,14 and treatment with 

adeno-associated virus (AAV)-IL-10 reduces atherosclerosis in Western diet (WD)-fed Ldlr
−/− mice.15, 16 Targeted delivery of IL-10 using nanoparticles (NPs) similarly reduces 
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atherosclerosis,17 as does increasing regulatory T cells, which stimulate macrophages to 

secrete and then be activated by IL-10.18

Macrophages with pro-resolving properties are known to produce polyamines, which are 

low-molecular-weight, linear polycations that can interact with negatively charged DNA, 

RNA, and proteins.19 Polyamines, comprised of putrescine, spermidine, and spermine, are 

controlled by the rate-limiting enzyme ornithine decarboxylase (ODC), which directs many 

cellular functions, including proliferation, gene transcription, mRNA stability, and protein 

translation.20 In addition, polyamines, particularly putrescine, restrain macrophage 

polarization towards a pro-inflammatory phenotype and promote the successive clearance of 

apoptotic cells, termed continual efferocytosis.19, 21 However, much remains to be learned 

about the nature and mechanisms of polyamine-mediated processes in macrophages.

Herein, we demonstrate that mRNAs involved in resolution and repair are expressed at a 

lower level in apoptotic cell-exposed macrophages lacking ODC compared with wild-type 

macrophages. In vivo, myeloid deletion of ODC reduces the clearance of apoptotic 

neutrophils during acute peritonitis and prevents the production of IL-10. In vitro, IL-10 

production is compromised in ODC-deficient versus wild-type macrophages after exposure 

to ACs. Mechanistically, ODC deletion prevents H3K9-di/trimethylation of the Mertk gene, 

which decreases basal MerTK expression. This decrease in basal MerTK attenuates Erk1/2-

dependent IL-10 production by macrophages upon exposure to ACs. Delivery of ODC 

siRNA to lesional macrophages using targeted NPs in a model of atherosclerosis regression 

decreases efferocytosis, lowers IL-10 and macrophage phospho-Erk1/2, enhances necrotic 

core area, and decreases fibrous cap thickness in aortic root lesions. These findings point to 

a critical role for ODC-dependent putrescine synthesis in maintaining a basal level of 

MerTK expression required for macrophages to appropriately stimulate a resolution 

response after subsequent exposure to apoptotic cells.

MATERIALS AND METHODS

The data that support the findings of this study are available from the corresponding authors 

upon reasonable request. An expanded materials and methods section can be found in the 

online supplemental file.

Primary cell cultures

For bone marrow-derived macrophages (BMDMs), bone marrow cells from 8–12 week old 

mice (either male or female) were cultured for 7–10 days in DMEM supplemented with 10% 

(vol/vol) heat-inactivated (HI) fetal bovine serum (FBS), 10 U/mL penicillin,100 mg/mL 

streptomycin, and 20% (vol/vol) L-929 fibroblast-conditioned media. For human 

macrophages, peripheral human blood leukocytes were isolated from buffy coats of de-

identified healthy adult volunteers (New York Blood Center) and subsequently purified in a 

discontinuous gradient of Histopaque solution. After 4 h of adhesion on 24-well plates, cells 

were rinsed, and the medium was changed to RPMI-1640 (GIBCO) containing 10% HI-

FBS, 10 U/mL penicillin and 100 mg/mL streptomycin, and 10 ng/mL of M-CSF 

(Peprotech). These cells were then used for experiments after 7–10 days when they were 

more than 75% confluent.
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Experimental animals

Animal protocols were approved by Columbia University’s institutional animal care and use 

committee. All mice were cared for according to the NIH guidelines for the care and use of 

laboratory animals, and all were in good general health based on appearance and activity. 

The mice were socially housed in standard cages at 22°C under a 12–12 h light-dark cycle in 

a barrier facility with ad libitum access to water and food. Odc1fl/fl and Mertkfl/fl mice were 

generated as described,21, 22 and Lyz2-Cre mice were a gift from Irmgard Förste.23 

Littermate control mice were randomly assigned to experimental groups by investigators. 

Investigators were blinded for the atherosclerosis studies but were not blinded for the 

zymosan-induced sterile peritonitis experiments.

To test the effect of putrescine in atherosclerosis, 8-week-old male Ldlr−/− mice were placed 

on a Western diet for a total of 16 weeks. Between 8–16 weeks of Western diet feeding, 

drinking water of the experimental group was supplemented with 3 mM putrescine, whereas 

control mice remained on regular drinking water. Control and putrescine-supplemented 

water was exchanged every two or three days. Upon sacrifice, mice were perfused with PBS 

through left ventricular cardiac puncture, and aortic roots were collected and processed for 

histological immunostaining.

Tissue Collection and lesion analysis

Our experimental atherosclerosis studies complied with the guidelines set forth by the 

American Heart Association.24 For atherosclerosis studies, 8 week-old male Ldlr−/− were 

placed on a Western diet (Envigo, 88137) for 16 weeks. To induce plaque regression, mice 

were then switched back to normal laboratory diet for an additional six weeks while 

simultaneously receiving a helper-dependent adenovirus containing the human LDLR gene 

(HDAd-LDLR; 1×1011 viral particles per mouse). Tissue sections from aortic roots were 

stained with hematoxylin and eosin for morphometric lesion analysis. Atherosclerotic lesion 

area, defined as the space from the internal elastic lamina to the lumen, was quantified by 

taking the average of 6 sections spaced 30 mm apart, beginning at the base of the aortic root. 

Boundary lines were drawn around these regions, and the area measurements were obtained 

by image analysis software. Necrotic cores were quantified as areas that were negative for 

both eosin and hematoxylin and greater than 3,000-μm2. Collagen staining was performed 

using picrosirius red (Polysciences, catalog 24901A) per the manufacturer’s instructions. 

Collagen cap thickness was quantified at the lesional midpoint and both shoulder regions 

and then averaged and quantified as the ratio of collagen cap thickness to lesion area. Fasting 

blood glucose levels were measured using ONETOUCH Ultra after the food was withdrawn 

for 18 h. Total plasma cholesterol was measured using a kit from WAKO Diagnostics. 

Complete blood cell counts, including leukocyte differential, were obtained using a 

FORCYTE Hematology Analyzer (Oxford Science).

Tissue immunohistochemistry and immunofluorescence microscopy

Paraffin-embedded specimens were sectioned, de-paraffinized with xylene, and rehydrated 

in decreasing concentrations of ethanol. Sections were incubated with TUNEL staining 

reagents at 37°C for 60 min and then washed three times with PBS. Sections were then 

blocked for 60 min, incubated overnight at 4°C with the following antibodies: anti-ODC 
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(1:200), anti-IL-10 (1:200), anti-P-Erk1/2, or anti-Mac2 (1:10,000) antibodies, incubated 

with fluorescently-labeled secondary antibodies, and counterstained with DAPI. Images 

were captured using a Leica epifluorescence microscope (DMI6000B).

RNA-sequencing

For RNA-sequencing, macrophages were rinsed twice with cold 1X PBS and lysed in 

TRIzol reagent (ThermoFisher). RNA was isolated using RNeasy kits (QIAGEN). RNA with 

a RIN value of > 8 was subjected to poly-dT pulldown using magnetic beads before RNA-

seq, using RNA Ultra kits. Libraries were sequenced on a NextSeq 500 (Illumina) and reads 

were aligned to the mm10 transcriptome using HISAT225 after adaptor trimming using 

cutadapt.26 Reads counts per gene for RefSeq genes were computed using featureCounts.27 

Counts were normalized to reads per kilobase per million (RPKM) and processed for 

pairwise differential expression analysis of selected conditions using DESeq228 with a False 

Discovery Rate (FDR)-adjusted p-value cutoff of 0.05. The PANTHER database was used 

for Gene Ontology analysis.29

Zymosan A-induced peritonitis

10-week-old Odcfl/fl or Odcfl/fl Lysz2-Cre+/− mice were injected intraperitoneally with 1 mg 

of zymosan A (Sigma-Aldrich) per mouse, and peritoneal exudates were collected at the 

indicated time intervals. Cells were resuspended in FACS staining buffer (PBS containing 

2% FBS and 1 mM EDTA) at a density of 1 × 106 cells/100 μL and incubated with Fc block 

(anti-mouse CD16/32; Biolegend) for 30 min on ice. Cells were then immunostained for PE 

anti-Ly6G and FITC anti-F4/80 for 1 h on ice. Cells were washed in FACS buffer twice and 

then resuspended for analysis on a BD FACS Canto II flow cytometer. Data analysis was 

carried out using FlowJo software.

Statistical analysis

Data were tested for normality using either the D’Agostino-Pearson or Shapiro-Wilk test, 

and statistical significance was determined using GraphPad Prism software. P values for 

normally distributed data were calculated using either the Student’s t-test for two groups or 

1-way ANOVA with Fisher’s LSD post hoc analysis when three or more groups were tested. 

Data that were not normally distributed were calculated using the non-parametric Mann-

Whitney U test or the uncorrected Dunn’s test. Data are shown as mean values ± SEM. 

Differences were considered statistically significant at p % 0.05. Based on our previous 

mouse atherosclerosis studies and power calculations, the numbers of mice chosen for each 

cohort was sufficient to enable the testing of our hypotheses based on an expected 20%–30% 

coefficient of variations and an 80% chance of detecting a 33% difference in key plaque 

parameters (lesion size and necrotic core area). Exclusion criteria before the start of any of 

the in vivo studies were death, an injury requiring euthanasia, or weight loss > 15%.
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RESULTS

Deletion of Macrophage ODC Lowers Expression of Resolution-Related Genes and 
Myeloid ODC Deletion Delays Inflammation Resolution in Zymosan-Induced Peritonitis

ODC-dependent putrescine synthesis from arginine promotes inflammation resolution by 

restraining pro-inflammatory macrophage polarization and enhancing the successive 

clearance of dead cells.19, 21 However, whether ODC-dependent putrescine synthesis 

contributes to other arms of the resolution program has yet to be examined. Therefore, we 

began our studies using RNA-sequencing (RNA-seq) as an unbiased approach to identify 

ODC-dependent genes that could be involved in resolution. Bone marrow-derived 

macrophages isolated from Odc1fl/fl and Odc1fl/fl Lysz2-Cre+/− mice, referred to as ODC-

wild-type (ODC-WT) mice and myeloid (ODC-KO), respectively, were incubated with ACs 

for one hour followed by AC removal. After 6 hours of further incubation, the macrophages 

were lysed and then subjected to RNA-seq. Differences in gene expression between AC-

incubated ODC-WT and ODC-KO macrophages were identified (Fig. 1 A), and PANTHER 

pathway analysis showed that ODC-KO macrophages had higher expression of genes 

associated with inflammation and lower expression of genes associated with resolution (Fig. 

1 B).

To determine whether the loss of ODC led to enhanced inflammation or defective resolution 

in vivo, we used the zymosan A model of acute peritonitis, which encompasses 

inflammation and resolution phases.30 Separate groups of ODC-WT and ODC-KO mice 

were injected with 1 mg of zymosan A for 6, 12, 24, or 48 hours and compared to mice 

before injection (0 hours). Mice were then sacrificed, and peritoneal exudates were collected 

and assayed for the number of neutrophils. Whereas peak inflammation was similar between 

ODC-WT and myeloid ODC-KO mice at 12 hours (Tmax), the decline in neutrophil numbers 

was slower in ODC-KO mice: the time to a 50% reduction from Tmax (T50-Tmax), known as 

resolution index, or Ri, was ~14 hours in ODC-WT mice as compared with ~23 hours in 

myeloid ODC-KO mice (Fig. 1 C and Fig. SI A). These data are consistent with the 

conclusion that myeloid ODC contributes to inflammation resolution.

Macrophage ODC is required for atherosclerosis regression

There is a growing appreciation for enhancing resolution as a treatment strategy for 

atherosclerosis, as resolution is impaired in progressing atherosclerotic plaques10, 31 and 

reawakened in regressing plaques.19, 32 Therefore, we decided to investigate whether 

atherosclerosis regression requires myeloid ODC. Ldlr−/− mice were fed a Western diet 

(WD) for 16 weeks (baseline cohort), and then some mice were switched to normal 

laboratory diet for an additional six weeks while simultaneously receiving a helper-

dependent adenovirus containing the human LDLR gene (HDAd-LDLR) to lower plasma 

LDL cholesterol further (regression cohorts) (Fig. 2 A).19, 33 To reduce ODC expression in 

plaque macrophages at the time of regression, we utilized a validated, macrophage-targeting 

NP platform capable of carrying siRNA.34 These nanoparticles (NPs) are composed of a 

poly(lactic-co-glycolic acid) (PLGA) core containing G0-G14-complexed siRNA, and an 

outer surface composed of a stabilin-2 peptide ligand (S2P, CRTLTVRKC) conjugated to 

1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[maleimide (polyethylene glycol)] 

Yurdagul et al. Page 6

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(DSPE-PEG-Mal) polymer. Beginning at the time when WD was switched back to normal 

laboratory diet and HDAd-LDLR was delivered, we treated mice twice a week for six weeks 

with either ScrRNA-loaded NPs or siOdc1-loaded NPs. Blood glucose, body weight, total 

plasma cholesterol, and blood leukocytes, neutrophils, monocytes, lymphocytes, eosinophils, 

basophils, Ly6Chigh, and Ly6Clow cells were similar between the ScrRNA-NP and siOdc1-

NP groups at the end of the regression period (Fig. SII, A–K). Moreover, macrophage ODC 

immunostaining was much higher in the lesions of the ScrRNA cohort versus the siOdc1 NP 

cohort (Fig. SIII A), indicating successful ODC silencing.

As expected, six weeks of lowering plasma cholesterol reduced overall lesion size and 

necrotic core area in the ScrRNA-NP cohort, and, most importantly, these improvements 

were prevented in the siOdc1-NP cohort (Fig. 2 B). Similarly, fibrous cap thickness, an 

indicator of plaque stability in humans, and lesional macrophage efferocytosis, a key 

resolution process, were both enhanced during atherosclerosis regression in the ScrRNA-NP 

group but not in the siOdc1-NP group (Fig. 2, C and D). These data indicate that loss of 

macrophage ODC interrupts the resolution program required for atherosclerosis regression.

ODC-dependent putrescine synthesis in macrophages promotes IL-10 production upon 
exposure to ACs

Our RNA-seq dataset identified Il10 as a downregulated gene in ODC-KO macrophages. 

IL-10 drives resolution by promoting alternative macrophage activation, dampening 

inflammatory responses, and enhancing efferocytosis.35, 36 We therefore assayed IL-10 by 

ELISA in peritoneal exudates from ODC-WT and myeloid ODC-KO mice 24 hours after 

zymosan A treatment and found a ~50% reduction in the myeloid ODC-KO cohort (Fig. 3 

A). Because IL-10 is upregulated in macrophages upon exposure to ACs,12, 13 we next tested 

whether targeting ODC inhibits AC-induced IL-10 production. Macrophages isolated from 

myeloid ODC-KO mice, or wild-type macrophages transfected with either of two separate 

ODC siRNAs, abolished AC-induced IL-10 at both the mRNA level at 6 hours and the 

protein level at 24 hours (Fig. 3, B–D, Fig. SIV A). Silencing ODC in human macrophages 

also lowered AC-induced IL-10 expression (Fig. 3 E and Fig. SIV B). In contrast, IL-1β, a 

key pro-inflammatory cytokine known to be downregulated after exposure to ACs37, was 

unaffected by the deletion of ODC (Fig. SIV C). Importantly, the defect in AC-induced 

IL-10 expression observed in ODC-KO macrophages could be rescued by exogenous 

putrescine, the downstream product of ODC activity (Fig. 3 F).

Atherosclerotic lesional putrescine content, together with the macrophage enzyme that 

converts arginine to ornithine, arginase-1, is low in progressing lesions and elevated in 

regressing lesions.19 We found that macrophage IL-10 was also higher in regressing versus 

progressing plaques, which is consistent with a previous report,32 and, most importantly, 

show that this increase was prevented by siOdc1-NP treatment (Fig. 3 G). We previously 

reported that supplementation of the drinking water with putrescine during atherosclerosis 

progression reduced necrotic core area and lesion size, enhanced fibrous cap thickness, and 

raised efferocytosis,19 and we now show that putrescine supplementation enhances IL-10 

production in progression lesions (Fig. 3 H). These combined in vitro and in vivo data show 
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the importance of ODC and its enzymatic product putrescine in the production of IL-10 by 

macrophages exposed to ACs.

Putrescine drives AC-induced IL-10 expression through the activation of Erk1/2

Activation of mitogen-activated protein kinases (MAPKs), which include extracellular 

signal-regulated kinases 1 and 2 (Erk1/2), Jun N-terminal kinases (JNK), and p38, are 

required for IL-10 production by multiple stimuli.35 Moreover, ACs activate Erk1/2 in 

macrophages, and inhibiting Erk1/2 activation in vivo impairs inflammation resolution.38 

Further, Erk1/2 activation in certain cell lines requires ODC.39–41 We therefore reasoned that 

ODC-mediated IL-10 production in macrophages exposed to ACs may involve a putrescine-

Erk1/2 pathway. We first showed that ODC-KO macrophages had impaired Erk1/2 

activation, i.e., lower phospho-Erk1/2, compared with WT macrophages 45 minutes after 

exposure to ACs (Fig. 4 A). Also, Mac2+ cells (macrophages) in regressing plaques showed 

enhanced phospho-Erk1/2 levels compared to baseline, which was blunted in mice that 

received siOdc1 NPs (Fig. 4 B). Treating macrophages with the small-molecule MEK 

inhibitor, U0126, or silencing Erk1 and 2 (Fig. SV), prevented AC-induced Il10 mRNA and 

IL-10 protein expression (Fig. 4, C–F). Furthermore, the loss in AC-induced Erk1/2 

activation observed in ODC-KO macrophages could be reversed by exogenous putrescine 

(Fig. 4 G), and plaque macrophages from mice drinking putrescine-supplemented water 

showed elevated phospho-Erk1/2 levels in progressing atherosclerotic lesions (Fig. 4 H). 

Mechanistically, Erk1/2 activation can drive IL-10 expression through the transcription 

factor AP-1 (activator protein 1),36, 42, 43 which is comprised of c-Jun and c-Fos. In this 

context, we found that treating macrophages with T-5224, a small-molecule inhibitor that 

selectively blocks the DNA binding activity of c-Jun/c-Fos,44 or silencing c-Jun, lowered 

AC-induced Il10 expression (Fig. SVI, A–C).

Arginine from phagolysosomal degradation of ACs during efferocytosis can increase 

ornithine and, via ODC, putrescine in macrophages.19 We therefore considered the 

possibility that AC degradation plays a role in AC-induced Il10 expression. Silencing 

Rubicon, a key LC3-associated phagocytosis protein that is required for the fusion of 

lysosomes to phagosomes and AC degradation during efferocytosis,45, 46 partially blocked 

AC-induced IL-10 expression (Fig. SVI, D and E). However, inhibiting the release of AC-

derived arginine from phagolysosomes by silencing the lysosomal arginine transporter Pqlc2 

did not prevent AC-induced IL-10 expression (Fig. SVI, F and G). These data suggested to 

us a 2-hit model for AC-induced Il10: one hit is the ornithine-putrescine-ERK-AP1 pathway 

described here, which uses basal levels of cellular ornithine, not AC-arginine-ornithine, to 

produce ODC-derived putrescine; and the second hit would be a separate pathway that 

requires a non-arginine metabolite from degraded ACs. In considering this putative second 

hit, we turned to a recent study suggesting that phagolysosomal AC degradation liberates 

fatty acids to stimulate IL-10 production by activating the transcription factor Pbx1.13 This 

Pbx1 pathway also involves an AC-CD36 receptor signaling pathway.47 We therefore asked 

whether silencing both the ornithine-AP1 pathway and the Pbx1 pathway in AC-exposed 

macrophages would lead to additive inhibition of Il10. Consistent with the two-hit model, 

blocking the ornithine-AP1 pathway with T-5224 alone and silencing Pbx1 alone each 

caused a partial block of AC-induced Il10, whereas treating the macrophages with both 
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T-5224 and siPbx1 decreased Il10 to the no-AC level (Fig. SVI, H and I). These data support 

the hypothesis that ACs induce Il10 by two independent and additive mechanisms: one 

pathway that requires AC degradation and Pbx1; and another pathway, newly described here, 

that uses basal levels of cellular ornithine and ODC to stimulate a putrescine-AP1 pathway 

of Il10 induction.

ODC-dependent putrescine synthesis controls basal levels of MerTK expression

We next turned our attention to the question of how putrescine enhances AC-induced 

activation of the ERK-AP1-Il10 pathway. AC-induced Erk1/2 activation and IL-10 

production are known to be regulated by AC-binding receptors, specifically CD36 and 

MerTK.38, 47 We therefore considered the possibility that putrescine increased an AC 

receptor that would then activate Erk1/2 upon subsequent AC binding to the receptor. We 

surveyed our RNA-seq dataset for efferocytosis receptors that are downregulated in ODC-

KO macrophages. We found that Mertk was lower in ODC-KO versus ODC-WT 

macrophages, which we confirmed by qRT-PCR, immunoblot, and cell-surface flow 

cytometry (Fig. 5, A–C). Importantly, the decrease in MerTK in ODC-KO macrophages 

could be rescued by putrescine treatment (Fig. 5 D).

We next conducted an efferocytosis experiment under conditions that favor single-cell, not 

continual, efferocytosis, i.e., relatively low AC:macrophage ratio (5:1) and short incubation 

time (45 min). We predicted lower efferocytosis in ODC-KO macrophages owing to lower 

basal MerTK. However, ODC-KO macrophages showed similar levels of efferocytosis 

compared to ODC-WT macrophages (Fig. SVII A). To examine if there was compensatory 

upregulation of other efferocytosis-related molecules in ODC-KO macrophages that could 

explain this finding, we examined the expression of other AC receptors and several AC-

macrophage bridging molecules. While most AC receptors and bridging molecules were not 

affected by ODC deletion, the efferocytosis receptor Axl was increased (Fig. SVII B). 

Moreover, the silencing of Axl lowered efferocytosis in WT macrophages and further 

lowered efferocytosis in ODC-KO macrophages (Fig. SVII C). Thus, the increase in Axl in 

ODC-KO macrophages provides a plausible explanation for why efferocytosis is not 

decreased in ODC-KO macrophages despite a decrease in MerTK.

As we and others have shown previously,38, 48 MerTK deletion in macrophages blocks AC-

induced Erk1/2 activation (Fig. 5 E), and we found that MerTK depletion also lowered AC-

induced IL-10 expression (Fig. 5 F). However, unlike the situation with ODC-KO 

macrophages, exogenous putrescine was unable to enhance IL-10 expression in MerTK-KO 

macrophages (Fig. 5 G), indicating that putrescine-mediated MerTK expression is necessary 

for IL-10 induction by putrescine (putrescine → MerTK → AC binding → IL-10). 

Consistent with this hypothesis, genetically elevating MerTK in ODC-KO macrophages 

rescued IL-10 production in AC-exposed macrophages (Fig. 5 H and Fig. SVII D). Also, 

Mac2+ cells (macrophages) in regressing plaques showed enhanced MerTK expression 

compared with Mac2+ cells in baseline plaques, and this increase was prevented in mice that 

received siOdc1 NPs (Fig. 5 I). Furthermore, putrescine supplementation enhanced MerTK 

expression in the macrophages of progressing lesions (Fig. 5 J). These combined in vitro and 
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in vivo data show the importance of ODC-dependent putrescine in regulating MerTK 

expression.

Putrescine-dependent H3K9 di/trimethylation governs steady-state levels of MerTK 
expression

We next sought to elucidate how putrescine maintains basal Mertk mRNA expression in 

macrophages. Putrescine is known to alter chromatin structure by elevating histone 3- lysine 

9 di/trimethylation (H3K9me2/3) and lowering H3K9 acetylation (H3K9ac)21. In support of 

this action of putrescine being operational in macrophages, we found that ODC-KO 

macrophages have reduced H3K9 di/trimethylation and slightly enhanced H3K9 acetylation, 

both of which could be reversed by putrescine treatment (Fig. 6 A). To determine if H3K9 

modifications could alter Mertk expression, we treated macrophages with either 6-

pentadecylsalicylic acid (6-PDSA), a histone acetyltransferase inhibitor,49 to block H3K9 

acetylation or BIX 01294, an inhibitor of the histone-lysine N-methyltransferase G9a,50 to 

block H3K9 methylation. Whereas 6-PDSA had no impact on MerTK expression (Fig. 6 B), 

BIX 01294 reduced MerTK expression (Fig. 6 C), suggesting the importance of H3K9 

methylation. This conclusion was further supported by directly silencing G9a, which 

reduced MerTK expression in a manner that could not be rescued by putrescine, (Fig. 6 D), 

as predicted by a putrescine → G9a/H3K9 methylation → Mertk pathway.

H3K9me2/3 is frequently assigned as a repressor mark associated with closed chromatin, 

and thus its role in maintaining basal levels of Mertk could involve repression of a negative 

regulator of Mertk. However, H3K9me2/3 modification has also been described in 

transcriptional activation and mRNA elongation by RNA polymerase II.51–53 To seek 

evidence compatible with the latter possibility, we conducted a chromatin 

immunoprecipitation (ChIP) experiment in ODC-WT and ODC-KO macrophages using an 

anti-H3K9me3 antibody and PCR primers designed to amplify a region in intron 1 of Mertk, 

where a putative H3K9me3 motif sequence is located. We found that H3K9me3-

chromosome immunoprecipitates contained this intronic region in an ODC-dependent 

manner (Fig. 6 E), consistent with the possibility that putrescine-dependent H3K9 di/

trimethylation of the Mertk gene itself is responsible for maintaining basal levels of Mertk 
expression. Finally, in support of the role of this Mertk induction pathway in MerTK-

Erk1/2-mediated induction of Il-10, we found that silencing G9a lowered AC-induced 

Erk1/2 activation and IL-10 expression (Fig. 6, F and G). Collectively, these results support 

a process through which putrescine-mediated H3K9 di/trimethylation maintains a basal level 

of MerTK expression, which is required to mount a resolution response upon subsequent 

AC-induced MerTK activation (Fig. 6H).

DISCUSSION

Along with the physical removal of dead cells, efferocytosis stimulates signaling pathways 

that drive inflammation resolution and reverse tissue dysfunction. A critical feature of the 

resolution program is the production of IL-10, which enhances efferocytosis, dampens the 

production of pro-inflammatory cytokines and chemokines, and promotes macrophage 

polarization towards a wound-resolving phenotype.36 A major source of IL-10 in the 
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resolution phase arises from the interactions between ACs and cell-surface receptors on 

macrophages, and genetic deletion of many of the AC-binding receptors on macrophages 

leads to chronic, non-resolving inflammation.54, 55 We identified that basal levels of one of 

these AC-binding receptors, MerTK, is regulated by ODC-dependent putrescine synthesis in 

a manner that requires H3K9-di/trimethylation. Loss of ODC prevents MerTK-Erk1/2 

dependent production of IL-10 upon exposure to ACs, which delays resolution in vivo and 

prevents atherosclerosis regression. These data provide a novel pathway for how MerTK 

expression is regulated to maintain an appropriate resolution response and also add growing 

support for the importance of therapeutically enhancing resolution as a treatment strategy to 

reverse chronic inflammatory diseases.

It is important to integrate the findings here and elsewhere as to the various ways ODC 

affects efferocytosis in vitro and in vivo. First, one must distinguish between single-cell 

efferocytosis, which occurs in vitro with relatively low AC:macrophage ratios and short 

incubation times, and continual efferocytosis, which occurs in vitro with high 

AC:macrophage ratios and long incubation times and in vivo in chronic settings like 

atherosclerosis.19, 56, 57 For single-cell efferocytosis, ODC-KO macrophages would be 

predicted to have lower efferocytosis owing to decreased MerTK expression. However, our 

data suggest that efferocytosis is maintained owing to an increase in Axl in ODC-KO 

macrophages. For continual efferocytosis, which would apply to atherosclerosis regression,
19 efferocytosis was found to be lower when ODC was absent in macrophages, which can be 

explained by impairment of the previously described ODC-putrescine-Rac1 pathway19 and 

by lower IL-10.58 Moreover, the compensatory role of Axl observed in vitro would not be 

relevant, as our previous study showed that Axl does not play a role in macrophage 

efferocytosis in the setting of atherosclerosis.59

MerTK, a member of the Tyro-Axl-MerTK (TAM) family of receptor tyrosine kinases, 

mediates the binding and internalization of ACs. In addition to mediating efferocytosis, 

ligand-dependent activation of MerTK stimulates Erk1/2, which induces the production of 5-

LOX-derived specialized pro-resolving lipid mediators (SPMs).38 SPMs, through the 

activation of their cognate G protein-coupled receptors, decrease leukocyte recruitment, 

enhance efferocytosis, and polarize macrophages towards a wound-resolving phenotype.60 

In non-resolving inflammation, such as in advanced atherosclerosis, MerTK is cleaved and 

the ratio of SPMs to pro-inflammatory leukotrienes becomes imbalanced.7, 10 Our group has 

demonstrated that a cleavage-resistant form of MerTK prevents this imbalance in the 

SPM:leukotriene ratio and attenuates plaque necrosis.10 A critical component of the 

resolution program is the existence of beneficial, positive-feedback loops, and when 

executed successfully tissue function is restored. For example, pro-resolving macrophages 

release Gas6 and amplify IL-10 secretion via MerTK in a ligand-dependent manner.54 As 

another example, regulatory T cells, which accumulate in tissues during resolution, produce 

the anti-inflammatory cytokines IL-4 and IL-13, which causes macrophages to produce and 

respond to IL-10 in a paracrine and autocrine-dependent manner.18, 32

As stated above, IL-10 production has been attributed to AC-dependent activation of cell-

surface receptors. However, a mechanism exists that also involves IL-10 production by the 

degradation of macromolecular components originating from the ingested AC itself, namely 
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fatty acid oxidation. Fatty acids, presumably from hydrolysis of AC lipids by 

phagolysosomal degradation, fuel mitochondrial respiration and activate NAD+-dependent 

activation of the transcription factor Pbx1, which binds to the AC-response element of the 

Il10 promoter.13 However, binding of ACs to CD36 on macrophages is sufficient to 

stimulate Pbx1-dependent Il-10 production.47 Therefore, it may be possible that the 

metabolic activity of macrophages to drive fatty acid oxidation upon AC degradation may, in 

part, require ligand-dependent activation of AC-binding receptors.

Coordinated phases in inflammation and its resolution must be such that waning of the 

inflammatory response does not compromise host defense. A fascinating issue that arises 

from this work, therefore, is whether ODC activity might be suppressed in the initial stages 

of an anti-pathogen inflammatory response. If one considers that the loss of putrescine 

enhances LPS-stimulated inflammatory gene expression,21 lowering putrescine may provide 

a mechanism that helps the host neutralize pathogens soon after infection. In this context, 

ODC deletion enhances pathogen clearance in the setting of Helicobacter pylori and 

Citrobacter rodentium infection.21 It is interesting to consider that nitrite accumulates at 

high levels in the early stages of inflammation, whereas at later stages when inflammation is 

resolving, ornithine levels rise.61 This temporal regulation may occur because nitrite 

production by pro-inflammatory macrophages drives S-nitrosylation of a cysteine residue on 

ODC that significantly lowers its activity and prevents putrescine synthesis.62 

Hypothetically, if ODC is not inactivated throughout the inflammatory phase, a pre-mature 

resolution response may compromise inflammation-induced pathogen neutralization. This 

scenario may help explain the finding that amastigotes of Trypanosoma cruzi, an 

intracellular parasite that causes Chagas disease, proliferate in polyamine-producing 

macrophages that have phagocytosed an AC.63

Polyamines in general, and putrescine in particular, control gene expression through a 

variety of mechanisms.64, 65 We have previously demonstrated that wound-resolving 

macrophages use putrescine to stabilize the mRNA of the RacGEF Mcf2 in a HuR-

dependent manner.19 Here, we show that putrescine maintains basal levels of MerTK 

expression through H3K9 di/trimethylation. Along with mRNA stabilization and chromatin 

remodeling, polyamines can directly bind nucleic acids, and polyamine binding to DNA is 

known to regulate the rate of mRNA transcription by transitioning the conformation state of 

B-DNA into the Z-DNA state.66 In addition to its effects on DNA and RNA, polyamines can 

also be covalently linked to proteins by transglutaminase 2 (TG2), which catalyzes the 

formation of an isopeptide bond between glutaminyl residues and primary amines.67 These 

post-translational modifications, termed polyamination, lead to an increase in positive 

charges within the polyaminated regions, which are believed to alter protein structure. The 

consequence of protein polyamination can change protein-protein interactions, protein 

localization, and protein function.67 Future work investigating TG2-mediated protein 

polyamination during resolution is particularly interesting because TG2 inhibition results in 

defective efferocytosis,68 and hematopoietic deletion of TG2 in mice promotes 

atherosclerosis.69

In summary, we have demonstrated that a basal level of putrescine synthesis in macrophages 

controls the expression of MerTK through H3K9 di/trimethylation and that exposure to ACs 
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drives a MerTK-Erk1/2 pathway that promotes IL-10 expression. Importantly, a failure to 

synthesize putrescine in macrophages impairs this pathway and impairs the resolution 

response. These findings add further support to the concept that enhancing resolution can be 

an effective therapeutic strategy to restore tissue function and thereby slow the progression 

of atherosclerosis and other chronic inflammatory diseases.
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ACKNOWLEDGMENTS

We thank Dr. John Cleveland for the Odc1fl/fl mice, Dr. Carla Rothlin for the Mertkfl/fl mice, Dr. Matthew 
Molusky for assistance in analyzing and interpreting RNA-seq experiments, and Dr. Ray Birge for providing the 
Mertk plasmid. A.Y.J. and I.T. conceived, designed, and directed the research; N.K., W.T., and J.S. designed and 
engineered the targeted siRNA nanoparticles; A.Y.J., B.D.G., X.W., and P.A. performed experiments; G.K. carried 
out the histological analyses of atherosclerosis specimens; A.Y.J. and I.T. wrote the manuscript, and all authors 
contributed to its editing.

SOURCES OF FUNDING

This work was supported by NIH grants K99 HL145131 (A.Y.), HL007343-28 (B.D.G.), HL127464 (J.S., and I.T.), 
HL132412 (I.T.), and HL145228 (I.T.); a Liver Scholar Award (X.W.); and the Brigham and Women’s Hospital 
Khoury Innovation award no.122829 (W.T.). Flow cytometry was conducted in the Columbia Center for 
Translational Immunology Core Facility, funded by NIH grants DK063608 and OD020056.

Nonstandard Abbreviations and Acronyms:

AC apoptotic cell

AP-1 activator protein 1

BMDM bone marrow-derived macrophage

ERK extracellular signal-regulated kinase

IL interleukin

KO knockout

LDLR LDL receptor

MerTK MER tyrosine-protein kinase

NP nanoparticle

ODC ornithine decarboxylase

PBX1 PBX Homeobox 1

6-PDSA 6-pentadecylsalicylic acid

WD Western diet

WT wild-type
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HIGHLIGHTS

• ODC-dependent putrescine synthesis drives IL-10 production, inflammation 

resolution, and atherosclerosis regression.

• Putrescine promotes AC-induced IL-10 expression by maintaining basal 

levels of MerTK expression.

• Putrescine-dependent MerTK expression is mediated by H3K9 di/

trimethylation.
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Figure 1. Deletion of Macrophage ODC Lowers Expression of Resolution-Related Genes and 
Delays Inflammation Resolution in Zymosan-Induced Peritonitis.
(A-B) Bone marrow-derived macrophages from Odc1fl/fl Lysz2Cre−/− mice (ODC-WT Mfs) 

and Odc1fl/fl Lysz2Cre+/− mice (ODC-KO Mfs) were incubated for one h with ACs at a 10:1 

AC:macrophage ratio, after which the ACs were removed by rinsing. Following an 

additional 6 h of incubation, the macrophages were lysed and subjected to RNA-sequencing 

(n = 4 biological replicates). (A) Heat map of upregulated or downregulated genes, colored 

by row-normalized Z scores. (B) PANTHER GO categories upregulated in ODC-KO versus 

ODC-WT macrophages (top), and PANTHER GO categories downregulated in ODC-KO 

versus ODC-WT macrophages (bottom). (C) Odc1fl/fl Lysz2Cre−/− and Odc1fl/fl Lysz2Cre
+/− mice were injected intraperitoneally with 1 mg of zymosan A per mouse. Peritoneal 

exudates were assayed for total leukocyte number and for the percentage of Ly6G+ F4/80− 

neutrophils, and neutrophil number was calculated as total leukocytes × percentage of 

neutrophils. Resolution intervals (Ri) were calculated as described in the text (n = 3–5 mice 

per group). Values for all graphs are means ± S.E.M., *p < 0.05.
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Figure 2. Treatment of WD-fed Ldlr−/− Mice with siOdc1-Loaded NPs Prevents a Reduction in 
Lesion Size and Necrotic Core Area, Inhibits Fibrous Cap Thickening, and Worsens Lesional 
Efferocytosis During Atherosclerosis Regression.
(A) Experimental design of atherosclerosis regression with NP treatment strategy. Ldlr−/− 

mice were placed on WD for 16 weeks (Basal), then some mice were switched to the 

regression protocol (WD to normal chow with a single injection of 1×1011 viral particles 

containing HDAd-LDLR) and injected twice a week for 6 weeks with either ScrRNA NPs or 

siOdc1 NPs. (B-D) (B) Aortic root cross-sections were quantified for total lesion size and 

necrotic core area (n = 8–10 mice per group). Representative images are shown, with 

necrotic cores outlined in dashed lines. Bar, 200 μm. (C) Collagen cap thickness was 

measured at the lesional midpoint and both shoulder regions and then averaged and 

quantified as the ratio of collagen cap thickness to lesion area. Data are presented relative to 
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the average value obtained for the baseline group (n = 8–10 mice per group). Representative 

images are shown. Bar, 200 μm. (D) The ratio of macrophage-associated ACs:free ACs was 

quantified (n = 8–10 mice per group). Representative images are shown, with some of the 

free TUNEL+ cells indicated by arrows and some of the macrophage-associated TUNEL+ 

cells indicated by arrowheads. Bar, 50 μm. Values for all graphs are means ± S.E.M.; *p < 

0.05.
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Figure 3. IL-10 Production Upon Exposure to ACs Requires ODC-Dependent Putrescine 
Synthesis.
(A) Peritoneal exudates from 1C were assayed for IL-10 levels by ELISA (n = 5 mice per 

group). (B) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice were 

incubated for one h with ACs at a 5:1 AC:macrophage ratio, after which the ACs were 

removed by rinsing. Following an additional 6 h of incubation, the macrophages were lysed 

and then assayed by qRT-PCR for Il10 (n = 5 biological replicates). (C) Bone marrow-

derived macrophages were transfected with two separate Odc1-targeting siRNAs and 

assayed for IL10 mRNA as in B (n = 3 biological replicates). (D) Bone marrow-derived 

macrophages from ODC-WT and ODC-KO mice were incubated as in B except following 

the removal of ACs, macrophages were treated with GolgiStop (1:2000 dilution from 

commercial stock) and cultured for another 16 h. Cells were then detached and analyzed by 
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flow cytometry for intracellular IL-10. A representative flow plot is shown (n = 4 biological 

replicates). (E) Human monocyte-derived macrophages were transfected with ScrRNA or 

siODC1 and assayed for IL10 mRNA as in B (n = 4 biological replicates). (F) Macrophages 

were treated as in B with the exception that exogenous putrescine was added to macrophages 

as indicated to achieve a concentration 100 μM for 2 days before the addition of ACs. Cells 

were lysed then analyzed for Il10 by qRT-PCR (n = 5 biological replicates). (G) Aortic root 

cross-sections from Figure 2A were immunostained for IL-10. Staining was quantified as 

MFI per lesion area. Data are presented relative to the average value obtained for the 

baseline specimens (n = 8–10 mice per group). Representative images are shown. Bar, 200 

μm. (H) Ldlr−/− mice were fed a Western diet for 16 weeks. For some mice, drinking water 

was supplemented with 3 mM putrescine in the drinking water at 8 weeks of Western diet 

feeding. Aortic root cross-sections were immunostained for IL-10 as in G. Data are 

presented relative to the average value obtained for the normal H2O specimens (n = 10 mice 

per group). Representative images are shown. Bar, 200 μm. Values for all graphs are means 

± S.E.M.; *p < 0.05; n.s., not significant.
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Figure 4. Loss of ODC Blocks AC-Induced Erk1/2 Activation in the Setting of Efferocytosis, and 
Erk1/2 is Required for AC-Induced IL-10 Expression in Macrophages.
(A) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice were incubated 

for 45 mins with ACs at a 5:1 AC:macrophage ratio, after which the ACs were removed by 

rinsing then lysed. Immunoblots were performed for P-Erk1/2, Erk1/2, and β-actin (n = 3 

biological replicates). (B) Aortic root cross-sections from Figure 2A were immunostained 

for P-Erk1/2. Staining was quantified as MFI of P-Erk1/2 within Mac2+ regions (n = 8–10 

mice per group). Bar, 200 μm. (C) Bone marrow-derived macrophages were incubated with 

ACs as in Figure 3C with the exception that some macrophages were treated with 10 μM 

U0126 for 1 h prior to addition of ACs. Cells were lysed then analyzed for Il10 by qRT-PCR 

(n = 3 biological replicates). (D) Bone marrow-derived macrophages were incubated with 

ACs as in Figure 3D with the exception that some macrophages were treated with U0126 for 
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1 h prior to addition of ACs. Cells were then detached and analyzed by flow cytometry for 

IL-10. (n = 4 biological replicates). (E) Bone marrow-derived macrophages were transfected 

with siErk1 and siErk2-targeting siRNAs and assayed for IL10 mRNA as in B (n = 3 

biological replicates). (F) Bone marrow-derived macrophages were transfected with siErk1 

and siErk2-targeting siRNAs and assayed for IL10 by flow cytometry (n = 3 biological 

replicates). (G) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice 

were incubated with ACs as in A with the exception that some macrophages were treated 

with 100 μM exogenous putrescine for two days prior to the addition of ACs. Immunoblots 

were performed for P-Erk1/2, Erk1/2, and β-actin (n = 3 biological replicates). (H) Aortic 

root cross-sections from Figure 3H were immunostained for P-Erk1/2. Staining was 

quantified as MFI of P-Erk1/2 within Mac2+ regions (n = 10 mice per group). Bar, 200 μm. 

Values for all graphs are means ± S.E.M.; *p < 0.05.
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Figure 5. ODC-Dependent Putrescine Synthesis Controls Basal Levels of MerTK Expression.
(A) Bone marrow-derived macrophages from ODC-WT and M-ODC-KO mice were lysed 

and then assayed by qRT-PCR for Mertk (n = 4 biological replicates). (B) Bone marrow-

derived macrophages from ODC-WT and ODC-KO mice were lysed and immunoblots were 

performed for MerTK and β-actin (n = 4 biological replicates). (C) Bone marrow-derived 

macrophages from ODC-WT and ODC-KO mice were detached and analyzed for surface 

MerTK by flow cytometry. A representative flow plot is shown (n = 4 biological replicates). 

(D) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice were treated as 

in B with the exception that 100 μM putrescine was added two days before lysis (n = 3 

biological replicates). (E) Bone marrow-derived macrophages from Mertkfl/fl (MerTK-WT) 

and Mertkfl/fl Lysz2-Cre+/− (MerTK-KO) mice were incubated for with ACs as in Fig 4A 
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with the exception that macrophages were detached, fixed, permeabilized, immunostained 

for P-Erk1/2, and analyzed by flow cytometry. A representative flow plot is shown (n = 4 

biological replicates). (F) Bone marrow-derived macrophages from MerTK-WT and 

MerTK-KO mice were incubated with ACs and GolgiStop as in Fig 3D and analyzed for 

IL-10 by flow cytometry (n = 4 biological replicates). (G) Bone marrow-derived 

macrophages from MerTK-WT and MerTK-KO mice were incubated with ACs and 

GolgiStop as in Fig 3D, with the exception that a group of MerTK-KO macrophages were 

incubated with 100 μM putrescine, and analyzed for IL-10 by flow cytometry (n = 4 

biological replicates). (H) Bone marrow-derived macrophages from ODC-WT and ODC-KO 

mice were either mock-electroporated or electroporated with a plasmid encoding wild-type 

MerTK. Two days after electroporation macrophages were treated with ACs and GolgiStop 

as in Fig 3D and analyzed for IL-10 by flow cytometry (n = 4 biological replicates). (I) 

Aortic root cross-sections from Figure 2A were immunostained for MerTK and Mac2. 

Staining was quantified as MFI of MerTK within Mac2+ regions (n = 8–10 mice per group). 

Bar, 200 μm. (J) Aortic root cross-sections from Figure 3H were immunostained for MerTK. 

Staining was quantified as MFI of MerTK within Mac2+ regions (n = 10 mice per group). 

Bar, 200 μm. Values for all graphs are means ± S.E.M.; *p < 0.05.
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Figure 6. Putrescine-Dependent Di/Trimethylation Governs Steady-State Levels of MerTK 
Expression.
(A) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice were treated 

with 100 μM putrescine for two days then lysed and immunoblotted for H3K9me2/3, H3K9ac, 

and β-actin (n = 4 biological replicates). (B) Bone marrow-derived macrophages were 

treated with 10 μM 6-PDSA for 24 h then lysed and immunoblotted for MerTK and β-actin 

(n = 3 biological replicates). (C) Bone marrow-derived macrophages were treated with 5 μM 

BIX 01294 for 24hr then lysed and immunoblotted for MerTK and β-actin (n = 3 biological 

replicates). (D) Bone marrow-derived macrophages from ODC-WT and ODC-KO mice 

transfected with ScrRNA or siG9a, with some macrophages being treated with 100 μM 

putrescine for two days. Cells were then lysed and immunoblotted for MerTK, H3K9me2/3, 

and β-actin (n = 4 biological replicates). Representative immunoblots from two biological 
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replicates are shown on the left and densitometric analysis is shown on the right. (E) Nuclear 

extracts from ODC-WT and ODC-KO macrophages were subjected to Mertk ChIP analysis 

using an anti-H3K9me3 antibody or IgG control. A region in the first intron containing a 

putative H3K9me3 motif was amplified by qRT-PCR and normalized to the values obtained 

from input DNA (n = 3–4 biological replicates). (F) Bone marrow-derived macrophages 

were transfected with either ScrRNA or siG9a and incubated with ACs as in Fig 4A. Cells 

were then lysed and immunoblotted for P-Erk1/2, Erk1/2, and β–actin (n = 3 biological 

replicates). (G) Bone marrow-derived macrophages were transfected with either ScrRNA or 

siG9a and treated with ACs and GolgiStop as in Fig 3D. Cells were detached, fixed, 

permeabilized, immunostained for IL-10, and analyzed by flow cytometry (n = 4 biological 

replicates). (H) Proposed model linking ODC-dependent putrescine to MerTK expression, 

IL-10, and inflammation resolution. Values for all graphs are means ± S.E.M. For panel D, 

*p < 0.05 for group 2, 3, 4, and 6 vs. group 1; ¶p < 0.05 for group 5 vs. group 4; and #p < 

0.05 for group 6 vs. group 5. For panel E, *p < 0.05 for group 2 vs. group 1; and #p < 0.05 

for group 2 vs. group 3.
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