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Abstract

Inflammation resolution counterbalances excessive inflammation and restores tissue homeostasis 

after injury. Failure of resolution contributes to the pathology of numerous chronic inflammatory 

diseases. Resolution is mediated by endogenous specialized proresolving mediators (SPMs), 

which are derived from long-chain fatty acids by lipoxygenase (LOX) enzymes. 5-LOX plays a 

critical role in the biosynthesis of two classes of SPMs, lipoxins and resolvins. Cytoplasmic 

localization of the nonphosphorylated form of 5-LOX is essential for SPM biosynthesis, whereas 

nuclear localization of phosphorylated 5-LOX promotes proinflammatory leukotriene production. 

We previously showed that MerTK, an efferocytosis receptor on macrophages, promotes SPM 

biosynthesis by increasing the abundance of nonphosphorylated, cytoplasmic 5-LOX. Here, we 

found that activation of MerTK in human macrophages led to ERK-mediated expression of the 

gene encoding sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2), which 

decreased the cytosolic Ca2+ concentration and suppressed the activity of calcium/calmodulin-

dependent protein kinase II (CaMKII). This in turn reduced the activities of the mitogen-activated 

protein kinase (MAPK) p38 and the kinase MK2, resulting in the increased abundance of the 

nonphosphorylated, cytoplasmic form of 5-LOX and enhanced SPM biosynthesis. In a zymosan-
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induced peritonitis model, an inflammatory setting in which macrophage MerTK activation 

promotes resolution, inhibition of ERK activation delayed resolution, which was characterized by 

an increased number of neutrophils and decreased amounts of SPMs in tissue exudates. These 

findings contribute to our understanding of how MerTK signaling induces 5-LOX-derived SPM 

biosynthesis and suggest a therapeutic strategy to boost inflammation resolution in settings where 

defective resolution promotes disease progression.

Summary

One-sentence summary: Signaling by the receptor MerTK in macrophages promotes ERK 

activation and the resolution of inflammation.

INTRODUCTION

Timely resolution responses after acute inflammation are essential for tissue homeostasis (1, 

2), and impaired resolution is the underlying cause of various chronic inflammatory 

diseases, including cardiovascular disease, inflammatory bowel disease, multiple sclerosis, 

arthritis, and asthma (3–7). Inflammation resolution is an active, highly coordinated process 

that is controlled by various endogenous specialized pro-resolving mediators (SPMs), such 

as lipoxins, resolvins, protectins, and maresins (1, 8, 9). SPMs counterbalance pro-

inflammatory mediators during acute inflammation and trigger resolution by blocking 

neutrophil infiltration, enhancing the clearance of dead cells (efferocytosis), and repairing 

tissue damage without compromising host defense (1, 10).

SPMs are synthesized by lipoxygenase (LOX) enzymes from long-chain fatty acids, such as 

arachidonic acid (AA), which is released from phospholipids by the action of cytosolic 

phospholipase A2; docosahexaenoic acid (DHA); and eicosapentaenoic acid (EPA) (11). We 

and others have shown that the intracellular localization of 5-LOX determines whether it 

stimulates the production of proinflammatory leukotrienes or pro-resolving lipoxins. 

Nuclear 5-LOX, because of its proximity to leukotriene A4 (LTA4) hydrolase, leads to the 

conversion of AA to leukotrienes (LTB4) in macrophages (12–14). In contrast, cytoplasmic 

5-LOX, because of its proximity to 12/15-LOX, which is the murine ortholog of human 15-

LOX and has both 12-LOX and 15-LOX activities (15–17), promotes the conversion of AA 

to lipoxins (LXA4) or DHA to resolvins (RvD1) (14). The nuclear localization of 5-LOX is 

mediated by its phosphorylation at Ser271 by mitogen-activated protein kinase (MAPK)-

activated protein kinase 2 (MK2), which is downstream of the MAPK p38 (13, 18). Previous 

work showed that a p38-MK2 pathway is activated by cytosolic Ca2+-dependent calcium/

calmodulin-dependent kinase II (CaMKII) (14, 19,20), and we showed previously that Ca2+-

mediated CaMKII activation in macrophages increases the abundance of pro-inflammatory 

LTB4 and decreases the amount of pro-resolving LXA4 (14). However, the upstream 

regulators of CaMKII in this 5-LOX-derived SPM biosynthesis pathway remain unknown.

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

macrophage receptor that mediates the binding and phagocytosis of apoptotic cells, a 

process known as efferocytosis. MerTK interacts with apoptotic cells through the bridging 

molecules Gas6 or protein S, which bind to MerTK on macrophages and to externalized 
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phosphatidylserine on apoptotic cells (21, 22). In addition to mediating efferocytosis, 

engagement of MerTK by apoptotic cells, Gas6, or protein S triggers two integrated but 

biochemically distinct responses, anti-inflammation and pro-resolution. Loss of these 

responses by genetic targeting of MerTK in mice can lead to chronic diseases of 

inflammation and impaired resolution, notably a lupus-like disease in older mice and 

atherosclerosis in hypercholesterolemic mice (23–26). The anti-inflammatory response 

involves a pathway that leads to the suppression of nuclear factor kB (NF-kB)-mediated 

signaling (27, 28). Evidence for a distinct pro-resolution response was revealed by studies 

using both cultured macrophages and various in vivo models (29, 30). For example, we 

demonstrated that MerTK signaling in macrophages and in mouse models of sterile 

peritonitis and ischemiareperfusion injury promotes SPM biosynthesis and enhances 

resolution by decreasing the amount of 5-LOX phosphorylated at Ser271 (p-Ser271–5-LOX) 

and increasing the abundance of cytoplasmic 5-LOX (30). Moreover, the ectodomain of 

MerTK can be cleaved by the protease ADAM metallopeptidase domain 17 (ADAM17), and 

in mice harboring a genetically engineered form of MerTK that is cleavage-resistant 

(MertkCR), SPM biosynthesis and inflammation resolution are enhanced, and atherosclerosis 

progression is suppressed (26, 30).

The objective of this study was to address a critical gap in this field, namely, the mechanism 

by which MerTK activation triggers resolution signaling in macrophages. More specifically, 

we sought to understand how engagement of MerTK increases the abundance of non-

phosphorylated, cytoplasmic 5-LOX and the subsequent biosynthesis of LXA4 and RvD1. 

We showed that the Gas6-MerTK pathway suppressed the aforementioned Ca2+-CaMKII-

p38-MK2-phospho-5-LOX signaling pathway by decreasing the concentration of cytosolic 

Ca2+. Cytosolic Ca2+ abundance was decreased through the MerTK-mediated activation of 

the MAPK extracellular signal-regulated kinase (ERK), which in turn stimulated the activity 

of SERCA, the calcium ATPase that pumps cytoplasmic Ca2+ back into the endoplasmic 

reticulum.

RESULTS

Gas6, through MerTK, suppresses the phosphorylation of CaMKII, p38, MK2, and 5-LOX 
and increases the ratio of lipoxins to leukotrienes in human monocyte-derived 
macrophages

RvD1 increases the abundance of nonphosphorylated cytoplasmic 5-LOX and the production 

of LXA4 in macrophages by suppressing the CaMKII-p38-MK2 cascade (14). Given that 

MerTK activation also affects 5-LOX and LXA4 in a similar manner (30), we investigated 

the effect of MerTK activation on these three kinases. Human monocyte-derived 

macrophages (referred to as “human macrophages” throughout the study) were treated with 

MERTK-specific siRNA or scrambled control RNA and then incubated with conditioned 

medium from HEK 293 cells expressing the MerTK activator Gas6 or control conditioned 

medium, which was followed by analysis of the phosphorylated forms of the three kinases as 

a measure of their activation. Consistent with our previous findings from mouse 

macrophages (30), treatment of human macrophages with Gas6 increased the abundance of 

p-MerTK (Fig. 1A). As was the case with RvD1 in a previous study (30), Gas6 reduced the 
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abundances of p-CaMKII, p-p38, and p-MK2 in scrambled siRNA–treated macrophages, 

and, as we showed previously, Gas6 reduced the abundance of p-Ser271 −5-LOX (Fig. 1A). 

The bands corresponding to the total and phosphorylated forms of MK2 and 5-LOX were at 

the correct molecular mass and were verified by demonstration of their reduction in intensity 

in siMK2- and siALOX5-treated cells, respectively (fig. S1A). These effects of Gas6 were 

not seen in MerTK-silenced macrophages (Fig. 1A), suggesting that Gas6 suppressed the 

phosphorylation of these kinases through its effect on MerTK. Note that even under control 

conditions, that is, with cells incubated with conditioned medium from mock-transfected 

HEK 293 cells, basal p-CaMKII abundance in MERTK siRNA-treated cells was modestly 

increased compared to that in scrambled siRNA-treated macrophages. This was likely due to 

the low amount of Gas6 in the control medium, because when cells were incubated in PBS 

instead of control medium, basal p-CaMKII abundance was not affected by MERTK siRNA 

(fig. S1B). Protein S, another ligand for TAM receptors that activates MerTK, but not Axl 

(31, 32), also suppressed the CaMKII-p38-MK2–5-LOX cascade (fig. S1C).

Consistent with our previous data (14, 30), Gas6 reduced the ratio of p-Ser271–5-LOX to 

total 5-LOX in a MerTK-dependent manner (Fig. 1A) and, accordingly, increased the 

amounts of immunoreactive lipoxin A4 (iLXA4) and resolvin D1 (iRvD1), as determined by 

ELISA measurements, in scrambled siRNA-treated macrophages but not in siMERTK-

treated macrophages (Fig. 1B). Furthermore, as predicted by the decrease in p-Ser271–5-

LOX abundance,Gas6 decreased the amount of arachidonic acid (AA)-dependent 

immunoreactive leukotriene B4 (iLTB4) in a MerTK-dependent manner (Fig. 1C). These 

data suggest that Gas6, through MerTK, suppresses a kinase cascade that phosphorylates 5-

LOX and concomitantly increases lipoxins at the expense of leukotrienes in human 

macrophages.

Gas6 inactivates CaMKII by increasing SERCA2 abundance and reducing cytosolic Ca2+ 

concentrations

With respect to how Gas6-MerTK signaling might suppress CaMKII activity, we tested 

whether the pathway reduced the cytosolic concentration of Ca2+, which would in turn 

reduce CaMKII activity (33–35). Consistent with this possibility, we found that Gas6 

decreased the fluorescence intensity of the Ca2+ indicator Fluo3-AM (36, 37) in a time-

dependent manner in scrambled siRNA-treated macrophages, but not in siMERTK-treated 

macrophages (Fig. 2A). These flow cytometric data were confirmed by confocal imaging of 

the cells (fig. S1A). Furthermore, the cytosolic Ca2+ chelator BAPTA-AM mimicked the 

effect of Gas6 in terms of suppressing the phosphorylation of CaMKII, p38, MK2, and 5-

LOX (fig. S2B). Note that the effects of Gas6 and BAPTA-AM were not additive, suggesting 

that they act through the same mechanism.

We considered the hypothesis that Gas6-MerTK signaling suppressed CaMKII activity by 

increasing the abundance of sarcoplasmic-endoplasmic calcium ATPase (SERCA), which 

transports cytosolic Ca2+ into the endoplasmic reticulum (38, 39). Indeed, Gas6 induced 

increases in the mRNA that encodes SERCA2, ATP2A2, and in SERCA2 protein in human 

macrophages in a MerTK-dependent manner (Fig. 2B). The Gla domain of Gas6, whose 

gamma carbons are posttranslationally carboxylated, was required for the induction of 
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ATP2A2 expression, because Gla-deleted Gas6 (Gla-less Gas6) (37) was unable to induce an 

increase in ATP2A2 mRNA abundance (fig. S3A). Moreover, apoptotic cells increased 

ATP2A2 expression in macrophages (fig. S3B), as did protein S (fig. S3C), a TAM ligand 

that activates MerTK but not Axl. As further evidence that Axl does not play a substantial 

role in this pathway, treatment of macrophages with siAXL did not suppress the ability of 

Gas6 to induce ATP2A2 expression (fig. S3D). To further determine whether SERCA plays 

a role in the Gas6-mediated suppression of CaMKII activity, we treated macrophages with 

thapsigargin, a SERCA inhibitor (40, 41), and tested whether this treatment blocked Gas6-

mediated suppression of the kinase pathway. As predicted, thapsigargin abolished the Gas6-

mediated suppression of the phosphorylation of CaMKII, p38, MK2, and 5-LOX (Fig. 2C). 

Consistent with the proposed sequence of this pathway, we found that ATP2A2 mRNA 

abundance was increased after 3 hours of Gas6 treatment, whereas p-5-LOX was not 

decreased in abundance until 5 hours after stimulation (fig. S3, E and F). Together, these 

data support the hypothesis that Gas6-MerTK signaling suppresses CaMKII 

phosphorylation, thereby affecting the downstream pathway, by inducing ATP2A2 

expression and reducing the cytosolic Ca2+ concentration.

Gas6-MerTK signaling induces ATP2A2 mRNA and SERCA2 protein expression and the 
downstream kinase-5-LOX pathway by activating ERK1/2

Gas6-MerTK signaling activates ERK in various cell types, including macrophages (42–45), 

and ERK1/2 induces Atp2a2 expression in mouse macrophages (46). We therefore 

investigated whether Gas6-MerTK-induced ATP2A2 expression was mediated through 

ERK1/2 activation. Gas6, protein S, and apoptotic cells increased the abundance of p-ERK 

in macrophages (Fig. 3A and fig. S4, A and B), and the Gas6-induced increase in p-ERK 

abundance was substantially reduced in MerTK-silenced macrophages compared to that in 

control cells (Fig. 3A). ERK activation was upstream of ATP2A2 expression and the 

CaMKII-p38-MK2–5-LOX pathway, because both U0126, an inhibitor of the ERK-

activating kinases MEK1/2 (47, 48), and ERK-specific siRNA (siERK) suppressed the Gas6-

induced expression of ATP2A2 mRNA and SERCA2 protein, as well as the phosphorylation 

of components of the CaMKII-p38-MK2–5-LOX cascade (Fig. 3, B and C and fig. S4, C 

and D). Consistent with these data, U0126 blocked the ability of Gas6 to increase the 

abundance of iLXA4 and to decrease that of iLTB4 (Fig. 3D).

MerTK signaling in other scenarios is dependent on tyrosines in its cytoplasmic tail (49, 50). 

We therefore investigated whether specific tyrosines in MerTK were required for ERK1/2 

activation and the suppression of CaMKII phosphorylation. We took advantage of chimeric 

constructs in which the cytoplasmic tail of wild-type (WT) mouse MerTK, “kinase-

deficient” (KD) MerTK, or various tyrosine-to-phenylalanine MerTK mutants are fused with 

the extracellular domain of CD8 (CDMer) (49, 51). When HEK 293 cells are transfected 

with plasmid encoding CDMer-WT, MerTK signaling is constitutively active, whereas 

signaling is not seen in cells transfected with plasmid encoding CDMer-KD (49, 51). We 

found that in WT CDMer–expressing cells, there was a marked increase in ERK1/2 

phosphorylation compared with that in mock-transfected or CDMer-KD-expressing cells 

(Fig. 4A). Furthermore, cells expressing CDMer with mutations at Tyr867 and Tyr924 showed 

very little ERK1/2 phosphorylation, whereas ERK1/2 phosphorylation was normal in cells 
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expressing CDMer with a mutation in Tyr825 (Fig. 4A). We used flow cytometry to detect 

cell-surface CD8 and found equivalent expression of the WT and mutant receptors (fig. S5).

To test the role of Tyr867, we used retroviruses encoding human WT MerTK or the Y872F 

mutant MerTK mutant (Tyr872 in human MerTK is equivalent to Tyr867 in mouse MerTK) to 

transduce macrophages lacking endogenous MerTK (macrophages from Mertk−/− mice). 

Transduced macrophages expressing WT MerTK recapitulated the Gas6-induced increase in 

p-ERK1/2 abundance and decrease in p-CaMKII abundance, and, consistent with the data 

from experiments with CDMer-expressing HEK 293 cells, these effects of Gas6 were 

abrogated in macrophages expressing the Y872F mutant MerTK (Fig. 4B). These changes in 

the abundances of p-ERK1/2 and p-CaMKII were verified by flow cytometry (fig. S6A). 

Flow cytometry also showed that WT and Y872F MerTK were similarly abundant on the 

cell surface, indicating similar transfection efficiencies of the two constructs, and that Gas6 

induced the phosphorylation of WT but not Y872F MerTK (fig. S6B). These data, when 

considered together with the data from experiments using U0126 and siERK, show that the 

ability of Gas6 to activate the SERCA-CaMKII-5-LOX pathway depends on ERK1/2 

activation through a mechanism requiring specific tyrosine residues in the cytoplasmic tail of 

MerTK.

MEK inhibition delays inflammation resolution in zymosan-induced peritonitis

To determine whether the MEK-ERK pathway was required for resolution of inflammation 

in a model in which resolution is dependent on MerTK, we turned to zymosan-induced 

peritonitis (30). WT mice were injected intraperitoneally with zymosan in the absence or 

presence of U0126, and then the number of exudate neutrophils was measured over time to 

follow the inflammation and resolution stages. The number of neutrophils peaked at 12 

hours (Tmax) and then declined in both groups of mice, but the decline was slower in the 

U0126-treated mice: the time to a 50% reduction in the peak value (T50) was ~21 hours in 

vehicle (DMSO)-treated mice as compared to ~29 hours in the U0126-treated mice, yielding 

resolution intervals (Ri= T50- Tmax) of 9 and 17 hours, respectively (Fig. 5A). These data are 

consistent with notion that MEK1/2 inhibition delays inflammation resolution.

In the next set of experiments, we injected the mice with U0126 during the period when 

resolving macrophages accumulate in the peritoneum (64 hours after injection with 

zymosan) (52, 53) and then conducted our assays 8 hours later. We also compared WT and 

Mertk−/− mice in this experiment to determine whether MerTK and MEK-ERK inhibition 

acted in the same pathway to stimulate resolution. As predicted from the earlier data (Fig. 

5A), the number of neutrophils was greater in the U1026-treated WT mice (Fig. 5B), 

indicating impaired resolution (14, 30). As reported previously (30), loss of MerTK also 

resulted in impaired resolution, and the effects of U0126 and MerTK deletion were not 

additive (Fig. 5B, 2nd pair of bars). The amount of p-CaMKII in peritoneal macrophages 

from zymosan-treated WT mice was also increased by U0126 and MerTK deletion in a 

nonadditive manner (Fig 5C), and the amount of pro-resolving iLXA4 in these cells was 

decreased by both U0126 and MerTK deletion, also in a non-additive manner (Fig 5D). 

These data suggest that the MerTK-ERK-CaMKII-lipoxin pathway functions to resolve 

inflammation in vivo (fig. S7).
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DISCUSSION

The data herein reveal a signaling pathway in human macrophages that links MerTK 

activation with the suppression of CaMKII activity, LXA4 and RvD1 synthesis, and the 

resolution of inflammation. A key question is how MerTK becomes activated in vivo to 

dampen inflammation and promote resolution. Likely candidates include apoptotic cells and 

Gas6, both of which increase in abundance with inflammation (54, 55). Other MerTK 

ligands that might be involved include protein S, Tubby, tubby-like protein 1 (Tulp1), and 

galectin-3 (56). However, the relative contribution of different MerTK activators in 

inflammation and resolution remains unknown and almost certainly varies in different 

physiologic and pathophysiologic settings. MerTK signaling also suppresses the 

transcriptional activity of NF-kB in response to lipopolysaccharide (LPS) (27, 50, 57, 58), 

suggesting that MerTK both suppresses inflammation and enhances resolution through 

separate signaling pathways and effector mechanisms. Furthermore, the NF-kB-suppressing 

action of MerTK, similar to its pro-resolution function described here, requires the presence 

of Tyr867 in its cytoplasmic tail (50).

A key mediator in the MerTK-induced resolution of inflammation is the suppression of 

CaMKII activity, which is also the case with RvD1 -mediated resolution in macrophages 

(14). In this context, a study from our group showed that in fat-fed Ldlr−/− mice, genetic 

targeting of Camk2g in myeloid cells, which encodes the major isoform of myeloid 

CaMKII, CaMKIIγ, improves efferocytosis, decreases necrosis, and increases fibrous cap 

thickness in advanced atherosclerotic lesions, suggesting an improved resolution response 

(59). Furthermore, myeloid cell-specific deletion of Camk2g led to an increase in MerTK 

cell surface abundance through a pathway involving induction of the Mertk inducer, liver X 

receptor α (LXRα) (59). These findings are suggestive of a positive feedback cycle in 

inflammation resolution and efferocytosis in which MerTK activation suppresses CaMKII 

activity, which then leads to increased MerTK abundance. Indeed, the improvements in 

atherosclerotic plaque endpoints seen in mice with myeloid cell–specific CaMKII deletion 

were very similar to those seen in Ldlr−/− mice with genetically increased MerTK activity, 

and in that case we showed directly that the ratio of SPMs to leukotrienes in atherosclerotic 

lesions was increased (26). In another scenario relevant to resolution, mice lacking CaMKII 

in cardiomyocytes exhibit a blunted inflammatory response after myocardial infarction (60). 

As with deletion of MerTK, deletion of CaMKII may also directly suppress inflammation. 

For example, the inflammatory response in macrophages treated with LPS and other Toll-

like receptor activators in vitro has been associated with CaMKII activation (61–63).

Activated receptor tyrosine kinases can recruit growth factor receptor binding protein 2 

(Grb2) to their phosphorylated tyrosine residues, leading to the activation of a Ras-Raf-

MEK-ERK1/2 cascade (64). Tyr872 in human MerTK (which is equivalent to Tyr867 in 

murine MerTK) binds to Grb2 and initiates cell survival signaling (51, 65). Consistent with 

this finding, we found that Tyr872 was required for Gas6-induced ERK activation and 

suppression of CaMKII activity. Note that ERK can trigger both inflammatory and anti-

inflammatory responses (66–68). With regard to our findings, ERK cooperates with SPMs to 

promote resolution. For example, inhibition of ERK by a MEK1 inhibitor abolishes the 

RvE1-mediated phagocytosis of zymosan A by human macrophages (69). As another 
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example, annexin A1, a pro-resolving mediator, activates ERK and inhibits the interaction of 

neutrophils with the endothelium (70). Furthermore, ERK1/2 signaling is activated in 

macrophages in which apoptotic cells were recognized by the efferocytosis receptor LDL 

receptor-related protein 1 (LRP1), and ERK activation then facilitates internalization of the 

apoptotic cells by the macrophages (71). Thus, it is possible that LRP1-mediated 

efferocytosis also activates the resolution pathway described here and that ERK activation in 

MerTK-activated macrophages contributes to the internalization of apoptotic cells in 

addition to enhancing resolution. Finally, mouse macrophages that are resistant to the 

actions of insulin, which occurs in the setting of type 2 diabetes, show ERK-mediated 

suppression of Atp2a2 mRNA and SERCA2 protein and depletion of endoplasmic reticulum 

Ca2+, suggesting that ERK promotes cytoplasmic Ca2+ release into the cytoplasm by 

suppressing SERCA in this setting (46). These findings, when considered our findings and 

those in the aforementioned CaMKII-atherosclerosis study, suggest a possible mechanism 

linking insulin resistance and type 2 diabetes to accelerated atherosclerotic vascular disease.

In summary, we have elucidated a previously uncharacterized MerTK signaling pathway in 

macrophages that leads to an enhanced resolution response. In view of the role of impaired 

resolution in many critical chronic inflammatory diseases, the therapeutic potential of these 

findings warrants consideration. On the one hand, direct administration of resolving 

mediators is undergoing extensive pre-clinical testing for various inflammatory diseases, 

with early human trials in progress (72). However, the possibility of stimulating a natural 

pathway of resolving mediator synthesis is appealing. The challenges of leveraging the 

pathway described here for that purpose include identifying specific MerTK activators that 

do not have non-MerTK-mediated adverse effects (56), such as those that have been 

implicated in oncogenesis (73). In-depth study of MerTK signaling pathways in different in 

vivo settings will be needed to determine if and how these challenges can be overcome (74).

MATERIALS AND METHODS

Preparation of human monocyte-derived macrophages and mouse bone marrow-derived 
macrophages (BMDMs)

To generate human macrophages, monocytes were isolated from the buffy coats of de-

identified healthy volunteers (New York Blood Center) as previously described (30). Briefly, 

buffy coats were gently layered onto Histopaque solution (Sigma) as 1:1 ratio (vol/vol) and 

centrifuged at 1,500 x g for 25 min. Leukocytes were removed from the middle layer, 

washed with RPMI medium, and then centrifuged at 1,500 x g for 5 minutes. This wash step 

was repeated once, and then the cell pellet was suspended in RPMI medium and plated into 

12-well plates. After 3 to 4 hours, when monocytes were adherent, the medium was 

exchanged for RPMI containing 10% (vol/vol) FBS, 1% pen-strep, and 10 ng/ml 

recombinant human GM-CSF (PeproTech), and the cells were incubated for 7 to 10 days to 

allow macrophage differentiation. To generate mouse BMDMs, bone marrow cells were 

cultured in DMEM containing 10% (vol/vol) FBS, 1% pen-strep, and macrophage-colony 

stimulating factor, as described previously (14, 30).
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siRNA treatment

Human macrophages were incubated in medium containing 50 nM ON-TARGETplus 

human MERTK siRNA, MK2 siRNA, ALOX5 siRNA, ERK siRNA, or scrambled siRNA 

(Dharmacon) and Lipofectamine RNAiMAX (Thermo Scientific). After 72 hours, the 

experiments were conducted as indicated in the figure legends.

Treatment of macrophages with Gas6 or protein S

Conditioned medium containing γ-carboxylated Gas6 was harvested from human Gas6-

expressing HEK 293–6E cells incubated with 2 μg/ml vitamin K, as described previously 

(30, 32). The concentration of Gas6 in the medium was 250 nM as determined by comparing 

the Gas6 signal from a Western blot, quantified by densitometry, with that of a standard 

curve generated through Western blotting and quantification of multiple concentrations of 

commercial recombinant human Gas6 (R&D Systems). Macrophages were washed with 

PBS three times, pre-incubated for 1 hour in serum-free DMEM, and then incubated in 

serum-free DMEM with a 1:25 dilution of conditioned medium, equivalent to 10 nM γ-

carboxylated Gas6, or an equal volume of conditioned medium from non-transfected 

HEK293 cells, which is referred to in the figures as “control” (Con) at the indicated times. 

Alternatively, macrophages were treated with 100 nM protein S, which was purified from 

human plasma (Haematologic Technologies).

Western blotting

Cell extracts were resolved on 4 to 20% gradient SDS-polyacrylamide gels and transferred 

to 0.45-μm nitrocellulose membranes. The membranes were blocked in Tris-buffered saline/

0.1% Tween 20 (TBST) containing 5% (wt/vol) nonfat milk at room temperature for 1 hour 

and then incubated with the primary antibody in TBST containing 5% (wt/vol) nonfat milk 

or 5% (wt/vol) BSA at 4°C overnight. The membranes were then incubated with the 

appropriate secondary antibody coupled to horseradish peroxidase (HRP), and proteins were 

detected with the ECL Supersignal West Pico chemiluminescent substrate kit (Thermo 

Scientific). Antibodies used for Western blotting were as follows: anti-p-CaMKII (Thr286) 

(Novus); anti-CaMKII (Santa Cruz Biotechnology); anti-SERCA2, anti-p-ERK1/2 

(Thr202/Tyr204), anti-p-5-LOX (Ser271), anti-5-LOX, anti–p-MK2 (Thr334), anti–MK2, anti-

p-p38 MAPK (Thr180/Tyr182), anti–p38 MAPK, and anti–HRP-β-actin (Cell Signaling 

Technologies); anti-p-MerTK (FabGennix, PMKT-140AP); and anti-MerTK (Abcam, 

ab52968).

SPM ELISA assays

Human macrophages in 12-well plates were incubated for 7 hours at 37°C with vehicle or 10 

nM γ-carboxylated Gas6. The cell culture medium were then harvested for analysis by (i) 

the Neogen LXA4 ELISA kit, which has the following cross-reactivities according to the 

manufacturer: 15-epi-LXA4 (24%), 5(S),6(R)-DiHETE (5%), LXB4 (1%), and 15-HETE 

(0.1%); (ii) the Cayman LTB4 ELISA kit, which has cross-reactivities to 5, 6-DiHETE 

(0.07%), 5(R)-HETE (3.7%), 15(R)-HETE (0.98%), 15(S)-HETE (0.4%), 5(S)-HETE 

(6.6%), 20-hydroxy LTB4 (2.7%), 6-trans-12- epi LTB4 (0.31%), and 6-trans LTB4 (0.11%); 

or (iii) the Cayman RvD1 ELISA kit, which has cross-reactivities to 5(S),6(R)-LXA4 (20%), 
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17(R)-RvD1 (4.2%), and 10(S),17(S)-DiHdoHE (0.7%). We refer to these lipid mediators as 

iLXA4, iLTB4, and iRvD1, respectively, where “i” stands for “immunoreactive.” The data 

are reported as fold-change in abundance in the experimental group relative to that in the 

control group, which was set at 1.0. Similar analyses were conducted on peritoneal exudates 

for the zymosan experiments. In all cases, 50 μl of sample was assayed as per the 

manufacturer’s instructions.

Fluo3-AM loading

Human macrophages were loaded with 1.25 μm Fluo3-AM (Thermo Fisher) for 30 min at 

room temperature in loading buffer containing 150 mM NaCl, 5 mM KCl, 1 mM MgC12, 1 

mM CaC12, 20 mM HEPES, 10 mM glucose, 1× PowerLoad (Thermo Fisher) to solubilize 

the Fluo3-AM dye, and 2.5 mM probenecid (Thermo Fisher) for dye retention. Fluo3-AM 

was then removed, and the cells were chased in loading buffer without PowerLoad and 

probenecid for 30 min at room temperature. Cytosolic Ca2+ was monitored by flow 

cytometry (FACSCanto II) or with a Nikon A1 confocal microscope.

Transfection of HEK-293T cells with plasmids expressing CDMer constructs

Retroviral expression vectors pLXSN expressing a chimeric receptor (CDMer) generated 

from the extracellular and transmembrane domains of human CD8 (amino acids 1 to 209) 

and the intracellular region (amino acids 521 to 994) of WT MerTK, K614M kinase-

deficient (KD) MerTK, Y825F MerTK, Y867F MerTK, or Y924F MerTK were generated 

and used to transfect HEK 293T cells as described previously (49, 50).

Generation of human WT and Y872F MERTK pMSCV vectors for transduction into Mertk−/− 

mouse macrophages

Human MERTK (NM_006343.2) was cloned into pMSCV-puro retroviral vector (Addgene) 

at the XhoI and EcoRI restriction sites (Genewiz). Tyr872 of human MERTK was mutated to 

phenylalanine using the PCR-based Quikchange mutagenesis system (Stratagene). BOSC23 

cells (5 × 106 cells) were transfected with 1 μg of pMSCV-WT Mertk or pMSCV-Y872F 

MERTK together with 1 μg of pCL-Eco (Addgene) and 2 μg of pMD2.G (Addgene) using 

16 ml of LipoD293 transfection reagent (SignaGen). Conditioned medium were collected 48 

hours after transfection and filtered through 0.45-micron filters. The medium were then used 

to transduce BMDMs from Mertk−/− mice.

Zymosan A-induced peritonitis

Eight- to ten-week-old C57BL/6J mice were injected intraperitoneally with 0.1 mg of 

zymosan A (Sigma) per mouse. Peritoneal exudates were collected by lavage with 3 ml of 

cold PBS after 72 hours. Peritoneal leukocytes and exudate fluids were separated by 

centrifuging at 500 x g for 10 min. Mice were randomly assigned to treatment groups. All 

procedures were conducted in accordance with the Columbia University Standing 

Committee on Animals guidelines for animal care.
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Flow cytometric assays

For the zymosan-induced peritonitis experiments, peritoneal exudate cells harvested at the 

times indicated in the figure legend were washed in FACS staining buffer (PBS containing 

3% [vol/vol] FBS). The cells were incubated for 5 min at 4°C with Fc block (BD 

Biosciences) and then labeled with Pacific Blue–Ly6G (clone 1A8, eBioscience) to detect 

polymorphonuclear neutrophils (PMNs). To detect p-CaMKII in exudate macrophages, cells 

were stained with PE-F4/80 (clone BM8, eBioscience) for 30 min at 4°C to stain 

macrophages, which was followed by fixation and permeabilization of the cells. 

Permeabilized cells were then incubated with rabbit anti-p-CaMKII for 1 hour at 4°C and 

then with Alexa Fluor 647–conjugated goat anti-rabbit secondary antibody for 30 min at 

4°C. For the flow cytometric assay of p-ERK and p-CaMKII in WT MerTK-expressing vs. 

Y872F MerTK-expressingMertk−/− macrophages, the cells were first incubated with APC-

MerTK (Clone #125518, R&D Systems) to label transduced macrophages. After fixation 

and permeabilization, the cells were incubated with rabbit anti-p-ERK or anti-p-CaMKII 

antibodies, which was followed by incubation with PE-conjugated anti-rabbit secondary 

antibody. The cells were suspended in FACS buffer and analyzed for the mean florescence 

intensity (MFI) of p-ERK and p-CaMKII in APC-MerTK+ cells gated using a FACSCanto II 

(BD Biosciences) flow cytometer and FlowJo software.

Apoptotic cell preparation and addition to macrophages

Jurkat cells were exposed to ultraviolet light at 254 nm for 5 min using a lamp from Ultra-

Violet Products Ltd and then incubated in a 37°C incubator with 5% CO2 for 3 hours to 

induce apoptosis as previously described (75). Apoptotic Jurkat cells (ACs) were added to 

human macrophages in the presence of FBS-containing medium for the times indicated in 

the figure legend. ACs were then removed by rinsing five times with cold PBS, and the 

abundances of ATP2A2 mRNA or p-ERK and total ERK were assayed as indicated in the 

figure legends.

Statistical analysis

All results are shown as means ± SEM. Two-tailed P values were calculated using a 

Student’s t test for just two groups. With more than two groups, one-way ANOVA with post-

hoc t tests were used for group comparisons. One-way ANOVA was also used with two 

factors, for example, genotype and treatment, in order to allow for interaction. For example, 

in Fig. 5, U0126 effects could be different between WT and Mertk−/−

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Editor’s summary:

Promoting resolution

The active and coordinated process of inflammation resolution is critical for tissue 

homeostasis, and defective resolution is associated with chronic inflammatory diseases. 

Specialized proresolving mediators (SPMs) are fatty acid derivatives that counteract the 

effects of proinflammatory factors, triggering resolution and tissue repair. SPM 

biosynthesis depends on the cytosolic localization of the nonphosphorylated form of the 

lipoxygenase 5-LOX, whereas the nuclear translocation of phosphorylated 5-LOX results 

in inflammatory leukotriene production. Cai et al. showed that signaling by the 

efferocytosis receptor MerTK in macrophages activated an ERK-dependent pathway that 

inhibited the phosphorylation of 5-LOX, thus promoting SPM production. Inhibition of 

ERK activation in a mouse model of peritonitis delayed resolution, suggesting that the 

MerTK-ERK pathway might be therapeutically manipulated to promote inflammation 

resolution.
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Fig. 1. MerTK is required for Gas6-mediated suppression of the CaMKII-p38-MK2–5-LOX- 
SPM signaling pathway in human macrophages.

(A to C) Human monocyte-derived macrophages were transfected with either scrambled 

siRNA or MERTK-specific siRNA. After 72 hours, the cells were incubated for 7 hours with 

control medium (Con) or 10 nM Gas6-conditioned medium. (A) Left: The macrophages 

were lysed and analyzed by Western blotting with antibodies specific for phosphorylated 

(p-) and total MerTK, CaMKII, p38, MK2, and 5-LOX; P-actin served as the loading 

control. Blots show samples from three different donors. Right: Bar graphs show the ratio of 

the amounts of phosphorylated protein to total protein, which was quantified by 
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densitometry with ImageJ software. Data are means ± SEM of three different donors. *P < 

0.05, **P < 0.01, ***P < 0.001 vs. control medium by one-way ANOVA with post-hoc t-

tests for group comparisons; n.s., not significant. (B) Medium from the indicated 

macrophages was assayed by ELISA to detect iLXA4 and iRvD1. (C) During the last hour 

of Gas6 treatment, macrophages were incubated with or without 10 pM AA to induce 

leukotriene production. The amount of iLTB4 in the culture medium was then analyzed by 

ELISA. Data in (B) and (C) are means ± SEM of three to six donors. **P < 0.01, ***P < 

0.001 vs. control medium by one-way ANOVA with post-hoc t-tests for group comparisons; 

n.s., not significant.
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Fig. 2. Gas6 inactivates CaMKII by inducing the expression of ATP2A2 mRNA and SERCA2 
protein and reducing the concentration of cytosolic Ca2+.

(A) Human macrophages were transfected with scrambled siRNA or MERTK-specific 

siRNA and were incubated with control or Gas6-conditioned medium for the indicated 

times. The cells were then loaded with the Ca2+ probe Fluo3-AM, and the cytosolic Ca2+ 

concentration was determined by flow cytometry. Data are means ± SEM of three different 

donors. **P < 0.01 vs. scrambled siRNA by unpaired t-test. (B) Macrophages transfected 

with scrambled RNA or MERTK siRNA were incubated with control or Gas6-conditioned 
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medium for 7 hours. The relative abundances of ATP2A2 mRNA (top) and SERCA2 protein 

(bottom) were assayed by real-time qPCR and Western blotting analysis, respectively. (C) 

Macrophages were pre-treated with 2 μM thapsigargin (Thaps) for 5 min and then incubated 

with control or Gas6-conditioned medium for 7 hours. Left: Cells were lysed and analyzed 

by Western blotting with antibodies specific for phosphorylated (p-) and total CaMKII, p38, 

MK2, and 5-LOX; β-actin served as the loading control. Blots show samples from three 

different donors. Right: Bar graphs show the ratio of the amounts of phosphorylated protein 

to total protein, which was quantified by densitometry with ImageJ software. Data in the bar 

graphs in (B) and (C) are means ± SEM of three different donors. *P < 0.05, **P < 0.01, 

***P < 0.001 vs. control medium by one-way ANOVA with post-hoc t-tests for group 

comparisons; n.s., not significant.
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Fig. 3. Gas6-MerTK signaling induces the expression of ATP2A2 mRNA and SERCA2 protein in 
human macrophages by activating ERK.

(A) Human macrophages transfected with scrambled siRNA or MERTK-specific siRNA 

were incubated with control or Gas6-conditioned medium for 30 min, lysed, and then 

analyzed by Western blotting with antibodies specific for MerTK, p-ERK1/2, ERK1/2, and 

β-actin (loading control). Left: Western blots show samples from three different donors. 

Right: Densitometric analysis of the ratio of the abundances of p-ERK1/2 to total ERK1/2. 

(B) Macrophages were pre-treated with vehicle or 10 μM U0126 for 30 min and then 
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incubated with control or Gas6-conditioned medium for 7 hours. The cells were then 

analyzed by real-time qPCR and Western blotting analysis, respectively, to determine the 

relative abundances of ATP2A2 mRNA (left) and SERCA2 protein (right). Western blots 

show samples from three different donors. (C) Macrophages were treated as described in (B) 

and then were analyzed by Western blotting with antibodies specific for phosphorylated (p-) 

and total CaMKII, p38, MK2, and 5-LOX. β-actin served as the loading control. Left: 

Western blots show samples from three different donors. Right: Bar graphs show the ratio of 

the indicated phosphorylated protein to total protein, which was quantified by densitometry 

with ImageJ software. (D) Macrophages were treated as described in (B), after which the 

culture medium were subjected to ELISA assays to quantify iLXA4 or iLTB4. For the 

macrophages used for the iLTB4 assay, 10 μM arachidonic acid was added to the medium 

during the last hour of Gas6 treatment. For all bar graphs, data are means ± SEM of three 

different donors. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with post-hoc t-

tests for group comparisons; n.s., not significant.
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Fig. 4. Specific tyrosine residues in the cytoplasmic tail of MerTK are required for the activation 
of ERK and CaMKII.

(A) HEK 293 cells were transfected with various CDMer plasmids encoding WT MerTK, 

the Y825F, Y867F, and Y924F mutants, and the kinase-deficient (KD) mutant. Forty-eight 

hours later, the cells subjected to the transfection procedure without plasmids served as 

control (“Mock”). The cells were lysed and analyzed by Western blotting with antibodies 

specific for p-ERK1/2, ERK1/2, and β-actin. Bar graphs show the ratio of phosphorylated 

ERK1/2 to total ERK1/2, which was quantified by densitometry with ImageJ software. Data 

are means ± SEM of three independent experiments. ***P < 0.001 vs. WT by oneway 

ANOVA with post-hoc t-tests for group comparisons. (B) Bone marrow-derived 

macrophages from Mertk-’ mice were transduced with pMSCV-human MERTK (WT) or 

pMSCV-human MERTK Y872F. Seventy-two hours later, the cells were then incubated with 

control or Gas6-conditioned medium for 30 min (left) or 7 hours (right), which was followed 

by flow cytometric quantification of p-ERK1/2 or p-CaMKII, respectively. Data means ± 
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SEM of three different mice. **P < 0.01, ***P < 0.001 vs. control medium by one-way 

ANOVA with post-hoc t-tests for group comparisons; n.s., not significant.
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ERK inhibition suppresses inflammation resolution in zymosan-induced peritonitis in mice.

(A) WT mice were co-injected intraperitoneally with 0.1 mg of zymosan and either 25 μg/kg 

U0126 or an equal volume of DMSO as the vehicle control. Peritoneal exudates were 

collected by lavage with 3 ml of cold PBS at the indicated times, and leukocytes and exudate 

fluid were separated by centrifugation at 500g- for 10 min. Total leukocyte number in the 

exudate was counted with a hemocytometer, and the percentage of Ly6G+ neutrophils was 

determined by flow cytometry. Neutrophil number was calculated as total leukocytes × % 

neutrophils. Resolution intervals (Ri) were calculated as previously described (30). Data are 

means ± SEM of four mice per group. **P < 0.01, ***P < 0.001 vs. vehicle-treated mice by 

unpaired t-test. (B to D) WT or Mertk−/− mice were injected intraperitoneally with zymosan, 

which was followed 64 hours later by intraperitoneal injection with U0126 or DMSO. After 

an additional 8 hours, peritoneal exudates were collected. (B) Neutrophil number was 

calculated as described in (A). (C) Peritoneal leukocytes were stained with PE-conjugated 
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anti-F4/80 antibody, which was followed by fixation and permeabilization. Permeabilized 

cells were stained with anti-p-CaMKII antibody and then an Alexa Fluor 647-conjugated 

secondary antibody. The mean fluorescence intensity (MFI) of p-CaMKII in the 

macrophages was quantified by flow cytometry. (D) Exudate iLXA4 was assayed by ELISA. 

For (B) to (D), data are means ± SEM of four mice per group. *P < 0.05, ***P < 0.001 vs. 

vehicle-treated WT mice by one-way ANOVA with post-hoc t-tests for group comparisons); 

n.s., not significant.
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