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Abstract

Acute inflammation in the lung is essential to health. So too is its resolution. In response to 

invading microbes, noxious stimuli or tissue injury, an acute inflammatory response is mounted to 

protect the host. To limit inflammation and prevent collateral injury of healthy, uninvolved tissue, 

the lung orchestrates the formation of specialized pro-resolving mediators, specifically lipoxins, 

resolvins, protectins and maresins. These immunoresolvents are agonists for resolution that 

interact with specific receptors on leukocytes and structural cells to blunt further inflammation and 

promote catabasis. This process appears to be defective in several common lung diseases that are 

characterized by excess or chronic inflammation. Here, we review the molecular and cellular 

effectors of resolution of acute inflammation in the lung.
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1. Introduction

In response to injury or pathogen, the acute inflammatory response protects the host from 

systemic infection and restores tissue homeostasis (1). In the lung, acute inflammation can 

significantly compromise vital gas exchange, so there are several mechanisms in place to 

regulate the severity and duration of lung inflammation (2). As known to physicians of 

ancient civilizations, the “cardinal signs” of inflammation include rubor (redness), tumor 
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(swelling), calor (heat), dolor (pain) and in some cases loss of function, which are the 

phenotypic manifestations of highly regulated molecular and cellular events in most 

inflamed tissues (1); however, acute inflammation in the lung is most notable for the 

vascular events (i.e., rubor, tumor and calor). Inflammation is protective and vital to health 

(2), but when acute inflammation is unrestrained in amplitude or duration it can lead to 

disease. In most instances, these molecular and cellular events during acute inflammation 

are successful in limiting the inciting injury or infection and tissue homeostasis is restored. 

Most important to a healthy response, the acute inflammation completely resolves. Although 

acute inflammation is generally self-limited, alternate fates include abscess formation, 

fibrosis or conversion to chronic inflammation. Several common diseases are characterized 

by chronic inflammation, including asthma and chronic obstructive pulmonary disease 

(COPD). For centuries held to be a passive process (1), there are now several lines of 

evidence that support the concept that resolution of inflammation is an active process (3). 

Several chemical mediators of resolution have been recently identified as has their pro-

resolving receptors and cellular mechanisms of action. This review covers recently 

identified examples of specific biochemical mediators and cellular mechanisms that have 

critical anti-inflammatory and pro-resolving roles in the resolution of lung inflammation.

2. Resolution of acute inflammation

In health, both the start and finish of acute inflammation proceed in an efficient manner. 

Tissue injury can result from either delayed engagement of the acute inflammatory response 

or ineffective resolution. While there are several examples of immunocompromised hosts 

having increased susceptibility to infection and tissue injury, there are now a growing 

number of conditions in which defective resolution appears to contribute to pathophysiology 

(vide infra). Pathologists define tissue resolution as the disappearance of tissue leukocytes 

and cessation of further neutrophil recruitment (1). The use of experimental models of acute 

inflammation that naturally resolve (i.e., self-limited return to homeostasis) has led to the 

identification of new families of mediators that appear in inflammatory exudates during 

resolution (4–6). By using this experimental window into the termination of self-limited 

acute inflammation, specific molecules were identified that are detectable either only during 

resolution or their levels markedly increase during resolution. The time course for some of 

these resolution-phase mediators is inversely related to neutrophil numbers in the exudates. 

Using a systems approach with LC-MS/MS-based metabolo-lipidomics the identity of 

specific resolution-phase molecules was determined and using material generated by total 

organic synthesis matching studies for the physical and biological properties of the 

molecules were performed (5, 6).

With the identification of these new pathways and mediators, it became apparent that 

resolution is an active host program. For example, mediators present during resolution are 

distinct from initiation of acute inflammation. In addition to the generation of unique 

resolution phase molecules, pro-resolving receptors have been identified for these local 

mediators to operate as resolution agonists. Unintended bystander tissue injury can result 

from either excess acute inflammation or chronic unresolved inflammation (7), both of 

which have been linked to important lung diseases. For example, excess acute inflammation 

is present during the acute respiratory distress syndrome leading to life threatening 
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hypoxemia. Asthma and COPD represent extremely common and important airway diseases 

in global health that are both characterized by chronic, unremitting inflammation. This 

presentation is organized to review cellular mechanisms for resolution of lung inflammation, 

new families of specialized pro-resolving mediators (SPM) and their pro-resolving receptors 

and will be followed by their link to cellular events and the pathophysiology of lung 

diseases. For detailed recent reviews covering biosynthesis, stereochemical assignments and 

total organic synthesis, interested readers should refer to references (8, 9).

3. Cellular mechanisms for the resolution of lung inflammation

Efficient restoration of inflamed tissues to their basal state requires that inflammatory cells 

are effectively cleared and further leukocyte recruitment is abrogated. During this process, 

tissue neutrophils undergo apoptosis and are recognized and subsequently engulfed by 

phagocytic macrophages in a non-inflammatory manner (10). Clearance of apoptotic 

neutrophils also leads to the production of additional mediators that suppress the progression 

of inflammation and promote repair of damaged tissues (11, 12).

In health, the acute inflammatory response is self-limited. Early tissue edema (minutes-

hours) and neutrophil accumulation (hours to days) will decrease with time and 

lymphocytes, macrophages and other monocytoid cells will traffic to the inflamed tissue (1). 

While anti-leukocyte actions are commonly considered anti-inflammatory, it is important to 

view each cell types’ roles in this dynamic process of catabasis. Inhibition of neutrophil 

transmigration and activation is anti-inflammatory while restitution of barrier integrity 

(endothelial, epithelial or both), recruitment of monocytoid cells, and promotion of 

macrophage clearance of apoptotic cells, microbes and tissue debris are all pro-resolving 

responses orchestrated by SPM. In the lung, restitution of barrier integrity is of heightened 

importance secondary to concern for alveolar edema leading to hypoxemia. Thus, lung 

specific pro-resolving events include clearance of edema and transitional matrix, 

repopulation of the airway epithelia and restoration of pulmonary surfactants. For resolution 

of adaptive immune responses, allergen-specific or pathogen-specific effector T cells and 

inflammatory macrophages need to be cleared from the lung. Direct and indirect 

mechanisms for T cell clearance include natural killer (NK) cell direct cytotoxicity, 

macrophage engulfment of apoptotic T cells and decrements in pro-inflammatory mediators. 

SPM induce can T-cell apoptosis (13), their expression of CCR5 for chemokine clearance 

(14) and NK cell mediated clearance of inflammation in vitro and in vivo (15, 16) (Figure 

1).

In addition to these cellular events, inflamed tissues are also notable for the presence of 

microparticles (MPs) that are remnants of damaged tissues and dying cells. These MPs can 

serve as “specialized shuttles” to transfer bioactive molecules from dying cells to 

neighboring living cells. Even apoptotic neutrophils can leave behind MPs with pro-

inflammatory properties, so their clearance represents an important component of tissue 

resolution. Not all MPs are pro-inflammatory. A subset of neutrophil-derived MPs can drive 

cellular resolution mechanisms (17, 18), and pro-resolving MPs can be modeled with 

nanoparticles containing pro-resolving mediators as a vehicle for nanomedicine (18). In 

addition, cellular gene networks selectively regulate microRNAs (miRNAs) during 
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resolution to decrease downstream expression of pro-inflammatory cytokines and 

chemokines, toll-like receptors and transcription factors (19, 20).

“Anti-inflammatory” and “pro-resolving” do not have the same meaning. These terms have 

important differences in their definitions. Anti-inflammatory actions decrease granulocyte 

recruitment and activation, resulting in a predisposition to infection (Figure 2). Mediators 

with anti-inflammatory properties lead to decreased leukocyte:endothelial cell interactions, 

platelet aggregation, vascular permeability and leukocyte generation of reactive oxygen 

species. In sharp contrast, pro-resolving actions activate tissue resident cells to decrease 

vascular and tissue inflammation to restore organ function – a process termed catabasis to 

represent a return from the battle of inflammation (Figure 2). Mediators with pro-resolving 

properties stimulate endothelial nitric oxide and prostacyclin release, mucosal epithelial 

expression of anti-microbial peptides and macrophage phagocytosis, including efferocytosis, 

microbial clearance, removal of cellular debris and noxious stimuli (e.g., antigen) and their 

cellular efflux to lymph nodes. These “pro-resolving” actions increase tissue host defense 

either directly or indirectly via restoration of tissue homeostasis. Thus, anti-inflammation is 

not synonymous with resolution.

Cellular indices of resolution have been developed and used to define resolution in 

quantitative terms. These indices include: Tmax, time point of maximum neutrophil 

infiltration (Ψmax); T50, time necessary to achieve 50% reduction in neutrophil number (Ψ50) 

from Ψmax; resolution interval (Ri = T50 -Tmax), time interval between Tmax and T50 (11). 

These resolution indices enable quantitative comparisons of potential perturbations of 

natural resolution mechanisms and have helped to identify interventions that are “resolution 

toxic” as well as interventions that facilitate resolution (16, 21–23). Pharmacological studies 

of structure-activity relationships and dose responses can use the resolution indices to 

differentiate the impact of potential therapeutics on pro-inflammatory (Tmax, Ψmax) and pro-

resolving events (Ri). With establishment of these metrics, human Phase I-II clinical trials 

now demonstrate efficacy of a resolvin analog (http://clinicaltrials.gov. Entry Identifier: 

NCT00799552) and have helped prepare for a Phase III clinical trial.

4. Polyunsaturated fatty acid-derived pro-resolving mediators: 

immunoresolvents

Essential polyunsaturated fatty acids (PUFA) can serve important roles in regulating acute 

inflammation as substrates for enzymatic conversion to potent PUFA derived mediators (24) 

(Figure 3). Upon cell activation, PUFAs are rapidly released from cell membranes and 

enzymatically converted to structurally and functionally distinct lipid mediators. When 

arachidonic acid (C20:4) is metabolized to prostaglandins (PGs) and cysteinyl leukotrienes 

(cysLTs) vascular permeability increases (24, 25). In addition, prostaglandins can regulate 

fever and inflammatory pain. When leukotriene (LT) B4 is generated from C20:4 at sites of 

inflammation, leukocytes are recruited and activated (24). In contrast to PGs, cysLTs and 

LTB4, C20:4 can also be converted to lipoxins that decrease LT-mediated pro-phlogistic 

actions (26). Moreover, lipoxins are the lead family of specialized pro-resolving mediators 

(SPM) as these interesting molecules carry both anti-inflammatory and pro-resolving 

bioactions to stop acute inflammation (reviewed in (27)). Present in low abundance during 
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the initiation of acute inflammation, lipoxin levels increase substantially during resolution 

(22, 28). Disruption of lipoxin formation or lipoxin receptor availability is resolution “toxic” 

and delays the timely restoration of tissue homeostasis (21, 29–31).

Additional pro-resolving lipid mediators are increased in resolving exudates that also have 

anti-inflammatory and pro-resolving actions (reviewed in (32)). To identify SPMs, 

inflammatory exudates were sampled during resolution and compared to samples from 

inflammation initiation and control healthy tissues. Sample extracts were prepared and 

analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS) using a 

systems biology approach. Mammalian experimental models with self-limited and contained 

exudates, such as the murine dorsal air pouch, were used for SPM discovery (5, 6). The time 

course for the spatially-contained exudates cellular trafficking and clearance was determined 

as the foundation for biochemical determination of SPM that were present at the time when 

neutrophil numbers were decreasing and mononuclear cell numbers (lymphocytes, 

monocytes, macrophages) were increasing. Molecules that were identified by lipidomics to 

be unique or increased during the resolution phase were screened for bioactivities. In 

combination with the potential SPMs, their biosynthetic precursors from PUFAs and further 

metabolites could be identified and proteomic detection of potential resolvers (enzymes, 

receptors, non-lipid mediators) could be ascertained. With this systems approach, it was also 

possible to establish local and temporal SPM biosynthesis (11). For example, upon initiation 

of inflammation with TNF-α, there was a typical acute-phase response characterized by 

rapid neutrophil infiltration preceded by local generation of both PGs and LTs. In this 

setting, conversion of C20:4 to bioactive mediators is highly regulated, and the profiles of 

lipid mediators switches with time from early pro-inflammatory eicosanoids (i.e., PGs and 

LTs) to later pro-resolving eicosanoids (i.e., lipoxins) (28). During this time frame, there is 

an induction of 15-LOX expression that contributes to the formation of select SPM (28) 

(Figure 3).

In addition to membrane release of arachidonic acid, some biosynthetic intermediates, such 

as 15-HETE, can also be deacylated from membrane phospholipids for subsequent 

conversion to lipoxins (33). Some PUFAs, such as the omega-3 fatty acids DHA and EPA 

that are also SPM precursors, can be carried via plasma edema into the inflammatory milieu 

and made available for enzymatic conversion to SPM by cells present in the exudates and 

surrounding inflamed tissues (34). In addition to lipoxins, SPM derived from omega-3 

PUFAs are present in resolving exudates with catabatic actions, including resolvins, 

protections and maresins (reviewed in (35))(Figure 3). As with lipoxins, defects in these 

SPM pathways can undermine the natural resolution process and contribute to the 

pathobiology of chronic inflammatory diseases (21, 31, 36–39). These can involve defective 

receptors, biosynthetic enzymes, intracellular signaling or potential deficiencies in essential 

PUFA precursors that are required in the diet.

Specialized pro-resolving mediators often carry both anti-inflammatory and pro-resolving 

bioactivities, serving as “stop” signals for neutrophil activation and “go” signals for 

macrophage efferocytosis. An example of this distinction is PGE2 that can have anti-

inflammatory properties in certain settings via stimulation of cAMP, but is not pro-resolving 

since it does not enhance macrophage uptake and clearance of apoptotic cells (40). Of note, 
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there are pharmacological inhibitors of COXs as well as certain LOXs that are used 

clinically because of their capacity to decrease some of the cellular and tissue level events of 

the inflammatory reaction (e.g. edema formation, neutrophil recruitment, and pain); 

however, they can adversely impact endogenous pro-resolving circuits (21, 29, 37). In 

contrast to most non-steroidal anti-inflammatory drugs, aspirin as well as corticosteroids can 

in some circumstances work synergistically with endogenous pro-resolution pathways (41).

SPM are active in the picogram to nanogram dose range to control inflammation, limit tissue 

damage, shorten resolution intervals, promote healing, and alleviate pain in experimental 

models of inflammation and resolution. The SPM are part of a larger resolution program that 

includes several cytokines (e.g. TGFβ, IL-10) that accumulate in resolving exudates (11, 

19); microRNA changes (19); glucocorticoids and the glucocorticoid-induced annexin A1 

protein, which also regulates inflammatory responses (reviewed in (42)); and the 

transcription factor NF-κB, which can display anti-inflammatory properties (43). Induction 

of leukocyte apoptosis and stimulation of macrophage efferocytosis also promotes resolution 

(13, 14). Inhibitors of cyclin-dependent kinases can pharmacologically serve this purpose 

(44) as does annexin A1 peptides (42).

A paradigm shift in treating inflammation

When exogenous SPM are administered during experimental inflammation, they exert their 

protective actions in low nanogram amounts (32). The capacity of these molecules to “jump 

start” aspects of resolution suggests their intriguing pharmacological roles as potential 

biotemplates for the design of new therapeutics (32), some of which are the subject of on-

going clinical research (45) (see (46)). The activation of endogenous resolution mechanisms 

represents a paradigm-shifting departure from current inhibition pharmacology (i.e. via 

small molecule inhibition or antagonism of pro-inflammatory pathways).

To determine which of the resolution phase molecules detected might serve as 

immunoresolvents, standard criteria were used. First, structure activity relationships were 

constructed to determine the presence of stereoselectivity and abundance consistent with a 

molecule’s potency (47). SPM retrograde synthesis was performed for matching studies of 

the physical properties and recapitulation of in vivo biosynthesis (as in (48, 49)). SPM 

matching and identification was validated with LC-MS/MS criteria for identification: 1) 

retention time that matches by coelution authentic compound, 2) diagnostic UV 

chromophore that matches the authentic compound (i.e., λmax and band shape), and 3) mass 

spectrometry fragmentation pattern with ≥ 6 diagnostic ions. Regarding SPM abundance, the 

Serum Metabolome Project has reported levels of lipoxins, resolvins, and protectins in 

healthy human serum in pM to nM amount (e.g. LXA4, ~1.4 nM; RvD1, ~50 pM; RvE1, 

~0.5 nM)(50). These values are in the concentration response range for SPM bioactivity and 

similar to those reported earlier for RvE1 (51) and for RvE2 (52, 53) in human peripheral 

blood samples from healthy donors (54). Information on individual SPM follows:

Lipoxins—During multicellular host responses in inflammation, leukocytes come in close 

proximity to tissue resident cells. Together, the cells collaborate to generate new products 

that neither cell type alone produce in significant amounts. This transcellular biosynthesis is 
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exemplified by lipoxins, which are lipoxygenase (LOX) interaction products from 

arachidonic acid (AA; C20:4) (24) (Figure 4). In response to airway inflammation, epithelial 

15-LOX-derived 15S-hydroxy-eicosatetraenoic acid (15(S)-HETE) can be transformed to 

neutrophil 5-LOX to an unstable epoxytetraene intermediate that is converted by enzymatic 

hydrolysis to LXA4 and LXB4 (reviewed in (4)). This biosynthetic route has been 

established in upper and lower airways and other mucosal sites (55–57). In the vasculature, 

LXA4 and LXB4 biosynthesis can occur via a second biosynthetic route between platelets 

and neutrophils. Platelet 12-LOX acts as a LX synthase to convert leukotriene A4 (LTA4) to 

LXs (58, 59).

Although less abundant, LXA4 and LXB4 can also be generated by single cell types. This 

route of formation generally requires expression of both 5-LOX and 15-LOX, and there are 

now examples of cell types with both 5-LOX and 15-LOX activity, including eosinophils, 

resolution phase neutrophils and macrophages (28, 57, 59). In addition, 15(S)-HETE can be 

acylated into cell membrane phospholipids for release upon cell activation and subsequent 

conversion by cells expressing 5-LOX to LXs (33). Thus, single cells can contribute to 

tissue LX abundance (60, 61).

Aspirin-triggered lipoxins—Aspirin is the lead non-steroidal anti-inflammatory drug 

and unlike other agents in this class also displays several other protective actions (62). Some 

of these beneficial actions have been attributed to the formation of aspirin-triggered lipid 

mediators (reviewed in (32)). Aspirin-triggered lipoxins (ATL) were the first aspirin-

triggered mediators to be identified (63). Aspirin irreversibly acetylates a serine in the COX 

catalytic site to block PG formation. Of interest for COX-2, this covalent modification does 

not completely inhibit the enzyme activity. Rather, acetylated-COX-2 transforms AA into 

15(R)-HETE, which is a substrate for neutrophil 5-LOX conversion to 15(R)-epi-LXA4 and 

15(R)-epi-LXB4 (63). The stereochemistry at carbon-15 is consistent between 15(R)-HETE 

and 15(R)-epi-LXs and distinct from the 15-LOX catalyzed 15(S)-HETE, LXA4 and LXB4. 

This biochemical activity for aspirin is unique amongst the class of non-steroidal anti-

inflammatory drugs. It is noteworthy that some cytochrome P450 enzymes can directly 

convert AA to 15(R)-HETE, so aspirin is not required for epi-LX biosynthesis. To this end, 

15-epi-LXs have also been detected in human subjects not on aspirin (64) and are increased 

with aspirin ingestion (65). In addition, 15-epi-LXs can mediate the local anti-inflammatory 

actions of low-dose aspirin in healthy individuals (66). Recently, statins were identified as 

another pharmacological trigger for 15-epi-LX generation (67), including in the lung (68), 

but via a distinct biochemical pathway.

LXA4, LXB4 and their 15-epimers are generated at sites of vascular inflammation and down 

regulate neutrophil transmigration, vascular leakage, pro-inflammatory cytokine release and 

function and inflammatory pain signals (reviewed in (3, 69)). In addition, these SPM 

promote resolution by increasing the uptake and removal of apoptotic neutrophils by 

macrophages and have anti-fibrotic properties (26, 70–73).

Resolvins—In addition to AA (C20:4n-6), the essential n-3 PUFAs are also available at 

sites of inflammation for enzymatic transformation to bioactive lipid mediators. In health, 

the total fatty acid pool in whole blood has eicosapentaenoic acid (EPA) (~0.5 to 2.8% of 
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total fatty acids) and docosahexaenoic acid (DHA) (~1.3 to 5.0%)(74–78). Dietary EPA and 

DHA have health beneficial effects with several reports of antithrombotic, 

immunoregulatory, and anti-inflammatory properties (79, 80), and these n-3 PUFA have 

been recognized as essential dietary constituents since 1929 (81). During resolution in a self-

limited experimental model of acute inflammation in vivo, LC-MS/MS based profiling 

revealed that EPA and DHA are enzymatically converted into specific bioactive products 

with protective anti-inflammatory and pro-resolving actions, leading to their naming as E-

series resolvins and D-series resolvins, respectively.

E-series resolvins—EPA (C20:5) can be enzymatically transformed to E-series resolvins 

that serve as SPM. Similar to 15-epi-LXs biosynthesis, the acetylation of COX-2 is a pivotal 

event in E-series resolvin biosynthesis. During vascular inflammation, endothelial cell 

COX-2 is available for acetylation by aspirin and then converts EPA into 18R-hydroxy-

eicosapentaenoic acid (18R-HEPE). This intermediate is subsequently transformed by 

activated leukocytes to an unstable intermediate (5S(6)-epoxy-18R-HEPE) that is 

hydrolyzed to RvE1. The complete stereochemistry of RvE1 is 5S,12R,18R-trihydoxy-6Z,

8E,10E,14Z,16E-EPA (51). Both 18R-HEPE and 18S-HEPE isomers are present in plasma 

from healthy human subjects, and are increased with aspirin ingestion (82). The 18S-HEPE 

can also be converted to epimeric RvE1 and RvE2 by 5-LOX and LTA4 hydrolase (82). In 

the absence of aspirin, RvE1 biosynthesis can be initiated via cytochrome P450 oxygenation 

of EPA (83). Structure-activity relationships have established the stereoselective actions of 

E-series resolvins (51). RvE1 and RvE2 (5S,18R-dihydroxy-6E,8Z,11Z,14Z,16E-

eicosapentaenoic acid) are generated from a common precursor 5S-hydroperoxy,18-

hydroxy-EPE via 5-LOX with two parallel stereospecific pathways (52, 53, 84). RvE2 is 

present in resolving exudates and human whole blood (52, 53, 84). The third member of the 

E-series resolvins is resolvin E3 (17R,18S-dihydroxy-5Z,8Z,11Z,13E,15E-eicosapentaenoic 

acid). There is also a natural 18R stereoisomer of RvE3 (85). As demonstrated in mice, this 

molecule is generated via the actions of 12/15-LOX so has a distinct route of biosynthesis 

from RvE1 and RvE2 (86). This biochemical distinction has an immunological correlate. 

Because 5-LOX (neutrophils) and 12/15-LOX (mouse eosinophils) activity are often 

segregated into distinct types of granulocytes, RvE1 and RvE2 are predominantly generated 

by neutrophils (5-LOX), while in murine systems eosinophils (12/15-LOX) participate in the 

production of RvE3. Mouse and human cells are not orthogonal in their LX activities, in 

particular eosinophils and macrophages, so roles for RvE3 in human systems are still under 

investigation.

D-series resolvins—As with EPA, the other major n-3 fatty acid DHA (C22:6) is 

enzymatically transformed to SPM during inflammation. Similar to E-series resolvins, the 

D-series resolvins are generated via transcellular biosynthesis. Aspirin-acetylated COX-2 in 

vascular endothelial cells converts DHA to 17R-hydroxy-docosahexaenoic acid (17R-

HDHA)(Figure 5), which can be transformed by neutrophil LOX into two series of di- and 

trihydroxy products; one initiated via oxygenation at carbon 7 and the other at carbon 4 (6). 

In addition to the aspirin-triggered 17R-hydroxy-D-series resolvins, their epimers with a 

17S-hydroxy group (Figure 5) are present in resolving exudates and can be generated by 

isolated human cells in the absence of aspirin (6, 87). The stereochemistry of some of the D-
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series resolvins have been established: 17S-RvD1 is 7S,8R,17S-trihydroxy-4Z,9E,11E,13Z,

15E,19Z-docosahexaenoic acid, 17R-RvD1 is 7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E,

19Z-docosahexaenoic acid (48), RvD2 is 7S, 16R, 17S-trihydroxy-4Z, 8E, 10Z, 12E, 14E, 

19Z-docosahexaenoic acid (88), and RvD3 is 4S, 11R, 17S-trihydroxy-5Z, 7E, 9E, 13Z, 15E, 

19Z-docosahexaenoic acid (89). There are additional members of this family have been 

detected (RvD4-RvD6). Each of these additional D-series resolvins has distinct chemical 

structures and potentially additional bioactions that are currently under investigation (90). 

These mediators display stereoselective and cell-type specific actions and, like RvE1, D-

series resolvins are present in healthy whole blood and increased with dietary n-3 

supplementation (50, 54). Cytochrome P450 enzymes can also initiate D-series resolvin 

biosynthesis by converting DHA to 17R-hydroxy-DHA, in an aspirin-independent manner, 

for subsequent transformation to 17R-RvD1 (i.e., AT-RvD1).

Protectins—In addition to D-series resolvins, DHA can also be converted to a family of 

SPM named protectins (PD) (or neuroprotectins (NPD) when generated in neural tissues). 

These molecules were trivially named based on their protective bioactivities for immune 

functions and neural tissues and their distinct structures. The complete stereochemistry of 

Protectin D1 (PD1) is 10R,17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid 

and this molecule carries stereoselective actions (87, 91). There are several detectable 

isomers of PD1 in inflammatory exudates, but these possess lower bioactivity than PD1, 

including 10S,17S-diHDHA, 4S,17S-diHDHA, 7S,17S-diHDHA, and 22-hydroxy-10,17S-

docosatriene (a putative inactivation product of PD1) (6, 87). PD1 biosynthesis proceeds in 

an LOX-dependent manner via a C16(17)-epoxide intermediate (87, 91) (Figure 4). There 

are aspirin-triggered protectins in which acetylated COX-2 leads to 17R-PD1 biosynthesis 

from DHA (92) with the complete stereochemistry of 10R,17R-dihydroxy-4Z,7Z,11E,13E,

15Z,19Z-docosahexaenoic acid (17R-PD1). In keeping with their assignment as SPM, these 

protectins decrease neutrophil transmigration and enhance macrophage efferocytosis to 

decrease neutrophil tissue accumulation in vivo (21, 93).

Maresins—A third family of DHA-derived mediators has more recently been elucidated. 

The maresins are structurally distinct molecules in the DHA metabolome. Macrophages are 

a principal source of maresins (49). These cells play essential roles in catabasis (94) and 

contribute to the generation of bioactive mediators to orchestrate inflammatory responses, 

including inflammation resolution. Macrophage biosynthesis of SPM serve as autacoids for 

their pro-resolving and homeostatic functions. Macrophage phagocytosis of apoptotic 

neutrophils initiates SPM production (12, 21), as well as 14-hydroxy-docosahexaenoic acid 

(14-HDHA) (49) that can be converted to maresin (macrophage mediator in resolving 

inflammation) 1 (first in the family) (MaR1) (49). The complete stereochemical assignment 

of MaR1is established as 7R,14S-dihydroxy-docosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid 

(95). MaR1 biosynthesis proceeds via a novel 13,14-epoxide intermediate (96). Regarding 

its biological functions, MaR1 has distinct and separate actions on neutrophils compared 

with mononuclear cells. To expedite resolution of murine peritonitis, MaR1 limits further 

neutrophil accumulation and stimulates macrophage efferocytosis (49). In addition, MaR1 

has a direct action on tissue regeneration in planaria, supporting the evolutionary 

conservation of this interesting molecule (97). MaR1 matching studies for its physical and 
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biological properties with authentic material from total organic synthesis has confirmed the 

findings with biogenic material (97).

5. SPM Receptors

ALX/FPR2 receptors

The ALX/FPR2 receptor can interact with and transmit intracellular signals from LXA4 and 

15-epi-LXA4 as well as RvD1 and AT-RvD1 (20, 98–100). By screening cDNA clones from 

differentiated HL60 cells, the formyl peptide receptor like-1 receptor was first identified as 

the putative LXA4 G-Protein coupled receptor (99). Based on its high affinity binding for 

LXA4, this receptor was named ALX/FPR2 by an international nomenclature committee 

(101). LXA4 binding to ALX/FPR2 is stereoselective, specific and reversible with a Kd ~ 

0.5 nM (102). RvD1 also directly binds to human neutrophils and monocytes with high 

affinity (Kd ~ 0.17 nM) (100). RvD1 binding is displaced by LXA4 (~ 60%) and screening 

assays identified significant bioactivity for RvD1 in cells over expressing ALX/FPR2 

receptors, but not several related GPCRs (e.g. BLT1, BLT2, CB1, GPR-1, FPR, and 

CMKLR-1) (100).

In addition to LXA4 and RvD1, the corticosteroid-induced protein annexin A1 and its N-

terminal peptides can activate ALX/FPR2 (41), representing an evolutionary convergence 

for ALX/FPR2 for counter-regulatory immune actions. Several human leukocyte classes and 

tissue resident cells express ALX/FPR2 (98). This receptor is also expressed in several other 

mammalian species with additional orthologues in mice (103) and rats (104). Myeloid-

targeted transgenic expression of human ALX/FPR2 decreases neutrophil accumulation 

during zymosan-induced peritonitis (105) and eosinophil accumulation in allergic airways 

inflammation (106). In conceptual alignment, ALX/FPR2 deficient mice respond to 

inflammatory challenge with increased acute inflammation and delayed resolution (30). As 

demonstrated earlier in mice, using a self-limited experimental blister model in healthy 

human subjects, leukocyte ALX/FPR2 expression was found to control both the magnitude 

and duration of acute inflammation (107).

ALX/FPR2 receptors are broadly expressed in human cells and tissues, but their expression 

is regulated by several local factors, including inflammatory mediators. Transcription factors 

and epigenetic mechanisms that regulate ALX/FPR2 promoter activity have been 

determined (108). Of interest, LXA4 increases ALX/FPR2 expression by activating its 

promoter in a positive feedback mechanism. This mechanism is relevant to the pathogenesis 

of chronic lung inflammation in severe asthma, as both LXA4 generation and granulocyte 

expression of ALX/FPR2 are decreased (reviewed in (109)). Regarding its translational 

importance to human disease, it is also noteworthy that a single nucleotide polymorphism in 

the ALX/FPR2 promoter was recently described that decreases its activity and is associated 

with increased cardiovascular risk (108). As an aside, some LXs can also interact with the 

cysteinyl LT receptor 1 (CysLT1), with equal affinity as LTD4, to block the actions of pro-

phlogistic CysLT actions (110). In addition, LXA4 can serve as an allosteric inducer of the 

cannabinoid receptor CB1 (111).
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CMKLR1 receptors

The chemokine receptor-like 1 (CMKLR1) receptors were originally defined as receptors for 

the peptide mediator chemerin. In addition to chemerin, RvE1 also binds to CMKLR1 

receptors (51). Using CMKLR1 transfected cells, RvE1 binds in a stereoselective manner 

with high affinity (Kd ~ 11 nM). As anticipated, RvE1 binding to CMKLR1 is displaced by 

chemerin, in particular a synthetic peptide fragment (YHSFFFPGQFAFS) of chemerin 

(112). Several tissues express CMKLR1 receptors, including brain, kidney, cardiovascular, 

gastrointestinal, and myeloid tissues (51). Cellular CMKLR1 expression is most notable in 

innate immune cells (i.e., NK cells, ILCs, macrophages, dendritic cells, and epithelial cells 

(113–115)), and CMKLR1 knockout mice display increased lung inflammation following 

LPS challenge (116).

A second GPCR for RvE1 has been identified (51, 117). In addition to CMKLR1, RvE1 also 

specifically binds to the LTB4 receptor 1 (BLT1) on human neutrophils with high affinity 

with a Kd of ~50 nM. Of note, RvE1 binding to neutrophils is not displaced by chemerin, 

supporting the interaction of RvE1 with receptors in addition to CMKLR1 (117). The 

bioactions of RvE2 are also cell-type specific for leukocytes (52, 53). RvE2 binds to human 

neutrophils with high affinity (Kd ~ 25 nM) and may share receptors, in part, with RvE1 

(52).

DRV1/GPR32 receptors

In addition to ALX/FPR2 receptors, RvD1 binds to GPR32, but not several related GPCRs 

(e.g. BLT1, BLT2, CB1, GPR-1, FPR, and CMKLR-1) (100). RvD1 and its aspirin-

triggered epimer (AT-RvD1) activate GPR32 receptors with similar potencies and EC50 

(20). Because RvD1 and AT-RvD1 directly activate GPR32 receptors, it has been renamed 

as the RvD1 receptor (DRV1) per IUPAC recommendations (118). RvD1 interactions at 

DRV1 are concentration-dependent. Low RvD1 concentrations (~1 nM) block neutrophil-

endothelial cell interactions in a DRV1 dependent manner, whereas high concentrations 

(≥10 nM) are ALX/FPR2 receptor-specific (119). Human DRV1/GPR32 is expressed in 

peripheral blood leukocytes and vascular tissues (100). Because human neutrophils rapidly 

mobilize ALX/FPR2, but not DRV1/GPR32, from secretory granules to cell membranes, 

RvD1’s pro-resolving actions are linked to ALX/FPR2 signaling – findings confirmed with 

ALX/FPR2 receptor knockout mice (119). Together, these findings support a role for RvD1 

interactions with DRV1/GPR32 receptors during physiological responses in homeostasis and 

with ALX/FPR2 receptors to regulate inflammatory responses. Of note, RvD5 can also 

activate DRV1/GPR32 receptors (90).

Protectin D1 receptors

The molecular identification of PD1 receptors has not been established; however, PD1’s 

bioactions are stereoselective and cell type specific, suggesting the presence of one or more 

PD1 receptors. (Neuro)Protectin D1 ((N)PD1) binds to both tissue resident and immune 

cells with a Kd of ~ 30 pmol/mg of cell protein. (N)PD1 free acid had a higher affinity than 

its methyl ester (~74%), and (N)PD1 binding is displaced by unlabelled homoligand (90–

100%), but not structurally related molecules (i.e., 17S-HDHA, LXA4, RvE1). For human 
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neutrophils, there appear to be high and low affinity binding sites (Kd ~ 25 nM and ~ 200 

nM) (120).

6. SPM display cell type specific actions

Because acute inflammation is essential for host defense and survival, there are multiple 

pathways to rapidly engage innate immunity and ignite acute inflammation. It stands to 

reason that it is equally vital to control and resolve this inflammation to protect essential 

tissues from collateral and unnecessary injury. The existence of overlapping cellular pro-

resolving actions for SPM and conservation of signaling pathways emphasize this point. In 

health, the acute inflammatory response resolves in a highly orchestrated manner. With 

maturation of the inflammatory reaction, leukocytes become apoptotic (e.g., cytokine-

induced cell death of neutrophils, activation induced cell death of T cells) and SPM induce 

CCR5 expression as a scavenger for residual pro-inflammatory chemokines (Figure 1). In 

catabasis, macrophage engulfment of these apoptotic leukocytes clears tissues of both 

leukocytes and chemokines. Efferocytosis also leads to SPM generation as a positive 

feedback mechanism and to limit further granulocyte recruitment and activation. In addition 

to these general pro-resolving events, each SPM possesses additional cell type and tissue 

specific activities (reviewed in (121)). Moreover, the sites for SPM biosynthesis, distribution 

of SPM receptors and their signal transduction underlie the selectivity and specificity of 

SPM regulation of inflammation resolution.

Investigators have developed criteria to define SPM that are based on these molecules cell 

type specific actions (4). SPM criteria include (1) generation during resolution, (2) inhibition 

of granulocyte tissue infiltration and activation, (3) induction of macrophage phagocytic 

activity for apoptotic cells and/or microbes, (4) clearance of leukocytes from mucosal 

surfaces and (5) enhanced anti-microbial actions. Molecules that fulfill these criteria are 

assigned to the SPM class – a new genus of endogenous mediators.

SPM influence cell shape change in a cell type specific manner. SPM limit neutrophil 

diapedesis in vitro and in vivo (34, 52, 122, 123). In contrast, SPM initiate macrophage 

shape change for efferocytosis and phagocytic clearance of microbes (21, 124). Additional 

distinct cellular bioactivities include increased macrophage phagocytosis and anti-

inflammatory (IL-10) production and decreased pro-inflammatory cytokine release; 

decreased neutrophil adhesion and reactive oxygen species generation; increased endothelial 

nitric oxide and prostacyclin generation and decreased expression of adhesion receptors and 

pro-inflammatory cytokines; and decreased dendritic cell migration and IL-12 production. 

Recently, 17-HDHA and resolvin D1, but not protectin D1, were demonstrated to strongly 

increase activated human B cell IgM and IgG production (125). The increased antibody 

production was secondary to increased B cell differentiation toward a CD27(+)CD38(+) Ab-

secreting cell phenotype. B cell proliferation was not affected. These findings support an 

adjuvant type impact of some SPM that may be critical to host defense. Sensory neurons and 

microglial cells regulate inflammatory responses and pain and are also targets for SPM (126)

(Figure 1).
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These SPM actions are triggered by specific receptors that initiate pro-resolving signaling. 

In human macrophages, ALX/FPR2 initiates the rapid activation of small GTPases and 

cytoskeletal protein redistribution (127, 128). CMKLR1 receptors in macrophages regulate 

Akt signaling and activation of proteins for phagocytosis (124). RvD1 and RvE1 decrease 

leukocyte adhesion to endothelial cells by decreasing CD11b surface expression (100, 123). 

The impact of SPM on leukocyte shape and migration is evident in single cells using 

microfluidic devices (34, 129, 130).

One intracellular signaling mechanism for SPM regulation of cellular responses in human 

neutrophils is via receptor-mediated inhibition of protein kinase C – βII (PKCβII) 

phosphorylation and activation of polyisoprenyl diphosphate phosphatase 1 (PDP1), a 

pivotal phosphatase for polyisoprenyl diphosphate remodeling (131). Polyisoprenyl 

phosphates are present in resting cell membranes. In neutrophils, soluble stimuli rapidly, but 

transiently, convert presqualene diphosphate (PSDP) into its monophosphate form 

presqualene monophosphate (PSMP) (132). PSDP is a potent inhibitor of phosphoinositol 3-

kinase and phospholipase D, properties not shared by PSMP (133, 134). The phosphatase 

responsible for the rapid conversion of PSDP to PSMP was recently identified as PDP1 

(135, 136). Both PSDP and PDP1 are present in human neutrophils (132, 136), and when 

neutrophils are activated by soluble pro-inflammatory stimuli, there is an increase in 

phospho-PKCβII (131) that can phosphorylate PDP1 and lead to PSDP conversion to PSMP, 

facilitating NADPH oxidase assembly and other functional responses (131). In contrast, the 

SPM 15-epi-LXA4 interacts with ALX/FPR2 receptors to block agonist-triggered PKCβII 

phosphorylation and subsequent PDP1 activation, leading to increased availability of PSDP 

that restrains cellular pro-inflammatory responses (131).

In addition to phospho-regulation of signaling proteins and polyisoprenyl phosphate 

remodeling, SPM signaling induces a specific miRNA signature to regulate gene expression. 

During the resolution of acute peritonitis in mice, miR-21, miR-146b, miR-208a, and 

miR-219 are significantly induced. miR-21 promotes the expression of the anti-

inflammatory cytokine IL-10, and RvD1 induces miR-21, as well as miR-146b, miR-208a, 

and miR-219 (19). RvD1 induction of miR-146 targets the TNF-α-NF-κB axis, a key 

regulatory pathway for inflammation, and its induction of miR-208a downregulates CD14, 

CD40 ligand, prostacyclin receptor, thromboxane A2 receptor, and programmed cell death 4 

(PDCD4), a translational repressor of IL-10, leading to increased anti-inflammatory IL-10 

(19). RvD1 induction of miR-219 regulates CD14 and 5-LOX, a key biosynthetic enzyme 

for both leukotrienes and SPM.

7. SPM and lung inflammation in human disease

Several common lung diseases are characterized by chronic inflammation, including asthma 

and COPD. Why the lung inflammation in these conditions fails to resolve remains a 

mystery. This puzzle is particularly vexing in COPD where some individuals experience 

inflammation for years after tobacco cessation. The last decade’s discovery of resolution 

mediators and mechanisms is shining new light on the pathobiology of these important 

chronic inflammatory diseases and will be the focus of this section. At present, much more 

information is available on the lipoxins than other SPM.
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Lipoxins are present in the respiratory tracts of patients with asthma (137–139), yet lipoxin 

generation is decreased in aspirin-exacerbated respiratory disease (140) and other forms of 

severe or uncontrolled asthma (39, 139). Decreased LX production in uncontrolled asthma is 

attributable, in part, to dysregulated expression of LX biosynthetic genes (reviewed in 

(109)). Decreased formation of LXs in uncontrolled asthma has now been identified in 

geographically dispersed populations of adults and children from several countries, 

including the U.S., Poland, France, Turkey and China. Expression of the LXA4 receptor 

ALX/FPR2 is also dysregulated in asthma (141). In contrast to LXs, leukotriene generation 

is increased in severe asthma (39). CysLTs are the most potent bronchoconstricting 

molecules and their actions are blocked by lipoxins (110). Not surprisingly, peripheral blood 

levels of LXA4 and the ratio of LXA4/CysLTs positively correlate with lung function (FEV1 

percent predicted values) (39, 137), and inhaled LXA4 can protect asthmatic subjects from 

CysLT-initiated bronchoprovocation challenge in asthmatic individuals (142).

In addition to AA (C20:4), the airway mucosa is enriched with DHA (C22:6) (143) and 

mucosal levels of DHA are decreased in asthma and cystic fibrosis (143). Both 17S-HDHA 

(17S-hydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid) and PD1 are detectable in 

exhaled breath condensates from healthy human subjects (144). Similar to LXs in 

uncontrolled asthma, PD1 levels also decrease during acute exacerbations of asthma (144). 

Using a murine model of allergic airways responses, PD1 (2 – 200 ng) given intravenously 

prior to aeroallergen challenge markedly suppresses airway hyperreactivity to methacholine, 

mucous metaplasia, lung eosinophil accumulation and pro-inflammatory cytokine and lipid 

mediator release (144). Moreover, PD1 also mediates pro-resolving actions on established 

pulmonary inflammation when given after allergen challenge, leading to significantly 

expedited resolution of allergic airway inflammation (144). Because PD1 mediates 

bronchoprotective actions in this murine experimental model of allergic asthma in vivo, a 

decreased capacity to generate PD1 would be predicted to lead to a resolution defect for 

airway inflammation in these unstable asthmatic individuals (144). In addition to asthma, 

defective LX generation has also been described in the chronically inflamed airways of 

patients suffering from cystic fibrosis and interstitial lung disease (38, 145). Together, these 

results indicate that SPM are generated during airway inflammatory responses and decreased 

SPM levels contribute to asthma pathobiology.

Resolvin E1 and RvD1 have potent anti-inflammatory and pro-resolving actions in a number 

of murine models of inflammation and are bioactive in very low concentrations (picomolar 

to nanomolar) in vivo and in vitro (5). RvE1 and RvD1 dampen the development and 

promote the resolution of allergic airway responses in a murine experimental model of 

asthma (16, 22, 146–148). RvE1 decreases eosinophil and lymphocyte accumulation and 

airway mucous metaplasia and improves airway hyper-responsiveness to inhaled 

methacholine (22). During resolution of allergic inflammation, RvE1 rapidly decreased IL-6, 

IL-17 and IL-23 in the lung while increasing IFN-γ and LXA4 formation (22). RvE1-

mediated inhibition of IL-17 was additive with LX-mediated decreases in this cytokine; 

however, only RvE1 and not LXA4 regulated IL-23 and IFNγ levels (22). These findings 

support the presence of independent pro-resolving signalling circuits for RvE1 and LXA4 

that converge on the regulation of IL-17 to hasten catabasis.
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Distinct from the pathologically sustained immune responses in asthma, murine 

experimental models of allergic airway responses are self-limited in what were healthy mice 

prior to manipulation. To determine natural resolution mechanisms, the study of this 

model’s late resolution phase has uncovered an unanticipated pro-resolving role for NK cells 

(16). NK cell phenotype and trafficking to draining mediastinal lymph nodes is temporally 

regulated during resolution in a CXCL9-CXCR3 (ligand-receptor) dependent manner (16). 

Depletion of NK cells delays resolution, including responses to RvE1 as NK cells express 

CMKLR1 receptors (16). These findings indicate new functions for NK cells in promoting 

resolution of adaptive immune responses and suggest that NK cells are targets for SPM for 

clearance of eosinophils and activated T cells from inflamed lung. RvD1 and AT-RvD1 also 

display pro-resolving roles in the murine model of allergic airway responses (148). Of 

interest, AT-RvD1 was more stable with increased bioactivity in vivo than RvD1. AT-RvD1 

potently regulated NF-κB and macrophage phagocytic clearance of allergen during 

resolution (148). No published reports are currently available for RvE1 or RvD1 in human 

asthma.

To translate these murine findings to human asthma, roles for NK cells and the related 

innate lymphoid cell (ILC) family members type 2 ILCs (ILC2s) in asthma were recently 

determined (15). NK cells and type 2 ILCs were identified in peripheral blood by FACS 

from healthy and asthmatic subjects. NK cells were highly activated in severe asthma, 

related to eosinophilia and when incubated with autologous eosinophils or neutrophils 

induced their apoptosis (15). In addition, peripheral blood ILC2s were identified and 

isolated by FACS. ILC2s released IL-13 in response to receptor-mediated stimuli, including 

IL-25, IL-33 and PGD2. Both NK cells and ILC2s expressed ALX/FPR2 and CMKLR1 

receptors, and LXA4 increased NK cell-mediated eosinophil apoptosis and decreased ILC2 

production of IL-13 (15). These findings assign critical roles to ILCs in asthma pathobiology 

and identify ILCs as SPM targets to decrease early (ILC2) and late (NK cell) asthmatic 

airway inflammatory responses.

Distinct from the dysregulated AA (C20:4) metabolism in severe asthma that favors LTs and 

under-produces LXs, these families of eicosanoids are coordinately biosynthesized in COPD 

(31, 139). Of interest, the chronic and corticosteroid-refractory inflammation in COPD after 

smoking cessation is linked to inhibition of LX signaling at ALX/FPR2 receptors (31). In 

addition to ALX/FPR2 counter-regulatory ligands LXA4, RvD1, their epimers and Annexin 

A1 peptides, these interesting receptors can also interact with ligands that initiate a pro-

inflammatory response. The acute phase reactant protein serum amyloid A (SAA) stimulates 

lung epithelial IL-8 release and neutrophil activation in an ALX/FPR2-dependent manner 

(31, 149). SAA is a pro-inflammatory mediator in the lung that is markedly increased in 

COPD exacerbations. It is produced locally by pulmonary macrophages, in response to 

diverse innate stimuli (31). Both LXA4 and 15-epi-LXA4 can inhibit SAA actions at ALX/

FPR2 via allosteric interaction, but the very high levels of SAA in COPD overwhelm this 

counter-regulatory mechanism. In this manner, SAA can commandeer naturally pro-

resolving signaling circuits for pro-inflammatory responses. In addition, corticosteroids, the 

most commonly used anti-inflammatory drug for airway mucosal inflammation, increases 

SAA expression and production. Together, these findings support the notion that 15-epi-

Levy and Serhan Page 15

Annu Rev Physiol. Author manuscript; available in PMC 2015 January 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



LXA4, if present in large enough amounts, can ameliorate the steroid-refractory chronic 

inflammation from SAA over-production in COPD and its exacerbations. Since bioactive 

stable analogs of 15-epi-LXA4 have been prepared and proven efficacious in murine models 

of lung inflammation (150) and human infantile eczema (45), these translational findings 

suggest a clinical indication for LX stable analogs in COPD.

8. Summary and Conclusions

In health, acute inflammatory responses in the lung are a near daily response that swiftly 

resolve. Most respiratory pathogens and respirable noxious stimuli elicit an acute 

inflammatory response that resolves. This immune response is vital for host defense, but it is 

equally important that the lung’s inflammatory response resolves in a timely manner. If 

unrestrained, ARDS can develop. If acute inflammation becomes chronic, then asthma or 

COPD can develop. Healthy resolution of inflammation is an active process that programs 

specific signals and cellular mechanisms to control the intensity and duration of acute 

inflammation. SPM, which include the tissue dependent production of lipoxins, resolvins, 

protectins and maresins, comprise an essential component of the host’s resolution program 

that is governed by local mediators. SPM are rapidly formed and rapidly inactivated to serve 

as local autacoids to influence cellular responses. Lipoxins were the first members of the 

SPM family to be discovered. This class of mediator now comprised of several new families 

enzymatically derived from n-3 PUFA, including E-and D-series resolvins, 

(neuro)protectins, and maresins. SPM bioactions are stereospecific, receptor-mediated, and 

potent (pico- to nanogram amounts). SPM actions are also cell type specific, including some 

redundant actions for key cell types, such as neutrophils, macrophages and endothelial cells. 

In health, resolution proceeds in a highly orchestrated manner; however, defects in the 

resolution program can lead to chronic inflammation, which has been linked to the 

pathobiology of human lung disease. Resolution defects can result from decreased SPM 

formation, inhibition of SPM sites of action and perhaps genetic variation in the proteins that 

command the biosynthesis and actions of SPM. Identification of the mediators and 

mechanisms underlying resolution is opening up new fields of study, new insights into 

pathobiology and potential new pro-resolving therapeutic approaches to diseases 

characterized by excess or chronic inflammation.
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AcronymsKey Terms

ATL aspirin-triggered lipoxin

AT-PD1 aspirin-triggered protectin D1 (10R, 17R-dihydroxy-docosa-4Z, 7Z, 

11E, 13E, 15Z, 19Z-hexaenoic acid)

AT-RvD1 aspirin-triggered-resolvin D1 (7S, 8R, 17R-trihydroxy-docosa-4Z, 9E, 

11E, 13Z, 15E, 19Z-hexaenoic acid)
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AT-RvD2 aspirin-triggered-resolvin D2 (7S, 16R, 17R-trihydroxy-docosa-4Z, 8E, 

10Z, 12E, 14E, 19Z-hexaenoic acid)

AT-RvD3 aspirin-triggered-resolvin D3 (4S, 11R, 17R-trihydroxy-docosa-5E, 7E, 

9E, 13Z, 15E, 19Z-hexaenoic acid)

AT-RvD4 aspirin-triggered-resolvin D4. (4S, 5R, 17R-trihydroxy-docosa-6E, 8E, 

10Z, 13Z, 15E, 19Z-hexaenoic acid)

COX-2 cyclooxygenase-2

DHA docosahexaenoic acid

EPA eicosapentaenoic acid

GPCR G protein-coupled receptor

LC-UV-
MS/MS

liquid chromatography-ultraviolet spectrometry-tandem mass 

spectrometry

LOX lipoxygenase

LTB4 leukotriene B4 (5S, 12R-dihydroxy-eicosa-6Z, 8E, 10E, 14Z-tetraenoic 

acid)

LXA4 lipoxin A4 (5S, 6R, 15S-trihydroxy-eicosa-7E, 9E, 11Z, 13E-tetraenoic 

acid)

MaR1 maresin 1 (7R,14S-dihydroxy-4Z,8E,10E,12Z,16Z,19Z-docosahexaenoic 

acid)

NF-κB nuclear factor kappa B

PD1 protectin D1 (10R, 17S-dihydroxy-4Z, 7Z, 11E, 13E, 15Z, 19Z-

docosahexaenoic acid)

PUFA polyunsaturated fatty acid

RvD1 resolvin D1 (7S, 8R, 17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E, 19Z-

docosahexaenoic acid)

RvD2 resolvin D2 (7S,16R,17S-trihydroxy-4Z,8E,10Z,12E,14E,19Z-

docosahexaenoic acid)

RvD3 resolvin D3 (4S, 11R, 17S-trihydroxy-5Z, 7E, 9E, 13Z, 15E, 19Z-

docosahexaenoic acid)

RvD4 resolvin D4 (4S, 5, 17S-trihydroxy-6E, 8E, 10Z, 13Z, 15E, 19Z-

docosahexaenoic acid)

RvE1 resolvin E1 (5S,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-

eicosapentaenoic acid)

RvE2 resolvin E2 (5S,18R-dihydroxy-6E,8Z,11Z,14Z,16E-eicosapentaenoic 

acid)
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RvE3 resolvin E3 (17R,18S-dihydroxy-5Z,8Z,11Z,13E,15E-eicosapentaenoic 

acid)

Anti-inflammation Inhibition of the cardinal signs of inflammation; can be 

immunosuppressive; Anti-inflammation is not the same as pro-

resolution

Catabasis the return from the battle field of acute inflammation to a normal 

state; the process of terminating the local acute inflammatory 

response and stimulating resolution with the reversion of the tissue 

from pathology to homeostasis.

Efferocytosis The process of removing dying or dead cells by phagocytosis, most 

commonly performed by macrophages.

Exudate A fluid that has exuded out of the vasculature into inflamed or 

injured tissues; composition is variable but generally includes 

plasma proteins and lipids and, in some cases, cells from the 

circulation, including red blood cells, platelets and white blood 

cells.

Homeostasis The active process of regulating the body’s internal environment to 

maintain a stable, relatively constant condition; maintenance of 

healthy function

Immunoresolvents Agents that stimulate resolution

Pro-resolution Activation of endogenous resolution mechanisms; differs from anti-

inflammation by the additional enhancement of anti-microbial host 

defense and clearance of cellular debris and apoptotic leukocytes
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Summary Points

General

1 Resolution of acute, self-limited inflammation is an active process with 

recently identified specific cellular and molecular events.

2 Specialized pro-resolving mediators are enzymatically derived from essential 

polyunsaturated fatty acids, including AA as well as the omega-3 fatty acids 

EPA and DHA (from diet) that are precursors to lipoxins, resolvins, 

protectins and maresins.

3 Pro-resolving mediators interact with specific receptors to regulate cellular 

and tissue responses.

4 Criteria for pro-resolving mediators include their cessation of granulocyte 

recruitment and activation, counter-regulation of pro-inflammatory mediators 

(prostaglandins, leukotrienes, cytokines, chemokines) and stimulation of 

macrophage efferocytosis and phagocytosis of bacteria.

Lung-Specific

5 Innate lymphoid cells are a recently identified target for pro-resolving 

mediators to regulate lung inflammation.

6 Uncontrolled asthma is associated with a defect in pro-resolving mediator 

generation.

7 Chronic inflammation in COPD can result from over-production of serum 

amyloid A that interacts with ALX/FPR2 receptors to directly promote 

inflammation and inhibit pro-resolving mediator signaling.
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Figure 1. SPM promote the resolution of tissue inflammation and limit further leukocyte 
recruitment
With the initiation of acute inflammation, circulating leukocytes are recruited from the 

microcirculation to tissues to respond to an invading pathogen, organ injury or a noxious 

stimulus. To prevent excess inflammation and collateral injury of healthy tissue, there are 

several mechanisms to restrain the inflammatory response, some of which are illustrated 

here. With source control, neutrophils (cytokine- or NK cell-induced) and T-cells 

(activation-induced) undergo apoptosis. SPM increase apoptotic leukocyte expression of 

CCR5 that serves an important pro-resolving role as a chemokine scavenger. Macrophage 

efferocytosis of CCR5-expressing apoptotic leukocytes effectively clears the cellular debris 

and pro-inflammatory chemokines and concomitantly initiates the generation of SPM that 

also limit further leukocyte recruitment, activation and maturation. These cellular events are 

pivotal to the termination of acute inflammation.
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Figure 2. Anti-inflammation and pro-resolution are not synonymous
In response to allergic inflammation in the lung, SPM display both anti-inflammatory and 

pro-resolving actions. The terms – anti-inflammatory and pro-resolving – do not have 

identical meaning. Anti-inflammation can lead to immunosuppression that increases the 

host’s susceptibility to infection. Pro-resolution enhances host defense, in part by catabasis; 

returning inflamed tissue to homeostasis. For SPM, anti-inflammatory properties include 

blocking granulocyte further recruitment and activation, inhibition of T-cell and ILC2 

cytokine release, decreasing vascular permeability and dampening reactive oxygen species 

generation. Pro-resolving activities include stimulating epithelial reconstitution, inducing T-

cell apoptosis, increasing NK cell-mediated leukocyte apoptosis, augmenting B cell 

differentiation and antibody generation, promoting macrophage efferocytosis and 

phagocytosis, counter-regulating pro-inflammatory mediators and decreasing CNS 

microglial cell and peripheral sensory neuron activation.
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Figure 3. Biosynthesis of specialized pro-resolving mediators (SPM) from polyunsaturated fatty 
acids
Specialized pro-resolving mediators (SPM) are enzymatically derived from host essential 

fatty acids, including arachidonic acid (C20:4n-6), eicosapentaenoic acid (C20:5n-3) and 

docosahexaenoic acid (C22:6n-3). In a lipoxygenase (LOX) dependent manner, these 

polyunsaturated fatty acids are converted to families of SPM as indicated. SPM are 

stereoselective and representative structures of family members with the complete 

stereochemical assignment established are shown. For additional details, see reference (9).
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Figure 4. Transcellular biosynthesis of SPM occurs via airway neutrophil-epithelium 
interactions
Transcellular biosynthesis of SPM provides a collaborative opportunity for two cell types to 

generate mediators together that neither cell type alone can efficiently produce. For 

example, arachidonic acid (AA) can be released from cell membranes for conversion by 15-

LOX to 15S-HETE that is transferred to neutrophils for subsequent transformation by 5-

LOX to an unstable epoxytetraene intermediate that hydrolases can convert to LXA4 and 

LXB4. Depicted as unidirectional, lipoxin biosynthesis can proceed bidirectionally with 

neutrophil 5-LOX conversion of AA to leukotriene A4 followed by release and 

transformation to lipoxins by epithelial 15-LOX. Protectin D1 does not require cell-cell 

interactions for its generation by 15-LOX catalyzed conversion of DHA via an epoxide-

containing intermediate.
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Figure 5. Aspirin-triggered biosynthesis of epimer resolvins
Aspirin (ASA) acetylated cyclooxygenase-2 (COX-2) is not catalytically inactive. Rather, 

aspirin-acetylated COX-2 can convert DHA to 17R-HDHA that can be transferred to 

leukocytes for subsequent transformation by 5-LOX to 17-epi-resolvins, including 17-epi-

RvD1. These aspirin-triggered resolvins are epimers of the 15-LOX-derived 17S D-series 

resolvins.
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