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Abstract 

Deciphering the origins of chronic inflammatory and autoimmune diseases remains elusive 

with reliance on therapies aimed at halting inflammation in its tracks. In recent years, an 

appreciation of targeting pathways by which inflammation is resolved are beginning to pique 

interest. Resolution of inflammation is driven by a complex set of mediators that regulate 

cellular events required to clear inflammatory cells from sites of infection or injury to restore 

tissue function. However, recent studies suggest that resolution is not the end of innate 

mediated immune responses to infection/injury. There is further immunological activity 

occurring after the resolution cascade is complete that alters the immune physiology of tissues, 

redefining what was once termed restorative homeostasis as ‘adapted homeostasis’. 
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Acute and chronic inflammation 

 

Activation of an acute inflammatory response is a fundamental requirement to eradicate threats 

to the host organism such as bacterial or viral infections. Initiation of inflammation, the 

manifestation of infection or injury, is mediated by resident immune cells via pathogen 

recognition receptors (PRRs) such as toll-like receptors (TLRs) [1], leading to the synthesis of 

soluble mediators such as pro-inflammatory cytokines which activate downstream pro-

inflammatory signalling pathways [2]. Concomitantly, upregulation of cell adhesion molecules 

on circulating leukocytes and endothelial cells promotes the influx of granulocytes and 

mononuclear phagocytes from the blood. Upon arrival, granulocytes such as neutrophils 

primarily function to phagocytose and eliminate tissue debris and microorganisms through 

distinct intracellular mechanisms such as the production of reactive oxygen species (ROS) 

including hydrogen peroxide, superoxide anion and hydroxyl radical, and/or extracellular 

mechanisms via the release of neutrophil extracellular traps (NETS) [3].  

Uncontrolled inflammation is a key player in the pathogenesis of a myriad of chronic diseases 

including rheumatoid arthritis (RA) [4], systemic lupus erythematosus (SLE) [5] and chronic 

granulomatous disease (CGD), a primary immunodeficiency affecting phagocytes leading to  

greatly increased susceptibility to severe bacterial and fungal infections [6, 7]. Over the past 

50 years, research has focused on understanding the mediators that cause chronic inflammatory 

responses in order to treat these diseases, predominantly aiming to inhibit the synthesis or 

action of mediators that drive inflammation using drugs including non-steroidal anti-

inflammatory drugs (NSAIDs) and anti-cytokine therapies such as anti-tumour necrosis factor 

α (anti-TNFα). However, recent years have seen an increased interest on the other end of the 

inflammatory spectrum – the resolution process, a critical requirement for the inflammatory 

response to switch off – aiming to develop drugs which drive pro-resolution pathways. 
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Importantly, recent studies of immune responses during acute inflammation suggest that 

resolution is not the end of innate mediated immune responses to infection or injury, but that 

there is further immunological activity occurring after the resolution cascade is complete that 

alters the immune physiology of tissues post injury. This review discusses resolution processes 

and recent developments surrounding this emerging concept of post-resolution immune activity 

and its implication in the development of chronic inflammatory and autoimmune conditions. 

  

Resolution of acute inflammation 

Resolution is the process responsible for switching inflammation off and was traditionally 

characterised as a passive process [8, 9]. However, recent years have produced numerous 

studies stating that resolution is, in fact, an active process, characterised by a sequence of events 

coordinated by a complex set of mediators (table 1) that regulate cellular events required to 

clear inflammatory cell from sites of infection or injury to restore tissue function [10].  

Elimination of inciting stimulus 

For effective resolution of acute inflammation, the inciting stimulus must be eliminated, for 

example in the case of bacterial infection the removal of the pathogen facilitates the initiation 

of resolution. Failure to do so leads to the development of chronic inflammation as is 

demonstrated in chronic granulomatous disease (CGD). CGD is characterised by a failure of 

the phagocytic NADPH oxidase to generate reactive oxygen species [7]. This results in failure 

to kill a specific spectrum of bacteria, particularly those that are catalase-positive such as 

Staphylococcus aureus (S. aureus), Klebsiella species, Listeria species and Escherichia coli 

(E. coli), and also  fungi such as the Aspergillus and Candida species [11]. This leads to the 

development of hyperinflammation and widespread formation of granulomas, compact 

collections of inflammatory cells, predominantly mononuclear phagocytes such as 
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macrophages. [6, 7]. Similarly, in Mycobacterium tuberculosis infection, failure to clear the 

bacteria from the lung tissue results in persistence for decades and the development of chronic 

mycobacterium driven granulomatous disease  [12, 13]. 

Dampening pro-inflammatory signals 

It is reasonable to expect that the signalling pathways that trigger the release of pro-

inflammatory mediators must be turned off in order to prevent the development of over-

exuberant inflammation [14]. For example, TLR signalling leading to the activation of the 

transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), for 

example, results in the production of TNFα [15], a cytokine that is routinely targeted in 

therapies for patients with chronic inflammatory conditions such as rheumatoid arthritis (RA) 

[16]. TLRs consist of three domains which are vital for their function. These include (1) an 

extracellular ectodomain containing leucine rich repeats (LRRs), this domain facilitates the 

detection of conserved structures of pathogens called pathogen-associated molecular patterns 

(PAMPs), (2) a transmembrane segment, and (3) an intracellular Toll-interleukin (IL)-1 

receptor (TIR) domain, which interacts with downstream adaptors or signalling proteins [17]. 

Leucine Rich Repeat Containing 33 (LRRC33) is a TLR homolog that lacks a TIR domain, but 

instead contains a short cytoplasmic tail of 21 amino acids. LRRC33 contains an extracellular 

domain with 17 LRRs, which directly interacts with TLRs in order to restrain inflammatory 

responses. LRRC33-TLR interactions inhibit NF-κB activation and cytokine production 

mediated by various TLR ligands including peptidoglycan (PGN) for TLR2, 

lipopolysaccharide (LPS) for TLR4 and bacterial DNA for TLR9 [18].  Thus, several 

regulatory mechanisms exist to facilitate the dampening of pro-inflammatory signalling. 
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Pro-inflammatory mediator catabolism 

Once pro-inflammatory signalling pathways are dampened, the next phase of resolution 

involving pro-inflammatory mediator catabolism takes place. It is important that levels of 

cytokines, chemokines, eicosanoids, cell adhesion molecules, etc. are regulated to avoid 

chronic inflammatory responses. Prostaglandins (PGs) for instance are catabolised via the 

oxidation of the 15(S)-hydroxyl group by a 15-hyroxyPG dehydrogenase, which metabolises 

E-series PGs, lipoxins (Lxs), 15-HETE, 5, 15-diHETE and 8, 15-diHETE to the corresponding 

15-keto compound [19]. The second step involves the reduction of the Δ13 double bond by an 

NADPH/NADH dependent Δ13-15 ketoPG reductase. Some PGs are further catabolised via 

the beta-oxidation pathway i.e via the carboxyl end of the molecule, leading to the formation 

of short chain metabolites, which are excreted in the urine.  

Another family of mediators requiring negative regulation during resolution are chemokines 

(Table 2). Chemokines are produced in abundance during onset of inflammation and initiate 

leukocyte migration to the affected tissue [20]. To attain a resolving environment, chemokine 

cleavage and sequestration are necessary to stop further neutrophil influx. Neutrophils are 

mobilised to the site of inflammation during onset via a chemotactic gradient, where they 

generate an abundance of proteases and reactive oxygen species (ROS) which allow for rapid 

killing of phagocytosed pathogens [21, 22]. These toxic molecules can also damage host tissue 

following their release, thus it is important that neutrophils are cleared from the tissue in order 

to prevent further damage [23]. Matrix metalloproteinase (MMP)– dependent chemokine 

cleavage results in the cleavage of CXC family chemokines. The CXC or Alpha chemokines 

are characterised by the separation of the first two cysteine residues in the amino acid sequence 

by one amino acid (C-X-C). This family primarily acts on neutrophils as chemoattractants, for 

example CXCL8, or IL-8, is a major chemoattractant for neutrophils during the onset of 

inflammation. MMPs cleave CXC chemokines at an ELR motif, which is crucial for interaction 
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with G protein-linked transmembrane receptors (GPCRs) called chemokine receptors, that are 

found selectively on the surfaces of target cells, for instance, CXCR1 expression on the surface 

of neutrophils [24, 25]. Without an active receptor binding site, the chemokine can no longer 

recruit neutrophils, thus, preventing further neutrophil chemotaxis.  

Dampening of leukocyte recruitment at inflammatory sites can also be mediated a group of 

recently discovered chemokine receptors termed “silent” or “decoy” receptors. This groups 

includes D6, DARC and CCX-CKR, which are defined as non-signalling receptors that prevent 

cell chemoattraction through competition with other signalling receptors for chemokines. The 

D6 chemokine decoy receptor is expressed on the lymphatic endothelium and is structurally 

similar to CCR4 and CCR5 [26, 27]. Here, it competes and binds to members of the 

inflammatory CC or beta chemokine family (CCL2, CCL3, CCL4, CCL5 etc.) [28]. Beta 

chemokines are characterised by two adjacent cysteines (C-C) and predominantly chemoattract 

monocyte and macrophage populations to sites of inflammation. Once bound, D6 actively 

internalises the entire ligand-receptor complex through clathrin-coated pits where the 

chemokine is then targeting for degradation. D6 is then recycled back to the cell membrane. 

[29] 

Thus, endogenous systems exist to facilitate pro-inflammatory signalling cessation leading to 

pro-inflammatory mediator clearance. Such mechanisms terminate neutrophil infiltration 

thereby preventing further pro-inflammatory processes driven by persistent neutrophilia.   

 

Efferocytosis 

Effective resolution not only requires cessation of neutrophil recruitment but also removal of 

emigrated neutrophils from the site of inflammation to limit their potentially harmful actions 

[30]. Apoptosis represents a highly organised form of programmed cell death which results in 
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extensive blebbing of the plasma membrane followed by destructive fragmentation of the 

nucleus and separation of cell fragments into apoptotic bodies during a process called 

“budding”. The integrity of the apoptotic body is maintained with all organelles enclosed 

within an intact plasma membrane thereby preventing the release of cytotoxic agents into the 

surrounding environment [31]. For appropriate clearance, apoptotic cells must be taken up by 

phagocytes in a process known as efferocytosis [32]. The specific recognition of an apoptotic 

cell or apoptotic bodies depends on changes in the expression of cell surface molecules [33]. 

During apoptosis, the dying cell upregulates expression of various ‘eat-me’ signals. ‘Eat-me’ 

signals are exposed or released by apoptotic cells to trigger phagocytic uptake, such ‘eat-me’ 

signals include phospholipids, nucleotides and phosphatidylserine (PtdSer) [34]. Cell surface 

expression of PtdSer is the most universally documented alteration on the surface of apoptotic 

cells. PtdSer is normally confined to the inner leaflet of viable cells via flippases which 

establish asymmetrical phospholipid localisation by transporting PtdSer from the outer to the 

inner leaflet of the lipid bilayer. However, during apoptosis PtdSer is enriched on the exofacial 

side of the membrane of apoptotic bodies due to the activation of caspases, for instance the 

intrinsically, cytochrome c/Apaf-1, activated caspase 9, leading to the activation of the effector 

caspases 3 and 7. These effector caspases simultaneously cleave and inactivate the flippase 

ATP11C, and activate the scramblase xkr8. Activation of scramblases such as xkr8 allows for 

the bidirectional transport of phospholipids in the plasma membrane resulting in surface 

expression of PtdSer [35]. Multiple distinct receptors on the surface of macrophages can bind 

to PtdSer [36], such as members of the T cell/transmembrane, immunoglobulin, and mucin 

(TIM) family [37, 38]. The TIM family consists of eight members (TIM 1-8) [39], from which 

TIM-1, TIM-3 and TIM-4 have been demonstrated to be specialised for the recognition of 

PtdSer but differ in expression [38]. TIM-4 is exclusively expressed on antigen-presenting cells 

and plays a key role in mediating phagocytosis of apoptotic cells [38]. Once bound to TIM-4, 
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PtdSer is tethered to the surface of the phagocyte. Tethering allows for the binding of soluble 

proteins such as protein S/Gas6 or FG-E8 which activate their receptors; MerTK or integrin 

respectively, resulting in Rac1 activation and actin polymerization. Collectively, these signals 

result in apoptotic cell engulfment by phagocytes such as macrophages. 

The uptake of apoptotic neutrophils triggers the conversion of the pro-inflammatory 

phagocytosing macrophage to an anti-inflammatory, immune regulatory or pro-resolution 

phenotype [40]. This ‘polarisation’ is important to maintain tolerance both locally and in the 

draining lymphoid organs to limit potential collateral tissue damage [41]. This pro-resolution 

phenotype is characterised by the upregulation of co-inhibitory molecules such as PDL1 and 

ICOS ligand along with the upregulation of an anti-inflammatory gene transcription 

programme resulting in the release of anti-inflammatory cytokines such as IL-10 and TGFβ, 

the secretion of PCNA-associated factor, PGE2 and cAMP [40, 42]. Macrophages that have 

ingested apoptotic cells also release specialised pro-resolving lipid mediators (table 1) such as 

RvE1, protectin D1 and maresin, contributing to termination of the inflammatory process [43, 

44] Thus, efferocytosis is not only required for elimination of apoptotic neutrophils but also 

for generating an anti-inflammatory macrophage phenotype conducive to resolution. 

Failure of efferocytosis has been proposed to be involved in SLE, in which individuals develop 

autoantibodies due to a failure to clear apoptotic bodies. It is hypothesised that defects in 

apoptotic cell clearance could lead to the accumulation of apoptotic bodies which harbour the 

immunogens responsible for antinuclear antibody formation [5, 45]. Defective efferocytosis 

has also been implicated in the development of many other chronic inflammatory and 

autoimmune diseases including chronic obstructive pulmonary disease (COPD) [46], asthma 

[47], RA [48], atherosclerosis [49] and glomerulonephritis [50]. 
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Impaired resolution pathways are implicated in the development of a myriad of inflammatory 

and autoimmune diseases, thus it is clear that inflammatory resolution may be a key target for 

the development of therapeutics. 

 Specialised pro-resolving mediators (SPMs) 

Many effective anti-inflammatory treatments are readily available on the market, including 

NSAIDs, anti-cytokine therapies and steroids. However, switching off the underlying disease 

process is much more challenging. With increased focus on elucidating inflammatory 

resolution pathways, it now stands that diseases driven by ongoing inflammation could be 

treated by activating or enhancing these pathways rather than simply stopping inflammation in 

its tracks. 

Specialised pro-resolving mediators (SPMs), represent a subset of lipids that have a powerful 

effect on reducing inflammation via enhancement of pro-resolution pathways (table 1). 

Resolving inflammatory exudates use omega-3 fatty acids to produce structurally distinct 

families of signalling molecules – resolvins, protectins and maresins. SPMs exert their pro-

resolving functions as molecular signals via specific receptors. For example, the GPCR 

leukotriene B4 receptor 1 (BLT1) which is expressed primarily on leukocytes [51], is a high 

affinity receptor for leukotriene B4 (LTB4,) during inflammation. LTB4 is a product of 

arachidonic acid (AA) metabolism, synthesised by the sequential actions of 5-lipoxygenase (5-

LO) and leukotriene A4 hydrolase (LTA4H) [52]. LTB4 is a potent chemoattractant for 

neutrophils and a key player in the initiation of inflammation [53].  However, during resolution 

BLT1 directly interacts with the eicosapentaenoic acid (E-series) derived resolvin E1 (RvE1), 

a key lipid in the SPM family. This leads to attenuation of pro-inflammatory signals by LTB4 , 

inhibiting neutrophil infiltration and degranulation in the affected tissue  [54].  Additionally, 

SPMs also play a role in enhancing efferocytosis during the resolution of acute inflammation. 
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Resolvin D1 (RvD1) signalling through GPR32 or AXL/FPR2 in human monocytes, for 

example, stimulates a phagocytic response, enhancing macrophage efferocytosis of apoptotic 

cells [55]. 

Hastening resolution via pro-resolving pathways has traditionally been thought to lead to 

incomplete clearance of the original trigger, particularly in the context of ongoing infections 

[56]. However, SPMs have also been shown to enhance cellular anti-microbial function in 

addition to their pro-resolving functions. For example, the chemokine-like receptor 

(ChemR23)-RvE1 axis stimulates macrophage phagocytosis of invading pathogens via 

phosphoinositide 3-kinase (PI3K)/Akt  and Raf/extracellular signal-regulated kinase (ERK) 

pathways phosphorylation of ribosomal protein S6, a downstream target [54, 57, 58].  

Clinically the mainstay for treatment of acute bacterial infections involves the use antibiotics, 

in light of the ever-growing threat of antibiotic resistance SPM enhancement of cellular anti-

microbial function represent a potential target for the development of new anti-infective 

therapeutics. 

The identification of SPMs as novel bioactive products and their role in regulating both early 

(neutrophil recruitment) and late responses (macrophage efferocytosis) represents a key target 

for the development of pharmacological resolution – directed interventions which aim to 

activate and accelerate endogenous resolution processes. Utilising such interventions, and with 

their exhibited anti-microbial functions, SPMs represent an exciting strategy, providing new 

ways to control inflammation and its potentially harmful side effects, mainly tissue damage 

and injury. 

 

New insights into immune activity after resolution  
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Resolution is typically defined as a tightly regulated process that restores tissue homeostasis 

and prevents the development of chronic disease [59]. Recent studies however introduce an 

alternative model in which resolution is not the end of immune responses to infection/injury, 

but that there is immunological activity occurring after the resolution cascade is complete that 

alters the immune physiology of the affected tissue post injury. 

It has been demonstrated that even after the inciting stimulus has been removed and resolution 

processes have dampened pro-inflammatory signals and cleared the traditional innate type 

leukocytes, there is continued immunological activity occurring at the subclinical level. Using 

a model of resolving murine peritonitis induced by low-dose yeast cell extract, zymosan, or by 

bacterial infection with Streptococcus pneumoniae, elicited a hitherto overlooked second wave 

of leukocyte infiltration into the tissue that persisted for months [60]. Polychromatic flow 

cytometric analyses revealed these cells comprise distinct separate populations of innate 

immune cells including CD11b+/CD49+/CD115+/MHC-II+ myeloid derived suppressor cells 

(MDSCs), F-480lo/MHC-II+/CD11c+ dendritic cells (DCs) and F4-80int/CD11bhi/CD11c- 

macrophages [60]. Cells of lymphoid lineage were also found to appear in the tissue post-

resolution with natural killer (NK) cells peaking in number from days 9-14 and declining 

thereafter, a pattern similar was displayed by both CD4+ and CD8+ T cell populations [61].  

These diverse populations were observed alongside expansion of the lymph nodes which were 

found to contain blood Ly6Chi monocyte derived dendritic cells as well as memory T and B 

lymphocytes from blood peritoneal origins.  

These data showing immune activity post resolution are supported by a variety of studies. Da 

Fonseca et al. [62] observed that following clearance of Yersinia pseudotuberculosis infection 

in mice, innate immune cells, particularly DCs accumulated in the adipose tissue. Importantly, 

following resolution of the infection there were prolonged defects in the physical integrity of 



 12

the gut-draining lymphatics, highlighted by leakage of the fluorescent long-chain fatty acid, 

Bodipy FL C16. This defect was sustained up to 10 months post-infection. Additionally, 

interruptions in the molecular and cellular interactions between the gut and mesenteric lymph 

nodes (MLN), led to impaired mucosal immune responses that persisted for 42 weeks in mice 

including reduced generation of regulatory T cells (Tregs), decreased Th17 induction and pro-

longed increased production of pro-inflammatory cytokines such as IL-1β and TNFα indicating 

a shift toward type-1 immunity [62]. Additionally, Collins et al. reported that infection with 

herpes simplex virus (HSV)-1 of mice leads to infiltration of CCR2-dependent cells in the skin 

peaking at day 7 post-infection, a time that coincides with viral clearance. Subsequently there 

were elevated numbers of DCs and macrophages locally, twofold and fourfold respectively, 30 

days post-inflammation when compared with unaffected regions. The numerical increase in 

localised DC and macrophage populations was observed for at least 23 weeks post-infection, 

well after viral clearance, and enhanced interferon-γ responses by virus-specific CD4+ T 

cells upon re-infection with HSV-1 thereby, protecting the tissue from reinfection [63].  

Furthermore, when the irritant 1-fluoro-2,4-dinitrobenzene (DNFB) was applied to murine 

flank skin 30 days post HSV-1 infection, there were threefold more DCs and sixfold more 

macrophages compared with untreated skin. This highlights that the  phenomenon of continued 

immune activity was not only confined to HSV-1 infection but is found more generally 

following an inflammatory response in the skin [63].  

Previous studies also demonstrated that populations of immune cells have the potential to 

remain in tissues for months following resolution of acute inflammation. Yona et al. have 

shown that following resolution of thioglycolate induced peritonitis, monocyte derived cells 

persisted in the peritoneal cavity for more than 2 months after the acute infection. These were 

identified as MHC IIlo/F4-80hi  macrophages, indicating an associated phenotypic switch and 

integration of monocyte – derived macrophages into the tissue resident macrophage pool [64].  
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Another study suggests that following a respiratory viral infection with mouse parainfluenza 

Sendai virus, gene expression microarray and real-time qPCR assay reveal a significant 

increase in the mRNA expression of intracellular and cell surface triggering receptor expressed 

on myeloid cells 2 (TREM2). TREM2 is expressed on the cell surface where it works in 

coordination with its adaptor protein DAP12 leading to the activation of PI3K, phospholipase 

C and Vav signalling pathways, promoting macrophage survival and preventing apoptosis [65]. 

Interestingly, the greatest increase in TREM2 expression did not occur during the acute 

infection, but long after clearance of infection, peaking at approximately 49 days. This is 

indicative of a role for TREM2 in facilitating macrophage accumulation in the lung after acute 

infection, thereby amplifying IL-13 production, and promoting the development of chronic 

lung disease [66]. Other studies, however, emphasise that recruited cellular persistence may be 

context specific. Using a vascular endothelial growth factor (VEGF) - based transgenic mouse 

model, in which VEGF expression is conditionally induced in an organ of choice, monocytes 

were recruited to the liver as part of a VEGF-initiated angiogenic programme. In this instance, 

monocyte persistence was short-lived with cells having only transiently populated the liver for 

up to 7 days before dying via apoptosis [67]. Thus, there is conflicting evidence of the longevity 

of macrophage and monocyte populations in tissues following immune resolution. However, it 

is important to appreciate that a diverse range of tissues may have different post-immune 

responses guided by their specific local microenvironment [59]. For instance, failure of 

monocyte persistence in the liver may be attributed to its highly regenerative phenotype which 

creates a unique immune microenvironment very different to that which is seen in the skin or 

peritoneal cavity. Further research is warranted to fully understand the dynamics of 

mononuclear phagocytes and the contexts which may allow for their long-term survival post-

resolution.  
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Evidence of immune activity following resolution in humans has been investigated utilising a 

model of acute inflammation  driven by intradermal UV killed E. coli in healthy male 

volunteers [68]. Similar to what has been reported in mouse models, there was evidence of 

sustained further cellular infiltration into the tissue following resolution. Flow cytometric 

analyses reveals an approximately tenfold increase of both CD4+/CD45RO+/CCR7- and 

CD8+/CD45RO+/CCR7- memory T cells. Histology also reveals a significant increase in the 

numbers of CD163+ macrophages at the site from day 7 up to at least 17 days post infection, 

these levels were significantly higher than that seen in naïve tissue [69].  Post-resolution 

conservation in both murine and human models adds credence to the emerging concept that 

resolution is not the end of immune-mediated response post-inflammation. 

It is believed that immune activity post-resolution may be context dependent, supporting the 

view that the “beginning programmes the end” [70]. A parallel model, in which a high-dose of 

zymosan was injected into the peritoneum of mice was not associated with the cellular 

accumulation previously reported in the low-dose zymosan model [60]. There was no 

appearance of MDSCs or regulatory macrophages while Treg generation, lymph node 

expansion and lymphocyte repopulation were less pronounced [60]. The biological 

mechanisms behind how different degrees of inflammation may impact the post-resolution 

tissue need further investigation, however, based on these data we propose that a transient 

resolving inflammatory response has an unappreciated role in allowing for an environment 

conducive for controlling adaptive immune responses and maintaining tolerance. However, in 

the instance that there is an overexuberant inflammatory response, the resultant resolution 

process fails to impose this conducive environment. This hypothesis is supported by studies 

which show that mice with chronic exposure to TNFα had attenuated adaptive immune 

responses, with T cell responsiveness to previously encountered antigens being dampened [71].  
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This further supports the hypothesis that resolution facilitates interaction between the innate 

and adaptive arms of the immune system. 

Collectively, these studies give confidence to the emerging concept that resolution is not the 

end of innate-mediated immune responses and that there is an abundance of immune activity 

occurring even after successful resolution. 

Post-resolution immune system remodelling 

This model in which there is a great deal of immunological activity occurring at the subclinical 

level post-resolution is hypothesised to instate changes to the cellular and biochemical makeup 

of affected tissues. Resolution, therefore, does not reinstate homeostasis, but rather leads to a 

state of ‘adapted homeostasis’ in which the tissue is innately different to the previous state.  

Prostaglandin E2 (PGE2) is part of a large group of lipid mediators synthesised from membrane-

derived arachidonic acid (AA) collectively termed prostanoids [72]. During inflammation 

there is rapid generation of pro-inflammatory PGE2. PGE2 synthesis is routinely targeted via 

cyclooxygenase (COX) enzymes, that break down AA to PGE2, using NSAIDs to dampen 

inflammation in chronic inflammatory diseases such as RA [73, 74]. However, is it now 

becoming clear that in addition to its pro-inflammatory role, PGE2 also exerts multiple 

modulatory and anti-inflammatory effects such as direct inhibition of T cell proliferation [75, 

76] whilst driving MDSC formation [77-80]. Previous studies identified that mice deficient in 

the two COX enzymes, COX-1 (PTGS1) and COX-2 (PTGS2), or mice treated with COX 

inhibitors display exaggerated inflammatory responses in the lungs leading to the development 

of asthma [81]. Furthermore, PGE2 has been shown to prevent the development of allergic 

airway inflammation [82] and has been identified to have potent anti-inflammatory and anti-

asthmatic effects when signalling through the PGE2 receptor 3 (EP3) [83]. Newson et al. utilised 
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liquid chromatography – tandem mass spectrometry (LC-MS/MS) of cell free inflammatory 

exudates to reveal a prolonged period of  PGE2 synthesis post-resolution, which effectively 

dampens aspects of innate and adaptive immunity triggering a phase of immune suppression 

[61]. The immunosuppressive activity of PGE2 largely depends on the production of cyclic 

adenosine monophosphate (cAMP) from adenosine triphosphate (ATP). Of the four PGE2 

receptors, PGE2 receptor 2 (EP2) and 4 (EP4) ligation upregulates intracellular levels of cAMP 

which actively suppresses the production of pro-inflammatory cytokines from macrophages 

and DCs in an IL-10 dependent manner [84, 85]. The importance of EP4 in resolution is 

demonstrated following murine infection with Streptococcus pneumoniae 21 days after low-

dose zymosan. These mice became noticeably sicker, and had an increased bacterial load 

compared to naïve controls that received an equivalent dose of bacteria. Importantly, both 

inhibiting PGE2 synthesis or antagonising the EP4 receptor reversed these effects resulting in 

greater clearance of S. pneumoniae  [61]. Collectively these studies allow us to re-evaluate the 

role of PGE2, previously thought of as singularly pro-inflammatory. We now appreciate the 

multifaceted functions PGE2 may play in immunity and in mediating ‘adapted homeostasis’. 

The role of lipid mediators during post-resolution is supported by a human model of acute 

inflammation (intradermal UV killed E. coli), in which increased synthesis of COX-derived 

prostanoids was apparent [69]. For example at 0hrs following infection PGE2 levels were 

~250pg/ml, by day 17 however, with successful resolution occurring by 72hrs, PGE2 levels 

were ~1400pg/ml, significantly higher than levels reported before the onset of inflammation 

[69].  Additionally, Zamuner et al. demonstrate a role for prostaglandin D2 (PGD2) following 

resolution of acute colitis in rats [86]. In this model of colitis induced by intracolonic 

administration of trinitrobenzenesulfonic acid, rats exhibited a significant increase more than 

threefold from approximately 1750pg/mg to approximately 500 pg/mg in colonic PGD2 

synthesis as well as elevated COX-2 and PGD2 synthase post resolution. This coincided with 
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an ~85% increase in the rate of colonic epithelial cell proliferation. It has previously been 

shown that colonic epithelium is markedly altered following the resolution of colitis in terms 

of its secretory function and its ability to function as a barrier to bacterial translocation long 

after the infection had resolved [87, 88]. Importantly these alterations in post colitis increased 

susceptibility to the formation of neoplastic lesions after administration of the potent 

carcinogen azoxymethane (AOM). Interestingly, this risk was reversed upon selective COX-2 

inhibition or with a PGD2 receptor (DP1) antagonist [86].  

Alterations in immune homeostasis post-resolution do not only include biochemical changes, 

such as those reported in lipid mediator expression, but also changes in cellular phenotype and 

function. Didierlaurent et al. showed sustained desensitisation of alveolar macrophage toll-like 

receptors following the resolution of influenza infection, , which prevented further activation 

of inflammatory responses [89]. 4-6 weeks after resolution of influenza X31, mice were re-

challenged with flagellin, a TLR5 ligand, and had significantly less neutrophil infiltration into 

the airways [89]. Furthermore, NF-κB nuclear localisation, measured as % p65 translocation 

into the nucleus following 1hr stimulation with flagellin, decreases from ~75% to ~30% in 

mice after resolution of influenza infection, indicating the presence of prolonged 

desensitisation of TLR activation in alveolar macrophages [89]. Another adaption identified 

after resolution of acute inflammation is the upregulation of the receptor CD200R on alveolar 

macrophages which modulates cellular function via inhibiting its activation [90, 91]. Epithelial 

cells secrete soluble mediators such as  IL-10,  TGFβ and nitric oxide (NO) in response to 

binding of the immunoglobulin CD200 to CD200R, exerting strong inhibitory signals on 

surrounding cells expressing CD200R  and thereby preventing their activation [90]. 

Furthermore, mice that lack CD200 develop severe inflammation following influenza infection 

[92]. These data collectively indicate that even after resolution of influenza infection there are 

pro-longed immune suppressive alterations to alveolar macrophages which desensitises their 
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ability to respond to secondary infections. Although many studies have focused on elucidating 

phenotypical changes associated with alveolar macrophages in the lung, further studies are 

warranted to understand how inflammatory processes induce alterations in a tissue, stimulus 

and cellular specific manner.   

Thus, it must be appreciated that the role of prostanoids in immunity stretches far beyond that 

of acute inflammation where it is implicated in driving heat, redness, swelling and pain but also 

in post-resolution where they display the capacity to induce long-term alterations in post-

resolution tissue environments. There is also increasing evidence of long-term alterations in 

cellular function following the resolution of inflammation which dictate innate immune 

responses to subsequent inflammatory stimuli. Further studies are needed to fully understand 

the post-resolution environment, it is clear however, that post-resolution tissues exhibit 

biochemical and cellular changes that bring about a new homeostasis or ‘adapted homeostasis’. 

 

Post-resolution implications in chronic disease 

The origins of some of the most common chronic diseases including RA, IBD and many 

autoimmune diseases remain to be elucidated. Many factors have been implicated, including 

but not limited to; age, genetics and environment. Molecular hypotheses have put focus upon 

many possible causes such as molecular mimicry and bystander activation [93-95], along with 

innate immune dysfunction [6, 7] and failure to elicit adaptive immune responses [96, 97]. 

There is now emerging evidence that immune dysfunction leading to chronic disease can occur 

following the clearance of an infectious (bacterial or viral) stimuli [62, 98]. 

Da Fonseca et al. [62] proposed that a long-gone infection may set the stage for the 

development of chronic disease due to alterations is the immune system. They show that a 
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single transient encounter with Y. pseudotuberculosis has profound effects on tissue specific 

immunity. The post-resolution environment in this case is characterised by lymphatic leakage 

in the mesenteric adipose tissue that redirected DCs to the adipose compartment thereby 

preventing their proper accumulation in the mesenteric lymph node. Chronic mesenteric 

lymphadenopathy is not limited to Yersinia infection, but is also evident in in a variety of other 

diseases including Crohn’s disease and Coeliac disease [99, 100]. The precise mechanism by 

which Y. pseudotuberculosis triggers these alterations to the lymphatic system is not 

understood, however, mucosal functions including tolerance and protective immunity are 

compromised. A key finding in this study is that Y. pseudotuberculosis infection may 

predispose to food allergy. Mice which displayed mesenteric lymphadenopathy induced by Y. 

pseudotuberculosis failed to acquire oral tolerance following oral ovalbumin (OVA) exposure 

and displayed a delayed type hypersensitivity reaction to OVA challenge.  The breaking of 

tolerance in this case can be linked to a failure of migratory DCs to access the MLN.  A 

dramatic decrease of DCs in the MLN, generation of Tregs and IgA, important for maintaining 

a tolerogenic environment, results in profound consequences for the normally tolerogenic 

mucosal environment. Thus, the authors propose that infections, despite effective resolution 

result in “immunological scarring”, and that following a simple infection the complex balance 

between the immune system and the gastrointestinal microbiota is compromised creating a 

context for an otherwise innocuous microbe to become a chronic pathogen [62]. This 

connection between the immune system and the microbiome is frequently reported in the 

gastrointestinal tract which is home to the largest population of commensal organisms in the 

human body. It therefore maintains a unique immunoregulatory phenotype that prevents 

inappropriate immune activation to innocuous microbes. Upsetting this balance can create an 

environment favourable to chronic conditions. For example, the development inflammatory 

bowel disease (IBD) is associated with genes that are critical in maintenance of the epithelial 
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barrier and regulation of innate and adaptive immune responses. In this instance, a failure of 

intestinal defence function and immunoregulatory function leads to sustained immune 

activation by commensal bacterial species such as members of the Enterobacteriaceae family 

[101, 102].  

Da Fonseca’s observations that acute infections may lead to chronic disease are supported by 

earlier evidence that in the murine lung, clearance of a viral infection still leads to chronic 

airway inflammation A single paramyxoviral infection in mice not only produced an episode 

of acute bronchiolitis, but also triggered airway hyperreactivity and goblet cell hyperplasia 

which lasted for at least one year after complete viral clearance [103]. Following complete 

clearance of Sendai virus– induced para-influenza, mice progressed to develop an asthma like 

disease, involving increased airway hyperreactivity, mucus production and eosinophilia. The 

cause of such asthma-like disease was mediated by sustained activity of NK T cells which drive 

macrophages to produce IL-13, a cytokine previously shown to mediate chronic allergic asthma 

disease [104, 105]. Thus, even if the inciting stimulus is cleared, there is evidence of local 

immunological “mal-adaption”, leading to a predisposition to chronic inflammation in the 

affected tissues. 

Based on numerous studies, it is proposed that the resolution process is a critical step in 

maintaining tolerance to prevent the development of chronic disease, in particular 

autoimmunity. It has recently been elucidated that the sequence of events that follow resolution 

of acute inflammation, via low-dose zymosan peritoneal infection, results in a pro-longed 

period of immune suppressive PGE2 biosynthesis [61]. This creates an immune suppressive 

environment in which susceptibility to infection is established [60], while also impairing the 

host’s ability to generate adaptive immune responses to antigens [61]. Therefore, it is proposed 

that the adapted homeostatic environment created by post-resolution is an evolutionary trade-

off, where the threat of secondary infection is a more desirable outcome than the development 
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of immune activation in response to endogenous antigens, such as those generated during the 

resolution process via apoptotic cells. It transpires that this emerging concept is supported by 

further studies in which mice that experienced a high-dose zymosan challenge, with delayed 

resolution and the absence of a third post-resolution phase, displayed an accumulation of 

antibodies to double stranded (ds) DNA [61]. This occurrence was attributed to failure of 

adequate efferocytosis of apoptotic cells and lymphocytes, leading to build up of apoptotic 

bodies as in seen in SLE [5, 45], along with the absence of immune suppressive PGE2, required 

to prevent further immune activation [61]. Chinen et al. have also demonstrated that the 

PGE2/cyclic adenosine monophosphate (cAMP) system maintains tolerance to commensal 

bacteria in the intestine [106]. Collectively these studies indicate a role for PGE2 in preventing 

immune responses to harmless or endogenous antigens. 

It is therefore proposed that the ‘adapted homeostatic’ environment is important for the 

maintenance of immune tolerance. However, evidence also suggests that the way in which 

inflammation resolves may dictate the post-resolution environment. As previously highlighted 

Newson et al. describe an alternative resolution pathway elicited by high-dose zymosan 

induced peritonitis in which there is overexuberant inflammation, a more severe response 

associated with systemic inflammation [61]. In this pathway, resolution no longer leads to post-

resolution and “adapted homeostasis”, but instead results in the implementation of “mal-

adapted homeostasis” an environment conducive to the development of chronic disease (fig. 

1).  Similarly, De Heer et al. demonstrated that in the absence of plasmacytoid DC (pDC) 

accumulation following exposure to ovalbumin (OVA) antigen and subsequent challenge three 

weeks later, mice developed cardinal features of asthma. These features include eosinophilic 

inflammation around bronchi and blood vessels, the occurrence of goblet cell hyperplasia, 

eosinophilia in the bronchoalveolar compartment, and the presence of OVA – specific 

immunoglobulin E (IgE) in the serum [107]. These observations in pDC – depleted mice were 
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attributed to an increase in Th2 – type cytokine production which was actively suppressed by 

pDCs in wild type mice [107].     

It is of clinical significance that the study of resolution, and the immune activity that occurs 

beyond it, might allow us to discover the origins of some chronic inflammatory diseases and 

autoimmune conditions. It also allows us to understand how infection can predispose 

individuals to the development of secondary infections, which are fast becoming untreatable 

due to the rise of antibiotic resistance. 

Concluding Remarks 

In the pursuit to discover treatments for chronic inflammatory and autoimmune diseases, the 

focus has primarily rested on targeting the onset of inflammation and the symptoms associated 

with it. Studies on inflammatory resolution have advanced our understanding of the processes 

and pathways that converge to terminate acute inflammatory responses, with the end outcome 

of avoiding potentially damaging chronic inflammation. Recent research highlights the benefits 

of targeting immune resolution processes, to actively promote resolution [8]. It is important 

therefore, that we understand all aspects of resolution processes to fully elucidate how they 

operate to understand how defects may lead to chronic inflammation. However, future research 

is needed to elucidate if targeting resolution pathways will be more effective that current 

therapies on the market. 

Studies have challenged the dogma that tissues return to the physiological and biochemical 

state it existed in prior to an acute inflammatory response. We now believe there to a great deal 

of immunological activity occurring at a sub-clinical level, at the site of inflammation, which 

dictates the long-term physiological fate of tissues post-injury. Furthermore, a myriad of 

studies show that in the weeks, months and years after complete resolution, the tissue is 

predisposed to developing chronic inflammation indicating the presence of tissue immune 
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alterations [62]. Thus, our understanding of inflammatory resolution is evolving although many 

questions remain unanswered (see Outstanding Questions). It remains to be elucidated what 

inflammatory stimuli will lead to continued immune activity following resolution or if post-

resolution is conserved across all inflammatory responses. Also, the importance of 

understanding the mechanisms, mediators and pathways that regulate alternate tissue 

environments is paramount.  

Inflammatory resolution remains an exciting target for therapeutic intervention in chronic 

inflammation and autoimmunity. However, it is unlikely that one single therapeutic will be 

effective for all. It is becoming increasingly imperative to understand the specific resolution 

pathways involved in specific diseases to develop new and effective therapeutics.   
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Figure Legend – The inflammatory response 

The acute inflammatory response is a complex but highly coordinated sequence of events. (1) 

Onset begins with the production of soluble mediators, including chemokines and cytokines, 

by resident cells such as tissue resident macrophages and dendritic cells at the site of 

infection/injury. Upregulation of cell adhesion molecules on circulating leukocytes and 

endothelial cells promote the influx of granulocytes from the blood which phagocytose and 

eliminate tissue debris and microorganisms through distinct intracellular mechanisms 

involving superoxide radicals, myeloperoxidase, proteases and lactoferrins, and extracellular 

mechanisms such as neutrophil extracellular traps. Onset makes way for the next phase of the 

inflammatory response, resolution, once the inciting stimulus has been cleared. (2) Once 

eliminated, resolution processes result in the termination of pro-inflammatory mediator 

synthesis and catabolise/sequester remaining mediators present in the tissue. This prevents 

further leukocyte recruitment and infiltration, leading to apoptosis of leukocytes and 

subsequent efferocytosis by tissue resident macrophages. (3) A new model in which resolution 

is not the end of immune responses to infection/injury adds a third phase after onset and 

resolution termed post-resolution. This new phase is characterised by an accumulation of 

immune cells in the tissue that persist even after successful resolution that bestow upon the 

tissue a state of “adapted homeostasis” that alters the immune physiology of post-inflamed 

tissues. Importantly, we believe that the development of “adapted homeostasis” is context 

dependent in which overexuberant inflammation or defective resolution may lead to “Mal-

adapted homeostasis” and creation of an environment conducive to the development of chronic 

disease. 
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Table 1. Mediators of Inflammatory Resolution 

Mediator or Effector Receptor Pro-resolution Functions 
Lipids 

Lipoxins A4 and B4 

[108, 109] 
FPR2 and 
GPR32 

Inhibits granulocyte trafficking 
Cytokine scavenging 
Efferocytosis 
Anti-inflammatory macrophage polarisation 

Resolvin E1 
[54, 58] 

BLT1 and 
CMKLR1 

Inhibits granulocyte trafficking 
Dampens pro-inflammatory signalling 
Efferocytosis 
Anti-inflammatory macrophage polarisation 

Resolvin D1 
[55, 110] 

FPR2 and 
GPR32 

Inhibits granulocyte trafficking 
Dampens pro-inflammatory signalling 
Efferocytosis 
Anti-inflammatory macrophage polarisation 

Resolvin D2 
[111] 
 

GPR18 Inhibits granulocyte trafficking 
Efferocytosis 

Maresins 
[112] 

 Inhibits granulocyte trafficking 
Efferocytosis 

Protectin D1 
[43] 

 Inhibits granulocyte trafficking 
Apoptosis 

PGD2 

[113-115] 
DP1 and DP2 Inhibits granulocyte trafficking 

 
15-deoxyΔ12–14-PGJ2 

[113-115] 
PPAR-γ Inhibits granulocyte trafficking 

Dampens pro-inflammatory signalling 
Proteins 

Annexin A1 
[116, 117] 

FPR2 Inhibits granulocyte trafficking 
Efferocytosis 
Anti-inflammatory macrophage polarisation 

D6 
[27] 

Functions as a 
scavenger 
receptor 

Cytokine scavenging 

TIM-4 
[38] 

PtdSer Efferocytosis 

DEL-1 
[118] 

α1β2 and αvβ3 
integrins, PtdSer 

Efferocytosis  
Anti-inflammatory macrophage polarisation 

Changes in intracellular signalling pathways 
NF-κB 
[119-121] 

 Apoptosis 
Anti-inflammatory macrophage polarisation 

PI3K 
[122-124] 

 Apoptosis 

ERK1 or ERK2 
[125] 

 Apoptosis 

cAMP 
[122, 126] 

 Apoptosis 
Efferocytosis  
Anti-inflammatory macrophage polarisation 

Intracellular regulators 
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LRRC33 
[18] 

 Dampens pro-inflammatory signalling 

RP105 
[127] 

 Dampens pro-inflammatory signalling 

MicroRNAs (for 
example, mIR-146 
and mIR-21) 
[128, 129] 

 Destabilised pro-inflammatory mRNA 

 

Adapted from Fullerton et al. [56] 

Annexin A1 N-terminal derived peptide; BLT1, leukotriene B4 receptor; cAMP, cyclic AMP; 

DEL-1, developmental endothelial locus-1; D6, chemokine binding protein; ERK, 

extracellular-signal-related kinase; FPR, N-formyl peptide receptor; GPR, G-protein coupled 

receptor; LRRC33, leucine rich repeat-containing protein 33; ND, none defined, NF-κB, 

nuclear factor- κB; PGD2, prostaglandin D2; PGJ2, prostaglandin J2; PI3K, phosphoinositide 

3-kinase; PPARγ, peroxisome proliferator-activated receptor-γ; TIM-4, T cell/transmembrane 

immunoglobulin mucin 
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Table 2. Chemokines 

Chemokine Family Function Receptor References 
CXCL8 (IL-8) Alpha 

Chemokines 
(CXC) 

Chemoattractant for 
neutrophils, basophils, and T 
cells  

CXCR1 
(IL-
8RA), 
CXCR2 
(IL-8RB), 
DARC 

[130, 131] 

CXCL7 (NAP-
2) 

Alpha 
Chemokines 
(CXC) 

Potent chemoattractant and 
activator of neutrophils. 
Stimulates DNA synthesis, 
mitosis, glycolysis, 
intracellular CAMP 
accumulation, PGE2 
secretion and synthesis of 
hyaluronic acid. 

CXCR2 
(IL-8RB) 

[132] 
 

CXCL9 (MIG) Alpha 
Chemokines 
(CXC) 

Produced by stimulated 
monocytes, macrophages 
and epithelial cells. 
Selectively attracts Th1 
cells. 

CXCR3 
beta 
isoform 
(CD183b) 

[133] 

CXCL10 (IP-
10) 

Alpha 
Chemokines 
(CXC) 

Chemoattractant for CD4+ T 
cells. Produced by a wide 
variety of cells from 
neutrophils to hepatocytes, 
endothelial cells and 
keratinocytes. 

CXCR3 
beta 
isoform 

[134] 

CCL2 (MCP-1) Beta 
Chemokines 
(CC) 

Chemoattractant for 
monocytes and basophils. 

CCR2 [135, 136] 

CCL5 
(RANTES) 

Beta 
Chemokines 
(CC) 

Chemoattractant for 
monocytes, memory T 
helper cells and eosinophils.  

CCR1, 
CCR3, 
CCR4, 
CCR5, 
DARC 

[137] 

CCL7 (MCP-3) Beta 
Chemokines 
(CC) 

Attracts macrophages during 
inflammation and 
metastasis. In vivo substrate 
of MMP2, an enzyme which 
degrades components of the 
extracellular matrix 

CCR1, 
CCR2, 
CCR3 

[138, 139] 

CCL8 (MCP-2) Beta 
Chemokines 
(CC) 

Chemoattractant for 
monocytes, lymphocytes, 
basophils and eosinophils.  

CCR1, 
CCR2, 
CCR5, 
CCR11 

[139] 

CCL13 (MCP-
4) 

Beta 
Chemokines 
(CC) 

Induces chemotaxis of 
eosinophils, monocytes and 
T cells. 

CCR1. 
CCR2, 

[140, 141] 
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CCR3, 
CCR11 

CXC3CL1 
(Fractalkine) 

Delta 
Chemokines 
(CX3C) 

Leukocyte chemoattractant 
expressed in various tissues 
including brain, heart, lung, 
kidney, skeletal muscle and 
testis. Upregulated in 
endothelial cells and 
microglia by inflammatory 
signals. Its receptor mediates 
both leukocyte migration 
and adhesion. 

CX3R1 [142] 
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Glossary 

Apoptotic bodies: Multiple vesicles formed by fragmentation of the cell during apoptosis. 

Autoantibodies: Antibodies produced by the immune system that are directed against one or 

more of the individuals own proteins. 

Cytokines: Proteins released by immune cells which mediate the function and behaviour 

neighbouring cells during steady state and inflammation. 

Efferocytosis: The removal of effete, mainly apoptotic, cells by professional phagocytes, 

especially macrophages. 

Matrix metalloproteinases (MMPs): A group of extracellular matrix proteins responsible for 

the degradation of proteins such as collagen during normal tissue turnover. They also 

participate in several other physiological processes such as bone remodelling, angiogenesis, 

immunity and wound healing.  

Myeloid derived suppressor cells (MDSCs): Heterogenous group of immune cells of the 

myeloid lineage characterised by the immature state and ability the supress T cell responses. 

Neutrophil extracellular traps (NETs): Large, extracellular, web-like structures composed 

of cytosolic and granule proteins that are assembled on a scaffold of decondensed chromatin. 

NETs released from neutrophils function to trap, neutralise and kill a variety of extracellular 

pathogens.   

Prostanoids: A family of lipid mediators generated by the action of cyclooxygenase on a 20-

carbon unsaturated fatty acid, arachidonic acid which modulate cell function during 

inflammation and resolution. 
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Specialised pro-resolving mediators (SPMs): Lipid mediators derived from the omega-3 

essential fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) which can 

promote/accelerate inflammatory resolution. 

Tissue homeostasis: A homeostatic process involved in the maintenance of an internal steady 

state within a defined tissue of an organism, including control of cellular proliferation and death 

and control of metabolic function. 

Zymosan: A ligand found on the surface of fungi. It binds to Toll‑like receptor 2 (TLR2) and 

dectin receptors. 
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Highlights Box 

 Uncontrolled inflammation is a key player in the pathogenesis of a myriad of chronic 

diseases including rheumatoid arthritis. Research has focused on understanding the 

mediators that cause chronic inflammatory responses in order to treat these diseases, 

predominantly aiming to inhibit the synthesis or action of mediators that drive 

inflammation using drugs such as non-steroidal anti-inflammatory drugs (NSAIDs) 

 Specialised pro-resolving mediators (SPMs), identified in recent years, are endogenous 

mediators that include the n-3–derived families resolvins, protectins, and maresins, as 

well as arachidonic acid–derived (n-6) lipoxins, which play a key role in promoting 

resolution processes and are a key target for the development of therapeutics that promote 

resolution. 

 Resolution is typically defined as a tightly regulated process that restores tissue 

homeostasis and prevents the development of chronic disease. Recent studies however 

introduce an alternative model in which resolution is not the end of immune responses to 

infection/injury, but that there is immunological activity occurring after the resolution 

cascade is complete that alters the immune physiology of the affected tissue post injury. 

 “Adapted homeostasis” is an evolutionary trade-off, where the threat of secondary infection 

is a more desirable outcome than the development of immune activation in response to 

endogenous antigens. 

 Understanding the events that occur during resolution and post-resolution to bring about 

adapted homeostasis may be key in discovering the origins of some chronic inflammatory 

and autoimmune diseases. 
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Outstanding Questions 

 Research has mostly focused on targeting the pathways that mediate the onset of 

inflammation. Will targeting resolution pathways be more effective than current therapies 

on the market? 

 We believe the development of “adapted homeostasis” to be context dependent with the 

manner by which inflammation resolves dictating the events that occur post-resolution. 

What inflammatory stimuli will lead to the development and adapted homeostasis? 

 Mediators previously identified to play key roles following resolution include lipid 

mediators and cytokines. What other mediators are present during post-resolution that are 

important in regulating the tissue environment? 

 Is “adapted homeostasis” tissue specific? Will every tissue have their own unique adapted 

homeostatic environment or will adapted homeostasis pathways be conserved between 

different tissues? 
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Clinicians Corner 

 The cause of many chronic inflammatory and autoimmune diseases remains elusive with 

most therapies aimed at halting inflammation in its tracks.  

 In recent years, an appreciation of targeting resolution processes is being recognised as an 

alternative to current treatments such as NSAIDs which are known to have 

immunosuppressive side effects. 

 Defective resolution is implicated in a myriad of chronic diseases including; rheumatoid 

arthritis (RA), systemic erythematosus lupus (SLE), chronic obstructive pulmonary disease 

(COPD), atherosclerosis and glomerulonephritis. 

 Our understanding of resolution is evolving, and we now appreciate that there is a great 

deal of immunological activity occurring at a sub-clinical level after resolution in tissues, 

which dictates immune responses to future inflammatory stimuli. 

 

 


