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Abstract

Specialized pro-resolving mediators (SPMs) are endogenous small molecules produced mainly
from dietary omega-3 polyunsaturated fatty acids by both structural cells and cells of the active
and innate immune systems. Specialized pro-resolving mediators have been shown to both limit
acute inflammation and promote resolution and return to homeostasis following infection or injury.
There is growing evidence that chronic immune disorders are characterized by deficiencies in
resolution and SPMs have significant potential as novel therapeutics to prevent and treat chronic
inflammation and immune system disorders. This review focuses on important breakthroughs in
understanding how SPMs are produced by, and act on, cells of the adaptive immune system,
specifically macrophages, B cells and T cells. We also highlight recent evidence demonstrating
the potential of SPMs as novel therapeutic agents in topics including immunization, autoimmune
disease and transplantation.

Introduction

Inflammation is a normal host response to harmful stimuli, including injury and infection.
Inflammation includes steps to mitigate the damage, contain the injury to a localized area if
possible, and to clear pathogens, excess immune cells and debris in preparation for a return
to homeostasis. Resolution of inflammation is a critical step in the injury response. Failure
to resolve inflammation leads to chronic inflammation, which contributes to the pathology
of serious diseases including chronic obstructive pulmonary disease (COPD) (1), asthma (2,
3), rheumatoid arthritis (RA) (4), and multiple sclerosis (MS) (5). Of the top ten leading
causes of death world-wide in 2019 (pre-pandemic), at least 5 include chronic inflammation
as a contributory factor (heart disease, COPD, Alzheimer’s disease, diabetes and kidney
disease) (1, 6-9).
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Previously, return to homeostasis was attributed to passive clearing of immune cells and
cytokines by way of dilution. It is now known that tesolution of inflammation'is an active
process mediated largely by specialized pro-resolving lipid mediators (SPMs). SPMs are
derived from the dietary w—3 polyunsaturated fatty acids (PUFAs) docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), and from arachidonic acid through key enzymes
such as cyclooxygenase 2 (COX-2), arachidonate 5-lipooxygenase (ALOX-5), ALOX-12
and ALOX-15 (10, 11). DHA gives rise to the D-series resolvins (RvD1 through RvD6

are currently known), protectins (PD1) and maresins (MaR1), while EPA gives rise to the E-
series resolvins (RVE1, RvE2, RvE3 and RvE4). Lipoxins (LXA4 and LXB4), on the other
hand, are derived from arachidonic acid: SPMs can also be modified through the addition

of glutathione derivatives to their structures, giving rise to new classes including maresin
conjugates of tissue repair (MCTR), protectin conjugates of tissue repair (PCTR) and
resolvin conjugates of tissue repair (RCTRS). Production of SPMs occurs in a variety of cell
types, including but not restricted to innate (12-15) and adaptive leukocytes (16), platelets
(17), epithelial cells (18), and endothelial cells (19). Production of SPMs is temporally
regulated, and cells can undergo class-switching, from producing pro-inflammatory lipids
such as leukotrienes and prostaglandins to pro-resolving eicosanoids by changing expression
of synthetic enzymes (20-22). SPMs can also be produced via trans-cellular biosynthesis,

in which one cell type produces an intermediate which is converted to the final effector
molecule by a second cell (17, 19, 23, 24).

SPM effects are mediated by G-protein coupled receptors (GPCRs). Receptors identified

to date include LTB4R/BLT1 (binds RvE1 and RvE2), CMKLR1/ChemR23/ERV1 (bind
RVE1) ALX/FPR2 (binds RvD1, RvD3 and LXA4), 23,24, GPR32/DRV1 (RvD1, RvD3,
and RvD5), GPR18/DRV?2 (binds RVD2), GPR37 (binds PD1), LGR6 (binds MaR1), and
GPR101 (binds n-3 D-resolvins) (10, 25). The downstream mechanism of receptor-ligand
binding remains unclear, and will not be discussed in this review. The effector functions of
SPMs include promoting nonphlogistic phagocytosis of pathogens (phagocytosis that does
not provoke release of proinflammatory cytokines), increased phagocytosis and clearance of
apoptotic inflammatory cells (efferocytosis), and decreased production of pro-inflammatory
cytokines and chemokines (26). Specific effects of SPMs on structural cells and innate
immune cells have been reviewed elsewhere (10, 27, 28). Here, we review the production
and action of SPMs on key cells of the adaptive immune system: B cells, T cells and
macrophages.

SPMs are especially interesting as potential therapies for diseases involving chronic
inflammation, as they promote resolution without being immunosuppressive (reviewed in
(27) and (29)). This is in stark contrast to NSAIDs and corticosteroids—which are typically
the first line of defense against inflammation—but are known to suppress immune responses
to pathogens. Furthermore, it is now known that corticosteroids and NSAIDs dampen

SPM production, potentially delaying resolution; SPMs may represent novel therapies that
promote resolution without suppressing the beneficial effects of inflammatory and immune
responses. This concept will be further explored at the end of the review.

Semin Immunol. Author manuscript; available in PMC 2023 June 02.
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Macrophages

It has been more than 30 years since the significant role of macrophages in the resolution of
inflammation was first suggested (30). These pluripotent cells act as the “Pac-Men” of the
immune system, killing pathogens by phagocytosis, engulfing cellular remnants (a process
known as efferocytosis), shaping the adaptive and innate immune response, and releasing a
vast array of mediators, including cytokines, lipid mediators, and reactive oxygen species
(23, 31). Their role is being increasingly recognized in a number of acute and chronic
processes such as COPD, asthma, cystic fibrosis, and pulmonary fibrosis (32). Depending
on outside signals/cytokines and the local conditions, macrophages can develop different
phenotypes; these different phenotypes were initially described as M1 and M2 based on in
vitro data, although this does not necessarily perfectly reflect the in vivo experience. M1
polarized macrophages are thought to promote inflammation, whereas M2 cells promote
tissue healing and inflammation resolution (33, 34).

SPM production by macrophages

SPM effects

The first evidence for the interaction between SPMs and macrophages was obtained in

the late 1990s, when it was demonstrated that lipoxins promote the clearance of necrotic
cellular debris (35, 36), and it is now well-known that macrophages are major producers

of SPMs. Dalli et al. demonstrated that exposure of macrophages to apoptotic neutrophils
and microparticles produced by neutrophils resulted in increased production of resolvins and
lipoxins. The precursors for SPM production are provided from apoptotic neutrophils, and
the macrophages perform the final stages of the mediator biosynthesis, a process termed
transcellular biosynthesis (37). Peripheral blood mononuclear cells (PBMCs) differentiated
to M1 phenotype via IFN-y and LPS produced mostly inflammatory prostanoids and
leukotrienes, whereas PBMCs differentiated to M2 phenotype produced mostly SPMs
including D-series resolvins, maresins and lipoxins (37).

In addition to exposure to apoptotic cells or cellular debris, exposure to bacterial pathogens
themselves can also promote SPM production (13). Human monocytes were differentiated
to the M1 or M2 phenotype in vitro and challenged with £. colior S. aureus. M1
macrophages predominantly expressed 5-LOX and Cox-2 products LTB4 and PGE2, while
M2 macrophages predominantly expressed SPMs including RvD2, RvD5 and maresin-1.
Furthermore, treatment with exogenous RvD5 but not LTB4 enhanced macrophage
phagocytosis of target bacteria (13). The mechanism responsible for this response has yet to
be elucidated. However it seems to be linked to the relative abundance and localization of
5-LOX/FLAP and 15-LOX-1 in M1 and M2 polarized cells respectively (13, 38).

on macrophage function

Beyond contributing as a major area for SPM production, macrophages themselves are
greatly affected by SPMs. Activation of SPM receptors results in changes in a number of
pathways, including MAPK and NF-kB (39). Interestingly, ChemR23 (ERV1), the receptor
for RVEL, is expressed on M1 macrophages but not M2 macrophages; signaling by RvE1
drives M1 macrophages to a less-inflammatory and more pro-resolving M2-like phenotype
(40).
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Many studies have demonstrated pro-resolving and anti-inflammatory effects of SPMs on
macrophage function. Exposure of both alveolar- and monocyte-derived macrophages to
RvD1 and RvD2 resulted in a profound reduction in the production of proinflammatory
cytokines, along with polarization towards an M2 phenotype (39). Moreover, it restored
the phagocytic activity of those cells, restoring the defects caused by exposure to cigarette
smoke. Both RvD1 and RvD2 reduced the expression of IL-1p and IL-18 in both bone
marrow-derived and peritoneal macrophages, indicating that resolvins block the priming
of the NLRP3 inflammasome (41). RvD1 and MaR1 have also been shown to reduce

the expression of TNF-a by macrophages exposed to M. tuberculosis and to promote
mycobacterial-killing ability (42).

RVE1 and PD1 promoted resolution in a mouse model of zymosan-induced peritonitis by
enhancing macrophage phagocytosis of zymosan and efferocytosis of neutrophils, while
blocking lipoxygenase activity resulted in increased inflammation that could be rescued by
exogenous SPMs (43). DHA and RvD1 inhibited inflammatory cytokine production and
increased nonphlogistic phagocytosis in adipose tissue in a mouse model of diet-induced
obesity (44). RvD1 also increased phagocytosis of £ aeruginosa and efferocytosis of
leukocytes in macrophages obtained from patients with cystic fibrosis (CF) and CF mice
without increasing the expression of proinflammatory cytokines (45). Profound changes to
the transcriptome of these cells were noted, with suppression of inflammatory genes and
increased expression of genes related to phagocytosis and inflammation resolution. RvD1,
RvD5 and PD1 also enhanced bacterial phagocytosis and efferocytosis in a mouse model of
E. coliinfection (46).

Maresin-1 is produced by macrophages from DHA via 12-LOX. It increases the uptake of
apoptotic neutrophils in mouse models of peritonitis, as well as macrophage phagocytosis
(23, 47). MaR1 also promotes macrophage phenotype switching towards M2 both in vitro
and in vivo and reduces TNF-a production in macrophages exposed to Mycobacterium
tuberculosis, while at the same time enhancing bactericidal activity (23, 42, 48, 49). In
LPS-stimulated macrophages, MaR1 suppressed the inflammatory response by reducing the
expression of IL-1p and IL-6 (50). Maresin-2 is a recently identified maresin that has also
been demonstrated to increase macrophage phagocytosis, perhaps to a higher degree than
MaR1 (47).

Mechanism of SPM function

The biological mechanisms underlying these effects are beginning to be elucidated. RvD1
reduced lung inflammation in mice with 2 aeruginosa infection in part by increasing levels
of miR-155 and miR-21, which have MyD88 and toll-like receptor 2 as downstream targets,
suggesting that one mechanism by which SPMs work is attenuating the sensitivity of
macrophages to pro-inflammatory signals (51). RvD2 reduced the activity of caspase-1 in
peritoneal macrophages and the release of IL-1p from LPS/ATP stimulated macrophages
(41). It also decreased the expression of TLR4 and other accessory proteins in macrophages,
mediated partially through upregulation of miR-146a. Moreover, RvD2 reduced the
expression of IL-6 and TNF-a and upregulated 1L-10 expression in murine models of
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peritonitis (41). Among the different SPMs, RvD?2 is the most potent inhibitor of IL-18
production, and it may also protect macrophages from pyroptosis, a form of programmed
cell death mediated by caspase-1 (41). Lipoxin A4 inhibits the secretion of TNF-a and
IL-6 in human and mouse macrophages, promotes autophagy and inhibits apoptosis acting
through MAPK, JNK and NF-xB (52-56). Efferocytosis of apoptotic cells may stimulate
production of SPMs via upregulation of ALOX5 mediated by the binding of apoptotic cells
to the MerTK receptor (57, 58).

Novel SPM conjugates in tissue repair

B cells

Three new classes of SPMs have recently been discovered, termed maresin conjugates of
tissue repair (MCTR), protectin conjugates of tissue repair (PCTR) and resolvin conjugates
of tissue repair (RCTR). These compounds represent MaR1, PD-1 or RvD1 conjugated to
mono-, di- or tripeptides derived from glutathione (reviewed in (59)). Macrophages are an
important site of synthesis of CTRs, and macrophages can also respond to signaling by
exogenous CTRs (60, 61). MCTRs in particular have been shown to promote macrophage
phagocytosis and efferocytosis, increase expression of M2 markers, and decrease production
of inflammatory cytokines and eicosanoids in mouse models of E coli. peritonitis and
LPS-induced ARDS (62, 63). Production of MCTRs by alveolar macrophages may be able
to reduce inflammatory lung injury by protecting epithelial and endothelial cells (64, 65).

Macrophages are perhaps the key cell type in which the synthesis and functions of SPMs
is most well-understood. Even so, there are still knowledge gaps regarding endogenous
production of SPMs by macrophages or by other cell types that act on macrophages to
modify their function, and further studies are ongoing.

Specialized pro-resolving mediators (SPMs) have many effects on the adaptive immune
system, that include modulating B-cell development and function. While this section will
focus specifically on direct actions of SPMs on B cells, it is important to remember that
B-cell function and development is greatly influenced by other cells of both the innate and
adaptive immune system (66, 67). Therefore, the actions of SPMs on cells involved in the
innate immune response, such as antigen presenting cells (APCs) or other cells involved in
adaptive immunity, including all classes of T cells, will ultimately affect the antigen-induced
activation and differentiation of B cells.

B cells are derived from common lymphoid progenitor cells in the fetal liver and bone
marrow (67). B-cell differentiation creates numerous, unique, functional B-cell receptors.
The primary step in B-cell differentiation occurs by rearrangement of loci on the H and L
chain of the immunoglobulin receptor (67, 68). This step begins with pro-B cells, which
do not express pre-B-cell receptors or immunoglobulin and become pre-B cells when they
utilize surrogate L chains to form pre-B-cell receptors. Following this step, immature B
cells undergo auto-reactivity testing, pass into circulation, and travel to the spleen where
they form various transitional B cells before ultimately forming follicular or marginal zone
B cells (66, 67). Marginal zone B cells remain in the spleen, and follicular B cells move

to lymph nodes, where co-stimulatory action from T cells in the presence of antigen will

Semin Immunol. Author manuscript; available in PMC 2023 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Julliard et al.

Page 6

produce germinal centers where antigen specificity is improved via various mechanisms.
In addition, B cells can differentiate into plasma cells through many transcription factors,
which include PAX-5, BLIMP1 and BLC-6. They also can develop into memory B cells in
various sites throughout the body (67). Aside from development into plasma and memory
B cells, B cells can also act as APCs and produce cytokines throughout their life cycle in
response to various stimuli (69). SPMs have been found in all sites of B cell development,
including the bone marrow, peripheral blood, spleen, and lymph nodes; furthermore, B cells
can express SPM receptors including ALX/FPR2, ERV1, DRV2 and BLT1 (70-72). These
facts spurred research into the effects of SPMs and polyunsaturated fatty acids (PUFAS) on
B cells. In this section we will discuss the effects of PUFAs and SPMs on the sequential
steps of B-cell life, including development, migration, maturation, and function.

SPMs in B-cell development:

While much of the role of SPMs on hematopoiesis and early B-cell development is yet to be
investigated, SPMs are present in bone marrow, and enzymes involved in SPM biosynthesis
are present in hematopoietic stem cells (73, 74). In one murine study, Kinder et al. inhibited
the 5-LOX and 12/15-LOX enzymes in bone marrow. This resulted in lower peripheral white
blood cell count largely driven by decreased lymphoid development in bone marrow and
thymus. More specifically, bone marrow contained reduced pro-B, pre-B, and immature B
cells (75). This work suggests that early development of B cells from common lymphoid
progenitor cells may be partially regulated by SPMs. Studies have also shown that dietary
supplementation with fish-derived omega-3 fatty acids, the precursor for EPA and DPA, may
result in increased numbers of T1 transitional B cells (created during migration from the
bone marrow to the spleen) compared to standard diets or to diets with more specific EPA or
DPA supplementation (68, 76).

SPMs in B cell migration:

Once pro-B cells exit the bone marrow, they travel to peripheral lymphatic structures

to mature. This migration is directed by chemokines, and their retention in the spleen

is directed by integrins. There is evidence that SPMs may influence the migration of

some classes of B cells under certain conditions. A study of murine sepsis showed that
administration of LXA4 promoted migration of innate response activator (IRA) CD19+ B
cells, which contain the LXA4 receptor ALX/FPR2, from the peritoneum to the spleen

via STAT-5 upregulation of integrins (77). This migration was independent of macrophage
signaling. The implications of this finding hinge on the ability of activated B cells to
produce GM-CSF, which has been tied to sepsis survival. This study suggests that the SPM
LXA4 promotes IRA B-cell migration to the spleen, where they increase amounts of GM-
CSF locally in response to LPS. This likely orchestrates the immune response during sepsis.
More research is needed to see if this finding would translate to better sepsis outcomes with
exogenous SPM administration. Another study showed that RvD1 impairs B cell migration
in a rat model of lipopolysaccharide (LPS) induced uveitis (78). It was not clear exactly how
this was mediated, but there were changes in miRNA levels associated with reduced integrin
expression, which would decrease lymphocyte adhesion and ocular infiltration (78, 79).

Semin Immunol. Author manuscript; available in PMC 2023 June 02.
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Effect of SPMs on B-cell function and differentiation

While it seems likely that SPMs affect early B-cell development in the bone marrow

and influence migration, there is more conclusive evidence that SPMs can affect mature
B-cell function. This includes antibody class switching, quantitative changes in antibody and
cytokine production, and directing mature B-cell differentiation (70, 76, 80-86). One of the
first studies to demonstrate an effect of SPMs on B-cell function showed that exogenous
supplementation of the SPMs 17-HDHA (an intermediate SPM involved in production of
RvD1) and RvD1 itself increased human B-cell IgM and 1gG production (81). This increase
in antibody production appears to be mediated by increased differentiation of activated B
cells to antibody secreting CD38+ B cells and facilitated by B-cell differentiation factors
BLIMP1 and Xpb1. This study also confirmed that 17-HDHA and RvD1 were present

in the spleen, providing evidence that these SPMs are spatiotemporally available to affect
B-cell function in vivo. A similar increase in IgG and IgM production via BLIMP1- and
Xpbl-mediated B-cell differentiation was also demonstrated in a study of 17-HDHA as an
adjuvant in a pre-clinical influenza vaccine mouse model (83). Perhaps most importantly,
this increase in 1gG and IgM also translated to increased protection for influenza infection
in mice treated with 17-HDHA during immunization. 17-HDHA and RvD1 also increased
antibody production in a model of non-typeable Haemophilus influenza infection in mice
and rescued immunosuppressive effects of chronic cigarette smoke exposure (87, 88). LXB4
increased the production of 1gG specifically from human memory B cells through a COX2
mediated increase in Xpb1 and BLIMP1 expression (80). These studies highlight a potential
therapeutic role for the SPMs LXB4, RvD1, and 17-HDHA as possible adjuvants for
vaccines or to induce higher antibody levels and greater protection against influenza, and
perhaps other viral infections.

While the SPMs RvD1 and 17-HDHA can increase secretion of IgG and IgM in primary
immune responses, this is in contrast to the “classical” view of SPMs as being anti-
inflammatory and pro-resolving. There is evidence that SPMs can reduce antibody secretion,
but this is dependent on context (70, 84, 85). LXA4 decreased proliferation and antibody
production of human and mouse memory B cells in vitro, with a profound decrease in IgM
and IgG production; this effect was mediated by ALX/FPR2 receptors, but LXA4 did not
have a similar effect on naive B cells (70). The researchers also showed that LXA4 reduced
IgG and IgM response to OVA immunization by two and fourfold, respectively, in a mouse
model. These studies seem to suggest opposing actions of RvD1 and 17-HDHA compared
to LXA4 on memory B cells, which is somewhat confusing given that both RvD1 and

LXA4 bind the ALX/FPR2 receptor. This may be due to differing levels of the ALX/FPR2
receptors or the presence of additional SPM receptors on certain classes of B cells. More
work is necessary to understand how SPMs interact with memory and naive B cells in the
micro-environment under certain stressors including viral infection, immunization, and other
inflammatory stimuli.

In addition to IgM and IgG, IgE production seems to be modulated by SPM concentrations.
This is of particular interest given the important role of IgE in allergic and atopic disorders
such as asthma, in which there are elevated levels of B cell derived IgE in circulation (85).
In studies using in vitro B cells from donors (which were stimulated to produce IgE) and

Semin Immunol. Author manuscript; available in PMC 2023 June 02.
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from B cells in asthmatic patients, there was a profound inhibitory effect of RvD1 and
17-HDHA on the number of B cells undergoing class switching to produce IgE (84, 85).
This effect was not due to changes in B-cell viability or reduced IgE secretion, but is rather
caused by changes in BLC-6 function, which decreased activity of the STAT6 pathway and
reduced expression of genes necessary for IgE class switching. Of potential clinical interest,
this reduction in IgE from RvD1 and 17-HDHA was not seen in subjects treated with oral
steroids or in cells treated with steroids, likely due to reduced levels of BLC-6. This may
indicate a counterintuitive and unwanted effect of steroid treatment on refractory asthma,
one that leads to the inability of SPMs to modulate IgE production (84).

There is also evidence for alterations in cytokine production by B cells via SPM signaling.
In the aforementioned, landmark study showing increased IgG and IgM with RvD1 and
17-HDHA stimulation in human and murine B cells, the authors also noted reduced IL-6 and
IL-10 production without a change in tumor necrosis factor alpha (TNF-a.) levels (81). This
differs from a study evaluating 17-HDHA in a murine influenza immunization model which
showed increase in IL-10 levels and no change in IL-6 and TNF-a. (83).

T cells

The majority of endogenous PUFAs are derived from the diet, suggesting that dietary intake
of PUFASs, via a diet naturally rich in fish and certain plants, or via supplementation, may
beneficially modify B cell function. Studies in mice have shown that diets rich in DHA and
EPA increased spleen levels of resolvin precursors 14-HDHA and 17-HDHA, protectin DX
and RvD2, and also increased IgM-expressing splenic B cells following antigen stimulation,
but not increased circulating 1gG (68, 76, 89, 90). In contrast, mice fed a diet rich in
omega-6 fatty acids exhibited diminished antibody titers and increased mortality to influenza
challenge (91). Increased circulating levels of SPMs have been found in people taking PUFA
supplements (92, 93). However, there is no current evidence that dietary omega-3 fatty acids
improve antibody production or B cell function in humans.

In summary, the effect of SPMs on B cell maturation and function is complex and context-
specific. SPMs and SPM synthetic enzymes are required for efficient B cell development.
RvD1 and 17-HDHA enhance maturation of IgG responses upon primary immunization

but inhibit class switching to IgE. LXB4 promotes reactivation of memory B cells while
LXA4 inhibits memory responses. Further SPM-specific and context-specific effects may be
uncovered with future study.

T cells make up the other arm of adaptive immunity and play a crucial role in the
orchestration of pathogen elimination and regulation of inflammation and autoimmunity.
CD8+ T cells, also known as cytotoxic T cells, release perforin and granzymes to directly
kill pathogen-infected cells. CD4+ T cells perform a wide variety of immune regulatory
effects including production of inflammatory cytokines, regulation of B cell differentiation
and antibody production, and recruitment of neutrophils and macrophages to kill pathogens
and remove damaged or infected cells. CD4+ T cells have been divided into 4 phenotypes
based on expression of surface receptors and distinct effector functions upon stimulation.

Semin Immunol. Author manuscript; available in PMC 2023 June 02.
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Th1 cells strengthen the immune response by recruiting and activating macrophages and
promoting increased pathogen detection (via toll-like receptors) and antigen presentation
(major histocompatibility complexes | and 1) and are characterized by the release of
interferon gamma (IFN-v) and TNF-a (94). Th2 cells are characterized by expression

of IL-4, IL-5, and IL-13, drive B cell to class-switch to IgE, can recruit mast cells and
eosinophils, and are implicated in allergies and asthma (95). Th17 cells are associated

with bacterial and fungal infections, are important for recruiting neutrophils, and are
characterized by production of IL-17, IL-22, IL-25, and I1L-26 (94, 96). Finally, Treg cells
act to regulate and suppress immune responses. Tregs are involved in suppressing activated
T cells and reducing inflammation via the production of IL-10 and tumor-growth factor beta
(TGF-B), which affects almost all circulating immune cell types (94). They are crucial in
ensuring that the inflammatory response is timely and appropriate.

With their myriad of important effector functions in both promoting and resolving
inflammatory and immune responses, it is not surprising that SPMs regulate T cell
differentiation and function in profound ways.

T cell production of SPMs

Surprisingly, there has been little reported to date concerning the production of SPMs by T
cells. In one study, peripheral blood mononuclear cells driven to a Th2 phenotype in vitro
produced protectin D1 (PD1), while Th1 cells did not. Since PD1 can block T cell migration
and synthesis of TNF-a,, this might represent a means by which T cells exert autologous or
paralogous effects on other T cells (97). A more recent study showed that pharmacologic
inhibition or genetic deletion of ALOX15 (involved in production of most SPMs) in Tregs
resulted in impaired function. Exogenous RvD3 was able to rescue the effect of ALOX15
deletion, suggesting that autologous production of SPMs is required for proper Treg function
(16).

SPM receptor expression on T cell subsets

T cells have long been known to express BLT1, the receptor for leukotriene B4 (LTB4),
which is generally understood to have pro-inflammatory effects. LTB4 signaling promotes

T cell migration and CD8 T cell effector functions in activated but not naive or memory T
cells (98, 99), and BLT1 expression is higher in chronic inflammatory conditions like asthma
(100). BLT1 is also a receptor for RvE1 (101), and there is recent evidence that signaling
through BLT1 promotes recruitment of Tregs to the alveoli and resolution of an experimental
model of acute lung injury (86). Therefore, it appears that BLT1 can participate in both
pro-inflammatory and pro-resolution pathways depending on its ligand. T cells also express
CMKLR1 (ChemR23, ERV1), a receptor for both chemerin (a pro-inflammatory adipokine)
and RVE1 (102, 103). RvEL can interact with the receptor to block binding of chemerin

and LTB4 (101). Similarly, activated and memory CD4 T cells express high levels of ALX/
FPR2, which is a receptor for both the pro-inflammatory cytokine serum amyloid A (104)
and RvD1 (71). (71). These seemingly oppositional actions of SPM receptors demonstrate
an important concept in resolution biology, that the effects of receptors can be ligand

and situation-specific. In this context, strategies to block receptor expression or ligation to
reduce pro-inflammatory signaling may ultimately be counter-productive as such inhibitors
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may also reduce pro-resolving signals. Finally, T cells express GPR32 (a second receptor
for RvD1) and GPR18 (DRV2), a receptor for RvD2, and loss of receptor expression is
associated with failure to resolve inflammation in chronic heart failure (105, 106).

SPMs as modifiers of T cell function

Early studies reported that dietary supplementation with PUFAs or DHA increased T

cell proliferation and decreased Th2 cytokine production in mice (107). Multiple SPMs,
including RvD1, RvD2, Marl, RvD3, LXA4 and LXB4, can block production of IFN-y
and TNF-a by Thl and Th17 cells (97, 105, 108). RvD1, RvD2 and MaR1 also suppressed
differentiation of human peripheral blood mononuclear cells into Th1l and Th17 cells in
vitro and enhanced differentiation to Tregs (105), while MaR1 enhanced the ability of
Tregs to suppress inflammatory cytokine production by ILC2s (109). RvD1 also enhanced
antigen responses and decreased lung inflammation in a mouse model of respiratory
infection following exposure to secondhand smoke, in part by suppressing generation of
antigen-specific Th17 cells and enhancing generation of antigen-specific Th2 cells (87).
RVEL1 also inhibited ex vivo differentiation of mouse splenic T cells to Th17 cells (103).
There is less evidence for direct suppressing effects of SPMs on Th2 cells, although RvE1
can reduce inflammation and cytokine production by Th2 cells in a mouse model of allergic
airways hyperresponsiveness (110, 111). RvE1, LXA4 and PD1 were also shown to enhance
clearance of apoptotic T cells via upregulation of the chemokine receptor CCR5 (97, 112).

SPMs in disease models

Inflammatory and autoimmune diseases are often characterized by an imbalance between
Th1 and Th17 responses (excessive and pathologic) and Tregs (regulatory and pro-
resolving). As a result, studies aimed at understanding this imbalance and shifting it toward
Tregs have high translational relevance, and SPMs have been identified as important factors
in disease and potential therapies.

Patients with systemic lupus erythematosus (SLE) exhibited significantly lower levels

of RvD1 in plasma compared to healthy controls, and treatment with exogenous RvD1
improved disease activity scores in a mouse model, with decreased Th17 and increased
Tregs (113). RvD1 also improved saliva secretion and reduced Th17 infiltration in a mouse
model of Sjégren’s syndrome (114). MarR1 promoted resolution of lung inflammation

in a mouse sepsis model, which was associated with increased Tregs/FoxP3 expression

and decreased Th17/RORC expression (115). In separate studies, patients with inactive
rheumatoid arthritis had higher circulating levels of MaR1 and protectin DX and higher
expression of the Treg transcription factor FoxP3 in CD4+ T cells than patients with

active disease, as well as lower levels of the Th17 transcription factor RORC (116, 117).

A separate study also found that rheumatoid arthritis patients with active disease had

lower circulating levels of LXA4, RvD1 and RvE1 compared to patients in remission or
healthy controls (118). MaR1 and PDX were investigated as therapies in mice with collagen
induced arthritis, and reduced disease severity scores, decreased joint inflammation and
pro-inflammatory cytokines, and increased FoxO1/RORC and Treg/Th17 ratios (116, 117).
RVE1 and PD1 hoth decreased T cell production of IL-17A and numbers of Th17 cells in a
mouse psoriasis model (119, 120). In contrast, RvE1 inhibition of T cell mediated responses
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in a mouse periodontal model was associated with decreases in both Th17 and Treg cell
numbers (121). RvD2 also inhibited bone loss in the periodontal disease model, associated
with reduced secretion of IFN-y from Th1 cells and reduced numbers of Th1 and Tregs
(122). This reduction of Tregs as well as Th1 and Th17 cells in this model is in contrast to
other SPMs and disease models and deserves more study.

LXA4 has also been shown to suppress Th1l and Th17 responses in autoimmune uveitis and
experimental autoimmune encephalomyelitis. In the uveitis model, ALOX15-deficient mice
(which can’t produce LXA4) developed worse inflammation than controls, with increased
Th1 and Th17 cells in ocular infiltrates. Treatment with exogenous LXA4 rescued these
phenotypes (123). Similarly, in the murine experimental autoimmune encephalomyelitis
model, administration of LXA4 ameliorated clinical signs with decreased spinal cord Thl
and Th17 cells, leading to decreased production of IFN-y and IL-17 (124).

An area of particular interest to the authors is the field of lung transplantation. Lung
transplantation is currently limited by poor long-term outcomes, with long-term graft
survival falling well behind that of other solid organ transplants due in large part to
chronic rejection mediated by Th17 cells (125). While investigation of SPMs in lung
transplant models have not been reported to date, SPMs have been shown to inhibit

T cell mediated inflammatory processes other transplant models. RvD1 protected mice
from ischemia/reperfusion-induced acute kidney injury, with less renal tubule injury, lower
circulating levels of IFN-y and TNF-a,, and increased Tregs. The effect was mediated by
the RvD1 receptor ALX/FPR2 but not GPR32 (126). Similarly, RvEL improved allograft
survival in a mouse model of corneal transplant, with reduced infiltration of Thl and Th17
cells and decreased production of inflammatory cytokines (127). These results support the
concept of further exploring the role for SPMs to prevent chronic rejection after transplant.

Discussion

One caveat with any animal model study is that, unlike in vitro experiments on isolated cell
types, the effects of SPMs can’t be assigned to a specific cell type with certainty. SPMs can
have effects on immune cells and structural cells, and it is possible that their effects on B or
T cells in a given disease model could be due, in part or wholly, to indirect effects mediated
by endothelial cells, epithelial cells, DCs, neutrophils or others, as well as to direct effects.
For example, we reported that RvD1 prevents cigarette smoke-induced airspace enlargement
in mice, associated with decreases in CD45+ cells, macrophages, neutrophils, and oxidative
stress (128), and that RvD1 altered both T and B cell function in a model of smoke exposure
plus chronic bacterial infection (87), but the exact location and nature of the effector cells
responsible for this effect was undetermined.

Although dietary supplementation with fish oil, highly purified DHA or EPA or other
sources of omega-3 PUFAs has been shown to increase circulating levels of their metabolites
in animals and humans, several completed clinical trials of omega-3 PUFAs for diseases
including heart disease, metabolic syndrome and obesity have shown mixed results, and

no consensus has been reached regarding definite benefits)(129-132). Additional trials

are underway. To date, two clinical trials have been completed involving pharmaceutical
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derivatives of RvE1 (ClinicalTrials.gov Identifier: NCT00799552, NCT00941018) but the
results have not been reported. A lipoxin analogue BLXA4-Me is in a clinical trial to treat
gingivitis (ClinicalTrials.gov Identifier: NCT02342691). Further trials are exploring whether
SPMs can be used as biomarkers of disease progression or treatment efficacy following other
interventions.

Regardless, SPMs remain a promising area for pharmaceutical development for a number of
reasons. First, since they are endogenously produced, administration of SPMs is expected

to be well-tolerated. Secondly, they can be derivatized to increase stability or better target
specific receptors. Finally, they are active in the nanomolar to picomolar range, which is
readily achievable with typical routes of administration. The principal difficulty is likely to
be targeting SPM therapies to the right location at the right time, since SPMs act over short
distances, and their effects are temporally restricted and dependent on specific context. A
better understanding of how the G-protein coupled receptors translate ligand binding into
specific changes in gene expression and cellular activity is also necessary.

Finally, the authors think it is appropriate to briefly consider the role of SPMs in
management of the current Sars-Cov-2/COVID-19 pandemic. Severe cases of COVID-19
commonly manifest with respiratory failure due to acute respiratory distress syndrome
(ARDS) and cytokine storm. A recent study reported that patients with mild COVID-19 had
elevated levels of SPMs in their serum, while patients with severe COVID-19 pneumonia
had depressed serum SPMs. (133) Corticosteroids have been adopted as a front-line

defense and have been proven to have mortality benefit in clinical trials (134). As noted
previously, corticosteroids can also suppress adaptive immune responses and production

of some SPMs in cell culture and some animal models (27, 29), suggesting that targeted
SPM-based therapies might be more beneficial in the ongoing pandemic than a non-targeted
immunosuppressive approach (135). On the other hand, dexamethasone was noted to
increased serum SPM levels in COVID-19 patients (133), so more information is clearly
needed. SPMs have successfully reduced lung inflammation in animal models of sepsis,
ARDS, cigarette smoking, and bacterial infection (51, 62, 63, 87, 128, 136-138). To date,
two small pilot studies have reported a modest survival benefit of dietary omega-3 PUFAs
in COVID-19 (139, 140), and several authors have speculated on the benefits of dietary
omega-3 PUFAs and SPMs in treating COVID-19 (135, 141, 142). SPMs might also be used
to treat long-COVID syndrome, as they have potent abilities to resolve chronic inflammatory
conditions. Ultimately, SPMs represent a new window into understanding and treating acute
and chronic inflammatory and immune disorders characterized by failure to appropriately
resolve inflammation and acute immune responses.
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Figure 1. SPMsact to promote M 2 macrophage differentiation and function.
This figure summarizes current knowledge on the effects of SPMs on macrophages. SPMs

have been shown to promote differentiation of M2 macrophages and inhibit differentiation
of M1 macrophages. SPMs also inhibit production of pro-inflammatory mediators by M1s,
while they are produced by M2s. MCTRs are both produced by and act on M2 macrophages.
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SPMs can either up- or down-regulate antibody production depending on the B cell subset

and specific SPM involved.
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Figure 3. SPMsregulate T cell differentiation and function.
The indicated SPMs have been reported to inhibit differentiation of Th1l and Th17 cells and

promote differentiation of Tregs, as shown. SPMs also inhibit the effector functions of Thi,
Th17 and Th2 cells as shown. Production of SPMs by T cells has only been reported to date
for PD1.
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Table 1.
SPM effects in vitro
Cell Type Experimental SPM (Dose) Effect Reference
condition
Monocyte/Macrophages N/A LXA4 and analogs (1-100 Increased chemotaxis but not [35]
nM) cytotoxicity
Monocyte/Macrophages Cigarette smoke RvD1 and RvD2 (1-100 nM) | Decreased IL-6, IL-8, TNF-a, and [39]
extract PGE,
Monocyte/Macrophages M. tuberculosis LXA4, RvD1, RvD2, PD1, Decreased TNF-a, and mycobacteria [42]
infection Marl (100 nM) infection
Monocyte/Macrophages E. coli infection RvD1, RvD5 and PD1 (0.01- | Increased phagocytosis [46]
100 nM)
Monocyte/Macrophages LPS MaR1 (0.1-100 nM) Decreased IL-6, IL-1B, TNF-a and [50]
increased PPAR-vy activation
Monocyte/Macrophages Oxidized LDL LXA4 (100 nM) Decreased foam cells [52]
Monocyte/Macrophages LPS LXA4 (1-300 nM) Decreased NF,.B activation and TNF- [53]
a.
Monocyte/Macrophages IFNy plus LPS RvD1 (1-100 nM), DHA Inhibited pro-inflammatory cytokines [44]
(10-100 pMm) and increased phagocytosis
Monocyte/Macrophages E. coli MCTR1, MCTR2, MCTR3 Increased macrophage phagocytosis [62]
(0.001-10 nM)
B-cells (human peripheral | N/A LXA4 (10-100 nM) Decreased antibody production by [70]
blood) memory B cells.
B-cells (human peripheral | N/A LXB4 (10-100 nM) Increased memory B cell activation [80]
blood)
B-cells (human peripheral | N/A 17-HDHA (10-100 nM) Increased antibody production [81]
blood)
B-cells (mouse spleen) Influenza vaccination 17-HDHA (10-100 nM) Increased antibody production and B [83]
cell differentiation.
B-cells (human peripheral | N/A 17-HDHA and RvD1 (10— Decreased IgE production through [85]
blood) 100 nM) decreased class-switching.
T-cells (human peripheral N/A PD1 (0.01-10 nM) Decreased TNF-a and INF-y [97]
blood) production, increased T-cell apoptosis
T-cells (human peripheral N/A RvD1, RvD2 and Marl (10 Decreased TNF-a, INF-y, IL-17, [105]

blood)

nM)

and IL-2 production, increased Treg
polarization
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Table 2.
Effects and doses of SPMs in vivo.

Animal Model SPM (Dose) Effect Reference

Tissue regeneration MCTR1, MCTR2, MCTR3 (1 nM-100 nM) Faster tissue regeneration [62]

(Planaria)

Ear inflammation (mouse) LXA4 analogs (120-240 nM, topical) Decreased neutrophil infiltration [36]

Peritonitis (mouse) RvD1 and RvD2 (300 ng, one time) Inhibition of NLRP3 and increased M2 [41]
polarization

Peritonitis (mouse) RVEL, PD1 and AT-LXA4 (300 ng, one time) Increased macrophage phagocytosis [43]

Peritonitis (mouse) MCTR1, MCTR2, MCTR3 (50 ng, one time) Decreased neutrophil infiltration, increased [62]
macrophage efferocytosis.

Peritonitis (mouse) RvD1 and RvD5 (50-100 ng, one time) Decreased E. coli infection [46]

Sepsis (mouse) LXA4 (10 ug/kg/day) Increased survival and B cell generation [77]

Sepsis-induced lung injury MaR1 (0.5-1 ng, one time) Increased survival rate, Tregs, decreased Th17 [115]

(mouse)

Sepsis-induced cardiac MaR1 (100 ng, one time) Decreased cardiac damage, increased M2 [49]

injury (mouse) polarization

Obesity (mouse) DHA (4 mg/kg/day for 10 days) Increased M2 polarization [44]

Cystic Fibrosis (mouse) RvD1 (100 ng/mouse/day) Decreased neutrophil infiltration, increased [45]
macrophage phagocytosis

Acute Respiratory Distress MCTR1 (100 ng/mouse, one time) Decreased lung injury, neutrophils and [63]

Syndrome (mouse) increased M2 polarization

Uveitis (rat) RvD1 (10-1000 ng/kg, one time) Decreased B-cell and T-cell recruitment, [78]
increased M2 polarization.

Experimental autoimmune LXA4 (1 ug/mouse/day) Decreased uveitis pathology, decreased T cell [123]

uveitis (mouse) recruitment

Influenza vaccination 17-HDHA (1 pg/mouse, one time) Increased antibody titers [83]

(mouse)

Ova immunization (mouse) LXA4 (1 ug/mouse, one time) Decreased ova-specific IgM and 1gG [70]
production.

Infection after second-hand AT-RvD1 (1 pg/mouse/twice per week) Decreased neutrophil, macrophage and T cell [87]

smoke exposure (mouse) recruitment

Allergic lung inflammation MaR1 (1 ng/mouse/day) Increased Treg polarization, shortened allergic [109]

(mouse) inflammation period.

Allergic lung inflammation RVEL1 (1 pg/mouse/day) Decreased eosinophil and lymphocyte [110]

(mouse) recruitment and airway hyperresponsiveness

Periodontitis (mouse) RVEL (1 uM applied daily) Decreased bone loss and T cell recruitment [121]

Periodontitis (mouse) RvD2 (0.5 ug then 0.1 pg/mouse/every 3 Decreased bone loss, decreased neutrophil [122]

days) recruitment to gingiva

Ischemia/reperfusion- RvD1 (5 pg/kg/day) Decreased renal damage, increased Tregs. [126]

induced acute kidney

injury (mouse)

Lupus (mouse) RvD1 (5 pg/kglevery 3 days) Increased Treg/Th17 ratio, decreased [113]
autoantibodies and kidney damage

Sjogren’s syndrome AT-RvD1 (100 ng/kg/twice per week) Decreased Th17 cells in submandibular gland, [114]

(mouse) increased saliva production

Collagen-induced arthritis MaR1 (100 ng/mouse/every 3 days) Decreased joint pathology, decreased Th17 and | [116]

(mouse)

increased Treg
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Animal Model SPM (Dose) Effect Reference
Collagen-induced arthritis PDX (160 ng/mouse/every 3 days) Decreased joint pathology, decreased Th17 and | [117]
(mouse) increased Treg
Psoriasis-like model MaR1 (100 ng topically, daily) Decreased swelling, IL-17 production [119]
(mouse)

Corneal transplant (mouse) RVEL1 (1 pg, subconjunctivally, day 0 and 7) Decreased transplant rejection, neutrophils, [127]

Thl and Th17.
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