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The resolution of inflammation is an active process driven by specialized pro-resolving lipid mediators, such as 15-
epi-LXA4 and resolvin D1 (RvD1), that promote tissue regeneration. Macrophages regulate the innate immune response
being key players during the resolution phase to avoid chronic inflammatory pathologies. Their half-life is tightly
regulated to accomplish its phagocytic function, allowing the complete cleaning of the affected area. The balance
between apoptosis and autophagy appears to be essential to control the survival of these immune cells within the
inflammatory context. In the present work, we demonstrate that 15-epi-LXA4 and RvD1 at nanomolar concentrations
promote autophagy in murine and human macrophages. Both compounds induced the MAP1LC3-I to MAP1LC3-II
processing and the degradation of SQSTM1 as well as the formation of MAP1LC3C autophagosomes, a typical signature
of autophagy. Furthermore, 15-epi-LXA4 and RvD1 treatment favored the fusion of the autophagosomes with
lysosomes, allowing the final processing of the autophagic vesicles. This autophagic response involves the activation of
MAPK1 and NFE2L2 pathways, but by an MTOR-independent mechanism. Moreover, these pro-resolving lipids
improved the phagocytic activity of macrophages via NFE2L2. Therefore, 15-epi-LXA4 and RvD1 improved both survival
and functionality of macrophages, which likely supports the recovery of tissue homeostasis and avoiding chronic
inflammatory diseases.

Introduction

Inflammation is a pathophysiological response of the organ-
ism against infection or tissue damage. To neutralize the causing
agent, the innate immune system launches a coordinate and mul-
tifaceted inflammatory program that is initiated by the recruit-
ment of neutrophils to the affected area. After performing their
action, these cells undergo apoptosis and are phagocytized by

macrophages allowing the recovery of tissue homeostasis.1,2 The
resolution of inflammation is an active process driven by special-
ized pro-resolving lipid mediators (SPMs)3 that are endogenously
generated during the course of the inflammatory process favoring
tissue regeneration.4 Among these, the best studied are lipoxin-
A4 (LXA4) and the aspirin-triggered derived epimeric 15-epi-
LXA4, both derived from the v-6 polyunsaturated fatty acid,
arachidonic acid. These transiently generated and locally acting
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eicosanoids limit neutrophil tissue infiltration, promote apopto-
tic events in neutrophils which have reached an inflammatory
lesion, induce monocyte recruitment and macrophage actions,
stimulate efferocytosis (phagocytosis of dead neutrophils and
other cell debris) and promote resolution of the inflammation
and tissue repair (for a review see refs.5,6). In addition to the lip-
oxins, lipid mediators derived from long chain v-3 polyunsatu-
rated fatty acids are formed during the inflammatory response
and regulate the extent and pace of the resolution process. These
SPMs comprise resolvins, protectins, and maresins and their indi-
vidual contributions and roles in inflammation are under
study.7,8 At least 2 series of resolvins have been recognized: D-
series resolvins are oxygenation products of docosahexaenoic acid
(DHA) and E-series are synthetized from eicosapentaenoic acid
(EPA). Resolvin D1 (RvD1) is among the best studied SPMs,
promoting resolution after lung or kidney damage,9,10 in peri-
odontal diseases 11 and in allergic airways responses.12 Moreover,
RvD1 increases efferocytosis13 by promoting an antiinflamma-
tory/pro-resolving “M2-like” macrophage phenotype.14

Macrophages regulate the innate immune response being key
players during the resolution process to avoid chronic inflamma-
tory pathologies.15 The half-life of these cells is relatively short
and is tightly regulated to carry out a correct resolution of inflam-
mation mediated by its phagocytic function, allowing the com-
plete elimination of dead neutrophils and tissue debris of the
inflamed area. The balance between apoptosis and autophagy has
been recognized to be essential in the determination of the life
span of macrophages within the inflammatory context.16 In
recent years it has become evident that both processes exhibit
substantial molecular crosstalk that is not yet fully understood.17

We have demonstrated that LXA4 increases macrophage survival
via inhibition of the apoptotic process.18 Nevertheless, whether
LXA4, and other SPMs modulate cell fate decisions in macro-
phages by regulating autophagy had not been addressed.

Autophagy is the major intracellular degradation system by
which cytoplasmic materials are engulfed into double-membrane
vesicles, known as autophagosomes, and delivered to lysosomes
for degradation.19,20 It serves as a dynamic recycling system that
produces energy and new precursors for cell renewal and homeo-
stasis.21 Moreover, autophagy plays a multifunctional role in
host defense, by promoting pathogen clearance and modulating
innate and adaptive immune responses. More than 30 genes reg-
ulate autophagy, the majority of them with multiple roles in the
different stages of the process of which the AuTophaGy-related
(ATG) genes have particularly important functions (for a review
see ref.22). The initiation of autophagosome formation is medi-
ated by the formation of the macromolecular complex of proteins
known as the class III phosphatidylinositol 3-kinase complex
consisting of BECN1 and PIK3C3/Vps34, among others. The
activity of the phosphatidylinositol 3-kinase complex can be reg-
ulated by the activation of MAPK8/JNK1;23 MAPK8 phosphor-
ylates BCL2, which under basal conditions inhibits autophagy by
interacting with BECN1, whereas its phosphorylation inhibits
this interaction and stimulates autophagy.24 The initiation step
can be also modulated by the kinase ULK1, whose activation
induces autophagosome formation.25 During the autophagosome

elongation stage there is an activation of the MAP1LC3 (micro-
tubule-associated protein 1 light chain 3) system that is involved
in the maturation of the autophagosome and its fusion with the
lysosome where dysfunctional or unnecessary cellular compo-
nents are degraded. MAP1LC3 is present in the cytoplasm as
MAP1LC3-I but upon autophagy induction, MAP1LC3-I con-
jugates with phosphatidylethanolamine to form MAP1LC3-II,
which specifically associates with phagophores (the precursor to
the autophagosome), making it an excellent marker of autoph-
agy.26 ATG5 plays an essential role in this step since it may form
a complex with other ATG proteins to allow MAP1LC3-II for-
mation.27 Another important protein is SQSTM1 (sequestosome
1), a ubiquitin-binding receptor protein that binds directly to
MAP1LC3.28 SQSTM1 is itself degraded by autophagy and may
serve to link ubiquitinated proteins to the autophagic machinery
to enable their degradation in the lysosome. Since SQSTM1
accumulates when autophagy is inhibited, and decreased levels
can be observed when autophagy is induced, SQSTM1 may also
be used as a marker to study autophagic flux.29

Several signaling pathways have been reported to regulate
autophagy in mammalian cells. The classical and most studied
pathway involves the MTOR (mechanistic target of rapamycin
[serine/threonine kinase]), which integrates the stress signals
from the initiation complexes.30 This protein can form 2 com-
plexes (MTORC1 and MTORC2) that in turn, can activate or
inhibit autophagy depending on the cellular environment. The
major signaling cascade controlling MTORC1 is the phosphoi-
nositide 3-kinase pathway that once activated recruits PDPK1
and AKT to the plasma membrane modulating autophagy.31

Apart from this classic pathway, autophagy can be also mediated
by several MTOR-independent pathways. Among these, a phos-
phoinositol (IP3) signaling pathway that directly regulates the
BECN1 complex32 and the Ca2C-CAPN-Gs ɑ pathway in which
elevated cytoplasmic Ca2C levels activate calpain that inhibit
autophagy.33

More recently it has become apparent that NFE2L2, an anti-
oxidant transcription factor, can be also implied in autophagy
regulation.34 Under quiescent conditions, NFE2L2 interacts
with KEAP1 (kelch-like ECH-associated protein 1), which con-
tinuously targets it for proteasomal degradation, maintaining a
low basal expression of NFE2L2-regulated genes. In the presence
of oxidative signals, NFE2L2 is released from KEAP1 and trans-
locates to the nucleus transactivating the expression of cytopro-
tective genes. In this cell context, SQSTM1 can interact with the
NFE2L2-binding site on KEAP1 and thus disrupts the KEAP1
inhibitory effect on NFE2L2.35 Therefore, while a KEAP1-
SQSTM1 complex is driven to autophagy, at the same time
NFE2L2 escapes KEAP1-dependent degradation, accumulates in
the nucleus and activates the expression of a large number of
cytoprotective targets.

Autophagy is now recognized to regulate both survival and cell
death with the outcome depending on cues from the extracellular
environment. Indeed, autophagy exerts an important role in the
control of inflammatory signaling.36 Since the local microinflam-
matory milieu determines macrophage function and life span, in
the present study we sought to determine whether SPMs
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modulate autophagy. Here we describe that 2 pro-resolving lipid
mediators, 15-epi-LXA4 and RvD1, promote autophagy in mac-
rophages, revealing a new role for SPMs in regulating macro-
phage life span. The study addresses the involvement of
previously recognized signaling pathways that operate within the
autophagic process. Induction of autophagy by lipid mediator
autacoids likely constitutes an important regulatory process
within the control of the inflammatory response and recovery of
tissue homeostasis.

Results

15-epi-LXA4 and RvD1 activate autophagy in macrophages
through promotion of MAP1LC3 processing and
autophagosome formation

We evaluated if SPMs formed in the course of resolution of
inflammation, might play a role in macrophage autophagy. Thus,
2 SPMs 15-epi-LXA4 and RvD1 were employed to determine
their activity in modulating autophagy in macrophages. First, we
incubated murine peritoneal macrophages with different concen-
trations of these pro-resolving lipids at concentration ranges at
which they have previously been shown to activate significant pro-
resolving actions12,14,37 to determine the potential effects on
MAP1LC3 processing (Fig. 1A). 15-epi-LXA4 at 100 nM and
RvD1 at 50 nM were found to be the lower effective concentra-
tions at which a measurable increase in the formation of
MAP1LC3-II was observed, indicative of an autophagy-promot-
ing action of both lipid mediators. These concentrations were
chosen for all further experiments in this study. Moreover, we dis-
card that 15-epi-LXA4 nor RvD1 had any toxicity in macrophages
at the selected concentrations but also significantly reduced stauro-
sporine-induced apoptosis to levels of cell death observed in con-
trol incubations as indicated by MTT reduction (Fig. S1A) and
flow cytometric assays (Fig. S1B). Therefore, both lipids media-
tors are protective for macrophages prolonging their survival simi-
lar to native LXA4 and appear to activate autophagy.

Treatment of peritoneal murine macrophages with these
SPMs for 15 to 30 min activated the classic autophagic response,
characterized mainly by the degradation of SQSTM1 and the
accumulation of MAP1LC3-II, with the maximal effect occur-
ring at 1 to 2 h (Fig. 1B). No significant changes were detected
in ULK1 or BECN1 protein levels. Immunostaining of
MAP1LC3 (green) in macrophages exposed to 15-epi-LXA4 or
RvD1 for 1 to 4 h resulted in the accumulation of cells with
MAP1LC3C dots in a time-dependent manner, whereas control
cells exhibited a lower and diffuse staining (Fig. 1C). Further-
more, to confirm that 15-epi-LXA4 and RvD1 indeed trigger
autophagosome formation in macrophages, we performed trans-
mission electron microscopy analysis in cells treated with these
SPMs and, as Fig. 1D shows, formation of typical double-mem-
brane vesicles corresponding to autophagosomes was observed.
In these experiments we identified different degrees of autopha-
gosome maturation and autolysosome formation (see Fig. S1C).
Moreover, the addition of chloroquine (CQ), a known inhibitor
of autolysosome formation,38 in the presence of 15-epi-LXA4 or

RvD1 inhibited the fusion of autophagosomes and lysosomes
leading to a significant accumulation of immature vesicles in the
cytoplasm of the macrophages (Fig. 1D).

BECN1 is an essential autophagic protein implied in the for-
mation of the autophagosome initiation complex but also at later
stages of autophagosome maturation interacting with several pro-
teins. Although the treatments with 15-epi-LXA4 or RvD1 did
not modify BECN1 protein levels in our model (see Fig. 1B), we
analyzed its involvement in the autophagy mediated by these
SPMs, using specific siRNA (reducing �80% to 90% of mRNA
levels; Fig. S2A). In the absence of BECN1, there was a signifi-
cant reduction in SQSTM1 degradation and MAP1LC3 process-
ing induced by 15-epi-LXA4 or RvD1 (Fig. 2A). These results
highlight the important role of BECN1 in the autophagic pro-
cess. Moreover, in the initial steps of autophagy, the interaction
between BCL2 and BECN1 is suppressed after BCL2 phosphory-
lation. Hence, we analyzed the interaction between both proteins
and, as Fig. 2B shows, the coimmunoprecipitation of BCL2 with
BECN1 antibody observed in vehicle-treated cells diminished sig-
nificantly after 1 h of 15-epi-LXA4 or RvD1 exposure.

Regarding the elongation stage, we examined by immunofluo-
rescence the localization of the autophagy receptor protein,
SQSTM1, which specifically binds to MAP1LC3 to facilitate the
degradation of ubiquitinated protein aggregates by autophagy.28

After 2 h of 15-epi-LXA4 or RvD1 treatment, the colocalization
of both proteins was significantly increased compared to vehicle-
exposed cells (Fig 2C). Moreover, to demonstrate if 15-epi-
LXA4 and RvD1 induce a dynamic autophagic flux in the cells,
we examined the effects of LY294002 (LY), a pan-inhibitor of
PI3K which prevents the initial steps in the formation of auto-
phagosomes, and of CQ, an inhibitor of the later steps of autoph-
agy.39 The presence of LY failed to significantly change ULK1,
BCL2, SQSTM1 or MAP1LC3 protein levels in cells treated
with 15-epi-LXA4 or RvD1 (Fig. 3A). By contrast, cotreatment
with CQ increased the ratio MAP1LC3-II/MAP1LC3-I and
enhanced degradation of SQSTM1, indicating a higher autopha-
gic flux in 15-epi-LXA4 and RvD1-treated macrophages
(Fig. 3B). We next analyzed by immunofluorescence the colocal-
ization of MAP1LC3 and LAMP1, a lysosomal marker. In mac-
rophages exposed to 15-epi-LXA4 or RvD1 increased the
presence of MAP1LC3 in lysosomes which was maximal at 6 h
(Fig. 3C). These results suggest that these SPMs can modulate
the autophagosome elongation and the final fusion of the auto-
phagosomes with lysosomes.

15-epi-LXA4 and RvD1 activate autophagy via the MAPK1
pathway and its interaction with MAP1LC3

We have previously described that the antiapoptotic effects of
LXA4 in macrophages are mainly mediated by AKT and MAPK1
activation.18 To determine if the proautophagic action of SPMs
also involves these pathways, the expression and phosphorylation
status of individual kinase members of early-response pathways
was evaluated by western blot Figure 4. Treatment of macrophages
with 15-epi-LXA4 or RvD1 promoted a rapid increase in the levels
of P-AKT Figure 4A. However, since LY did not affect the auto-
phagic response (see Fig. 3A), AKT phosphorylation is not likely

www.tandfonline.com 1731Autophagy



to be essential for autophagy induction, but might be involved in
downstream kinases activation. Also, after 15 to 30 min of 15-epi-
LXA4 or RvD1 administration the levels of P-MAPK1 increased
significantly and to a lesser extent those of P-MAPK8 Figure 4B.
To confirm the selectivity of these changes in the autophagic
response, we used specific inhibitors of MAPK1 and MAPK8
phosphorylation 30 min before the incubation with 15-epi-LXA4

or RvD1 for 1 h. In the presence of PD98059 (PD), a specific

MAPK1 inhibitor, SQSTM1 degradation was inhibited and there
were significantly higher levels of MAP1LC3-I, indicating an
important role for MAPK1 pathway in the 15-epi-LXA4 and
RvD1-dependent autophagy Figure 4C. However, MAPK8 inhi-
bition did not alter the autophagic response mediated by these
SPMs (data not shown). MAPK1 can interact directly with the
MAP1LC3 present in the autophagic structures leading to
increased MAPK1 phosphorylation.40 Indeed, 15-epi-LXA4 and

RvD1 favored the interaction between
MAP1LC3 and MAPK1 in colocaliza-
tion assays Figure 4D. In agreement
with these results we confirmed that
MAPK1 and MAP1LC3 coimmunopre-
cipitated in macrophages exposed to 15-
epi-LXA4 and RvD1 for 1 h (Fig. S3A).
To further support these results, we car-
ried out “FRET-like” experiments, using
specific antibodies for MAP1LC3 (Alexa
Fluor 488) and MAPK1 (Alexa Fluor
546) to detect by confocal microscopy
the endogenous interaction between
both proteins in macrophages. We
observed that both 15-epi-LXA4 and
RvD1 treatment (1 or 2 h) effectively

Figure 1. The autophagic pathway is
enhanced in 15-epi-LXA4 and RvD1-treated
murine macrophages. (A) Representative
images of MAP1LC3 showing the 2 protein
bands (LC3-I and LC3-II) of murine macro-
phages treated with different concentra-
tions of 15-epi-LXA4 and RvD1 for 2 h.
Immunoblots were normalized by GAPDH
levels. The corresponding graph represents
the mean §SD values of band intensity
ratios (LC3-II/LC3-I) of 3 different experi-
ments. *P � 0.05 vs. control. (B) Left panel,
representative immunoblots of ULK1,
BECN1 and SQSTM1 of peritoneal macro-
phages incubated with 15-epi-LXA4

(100 nM) or RvD1 (50 nM) for 15 or 30 min.
Right panel, representative blots of
MAP1LC3 (LC3) in macrophages treated
with 15-epi-LXA4 or RvD1 for 1 or 2 h.
GAPDH was used for normalization in both
cases. The corresponding histogram repre-
sents the mean §SD values of band inten-
sity ratios (LC3-II/LC3-I) of 3 different
experiments. #P � 0.001 vs. control. (C)
Representative images (left panel) of immu-
nostaining of MAP1LC3C (green) and DAPI
(blue) in macrophages exposed to 15-epi-
LXA4 for 2 h. The graph (right panel) shows
the mean §SD values of the percentage of
cells with MAP1LC3C dots of 3 different
experiments. *P � 0.05; **P � 0.01 vs. con-
trol. (D) Representative electron micros-
copy images of macrophages treated with
vehicle, 15-epi-LXA4 or RvD1 for 2 h in the
presence or absence of CQ as indicated.
Black arrows show autophagosomes.
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induced the interaction between
MAP1LC3 and MAPK1 proteins (Fig.
S3B). Moreover, some studies suggest
that MAPK1 can regulate the maturation
of autophagic vesicles, allowing their
fusion with lysosomes. 41 Accordingly we
have determined that after MAPK1 inhi-
bition (by PD pretreatment), there was a
significant reduction in the number of
autolysosomes induced by 15-epi-LXA4

and RvD1 exposure, showed by lower
colocalization levels between MAP1LC3
and LAMP1 (Fig. 4E). Altogether our
experiments indicate that MAPK1 plays
an important role in SPM-mediated
autophagy activation by modulating the
maturation of the autophagosomes.

Autophagic induction by 15-epi-
LXA4 and RvD1 is MTOR
independent

One of the main regulators of
autophagy is the kinase MTOR that
coordinately regulates the balance
between cell growth and autophagy in
response to the nutritional status,
growth factors, and stress signals. Mac-
rophages stimulated with 15-epi-LXA4

or RvD1 exhibited an increase of phos-
phorylated MTOR levels at 15 and
30 min (Fig. 5A), which disappeared at
longer exposure times (Fig. 5B). Inter-
estingly, 30 min pretreatment with
rapamycin, a classic inhibitor of the
MTOR activity, did not modify the
increased percentage of MAP1LC3C

cells induced after 2 h of 15-epi-LXA4

or RvD1 treatment (Fig. 5C). To cor-
roborate the effects on the MTOR path-
way we also performed 30 min
pretreatment with 20 nM of rapamycin
or 10 nM of XL-388, which blocks the
kinase activity of MTOR. Both inhibi-
tors independently induced SQSTM1
degradation and had a synergistic action
in the presence of 15-epi-LXA4 or
RvD1, with higher levels of autophagy
induction (Fig. 5D). These results sug-
gest that 15-epi-LXA4 or RvD1 induced autophagy by an
MTOR-independent mechanism.

One of the main models of MTOR-independent autophagy is
mediated by a reduction in the cytoplasmic calcium levels.33 It
has recently been described that RvD1 suppresses the activation
of the calcium-sensing kinase CAMK2 (calcium/calmodulin-
dependent protein kinase II), limiting LTB4 biosynthesis and
facilitating a rapid transition to resolution of an inflammatory

process.42 In this work, RvD1 suppresses the phosphorylation of
CAMK2 induced by arachidonic acid (AA), which rapidly
increases intracellular calcium. Accordingly, we corroborated that
stimulation of macrophages with AA for 2 h induced higher lev-
els of P-CAMK2 increasing in parallel to cytoplasmic calcium
measured with FLUO4 probe (Fig. 6). Then, we determined
that 15-epi-LXA4 reduced the phosphorylation of CAMK2
compared to AA treatment (Fig. 6A) and, moreover, both

Figure 2. 15-epi-LXA4 and RvD1 treatment in murine macrophages induce BECN1-BCL2 dissociation
and increase MAP1LC3:SQSTM1 colocalization. (A) Representative blots (left side) of BECN1, SQSTM1,
MAP1LC3 (LC3) and GAPDH (as normalization) of peritoneal macrophages transfected with scRNA or
siBecn1 and treated with 100 nM of 15-epi-LXA4, 50 nM of RvD1or the vehicle for 2 h. The correspond-
ing histogram (right side) represents the mean §SD of band intensity ratios of 3 different experiments.
*P�0.05 vs. the corresponding condition in scRNA transfected cells; #P � 0.05 vs. vehicle condition.
(B) Representative blots (left side) of BECN1 and BCL2 corresponding to coimmunoprecipitation
experiments in macrophages exposed to 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for 1 h. The histo-
gram (right side) shows the mean of BCL2 vs. the corresponding BECN1 band ratio §SD of 3 different
experiments. **P � 0.01 vs. vehicle condition. (C) Left panel shows representative immunofluorescence
images of MAP1LC3 (green), SQSTM1 (red) and DAPI (blue) and the corresponding merged image of
peritoneal macrophages treated with vehicle or 15-epi-LXA4 for 2 h. The corresponding histogram
(right panel) indicates the mean §SD of the Pearson correlation coefficient (PCC) between MAP1LC3
(LC3) and SQSTM1 proteins in macrophages treated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for
2 h in 3 different experiments. **P � 0.01 vs. vehicle condition.
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15-epi-LXA4 and RvD1 reduced cytoplasmic calcium levels
(Fig. 6B). According to these experiments, 15-epi-LXA4 and
RvD1 diminished calcium levels in the cytoplasm, permitting
further progress of the autophagic process. These results support
our hypothesis that 15-epi-LXA4 and RvD1 induce autophagy
also involving an MTOR-independent mechanism.

15-epi-LXA4 and RvD1-dependent
autophagy in murine macrophages is
modulated by NFE2L2

We have previously shown that LXA4

activates an antioxidant mechanism in
murine macrophages18 and 15-epi-LXA4

and RvD1 presented a similar action,
indicated by a significantly reduced capa-
bility of murine macrophages to oxidize
DCFH after 1 and 2 h (Fig. S4A). It was
of interest to assess if these antioxidative
actions occurring during autophagy were
NFE2L2-dependent. Using macro-
phages from WT and Nfe2l2-deficient
(knockout, KO) mice, the autophagic
effects of 15-epi-LXA4 and RvD1 were
maintained in the WT cells (showing
increased levels of MAP1LC3-II as well
as lower levels of SQSTM1) but blunted
in theNfe2l2KO counterparts (Fig. 7A).
Indeed, 15-epi-LXA4 and RvD1-treated
Nfe2l2KOmacrophages showed a signif-
icantly lower number of cells containing
MAP1LC3C dots than the WT
(Fig. 7B), as well as an impaired colocali-
zation ratio of MAP1LC3 and SQSTM1
(Fig. 7C). To confirm these results, we
silenced Nfe2l2 with specific siRNA in
peritoneal macrophages (60 to 80%
knockdown; Fig. S4B). In the presence
of siNfe2l2 there was a decrease in the
percentage of MAP1LC3C cells
(Fig. 7D) after 15-epi-LXA4 or RvD1
treatment compared to the negative con-
trol (scRNA). These results suggest that
autophagy in macrophages is, at least in
part, dependent on NFE2L2 activity.
Since SQSTM1 can interact with the
Nfe2l2-binding site on KEAP1 and thus
disrupts its inhibitory effect on Nfe2l2,35

we performed coimmunoprecipitation
assays of SQSTM1 and KEAP1 to deter-
mine if SPMs modify this interaction. As
Figure 7E shows, treatment with 15-epi-
LXA4 or RvD1 increased the interaction
between both proteins, indicating a direct
relationship between the NFE2L2 path-
way and the autophagy induced by these
SPMs.

15-epi-LXA4 and RvD1 improve
macrophage phagocytic function through the NFE2L2 pathway

It has been described that RvD1 is a locally acting signal that
stimulates robust antiinflammatory actions in macrophages pro-
moting phagocytosis, a critical step for the resolution of the
inflammatory process.14 Also, LXA4 and 15-epi-LXA4 are known

Figure 3. 15-epi-LXA4 and RvD1 induce mainly the final stages of autophagy allowing the formation of
autolysosomes. (A, B) Representative blots (left panel) of ULK1, BCL2, SQSTM1 and MAP1LC3-II/
MAP1LC3-I (LC3-II/LC3-I) of macrophages treated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) or the
vehicle for 2 h in the presence or absence of a pretreatment with LY in A (10 mM 30 min) or CQ in B
(20 mM 18 h). GAPDH was used for normalization in both cases. The corresponding histograms (right
panel) represent the mean §SD of band ratio of 3 different experiments *P � 0.05 vs. the correspond-
ing condition in the absence of the inhibitor. (C) Left panel shows representative immunofluorescence
images of MAP1LC3 (green), LAMP1 (red) and DAPI (blue) in macrophages treated with 15-epi-LXA4

(100 nM), RvD1 (50 nM) or the vehicle for 6 h where MAP1LC3 (LC3) and LAMP1 colocalization appears
in yellow color. Right panel presents the histogram quantification representing the mean §SD of the
Pearson correlation coefficient (PCC) between MAP1LC3 and LAMP1 proteins in 3 different experi-
ments. *P � 0.05 vs. vehicle condition.
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Figure 4. For figure legend, see page 1736.
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to promote macrophage phagocytosis.13,43-45 Here we confirmed
that 15-epi-LXA4 or RvD1-treated cells for 1 or 2 h showed sig-
nificantly increased phagocytic activity measured as zymosan-
Alexa Fluor 488 particles internalization (Fig. 8A). The phagocy-
tosis-stimulating activity of 15-epi-LXA4 was significantly
impaired in Nfe2l2 KO macrophages, which already had a weak-
ened basal phagocytic function (Fig. 8B). These results indicate
that phagocytosis, and the stimulating actions of these SPMs on
phagocytosis, are mediated at least partially by NFE2L2. In this
sense, recent evidence suggest that NFE2L2 can be also involved
in phagocytosis by modulating the expression of scavenger recep-
tors such as MARCO (macrophage receptor with collagenous
structure).46 We analyzed the expression of this receptor by PCR
and observed that both 15-epi-LXA4 and RvD1 treatments sig-
nificantly increased Marco expression (Fig. S4C). These results
go deeply into the role of these pro-resolutive lipids in phagocy-
tosis, since they do not only promote interaction between
SQSTM1 and KEAP1-NFE2L2 pathway activation, but also
involve the activation of the expression of receptors involved in
phagocytosis.

SPM-stimulated phagocytosis is tightly regulated by
autophagy in peritoneal murine macrophages

Since autophagy and phagocytosis are conserved and tightly
related cell functions in macrophages, we also analyzed their rela-
tionship in our model. To address this, we silenced Atg5 (an
essential autophagic protein), reducing in �80% to 90% both
mRNA and protein levels (Fig. S2B). In these experiments,
siAtg5 abolished SQSTM1 degradation and MAP1LC3 process-
ing induced by 15-epi-LXA4 and RvD1 treatments (Fig. 8C).
Moreover, we have determined that, in the absence of this pro-
tein, the macrophages presented a significant decrease in their
capacity to phagocyte zymosan particles (Fig. 8D). These results
demonstrate the tight relationship between autophagy and
phagocytosis in this model.

15-epi-LXA4 and RvD1 promote autophagy in human
monocytes

Given the results obtained in murine macrophages, next we
determined if 15-epi-LXA4 and RvD1 also induce autophagy in
human cells. Human monocytes obtained from healthy donors

were exposed to 15-epi-LXA4 or RvD1 for 1 or 2 h and the
expression of various components of the autophagic signaling
pathway was analyzed by western blot (Fig. 9A). Both SPMs
induced a significant increase of MAP1LC3-II/MAP1LC3-I ratio
and SQSTM1 degradation without affecting BECN1 levels.
Moreover, colocalization of BCL2 and BECN1 was diminished
in cells treated for 2 h (Fig. 9B), suggesting an early autophagy
activation by these SPMs. Finally, both lipid mediators induced
a significantly increased colocalization of MAP1LC3 and
SQSTM1 measured by immunofluorescence (Fig. 9C). Taken
together, autophagy induction by 15-epi-LXA4 and RvD1 in
human monocyte-derived macrophages is similar to the events
described in murine peritoneal macrophages.

Discussion

The present study provides evidence for a new role of 15-epi-
LXA4 and RvD1 in the immune system, the activation of autoph-
agy in macrophages. This process, combined with the inhibition
of apoptosis by LXA4,

18 suggests that pro-resolving lipids play a
physiological role in macrophage biology prolonging their sur-
vival by regulating apoptosis and autophagy. The concerted regu-
lation of both fundamental cellular processes likely contributes to
a well-coordinated and correct resolution of the inflammatory
process. A controlled and sustained macrophage survival within
an inflamed tissue is required to allow appropriate time for com-
plete efferocytosis, avoiding excessive accumulation of cellular
debris within injured tissues and permitting progress to resolu-
tion and tissue regeneration. Proper regulation of macrophage
half-life by activation of autophagy may contribute to permitting
timely macrophage egress from inflamed tissues into draining
lymph toward lymph nodes and presentation of antigen to the
adaptive arm of the immune system, before macrophage apopto-
sis can ensue. Thus, our results support a new role of SPMs in
the inflammatory response.

The interplay between autophagy and apoptosis is a complex
multifactorial network, which controls the cellular balance
between survival and death. In each specific cellular context, a
small prevalence of one of them could tip the balance one way or
the other. We have described that some SPMs, such as LXA4

impair apoptosis of macrophages, but the possible implication of

Figure 4 (See previous page). The effects in autophagy observed in macrophages after 15-epi-LXA4 or RvD1 treatments are mediated by the MAPK1
pathway and its interaction with MAP1LC3 protein. (A, B) Representative blots (left side) of P-AKT, AKT (A) and P-MAPK1, MAPK1, P-MAPK8 and MAPK8
(B) of murine macrophages exposed to different concentrations of 15-epi-LXA4 or RvD1 for the indicated periods of time. Immunoblots were normalized
by GAPDH levels. The corresponding histograms (right side) represent the mean §SD of band ratio quantification of 3 independent experiments.
*P � 0.05; **P � 0.01 vs. the corresponding control condition. (C) Representative immunoblots (upper panel) of SQSTM1 and MAP1LC3 (LC3) of peritoneal
macrophages incubated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for 2 h. PD (1 mM) was added 30 min prior to the lipids where indicated. Immuno-
blots were normalized by GAPDH levels. Histogram (lower panel) represents the mean §SD of band ratio quantification of 3 independent experiments.
*P � 0.05; #P � 0.01 vs. the corresponding condition in the absence of PD. (D) Left panel shows representative images of immunofluorescence of
MAP1LC3 (green), MAPK1 (red) and DAPI (blue) of peritoneal macrophages exposed to 15-epi-LXA4 (100 nM), RvD1 (50 nM) or vehicle for 1 h. Yellow
color represents colocalization areas. The histogram (right panel) represents the mean §SD of the MAPK1-MAP1LC3 (LC3) Pearson correlation coefficient
(PCC) of 3 independent experiments. *P � 0.05 vs. control condition. (E) Left panel shows representative images of immunofluorescence of MAP1LC3
(green), LAMP1 (red) and DAPI (blue) of peritoneal macrophages exposed to 15-epi-LXA4 (100 nM), RvD1 (50 nM) or vehicle for 6 h in the presence or
absence of a pretreatment with PD (1 mM, 30 min) as indicated. Yellow color represents colocalization areas. The histogram (right panel) represents the
mean §SD of the MAP1LC3 (LC3)-LAMP1 Pearson correlation coefficient (PCC) of 3 independent experiments. *P � 0.05 **P � 0.01 vs. vehicle condition.
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these compounds in autophagy regulation remained unknown.
Autophagy is generally activated by conditions of nutrient depri-
vation but it has also been associated with physiological and

pathological processes such as development, differentiation, neu-
rodegenerative diseases, stress, infection, and cancer.22 Autoph-
agy and apoptosis are connected both positively and negatively,

Figure 5. For figure legend, see page 1738.
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and extensive crosstalk exists between the 2 pathways. During
nutrient deficiency, autophagy functions as a prosurvival mecha-
nism; however, excessive autophagy may lead to cell death. In
fact, there are several apoptotic proteins that also play an impor-
tant role in autophagy, including BCL2, BCL2L1, or MCL1
which inhibit BECN1-dependent autophagy, thereby acting as
prosurvival and as antiautophagic regulators.24,47 In this sense, it
has been recently reported that these antiapoptotic proteins could
regulate autophagy by inhibiting the activity of the proapoptotic
proteins BAK1 and BAX.48

To date, MAP1LC3-II is considered one of the main autopha-
gosome markers. Thus, tracking the conversion of MAP1LC3-I
to MAP1LC3-II is indicative of autophagic activity, but needs to
be corroborated by the formation of MAP1LC3C aggregates
(“dots” or puncta) within the cells, as well as its colocalization
with lysosomal markers, such as LAMP1. We have demonstrated
that both 15-epi-LXA4 and RvD1 at nanomolar concentrations
induced higher levels of MAP1LC3-II in macrophages, as well as
the presence of MAP1LC3C aggregates in the macrophages,
interacting with the lysosomes. In fact, the formation of autopha-
gosomes in different stages of integration was confirmed by elec-
tron microscopy. These results were also corroborated in human
monocyte-derived macrophages extending the results obtained in
the mouse model.

One of the well-known mechanisms reported for regulation in
autophagy is the AKT-MTOR pathway. Although it has been
widely described that AKT activates MTOR suppressing autoph-
agy, there is also evidence of several autophagic pathways that are
MTOR-independent.49 A genome-wide screen has identified var-
ious MTOR-independent signaling components that contribute
to basal autophagy, such as the MAPK8-BECN1 and MAPK1
pathways, although the precise mechanisms whereby these path-
ways regulate autophagy remain to be completely elucidated.50

We show here that 15-epi-LXA4 and RvD1 induced a rapid acti-
vation of AKT and MTOR pathways, but LY, rapamycin or the
MTOR kinase inhibition with XL388 did not influence autoph-
agy in these cells, suggesting that neither AKT nor MTOR play
an important role in 15-epi-LXA4 or RvD1-activated autophagy,
although they might participate in determining the basal level of
autophagic activity. Moreover, both 15-epi-LXA4 and RvD1 pre-
vented the activation of CAMK2 and reduced the cytoplasmic
calcium levels in macrophages, also pointing to an activation of
autophagy by an MTOR-independent mechanism. In accor-
dance, these SPMs induced the activation of MAPK8 during
autophagy resulting in the phosphorylation of BCL2 and releas-
ing its binding to BECN1, permitting autophagosome

formation.51 Interestingly, our data indicate that MAPK1 plays a
key role in SPM-mediated autophagy as deduced by the increased
phosphorylation of MAPK1 in 15-epi-LXA4 and RvD1-treated
cells, and corroborated by the use of specific inhibitors of this
pathway. MAPK1 is important in cell survival, and its implica-
tion in the modulation of autophagy has also become increasingly
relevant. For example, MAPK1 activation has been implicated in
the induction of autophagy in response to different antitumor
and cytotoxic compounds in several human cancer cells,52-54 as
well as in neuronal55 or endothelial cells.56 It has also been
described that direct MAPK1 activation by overexpression of
constitutively active MAP2K1 promote autophagy without any
other stimulus41 and MAPK1 inhibition has been associated to
an impaired autophagy.52 Moreover, MAPK1 can also interact
directly with MAP1LC3 in the autophagic structures.40 Our
results shows that the levels of interaction between MAPK1 and
MAP1LC3 increased in macrophages treated with 15-epi-LXA4

and RvD1 as concluded by colocalization and coimmunoprecipi-
tation assays. These data were also supported by “FRET-like”
approach. Moreover, some studies suggest that MAPK1 can regu-
late the maturation of autophagic vesicles, allowing their fusion
with lysosomes.41 Accordingly we have determined that after
MAPK1 inhibition there was a significant reduction in the num-
ber of autolysosomes induced by 15-epi-LXA4 and RvD1. Thus,
autophagy in macrophages activated by SPMs appears to be
mediated by an MTOR-independent pathway, through a reduc-
tion in the cytoplasmic calcium levels and activation of MAPK1
that promotes the maturation of autophagosomes.

In addition to the involvement of kinase signaling pathways,
15-epi-LXA4 and RvD1 also require NFE2L2, a component of
an intracellular antioxidant pathway, in the activation of autoph-
agy in macrophages. Using KO mice and siRNA assays, our data
proved that NFE2L2 can be essential for the activation of several
components of the autophagic process suggesting its involvement
in the early steps of autophagy initiation or control over those
steps. This transcription factor has been implicated in autophagy
through the receptor protein SQSTM1, which activates and sta-
bilizes this stress responsive transcription factor through the inac-
tivation of its main inhibitor, KEAP1.34,35 Indeed, our results
show that both 15-epi-LXA4 and RvD1 treatments in macro-
phages promoted the KEAP1-SQSTM1 interaction, releasing the
protective factor NFE2L2. Thus, this transcription factor appears
to have a central role in the SPMs mediated autophagy. Indeed,
phagocytosis, an essential function of macrophages activated by
SPMs also proved to be compromised in the absence of a func-
tional NFE2L2 protein, being significantly impaired after

Figure 5 (See previous page). 15-epi-LXA4 and RvD1 induce autophagy in macrophages through an MTOR-independent mechanism. (A) Representative
blots (left side) of P-MTOR and MTOR of peritoneal macrophages treated with 15-epi-LXA4 or RvD1 at the different concentrations for the indicated peri-
ods of time. The corresponding histogram (right side) shows the mean §SD of P-MTOR/MTOR band ratio of peritoneal macrophages exposed for 15 or
30 min to15-epi-LXA4 (100 nM) or RvD1 (50 nM) of 3 different experiments. *P � 0.05 vs. control. (B) Histogram represents the mean §SD of P-MTOR/
MTOR band ratio of macrophages treated with 100 nM of 15-epi-LXA4 for the indicated times of 3 different experiments. (C) Left panel shows representa-
tive images of immunofluorescence of MAP1LC3 (green) and DAPI (blue) of peritoneal macrophages exposed to 15-epi-LXA4 for 2 h vs. vehicle-treated
cells. The histogram (right panel) represents the mean §SD of the percentage of MAP1LC3 (LC3)C cells in 3 independent experiments. (D) The histogram
represents the mean §SD of theSQSTM1/GAPDH band ratio of peritoneal macrophages treated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for 2 h in
the presence or absence of rapamycin (20 nM) or XL-388 (10 nM) as indicated. *P � 0.05; **P � 0.01 and #P � 0.001 vs. the control condition.
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15-Epi-LXA4 treatment in KO mice.57

SPMs also increased the expression of
MARCO receptors, that modulate
phagocytosis in macrophages and
whose expression can be regulated by
NFE2L2. Looking to these data,
NFE2L2 is another key factor modulat-
ing SPMs mediated autophagy in mac-
rophages and as well as regulating the
phagocytic function of these immune
cells (see Fig. S5).

Autophagy and phagocytosis are
basic cellular functions playing impor-
tant roles in innate immunity whose
crosstalk appears to be dependent on
the specific immune scenario. Although
some studies indicate that bone-mar-
row derived macrophages deficient for
several ATGs are capable to phagocy-
tose dead cells58 and bacteria46 at a rate
similar to that of wild-type macro-
phages, other groups have demon-
strated that disruption of the same
ATGs impairs the capacity of macro-
phages to phagocytose fungi59 and also
bacteria.60 Here we show that knocking
down Atg5 in murine peritoneal macro-
phages induced a decreased phagocyto-
sis concomitant with the absence of
autophagy, suggesting a close relation-
ship between both basic cellular pro-
cesses. These discrepancies can be
explained by the application of differ-
ent experimental approaches, mainly
dependent on the cellular context and
even on the type of “particles” to
phagocytose (related to the class of
receptor involved in their internaliza-
tion). Therefore, we considered our
results as an alternative model that can
provide additional knowledge of the
relationship between autophagy and phagocytosis in another
immune scenario, improving our understanding of macrophage
physiology and function.

Over the last few years it has become apparent that
autophagy may be a primordial component of the eukaryotic
innate immune response against invading microorganism,
being activated in response to virus, bacteria, and inflamma-
tory cytokines among others.61 It has been described that
both toll-like receptors58,62 and NOD-like receptors63,64 can
interact with the autophagic machinery. Recently, defects in
autophagy have been associated with several human disorders
such as cardiovascular diseases,65-67 obesity and diabetes,68

Alzheimer disease69,70 and even cancer,71-73 all of them share
a low-grade chronic inflammatory background. In this line,
therapeutic approaches to the majority of these diseases

include some antiinflammatory compounds with important
limitations linked to their secondary effects. With the recent
discovery of endogenous SPMs, the attention has changed in
favor of understanding the actions of these endogenous mole-
cules, including the lipoxins, resolvins, protectins, and mare-
sins, which actively orchestrate and mediate the resolution of
inflammation. Possibly, a deficit in the synthesis of SPMs
such as lipoxins and resolvins may contribute to poor resolu-
tion, involving inadequate activation of macrophage autoph-
agy. The knowledge of the mechanism of action of these
autacoids is highly relevant since it is believed that they pro-
mote resolution inducing neither immunosuppression nor
undesirable side-effects, opening a door to potential new
approaches in pharmacological treatments for chronic inflam-
matory diseases.

Figure 6. 15-epi-LXA4 and RvD1 decreased the cytoplasmic calcium levels in macrophages, reducing
the activation of CAMK2. (A). Representative blots (left panel) of P-CAMK2 and CAMK2 of peritoneal
macrophages treated with 15-epi-LXA4 (100 nM) or the vehicle for 2 h in the presence or absence of a
pretreatment with arachidonic acid (AA; 10 mM) for 2 h as indicated. Immunoblots were normalized to
GAPDH levels. The corresponding histogram (right panel) represents the mean §SD of P-CAMK2/
CAMK2 band ratio quantification in 3 different experiments. *P � 0.05 vs. control; #P � 0.01 vs. the AA
condition. (B) Histogram represents the mean §SD of the percentage of increase of specific fluores-
cence corresponding to FLUO-4 calcium assay of at least 10 different cells per condition vs. their spe-
cific background in macrophages treated with 15-epi-LXA4 (100 nM), RvD1 (50 nM) or the vehicle for
2 h in the presence or absence of a pretreatment with arachidonic acid (AA; 10 mM) for 2 h as indi-
cated. *P � 0.05 vs. control; #P � 0.001 vs. the AA condition.
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Materials and Methods

Materials
15-epi-LXA4 (90415) and RvD1 (13060) were from Cayman;

PD98059 and arachidonic acid were from Sigma (P215, A3555);
rapamycin and LY294002 were from Calbiochem (553210,

440202); thioglycollate broth was from
Becton Dickinson (BD 225650) and
chloroquine was from Abcam
(ab142116); XL388 was from Selleck-
chem (S7035). Antibodies were from
Santa Cruz Biotechnology, Sigma-
Aldrich, Abgent, MBL, Life Technolo-
gies and Cell Signaling Technology (see
Table 1). Zymosan A Bioparticles�

Alexa Fluor 488 (Z23373), FLUO4
directTM calcium assay reagent
(F10471) and fluorescent secondary
antibodies were from Molecular Probes
(Alexa Fluor anti-mouse 488, A11029
and Alexa Fluor anti-rabbit 546,
A11035). Tissue culture dishes were
from Falcon (353004) and tissue cul-
ture media (RPMI, 21875-034 and
DMEM, 41966-029) were from Gibco-
Invitrogen. Stock solutions and dilu-
tions of lipid mediators were prepared
in ethanol, maintained out of direct
light and handled under cold conditions
at all steps. Vehicle-treated cells received
0.01% (vol/vol) of ethanol for the indi-
cated periods of time in all the
experiments.

Animals
The study was conducted in mice

following the guidelines of the Spanish
Animal Care and Use Committee and
the European Union (2010/63/EU). All
procedures were approved by the Bio-
ethics Committee of our institution.
Male Balb/c mice (Charles River Labo-
ratories), male wild-type C57BL/6 mice
and their Nfe2l2-deficient (KO) litter-
mates were housed at RT under 12 h
light/dark cycle and food and water was
provided ad libitum. Mice were eutha-
nized by CO2 inhalation immediately
prior to extraction of elicited-peritoneal
macrophages.

Peritoneal macrophage isolation
Mice aged 8 to 12 wk were used as

follows: Four d prior to harvesting the
peritoneal macrophages, 2.5 ml of 3%
thioglycollate broth (BD, 225650) were

intraperitoneally injected. Elicited peritoneal macrophages were
prepared from mice as previously described.74 Cells were seeded
in RPMI 1640 medium (Gibco, 21875) supplemented with
10% heat-inactivated fetal bovine serum (Sigma, F7524) and
antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin;
Sigma, P4458).

Figure 7. The autophagic induction by 15-epi-LXA4 and RvD1 in murine macrophages is mediated by
NFE2L2 activation and the interaction between SQSTM1 and KEAP1. (A) Representative blots of
SQSTM1 and MAP1LC3 (LC3) of peritoneal macrophages obtained from Nfe2l2WT and Nfe2l2 KO mice
treated with 100 nM of 15-epi-LXA4 for the indicated periods of time. Immunoblots were normalized
by GAPDH levels. (B) Graph represents the mean §SD of the percentage of cells with MAP1LC3C dots
in Nfe2l2 WT and KO macrophages treated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for one or 2 h
of 3 different experiments. #P � 0.05 vs. control; *P � 0.01; **P � 0.001 vs. the corresponding condition
in Nfe2l2 WT macrophages. (C) Histogram represents the mean§SD of the Pearson correlation coeffi-
cient (PCC) between MAP1LC3 and SQSTM1 in Nfe2l2 WT or KO murine macrophages treated as indi-
cated in the figure in 3 different experiments. #P � 0.05 vs. vehicle; *P � 0.05 and **P � 0.01 vs. the
corresponding condition in Nfe2l2 WT macrophages. (D) The histogram represents the mean §SD of
the percentage of MAP1LC3C cells in peritoneal macrophages transfected with scRNA or siNfe2l2 and
treated with 100 nM of 15-epi-LXA4, 50 nM of RvD1or the vehicle for 2 h of 3 different experiments.
#P � 0.05 vs. vehicle; *P � 0.05 vs. the corresponding condition in scRNA transfected cells. (E) Repre-
sentative blots (left side) of KEAP1 and SQSTM1 corresponding to coimmunoprecipitation experiments
in macrophages exposed to 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for the indicated periods of time.
The histogram (right side) shows the mean of KEAP1 vs. the corresponding SQSTM1 band ratio §SD of
3 different experiments. *P � 0.01 vs. control condition.
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Human monocyte isolation
The study protocol adhered to the

ethical guidelines of the 1975 Declara-
tion of Helsinki and received approval
from the Ethics Committee of La Paz
Hospital in Madrid. All participants pro-
vided their written informed consent to
participate in the study and the Ethic
Committee approved this consent proce-
dure. Peripheral blood mononuclear cells
were isolated from the blood of healthy
donors by centrifugation on Ficoll-paque
Plus (Fisher, 17-1440-03). The purity of
the monocyte cultures was tested by flow
cytometry after CD14 labeling (>89%
positive cells). Peripheral blood mono-
nuclear cells were cultured for 2 h at 106

cells/ml in DMEM (Gibco, 41966) sup-
plemented with antibiotics. After this
period, the supernatant fraction was
removed and the adherent cells were cul-
tured in the same medium supplemented
with antibiotics and 10% fetal bovine
serum.18

Preparation of total cell extracts
Cells were homogenized at 4�C in a

medium containing 10 mM Tris-HCl,
pH 7.5, 1 mM MgCl2, 1 mM EGTA,
10% glycerol, 0.5% CHAPS (Sigma,
C3023) and protease and phosphatase
inhibitor cocktails (Sigma, P8340,
P5726, P0044). The extracts were vor-
texed for 30 min at 4�C and after
centrifuging for 15 min at 13,000 g, the
supernatant fractions were stored at
¡20�C. Protein levels were determined
with Bradford reagent (Bio-Rad, 500-
0006).

Western blot analysis
Equal amounts of protein (20 to

40 mg) were loaded onto and size-frac-
tionated by 8-12% SDS-PAGE and
transferred to a PVDF membrane (Bio-Rad, 170-4157). After
blocking with 5% nonfat dry milk and incubation with the corre-
sponding antibodies the blots were developed by ECL protocol.
Optimization of exposition times was performed for each blot to
ensure the linearity of band intensities. Values of densitometry
were determined using ImageJ software (http://imagej.nih.gov).

Immunofluorescence microscopy
Cells were seeded 16 h before treatment into sterile 8-well

chamber slides (Falcon, 354108). After treatments, cells were
fixed with 2% paraformaldehyde for 10 min, permeabilized in
iced methanol and incubated with 3% bovine serum albumin

(Sigma, A2153) for 30 min. After incubating with antibody
against MAP1LC3 (MBL, M115-3), SQSTM1 (MBL, PM045),
LAMP1 (Abgent, AP1823) or MAPK1 (Cell Signaling Technol-
ogy, 9102) at 4�C for 18 h, cells were washed with phosphate-
buffered saline (PBS; Lonza, BE17-515F) followed by incubation
with the corresponding secondary antibody (1:500) and DAPI
(1:1000) for 20 min. Coverslips were mounted in ProLong�

Gold Antifade reagent (Life technologies, P36930) and examined
using a confocal microscope (Leica PCS SP5, Illinois, USA). Val-
ues of fluorescence intensity and Pearson colocalization coeffi-
cient (PCC) quantification were performed with ImageJ
software. PCC values range from 1 for 2 images whose

Figure 8. Phagocytosis in 15-epi-LXA4 or RvD1-treated macrophages is tightly regulated by the ATG5
protein and the NFE2L2 antioxidant factor. (A) The histogram (left panel) represents the mean §SD of
the percentage of zymosanC cells in murine macrophages treated with 15-epi-LXA4 (100 nM) or
RvD1 (50 nM) for the indicated periods of time of 3 different experiments. *P � 0.05 and **P � 0.01
vs. the control. Right panel shows representative images of an immunofluorescence of zymosan Alexa
Fluor 488 (green) and DAPI (blue) of vehicle-, 15-epi-LXA4- (2 h) or RvD1 (1 h)-treated cells. (B) The
histogram represents the mean §SD of the percentage of zymosanC cells in peritoneal macrophages
derived from Nfe2l2 WT or KO mice and treated with 15-epi-LXA4 (100 nM) or the vehicle for 2 h of 2
different experiments. *P � 0.05 vs. vehicle and **P � 0.01 vs. the corresponding condition in Nfe2l2
WT macrophages. (C) Representative blots of ATG5, SQSTM1, MAP1LC3 (LC3) and GAPDH (as normali-
zation) of peritoneal macrophages transfected with scRNA or siAtg5 and treated with 100 nM of 15-
epi-LXA4, 50 nM of RvD1 or the vehicle for 2 h in 2 different experiments. (D) The histogram repre-
sents the mean §SD of the percentage of zymosanC cells in peritoneal macrophages transfected
with scRNA or siAtg5 and treated with 100 nM of 15-epi-LXA4, 50 nM of RvD1 or the vehicle for 2 h in
2 different experiments. *P � 0.05 vs. the corresponding vehicle; #P � 0.01 vs. the corresponding
scRNA condition.
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fluorescence intensities are perfectly, linearly related, to ¡1 for 2
images whose fluorescence intensities are perfectly, but inversely,
related to one another. Values near zero reflect probe distribu-
tions that are uncorrelated with one another.75

Protein coimmunoprecipitation
After treatment with the indicated lipid mediators, cell pro-

teins were extracted with RIPA buffer and 500 to 800 mg of total
protein extract was incubated with the corresponding primary
antibody for 18 h at 4�C on a rotating platform. Then, 20 ml of
Protein A/G PLUS-agarose (Santa Cruz Biotechnology, sc2003)
were added to all samples and incubated for 3 h at 4�C. After
centrifugation, the pellets were washed 3 times with PBS and
finally resuspended in 4X concentrated Laemmli sample buffer
and the presence of the corresponding protein was determined by
western blot. Blots were incubated with a specific secondary anti-
body from Cell Signaling Technology (5127) that only binds to
native IgG eliminating the problem of comigrating bands corre-
sponding to IgG heavy and light chains.

siRNA assays
Specific siRNAs or the equivalent

scrambled sequences (scRNA; Ambion)
were used to knock down the gene
expression of Nfe2l2 (s70522), Becn1
(s80166) and Atg5 (s62453). Peritoneal
murine macrophages were transfected
with 50 nM of siRNA using Lipofect-
amine RNAiMAX (Invitrogen, 13778).
The degree of gene knockdown after
48 h of transfection was determined by
PCR, obtaining a transfection efficiency
of siRNA of 60 to 90%. Transfection
with scrambled RNAs did not modify
the basal levels of mRNA.

Phagocytosis assay
Cells were seeded into sterile 8-well

chamber slides. After treatments, zymo-
san A BioParticles� Alexa Fluor 488
(Molecular Probes, Z23373) was incu-
bated with cells for 2 h at 37�C follow-
ing the manufacturer�s instructions.
Then, cells were fixed with 2% parafor-
maldehyde for 10 min, permeabilized
in ice-cold methanol and incubated
with DAPI 1:1000 for 20 min at room
temperature for nuclear labeling. Cover-
slips were mounted in ProLong� Gold
Antifade reagent and examined using a
confocal microscope Leica PCS SP5.
Quantification of phagocytic cells (with
green particles in their cytoplasm) vs.
total cells was performed with ImageJ
software.

Fluo-4 DirectTM calcium assay
Cytoplasmic calcium levels were analyzed in peritoneal mac-

rophages seeded into specific 8-chamber slides with a glass bot-
tom (Ibidi, 80827) and stimulated as indicated. Cells were
exposed to FLUO4 reagent for 30 min at 37�C following the
manufacturer�s instructions and probe specific fluorescence (Ex-
494nm/Em-516nm) was measured using a confocal microscope
LSM710 (Zeiss, New York, USA).

Electron microscopy
For electron microscopy, peritoneal macrophages were seeded

into sterile 8-well Permanox�-treated chamber slides (Thermo
Scientific, 177445) and incubated with the indicated stimulus.
Then, cells were washed with PBS and fixed in glutaraldehyde
(2%) plus paraformaldehyde (2%) for 60 min. Samples were
postfixed in 1% osmium tetroxide for 60 min at 25�C, stained
with uranyl acetate (5 mg/ml) for 1 h at 25�C, dehydrated in
acetone and embedded in Epon 812 (Electron Microscopy Sci-
ence, EMbed 812). Ultrathin sections, unstained or poststained
with uranyl acetate and lead hydroxide, were examined under a

Figure 9. Human monocytes also augmented their autophagy after treatment with 15-epi-LXA4 or
RvD1. (A) Left panel shows representative blots of BECN1, SQSTM1 and MAP1LC3 (LC3) of human
monocytes treated with 15-epi-LXA4 (100 nM) or RvD1 (50 nM) for one or 2 h. The histogram (right
panel) presents the mean §SD of the band ratio of each protein vs. GAPDH of 3 different experiments.
*P � 0.05 and **P � 0.01 vs. the corresponding vehicle. (B) Representative blots (upper panel) corre-
spond to coimmunoprecipitation experiments between BECN1 and BCL2 in human monocytes treated
with 15-epi-LXA4 or RvD1 for 2 h. Histogram (lower panel) shows the quantification of the mean § SD
of BCL2/BECN1 band ratio of 3 different experiments. *P � 0.05 vs. vehicle. (C) Left panel shows repre-
sentative images of immunofluorescence of MAP1LC3 (green), SQSTM1 (red) and DAPI (blue) of 15-
epi-LXA4 (2 h)-treated human monocytes vs. control. The histogram (right panel) represents the mean
§SD of the Pearson correlation coefficient (PCC) between MAP1LC3 (LC3) and SQSTM1 of human
monocytes exposed to 15-epi-LXA4 or RvD1 for 2 h vs. vehicle-treated cells of 3 different experiments.
*P � 0.05 vs. vehicle condition.
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Morgagni 268D transmission electron microscope (FEI, Hills-
boro, OR) equipped with a Mega View II charge-coupled device
camera (SIS, Soft Imaging System GmbH, Munster, Germany)
and analyzed with AnalySIS software (SIS).

Statistical analysis
The values shown in graphs correspond to the means §SD.

The statistical significance of differences between mean sample
values was estimated with the Student t test for unpaired observa-
tions. All experiments were carried out at least in triplicate. A
P � 0.05 value was considered as statistically significant.
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