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provide an optimal platform in which to perform mechanistic
studies of one of the predominant immune cell types present in the
SVC fraction of adipose tissue. Indeed, compared with ADPs,
cells of the SVC fraction were the major contributors to cytokine/
adipokine production in visceral fat from Ob individuals (Fig. 3F).
Another observation from Ob fat explants is that IL-10 induced
the expression of CD163 and HO-1, which are part of the IL-10-
induced anti-inflammatory response (19) (Fig. 3G). HO-2 was also
upregulated by IL-10 (Supplemental Fig. 2A). Moreover, the
HO-1 mRNA response to IL-10 was amplified in adipose tissue
explants from Ob patients incubated with 10 nM RvD1 (Fig. 3H).
Similarly, RvD1 at 1 nM amplified, in an additive fashion, IL-10-
induced HO-1 protein expression after 120 min of incubation
(Fig. 3I). Unexpectedly, high concentrations of RvD1 (>10 nM)
reduced HO-1 protein expression in adipose tissue explants (Fig.
3I). RvD1 did not modify CD163 expression in resting or IL-10-
treated adipose tissue explants (Supplemental Fig. 2B). Strength-
ening of the IL-10-mediated HO-1 response induced by RvD1
was confirmed in human THP-1 macrophages (Fig. 3J).

To identify signaling events that may mediate RvD1 actions on
the IL-10—induced anti-inflammatory response, we next investi-
gated the canonical IL-10/STAT3 pathway in Ob adipose tissue.
As shown in Fig. 4A, human adipose tissue showed a constitutive
phosphorylation on the Tyr’* residue of STAT3, with the extent of
phosphorylation being significantly higher in Ob individuals than
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in nonobese CT subjects. Consistent with the fact that the IL-10
response is preserved in Ob adipose tissue, this cytokine activated
STAT3™" phosphorylation after 120 min of stimulation (Fig. 4B).
Notably, pretreatment with RvD1 at 1 nM significantly sensitized
adipose tissue to IL-10 and shifted the maximal induction of
STAT3™" phosphorylation to the left and upward at 30 min
(Fig. 4C). In contrast, RvD1 significantly reduced IL-10-induced
STAT3™" phosphorylation at higher concentrations (10 and 50
nM) and for longer periods of time (120 min) (Fig. 4C). Impor-
tantly, the IL-10-induced anti-inflammatory response (character-
ized by inhibition of IL-6, IL-1, IL-8, and TNF-a) was preserved
in adipose tissue during RvD1 treatment, and this SPM reduced
IL-8 expression even further (Supplemental Fig. 2C). A concentration-
dependent increase in STAT3™" phosphorylation in response to IL-10
and its downregulation by RvD1 were confirmed in human THP-1
macrophages (Fig. 4D, 4E).

In addition to IL-10, cytokines such as IL-6 use receptor-induced
signaling through the JAK/STAT3 pathway. Paradoxically, and in
contrast to IL-10, IL-6 produces an opposed transcriptional and
proinflammatory response (20). For this reason, we next explored
whether RvD1 was able to modulate STAT3™" phosphorylation of
Ob fat explants exposed to IL-6. Consistent with Ob adipose tis-
sue’s lack of response to IL-6, this cytokine/adipokine was totally
ineffective in inducing phosphorylation of STAT3™" in this hu-
man tissue, a response that was not modified by RvD1 (Fig. 5A).
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FIGURE 7. RvDlI enhances the production of HO-1 and IL-10 by a p38 MAPK-dependent mechanism in human monocytes. (A) mRNA expression for
IL-10, HO-1, IL-6, and IL-8 in THP-1 cells incubated with the p38 MAPK inhibitor SB203580 (5 M) for 30 min before the addition of LPS (1 wg/ml) for
6 h. (B) Representative immunoblot (upper panel) and densitometric analysis (lower panel) of HO-1 protein expression in THP-1 cells incubated with RvD1
(10 nM) in the presence or absence of SB203580 (5 wM) for 30 min before the addition of LPS (1 pg/ml) for 6 h. (C) Representative immunoblots of p38
MAPK and its phosphorylated form (p-p38, phosphorylation at Thr'®%/Tyr'®?) in THP-1 cells incubated with RvD1 (1, 10, and 50 nM) and SB203580
(5 uM) for 30 min before the addition of LPS (1 wg/ml) for 6 h. (D) IL-10 levels in supernatants of cultured human Ob adipose tissue explants incubated
with the p38 MAPK inhibitor SB203580 (5 wM) in the presence of increasing concentrations of RvD1 for 30 min before the addition of LPS (1 wg/ml) for
24 h were detected by a specific ELISA kit (see Materials and Methods for details). Basal IL-10 levels in untreated (open bar) and RvD1 (10 nM)-treated
cells (filled bar) are shown (inset). Protein levels are shown as the percentage of IL-10 production relative to untreated tissue explants. (E) Representative
immunoblot of HO-1 in THP-1 cells incubated with RvD1 (10 nM) for 30 min before the addition of LPS (1 pg/ml) in the presence or absence of a
neutralizing Ab to IL-10R (10 pg/ml) for 6 h. Data are mean *= SEM. *p < 0.05 versus LPS-untreated cells, **p < 0.005 versus vehicle, “p < 0.05 versus
its paired LPS-stimulated cells without SB203580 pretreatment, °p < 0.05 versus LPS-treated cells.
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Because, in contrast to IL-10, STAT3 activation by IL-6 is negatively
regulated by SOCS3, a member of the family of SH2-containing
E3 ligases (21), this lack of effectiveness could be related to the
observed upregulation of SOCS3 in Ob adipose tissue (Fig. 5B).
Similar upregulation was detected in the high-throughput tran-
scriptome analysis (5.3-fold increase in Ob versus CT nonobese,
p < 0.05). Moreover, multiple linear regression identified a close
direct relationship between SOCS3 and IL-6 in human adipose
tissue (Supplemental Fig. 2D). Given that SOCS3 and SOCS1 are
predominantly expressed in the SVC fraction of visceral adipose
tissue from Ob individuals (Fig. 5C), we performed mechanistic
studies in human THP-1 cells. In these cells, and in contrast to
what was observed in Ob adipose tissue, IL-6 produced the ex-
pected induction in STAT3™" phosphorylation (Fig. 5D). As a
proof of concept that SOCS3 is involved in the blunted response to
IL-6, we obtained data showing that this canonical response of
IL-6 signaling disappears in the presence of MG132, a proteasome
inhibitor that has the ability to stabilize SOCS3 in response to IL-6
(Fig. 5E, 5F). Nevertheless, the unresponsiveness of Ob adipose
tissue to IL-6 could be multifactorial and depend on different
mechanisms because, for instance, the expression of IL-6R and its
transactivator gp130 is significantly downregulated in visceral
adipose tissue from Ob individuals (Fig. 5G). Recent studies sug-
gested that, in addition to IL-10 and IL-6, the STAT3 pathway is
part of the noncanonical IL-1f signaling pathway (22, 23). IL-13
was also able to induce STAT3™" phosphorylation after 30 min of
incubation in visceral Ob adipose tissue but not in THP-1 cells;
these responses were not modified significantly by RvD1 (Fig. SH, 5I).

Excessive overactivation of the IL-10 signaling pathway during
type I IFN—derived responses can lead to the undesired activation
of STAT1 and its target inflammatory genes (i.e., CXCL9) (24).
As shown in Fig. 6A, significant phosphorylation of STAT1™" and
induction of CXCL9 were observed after incubating Ob adipose
tissue with IL-10. Importantly, this IL-10—induced STAT1™" phos-
phorylation signal was repressed by RvD1 (Fig. 6B). Overstimulation
of the STAT1™" pathway by IL-10 also was observed in THP-1 cells
incubated with high concentrations (>100 ng/ml) of this cytokine
(Fig. 6C). Consistently, the expression of STAT1-dependent genes
(i.e., CXCL9 and CXCL10) was upregulated by high concentrations
of IL-10 (Fig. 6D). Similar to the observations in Ob adipose tissue,
RvDI1 attenuated IL-10~induced STAT1™" phosphorylation in these
cells in a concentration-dependent manner (Fig. 6E).

The STAT3 signaling pathway is necessary, but not sufficient, for
the IL-10 anti-inflammatory response; for instance, this cytokine
can induce HO-1 expression in LPS-elicited macrophages via a p38
MAPK pathway (25, 26). In view of this, we next investigated the
impact of RvD1 on the anti-inflammatory production of IL-10 in
response to LPS. As shown in Fig. 7A, LPS significantly upreg-
ulated IL-10, HO-1, IL-6, and IL-8 expression. Of note, LPS-
mediated HO-1 induction was blocked by the selective p38
MAPK inhibitor SB203580, confirming that the p38 MAPK sig-
naling pathway is involved in the production of HO-1 (Fig. 7A).
Under these inflammatory conditions, RvD1 induced a further
upregulation of HO-1, an effect that also was dependent on p38
MAPK signaling (Fig. 7B). Consistent with this finding, RvD1
increased the phosphorylation of p38 MAPK in a concentration-
dependent manner; this also was blocked by the selective p38
MAPK inhibitor SB203580 (Fig. 7C). In parallel with this, RvD1
enhanced IL-10 production (Fig. 7D), suggesting that this SPM
modulates HO-1 in an IL-10-dependent manner. Consistently,
induction of HO-1 by RvD1 was partially blocked by a selective
Ab directed against IL-10R (Fig. 7E). Interestingly, measurement
of cytokine levels in cell supernatants from these experiments in a
multiplex assay revealed that RvD1 is also able to increase, in a
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concentration-dependent manner, the secretion of IL-1(3 receptor
antagonist (IL-1ra), a natural inhibitor of the proinflammatory
actions of IL-1B (27) (Supplemental Fig. 2E). The induction of
IL-1ra release by RvD1 was also dependent on p38 MAPK ac-
tivity (Supplemental Fig. 2E). A schematic diagram summarizing
RvD1 actions on the IL-10 signaling pathway is shown in Fig. 8.

Discussion

The results of this study advance the concept that SPMs promote
resolution and actively suppress uncontrolled inflammation in
adipose tissue from Ob individuals. In particular, the proresolving
actions of RvD1 in this tissue are mediated through its interaction
with the pathways signaling for IL-10 and through the modulation
of the archetypal anti-inflammatory response of this cytokine. The
current findings add to previous work in preclinical models of
obesity showing that RvD1 and other SPMs attenuate adipose tissue
inflammation by reducing the production of cytokines/adipokines
(i.e., TNF-a, IL-6, and MCP-1) and shifting the phenotype of
recruited macrophages toward the M2 proresolving state (8, 10-12).
Accordingly, the most innovative aspect of the current study is the
translation of these therapeutic benefits to the clinical scenario, as
our results have been obtained in samples of adipose tissue from Ob
individuals.

Visceral adipose tissue from Ob patients showed exaggerated
expression of inflammatory and anti-inflammatory cytokines/
adipokines. Additionally, it exhibited increased levels of inflam-
matory (LTs and PGs) and anti-inflammatory/proresolving (SPM)
lipid mediators. However, the ratio between SPM levels and both
LTs and PGs production was reduced significantly in adipose
tissue samples from Ob individuals. This observation indicates the
presence of a notable deficit in SPM levels compared with
proinflammatory signals and the impaired ability of visceral adi-
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FIGURE 8. Schematic diagram of the interaction of RvD1 with the IL-10
signaling pathway. IL-10 promotes a STAT3-mediated anti-inflammatory
response characterized by reduced expression of proinflammatory cytokines
and increased expression of anti-inflammatory targets. Persistent activation
of STAT signaling by IL-10 results in a proinflammatory response charac-
terized by the upregulation of the STAT1-dependent CXCL9 target. In these
conditions, RvD1 limits excessive overactivation of the STAT pathway while
maintaining the IL-10-induced anti-inflammatory response via positive
regulation of HO-1 through the p38 MAPK pathway. The p38 MAPK
pathway also signals the actions of RvD1 on IL-1ra, a natural inhibitor of the
proinflammatory actions of IL-1(3.

1202 ‘22 100100 uo 1596 Ag /B.10" jountuwu :mmmy/:dny woJy pepeoumoqd


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502522/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502522/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502522/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

pose tissue to resolve uncontrolled inflammation in this condition.
These findings are in agreement with those reported in other fat
depots, such as s.c. and perivascular fat from patients with met-
abolic syndrome (28). Because visceral adipose is recognized to
be central to metabolic diseases and to have a more negative
impact on health than other fat depots (29), our data support the
concept that persistent unresolved inflammation in adipose tissue
is one of the most important factors driving the metabolic com-
plications associated with obesity, including insulin resistance and
NAFLD (1, 2).

Visceral adipose tissue from Ob individuals appears to display a
characteristic response to the actions of cytokines/adipokines. For
example, Ob adipose tissue remains sensitive to the inflammatory
actions of IL-1B. Similarly, the anti-inflammatory response elicited
by IL-10, which is characterized by inhibition of inflammatory
cytokines/adipokines, such as IL-6, IL-1B, IL-8, and TNF-q, is
preserved in this tissue. In sharp contrast, Ob adipose tissue is un-
responsive to IL-6; moreover, the signal-transduction pathways ac-
tivated by these cytokines/adipokines display a disorganized pattern.
For example, STATs are the classical transcription factors trans-
ducing the signals elicited by type I and type II cytokine receptors
(30). In the case of IL-10, binding of this cytokine to its receptor
activates JAK, which is associated with the cytoplasmic domain of
the receptor. The activated receptor—JAK complex then recruits and
promotes Tyr’® phosphorylation of STAT3 (pSTAT3™") proteins,
leading to their homodimerization and subsequent translocation to
the nucleus where phosphorylated STAT3 dimers bind to STAT3-
binding elements of IL-10-responsive genes (31). The results of the
current study support the concept that STAT3 is required, but not
sufficient, for mediating IL-10—induced anti-inflammatory responses
in inflamed Ob adipose tissue. In this regard, our findings reveal that
the p38 MAPK signaling pathway is involved in the regulation of
HO-1 expression. This is in agreement with previous studies pro-
posing p38 MAPK as the pathway signaling the anti-inflammatory
responses to IL-10 in murine macrophages (32). Moreover, our
findings identify the p38 MAPK signaling pathway as a genuine
mechanism underlying the additive anti-inflammatory actions of
RvD1 and IL-10 in Ob adipose tissue. This observation is in
agreement with that reported by Cooray et al. (33), establishing that
phosphorylation of p38 MAPK is engaged in the proresolving sig-
nature of ALX activation, the receptor mediating the actions of other
SPMs, such as LXA,4 and annexin Al. Another example of the pe-
culiarities of Ob adipose tissue in terms of activation of signal-
transduction pathways by cytokines/adipokines is that incubation
of fat explants with rIL-1 resulted in the phosphorylation of
STAT3, an effect that was not modulated by RvD1. Although other
investigators demonstrated the activation of STAT3 in response to
IL-1B (22, 23), unlike IL-10 and IL-6, this is a noncanonical path-
way for IL-1(3 signaling. Finally, the observation that high concen-
trations of IL-10 induce STAT1 phosphorylation in Ob adipose tissue
deserves some comment. This is not surprising because excessive
overactivation of the IL-10 signaling pathway during type I IFN-
derived responses can lead to undesired activation of STAT1 and its
target inflammatory genes (i.e., CXCL9 and CXCL10) (24). Of
paramount importance is the fact that this IL-10-induced STAT1
phosphorylation is significantly repressed by RvD1, which indicates
that, in addition to promoting IL-10 anti-inflammatory responses,
RvD1 plays a role as a braking signal that limits excessive over-
activation of the IL-10 signaling pathways. Fig. 8 summarizes most
of the actions elicited by IL-10 in Ob adipose tissue and the mod-
ulation by RvDI.

In summary, our study describes novel signal-regulatory mech-
anisms for RvD1 that culminate in the promotion of a more intense
IL-10-induced anti-inflammatory response in inflamed human ad-
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ipose tissue. These findings are in accordance with previous studies
in other organs, tissues, and cells in which RvD1 counterregulates
inflammatory signals while promoting the secretion of anti-
inflammatory cytokines (34), thus highlighting the proresolving
functions of these lipid mediators.
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Supplementary Table 1: Clinical characteristics and anthropometric
measurements of the study participants.

CT Ob
P value

n=7 n=41
Male/Female, n 2/5 12/29
Age (years) 62.0 + 3.3 47.1+18 0.005
Weight (kg) 74.1+3.7 122.8+4.2 0.0001
BMI (kg/m?) 27.6£0.45 448+1.3 0.0001
Steatosis (%) 14% 71%
Glucose (mg/dL) 103.8 £21.5 1149+5.6 n.s
Triglycerides (mg/dL) 60.5+6.5 128.7£85 0.05
Cholesterol (mg/dL) 168.0 + 32.7 188.9+£5.3 n.s
ALT (1U/L) 20.5+9.5 30595 n.s
AST (IU/L) 185+85 245+29 n.s

BMI: body mass index; ALT: alanine aminotransferase; AST: aspartate aminotransferase.

CT: control individuals (BMI < 29.9), Ob: Obese subjects (BMI > 29.9).

Normal reference values: glucose: 65-110 mg/dL, triglycerides: 50-150 mg/dL, cholesterol:
148-247 mg/dL, ALT and AST: 5-40 I1U/L.



Supplementary Table 2. Lipid mediator levels from the docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA) and arachidonic acid (AA) bioactive metabolomes identified by
LC-MS/MS in human adipose tissue.

Q1 Q3 CT (n=6) Ob (n=18) P< Group

DHA metabolome Mean SEM Mean SEM
RvDI1 375 141 0.2 0.2 2.7 1.2 0.001
RvD2 375 215 116.7 14.2 82.2 6.9 0.05
RvD3 375 147 324 9.1 13.6 33 0.05
RvD5 359 199 238.5 105.3 398.8 80.8 n.s
RvD6 359 159 3.8 1.1 11.2 2.3 0.01
PD1 359 153 5.9 1.6 18.4 4.8 0.05
10S,17S-diHDHA 359 153 51.0 11.6 90.3 13.1 n.s
22-OH-PD1 375 153 6.8 1.8 5.1 0.7 n.s
MaR1 359 250 1.7 0.3 43 0.8 0.05
7S,14S-diHDHA 359 221 7.6 2.4 12.8 1.9 n.s
13R,14S-diHDHA 359 221 4.8 0.8 11.2 2.4 0.05 E
48,14S-diHDHA 359 259 6.9 1.0 12.3 1.5 0.01 «
148S,21-diHDHA 359 205 4.8 1.4 10.8 1.5 0.05
EPA metabolome Mean SEM Mean SEM
RvEl1 349 195 18.8 7.1 12.4 4.6 n.s
RvE2 333 199 1.6 1.0 8.8 3.9 0.05
RvVE3 333 201 130.5 32.5 164.4 43.6 n.s
AA metabolome Mean SEM Mean SEM
LXA, 351 115 2.4 0.8 12.4 5.8 0.05
AT-LXA, 351 115 0.4 0.2 1.6 0.3 0.01
LXB, 351 221 41.3 13.4 227.7 59.0 0.01
AT-LXB, 351 221 16.3 5.8 22.7 4.1 n.s
5S,15S-diHETE 335 115 161.0 70.3 407.8 121.9 0.05
LTB, 335 195 5.9 2.1 17.1 2.8 0.05 é
5,12-diHETE 335 195 16.6 6.5 50.6 9.2 0.01 ]
PGE, 351 189 36.2 8.7 400.6 127.9 0.05

172}
PGD, 351 233 10.8 2.8 354 9.6 0.05 %2
PGFy, 353 193 18.0 7.8 242.0 101.4 0.05
TXB, 369 169 2.7 1.1 59.8 15.3 0.001 E

Results are expressed as pg/400 mg of adipose tissue from control (CT, BMI<29.9) and obese
(Ob, BMI>29.9) individuals and as mean + SEM. BMI, body max index.



Prostaglandins

Supplementary Figure 1
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Supplementary Figure 1. (A) COX-2 mRNA expression assessed by real-time PCR in human
adipose tissue from control (CT, n=4) and obese (Ob, n=5) subjects. Results are expressed as
mean £ SEM. (B) Correlation (Spearman’s rho test) between SPM and IL-1b and between SPM
and IL-6 in human adipose tissue (n=23). (C) Correlation (Spearman’s rho test) of LTB, with
either IL-10, IL-1b or IL-6 in human adipose tissue (n=23). (D) Correlation (Spearman’s rho test)

of prostaglandins with either IL10, IL-1b or IL-6 (n=23).



Supplementary Figure 2
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Supplementary Figure 2. (A) HO-2 expression in obese adipose tissue incubated for 6 h in the absence (-) or
presence (+) of IL-10 (20 ng/ml). (B) CD163 expression in obese adipose tissue incubated with increasing
concentrations of RvD1 (0, 1, 10 and 50 nM) for 30 min followed by the addition of IL-10 (20 ng/ml) for 6 h. (C)
Expression of inflammatory cytokines in obese adipose tissue incubated as described in (B). (D) Correlation
(Spearman’s rho test) between SOCS3 and IL-6 in human adipose tissue. (E) IL-1ra levels in THP-1 cell supernatants
pre-incubated with the p38 MAPK inhibitor SB203580 (5 uM) in the presence of RvD1 for 30 min before the
addition of LPS (1 pg/ml) for 6 h. Results are expressed as mean = SEM of 3 independent experiments performed in
duplicate. a, P<0.05, *, P<0.005, **, P<0.0005 and *** P<0.0001 vs non-treated explants, b, P<0.05 vs IL-10-
treated explants, ¢, P<0.05 compared with LPS-untreated cells and d, P<0.05 vs LPS-stimulated cells without
SB203580 pre-treatment.



