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1 Laboratório de Inflamação, Instituto de Biofı́sica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro,
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Eosinophils are key regulators of adipose tissue homeostasis, thus characterization of
adipose tissue-related molecular factors capable of regulating eosinophil activity is of great
interest. Leptin is known to directly activate eosinophils in vitro, but leptin ability of inducing
in vivo eosinophilic inflammatory response remains elusive. Here, we show that leptin
elicits eosinophil influx as well as its activation, characterized by increased lipid body
biogenesis and LTC4 synthesis. Such leptin-triggered eosinophilic inflammatory response
was shown to be dependent on activation of the mTOR signaling pathway, since it was (i)
inhibited by rapamycin pre-treatment and (ii) reduced in PI3K-deficient mice. Local
infiltration of activated eosinophils within leptin-driven inflammatory site was preceded
by increased levels of classical mast cell-derived molecules, including TNFa, CCL5
(RANTES), and PGD2. Thus, mice were pre-treated with a mast cell degranulating
agent compound 48/80 which was capable to impair leptin-induced PGD2 release, as
well as eosinophil recruitment and activation. In agreement with an indirect mast cell-
driven phenomenon, eosinophil accumulation induced by leptin was abolished in TNFR-1
deficient and also in HQL-79–pretreated mice, but not in mice pretreated with neutralizing
antibodies against CCL5, indicating that both typical mast cell-driven signals TNFa and
PGD2, but not CCL5, contribute to leptin-induced eosinophil influx. Distinctly, leptin-
induced eosinophil lipid body (lipid droplet) assembly and LTC4 synthesis appears to
depend on both PGD2 and CCL5, since both HQL-79 and anti-CCL5 treatments were
able to inhibit these eosinophil activation markers. Altogether, our data show that leptin
triggers eosinophilic inflammation in vivo via an indirect mechanism dependent on
activation of resident mast cell secretory activity and mediation by TNFa, CCL5, and
specially PGD2.
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INTRODUCTION

Eosinophils are recognized as classical effectors of Type 2 immune
responses; and yet, eosinophil anti-helminthic and allergy-related
deleterious roles are continually reexamined, with frequent
descriptions of novel eosinophil-driven molecular mechanisms
emerging all the time (1). Moreover, recent groundbreaking
studies had further widened the understanding of eosinophil
functions from disease-related pro-inflammatory to homeostatic
immunomodulatory roles (2, 3). Eosinophils are now acknowledged
as key regulators of adipose tissue homeostasis, with roles in control
of thermogenic energy expenditure and resident macrophages
modulation (4, 5). Therefore, characterization of adipose tissue-
related molecular factors capable of regulating eosinophil activity is
of particular interest.

Leptin is a pleiotropic adipose tissue-derived cytokine with
significant immuno-neuro-endocrine roles (6). Leptin is
considered a key factor to integrate adipose tissue with the
systemic metabolism (7). Also, many studies have demonstrated
important roles of leptin within the adaptative and innate immune
systems regulation, inflammation and response to infection (8–12).
Our hypothesis is that leptin is a key physiological stimulus that
modulates adipose eosinophils, since (i) significant leptin levels are
present in either lean or obese adipose tissue; (ii) adipose eosinophils
are continuously exposed to adipocyte-derived leptin; (iii) the full
length leptin receptor is present on eosinophil surface (13); and (iv)
leptin is known to activate human and mouse eosinophils in vitro.
Indeed, stimulation of eosinophils with leptin directly elicits a
variety of activities, including: survival, chemokinesis (14, 15),
secretion of cytokines (14), lipid body biogenesis, as well as
synthesis of lipid mediators as prostaglandins (PGs) and
leukotrienes (16). Straightforward research aiming to characterize
the direct impact of in situ leptin on triggering eosinophil
recruitment and activation are still missing, despite the fact that
some reports indicate that leptin may regulate eosinophils in low-
versus high-fat diets mouse models of obesity (17, 18).

Numerous studies on the cellular mechanisms governing allergy-
driven inflammatory diseases have established mast cells as
canonical orchestrators of eosinophilic inflammation (19, 20).
Ubiquitously distributed in tissues and preferentially localized in
close proximity to vascular vessels, mast cells are strategically
localized and ready to coordinate eosinophil recruitment and
activation under specific stimulation. Among mast cell repertoire
of molecules responsible for eliciting both eosinophil migration to
sites of allergic reaction and in situ activation of infiltrating
eosinophils, important examples are the cytokines IL-5 and
eotaxin (19, 20), as well as de novo synthesized lipid mediators
notably PGD2 (21). Furthermore, mast cells do express bioactive
leptin receptors (22), whose stimulation is able to trigger activation
of mast cells secretory activities (23). More importantly, mast cells
are able to intermediate leptin effects in even non-conventional mast
cell-regulated physiological conditions, like for instance leptin-
induced altered sympathetic activity (24), diarrhea-predominant
irritable bowel syndrome (25) or coronary atherosclerosis (26).
Therefore, it seems reasonable to hypothesize that activation of
leptin receptor in mast cells would be capable to elicit one of the
Frontiers in Endocrinology | www.frontiersin.org 2
utmost archetypal functions of mast cells—the induction of
eosinophilic reactions.

Our study aims to investigate the ability of leptin to trigger in
vivo eosinophilic inflammation, characterized by cell migration
and cellular activation. Without any disregard to potential direct
impacts of exogenous leptin on eosinophils in vivo—as well-
established by a series of in vitro studies, including one of ours
(16)—here, efforts were focused on characterizing indirect mast
cell-driven effects of leptin on triggering eosinophilic response in
vivo. We further defined the roles of mast cell-derived molecules
on leptin-elicited eosinophil response, identifying PGD2 as a
key mediator.
MATERIAL AND METHODS

Animals
We used male mice of different strains: C57BL/6, BALB/cBALB/c
tumor necrosis factor receptor 1-deficient (TNFR1−/−; C57BL/6
background), and PI3Kg-deficient (PI3Kg−/−; C57BL/6
background) mice and respective wild types (WTs), obtained
as previously described (27). Mice were from either the CCS/
UFRJ or FIOCRUZ breeding centers, raised and maintained
under the same housing conditions. All animal care and
experimental protocols were conducted following the
guidelines of the Brazilian Council for Care and Use of
Experimentation Animals (CONCEA). The Animal Use
Welfare Committees of both Federal University of Rio de
Janeiro (CEUA-CCS/UFRJ license number 090/18) and
Oswaldo Cruz Institute (CEUA-IOC license number L-011/
2015) approved all protocols used in this study.

Mouse Models of Leptin-Induced
Eosinophilic Inflammation
Two distinct approaches of leptin in vivo stimulation to trigger
eosinophil inflammatory response were performed: (i)
intraperitoneal (i.p.) administration of murine leptin (0.5, 1, or
2 mg/kg; Peprotech) or its vehicle (sterile LPS-free saline) in
naive mice of C57BL/6 background (as indicated) (8); or (ii)
intrapleural (i.pl.) injection of leptin (0.5, 1, or 2 mg/kg) or its
vehicle (sterile LPS-free saline) in naïve or in previously
sensitized BALB/cBALB/c mice (as indicated). As previously
described (28), mice were sensitized with a subcutaneous (s.c.)
injection (0.2 ml) of ovalbumin (OVA; 50 µg; Sigma-Aldrich)
and Al(OH)3 (5 mg) in 0.9% NaCl solution (sterile saline) at days
1 and 7. Animals were euthanized 6 or 24 h after leptin
administration. Peritoneal and pleural cavities were rinsed with
3 and 0.5 ml of HBSS (Hank’s balanced salted solution),
respectively. Total leukocyte count was performed in Neubauer
chambers and differential eosinophil count in May-Grunwald-
Giemsa stained cytospin slides in a blinded fashion.

Treatments to study the involvement of mTOR pathway in
leptin-elicited eosinophil influx, C57BL/6 mice received three i.p.
injections of rapamycin (12.5 mg/kg; Sigma-Aldrich), 12 h and
15 min before, and 12 h after leptin or saline challenge (8),
followed by the peritoneal lavage at 24 h after challenge. For
September 2020 | Volume 11 | Article 572113
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determination of CCL5 and PGD2 potential role in leptin-
induced eosinophilic inflammation, sensitized BALB/cBALB/c
mice were treated, respectively, either by means of i.pl. injection
of neutralizing antibody anti-CCL5 (10 µg/cavity; Peprotech) or
i.p. injection of selective inhibitor of PGD synthase HQL-79 (1
mg/kg; Cayman Chemicals), both 1 h before leptin injection. To
investigate the participation of resident mast cells on leptin-
induced eosinophilic reaction, sensitized BALB/cBALB/c mice
were treated by means of local (i.pl.) injection of mast cell
degranulating agent compound 48/80 (12 µg/cavity; Sigma-
Aldrich) 72 h before leptin i.pl. administration (29). The
efficacy of a selective impact on resident mast cell population
was ascertained by absence of toluidine blue-stained cells in
pleural lavage with no changes in other pleural cell populations.

Production and Stimulation of Bone
Marrow-Derived Mast Cells (BMMC)
With slight modifications, mast cells were differentiated in vitro
from mouse bone marrow cells as previously described (30).
Briefly, femurs and tibiae bone marrow of BALB/cBALB/c mice
were rinsed with RPMI 1640, and cells were then cultured at 103

cells/ml in medium containing IL-3 (2 ng/ml; Peprotech), 20%
FBS (VitroCell), 100 IU/ml penicillin, and 10 mg/ml
streptomycin (cell medium was replaced on days 7, 14, 21, and
28). After 4 weeks, more than 99% of the cells in the culture were
mast cells with characteristic metachromatic granules as assessed
by toluidine blue staining. Cell viability was always >95% as
determined by Trypan blue exclusion.

To study mast cell activation, bone marrow-differentiated
mast cells (3 × 106 cells/ml) in HBSS were pre-treated or not with
HQL-79 (10 µM) for 30 min and then incubated with murine
leptin (50 nM; Peprotech) for 1 h at 37°C. Cells were then
pelleted at 200 × g, and supernatants were stored at −80°C for
further measurements. It is noteworthy to mention that classical
mast cell stimuli, including IgE receptor crosslinking or SCF,
typically evoke at least 100× larger responses than leptin effect,
reaching levels of ng of PGD2 or LTC4/10

6 BMMC within 1 h of
in vitro stimulation.

Measurements of Mediators Release
The lipid mediators PGD2 and cysteinyl LTs (cysLTs; as a
surrogate marker of LTC4 synthesis) found either in cell-free
pleural fluids or mast cell supernatants were detected by
commercial EIA kits, according to the manufacturer´s
instructions (Cayman Chemicals). The levels of TNFa and
CCL5 found in cell-free peritoneal lavages or pleural fluids were
quantified by Duo Set ELISA kits, according to manufacturer’s
protocol (R&D Systems). For determination of secretory granule
exocytosis, release of b-hexosaminidase was measured in the
supernatant and lysed cell pellets, as described (31, 32).

Lipid Body Staining and Enumeration
For lipid body counting, cells in cytospin slides were fixed in
3.7% formaldehyde and stained with 1.5% OsO4 in 0.1 M
cacodylate buffer, as previously described (16). Fifty consecutively
eosinophils/slide were evaluated in a blinded fashion by more than
one observer by bright field microscopy.
Frontiers in Endocrinology | www.frontiersin.org 3
Statistical Analysis
Results are expressed as the mean ± SEM. In vivo data were
analyzed by one-way ANOVA followed by Student-Newman-
Keuls test. In vitro results regarding leptin-stimulated mast cells
were analyzed by paired t-test. Differences were considered to be
significant when p < 0.05.
RESULTS

Leptin Elicits Both Eosinophil Migration
and Activation In Vivo
Eosinophils express leptin receptors, whose direct activation in
vitro induces mobility, rapid assembly of cytoplasmic lipid
bodies (also known as lipid droplets) as well as eicosanoid
synthesis (16). Firstly, we aimed to establish whether leptin is
capable to trigger an eosinophilic inflammatory response in vivo,
comprising both cell recruitment and activation. As shown in
Figures 1, 2, leptin was able to elicit eosinophil migration into its
site of administration. In naïve C57BL/6 mice leptin triggered
peritoneal eosinophil accumulation within 24 h in a dose-
dependent manner (Figure 1B); but not in a selective fashion,
since neutrophils also accumulate in response to leptin
administration (8). Such effect is dependent on the PI3K/
mTOR activation, known to be downstream the leptin receptor
signaling. As shown in Figures 1C, D, respectively, either
pharmacological treatment with rapamycin or the use of
PI3Kg−/− mice impaired leptin-induced eosinophil recruitment.
Of note, PI3Kg−/− mice show no defects on bone marrow
production or blood availability of eosinophils (33).

Although significant and reproducible, the discreet phenomenon
achieved by leptin in naïve C57BL/6 mice demanded experimental
adjustments to allow mechanistic studies. Aiming at a more
prominent reaction which would enable characterization of
cellular and molecular mechanisms involved in leptin-induced
eosinophil inflammation in vivo, we evaluated the profile of leptin
administration in BALB/cBALB/c mice (Figure 2A)—a mouse
strain known to be more predisposed to mount eosinophil-
enriched inflammatory responses (34, 35). Nevertheless, in naïve
BALB/cBALB/c mice just a small eosinophilia of about 2 × 105

eosinophils per cavity (similar magnitude observed in naïve C57BL/
6 mice) was observed at sites of leptin administration (0.5, 1, or 2
mg/kg; i.pl.) within 24 h (Figure 2C). Also, leptin-triggered pleural
eosinophil population from naïve BALB/c mice did not display
signs of cellular activation; neither lipid body biogenesis nor LTC4

synthesis (Figure 2C). In order to favor a robust eosinophil influx in
conjunction with cellular activation of infiltrating eosinophils, we
moved to a strategy previously described for other eosinophilic
stimuli using a protocol of pre-sensitization of BALB/c mice (Figure
2B) (28). As shown in Figure 2D, the leptin injection (1mg/kg; i.pl.)
into previously sensitized BALB/c mice induced: (i) a modest but
significant eosinophil accumulation as soon as 6 h after leptin
stimulation; (ii) a major pleural eosinophilia within 24 h, that
reached a magnitude about 6 times higher than that triggered by
leptin in naïve BALB/c mice; (iii) a selective pleural eosinophilic
phenomenon, since no pleural neutrophilia or increased numbers of
mononuclear cells were found in parallel to 6 and 24 h eosinophil
September 2020 | Volume 11 | Article 572113
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influx (Supplementary Figure S1); (iv) a parallel drop in circulatory
eosinophil numbers noted 24 h after leptin stimulation that was not
accompanied by alterations in bone marrow eosinophil population
(Supplementary Figure S2), indicating that pleural eosinophils
were mobilized from the blood pool; and more remarkable, (v)
clear activation of pleural infiltrating eosinophils.

By employing an in vitro functional approach, we demonstrated
that the sensitization of BALB/c mice does not modulate eosinophil
chemotactic response, since the magnitude of eotaxin-, PGD2-, or
leptin-induced in vitro chemotaxis of eosinophils recovered from
naïve versus sensitized animals were not significantly different
(Supplementary Figure S3). While this finding does not explain
why sensitization is required to leptin-driven robust eosinophilic
response in BALB/c mice (Figure 2), it indicates that the difference
may lay, for instance, on in situ changes on resident cell
populations, like the small pleural mast cell hyperplasia raised by
sensitization (described below). In addition, systemic increases in
eosinophil population availability could also contribute to it, since
in sensitized BALB/c mice both bone marrow and circulating
eosinophil populations appear to be slightly (although not
statistically significantly) increased in comparison to basal
numbers found in naive BALB/c mice (Supplementary Figure S2).

Exclusively detected in sensitized BALB/c mice, the in vivo
eosinophil activation elicited by leptin was characterized by
increased biogenesis of cytoplasmic lipid bodies within
infiltrating eosinophils and enhanced synthesis of LTC4 in 24 h
(Figure 2D). Of note, although LTC4 levels were found elevated
within 24 h in parallel to the intense eosinophilic reaction
triggered by leptin stimulation, no production was found
within 6 h— when leptin-elicited pleural eosinophilia was still
negligible and the few infiltrating eosinophils showed no sign of
cellular activation displaying basal intracellular numbers of lipid
bodies (Figure 2C). On the other hand, by analyzing other
soluble mediators potentially produced within 6 h and
therefore prior to the establishment of leptin-induced eosinophilic
inflammation at 24 h, we detected increased amounts of PGD2 in
Frontiers in Endocrinology | www.frontiersin.org 4
pleural lavage fluids of sensitized BALB/c mice (Figure 3). Leptin-
induced pleural PGD2 levels remained elevated until 24 h after leptin
stimulation in sensitized, but not in naïve BALB/c mice (Figure 3),
another difference that may represent one of the main mechanisms
responsible for the robust eosinophilic response displayed by
sensitized in contrast to naïve BALB/c mice.

Sensitized BALB/c mice, besides PGD2, also displayed
augmented amounts of the chemokine CCL-5 in pleural lavage
fluids as early as 6 h after in vivo stimulation with leptin (from
14.7 ± 4.9 to 42.3 ± 5.4 pg/ml in control and leptin-stimulated
sensitized BALB/c mice, respectively; mean ± SEM of five
animals per group; + p < 0.05 compared to control group).
Even in peritoneal fluids of the naïve C57BL/6 mice, leptin
increased CCL5 levels (from 8.3 ± 0.1 to 15.5 ± 2.6 pg/ml in
control and leptin-stimulated C57BL/6 mice; respectively; mean ±
SEM of at least five animals per group; + p < 0.05 compared to
control group) and TNFa (8) preceding the minor eosinophilia
triggered by leptin in these animals. Taken together, these data
suggest that in order to induce eosinophil influx, leptin may first
activate one or more resident cell types.

Mast cells emerge as the most plausible cellular candidate to
be the target of direct activation by injected leptin, inasmuch as
(i) mast cells are prominent resident cells in both peritoneal and
pleural cavities; (ii) the number of resident mast cells augments
marginally, but significantly, in pleural spaces of sensitized
BALB/c mice—0.3 ± 0.06 versus 0.1 ± 0.05 × 106 mast cells/cavity
in sensitized versus naïve BALB/c mice, respectively (mean ± SEM
offive animals; p < 0.05 compared to naïve animals); (iii) mast cells
are well-established regulators of eosinophil migration in a variety
of inflammatory conditions (20); (iv) mast cells are known to
express leptin receptors (5, 22); (v) TNFa is known to be stored
as a preformed cytokine withinmast cell granules and therefore are
ready for rapid secretion by degranulation (36); and more
important and specific (vi) mast cells are acknowledged as the
main cellular source of PGD2 which is one of the strongest
eosinophil chemotactic mediator identified yet (21), also capable
A B DC

FIGURE 1 | Leptin induces in vivo eosinophil migration in naive C57/BL6 mice by a mechanism involving activation of mTOR and PI3K. Panel (A) shows a brief
schematic representation of the peritonitis model induced by i.p. injection of leptin in C57BL/6 mice employed in this study [data shown in (B–D)]. Leptin was
injected into peritoneal cavities of naïve C57BL/6 mice. Peritoneal cells were collected and stained by May–Grünwald–Giemsa for eosinophil recruitment analysis
within 24 h of leptin stimulation. In (B), different concentrations of leptin (0.5, 1, and 2 mg/kg) were used. In (C), pre-treatment with rapamycin (12.5 mg/kg per
injection) 12 h before, 15 min before, and 12 h after leptin injection (1 mg/kg) was performed. In (D), naïve wild type or PI3K deficient C57BL/6mice received i.p.
injection of leptin (1 mg/kg) and peritoneal fluids were collected within 24 h of stimulation. There are no significant differences between the number of peritoneal
eosinophils recovered from the control groups of wild type and PI3Kg−/− C57BL/6 mice. Values are expressed as the mean ± SEM (experiments were repeated at
least once). +p < 0.05 compared to control group.*p < 0.05 compared to leptin-stimulated group.
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to trigger eosinophil activation characterized by lipid body
biogenesis and LTC4 synthesis (16).

It is worth mentioning that pleural macrophages were our first
candidates, rather than pleural mast cells, as the orchestrators of
leptin-driven eosinophilic response in sensitized BALB/c mice.
However, we focused our studies on resident mast cell population,
first because no change on numbers of pleural mononuclear cells
was found in leptin-stimulated sensitized BALB/c mice
(Supplementary Figure S1). More important and exactly alike
i.pl. administration of PGD2 in sensitized BALB/c mice (28), i.pl.
administration of leptin failed to induce lipid body formation within
pleural mononuclear cells (data not shown)—a feature consistent
with lack of local macrophage activation and enhanced eicosanoid
generation. Of note, leptin is known to trigger activation of C57BL/6
peritoneal macrophages, characterized by induced in vivo assembly
of new highly functional lipid bodies (9). Further studies would be
Frontiers in Endocrinology | www.frontiersin.org 5
important to evaluate possible interactions between mast cells and
macrophages in the C57BL/6 peritoneal cavity.

Altogether, these data consolidates pleurisy in sensitized
BALB/c mice as a better suited experimental model to further
mast cell/eosinophil studies under leptin stimulation in vivo.

Leptin-Induced Eosinophil Influx and
Activation Are Dependent on Resident
Mast Cells and PGD2 Synthesis
In order to study the involvement of resident mast cells on leptin-
induced eosinophil migration, we assessed the effect of experimental
strategies that selectively interfered with in vivo mast cell activity as
well as reduced synthesis of the distinctive eosinophilotactic mast
cell-derived mediator PGD2. The mast cell degranulating agent
compound 48/80 did inhibit leptin-induced eosinophil influx and
activation detected 24 h after stimulation of sensitized BALB/c mice
(Figure 4A), since pleural eosinophil numbers and lipid body
content within infiltrating eosinophils were reduced. Of key
interest and supporting the role of mast cells-derived PGD2 on
leptin-induced eosinophilic response, compound 48/80 treatment
also reduced leptin-induced PGD2 amounts detected within pleural
spaces of sensitized BALB/c mice (Figure 4A). The role of mast cells
as the direct cellular target of leptin stimulation in vivo was
reinforced by the observation of leptin being also capable to
trigger both in vitro degranulation, measured by release of granule
protein marker b-hexosaminidase enzyme from BMMC (Figure
4C), as well as discreet but significant and reproducible in vitro
PGD2 and LTC4 synthesis (Figure 4B). As also shown in Figure 4B,
pretreatment with HQL-79, a selective inhibitor of PGD synthase,
impaired the acute (detected within 1 h) leptin-induced PGD2

synthesizing activity within BMMC, without affecting LTC4.
Moreover and as previously demonstrated for eosinophils (16),
leptin-stimulated BMMC pre-treated with the PI3K inhibitor
A B

DC

FIGURE 2 | Leptin induces both in vivo eosinophil migration and activation in
sensitized BALB/c mice. (A, B) show, respectively, brief schematic
representations of pleurisy models induced by i.pl. injection of leptin in naïve
[data shown in (C)] and sensitized [data shown in (D)] BALB/c mice
employed in this study. In (C), naïve BALB/c mice received i.pl. injection with
different concentrations of leptin (0.5, 1 and 2 mg/kg) and pleural fluids were
collected within 24 h. In (D), sensitized BALB/c mice received i.pl. injection of
leptin (1 mg/kg) and pleural fluids were collected within 6 or 24 h, as
indicated. Analyses include pleural eosinophil counts evaluated in cells stained
by May-Grünwald-Giemsa (upper panels), numbers of cytoplasmic lipid
bodies counted within osmium-stained pleural eosinophils (middle panels) and
cysLTs levels found in cell-free pleural fluids measured by specific EIA kit
(bottom panels). Values are expressed as the mean ± SEM (experiments were
repeated at least once). +p < 0.05 compared to control group.
FIGURE 3 | Leptin administration in vivo elicits rapid secretion of PGD2 in
sensitized BALB/c mice. Leptin (1 mg/kg; i.pl.) was injected in naïve (left
panel) or sensitized BALB/c mice (right panel). PGD2 levels found 6 or 24 h
(as indicated) after leptin stimulation in pleural fluids were evaluated as
described in Methods. Values are expressed as the mean ± SEM. +p < 0.05
compared to control group.
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LY294002 (10 mM) exhibited decreased LTC4 synthesis
(supernatant levels of cysLTs dropped from 80.4 ± 10.8 to 39.3 ±
12.0 pg/ml in non-treated and LY294002-treated leptin-stimulated
BMMC, respectively; mean ± SEM of three in vitro differentiated
mast cell cultures; + p < 0.05 compared to non-treated group). This
data indicates that leptin is able to activate cannonical signaling
pathways in mast cells that culminate in the generation of relevant
inflammatory mediators.

PGD2 is a major mast cell product that appears to be critical
for the pathogenesis of a variety of eosinophilic disorders (37,
38), mostly because it is a potent chemoattractant for eosinophils
both in vitro (39, 40) and in vivo (28, 41, 42). Of note, and
Frontiers in Endocrinology | www.frontiersin.org 6
precisely as observed here for leptin, PGD2’s ability to induce
local eosinophilia in BALB/c mice also depends on specific
experimental strategies to create a proper PGD2-sensitive
environment (34, 43, 44), such as the sensitization of BALB/c
mice protocol employed elsewhere (45) and here. Therefore, to
investigate the role of PGD2 in eosinophil influx triggered by
leptin administration, sensitized BALB/c mice were pretreated
with HQL-79. As expected, concurrent to inhibition of leptin-
induced PGD2 synthesis in vivo, HQL-79 also inhibited leptin-
induced eosinophil influx detected 24 h after i.pl. injection in
sensitized BALB/c mice (Figure 5A), showing that endogenous
PGD2 produced during leptin-elicited reaction has an important
role in the in vivo eosinophil migration. Interestingly, HQL-79
pretreatment also reduced the leptin-induced CCL-5 found
within 24 h in sensitized BALB/c mice (Figure 5A). This
indicates that PGD2 may be a central molecule also capable of
controlling the secretion of additional mediators from leptin-
elicited eosinophilic responses in vivo. In line with such
autocrine/paracrine activity of PGD2 shown here for in vivo
leptin-stimulated mast cells, we have previously observed some
PGD2/CCL-5 loop for in vitro leptin-stimulated eosinophils (16).

Likewise PGD2, it is well established that CCR3 activation by
some CC chemokines, including CCL5, promotes potent
eosinophil chemoattraction and mast cells have been reported
to produce and release CCL5 (46). As shown in Figure 5B, the
pre-treatment with a neutralizing antibody against mouse CCL5
failed to interfere with eosinophil accumulation triggered by
leptin administration in sensitized BALB/c mice, therefore
indicating that those earlier elevated levels of CCL5 found in
leptin-elicited inflammatory sites do not participate in eosinophil
migration. Differently, leptin-driven enhanced TNFa levels—
which precede eosinophil influx—appear to contribute to it, as
evidenced by the lack of eosinophil migration in TNFR1 deficient
mice (C57BL/6 background) after leptin injection (Figure 5C).
This result indicates that activation of TNFa receptor TNFR1 by
endogenous TNFa may contribute to leptin-induced eosinophil
migration in vivo.
PGD2 and CCL5 Mediate In Situ Eosinophil
Activation Triggered by Leptin In Vivo
Recently, we have identified leptin as a novel mediator capable of
activating the biogenesis of lipid bodies and enhanced LTC4

production within eosinophils (16), suggesting that part of the in
vivo mechanisms of leptin-induced lipid body-driven LTC4

production would be due to a direct stimulatory effect of leptin
on recruited eosinophils. However, as virtually no resident
eosinophils are present in the pleural or peritoneal cavities
neither in naïve nor sensitized mice (not shown), the leptin-
induced cellular activation of infiltrating eosinophils seem to be
an indirect phenomenon. Therefore, the initial response to leptin in
vivomay depend on direct activation of resident cells and triggered
by mediators produced upon exogenous leptin stimulation.

Among very few other specific stimuli (21), PGD2 and CCL5
are known to directly promote activation of de novo formation of
lipid bodies and LTC4 synthesis by eosinophils both in vitro and
A B

C

FIGURE 4 | Resident mast cells are leptin targets and are responsible for in
vivo leptin-induced eosinophil migration and activation. In (A), sensitized
BALB/c mice were pre-treated with degranulating mast cell agent compound
48/80 and stimulated with leptin (1 mg/kg; i.pl.). Pleural fluids were collected
after 24 h of leptin stimulation. Analyses include pleural eosinophil counts
evaluated in cells stained by May-Grünwald-Giemsa (upper panels), PGD2

levels found in cell-free pleural fluids measured by specific EIA kit (middle
panels) and numbers of cytoplasmic lipid bodies counted within osmium-
stained pleural eosinophils (bottom panels). Values are expressed as the
mean ± SEM (experiments were repeated at least once). +p < 0.05 compared
to control group and *p < 0.05 compared to leptin-stimulated group. In
(B, C), mouse in vitro differentiated bone marrow-derived mast cells (BMMC)
were pre-treated or not (as indicated) with HQL-79 for 30 min and then
stimulated with 50 nM of leptin for 1 h. (B) shows PGD2 and cysLTs levels
found in BMMC supernatants quantified by specific EIA kits. (C) shows
BMMC degranulation by means of detection of extracellular activity of the
intragranular enzyme b-hexosaminidase. Values are expressed as the mean ±
SEM of different in vitro differentiation mast cells cultures (as indicated). +p <
0.05 compared to control cells.
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in vivo (28, 47). Here, several of our findings confirm that leptin-
induced eosinophil activation in vivo appears to be dependent on
mast cell-derived PGD2-driven paracrine activity in sensitized
BALB/c mice, since (i) increased PGD2 levels detected as early as
6 h (Figure 3B) of leptin administration are kept elevated for at
least 24 h in eosinophilic inflammatory site of leptin-challenged
sensitized BALB/c; (ii) pretreatment with compound 48/80
reduced in vivo leptin-induced production of PGD2 (Figure
4A) in sensitized BALB/c mice; (iii) mast cell degranulating
agent compound 48/80 blocked leptin-induced assembly of new
cytoplasmic lipid bodies within recruited eosinophils as detected
24 h after leptin stimulation of sensitized BALB/c mice (Figure
4A); and, more significantly, (iv) specific inhibition of PGD2

synthesis by HQL-79 disrupted both biogenesis of cytoplasmic
lipid bodies and LTC4 synthesis within recruited eosinophils in
leptin-stimulated sensitized BALB/c mice (Figures 6A, C).

Remarkably, even though CCL5 did not appear to participate
on the induction of leptin-elicited eosinophil migration in vivo, it
Frontiers in Endocrinology | www.frontiersin.org 7
does mediate leptin-induced in vivo eosinophil activation,
inasmuch as the pre-treatment with the neutralizing antibody
to CCL5 did inhibit leptin-driven assembly of new lipid bodies
within recruited eosinophils and LTC4 synthesis (Figure 6B).
DISCUSSION

It is now broadly accepted that eosinophils are fundamental
keepers of adipose tissue homeostasis, capable of thwarting
obesity-related metabolic syndrome (18, 48). As adipose
sentinel cells which express leptin receptors, eosinophils may
be under constant leptin stimulation. In vitro studies unveiled
leptin as a wide-ranging stimulus for eosinophils, eliciting
eosinophil kinesis, cytokine secretion, lipid body biogenesis,
and the highly regulated events of eicosanoid synthesis (13–
16). However, in contrast to the well documented leptin-induced
A B

C

FIGURE 6 | Leptin-induced in vivo eosinophil activation in sensitized BALB/c
mice is mediated by PGD2 and CCL5. Sensitized BALB/c mice received i.pl.
injection of leptin (1 mg/kg) and pleural fluids were collected within 24 h of
stimulation. While in (A), animals were pre-treated with HQL-79 (1 mg/kg,
i.p.), in (B) mice were pre-treated with a neutralizing anti-CCL5 antibody (10
µg/cavity, i.pl.). Analyses include numbers of cytoplasmic lipid bodies counted
within osmium-stained pleural eosinophils (upper panels) and cysLTs levels
found in cell-free pleural fluids measured by specific EIA kit (bottom panels).
(C) shows representative images of osmium-stained pleural cells recovered
from leptin-stimulated sensitized BALB/c mice which were pre-treated or not
(as indicated) with HQL-79. Values are expressed as the mean ± SEM
(experiments were repeated at least once). +p < 0.05 compared to control
group and *p < 0.05 compared to leptin-stimulated group. n.d.; not
determined. EO; eosinophil. Scale bar = 5 µm.
A B

C

FIGURE 5 | Leptin-induced in vivo eosinophil migration is mediated by PGD2

and TNFa, but not by CCL5. In (A, B), sensitized BALB/c mice received i.pl.
injection of leptin (1 mg/kg) and pleural fluids were collected within 24 h.
While in (A), animals were pre-treated with HQL-79 (1 mg/kg, i.p.), in (B) mice
were pre-treated with a neutralizing anti-CCL5 antibody (10 µg/cavity, i.pl.). In
(C), naïve wild type or TNFR1 deficient C57BL/6 mice received i.p. injection of
leptin (1 mg/kg) and peritoneal fluids were collected within 24 h of stimulation.
As indicated, analyses include pleural eosinophil counts evaluated in cells
stained by May-Grünwald-Giemsa as well as PGD2 and CCL-5 levels found in
cell-free pleural fluids measured by specific EIA and ELISA kits (middle
panels). Values are expressed as the mean ± SEM (experiments were
repeated at least once). +p < 0.05 compared to control group and *p < 0.05
compared to leptin-stimulated group. n.d.; not determined.
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in vitro eosinophil activation, studies addressing whether leptin
affects eosinophil population in vivo are scarse.

Here, we demonstrated the capability of leptin in triggering
eosinophilic inflammation in vivo in naïve C57BL/6 or BALB/c
mice. Interestingly, the leptin induced eosinophil migration was
more prominent in sensitized BALB/c mice. In addition, leptin
was successful in triggering activation of the infiltrating
eosinophils only in pre-sensitized BALB/c mice. Evaluation of
these two mouse backgrounds are currently of key relevance;
inasmuch as recent reports employing BALB/c mice have defied
the paradigm derived from C57BL/6 studies that eosinophils are
absent from obese adipose tissue, while revealed even far-reaching
protective functions of adipose tissue eosinophils (18, 48).

It has been shown that, no matter the metabolic state displayed
by the adipose micro-environment, both the homeostatic
functions of eosinophils and the general mechanisms regulating
eosinophil presence within adipose tissue are alike; including the
mediation by a common tripod of type 2 innate lymphoid cells
(ILC2s), IL-5, and eotaxin (4, 5). However, the multiplicity of
adipose micro-environmental factors potentially capable of
establishing adipose eosinophilia and/or properly activate
eosinophil functions is far more abundant and obviously not
restricted to these three key players, and as shown here, may
involve leptin as an additional molecular modulator.

It seems definitive that eosinophilia is a hallmark of lean adipose
niches and that eosinophils counteract the obesity related chronic
inflammation (18, 48). This knowledge is derived from a large body
of data using C57BL/6 mouse experimental models of obesity which
established the reduction of homeostatic eosinophils in adipose
tissue undergoing metabolic syndrome (4, 5). Nevertheless, Lee et al.
found contrasting results in adipose tissue eosinophils of BALB/c
mice under high-fat diet (18). The adipose tissue eosinophils appear
to increase in numbers, rather than vanish. Such difference in
eosinophil dynamics has been immediately attributed to the well-
established feature of preferential responsive shifts toward Type 1
versus Type 2 immune profiles by C57BL/6 versus BALB/c mice,
respectively (49). Consistent with this proposition, we have shown
here a more robust leptin-stimulated eosinophilic response seen in
BALB/c mice which were submitted to previous sensitization—an
experimental procedure known to promptly evoke intense Type 2
response characterized by eosinophilic outcomes. While we did not
focus on characterizing the mechanisms explaining why
sensitization of BALB/c mice promotes the establishment of a
more intense, selective and whole (migration plus activation)
leptin-driven eosinophilic response, we have identified at least
three factors that in association may contribute to the overall
more robust pleural eosinophilic reaction. These factors are: (i) an
increased number of mast cells residing in pleural cavities; (ii) an
increased availability of bone marrow and blood eosinophils; and
(iii) the local production of PGD2. Of note, recent clinical results
showed similar results to BALB/c mice with increased adipose
eosinophilia in a group of obese patients (50); therefore indicating
that BALB/c models may reproduce better adipose tissue-related
human eosinophilic events.

According to the study by Lee and coworkers (18), rather than
the size of eosinophil population within adipose niche, the profile
Frontiers in Endocrinology | www.frontiersin.org 8
of eosinophil activation emerges as the central element of tissue
function. Overall, these authors reported that, even though
eosinophils accumulate in adipose tissue of obese BALB/c mice,
they display homeostatic functions as proposed for the lean adipose
tissue (18). Therefore, evaluating in vivo eosinophil activation,
instead of the exclusive assessment of their migration pattern,
was germane here. So far, the acknowledged mechanism of
eosinophil homeostatic roles lays essentially on activation of
eosinophil secretory activity of immune-modulator proteins,
mostly cytokines like IL-4 and IL-13 (48, 51, 52). However,
eosinophils have a much diverse secretory capability, which is
not limited to cytokine secretion, but eosinophils are remarkable
sources of multifunctional lipid mediators. Within physiologically
stimulated eosinophils, bioactive lipids from arachidonic acid
metabolism are synthesized primarily in cytoplasmic lipid bodies
(53, 54). Of note, cytoplasmic lipid body numbers are
characteristically increased within eosinophils following in vitro
stimulation, as well as in in vivo inflammatory disorders, and are
used as a marker of eosinophil activation (55). Besides the
previously reported direct activation of lipid body biogenesis in
vitro within eosinophils by leptin (16), we demonstrated that leptin
administration in sensitized BALB/c mice promotes formation of
new lipid bodies within the eosinophils recruited to the leptin
ability to evoke eosinophil activation in vivo.

The assembly of these highly active organelles within eosinophils
is often linked to intense synthesis of eicosanoids, notably LTC4,
which was produced upon in vivo stimulation with leptin. LTC4

may drive adipose homeostasis since it (i) potentiates IL-5 release
from ILC2s (56) and (ii) elicits IL-4 secretion from eosinophils (57).
Noteworthy, we have recently demonstrated that leptin prompts
LTC4 synthesis within the newly formed cytoplasmic lipid bodies in
human and mouse eosinophils in vitro (16). Besides LTC4,
increased leptin levels triggered by adipose tissue dysfunction,
may also unbalance eosinophil lipid body-compartmentalized
synthesis of other eicosanoids known to interfere with
adipogenesis and inflammation (58, 59), such as the prostanoids
PGE2 and PGD2 (16). Eosinophil lipid bodies are highly active
intracellular sites of eicosanoid synthesis (54, 55) and may have
important roles, not only in the adipose tissue physiology, but also
in metabolic disease states, therefore indicating that further studies
on the potential impacts of activation of eosinophilic lipid bodies on
adipose tissue are germane.

Considering both leptin receptor expression by eosinophils
(13) and in vitro leptin capability to activate eosinophils (14), one
could assume that in vivo leptin-induced eosinophil activation
described here is a consequence of direct stimulation of leptin
receptors on eosinophil surface. Without precluding a partial
direct effect of leptin onto eosinophils in the overall leptin-
driven eosinophilic response in vivo described here, as eosinophils
are not resident cells within the pleural cavity and, therefore, absent
at the moment of leptin administration; leptin ability to induce in
vivo eosinophil activation may mostly depend on indirect
components. Among the various resident cellular targets for leptin
stimulation in vivo, we identified mast cells as a key cell population.
Importantly, our results identify mast cells as modulators of leptin-
driven eosinophilic reaction are in line with recent postulations that
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adipose tissue resident mast cells or the obesity-related increased
mast cell population are modulators of adipose tissue homeostasis
and inflammation (60, 61).

Several pieces of evidence indicate that mast cells secretory
activity is involved in leptin-elicited eosinophil influx and lipid
body-driven LTC4 synthesis in vivo, since: (i) the understanding
that mast cells express active leptin receptors (22, 62); (ii) the ability
of leptin to directly arouse mast cell secretory activities, as showed
here and by others (63); (iii) the leptin-elicited increased local levels
of classical mast cell-derived eosinophil-relevant stimuli which
precede eosinophil arrival but may remain elevated during
installed eosinophilia; (iv) the in vivo inhibitory effect achieved
by selectively targeting mast cells with the compound 48/80; and
(v) the paracrine role of classical mast cell-derived molecules in the
leptin-driven induction of eosinophil recruitment and activation.
Among mast cells-derived molecules, PGD2 may represent one of
the most classical and unambiguous products (37). Here, PGD2

synthesis in mast cells was promoted by leptin both in vitro and in
vivo. Moreover, increased local levels of mast cell-derived PGD2

were crucial for both influx and activation of eosinophils induced
by leptin. Besides a potent eosinophilotactic factor, this prostanoid
is undeniably also a known eosinophil activator (64). In an
analogous manner to leptin, PGD2 is able to trigger lipid body
biogenesis and compartmentalized LTC4 synthesis both in vitro
within human and mice eosinophils, as well as in vivo only in
sensitized BALB/c mice.

In addition to PGD2, the mechanisms involved in leptin-induced
lipid body-driven LTC4 synthesis also include CCL5 as another
mediator of the in vivo phenomenom in sensitized BALB/c mice.
Frontiers in Endocrinology | www.frontiersin.org 9
Strikingly, even though CCL5 is a chemokine capable of promoting
both eosinophilotaxis and LTC4 synthesis within newly formed lipid
bodies (47), it did not participate in eosinophil migration while
mediated in vivo eosinophil activation triggered by leptin. Therefore,
we concluded that although both eosinophilic events depend on
paracrine activities mediated by mast cell-derived PGD2, eosinophil
migration and activation triggered by leptin in vivo seem to be
independent phenomena mediated by different sets of locally
produced factors. Additional chemotactic mediators may
synergize with PGD2 to promote leptin-induced eosinophil. Of
note, another classical mast cell-derived molecule addressed here—
the pro-inflammatory cytokine TNFa—appears to also contribute
to eosinophil accumulation in response to leptin stimulation,
even though it is not recognized as a direct eosinophil
chemotactic molecule.

We have previously shown that leptin is capable of eliciting pro-
adipogenic and pro-inflammatory signaling in adipocytes, as well as
eicosanoid production in macrophages, neutrophils, eosinophils (8,
16, 65). Here, by further evidencing the capacity of leptin to
modulate the interplay between eosinophils and mast cells, we
suggest leptin as a key factor of the inflammation-modulated
homeostasis in the adipose tissue.

By extrapolating the findings presented here to adipose tissue,
one can speculate that leptin continuously produced by mature
adipocytes may elicit local synthesis of bioactive PGD2 by PGDS-
expressing resident cells, such as mast cells and eosinophils.
Functioning in a paracrine fashion within adipose tissue, locally
produced PGD2 may trigger a variety of adipose housekeeping
mechanisms with potential impact on metabolic syndrome
FIGURE 7 | Proposed mechanisms of leptin-induced in vivo eosinophilic inflammation mediated by mast cell-derived PGD2. Eosinophilic inflammation triggered by in
vivo stimulation with leptin depends on sequential events, including (i) initial activation of resident mast cell secretory activity; (ii) increased local levels of TNFa, CCL5
and PGD2; (iii) induction of eosinophil migration by TNFa and PGD2 and then; (iv) cellular activation of recruited eosinophils, characterized by lipid body biogenesis
and LTC4 synthesis. While mast cell-derived PGD2 may induce eosinophil influx via activation of its chemotactic DP2 receptor which is highly expressed on
eosinophils, leptin-driven in situ eosinophil activation is mediated by both CCL5 and PGD2 throughout simultaneous activation of CCR3 and PGD2 receptors DP1
and DP2— whose downstream signaling are known to culminate with in vitro lipid body-compartmentalized synthesis of LTC4 within leptin-stimulated eosinophils.
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evasion, including (i) down-regulation of leptin production (66),
secretion of Type 2 cytokines IL-5 as well as IL-4 by ILC2s (67, 68),
activation of adipose eosinophils (16) and/or polarization of
macrophages toward a M2 anti-inflammatory state (69).

Collectively, our data unveiled a scenario where leptin interacts
with resident mast cells, which in turn govern eosinophil numbers
as well as set up a proper in situ eosinophil activation (for proposed
mechanisms see Figure 7). Moreover, PGD2 emerges as an
important player of leptin-mediated cell crosstalk between mast
cells and eosinophils, which culminates with LTC4 production.
Therefore, it seems clear that further investigations addressing
eosinophil-driven homeostatic roles in adipose tissue must include
studies on the role of leptin-driven immune-modulatory lipid
mediators in addition to the well-established role of eosinophil-
derived cytokines.
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