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Laboratório de Imunofarmacologia, Departamento de Fisiologia e Farmacodinâmica, Instituto Oswaldo Cruz, Fundação Oswaldo Cruz,
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Eosinophils are an important source of leukotriene (LT)C4, which can
be synthesized within lipid bodies—cytoplasmic organelles where
eicosanoid formation may take place. Allergy-driven lipid body for-
mation and function have never been investigated. Here, we studied
the in vivo induction and role of lipid bodies within eosinophils
recruited to sites of allergic inflammation. Using two murine models
of allergic inflammation (asthma and pleurisy), we verified that
parallel to the eosinophil influx, allergic challenge also induced lipid
body formation within recruited eosinophils. Neutralizing antibod-
ies to eotaxin/CCL11, RANTES/CCL5, or CCR3 partially inhibited
lipid body formation within recruited eosinophils in the allergic
pleurisy model. Likewise, intrapleural administration of RANTES or
eotaxin also induced significant influx of eosinophils loaded with
lipid bodies. By immunolabeling, we detected the presence of a key
enzyme involved in the leukotriene metabolism—5-lipoxygenase—
within eosinophil lipid bodies formed in vivo after allergen chal-
lenge. Furthermore, specific immunolocalization of newly formed
LTC4 demonstrated that lipid bodies were the sites of formation of
this eicosanoid within infiltrating eosinophils. Therefore, allergic
inflammation triggers in vivo formation of new lipid bodies within
infiltrating eosinophils, a phenomenon largely mediated by eotaxin/
RANTES acting via CCR3 receptors. Such in vivo allergen-driven lipid
bodies function as intracellular compartments of LTC4 synthesis.

Key words: allergy; CCR3; eosinophils; lipid bodies; LTC4

Eosinophil recruitment and subsequent activation at sites of allergic
inflammation are key events in the pathogenesis of asthma and
other forms of allergic diseases (1–3), controlling allergic airways
remodeling (4, 5). Eosinophils elaborate and release various protein
and lipid mediators critical to the development and perpetuation
of allergic inflammation. Among eosinophil-derived lipid mediators
are platelet-activating factor (PAF), prostaglandins (PGs), and leu-
kotrienes (LTs). Indeed, eosinophils are the major source of cystei-
nyl leukotrienes (cysLTs), LTC4 and its extracellular derivates
LTD4 and LTE4 (6–8). In vivo, these 5-lipoxygenase (LO) pathway-
derived eicosanoids cause several proinflammatory effects, such
as bronchoconstriction, mucous hypersecretion, increased micro-
vascular permeability, bronchial hyperresponsiveness, and eo-
sinophil infiltration (9, 10). For LTC4 synthesis in eosinophils or
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in the other cysLT cellular sources (mast cells, alveolar macro-
phages, and basophils), arachidonic acid released from phospho-
lipids is metabolized by 5-LO in concert with the 5-LO–activating
protein (FLAP) to form LTA4, which is conjugated to reduced
glutathione to form LTC4 (11, 12). Although the eosinophil enzy-
matic pathways of leukotriene synthesis have been established,
their regulatory mechanisms remain to be fully defined. In vitro
studies focusing on the distinct intracellular domains that govern
eosinophil LT production have revealed that eosinophil perinu-
clear membranes and cytoplasmic lipid bodies are sites of local-
ization of key membrane-associated proteins, such as the LT-
forming enzymes 5-LO and LTC4 synthase (13, 14). A more
direct approach for the study of compartmentalized LTC4 synthe-
sis by human eosinophils, in which newly formed LTC4 was
fixed and detected at its sites of synthesis within eosinophils,
demonstrated that nonphysiologic calcium ionophore versus
physiologic eotaxin elicit LTC4 synthesis within perinuclear
membrane versus lipid bodies, respectively (15).

Lipid bodies are non–membrane-bound lipid-rich cytoplas-
mic organelles surrounded by a monolayer of phospholipids.
In human circulating eosinophils, the lipid body numbers are
characteristically prominent (for a recent review see Ref. 16).
Further, lipid bodies increase in number within eosinophils asso-
ciated with various forms of eosinophilic inflammation, such as
hypereosinophilic syndrome (HES) (17, 18). In vitro, several
specific agonists (e.g., PAF, IL-5, eotaxin, and RANTES) can
trigger signaling mechanisms that rapidly stimulate the forma-
tion of new lipid bodies within human eosinophils (13, 15, 18,
19). Of note, even though these in vitro studies have analyzed
lipid body formation and function in human eosinophils, the
effects of allergic inflammatory responses in vivo on lipid body
genesis and functions have never been investigated.

Employing a murine model of allergic inflammation, the pres-
ent study shows that allergen challenge can trigger lipid body
formation within infiltrating eosinophils by a mechanism depen-
dent on eotaxin- and RANTES-initiated intracellular activities.
Moreover, newly formed lipid bodies within recruited eosino-
phils were the specific cytoplasmic sites of formation of 5-LO–
derived LTC4 synthesis.

MATERIALS AND METHODS

Animals

C57Bl/6 mice of 16–20 g from both sexes were used. They were obtained
from Oswaldo Cruz Foundation breeding unit (Rio de Janeiro) and
maintained with food and water ad libitum in a room with temperature
ranging from 22–24 �C and a 12-h light/dark cycle in the Department
of Physiology and Pharmacology, Fundação Oswaldo Cruz. The Animal
Welfare Committee approved the protocols used here.

Reagents

Chicken egg ovalbumin (OVA), lipopolysaccharide (LPS, Escherichia
coli serotype 0127:B8), bovine serum albumin (BSA), phosphate-buffered
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saline (PBS), and 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide
(EDAC) were purchased from Sigma Chemical Co. (St. Louis, MO).
Neutralizing antibodies to murine eotaxin, RANTES, and CCR3 and
recombinant chemokines RANTES and eotaxin were from R&D
Systems (Minneapolis, MN). The rabbit polyclonal antiserum anti-LTC4

and 5-LO were from Cayman Chemicals (Ann Arbor, MI). The anti-
body against adipocyte differentiation-related protein (ADRP) was
purchased from RDI (Flanders, NJ). The secondary antibody Cy3-
labeled donkey anti-guinea pig IgG was from RDI. The Cy2-labeled
donkey anti-rabbit IgG and the irrelevant control rabbit IgG were
from Jackson ImmuneResearch (West Grove, PA). Zileuton was from
Abbott Laboratories (North Chicago, IL).

Lung Allergic Inflammation in Actively Sensitized Mice

Pulmonary eosinophilia in response to OVA was generated in mice
as described (20). Briefly, mice were sensitized with intraperitoneal
injection of OVA (10 �g/mouse) and Al(OH)3 (10 mg/ml) in 0.9%
NaCl solution (saline; 0.2 ml) on Days 1 and 10. From Days 19–24 after
sensitization, mice were challenged daily for 20 min with OVA (5%)
in PBS by aerosol. Aerosolized PBS is administered to sensitized mice
as a negative control. These procedures were performed in a 30 � 20 �
10 cm acrylic chamber and the aerosol was generated with an ultrasonic
nebulizer. Twenty-four hours after the last aerosolization, animals were
killed by CO2 administration, and the trachea was surgically exposed
and cannulated. The bronchoalveolar lavage (BAL) was collected from
the mice by washing the lungs with 1 ml PBS.

Allergic Pleurisy in Actively Sensitized Mice

Active sensitization was achieved by a subcutaneous injection (0.2 ml)
of a mixture containing OVA (50 �g) and Al(OH)3 (5 mg) in saline.
Allergic challenge was performed 14 d after sensitization by means of
an intrathoracic injection of OVA (12 �g/cavity) dissolved in sterile
saline. A control group consists of sensitized mice challenged with
sterile saline. All intrathoracic injections were performed in a final
volume of 0.1 ml. Mice were killed under an excess of CO2 atmosphere
6, 24, 48, and 96 h after allergic challenge. Pleural cavities were then
rinsed with 1 ml of PBS containing BSA (0.1%), and the collected
pleural effluents had their volumes measured with a graduated syringe.

Leukocyte Counts

Total leukocyte counts were performed using a Neubauer chamber
under an optical microscope, after dilution with Turk fluid (2% acetic
acid). Differential counts of mononuclear cells, neutrophils, and eosino-
phils were performed under an oil immersion objective using cytopins
(Cytospin 3; Shandon Inc., Pittsburgh, PA) stained by the May-
Grunwald-Giemsa method. Counts are reported as number of cells per
cavity.

Pleurisy Triggered by Eotaxin or RANTES

Naive mice were stimulated intrathoracically with murine eotaxin
(30 pmol/cavity) or murine RANTES (30 pmol/cavity). Eotaxin and
RANTES were diluted in sterile saline immediately before use. Control
animals were injected with the same volume (0.1 ml) of vehicle. Six
hours after stimulation, the animals were killed and pleural fluids ana-
lyzed as described above. To ascertain specificity of LTC4 immunolocali-
zation within recruited eosinophils, naive mice were also stimulated
intraperitoneally with LPS (500 ng/cavity; 0.1 ml) to attract neutrophils
to the pleural cavity (6 h).

Treatments

To evaluate the involvement of CCR3 activation, animals were pre-
treated with an intraperitoneal injection of anti-eotaxin (10 �g/cavity),
anti-RANTES (10 �g/cavity), or anti-CCR3 (10 �g/cavity) 30 min be-
fore allergic challenge as previously described (21). Animals pretreated
with an irrelevant control antibody showed no alteration of allergic
response (data not shown).

To confirm the specifity of LTC4 immunolabeling within infiltrating
eosinophils, the animals were pretreated with an intrathoracic injection
of zileuton (50 �g/cavity; 0.1 ml)—a specific inhibitor of 5-LO—2 h
before challenged animals were killed. Moreover, to ensure that the
enzyme stays inhibited during all procedure, the pleural cavities of

zileuton-treated animals were rinsed with 500 �l of PBS containing
BSA (0.1%) and zileuton (1 �M), and immediately mixed with 500 �l
of EDAC (1% in Hanks’ balanced salt solution [HBSS]), as further
described bellow.

Lipid Body Staining and Enumeration

To enumerate lipid bodies within leukocytes cytoplasm, BAL or pleural
fluid cells were cytocentrifuged (450 rpm, 5 min) onto glass slides.
Leukocytes, while still moist, were fixed in 3.7% formaldehyde (diluted
in Ca2�/Mg2�-free HBSS; pH 7.4), rinsed in 0.1 M cacodylate buffer
(pH 7.4), stained with 1.5% OsO4 for 30 min, rinsed in distilled H2O,
immersed in 1.0% thiocarbohydrazide for 5 min, rinsed in 0.1 M cacodyl-
ate buffer, restained with 1.5% OsO4 for 3 min, rinsed in distilled water,
and then dried and mounted (13). Cell morphology was observed and
lipid bodies were enumerated by microscopy with an objective lens
at �100 magnification. Twenty-five consecutively scanned eosinophils
were evaluated in a blinded fashion by more than one individual and
results were expressed as the number of lipid bodies per eosinophil.

Quantification of cysLTs

cysLT concentrations in the BAL fluid were measured by a commercial
EIA kit according to the manufacturer’s protocol (Cayman Chemicals).

Intracellular Immunodetection of 5-LO and Newly
Formed LTC4

To immunolocalize 5-LO and LTC4 at its sites of formation within
recruited eosinophils, leukocytes were recovered from the thoracic cav-
ity with 500 �l of HBSS and immediately mixed with 500 �l of water-
soluble EDAC (1% in HBSS), used to cross-link eicosanoid carboxyl
groups to amines in adjacent proteins (protocols modified from Ref.
15). After 30–40 min incubation at 37 �C with EDAC to promote both
cell fixation and permeabilization, pleural leukocytes were then washed
with HBSS, cytospun onto glass slides, and blocked with HBSS con-
taining 2% normal mouse serum and normal goat serum for 10 min. The
cells were then sequentially incubated with either anti–5-LO antibody
(1:150 final dilution) or anti-LTC4 antibody (1:5 final dilution) for 45 min.
The anti-ADRP (1:300 final dilution) was added for 45 min to distin-
guish cytoplasmic lipid bodies within infiltrating leukocytes. The cells
were washed with HBSS for 10 min (3�) and incubated with Cy2-
labeled anti-rabbit IgG (1:500 final dilution) plus Cy3-labeled anti-
guinea pig (1:1,000 final dilution) secondary antibodies for 1 h. Slides
were then washed with HBSS, and an aqueous mounting medium
(Polysciences, Warrington, PA) was applied to each slide before cover-
slip attachment. Slides were viewed by both phase-contrast and fluores-
cent microscopy, and electronic photography was performed by Cool
Snap digital camera (Roper Scientific, Ottoburn, Germany) in conjunc-
tion with the image program Image Pro Express (Media Cybernetics,
Silver Spring, MD).

The specificity of LTC4 immunofluorescent staining within recruited
eosinophils was ascertained by three different approaches: (1 ) a nonim-
mune rabbit IgG used as an irrelevant control to anti-LTC4 antibody;
(2 ) a pretreatment with the inhibitor of 5-LO zileuton to avoid the
synthesis of LTC4; and (3 ) the analysis of LTC4 staining within leuko-
cytes that are known to not express LTC4 synthase, such as LPS-driven
infiltrating neutrophils.

Bone Marrow Granulocyte Purification and Chemotaxis Assay

Medullar granulocytes from naive mice were purified as follows. Briefly,
both femurs of mice were removed and the bone marrow was gently
eluted with 1 ml of RPMI-1640 (pH 7.2). Using a Ficoll-Histopaque
1077 gradient (Amersham Biosciences, Piscataway, NJ), bone marrow
granulocytes were isolated. Granulocyte suspensions (1.5 � 106 cells/
100 �l of RPMI-1640 supplemented with 0.5% BSA) were placed at the
top chamber of a 6.5-mm diameter, 5-�m-pore polycarbonate Transwell
culture insert (Costar, Cambridge, MA) and incubated in triplicate with
the indicated concentrations of stimuli in the bottom chamber for 4 h,
at 37 �C. Migrated cells recovered from the bottom chamber after incu-
bation were counted and cytocentrifuged (450 rpm, 5 min) onto glass
slides and stained with osmium as described above. Twenty-five consec-
utively scanned eosinophils were evaluated and results were expressed
as the number of lipid bodies per in vitro migrated eosinophil. For com-
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parison, bone marrow granulocytes were alternatively placed in the
bottom chambers and stimulated under same conditions for analysis of
formation of new lipid bodies in nonmigrating eosinophils.

Statistical Analysis

Results were expressed as means � SEM and were analyzed statistically
by ANOVA followed by the Newman-Keuls-Student’s test with the
level of significance set at P � 0.05.

RESULTS

Analysis of Lipid Formation within Infiltrating Eosinophils
during Allergic Inflammation

Allergic challenge into actively sensitized mice induced a marked
eosinophil recruitment to the BAL (Figure 1A) and pleural
cavity (Figure 2, lower panel), in two distinct models of allergic
inflammation: lung allergic inflammation (asthma model) and
allergic pleurisy. BAL and pleural eosinophilia were associated
with a discrete but significant accumulation of mononuclear cells
(data not shown). Activation of eosinophils recruited to sites of
allergic inflammation is a critical feature in the pathogenesis
of allergic diseases. Here we are proposing that increases of
cytoplasmic numbers of lipid bodies within infiltrating eosino-
phils can be used as a parameter of eosinophil activation. The
number of cytoplasmic lipid bodies found within recruited eosin-
ophils after allergic challenge was evaluated. Using the asthma
model, we verified that BAL eosinophils from allergen-challenged
sensitized animals have five times more cytoplasmic lipid bodies
than BAL eosinophils from PBS-challenged sensitized animals
(Figure 1B). Moreover, in parallel to such dramatic increase in
eosinophil lipid body numbers, BAL levels of cysLTs were also
increased about five times (Figure 1C). In allergic pleurisy, infil-
trating eosinophils were not detectable within 1 h, peaked at
6 h, decreased marginally by 24 h, and were detectable within
pleural space up to at least 96 h after allergic challenge (Figure
2, lower panel). The upper panel of Figure 2 shows that new
lipid bodies are formed within eosinophils infiltrating the mice
pleural cavities. Increases in lipid body numbers were progres-
sive, developing by 6 h, peaking at 24 h after challenge and
decreasing thereafter. Inasmuch as eosinophils are not found in
pleural cavities of nonsensitized mice, the lipid body numbers of
bone marrow eosinophils were enumerated as a control (Table 1).
Bone marrow eosinophils from sensitized nonchallenged mice
contain � 3 lipid bodies/cell, whereas marrow eosinophils from
sensitized and challenged mice contain � 7 lipid bodies/cell. In
infiltrating eosinophils, the number of cytoplasmic lipid bodies
were much more prominent (� 20 lipid bodies/eosinophil within
24 h). Of note, in vivo lipid body formation during the allergic
reaction was not limited to eosinophils. As illustrated in Figure

Figure 1. In vivo lipid body formation within recruited eosinophils in a mouse model of asthma. Eosinophil influx (A ), eosinophil lipid body formation
(B ), and production of cysLTs (C ) triggered by allergic challenge (aerosolized OVA) of sensitized animals were analyzed within 24 h. Results are
expressed as the means � SEM from at least five animals. *P � 0.05 as compared with PBS-challenged sensitized mice.

Figure 2. In vivo lipid body formation within infiltrating eosinophils in
a mouse model of allergic pleurisy. In A, results of a kinetic analysis are
expressed as the means � SEM from at least five animals. *P � 0.05.
In B, images depict pleural leukocytes (stained with osmium) recovered
from nonsensitized (upper panel) or sensitized mice (lower panel) 24 h
after allergic stimulation. EOS � eosinophils; Mφ � macrophages.

1B, the numbers of lipid bodies also increased within pleural
mononuclear cells of allergen-challenged sensitized mice.

Endogenous Eotaxin and RANTES Signal through CCR3
for Allergen-Induced Lipid Body Formation within
Recruited Eosinophils

Eotaxin and RANTES are key mediators in the development of
allergic eosinophilia (22, 23). In addition, eotaxin- and RANTES-
mediated CCR3 activation are potent inducers of lipid bodies
in human eosinophils (15). To investigate the in vivo role of
CCR3 activation on allergen-induced lipid body formation
within recruited eosinophils, we: (1) administered eotaxin or
RANTES into pleural cavities of naive mice to analyze the
impact of these mediators on lipid body genesis in vivo; and
(2) pretreated sensitized mice with neutralizing antibodies to
eotaxin, RANTES, or CCR3. Similar to the allergic stimulation,
either eotaxin or RANTES induced both eosinophil recruitment
and lipid body formation within recruited eosinophils (Figure
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TABLE 1. NUMBER OF CYTOPLASMIC LIPID BODIES WITHIN
BONE MARROW EOSINOPHILS FROM ALLERGIC
PLEURISY MODEL

Mice Condition Lipid Bodies/Marrow Eosinophil

Naive 3.2 � 0.2
Sensitized/nonchallenged 3.9 � 0.4
Sensitized/challenged 7.6 � 0.3*

Osmium-stained lipid bodies were enumerated within eosinophils recovered
from murine bone marrows 24 h after allergic challenge (allergic pleurisy model).
Results represent the means � SEM of at least five animals.

* Significantly different from nonchallenged group with P � 0.05.

3A). Moreover, allergen-induced eosinophil influx and lipid
body formation within recruited eosinophils were dramatically
inhibited by the pretreatments with neutralizing antibodies
(Figure 3B), indicating that endogenous eotaxin and RANTES,
acting via CCR3, elicited in vivo lipid body formation within
infiltrating eosinophils.

Chemotaxis Does Not Interfere with Eosinophil Lipid
Body Formation

To investigate the role of migratory processes in lipid body
formation observed within recruited eosinophils during an al-

Figure 3. Role of CCR3-activating chemokines RANTES and eotaxin on
allergen-induced lipid body formation and eosinophil influx. In A, naive
mice received intrathoracic injection of RANTES (30 pmol/cavity) or
eotaxin (30 pmol/cavity). Analyses of pleural leukocytes were performed
6 h after chemokine administration. In B, treatments were administered
intraperitoneally 30 min before allergic challenge. Analyses were per-
formed 24 h after allergic intrathoracic challenge. Results were expressed
as the means � SEM from at least five animals. *P � 0.05 compared
with control group. �P � 0.05 compared with allergen-challenged mice.

lergic inflammatory reaction, we compared the magnitude of
in vitro formation of new lipid bodies within migrating versus
nonmigrating murine bone marrow eosinophils induced directly
by eotaxin or PAF. As shown in Figure 4A, both eotaxin and
PAF were able to induce eosinophil chemotaxis. Interestingly,
the ability of either eotaxin or PAF to induce lipid body forma-
tion was not modified by such locomotory activity induced in
parallel by each stimuli (Figure 4B).

In Vivo Elicited Lipid Bodies Control LTC4 Metabolism
in Recruited Eosinophils

Eosinophils are capable of elaborating the cysLT LTC4 (7, 8).
Within eosinophils, the enzymatic machinery of LTC4 synthesis
can be found at two distinct compartments, the perinuclear
membrane or lipid bodies, depending on the stimulatory condi-
tion (24). Thus, we first evaluated whether a key LT-forming
enzyme was localized at eosinophil lipid bodies after in vivo
allergic stimulation. Employing conditions of leukocyte fixation
and permeabilization that prevent dissolution of lipid bodies,
the intracellular compartmentalization of 5-LO was analyzed by
immunofluorescence. Eosinophils stained with rabbit polyclonal
antibody to 5-LO (Figure 5) showed punctate cytoplasmic local-
izations, proximate to but separate from the nucleus, and fully
consistent in size, form, number, and distribution with lipid bod-
ies. We have confirmed that 5-LO was, indeed, specifically local-
ized within cytoplasmic lipid bodies of infiltrating leukocytes by
performing a double-labeling with the anti–5-LO and an anti-
body against a protein marker of these organelles named ADRP
(not shown). Of note, ADRP is a structural protein that sur-
rounds lipid bodies of different cell types (25), including leuko-
cytes (C. M. Maya-Monteiro and coworkers, unpublished obser-
vations). 5-LO–labeled lipid bodies were found predominantly
in infiltrating eosinophils, although some mononuclear cells also
showed specific staining for this enzyme. There was no immuno-
reactivity when control nonimmune rabbit serum was used as
control for 5-LO antibody (Figure 5). Of note, just a few lipid

Figure 4. Eotaxin- or PAF-
induced in vitro chemo-
taxis of murine eosinophils
does not interfere with
concurrent induction of
lipid body formation. In A,
bone marrow eosinophils
from naive mice which
migrated toward eotaxin
(10 ng/ml) or PAF (10 �M)
during 4 h were recovered
from bottom chambers of
the Transwell system and
counted. In B, the lipid
body analysis of bone mar-
row migrated eosinophils
(cells recovered from bot-
tom chambers after cross-
ing the Transwell; hatched
bars) versus non-migrated
eosinophils (cells incu-
bated with the stimuli in
the bottom chambers;
open bars) are shown.

Results were expressed as the means � SEM from three pools of bone
marrow granulocytes. Each pool is prepared from two femurs’ bone
marrows of at least three animals. *P � 0.05 compared with appro-
priated nonstimulated condition.
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Figure 5. 5-LO immunolocalization within cytoplasmic lipid bodies of
infiltrating eosinophils. Phase contrast (A and C ) and fluorescent (B and
D ) images of identical fields depict pleural leukocytes recovered from
sensitized mice 24 h after allergic stimulation. Pleural leukocytes were
stained with rabbit anti–5-LO (B ) or nonimmune rabbit (D ) serums
followed by a Cy3-labeled donkey anti-rabbit IgG as described in MATERIALS

AND METHODS. EOS, eosinophil; Mφ, macrophage; arrow, lipid body.

bodies distributed within eosinophil cytoplasm were 5-LO–
positive, indicating that only part of the newly formed lipid
bodies are able to produce LTs.

Inasmuch as our data show that lipid bodies of allergen-
recruited eosinophils are sites of intracellular localization of the
LT-forming enzyme 5-LO, we analyzed whether allergen-elicited
lipid bodies within infiltrating eosinophils are also discrete and
specific sites of LTC4 synthesis. As previously described (15), to
evaluate intracellular production of LTC4, pleural leukocytes
were fixed with carbodiimide and immunostained with a rabbit
anti-LTC4 antibody plus a Cy2-labeled anti-rabbit IgG. As shown
in Figures 6A and 6D, eosinophils infiltrating pleural space after
allergic challenge yielded focal immunofluorescent staining for
LTC4 in virtually all eosinophils. Again, the lipid body localiza-
tion of newly formed LTC4 within infiltrating leukocytes was
ascertained by the co-localization with ADRP (Figures 6B and
6E). The specificity of LTC4 immunostaining within cytoplasmic
lipid bodies was validated, because: (1) leukocytes from sensi-
tized nonchallenged mice exhibited no immunofluorescent stain-
ing for LTC4 (Figure 6N), showing neither background staining
nor detection of preformed LTC4, as expected in the absence
of cell stimulation; (2) the pretreatment with zileuton, which
blocks 5-LO, completely abolished immunofluorescent staining
for LTC4 within infiltrating eosinophils (Figure 6G); (3) mono-
nuclear cells, also found in the pleural space after allergic chal-
lenge in sensitized mice, did not show any staining for intracellu-
lar LTC4 (Figure 6D, arrowhead); and (4) infiltrating neutrophils,
found in the pleural space of LPS-stimulated mice, did not show
any staining for intracellular LTC4 (not shown). Therefore, eosin-
ophil lipid bodies represent the major compartment responsible
for LTC4 production in a murine model of allergic inflammation.
But it is noteworthy that similar to the extent of 5-LO immunolo-
calization, only a fraction of eosinophil lipid bodies were LTC4-
positive, indicating that not every cytoplasmic lipid body func-
tions as a LTC4 site of synthesis.

DISCUSSION

Increased marrow production of eosinophils and the subsequent
circulating and tissue eosinophilia are hallmark events of allergic
inflammatory disorders. Moreover, recruited eosinophils found
at inflammatory sites show an activated pattern, featuring for
instance an increased capacity to release lipid mediators. Expres-
sion upregulation of LTC4-forming enzymes within eosinophils,

including 5-LO, FLAP, and LTC4 synthase, may be involved in
the increased LT synthesis observed in individuals with asthma
and in murine models of asthma (7, 26, 27). Also relevant to this
specific ability is another important characteristic of activated
eosinophils—the presence of increased numbers of enlarged
lipid bodies within the cytoplasm. These cytoplasmic organelles
appear to have significant function in a variety of intracellular
metabolic and signaling processes (28–32), including eicosanoid
metabolism by leukocytes (16). The genesis of new lipid bodies
is a rapid and highly regulated event by specific signaling path-
ways that depends on proper stimuli and the cell type. Specifi-
cally concerning human eosinophils, in vitro studies revealed that
lipid bodies are specialized intracellular domains for LTC4 syn-
thesis (15). Although this function did not have any support
from in vivo studies, it seemed reasonable to speculate that the
eosinophils attracted to inflammatory sites of an allergic reaction
would contain an increased number of lipid bodies, which would
correspond to the compartment of LTC4 production within eo-
sinophils in vivo. In this study, we demonstrated that allergic
stimulation induced formation of new lipid bodies within re-
cruited eosinophils, via a mechanism dependent on CCR3 activa-
tion by endogenously produced eotaxin and RANTES. Further,
the present findings are the first to show that in vivo newly
formed lipid bodies function as the intracellular loci of 5-LO–
driven LTC4 synthesis within eosinophils attracted to the site of
allergic reaction in vivo.

High numbers of cytoplasmic lipid bodies have been noted
within cells engaged in inflammatory disorders. For instance, in-
creased lipid body numbers were found within leukocytes from
inflammatory arthritis (33, 34), bronchoalveolar lavage of pa-
tients with acute respiratory distress syndrome, and from blood
of patients with sepsis (35, 36). Even though eosinophils from
patients with asthma have not yet been analyzed, circulating
eosinophils from patients with hypereosinophilic syndrome or
Crohn’s disease show several lipid bodies within their cytoplasm
(17, 18, 37). In addition, it was also observed that new lipid bodies
are formed in vivo within leukocytes during the development
of experimental inflammatory responses, such as oxidized low-
density lipoprotein (ox-LDL)– (38, 39) and LPS-induced pleuris-
ies (36). Similarly, our experimental models of murine allergic
reaction yielded formation of new lipid bodies within the eosino-
phils recruited to the focus of inflammatory reaction of sensitized
mice. Of note, the sensitization processes per se (allergic pleurisy
model) did not modify the cytoplasmic lipid body numbers of
those bone marrow eosinophils that may reach the allergic pleu-
ral inflammatory site after challenge. Yet, the bone marrow
eosinophils of allergen-challenged sensitized animals displayed
a discrete but significant increase in lipid body numbers (� 7
lipid bodies per cell), indicating that mediators (likely cytokines,
such as IL-5) produced locally at bone marrow may regulate the
genesis of new lipid bodies through a process that is not depen-
dent on cell migration. Nevertheless, because the number of
lipid bodies found within infiltrating pleural eosinophils was
much higher (� 25 per cell) than the marrow ones, it seems
that the migration process and/or local activation of recruited
eosinophils control the biogenesis of new lipid bodies in vivo
during allergic reaction. Further studying these potential mecha-
nisms involved in in vivo induction of lipid body formation, we
verified that the chemotactic process—an important component
of allergic eosinophil accumulation—did not modulate lipid body
formation induced by key eosinophil chemoatractants (eotaxin
and PAF) in an in vitro chemotaxis assay. However, the contribu-
tion of other events involved in a more complex in vivo migration
process (e.g., priming at blood compartment, adhesion, and/or
transmigration) still needs to be investigated.

The mechanism of in vivo formation of lipid bodies within
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Figure 6. Lipid bodies are intracellular
sites of LTC4 synthesis within infiltrating
eosinophils. Anti-LTC4 (left), anti-ADRP
(middle), and merged (right) immunoflu-
orescent microscopic images of identical
fields of pleural leukocytes recovered
from sensitized mice 24 h after saline (N,
O, P ) or allergic stimulation (A–M). A–C
show a representative infiltrating eosino-
phil with LTC4–immunoreactive lipid
bodies. Cells shown on images from G
and H were obtained from zileuton-
treated animals according to the protocol
described in MATERIALS AND METHODS. In J,
a nonimmune rabbit serum replaced anti-
LTC4 antibody. Arrowheads, macrophage;
arrows, eosinophil.

recruited eosinophils was also investigated. From in vitro studies
we have learned that several specific agonists can directly trigger
signaling events that rapidly stimulate the formation of new lipid
bodies within human eosinophils. For instance, PAF, acting via
its G protein–lined receptor, induces lipid body formation via a
downstream signaling involving, sequentially, 5-LO activation
to generate 5-HETE that per se activates its G protein–linked
receptor and protein kinase C activation (40). Alternatively,
chemokines acting via CCR3 receptors, including RANTES,
eotaxin, eotaxin-2, and eotaxin-3, can initiate intracellular signal-
ing that also culminate in de novo formation of lipid bodies
(15, 41). CCR3 signals through phosphoinositide 3-kinase (PI3K)
and the ERK1/2 and p38 MAP kinases (15). Here, by using
neutralizing antibodies against eotaxin, RANTES, and CCR3,
we demonstrated that besides controlling in vivo eosinophil traf-
ficking to the site of allergic reaction, eotaxin/CCR3 systems
largely regulate in vivo lipid body formation within recruited
eosinophils triggered by intrapleural allergic challenge in sensi-
tized mice. Of note, a treatment with an anti-eotaxin antibody
also blocked lipid body formation within BAL eosinophils in
the asthma model (not shown). Likely, other eosinophil receptor
systems (e.g., PAF and IL-5 receptors) may contribute to allergic
in vivo formation of lipid bodies, inasmuch as anti-CCR3 did
not completely inhibit lipid body formation. Indeed, specific
PAF receptor antagonists were also able to partially inhibit lipid
body formation within recruited eosinophils triggered by allergic
challenge in sensitized mice (data not shown). Still, direct and
selective activation of CCR3 appears to be sufficient to elicit

the lipid body formation within eosinophils in vivo, because
administration of eotaxin or RANTES also promoted lipid body
formation in vivo within recruited eosinophils.

Little is known about the composition and functions of lipid
bodies in vivo. In leukocytes and other cells, lipid bodies are
surrounded by a monolayer of phospholipids, are typically rich in
triacylglycerides, and contain arachidonyl-phospholipids (42, 43);
however, lipid bodies are not formed exclusively by lipids. Recent
studies focusing on the protein content of these organelles have
revealed how broad lipid body functions can be. Lipid bodies are
formed by the structural PAT proteins (perilipin, ADRP, and TIP)
(25); and by compartmentalizing fatty acid metabolic enzymes,
proteins of Rab family, small GTPases (30–32), and kinases
(28, 29), lipid bodies may control lipid metabolism, membrane
trafficking, and intracellular signaling. By analyzing specifically
lipid bodies of human eosinophils, we have learned that these
lipid-rich organelles have inflammatory functions because they
contain: (1) enzymes needed for eicosanoid synthesis, such as
cPLA2, 5-LO, 15-LO, COX, and LTC4 synthase (13, 18, 28);
(2) cytokines/chemokines, such as RANTES, TNF-�, and IL-16
(37, 44); and (3) structural proteins with circumferential immu-
nolocalization, such as ADRP, which can be used as a lipid
body marker (C. M. Maya-Monteiro and colleagues, unpublished
data). In vivo experimentally induced lipid bodies, in both ox-
LDL– and LPS-induced models of inflammation, have 5-LO and
COX-2 enzymes within recruited leukocytes (36, 38). Similarly,
eosinophils attracted to the site of allergic reaction showed 5-LO
immunoreactivity within newly formed lipid bodies. The recur-
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ring localization of eicosanoid-forming enzymes within lipid bod-
ies of different leukocytes associated with different types of
inflammatory responses, observed during the last decade, have
suggested that these organelles have roles on the generation of
these inflammatory lipid mediators. Indeed, increases in lipid
body numbers correlated with increased release of eicosanoids
by leukocytes when activated with submaximal concentration of
calcium ionophore (13, 15, 40). Conversely, agents that inhibit
lipid body formation in vitro inhibited the priming response for
enhanced eicosanoid release from leukocytes (13, 40).

It is noteworthy that specific immunolocalization of the inte-
gral membrane eicosanoid-forming enzymes FLAP, 5-LO, and
LTC4 synthase at the nuclear envelope of activated leuko-
cytes have identified the perinuclear membrane as an alternative
and/or complementary intracellular site of eicosanoid biosynthesis
(14, 45). Interestingly, based on studies of enucleated eosinophil
cytoplasts, it seemed that perinuclear membranes were not essen-
tial for LTC4 synthesis by human eosinophils (13). To definitively
characterize the intracellular compartment of eicosanoid synthe-
sis within leukocytes, a methodology was developed to directly
immunolocalize the newly formed eicosanoid at its site of synthe-
sis (15). Using such direct approach to specifically immunolocal-
ize LTC4 within human eosinophils, it was demonstrated that
the intracellular domain synthesizing LTC4 varies according with
the different stimulus used. For instance, in vitro eotaxin- or
RANTES-stimulated human eosinophils not only formed new
lipid bodies, but also synthesized LTC4 at these lipid bodies.
Distinctly, eosinophils stimulated with calcium ionophore (15)
or by cross-linking cell surface orphan receptors (e.g., CD9 or
leukocyte immunoglobulin-like receptor 7) (46) synthesized
LTC4 at the perinuclear membrane. Our current study is the
first to demonstrate the actual intracellular site of LTC4 synthesis
during the development of an allergic inflammatory response. Infil-
trating eosinophils of allergen-challenged sensitized mice showed
immunolocalization of newly formed LTC4 at cytoplasmic punc-
tate structures compatible in number, size, localization, and form
with lipid bodies. Indeed, we confirmed the identity of LTC4

immunoreactive structures by immunostaining them with a spe-
cific marker of lipid bodies, ADRP. Of note, the green fluores-
cent punctate immunoreactivity found within infiltrating eosino-
phils was confirmed as a 5-LO metabolite and therefore LTC4, as
5-LO inhibitor zileuton impaired its detection within eosinophils,
which preferentially produce LTC4. No perinuclear immuno-
staining for LTC4 was found within infiltrating eosinophils, sug-
gesting that under a CCR3-driven response, like in vitro stimula-
tion with eotaxin or RANTES (15) or in vivo allergic inflammatory
reaction, synthesis of LTC4 takes place at lipid bodies. Lately,
it has become clear that the specific localization of eicosanoid
synthesis at distinct intracellular compartments is crucial in gov-
erning subsequent eicosanoid functions. For instance, LTC4 pro-
duced in vitro within lipid bodies of eosinophils activated via
CCR3 have intracrine functions regulating differential release
of IL-4 by eosinophils (47). Therefore, in vivo synthesis of lipid
body-derived LTC4 after allergic stimulation, besides acting as
paracrine mediators of allergic inflammatory processes, may also
have intracrine functions that need to be identified and may
represent a new target for alternative anti-allergic therapies.

Altogether our results demonstrated that allergic challenge
elicits formation of new cytoplasmic lipid bodies within recruited
eosinophils—a CCR3-regulated phenomenon that can be easily
used as a marker of cell activation. Moreover, our findings indi-
cate that lipid bodies formed in vivo within infiltrating eosino-
phils in response to allergic challenge are sites of 5-LO–driven
LTC4 synthesis.
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