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marrow (BM) eosinopoiesis is a common feature during allergen
exposure in atopic individuals. Airway exposure to staphylococcal
superantigens aggravates allergic airway disease and increases the
output of BM eosinophils. However, the exact mechanisms regulating
eosinophil mobilization and trafficking to the peripheral circulation
and airways remain to be elucidated. Therefore, this study aimed to
investigate the mechanisms determining the BM eosinopoiesis in
allergic mice under exposure to staphylococcal enterotoxin A (SEA).
Ovalbumin (OVA)-sensitized male BALB/C mice were intranasally
exposed to SEA (1 pg), and at 4, 12, 24, and 48 h later animals were
challenged with OVA (10 pg, twice a day). Measurement of IL-5,
eotaxin, and granulocyte-macrophage colony-stimulating factor (GM-
CSF) levels, flow cytometry for CCR3", VLA4™, and CCR3"VLA4™,
as well as adhesion assays to VCAM-1 were performed in BM. Prior
airway exposure to SEA time dependently increased the BM eosinophil
number in OVA-challenged mice. Eosinophils gradually disappear from
peripheral blood, being recruited over time to the airways, where they
achieve a maximal infiltration at 24 h. SEA exposure increased the levels
of IL-5 and eotaxin (but not GM-CSF) in BM of OV A-challenged mice.
Marked increases in CCR3* and CCR3*VLA4" expressions in BM
eosinophils of OVA-challenged mice were observed, an effect largely
reduced by prior exposure to SEA. Adhesion of BM eosinophils to
VCAM-1 was increased in OV A-challenged mice, but prior SEA expo-
sure abrogated this enhanced cell adhesion. Accumulation of BM eosin-
ophils by airway SEA exposure takes place through IL-5- and CCR3-
dependent mechanisms, along with downregulation of CCR3/VL4 and
impaired cell adhesion to VCAM-1.

ovalbumin; eotaxin; IL-5; CCR3; VLA4; VCAM-1; asthma

SUPERANTIGENS ARE DERIVED from staphylococcal species and
other bacteria (11). Staphylococcal superantigens bind to major
histocompatibility complex class-II molecules without prior
antigen processing by antigen-presenting cells, promoting im-
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munostimulation (11). Clinical studies show that Staphylococ-
cus aureus and its enterotoxins have been associated with
aggravation of allergic diseases (1, 2, 4, 23, 42), including
dermatitis, chronic rhinosinusitis, and asthma (26, 36, 42).
Airway exposure to staphylococcal enterotoxin types A (SEA)
and B (SEB) aggravates the pulmonary allergic inflammation,
increases sensitization to inhaled allergens, and decreases T
cell sensibility to steroids (10, 15). In rodent models of allergic
diseases, airway exposure to SEA and SEB promotes leukocyte
recruitment to the lung tissue by multiple inflammatory mech-
anisms (7, 8), with the potential involvement of mast cells and
sensory fibers (27). Repeated intranasal application of SEB in
mice causes a lymphocyte-dependent bronchial inflammation
associated with airway hyperresponsiveness (17). Intranasal
administration of SEA (29) and SEB (16, 18) also exacerbates
the pulmonary eosinophilic inflammation in ovalbumin (OVA)-
induced allergic airway disease. Interestingly, the pulmonary
cell infiltration after instillation of SEA and SEB is accom-
panied by a late increase in bone marrow (BM) granulocyte
number (7, 8, 29).

Allergen exposure in atopic subjects promotes distinct phe-
notypic changes in BM progenitor cell population, leading to
eosinopoiesis (20, 21, 37). This phenomenon requires IL-5 to
stimulate the eosinophil development, providing proliferative
and differentiation signals, as well as its release to peripheral
circulation (3, 5, 14, 33). The CC-chemokine eotaxin in syn-
ergism with IL-5 stimulates the release of BM eosinophil
progenitors (6, 41, 44), producing blood eosinophilia in aller-
gen-challenged lung (5). It has been suggested that eosino-
philic progenitor cells may undergo in situ lung differentiation
in the presence of locally elaborated cytokines, providing an
ongoing source for other inflammatory effector cells (41).
However, the exact mechanisms underlying the communica-
tion of allergic airway inflammation and BM eosinopoiesis
have been poorly investigated (5). Additionally, no study exists
examining the mechanisms that regulate BM eosinophil mobi-
lization and trafficking to the peripheral circulation in allergic
conditions under airway exposure to staphylococcal superan-
tigens. Therefore, this study was undertaken to investigate the
mechanisms of BM eosinophil accumulation and cell traffick-
ing to peripheral blood and lung tissue in allergic mice under-
going airway exposure to SEA. In the BM environment, we
have further explored the contributions of IL-5, eotaxin, and
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Fig. 1. Experimental protocols for airways sensitization and challenge with
ovalbumin (OVA) in mice preexposed to staphylococcal enterotoxin A (SEA).
BALB/C mice were sensitized with OVA on days 0 and 7, and challenged on
days 14 and 15 (2 challenges each day). Control mice were instilled with PBS.
At time periods of 4 to 48 prior to the first OVA challenge, mice were
intranasally instilled with SEA (1 pg / 50 wl). Bone marrow, blood, and lung
were collected on day 16.

granulocyte-macrophage colony-stimulating factor (GM-CSF)
as well as the adhesion molecules VLA4 and VCAM-1 to the
BM eosinophil accumulation.

MATERIALS AND METHODS

Animals. All animal care and experimental protocols were ap-
proved by the Ethical Principles in Animal Research adopted by the
Brazilian College for Animal Experimentation and followed the
Guide for the Care and Use of Laboratory Animals. Four-week-old
male BALB/c mice were provided by the Central Animal House
Services of State University of Campinas. The animals were housed
three per cage on a 12-h light-dark cycle in temperature-controlled
rooms and received water and food ad libitum until used.

Sensitization procedure and OVA challenge. Mice were actively
sensitized with a subcutaneous injection (0.4 ml) of 100 ng of OVA
(grade V) mixed with 1.6 mg AI(OH); in 0.9% NaCl (day 0). One
week later (day 7), mice received a second subcutaneous injection of
100 pg OVA (0.4 ml) (29). At days 14 and 15, sensitized mice were
intranasally challenged with OVA (10 pg/50 pl) twice a day, thus
resulting in four challenges (at day 14, the first challenge occurred at
time zero and the second challenge 6 h later; at day 15, the third
challenge occurred at time zero and the fourth challenge 6 h later). At
48 h after the first challenge, the mice were anesthetized with
isoflurane and exsanguinated, after which BM, circulating blood, and
lung were obtained (28).

STAPHYLOCOCCAL ENTEROTOXIN A AND BONE MARROW EOSINOPHILIA

Airway exposure to SEA. OV A-sensitized mice were intranasally
exposed to SEA (1 wg/50 wl) or sterile PBS buffer (control group). At
4,12, 24, and 48 h after SEA exposure, animals were challenged with
OVA or instilled with PBS. Thus our experimental protocols resulted
in 10 experimental groups of six mice each, as detailed in Fig. 1.

Blood leukocytes. Blood samples were obtained from the abdom-
inal vena cava and were allowed to clot for 30 min at 37°C. The total
counts were done (Neubauer), and blood smears were used for the
differential counts (Diff-Quick stain) in which a minimum of 300 cells
were counted and classified as eosinophils on normal morphological
criteria.

Histopathology. Lungs were removed and postfixed by immersion
for at least 24 h with 10% buffered formalin, after which they were
macroscopically examined and cut transversally into slices of ~3 mm.
Only the middle thirds of the caudal aspects of both lungs were sent
to embedding in paraffin. Sections of these portions, 4—5 pm thick,
were stained with hematoxylin-eosin and evaluated for bronchiolitis
under a Nikon Eclipse E200 microscope adapted to a Nikon Coolpix
995 camera (3 Mpixel). For each animal, the extent of the lung
infiltrate was determined by establishing the percentage of compro-
mised bronchioli within 30 of such structures, randomly selected at
low-power fields (i.e., with a X4 objective). In addition, with the X40
objective, 18 random digital images per group (n = 6) were taken
within areas of overt peribronchiolar inflammation. Total inflamma-
tory and eosinophil cell counts were determined from these images,
using the Imagelab Analysis software (version 2.4) (IMAGELAB
2000; Softium, Sao Paulo, Brazil) and expressed as number of cells
per square millimeter. Such quantification was focused on peribron-
chiolar areas, provided these regions were the main sites of inflam-
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Fig. 2. Effect of airway preexposure to SEA on eosinophil number in bone
marrow (A) and peripheral blood (B) of OVA-sensitized and challenged mice.
Animals were exposed to SEA (1 pg) at 4, 12, 24, and 48 h prior to OVA
challenge. Control animals were instilled with phosphate-buffered saline (PBS;
50 wl). Results are mean values = SE from 6 mice for each group. *P < 0.05
compared with control values in PBS group; #P < 0.05 compared with control
mice in OVA group; TP <0.05 compared with SEA-OVA.
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matory reaction. Parenchymal inflammation, represented by extension
of the peribronchiolar infiltrates to alveoli, was mild/focal and only
detected in few animals; thus parenchymal infiltrates were not as-
sessed quantitatively.

BM preparation. The mice femurs were removed immediately after
killing, and the epiphyses were cut transversely. BM cells were
collected and subsequently placed in plates (100 mm X 20 mm dish)
for 30 min (37°C, 5% CO») to allow the macrophages to adhere. The
cell supernatants were collected, and the plates were washed again
with 2 ml of RPMI 1640 medium. The supernatant was centrifuged
(500 g for 10 min at 4°C), and the cell pellets were resuspended in 2.5
ml of RPMI. The total (Neubauer) and differential (Diff-Quick stain)
cell counts were done. A minimum of 300 cells were counted. The cell
number for each assay described below was adjusted to 4 X 10°
cells/ml.

Eosinophil adhesion by measurement of eosinophil peroxidase
activity. The adhesion assays were carried out in 96-well plates
precoated with recombinant mouse VCAM-1 (2.5 pg/ml) for 30 min
at 37°C, 5% CO,. After incubation, nonadhered cells were removed
and the remaining cells were washed twice with PBS. Fifty microliters
of varying concentrations of the original cell suspension in minimum
essential medium were added to empty wells to form a standard curve.
Eosinophil adhesion was calculated by measuring residual eosinophil

A
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peroxidase activity of adherent cells. Fifty microliters of eosinophil
peroxidase substrate (1 mM H»>O,, 1 mM o-phenylenediamine and
0.1% Triton X-100 in Tris-buffer pH 8.0) were added to each well.
After 30 min of incubation at room temperature, 25 pl of 4 M H,SO4
were added to each well to stop the reaction and absorbance was
measured at 490 nM with a microplate reader (Versamax, Molecular
Devices, Sunnyvale, CA). Adherence was calculated by comparing
absorbance of unknowns to that of the standard curve.

CCR3 and VLA4 surface content and colocalization in BM. To
examine the surface content and colocalization of CCR3 and VLA4,
1 X 10° BM cells (100 wl) were washed and preincubated for 20 min
in PBS containing 1% BSA. Next, cells were washed with PBS and
incubated with AlexaFluor 647-conjugated anti-mouse CCR3 and
phycoerythrin (PE)-conjugated anti-mouse VLA-4 for 20 min at 4°C
for subsequent analysis using a Becton-Dickinson FACSCalibur Cy-
tometer (San Jose, CA) with CellQuest Pro software. CCR3 and
VLA-4 fluorescent signals were acquired in the FL3 and FL2 chan-
nels, respectively. Prior to fluorescence acquisition, an independent
group of cells was incubated with 5 .l of both AlexaFluor-conjugated
mouse IgG2a monoclonal isotype control and PE-conjugated mouse
IgGk monoclonal isotype control to set autofluorescence in FL3 and
FL2 channels, respectively. Surface content of CCR3 and VLA-4
were expressed by the mean fluorescence obtained from a histogram
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Fig. 3. Effects of prior SEA on the eosinophil

infiltration in lung tissue surrounding the bron-
chial and bronchiolar segments of OVA-
sensitized and challenged mice. A: number of
eosinophils per higher power field (HPF) in
PBS-instilled and OVA-challenged mice, pre-
viously exposed to SEA (1 pg) for 4, 12, 24,
and 48 h. Control animals were exposed to
saline (50 wl). Each column represents mean *
SE from 6 mice for each group. *P < 0.05
compared with control values in PBS group;
#P < 0.05 compared with control mice in
OVA group. B—E: representative images at 12
h from PBS+PBS (B), SEA+PBS (O),
PBS+OVA (D), and SEA+OVA (E) groups.
Note the marked peribronchiolar infiltrate in
OV A-challenged mice preexposed to SEA (E).
Hematoxylin and eosin; scale bars = 20 um
(main panels) or 30 wm (insets).
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graph of a 10,000-event acquisition. CCR3 and VLA-4 colocalization
was determined by the percentage of events localized in the upper
quadrant of a dot-plot graph (FL2 vs. FL3) of a 10,000-event acqui-
sition. FL2 and FL3 channels were compensated prior to double-
staining analysis. FL2 compensation was performed by adjusting the
region of AlexaFluor 647-stained cells out of the right quadrants. FL.3
compensation was performed by adjusting the region of PE-stained
cells out of the upper quadrants.

Measurement of BM cytokines. The cytokines IL-5, eotaxin, and
GM-CSF were measured in BM cell supernatants. All measurements
were carried out with commercially available ELISA kits (Mouse
DuoSet ELISA Development System), following the instructions of
the manufacturer (R&D, Minneapolis, MN).

Drugs. OVA grade V and SEA were purchased from Sigma Aldrich
(St. Louis, MO). CCR3 (CD193) AlexaFluor 647 anti-mouse and VLA-4
(CD49d) PE anti-mouse were obtained from BD Biosciences Pharmin-
gen (San Jose, CA).

Statistical analysis. Data were presented as the mean values = SE
and were analyzed by ANOVA for multiple comparisons followed by
Bonferroni posttest, by using a program package for statistical anal-
ysis (GraphPad software, version 5.00; San Diego). Significance was
defined by a P value of 0.05.

RESULTS

Airway exposure to SEA increases BM eosinophil number in
OVA-challenged mice. In the control group, challenge with
OVA significantly increased (P < 0.05) the BM eosinophil
number, as expected (Fig. 2A). Prior airway exposure to SEA
markedly enhanced (P < 0.001) the BM eosinophils in OVA-
challenged mice, particularly at 24 and 48 h of preexposure
(Fig. 2A). Exposure to SEA alone did not change the number
of BM eosinophils.

Eosinophil counts in peripheral blood decays in OVA-chal-
lenged mice exposed to SEA. In peripheral blood, challenge
with OVA in control mice significantly increased the number
of eosinophils compared with PBS-instilled mice (control
group; P < 0.05; Fig. 2B). Prior airway exposure to SEA
markedly enhanced blood eosinophilia in OVA-challenged
mice, particularly at 4 h (P < 0.001), decaying significantly at
12 h, but still greater than control mice in OVA group (Fig.
2B). At 24 h of SEA exposure in the OVA challenged group,
blood eosinophilia significantly increased compared with 12 h,
and it disappeared after 48 h of SEA preexposure, a time by
which blood eosinophil counts did not differ from control
group in PBS-instilled mice (Fig. 2B). Exposure to SEA alone
did not change the number of peripheral blood eosinophils
compared with respective control group.

Airway exposure to SEA promotes time-dependent eosino-
phil infiltration into the lung tissue of OVA-challenged mice.
Histological examination of the lungs from PBS-instilled mice
showed normal tissue, with no significant amount of inflammatory
cells throughout the lung. However, OVA challenge itself pro-
duced a significant influx of eosinophils into the connective tissue
surrounding the bronchial and bronchiolar segments compared
with PBS-instilled mice (Fig. 3). Exposure to SEA alone also
promoted an infiltration of eosinophils in the lung tissue that
peaked at 24 h of exposure. Prior airway exposure to SEA in
OV A-challenged mice markedly enhanced the eosinophil recruit-
ment in the lung tissue with maximal infiltration at 24 h, remain-
ing elevated at 48 h of preexposure (Fig. 3). For the other
experiments, the time points of 12 and 24 h of preexposure to
SEA were routinely used.

STAPHYLOCOCCAL ENTEROTOXIN A AND BONE MARROW EOSINOPHILIA

Levels of IL-5, eotaxin, and GM-CSF in BM of OVA-challenged
mice. Figure 4 shows levels of IL-5, eotaxin, and GM-CSF in
supernatants of BM eosinophils after PBS instillation or OVA
challenge, in mice preexposed or not with SEA. Airways
preexposure to SEA alone (12 h) did not significantly change
the levels of IL-5 and eotaxin. Similarly, in OV A-challenged
mice, no significant increases in the levels of IL-5 and eotaxin
were observed, compared with PBS-instilled mice (P < 0.05).
However, SEA preexposure markedly increased the levels of
IL-5 and eotaxin in the OVA-challenged mice. The levels
of GM-CSF remained unchanged in all experimental groups
(Fig. 4).
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Fig. 4. Effects of SEA preexposure (12 h) on the levels of IL-5 (A), eotaxin (B),
and granulocyte-macrophage colony-stimulating factor (GM-CSF; C) in bone
marrow cells of OVA-challenged mice. Control animals were instilled with
PBS (50 pl). Results are mean values *= SE from 6 mice for each group.
#P < 0.05 compared with control mice in OVA group.
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Fig. 5. Effect of airway preexposure to SEA on CCR3" (4), VLA-4* (B), and
CCR3%/VLA-4" (C) expression in bone marrow eosinophils of OVA-chal-
lenged mice. Animals were exposed to SEA (1 pg) at 12 and 24 h prior to
OVA challenge or PBS instillation. Eosinophils were gated for CCR3 popu-
lation. Results are mean values * SE from 6 mice for each group. *P < 0.05
compared with control value in PBS group; #P < 0.05 compared with control
value in OVA group. MF, mean fluorescence.

Airway SEA exposure downregulates CCR3 and VLA-4 expres-
sions in BM of OVA-challenged mice. Airway preexposure to
SEA alone did not significantly affect the expression of
CCR3™, as detected at 12 and 24 h of preexposure (Fig. 5A4). In
OVA-challenged mice, a marked increase in the expression of
CCR3™" was observed, compared with PBS-instilled mice (P <
0.05). However, prior exposure to SEA suppressed the en-
hanced expression of CCR3™ in OV A-challenged mice. Figure
5B shows that airway exposure to SEA alone (12 and 24 h)
significantly enhanced (P < 0.05) the VLA-47 expression. A
marked increase in the expression of VLA4" was also ob-
served in the OVA-challenged group (P < 0.05). Prior expo-
sure to SEA significantly attenuated the enhanced VLA4"
expression in OVA-challenged mice. Airway exposure to SEA
alone (12 and 24 h) did not significantly affect the expression
of CCR37"VLA-4" (Fig. 5C). In OVA-challenged mice, a
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marked increase in the expression of CCR3"VLA-4" was
observed, compared with PBS-instilled mice (P < 0.05). Prior
exposure to SEA suppressed the enhanced expression of
CCR3"VLA-4" in OVA-challenged mice.

SEA preexposure impairs adhesion of BM eosinophils to
VCAM-1 in OVA-challenged mice. To determine whether air-
way SEA exposure influences the function of VLA-4 (Cd49d/
CD29) after OVA challenge, we investigated the adhesive
properties of BM eosinophils using VCAM-1-coated plates.
Preexposure to SEA alone had no effect in the cell adhesion
(Fig. 6). A significant elevation of adhesion of BM eosinophils
to VCAM-1 was observed in OV A-challenged mice compared
with the PBS group. Prior exposure to SEA (12 and 24 h)
abrogated the enhanced adhesion to VCAM-1 in OV A-chal-
lenged mice (Fig. 6).

DISCUSSION

In the present study, we have demonstrated that airway expo-
sure to SEA in allergic mice time dependently (within 48 h)
increases the BM eosinophil number that is accompanied by
higher levels of IL-5 and eotaxin, downregulation of CCR3 and
VLA-4 protein expression, and impaired cell adhesion to
VCAM-1. Eosinophils gradually disappear from peripheral blood,
being recruited over time to the airways, where they achieve a
maximal infiltration at 24 h.

Eosinophils exert critical roles in allergic responses, and
pulmonary allergen exposure increases the output of eosino-
phils from hemopoietic tissues and increased migration of
these cells to the lung (37, 41). The eosinophil progenitors are
currently defined as CD34% cells that coexpress IL-5 receptor
alpha (IL-5Ra) on their surface (5, 19, 35, 40). IL-5 itself
upregulates its receptor (IL-5Ra) on CD34* progenitor cells
acting in an autocrine manner (13, 21, 30). Allergic stimulation
elevates the serum levels of IL-5 that further enhances the
expression of IL-5 receptor (IL-5R1), expanding to 10- to
20-fold (or even greater) the BM eosinophil progenitor, thus
promoting their differentiation into mature cells for release into
the peripheral blood (41). Furthermore, increased number of
CD34"/IL-5Ra™ and CD34" cells expressing the eotaxin
receptor CCR3 (CD34"/CCR3™" cells) was observed in BM
during allergen challenge in mice (9, 40, 39). Eotaxin is a
CC-chemokine responsible for selective eosinophil chemotaxis
and transendothelial migration in airways of allergic subjects
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Fig. 6. Adhesion of bone marrow eosinophils to VCAM-1-coated plates.
Eosinophils were obtained from bone marrow of mice preexposed to SEA
(1 pg) at 12 and 24 h prior to OVA challenge. Control animals were instilled
with phosphate-buffered saline (PBS; 50 pl). Results are mean values = SE
from 6 mice for each group. *P < 0.05 compared with control value in PBS
group; #P < 0.05 compared with control value in OVA group.
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(34, 39). CCR3 behaves as a functional receptor responsible for
transducing the chemotactic responses after binding to eotaxin
(12). Eotaxin increases the expression of IL-5R on CD34%457
progenitor cells, priming these cells to respond to IL-5, which
in turn may prime CD34%45" progenitor cells to respond to
eotaxin, presumably by the upregulation of CCR3 (23). Studies
have shown that IL-5 and eotaxin are strong and specific
stimuli for BM eosinophil differentiation (24, 25, 31).

In our study, OVA challenge significantly increased the BM
eosinophil number that was markedly potentiated by SEA,
particularly at later times of preexposure (24 to 48 h). Our
findings that SEA concomitantly increases the levels of IL-5
and eotaxin in BM of OV A-challenged mice strongly suggest
that the local eosinophil accumulation may be caused, at least
in part, by local lineage commitment and subsequent differen-
tiation of progenitor cell via IL-5 and eotaxin-dependent mech-
anisms acting in a synergistic fashion. Interestingly, the higher
BM levels of IL-5 and eotaxin in mice preexposed to SEA and
challenged with OVA were accompanied by downregulation of
CCR3™ expression. This is consistent with a previous study
showing downregulation of CCR3 by eotaxin in human eosin-
ophils (38, 45). Moreover, CCR3 can be rapidly internalized
into the early endosome compartment after eotaxin stimulation,
leading to actin polymerization and cellular shape change (45).

The recruitment of BM eosinophils to blood and blood into
tissue in allergic conditions requires a series of cell adhesion
molecule-mediated interactions involving selectins, integrins,
and molecules from the immunoglobulin gene superfamily.
However, the mechanisms regulating the expression of the
adhesion molecules are still a matter of debate. Selective
activation of VLA-4 (asf3; integrin) by eotaxin has provided an
efficient mechanism for recruitment of eosinophils into the
lungs (22) VLA-4 mediates both the initial tethering, as well as
the firm adhesion of eosinophils to the walls of inflamed
vessels through interaction with VCAM-1 (5, 32, 43). It has
been suggested that allergen-evoked integrin VLA-4 down-
regulation results in decreased BM progenitor cell adhesive-
ness, facilitating the egress to the peripheral blood (5). In
OV A-sensitized mouse models, local intrapulmonary blockade
of VLA-4 by intranasal administration of anti-CD49d mono-
clonal antibody inhibited all signs of lung inflammation, IL-5
release, and hyperresponsiveness to methacholine (32). Our
data showed that OVA challenge markedly increased the BM
expressions of CCR3% and CCR3*VLA4™". Interesting, SEA
preexposure suppressed the enhanced CCR3"VLA4™ expres-
sion in OVA-challenge mice. Moreover, OVA challenge sig-
nificantly increased the eosinophil adhesion to VCAM-1, an
effect suppressed by prior exposure to SEA. Altogether, our
findings are consistent with the suggestion that downregulation
by SEA exposure of CCR3/VLA4 expressions and impaired
adhesion of eosinophils to VCAM-1 in allergic mice contribute
to eosinophil retention in BM, at least at prolonged periods of
SEA exposure. Interestingly, SEA alone (with no OVA chal-
lenge) significantly increased the eosinophil influx into the
lung section, as observed at 4 to 48 h preexposure. This is
consistent with previous studies showing the presence of pul-
monary inflammatory infiltrates in animals exposed to SEA
alone (17, 29, 30). It is intriguing, however, that SEA exposure
alone promotes eosinophil infiltration into the lung with no
accompanying changes in BM and circulating blood. We may
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not exclude that pulmonary cell infiltration by SEA takes place
at earlier times prior to 4 h preexposure.

In BM, immunopathological correlations between GM-CSF
and eosinophil activation have been reported (34, 35). In
addition to its critical role in eosinophil survival, GM-CSF
initiates a priming state whereby eosinophils become respon-
sive to chemotactic, which may be accompanied by upregula-
tion of adhesion molecules in cell surface (35). In our study,
BM levels of GM-CSF remained unchanged in all experimen-
tal groups, excluding that this cytokine participates in the
eosinophil accumulation in OVA-challenged mice previously
exposed to SEA.

In conclusion, airway exposure to SEA produces a marked
eosinophil recruitment to the lung tissue of allergic mice that is
clearly detected at prolonged times of this enterotoxin exposure
(24 and 48 h before OVA challenge). Eosinophils accumulate
in BM at these same time periods of SEA exposure through
IL-5- and CCR3-dependent mechanisms, along with down-
regulation of CCR3/VL4 and impaired cell adhesion to
VCAM-1. On the other hand, eosinophils time dependently
disappear from circulating blood after SEA exposure. It is
likely that alterations of BM function are an early step for the
progression of asthmatic disease and exacerbation by staphy-
lococcal enterotoxin. Understanding the mechanisms that reg-
ulate BM eosinophil mobilization and its trafficking to the
peripheral circulation and airways in allergic animals may be
important for the development of effective asthma therapies in
conditions of staphylococcal superantigen exposure.

ACKNOWLEDGMENTS

Dalize M. Squebola-Cola thanks Fundagdo de Amparo a Pesquisa do
Estado de Sao Paulo (FAPESP).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

D.M.S.-C. and E.A. conception and design of research; D.M.S.-C., G.C.M.,
L.P., and G.F.A. performed experiments; D.M.S.-C., G.C.M., L.P., A.A.S.,
G.F.A., ILAD., and E.A. analyzed data; D.M.S.-C., L.P., A.AS., GF.A,,
LLA.D., A.C.-N., and E.A. interpreted results of experiments; D.M.S.-C. pre-
pared figures; D.M.S.-C., A.C.-N., and E.A. drafted manuscript; A.C.-N. and
E.A. edited and revised manuscript; E.A. approved final version of manuscript.

REFERENCES

1. Bachert C, Zhang N, Patou J, Van Zele T, Gevaert P. Role of
staphylococcal superantigens in upper airways disease. Curr Opin Allergy
Clin Immunol 8: 34-38, 2008.

2. Barnes PJ. Intrinsic asthma: not so different from allergic asthma but
driven by superantigens? Clin Exp Allergy 39: 1145-1151, 2009.

3. Bochner BS, Gleich GJ. What targeting eosinophils has taught us about
their role in diseases. J Allergy Clin Immunol 126: 16-25, 2010.

4. Breuer K, Wittman M, Bosche B, Kapp A, Werfel T. Severe atopic
dermatitis is associated with sensitization to staphylococcal enterotoxin B
(SEB). Allergy 55: 551-555, 2000.

5. Cattali AE, Thomson JV, Babirad IM, Duong M, Doyle TM, Howic
KT, Newbold P, Craggs RI, Foster M, Gauvreau GM, O’Byrne PM,
Sehmi R. Modulation of beta 1-integrins on hemopoietic progenitor cells
after allergen challenge in asthmatic. J Allergy Clin Immunol 122: 803—
810, 2008.

6. Collins PD, Marleau S, Griffiths-Johnson DA, Jose PJ, Williams TJ.
Cooperation between interleukins and the chemokine eotaxin to induce
eosinophils accumulation in vivo. J Exp Med 182: 1169—-1174, 1995.

7. DeSouza IA, Franco-Penteado CF, Camargo EA, Lima CSP, Teixeira
SA, Muscara MN, DeNucci G, Antunes A. Inflammatory mechanisms
underlying the rat pulmonary neutrophil influx induced by airway expo-

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00025.2013 - www.ajplung.org



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

STAPHYLOCOCCAL ENTEROTOXIN A AND BONE MARROW EOSINOPHILIA

sure to staphylococcal enterotoxin type A. Br J Pharmacol 146: 781-791,
2005.

. DeSouza IA, Franco-Penteado CF, Camargo EA, Lima CSP, Teixeira

SA, Muscara MN, DeNucci G, Antunes A. Acute pulmonary inflamma-
tion induced by exposure of the airways to staphylococcal enterotoxin type
B in rats. Toxicol Appl Pharmacol 217: 107-113, 2006.

. Dorman SC, Sehmi R, Gauvreau GM, Watson RM, Foley R, Jones

GL, Denburg JA, Inman MD, O’Byrne PM. Kinetics of bone marrow
eosinophilopoiesis and associated cytokines after allergen inhalation. Am
J Respir Crit Care Med 169: 565-572, 2004.

Fakhri S, Tulic M, Christodoulopoulus P. Microbial superantigen in-
duce glucocorticoid receptor beta and steroid resistance in a nasal explants
model. Laryngoscope 114: 887-892, 2004.

Fraser JD, Proft T. The bacterial superantigen and superantigen like
proteins. Immunol Rev 225: 226-243, 2008.

Fulkerson PC, Fischetti CA, McBride ML, Hassman LM, Hogan SP,
Rothenberg ME. A central regulatory role for eosinophils and the
eotaxin/CCR3 axis in chronic experimental allergic airways inflammation.
Proc Natl Acad Sci USA 103: 16418-16423, 2006.

Gaspar Elsas MI, Joseph D, Elsas PX, Vargaftig BB. Rapid increase in
bone marrow eosinophils production and responses to eosinopoietic inter-
leukins triggered by intranasal allergen challenge. Am J Respir Cell Mol
Biol 16: 510-520, 1997.

Gauvreau GM, Ellis AK, Denburg JA. Haemopietic process in allergic
disease: eosinophils/basophil development. Clin Exp Allergy 39: 1297—
1306, 20009.

Hauk PJ, Hamid QA, Chrousos GJ, Leung DY. Induction of cortico-
steroid insensitivity in human PBMCs by microbial superantigens. J
Allergy Clin Immunol 105: 782-787, 2000.

Hellings PW, Hens G, Meyts I, Bullens D, Vanoirbeek J, Gevaert P,
Jorissen M, Ceuppens JL, Bachert C. Aggravation of bronchial eosin-
ophilia in mice by nasal and bronchial exposure to staphylococcus aureus
enterotoxin B. Clin Exp Allergy 36: 1063-1071, 2006.

Herz U, Ruckert R, Wollenhaupt K, Tschernig T, Neubaus-Steinmetz
U, Pabst R, Bachert C. Airways exposure to bacterial superantigen (SEB)
induces lymphocyte-dependent airways inflammation associated with in-
creased airways responsiveness—a model for non-allergic asthma. Eur J
Immunol 29: 1021-1031, 1999.

Huvenne W, Callebaut I, Plantinga M, Vanoirbeek JA, Krysko O,
Bullens DM, Gevaert P, Van Cauwenberge P, Lambrecht BN, Ceup-
pens JL, Bachert C, Hellings PW. Staphylococcus aureus enterotoxin B
facilitates allergic sensitization in experimental asthma. Clin Exp Allergy
40: 1079-1090, 2010.

Inman MD, Ellis R, Wattie J, Denburg JA, O’Byrne PM. Allergen-
induced increase in airways responsiveness, airways eosinophilia and bone
marrow eosinophils progenitors in mice. Am J Respir Cell Mol Biol 21:
473479, 1999.

Iwasaki H, Mizuno S, Mayfield R, Shigematsu H, Arinobu Y, Seed B,
Gurish MF, Takatsu K, Akashi K. Identification of eosinophils lineage-
committed progenitors in the murine bone marrow. J Exp Med 201:
1891-1897, 2005.

Johansson AK, Sjostrand M, Tomaki M, Samuelsson AM, Lotvall J.
Allergen stimulates bone marrow CD34% cells to release IL-5 in vitro: a
mechanism involved in eosinophilic inflammation? Allergy 59: 1080—
1086, 2004.

Kang BN, Ha SG, Ge XN, Hosseinkhani RM, Bahaie NS, Greenberg
Y, Blumenthal MN, Puri KD, Rao SP, Sriramarao P. The p1108
subunit of PI3K regulates bone marrow-derived eosinophil trafficking and
airway eosinophilia in allergen-challenged mice. Am J Physiol Lung Cell
Mol Physiol 302: 1179-1191, 2012.

Kraft M. The role of bacterial infections in asthma. Clin Chest Med 21:
301-313, 2000.

Lamkhioued B, Abdelilah SG, Hamid Q, Mansour N, Delespesse G,
Renzi PM. The CCR3 receptor is involved in eosinophils differentiation and
is up-regulated by Th2 cytokines in CD34* progenitor cells. J Immunol 170:
537-547, 2003.

Lampinen M, Carlson M, Hakansson LD, Venge P. Cytokine-regulated
accumulation of eosinophils in inflammatory disease. Allergy 59: 793—
805, 2004.

Leung AD, Schiltz AM, Hall CF, Liu AH. Severe atopic dermatitis is
associated with a high burden of environmental Staphylococcus aureus.
Clin Exp Allergy 38: 789793, 2008.

217.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lo645

Linardi A, Costa CK, DaSilva GR, Antunes E. Involvement of kinins,
mast cells and sensory neurons in the plasma exudation and paw oedema
induced by staphylococcal enterotoxin B in the mouse. Eur J Pharmacol
399: 235-245, 2000.

Lintomen L, Elsas MI, Maximiniano ES, de Paula Neto HA, Joseph D,
Vargaftig B, Elsas PX. Allergic sensitization prevents upregulation of
haemopoiesis by cyclo-oxygenase in mice. Br J Pharmacol 135: 1315-
1323, 2002.

Mariano NS, de Mello GC, Ferreira T, Schenka A, Camargo EA, de
Nucci G, Antunes E. Pre-exposure to Staphylococcal enterotoxin A
exacerbates the pulmonary allergic eosinophil recruitment in rats. Int
Immunopharmacol 10: 43-49, 2010.

Muralimohan G, Rossi RJ, Guernsey LA, Thrall RS, Vella AT.
Inhalation of Staphylococcus aureus enterotoxin A induces IFN-gamma
and CDS8 T cell-dependent airway and interstitial lung pathology in mice.
J Immunol 181: 36983705, 2008.

Ohkawara Y, Lee XF, Stampfli MR, Marshall SS, Xing Z, Jordana M.
Cytokine and eosinophils response in the lung, peripheral blood and bone
marrow compartments in a murine model of allergen-induced airways
inflammation. Am J Respir Cell Mol Biol 16: 510-520, 1997.

Okigami H, Takeshita K, Tajimi M, Komura H, Albers M, Lehmann
TE, Rélle T, Bacon KB. Inhibition of eosinophilia in vivo by a small
molecule inhibitor of very late antigen (VLA)-4. Eur J Pharmacol 559:
202-229, 2006.

Palframan RT, Collins PP, Williams TJ, Rankin SM. Eotaxin induces
a rapid release of eosinophils and their progenitors from the bone marrow.
Blood 91: 22402248, 1998.

. Pazdrak K, Young TW, Straub C, Stafford S, Kurosky A. Priming of

eosinophils by GM-CSF is mediated by protein kinase C betall-phosphor-
ylated L-plastin. J Immunol 186: 6485-6496, 2011.

Pease JE, Williams TJ. Chemokines and their receptors in allergic
disease. J Allergy Clin Immunol 118: 305-318, 2006.

Rossi RE, Monasterolo G. Prevalence of serum IgE antibodies to the
staphylococcus aureus enterotoxins (SAE, SEB, SEC, SED, TSST-1) in
patients with persistent allergic rhinitis. Int Arch Allergy Immunol 133:
261-266, 2004.

Rothenberg ME, Hogan SP. The eosinophil. Annu Rev Immunol 24:
147-174, 2006.

Sabroe I, Jorritsma A, Stubbs VE, Xanthou G, Jopling LA, Ponath
DD, Williams TJ, Murphy PM, Pease JE. The carboxyl terminus of the
chemokine receptor CCR3 contains distinct domains which regulate che-
motactic signaling and receptor down-regulation in a ligand-dependent
manner. Eur J Immunol 35: 1301-1310, 2005.

Sehmi R, Dorman S, Baatjes A, Watson R, Foley R, Ying S, Robinson
DS, Kay AB, O’Byrne PM, Denburg JA. Allergen-induced fluctuation in
CC chemokine receptor 3 expression on bone marrow CD34% cells from
asthmatic subjects: significance for mobilization of haemopoietic progen-
itor cells in allergic inflammation. Immunology 109: 536-546, 2003.
Sehmi R, Wood LJ, Watson R, Foley R, Hanid Q, O’Byrne PM,
Denburg JA. Allergen-induced increases in IL-5 receptor alpha-subunit
expression on bone marrow-derived CD34 ™ cells from asthmatic subjects.
A novel marker of progenitor cell commitment towards eosinophilic
differentiation. J Clin Invest 100: 24662475, 1997.

Southam DS, Widmer N, Ellis R, Hirota JA, Inman MD, Sehmi R.
Increased eosinophils-lineage committed progenitors in the lung of aller-
gen-challenged mice. J Allergy Clin Immunol 115: 95-102, 2005.

Van Crombruggen K, Zhang N, Gevaert P, Tomassen P, Bachert C.
Pathogenesis of chronic rhinosinusitis: inflammation. J Allergy Clin Im-
munol 128: 728732, 2011.

Watkins AD, Hatfield CA, Fidler SF, Winterrowd GE, Brashler JR,
Sun FF. Phenotypic analysis of airway eosinophils and lymphocytes in a
Th2 driven murine model of pulmonary inflammatory. Am J Respir Cell
Mol Biol 15: 20-34, 1996.

Zhang Q, Illing R, Hui CK, Downey K, Carr D, Stearn M, Alshafi K,
Menzies-Gow A, Zhong N, Fan Chung K. Bacteria in sputum of stable
severe asthma and increased airways wall thickness. Respir Res 13: 35,
2012.

Zimmermann N, Rothenberg ME. Receptor internalization is required
for eotaxin induced responses in human eosinophils. J Allergy Clin
Immunol 111: 97-105, 2003.

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00025.2013 - www.ajplung.org



