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a  b  s  t  r  a  c  t

IL-33  is  an IL-1  family  cytokine  that  elicits  IL-5-dependent  eosinophilia  in  vivo.  We  show  here that  IL-33
promotes  minimal  eosinophil  hematopoiesis  via  direct  interactions  with  mouse  bone  marrow  progenitors
ex vivo  and  that it antagonizes  eosinophil  hematopoiesis  promoted  by  IL-5  on  SCF  and  Flt3L  primed  bone
marrow  progenitor  cells  in  culture.  SCF  and  Flt3L  primed  progenitors  respond  to  IL-33  by  acquiring
an  adherent,  macrophage-like  phenotype,  and  by releasing  macrophage-associated  cytokines  into  the
vailable online 11 December 2012
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culture medium.  IL-33-mediated  antagonism  of  IL-5  was  reproduced  in  part  by the  addition  of  GM-CSF
and  was  inhibited  by  the  actions  of  neutralizing  anti-GM-CSF  antibody.  These  findings  suggest  that  the
direct  actions  of IL-33  on  bone marrow  progenitors  primed  with  SCF  and  Flt3L  are  antagonistic  to  the
actions  of  IL-5  and  are  mediated  in part by GM-CSF.

Published by Elsevier B.V.

M-CSF

. Introduction

Eosinophils represent only a small fraction of the total leuko-
ytes in peripheral blood at homeostasis. Interleukin-5 (IL-5), a
ytokine produced by Th2 lymphocytes in response to asthma
rovocation, in atopic diseases, and during helminth infections
licits eosinophilia (reviewed in [1]). Numerous studies have docu-
ented the pivotal role played by IL-5 in promoting differentiation

f eosinophils from committed hematopoietic progenitors in the
one marrow, a crucial component of this response [2].  We
ave used IL-5 in combination with other cytokines to generate
osinophils from bone marrow progenitors; our current protocol
ses IL-5 on stem cell factor (SCF) and Flt3 Ligand (Flt3L)-stimulated
nselected bone marrow cells to produce virtually pure eosinophils
y day 10 to 12 of culture. We  have characterized these cells exten-
ively both phenotypically and functionally [3].

The recent identification and characterization of interleukin-33
IL-33) has added a significant new dimension and complex-
ty to our understanding of mechanisms promoting systemic
osinophilia. IL-33 is a member of the IL-1 cytokine family and
as been implicated as a molecule of interest in a number of

iseases including asthma, atherosclerosis, arthritis and obesity
4]. IL-33 is expressed in epithelial cells, endothelial cells, fibro-
lasts and adipocytes [5–7]. IL-33 is an alarmin, and modulates

∗ Corresponding author at: 10 Center Drive MSC  1883, Bldg. 10 Room 11C216,
ethesda, MD 20892-1883, USA. Tel.: +1 301 402 2429; fax: +1 301 480 8384.

E-mail address: kdyer@niaid.nih.gov (K.D. Dyer).

165-2478/$ – see front matter. Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.imlet.2012.12.002
Th2-type proinflammatory signals upon its release from necrotic
cells and/or via atypical secretory pathways [5,8]. The IL-33 recep-
tor ST2 (also known as IL1RL1) is found primarily on Th2 cells
[9], but also on basophils [10], eosinophils [11] and mast cells
[12]. Recently, natural helper cell [13], nuocyte [14], and type 2
innate cell [15] responses to IL-33 have also been documented.
While the biology of this cytokine remains to be completely elu-
cidated, IL-33 contributes to the synthesis and release of IL-5 from
one or more of these numerous target cells, and thereby promotes
eosinophilia [16]. In addition to these activities, several direct inter-
actions between IL-33 and eosinophils have been examined and
defined. IL-33 induces eosinophil degranulation and production of
superoxide [11], elicits cytokine secretion in association with phos-
phorylation of intracellular signaling molecules ERK and I�B [17],
augments expression of CD11b and enhanced adhesion [18], and
modulates responsiveness to Siglec 8 [19].

Given these observations, our intent was  to explore the direct
interactions of IL-33 with bone marrow hematopoietic progeni-
tors in order to determine whether IL-33 might promote eosinophil
hematopoiesis ex vivo in a well-characterized bone marrow culture
system.

2. Materials and methods

2.1. Mice
Six to eight-week old wild-type BALB/c mice were pur-
chased from Division of Cancer Technologies (DCT, Rockville,
MD). Interleukin-5 deficient (IL-5−/−) [20] and eosinophil-deficient

dx.doi.org/10.1016/j.imlet.2012.12.002
http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/immlet
mailto:kdyer@niaid.nih.gov
dx.doi.org/10.1016/j.imlet.2012.12.002
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dblGATA mice [21], both on the BALB/c background, are main-
ained on site. This study was reviewed and all protocols were
arried out in accordance with the NIAID Animal Care and Use
ommittee Guidelines (Animal Study Proposal LAD 7E).

.2. Intraperitoneal injections, tissue collection and cell counts

IL-33 (R&D Systems) was administered via intraperitoneal injec-
ion at 0.1 �g per mouse per day for 7 consecutive days, after which
erum samples were collected from individual mice on day 8 and
issues harvested on day 9. Cell recruitment in response to IL-33 was
etermined by flushing the peritoneal cavity of each mouse with
0–12 mL  of 1% BSA in PBS; the total cell number was determined
y hemacytometer counts, and 50,000 cells in 100 �L of 0.1% BSA in
BS were placed in a cytofunnel (Thermo Scientific) and centrifuged
n a Shandon Cytospin 4 at 500 × g for 5 min. The cytospin slides

ere stained with Diff Quik (Siemens, Newark, DE) as described
22]. Each slide was counted under a 64× oil immersion objective
nd eosinophils were reported as percent of total cells. Bone mar-
ow cell suspensions were prepared from total cells from femurs
nd tibias flushed with RPMI 1640 (Invitrogen Life Technologies,
arlsbad, CA); red blood cells were subjected to hypotonic lysis,
nd the remaining cells were suspended in 0.1% BSA in PBS prior
o determination of total cell number and preparation of cytospin
lides. Single cell suspensions from spleen were obtained by cutting
he tissue into small pieces in Hanks’ Buffered saline solution sup-
lemented with 1% fetal bovine serum (FBS; Lonza Bio Whittaker,
alkersville, MD)  and 10 mM HEPES (Invitrogen). Fragments were

assed through a 70 �m strainer followed by a 40 �m strainer. The
ed blood cells were subjected to hypotonic lysis, and the remaining
ells were suspended in 0.1% BSA in PBS prior to determination of
otal cell number and preparation of cytospin slides.

.3. Cytokines in serum and cell culture supernatants

Bone marrow eosinophil culture supernatants were collected
nd stored at −80 ◦C prior to use. Macrophage colony stimulat-
ng factor (M-CSF) and granulocyte macrophage colony stimulating
actor (GM-CSF) were evaluated by ELISA (R&D). Mouse cytokines
valuated by multibead assay (Bio-Rad) included: IL-1�, IL-1�, IL-
, -3, -4, -5, -6, -9, and -10, IL-12(p40), IL-12(p70), IL-13, IL-17A,
otaxin-1/CCL11, G-CSF, GM-CSF, IFN�,  KC, MCP-1, MIP-1�,  MIP-
�, RANTES/CCL5 and TNF�.

.4. In vitro culture of eosinophils

The method for eosinophil culture from unselected bone mar-
ow progenitors was as previously described [3].  Briefly, the femur
nd tibia were flushed with RPMI 1640 (Invitrogen Life Tech-
ologies, Carlsbad, CA), the red blood cells were lysed, and the
emaining cells were suspended RPMI 1640 (Invitrogen). The cells
ere seeded at 106 mL–1 in 10–15 mL  media containing RPMI 1640
ith 20% FBS (Cambrex, East Rutherford, NJ), 100 IU/mL penicillin

nd 10 �g/mL streptomycin (Cellgro Mediatech, Inc., Manassas,
A), 2 mM glutamine (Invitrogen), 25 mM HEPES, 1x non-essential
mino acids, 1 mM sodium pyruvate (Invitrogen) and 50 �M �-
ercaptoethanol (Sigma–Aldrich, St. Louis, MO), supplemented
ith 100 ng/mL stem-cell factor (SCF; PeproTech, Rocky Hill, NJ)

nd 100 ng/mL Flt3L (PeproTech); cells were maintained in this
edium from day 0 to day 4. On day 4, the medium containing SCF

nd Flt3L was replaced with fresh medium containing 10 ng/mL
ecombinant mouse interleukin-5 (IL-5), 10 ng/mL recombinant

ouse interleukin-33 (IL-33) or a combination of the two cytokines

R&D Systems, Minneapolis, MN). One-half of the media was
eplaced with fresh cytokine-containing media every other day. On
ay 8 the flask containing the cells was changed. In experiments
etters 150 (2013) 41– 47

in which IL-5 was supplemented with M-CSF or GM-CSF (R&D),
these cytokines were used at 1 ng/mL. In experiments involving
the neutralizing rat monoclonal anti-M-CSF or anti-GM-CSF anti-
bodies and isotype controls (R&D), these reagents were added to a
final concentration of 5 �g/mL from day 4 of culture onward. The
total cell number and percent eosinophils was  determined in both
suspension and adherent cultures as indicated.

2.5. Flow cytometric analysis

Bone marrow cells were suspended in 0.1% BSA (Sigma, St. Louis,
MO)  in PBS and probed with fluorescent-tagged antibody or isotype
control. Each antibody was used in the presence of 0.5 �g block-
ing antibody, anti-CD16/CD32 (clone 2.4G2, BD Pharmingen) and
Live-Dead stain (Invitrogen) and incubated for 1 h at 4 ◦C in the
dark. After washing in 0.1% BSA in PBS, 100,000 events were col-
lected on a LSRII flow cytometer (BD Biosciences) and the data was
analyzed in FlowJo 7.5 (Tree Star, Ashland, OR). Compensation was
performed in FlowJo post-collection. All analyses were performed
on cells within the live gate and the data are reported as percent-
age of live cells. Antibodies recognizing Siglec F (BD Pharmingen
#552126) and recommended isotype control (rat IgG2aK #553930)
were used.

2.6. Statistical analysis

All analyses were performed in GraphPad Prism 5 (GraphPad
Software, La Jolla, CA). Each dataset was  examined by ANOVA fol-
lowed by either Bonferroni’s Multiple Comparison post-test or as
indicated in figure legends.

3. Results

3.1. Systemic interleukin-33 (IL-33) elicits eosinophilia in vivo

Previous studies focused on IL-33 and its receptor, ST2/IL1RL1
documented a role for this cytokine-signaling pathway in pro-
moting synthesis and release of Th2 cytokines, resulting in blood
and tissue eosinophilia [16,23]. Systemic administration of IL-33
(0.1 �g IL-33 per BALB/c mouse per day for 7 days) resulted in
increased serum levels of the Th2 cytokines IL-4, IL-5 and IL-13
(Fig. 1A). Total cells in the bone marrow increased from 2.3 × 107

to 4.0 × 107 cells/mouse (Fig. 1B) in association with a dramatic
increase in percent eosinophils (5% to nearly 80%), identified with
Diff-Quik stain (Fig. 1C) and by flow cytometry with anti-Siglec
F antibody (Fig. 1D). Profound eosinophil accumulation was also
noted in the peritoneal cavity and in the spleen (data not shown).
IL-33 was  unable to circumvent eosinophil deficiency secondary to
the �dblGATA deletion (Fig. 1C and D), although previous studies
indicate that there are conditions under which this is possible [24].
IL-33 was also unable to induce eosinophilia in IL-5−/− mice (Fig. 1C
and D) confirming the IL-5 dependence of this response.

3.2. IL-33 antagonizes IL-5-mediated eosinophil differentiation

Our protocol for generating phenotypically and functionally
mature eosinophils ex vivo depends directly on the actions of IL-
5 [3].  As shown in Fig. 2, IL-33 initially promotes proliferation of
the SCF and Flt3L-stimulated progenitors, but ultimately redirects
IL-5-mediated eosinophil differentiation. Cells cultured in IL-33
alone or in IL-33 together with IL-5 from day 4 forward prolifer-
ate dramatically up to day 8, after which the population of cells

in suspension undergoes rapid decline (Fig. 2A). IL-33 alone does
not support the differentiation of progenitors into eosinophils, and
actually antagonizes the effects of IL-5 (Fig. 2B). While the cells
cultured with IL-5 alone remain predominantly in suspension and
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Fig. 1. Administration of IL-33 alters Th2 serum cytokine levels in mice and promotes bone marrow eosinophilia. Mice received IL-33 (0.1 �g/day for 7 days) via
intraperitoneal injection (closed symbols) or were left untreated (open symbols); serum was  collected from individual BALB/c mice on day 8; bone marrow was collected
on  day 9 from wild-type BALB/c, eosinophil-deficient �dblGATA, and interleukin-5 gene-deleted mice. (A) Serum levels of IL-4, IL-5, IL-13; n = 5–14 mice per group. Groups
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ere  compared with the Mann–Whitney test, **p < 0.01. (B) Total number of bone
ounting of Diff-Quik stained cells recovered from the bone marrow; (D) cell surfa
erived from a single mouse. Groups were compared with ANOVA followed by Bon
cquire eosinophilic characteristics (Fig. 2C), there are relatively
ew eosinophils among the cells in suspension that include IL-33.

ost of cells in cultures that include IL-33 become adherent, and
cquire a macrophage-like phenotype (Fig. 2D and E). The percent

able 1
L-33 antagonizes eosinophil hematopoiesis promoted by IL-5. The total and percent e
ulture were determined by Diff-Quik stain. **p < 0.01 by 1-way ANOVA with Bonferroni’s

Cultures differentiat

IL-5 

# cells in suspension (×106) 2.83 ± 0.3 

%  eosinophils 41.7 ± 1.8 

Total  eosinophils in suspension (×106) 1.16 ± 4.6** 

#  adherent cells (×106) 0.24 ± 0.05 

%  eosinophils 4.0 ± 1.6 

Total  adherent eosinophils (×106) 0.01 ± .01 

Total  eosinophils in culture (×106) 1.17 ± .17** 

Fold  reduction in total eosinophils – 
w cells recovered from each mouse; (C) percent eosinophils were determined by
ression of Siglec F was  evaluated by flow cytometry. Each symbol represents data
i’s multiple comparison post-test, ***p < 0.001.
eosinophils in suspension and among the adherent cell popula-
tions in each culture condition (measured as Siglec F+ cells) are
as indicated in Fig. 2F; very few (<5%) are Siglec F+, and most
are F4/80+ (data not shown) as would be anticipated for bone

osinophils among cells in suspension and adherent to the culture flask at day 8 of
 multiple comparison post-test.

ed with:

IL-33 IL-5 + IL-33

7.6 ± 0.2 8.9 ± 0.7
0.95 ± 0.39 3.92 ± 1.02
0.07 ± 0.29 0.34 ± 1.4
1.34 ± 0.16 1.25 ± 0.25
0.5 ± 0.29 1.08 ± 0.47
0.01 ± .01 0.01 ± .01
0.08 ± 0.02 0.35 ± .09

14.6 3.3
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Fig. 2. IL-33 antagonizes IL-5-mediated eosinophil hematopoiesis ex vivo. Bone marrow cells were cultured for 4 days in stem cell factor (SCF) and Flt3 ligand (Flt3L),
then  transferred into media containing IL-5, IL-33 or the combination of IL-5 + IL-33. (A) Total number of cells in suspension at various time points, day 4 and onward, n = 3–6
cultures from individual mice per time point. (B) Percentage eosinophils at each time point; groups were compared by ANOVA followed by Bonferroni’s multiple comparison
post-test, ***p < 0.001, representative experiment from a total of 4. (C)–(E) Cells fixed and stained with Diff-Quik; shown are cells in suspension (Su) from cultures transferred
t o the 
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o  IL-5; those in suspension from cultures transferred to IL-33; and cells adherent t
as  63×.  (F) Expression of Siglec F at day 8 on suspension cells (Su) and adherent c

omparison post-test, ****p < 0.0001.

arrow-derived macrophages. Even at peak cell population (day 8,
ig. 2A), cultures that include IL-33 alone generate comparatively
ew total eosinophils (Table 1, Supplemental Fig. 1). Cultures that
nclude both IL5 and IL-33 generate 3-fold fewer total eosinophils
han cultures with IL-5 alone, documenting clearly both the antag-
nistic effect and the dominance of IL-33 in this culture system.

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/j.imlet.
012.12.002.

.3. Cytokines detected in bone marrow culture

Numerous cytokines were detected in SCF and FLt3L-primed
one marrow progenitor cultures differentiated with IL-33 either

lone or IL-33 with IL-5 (Fig. 3). Interestingly, many of these
ytokines are among those characterized as products of monocytes
nd macrophages [25–28].  However, none of these are unique lin-
age markers, and several are also eosinophil secretory mediators
culture flask from cultures transferred to IL-33, all at day 8. Original magnification
d) as indicated. Groups compared with ANOVA followed by Bonferroni’s multiple

[3,29].  IL-10 and RANTES were the only mediators on the panel that
were detected under all conditions utilized (Supplemental Fig. 2).

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.imlet.
2012.12.002.

3.4. GM-CSF contributes to the IL-33-mediated antagonism of
IL-5

In order to explore the mechanisms via which IL-33 antagonizes
IL-5 and induces macrophage development, we first examined the
expression of macrophage colony stimulating factor (M-CSF) and
granulocyte macrophage colony stimulating factor (GM-CSF) in cul-
ture media collected from bone marrow cells differentiated in the
presence of IL-5 and IL-33. We  found that both M-CSF (Fig. 4A) and

GM-CSF (Fig. 4B) could be detected in supernatants from cells in
culture with IL-33. Expression of GM-CSF was low (<10 pg/mL) and
transient while the expression of M-CSF was more robust and sus-
tained. We  found that supplementation of SCF and Flt3L-primed

http://dx.doi.org/10.1016/j.imlet.2012.12.002
http://dx.doi.org/10.1016/j.imlet.2012.12.002
http://dx.doi.org/10.1016/j.imlet.2012.12.002
http://dx.doi.org/10.1016/j.imlet.2012.12.002
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Fig. 3. Detection of cytokines in bone marrow progenitor cultures. Culture supernatants were collected at day 8 and evaluated for the expression of proinflammatory
c IL-33,
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ytokines. Cultures with IL-5 only open bar; with IL-33 only, gray bars; with IL-5 + 

E)  IL-12p70, (F) G-CSF, (G) MCP-1, (H) MIP-1�,  (I) MIP-1�,  (J) TNF-�, (K) eotaxin
omparison post-test, *p < 0.05, **p < 0.01, ***p < 0.001; Data pooled from two exper

rogenitors grown in IL-5 with 1 ng/mL GM-CSF resulted in a drop
n the percentage of eosinophils (from 97% to 24% when evaluated
n day 12) although not to the level detected when cells were
ultured in IL-5 and IL-33 (Fig. 4C). In contrast, addition of M-
SF (1 ng/mL) to SCF and Flt3L-primed progenitors grown in IL-5
with or without GM-CSF) had no effect on percentage eosinophils
chieved. These results suggest that M-CSF was not contribut-
ng to the IL-33-mediated inhibition of eosinophil differentiation.
ikewise, antibody-mediated neutralization of GM-CSF in cultures
ifferentiated with both IL-5 and IL-33 resulted in a partial recovery
f eosinophil hematopoiesis when compared to cultures provided
ith an equivalent amount of isotype control (Fig. 4D). Neutraliz-

ng antibody directed against M-CSF had no impact on eosinophil
ematopoiesis in these experiments.
. Discussion

Among our findings, we confirmed that IL-33 administered
ystemically elicited profound IL-5-dependent eosinophilia [16].
 black bars. Cytokines detected include: (A) IL-1�, (B) IL-1�, (C) IL-6, (D) IL-12p40,
d (L) IL-13. Groups were compared by ANOVA followed by Bonferroni’s multiple
s, n = 7 mice per data point.

Recent studies indicate that IL-33 elicits IL-5 production from
sources other than traditional Th2 lymphocytes. Among these, Neill
and colleagues [14] have described nuocytes, distinct non-T non-
B innate effector cells. Likewise, Ikutani and colleagues [30] have
defined a distinct population of innate non-T IL-5 producing cells
that are crucial for promoting eosinophil recruitment to the lung
tissue specifically in response to IL-33.

As IL-33 elicits eosinophilia, albeit indirectly via IL-5, and serves
to activate peripheral blood eosinophils [11], our initial intent
was to examine eosinophil hematopoiesis in direct response to
IL-33. Stolarski and colleagues [31] examined this question, and
found that c-kit (CD117, also known as the SCF receptor) – posi-
tive mouse bone marrow progenitors generated 10% eosinophils
by day 5 in culture in response to either IL-5 or IL-33 alone. In
contrast, we found that unselected bone marrow progenitors ini-

tially primed with SCF and Flt3L responded somewhat differently,
with IL-33 antagonizing eosinophil-hematopoiesis promoted by
IL-5. We include Flt3L and SCF in our culture system, as they are fac-
tors that sustain murine progenitors and promote hematopoiesis.
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Fig. 4. GM-CSF but not M-CSF partially mediates the antagonistic effects of IL-33 on IL-5 dependent eosinophil differentiation. Cells were cultured as indicated and cell
supernatants were collected and assayed by ELISA for the presence of: (A) M-CSF or (B) GM-CSF. (C) IL-5 (10 ng/mL) was supplemented with IL-33, M-CSF or GM-CSF or the
combination of M-CSF and GM-CSF; percent eosinophils was determined on day 12 of culture. (D) Antibodies (5 �g/mL) directed against either M-CSF or GM-CSF or isotype
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o t; ***p
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ontrols  (IgG2a for anti-GM-CSF antibody and IgG2b for anti-M-CSF antibody) were
n  day 11 of culture. Groups were compared with unpaired t-test, ns: not significan

CF-mediated signaling through c-Kit/CD117 is absolutely crucial
or normal hematopoiesis [32] and Flt3L, while dispensable for

aintaining progenitors pre-transplantation [33], synergizes with
CF and promotes the growth of murine stem cells ex vivo [34]. As

 result, we typically achieve 100% eosinophils from SCF and Flt3L
rimed unselected progenitors from BALB/c mice cultured with IL-

 in conjunction with a 3–10 fold increase in total cell number. In
ontrast, Ishihara and colleagues [35] found that IL-5 alone without
CF and Flt3L generated eosinophils from rat bone marrow proge-
itors ex vivo, but the cultures sustained an overall four-fold drop

n cell number.
We were initially surprised to find that the addition of IL-33

o primed progenitors generated predominantly a macrophage-
ike phenotype, and even more so, that IL-33 would antagonize
he IL-5 dependent eosinophil hematopoiesis. Several groups have
eported IL-33-dependent differentiation of hematopoietic pro-
enitors into other myeloid lineages [12,36] including dendritic
ells (DCs [37]). Interestingly, IL-33-mediated generation of CD11c+
Cs was completely blocked by anti-GM-CSF, and was  associated
ith no detectable levels of IL-12p70, in contrast to the findings
resented here (Fig. 3). In other studies, IL-33 has been impli-
ated prominently as a factor promoting M1/M2  polarization and
 to IL5 + IL-33 supplemented cultures and the percent eosinophils was determined
 < 0.001, n = 4–7 mice per group.

augmented inflammatory capacity [38–42].  At current writing,
nuocytes are the only cells known to require IL-33 for development
from progenitors in vitro [43].

5. Conclusions

In summary, we  note a profound distinction between the out-
come of IL-33 administration in vivo and the actions of IL-33
directed at SCF and Flt3L-primed bone marrow progenitors in cul-
ture. In vivo, IL-33 elicits the production of IL-5 leading to systemic
eosinophilia. In contrast, IL-33 does not serve as a strong promoter
of eosinophil growth and differentiation in an IL-5-dependent bone
marrow culture system, but instead antagonizes the growth and
differentiation of progenitors promoted, at least in part, via the
actions of GM-CSF.

Authorship and conflict of interest statements
Kimberly D. Dyer conceived and performed the experiments and
prepared the manuscript. KDD declares that there are no competing
financial interests.



logy L

e
n

c
t

A

N
m
t
h
w
H

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

J  Immunol 2011;186:6097–105.
K.D. Dyer et al. / Immuno

Caroline M.  Percopo provided technical assistance and provided
ditorial advice on final draft of paper. CMP  declares that there are
o competing financial interests.

Helene F. Rosenberg provided oversight on the design and exe-
ution of the project and preparation of manuscript. HFR declares
hat there are no competing financial interests.

cknowledgments

The authors thank Dr. Paul S. Foster, University of Newcastle,
ew South Wales, Australia, for providing the IL-5 gene-deleted
ice on the BALB/c background, Dr. Ricardo Dreyfuss for preparing

he photomicrographs, and Dr. Alfonso Gozalo (CMB/NIAID) and
is staff at the 14BS animal facility for care of the mice used in this
ork. This work is supported by NIAID DIR funding #AI000941 to
FR.

eferences

[1] Takatsu K, Nakajima H. IL-5 and eosinophilia. Curr Opin Immunol
2008;20:288–94.

[2] Roboz GJ, Rafii S. Interleukin-5 and the regulation of eosinophil production.
Curr Opin Hematol 1999;6:164–8.

[3] Dyer KD, Moser JM,  Czapiga M,  Siegel SJ, Percopo CM,  Rosenberg HF. Function-
ally competent eosinophils differentiated ex vivo in high purity from normal
mouse bone marrow. J Immunol 2008;181:4004–9.

[4] Kurowska-Stolarska M,  Hueber A, Stolarski B, McInnes IB. Interleukin-33:
a  novel mediator with a role in distinct disease pathologies. J Intern Med
2011;269:29–35.

[5] Moussion C, Ortega N, Girard JP. The IL-1-like cytokine IL-33 is constitutively
expressed in the nucleus of endothelial cells and epithelial cells in vivo: a novel
‘alarmin’? PLoS ONE 2008;3:e3331.

[6] Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, Lee RT. IL-33 and
ST2 comprise a critical biomechanically induced and cardioprotective signaling
system. J Clin Invest 2007;117:1538–49.

[7] Wood IS, Wang B, Trayhurn PIL-33. a recently identified interleukin-1 gene fam-
ily member, is expressed in human adipocytes. Biochem Biophys Res Commun
2009;384:105–9.

[8]  Kouzaki H, Iijima K, Kobayashi T, O’Grady SM,  Kita H. The danger signal, extra-
cellular ATP, is a sensor for an airborne allergen and triggers IL-33 release and
innate Th2-type responses. J Immunol 2011;186:4375–87.

[9] Kurowska-Stolarska M,  Kewin P, Murphy G, Russo RC, Stolarski B, Garcia CC,
et  al. IL-33 induces antigen-specific IL-5+ T cells and promotes allergic-induced
airway inflammation independent of IL-4. J Immunol 2008;181:4780–90.

10] Suzukawa M,  Iikura M,  Koketsu R, Nagase H, Tamura C, Komiya A, et al. An
IL-1 cytokine member, IL-33, induces human basophil activation via its ST2
receptor. J Immunol 2008;181:5981–9.

11] Cherry WB,  Yoon J, Bartemes KR, Iijima K, Kita H. A novel IL-1 family
cytokine, IL-33, potently activates human eosinophils. J Allergy Clin Immunol
2008;121:1484–90.

12] Allakhverdi Z, Smith DE, Comeau MR,  Delespesse G. Cutting edge: The ST2
ligand IL-33 potently activates and drives maturation of human mast cells. J
Immunol 2007;179:2051–4.

13] Moro K, Yamada T, Tanabe M,  Takeuchi T, Ikawa T, Kawamoto H, et al. Innate
production of T(H)2 cytokines by adipose tissue-associated c-Kit(+)Sca-1(+)
lymphoid cells. Nature 2010;463:540–4.

14] Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M,  Langford TK, et al. Nuocytes rep-
resent a new innate effector leukocyte that mediates type-2 immunity. Nature
2010;464:1367–70.

15] Brickshawana A, Shapiro VS, Kita H, Pease LR. Lineage-Sca1 + c-Kit-CD25+ cells
are  IL-33-responsive type 2 innate cells in the mouse bone marrow. J Immunol
2011;187:5795–804.

16] Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. IL-
33,  an interleukin-1-like cytokine that signals via the IL-1 receptor-related
protein ST2 and induces T helper type 2-associated cytokines. Immunity
2005;23:479–90.

17] Chow JY, Wong CK, Cheung PF, Lam CW.  Intracellular signaling mechanisms

regulating the activation of human eosinophils by the novel Th2 cytokine IL-33:
implications for allergic inflammation. Cell Mol  Immunol 2010;7:26–34.

18] Suzukawa M,  Koketsu R, Iikura M,  Nakae S, Matsumoto K, Nagase H, et al.
Interleukin-33 enhances adhesion, CD11b expression and survival in human
eosinophils. Lab Invest 2008;88:1245–53.

[

etters 150 (2013) 41– 47 47

19] Na HJ, Hudson SA, Bochner BS. IL-33 enhances Siglec-8 mediated apoptosis of
human eosinophils. Cytokine 2012;57:169–74.

20] Kopf M, Brombacher F, Hodgkin PD, Ramsay AJ, Milbourne EA, Dai WJ,  et al.
IL-5-deficient mice have a developmental defect in CD5+ B-1 cells and lack
eosinophilia but have normal antibody and cytotoxic T cell responses. Immu-
nity 1996;4:15–24.

21] Yu C, Cantor AB, Yang H, Browne C, Wells RA, Fujiwara Y, et al. Targeted deletion
of  a high-affinity GATA-binding site in the GATA-1 promoter leads to selective
loss of the eosinophil lineage in vivo. J Exp Med  2002;195:1387–95.

22] Dyer KD, Garcia-Crespo KE, Killoran KE, Rosenberg HF. Antigen profiles for the
quantitative assessment of eosinophils in mouse tissues by flow cytometry. J
Immunol Methods 2011;369:91–7.

23] Ohto-Ozaki H, Kuroiwa K, Mato N, Matsuyama Y, Hayakawa M,  Tamemoto H,
et  al. Characterization of ST2 transgenic mice with resistance to IL-33. Eur J
Immunol 2010;40:2632–42.

24] Dyer KD, Czapiga M,  Foster B, Foster PS, Kang EM,  Lappas CM, et al. Eosinophils
from lineage-ablated delta dblGATA bone marrow progenitors: the dblGATA
enhancer in the promoter of GATA-1 is not essential for differentiation ex vivo.
J  Immunol 2007;179:1693–9.

25] Cavaillon JM.  Cytokines and macrophages. Biomed Pharmacother
1994;48:445–53.

26] Menten P, Wuyts A, Van Damme J. Macrophage inflammatory protein-1.
Cytokine Growth Factor Rev 2002;13:455–81.

27] Netea MG,  Demacker PN, Kullberg BJ, Boerman OC, Verschueren I, Stalen-
hoef  AF, et al. Increased interleukin-1alpha and interleukin-1beta production
by  macrophages of low-density lipoprotein receptor knock-out mice stimu-
lated with lipopolysaccharide is CD11c/CD18-receptor mediated. Immunology
1998;95:466–72.

28] Soehnlein O, Lindbom L. Phagocyte partnership during the onset and resolution
of  inflammation. Nat Rev Immunol 2010;10:427–39.

29] Rosenberg HF, Dyer KD, Foster PS. Eosinophils: changing perspectives in health
and disease. Nature Reviews Immunology 2013;13:9–22.

30] Ikutani M, Yanagibashi T, Ogasawara M,  Tsuneyama K, Yamamoto S, Hattori
Y,  et al. Identification of innate IL-5-producing cells and their role in lung
eosinophil regulation and antitumor immunity. J Immunol 2012;188:703–13.

31] Stolarski B, Kurowska-Stolarska M,  Kewin P, Xu D, Liew FY. IL-33 exacerbates
eosinophil-mediated airway inflammation. J Immunol 2010;185:3472–80.

32] Edling CE, Hallberg B. c-Kit—a hematopoietic cell essential receptor tyro-
sine kinase. The International Journal of Biochemistry & Cell Biology
2007;39:1995–8.

33] Buza-Vidas N, Cheng M,  Duarte S, Charoudeh HN, Jacobsen SE, Sitnicka E. FLT3
receptor and ligand are dispensable for maintenance and posttransplantation
expansion of mouse hematopoietic stem cells. Blood 2009;113:3453–60.

34] Hudak S, Hunte B, Culpepper J, Menon S, Hannum C, Thompson-Snipes L,
et  al. FLT3/FLK2 ligand promotes the growth of murine stem cells and the
expansion of colony-forming cells and spleen colony-forming units. Blood
1995;85:2747–55.

35] Ishihara K, Satoh I, Mue  S, Ohuchi K. Generation of rat eosinophils by
recombinant rat interleukin-5 in vitro and in vivo. Biochim Biophys Acta
2000;1501:25–32.

36] Schneider E, Petit-Bertron AF, Bricard R, Levasseur M,  Ramadan A, Girard JP,
et  al. IL-33 activates unprimed murine basophils directly in vitro and induces
their in vivo expansion indirectly by promoting hematopoietic growth factor
production. J Immunol 2009;183:3591–7.

37] Mayuzumi N, Matsushima H, Takashima A. IL-33 promotes DC development in
BM culture by triggering GM-CSF production. Eur J Immunol 2009;39:3331–42.

38] Espinassous Q, Garcia-de-Paco E, Garcia-Verdugo I, Synguelakis M,  von Aulock
S,  Sallenave JM, et al. IL-33 enhances lipopolysaccharide-induced inflammatory
cytokine production from mouse macrophages by regulating lipopolysaccha-
ride  receptor complex. J Immunol 2009;183:1446–55.

39] Joshi AD, Oak SR, Hartigan AJ, Finn WG,  Kunkel SL, Duffy KE, et al. Interleukin-
33  contributes to both M1 and M2 chemokine marker expression in human
macrophages. BMC  Immunol 2010;11:52.

40] Kurowska-Stolarska M,  Stolarski B, Kewin P, Murphy G, Corrigan CJ, Ying S,
et  al. IL-33 amplifies the polarization of alternatively activated macrophages
that contribute to airway inflammation. J Immunol 2009;183:6469–77.

41] Ohno T, Oboki K, Morita H, Kajiwara N, Arae K, Tanaka S, et al. Paracrine IL-
33  stimulation enhances lipopolysaccharide-mediated macrophage activation.
PLoS ONE 2011;6:e18404.

42] Zaiss MM,  Kurowska-Stolarska M,  Bohm C, Gary R, Scholtysek C, Stolarski
B,  et al. IL-33 shifts the balance from osteoclast to alternatively activated
macrophage differentiation and protects from TNF-alpha-mediated bone loss.
43] Barlow JL, Bellosi A, Hardman CS, Drynan LF, Wong SH, Cruickshank JP,
et  al. Innate IL-13-producing nuocytes arise during allergic lung inflammation
and contribute to airways hyperreactivity. J Allergy Clin Immunol 2012;129:
191–8.


	IL-33 promotes eosinophilia in vivo and antagonizes IL-5-dependent eosinophil hematopoiesis ex vivo
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Intraperitoneal injections, tissue collection and cell counts
	2.3 Cytokines in serum and cell culture supernatants
	2.4 In vitro culture of eosinophils
	2.5 Flow cytometric analysis
	2.6 Statistical analysis

	3 Results
	3.1 Systemic interleukin-33 (IL-33) elicits eosinophilia in vivo
	3.2 IL-33 antagonizes IL-5-mediated eosinophil differentiation
	3.3 Cytokines detected in bone marrow culture
	3.4 GM-CSF contributes to the IL-33-mediated antagonism of IL-5

	4 Discussion
	5 Conclusions
	Authorship and conflict of interest statements
	Acknowledgments
	References


