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Abstract

Eosinophils are major effector cells during allergic responses and helminth infections.
Recent studies further highlight eosinophils as important players in many other biological
processes. Therefore it is important to understand how these cells can be modulated in
terms of survival and effector function. In the present study we investigated how eosinophils
respond to the alarmin IL-33. We show that IL-33 promotes eosinophil survival in a ST2-
and MyD88-dependent manner. IL-33-mediated protection from apoptosis was dependent
on autocrine GM-CSF release. In addition, GM-CSF increased the IL-33-induced secretion
of IL-4 and IL-13 from eosinophils. Unexpectedly, this effect was further enhanced by
cross-linking of Siglec-F, a proposed inhibitory and apopotosis-inducing receptor on eosin-
ophils. Co-culture experiments with eosinophils and macrophages revealed that the IL-33-
induced release of IL-4 and IL-13 from eosinophils was required for differentiation of alter-
natively activated macrophages (AAMs). The differentiation of AAMs could be further
increased in the presence of GM-CSF. These results indicate that cross-talk between
Siglec-F and the receptors for IL-33, LPS and GM-CSF plays an important role for efficient
secretion of IL-4 and IL-13. Deciphering the molecular details of this cross-talk could lead to
the development of new therapeutic option to treat eosinophil-associated diseases.

Introduction

The alarmin IL-33 is a member of the IL-1 family which is rapidly released during tissue dam-
age and serves as an important mediator of barrier immunity in skin, lung and intestine [1].
IL-33 acts on several different cell types of the innate and adaptive immune system by binding
to the IL-33 receptor which consists of the transmembrane form of the ST2 molecule in associ-
ation with the IL-1 receptor accessory protein (IL-1RAcP) [2]. Downstream signaling is medi-
ated in part by MyD88, NF-kB and MAP kinases which are also involved in signaling from
other IL-1 family receptors and Toll-like receptors [3]. In vivo administration of IL-33 in mice
induces the secretion of Th2-associated cytokines like IL-4, IL-5 and IL-13 thereby promoting
type 2 immune responses against helminths and allergens [3].
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IL-33 activates eosinophils and induces more than 500 genes including IL-4 and IL-13 [4-
6]. IL-33 promotes eosinophil differentiation [7] and tissue eosinophilia after helminth infec-
tion [8,9]. IL-33 further induces eosinophil activation and survival [10,11]. In addition to initi-
ating protective immunity against helminths, IL-33 has been shown to regulate fat and glucose
metabolism [12]. Mice impaired in IL-33 signaling due to targeted mutation of the IL-33 recep-
tor subunit ST2 show diminished eosinophil counts in adipose tissue [13]. A similar effect was
observed by injection of a ST2 blocking antibody into mice [14].

It has been shown that eosinophils constitutively express mRNAs of the Th2-associated
cytokines IL-4 and IL-13 [15]. Eosinophil-derived IL-4/IL-13 appears to be important for
maintenance of alternatively activated macrophages involved in glucose homeostasis in adipose
tissues [16]. Furthermore, it has been demonstrated that eosinophil-derived IL-4/IL-13 stimu-
late local proliferation of fibro/adipocyte progenitor cells to induce muscle repair [17]. Another
study revealed that eosinophils are recruited to liver lesions where they release IL-4/IL-13 to
induce hepatocyte proliferation, an important step in liver regeneration [18]. Given these man-
ifold functions of eosinophils in immunity against helminths, allergy, tissue regeneration and
metabolism, specific interventions to modulate survival and IL-4/IL-13 release from eosino-
phils could be a promising therapeutic approach. At present, the mechanisms of IL-33-induced
eosinophil survival and IL-4/IL-13 secretion remain poorly understood.

To investigate this issue we performed in vitro experiments with bone marrow derived
eosinophils from wild-type or genetically modified mouse strains. We observed that IL-33 acts
directly on eosinophils and protects them from spontaneous apoptosis upon growth factor
deprivation. This effect was dependent on MyD88 signaling and was also observed with LPS
stimulation. Autocrine production of GM-CSF was required for IL-33-mediated expression of
Bcl-x; and inhibition of apoptosis. IL-33 and LPS also synergistically induced p38 kinase-
dependent secretion of IL-4 and IL-13 from eosinophils. Unexpectedly, cross-linking of the
sialic acid binding receptor Siglec-F enhanced the IL-33-induced cytokine release. Finally, co-
culture experiments with purified eosinophils and macrophages revealed that IL-33-induced
differentiation of alternatively activated macrophages was dependent on eosinophil-derived
IL-4/IL-13 and enhanced in the presence of GM-CSE

Materials and Methods

Mice

Wild-type BALB/c and C57BL/6 mice were purchased from Charles River, Sulzfeld, Germany.
MyDSS'/‘ [19], ST27" [20] and IL-4/IL-137"[21] mice have been described. Mice were kept

under specific pathogen free conditions and both males and females were used at 8-12 weeks
of age for experiments.

Ethics statement

All experiments were performed in accordance with German animal protection law and Euro-
pean Union guidelines 86/809 and were approved by the Federal Government of Lower
Franconia.

Eosinophil culture

Eosinophils were generated from bone marrow as described before [22]. In brief, bone mar-
row was flushed out from femur and tibia. Single cell suspension was generated and erythro-
cytes removed by hypotonic lysis. Bone marrow cells were placed in BM-medium (RPMI
1640 (Pan Biotech, Aidenbach, Germany) containing 20% fetal bovine serum (FCS), 55 uM
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B-mercaptoethanol, 10 mM non-essential amino acids, 1 mM sodium pyruvate, 100 IU/ml
penicillin, 100 pg/ml streptomycin, 2 mM glutamine (all from Life technologies, Darmstadt,
Germany) and 25 mM Hepes buffer). Cells were stimulated with 100 ng/ml SCF and 100 ng/
ml FLT3L (both from Peprotech, Rocky Hill, NJ) for 4 days. From day 4 on cells were kept in
BM-medium supplemented with 10 ng/ml recombinant murine IL-5 (R&D Systems, Minne-
apolis, MN). At day 14 the cultures contained >97% bone marrow-derived eosinophils
(BMDE) indicated by high side scatter profile and expression of Siglec-F (S1 Fig).

BMDE stimulation

BMDE were harvested and washed once in BM-medium. 2x10° cells per well were seeded in 96
well plates. After resting for 2 hours cells were stimulated with indicated cocktails of IL-5, IL-
33 (both from R&D Systems) and GM-CSF (Immunotools, Friesoythe, Germany), all at 10 ng/
ml. Supernatants were collected and stored at -80°C. In some experiments purified o.-Siglec-F
(clone E50.2440, BD Bioscience, San Jose, CA) was used at 5 pg/ml to cross-link Siglec-F and
ratIlgG2a isotype control (clone 2A3, BioXcell, West Lebanon, NH) served as control. To block
GM-CSF signaling cells were incubated with o-GM-CSF receptor alpha chain antibody (clone
698423, R&D Systems) at 50 pg/ml for 2 hours before stimulation with cytokines. To block p38
kinase activity eosinophils were pre-incubated with the p38 inhibitor SB203580 in DMSO
(Sigma-Aldrich, St.Louis, MO) for 2 hours at 5 uM before cytokines were added. Controls were
treated with the same amount of DMSO. LPS (Sigma-Aldrich) was used at 10 pg/ml or at indi-
cated concentrations.

Generation of bone marrow derived macrophages (BMDM)

Bone marrow derived macrophages were generated as previously described with some modifi-
cations [23]. In brief, single cell suspensions from bone marrow were prepared as described for
generation of BMDE. Bone marrow cells were resuspended in BM-medium containing 10%
supernatant of M-CSF producing fibroblast cell line L929. After 7 days of culture adherent cells
were harvested by Accutase (Sigma-Aldrich, St. Louis, MO) treatment. Purity of BMDM (F4/
80"CD11b") was >95% as determined by flow cytometry.

BMDE:BMDM co-culture

2x10° BMDM were seeded in each well of a 24 well plate. After 4 hours 1x10° BMDE were
added and stimulated with the indicated cytokine cocktails for 24 hours. In separate cultures
supernatants from stimulated BMDE were added to BMDM. Cells were harvested and RNA
was prepared using the RNeasy Mini Kit (Qiagen, Hilden, Germany) according to manufactur-
er’s protocol.

ELISA

IL-13 concentrations were measured with an ELISA Development Kit (Peprotech). IL-4 ELISA
were performed with o -IL-4 (clone 11B11, BioXcell) as coating antibody and biotinylated o-
IL-4 (clone BVD6-24G2, Southern Biotech, Birmingham, AL) as detection Ab. Alkaline phos-
phatase-coupled streptavidin and para-Nitrophenylphosphat substrate (both from Southern
Biotec) were used for detection. GM-CSF concentrations were measured with a commercial
ELISA kit (R&D Systems). ELISAs were measured with a Multiskan FC multiplate photometer
(ThermoScientific, Waltham, MA).
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Flow cytometry

BMDE or BMDM were harvested and washed once in FACS buffer (PBS/2% FCS/1 mg/ml
sodium azide), incubated with anti-CD16/CD32 blocking mAb (2.4G2, BioXcell) for 5 min at
room temperature, and stained with diluted mAb mixtures. The following mAbs were used:
PE- or Alexa647-coupled anti-mouse-Siglec-F (clone E50-2440, BD Biosciences, San Jose, CA)
to determine BMDE purity and Alexa488-coupled anti-mouse-CD11b and APC/Cy7-coupled
anti-mouse-F4/80 to determine BMDM purity. Apoptotic cells were stained with APC-An-
nexin V (Immunotools) in binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl,)
according to manufacturer’s protocol. Propidium iodide (eBioscience, San Diego, CA) was
added to identify dead cells. Samples were acquired on a FACS Canto II instrument (BD
Immunocytometry Systems, San Jose, CA) and analyzed by Flow]Jo software (Tree Star, Ash-
land, OR).

Quantitative real-time PCR

RNA was prepared using the RNeasy Mini Kit (Qiagen) according to manufacturer’s protocol.
RNA was reversely transcribed into cDNA using the High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA). Real-time PCR was performed with a CFX con-
nect machine (Biorad, Hercules, CA). Cycling conditions were as follows: 95°C for 30 sec, 50°C
(PBGD, Arg-1, Relm-a,) or 58°C (Bcl-x;, HPRT1) for 45 sec, 72°C for 45 sec. The following
primers were used: PBGD for: TGG TTG TTC ACT CCC TGA AGG; PBGD rev: AAA GAC AAC
AGC ATC ACA AGG GT; Arg-1 for: GTA TGA CGT GAG AGA CCA CG; Arg-1rev:CTC GCAAGC
CAA TGT ACA CG; Relm-o for: CCA TAG AGA GAT TAT CGT GGA; Relm-o rev: TGG TCG AGT
CAA CGA GTA AG; Bel-x for: GAC AAG GAG ATG CAG GTA TTG G; Bcl-x; rev: TCC CGT AGA
GAT CCA CAA AAG T; HPRT1 for: GTT GGA TAC AGG CCA GAC TTT GTT; HPRT1 rev: GAG
GGT AGG CTG GCC TAT AGG CT.

Statistics

Student’s t-test was performed with SigmaPlot (Systat Software Inc., San Jose, CA, USA) soft-
ware and P-values of less than 0.05 were considered statistically significant.

Results

IL-33 mediates eosinophil survival in a MyD88- and ST2-dependent
manner

To determine the effect of IL-33 on survival of eosinophils we first generated bone marrow
derived eosinophils (BMDE) by culturing bone marrow cells for 10 days in the presence of IL-5
which leads to massive expansion of >97% pure eosinophils. Eosinophils were then cultured in
the absence of IL-5 but in the presence of 10 ng/ml IL-33 to investigate whether IL-33 protects
from spontaneous apoptosis resulting from IL-5 withdrawal. BMDE from wild-type C57BL/6
mice were compared to BMDE from ST2- or MyD88-deficient mice. The rate of cell death was
analyzed at 72 hours after IL-5 withdrawal by AnnexinV/PI staining and flow cytometry. In
the absence of IL-5 and IL-33 over 90% of eosinophils became Annexin V* indicative of ongo-
ing cell death while most eosinophils survived in the presence of IL-5 independently of ST2 or
MyD88. IL-33 alone could rescue about 50% of eosinophils from cell death but this effect was
only observed with BMDE from wild-type mice (Fig 1A and 1B).

Since MyD88 is also involved in signaling from other IL-1 receptor family members and
TLRs we further investigated whether LPS shows a similar effect. Indeed, efficient protection
from apoptosis could be observed with 10 pg/ml LPS and the combination of IL-33 and LPS
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Fig 1. IL-33 mediates eosinophil survival that depends on ST2 and MyD88. BMDE from wild-type (WT),
ST2-deficient (ST27") and MyD88-deficient (MyDSB'/') mice were cultured in presence of 10 ng/ml IL-5 or IL-
33 or were left untreated for 72 hours. Cells were harvested and analyzed by flow cytometry to detect
apoptotic cells. (A) Dot plots show representative AnnexinV/PI stainings for each experimental group. (B)
Bars show the mean + SEM of apoptotic cells from indicated mice. Data are pooled from two independent
experiments (n = 5-6; *** p<0.001). (C) BMDE from wild-type mice were stimulated with the indicated
cytokines or 10 ug/ml LPS. Control samples were left untreated (w/0). After 72 hours cells were analyzed by
flow cytometry to detect Annexin V/PI positive cells. Bars show the mean + SEM of Annexin V* cells pooled
from 2-3 independent experiments (n = 8-10; *** p<0.001).

doi:10.1371/journal.pone.0163751.9001
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revealed an additive effect on the survival of eosinophils (Fig 1C). This indicated that IL-33- or
LPS-signaling through MyD88 plays an important role for protection of eosinophils against
spontaneous apoptosis.

IL-33-induced autocrine GM-CSF production mediates eosinophil
survival by a Bcl-x, - dependent mechanism

We could previously show that GM-CSF is a potent inhibitor of spontaneous apoptosis in
eosinophils [24]. Here we observed that IL-33 but not IL-5 induced the secretion of GM-CSF
from eosinophils and LPS stimulation further enhanced this effect (Fig 2A). This led us to
hypothesize that autocrine GM-CSF was required for IL-33-mediated protection from apopto-
sis. To test this hypothesis, BMDE were treated with IL-33 for 72 hours in the presence of a
GM-CSF receptor blocking antibody. We observed that treatment with a GM-CSF receptor
blocking antibody completely abolished the anti-apoptotic effect of IL-33 (Fig 2B). In contrast,
blocking the GM-CSF signaling pathway had no impact on IL-5-mediated eosinophil survival.
To exclude the possibility that the few (<3%) contaminating non-eosinophil cells in the culture
are the critical source of GM-CSF we sort-purified eosinophils to 100% purity (S1 Fig) and
obtained the same results as with the non-sort purified cultures (Fig 2C). We and others have
shown that GM-CSF signaling increases the expression level of the anti-apoptotic protein Bcl-
x. in eosinophils [24,25]. As expected, Bcl-x; mRNA levels were significantly reduced when
the GM-CSF receptor was blocked during IL-33 stimulation (Fig 2D). We conclude that IL-33
does not directly promote eosinophil survival but rather requires autocrine GM-CSF signaling
for this effect.

GM-CSF and Siglec-F signaling enhance the IL-33-induced release of
IL-4 and IL-13

Based on our finding that IL-33 and LPS have an independent and additive effect on eosinophil
survival and GM-CSF secretion, we further investigated whether this effect can also be
observed for IL-4 and IL-13 secretion from eosinophils. Therefore, BMDE were stimulated
with different concentrations of IL-33 and LPS alone or in combination. After 24 hours the
concentrations of IL-4 and IL-13 were measured in the supernatant by ELISA. IL-33 and LPS
were both potent inducers of IL-4 and IL-13 secretion and the combination of both stimuli
revealed an additive effect (Fig 3A).

To further investigate whether IL-33-induced cytokine secretion can be modulated by
GM-CSE, we cultured BMDE in IL-5 and IL-33 in the presence or absence of GM-CSE
GM-CSF increased the secretion of IL-4 and IL-13 about 3-4 fold (Fig 3B). Next, we investi-
gated whether cross-linking of the inhibitory receptor Siglec-F dampens IL-33-induced cyto-
kine secretion. Siglec-F is a sialic acid-binding lectin which is highly expressed on eosinophils
[26]. Several studies characterized Siglec-F as well as its human orthologue Siglec-8 as apopto-
sis inducing or inhibitory receptors [27-30]. Surprisingly, anti-Siglec-F stimulated eosinophils
also showed 3-4 fold increased cytokine secretion and the combination of GM-CSF and Siglec-
F cross-linking revealed an additive effect of both signaling pathways (Fig 3B).

IL-33 can activate the NF-xB and p38 MAP kinase pathway. To address which of these sig-
naling pathways regulates IL-33-induced IL-4/IL-13 release by eosinophils we cultured BMDE
in the presence of IL-5 and IL-33 in the presence or absence of the p38 inhibitor SB203580.
Inhibition of p38 signaling completely abrogated the IL-33-induced IL-4 and IL-13 release (Fig
3C). This inhibition could be overcome by adding GM-CSF to the culture, although much
more IL-4 and IL-13 was produced in the absence of SB203580 (Fig 3C).
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Fig 2. IL-33 mediates eosinophil survival via autocrine GM-CSF production. (A) BMDE were cultured in
medium containing 10 ng/ml IL-5 and indicated concentrations of IL-33 and LPS for 24 hours. Supernatants
were analyzed by GM-CSF-specific ELISA. Bar graph shows the mean + SD from one of two independent
experiments (n = 4;). (B) BMDE were stimulated with the indicated cytokines in the absence (black bars) or
presence of a isotype control antibody (dark grey bars) or GM-CSF receptor blocking antibody (light grey
bars). After 72 hours cells were analyzed by flow cytometry to detect Annexin V* cells. Bars show the mean
+ SEM of apoptotic cells from three independent experiments (n = 6; ** p<0.01). (C) Sort-purified BMDE
(100% purity, see S1 Fig) were left untreated (black bar) or stimulated with IL-33 in the presence of isotype
control antibody (dark grey bar) or anti-GM-CSF-R antibody (light grey bar). After 72 hours cells were
analyzed by flow cytometry to detect Annexin V* cells. Bars show the mean + SEM of apoptotic cells from
two experiments (n = 4; * p<0.05; ** p<0.01). (D) BMDE were treated as described above and harvested
after 24 hours to analyze Bcl-x,_transcripts by quantitative RT-PCR. Bar graphs show mean + SEM Bcl-x_
mRNA expression levels normalized to HPRT1 mRNA levels with data pooled from two independent
experiments (n = 6; * p<0.05).

doi:10.1371/journal.pone.0163751.9002
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doi:10.1371/journal.pone.0163751.9003
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IL-33 activated eosinophils mediate alternative activation of
macrophages in vitro

We described that IL-33-induced secretion of IL-4/IL-13 from eosinophils can be amplified by
GM-CSE, LPS and Siglec-F cross-linking. Next we asked if eosinophil-derived IL-4/IL-13 can
exert a biologically relevant function. Recent studies implicated eosinophils as source of IL-4/
IL-13 to induce or maintain alternatively activated macrophages (AAMs) [16]. Therefore we
setup a co-culture system of BMDE with bone marrow derived macrophages (BMDM).
BMDM were cultured for 24 hours with eosinophils generated either from wild-type mice or
IL-4/IL-13-deficient mice in the presence of IL-5, IL-5+IL-33 or IL-5+IL-33+GM-CSE. We fur-
ther cultured only BMDM in the presence of supernatants from IL-5+IL-33+GM-CSF stimu-
lated eosinophils. The differentiation of AAMs was determined by RT-PCR for the well-
established AAM markers Relm-o: (also named Fizz-1) and Arginase-1 (Arg-1). IL-5 alone was
not sufficient to promote AAM differentiation (Fig 4A and 4B). The same was observed for co-
cultures with IL-5+GM-CSF (S2 Fig). However, the combination of IL-5 and IL-33 induced the
expression of Arg-1 but only little Relm-o in the presence of wild-type BMDE (Fig 4A and 4B).
The combination of IL-5, IL-33 and GM-CSF caused high-level expression of Arg-1 and Relm-
o in the presence of BMDE from wild-type but not IL-4/IL-13-deficient mice (Fig 4A and 4B).
The same effect was observed when only supernatants of IL-5+IL-33+GM-CSF stimulated
BMDE from wild-type mice was added to BMDM (Fig 4C and 4D). This indicates that IL-33
alone is not sufficient for AAM differentiation when IL-4/IL-13 from other cells (in this case
BMDE) is missing which was also observed in a previous report [31]. Furthermore, GM-CSF
appears to be a critical factor for efficient secretion of biologically active IL-4/IL-13 from
eosinophils.

Discussion

Eosinophils are mainly known for their protective functions against helminths and pro-inflam-
matory capacity during allergic responses, but they also play important roles in metabolism
and tissue homeostasis. Eosinophils rapidly die by spontaneous apoptosis upon withdrawal of
growth factors like IL-5 by mechanisms that are incompletely understood [32]. Here, we show
that this spontaneous apoptosis could be partially inhibited by the alarmin IL-33 which con-
tirms pervious findings where IL-33-mediated protection from apoptosis was demonstrated for
human eosinophils [11,33].

It has been shown that LPS prolongs human eosinophil survival via a GM-CSF-dependent
pathway [34] although it remained controversial whether eosinophils or other cell types are the
critical source of GM-CSF [35]. We show that the combination of IL-33 and LPS elicits an
additive protective effect on mouse eosinophils. Therefore, it appears that eosinophil survival is
promoted by extrinsic (LPS) and intrinsic (IL-33) danger signals particularly under conditions
of low IL-5 concentrations as it may occur in certain anatomical sites where eosinophils get
recruited during infection or tissue injury.

In mouse eosinophils, the IL-33-induced survival was found to be increased in the absence
of the dual-specificity phosphatase DUSP5 which acts on ERK1/2 and this effect correlated
with increased levels of Bcl-x; [10]. However, it remained unclear whether IL-33 promotes sur-
vival directly or indirectly by induction of other cytokines which can act in an autocrine man-
ner to prevent apoptosis. We and others have shown that GM-CSF is a potent inhibitor of
apoptosis for mouse eosinophils and GM-CSF-mediated eosinophil survival depends on Bcl-
x1.[24,25]. Our current experiments revealed that IL-33-induced eosinophil survival was indi-
rectly mediated by autocrine GM-CSF production. In the in vivo situation GM-CSF is also pro-
duced by many other cell types which can thereby help to keep eosinophils alive. Along this
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Fig 4. IL-33 activated eosinophils mediate alternative activation of macrophages. (A) and (B) BMDM
generated from wild-type BALB/c mice were co-cultured with BMDE from either wild-type (black bars) or IL-4/
IL-13-deficient BALB/c mice (grey bars) for 24 hours in the presence of the indicated cytokines. Quantitative
RT- PCR was performed to analyze Relm-a and Arginase-1 expression as established markers for
alternative activation of macrophages. Data are presented as normalized expression to PBGD. Bars show
the mean + SD (n = 3) from one of three independent experiments with similar results. (C) and (D) only
supernatants of IL-5+IL-33+GM-CSF stimulated BMDE from WT (black bars) or IL-4/IL-13-deficient mice
(grey bars) were added to BMDM for 24 hours before quantitative RT-PCR was performed. Bars show the
mean + SD (n = 3) from one experiment.

doi:10.1371/journal.pone.0163751.9g004

line, it was recently shown that GM-CSF was critical for eosinophil accumulation and activa-
tion in a mouse model of colitis, although the requirement for direct recognition of GM-CSF
by eosinophils was not investigated in this study [36].

We further confirmed previous studies demonstrating that IL-33 induces the secretion of
IL-4 and IL-13 from eosinophils by a p38 kinase-dependent pathway [5,7]. In addition, we
found that GM-CSF markedly increased the IL-33-induced secretion of IL-4 and IL-13 from
eosinophils but had no effect in the absence of IL-33. Others have shown that IL-33-induced
secretion of IL-13 from mast cells requires IL-3, a cytokine closely related to GM-CSF [37].

It would be interesting to investigate in future studies how the signaling pathways downstream
of the IL-33 and GM-CSF receptors converge to promote efficient cytokine secretion in
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eosinophils. STAT5 could play an important role in this process since IL-5 and GM-CSF are
potent STATS5 activators and STAT5-deficient eosinophils fail to acquire IL-4-producing
capacity [38].

Eosinophils in the thymus, small intestine and adipose tissue express higher levels of Siglec-
F than their companions in the circulation [16,39,40]. We have previously shown that eosino-
phils recruited to the lungs of Nippostrongylus brasiliensis infected mice show higher levels of
Siglec-F compared to eosinophils in naive mice [41]. In our hands Siglec-F™ eosinophils
showed a better survival in vitro as compared to Siglec-F*® eosinophils [41]. However, it was
also reported that Siglec-F signaling causes apoptosis in eosinophils [29], although others
found that the pro-apoptotic effect of Siglec-F seems to depend on the experimental model
[42]. Here we show that Siglec-F cross-linking enhanced IL-33-induced cytokine secretion. To
our knowledge, this is the first report of an activating role for Siglec-E. This is surprising since
Siglec-F contains a putative immunoreceptor tyrosine-based inhibitory motif (ITIM) in the
cytoplasmic tail. Further, Siglec-F does not contain arginine or lysin in the transmembrane
domain which would be required for binding to the activating adaptor protein DAP12 as it is
known from other activating Siglecs [43]. However, Siglec-F has another cytoplasmic tyrosine-
containing motif (SVYTEI) also found in human Siglec-5, -6, -8, -9 and -12. It remains to be
determined whether this motif is responsible for the activating property of Siglec-F. We pro-
pose a dual role for Siglec-F as an activating and inhibitory receptor similar to what has been
described for PIR-B [44].

In conclusion, we found that IL-33-induced survival of eosinophils requires signaling
through the GM-CSF receptor and autocrine secretion of GM-CSF is sufficient for this effect.
Furthermore, we observed that GM-CSF enhances the secretion of IL-4 and IL-13 from IL-
33-stimulated eosinophils which also leads to augmented differentiation of AAMs in co-culture
experiments. The observation that Siglec-F signaling promotes cytokine secretion from IL-
33-activated eosinophils warrants further investigation to reveal how signaling down-stream of
Siglec-F integrates with signaling from the receptors for IL-33 and GM-CSE A better under-
standing of mechanisms that regulate eosinophil survival and cytokine secretion are urgently
needed to identify potential targets for therapeutic interventions against eosinophil-associated
diseases.

Supporting Information

S1 Fig. Analysis of eosinophil purity before and after cell sorting. BMDE cultures were ana-
lyzed on day 14 after setup of culture before (left) or after (right) fluorescence-activated cell
sorting on a high-speed sorter (S3 sorter from Bio-Rad). Cultures were stained with anti-
Siglec-F to detect eosinophils (Siglec-F+SSChi).

(PDF)

$2 Fig. IL-5 and GM-CSF are not sufficient for AAM differentiation. BMDE from wild-type
(WT) or IL-4/IL-13"" mice were co-cultured with BMDM from WT mice in the presence of
IL-5, IL-5+GM-CSF or IL-5+GM-CSF+IL-33 and expression of Arg-1 and Relm-o. was ana-
lyzed by quantitative RT-PCR.

(PDF)

Acknowledgments

We thank Stefan Wirtz and Roland Lang for providing bone marrow of ST2”" and MyD88 ™"~
mice, respectively. We further thank Alexander Matthies and Kirstin Castiglione for technical

PLOS ONE | DOI:10.1371/journal.pone.0163751 September 30, 2016 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163751.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163751.s002

@° PLOS | ONE

GM-CSF Mediates IL-33-Induced Eosinophil Survival

assistance, Lisa Gundel and Manfred Kirsch for animal husbandry and members of the Voeh-
ringer lab for discussions and helpful comments.

Author Contributions

Conceptualization: RW DV.

Data curation: RW DV.

Formal analysis: RW DV.

Funding acquisition: DV.

Investigation: RW.

Methodology:RW DV.

Project administration: DV.

Resources: RW DV.

Supervision: DV.

Validation: RW DV.

Visualization: DV RW.

Writing - original draft: RW DV.

Writing - review & editing: RW DV.

References

1.

10.

Molofsky AB, Savage AK, Locksley RM (2015) Interleukin-33 in Tissue Homeostasis, Injury, and
Inflammation. Immunity 42: 1005—-1019. doi: 10.1016/j.immuni.2015.06.006 PMID: 26084021

LuJ, Kang J, Zhang C, Zhang X (2015) The role of IL-33/ST2L signals in the immune cells. Immunol
Lett 164: 11-17. doi: 10.1016/j.imlet.2015.01.008 PMID: 25662624

Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK, et al. (2005) IL-33, an interleu-
kin-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-
associated cytokines. Immunity 23: 479-490. doi: 10.1016/j.immuni.2005.09.015 PMID: 16286016

Jacobsen EA, Doyle AD, Colbert DC, Zellner KR, Protheroe CA, LeSuer WE, et al. (2015) Differential
activation of airway eosinophils induces IL-13-mediated allergic Th2 pulmonary responses in mice.
Allergy. doi: 10.1111/all.12655

Bouffi C, Rochman M, Zust CB, Stucke EM, Kartashov A, Fulkerson PC, et al. (2013) IL-33 markedly
activates murine eosinophils by an NF-kappaB-dependent mechanism differentially dependent upon
an IL-4-driven autoinflammatory loop. J Immunol 191: 4317-4325. doi: 10.4049/jimmunol.1301465
PMID: 24043894

Shik D, Moshkovits I, Karo-Atar D, Reichman H, Munitz A (2014) Interleukin-33 requires CMRF35-like
molecule-1 expression for induction of myeloid cell activation. Allergy 69: 719-729. doi: 10.1111/all.
12388 PMID: 24735452

Stolarski B, Kurowska-Stolarska M, Kewin P, Xu D, Liew FY (2010) IL-33 exacerbates eosinophil-
mediated airway inflammation. J Immunol 185: 3472-3480. doi: 10.4049/jimmunol.1000730 PMID:
20693421

Yasuda K, Muto T, Kawagoe T, Matsumoto M, Sasaki Y, Matsushita K, et al. (2012) Contribution of IL-
33-activated type Il innate lymphoid cells to pulmonary eosinophilia in intestinal nematode-infected
mice. Proc Natl Acad Sci U S A 109: 3451-3456. doi: 10.1073/pnas.1201042109 PMID: 22331917

Hung LY, Lewkowich IP, Dawson LA, Downey J, Yang Y, Smith DE, et al. (2013) IL-33 drives biphasic
IL-13 production for noncanonical Type 2 immunity against hookworms. Proc Natl Acad Sci U S A
110: 282-287. doi: 10.1073/pnas.1206587110 PMID: 23248269

Holmes DA, Yeh JH, Yan D, Xu M, Chan AC (2015) Dusp5 negatively regulates IL-33-mediated eosin-
ophil survival and function. EMBO J 34:218-235. doi: 10.15252/embj.201489456 PMID: 25398911

PLOS ONE | DOI:10.1371/journal.pone.0163751

September 30, 2016 12/14


http://dx.doi.org/10.1016/j.immuni.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26084021
http://dx.doi.org/10.1016/j.imlet.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25662624
http://dx.doi.org/10.1016/j.immuni.2005.09.015
http://www.ncbi.nlm.nih.gov/pubmed/16286016
http://dx.doi.org/10.1111/all.12655
http://dx.doi.org/10.4049/jimmunol.1301465
http://www.ncbi.nlm.nih.gov/pubmed/24043894
http://dx.doi.org/10.1111/all.12388
http://dx.doi.org/10.1111/all.12388
http://www.ncbi.nlm.nih.gov/pubmed/24735452
http://dx.doi.org/10.4049/jimmunol.1000730
http://www.ncbi.nlm.nih.gov/pubmed/20693421
http://dx.doi.org/10.1073/pnas.1201042109
http://www.ncbi.nlm.nih.gov/pubmed/22331917
http://dx.doi.org/10.1073/pnas.1206587110
http://www.ncbi.nlm.nih.gov/pubmed/23248269
http://dx.doi.org/10.15252/embj.201489456
http://www.ncbi.nlm.nih.gov/pubmed/25398911

@° PLOS | ONE

GM-CSF Mediates IL-33-Induced Eosinophil Survival

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Suzukawa M, Koketsu R, likura M, Nakae S, Matsumoto K, Nagase H, et al. (2008) Interleukin-33
enhances adhesion, CD11b expression and survival in human eosinophils. Lab Invest 88: 1245-1253.
doi: 10.1038/labinvest.2008.82 PMID: 18762778

Brestoff JR, Kim BS, Saenz SA, Stine RR, Monticelli LA, Sonnenberg GF, et al. (2015) Group 2 innate
lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature 519: 242-246. doi:
10.1038/nature14115 PMID: 25533952

Molofsky AB, Van Gool F, Liang HE, Van Dyken SJ, Nussbaum JC, Lee J, et al. (2015) Interleukin-33
and Interferon-gamma Counter-Regulate Group 2 Innate Lymphoid Cell Activation during Immune Per-
turbation. Immunity.

Hashiguchi M, Kashiwakura Y, Kojima H, Kobayashi A, Kanno Y, Kobata T (2015) IL-33 activates
eosinophils of visceral adipose tissue both directly and via innate lymphoid cells. Eur J Immunol 45:
876-885. doi: 10.1002/€ji.201444969 PMID: 25504587

Gessner A, Mohrs K, Mohrs M (2005) Mast cells, basophils, and eosinophils acquire constitutive IL-4
and IL-13 transcripts during lineage differentiation that are sufficient for rapid cytokine production. J
Immunol 174:1063—1072. doi: 10.4049/jimmunol.174.2.1063 PMID: 15634931

Wu D, Molofsky AB, Liang HE, Ricardo-Gonzalez RR, Jouihan HA, Bando JK, et al. (2011) Eosinophils
sustain adipose alternatively activated macrophages associated with glucose homeostasis. Science
332:243-247. doi: 10.1126/science.1201475 PMID: 21436399

Heredia JE, Mukundan L, Chen FM, Mueller AA, Deo RC, Locksley RM, et al. (2013) Type 2 innate sig-
nals stimulate fibro/adipogenic progenitors to facilitate muscle regeneration. Cell 153: 376-388. doi:
10.1016/j.cell.2013.02.053 PMID: 23582327

Goh YP, Henderson NC, Heredia JE, Red Eagle A, Odegaard JI, Lehwald N, et al. (2013) Eosinophils
secrete |L-4 to facilitate liver regeneration. Proc Natl Acad SciU S A 110: 9914-9919. doi: 10.1073/
pnas.1304046110 PMID: 23716700

Adachi O, Kawai T, Takeda K, Matsumoto M, Tsutsui H, Sakagami M, et al. (1998) Targeted disruption
of the MyD88 gene results in loss of IL-1- and IL-18-mediated function. Immunity 9: 143—150. doi: 10.
1016/S1074-7613(00)80596-8 PMID: 9697844

Hoshino K, Kashiwamura S, Kuribayashi K, Kodama T, Tsujimura T, Nakanishi K, et al. (1999) The
absence of interleukin 1 receptor-related T1/ST2 does not affect T helper cell type 2 development and
its effector function. J Exp Med 190: 1541-1548. PMID: 10562328

McKenzie GJ, Fallon PG, Emson CL, Grencis RK, McKenzie AN (1999) Simultaneous disruption of
interleukin (IL)-4 and IL-13 defines individual roles in T helper cell type 2-mediated responses. J Exp
Med 189: 1565-1572. doi: 10.1084/jem.189.10.1565 PMID: 10330435

Dyer KD, Moser JM, Czapiga M, Siegel SJ, Percopo CM, Rosenberg HF (2008) Functionally compe-
tent eosinophils differentiated ex vivo in high purity from normal mouse bone marrow. J Immunol 181:
4004-4009. doi: 10.4049/jimmunol.181.6.4004 PMID: 18768855

Huber S, Hoffmann R, Muskens F, Voehringer D (2010) Alternatively activated macrophages inhibit T-
cell proliferation by Stat6-dependent expression of PD-L2. Blood 116: 3311-3320. doi: 10.1182/
blood-2010-02-271981 PMID: 20625006

Schwartz C, Willebrand R, Huber S, Rupec RA, Wu D, Locksley R, et al. (2015) Eosinophil-specific
deletion of IkappaBalpha in mice reveals a critical role of NF-kappaB-induced Bcl-xL for inhibition of
apoptosis. Blood 125: 3896—-3904. doi: 10.1182/blood-2014-10-607788 PMID: 25862560

Dibbert B, Daigle |, Braun D, Schranz C, Weber M, Blaser K, et al. (1998) Role for Bcl-xL in delayed
eosinophil apoptosis mediated by granulocyte-macrophage colony-stimulating factor and interleukin-
5. Blood 92: 778-783. PMID: 9680344

Voehringer D, van Rooijen N, Locksley RM (2007) Eosinophils develop in distinct stages and are
recruited to peripheral sites by alternatively activated macrophages. J Leukoc Biol 81: 1434—1444.
doi: 10.1189/jlb.1106686 PMID: 17339609

Zimmermann N, McBride ML, Yamada Y, Hudson SA, Jones C, Cromie KD, et al. (2008) Siglec-F anti-
body administration to mice selectively reduces blood and tissue eosinophils. Allergy 63: 1156—1163.
doi: 10.1111/1.1398-9995.2008.01709.x PMID: 18699932

Song DJ, Cho JY, Lee SY, Miller M, Rosenthal P, Soroosh P, et al. (2009) Anti-Siglec-F antibody
reduces allergen-induced eosinophilic inflammation and airway remodeling. J Immunol 183: 5333—
5341. doi: 10.4049/jimmunol.0801421 PMID: 19783675

Zhang M, Angata T, Cho JY, Miller M, Broide DH, Varki A (2007) Defining the in vivo function of Siglec-
F, a CD33-related Siglec expressed on mouse eosinophils. Blood 109: 4280-4287. doi: 10.1182/
blood-2006-08-039255 PMID: 17272508

Na HJ, Hudson SA, Bochner BS (2012) IL-33 enhances Siglec-8 mediated apoptosis of human eosino-
phils. Cytokine 57: 169—174. doi: 10.1016/j.cyt0.2011.10.007 PMID: 22079334

PLOS ONE | DOI:10.1371/journal.pone.0163751

September 30, 2016 13/14


http://dx.doi.org/10.1038/labinvest.2008.82
http://www.ncbi.nlm.nih.gov/pubmed/18762778
http://dx.doi.org/10.1038/nature14115
http://www.ncbi.nlm.nih.gov/pubmed/25533952
http://dx.doi.org/10.1002/eji.201444969
http://www.ncbi.nlm.nih.gov/pubmed/25504587
http://dx.doi.org/10.4049/jimmunol.174.2.1063
http://www.ncbi.nlm.nih.gov/pubmed/15634931
http://dx.doi.org/10.1126/science.1201475
http://www.ncbi.nlm.nih.gov/pubmed/21436399
http://dx.doi.org/10.1016/j.cell.2013.02.053
http://www.ncbi.nlm.nih.gov/pubmed/23582327
http://dx.doi.org/10.1073/pnas.1304046110
http://dx.doi.org/10.1073/pnas.1304046110
http://www.ncbi.nlm.nih.gov/pubmed/23716700
http://dx.doi.org/10.1016/S1074-7613(00)80596-8
http://dx.doi.org/10.1016/S1074-7613(00)80596-8
http://www.ncbi.nlm.nih.gov/pubmed/9697844
http://www.ncbi.nlm.nih.gov/pubmed/10562328
http://dx.doi.org/10.1084/jem.189.10.1565
http://www.ncbi.nlm.nih.gov/pubmed/10330435
http://dx.doi.org/10.4049/jimmunol.181.6.4004
http://www.ncbi.nlm.nih.gov/pubmed/18768855
http://dx.doi.org/10.1182/blood-2010-02-271981
http://dx.doi.org/10.1182/blood-2010-02-271981
http://www.ncbi.nlm.nih.gov/pubmed/20625006
http://dx.doi.org/10.1182/blood-2014-10-607788
http://www.ncbi.nlm.nih.gov/pubmed/25862560
http://www.ncbi.nlm.nih.gov/pubmed/9680344
http://dx.doi.org/10.1189/jlb.1106686
http://www.ncbi.nlm.nih.gov/pubmed/17339609
http://dx.doi.org/10.1111/j.1398-9995.2008.01709.x
http://www.ncbi.nlm.nih.gov/pubmed/18699932
http://dx.doi.org/10.4049/jimmunol.0801421
http://www.ncbi.nlm.nih.gov/pubmed/19783675
http://dx.doi.org/10.1182/blood-2006-08-039255
http://dx.doi.org/10.1182/blood-2006-08-039255
http://www.ncbi.nlm.nih.gov/pubmed/17272508
http://dx.doi.org/10.1016/j.cyto.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22079334

@° PLOS | ONE

GM-CSF Mediates IL-33-Induced Eosinophil Survival

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Kurowska-Stolarska M, Stolarski B, Kewin P, Murphy G, Corrigan CJ, Ying S, et al. (2009) IL-33 ampli-
fies the polarization of alternatively activated macrophages that contribute to airway inflammation. J
Immunol 183: 6469-6477. doi: 10.4049/jimmunol.0901575 PMID: 19841166

limarinen P, Moilanen E, Kankaanranta H (2014) Regulation of spontaneous eosinophil apoptosis-a
neglected area of importance. J Cell Death 7: 1-9. doi: 10.4137/JCD.S13588 PMID: 25278781

Cherry WB, Yoon J, Bartemes KR, lijima K, Kita H (2008) A novel IL-1 family cytokine, IL-33, potently
activates human eosinophils. J Allergy Clin Immunol 121: 1484—1490. doi: 10.1016/j.jaci.2008.04.005
PMID: 18539196

Takanaski S, Nonaka R, Xing Z, O'Byrne P, Dolovich J, Jordana M (1994) Interleukin 10 inhibits lipo-
polysaccharide-induced survival and cytokine production by human peripheral blood eosinophils. J
Exp Med 180: 711-715. doi: 10.1084/jem.180.2.711 PMID: 8046346

Meerschaert J, Busse WW, Bertics PJ, Mosher DF (2000) CD14(+) cells are necessary for increased
survival of eosinophils in response to lipopolysaccharide. Am J Respir Cell Mol Biol 23: 780-787. doi:
10.1165/ajrcmb.23.6.4171 PMID: 11104731

Griseri T, Arnold IC, Pearson C, Krausgruber T, Schiering C, Franchini F, et al. (2015) Granulocyte
Macrophage Colony-Stimulating Factor-Activated Eosinophils Promote Interleukin-23 Driven Chronic
Colitis. Immunity 43: 187-199. doi: 10.1016/j.immuni.2015.07.008 PMID: 26200014

Junttila IS, Watson C, Kummola L, Chen X, Hu-Li J, Guo L, et al. (2013) Efficient cytokine-induced IL-
13 production by mast cells requires both IL-33 and IL-3. J Allergy Clin Immunol 132: 704-712 e710.
doi: 10.1016/j.jaci.2013.03.033 PMID: 23683462

ZhuY, Chen L, Huang Z, Alkan S, Bunting KD, Wen R, et al. (2004) Cutting edge: IL-5 primes Th2 cyto-
kine-producing capacity in eosinophils through a STAT5-dependent mechanism. J Immunol 173:
2918-2922. doi: 10.4049/jimmunol.173.5.2918 PMID: 15322148

Throsby M, Herbelin A, Pleau JM, Dardenne M (2000) CD11c+ eosinophils in the murine thymus:
developmental regulation and recruitment upon MHC class I-restricted thymocyte deletion. J Immunol
165: 1965—-1975. doi: 10.4049/jimmunol.165.4.1965 PMID: 10925279

Carlens J, Wahl B, Ballmaier M, Bulfone-Paus S, Forster R, Pabst O (2009) Common gamma-chain-
dependent signals confer selective survival of eosinophils in the murine small intestine. J Immunol
183: 5600-5607. doi: 10.4049/jimmunol.0801581 PMID: 19843944

Ohnmacht C, Pullner A, van Rooijen N, Voehringer D (2007) Analysis of eosinophil turnover in vivo
reveals their active recruitment to and prolonged survival in the peritoneal cavity. J Immunol 179:
4766-4774. doi: 10.4049/jimmunol.179.7.4766 PMID: 17878375

McMillan SJ, Richards HE, Crocker PR (2014) Siglec-F-dependent negative regulation of allergen-
induced eosinophilia depends critically on the experimental model. Immunol Lett 160: 11-16. doi: 10.
1016/j.imlet.2014.03.008 PMID: 24698729

Macauley MS, Crocker PR, Paulson JC (2014) Siglec-mediated regulation of immune cell function in
disease. Nat Rev Immunol 14:653-666. doi: 10.1038/nri3737 PMID: 25234143

Munitz A, McBride ML, Bernstein JS, Rothenberg ME (2008) A dual activation and inhibition role for
the paired immunoglobulin-like receptor B in eosinophils. Blood 111: 5694-5703. doi: 10.1182/blood-
2007-12-126748 PMID: 18316626

PLOS ONE | DOI:10.1371/journal.pone.0163751

September 30, 2016 14/14


http://dx.doi.org/10.4049/jimmunol.0901575
http://www.ncbi.nlm.nih.gov/pubmed/19841166
http://dx.doi.org/10.4137/JCD.S13588
http://www.ncbi.nlm.nih.gov/pubmed/25278781
http://dx.doi.org/10.1016/j.jaci.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18539196
http://dx.doi.org/10.1084/jem.180.2.711
http://www.ncbi.nlm.nih.gov/pubmed/8046346
http://dx.doi.org/10.1165/ajrcmb.23.6.4171
http://www.ncbi.nlm.nih.gov/pubmed/11104731
http://dx.doi.org/10.1016/j.immuni.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26200014
http://dx.doi.org/10.1016/j.jaci.2013.03.033
http://www.ncbi.nlm.nih.gov/pubmed/23683462
http://dx.doi.org/10.4049/jimmunol.173.5.2918
http://www.ncbi.nlm.nih.gov/pubmed/15322148
http://dx.doi.org/10.4049/jimmunol.165.4.1965
http://www.ncbi.nlm.nih.gov/pubmed/10925279
http://dx.doi.org/10.4049/jimmunol.0801581
http://www.ncbi.nlm.nih.gov/pubmed/19843944
http://dx.doi.org/10.4049/jimmunol.179.7.4766
http://www.ncbi.nlm.nih.gov/pubmed/17878375
http://dx.doi.org/10.1016/j.imlet.2014.03.008
http://dx.doi.org/10.1016/j.imlet.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24698729
http://dx.doi.org/10.1038/nri3737
http://www.ncbi.nlm.nih.gov/pubmed/25234143
http://dx.doi.org/10.1182/blood-2007-12-126748
http://dx.doi.org/10.1182/blood-2007-12-126748
http://www.ncbi.nlm.nih.gov/pubmed/18316626

