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Summary

T helper type 2 (Th2) cells, type 2 innate lymphoid cells (ILC2s) and

eosinophil progenitors have previously been described to produce inter-

leukin-5 (IL-5) in the airways upon allergen provocation or by direct

administration of IL-33. Eosinophilic airway inflammation is known to be

associated with IL-5-dependent eosinophil development in the bone mar-

row, however, the source of IL-5 remains unclear. T helper cells, ILC2s

and CD34+ progenitors have been proposed to be involved in this pro-

cess, therefore, we investigated whether these cells are taking part in

eosinophilopoiesis by producing IL-5 locally in the bone marrow in IL-33-

driven inflammation. Airway exposure with IL-33 led to eosinophil

infiltration in airways and elevated eotaxin-2/CCL24. Importantly, IL-5

production as well as expression of the IL-33 receptor increased in ILC2s

in the bone marrow under this treatment. A small but significant induc-

tion of IL-5 was also found in CD34+ progenitors but not in T helper

cells. Similar results were obtained by in vitro stimulation with IL-33

where ILC2s rapidly produced large amounts of IL-5, which coincided

with the induction of eosinophil hematopoiesis. IL-33-mediated eosinophil

production was indeed dependent on IL-5 as both airway and bone mar-

row eosinophils decreased in mice treated with anti-IL-5 in combination

with IL-33. Interestingly, the responsiveness of ILC2s to IL-33 as well as

IL-33-induced eotaxin-2/CCL24 were independent of the levels of IL-5. In

summary, we demonstrate for the first time that IL-33 acts directly on

bone marrow ILC2s, making them an early source of IL-5 and part of a

process that is central in IL-33-driven eosinophilia.
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Introduction

Eosinophils are granulocytes that are involved in host

defence against parasites and play a central role in the

pathogenesis of allergic diseases.1,2 They develop in the

bone marrow, from CD34+ hematopoietic progenitor

cells, in a process tightly regulated by interleukin-3 (IL-

3), granulocyte–macrophage colony-stimulating factor

and IL-5.3 Although many factors contribute to the

development of eosinophils, IL-5 is essential for matura-

tion, survival, proliferation and priming for migration to

target tissues.2,4 Similarly, eotaxin-1/CCL11 and eotaxin-

2/CCL24, ligands for the cell surface CC-chemokine

receptor 3 (CCR3), regulate eosinophil homing to tissues

both in cooperation with IL-5 and through IL-5-indepen-

dent pathways.4–6 IL-5 is typically considered a product

of type 2 polarized T helper (Th) cells, however, eosino-

phils and their progenitor cells also produce a wide range

of cytokines that influence hematopoietic differentiation,

including IL-5.7–11 IL-5 is also produced by other innate

immune cells, and during the last decade, type 2 innate

lymphoid cells (ILC2s) have emerged as a new important

Abbreviations: BAL, bronchoalveolar lavage; CCR3, CC-chemokine receptor 3; ILC, innate lymphoid cell; IL, interleukin; rm,
recombinant murine; Th, T helper; WT, wild-type
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source of type 2 cytokines in response to IL-33.12–15 A

positive relationship between IL-33 and eosinophilia has

been demonstrated in several studies, including reports

of lower baseline levels of eosinophils in peripheral blood

in gene knockout mice that lack IL-33 or the IL-33

receptor ST2.16 Moreover, studies of ST2-deficient mice

in allergic inflammatory settings have revealed that dis-

ruption of IL-33 signalling pathways results in impaired

eosinophilic airway inflammation and reduced levels of

type 2 cytokines upon allergen challenge.17 Interestingly,

it was recently shown that IL-33 not only supports IL-5

production but also promotes eosinophil development by

enhancing IL-5 receptor (IL5Ra) expression in early ST2-

expressing precursor cells in the bone marrow.16 How-

ever, several aspects of IL-5-driven eosinophilopoiesis still

remain unresolved, including the cellular source of IL-5

in the bone marrow. It has proved challenging to dissect

the exact pathways by which cellular subtypes regulate

specific hematopoietic processes and several different cell

types have been suggested to be involved in the IL-5 pro-

duction in the bone marrow.7,10,18 Interestingly, one

study that found increased IL-5 in bone marrow after

allergen challenge demonstrated that CD3+ T cells were

the major IL-5-producing cell type in sensitized mice,

whereas CD34+ cells were responsible for the IL-5-pro-

duction in the bone marrow at baseline in non-sensitized

mice.10 Other studies have also linked T cells to bone

marrow IL-5 where increased numbers of IL-5+ CD3+

cells were detected in bone marrow aspirates from indi-

viduals with allergic asthma after airway allergen chal-

lenge,19 and adoptive transfer of IL-5 transgenic CD3+

lymphocytes resulted in increased bone marrow eosino-

philia in allergen sensitized and challenged mice.20 In

addition to IL-5, T cells in the bone marrow are also

important mediators of progenitor differentiation by

secretion of IL-3 and granulocyte–macrophage colony-sti-

mulating factor.21 Indeed, T-cell-deficient mice have been

reported to accumulate myeloid progenitors in the bone

marrow, which was reversed by reconstitution of the

CD4+ Th cell pool.22 However, a role of Th cells in the

bone marrow in eosinophilic inflammation that is not

driven by an adaptive allergic response has not yet been

reported. Furthermore, although there is evidence for a

contribution of ILC2s in eosinophilic airway inflamma-

tion, their role in the bone marrow remains to be deter-

mined. In this study, we compared the ability of Th cells,

CD34+ progenitors and ILC2s to produce IL-5 in vivo in

the bone marrow using a model of IL-33-driven

eosinophilia. We demonstrate that IL-33-induced eosino-

philic airway inflammation is accompanied by increased

eosinophils in the bone marrow, where ST2 expression

was identified on early CD34+ progenitors, a subset of

Th cells and on all ILC2s in the bone marrow. Th cells

and ILC2s, but not CD34+ progenitors, up-regulated ST2

expression upon IL-33, however, IL-5 production only

increased in CD34+ progenitors and ILC2s in response to

IL-33 in vivo and in vitro. Importantly, ILC2s responded

more rapidly and strongly towards IL-33 than the CD34+

progenitors did, and culture supernatants of IL-33 stimu-

lated ILC2s increased CD34+ IL5Ra+ eosinophil progeni-

tors in naive bone marrow cultures. Hence, we propose

that IL-33 and ILC2s, in addition to IL-5, are important

regulators of eosinophil development in the bone

marrow.

Materials and methods

Mice

Wild-type (WT) C57BL/6J mice were purchased from

Charles River (Sulzfeld, Germany) and housed in patho-

gen-free conditions where they were given food and water

ad libitum. Male mice between 8 and 11 weeks of age were

included in the study. All procedures were approved by the

Animal Ethics Committee at the University of Gothenburg,

Gothenburg, Sweden (permit number 126/14).

IL-33-induced airway inflammation

IL-33-driven inflammation was induced as previously

described.14,15 Briefly, naive mice were given 1 lg recom-

binant murine IL-33 (rmIL-33; PeproTech, Rocky Hill,

NJ) in PBS on days 1, 3 and 5 by intranasal administra-

tion. Control mice were given PBS. Samples were col-

lected on day 6, 24 hr after the final challenge. In some

experiments, mice were given 50 lg anti-mouse IL-5 anti-

bodies or isotype control (BD Biosciences, San Jose, CA)

by intraperitoneal injection 1 hr before the first intranasal

challenge, and in some experiments, mice were given

50 lg anti-mouse eotaxin-2/CCL24 antibodies or isotype

control (R&D Systems, Minneapolis, MN) by intranasal

administration 1 hr before all three intranasal challenges

with IL-33.

Collection of blood, bronchoalveolar lavage and bone
marrow

Sample collection was performed as previously described

in detail in Johansson et al.15 Blood was collected in

tubes containing 2 mM EDTA (Sigma-Aldrich, St Louis,

MO) in PBS for differential cell count or in empty tubes

for serum processing. Bronchoalveolar lavage (BAL) was

collected from tracheotomized mice by instillation of ster-

ile PBS followed by gentle aspiration. Mediators were

analysed in cell-free BAL, and BAL cells were processed

for differential cell count. Bone marrow cells from left

and right femurs were flushed out with 10 ml wash buffer

(2% fetal calf serum in PBS) and further processed for

flow cytometric analysis, in vitro stimulation or differen-

tial cell count.
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Differential cell count

Bone marrow cells and whole blood were lysed with red

blood cell lysis solution consisting of 0�1 mM EDTA (Sigma-

Aldrich) in distilled water supplemented with 0�8% NH4Cl

(Merck Chemicals, Darmstadt, Germany) and incubated on

ice for 10 min. Eosinophils were identified by histological

examination of cytospin preparations (as previously

described in ref. 15) from bone marrow, blood and BAL that

were stained with Hemacolor Rapid stain (Merck Chemicals)

according to the manufacturer’s protocol.

Cytokine and chemokine analysis

Mediator levels in cell-free BAL (eotaxin-1/CCL11,

eotaxin-2/CCL24 and TARC/CCL17), serum (eotaxin-1/

CCL11, eotaxin-2/CCL24 and IL-5) and ILC2 culture

supernatants (IL-5) were analysed using DuoSet� ELISA

kits (R&D Systems) according to the manufacturer’s pro-

tocol. Absorbance was measured on a VarioskanTM LUX

multimode microplate reader (ThermoFisher Scientific,

Vantaa, Finland).

Flow cytometric analysis of bone marrow cells

Following red blood cell lysis, bone marrow cells were incu-

bated 15 min on ice with 2% mouse serum (Dako, Glostrup,

Denmark). Antibodies for surface antigens were incubated for

30 min at 4° in the dark, followed by fixation with 4%

paraformaldehyde 15 min at room temperature (dark). Cells

were washed in wash buffer and immediately analysed on a BD

FACSVerseTM Flow Cytometer running BD FACSUITETM soft-

ware (BD Biosciences). For analysis of intracellular IL-5, all

steps in the staining procedure were performed with solutions

supplemented with monensin (4 ll/6 ml), a protein transport

inhibitor (BD GolgiStopTM; BD Biosciences) until fixation of

cells. After fixation, cells were washed with wash buffer and per-

meabilized with 0�1% saponin (Sigma-Aldrich) in Hanks’ bal-

anced salt solution (HyCloneTM; GE Healthcare Life Sciences,

South Logan, UT). Antibodies for intracellular antigens were

incubated for 40 min at room temperature (dark) followed by

washing and flow cytometric analysis. Data were analysed with

FLOWJO Software (Tree Star Inc, Ashland, OR). Gating strategies

and antibodies for flow cytometry are shown in the Supple-

mentary material (Fig. S1 and Table S1, respectively).

In vitro stimulation of bone marrow cells

Bone marrow cells from naive mice were subjected to red

blood cell lysis, counted and seeded at a concentration of

1 9 106/ml in complete cell culture medium (RPMI-1640

medium, 10% fetal calf serum, 2 mM L-glutamine, 100 U/

ml penicillin, 100 lg/ml streptomycin, 55 lM 2-mercap

toethanol). Then, 100 ng/ml rmIL-33 (PeproTech) was

added to stimulated wells. Cells were stimulated for 3, 6, 12

and 24 hr before harvest for intracellular FACS analysis of

IL-5. Monensin (BD GolgiStopTM) was added (4 ll/6 ml)

3 hr before harvest to all wells.

ILC2 sorting and stimulation

Following red blood cell lysis, bone marrow cells were

seeded in tissue culture flasks for 4 hr in complete cell cul-

ture medium for removal of adherent cells. Lineage-

negative cells were enriched from suspension cells by

magnetic depletion according to the manufacturer’s proto-

col (Lineage Cell Depletion Kit, MACS; Miltenyi Biotec,

Bergisch Gladbach, Germany). The lineage negative frac-

tion was seeded overnight at a concentration of

1 9 106 cells/ml in complete cell culture medium supple-

mented with rmIL-2 and rmIL-7 (PeproTech; 50 ng/ml of

each). Cells were harvested the following day and antibod-

ies for surface antigens were incubated for 30 min followed

by one wash in PBS supplemented with 1% fetal calf serum,

and immediately subjected to FACS sorting on a BD FACS

Aria Flow Cytometer running BD FACS DIVA version 6.0 Soft-

ware. Sorted ILC2s (Lin� CD45+ ICOS+ CD25+ ST2+)

were seeded (3500–4800/well) in 200 ll complete cell cul-

ture medium supplemented with rmIL-2, rmIL-7, rmIL-25

(R&D Systems), rmIL-33 (50 ng/ml of each) and recombi-

nant murine thymic stromal lymphopoietin (R&D Systems;

20 ng/ml). Cells were allowed to expand over 14 days while

fresh culture medium was added every other day. The

expanded ILC2s were rested in complete cell culturemedium

supplemented with rmIL-2 and rmIL-7 (50 ng/ml of each)

for 2 days before stimulation with rmIL-33 (100 ng/ml)

for 20 hr and cell-free supernatants were stored for IL-5

measurements. In some experiments, cell-free culture

supernatants from IL-33-stimulated ILC2s were added at

a concentration of 5% (corresponding to a final

concentration of approximately 25 ng/ml IL-5) to naive

bone marrow cells. Unstimulated controls were given

plain culture media, the bone marrow cells were cul-

tured for 9 hr followed by FACS analysis of eosinophil

progenitors.

Statistical analysis

Statistical testing by non-parametric Mann–Whitney

U-test or paired t-test was performed using GRAPHPAD

PRISM 6 software (GraphPad Software Inc, La Jolla, CA).

Statistical significance was defined as *P < 0�05,
**P < 0�01 and ***P < 0�001.

Results

IL-33 elicits airway, blood and bone marrow
eosinophilia in vivo

We and others have previously shown that exogenous IL-33

administration by intraperitoneal injection or by intranasal
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route (Fig. 1a) gives rise to elevated eosinophils in circulat-

ing blood and in peripheral sites such as the lung and

BAL.14–16,23,24 Consistent with these reports, mice that were

given intranasal IL-33 demonstrated significantly increased

eosinophil numbers in the bone marrow (Fig. 1b,c), blood

(Fig. 1d) and BAL (Fig. 1e) as determined by differential cell

count (representative contrast stained cells in Fig. 1b). Anal-

ysis of eosinophil-attracting chemokines in serum (Fig. 1f,g)

and BAL (Fig. 1h,i) revealed that IL-33-challenged mice had

elevated levels of eotaxin-2/CCL24, but not eotaxin-1/

CCL11, in the circulation and locally in the airways, indicat-

ing that bone marrow eosinophils are recruited to the

airways in response to IL-33. Indeed, pre-treatment with

anti-eotaxin-2/CCL24 antibodies 1 hr before IL-33 chal-

lenges decreased BAL eosinophils (Fig. 1j).

IL-33 promotes eosinophil maturation in the bone
marrow

To investigate eosinophil hematopoiesis locally in the bone

marrow under IL-33 treatment, bone marrow cells from

IL-33-challenged mice or PBS-treated controls were iso-

lated and analysed by flow cytometry (Fig. 2a; gating

strategies of bone marrow populations are outlined in the

Supplementary material, Fig. S1a–c). Flow cytometric anal-

ysis of mature eosinophils, defined as CD45+

SSChi CD34� IL5Ralo CCR3hi cells, confirmed a marked

increase in IL-33-challenged mice (Fig. 2b). These cells

expressed high levels of the eotaxin receptor, CCR3, allow-

ing the mature eosinophils to migrate to the airways in

response to increased eotaxin expression. In addition, the

mature eosinophils expressed high levels of Siglec-F, a well-

characterized marker of murine eosinophils, demonstrating

that the phenotype is consistent with other studies of eosi-

nophils in mice (see Supplementary material, Fig. S1a).

CD34+ progenitor cells (CD45+ SSClo CD34+) were also

found at significantly increased numbers in the bone mar-

row of IL-33-challenged mice (Fig. 2c), however, no differ-

ences were found in the levels of immature eosinophils,

defined as CD45+ SSCint CD34� IL5Rahi CCR3neg/lo cells,

at this time point (Fig. 2b).

IL-33 alters the number of Th cells but not ILC2s in
the bone marrow

Further examination of non-eosinophilic bone marrow

populations demonstrated that IL-33 administration had

no effect on the proportion of ILC2s (CD45+ SSClo
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Figure 1. IL-33 elicits airway, blood and bone

marrow eosinophilia. (a) Experimental model

of IL-33-induced inflammation. (b) Contrast-

stained cells; arrows indicate eosinophils. (c)

Percentage eosinophils in bone marrow, and

total eosinophils in blood (d) and bron-

choalveolar lavage (BAL) (e) from IL-33- or

PBS-treated mice. Eotaxin-1/CCL11 (f) and

eotaxin-2/CCL24 (g) protein levels in serum,

and eotaxin-1/CCL11 (h) and eotaxin-2/CCL24

(i) protein levels in BAL from IL-33- or PBS-

treated mice. (j) Percentage eosinophils in BAL

from mice treated with IL-33 in combination

with anti-eotaxin-2/CCL24 (aEot-2) or isotype

control. Data are shown as means (�SEM in

f–i) (n = 4 to n = 14 per group). *P < 0�05,
**P < 0�01, and ***P < 0�001. [Colour figure

can be viewed at wileyonlinelibrary.com]
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Lin� IL7Ra+ IL2Ra+) in the bone marrow (Fig. 2d). How-

ever, Th cells (CD45+ SSClo CD3+ CD4+) decreased upon

IL-33 challenge (Fig. 2e), which opens the possibility that IL-

33 might be involved in T-cell trafficking. Interestingly,

expression of the T-cell activation marker, IL-2Ra/CD25,
increased on bone marrow Th cells in IL-33-challenged mice

compared with PBS-treated controls (see Supplementary

material, Fig. S2a–c). However, although the percentage of

CD25-expressing cells increased, the total number of activated

CD25+ Th cells decreased in the bone marrow upon IL-33

challenge (see Supplementary material, Fig. S2d), suggesting

that Th cells leave the bone marrow upon activation. At the

same time, elevated levels of the T-cell chemoattractant,

TARC/CCL17, were found in the airways of IL-33-challenged

mice (see Supplementary material, Fig. S2e), which further

supports the possibility that IL-33 induces T-cell migration.

Mature eosinophils, ILC2s and Th cells in bone
marrow respond to IL-33 through IL33R/ST2

To examine whether the investigated bone marrow popu-

lations have the ability to respond directly to IL-33

signalling, we analysed expression of the IL-33 receptor

(ST2). ST2 expression was found on a majority of mature

eosinophils (Fig. 3a,b), a population that expanded upon

IL-33 challenge. In sharp contrast, no ST2-positive cells

were found among immature eosinophils (Fig. 3b). How-

ever, a subpopulation of CD34+ progenitors displayed

positive ST2 expression (Fig. 3b), although the expression

remained unchanged in response to IL-33 challenge.

Interestingly, Johnston et al.16 recently described how ST2

expression on bone marrow precursors precedes IL5Ra
expression. Consistent with this, expression analysis of

the progenitor marker, CD34, in combination with

IL5Ra, demonstrated a distinct ST2-expressing subpopu-

lation of early progenitors that have not committed to

the eosinophil lineage (CD34+ IL5Ra�) (see Supplemen-

tary material, Fig. S3a–d). As these cells commit, seen by

decreasing CD34 and increasing IL5Ra expression, ST2

expression drops drastically (see Supplementary material,

Fig. S3d), and among cells that have lost CD34 expres-

sion, but demonstrate high IL5Ra, ST2 expression was

completely absent (see Supplementary material, Fig. S3d).

As a further indicator of eosinophil differentiation,
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expression of the eotaxin receptor CCR3 was highest in

the presumed late CD34� IL5Ra+ cell population com-

pared with CD34+ cells (see Supplementary material,

Fig. S3e). Whereas a slight increase of CD34+ IL5Ra�

cells was found under IL-33 treatment, the number of

CD34+ IL5Ra+ and CD34� IL5Ra+ cells remained the

same in IL-33-challenged mice and PBS-treated control

mice (see Supplementary material, Fig. S3b).

Among the cell populations examined, ILC2s showed

the highest ST2 expression (Fig. 3a). Indeed, all lineage-

negative cells expressing the IL-2 and IL-7 receptors in

the bone marrow were ST2+ cells (Fig. 3b), and the den-

sity of the receptor on the cell surface increased three-fold

in response IL-33 administration (Fig. 3c). A subpopula-

tion of Th cells also expressed ST2 (Fig. 3b,c), which

increased in IL-33-challenged mice compared with PBS-

treated mice, suggesting that IL-33 might act directly on

Th cells to induce chemotaxis to peripheral sites of

inflammation.

IL-33-induced eosinophil production, but not
recruitment, is dependent on IL-5

As a result of airway administration of IL-33, significantly

elevated levels of IL-5 were found systemically in serum

(Fig. 4a). Importantly, by pre-treating mice with anti-IL-5

antibodies 1 hr before the first intranasal IL-33 challenge

(Fig. 4b), a significant decrease of eosinophils was found

in the bone marrow (Fig. 4c) and BAL (Fig. 4e). A wider

spread of eosinophils was recorded in the peripheral

blood of IL-33-challenged mice at this time point

(Fig. 4d), however, in PBS-treated control mice, repre-

senting homeostatic conditions, anti-IL-5 treatment led to

a significant decrease of circulating eosinophils, as previ-

ously shown.16 Indeed, consistent with our results, two

recent studies reported elevated IL-5 in the serum of IL-

33-treated mice and where IL-33-induced eosinophilia

was impaired upon neutralization of IL-5.8,16 However,

interestingly, we also found that the expression of

eotaxin-2/CCL24 in serum (Fig. 4f) and BAL (Fig. 4g)

was independent of the levels of IL-5 because no signifi-

cant difference was found in IL-33-challenged mice pre-

treated with anti-IL-5 or isotype control. This suggests

that IL-33-induced eosinophil production, but not

recruitment, is dependent on IL-5. Indeed, lower numbers

of mature bone marrow eosinophils in anti-IL-5-treated

mice were confirmed by flow cytometric analysis (see

Supplementary material, Fig. S4a). Furthermore, no dif-

ferences were found in the numbers of CD34+ progeni-

tors or ILC2s in IL-33-challenged mice under anti-IL-5
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populations in bone marrow from IL-33-treated

or PBS-treated mice. Data are shown as means

(n = 5 to n = 7 per group). *P < 0�05,
**P < 0�01, and ***P < 0�001. [Colour figure

can be viewed at wileyonlinelibrary.com]
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treatment (see Supplementary material, Fig. S4b,c). How-

ever, Th cells accumulated in the bone marrow in lack of

IL-5 (see Supplementary material, Fig. S4d), which indi-

cates an involvement of IL-5 in T-cell trafficking. Indeed,

the elevated levels of the T-cell-recruiting chemokine

TARC/CCL17 in the airways of IL-33-challenged mice

were unaffected by anti-IL-5 treatment (see Supplemen-

tary material, Fig. S2f), suggesting that IL-5 locally in the

bone marrow, might be involved in migration of bone

marrow T cells. ST2 expression was also found to be

affected by the presence of IL-5 in the bone marrow; ST2

expression decreased significantly on mature eosinophils

in anti-IL-5/IL-33-treated mice (see Supplementary mate-

rial, Fig. S4e). Interestingly, the expression of ST2 was

found to increase in CD34+ progenitors in lack of IL-5

(see Supplementary material, Fig. S4f), possibly highlight-

ing the tightly regulated relationship between IL-33 and

IL-5 signalling in bone marrow progenitors. In bone mar-

row ILC2s, ST2 expression (shown as mean fluorescence

index) increased upon IL-33 and this up-regulation was

independent of the levels of IL-5 because no significant

difference was found in ST2 receptor expression in IL-33-

challenged mice that received anti-IL-5 or isotype control

(see Supplementary material, Fig. S4g). This was also the

case for Th cells where no change in ST2 expression was

found in anti-IL-5-treated mice (see Supplementary mate-

rial, Fig. S4h).

ILC2s and CD34+ progenitors, but not Th cells,
produce IL-5 in the bone marrow in vivo

By having identified that different populations in the

bone marrow express ST2, which was altered upon IL-33

challenge, we investigated whether these cell populations

were able to produce IL-5 in IL-33-induced inflammation

in vivo. Interestingly, not previously shown, examination

by intracellular flow cytometry revealed a dramatic

increase of IL-5+ ILC2s in the bone marrow of IL-33-

challenged mice (Fig. 5a). Furthermore, CD34+ progeni-

tor cells were also found to increase their IL-5 production

in response to IL-33 compared with PBS-treated controls

(Fig. 5a), however, no induction of IL-5 was found in Th

cells (Fig. 5a).

Bone marrow ILC2s rapidly produce IL-5 in response
to IL-33 stimulation in vitro

To examine IL-5 production in these populations further,

we set up an in vitro system where naive bone marrow

cells were stimulated with IL-33 for 3, 6, 12 or 24 hr and

analysed by intracellular flow cytometry to monitor IL-5

production over time. These experiments revealed that

the CD34+ progenitors induced a small but significant

increase of IL-5 after 12 hr of IL-33 stimulation, which

was maintained at 24 hr of stimulation (Fig. 5b). Similar
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to the results from the in vivo investigation, no significant

induction of IL-5 was found in Th cells in response to

IL-33 (Fig. 5b). In contrast, an early induction of IL-5

was found in ILC2s, which demonstrated a dramatic

increase of intracellular IL-5 already at 3 hr of IL-33

stimulation (Fig. 5b). The high levels of IL-5+ ILC2s were

maintained at 6 hr and decreased first at 12 hr of stimu-

lation. Interestingly, at the 12 hr time point, ST2 expres-

sion increased by 50% in the ILC2 population, possibly

reflecting a compensatory upregulation of the receptor in

response to decreasing IL-33 levels in the cultures

(Fig. 5d). Importantly, the functional relevance of IL-33-

induced IL-5 production was demonstrated by increas-

ing IL5Ra expression in eosinophil progenitors

(CD34+ IL5Ra+) (Fig. 5c). Indeed, the observed elevation

of IL5Ra receptor intensity coincided with increasing IL-

5+ ILC2s, and at 24 hr of stimulation both ILC2-derived

IL-5 and IL5Ra expression on eosinophil progenitors had

decreased. Further analysis of bone marrow-derived ILC2s

was enabled by FACS sorting followed by in vitro expan-

sion, where ILC2s were found to secrete large amounts of

IL-5 in response to IL-33 (Fig. 6a,b). Importantly, by

adding supernatants from stimulated ILC2 cultures to

naive bone marrow, eosinophil differentiation was

induced as seen by increased numbers of eosinophil pro-

genitors (Fig. 6c) and upregulation of IL5Ra expression

(Fig. 6d). Together, these findings demonstrate that IL-5-

producing ILC2s support IL-33-driven eosinophil hema-

topoiesis in the bone marrow, which adds a previously

unrecognized role of ILC2s in eosinophilic inflammation.

Discussion

In recent years, IL-33 has emerged as a central player in

allergic immune responses where we and others have

demonstrated that IL-33 increases in the airways in mice

upon allergen challenge, which activates inflammatory

cells to release mediators that in turn contribute to the

development of tissue eosinophilia.15,25,26 Importantly, IL-

33 has also been demonstrated to take part in the

immunopathogenesis of human allergy and asthma where

several studies have identified IL33 and IL1RL1 (ST2

gene) to be associated with these diseases.27–31 Indeed,

elevated IL-33 levels have been found in airway samples

from individuals with allergic asthma compared with

healthy controls, where increased IL-33 expression was

correlated with asthma severity.32–34

Although several studies have reported that intranasal

IL-33 delivery in mice results in elevated eosinophil num-

bers in the airways and the circulation, in the current

study we show for the first time a functional effect in the

bone marrow compartment under IL-33 stimulation. We

analysed bone marrow cells by flow cytometry, which

enabled identification of eosinophils of different maturity

as well as IL-5-producing cells. Signalling via IL5Ra and

CCR3 is crucial for eosinophil development and traffick-

ing, therefore commonly used markers for detection of

human and mouse eosinophils.35–37 Analysis of these

receptors proved to be a successful strategy and we were

able to demonstrate that IL-33 administration induced

eosinophil differentiation in the bone marrow.
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Figure 5. Bone marrow type 2 innate lym-

phoid cells (ILC2s) and CD34+ progenitors,

but not T helper (Th) cells, produce inter-

leukin-5 (IL-5) in response to IL-33 in vivo

and in vitro. (a) Percentage IL-5+ progenitors,

ILC2s and Th cells in vivo in bone marrow of

IL-33- or PBS-treated mice. (b) Percentage IL-

5+ progenitors, ILC2s and Th cells of in vitro

stimulated bone marrow cells from naive mice.

Cells were stimulated with IL-33 for 3, 6, 12 or

24 hr or left unstimulated as medium control.

Fold change of IL5Ra expression (MFI) on

eosinophil progenitors (CD34+ IL5Ra+) (c)

and ST2 expression (MFI) on ILC2s (d) in IL-

33 stimulated wells compared with unstimu-

lated wells. Data are shown as means (� SEM

in b–d) (n = 3 to n = 7 per group). *P < 0�05,
**P < 0�01, and ***P < 0�001. [Colour figure

can be viewed at wileyonlinelibrary.com]
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Interestingly, ST2 expression on bone marrow eosinophils

was clearly related to cell maturation as a majority of

mature eosinophils were ST2+, however, no ST2 expres-

sion was found on immature eosinophils. In addition,

although a subpopulation of CD34+ progenitors expressed

ST2, we found a sudden decrease in receptor expression

as soon as the cells were committed to the eosinophil lin-

eage (i.e. acquired IL5Ra expression), suggesting a fine-

tuned interplay between IL-33 and IL-5 in hematopoietic

differentiation, which has been described in further detail

by others.16,24,38 In a recent study, ST2 expression in

mature granulocytes including eosinophils, basophils and

mast cells, was compared with the expression of the ST2

receptor in precursor cells.8 Eosinophil progenitors, baso-

phil progenitors and mast cell progenitors were all found

to express ST2 at higher levels than the mature cells. The

functional relevance of this observation was documented

by increased IL-33-induced cytokine production in vitro

(IL-1b, IL-6, IL-9 and IL-13) by the progenitors com-

pared with the mature granulocytes.8 Importantly, func-

tional implications of ST2 expression on CD34+

progenitors have previously been reported in humans

where CD34+ ST2+ cells in peripheral blood were found

to produce IL-5 in response to IL-33 stimulation.9 This

demonstrates that in addition to being precursors of mye-

loid cells with inflammatory roles, IL-33-responsive

CD34+ cells may themselves act as cytokine-producing

effector cells that contribute to eosinophil development.

Indeed, increased IL-5-producing CD34+ IL5Ra+ cells

were found in sputum from individuals with severe

asthma39 and the number of CD34+ ST2+ cells, along

with mature eosinophils and CD34+ IL5Ra+ progenitors,

increased in the sputum of subjects with allergic asthma

after inhaled allergen challenge.9 Of interest for the cur-

rent study, bone marrow aspirates from individuals with

allergic asthma have shown that even though no differ-

ence was found in CD34+ cell numbers after airway aller-

gen challenge, IL-5-responsive CD34+ IL5Ra+ progenitors

increased significantly in the bone marrow.36,40,41 In our

experimental model of IL-33-driven eosinophilia we

found no significant differences in CD34+ IL5Ra+ cells in

the bone marrow upon IL-33 challenge, however,

the number of CD34+ cells and progenitor-derived

downstream differentiation products such as eosinophils

were detected at significantly increased levels in IL-33-

challenged mice compared with PBS-treated controls,

which suggests that the production of hematopoietic stem

cells in the bone marrow is a highly dynamic yet tightly

regulated process.

In addition to myeloid cells, in our analysis of ST2

expression in bone marrow lymphocytes we found indis-

putably high expression levels in ILC2s and a more

modest ST2+ subpopulation of Th cells. Interestingly, an

ST2-expressing population of lineage� Sca1+ c-Kit�

CD25+ cells has previously been described within the

mouse bone marrow that, consistent with our findings,

was reported to produce IL-5 when cultured in vitro in

the presence of IL-33 and IL-7.42 In our study, in addi-

tion to being ST2+ cells, the ILC2s expressed Sca-1 and

ICOS but mostly negative for c-Kit and KLRG1 (see Sup-

plementary material, Fig. S1b). Furthermore, the number

of ILC2s remained unchanged in the bone marrow of IL-

33-challenged mice compared with PBS-treated control

mice, whereas the Th cells were found at significantly

lower numbers after IL-33 challenge. This finding is in

contrast to the role that was previously suggested for T

lymphocytes in the context of allergen-driven eosinophil-

ia, where allergen challenge is thought to induce traffick-

ing of IL-5-producing T cells to the bone marrow.10,19,43

However, it is likely that different pathways are activated
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upon innate cytokine signalling compared with adaptive

allergen stimulation.

In our model of IL-33-driven eosinophilia, eosinophils

were recruited from the bone marrow to the airways

upon IL-33 challenge. Indeed, we found that IL-33 chal-

lenge alone proved to be sufficient to induce eotaxin-2/

CCL24 expression in the airways of naive mice at compa-

rable levels reported in models of allergen-driven eosino-

philic inflammation,44 and blocking of eotaxin-2/CCL24

by neutralizing antibodies decreased airway eosinophils in

IL-33-challenged mice. Interleukin-33-induced eotaxin-2/

CCL24 production has previously been investigated in

mice, where IL-33 was reported to polarize alveolar macro-

phages toward an alternatively activated phenotype that

were able to produce high levels of eotaxin-2/CCL24 (and

TARC/CCL17) in vitro in response to IL-33 stimulation

together with IL-13.45 Eotaxin-2/CCL24 expression has

been described to be dependent on IL-13,46,47 and we and

others have previously shown that IL-13 is produced by

airway ILC2s in response to IL-33 stimulation in vivo.15,48

It is possible that airway ILC2s are contributing to the

expression of eotaxin-2/CCL24 by producing IL-13 in our

model of IL-33-induced eosinophilia. Interestingly, the

expression of IL-33-induced eotaxin-2/CCL24 was unaf-

fected by neutralizing IL-5 antibodies and no significant

changes in the upregulation of ST2 on bone marrow ILC2s

under anti-IL-5 treatment were found. One might specu-

late that IL-33-responsiveness of airway ILC2s, similar to

ILC2s in the bone marrow, is independent of IL-5. This

would explain the high levels of eotaxin-2/CCL24 that were

maintained under anti-IL-5 treatment.

A recent study claimed that allergen inhalation in a

mouse model caused the release of IL-33 in the airways,

which stimulated production of IL-5 by lung ILC2s; the

IL-5 reached systemically high levels that stimulated eosi-

nophil development in the bone marrow.49 We also

found elevated IL-5 systemically in serum from mice that

were treated with IL-33 compared with PBS-treated mice.

Although we cannot rule out that various tissues such as

the lung might contribute to elevated IL-5 in the circula-

tion, we do believe that there is a local source of IL-5 in

the bone marrow that is driving eosinophil development.

To address this hypothesis, we examined intracellular IL-

5 production in vivo and can for the first time demon-

strate that CD34+ progenitors and ILC2s, but not Th

cells, induce IL-5 locally in the bone marrow in IL-33-

challenged mice. In the in vitro setting, we were able to

monitor IL-5 production over time in these populations

as well as at an earlier time point that might reveal which

cells are involved in the initiation of eosinophil hemato-

poiesis. Indeed, bone marrow ILC2s were the predomi-

nant source of IL-5, which coincided with the expansion

of IL-5-responsive CD34+ eosinophil progenitors.

In conclusion, we conducted a comparative investigation

of three cellular candidates in the bone marrow, known to

produce IL-5 in peripheral blood and airways in the con-

text of eosinophilic inflammation, to determine whether

these cells are supporting eosinophil development locally

in the bone marrow. By examining IL-33-responsiveness

and intracellular IL-5 production we show that although

ST2 receptor expression was found in all three cell types,

ILC2s stood out by rapidly producing large amounts of IL-

5 upon IL-33 stimulation, which induced expansion of

CD34+ IL5Ra+ eosinophil progenitors in vitro. This novel

finding identifies IL-5-producing bone marrow ILC2s as a

new important mediator of IL-33-driven eosinophil devel-

opment, which might have implications in antigen-inde-

pendent induction of eosinophilic asthma.
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