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Targeted deletion of Interleukin-3
results in asthma exacerbations

Julia Kölle,1 Theodor Zimmermann,2 Alexander Kiefer,2 Ralf J. Rieker,3 Paraskevi Xepapadaki,4

Sebastian Zundler,5 Nikolaos G. Papadopoulos,4,6 and Susetta Finotto1,7,*

SUMMARY

The cytokine interleukin-3 (IL-3) acts on early hematopoietic precursor cells. In hu-
mans, Treg cells secrete IL-3 and repress inflammatory cells except for basophils.
The present study aims to elucidate the contribution of IL-3 in the development
and the course of allergic asthma. We therefore analyzed the secretion of IL-3 in
PBMCs and total blood cells in two cohorts of pre-school children with and without
asthma. In amurinemodel of allergic asthma,we analyzed the phenotype of IL-3�/�

mice compared to wild-type mice. PBMCs from asthmatic children showed
increased IL-3 secretion, which directly correlated with improved lung function. IL-
3�/� asthmatic mice showed increased asthmatic traits. Moreover, IL-3-deficient
mice hada defect in T regulatory cells in the lung. In conclusion, IL-3 downregulation
was found associated with more severe allergic asthma in pre-school children.
Consistently, targeting IL-3 resulted in an induced pathophysiological response in
a murine model of allergic asthma.

INTRODUCTION

Asthma bronchiale is a chronic inflammatory disease of the airways that affects millions of people world-

wide. Due to the airway hyperresponsiveness (AHR), the contact with otherwise harmless antigens, like pol-

len, house dust mite, or ovalbumin (OVA), triggers an inflammation of the bronchial mucosa, associated

with increased mucus production, airway remodeling, and bronchospasms. The underlying immunological

mechanisms are heterogeneous, complex, and vary depending on the form and endotype of the asthma

(Lambrecht and Hammad, 2015; Wenzel, 2012; Taher et al., 2010).

During the early phase reaction, allergen re-exposure triggers the cross-linking of IgE antibodies, which are

bound to their specific Fcε receptor on mast cells and basophils. This leads to the release of pre-formed

inflammatory mediators such as histamine, leukotrienes, tryptases, and cytokines, like interleukin (IL)-3,

IL-4, and IL-5 (Gauvreau et al., 2015; van de Veen and Akdis, 2019). The type I hypersensitivity reaction

affected by these mediators implicates the recruitment of T helper 2 (TH2) cells as well as other inflamma-

tory cells, mainly eosinophils, into the site of allergen and causes the characteristic lung inflammation (Hol-

gate et al., 2015; Akdis, 2013; Barnes, 2011).

The cytokine IL-3 is predominantly released by activated T cells, as well as from basophils, eosinophils, and

mast cells (Arai et al., 1990; Celestin et al., 2001; Asquith et al., 2008; Akdis et al., 2016). IL-3 in general acts

as a hematopoietic growth factor in the early phases of the hematopoiesis (Auclair et al., 2014; Akdis et al.,

2016). In particular, IL-3 stimulates the growth, the differentiation, and the release of mediators from mast

cells and basophils, such as histamine, IL-4, and IL-6, as well as the growth of eosinophils, macrophages,

and dendritic cells (Schrader, 1997; Lantz et al., 2008; Broughton et al., 2012; Voehringer, 2012; Auclair

et al., 2014). Thereby, IL-3 signals through a heterodimeric receptor complex, consisting of an IL-3-specific

a-chain (IL3Ra, CD123) and the common b-chain (IL3Rb, CD131), which IL-3 shares together with IL-5 and

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Schrader, 1997; Asquith et al., 2008;

Broughton et al., 2012; Esnault and Kelly, 2016). Both receptor chains are expressed on different blood

cells, like basophils, mast cells, eosinophils, and monocytes (Renner et al., 2018).

However, less is known about the contribution of IL-3 in the development and the course of allergic asthma.

Different studies showed that the increased expression of IL-3 in the context of bronchial infections in early

childhood (Bertrand et al., 2015), as well as certain polymorphisms in the IL3 gene (Park et al., 2004), are
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associatedwith an increased risk of developing asthma later in life. Additionally, increased IL-3 expression in

the lung of asthmatic patients has been observed (Robinson et al., 1992). Along with the results from further

studies on different inflammatory diseases (Lourenço et al., 2008; Renner et al., 2015; Auclair et al., 2014;

Lantz et al., 1998), these findings suggest a role of IL-3 in the immunological response of asthma. To inves-

tigate this hypothesis, we analyzed the secretion of IL-3 and its receptor expression in pre-school children

with and without asthma and studied IL-3�/� mice in an experimental model of allergic asthma.

RESULTS

IL-3 is associated with amelioration of asthma in pre-school children

In this study, we analyzed two cohorts of pre-school children with and without asthma. IL-3 is known to be

released by activated T cells (Mosmann et al., 1986), thus PBMCs were challenged with the lectin phytohe-

magglutinin (PHA). Here, we found an increased secretion of IL-3 in the PBMCs of asthmatic children

compared to healthy children (Figure 1A). Furthermore, we found that the IL-3 secretion in asthmatic chil-

dren correlated directly with the corresponding FEV1%, predicted and the PEF% (peak expiratory flow, pre-

dicted) (Figures 1B and 1C), but not in healthy control children (Figures 1C and S1A). FEV1%, predicted is

the best validated value for asthma also in children. Thereby, children with a higher FEV1%, predicted

released more IL-3 than children with a lower FEV1%, predicted, indicating that IL-3 is accompanied

with the amelioration of asthma in children.

IL3Ra expression in PBMCs is associated with the resolution of asthma in children

We next analyzed the mRNA expression of both IL-3 receptor (IL3R) chains in untreated PBMCs and found

an increased IL3Ra/HPRTmRNA expression in asthmatic children compared to healthy children (Figure 2A).

Figure 1. IL-3 induction is associated with ameliorated asthma in children

(A) ELISA analysis of IL-3 levels in the supernatant from peripheral bloodmononuclear cells (PBMCs) isolated from healthy

control and asthmatic children and cultured with PHA for 24h (n = 19/21).

(B) Correlation between the IL-3 quantified by ELISA analysis in the supernatant from PHA-stimulated PBMCs isolated

from healthy control (n = 18: IL-3 n = 20; FEV1% predicted n = 19) and asthmatic children and the predicted FEV1%,

predicted (FEV1% predicted n = 23; IL-3: n = 20; correlation FEV1% predicted and IL-3: n = 20).

(C) the PEF% predicted (n = 20; IL-3 n = 20 and PEF% n = 23) at the baseline visit. Data are presented as means G SEMs.

Two-tailed Student’s t test was used to calculate statistical significance. *p % 0.05; **p % 0.01, ***p % 0.001, ****p %

0.0001. For the Correlations, the Pearson coefficient was used after data normalization.
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Regarding the IL3Ra/HPRTmRNA expression and the FEV1%, we found a statistically significant increased

gene expression in asthmatic children with an FEV1% higher than 80 (Figure 2B). We next looked at the

IL3Ra/GAPDH mRNA expression and the FEV1%, predicted in total blood cells and found it upregulated

by trend in asthmatic children (Figure S1B).

IL3Rb expression in total blood is associated with asthma in children

We next looked at IL3R common (IL-5, GM-CSF) beta chain expression in PBMCs of our cohort but no dif-

ference between controls and asthmatics was observed (Figures 2C and 2D). We therefore reasoned that

IL3R beta chain might have been regulated in other blood cells and thus further analyzed the IL3R gene

expression in total blood samples and this time we found an upregulation of the IL3Rb/HPRT (Figure 2E)

but similar IL3Rb/GAPDH mRNA expression in asthmatic children compared to healthy children (Fig-

ure S1C). Taken together, we reasoned that the IL3Ra is expressed and regulated in PBMCs and the

Figure 2. IL-3Ra induction is associated with ameliorated asthma in children

(A) IL3Ra/HPRT mRNA expression in PBMCs of healthy control and asthmatic children at the baseline visit (n = 7/11).

(B) IL3Ra/HPRT mRNA expression in PBMCs of healthy control and asthmatic children at the baseline visit with a FEV1%,

predicted above 80 (n = 6/9).

(C) IL3Rb/HPRT mRNA expression in PBMCs of healthy control and asthmatic children at the baseline visit (n = 7/11).

(D) IL3Rb/HPRTmRNA expression in PBMCs of healthy control and asthmatic children at the baseline visit with a FEV1%,

predicted above 80 (n = 6/9).

(E) IL3Rb/HPRTmRNA expression in total blood cells of healthy control and asthmatic children at the baseline visit (n = 12/

16). Data are presented as means G SEMs. Two-tailed Student’s t test was used to calculate statistical significance. *p%

0.05; **p % 0.01, ***p % 0.001, ****p % 0.0001.
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IL3Rb chain is probably regulated in blood cells other than PBMCs in children with asthma. Further studies

in bigger cohorts of patients should be performed to confirm these findings.

Decreased IL-5 secretion by IL-3-deficient TH2 cells

As mentioned before, IL-3 is mainly produced by activated T cells. Thus, we analyzed if a deficiency in IL-3

has any influence on the development of different T cell subpopulations (Figures 3A and S2). However, we

could not observe any differences in the development of TH1, TH2, as well as Treg cells from the spleen be-

tween WT and IL-3�/� mice (Figures S3A and S3B). We then analyzed the IL-3 secretion under these

different T cell subtypes skewing conditions and found that TH2 cells exhibited the highest IL-3 secretion

compared to TH1 and Treg cells (Figure 3B). To analyze the phenotype of these differentiated cells in more

detail, we performed different gene expression and protein analysis and found that the deficiency of IL-3

has no influence on the mRNA expression of Tbx21 (T-box transcription factor 21), GATA3 (GATA-binding

protein 3), and Foxp3 (Forkhead-box protein 3) (Figures 3C–3E, respectively). Furthermore, we could not

observe any differences in the expression of interferon (IFN) g, which is predominately secreted by TH1 cells

(Figure 3F). Instead of this, we found a markedly inhibition of the IL-5 secretion in IL-3-deficient TH2 cells

(Figure 3G). Also, GM-CSF was found downregulated in the absence of IL-3 in TH0 cells isolated from IL-

3�/� naive mice (Figure 3H). Furthermore, we could not observe any differences in the expression of

the IL3Ra chain on these cells (Figure S3C).

IL-3-deficient mice have increased asthmatic traits

As we demonstrated that IL-3 as well as its two receptor chains is differentially regulated in allergic asthma,

we started to investigate the role of IL-3 in a murine model of allergic asthma (Figure 4A). First, we found an

upregulation of the IL-3 secretion, as well as Il3/HprtmRNA expression in OVA and especially aCD3/aCD28

antibodies-treated total lung cells of asthmatic WT mice compared to untreated littermates (Figures 4B

and 4C), indicating that the source of IL-3 in the lung of asthmatic mice is activated T cells. In the presence

of immunologic sensitization and challenge with OVA, IL-3�/� mice showed significantly increased

response to methacholine compared to WT mice, as measured by using non-invasive whole body plethys-

mography (Figure 4D). We further observed an increased IgE serum level (Figure 4E). The increased AHR

was found accompanied with an increased lung inflammation characterized by increased peribronchial and

perivascular induction of inflammatory cells (Figure 4F). Moreover, we observed increased numbers of total

cells (Figure 4G) as well as mononuclear cells (Figure 4H) in the BALF of IL-3 �/� mice as compared to the

WT littermates. In addition, we observed increased amounts of lung eosinophils and decreased amounts of

neutrophils in the absence of IL-3 in total lung cells from thesemice (Figures 4I and 4J), whereas the analysis

of the BALF cells did not reveal differences in eosinophils and neutrophils between WT and IL-3�/� mice

(Figures S4A and S4B). Moreover, there were no differences in the lung mucus production after Periodic

acid-Schiff (PAS) staining between asthmatic OVA-treated WT and IL-3�/� mice (Figure S4C). Finally, we

detected an increase of lymphocytes (Figure S4D) as well as IL-5 secretion in the BALF (Figure 4K) of asth-

matics OVA-treated IL-3�/� mice compared to the WT asthmatic littermates.

The lack of IL-3 is accompanied by decreased Foxp-3 T regulatory cells in the lung

Because targeted deletion of IL-3 resulted in TH2 cytokine hyperproduction, we wanted to understand if the

number of T and B cells was changed in the absence of IL-3 in the lung. The B cell number was not found

differently regulated in WT and IL-3�/� mice (Figure 5A). Because antigen-presenting cells play an impor-

tant role in the immune-pathogenesis of allergic asthma inducing cytokines that activate T cells, we next

analyzed this heterogenic cell population and found increased amounts of CD103+ conventional dendritic

cells (cDC) and decreased amounts of CD103- DCs in OVA-treated IL-3�/� mice when compared to their

WT littermates (Figures 5B, S4E and S4F). Although it is known that IL-3 is an important growth factor for

Figure 3. In vitro differentiation of TH1, TH2, and Treg cells in the presence and absence of IL-3

(A) Experimental design for the in vitro differentiation of T cell subpopulations.

(B) ELISA analysis of the IL-3 level in the cell culture supernatant of in vitro differentiated T cell subtypes and unstimulated spleen cells of WT mice (n = 2

(unstimulated), n = 4 (TH0, TH1, TH2, and Treg).

(C–E) Tbx21/Hprt,Gata3/Hprt, and Foxp3/HprtmRNA expression in in vitro differentiated T cell subtypes as well as naive spleen cells ofWT and IL-3�/�mice

(n = 3/4 (naive, TH0), n = 4/3 (TH1), n = 4/4 (TH2, Treg).

(F–H) ELISA analysis of the IFNg, IL-5, and GM-CSF level in the cell culture supernatant of in vitro differentiated T cell subtypes and unstimulated spleen cells

of WT and IL-3�/� mice (n = 2/2 (unstimulated), n = 4/4 (TH0), n = 4/3 (TH1), n = 4/4 (TH2, Treg). Data are presented as means G SEMs. Two-tailed Student’s t

test, two-way ANOVA or ordinary One-way ANOVA was used to calculate statistical significance. *p % 0.05; **p % 0.01, ***p % 0.001, ****p % 0.0001.

ll
OPEN ACCESS

iScience 25, 104440, June 17, 2022 5

iScience
Article



ll
OPEN ACCESS

6 iScience 25, 104440, June 17, 2022

iScience
Article



mast cells and basophils, the deficiency of IL-3 has no influence on the in vivo development of these cells

under physiological conditions as well as after OVA treatment, whereby the amount of both cell popula-

tions is increased in asthmatic mice (Figures S5A and S5B, respectively). In addition, we found a defect

of the basophil-produced cytokine IL-4 (Figure 5C). Finally, CD4+ and CD8+ T cells were not differently

regulated between the two genotypes (Figure 5D). However, the CD4+ T cells were induced in asthma

in both genotypes (Figure 5D). Moreover, we detected an inhibition of Treg cell number in naive IL-3-defi-

cient mice (Figure 5E). Although the number of Treg was downregulated in the wild-type asthmatic mice as

compared to naive wild-type mice, the Treg level in IL-3-deficient asthmatic mice was not changed (Fig-

ure 5E). In conclusion, IL-3 inhibited the development of T regulatory cells in the lung of naive mice.

Increased IL-5, IL-13, and GM CSF in the lung of IL-3-deficient asthmatic mice

We next asked about TH2 induction in the lung in the absence of IL-3. Asthmatic mice showed an upregu-

lation of GATA3+ TH2 cell number (Figure 6A). Consistent with the IL-5 upregulation in the BALF of IL-3-

deficient mice, and with a compensatory role of IL-5 and GM-CSF on IL-3, we found an increased secretion

of IL-5, GM-CSF, and IL-13 in total lung cells isolated from IL-3�/� mice compared to WT mice in asthma

(Figures 6B–6D). Furthermore, OVA-treated IL-3�/� mice showed increased IL-10 levels (Figure S5C). Alto-

gether, these data suggest a novel role of IL-3 in the inhibition of allergic asthma exacerbations.

DISCUSSION

The cytokine IL-3 stimulates especially the growth and differentiation of mast cells and basophils, as well as

the release of mediators of these cells, such as histamine, IL-4, and IL-6. Thus, it is assumed that IL-3 plays

also an important role in allergic diseases (Auclair et al., 2014; Lantz et al., 1998; Voehringer, 2012) as well as

in allergic asthma (Bertrand et al., 2015; Park et al., 2004). Hence, in the present study, we determined the

role of IL-3 in allergic asthma in more detail.

In our human study, we describe an increased secretion of IL-3 in PHA-stimulated PBMCs of asthmatic chil-

dren, whereby the amount of IL-3 correlates directly with better lung function in asthmatic children and thus

with the resolution of the disease. Although we are only at the beginning to understand why patients with

asthma in general have higher levels of IL-3 than normal individuals, we recently published a manuscript

showing that among the pre-school asthmatic children analyzed, only those treated with steroids and

with controlled and partially controlled asthma had higher IL-3 (Krammer et al., 2022). These data are

extended in the current manuscript considering the lung function. Taken together, the increased IL-3 in

asthma could be associated with asthmatic children treated with steroids and thus with better lung func-

tion. Further analysis in bigger cohorts will be performed in the future to further prove these findings.

This observation is in line with different previous human studies (Park et al., 2004; Bertrand et al., 2015; Rob-

inson et al., 1992; Lai et al., 1996). We could further show that the expression of the IL3Ra is associated with

the resolution of asthma in these children. A similar trend could be observed by previous studies, in which it

could be shown that an increased IL-3 concentration leads to an increased IL3Ra expression (Gregory et al.,

2003; Esnault et al., 2015). In summary, these data indicate that IL-3 could be important in allergic asthma.

In support of this hypothesis, in a murine model of allergic asthma, we found that IL-3�/� mice have

increased asthmatic traits, such as AHR, lung inflammation, local eosinophil infiltration and IgE, as well

Figure 4. IL-3-deficient mice have increased asthmatic trait

(A) Experimental design for the induction of allergic asthma.

(B) ELISA analysis of the IL-3 level in the supernatant obtained from total lung cells (n = 13/12 (unst., OVA), n = 14/13 (aCD3/CD28)).

(C) Il3/Hprt mRNA expression in total lung cells of BALB/c WT mice with and without asthma (n = 4/4 (unst.), n = 4/5 (aCD3/CD28)).

(D) Airway resistance to increasing doses of methacholine measured by non-invasive plethysmography. Airway resistance was analyzed as Penh (n = 16/16/

17/18).

(E) IgE serum level of mice with and without asthma measured by ELISA (n = 13/13/13/12).

(F) Pathological score of the lung inflammation of mice with and without asthma (n = 12/13/11/12). A representative light microscopic picture of the H&E

staining of lung sections is shown for each group.

(G and H) Total cell count in the BAL of WT and IL3�/�mice with and without asthma (n = 11/11/11/13), and (h) cell count of mononuclear cells in the BALF of

mice with and without asthma (n = 14/14/12/13).

(I, and J) Flow cytometry analysis of CCR3+ Gr-1+ eosinophils (i) and CCR3- Gr-1+ neutrophils (j) in total lung cells (n = 9/9/9/10). A representative dot plot is

shown for each group.

(K) ELISA analysis of the IL-5 level in the BALF (n = 7/10/9/11). Data are presented as meansG SEMs. Two-tailed Student’s t test or two-way ANOVAwas used

to calculate statistical significance. *p % 0.05; **p % 0.01, ***p % 0.001, ****p % 0.0001.
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as IL-5, GM-CSF, and IL-13 secretion. Considering that IL-5 and GM-CSF use the same beta chain of the

receptor as IL-3, these data indicated a compensatory mechanism mediated by IL-5 in the absence of

IL-3 in asthma but also an inhibitory function of IL-3 on IL-5 and GM-CSF which was found to be associated

with the asthmatic condition. IL-5 and GM-CSF are responsible for the recruitment, maturation, and survival

of eosinophils. These data are consistent with the upregulation of the IL-3Rb chain in the blood and not in

the PBMCs of the asthmatic children analyzed.

While IL-5 contributes crucially to eosinophilia and AHR in allergic asthma (Mauser et al., 1995; Foster et al.,

1996; Shi et al., 1998), earlier studies showed an increased GM-CSF concentration in patients with acute

severe asthma (Brown et al., 1991; Davies et al., 1997). Various human studies have already shown that

Figure 5. Analysis of T and B cells in total lung cells of OVA-treated IL-3�/� mice

(A andB) Flow cytometry analysis of CD19+ CD45R+ B cells (n = 5) (a) and CD103+ cDCs (n = 4/4/5/5) (b) cells in total lung cells isolated from BALB/c WT and

IL3�/� mice with and without asthma.

(C) ELISA analysis of the IL-4 level in cell culture supernatants obtained from total lung cells of mice with and without asthma (n = 14/14/15/15).

(D and E) CD4+ and CD8+ T cells (d) and Foxp3+ CD25+ CD4+ Treg (e) (n = 10 (CD4+ cells), n = 5 (CD8+, Treg)). A representative dot plot is shown for each

group. Data are presented as means G SEMs. two-way ANOVA was used to calculate statistical significance. *p % 0.05; **p % 0.01, ***p % 0.001, ****p%

0.0001.
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the expression of the specific a-subunit of the common beta cytokines IL-3, IL-5, andGM-CSF are regulated

differently by themselves with an induction of the IL3Ra expression by IL-3 (Wang et al., 1998; Liu et al.,

2002; Gregory et al., 2003; Kumar et al., 2020; Esnault et al., 2015). Since this has not yet been investigated

in a murine model, we assume that the expression of both receptor chains in mice is also regulated by IL-3

itself (Brown et al., 1991; Davies et al., 1997). Contrary to this, we found that the secretion of IL-4 is strongly

inhibited in the absence of IL-3, which is in line with a study from Rignault-Bricard et al. (2018). The secretion

of IL-4 takes place mainly by basophils, whereby it is mainly induced via the signaling pathway of IL-3

(Sullivan et al., 2011; Broughton et al., 2012). These results along with the observation of increased serum

IgE in the absence of IL-3 might indicate a compensatory effect of IL-13 on IgE production in the presence

of low IL-4. Another potential alternate sources of IL-3 are mast cells which are also dependent from IL-3

and therefore are possibly missing in the IL-3-deficient mice and thus this could be a potential confounding

issue in the data interpretation (Itakura et al., 2001).

Further experiments in these directions are needed. To look further themechanism of induction of AHR and

inflammation in the absence of IL-3, we took a look at T regulatory cells. These immunosuppressive cells

were found downregulated in the absence of IL-3, indicating an immunoregulatory role of IL-3 in the

lung. This T regulatory cell defect might be responsible of the induced inflammation and airway hyperres-

ponsibility in the IL-3-deficient asthmatic mice. However, this hypothesis needs further experiments in

whichmice are reconstituted with T regulatory cells. In summary, our data from the pediatric cohort support

a role of IL-3 in the amelioration of allergic asthma as we found increased IL-3 production in activated pe-

ripheral lymphocytes associated with better lung function in asthmatic children. In addition, IL-3-deficient

mice have increased airway hyperresponsiveness and inflammation as compared to wild-type littermates.

Based on these observations, we hypothesized that increased IL-3 might be associated with amelioration of

asthma. At the beginning, there is a homeostatic state; the lung is dominated by a tolerogenic environment

with T regulatory cells. After allergen sensitization and challenge, one of the first cytokine released by the

TH0, TR1 activated T cells is IL-3. We hypothesized that in this milieu the TH2 cells are not yet developed and

thus IL-3 probably is released by TH1-TH0 cells, as it was previously reported byMosmann T et al. (Mosmann

et al., 1986). Thus our data unreveal a not yet appreciated role of IL-3 in the resolution of asthma that needs

further investigation.

Figure 6. Increased TH2 cytokines in the lung of IL-3�/� asthmatic mice

(A) Flow cytometry analysis of GATA3+ CD4+ TH2 cells and in cell culture supernatants obtained from total lung cells of

mice with and without asthma (n = 5). A representative dotplot is shown for each group.

(B–D) ELISA analysis of the IL-5, GM-CSF, and IL-13 level in cell culture supernatants obtained from total lung cells of mice

with and without asthma (n = 14/14/15/15 (IL-5 and IL-13); n = 13/14/14/14 (GM-CSF)). Data are presented as means G

SEMs. two-way ANOVAwas used to calculate statistical significance. *p% 0.05; **p% 0.01, ***p% 0.001, ****p% 0.0001.

ll
OPEN ACCESS

iScience 25, 104440, June 17, 2022 9

iScience
Article



Limitations of the study

One caveat of the human study is to evaluate lung function in small children (4–6 year old). The lung function

parameters can be measured, but the doctor needs also information from the parents, auscultation of the

lungs, and other clinical parameters as the level of therapy or the degree of asthma control. Most of chil-

dren in this age group with ‘‘asthma’’ show parameters which indicate obstruction of the upper and the

smaller airways.

The second caveat for the human studies is the limitation of the samples size obtained from small children.

The use of a single housekeeping gene for human qPCR studies must be carefully interpreted as a potential

weakness.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

V450 Hamster anti-Mouse CD3e BD Bioscience, Heidelberg, Germany Cat# 560801, RRID: AB_2034005

BV421 Rat Anti-Mouse CD4 BD Bioscience, Heidelberg, Germany Cat# 740007, RRID: AB_2739779

BV510 Rat Anti-Mouse CD8a BD Bioscience, Heidelberg, Germany Cat# 563068, RRID: AB_2687548

V450 Rat anti-CD11b BD Bioscience, Heidelberg, Germany Cat# 560455, RRID: AB_1645266

APC/Cyanine7 anti-mouse CD11c Antibody BioLegend, San Diego, CA, USA Cat#117323, RRID: AB_830646

CD19 Monoclonal Antibody, anti-human/

mouse, APC

eBioscience�, Thermo Fisher Scientific,

Waltham, USA

Cat#17-0193-82, RRID: AB_1659676

APC-Cy�7 Rat Anti-Mouse CD25 BD Bioscience, Heidelberg, Germany Cat# 557658, RRID: AB_396773

PerCP-Cy�5.5 Rat Anti-Mouse CD25 BD Bioscience, Heidelberg, Germany Cat# 561112, RRID: AB_394031

CD45R (B220) Antibody, anti-mouse, FITC,

REAfinity�
Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-110-845, RRID: AB_2658274

FITC Rat Anti-Mouse CD62L BD Bioscience, Heidelberg, Germany Cat# 561917, RRID: AB_10893197

CD103 Antibody, anti-mouse, FITC Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-118-681, RRID: AB_2751541

CD117 (c-Kit) Monoclonal Antibody,

anti-human/mouse, APC

eBioscience�, Thermo Fisher Scientific,

Waltham, USA

Cat# 17-1171-82, RRID: AB_469430

CD123 Antibody, anti-mouse, PE, REAfinity� Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-102-583, RRID: AB_2654775

CD123 Antibody, anti-mouse, PE-Vio�770,

REAfinity�
Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-102-323, RRID: AB_2654775

Alexa Fluor� 647 Rat Anti-Mouse CD193 BD Bioscience, Heidelberg, Germany Cat# 557974, RRID: AB_396967

FceR1 alpha Monoclonal Antibody, anti-human,

FITC

eBioscience�, Thermo Fisher Scientific,

Waltham, USA

Cat# 11-5899-42, RRID: AB_10732835

FoxP3 Antibody, anti-human/mouse, APC Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-113-470, RRID: AB_2733420

Alexa Fluor� 488 Mouse anti-GATA3 BD Bioscience, Heidelberg, Germany Cat# 560077, RRID: AB_1645303

PE Rat Anti-Mouse Ly-6G and Ly-6C BD Bioscience, Heidelberg, Germany Cat# 553128, RRID: AB_394644

PE-CF594 Mouse Anti-T-bet BD Bioscience, Heidelberg, Germany Cat# 562467, RRID: AB_2737621

Purified NA/LE Hamster Anti-Mouse CD3e BD Bioscience, Heidelberg, Germany Cat# 553057, RRID: AB_394590

Purified anti-mouse CD28 Antibody BioLegend, San Diego, CA, USA Cat# 102101, RRID: AB_312866

Purified anti-mouse IL-4 Antibody BioLegend, San Diego, CA, USA Cat# 504101, RRID: AB_315315

IFN-g Antibody, anti-mouse, pure-functional

grade

Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-095-729, RRID: AB_2784369

Chemicals, peptides, and recombinant proteins

Human TGF-b1 Miltenyi Biotec GmbH, Bergisch Gladbach,

Germany

Cat# 130-095-067

Mouse rIL-2 ImmunoTools, Friesoythe, Germany Cat# 12340026

Mouse rIL-4 ImmunoTools, Friesoythe, Germany Cat# 12340045

Mouse rIL-12 ImmunoTools, Friesoythe, Germany N/A

Ovalbumin (Albumin chicken egg, 5x crystalline) Calbiochem, Merck KGaA, Darmstadt,

Germany

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Phytohemagglutinin-M (PHA-M) Sigma-Aldrich Chemie GmbH, München,

Germany

Cat# 11082132001

QIAzol Lysis Reagent Qiagen, Hilden, Germany Cat# 79306

SsoFast EvaGreen� Supermix Bio-Rad Laboratories GmbH, Feldkirchen,

Germany

Cat# 1725200

PeqGold RNAPure� PeqLab Biotechnologie, VWR International

GmbH, Darmstadt

Cat# 30-1010

Critical commercial assays

Human IL-3 DuoSet ELISA R&D Systems GmbH, Wiesbaden, Germany Cat# DY203

Mouse IL-13 DuoSet ELISA R&D Systems GmbH, Wiesbaden, Germany Cat# DY413

Mouse GM-CSF DuoSet ELISA R&D Systems GmbH, Wiesbaden, Germany Cat# DY415

Mouse IL-3 OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555228; RRID: AB_2869046

Mouse IL-4 OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555232; RRID: AB_2869047

Mouse IL-5 OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555236; RRID: AB_2869048

Mouse-IL-10 OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555252; RRID: AB_2869052

Mouse IFNg OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555138; RRID: AB_2869028

Mouse IgE OptEIA� ELISA BD Bioscience, Heidelberg, Germany Cat# 555248; RRID: AB_2869051

CD4+ CD62L+ T Cell Isolation Kit, mouse Miltenyi Biotec GmbH, Bergisch

Gladbach, Germany

Cat# 130-106-643

MagMAX� for Stabilized Blood Tubes RNA

Isolation Kit

Invitrogen, Thermo Fisher Scientific,

Waltham, USA

Cat# 4451893

Foxp3 / Transcription Factor Fixation /

Permeabilization Concentrate and

Diluent

eBioscience�, Thermo Fisher Scientific,

Waltham, USA

Cat# 00-5521-00

Permeabilization Buffer (10X) eBioscience�, Thermo Fisher Scientific,

Waltham, USA

Cat# 00-8333-56

RevertAid RT Reverse Transcription Kit Invitrogen, Thermo Fisher Scientific,

Waltham, USA

Cat # K1691

Experimental models: Organisms/Strains

BALB/cAnNRj (WT) mice Janvier Labs, Saint-Berthevin, France N/A

Balb/c-Il3tm1Glli (IL-3 KO) mice RIKEN BRC Laboratories, Japan RBRC02298

Oligonucleotides

hCD131 (5‘-CCA CGG CCA ATA CAT CGT

CT-3‘, 5‘-GGG CCA TCT GGA TGT TCA CT-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

hHPRT (5‘-TGA CAC TGG CAA AAC AAT G

CA-3‘, 5‘-GGT CCT TTT CAC CAG CAA GCT-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

hGAPDH (5‘-AAA TCA AGT GGG GCG ATG

CT, 5‘ CAA ATG AGC CCC AGC CTT CT)

Eurofins Genomics, Ebersberg, Germany Custom

mFoxp3 (5‘-AGA GCC CTC ACA ACC AGC

TA-3‘, 5‘-CCA GAT GTT GTG GGT GAG TG-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

mGata3 (5‘-GTC ATC CCT GAG CCA CAT

CT-3‘, 5‘-TAG AAG GGG TCG GAG GAA CT-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

mHprt (5‘-GCC CCA AAA TGG TTA AGG

TT-3‘, 5‘-TTG CGC TCA TCT TAG GCT TT-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

mIl3 (5‘-GAA GCT CCC AGA ACC TGA A

CT-3‘, 5‘-TCT CCT TGG CTT TCC ACG AAT-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources, methods and reagents should be directed to and will be

fulfilled by the lead contact, Prof. Dr. Dr. Susetta Finotto (susetta.finotto@uk-erlangen.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact if required upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All mice used in this study are on a Balb/c genetic background. The Balb/c wildtype (WT) mice were ob-

tained from Janvier Labs (Saint-Berthevin, France). The IL-3 deficient mice (Balb/c-Il3tm1Glli, IL-3�/�, IL-3
KO) were a generous gift from PD Dr. Georg Weber (Department of Surgery, University Hospital Erlangen)

and originally purchased from RIKEN BRC Laboratories, Japan. The experiments were performed with

both, female and male mice. All mice were maintained under specific pathogen free conditions and had

free access to food and water. All experiments were performed in accordance with the German and Euro-

pean laws for animal protection and were approved by the government of Unterfranken, Bavaria (Az. 54-

2532.1-2/10).

Human study

In the European study PreDicta (Post-infectious immune reprogramming and its association with persis-

tence and chronicity of respiratory allergic diseases) we examined two cohorts of children with (n = 24)

and without asthma (n = 21) at the age of 4–6 years. In general, boys are consistently reported to have

more prevalent wheeze and asthma than girls, although this pattern changes in the adolescence. In this

study the cohorts of children recruited in Erlangen was composed of 38.1% females and 61.9% males for

the control group and 37,5% females and 62,5% male for the asthma group. The study was performed in

collaboration with the children hospital in Erlangen and approved by the ethics committee of the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

mTbx21 (5‘-CCT GGA CCC AAC TGT CAA

CT-3‘, 5‘-AAC TGT GTT CCC GAG GTG TC-3‘)

Eurofins Genomics, Ebersberg, Germany Custom

hCD123 (5’-ACT CCA CCC AAC ATGACT

GC-30, 5’-GGTTCTGTCTCTGACCTGTTCT-30)

Eurofins Genomics, Ebersberg, Germany Custom

Software and algorithms

GraphPad Prism 7 GraphPad Software Inc., San Diego, USA https://www.graphpad.com/

CaseViewer 2.0 3D Histech Ltd., Budapest, Hungary https://www.3dhistech.com/

solutions/caseviewer/

FlowJo 7.6.1, V10 Treestar Inc., SanJose, USA https://www.flowjo.com/

FACS Diva BD Biosciences, Heidelberg, Germany https://www.bdbiosciences.com/

en-eu/products/software/instrument-

software/bd-facsdiva-software

FinePoint, V2.1.0.9 Data Sciences International (DSI), St. Paul, USA https://www.datasci.com/products/

software/finepointe-software

Revelation Quicklink Dynex Technologies GmbH, Denkendorf N/A
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Friedrich-Alexander University Erlangen-Nürnberg, Germany (Re-No 4435). The study is registered in the

German Clinical Trials Register (www.germanctr.de: DRKS00004914). One aim of PreDicta is to identify

altered host-pathogen interactions, molecules and pathways that mediate the establishment and persis-

tence of chronic inflammation in allergic diseases, thus to develop new preventive, diagnostic and thera-

peutic strategies. Therefore, we and the other study centres established and followed up a cohort of

preschool children with and without asthma for two years. At the time of recruitment, whole blood was

drawn from healthy and asthmatic children for the isolation of PBMCs.

One inclusion criteria for cases and controls was the need of a written informed consent from the child’s

parents or guardians. The gestational age had to be 36 weeks or above. Another criterion for inclusion

for cases was a diagnosis of asthma within the last two years, confirmed by a doctor of the Children’s Hos-

pital in Erlangen. The kind of asthma should be mild to moderate persistent severity according to the GINA

guidelines (2005). There must be three episodes in the preceding 12 months and one of them in the last six

months. In addition, the child had to be able to perform at least one Peak Expiratory flow (PEF) manoeuvre.

The controls should not have a history of asthma or wheezing and atopic illness. Furthermore, the legal

custodian must have the verbal, writing and mental ability to understand the intent and character of the

study. Severe or brittle asthma was an exclusion criterion for the cases of this study. Furthermore, the child

should not receive an immunotherapy. Children with more than six courses of oral steroids during the pre-

vious 12 months were also excluded. Children with other chronic respiratory diseases (cystic fibrosis, bron-

chopulmonary dysplasia, immunodeficiencies) except allergic rhinitis were not be included in the study as

well as children with other chronic diseases or chronic medication use except atopic eczema. Atopy was

proven by at least one positive skin prick test, while asthma was defined in accordance to a physician’s diag-

nosis of mucus production, bronchial hyperesponsiveness and dyspnoea. The healthy control subjects did

not have a history of atopy or asthma. Every single participant of the study was assigned to a specific num-

ber. Only the clinical investigators and study nurses of the Children’s Hospital had access to the full name.

The recruitment of the two cohorts of preschool children, the timescale for the clinical visits, the inclusion

and exclusion criteria as well as the data collection were described recently (Bergauer et al., 2017; Bielor

et al., 2017; Graser et al., 2016; Hentschke et al., 2017; Haag et al., 2018; Übel et al., 2014) and are reported

in other form in Tables S1 and S2 along with the relevant clinical aspects and characteristics.

At the Baseline visit the FEV1 (Forced expiratory volume in 1 s) of all children was measured by using

spirometry. Further, blood was collected for the isolation and culture of peripheral blood mononuclear

cells (PBMCs) and subsequent analysis, as well as for gene expression analysis of total blood cells.

METHOD DETAILS

Isolation of human peripheral blood mononuclear cells (PBMCs) and cell culture

Heparinized blood was collected from children with and without asthma at the Baseline Visit of the PreDicta

study and subsequently PBMCs were isolated with Ficoll using density centrifugation. Afterwards one part

of the PBMCs were used for extraction of total mRNA by using QIAzol Lysis Reagent (Qiagen, Hilden, Ger-

many), according to the manufacturer’s protocol, and subsequently gene expression analysis as described

below. In the Key resources table the primer sequences are reported. The remaining cells were cultured in a

concentration of 1 x 106 cells/ml for 48 h in RPMI 1640 medium supplemented with 25 mmol/L HEPES, 100

IU/mL penicillin, 100 mg/mL streptomycin, 1% L-glutamine (200 mmol/L) (all anprotec, Bruckberg, Ger-

many), 50 mmol/L b-mercaptoethanol, 1% MEM Vitamin (all Sigma-Aldrich, Steinheim, Germany), 1%

non-essential amino acids, 1% sodium pyruvate (all Gibco�, Thermo Fisher Scientific, Waltham, USA),

and 10% FBS (Biochrom GmbH, Berlin, Germany) at 37�C and 5% CO2 and stimulated with 10 mg/mL Phy-

toheamagluttinin (PHA) (Sigma-Aldrich, Steinheim, Germany).

Human IL-3 was detected in the cell-culture supernatants by using IL-3 DuoSet ELISA kit from R&D (Wies-

baden, Germany) according to the manufacturer’s protocol.

Spirometry

Lung function measurements were done with a whole body plethysmograph from Jaeger Comp. Würz-

burg. The results were calculated and listed with a computer system. Spirometry was carried out according

to the ATS/ERS criteria. Measurement that did not met the quality criteria were excluded. At the Baseline

visit (B0) the FEV1 (Forced expiratory volume in 1 s), FVC (Forced vital capacity) and PEF (Peak expiratory
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flow) of all children were measured by using spirometry. For the measurement of the FEV1 the participant

should inhale maximal, immediately followed by maximal and fast exhalation. Thereby the volume exhaled

in 1 s is defined as the FEV1, whereas the total exhaled volume is indicated as the FVC. The FEV1%, pre-

dicted is the best validated value for asthma also in children and defined as FEV1% of the patient divided

by the average FEV1% in the population for any person of similar age, gender, and body composition. The

PEF is defined as the largest expiratory flow, which is achieved with amaximum forced effort after maximum

inspiration. The specified PEF% and FVC% can be calculated from the measured PEF and FVC values,

respectively, and the corresponding age and gender-dependent target values (Criée et al., 2015). FVC is

not an important value for asthma as it prescribes pulmonary restriction and not obstruction. The PEF it

is not as robust as the FEV1%. The spirometry data of all children are listed in Table S3.

Human RNA isolation and quantitative real-time PCR

For gene expression analysis total blood was collected from the children at the baseline visit in Tempus�
Blood RNA Tubes (Life Technologies�, GmbH, Darmstadt, Germany) and total mRNA was extracted with

the MagMax for Stabilized Blood Tubes RNA Isolation Kit, according to the manufacturer’s protocol. For

reverse transcription of RNA (1 mg) from total blood cells and PBMCs we used the RevertAid RT kit

(ThermoFisher Scientific, Waltham, USA) in accordance to the manufacturer’s protocol. The resulting tem-

plate cDNAwas amplified by quantitative real-time PCR (qPCR) using SsoFast EvaGreen Supermix (Bio-Rad

Laboratories, Feldkirchen, Germany). The qPCR itself was performed with a cycle of 2 min 98�C, 50 cycles at
5 s 95�C, 10 s 60�C, followed by 5 s 65�C and 5 s 95� in a CFX96 Touch Real-Time PCRDetection System (Bio-

Rad Laboratories). The primer and sequences used for the analysis are listed in the Key resources table. The

mRNA of the genes of interest was normalized using the housekeeping geneHPRT (Hypoxanthine Guanine

Phosphoribosyl Transferase).

Mouse naı̈ve CD4+ CD62L+ T cell isolation and in vitro differentiation into T cell subsets

Spleens were removed from naı̈ve Balb/c WT and IL-3�/� mice at the age of 10 weeks. Single cell suspen-

sion was prepared by pushing the spleen through a 40 mm cell strainer, lysing with 10 mL of an Ammonium-

Chloride-Potassium (ACK)-Lysis buffer (0.15 M NH4Cl, 0.1 mM KHCO3, 0.1 mM Na2-EDTA dissolved in

ddH2O) and washing with PBS. Spleen CD4+ CD62L+ T cells were positively sorted by magnetic bead isola-

tion using the mouse CD4+ CD62L+ T cell isolation kit (MACS, Miltenyi Biotec, Bergisch-Gladbach, Ger-

many) in accordance to the manufacturer’s protocol. Cells were platted at a concentration of 1 x 106

cells/ml and cultured in RPMI 1640 medium containing 100 IU/mL penicillin, 100 mg/mL streptomycin (all

anprotec, Bruckberg, Germany), and 10% FCS (Biochrom GmbH, Berlin, Germany) at 37 �C and 5% CO2.

For the unstimulated condition naiı̈ve CD4+ CD62L+ T cells were cultured without any further stimulant,

whereas for all other conditions the naı̈ve T cells were activated by plate bound anti-CD3 (0.5 mg/mL; BD

Biosciences, Heidelberg, Germany) and soluble anti-CD28 (1 mg/mL; Biolegend, San Diego, USA). Further-

more different cytokines (rmIL-2, rmIL-4, and rmIL-12 from Immunotools, Friesoythe, Germany; rhTGFb

from Miltenyi Biotec, Bergisch-Gladbach, Germany) and antibodies (anti-IL-4 from Biolegend, San Diego,

USA; anti-IFNg fromMiltenyi Biotec, Bergisch-Gladbach, Germany) were added to the cell culture medium

to generate TH0 cells (20 ng/mL rmIL-2), TH1 cells (20 ng/mL rmIL-2, 20 ng/mL rmIL-12, 10 mg/mL anti-IL-4),

TH2 cells (20 ng/mL rmIL-2, 20 ng/mL rmIL-4, 10 mg/mL anti-IFNg) and Treg cells (100 ng/mL rmIL-2, 30 ng/

mL rhTGFb). After three days the cells were restimulated with the same conditions. On day 5 cells and cell

culture supernatants were harvested for analysis (Figure S2).

Experimental murine asthma model after OVA sensitization and challenge

For the induction of OVA-dependent allergic asthma WT and IL-3�/� mice at the age of 6-8 weeks were

sensitized twice at day 0 and 7 with intraperitoneal (i.p.) injections of 100 mg ovalbumin (OVA; Calbiochem,

San Diego, USA) complexed with 10% aluminum potassium sulfate (Sigma Aldrich, Steinheim, Germany).

Thereafter, the mice were challenged intranasally (i.n.) with 50 mg OVA, dissolved in PBS, on days 18, 19

and 20. On day 20 airway hyperresponsiveness was measured performing a non-invasive whole-body pleth-

ysmography as described below. On day 21 the animals were sacrificed to obtain bronchoalveolar lavage

and to isolate and analyse total lung cells.

Airway hyperresponsiveness

The airway hyperresponsiveness was measured on day 20 performing a non-invasive whole-body plethys-

mography at least 2 h after the last challenge with OVA by using a Buxco Electronics apparatus (Buxco
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Research Systems, Wilmington, NC). Thereby mice were challenged with increasing doses of nebulized

methacholine (MCh) in an exposure chamber, and Penh responses were measured as previously described

(Menachery et al., 2015). Thereby the mice were undergoing an acclimatization period of 6 min, before

raising doses of methacholine (0 mg/mL, 25 mg/mL and 50 mg/mL methacholine in PBS) were nebulized

for 90 s. The response time to the methacholine challenge was 6 min, followed by 1 min of recovery to

go back to baseline after each dose. The data are expressed as mean values of enhanced pause G SEMs.

Collection and analysis of the BAL

Bronchoalveolar lavage (BAL) was obtained on day 21 by intratracheally injection and aspiration of 0.8 mL

Sterofundin (B. Braun Melsungen AG, Melsungen, Germany) twice. After its collection the BALF was centri-

fuged for 5 min at 1500 rpm. The BALF supernatants were frozen (�20�C) and subsequently analysed by

using ELISA. The remaining cell pellet was resuspended in PBS, counted with a hemocytometer and sub-

sequently used for flow cytometric analysis as described below.

Serum collection

Whole blood was collected from the heart on day 21. After a 30-min incubation at room temperature (RT),

the blood was centrifuged (2500 rpm, 30 min, RT) and the serum was collected for further analysis.

Lung histology

Lungs were removed and themiddle lobar of the right lung were fixed in 4% formaldehyde, dehydrated and

embedded in paraffin. Serial paraffin sections (3 mm) were stained with hematoxylin and eosin (H&E) for

semi quantification of inflammation. The scoring of the perivascular and peribronchial inflammation was

gathered blindly by a pathologist using a semi-quantitative scoring system with a range pending between

1 (mild) and 4 (severe) as defined by Doganci et al. (Doganci et al. (2008). For the quantification of mucus

production, lung sections were prepared as described above and stained with periodic acid-Schiff (PAS).

For the analysis, the number of PAS positive cells per micrometer of bronchus diameter was determined

(Hausding et al., 2011).

Isolation and culture of murine lung cells

Lungs were removed on day 21 of the asthma protocol, and total cells were isolated according to the pro-

tocol of Sauer et al. (Sauer et al. (2006). Briefly, lung tissue was cut into small pieces by a scalpel and di-

gested with 300 U/ml Collagenase Typ Ia and 0.015% DNase (10 mg/mL) in PBS at 37�C for 1h. Digested

lung was then pushed through a 40 mm cell strainer and subsequently lysed with an Ammonium-

Chloride-Potassium (ACK)-Lysis buffer (0.15 M NH4Cl, 0.1 mM KHCO3, 0.1 mM Na2-EDTA dissolved in

ddH2O). Finally, the lung cells were washed with PBS and counted using a hemocytometer. Cells were

platted at a concentration of 1 x 106 cells/ml and cultured in RPMI 1640 medium containing 100 IU/mL peni-

cillin, 100 mg/mL streptomycin (all anprotec, Bruckberg, Germany), and 10% FCS (Biochrom GmbH, Berlin,

Germany) at 37�C and 5% CO2. For the unstimulated condition total lung cells were cultured without any

further stimulant, whereas for the OVA condition cells were restimulated with 500 mg/mL OVA. For T cell

stimulation total lung cells were activated by plate bound anti-CD3 (0.5 mg/mL; BD Biosciences, Heidel-

berg, Germany) and soluble anti-CD28 (1 mg/mL; Biolegend, San Diego, USA). After 20 h cells and cell cul-

ture supernatants were harvested and analysed by quantitative RT-PCR and ELISA, respectively.

Enzyme-linked immunosorbent assay (ELISA)

Serum levels of IgE weremeasured using theOptEIA� sandwich ELISA kit from BD Bioscience (Heidelberg,

Germany). To detect mouse IL-3, IL-4, IL-5, IL10 and IFNg in BALF and cell culture supernatants OptEIA�
sandwich ELISA kit from BD Bioscience (Heidelberg, Germany) were used. Mouse IL-13 and GM-CSF were

detected in cell culture supernatants and BALF by using DuoSet sandwich ELISA kits from R&D System

(Wiesbaden, Germany). Each ELISA was performed according to the manufacturer’s instructions.

Flow cytometry analysis of murine cells

Single cell suspensions from murine lung, spleen or BALF cells were incubated with the respective mix of

surface antibodies dissolved in 50 mL FACS buffer (1x PBS (anprotec, Bruckberg, Germany), 1% FCS (Bio-

chrom GmbH, Berlin), 0.1% NaN3 (Carl Roth GmbH & Co. KG, Karlsruhe, Germany)) for 30 min in the

dark at 4�C. After washing the cells once in 200 mL FACS buffer, cells were fixed in 200 mL 2% PFA (Carl

Roth GmbH & Co. KG, Karlsruhe, Germany) for flow cytometric analysis. For subsequently intracellular
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staining, cells were fixed and permeabilized with 150 mL Fixation/Permeabilization buffer (eBioscience,

Thermo Fisher Scientific, Waltham, USA) in accordance to the manufacture’s protocol for 35 min in the

dark at 4�C followed by intracellular staining with different transcriptions markers dissolved in 60 mL 1x Per-

meabilization buffer (eBioscience, Thermo Fisher Scientific, Waltham, USA) in the dark at 4 �C for 30 min.

Afterwards cells were washed with 200 mL 1x Permeabilization buffer and resuspended in 200 mL FACS

buffer for analysis.

All antibodies used for flow cytometry analysis are listed in the Key resources table. Flow cytometry was

performed on FACS Canto II (BD Biosciences, Heidelberg, Germany) and flow cytometry data were ana-

lysed by FlowJo v10 (Treestar Inc., SanJose, USA).

Gating strategies used in FACS analysis

Eosinophils and neutrophils

Singlets gated on all cells (FSC-H m FSC-A) / Non-Lymphocytes gated on Singlets (SSC-A m FSC-A) /

CD3� CD45R� cells gated on Non-Lymphocytes (CD45R FITC m CD3 V450) / Eosinophils: Gr-1+ CCR3+

cells gated on CD3�CD45R� cells, Neutrophils: Gr-1+ CCR3- cells gated on CD3�CD45R� cells (Gr-1 PEm

CCR3 Alexa Fluor 647)

B cells

Lymphocytes gated on all cells (SSC-A m FSC-A) / CD19+ CD45R+ cells gated on Lymphocytes (CD45R

FITC m CD19 APC)

CD4 and CD8+ T cells

Lymphocytes gated on all cells (SSC-Am FSC-A)/ CD4+ T cells: CD4+ CD8� cells gated on Lymphocytes,

CD8+ T cells: CD4� CD8+ cells gated on Lymphocytes (CD8 BV510 m CD4 BV421).

Tregs
Lymphocytes gated on all cells (SSC-A m FSC-A) / CD4+ cells gated on Lymphocytes (SSC-A m CD4

BV421) / CD4+ CD25+ cells gated on CD4+ cells (CD25 APC-Cy7 m CD4 BV421) / CD4+ Foxp3+ cells

gated on CD4+ CD25+ cells (Foxp3 APC m CD4 BV421)

DCs

Singlets gated on all cells (FSC-H m FSC-A) / Non-Lymphocytes gated on Singlets (SSC-A m FSC-A) /

CD11b�CD11c+ cells gated on Non-Lymphocytes (CD11c APC-Cy7mCD11b V450)/ CD103+ Gr-1- cells

gated on CD11b� CD11c+ cells (CD103 FITC m Gr-1 PE)

TH2

Lymphocytes gated on all cells (SSC-A m FSC-A) / CD4+ cells gated on Lymphocytes (SSC-A m CD4

BV421) / GATA3+ CD4+ cells gated on CD4+ cells (GATA3 AlexaFluor 488 m CD4 BV421)

Murine RNA isolation and quantitative real-time PCR

To extract RNA from murine lung, spleen and bone marrow cells we used PeqGold RNA Pure according to

the manufacturer’s protocol (PeqLab, Erlangen, Germany). For reverse transcription of mRNA (1 mg) we

used the RevertAid RT kit (ThermoFisher Scientific, Waltham, USA) as described in the manufactures pro-

tocol. The resulting template cDNA was then amplified by quantitative real-time PCR (qPCR) as described

above. The primer sequences used for the real time PCR are listed in the Key resources table. The mRNA of

the genes of interest was normalized using the housekeeping gene Hprt.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were performed using GraphPad Prism v7 for Windows (GraphPad, La Jolla, CA). Sta-

tistical significances were calculated using two-tailed Student t test for the analysis of two-group compar-

isons and one- or two-way ANOVA for multiple comparisons to generate P-value data (*p % 0.05, **p %

0.01, ***p % 0.001, ****p % 0.0001). For post-hoc analysis we used the Tukey method test (one-way

ANOVA) and the Sidak method test (two-way ANOVA), respectively. Unless otherwise indicated, data
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are presented as mean G SEM. For correlation analysis, data were normalized before correlation was per-

formed. In this case Pearson correlation was used.

ADDITIONAL RESOURCES

The human study PreDicta is registered in the German Clinical Trials Register (www.germanctr.de:

DRKS00004914).
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