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ABSTRACT 34 

 35 

BACKGROUND: 36 

Premature infants often require oxygen supplementation and, therefore, are exposed to oxidative stress. 37 

Following oxygen exposure, preterm infants frequently develop chronic lung disease and have a 38 

significantly increased risk of asthma. 39 

OBJECTIVE: 40 

We sought to identify the underlying mechanisms by which neonatal hyperoxia promotes asthma 41 

development. 42 

METHODS: 43 

Mice were exposed to neonatal hyperoxia followed by a period room air recovery. A group of mice were 44 

also intranasally exposed to house dust mite antigen (HDM). Assessments were performed at various time 45 

points for evaluation of airway hyperresponsiveness (AHR), eosinophilia, mucus production, 46 

inflammatory gene expression, T helper (Th) and group 2 innate lymphoid cell (ILC2) responses. Sera 47 

from term- and preterm-born infants were also collected and the levels of IL-33 and type 2 cytokines were 48 

measured. 49 

RESULTS: 50 

Neonatal hyperoxia induced asthma-like features including AHR, mucus hyperplasia, airway eosinophilia, 51 

and type 2 pulmonary inflammation. In addition, neonatal hyperoxia promoted allergic Th responses to 52 

HDM exposure. Elevated IL-33 levels and ILC2 responses were observed in the lungs most likely due to 53 

oxidative stress caused by neonatal hyperoxia. IL-33 receptor signaling and ILC2s were vital for the 54 

induction of asthma-like features following neonatal hyperoxia. Serum IL-33 levels correlated 55 

significantly with serum levels of IL-5 and IL-13, but not IL-4 in preterm infants. 56 

CONCLUSION: 57 

These data demonstrate that an axis involving IL-33 and ILC2s is important for the development of 58 

asthma-like features following neonatal hyperoxia and suggest therapeutic potential for targeting IL-33, 59 

ILC2s, and oxidative stress to prevent and/or treat asthma development related to prematurity. 60 

 61 
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CAPSULE SUMMARY 67 

Elevated IL-33 production and enhanced group 2 innate lymphoid cell (ILC2) responses promote the 68 

development of asthma-like features related to prematurity and neonatal oxygen exposure 69 

 70 

 71 

KEY MESSAGES 72 

Neonatal hyperoxia induces the development of asthma-like features in mice 73 

Enhanced IL-33 production and ILC2 responses promote the development of asthma-like features 74 

following neonatal hyperoxia 75 

Serum IL-33 levels correlate with IL-5 and IL-13 levels in preterm infants 76 

 77 

 78 

 79 
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 98 

 99 

 100 

 101 

INTRODUCTION 102 

Preterm birth (born before 37 weeks of gestation) affects about 10% pregnancies 1. Chronic pulmonary 103 

complications of preterm birth are common, and include bronchopulmonary dysplasia (BPD) and asthma 104 

2, 3. Compared to children born full term, children born significantly preterm had about three times the risk 105 

of developing chronic wheezing and asthma disorders later in their lives 4. The molecular and 106 

immunological mechanisms underlying the wheezing and asthma associated with prematurity are 107 

currently unclear.  108 

 109 

At birth, infants born significantly preterm are likely to require life-supporting respiratory support with 110 

positive pressure ventilation and supplemental oxygen. Because the preterm lung is normally developed 111 

in a relatively hypoxic intrauterine environment, even exposure to room air (RA, 21% oxygen 112 

concentration) is considered hyperoxic and constitutes an oxidative stress 5. Exposure to higher degrees 113 

and durations of hyperoxia results in significant neonatal lung injury, interrupted lung development, and 114 

ultimately the development of BPD 6-8. The lungs of term newborn mice are developmentally and 115 

structurally comparable with lungs of human infants born around 26 to 28 weeks' gestation9.  Therefore 116 

hyperoxia exposure of newborn mice offers a useful model for investigating the roles of premature 117 

oxygen exposure in regulating lung development and chronic diseases in infants born very prematurely. 118 

Using a murine neonatal hyperoxia model, it has been shown that neonatal hyperoxia inhibited the 119 

development of alveolar-capillary membrane structure and impaired lung gas-exchange function, similar 120 

to findings observed in human BPD 10, 11. Neonatal hyperoxia also alters lung inflammation status and 121 

immune cell compositions 12, which may contribute to the enhanced inflammatory response against 122 

influenza virus infection in adult age 13, 14.  In addition, neonatal hyperoxia promotes airway 123 

hyperresponsiveness (AHR) to methacholine challenge 15, 16, but the underlying molecular and cellular 124 

mechanisms were not investigated. 125 

Innate lymphoid cells (ILCs) have recently been identified as innate counterparts of T helper (Th) cells 126 

that are capable of secreting large amounts of cytokines upon stimulation 17. Based on their cytokine 127 

secretion, ILCs can be divided into three groups; group 1 innate lymphoid cells (ILC1s) produce Th1 128 

cytokine IFN-γ, group 2 innate lymphoid cells (ILC2s) produce large amount of IL-5 and IL-13, and 129 

group 3 innate lymphoid cells (ILC3s) secret Th17 cytokines IL-17 and IL-22 17, 18. In the lungs, ILC2s 130 
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appear to be the major ILC subset and respond to epithelial cell-derived cytokines including IL-25, IL-33 131 

and thymic stromal lymphopoietin (TSLP) 19-21. Enhanced ILC2 activities have been observed in a variety 132 

of murine asthma models and human clinical asthma studies 22, 23. Interestingly, recent evidence shows 133 

that ILC2s are accumulated following spontaneous IL-33 release at the alveolar phase of lung 134 

development and contribute to the Th2-mediated allergic asthma development later in life 24, 25. To this 135 

end, ILC2s promote antigen uptake and dendritic cell migration to the lung-draining lymph nodes, thereby 136 

facilitating the induction of Th2 responses against allergens 24, 26. Thus ILC2s appear to be one of the key 137 

drivers for innate and adaptive immunity in asthma development, particularly at the neonatal stages. 138 

However, it remains largely unclear whether neonatal ILC2 development and function are regulated by 139 

various external environmental factors (e.g. hyperoxia), thereby influencing the development of pediatric 140 

asthma. 141 

We found that neonatal hyperoxia promoted asthma-like immunologic and physiologic features in mice 142 

and further enhanced allergic Th2 and Th17 responses in the respiratory tract following allergen exposure. 143 

Neonatal hyperoxia promoted IL-33 expression in the developing lungs and enhanced ILC2 expansion 144 

was required for the development of asthma-like features.  The Nrf2 agonist, sulforaphane (SFN), reduced 145 

lung IL-33 levels and ILC2 responses, supporting the role of oxidative stress in the promotion of ILC2s in 146 

the lung. Furthermore, genetic ablation of the IL-33 receptor, ST2, decreased asthma-related gene 147 

expression, eosinophil recruitment, and ILC2 responses following neonatal hyperoxia. Finally, in preterm 148 

infants, we found that serum IL-33 levels positively correlated with serum IL-5 and IL-13, but not IL-4 149 

levels. Our findings suggest that, in infants experiencing oxidative stress as a result of premature birth, IL-150 

33 and ILC2s may play an important role in promoting the development of asthma-related features. 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

MATERIAL AND METHODS 163 
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 164 

Ethics statement 165 

All animal experiments were approved by the Institutional Animal Care and U se Committee of Indiana 166 

University School of Medicine and the Mayo Clinic. 167 

Blood samples were obtained from infants who were born full term or premature following IRB approval 168 

and written parental consent.  169 

 170 

Mouse and neonatal hyperoxia model 171 

C57BL/6, Rag1-/- and Rag2/Il2rg-/- mice were purchased from the Jackson Laboratories (Bar Harbor, 172 

ME). Il1rl1-/- (ST2-deficient) mice were provided by Dr. McKenzie from MRC Laboratory of Molecular 173 

Biology. All mice are in C57BL/6 genetic background. Female mice were primarily used in the study as 174 

our own data and previous data have suggested male mice failed to exhibit significantly enhanced AHR 175 

following neonatal hyperoxia 15. The controls of ST2 KO were age-matched C57/BL6 mice. For 176 

Rag2/Il2rg-/- mice, age-matched C57/BL6 and Rag1-/- mice were the controls. For neonatal hyperoxia 177 

model, within 24 hours of birth, two or more litters of wild-type C57BL/6 mice were pooled and 178 

separated into two equal groups and housed with a single dam in a standard cage. One cage was placed 179 

within a 30″ × 20″ × 20″ polypropylene chamber (BioSpherix, Lacona, NY) in which the oxygen 180 

concentration was maintained at >80% O2, and the other was maintained in room air (RA; 21% O2). 181 

Nursing dams were rotated every 24 hours between RA and O2 groups to avoid oxygen toxicity in dams. 182 

Following hyperoxia exposure from postnatal (PN) day PN0-PN7, the mice were returned to room air 183 

until sacrifice or HDM challenge. HDM extract (Greer Laboratories, NC) were administrated intranasally 184 

(10 µg/20 µl) to mouse 10 times (three times per week) for 4 weeks. After 2 days from the last 185 

administration of HDM, mice were sacrificed for cellular analysis. To stimulate Nrf2 activity, mice were 186 

intraperitoneal injected with sulforaphane (SFN) at 25 mg/kg daily from PN7 until PN 21.  187 

 188 

Measurement of AHR 189 

AHR to methacholine challenged was measured using the FinePoint RC system (Buxco Research 190 

Systems, Wilmington, NC) and the airflow was recorded in individual mice according to the 191 

manufacturer’s guidelines. Briefly, mice were anesthetized and a tracheostomy tube was inserted and 192 

connected to a ventilator. After 5 min of stabilization followed by administration of PBS, airway 193 

resistance was determined by dose responsiveness to aerosolized methacholine (Sigma-Aldrich, St. Louis, 194 

MO) delivered by a nebulizer. 195 

 196 
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Lung single cell preparation  197 

For airway cells, Broncho-alveolar lavage (BAL) was obtained by flushing the airway multiple times with 198 

400 µl aliquots of sterile PBS, followed by centrifugation to collect airway cells. For lung single cell 199 

suspensions, lungs were perfused with PBS, chopped to small pieces using scissors, and digested with 200 

5ml of 183 U/ml collagenase type 2 (Worthington Biochemical Corporation, Lakewood, NJ). After 40 201 

min, lung pieces were dispersed by passage through a 70 µM strainer and RBC lysed with ACK buffer. 202 

For cytokine detection in lung, lungs were mechanically separated by passage through a strainer, which 203 

was subsequently rinsed with 400 µl of PBS. After centrifugation, supernatants were collected to 204 

determine cytokine protein levels by ELISA. 205 

 206 

Quantitative RT-PCR 207 

RNA from lung homogenates was isolated using an RNA isolation kit (Sigma-Aldrich) according to the 208 

manufacturer’s instructions and reverse transcribed into cDNA using random primers (Invitrogen, Grand 209 

Island, NY) and MMLV (Invitrogen). cDNAs were amplified using SYBR Green PCR Master Mix 210 

(Applied Biosystems, Grand Island, NY) using 7500 Fast-PCR or quantistudio 3 PCR system (Applied 211 

Biosystems). Data were generated by the comparative threshold cycle (∆CT) method by normalizing to 212 

hypoxanthine-guanine phosphoribosyltransferase (HPRT). 213 

 214 

Epithelial cell culture 215 

Mouse epithelial cells (MLE-12) were and cultured in DMEM/F-12 medium supplemented with 2 % FBS 216 

(Hyclone), 1% insulin-Transferrin-Selenium (Gibco), 10 nM hydrocortisone, 10 nM beta-estradiol, L-217 

glutamine 2 mM (Sigma-Aldrich), 10 mM HEPES. To induce oxidative stress, MLE-12 cells were treated 218 

with indicated concentrations of H2O2 in the presence or absence of 10 µM SFN for 24 hr. Then RNA was 219 

extracted for the measurement of Il33 gene expression. For hyperoxia culture of epithelial cells, MLE-12 220 

cells were cultured in > 70% O2 concentrations for 24 hours in the presence or absence of SFN (10 µM). 221 

Cells were then cultured in normoxia for an additional 24 hours. Il33 gene expression was determined by 222 

quantitative RT-PCR. 223 

 224 

PCR array 225 

cDNA were obtained from pooled (6-8 lungs) samples per group and mixed with SYBR Green PCR 226 

Master Mix. The mixture was used for analysis with mouse asthma and allergy RT2 PCR array or mouse 227 

oxidative stress RT2 PCR array (Qiagen, Frederick, MD) according to the manufacturer’s instructions. 228 

Data was analyzed by RT2 PCR profiler array data analyses software in SABiosciences website. 229 
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 230 

Determination of ROS levels 231 

To measure intracellular ROS levels in epithelial cells, lung single cell suspensions were surface stained 232 

with antibodies conjugated with fluorescence (ant-CD45 and anti-EpCAM) first. Cells were then stained 233 

with 10 µM CM-H2DCFDA (Molecular Probes, Carlsbad, CA) at 37°C for 30 min. Cells were washed 234 

and analyzed immediately by flow cytometry. Cells that were treated with 50 µM of H2O2 served as the 235 

positive control. 236 

 237 

Flow Cytometry 238 

To quantify ILC2s, lung single cells were stained with fluorescent conjugated lineage markers (Lin: 239 

CD11b, CD11c, CD3, B220, Ter-119, Gr-1, NK1.1, TCRβ), anti-Thy1.2, anti-CD25, anti-CD127 and 240 

anti-ST2. ILC2s were identified as Lin- Th1.2+ CD25+ and CD127+. For neutrophil and eosinophil 241 

identification, lung or BAL cells were stained with fluorescent conjugated anti-CD45, anti-CD11b, anti-242 

CD11c, anti-Siglec F, anti-Ly6G, and anti-Ly6C. Eosinophils were identified as CD45+ CD11b+ Siglec F+ 243 

and CD11c-, while neutrophils were identified as CD45+ CD11b+ Ly6G+.  Total DCs (CD45+, SiglecF-, 244 

Ly6G-, CD11chi, MHC IIhi), FcεRI+ DCs (CD45+, SiglecF-, Ly6G-, FcεRIα+, CD11chi, HMC IIhi), mast 245 

cells (CD45+, SiglecF-, Ly6G-, CD11c-, CD11b-/int, FcεRI+, c-Kit+) and basophils (CD45+, SiglecF-, Ly6G-
246 

, CD11c-, CD11b-/int, FcεRI+, c-Kit-, CD49b+) were quantified based on the there surface markers 247 

indicated above. For intracellular staining, cells were restimulated with 100 ng/ml of PMA (Sigma-248 

Aldrich), 1µg/ml of ionomycin (Sigma-Aldrich) and 40U/ml of hIL-2 in the presence of 1µg/ml of 249 

Golgistop (BD Biosciences, San Diego, CA) for 5 hours. Then cells were stained with surface Abs and 250 

fixed/permeabilized with BD Cytofix/Cytoperm kit for staining with cytokine Abs. All fluorescent 251 

conjugated antibodies were purchased from Biolegend (San Diego, CA), BD Biosciences or eBioscience 252 

(San Diego, CA). Samples were acquired through BD LSR II Flow Cytometer (BD Biocience) or Attune 253 

NXT flow cytometer (Life technologies). Data were analyzed by using FlowJo software (Treestar, 254 

Ashland, OR). 255 

 256 

ELISA 257 

Cytokines in the supernatants of lung homogenates were measured with IL-33 ELISA kit (eBioscience) or 258 

TSLP ELISA kit (Biolegend) according to the manufacturer’s instructions. 259 

 260 

Histology 261 
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At PN 28, whole lungs were harvested and fixed in 10% formaldehyde (Fisher Scientific, Fair Lawn, NJ) 262 

for 48hr and stored in PBS until embedding. Fixed lung tissues were embedded in paraffin, sectioned at 5-263 

µm thickness and stained with hematoxylin and eosin or Periodic Acid Schiff (PAS) by the Indiana 264 

University Pathology Laboratory. Histological scores (ranges 1-4) were performed on PAS stained slides 265 

blindly by two independent observers. To quantify the percentage of areas stained with PAS within 266 

airway epithelium of lung specimens, computer-based image analysis was performed based on a previous 267 

report 62. Briefly, each image was set with scale bar as size per pixel using Image-Pro Premier 3D (Media 268 

Cybernetics, Rockville, MD). The areas of airway epithelium and the areas of PAS positive airway 269 

epithelium were computer traced based on the differential colored pixels. PAS-positive areas in the 270 

epithelium and areas of total airway epithelium were recorded in randomly selected airway sections (~5) 271 

per lung tissue section. The percentage of PAS positive area was calculated based on the ratio of PAS 272 

positive areas to the total areas of airway epithelium in each lung section.   273 

 274 

Clinical samples 275 

Sera were collected from children with at 3 - 30 months of corrected age who were born prematurely (<37 276 

gestation week) or maturely and determined cytokine levels using multiplex (Millipore, Billerica, MA) 277 

according to the manufacturer’s instructions. All data points are from individual patients. 278 

 279 

Statistical Analysis 280 

Data were expressed in mean values ± SEM. One-way ANOVA, two-way ANOVA with subsequent 281 

Fisher’s LSD test or t test were used to determine the significance of differences between groups using 282 

GraphPad Prism software. For clinical data, correlations were evaluated by Pearson’s test using GraphPad 283 

Prism (Graphpad, La Jolla, CA). 284 

 285 

 286 

RESULTS 287 

Neonatal hyperoxia promotes AHR, mucus production and type 2 airway inflammation 288 

We have utilized a murine neonatal hyperoxia model to replicate the high concentration of oxygen 289 

(relative to the hypoxic levels experienced in utero) delivered to lungs of infants born preterm 5, 27. To 290 

mimic the lung injury experienced by preterm infants, for the first 7 postnatal days (PN7) we exposed 291 

neonatal mice to either hyperoxia (80% oxygen, O2) or room air (21% oxygen, RA) (Fig. 1A). To 292 

understand the long-term effects of neonatal hyperoxia exposure, all mice were then housed in RA for an 293 

additional 21 days and their AHR assessed. Consistent with previous reports 15, 16, we found that 294 
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compared to mice raised entirely in RA, mice previously exposed to neonatal hyperoxia showed 295 

significantly higher AHR (Fig. 1B). In line with our previous report 28, histological analysis showed that 296 

lungs from O2-exposed mice had simplified alveolar structure (Fig. 1C). Strikingly, neonatal hyperoxia 297 

exposure was associated with mucus hyperplasia (Fig. 1C, D, E). In addition, lungs of O2-exposed mice 298 

displayed a significant increase in expression of mucus-associated genes (Clca1 and Muc5ac) (Fig. 1F). 299 

The expression of type 2 cytokines IL-5 and IL-13, but not IFN-γ, IL-17 and IL-4, were also significantly 300 

increased in the lungs from O2-exposed mice, suggesting that these mice have enhanced type 2 airway 301 

inflammation (Fig. 1G). Further, mice exposed to neonatal hyperoxia also showed airway eosinophilia 302 

(Fig. 1H). Interestingly, prior exposure to neonatal hyperoxia was also associated with airway neutrophilia 303 

(Fig. 1I).  Together, these results demonstrate that neonatal hyperoxia promotes the development of 304 

multiple cardinal features of asthma-like symptoms including AHR, mucus production, type 2 305 

inflammation, and recruitment of eosinophils and neutrophils.  306 

 307 

Neonatal hyperoxia leads to enhanced lung ILC2 responses at the pediatric stage 308 

We sought to identify the cellular mechanisms underlying the development of AHR and type 2 309 

inflammation associated with prior exposure to neonatal hyperoxia. To quantify IL-13 producing cells, we 310 

performed intracellular cytokine staining for single cell suspensions obtained from lungs of RA or O2-311 

exposed mice. Consistent with our gene expression data (Fig. 1F), compared to those of RA-exposed 312 

mice, lungs of O2 -exposed mice contained a significantly higher proportion of IL-13 producing cells (Fig. 313 

2A, B and C). The majority of the IL-13 producing cells lacked CD4 expression (CD4-) (Fig. 2A, B), 314 

indicating they were not Th2 cells. ILC2s are recently-identified, lineage-negative innate immune cells 315 

capable of producing large amounts of type 2 cytokines 22. We found that the majority of lung IL-13 316 

producing cells were lineage-negative (Lin-) (Fig. 2A, C), suggesting that they are ILC2s. Indeed, these 317 

Lin - IL-13-producing cells also expressed CD25 and CD127 (Fig. S1), further supporting their identity as 318 

ILC2s. Extensive surface-marker analysis confirmed the expression of ST2, ICOS, CD90, KLRG1 and 319 

low levels of IL-17RB, the typical markers of ILC2s (Fig. 2D). In the lungs from RA or O2-exposed mice 320 

at PN7, the relative frequency and absolute number of ILC2s were not different (Fig. 2E). However, lungs 321 

from O2-exposed mice showed increased ILC2 frequency and/or numbers than those of RA-exposed mice 322 

at PN14 and PN28 (Fig. 2E). The levels of lung ILC2 responses were comparable between RA and O2-323 

exposed mice at PN58 (Fig. 2E). O2-exposed mice also exhibited enhanced total dendritic cells (DCs), 324 

FcεRI+ DCs and basophils in the lungs at PN28 (Fig. S2).  325 

 326 

AHR and pulmonary type 2 inflammation are mediated by ILC2s  327 
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To determine the roles of ILC2s in the development of AHR and type 2 inflammation, we exposed Rag1-/- 
328 

mice (deficient in T and B cells) and Rag2-/-/Il2rg-/- mice (deficient in T, B and ILCs) to RA or neonatal 329 

hyperoxia (as in Fig. 1A) and measured AHR at PN28. Similar to WT mice, O2-exposed Rag1-/- mice 330 

showed increased airway responsiveness, suggesting that T and B cells are dispensable for AHR 331 

development following neonatal hyperoxia (Fig. 3A). In contrast, O2-exposed Rag2-/- /Il2rg-/- mice showed 332 

AHR comparable to RA-exposed Rag1-/- or Rag2-/-/Il2rg-/- mice, indicating that for AHR development 333 

following neonatal hyperoxia ILCs are critical. Compared to those of O2-exposed Rag1-/- mice,  334 

histological analysis in the O2-exposed Rag2-/-/Il2rg-/- mice were comparable to RA-controls and 335 

demonstrated diminished airway mucus production (Fig. 3 B, C, D, E). Furthermore, although O2-exposed 336 

Rag1-/-  mice exhibited increased eosinophilia compared to those of RA-exposed Rag1-/-  mice, O2-337 

exposed Rag2-/-/Il2rg-/- mice showed airway eosinophilia similar to those of RA-exposed control mice 338 

(Rag1-/- or  Rag2-/-/Il2rg-/-) (Fig. 3F). These data suggest that while Th2 cells are dispensable, ILC2s are 339 

essential for the development of neonatal hyperoxia-induced AHR, mucous production, and type 2 340 

inflammation. 341 

 342 

Neonatal hyperoxia promotes allergic inflammation  343 

Besides AHR, children and adolescents formerly born preterm exhibit enhanced development of allergic 344 

asthma 29.  In addition, pre-clinical murine models have established that ILC2s are capable of enhancing 345 

adaptive Th2 responses following intranasal papain challenge 26. We therefore hypothesized that mice 346 

formerly exposed to neonatal hyperoxia would demonstrate elevated allergic responses to subsequent 347 

airway allergen exposure. To test this, we administered HDM intranasally (i.n.) to RA- or O2-exposed WT 348 

mice for 4 weeks starting at PN28 and examined Th responses at PN56 (Fig. 4A). We chose PN28 for 349 

HDM challenge because maximal differences in ILC2 responses between RA- and O2-exposed mice were 350 

observed at this timepoint (Fig. 2E).  As shown previously 30, 31, chronic HDM exposure in both groups 351 

increased airway inflammation, eosinophilia and neutrophilia (Fig. 4B). However, HDM-challenged O2-352 

exposed mice exhibited a significantly exaggerated response as evidenced by higher numbers of airway 353 

eosinophils and neutrophils compared to those of HDM-challenged RA-exposed mice. We also observed 354 

increased numbers of IL-4, IL-13 and IL-17 producing Lin+ cells present in the airway (Fig. 4C, D) and 355 

increased IL-13-producing cells in the lungs (Fig. S3) of HDM-challenged O2-exposed mice compared to 356 

those of HDM-challenged RA-exposed mice. At PN 56, both at baseline (Fig. 2E) and following HDM 357 

exposure, the frequencies and absolute numbers of ILC2s between RA- and O2-exposed groups were not 358 

different (Fig. S4). Notably, the majority of the IL-17 producing cells following HDM challenge were 359 

Lin+ (Fig. S3), indicating that T cells rather than ILC3s were likely the main IL-17 producing cells 360 
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following HDM challenge in both RA and O2-exposed mice. Together, these data indicate that exposure 361 

of neonates to hyperoxia, later exacerbates development of allergic inflammation following respiratory 362 

allergen challenge.  363 

 364 

Activation of the anti-oxidant pathway attenuates IL-33 and ILC2 responses 365 

To explore the molecular mechanisms that drive enhanced ILC2 responses and type 2 inflammation 366 

resulting from neonatal hyperoxia exposure, we examined the expression of epithelial-derived cytokines 367 

including IL-25, IL-33 and TSLP, which have been shown to be important for inciting ILC2 responses 20. 368 

In the lungs of O2-exposed mice at the conclusion of neonatal hyperoxia exposure (PN7) and following 7d 369 

of recovery in room air (PN14), mRNA expression of Tslp and Il33 were increased, respectively (Fig. 370 

5A). While TSLP protein levels were undetectable in both RA and O2-exposed lungs, in the lungs of O2-371 

exposed mice we verified increased levels of IL-33 protein at PN21 (Fig. 5B). We did not observe 372 

measurable IL-33 in bronchoalveolar lavage (BAL) fluid (data not shown), possibly due to the immediate 373 

depletion of the low levels of IL-33 produced following O2-exposure. Hyperoxia can increase oxidative 374 

stress via the accumulation of reactive oxygen species (ROS)32. We found that oxidative stress genes were 375 

upregulated and epithelial cell ROS production was increased in lungs previously exposed to neonatal 376 

hyperoxia (Fig. S5 A, B), suggesting that O2-exposed lungs exhibited increased oxidative stress. To test 377 

the hypothesis that oxidative stress facilitates Il33 expression, we exposed mouse airway epithelial cells to 378 

H2O2 in vitro and then determined Il33 (Fig. 5C). Treatment with H2O2 increased Il33 expression in 379 

epithelial cells (Fig. 5C). Nrf2 is a major transcription factor regulating cellular anti-oxidant responses 33, 
380 

34 and its agonist SFN has been used to attenuate oxidative stress and associated inflammation 35, 36. SFN 381 

treatment diminished both basal Il33 expression and Il33 upregulation following H2O2 exposure, 382 

indicating that Nrf2 activation could attenuate Il33 expression in epithelial cells (Fig. 5D). Consistent 383 

with this notion, epithelial cells cultured under hyperoxia conditions exhibited enhanced Il33 expression 384 

in vitro, which was dampened by SFN treatment (Fig. 5E). Importantly, treatment of mice with SFN in 385 

vivo during neonatal hyperoxia attenuated the upregulation of a number of oxidative stress genes (Fig. 386 

S5B) and impaired the observed increase in IL-33 protein levels following neonatal hyperoxia (Fig. 5F). 387 

IL-33 has been shown to be a major driver of neonatal ILC2 expansion 24. We therefore examined ILC2 388 

responses following SFN treatment. Although SFN treatment tended to increase baseline ILC2 levels in 389 

RA-exposed mice, treatment of SFN in O2-exposed mice blunted the observed increase in both ILC2s and 390 

Lin -/IL-13 producing cells at PN 28 following hyperoxia (Fig. 5 G, H). Taken together, these data 391 

indicated that oxidative stress resulting from neonatal hyperoxia enhances IL-33 expression during 392 

recovery, which may contribute to expansion and activation of ILC2s.  393 
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 394 

ILC2 responses following neonatal hyperoxia are mediated by IL-33 signaling 395 

To determine whether IL-33 signaling is required for type 2 lung inflammation and ILC2 responses 396 

following neonatal hyperoxia, we exposed WT and IL-33 receptor-deficient (ST2-/-) mice to RA or 397 

neonatal hyperoxia (as in Fig. 1A) and assessed lung gene expression and ILC2 responses at PN28 (Fig. 398 

6). Using allergy and asthma PCR-gene array, compared to those of RA-exposed WT mice whole lung 399 

RNA from O2-exposed WT mice showed increased expression of many asthma-related genes. Strikingly, 400 

the majority of upregulated genes observed in O2-exposed WT mice were not upregulated similarly and 401 

remained similar to RA-exposed levels in lungs of O2-exposed ST2-deficient mice (Fig. 6A and Fig. S6), 402 

suggesting that IL-33 signaling is an important contributor of the altered allergy and asthma gene 403 

expression profiles following neonatal hyperoxia. A number of differentially expressed genes including 404 

Arg1, Il21, Il5, Il13, Pmch and Rnase2a were confirmed with RT-PCR (Fig. 6B). Furthermore, compared 405 

to those of O2-exposed WT mice, O2-exposed ST2-deficient mice showed diminished frequency and 406 

numbers of ILC2s in the lungs, suggesting that following neonatal hyperoxia, IL-33 signaling is critical 407 

for the expansion of ILC2s (Fig. 6C). Following neonatal hyperoxia, in the absence of IL-33 signaling 408 

both IL-13 and IL-5 producing ILC2s were significantly decreased (Fig. 6D). Consistent with diminished 409 

ILC2s in the lungs, in response to neonatal hyperoxia ST2-deficient mice failed to develop airway 410 

eosinophilia (Fig. 6E). Together, these results suggest that IL-33 signaling via ST2 is critically important 411 

for the expression of asthma-related genes, ILC2 responses and airway inflammation following neonatal 412 

hyperoxia. 413 

 414 

Serum IL-33 levels correlate with IL-5 and IL-13 levels in preterm infants 415 

To determine if the relationship between IL-33 and type 2 cytokines established in the mouse model is 416 

conserved in preterm infants, we analyzed the levels of IL-33 and type 2 cytokine concentrations in sera 417 

obtained from children (aged 3- 30 months) that had been born either term or preterm (Table S1). Likely 418 

due to the limited sample size and varied sample collection timepoint, the levels of IL-33 and type 2 419 

cytokines such as IL-5, IL-13 and IL-4 in the sera of preterm infants were not significantly different with 420 

those of term infants (Fig. S7A), although we observed a trend toward increased percentages of 421 

individuals having high serum IL-33 levels in preterm infants, particularly in those infants who met 422 

criteria for BPD (Fig. S7B). We also observed a trend toward increased percentages of individuals having 423 

high serum IL-33 levels in the group of infants born before 30 weeks’ gestation (Fig. S7C). Interestingly, 424 

there was a significant correlation between serum concentrations of IL-33 and IL-5, and serum 425 

concentrations of IL-33 and IL-13 within the preterm group (Fig. 7A, B) but not in term infant group (Fig. 426 
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S8). In addition, we found that there were significant correlations between serum IL-33 and IL-13, serum 427 

IL-33 and IL-5 levels in sera collected in infants younger than 18 months of age, but not those of sera 428 

collected from infants between 18 and 30 months of age (Fig. S9).  429 

 430 

Although IL-4 production by ILC2s has been described, unlike IL-13, it is not required for induction of 431 

TH2 responses 26, 37. We found that serum IL-33 levels did not significantly correlate with serum IL-4 432 

levels in preterm infants (Fig. 7, C). The sum of these clinical data corroborate our findings in the pre-433 

clinical neonatal hyperoxia model: following hyperoxia, we observed increased IL-5 and IL-13 in 434 

association with increased IL-33, which is required for ILC2 expansion. Thus, although future studies on 435 

respiratory IL-33 and type 2 cytokine levels in preterm infants with larger sample sizes are warranted, 436 

these data suggest the proof of principle that an IL-33-ILC2 axis could be a reasonable contributor of 437 

asthma-like airway inflammation in preterm infants.   438 

 439 

 440 

 441 

 442 

 443 

 444 

DISCUSSION 445 

Infants born extremely premature often require supplemental oxygen therapy for their survival. However, 446 

in preterm infants and in pre-clinical animal models, oxygen supplementation has been associated with 447 

interrupted distal lung development, chronic deficits in gas exchange, airway hyper-reactivity, and 448 

chronic pulmonary dysfunction 38-40. Numerous studies have established various detrimental effects of 449 

neonatal hyperoxia on lung structural and functional development 27, 41 42. However, the mechanisms by 450 

which neonatal hyperoxia mediates pulmonary inflammation, abnormal lung development, and chronic 451 

pulmonary dysfunction are largely unknown. We show here that neonatal hyperoxia enhanced lung IL-33 452 

production and ILC2 responses, thereby resulting in AHR, mucous production and type 2 inflammation. 453 

Strikingly, we found that neonatal hyperoxia also exaggerated pulmonary allergic responses to respiratory 454 

allergen challenge. Our findings suggest that an axis involving IL-33 and ILC2s is vital for the 455 

development of asthma-related pathology following neonatal hyperoxia.   456 

 457 

Our observation that young-adult mice previously subjected to neonatal hyperoxia for the first PN7 (the 458 

period of saccular and rapid alveolar development) show AHR is in agreement with previous studies of a 459 
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similar developmental window 15, 43. We further demonstrated here that neonatal hyperoxia promoted the 460 

development of other asthma-like features including mucus production, airway eosinophilia and 461 

neutrophilia and increased expression of type 2 cytokines IL-5 and IL-13. Thus neonatal hyperoxia leads 462 

to the development of multiple asthma-like features at the pediatric and young-adult stages. These results 463 

are consistent with the data that asthma-like symptoms and AHR are frequently reported in children, 464 

adolescents, and young adults that were born very premature and developed BPD 44-46. Notably, neonatal 465 

T cells are prone to developing into Th2-type cells following infection or antigenic challenge via T cell-466 

intrinsic and extrinsic mechanisms47-49. It is thus of interest that ILC2s, rather than Th2 cells, are 467 

increased in the lungs and required for development of asthma-like symptoms following neonatal 468 

hyperoxia. While atopic asthma driven by Th2 cells are responsive to specific antigens or allergens, 469 

ILC2s that are driven by hyperoxia are unlikely responsive to specific antigens but driven by cytokines 470 

released by reactive epithelial cells. This difference may underlie the fact that some features of asthma 471 

and AHR subsequent to extremely premature birth differed from typical allergic childhood asthma 50.  472 

 473 

In addition to AHR and type 2 inflammation, we found that neonatal hyperoxia also increased host 474 

sensitivity to allergen challenge as reflected by elevated type 2 and type 17 inflammation observed in the 475 

lungs following HDM challenge. Notably, previous findings have found that neonatal hyperoxia did not 476 

enhance allergic responses to ovalbumin (OVA) challenge 15. This could be due to the differences in 477 

allergens or sensitization routes used as OVA was given through i.p. previously 15, whereas HDM was 478 

delivered i.n. in our study. ILC2s have been shown to facilitate sensitization to local, but not systemic, 479 

Th2-inducing allergen exposures 51. Thus, it is possible that enhanced ILC2 responses following neonatal 480 

hyperoxia specifically enhance respiratory, but not systemic, allergen sensitization.  Consistent with this 481 

concept, IL-13-derived from ILC2s was shown to enhance allergic responses through the promotion of 482 

dendritic cell migration to lung-draining mediastinal lymph nodes for the priming of naïve CD4 T cells. 483 

ILC2s have also been shown to mediate memory Th2 cell activation 52 and can acquire memory-like 484 

properties to enhance allergic lung inflammation months after their initial activation 53. Thus, ILC2s could 485 

be a central regulator in the induction of both innate and adaptive immunity during the development of 486 

AHR and allergic asthma in response to allergens in infants born prematurely. Future studies are 487 

warranted to establish the specific roles and underlying mechanisms by which ILC2s may play to promote 488 

Th2 and Th17 responses following neonatal hyperoxia.  489 

 490 

Airway epithelial-derived IL-25, TSLP and IL-33 have been shown to enhance ILC2 expansion and/or 491 

cytokine production 21, 54-58. We found that IL-25 expression was comparable between RA and O2-492 
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exposed mice, suggesting that for the induction of enhanced ILC2 responses following neonatal 493 

hyperoxia, IL-25 is unlikely to be vital. Conversely, both TSLP and IL-33 transcription in the lung was 494 

enhanced following neonatal hyperoxia. While the effects of TSLP on ILC2 responses are not tested in 495 

our study, data observed here have suggested a critical role of IL-33 in promoting ILC2 responses and 496 

type 2 inflammation following neonatal hyperoxia, as ST2 deficiency impaired ILC2 expansion and 497 

cytokine production. Strikingly, ST2 deficiency diminished the expression of a large numbers of asthma-498 

related genes, indicating that the IL-33-ST2 signaling axis is critical for the development of asthma-like 499 

inflammation in the lung following neonatal hyperoxia. Of note, the effects of ST2 signaling in other cell 500 

types, including eosinophils, have been documented 59. Future studies, therefore, are needed to investigate 501 

the exact roles of IL-33 signaling in ILC2s in promoting asthma-related gene expression in the lungs.  502 

Two recent studies have shown that IL-33 is released spontaneously during lung alveolarization, which 503 

drives enhanced ILC2 accumulation and asthma development at the pediatric stage 24, 25. Our results are 504 

consistent with those findings as we also observed that ILC2 percentages in the lungs reached a peak at 505 

PN14 in mice housed under room air. However, hyperoxia exposure further enhanced and sustained IL-33 506 

expression, which further promoted and sustained lung ILC2 responses till PN28. Since IL-33 production 507 

by epithelial cells is associated with lung remodeling during distal lung development, it is possible that 508 

aberrant lung alveolarization and a sustained lung remodeling process may contribute to the prolonged IL-509 

33 expression following neonatal hyperoxia 24. 510 

 511 

Our present data lead us to postulate that cellular oxidative stress may be an important factor in the 512 

production of IL-33. Increased ROS levels have been shown to contribute significantly to lung injury 60, 513 

and Nrf2 agonists given in the course of neonatal hyperoxia have been shown to dampen lung injury and 514 

promote normal distal lung development 61. Consistent with this idea, the Nrf2 agonist, SFN, dampened 515 

IL-33 expression in vitro and in vivo and decreased ILC2s in the lungs of O2-exposed mice. Interestingly, 516 

stimulation of the Nrf2 pathway appeared to elevate ILC2 responses in RA-control mice at baseline. Thus 517 

it is plausible that the beneficial effects of SFN on ILC2 responses following neonatal hyperoxia could be 518 

partially masked.  To this end, a recent paper has suggested that oxidative stress is a key checkpoint for 519 

IL-33 release by airway epithelium62. Interestingly, due to interruption of placental-fetal transfer and 520 

inadequate endogenous production, anti-oxidant responses are compromised in preterm infants 63, 64. 521 

Further, following OVA challenge in the adult age, Nrf2 agonists have been shown to inhibit Th2 522 

responses and asthma development 65. Thus, targeting oxidative stress with proper anti-oxidants could be 523 

a promising method to prevent airflow obstruction and asthma development commonly observed 524 

following preterm birth. 525 
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 526 

As a proof of principle, we measured serum IL-33 and type 2 cytokine levels in older infants formerly 527 

born preterm and compared them to age-matched term-born infants. While compared to term infants there 528 

is a trend that IL-33 concentrations are elevated in the sera of infants born prematurely, the differences did 529 

not reach statistical significance most likely due to the small sample size. However, we observed that 530 

there is a significant correlation between serum IL-33 and serum IL-5 and IL-13 levels in preterm infants. 531 

Unlike IL-13, ILC2-derived IL-4 is not required to induce TH2 responses 26. Thus, these data provide a 532 

proof of principle that IL-33-driven ILC2s responses may be relevant in the development of asthma-like 533 

symptoms observed in those of preterm infants. Indeed, IL-33 has been increasingly appreciated as a 534 

major driver of human asthma 66, 67. Notably, IL-33 activity is regulated by multiple posttranslational 535 

events including protease cleavage and oxidization 68. The IL-33 levels measured here did not 536 

differentiate the active versus non-active forms. Furthermore, we measured circulating rather than 537 

respiratory IL-33 due to the lack of accessibility to respiratory samples. In order to firmly establish the 538 

roles of IL-33 in asthma development in preterm infants, active forms of respiratory IL-33 levels should 539 

be analyzed in the future.  540 

 541 

Extremely preterm infants in the post-surfactant era are exposed to lower degrees of hyperoxia than 542 

previously.  Therefore, given the significant change in clinical practice and disease phenotype, animal 543 

models utilizing excessive hyperoxia should be assessed for their clinical-relevance.  We chose to use 544 

80% oxygen because, as we have previously published, similar levels of hyperoxia produce a durable 545 

phenotype that structurally and functionally mimics many of the aspects of post-surfactant BPD 11, 28. 546 

Recent clinical reports of extremely premature infants have consistently suggested a dose-response effect 547 

with oxygen support and lung function.  For example, in infants and children previously diagnosed with 548 

BPD, the duration of oxygen supplementation and deficits in FEV1 and DLco were positively correlated 6, 
549 

69, 70. Likewise, the severity of BPD and the degree of persistent lung dysfunction are also positively 550 

correlated 71-73. Indeed, even in premature infants that did not develop BPD, early, cumulative oxygen 551 

exposure is predictive of persistent pulmonary dysfunction 7. Although present-day neonatal care strives 552 

to reduce oxygen exposure to the lowest effective dose, many infants with significant early and persistent 553 

lung disease are routinely exposed to 40-50% oxygen on average, and many are exposed to 60-70% or 554 

higher 74-77.  Thus, while careful oxygen titration has emerged as a centerpiece of neonatal care, many 555 

infants continue to require excessive oxygen supplementation, the degree of which generally correlates 556 

with persistent lung dysfunction. As with any animal model, direct comparison to the human condition is 557 

often complex.  Given that the murine lung is designed to develop in an environment that is relatively 558 

hyperoxic compared to the human lung at the same stage, it is likely that higher levels of hyperoxia are 559 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18

required to injure the murine lung to a similar degree.  While we have not systematically investigated the 560 

above-mentioned possibilities, we justify our use of the current model based on its ability to phenocopy 561 

some of the hallmark structural and functional characteristics of present-day BPD 11, 28. 562 

 563 

In conclusion, our studies have revealed that neonatal hyperoxia promotes the development of asthma-like 564 

features and enhances host reactivity to respiratory allergen. We thus have provided viable cellular and 565 

molecular mechanisms explaining enhanced asthma development in children born prematurely. Our 566 

results suggest targeting the IL-33 and ILC2 axis may be a reasonable future approach to prevent asthma 567 

development and/or treat asthma-like symptoms in children born prematurely. 568 

 569 
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FIGURE LEGENDS 796 

 797 

Figure 1. Neonatal hyperoxia promotes AHR, mucus production and type 2 airway inflammation. 798 

(A) Experimental schemes. Neonatal mice were exposed to hyperoxia or RA for 7 days and then housed 799 

in RA until PN28 for analysis of AHR, histology and lung inflammation.  800 

(B) Airway resistance (RL) was determined following methacholine challenge in mice exposed to RA or 801 

O2. n=5 or 6 mice per group (mean ± SEM). 802 

(C) Lung sections were stained with hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS).  803 

(D) Pathology scores on PAS staining sections were quantified. n=13 or 14 mice per group (mean ± 804 

SEM). 805 

(E) % of PAS-positive areas within airway epithelium was calculated by image analysis. n=13 or 14 mice 806 

per group (mean ± SEM).  807 

(F) Lung mucus associated genes were measured by quantitative RT-PCR. n=3 or 4 mice per group (mean 808 

± SEM). 809 

(G) Lung cytokine gene expressions were determined by quantitative RT-PCR. n=6 mice per group (mean 810 

± SEM). 811 

(H) The frequencies and absolute numbers of eosinophils (CD45+SiglecF+CD11c-) in BAL were 812 

measured by flow cytometry. n=3 mice per group (mean ± SEM). 813 

(I) The frequencies and absolute numbers of neutrophils (CD45+Ly6G+CD11b+) in BAL were measured 814 

by flow cytometry. n=3 mice per group (mean ± SEM). 815 

Data are representative of at least three independent experiments. n.s., not significant; * P ≤ 0.05. 816 

 817 

Figure 2. Neonatal hyperoxia promotes ILC2 responses. 818 

Mice were exposed to RA or O2 as in Fig. 1A   819 

(A) Representative FACS plot of IL-13-producing cells in the lungs. 820 

(B and C) The frequencies of IL-13+ cells in CD4- (B) or Lin- (C) were determined by flow cytometry. 821 

n=3 mice per group (mean ± SEM). 822 

(D) Expression of surface markers on ILC2s (Lin-CD25+CD127+) in mice exposed to RA or O2. 823 

(E) The frequencies and absolute numbers of ILC2s in the lungs were measured at the indicated PN days. 824 

n=3 to 7 mice per group (mean ± SEM) (mean ± SEM). 825 

Data are representative of at least two independent experiments. n.s., not significant; * P ≤ 0.05. 826 

 827 

Figure 3. AHR development and pulmonary type 2 inflammation following neonatal hyperoxia are 828 
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mediated by ILC2s. 829 

(A)  Neonatal mice were exposed to RA or O2 as in Fig. 1A and airway resistance (RL) was 830 

determined at PN 28. n=4 to 11 mice per group (mean ± SEM). 831 

(B and C) Lung sections were stained with H&E (B) or PAS (C). 832 

(D) Pathology scores on PAS staining sections were quantified. n=9 or 10 mice per group (mean ± SEM). 833 

(E) % of PAS-positive areas within airway epithelium was calculated by image analysis.  n=9 or 10 mice 834 

per group (mean ± SEM).  835 

(F) The frequencies and absolute numbers of airway eosinophils were measured by flow cytometry. n=4 836 

mice per group (mean ± SEM). 837 

Data are representative of at least two independent experiments. n.s., not significant; * P ≤ 0.05. 838 

 839 

Figure 4. Neonatal hyperoxia enhances Th2 response to subsequent HDM exposure. 840 

(A) Experimental scheme. Mice exposed to RA or O2 were exposed to HDM for 4 weeks from PN28 to 841 

PN56.  842 

(B) BAL cell counts, BAL eosinophil and neutrophil numbers were determined by flow cytometry. n=3 to 843 

5 mice per group (mean ± SEM). 844 

(C) Airway cytokine producing cells were measured by intracellular staining. n=3 or 4 mice per group 845 

(mean ± SEM). 846 

(D) Representative FACS plot of cytokine-producing cells in the airway.  847 

Data are representative of at least two independent experiments. * P ≤ 0.05. 848 

 849 

Figure 5.  Oxidative stress-dependent IL-33 production is associated with enhanced ILC2 responses 850 

following neonatal hyperoxia. 851 

(A) Lung cytokine gene expression levels were measured by quantitative RT-PCR at PN7 or PN14. n=3 852 

to 5 mice per group (mean ± SEM). 853 

(B) Cytokine protein levels were determined by ELISA in the lung supernatants at PN21. n=3 mice per 854 

group (mean ± SEM). 855 

(C) MLE-12 cells were exposed to different concentrations of H2O2. Il33 gene expression was 856 

determined by quantitative RT-PCR. n=2 per group (mean ± SEM). 857 

(D) MLE-12 cells were exposed to H2O2 of 200 µM in the presence or absence of sulforalphane (SFN) 858 

and Il33 gene expression was determined by quantitative RT-PCR. n=2 per group (mean ± SEM). 859 

(E) MLE-12 cells were cultured under normoxia or hyperoxia condition for 24 hours in the presence or 860 

absence of SFN and then recovered in normoxia incubator for additional 24 hours. Il33 expression was 861 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 26

determined by quantitative RT-PCR. n=3 per group (mean ± SEM). 862 

(F) Neonatal mice were exposed to RA or O2 and treated with SFN. IL-33 protein levels were measured 863 

at PN21. n=2 or 3 mice per group (mean ± SEM). 864 

(G, H) Neonatal mice were exposed to RA or O2 and treated with SFN. Total ILC2 (G) or IL-13+ ILC2 865 

numbers were determined at PN28. n=4 or 8 mice per group (mean ± SEM). 866 

Data are representative of at least two independent experiments. n.s., not significant; * P ≤ 0.05.  867 

 868 

Fig. 6. Asthma-related gene expression and ILC2 responses are mediated by IL-33 signaling. 869 

(A) Lung asthma-related genes were measured by the mouse asthma and allergy RT2 PCR array at PN28.  870 

(B) Il5, Il13, Il21, arg1, Rnase2a and Pmch genes were confirmed by real-time PCR. n=3 or 4 mice per 871 

group (mean ± SEM).  872 

(C) ILC2s in the lungs of WT or ST2-deficient mice were measured by flow cytometry at PN28. n=3 or 4 873 

mice per group (mean ± SEM). 874 

(D) Representative FACS plots and absolute numbers of IL-13 or IL-5 producing cells in the lungs of WT 875 

or ST2-deficient mice following RA or O2 exposure at PN28. n=2 or 4 mice per group (mean ± SEM). 876 

(E) The frequencies and absolute numbers of eosinophils in the airway of WT or ST2-deficient mice were 877 

determined by flow cytometry at PN28. n=3 or 4 mice per group (mean ± SEM). 878 

Data are representative of at least two independent experiments. n.s., not significant; * P ≤ 0.05. 879 

 880 

Fig. 7. Serum IL-33 levels correlate with IL-5 and IL-13 levels in preterm infants.  881 

IL-33, IL-5, IL-13 and IL-4 cytokine levels in the sera of preterm infants were measured by multiplex. 882 

Correlations between IL-33 and IL-5 (A), IL-13 (B) or IL-4(C) were evaluated by Pearson’s test using 883 

GraphPad Prism. 884 

 885 
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Fig. 1. Gating strategy of ILC2s 

Lung single cells were isolated and stained with Lin (CD11b, CD11c, CD3, Gr-1, B220, TCRβ, 

Ter-119, NK1.1), ST2, CD90, CD25 and CD127. ILC2s were defined as Lin- CD25+ CD127+. 

 

Supplementary Fig. 2. Quantification of certain innate cell populations in the lungs of RA or O2-

exposed mice. 

Neonatal mice were exposed to RA or O2 for 7 days. Total DCs, FcεRI+ DCs, mast cells and 

basophils were quantified in the lungs at PN28. n=3 or 4 mice per group (mean ± SEM). * P ≤ 

0.05. 

 

Supplementary Fig. 3. Cytokine producing cells in the lungs of RA or O2 exposed-mice 

following HDM challenge. 

Cytokine producing cells in the lungs were measured by intracellular staining. n=4 mice per 

group (mean ± SEM). * P ≤ 0.05. 

 

Supplementary Fig. 4. Absolute numbers and frequencies of ILC2s in the lungs of RA or O2 

exposed-mice following chronic HDM challenge 

Mice were exposed to RA or O2 and challenged with HDM as in Fig. 4. Numbers or frequencies 

of ILC2s in the lungs were determined by flow cytometry at PN56. n=4 mice per group (mean ± 

SEM).  

 

Supplementary Fig.5. Neonatal hyperoxia promotes oxidative stress in the lungs. 

Neonatal mice were exposed to RA or O2 for 7 days and then housed in RA. (A) ROS levels in 

lung epithelial cells of RA or O2- exposed mice were determined by H2DCFDA staining at 

PN21. n=3 to 5 mice per group (mean ± SEM). * P ≤ 0.05. (B) Oxidative stress genes in the 

lungs of RA, O2- exposed or SFN-treated O2- exposed mice were measured through mouse 

oxidative stress RT2 PCR array at PN15.  
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Supplementary Fig. 6. IL-33 signaling enhances allergy and asthma gene expression. 

Gene expression fold changes were compared between indicated two groups. (A) WT RA group 

v.s. O2 group. (B) ST2-deficient RA v.s. O2 groups. (C) WT O2 group v.s. ST2 deficient O2 

group. 

 

Supplementary Fig. 7. Serum cytokine levels in Term or Preterm infants. 

Human sera from term or preterm infants were collected. IL-33, IL-5, IL-13 and IL-4 levels were 

determined by multiplex. (A) The levels of cytokines were represented by column graph. (B and 

C) Pie charts of the frequencies of indicated serum IL-33 concentration ranges in the groups of 

term infant, pre-term infant with or without BPD criteria (B), or in the groups of infants born 

before 30 weeks of gestational age, between 30 to 37 gestational age or over 37 gestational age 

(C).  

 

Supplementary Fig. 8. Correlation analysis of serum IL-33 and IL-13, and serum IL-33 and IL-5 

in term infants. 

Correlations between serum IL-33 and IL-5 or serum IL-33 and IL-13 were evaluated by 

Pearson’s test using GraphPad Prism. 

 

Supplementary Fig. 9. Correlation analysis of serum IL-33 and IL-13, and serum IL-33 and IL-5 

according to infant age groups. 

Correlations between serum IL-33 and IL-5 or serum IL-33 and IL-13 in samples collected from 

infants younger than 18 months or infants between 18 months and 30 months of age were 

evaluated by Pearson’s test using GraphPad Prism. 
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gender
gestational age 

(weeks)
age (mo) IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml) IL-4 (pg/ml)

1 M 40 7.6 1.85 n.d. 0.5 n.d.

2 F 38 14.5 26.18 29.12 4.15 n.d.

3 F 38 14.5 10.87 143.37 17.28 0.47

4 F 40 21.8 15.54 38.27 4.41 n.d.

5 M 39 14.2 4.22 11.68 1.24 n.d.

6 F 40 3.4 2.64 n.d. 0.84 3.35

7 F 39 18.9 26.76 174.24 26.73 24.38

8 M 38 6.3 n.d. n.d. 3.29 n.d.

9 M 38 6.5 5.8 n.d. 0.97 15.75

10 M 40 27.0 36.4 48.27 5.85 n.d.

11 F 40 25.2 n.d. 94.54 14.99 5.98

12 F 40 25.1 0.45 n.d. n.d. n.d.

13 F 40 8.8 n.d. n.d. 0.3 n.d.

14 F 39 11.4 2.84 n.d. 1.24 n.d.

15 F 40 29.0 5.8 n.d. 0.02 n.d.

16 M 40 10.1 0.65 n.d. 2.17 n.d.
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1 M 35 16.17 4.22 34.93 4.67 n.d.
2 F 32 7.87 n.d. n.d. 0.3 n.d.
3 F 32 7.87 n.d. n.d. n.d. n.d.
4 M 32 7.87 9.12 n.d. 2.04 9.74
5 F 30 9.50 8.34 n.d. 1.1 5.98
6 M 35 11.97 6.38 n.d. 0.43 n.d.
7 F 32 12.37 4.22 8.62 1.64 n.d.
8 F 32 12.37 3.83 33.8 3.09 n.d.
9 F 32 12.87 8.93 1.73 1.1 n.d.
10 M 32 12.87 3.44 5.62 1.24 n.d.
11 F 28 23.80 8.53 n.d. 1.5 n.d.
12 F 28 23.80 5.4 3.23 2.3 13.38
13 M 31 18.40 46.8 132.37 14.86 n.d.
14 M 34 12.70 n.d. n.d. 1.17 n.d.
15 F 30 15.20 13.01 89.07 9.38 12.18
16 M 31 21.33 n.d. 23.53 3.22 n.d.
17 M 32 11.80 3.83 n.d. 2.5 3.35
18 F 31 14.10 2.25 n.d. 0.84 n.d.
19 F 31 14.50 n.d. 14.46 2.83 n.d.
20 M 35 22.50 n.d. n.d. 1.1 n.d.
21 F 34 15.53 43.72 97.65 14.99 n.d.
22 M 34 22.23 29.85 108.66 9.65 10.36
23 F 30 19.23 n.d. n.d. n.d. n.d.
24 M 30 19.23 n.d. n.d. 0.7 n.d.
25 M 32 11.60 3.24 n.d. 0.84 n.d.
26 M 35 21.40 4.22 4.49 1.64 n.d.
27 F 35 21.40 11.26 n.d. 1.77 n.d.
28 M 29 14.53 4.42 n.d. 1.24 9.13
29 M 29 14.53 5.6 n.d. 0.84 n.d.
30 F 33 8.03 n.d. n.d. n.d. n.d.
31 M 33 8.03 n.d. n.d. n.d. n.d.
32 M 33 13.07 3.1 n.d. n.d. n.d.
33 M 31 12.10 9 9.72 1.78 14.47
34 M 30 23.33 131.56 122.59 14.33 0.12
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gendergestational age (weeks) age (mo) IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml) IL-4 (pg/ml)

1 F 24 20.07 1.45 n.d. 0.02 n.d.
2 F 24 20.10 1.45 n.d. 1.5 n.d.
3 M 26 27.53 n.d. n.d. 0.02 n.d.
4 F 28 15.07 3.04 n.d. 0.16 n.d.
5 M 29 25.53 93.18 1.73 1.24 n.d.
6 F 24 25.50 12.04 18.49 2.7 n.d.
7 F 25 23.43 4.81 n.d. 0.7 n.d.
8 F 24 19.47 18.25 n.d. n.d. n.d.
9 F 30 6.97 n.d. n.d. 0.7 n.d.
10 F 28 22.50 56.03 201.56 26.86 10.97
11 F 28 22.50 3.04 n.d. 0.57 n.d.
12 F 29 19.87 2.64 n.d. 1.1 n.d.
13 M 26 18.47 6.58 n.d. 1.37 n.d.
14 M 25 20.63 0.25 n.d. n.d. n.d.
15 M 26 24.10 1.65 n.d. 1.37 0.47
16 M 26 18.37 6.58 59.33 6.84 n.d.
17 F 33 13.03 2.25 n.d. 1.64 n.d.
18 M 26 23.60 22.9 50.29 7.03 19.24
19 F 24 25.07 59.69 7.67 2.5 10.97
20 F 26 25.53 75.66 207.14 29.87 16.92
21 F 25 17.37 n.d. n.d. 1.5 n.d.
22 M 28 10.33 n.d. n.d. 0.77 n.d.
23 F 28 8.23 1.85 n.d. 0.43 n.d.
24 F 27 24.40 13.99 n.d. 1.1 8.51
25 F 27 24.70 1.85 n.d. 1.24 n.d.
26 M 27 18.53 13.6 77.84 9.38 33.84
27 M 26 19.77 65.65 198.06 25.82 3.35
28 M 24 12.73 2.25 n.d. 2.96 14.56
29 M 27 13.03 5.8 n.d. 3.36 n.d.
30 M 26 10.27 3.04 n.d. 1.64 n.d.
31 M 29 18.57 8.93 n.d. 0.7 1.24
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no BPDgender
gestational age 

(weeks)
age (mo) IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml) IL-4 (pg/ml)

1 M 35 16.17 4.22 34.93 4.67 n.d.

2 F 32 7.87 n.d. n.d. 0.3 n.d.

3 F 32 7.87 n.d. n.d. n.d. n.d.

4 M 32 7.87 9.12 n.d. 2.04 9.74

5 F 30 9.50 8.34 n.d. 1.1 5.98

6 M 35 11.97 6.38 n.d. 0.43 n.d.

7 F 32 12.37 4.22 8.62 1.64 n.d.

8 F 32 12.37 3.83 33.8 3.09 n.d.

9 F 32 12.87 8.93 1.73 1.1 n.d.

10 M 32 12.87 3.44 5.62 1.24 n.d.

11 F 28 23.80 8.53 n.d. 1.5 n.d.

12 F 28 23.80 5.4 3.23 2.3 13.38

13 M 31 18.40 46.8 132.37 14.86 n.d.

14 M 34 12.70 n.d. n.d. 1.17 n.d.

15 F 30 15.20 13.01 89.07 9.38 12.18

16 M 31 21.33 n.d. 23.53 3.22 n.d.

17 M 32 11.80 3.83 n.d. 2.5 3.35

18 F 31 14.10 2.25 n.d. 0.84 n.d.

19 F 31 14.50 n.d. 14.46 2.83 n.d.

20 M 35 22.50 n.d. n.d. 1.1 n.d.

21 F 34 15.53 43.72 97.65 14.99 n.d.

22 M 34 22.23 29.85 108.66 9.65 10.36

23 F 30 19.23 n.d. n.d. n.d. n.d.

24 M 30 19.23 n.d. n.d. 0.7 n.d.

25 M 32 11.60 3.24 n.d. 0.84 n.d.

26 M 35 21.40 4.22 4.49 1.64 n.d.

27 F 35 21.40 11.26 n.d. 1.77 n.d.

28 M 29 14.53 4.42 n.d. 1.24 9.13

29 M 29 14.53 5.6 n.d. 0.84 n.d.

30 F 33 8.03 n.d. n.d. n.d. n.d.

31 M 33 8.03 n.d. n.d. n.d. n.d.

32 M 33 13.07 3.1 n.d. n.d. n.d.

33 M 31 12.10 9 9.72 1.78 14.47

34 M 30 23.33 131.56 122.59 14.33 0.12
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BPD gender
gestational age 

(weeks)
age (mo) IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml) IL-4 (pg/ml)

1 F 24 20.07 1.45 n.d. 0.02 n.d.

2 F 24 20.10 1.45 n.d. 1.5 n.d.

3 M 26 27.53 n.d. n.d. 0.02 n.d.

4 F 28 15.07 3.04 n.d. 0.16 n.d.

5 M 29 25.53 93.18 1.73 1.24 n.d.

6 F 24 25.50 12.04 18.49 2.7 n.d.

7 F 25 23.43 4.81 n.d. 0.7 n.d.

8 F 24 19.47 18.25 n.d. n.d. n.d.

9 F 30 6.97 n.d. n.d. 0.7 n.d.

10 F 28 22.50 56.03 201.56 26.86 10.97

11 F 28 22.50 3.04 n.d. 0.57 n.d.

12 F 29 19.87 2.64 n.d. 1.1 n.d.

13 M 26 18.47 6.58 n.d. 1.37 n.d.

14 M 25 20.63 0.25 n.d. n.d. n.d.

15 M 26 24.10 1.65 n.d. 1.37 0.47

16 M 26 18.37 6.58 59.33 6.84 n.d.

17 F 33 13.03 2.25 n.d. 1.64 n.d.

18 M 26 23.60 22.9 50.29 7.03 19.24

19 F 24 25.07 59.69 7.67 2.5 10.97

20 F 26 25.53 75.66 207.14 29.87 16.92

21 F 25 17.37 n.d. n.d. 1.5 n.d.

22 M 28 10.33 n.d. n.d. 0.77 n.d.

23 F 28 8.23 1.85 n.d. 0.43 n.d.

24 F 27 24.40 13.99 n.d. 1.1 8.51

25 F 27 24.70 1.85 n.d. 1.24 n.d.

26 M 27 18.53 13.6 77.84 9.38 33.84

27 M 26 19.77 65.65 198.06 25.82 3.35

28 M 24 12.73 2.25 n.d. 2.96 14.56

29 M 27 13.03 5.8 n.d. 3.36 n.d.

30 M 26 10.27 3.04 n.d. 1.64 n.d.

31 M 29 18.57 8.93 n.d. 0.7 1.24
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