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ABSTRACT

BACKGROUND:

Premature infants often require oxygen supplemientaind, therefore, are exposed to oxidative stress
Following oxygen exposure, preterm infants freqlyetevelop chronic lung disease and have a
significantly increased risk of asthma.

OBJECTIVE:

We sought to identify the underlying mechanismsvhych neonatal hyperoxia promotes asthma
development.

METHODS:

Mice were exposed to neonatal hyperoxia followeé Iperiod room air recovery. A group of mice were
also intranasally exposed to house dust mite am{ig®M). Assessments were performed at various time
points for evaluation of airway hyperresponsiver(@$$R), eosinophilia, mucus production,
inflammatory gene expression, T helper (Th) andigr® innate lymphoid cell (ILC2) responses. Sera
from term- and preterm-born infants were also ctdlé and the levels of IL-33 and type 2 cytokinesew
measured.

RESULTS:

Neonatal hyperoxia induced asthma-like featurelsiticg AHR, mucus hyperplasia, airway eosinophilia,
and type 2 pulmonary inflammation. In addition, natl hyperoxia promoted allergic Th responses to
HDM exposure. Elevated IL-33 levels and ILC2 resgmmwere observed in the lungs most likely due to
oxidative stress caused by neonatal hyperoxia3lke8eptor signaling and ILC2s were vital for the
induction of asthma-like features following neohégeroxia. Serum IL-33 levels correlated
significantly with serum levels of IL-5 and IL-1But not IL-4 in preterm infants.

CONCLUSION:

These data demonstrate that an axis involving 233 ILC2s is important for the development of
asthma-like features following neonatal hyperoxid auggest therapeutic potential for targeting 8,-3

ILC2s, and oxidative stress to prevent and/or tas#ttma development related to prematurity.

KEY WORDS
Neonatal hyperoxia, Oxidative stress, Asthma, I 1B&2s
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CAPSULE SUMMARY
Elevated IL-33 production and enhanced group 2tentyemphoid cell (ILC2) responses promote the

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

KEY MESSAGES

Neonatal hyperoxia induces the development of astlike features in mice

Enhanced IL-33 production and ILC2 responses prertiw development of asthma-like features
following neonatal hyperoxia

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



98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

126
127
128
129
130

INTRODUCTION

Preterm birth (born before 37 weeks of gestatidigcts about 10% pregnanciesChronic pulmonary
complications of preterm birth are common, andudel bronchopulmonary dysplasia (BPD) and asthma
%3 Compared to children born full term, children msignificantly preterm had about three times thle r
of developing chronic wheezing and asthma disoridées in their live$. The molecular and
immunological mechanisms underlying the wheezirgyasthma associated with prematurity are

currently unclear.

At birth, infants born significantly preterm ar&diy to require life-supporting respiratory suppwith
positive pressure ventilation and supplemental ery@ecause the preterm lung is normally developed
in a relatively hypoxic intrauterine environmeniga exposure to room air (RA, 21% oxygen
concentration) is considered hyperoxic and cortsstan oxidative streSsExposure to higher degrees
and durations of hyperoxia results in significa@dbnatal lung injury, interrupted lung developmemig
ultimately the development of BPT. The lungs of term newborn mice are developmengait]
structurally comparable with lungs of human infamtsn around 26 to 28 weeks' gestatiomherefore
hyperoxia exposure of newborn mice offers a usefdel for investigating the roles of premature
oxygen exposure in regulating lung developmentamdnic diseases in infants born very prematurely.
Using a murine neonatal hyperoxia model, it haslsf®wn that neonatal hyperoxia inhibited the
development of alveolar-capillary membrane strieetard impaired lung gas-exchange function, similar
to findings observed in human BPB'% Neonatal hyperoxia also alters lung inflammastatus and
immune cell composition¥, which may contribute to the enhanced inflammatesponse against
influenza virus infection in adult ag& ** In addition, neonatal hyperoxia promotes airway
hyperresponsiveness (AHR) to methacholine challéhd® but the underlying molecular and cellular

mechanisms were not investigated.

Innate lymphoid cells (ILCs) have recently beemtided as innate counterparts of T helper (Th)scel
that are capable of secreting large amounts okiyes upon stimulatiolf. Based on their cytokine
secretion, ILCs can be divided into three groupsupg 1 innate lymphoid cells (ILC1s) produce Thl
cytokine IFN«y, group 2 innate lymphoid cells (ILC2s) produceggaamount of IL-5 and IL-13, and

group 3 innate lymphoid cells (ILC3s) secret Thyiokines IL-17 and IL-22"*8 In the lungs, ILC2s
4
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appear to be the major ILC subset and responditioedipl cell-derived cytokines including IL-25, 183
and thymic stromal lymphopoietin (TSLF)?%. Enhanced ILC2 activities have been observedviariety

of murine asthma models and human clinical asthogies®® * Interestingly, recent evidence shows
that ILC2s are accumulated following spontaneou83Lrelease at the alveolar phase of lung
development and contribute to the Th2-mediatedgii@sthma development later in [fe® To this

end, ILC2s promote antigen uptake and dendriticnoigjration to the lung-draining lymph nodes, thmre
facilitating the induction of Th2 responses agaairgens™ ?° Thus ILC2s appear to be one of the key
drivers for innate and adaptive immunity in asthaeaelopment, particularly at the neonatal stages.
However, it remains largely unclear whether nedriata2 development and function are regulated by
various external environmental factors (e.g. hypi)o thereby influencing the development of pettat

asthma.

We found that neonatal hyperoxia promoted asthkeHinmunologic and physiologic features in mice
and further enhanced allergic Th2 and Th17 resinsthe respiratory tract following allergen expes
Neonatal hyperoxia promoted IL-33 expression indéeeloping lungs and enhanced ILC2 expansion
was required for the development of asthma-likéuies. The Nrf2 agonist, sulforaphane (SFN), reduc
lung IL-33 levels and ILC2 responses, supportirgrifle of oxidative stress in the promotion of 113a
the lung. Furthermore, genetic ablation of the 8.r8ceptor, ST2, decreased asthma-related gene
expression, eosinophil recruitment, and ILC2 respsrfollowing neonatal hyperoxia. Finally, in prete
infants, we found that serum IL-33 levels positwebrrelated with serum IL-5 and IL-13, but not4L-
levels. Our findings suggest that, in infants eigering oxidative stress as a result of prematuth,dL-

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

MATERIAL AND METHODS
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Ethics statement

All animal experiments were approved by the Infithal Animal Care and U se Committee of Indiana
University School of Medicine and the Mayo Clinic.

Blood samples were obtained from infants who wema lfull term or premature following IRB approval

and written parental consent.

M ouse and neonatal hyperoxia model

C57BL/6,Ragl” andRag2/112rg” mice were purchased from the Jackson Laborat(Bia@sHarbor,

ME). I11r117 (ST2-deficient) mice were provided by Dr. McKenftiem MRC Laboratory of Molecular
Biology. All mice are in C57BL/6 genetic backgrour@male mice were primarily used in the study as
our own data and previous data have suggestedmedefailed to exhibit significantly enhanced AHR
following neonatal hyperoxi&. The controls of ST2 KO were age-matched C57/BligetrFor
Rag2/112rg” mice, age-matched C57/BL6 aRdgl’™ mice were the controls. For neonatal hyperoxia
model, within 24 hours of birth, two or more littesf wild-type C57BL/6 mice were pooled and
separated into two equal groups and housed withgéesdam in a standard cage. One cage was placed
within a 30’ x 20" x 20" polypropylene chamber (BioSpherix, Lacona, NYimich the oxygen
concentration was maintained at >80% &nd the other was maintained in room air (RA; 296

Nursing dams were rotated every 24 hours betweeamiAQ groups to avoid oxygen toxicity in dams.
Following hyperoxia exposure from postnatal (PNy B&IO-PN7, the mice were returned to room air
until sacrifice or HDM challenge. HDM extract (Grdeaboratories, NC) were administrated intranasally
(10 ug/20wl) to mouse 10 times (three times per week) foregéks. After 2 days from the last
administration of HDM, mice were sacrificed forloér analysis. To stimulate Nrf2 activity, mice nge

intraperitoneal injected with sulforaphane (SFN2&aimg/kg daily from PN7 until PN 21.

M easurement of AHR

AHR to methacholine challenged was measured ubmérinePoint RC system (Buxco Research
Systems, Wilmington, NC) and the airflow was re@arch individual mice according to the
manufacturer’s guidelines. Briefly, mice were ahetized and a tracheostomy tube was inserted and
connected to a ventilator. After 5 min of stabiliaa followed by administration of PBS, airway
resistance was determined by dose responsivenassdsolized methacholine (Sigma-Aldrich, St. Louis

MO) delivered by a nebulizer.
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Lung single cell preparation

For airway cells, Broncho-alveolar lavage (BAL) vedgtained by flushing the airway multiple timestwit
400yl aliquots of sterile PBS, followed by centrifugatito collect airway cells. For lung single cell
suspensions, lungs were perfused with PBS, chojgpsahall pieces using scissors, and digested with
5ml of 183 U/ml collagenase type 2 (Worthington &iemical Corporation, Lakewood, NJ). After 40
min, lung pieces were dispersed by passage thrau@uM strainer and RBC lysed with ACK buffer.
For cytokine detection in lung, lungs were mechalhicseparated by passage through a strainer, which
was subsequently rinsed with 40i00f PBS. After centrifugation, supernatants wesbected to

determine cytokine protein levels by ELISA.

Quantitative RT-PCR

RNA from lung homogenates was isolated using an Fdkation kit (Sigma-Aldrich) according to the
manufacturer’s instructions and reverse transcribeEdcDNA using random primers (Invitrogen, Grand
Island, NY) and MMLV (Invitrogen). cDNAs were amipid using SYBR Green PCR Master Mix
(Applied Biosystems, Grand Island, NY) using 75@8tHPCR or quantistudio 3 PCR system (Applied
Biosystems). Data were generated by the comparthtreshold cycleACT) method by normalizing to

hypoxanthine-guanine phosphoribosyltransferase (PR

Epithelial cell culture

Mouse epithelial cells (MLE-12) were and culturadDMEM/F-12 medium supplemented with 2 % FBS
(Hyclone), 1% insulin-Transferrin-Selenium (Gibcd® nM hydrocortisone, 10 nM beta-estradiol,
glutamine 2 mM (Sigma-Aldrich), 10 mM HEPES. Touceé oxidative stress, MLE-12 cells were treated
with indicated concentrations o8, in the presence or absence ofdd SFN for 24 hr. Then RNA was
extracted for the measurement i&3 gene expression. For hyperoxia culture of epigheklls, MLE-12
cells were cultured in > 70%,@oncentrations for 24 hours in the presence aratesof SFN (1QM).

Cells were then cultured in normoxia for an addi#ilo24 hours. 1133 gene expression was determiged b
quantitative RT-PCR.

PCR array

cDNA were obtained from pooled (6-8 lungs) samplesgroup and mixed with SYBR Green PCR
Master Mix. The mixture was used for analysis withuse asthma and allergy RFCR array or mouse
oxidative stress RTPCR array (Qiagen, Frederick, MD) according torttenufacturer’s instructions.

Data was analyzed by RPCR profiler array data analyses software in SABiences website.

7



230

231 Determination of ROSlevels

232  To measure intracellular ROS levels in epithel&ls; lung single cell suspensions were surfadeeta
233 with antibodies conjugated with fluorescence (aB46 and anti-EpCAM) first. Cells were then stained
234 with 10 pM CM-H2DCFDA (Molecular Probes, Carlsb&#) at 37C for 30 min. Cells were washed
235 and analyzed immediately by flow cytometry. Cefiattwere treated with 50 uM of,8, served as the
236  positive control.

237

238  Flow Cytometry

239  To quantify ILC2s, lung single cells were staineithviluorescent conjugated lineage markers (Lin:
240 CD11b, CD11c, CD3, B220, Ter-119, Gr-1, NK1.1, TB}Ranti-Thyl1.2, anti-CD25, anti-CD127 and
241  anti-ST2. ILC2s were identified as Lifth1.Z CD25 and CD127. For neutrophil and eosinophil

242 identification, lung or BAL cells were stained wilborescent conjugated anti-CD45, anti-CD11b,-anti
243  CDl1l1c, anti-Siglec F, anti-Ly6G, and anti-Ly6C. Bophils were identified as CD3&£D11b" Siglec F
244  and CD11g while neutrophils were identified as CD48D116 Ly6G". Total DCs (CD45 SiglecF,

245 Ly6G, CD11&, MHC "), FeRI" DCs (CD45, SiglecF, Ly6G, FeRla", CD11&", HMC 1), mast
246  cells (CD45, SiglecF, Ly6G, CD11¢, CD116™, FeRI*, c-Kit") and basophils (CD45SiglecF, Ly6G
247 ,CD11¢, CD116™, FeRI*, c-Kit, CD49B) were quantified based on the there surface mgrker

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

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

250 Golgistop (BD Biosciences, San Diego, CA) for 5ilsod’hen cells were stained with surface Abs and
251 fixed/permeabilized with BD Cytofix/Cytoperm kitifgtaining with cytokine Abs. All fluorescent

252 conjugated antibodies were purchased from Bioleg8ad Diego, CA), BD Biosciences or eBioscience
253 (San Diego, CA). Samples were acquired through BR IU Flow Cytometer (BD Biocience) or Attune
254  NXT flow cytometer (Life technologies). Data wemadyzed by using FlowJo software (Treestar,

255  Ashland, OR).

256

257 ELISA

258  Cytokines in the supernatants of lung homogenates weasured with IL-33 ELISA kit (eBioscience) or
259  TSLP ELISA kit (Biolegend) according to the manutaer’s instructions.

260

261 Histology
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At PN 28, whole lungs were harvested and fixedd#¥ormaldehyde (Fisher Scientific, Fair Lawn, NJ)
for 48hr and stored in PBS until embedding. Fixatyltissues were embedded in paraffin, section&d at
um thickness and stained with hematoxylin and eosieriodic Acid Schiff (PAS) by the Indiana
University Pathology Laboratory. Histological scofeanges 1-4) were performed on PAS stained slides
blindly by two independent observers. To quantify percentage of areas stained with PAS within
airway epithelium of lung specimens, computer-baseje analysis was performed based on a previous
report®2 Briefly, each image was set with scale bar as sér pixel using Image-Pro Premier 3D (Media
Cybernetics, Rockville, MD). The areas of airwajttsglium and the areas of PAS positive airway
epithelium were computer traced based on the éifif&al colored pixels. PAS-positive areas in the
epithelium and areas of total airway epitheliumevexcorded in randomly selected airway sectiony (~5
per lung tissue section. The percentage of PASipesirea was calculated based on the ratio of PAS

positive areas to the total areas of airway epithein each lung section.

Clinical samples
Sera were collected from children with at 3 - 30nths of corrected age who were born prematurely (<3
gestation week) or maturely and determined cytol@mels using multiplex (Millipore, Billerica, MA)

according to the manufacturer’s instructions. Adtalpoints are from individual patients.

Statistical Analysis

Data were expressed in mean values + SEM. One-Wwi9VMA, two-way ANOVA with subsequent
Fisher’'s LSD test ortest were used to determine the significance féér@inces between groups using
GraphPad Prism software. For clinical data, cotieia were evaluated by Pearson’s test using GiaghP
Prism (Graphpad, La Jolla, CA).

RESULTS

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

We have utilized a murine neonatal hyperoxia mealeéplicate the high concentration of oxygen
(relative to the hypoxic levels experienced in a}etelivered to lungs of infants born pretetri. To
mimic the lung injury experienced by preterm infgrior the first 7 postnatal days (PN7) we exposed
neonatal mice to either hyperoxia (80% oxyges),d room air (21% oxygen, RA) (Fig. 1A). To
understand the long-term effects of neonatal hyparexposure, all mice were then housed in RA for a

additional 21 days and their AHR assessed. Comsigigh previous reports *% we found that

9



295 compared to mice raised entirely in RA, mice preasglyg exposed to neonatal hyperoxia showed

296  significantly higher AHR (Fig. 1B). In line with eprevious report®, histological analysis showed that
297  lungs from Q-exposed mice had simplified alveolar structurg(EC). Strikingly, neonatal hyperoxia
298  exposure was associated with mucus hyperplasialBigD, E). In addition, lungs of &xposed mice
299 displayed a significant increase in expression ofus-associated gen€d¢al andMucbac) (Fig. 1F).
300 The expression of type 2 cytokines IL-5 and IL-ib@t not IFNy, IL-17 and IL-4, were also significantly
301 increased in the lungs fromy@xposed mice, suggesting that these mice haveneaetiaype 2 airway
302 inflammation (Fig. 1G). Further, mice exposed tomeaal hyperoxia also showed airway eosinophilia
303 (Fig. 1H). Interestingly, prior exposure to neohatgperoxia was also associated with airway nettitap
304 (Fig. 1I). Together, these results demonstraterteanatal hyperoxia promotes the development of
305 multiple cardinal features of asthma-like symptontduding AHR, mucus production, type 2

306 inflammation, and recruitment of eosinophils andtrephils.

307

308 Neonatal hyperoxialeadsto enhanced lung IL C2 responses at the pediatric stage

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

310 inflammation associated with prior exposure to raabhhyperoxia. To quantify IL-13 producing celig
311 performed intracellular cytokine staining for siaglell suspensions obtained from lungs of RA gr O
312 exposed mice. Consistent with our gene expressitan(&Fig. 1F), compared to those of RA-exposed
313 mice, lungs of @-exposed mice contained a significantly higher prapn of IL-13 producing cells (Fig.
314 2A, B and C). The majority of the IL-13 producinglls lacked CD4 expression (CD4Fig. 2A, B),

315 indicating they were not Th2 cells. ILC2s are rdlyenlentified, lineage-negative innate immune sell
316  capable of producing large amounts of type 2 cyte$i®. We found that the majority of lung IL-13

317 producing cells were lineage-negative (LifFig. 2A, C), suggesting that they are ILC2s.ded, these
318 Lin" IL-13-producing cells also expressed CD25 and CD(E2g. S1), further supporting their identity as
319 ILC2s. Extensive surface-marker analysis confirttexdexpression of ST2, ICOS, CD90, KLRG1 and
320 low levels of IL-17RB, the typical markers of ILC#Sig. 2D). In the lungs from RA or &exposed mice
321 at PN7, the relative frequency and absolute nurabBrC2s were not different (Fig. 2E). However, gm
322  from O,-exposed mice showed increased ILC2 frequency andfmbers than those of RA-exposed mice
323 at PN14 and PN28 (Fig. 2E). The levels of lung Il€2ponses were comparable between RA and O
324 exposed mice at PN58 (Fig. 2E)-&xposed mice also exhibited enhanced total dendgtls (DCs),

325 FceRI" DCs and basophils in the lungs at PN28 (Fig. S2).

326

327 AHR and pulmonary type 2 inflammation are mediated by IL C2s

10
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To determine the roles of ILC2s in the developn®@m®HR and type 2 inflammation, we exposeayl”
mice (deficient in T and B cells) afhg2”/I12rg” mice (deficient in T, B and ILCs) to RA or neonatal
hyperoxia (as in Fig. 1A) and measured AHR at PN&iilar to WT mice, @-exposedRagl’ mice
showed increased airway responsiveness, suggéiséing and B cells are dispensable for AHR
development following neonatal hyperoxia (Fig. 3h)contrast, @exposedrag2” /112rg” mice showed
AHR comparable to RA-exposéhgl’ or Rag2’/112rg” mice, indicating that for AHR development
following neonatal hyperoxia ILCs are critical. Cpaned to those of Qexposedragl” mice,
histological analysis in the &xposedRag2’/I12rg” mice were comparable to RA-controls and
demonstrated diminished airway mucus productiog. (FiB, C, D, E). Furthermore, although-€xposed
Ragl” mice exhibited increased eosinophilia comparetidese of RA-exposeBagl’ mice, Q-
exposedRag2’/l12rg” mice showed airway eosinophilia similar to thos&éEexposed control mice
(Ragl” or Rag2’/112rg") (Fig. 3F). These data suggest that while Th3ce# dispensable, ILC2s are
essential for the development of neonatal hypermdaced AHR, mucous production, and type 2

inflammation.

Neonatal hyperoxia promotes allergic inflammation

Besides AHR, children and adolescents formerly Ippeterm exhibit enhanced development of allergic
asthm&®. In addition, pre-clinical murine models haveagtished that ILC2s are capable of enhancing
adaptive Th2 responses following intranasal paphailenge’®. We therefore hypothesized that mice
formerly exposed to neonatal hyperoxia would derrates elevated allergic responses to subsequent
airway allergen exposure. To test this, we adnmenest HDM intranasally (i.n.) to RA- orf&&xposed WT
mice for 4 weeks starting at PN28 and examinedeBpanses at PN56 (Fig. 4A). We chose PN28 for
HDM challenge because maximal differences in ILEZonses between RA- ang-€xposed mice were
observed at this timepoint (Fig. 2E). As shownvimesly*®* chronic HDM exposure in both groups
increased airway inflammation, eosinophilia andtraghilia (Fig. 4B). However, HDM-challengedO
exposed mice exhibited a significantly exaggeratsgonse as evidenced by higher numbers of airway
eosinophils and neutrophils compared to those o¥Hiballenged RA-exposed mice. We also observed
increased numbers of IL-4, IL-13 and IL-17 produgginn® cells present in the airway (Fig. 4C, D) and
increased IL-13-producing cells in the lungs (B8) of HDM-challenged @exposed mice compared to
those of HDM-challenged RA-exposed mice. At PNIx&h at baseline (Fig. 2E) and following HDM
exposure, the frequencies and absolute numbelt<C@s| between RA- and £exposed groups were not
different (Fig. S4). Notably, the majority of thie-17 producing cells following HDM challenge were
Lin™ (Fig. S3), indicating that T cells rather than BOwere likely the main IL-17 producing cells

11
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following HDM challenge in both RA and£2xposed mice. Together, these data indicate Kpatseire
of neonates to hyperoxia, later exacerbates deneopof allergic inflammation following respiratory

allergen challenge.

Activation of the anti-oxidant pathway attenuates|L-33 and IL C2 responses

To explore the molecular mechanisms that drive ecéd ILC2 responses and type 2 inflammation
resulting from neonatal hyperoxia exposure, we exachthe expression of epithelial-derived cytokines
including IL-25, 1L-33 and TSLP, which have beemwsh to be important for inciting ILC2 respon€8s

In the lungs of @exposed mice at the conclusion of neonatal hyparexposure (PN7) and following 7d
of recovery in room air (PN14), mRNA expressionTdgp andll33 were increased, respectively (Fig.
5A). While TSLP protein levels were undetectableath RA and @exposed lungs, in the lungs 0$-O
exposed mice we verified increased levels of ILpB&ein at PN21 (Fig. 5B). We did not observe
measurable IL-33 in bronchoalveolar lavage (BALU)dl(data not shown), possibly due to the immediate
depletion of the low levels of IL-33 produced fallmg O,-exposureHyperoxia can increase oxidative
stress via the accumulation of reactive oxygenispd®0OSY. We found that oxidative stress genes were
upregulated and epithelial cell ROS production imaseased in lungs previously exposed to neonatal
hyperoxia (Fig. S5 A, B), suggesting that€xposed lungs exhibited increased oxidative stiEssest

the hypothesis that oxidative stress facilitdt83 expression, we exposed mouse airway epithelid tel
H>0, in vitro and then determindt33 (Fig. 5C). Treatment with ¥D, increased|33 expression in
epithelial cells (Fig. 5C). Nrf2 is a major trarigtion factor regulating cellular anti-oxidant respes”™

34 and its agonist SFN has been used to attenuadatiwé stress and associated inflammatforf. SFN
treatment diminished both ba$k83 expression antl33 upregulation following HO, exposure,

indicating that Nrf2 activation could attenu#itg3 expression in epithelial cells (Fig. 5D). Consisten
with this notion, epithelial cells cultured undempleroxia conditions exhibited enhandé&8B expression
invitro, which was dampened by SFN treatment (Fig. 5E). haptly, treatment of mice with SFd

vivo during neonatal hyperoxia attenuated the upreignlaf a number of oxidative stress genes (Fig.
S5B) and impaired the observed increase in IL-88gim levels following neonatal hyperoxia (Fig. 5F)
IL-33 has been shown to be a major driver of nesiib€2 expansiori*. We therefore examined ILC2
responses following SFN treatment. Although SFdttreent tended to increase baseline ILC2 levels in
RA-exposed mice, treatment of SFN ip-€xposed mice blunted the observed increase inlh@#®s and
Lin”/IL-13 producing cells at PN 28 following hyperoXig. 5 G, H). Taken together, these data
indicated that oxidative stress resulting from ragahhyperoxia enhances IL-33 expression during

recovery, which may contribute to expansion and/ation of ILC2s.
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ILC2 responses following neonatal hyperoxia are mediated by IL-33 signaling

To determine whether IL-33 signaling is requiredtige 2 lung inflammation and ILC2 responses
following neonatal hyperoxia, we exposed WT an®8_receptor-deficient (ST mice to RA or
neonatal hyperoxia (as in Fig. 1A) and assessagidene expression and ILC2 responses at PN28 (Fig.
6). Using allergy and asthma PCR-gene array, coedparthose of RA-exposed WT mice whole lung
RNA from O,-exposed WT mice showed increased expression oy msthma-related genes. Strikingly,
the majority of upregulated genes observedjirexposed WT mice were not upregulated similarly and
remained similar to RA-exposed levels in lungs efe®posedST2-deficient mice (Fig. 6A and Fig. S6),
suggesting that IL-33 signaling is an importanttdbntor of the altered allergy and asthma gene
expression profiles following neonatal hyperoxiandmber of differentially expressed genes including
Argl, 1121, 115, 1113, Pmch andRnase2a were confirmed with RT-PCR (Fig. 6B). Furthermarempared

to those of @exposed WT mice, £exposed ST2-deficient mice showed diminished feaqy and
numbers of ILC2s in the lungs, suggesting thabfeihg neonatal hyperoxia, IL-33 signaling is ciatic

for the expansion of ILC2s (Fig. 6C). Following matal hyperoxia, in the absence of IL-33 signaling
both IL-13 and IL-5 producing ILC2s were signifi¢hndecreased (Fig. 6D). Consistent with diminished
ILC2s in the lungs, in response to neonatal hypar8X2-deficient mice failed to develop airway
eosinophilia (Fig. 6E). Together, these resultgssgthat IL-33 signaling via ST2 is critically iogpant

for the expression of asthma-related genes, ILGRaeses and airway inflammation following neonatal

hyperoxia.

Serum IL-33 levelscorrelatewith IL-5and IL-13 levelsin preterm infants

To determine if the relationship between IL-33 &k 2 cytokines established in the mouse model is
conserved in preterm infants, we analyzed the $eokIL-33 and type 2 cytokine concentrations irase
obtained from children (aged 3- 30 months) thatlaeh born either term or preterm (Table S1). lyikel
due to the limited sample size and varied samgdleatmn timepoint, the levels of IL-33 and type 2
cytokines such as IL-5, IL-13 and IL-4 in the sefgreterm infants were not significantly differemith
those of term infants (Fig. S7A), although we oliedra trend toward increased percentages of
individuals having high serum IL-33 levalspreterm infants, particularly in those infantsanmet
criteria for BPD (Fig. S7B). We also observed adréoward increased percentages of individualsritavi
high serum IL-33 levels in the group of infantsiobefore 30 weeks’ gestation (Fig. S7C). Interggyin
there was a significant correlation between serantentrations of IL-33 and IL-5, and serum
concentrations of IL-33 and IL-13 within the pretegroup (Fig. 7A, B) but not in term infant groufid.
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S8). In addition, we found that there were sigaifitcorrelations between serum IL-33 and IL-13yuser
IL-33 and IL-5 levels in sera collected in infagtsunger than 18 months of age, but not those af ser
collected from infants between 18 and 30 monthegef (Fig. S9).

Although IL-4 production by ILC2s has been desatibenlike IL-13, it is not required for inductior o
Tu2 response® 3" We found that serum IL-33 levels did not sigrdfitly correlate with serum IL-4
levels in preterm infants (Fig. 7, C). The sumhade clinical data corroborate our findings inphe-
clinical neonatal hyperoxia model: following hypeia, we observed increased IL-5 and IL-13 in
association with increased IL-33, which is requif@dILC2 expansion. Thus, although future studias
respiratory I1L-33 and type 2 cytokine levels intpren infants with larger sample sizes are warranted
these data suggest the proof of principle thal.aB3+LC2 axis could be a reasonable contributor of

asthma-like airway inflammation in preterm infants.

DISCUSSION

Infants born extremely premature often require fmppntal oxygen therapy for their survival. However
in preterm infants and in pre-clinical animal magjexygen supplementation has been associated with
interrupted distal lung development, chronic dédian gas exchange, airway hyper-reactivity, and
chronic pulmonary dysfunctiofi*®>. Numerous studies have established various dettaheffects of
neonatal hyperoxia on lung structural and functioleaelopment” ***2. However, the mechanisms by
which neonatal hyperoxia mediates pulmonary inflatiom, abnormal lung development, and chronic
pulmonary dysfunction are largely unknown. We sli@ne that neonatal hyperoxia enhanced lung IL-33
production and ILC2 responses, thereby resultingHiRR, mucous production and type 2 inflammation.
Strikingly, we found that neonatal hyperoxia algaggerated pulmonary allergic responses to respyrat
allergen challenge. Our findings suggest that asiaxolving 1L-33 and ILC2s is vital for the

development of asthma-related pathology followiergmatal hyperoxia.

Our observation that young-adult mice previouslyjscted to neonatal hyperoxia for the first PN&(th

period of saccular and rapid alveolar developmgmov AHR is in agreement with previous studies of a
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460  similar developmental window" *3 We further demonstrated here that neonatal hygepromoted the
461 development of other asthma-like features includimgus production, airway eosinophilia and

462 neutrophilia and increased expression of type 8kiyes IL-5 and IL-13. Thus neonatal hyperoxia &ad
463 to the development of multiple asthma-like featwaethe pediatric and young-adult stages. Thesdtses
464  are consistent with the data that asthma-like sgmptand AHR are frequently reported in children,
465 adolescents, and young adults that were born vemature and developed BBH*®. Notably, neonatal
466 T cells are prone to developing into Th2-type cillowing infection or antigenic challenge via €lie
467 intrinsic and extrinsic mechanisfé®. It is thus of interest that ILC2s, rather thar2 Bells, are

468 increased in the lungs and required for developragasthma-like symptoms following neonatal

469 hyperoxia. While atopic asthma driven by Th2 cefs responsive to specific antigens or allergens,
470 ILC2s that are driven by hyperoxia are unlikelyp@ssive to specific antigens but driven by cytokine
471 released by reactive epithelial cells. This differe may underlie the fact that some features ohaest
472  and AHR subsequent to extremely premature birtieriél from typical allergic childhood asthrifa

473

474  In addition to AHR and type 2 inflammation, we fouthat neonatal hyperoxia also increased host
475  sensitivity to allergen challenge as reflected ley&ted type 2 and type 17 inflammation observettién
476  lungs following HDM challenge. Notably, previousdings have found that neonatal hyperoxia did not
477  enhance allergic responses to ovalbumin (OVA) ena™. This could be due to the differences in
478  allergens or sensitization routes used as OVA ianghrough i.p. previousl{?, whereas HDM was
479  delivered i.n. in our study. ILC2s have been shoovfacilitate sensitization to local, but not syste,

480  Th2-inducing allergen exposurgs Thus, it is possible that enhanced ILC2 respofaksving neonatal
481 hyperoxia specifically enhance respiratory, butsystemic, allergen sensitization. Consistent wiis
482  concept, IL-13-derived from ILC2s was shown to erdeaallergic responses through the promotion of
483  dendritic cell migration to lung-draining mediastitymph nodes for the priming of naive CD4 T cells
484  ILC2s have also been shown to mediate memory Th2atvation®? and can acquire memory-like

485  properties to enhance allergic lung inflammatiomthe after their initial activatiort. Thus, ILC2s could
486  be a central regulator in the induction of bothaitenand adaptive immunity during the development of
487  AHR and allergic asthma in response to allergensfants born prematurely. Future studies are

488  warranted to establish the specific roles and uyishgr mechanisms by which ILC2s may play to promote
489 Th2 and Th17 responses following neonatal hyperoxia

490

491  Airway epithelial-derived IL-25, TSLP and IL-33 hmbeen shown to enhance ILC2 expansion and/or
492  cytokine productiof™ ***® We found that IL-25 expression was comparable/éen RA and @
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exposed mice, suggesting that for the inductioendfanced ILC2 responses following neonatal
hyperoxia, IL-25 is unlikely to be vital. Convergeboth TSLP and IL-33 transcription in the lungswa
enhanced following neonatal hyperoxia. While thfeas of TSLP on ILC2 responses are not tested in
our study, data observed here have suggestedcalcrdle of IL-33 in promoting ILC2 responses and
type 2 inflammation following neonatal hyperoxia, &2 deficiency impaired ILC2 expansion and
cytokine production. Strikingly, ST2 deficiency dmshed the expression of a large numbers of asthma
related genes, indicating that the 1L-33-ST2 sigygphxis is critical for the development of asthlika-
inflammation in the lung following neonatal hypei@xOf note, the effects of ST2 signaling in otbell
types, including eosinophils, have been documetitdeliture studies, therefore, are needed to inwastig
the exact roles of IL-33 signaling in ILC2s in protimg asthma-related gene expression in the lungs.
Two recent studies have shown that IL-33 is rel@ap@ntaneously during lung alveolarization, which
drives enhanced ILC2 accumulation and asthma dpredat at the pediatric stage® Our results are
consistent with those findings as we also obsetiradILC2 percentages in the lungs reached a peak a
PN14 in mice housed under room air. However, hyxarexposure further enhanced and sustained IL-33
expression, which further promoted and sustained IuC2 responses till PN28. Since IL-33 production
by epithelial cells is associated with lung remadgburing distal lung development, it is possithlat
aberrant lung alveolarization and a sustained tengpdeling process may contribute to the prolonged

33 expression following neonatal hyperoia

Our present data lead us to postulate that celb@ative stress may be an important factor in the
production of IL-33. Increased ROS levels have tswn to contribute significantly to lung injufy

and Nrf2 agonists given in the course of neonatpkloxia have been shown to dampen lung injury and
promote normal distal lung developmé&htConsistent with this idea, the Nrf2 agonist, SE&mpened
IL-33 expressionn vitro andin vivo and decreased ILC2s in the lungs gfe@posed mice. Interestingly,
stimulation of the Nrf2 pathway appeared to eleva@®? responses in RA-control mice at baseline.sThu
it is plausible that the beneficial effects of SEINILC2 responses following neonatal hyperoxia ddag
partially masked. To this end recent paper has suggested that oxidative stradeey checkpoint for
IL-33 release by airway epitheliifnInterestingly, due to interruption of placentetd transfer and
inadequate endogenous production, anti-oxidanbresgs are compromised in preterm inf&rt&

Further, following OVA challenge in the adult a@&f2 agonists have been shown to inhibit Th2
responses and asthma developmignthus, targeting oxidative stress with proper-amtidants could be

a promising method to prevent airflow obstructioid @asthma development commonly observed

following preterm birth.
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As a proof of principle, we measured serum IL-38 type 2 cytokine levels in older infants formerly
born preterm and compared them to age-matchedlierminfants. While compared to term infants there
is a trend that IL-33 concentrations are elevatetié sera of infants born prematurely, the difiess did
not reach statistical significance most likely dog¢he small sample size. However, we observed that
there is a significant correlation between serus33Land serum IL-5 and IL-13 levels in preterm nifa
Unlike IL-13, ILC2-derived IL-4 is not required toduce T2 response®. Thus, these data provide a
proof of principle that IL-33-driven ILC2s resposs®ay be relevant in the development of asthma-like
symptoms observed in those of preterm infants.ddd#.-33 has been increasingly appreciated as a
major driver of human asthmi& ®”. Notably, IL-33 activity is regulated by multipt®sttranslational
events including protease cleavage and oxidiz&fiohhe 1L-33 levels measured here did not
differentiate the active versus non-active formsgtitermore, we measured circulating rather than
respiratory 1L-33 due to the lack of accessibitiyrespiratory samples. In order to firmly estdblise

roles of IL-33 in asthma development in preternaims, active forms of respiratory IL-33 levels sklou

be analyzed in the future.

Extremely preterm infants in the post-surfactaatae exposed to lower degrees of hyperoxia than
previously. Therefore, given the significant chamgclinical practice and disease phenotype, anima
models utilizing excessive hyperoxia should be ssee for their clinical-relevance. We chose to use
80% oxygen because, as we have previously publisiradar levels of hyperoxia produce a durable
phenotype that structurally and functionally mimicany of the aspects of post-surfactant BPE?
Recent clinical reports of extremely prematurenitdehave consistently suggested a dose-resporese eff
with oxygen support and lung function. For exampienfants and children previously diagnosed with
BPD, the duration of oxygen supplementation anétitefin FEV1 and DLco were positively correlated
69.70 |ikewise, the severity of BPD and the degreeasijstent lung dysfunction are also positively
correlated " Indeed, even in premature infants that did neetip BPD, early, cumulative oxygen
exposure is predictive of persistent pulmonary aiysfion’. Although present-day neonatal care strives
to reduce oxygen exposure to the lowest effectosedmany infants with significant early and peesis
lung disease are routinely exposed to 40-50% oxpgeaverage, and many are exposed to 60-70% or
higher*’". Thus, while careful oxygen titration has emerged centerpiece of neonatal care, many
infants continue to require excessive oxygen supefgation, the degree of which generally correlates
with persistent lung dysfunction. As with any animmdel, direct comparison to the human condit®n i
often complex. Given that the murine lung is desdjto develop in an environment that is relatively

hyperoxic compared to the human lung at the saagestt is likely that higher levels of hyperoxia a
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required to injure the murine lung to a similar ceg While we have not systematically investigdted
above-mentioned possibilities, we justify our uséhe current model based on its ability to phemyco

some of the hallmark structural and functional ekeristics of present-day BPH %

In conclusion, our studies have revealed that n@ebhgperoxia promotes the development of asthik®-li
features and enhances host reactivity to respyrattagrgen. We thus have provided viable cellulzdt a
molecular mechanisms explaining enhanced asthmela@j@went in children born prematurely. Our
results suggest targeting the 1L-33 and ILC2 axay ime a reasonable future approach to prevent asthm

development and/or treat asthma-like symptomsildem born prematurely.
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FIGURE LEGENDS

Figure 1. Neonatal hyperoxia promotes AHR, mucuaslpction and type 2 airway inflammation.

(A) Experimental schemes. Neonatal mice were exptuséyperoxia or RA for 7 days and then housed
in RA until PN28 for analysis of AHR, histology ahahg inflammation.

(B) Airway resistance (RL) was determined followimgthacholine challenge in mice exposed to RA or
02. n=5 or 6 mice per group (mean £ SEM).

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

(D) Pathology scores on PAS staining sections waeatified. n=13 or 14 mice per group (mean +
SEM).

(E) % of PAS-positive areas within airway epithaliwas calculated by image analysis. n=13 or 14 mice
per group (mean = SEM).

(F) Lung mucus associated genes were measureddoyitgitive RT-PCR. n=3 or 4 mice per group (mean
+ SEM).

(G) Lung cytokine gene expressions were determityeguantitative RT-PCR. n=6 mice per group (mean
+ SEM).

(H) The frequencies and absolute numbers of eohilefCD45+SiglecF+CD11c-) in BAL were
measured by flow cytometry. n=3 mice per group (me&SEM).

(I) The frequencies and absolute numbers of nebttofCD45+Ly6G+CD11b+) in BAL were measured
by flow cytometry. n=3 mice per group (mean + SEM).

Data are representative of at least three indeperd@eriments. n.s., not significant; <r.05.

Figure 2. Neonatal hyperoxia promotes ILC2 respgnse

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

(A) Representative FACS plot of IL-13-producinglseéh the lungs.

(B and C) The frequencies of IL-13+ cells in CDB) 6r Lin- (C) were determined by flow cytometry.
n=3 mice per group (mean £ SEM).

(D) Expression of surface markers on ILC2s (Lin-GB2D127+) in mice exposed to RA or O2.

(E) The frequencies and absolute numbers of IL&82ké lungs were measured at the indicated PN days.
n=3 to 7 mice per group (mean + SEM) (mean = SEM).

Data are representative of at least two indepenedgrdriments. n.s., not significant; *<¥0.05.

Figure 3. AHR development and pulmonary type Zamiiation following neonatal hyperoxia are
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mediated by ILC2s.

(A) Neonatal mice were exposed to RA or O2 asign FA and airway resistance (RL) was
determined at PN 28. n=4 to 11 mice per group (riee8EM).

(B and C) Lung sections were stained with H&E (BP&S (C).

(D) Pathology scores on PAS staining sections waeatified. n=9 or 10 mice per group (mean + SEM).
(E) % of PAS-positive areas within airway epithaliwas calculated by image analysis. n=9 or 10 mice
per group (mean + SEM).

(F) The frequencies and absolute numbers of aieegynophils were measured by flow cytometry. n=4
mice per group (mean + SEM).

Data are representative of at least two indepenglgrdriments. n.s., not significant; *¥0.05.

Figure 4. Neonatal hyperoxia enhances Th2 resporsabsequent HDM exposure.

(A) Experimental scheme. Mice exposed to RA or @2erexposed to HDM for 4 weeks from PN28 to
PN56.

(B) BAL cell counts, BAL eosinophil and neutrophilmbers were determined by flow cytometry. n=3 to
5 mice per group (mean + SEM).

(C) Airway cytokine producing cells were measurgdrttracellular staining. n=3 or 4 mice per group
(mean = SEM).

(D) Representative FACS plot of cytokine-producmegjs in the airway.

Data are representative of at least two indepenrebgrariments. * K 0.05.

Figure 5. Oxidative stress-dependent IL-33 praduadts associated with enhanced ILC2 responses
following neonatal hyperoxia.

(A) Lung cytokine gene expression levels were messhy quantitative RT-PCR at PN7 or PN14. n=3
to 5 mice per group (mean £ SEM).

(B) Cytokine protein levels were determined by EAI8 the lung supernatants at PN21. n=3 mice per
group (mean = SEM).

(C) MLE-12 cells were exposed to different concatitins of H202. 1133 gene expression was
determined by quantitative RT-PCR. n=2 per groupgm+ SEM).

(D) MLE-12 cells were exposed to H202 of 204 in the presence or absence of sulforalphane (SFN)
and 1133 gene expression was determined by quanatRT-PCR. n=2 per group (mean + SEM).

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

absence of SFN and then recovered in normoxia atoulfor additional 24 hours. 1133 expression was
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862 determined by quantitative RT-PCR. n=3 per groupgm+ SEM).

863 (F) Neonatal mice were exposed to RA or O2 andeadeaith SFN. IL-33 protein levels were measured
864 at PN21. n=2 or 3 mice per group (mean + SEM).

865 (G, H) Neonatal mice were exposed to RA or O2 asated with SFN. Total ILC2 (G) or IL-13+ ILC2
866 numbers were determined at PN28. n=4 or 8 micgmemp (mean + SEM).

867  Data are representative of at least two indeperglgrgriments. n.s., not significant; *<F0.05.

868

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

870  (A) Lung asthma-related genes were measured bytluse asthma and allergy RT2 PCR array at PN28.
871 (B) II5, 1113, 1121, argl, Rnase2a and Pmch genesveonfirmed by real-time PCR. n=3 or 4 mice per
872  group (mean = SEM).

873 (C) ILC2Zs in the lungs of WT or ST2-deficient mivere measured by flow cytometry at PN28. n=3 or 4
874  mice per group (mean + SEM).

875 (D) Representative FACS plots and absolute numifdis 13 or IL-5 producing cells in the lungs of WT
876  or ST2-deficient mice following RA or O2 exposutePdN28. n=2 or 4 mice per group (mean + SEM).
877  (E) The frequencies and absolute numbers of eokilsap the airway of WT or ST2-deficient mice were
878  determined by flow cytometry at PN28. n=3 or 4 npee group (mean + SEM).

879 Data are representative of at least two indeperglgrgriments. n.s., not significant; *<F0.05.

880

881 Fig. 7. Serum IL-33 levels correlate with IL-5 alhd13 levels in preterm infants.

882  IL-33, IL-5, IL-13 and IL-4 cytokine levels in theera of preterm infants were measured by multiplex.
883  Correlations between IL-33 and IL-5 (A), IL-13 (B) IL-4(C) were evaluated by Pearson’s test using
884  GraphPad Prism.

885
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Fig. 1. Gating strategy of ILC2s

Lung single cells were isolated and stained with (GD11b, CD11c, CD3, Gr-1, B220, TBR
Ter-119, NK1.1), ST2, CD90, CD25 and CD127. ILC2gevdefined as LirCD25 CD127.

Supplementary Fig. 2. Quantification of certainatencell populations in the lungs of RA 05O
exposed mice.

Neonatal mice were exposed to RA aif@ 7 days. Total DCs, ERI" DCs, mast cells and
basophils were quantified in the lungs at PN28. o8 mice per group (mean + SEM)P*
0.05.

Supplementary Fig. 3. Cytokine producing cellsha lungs of RA or @exposed-mice
following HDM challenge.

Cytokine producing cells in the lungs were measieahtracellular staining. n=4 mice per
group (mean = SEM). P <0.05.

Supplementary Fig. 4. Absolute numbers and fregasraf ILC2s in the lungs of RA or,O
exposed-mice following chronic HDM challenge

Mice were exposed to RA or,@nd challenged with HDM as in Fig. 4. Numbersregtiencies
of ILC2s in the lungs were determined by flow cy&iny at PN56. n=4 mice per group (mean *
SEM).

Supplementary Fig.5. Neonatal hyperoxia promoteédabive stress in the lungs.

Neonatal mice were exposed to RA orf@ 7 days and then housed in RA. (A) ROS levels i
lung epithelial cells of RA or © exposed mice were determined by H2DCFDA staiming
PN21. n=3 to 5 mice per group (mean + SEMJ. £ 0.05. (B) Oxidative stress genes in the
lungs of RA, @- exposed or SFN-treated-Gexposed mice were measured through mouse
oxidative stress RTPCR array at PN15.



Supplementary Fig. 6. IL-33 signaling enhances@@nd asthma gene expression.
Gene expression fold changes were compared beiwdieated two groups. (A) WT RA group
v.s. Qgroup. (B) ST2-deficient RA v.s. roups. (C) WT @group v.s. ST2 deficient,O

group.

Supplementary Fig. 7. Serum cytokine levels in TerrRreterm infants.

Human sera from term or preterm infants were ctalgclL-33, IL-5, IL-13 and IL-4 levels were
determined by multiplex. (A) The levels of cytokineere represented by column graph. (B and
C) Pie charts of the frequencies of indicated sellti38 concentration ranges in the groups of
term infant, pre-term infant with or without BPDiteria (B), or in the groups of infants born

before 30 weeks of gestational age, between 3@ geS8tational age or over 37 gestational age

(©).

Supplementary Fig. 8. Correlation analysis of sel®3 and IL-13, and serum IL-33 and IL-5
in term infants.
Correlations between serum IL-33 and IL-5 or sefi#B3 and IL-13 were evaluated by

Pearson’s test using GraphPad Prism.

Supplementary Fig. 9. Correlation analysis of sel®3 and IL-13, and serum IL-33 and IL-5
according to infant age groups.

Correlations between serum IL-33 and IL-5 or sefltB3 and IL-13 in samples collected from
infants younger than 18 months or infants betwe&manths and 30 months of age were

evaluated by Pearson’s test using GraphPad Prism.



Term

gestational age

gender (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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1.1
14.99
9.65
n.d.
0.7
0.84
1.64
1.77
1.24
0.84
n.d.
n.d.
n.d.
1.78
14.33

IL-4 (pg/ml)
n.d.
n.d.
n.d.
9.74
5.98
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

13.38
n.d.
n.d.

12.18
n.d.
3.35
n.d.
n.d.
n.d.
n.d.

10.36
n.d.
n.d.
n.d.
n.d.
n.d.
9.13
n.d.
n.d.
n.d.
n.d.

14.47
0.12
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gender

I nmnmn << "<

tational age (we
24
24
26
28
29
24
25
24
30
28
28
29
26
25
26
26
33
26
24
26
25
28
28
27
27
27
26
24
27
26
29

age (mo)

20.07
20.10
27.53
15.07
25.53
25.50
23.43
19.47

6.97
22.50
22.50
19.87
18.47
20.63
24.10
18.37
13.03
23.60
25.07
25.53
17.37
10.33

8.23
24.40
24.70
18.53
19.77
12.73
13.03
10.27
18.57

IL-33 (pg/ml)
1.45

1.45
n.d.
3.04
93.18
12.04
4.81
18.25
n.d.
56.03
3.04
2.64
6.58
0.25
1.65
6.58
2.25
22.9
59.69
75.66
n.d.
n.d.
1.85
13.99
1.85
13.6
65.65
2.25
5.8
3.04
8.93

IL-13 (pg/ml)
n.d.

n.d.
n.d.
n.d.
1.73
18.49
n.d.
n.d.
n.d.
201.56
n.d.
n.d.
n.d.
n.d.
n.d.
59.33
n.d.
50.29
7.67
207.14
n.d.
n.d.
n.d.
n.d.
n.d.
77.84
198.06
n.d.
n.d.
n.d.
n.d.

IL-5 (pg/ml)
0.02
15
0.02
0.16
1.24
2.7
0.7
n.d.
0.7
26.86
0.57
1.1
1.37
n.d.
1.37
6.84
1.64
7.03
2.5
29.87
1.5
0.77
0.43
1.1
1.24
9.38
25.82
2.96
3.36
1.64
0.7

IL-4 (pg/ml)
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

10.97
n.d.
n.d.
n.d.
n.d.
0.47
n.d.
n.d.

19.24

10.97

16.92
n.d.
n.d.
n.d.
8.51
n.d.

33.84
3.35

14.56
n.d.
n.d.
1.24



Pre-term

no BP?ender gestational age age (mo) IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml) IL-4 (pg/ml)

(weeks)
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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gender

< ZIZIZI < n < nmnmm<nmn< << nmmmmmmam A<

gestational age
(weeks)

24
24
26
28
29
24
25
24
30
28
28
29
26
25
26
26
33
26
24
26
25
28
28
27
27
27
26
24
27
26
29

age (mo)

20.07
20.10
27.53
15.07
25.53
25.50
23.43
19.47
6.97
22.50
22.50
19.87
18.47
20.63
24.10
18.37
13.03
23.60
25.07
25.53
17.37
10.33
8.23
24.40
24.70
18.53
19.77
12.73
13.03
10.27
18.57

IL-33 (pg/ml) IL-13 (pg/ml) IL-5 (pg/ml)

1.45
1.45
n.d.
3.04
93.18
12.04
4.81
18.25
n.d.
56.03
3.04
2.64
6.58
0.25
1.65
6.58
2.25
22.9
59.69
75.66
n.d.
n.d.
1.85
13.99
1.85
13.6
65.65
2.25
5.8
3.04
8.93

n.d.
n.d.
n.d.
n.d.
1.73
18.49
n.d.
n.d.
n.d.
201.56
n.d.
n.d.
n.d.
n.d.
n.d.
59.33
n.d.
50.29
7.67
207.14
n.d.
n.d.
n.d.
n.d.
n.d.
77.84
198.06
n.d.
n.d.
n.d.
n.d.

0.02
1.5
0.02
0.16
1.24
2.7
0.7
n.d.
0.7
26.86
0.57
1.1
1.37
n.d.
1.37
6.84
1.64
7.03
2.5
29.87
1.5
0.77
0.43
1.1
1.24
9.38
25.82
2.96
3.36
1.64
0.7

IL-4 (pg/ml)

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
10.97
n.d.
n.d.
n.d.
n.d.
0.47
n.d.
n.d.
19.24
10.97
16.92
n.d.
n.d.
n.d.
8.51
n.d.
33.84
3.35
14.56
n.d.
n.d.
1.24



ACCEPTED MANUSCRIPT

Supplementary figure 1
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Supplementary figure 2
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Supplementary figure 3
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Supplementary figure 4
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Supplementary figure 5
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Supplementary figure 6
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Supplementary figure 7
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Supplementary figure 8
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Supplementary figure 9
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