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Abstract 20 

Background: IL33 plays an important role in development of experimental asthma.     21 

Objective: To study the role of the IL33 receptor (ST2) in persistence of asthma in a mouse 22 

model. 23 

Methods: We studied allergen-induced experimental asthma in ST2 knockout (KO) and wild-24 

type control mice.  We measured airway hyperresponsiveness (AHR) by flexivent, inflammatory 25 

indices by ELISA, histology and real-time PCR, and ILC2s in lung single cell preparations by 26 

flow cytometry.   27 

Results: The AHR level was elevated in allergen-treated ST2 KO mice and was comparable to 28 

that from allergen-treated WT controls.  Peribronchial and perivascular inflammation and mucus 29 

production were largely similar in both groups.  Persistence of experimental asthma in ST2 KO 30 

mice was associated with an increase in the level of TSLP, IL9 and IL13 but not IL5 in 31 

bronchoalveolar lavage (BAL).  ST2 deletion expectedly caused a reduction in IL13+ CD4 T 32 

cells, Foxp3+ Tregs and IL5+ ILC2s.  Unexpectedly, ST2 deletion led to an overall increase in 33 

ILCs (CD45+lin-CD25+ cells), IL13+ ILC2s, the emergence of a TSLP-R+ IL9+ ILC2 34 

population and an increase in intraepithelial mast cells in the lung. An anti-TSLP antibody 35 

abrogated AHR, inflammation and mucus production in allergen-treated ST2 KO mice.  It also 36 

caused a reduction in ILCs, ILC2s, and IL9+ and IL13+ ILC2s in the lung.    37 

 38 

Conclusions: Genetic deletion of the IL33 receptor paradoxically increases TSLP production, 39 

which stimulates the emergence of IL9+ and IL13+ ILC2s and mast cells, and leads to the 40 

development of chronic experimental asthma.  An anti-TSLP antibody abrogates all pathologic 41 

features of asthma in this model.   42 
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Key Messages 43 

• Experimental asthma persists in IL33R knockout mice due to increased TSLP, IL9+ and 44 

IL13+ ILC2s and mast cells.   45 

• An anti-TSLP intervention is likely to benefit asthmatic patients, who fail to respond to 46 

an anti-IL33R therapy.     47 

 48 

Capsule Summary 49 

IL33 receptor deficiency unexpectedly increases airway TSLP, suggesting an inhibitory 50 

regulation of its expression by ST2.  TSLP promotes persistence of asthma in ST2 51 

knockout mice through an increase in IL9+IL13+ ILC2s and mast cells.   52 

 53 

 54 

Key words: Asthma, type 2 innate lymphoid cells, IL33 receptor, thymic stromal lymphopoietin, 55 

interleukin-9, mast cells  56 

Abbreviations: A: allergen; AHR: airway hyperreactivity; BAL: bronchoalveolar lavage; ILC: 57 

innate lymphoid cell; KO: knockout; S: saline; ST2: suppressor of tumorigenicity 2 (also serum 58 

stimulation 2); TSLP: thymic stromal lymphopoietin; WT: wild-type 59 

  60 
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Introduction 61 

ILC2s represent an important group of type 2 immune cells (reviewed in ref. 1 and 2).  They are 62 

regulated by many growth factors.  IL33 is an important growth factor for ILC2s, especially lung 63 

ILC2s (1, 2).  IL33 promotes their differentiation, maturation and type 2 cytokine expression.  64 

IL33 signals through its receptor ST2, also known as T1/ST2L (3).  ST2 signaling is critically 65 

important for IL5 induction in Th2 cells and is required for Th2 memory (4).   ST2 signaling 66 

regulates many other cells including Tregs (5), dendritic cells (6), mast cells (7), basophils (8), 67 

eosinophils (9) and macrophages (10).  By regulating so many immune cells, the IL33/ST2 axis 68 

plays a seminal role in host defense and allergic and chronic inflammatory diseases (reviewed in 69 

ref. 11).     70 

The role of ST2 was previously investigated in various models of experimental asthma (12-17).  71 

Some studies reported a complete or substantial resolution of airway hyperreactivity, 72 

inflammation, goblet cell hyperplasia and other features of asthma (12-15).  A few studies 73 

observed persistence of experimental asthma in ST2 knockout mice (16, 17).  A complete 74 

resolution of experimental asthma and lung inflammation was observed only when all three type 75 

2 inducing epithelial cytokines—IL25, IL33 and TSLP or their receptors were blocked (17).  76 

Interestingly, most of these studies were performed in acute asthma models or in a model of 77 

chronic allergen exposure where the outcomes were measured within 1-3 days of the last allergen 78 

exposure.  We developed a mouse model where experimental asthma persists for more than 6 79 

months after the last allergen exposure (18, 19).  The persistence of experimental asthma in this 80 

model was dependent on ILC2s but not T cells, although the latter contributed to the magnitude 81 

of airway inflammation.  We asked if ST2 played an essential role in this chronic asthma model.      82 

 83 
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Materials and Methods 84 

The protocol for this study was approved by the National Jewish Health IACUC. We obtained 85 

ST2 KO mice from Dr. Andrew McKenzie, (Cambridge, UK) (12).  These mice were 86 

backcrossed to BALB/C  mice for more than eight generations.  We used BALB/C mice as wild-87 

type controls (Jackson Laboratory).   88 

Mucosal sensitization of mice 89 

The allergen extract used in this experiment was a mixture of 3 allergens: dust mite 90 

(Dermatophagoides farinae), ragweed (Ambrosia artemislifolia), and  Aspergillus fumigatus 91 

(Greer Laboratories).  We used the following protein concentrations of the allergen extracts: D 92 

farina: 5 µg (LPS content: 3-35 EU by means of LAL assay); ragweed: 50 µg (LPS content: 5 93 

EU); Aspergillus species: 5 µg (LPS content: 0.1 EU).  The allergen dose was based on the 94 

results of a survey of previous publications (a total of 7 publications) indicating successful 95 

sensitization and elicitation of allergic inflammation in the lungs (18).  This allergen mixture was 96 

delivered intranasally in 15µL aliquots in saline.  Chronic experimental asthma was developed 97 

by intranasal delivery of the triple allergen mixture twice a week for six consecutive weeks in 98 

female mice 8-12 weeks of age as described previously (18, 19).  A timeline of manipulations 99 

and interventions for the chronic asthma protocol with allergens is shown in Figure 1A.   100 

Antibody, pharmacological and genetic interventions 101 

For TSLP blockade experiments an anti-TSLP antibody (#MAB555 from R&D, Inc., 20µg/20µL 102 

in saline intranasally) was delivered for 3 consecutive days, 3 days prior to analysis in week 10. 103 

An isotype rat IgG2a (#MAB006) antibody was used as a control. 104 
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Airway hyperreactivity measurement 105 

Measurement methodologies have been explained in depth elsewhere (18). Briefly, mice were 106 

anesthetized with ketamine (180 mg/kg), xylazine (9 mg/kg), and acepromazine (4 mg/kg). After 107 

the loss of foot-pad pinch reflex, a tracheotomy was performed and the mouse was attached via 108 

an 18 gauge cannula to a small-animal ventilator with a computer-controlled piston (Flexivent 109 

Fx; Scireq). After performing initial calibrations (cylinder pressure channel and nebulizer 110 

calibration) we conducted dynamic tube calibration and used a default program called 111 

QuickPrime 3 v7 for measurement of airway resistance in response to methacholine.  This 112 

program utilizes prime perturbations, which are a family of complex forced oscillation 113 

perturbations at a frequency above and below the subject’s ventilation frequency (1-20.5 Hz).  114 

The amplitude of the oscillatory signal is pre-set to a volume that is slightly smaller than the 115 

subject’s tidal volume (0.2 ml).  Volume and pressure signal are recorded during a measurement 116 

and the flow signal is derived from the volume.  The foregoing allows calculation of Newtonian 117 

resistance, tissue damping, tissue elastance and hysteresivity.  Resistance measurements were 118 

taken to establish the baseline for the total lung resistance and at each methacholine dose. Group 119 

averages were expressed as fold increase over the baseline resistance (mean ± SEM).   120 

Histology and Immunofluorescence Staining  121 

Paraffin embedded lungs were sectioned and stained with hematoxylin and eosin (H&E) for 122 

morphometric analysis, PAS for mucin staining, Mason’s trichrome for collagen deposition, and 123 

toluidine blue for mast cell staining.  Sections for immunofluorescence staining were 124 

permeabilized with 0.01% saponin in PBS, blocked with 2% BSA, and stained with a primary 125 

antibody against mouse TSLP (rabbit polyclonal; abcam#ab115700) and visualized with an 126 
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Alexa-594 conjugated secondary antibody as described previously (19) and counterstained with 127 

DAPI for nuclear staining.  128 

Images were acquired on a Nikon Eclipse TE2000-U microscope using 20x dry lenses at room 129 

temperature through a Diagnostics Instruments camera model #4.2 using Spot software 5.0. H&E 130 

sections were mounted using Permount medium. Images were adjusted for brightness and 131 

contrast to improve viewing.  132 

Lung digestions  133 

Lungs were perfused with saline and single cell suspensions of lung cells were acquired by 134 

mechanical mincing of the lungs followed by digestion at 37°C for 45 minutes in RPMI with 135 

10% FBS, 1% penicillin/streptomycin and collagenase Type I (1mg/mL) (Worthington # 136 

LS004197) as described previously (19). Cell suspensions were agitated at room temperature for 137 

10 minutes in RPMI with 100U/mL DNAse I prior to filtration through 40µm filters and red 138 

blood cell lysis. Single cell suspensions were subsequently cultured in RPMI with 10% FBS, 1% 139 

penicillin/ streptomycin at 370C in CO2 incubator overnight.  Next day cells were used for flow 140 

cytometric staining and analysis. 141 

Flow cytometric analyses of ILCs and T cells  142 

We stained live cells first for cell surface receptors. Then we fixed the cells with 4% 143 

paraformaldehyde for 15 min at 40 C, washed them with the staining buffer (PBS+ 1% BSA)  144 

and then incubated with the permeabilization buffer (PBS pH 7.4 + 1% BSA + 0.1% saponin) at 145 

40 C for 20 min.  After centrifugation, we resuspended the cells in permeabilization buffer and 146 

incubated with antibodies against the intracellular proteins (cytokines and transcription factors) 147 
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at 40 C for 30 min.  We washed the cells twice with the permeabilization buffer and resuspended 148 

in the staining buffer and kept at 40 C until flow analysis.   For intercellular cytokines, we added 149 

monensin (2 µM) to the cells and cultured for 4 hrs before staining.  Most of the fluorophore-150 

conjugated antibodies were purchased from Biolegend (San Diego, CA) and some from 151 

eBioscience or R&D, Inc., unless otherwise stated. Mouse lung single cell suspension was 152 

blocked with an anti-FcR blocking reagent (Miltenyi Biotec; # 130-092-575) before staining.  153 

ILC cells were stained with FITC-labelled anti-CD45.2 (clone 104), pacific blue-labeled lineage 154 

marker antibodies (CD3, Ly-6G/Ly-6C, CD11b, CD45R/B220, TER-119/Erythroid cells with 155 

added antibodies against NK1.1 and FcεRIα), PerCP-Cy5.5-conjugated anti-CD25 (eBioscience; 156 

clone PC61.5), allophycocyanin- labeled anti-IL9 and anti-IL5 (TRFK5), PE-Cy7 labeled anti-157 

IL13 (eBioscience; clone eBio13A).  ILC2 cells were initially characterized with the addition of 158 

brilliant violet 605 conjugated anti-KLRG1 (MAFA; clone: 2F1/KLRG1), brilliant violet 510 159 

conjugated anti-ICOS (CD278; clone: C398.4), PE conjugated anti-TSLPR (R&D # FAB5461P), 160 

APC conjugated anti-IL17RB (IL-25R; R&D # FAB10402A) followed by pacific blue-labeled 161 

lineage, FITC conjugated anti-CD45.2 and PerCP-Cy5.5 conjugated anti-CD25 antibody. 162 

PE/Cy7 conjugated anti-IL13 antibody and PE conjugated anti-Foxp3 & PerCP-Cy5.5 163 

conjugated anti-CD25 antibody followed by APC conjugated anti-CD4 and FITC conjugated 164 

anti-CD45.2 was used for T cells and Foxp3+ Treg analysis.  We routinely performed 5-7 color 165 

flow cytometry.  Since we studied more than 7 target molecules, we split the isolated lung cells 166 

into two or more samples (depending on the need).  We used fluorophore-conjugated antibodies 167 

against CD45.2, the lineage cocktail, and CD25 to detect ILCs.  Then we treated cells with 4 168 

additional color-matched antibodies against ILC2 markers—KLRG1, TSLPR, ICOS, IL17RB, 169 

IL7Rα, GATA3, IL5, IL-9 and IL-13 as appropriate for the experimental question.  For controls, 170 
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we used unstained cells and cells stained with an isotype control antibody.  We performed 171 

simultaneous flow cytometry for FMO (fluorescence minus one).  We used the following 172 

equipment:  LSRII and LSRFortessa. 173 

Real time PCR 174 

Total RNA was isolated from frozen tissues using Trizol (Invitrogen), and cDNA was 175 

synthesized using the Verso-cDNA synthesis kit (Thermo Scientific # AB-1453/B) according to 176 

manufacturer’s instructions as described previously (19). Gene specific PCR products were 177 

amplified using the qPCR SYBRGreen Rox mix (Thermo Scientific # AB-4162/B) and primers 178 

outlined in online repository table E1.  Primers were designed using the Applied Biosystems 179 

7000 Sequence Detection System software.  The levels of target gene expression were 180 

normalized to 18S ribosomal RNA expression using the 2-∆∆Ct method.  181 

ELISA for cytokines 182 

TSLP (ELISA kit from eBioscience;#88-7490-88), IL9(ELISA kit from eBiscience;#88-8092-183 

88) and IL13 (ELISA kit from R&D;#DY413-05) in the bronchoalveolar lavage fluid were 184 

measured by ELISA as per manufacturer’s instruction.   185 

Statistical Analyses: Statistical analyses were performed, and data figures were prepared using 186 

the software GraphPad Prism, v6 (San Diego, CA).   187 

  188 
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Results 189 

ST2 is not essential for persistence of airway hyperreactivity in chronic experimental 190 

asthma 191 

We examined the effect of germ-line deletion/knockout (KO) of the IL33 receptor ST2 on 192 

chronic experimental asthma in a mouse model. Mice were intranasally exposed to a 193 

combination of 3 allergens (A: dust mites, ragweed and Aspergillus sp.) or saline (S) twice a 194 

week for 6 weeks, rested for 3 weeks and then subjected to measurements of airway 195 

hyperreactivity, inflammation and tissue remodeling (Figure 1A). Allergen-exposed wild-type 196 

(WT) and KO mice showed a significant increase in airway resistance in response to 197 

methacholine when compared to saline-exposed mice (Figure 1B).  There was no significant 198 

difference in airway hyperreactivity between WT and KO mice.  The total number of cells in 199 

bronchoalveolar lavage (BAL) was significantly elevated in allergen-treated WT mice as 200 

compared to saline treated mice (online repository figure E1A-C).  Allergen-treated ST2 KO 201 

mice had higher numbers of total BAL cells as compared to allergen-treated WT mice.  Allergen-202 

treated WT mice had elevated neutrophils and eosinophils, which were absent in ST2 KO mice.  203 

Lung histology showed reduced levels of peribronchial and perivascular inflammation (Fig 1C) 204 

in ST2 KO mice.   However, the level of mucus-producing airway goblet cell hyperplasia (Fig 205 

1D) and airway remodeling/collagen deposition (online repository figure E1 D&E) were similar 206 

in allergen-treated ST2 KO and wild-type mice. The foregoing findings indicate that many 207 

features of chronic experimental asthma, especially airway hyperreactivity and mucus 208 

production, persist in the absence of ST2.  209 

 210 

IL9+ and IL13+ ILC2s are elevated in ST2 KO mice 211 
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Next we examined the effect of ST2 deletion on ILC2s in the lung digest from the study animals.  212 

The gating strategy for detection of ILC2s and ILC2 subpopulations is shown in online 213 

repository figure E2A and E2B.  The frequency of dead cells in gated live CD45+ cells was ~7% 214 

in the lung digest from both WT and KO mice (online repository figure E2A).  We identified 215 

ILCs as CD45+Lin-CD25+ cells.  Over 80% of these cells were positive for IL7Ra.  A majority 216 

of these cells expressed surface markers of ILC2 (KLRG1, TSLPR) and a smaller fraction 217 

expressed GATA3 and type 2 cytokines.  The total ILC (CD45+Lin-CD25+) number was 218 

increased in chronic experimental asthma as compared to saline control (Figure 2A), which 219 

confirmed our previous report (19).  Unexpectedly, the total ILC number was even higher in ST2 220 

KO mice as compared to WT controls in the chronic asthma model.  This increase was observed 221 

not only with total ILCs but also with ILC2s carrying specific markers—KLRG1 (Figure 2B), 222 

TSLPR (Figure 2C) and ICOS but not IL17RB (IL25R) (Online repository figure E3A & B).  223 

Next, we examined the expression of type 2 cytokines by ILC2s.  ST2 KO mice had higher 224 

number of IL13+ and IL9+ ILC2s as compared to WT mice (Figure 2D & E).  Interestingly, they 225 

had lower numbers of IL5+ ILC2s as compared to WT mice (Figure 2F).  Nonetheless, ST2 KO 226 

mice had elevated number of IL5+ ILC2s when compared with saline treated mice.   227 

We previously reported that this chronic asthma model was associated with heightened numbers 228 

of CD4 T cells and CD4+ nTregs (18), and that CD4 T cells contributed to the magnitude of 229 

airway inflammation (19).  We examined the role of ST2 in this model.  As expected, the number 230 

of Th2 cells as measured by IL13+CD4 T cells and the number of CD25+FoxP3+ nTregs was 231 

elevated in the chronic asthma model (Figure 3A & B).  ST2 deletion did not have any effect on 232 

the number of these cell types in chronic experimental asthma.  Interestingly, the number of 233 
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IL13+ CD4 T cells and  CD25+FoxP3+ nTregs were  higher  in saline-treated ST2 knockout  as 234 

compared to saline-treated wild-type mice.   235 

 236 

IL9, IL13 and TSLP are elevated in the airways from ST2 KO mice  237 

In order to establish the relevance of elevated type 2 cytokine+ ILC2s, we measured type 2 238 

cytokine mRNA in the lung and protein in the BAL.  IL13 and IL9 were elevated in the lung 239 

(online repository figure E4 A & B) and in BAL from the chronic asthma model (Figure 3C & 240 

D).  Their levels were even higher in ST2 KO mice, which was in agreement with heightened 241 

IL13+ and IL9+ ILC2s in this group.  The magnitude of elevation of IL9 in BAL from ST2 KO 242 

mice was remarkable.  Even the saline-treated ST2 KO mice showed a higher baseline level of 243 

IL9.  Amongst the epithelial cytokines that control tissue ILC2s, TSLP was previously shown to 244 

regulate Th9 differentiation and IL9 expression.  We examined the expression of TSLP in the 245 

lung and BAL. The mRNA and protein for TSLP were elevated in both WT and ST2 KO mice 246 

from the chronic asthma model (Online repository figure E4C and Figure 3E).  The levels 247 

paralleled IL9 concentration in BAL, i.e. the TSLP level was higher in ST2 knockout mice as 248 

compared to WT mice.  Interestingly, saline-treated ST2 KO mice had increased TSLP in BAL 249 

suggesting that ST2 negatively regulated TSLP expression.  We examined the source of TSLP in 250 

the lung.  TSLP was primarily produced by airway epithelial cells (online repository figure E5).  251 

In accordance with the TSLP level in BAL, TSLP expression was higher in ST2 KO mice.    252 

 253 

We also examined the expression of mRNA for IL33, which was elevated in the chronic asthma 254 

model (online repository figure E4D).  Interestingly, IL33 mRNA was even higher in ST2 KO 255 

mice suggesting the existence of a negative feedback inhibition in WT mice, whose loss caused 256 
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an increase in IL33 expression.  IL17A has been shown to be involved in some mouse models of 257 

experimental asthma (20).  We observed increased expression of mRNA for IL17A and IL17F in 258 

the chronic asthma model.  ST2 KO did not affect mRNA for IL17A but reduced mRNA for 259 

IL17F (online repository figure E4E&F).   260 

Increased expression of intraepithelial mast cells and mucus in ST2 KO mice 261 

 IL9 is known to induce mast cell hyperplasia (21-23).  Both IL9 and IL13 stimulate mucus 262 

production (21).  We examined the expression of mRNA for the mast cell protease 1 (MCP1) 263 

and the mucus genes MUC5AC and MUC5B.  The expression of mRNA for MCP1 and 264 

MUC5AC but not MUC5B was increased in ST2 KO mice as compared to WT controls in the 265 

chronic asthma model (Figure 4 A-C).  The result of mucus staining in ST2 KO mice is in 266 

agreement with the MUC5AC data.  We previously reported that chronic experimental asthma 267 

was associated with increased intraepithelial mast cells (18).  To validate the result of increased 268 

MCP1 mRNA expression, we examined intraepithelial mast cells.  ST2 KO mice from the 269 

chronic asthma model expressed higher number of intraepithelial mast cells as compared to WT 270 

mice (Figure 4 D&E).  The results in aggregate suggest that increased TSLP production in ST2 271 

KO mice led to a cascade of events involving induction of IL9+ and IL13+ ILC2s and 272 

intraepithelial mast cells.        273 

An anti-TSLP antibody induces resolution of experimental asthma in ST2 KO mice  274 

To determine if TSLP played a critical role in persistence of experimental asthma in ST2 KO 275 

mice, we treated mice with an anti-TSLP antibody or isotype control antibody in week 10, 3 days 276 

before outcome measurements (Figure 5A).  The anti-TSLP antibody significantly (p<0.001) 277 

inhibited airway hyperreactivity, tissue inflammation and mucus production as compared to the 278 

isotype control antibody (Figure 5B-D).  279 
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The TSLP blockade abrogates the induction of IL9+ and IL13+ ILC2s and the expression 280 

of IL9 and IL13 in the airways 281 

We examined the effect of the anti-TSLP antibody on ILC populations in the lung.  The blockade 282 

of TSLP reduced the number of total ILCs (CD45+ Lin-and CD25+), KLRG1+ ILC2s, 283 

TSLPR+ILC2s, IL9+ILC2s and IL13+ILC2s (Figure 6A-E).  As anticipated, this treatment also 284 

reduced the expression of TSLP, IL9 and IL13level in BAL (Figure 7 A-C).   285 

Next, we studied the effect of the anti-TSLP antibody on mast cells.  The MCP1 mRNA level 286 

was significantly reduced in anti-TSLP treated mice (online repository figure E6A).  There was a 287 

corresponding reduction in intraepithelial mast cell number in anti-TSLP treated mice (Figure 288 

7D).  PAS staining of the lung tissue showed an inhibition of mucus production after anti-TSLP 289 

treatment (Figure 5D).  An analysis of expression of mRNA for MUC5AC confirmed this data 290 

and showed a significant inhibition of its expression after TSLP treatment (online repository 291 

figure E6B).     292 

 293 

  294 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

Discussion  295 

The role of IL33 and its receptor ST2 has previously been studied in mouse models of 296 

experimental asthma.  ST2 KO mice produced variable results depending on the mouse model 297 

used.  ST2 KO showed inhibition of acute asthma in some models (12-15) but not in others (16, 298 

17).  We developed a chronic model where experimental asthma persists in the absence of 299 

allergen challenge for longer than 6 months.  In a different model of experimental asthma where 300 

sensitized mice were intratracheally challenged with Aspergillus fumigatus conidia, airway 301 

pathology and hyperreactivity persisted up to day 44 (24, 25).  We believe that these chronic 302 

models more closely mimic human asthma since the latter persists without regard to allergen 303 

exposure.  In this paper we showed that chronic experimental asthma persisted in ST2 KO mice.  304 

Airway hyperreactivity and mucus production persisted unabated.  The absence of ST2 did 305 

reduce the magnitude of airway inflammation.  We showed that in the absence of ST2 signaling 306 

there was a paradoxical increase in TSLP expression in airway epithelial cells, which led to an 307 

increase in IL9+ and IL13+ ILC2s in the airways and an increase in mast cells.  We believe that 308 

the foregoing contributed to the persistence of experimental asthma.  Inhibition TSLP completely 309 

abrogated chronic experimental asthma suggesting that TSLP played an essential role in 310 

development of chronic experimental asthma in ST2 KO mice.          311 

Previously an IL33-independent and IL25-regulated subtype of ILC2s was reported by Huang et 312 

al (26).  These IL25-dependent ST2- ILC2s were equally effective in mounting a type 2 immune 313 

response against parasitic infection.  A TSLP-induced subtype of ILC2, that functioned 314 

independent of IL25 and IL33, was initially identified in the skin (27).  This TSLP-dependent 315 

ILC2 population induced atopic dermatitis-like lesions in mice.  A TSLP-dependent and IL33-316 

independent ILC2 population was also identified in the mouse lung following infection with 317 
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respiratory syncytial virus (28).  The foregoing studies suggest that TSLP-dependent ILC2s can 318 

independently induce a type 2 inflammatory phenotype in the mouse model.             319 

Many cells produce IL33 and TSLP but the primary source for these cytokines in the lung is 320 

airway epithelial cells (reviewed in ref. 29).  The endogenous mechanism of IL33 and TSLP 321 

production is less known.  Our results suggest that IL33 signaling through ST2 triggers a 322 

negative feedback inhibition of IL33.  In the absence of ST2 this negative feedback is lost.  323 

Consequently, IL33 production is increased in ST2 KO mice.  We believe that TSLP and IL33 324 

are co-regulated.  Increased expression of IL33 also leads to heightened production of TSLP in 325 

ST2 KO mice.   Co-regulation of IL33 and TSLP has previously been reported.  Many 326 

environmental agents simultaneously induce IL33 and TSLP (30).  Previous studies 327 

demonstrated a positive regulation of TSLP by IL33.  IL33 induced TSLP in human nasal 328 

epithelial cells in vitro (30) and in mouse airways in vivo (31).  Since we observed increased 329 

TSLP and IL33 in ST2 KO mice, we speculate that this co-regulation was the result of activation 330 

of a common signaling/transcriptional mechanism(s) not involving ST2.        331 

We examined the mechanism by which TSLP promotes persistence of experimental asthma in 332 

ST2 KO mice.  TSLP increased the number of IL9+ and IL13+ but not IL5+ ILC2s.   The 333 

reduction of IL5+ ILC2s suggests that the IL33-ST2 axis was critical for IL5+ ILC2s.  The TSLP 334 

blockade reduced the number of IL9+ ILC2s and the expression of IL9 protein in the lung.  The 335 

result suggests that TSLP was important for IL9 induction in ST2 KO mice.  TSLP was 336 

previously shown to induce Th9 and increase IL9 production (32, 33).  TSLP induced STAT5, 337 

which directly bound to the IL9 promoter and facilitated its transcription (32).  An anti-IL9 338 

antibody abolished airway inflammation associated with TSLP overexpression.  Based upon 339 

these studies IL9 is considered a critical effector molecule for TSLP-induced airway 340 
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inflammation.  IL9 was previously shown to induce experimental asthma in mice (34).  The 341 

effect of IL9 was considered to be mediated by IL13.  An allergen challenge induced IL9 in the 342 

airway tissue from asthmatic patients suggesting an association with human asthma (35).  The 343 

effect of IL9 on goblet cell function and mucus production is complex.  IL9 did not directly 344 

induce goblet cell proliferation or mucus production from human airway epithelial cells (36).  345 

The effect of IL9 on mucus production in mice was mixed.  IL9 deficiency was associated with 346 

defective goblet cell hyperplasia and mucus production in parasite-induced pulmonary 347 

granuloma in mice (22).  On the other hand, IL9 was redundant for mucus production as well as 348 

airway inflammation and hyperreactivity in an allergen-induced asthma model (37).  These 349 

studies suggest that the effect of IL9 on allergic inflammation varies depending upon the 350 

experimental model.  ILC2-derived IL9 was previously shown to exert an autocrine effect and 351 

amplified IL13 production, which sustained inflammation by inducing IL33 and TSLP 352 

production by airway epithelial cells (38).  Thus, IL9 could have contributed to sustenance of 353 

inflammation in ST2 KO mice.     354 

TSLP deficient mice had impaired airway inflammation and mucus production in an allergen-355 

induced asthma model (39, 40).  Conversely, lung-specific overexpression of TSLP caused 356 

airway hyperreactivity, type 2 inflammation, goblet cell hyperplasia and subepithelial fibrosis.  357 

The foregoing findings suggest an important role for TSLP in multiple aspects of asthma 358 

pathology including mucus production.  We observed increased mucus production and 359 

heightened expression of mRNA for MUC5AC in ST2 KO mice.  The anti-TSLP antibody 360 

abrogated mucus production.  We believe that TSLP directly induced mucus production in ST2 361 

KO mice.      362 
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IL9 is a known mast cell growth factor (21).  It stimulated mast cell development from stem cells 363 

in vitro.  IL9 overexpression caused mast cell hyperplasia in vivo (22, 23).  Interestingly, IL9 364 

overexpression caused an increase in intraepithelial mast cells in the airways (21).  IL9 genetic 365 

deletion was associated with an inability to increase the number of mast cells in the airways (22).   366 

We observed increased intraepithelial mast cells in ST2 KO mice.  This increase was abrogated 367 

by the anti-TSLP intervention.  We believe that the anti-TSLP-induced reduction in IL9 led to a 368 

decline in mast cells and resolution of experimental asthma.      369 

As noted above ST2 KO mice produced variable results for experimental asthma (12-17).  Most 370 

of the previously described models involved an acute form of experimental asthma, which is 371 

different from our model.  Our model is closer to that described by Iijima et al (13) and Vannella 372 

et al (13).  Both studies applied chronic exposure to a single allergen (17) or multiple allergens 373 

(13).  However, the foregoing studies analyzed experimental outcomes 24 hours after the last 374 

allergen exposure, which is different from our model as we analyzed outcomes 3 weeks after the 375 

last allergen exposure.  The Vannella study outcomes are similar to that of our study.  The Iijima 376 

study did report a significant reduction in airway eosinophils and hyperreactivity.  It should be 377 

noted that although it declined statistically, airway hyperreactivity remained highly elevated in 378 

ST2 KO mice in the Iijima study.  ST2 KO mice had a significant reduction in IL5+ ILC2s.  In 379 

accordance, BAL eosinophil count was also reduced in ST2 KO mice, which is similar to the 380 

Iijima study.  This is also in line with previous publications that demonstrated a pivotal role for 381 

the IL33/ST2 axis in generation of IL5+ memory Th2 cells (41) and production of IL5 in allergic 382 

inflammation (42).  The lack of IL5+ but not IL13+ ILC2s in ST2 KO mice also suggests that 383 

production of IL5 and IL13 can be discordant under certain circumstances.  This is not 384 

uncommon in the clinical setting as eosinophilia is not always associated with asthma and vice 385 
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versa.  The effect of ST2 deletion had a differential effect on BAL leukocytes and tissue 386 

inflammation scores. ST2 KO mice had reduced eosinophils and neutrophils in BAL but 387 

increased total cells and macrophages.  The increase in BAL macrophages is likely due to 388 

heightened levels of TSLP as the later has been shown to stimulate extramedullary 389 

hematopoiesis and macrophage differentiation (43).  This mixed effect of ST2 deletion on BAL 390 

leukocytes mirrored the effect on the airway tissue, which showed inhibition of perivascular but 391 

not peribronchial inflammation.  Our results in aggregate suggest that the IL33/ST2 pathway is 392 

important for eosinophilic inflammation but redundant for airway hyperreactivity and mucus 393 

production.  The combined action of IL33 and TSLP is essential for maintenance of airway 394 

hyperreactivity and goblet cell metaplasia during the chronic phase of experimental asthma.  395 

Since ST2 deletion has a mixed outcome in acute asthma, additional work is needed to more 396 

fully define how the pathogenesis of allergic lung disease differs between acute and chronic 397 

contexts.   398 

 399 

 400 

 401 

 402 
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Figure Legends 538 

 539 

Figure 1.  A: A schematic presentation of the mouse model of chronic asthma.  B: Airway 540 

hyperreactivity (lung resistance) to inhaled methacholine as measured by Flexivent.  WT: wild-541 

type controls; KO: ST2 knockout; A: allergen exposed; S: saline exposed;*P<0.05, N=6 per 542 

group.  C&D:  Comparison of airway inflammation (H&E staining in B) and mucus (PAS 543 

staining in pink in C) production between WT and ST2 KO mice (representative of 5 mice per 544 

group).  E, F & G: Morphometric quantification of peribronchial (E), perivascular (F) 545 

inflammation and goblet cell hyperplasia (G) in WT and ST2 KO mice.    546 

 547 

Figure 2. Flow cytometric enumeration of ILCs.  Released lung cells obtained from WT and 548 

ST2 KO mice following collagenase digestion were stained with a combination of labeled 549 

antibodies, detected by flow cytometry and analyzed by FlowJo. The absolute number of various 550 

receptor (A-C) positive and cytokine (D-F) positive ILCs present in the lung digest is shown.  P 551 

values are shown on the top of the dot plots. Each dot/symbol represents a mouse.   552 

 553 

Figure 3. A& B: Enumeration of IL13+ CD4 T cells (Th2 cells) and FoxP3+ CD25+ Tregs in 554 

the lung digest as measured by flow cytometry.  C-E:  Select cytokine levels in bronchoalveolar 555 

lavage fluid from WT and ST2 KO mice.  Cytokines—IL13 (C), IL9 (D) and TSLP (E) were 556 

assayed by ELISA. Each symbol represents a mouse.     557 

 558 

Figure 4.  A-C: The expression of mRNA for the mast cell protease MCP1 (A), and the mucin 559 

genes MUC5AC (B) and MUC5B (C) in the lung tissue. The expression of mRNA was measured 560 
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by real-time PCR and the data expressed in reference to the expression level of 18S ribosomal 561 

RNA.  D: A representative image of toluidine positive intraepithelial mast cells in the lung from 562 

a ST2 KO mouse with chronic experimental asthma.  E: Comparison of intraepithelial mast cells 563 

between allergen-treated WT and ST2 KO mice.  The results were shown as the number of mast 564 

cells per mm of basement membrane (BM).    565 

 566 

Figure 5.  A: A schematic presentation of the timing of anti-TSLP intervention.  B: Comparison 567 

of airway hyperreactivity (lung resistance) to inhaled methacholine between anti-TSLP and 568 

isotype antibody-treated ST2 KO mice (*P<0.05, N=5 per group). C&D: Comparison of airway 569 

inflammation (H&E staining in C) and mucus (PAS staining in pink in D) production between 570 

anti-TSLP and isotype antibody treated ST2 KO mice (representative of 5 mice per group).  E, F 571 

& G: Morphometric quantification of peribronchial (E), perivascular (F) inflammation and 572 

goblet cell hyperplasia (G) in ST2 KO mice treated with anti-TSLP and isotype control antibody.    573 

 574 

Figure 6.  A-D: Effect of anti-TSLP antibody on ILCs and cytokine+ ILCs in the lungs.  575 

Released lung cells from the sensitized ST2 KO mice were analyzed by flow cytometry for ILCs 576 

(A-C) and IL9+ (D) and IL13+ (E) ILCs.  577 

 578 

Figure 7.  A & B: Levels of TSLP and IL9 in the BAL fluid from sensitized ST2 KO mice after 579 

anti-TSLP treatment.  Each symbol represents a mouse. C: Toluidine-positive intraepithelial 580 

mast cells in ST2 KO mice after treatment with TSLP.  The results were shown as the number of 581 

mast cells per mm of basement membrane (BM).   582 

  583 
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Online repository figure E1. Comparison of BAL cells among the study groups.  A: 584 

Comparison of total BA cells.  B: Comparison of lymphocytes (Lym), neutrophils (PMN) and 585 

eosinophils (eos).  C: Comparison of macrophages.  D&E:  Trichrome staining of the lung tissue 586 

from allergen-treated wild-type and ST2 KO mice demonstrating collagen deposition. F: 587 

Morphometric quantification of trichrome staining (collagen deposition) in WT and ST2 KO 588 

mice.    589 

 590 

Online repository figure E2. A: Gating strategy for detection of live singlet cells, ILCs,  and 591 

ILC2 subpopulations.  The gating strategy was based upon the analysis of fluorescence minus 592 

one (FMO) and isotype control antibody data.  B: The dot plots for FMO with the flow 593 

cytometry antibodies and their gating strategy are shown.   594 

 595 

Online repository figure E3.  Comparison of ICOS+ ILCs (A) and IL25 receptor (IL17RB)+ 596 

ILCs (B) in the lungs among the study groups.   597 

 598 

Online repository figure E4.  Comparison of expression of mRNA for IL13 (A), IL9 (B), TSLP 599 

(C), IL33 (D), IL17A (E) and IL17F (F) in the lungs from study groups.  The mRNA was 600 

measured by real-time PCR and expressed in reference to18s rRNA.     601 

 602 

Online repository figure E5.  A: Comparison of expression of TSLP in the lungs from allergen-603 

treated WT and ST2 KO mice as examined by immunofluorescence staining. A representative 604 

image from 3 separate experiments is shown.  B: Quantitative analysis of mean fluorescence 605 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 

 

intensity (MFI) of TSLP staining in WT and ST2 KO mice. The p value is shown on the top of 606 

the bar graph.    607 

   608 

Online repository figure E6. The expression of mRNA for MCP1 (A) and MUC5AC (B) in the 609 

lung tissue from ST2 KO mice after treatment with an anti-TSLP antibody. The expression of 610 

mRNA was measured by real-time PCR and the data expressed in reference to the expression 611 

level of  18s rRNA.   612 

 613 

 614 

 615 

 616 

 617 
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 619 

 620 

Online Repository Table E1.  Primers used for real-time PCR 621 

Gene  Forward Reverse  
IL-9 ATGTTGGTGACATACATCCTTGC TGACGGTGGATCATCCTTCAG 
IL-13 CCTGGCTCTTGCTTGCCTT GGTCTTGTGTGATGTTGCTCA 
IL-17A  GCC CTC AGA CTA CCT CAA CC CTT TCC CTC CGC ATT GAC AC 
IL-17F GAAGTGCACCCGTGAAACAG ATGGCAAGTCCCAACATCAAC 
IL-33 AATGCTTCACGGTGGAATAG GAAAGAAAGCTGAGGGAGTAG 
MCP1 TGATCCCAATGAGTAGGCTGGAG ATGTCTGGACCCATTCCTTCTTG 
MUC5AC CAGGACTCTCTGAAATCGTACCA AAGGCTCGTACCACAGGGA 
MUC5B ACTTGAGG AGGGTTCCAGGT ACA GTGCCAGGGTTTATGC 
TSLP CTTCTCAGGAGCCTCTTCA AGCCAGGGATAGGATTGA 
18S GAAACGGCTACCACATCCAAG TTACAGGGCCTCGAAAGAGTC 
 622 

 623 

 624 

 625 
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