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RESEARCH ARTICLE

IL1RL1 asthma risk variants regulate
airway type 2 inflammation
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Marrah E. Lachowicz-Scroggins,* Louis Z. Sharp,* Jamie L. Everman,® Hannah J. MacLeod,*

Jae W. Lee,** Robert |. Mason,® Michael A. Matthay,** Richard T. Sheldon,” Michael C. Peters,’
Karl H. Nocka,” John V. Fahy,"* and Max A. Seibold??°

'Department of Pulmonary and Critical Care Medicine, University of California, San Francisco, San Francisco, California,
USA. ?Pfizer Inc., Pharmacodynamics and Metabolism, Andover, Massachusetts, USA. *Center for Genes, Environment,
and Health, National Jewish Health, Denver, Colorado, USA. *Cardiovascular Research Institute, University of California,
San Francisco, San Francisco, California, USA. *Department of Anesthesiology, UCSF, San Francisco, California, USA.
®Department of Medicine, National Jewish Health, Denver, Colorado, USA. "Pfizer Inc., Inflammation and Immunology,
Cambridge, Massachusetts, USA. ®Department of Pediatrics, National Jewish Health, Denver, Colorado, USA.

°Division of Pulmonary Sciences and Critical Care Medicine, Department of Medicine, University of Colorado-Denver,
Denver, Colorado, USA.

Genome-wide association studies of asthma have identified genetic variants in the ILTRL1 gene, but
the molecular mechanisms conferring risk are unknown. ILTRL1 encodes the ST2 receptor (ST2L) for
IL-33 and an inhibitory decoy receptor (sST2). IL-33 promotes type 2 inflammation, which is present
in some but not all asthmatics. We find that two single nucleotide polymorphisms (SNPs) in ILTRL1
—rs1420101 and rs11685480 — are strongly associated with plasma sST2 levels, though neither is

an expression quantitative trait locus (eQTL) in whole blood. Rather, rs1420101 and rs11685480
mark eQTLs in airway epithelial cells and distal lung parenchyma, respectively. We find that the
genetically determined plasma sST2 reservoir, derived from the lung, neutralizes IL-33 activity, and
these eQTL SNPs additively increase the risk of airway type 2 inflammation among asthmatics.
These risk variants define a population of asthmatics at risk of IL-33-driven type 2 inflammation.

Introduction

Advances in molecular phenotyping reveal heterogeneity within the asthmatic population (1-3). The most
consistent endotype to emerge is characterized by excessive airway type 2 inflammation (type 2-high asth-
ma) (2-6). IL-33 signaling through the ST2 receptor (encoded by the /L/RLI gene) is an important driver of
type 2 immune responses (7, 8). Genetic variation in both the /.33 and ILIRLI genes is strongly associated
with asthma in genome-wide association study (GWAS) meta-analyses of European and North American
populations (9, 10). The molecular mechanism and the influence of these risk variants on airway type 2
inflammation is unknown.

Two major transcript variants are produced from the /LI/RLI gene (11). Transcript variant 1 is a long
transcript that encodes the membrane-bound ST2 receptor (ST2L) for IL-33, while transcript variant 2 is
short and encodes a soluble decoy receptor (sST2) for IL-33. ST2 transcripts can be expressed from two
spatially distinct promoters. The distal promoter can drive either ST2L or sST2 expression, while the prox-
imal promoter directs expression of sS72 only. Two studies indicate that single nucleotide polymorphisms
(SNPs), some overlapping with the asthma GWAS variants, are strongly associated with sST2 plasma pro-
tein levels (12, 13), while a single study demonstrates that SNPs in ILI/RLI are associated with S72 gene
expression in lung parenchymal tissue (14). Together, these studies suggest that SNPs in the IL/IRLI gene
act as expression quantitative trait loci (¢QTL) in the lung.

These observations raise several important questions with regard to the consequences of genetic control
by ILIRLI variants of ST2 transcript expression in the asthmatic airway: (i) what is the relationship between
sST2 plasma levels and S72 transcript expression in the lung, (ii) do one or more genetic variants drive
sST2 expression in the lung, (iii) do genetically determined sST2 plasma levels contribute to asthma dis-
ease risk, and (iv) are ILIRLI eQTL variants associated with the type 2 inflammatory endotype of asthma?
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Figure 1. Biospecimens used to examine genetic regulation of the ILTRL1 locus.
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effects were studied in different lung cell types using a large dataset of cultured
primary human airway epithelial cells and a publicly available expression database of distal lung paren-
chymal tissue (Figure 1). Finally, we evaluated the relationship between IL/IRLI eQTL variants that mark
distinct lung cell-specific expression and risk for the type 2-high asthma endotype (Figure 1).

Results

ILIRL]I asthma risk variants are associated with sST2 plasma protein levels but not whole blood sST2 gene expression
levels. To examine genetic influences on plasma sST2 protein levels, we selected 5 candidate protein quanti-
tative trait loci (pQTL) SNPs at the IL/RLI locus (Figure 2A and Supplemental Figure 1A). Based on 1,000
genomes data in the CEU population (Utah residents with ancestry from northern and western Europe),
these SNPs tag 96 variants distributed across the locus. Minor allele frequencies and linkage disequilibrium
maps for our study population can be found in Supplemental Figure 1, A and B. These variants are eQTL
candidates based on reported genetic associations with asthma, allergic diseases, eosinophilia, sST2 plasma
protein levels, and in vitro sST2 expression (9, 10, 12, 13, 15-18) (Supplemental Figure 1A). Among 90
self-identified white non-Hispanic asthmatic and healthy control subjects, we found strong associations
between 3 of the SNPs, and liquid chromatography mass spectroscopy (LC-MS) determined sST2 plasma
protein levels (Figure 2B). These 3 associations were also observed in the full mixed-race cohort of 171
asthmatic and healthy control subjects (Figure 2B). The direction of effect we observed for these variants
(Supplemental Figure 2, A and B) is consistent with prior reports from a pediatric Dutch cohort and from
the Framingham Offspring Cohort, which also found that rs1420101 and rs11685480 were among the most
significant associations with circulating sST2 levels (12, 13). We hypothesized that these variants mediate
their effect on protein levels through regulation of gene expression. To test this, we measured sS72 tran-
script expression levels in whole blood RNA from 63 asthmatics and 23 healthy control subjects (Figure
2B). None of the SNPs tested were associated with expression of sS72 transcript in whole blood RNA. We
found no difference in either sST2 plasma protein levels or whole blood sST2 transcript expression in asth-
matics compared with healthy control subjects (Supplemental Figure 3, B and C).

7511685480 and rs1420101 mark cell type—specific lung eQTL. The strong genetic association of ILIRLI
variants with sST2 plasma protein but not blood gene expression measurements suggests that other tissues
may be a source of circulating sST2 protein. Given the importance of the airway epithelium in asthma, we
examined sST2 transcript expression and protein secretion in cultured primary airway epithelial cells from
141 donors. These airway epithelial cells were harvested from cadaver tracheas and cultured at air-liquid
interface to produce muco-ciliary epithelium that was examined in the unstimulated condition and follow-
ing stimulation with the type 2 cytokine IL-13. We found the A allele of the rs1420101 SNP, which was
associated with lower plasma sST2 protein levels, was also associated with lower sS72 gene expression and
sST2 protein secretion both in the unstimulated and the IL-13-stimulated culture conditions (Figure 3, A
and B, and Supplemental Figure 2C). In contrast, the other blood pQTLs, rs11685480 and rs1921622, were
not associated with sST2 transcript or sST2 protein levels (Figure 3, A and B, and Supplemental Figure
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Figure 2. Single nucleotide polymorphisms (SNPs) in the ILTRL1 gene influence plasma protein sST2 levels but
not whole blood cell sST2 expression. (A) Schematic showing the ILTRLT gene transcript structure highlighting

5 candidate expression quantitative trait loci (eQTL) SNPs. Blue exons are specific to the ST2L transcript, green
exons are specific to the sST2 transcript, and red exons are shared by both transcripts. The distal promoter can
produce both the long ST2L and the short sST2 transcript, while the proximal can produce only the short sST72
transcript. (B) sST2 plasma protein levels (red) as measured by liquid chromatography-mass spectroscopy (LC-MS)
are associated with 3 SNPs in the ILTRLT gene: rs11685480, rs1420101, and rs1921622 in white non-Hispanic subjects
only (WNH) and among the entire cohort (All). The tested allele in all cases is associated with lower-circulating
sST2 levels. None of the tested SNPs was an eQTL for sST2 expression in whole blood RNA (blue). SNP regression
coefficient and the corresponding 95% Cls are plotted with P values listed below. Additive linear regression models
were used. Nonitalicized P values indicate the WNH, while the italicized P values shown for the entire cohort (All).

2D). We thus considered the possibility that the rs11685480 SNP influences gene expression in another
lung cell type. We tested the association between the blood pQTL SNPs and sST2 expression in distal
lung tissue using data from 237 white non-Hispanic donors generated by the Genotype-Tissue Expression
Project (GTEX) consortium. Notably, whole lung specimens are largely composed of alveolar epithelial
and microvascular endothelial cells, with few airway epithelial cells. In contrast to airway epithelial cells,
we found that both rs11685480 and rs1420101 SNPs were strongly associated with distal lung expression
of sST2 (Figure 3C). Again, the same allele of both of these SNPs was associated with lower sS72 gene
expression (Supplemental Figure 2, E and F).

The differences in eQTL status between the rs1420101 and rs11685480 SNPs by lung cell type suggest
these SNPs mark independent, cell type—specific molecular effects. Given that sST2 can be expressed from
either or both the distal and proximal promoters (Figure 3D) (18), differential promoter usage by cell type
could explain this effect. Supporting this, the rs11685480 SNP is located in the distal /L/RLI promoter
and has previously been shown to regulate distal promoter sS72 transcript expression (18). We investigat-
ed promoter usage in airway epithelial cells, alveolar epithelial, and lung microvascular endothelial cells
using quantitative PCR (qPCR) assays to amplify exon la or exon 1b of S72 transcripts (Figure 3D). Exon
la is exclusively found in transcripts derived from the distal /L/RLI promoter, while exon 1b is found in
transcripts derived from the proximal promoter. We find that airway epithelial cells and lung microvascular
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Figure 3. Differences in airway epithelial cell and distal lung tissue expression genetics is driven by differential promoter usage. In cultured airway epi-
thelial cells, rs1420101 (blue) — but not rs11685480 (red) or rs1921622 (black) — is associated with sST2 gene expression (n = 127) (A) and sST2 secreted pro-
tein levels (n = 141) (B) in both the unstimulated and IL-13-stimulated conditions. White non-Hispanic subjects are indicated with a circle, while the entire
cohort is indicated with a square. SNP regression coefficient and the corresponding 95% Cls are plotted. Additive linear regression models were used. *P <
0.05, **P < 0.01. (C) In contrast, both rs1420101 (blue) and rs11685480 (red) are associated with sST2 gene expression in distal lung parenchymal tissue in
GTEx cadaveric donors (n = 237). SNP regression coefficient and the corresponding 95% Cls are plotted with P value listed below. Additive linear regression
models were used. (D) Schema showing that sST2 transcripts can be derived from either the ILTRL1 distal or proximal promoters. sST2 transcripts derived
from the distal promoter will contain exon 1a, while those derived from the proximal promoter will contain exon 1b. Primers were designed to specifically
amplify exon 1a and exon 1b, as indicated by black arrowheads. (E) Cultured human airway epithelial cells (n = 6) and cultured human lung endothelial cells
(n = 3) use the proximal promoter, while human alveolar epithelial cells (n = 7) use both promoters. *P < 0.05, ***P < 0.001 using 2-tailed paired t test.

endothelial cells largely use the proximal promoter, while alveolar epithelial cells use the proximal and dis-
tal promoters equally (Figure 3E). Our results identifying rs11685480 as an eQTL for distal lung tissue but
not airway epithelial cells are consistent with rs11685480 effects on distal promoter—driven expression in
alveolar but not airway epithelial cells. Likewise, our results identifying rs1420101 as an eQTL in both the
airway epithelium and distal lung tissue suggest that the expression effect is mediated through the proximal
promoter that is used in both cell types.

Plasma sST2 levels are correlated with whole blood EC50 for IL-33. To determine the contribution of plas-
ma sST2 levels to IL-33 signaling, we examined IL-33-stimulated PBMCs and whole blood cells from 4
healthy subjects. This paired design allowed us to examine the effect of plasma proteins on IL-33 signaling.
‘We find the half maximal effective concentration (EC50) for IL-33 across 4 donors showed little variability
in PBMCs, while the EC50 in whole blood is markedly higher and considerably more variable, suggesting
the presence of an IL-33 inhibitor in whole blood (Figure 4, A and B). Soluble ST2 directly inhibits IL-33
signaling in both mouse models and in vitro cultures (19). Consistent with this, we find that plasma sST2
levels are positively correlated with whole blood cell EC50 to IL-33 (Figure 4C), suggesting that soluble
ST2 in circulating plasma is a functional inhibitor of IL-33 signaling in whole blood.

Airway epithelial sST2 expression is associated with type 2 inflammation and is directly regulated by IL-13. In
order to understand the significance of a genetically determined deficiency of sST2 in promoting airway
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Figure 4. Plasma sST2 levels are correlated with the EC50 dose of IL-33 for whole blood cell activation. (A) Paired
peripheral blood mononuclear cells (PBMC) and whole blood cells from human donors (n = 4; each color represents a
unigue subject) were stimulated with IL-12 and a biologically active variant of IL-33 with mutated cysteine residues. (B)
Compared with PBMC, IL-33 signaling is more variable and markedly reduced in whole blood, suggesting the presence
of an IL-33 inhibitor (n = 4). Statistical analysis performed using 2-tailed paired t test. (C) The level of plasma sST2 is
significantly and positively associated with the half maximal effective concentration (EC50) for IL-33 in whole blood
cells (n = 20). Simple linear regression with P value listed.

inflammation in asthma, we examined sS72 expression in bronchial brush RNA from 22 healthy and 83
asthmatic subjects. In previous studies, the degree of airway type 2 inflammation was measured in these
asthmatics using a gene expression signature consistent with IL-13 activation of the epithelium (2, 20).
A single metric derived from the qPCR-based expression of POSTN, CLCAI, and SERPINBZ in airway
epithelial cells was used to classify asthmatics as type 2-high or -low. We find that sS72 gene expression
is increased in asthmatics compared with healthy controls (Supplemental Figure 3D); however, this effect
is present only in the subset with evidence of airway type 2 inflammation (type 2-high asthma) (Figure
5A). These findings suggest that sST2 expression is regulated by type 2 cytokines in airway epithelial cells.
To test this directly, we examined sS72 gene expression and protein secretion in cultured human airway
epithelial cells from 141 donors in unstimulated and IL-13-stimulated conditions (21). IL-13 markedly
increased sST2 gene expression and secreted sST2 protein in these cells (Figure 5, B and C). We did not
find significant associations between IL/RLI SNPs and in vivo bronchial brush sS72 gene expression (Sup-
plemental Table 3), which may be due to confounding mediated by differences in type 2 inflammation
across the subjects. This finding contrasts with the eQTL and pQTL effects of rs1420101 revealed in the
unstimulated and defined exposure to IL-13 in the in vitro airway epithelial cultures (Figure 3, A and B).
Thus, there appears to be dual regulation of airway epithelial sS72 gene expression in vivo. The genetic
effect of rs1420101 acts though the proximal /L/RLI promoter to lower sST2 gene expression. At the same
time, the type 2 cytokine IL-13 dramatically upregulates sS72 expression by airway epithelial cells. Both
in vivo and in vitro, sST2 acts as a negative regulator of type 2 inflammation via direct inhibition of IL-33
signaling (19, 22-25). Our results suggest that this negative regulation is most prominent in asthmatics with

CuturedAirway €  Cultured Airway

Epithelial sST2 Epithelial
Gene Expression ~ sST2 Protein
124 £ 1250
P <0.0001 E P <0.0001 Figure 5. sST2 expression is increased in the airway in the subset of
114 : o 1000+ el asthmatics with type 2 inflammation and is regulated by IL-13. (A) In
@ . bronchial brush RNA from asthmatics (n = 83) and healthy controls
107 . © 7507 (n = 22), sST2 gene expression is increased only in the subset that
9- g 500 demonstrates evidence of excessive type 2 airway inflammation (type
K - * 2-high). P value reflects ordinary 1-way ANOVA. In cultured human
8 2 250 airway epithelial cells, we find that variance stabilizing transformation-
é :g e normalized (VST-normalized) sST2 gene expression (n = 127) (B) and
7= T 0- secreted protein (n = 141) (C) are strongly increased from baseline levels
CTL IL-13 8 CTL IL-13 (CTL) following IL-13 stimulation. P values reflects 2-tailed paired t tests.

Data presented as Tukey box plots with box containing the first and third
quartile, line at median, and whiskers at 1.5 interquartile range.
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Figure 6. ILTRL1eQTL single nucleotide polymorphisms (SNPs) are associated with risk of type 2 airway inflammation. (A) Both eQTL SNPs rs1420101
and rs11685480 are associated with risk of type 2 airway inflammation in asthma. Alleles associated with lower plasma sST2 and lower lung sST2 expres-
sion are also associated with increased risk of type 2-high asthma endotype. SNP odds ratios (OR) represent results of logistic regression analysis. (B) The
increasing number of risk alleles for rs1420101 and rs11685480 demonstrates a step-wise decrease in circulating sST2 plasma levels (red, white non-His-
panic; blue, entire cohort [All]). P values from parametric ANOVA trend test across increasing number of risk alleles. Data presented as Tukey box plots
with box containing the first and third quartile, line at median, and whiskers at 1.5 interquartile range. (C) The presence of 3-4 rs1420101/rs11685480 risk
alleles is associated with increased risk of type 2 airway inflammation in asthma compared with the presence of 0-2 risk alleles, with an OR of 2.85, which
is greater than either risk genotype alone.

excessive type 2 inflammation and lead us to predict that /L/RLI lung eQTL SNPs, which are associated
with decreased sST2 expression, will increase the risk of type 2-high asthma endotype.

7511685480 and rs1420101 eQTL variants are associated with the type 2-high asthma endotype. To determine if
ILIRLI eQTL/pQTL SNPs are associated with airway type 2 inflammation in asthma, we examined 150
asthmatics with airway type 2 endotyping data (Supplemental Table 2). Type 2 endotype (high vs. low) was
determined in our prior studies by the presence of airway gene expression signatures consistent with type
2 inflammation in either bronchial brush or sputum cell RNA (1, 3). Type 2-high asthmatics demonstrate
markedly increased blood eosinophil counts, serum IgE measures, and a fraction of exhaled nitric oxide
(FeNO), as well as lower prebronchodilator forced expiratory volume in 1 second (FEV1) percent predicted
compared with type 2-low asthmatics (Supplemental Table 2). In our genetic analysis, we find that both
eQTL/pQTL SNPs, rs11685480 and rs1420101, are associated with increased risk of the type 2-high endo-
type of asthma (odds ratio [OR] 2.32, P=0.002; OR 1.74, P = 0.032, respectively) (Figure 6, A and B). We
observed this association despite the fact that inhaled steroid use can reduce airway type 2 inflammation
(20), an effect that could result in subject misclassification and a bias toward a null result. Consistent with
the function of sST2 as an inhibitor of IL-33 and type 2 inflammation, the allele for both SNPs that is
associated with lower sST2 gene and sST2 protein expression is associated with increased risk of the type
2-high endotype. Based on our promoter usage data suggesting an independent effect for the rs11685480
and rs1420101 SNPs on sST2 expression, we considered if carrying risk alleles from both SNPs would be
associated with further decreases in sST2 plasma levels. We found a strong negative relationship between
the number of rs11685480/1s1420101 risk alleles carried and circulating sST2 plasma protein levels (Figure
6C). Consistent with our model, the risk estimate for type 2-high asthma in the combined 3—4 allele—carry-
ing group versus the 0-2 allele—carrying group was higher than the risk estimate for either SNP alone (OR
2.85, P = 0.02) (Figure 6C). These results provide strong evidence that reduced sS72 expression is a risk
factor for the type 2-high endotype of asthma.
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Discussion

In the last decade, both clinical and translational research has revealed heterogeneity in the pathological
mechanisms underlying asthma. The most clinically important disease endotype described to date is char-
acterized by excessive airway type 2 inflammation and affects about half of asthmatics (2, 26). Using genet-
ically modified mice, many of the molecular mechanisms of type 2 inflammation have been discovered
(27); however, little is known regarding the genetic predisposition to this endotype in human asthma. In
this study, we demonstrate that asthma risk variants in the /L/RL1 gene specifically increase the risk of type
2-high disease. Moreover, we show that these variants confer risk by reducing plasma and airway levels of
sST2, an inhibitor of IL-33 signaling and type 2 inflammation. Together, our findings define a population
of asthmatics that is at risk for IL-33—driven type 2 inflammation.

To date, 7 candidate gene studies and 4 GWAS studies — including European and North American
GWAS meta-analysis studies involving 26,000 and 17,000 subjects, respectively — have implicated genetic
variation at the /L/RLI/ILISRI locus in the development of asthma (9, 10, 12, 15-17, 28-32). Studies
showing a relationship between several IL/RLI GWAS variants and plasma sST2 protein levels suggest
that these variants function as eQTLs (12, 13, 18). Most notably, a GWAS for sST2 plasma levels in the
Framingham Offspring Cohort found strong evidence for genetic regulation of circulating protein (13).
The most strongly associated SNP in this study was rs950880, which is in complete linkage disequilibrium
with rs1420101 and within the haplotype we implicated as a blood pQTL. The rs1420101 SNP was also
associated with plasma sST2 levels in a large pediatric Dutch cohort (PTAMA) (12). We find that rs1420101
is an eQTL in airway epithelium and distal lung parenchyma, tissues that use the proximal IL/RLI pro-
moter. These results are consistent with the effect of the rs1420101 SNP being mediated through this pro-
moter. Analyzing CEU data from the 1,000 genomes project, we find 12 other variants in strong linkage
disequilibrium (12> 0.8) with the rs1420101 variant. While rs1420101 and rs950880 are located in the first
and fifth introns, respectively, 3 variants within this block are located in the proximal promoter. Molecular
genetic studies of these variants in airway epithelial cells will be needed to determine if the eQTL effect of
the rs1420101 block is mediated through the proximal promoter and to further narrow the causal variant
within this SNP block.

One of the SNPs most strongly associated with soluble ST2 levels in the above referenced Framing-
ham cohort, 1s953934, is a tag for the rs11685480 (CEU r?= 0.98) SNP that we have implicated as a blood
pQTL and eQTL driving expression through the distal /L/RLI promoter in the lung parenchyma, specif-
ically within alveolar epithelial cells (13). Moreover, the rs11685424 SNP, which is in complete LD with
1511685480 SNP in the CEU population, is strongly associated with sST2 expression in parenchymal lung
tissue measured by microarray (14), consistent with the distal lung tissue expression data presented here.
Notably, rs11685480 resides within a distal promoter haplotype that is associated with atopic dermatitis
and modulates ST2 expression in a human mast cell line (18). Our observation that both the distal and
proximal promoters are used by alveolar epithelial cells presents the possibility that ST2L is also expressed
and affected by this eQTL. However, we note that ST2L is weakly expressed in the GTEx lung tissue data
versus sST2 (median RPKM expression levels sST2 = 56.4 vs. ST2L = 0.83). Taken together, these data
strongly suggest that rs11685480 alone or in combination with other SNPs alters sST2 expression through
the distal promoter in alveolar epithelial cells and thereby contributes to circulating sST2 levels.

Our experimental findings support the presence of lung cell type—specific eQTLs tagged by SNPs
rs1420101 and rs11685480. We did find a significant association between the rs1921622 SNP and circu-
lating levels of sST2 protein, though the association was less significant than for rs1420101 or rs11685480.
Moreover, we found no association with this SNP and airway epithelial cell sST2 gene expression and only
a weak association with distal lung tissue sS72 expression. We hypothesize that the rs1921622 SNP effect
may be explained by linkage disequilibrium with the rs1421010 SNP or that this SNP may function as an
eQTL in another untested cell type. Further molecular studies will be needed to delineate this mechanism.
‘While our results support that the identified circulating sST2 pQTLs are the result of these SNPs function-
ing as eQTLs in lung cells but not blood cells, we acknowledge that eQTL effects of these SNPs in specific
blood cell types could be missed by our mixed blood cell type analysis. Additionally, these SNPs could
mediate posttranslational changes to sST2 protein and thus contribute to the observed pQTL.

Our data suggest that the rs11685480 and rs1420101 SNPs or variation in LD with these SNPs mark
independent eQTL loci that contribute to asthma pathogenesis by reducing circulating and lung sST2 levels
to promote type 2 airway inflammation. This is consistent with several well-powered genetic epidemiology
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studies of asthma and allergic phenotypes (12, 15). Specifically, the A allele of rs1420101 SNP is strongly
associated with increased risk of asthma in a comparison of 44,890 controls versus 7,996 European asth-
matics (15). Stratification of asthmatics in that cohort indicates that the association is strongest among
atopic asthmatics, consistent with our finding that the rs1420101 A allele is associated with the type 2-high
asthma endotype. The rs1420101 variant is also one of the 5 genome-wide significant hits from a GWAS of
blood eosinophil levels conducted in over 20,000 European and 5,000 Asian patients (15). In that study, the
A allele of rs1420101 is associated with higher levels of both eosinophils and IgE. Although the rs11685480
SNP has not been screened in GWAS studies, the allele of this SNP that is associated with lower sST2
levels is also associated with type 2-high disease, matching the rs1420101 findings. Moreover, carrying mul-
tiple risk alleles for rs1420101 and rs1685480 is associated in further reductions in plasma sST2 levels and
an even higher risk of type-2 high asthma, suggesting that these 2 loci function independently.

Our genetic mechanism is strongly supported by mouse models demonstrating that IL-33 promotes
type 2 inflammation and is inhibited by sST2 (19). We find that this inflammatory pathway is altered in the
airway of asthmatics with excessive type 2 inflammation. In these subjects, sST2 is markedly upregulated,
an effect that is mediated by the type 2 cytokine IL-13. Genetic variation that reduces local airway sST2
production and disrupts a finely tuned balance between IL-33—driven type 2 cytokine production and the
IL-13-induced negative feedback loop may be the primary driver of the risk we observe. However, leak-
age of plasma proteins into the airways during inflammation may allow a reservoir of biologically active
sST2 to restrain type 2 inflammation. In this way, the genetically determined level of plasma sST2 protein,
derived from the lung, would influence risk of type 2 inflammation in asthma.

Our translational study of in vivo and in vitro lung tissue genetics allows us to develop a model linking
the strong ILIRLI genetic epidemiology to basic immunology and to demonstrate a key role for IL-33 in
asthmatic type 2 inflammation (Supplemental Figure 4) (8, 33-35). This multicellular model suggests that
local airway sST2 levels, as well as circulating plasma sST2 levels, contribute to neutralization of IL-33 in
the tissue. A genetically determined deficiency in sST2 in the airway (driven by the proximal promoter), as
well as a deficiency in sST2 in the plasma (driven though both the proximal and distal promoters), act to
increase IL-33 signaling and promote airway type 2 inflammation. These genetic variants define an asth-
matic population that is at increased risk for IL-33—driven type 2 inflammation and that may benefit from
targeted blockade of the IL-33/ST2 signaling axis.

Methods

UCSF Airway Tissue Bank (UCSF ATB)

We studied human subjects who had biospecimens stored in the UCSF ATB. We included subjects who
had available DNA, as well as any of the following: plasma, whole blood RNA, bronchial brush RNA, or
induced sputum cell RNA (Figure 1 and Supplemental Table 1). These samples were collected in research
studies at UCSF from 2000-2012 and stored in the UCSF ATB. Subject characterization and biospecimen
collections were performed according to standardized and uniform protocols. These biospecimens have been
used in other reported studies from our group (1-3, 20, 36-39). Asthma was defined as physician diagnosis
and confirmed by measures of airway hyperresponsiveness or reversible airway obstruction. Healthy control
subjects were nonsmokers with no history of lung disease and no evidence of airway hyperresponsiveness.

Measurement of sST2 protein

sST2 was measured by ELISA (Presage ST2 Assay, Critical Diagnostics) per the manufacturer’s instruc-
tions and by immunocapture LC-MS (IC LC-MS). The IC LC-MS was performed by first incubating plas-
ma overnight with biotinylated anti-ST2 (BAF523, R&D Systems), followed by bead capture, acid elution,
and tryptic digestion. Peptides unique to ST2 were quantitated against a peptide control and standard curve
with ST2-Fc. Plasma measurements of sST2 made with the Critical Diagnostics assay correlated strongly
with the measurements made by IC LC-MS (Supplemental Figure 3A).

Cultured human airway epithelial cells

Airway epithelial cells were harvested from the tracheas of 141 organ donors obtained via the California
Transplant Donor Network (21). DNA was extracted from cells following harvest using DNeasy Blood and
Tissue Kit (Qiagen). Harvested cells were also expanded for one passage only in basal epithelial growth
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media (Lonza) and then plated to 12-mm diameter transwells. Cells were grown for 21-23 days in 2%
Ultroser G (Pall Corporation) in DMEM/F12 media and then stimulated with media alone or IL-13 (10
ng/ml) (R&D Systems) every 24 hours for 2 days. RNA was extracted using RNeasy kits (Qiagen). Basal
conditioned media was collected and analyzed by ELISA for sST2 protein (sST2 Duoset, R&D Systems).

Lung microvascular endothelial cell culture

Human lung microvascular endothelial cells (HMVEC-L) were purchased from Lonza and grown accord-
ing to the distributor’s instructions in EGM-2MV Bullet Kit Medium (Lonza) for one passage. Cells were
harvested at confluence, and RNA was extracted as described above.

Lung alveolar epithelial cells

Alveolar type II epithelial cells were isolated from deidentified organ donors whose lungs were not suitable
for transplantation and donated for medical research through the National Disease Research Interchange
and the International Institute for the Advancement of Medicine. The type II cells were dissociated from
the lung by treatment with elastase, and they were purified by discontinuous density gradient centrifugation
and positively selected by binding to magnetic beads through CD326 (EP-CAM) ( Miltenyi Biotec) (40, 41).

Measurement of gene expression
Whole blood cell (PAXGENE) RNA and bronchial brush RNA expression levels of sST2 were measured
by qPCR. Briefly, 20 ng of RNA was reverse transcribed using the SuperScript VILO cDNA Synthesis Kit
and Master Mix (Invitrogen). Bronchial brush cDNA (4 ng) was PCR amplified in multiplex for house-
keeping genes PPIA, RPL13A4, and EEFIAI and sST2; 4 ng of PAXGENE cDNA was PCR amplified for
housekeeping genes GAPDH, PPIA, and RPL37A and sST2. Nested tagman primers and probes were then
used in a standard 40-cycle tagman reaction using the preamplified PCR product and Tagman Universal
Master Mix (Invitrogen). Primer and probe sequences can be found in Supplemental Table 4. The gene
expression levels of sS72 in cultured airway epithelial cells (control and IL-13 stimulated) were determined
from whole transcriptome sequencing. Specifically, Kapa Biosystems mRNA-seq library kits (catalog
KK8421) were used to generate sequencing libraries with barcodes and adapters compatible with the Ion
Torrent Proton sequencing instrument (Thermo Fisher Scientific). Sequencing was conducted on an Ion
Torrent Proton sequencer using P1 chips. Sequencing reads for each sample from different sequencing runs
were consolidated and downsampled to the same number of reads within each control and IL-13—treated
pair, with a total number of reads within 8 million to 12 million reads per sample. Downsampled reads
from each sample were pseudoaligned and quantified using Kallisto (version 0.42.3) (42) and the human
transcriptome sequence index generated from the iGenomes transcript annotation file (downloaded from
Illumina’s FTP site on 01/15/2013). Estimated transcript counts from the Kallisto abundance files were
rounded to the nearest integer and merged to form a count table for all 254 paired samples. Variance stabi-
lizing transformation (VST) (DESeq2) was performed with an experimental design labeling samples based
on IL-13 and control stimulation (blind=FALSE) (43). The NM_003856 transcript was used for expression
of sST2. For the distal lung eQTL analysis, we used data generated by the GTEx consortium downloaded
from database of Genotypes and Phenotypes (dbGap; http://www.ncbi.nlm.nih.gov/gap) (dbGap Study
Accession: phs000424.v6.p1). We used raw counts generated by FluxCapacitor for the 320 GTEx_Mid-
Point_RNAseq samples (phe0000006.v2) from lung tissue, marked as best suited for eQTL analysis. We
then selected 242 individuals with reported white race and available GTEx_MidPoint_Imputation gen-
otypes (phg000520.v2). We then performed PCA analysis and identified 5 subjects who did not cluster
with the remaining white-race individuals and those were removed from subsequent analyses, resulting in
a total of 237 individuals with complete genotype and expression data. We performed variance stabilizing
transformation on GTEx transcript expression. Transcript quantitation for GTEx was performed with the
ensembl GTF; therefore, sST2 expression for this cohort was represented by the ENST00000311734.2 tran-
script. The ENST00000311734.2 transcript is equivalent to the RefSeq NM_003856 transcript, differing
only in the 5') end of the first exon.

qPCR for ILIRLI exon la and 1b was performed on primary cultured airway epithelial cell RNA, lung
microvascular endothelial cell RNA, and alveolar epithelial cell RNA. RNA was reverse transcribed as
described above. Tagman primers and probes were then used in a standard 40-cycle tagman reaction using
2 pg of unamplified cDNA and Tagman Universal Master Mix (Invitrogen) to measure exon la, exon 1b,
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and housekeeping genes PPIA, RPL13A, and EEF1A1. Primer and probe sequences are indicated in Sup-
plemental Table 4.

Blood Cell Cultures

Human heparinized whole blood or mononuclear cells (PBMCs) were primed with IL-12 for 2 hours fol-
lowed by the addition of IL-33 Cys-Ser variant (var) for 15-20 hours. IL-33 var was expressed and purified
from E. coli by expression of a variant of IL-33, amino acids 112-270, with all 4 cysteines replaced by
serine. The activity of IL-33 var is more stable in tissue culture than WT IL-33 (44). IFNy was measured
in the supernatant by mesoscale discovery immunoassays. EC50 of IL-33 was calculated following log
transformation of the IFNy levels. The type 1-stimulating conditions (IL-12 and IL-33) were used in these
whole blood and PBMC assays rather than type 2—stimulating conditions (IL-33 and TSLP) because we
find very few circulating type 2 cytokine—producing cells in the blood of healthy volunteers, resulting in
very little type 2 cytokine response.

Airway type 2 classification

Data for the classification of asthmatics as type 2-high or -low was available from our prior studies (3, 20).
In 76 subjects, the classification was made using a 3-gene expression signature of IL-13-responsive epithe-
lial cell genes from bronchial brush RNA (1). The 3 genes are POSTN, SERPINB2, and CLCAI, and their
individual expression values can be combined into a single 3-gene mean metric to determine the presence
of type 2 inflammation in the airway epithelium, as previously described (20). In 84 subjects, the classifica-
tion was made using gene expression for type 2 cytokines in induced sputum cells (3). The three type 2 cyto-
kine genes are IL4, IL5, and IL13, and their individual expression values are combined into a similar 3-gene
metric to determine the presence of type 2 inflammation in the airway lumen, as previously described (20).
Ten subjects had measures of both bronchial brush and induced sputum type 2 inflammation. Subjects
were classified as type 2-high if either the bronchial brush or the induced sputum cell standardized mea-
surement exceeded 2 standard deviations of the mean value for healthy controls (3, 20).

Genotyping

UCSF ATB samples were genotyped for IL/RLI SNPs rs1041973, rs1420101, rs10192157, and rs1921622
by Tagman genotyping assays. We used LNA Primetime probes and primers IDT DNA) to genotype the
1511685480 SNP. Tagman and LNA reactions were performed with 5-10 ng of DNA according to manu-
facturer’s recommendations using either an ABI 7900HT or Quantstudio 6 Flex real-time thermocyclers
(Invitrogen). Genotypes of the rs1420101 and rs1921622 SNPs for the donor cultured airway epithelial cells
were extracted from Illumina Infinium Genome-wide genotyping array data. The rs11685480 SNP was
genotyped in donor cultured airway epithelial cells with the assay and method described above. Genotype
data for the rs11685480, rs1420101, and rs1921622 IL1RL1 SNPs in the GTEx lung donors was obtained
from National Human Genome Research Institute (NHGRI) GTEx data release phs000424.v6.p1.

Statistics
UCSF ATB genetic analyses. Protein and gene expression data was transformed where appropriate to more
closely approximate a normal distribution for genetic analysis. Specifically, normalized blood paxgene
expression data was log, transformed; normalized bronchial brush expression data was log, transformed
and then square root transformed. Blood sST2 protein levels were natural log (In) transformed. Genetic
association between IL/IRLI SNPs and gene and protein expression levels was tested by linear regression
models coding the SNPs in an additive fashion (e.g., 0 = GG, 1 = AG, 2 = AA). UCSF ATB analyses of
only white non-Hispanic subjects included asthma status, inhaled steroid use, age, and sex as covariates.
The analysis of all subjects included the formerly stated covariates with the addition of 5 dichotomous vari-
ables for race/ethnicity based on self-identification, namely (i) white non-Hispanic, (ii) black non-Hispanic,
(i) Asian non-Hispanic and Native Hawaiian and Other Pacific Islanders, (iv) Hispanic any race, (v) and
other, which included subjects reporting as mixed race non-Hispanic, white with no ethnicity, or non-His-
panic with American Indian/Alaska native race.

Cultured human airway epithelial cells and GTEx lung genetic analyses. VST normalized gene expression
values, from airway epithelial cell cultures, were used to perform probabilistic estimation of expression
residuals (PEER) normalization (45) and to generate PEER residuals corrected for plink (version 1.07)
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(46) determined sex, genome-wide genetic data determined genetic ancestry principle components (pcl,
pc2, and pc3), and 64 hidden PEER factors (corresponding to ~25% of sample size). Similarly, GTEx
lung VST-normalized gene expression data was used to perform PEER normalization and to generate
PEER residuals corrected for age, sex, genome-wide genetic data—determined genetic ancestry principle
components (pcl and pc2), and 59 hidden PEER factors (corresponding to ~25% of sample size) for the
sST2 transcript. Both the GTEx and cultured airway epithelial cell sS72 gene expression PEER residuals
were analyzed for association with /L/RLI SNPs by linear regression analysis using an additive genetic
model. The airway epithelial bank IL-13-stimulated sS72 peer residuals were In transformed for analysis.
The untransformed control and square root—transformed IL-13-stimulated sST2 protein levels were also
tested for association with IL/IRLI SNPs by linear regression analysis using an additive genetic model
including sex and genetic principle components as covariates. Logistic regression was used to test the asso-
ciation between the rs1420101 and rs11685480 genotype and type 2-high vs. type 2-low status, including
age, sex, steroid use, and racial/ethnic group (as defined above) as covariates. Between-group differences
were assessed using a 2-tailed paired ¢ test (cultured epithelial cell protein and gene expression unstimulated
vs. IL-13—-stimulated; distal vs. proximal promoter gene expression; EC50 IL-33 in whole blood vs. PBMC);
2-tailed unpaired ¢ test (plasma sST2 protein, sST2 gene expression, or sST2 bronchial brush gene expres-
sion in healthy vs. asthma); ordinary 1-way ANOVA with Tukey’s multiple correction test (sS72 bronchial
brush gene expression in healthy vs. type 2-high vs. type 2-low asthmatics; or ordinary 1-way ANOVA
with post-test for linear trend (plasma sST2 protein in subjects carrying 0-5 risk alleles for rs1420101 or
rs11685480). Linear regression was used to assess the relationship between whole blood EC50 for IL-33
and plasma sST2 protein LC-MS, as well as the relationship between plasma sST2 measured with LC-MS
and critical diagnostics ELISA. A P value less than 0.05 was considered statistically significant. All statisti-
cal analyses were either performed in STATA/SE v11.0 or Graphpad Prism v6.0d.

Study approval

Research protocols were approved by the IRB at UCSF, and all subjects provided written informed consent
for the study in which they originally participated. They also provided written informed consent for their
biospecimens to be placed in the UCSF ATB for studies, in addition to the original protocol.
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