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Abstract

Asthma is a chronic inflammatory disease of the airways with contributions from genes, envi-

ronmental exposures, and their interactions. While genome-wide association studies (GWAS)

in humans have identified ~200 susceptibility loci, the genetic factors that modulate risk of

asthma through gene-environment (GxE) interactions remain poorly understood. Using the

Hybrid Mouse Diversity Panel (HMDP), we sought to identify the genetic determinants of airway

hyperreactivity (AHR) in response to diesel exhaust particles (DEP), a model traffic-related air

pollutant. As measured by invasive plethysmography, AHR under control and DEP-exposed

conditions varied 3-4-fold in over 100 inbred strains from the HMDP. A GWAS with linear mixed

models mapped two loci significantly associated with lung resistance under control exposure to

chromosomes 2 (p = 3.0x10-6) and 19 (p = 5.6x10-7). The chromosome 19 locus harbors Il33

and is syntenic to asthma association signals observed at the IL33 locus in humans. A GxE

GWAS for post-DEP exposure lung resistance identified a significantly associated locus on

chromosome 3 (p = 2.5x10-6). Among the genes at this locus is Dapp1, an adaptor molecule

expressed in immune-related and mucosal tissues, including the lung. Dapp1-deficient mice

exhibited significantly lower AHR than control mice but only after DEP exposure, thus function-

ally validating Dapp1 as one of the genes underlying the GxE association at this locus. In sum-

mary, our results indicate that some of the genetic determinants for asthma-related phenotypes

may be shared between mice and humans, as well as the existence of GxE interactions in mice

that modulate lung function in response to air pollution exposures relevant to humans.
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Author summary

The genetic factors that modulate risk of asthma through gene-environment (GxE) inter-

actions are poorly understood, due in large part to the inherent difficulties in carrying out

such studies in humans. To address these challenges, we used the Hybrid Mouse Diversity

Panel to elucidate the genetic architecture of asthma-related phenotypes in mice and iden-

tify loci that are associated with airway hyperreactivity (AHR) under control exposure

conditions and in response to diesel exhaust particles (DEP), as a model traffic-related air

pollutant. In the absence of exposure, we identified two loci on chromosomes 2 and 19 for

AHR. The locus on chromosome 19 harbors Il33 and is syntenic to association signals

observed for asthma at the IL33 locus in humans. In response to DEP exposure, we

mapped AHR to a region on chromosome 3 and used a genetically modified mouse

model to functionally demonstrate that Dapp1 is one of the genes underlying the GxE

association at this locus. Collectively, our results support the concept that some of the

genetic determinants for asthma-related phenotypes may be shared between mice and

humans as well as the existence of GxE interactions in mice that modulate lung function

in response to air pollution exposures relevant to humans.

Introduction

Asthma is a complex disease characterized by chronic airway inflammation that affects over

300 million people worldwide [1]. It is generally accepted that susceptibility to asthma results

from interactions between genetic risk factors and environmental exposures, such as allergens

and air pollutants [2–4]. In this regard, particulate matter with diameter less than 2.5 μM

(PM2.5) is a well-studied ambient air pollutant that has been linked to reduced lung develop-

ment in children and risk of asthma [5]. Traffic emissions, including combustion products, are

major sources of PM2.5 [6] that can penetrate deep into small lung airways where they trigger

immune responses either alone or by acting as adjuvants for simultaneously inhaled aeroaller-

gens [7–10]. However, not all individuals respond the same to such exposures and evidence

suggests that genetic background can modulate differences in the response to PM2.5 and other

ambient air pollutants [5, 6, 8, 11–13].

Estimates for the heritability of asthma have ranged between 35%-95% [14], suggesting a

strong genetic component to risk of asthma. Genome-wide association studies (GWAS) in

humans support this notion and have identified ~200 loci for asthma and related pulmonary

phenotypes [15–35]. Interestingly, the genes located at these loci along with bioinformatic

analyses provide compelling genetic evidence for a strong inflammatory component to asthma

susceptibility [31, 35]. Despite the large numbers of loci identified to date, the risk alleles, most

of which are common in the population, still only explain a small fraction (~7%) of asthma’s

overall heritability [36, 37]. This observation implies either the existence of additional variants

with smaller effect sizes, rare susceptibility alleles, and/or higher order interactions between

genes and environmental factors. Furthermore, while identification of genes is one important

step towards improving our understanding of asthma pathogenesis, it does not provide direct

information about interactions between genetic risk factors and environmental triggers. This

is compounded by the inherent difficulties of carrying out gene-environment (GxE) interac-

tion studies in humans. For example, accurate exposure assessments, adequately powered

sample sizes in which genetic, phenotypic, and exposure data are all available, and the hetero-

geneous nature of asthma itself pose significant practical and technical hurdles that have yet to
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be overcome. Thus, the complex GxE interactions that modulate risk of asthma remain

unknown. However, a better understanding of these interactions may provide important novel

insights into the biological mechanisms of asthma and potentially identify subgroups of indi-

viduals at higher risk [38].

To circumvent the challenges of genetic studies of asthma-related traits in humans, gene

discovery efforts have leveraged naturally occurring variation in mice. A variety of strategies,

including linkage mapping with crosses or association studies with small numbers of inbred

strains, have identified several loci for airway hyperreactivity (AHR) under both unexposed

conditions or after exposure to various allergens, such as ovalbumin or house dust mite

(HDM) [39]. In this regard, we have developed a panel of inbred mouse strains, termed the

Hybrid Mouse Diversity Panel (HMDP) [40], that has been used to identify loci for a number

of complex traits relevant to human diseases [41–45]. Furthermore, the renewable nature of

the HDMP, where multiple subjects of the same genotype can be studied, has been proven use-

ful for GxE studies with a diverse array of exposures, including inflammatory responses to LPS

[46, 47], dietary or pharmacological challenges [48–52], and noise insults [53, 54]. In the pres-

ent study, we used the HMDP to further elucidate the genetic architecture of asthma-related

phenotypes in mice and identify loci that modulate AHR in response to diesel exhaust particles

(DEP), as a model traffic-related air pollutant.

Results

Lung function varies among HMDP strains

As an initial step towards identifying the genetic factors and GxE interactions underlying

asthma-related traits in mice, we determined AHR in 101 strains from the HMDP (S1 Table)

by measuring lung resistance with and without exposure to DEP. To increase lung function

responses, mice were first sensitized on day 0 through an intraperitoneal injection of DEP

(200μg), HDM (25μg), + 2.25mg Alum as an adjuvant, followed by daily inhalation exposure

on days 7–10 to either aerosolized PBS (n = 2–4 mice/strain), as a control, or DEP (n = 2–4

mice/strain) for 20mins. Lung resistance in response to increasing doses of methacholine was

then measured on day 11 using invasive plethysmography (Fig 1A).

In the control PBS inhalation exposure group, lung resistance among the 101 HMDP

strains exhibited 3-4-fold variation at baseline and as a function of increasing doses of metha-

choline (Fig 1B). Similar variation was also observed among strains after inhalation exposure

to aerosolized DEP (Fig 1C). A comparison of lung resistance in response to 10mg/ml metha-

choline for each strain after inhalation exposure to PBS or DEP further illustrates the variation

observed among the HMDP (Fig 1D). Interestingly, strains that exhibited the highest lung

resistance after PBS exposure were not necessarily the same as those with high lung resistance

after DEP exposure. For example, at a 10mg/ml dose of methacholine, strain BXD42/TyJ has

the third highest lung resistance (11.0 cmH2O.ml-1.S-1) after inhalation exposure to PBS, but

exhibits a more subdued response (3.4 cmH2O.ml-1.S-1) after DEP inhalation exposure (Fig

1D). Given that the same exposure protocol was used to characterize all strains, these findings

indicate that genetic background modulates variation in lung resistance with and without

inhalation exposure to DEP.

Mapping of loci for lung resistance in the HMDP

We next used the phenotype data generated in the HMDP to identify the genetic determinants

of AHR under control PBS conditions. A GWAS analysis for AHR at individual methacholine

doses identified two loci on chromosomes 2 and 19 that were significantly associated with

peak lung resistance in response to 2.5mg/ml of methacholine in PBS-exposed mice (Fig 2A).
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Fig 1. Variation in AHR among 101 inbred strains of HMDP. A) Timeline of the sensitization and exposure protocol

that was designed to sufficiently induce AHR across 101 HMDP strains of different genetic backgrounds and varying
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Several suggestively associated loci were also observed on chromosomes 6, 8, 13 and 17 (Fig

2A). The lead SNP on chromosome 2 (rs27250829) yielded a p-value of 3.0x10-6 and had a

minor allele frequency (MAF) of 0.20, whereas the lead SNP on chromosome 19 (rs51547574)

was slightly more frequent (MAF = 0.26) and one magnitude more strongly associated with

lung resistance (p = 5.6x10-7). As shown in Fig 2B, the minor T allele of rs51547574, which is

also the non-C57BL/6 allele, was associated with lower peak lung resistance in response to

2.5mg/ml methacholine in control PBS-exposed mice. While the most significant association

with lung resistance was at a methacholine dose of 2.5mg/ml, a similar pattern of association

was observed with varying levels of significance at other doses as well (Table 1). Interestingly,

association with the chromosome 19 locus was observed at the baseline AHR measurement

before administration of methacholine (Table 1), suggesting that the effect of this locus on

lung resistance manifests even under basal conditions and in the absence of stimulating bron-

chial constriction. In addition, rs51547574 is located 24kb downstream of Il33, although other

genes, such as Trpd52l3, Uhrf2, and Gldc, are also located within the interval encompassing

other tightly linked SNPs (r2�0.8) (Fig 2C). To prioritize among these positional candidates,

we next leveraged gene expression data available in the HMDP from several tissues, including

liver, adipose, heart, aorta, bone, and macrophages [55]. Of the genes within the high linkage

disequilibrium (LD) block on chromosome 19, rs51547574 yielded a cis expression quantita-

tive trait locus (eQTL) for Il33 in heart (p = 4.1x10-4) and adipose (p = 0.04). Although not

conclusive due to these eQTLs being observed in tissues not directly relevant to asthma or

lung function, these results suggest that Il33 could represent at least one of the candidate causal

genes at the chromosome 19 locus.

GxE GWAS for lung resistance in response to DEP

We next applied the same strategy to identify the genetic determinants of lung resistance after

inhalation exposure to DEP. For these analyses, we calculated the mean strain difference in

peak lung resistance in DEP-induced and control PBS exposures (delta, Δ AHRDEP—AHRPBS)

at each dose of methacholine, as well as Δ area under the curve (AUC) values across all metha-

choline doses. A GxE GWAS for AUC-based Δ AHRDEP—AHRPBS only identified two sugges-

tively associated loci on chromosomes 4 and 15 (S1 Fig). By comparison, analysis of the Δ
AHRDEP—AHRPBS data at individual methacholine doses revealed a significantly associated

locus for lung resistance on chromosome 3 at a methacholine dose of 10mg/ml (lead SNP

rs30880385; p = 2.5 x 10−6; Fig 3A). The minor C allele of rs30880385 is the non-C57BL/6

allele and has a frequency of 0.36 among the HMDP strains. Although there were no genome-

wide significant differences in lung resistance under PBS or DEP exposures conditions as a

function of rs30880385 genotype (S2A Fig), the C allele was associated with a significantly

(p = 2.5 x 10−6) greater difference in Δ (DEP-PBS) lung resistance at a methacholine dose of

10mg/ml (Fig 3B and S2B Fig). Analysis of AHR across all methacholine doses using AUC

susceptibilities to DEP. Mice (n = 4–8 per strain) were first sensitized on day 0 through a 100μl intraperitoneal injection

containing 200μg DEP and 25μg HDM + 2.25mg Alum, as an adjuvant. On days 7–10, mice were separated into two

groups and placed in insulated chambers daily for 20mins supplied with ambient air and saturated with either

aerosolized PBS (control; n = 2-4/strain) or 200μg DEP (exposed; n = 2-4/strain). To avoid batch effects, the same

collection of DEP and lot of HDM was used for all strains and all exposures were carried out at the same time in the

mornings. On day 11, airway hyperreactivity was measured by invasive plethysmography. Lung resistance at baseline and

in response to increasing concentrations of methacholine is shown for each strain under control PBS exposure (B) and

DEP-exposed conditions (C). Each colored line represents the maximum lung resistance of each strain (as an average of

2–4 mice) at each methacholine dose. D) Circular bar-graph shows variation in lung resistance among HMDP mice

strains under PBS control (light blue bars) and DEP exposed conditions (dark blue bars) at a methacholine dose of 10mg/

ml. Each bar represents the mean value of 2–4 mice per group per strain.

https://doi.org/10.1371/journal.pgen.1008528.g001
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Fig 2. Results of a GWAS for AHR in the HMDP under PBS-control exposure. A) The Manhattan plot shows lung resistance under control PBS exposure is

significantly associated with two loci on chromosomes 2 and 19. The GWAS analysis included 196,591 SNPs, whose genomic positions are shown along the x-axis with

their corresponding -log10 p-values indicated by the y-axis. The genome-wide thresholds for significant (p = 4.1x10-6) and suggestive (p = 4.1x10-4) evidence of association

are indicated by the horizontal red and blue lines, respectively. B) Lung resistance at a methacholine dose of 2.5mg/ml is lower among strains carrying the minor T allele of

the peak SNP (rs51547574) on chromosome 19 compared to strains carrying the C allele. Dots represent the average of 2–4 mice per strain. C) Regional plot for the

chromosome 19 locus shows that rs51547574 is located directly over Il33 (red box) although SNPs in strong LD encompass other genes as well.

https://doi.org/10.1371/journal.pgen.1008528.g002
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values also revealed a modestly significant difference (p = 0.05) as a function of rs30880385

genotype (S2C Fig). Similarly, there was only nominal evidence (p<0.05) for association of

this locus with AHR in response to PBS exposure at a methacholine dose of 10mg/ml (S2

Table). These observations suggest that association of the chromosome 3 locus with lung resis-

tance is mediated through an interaction with DEP exposure. A regional plot of this locus

shows that rs30880385 is located 19kb upstream of Dapp1 (Fig 3C), although other genes

located within the region encompassed by tightly linked SNPs (r2�0.8) include Gm5105, Mttp,

and Lamtor3 (Fig 3C). Interrogation of the HDMP gene expression database however did not

identify any cis eQTLs for Dapp1, Gm5105, Mttp, or Lamtor3 among the available tissues.

DAPP1 is expressed in the lungs and associated with inflammatory

cytokines in humans

Although none of the candidate causal genes at the chromosome 3 locus are known to have a

biological role in lung function or asthma, previous studies have shown that Dapp1 encodes a

multi-functional adaptor protein involved in T cell activation that is also highly expressed in

lymphocytes and lung pneumocytes in mice and humans [56–58]. Since gene expression data

available in the HDMP may not have necessarily been in tissues most relevant to the immune

system-related functions of Dapp1, we next leveraged publicly available mutli-tissue RNAseq

data in humans from the GTEx Project [59]. DAPP1 expression in humans was highest in lym-

phocytes, spleen, whole blood, and several mucosal tissues, including the lung (Fig 4A). More-

over, DAPP1 expression in the lung was highly positively correlated with a panel of pro-

inflammatory cytokines, including several that have been implicated in asthma, such as IL1A,

IL7, IL12A, IL17A, IL23A, and IL33 (Fig 4B). In spleen, DAPP1 expression was similarly posi-

tively associated with expression of cytokines, but the pattern was characterized by fewer and

less significant correlations than those in the lung (Fig 4B). A similar analysis in the HMDP

with Dapp1 did not reveal significant correlations with expression of the same pro-inflamma-

tory cytokine genes among the available tissues. Nonetheless, based on the multiple significant

correlations observed in humans, we reasoned that Dapp1 could be at least one of the genes at

the chromosome 3 locus that mediated the effects of DEP on lung resistance in mice.

Functional validation of Dapp1 as an exposure-responsive gene

We next sought to functionally validate the GxE association signal on chromosome 3 using an

in vivo approach with Dapp1 deficient (Dapp1-/-) mice. We first used the same exposure proto-

col as for the HMDP strain survey (Fig 1A) to characterize female Dapp1-/- mice and female

wildtype (WT) C57BL/6J controls purchased from the Jackson Laboratories. As shown in S3

Fig, there was a non-significant trend for a difference between DEP-exposed Dapp1-/- mice

Table 1. Effect Sizes and significance levels at varying doses of methacholine for loci identified for AHR on chromosomes 19 and 3.

Methacholine Dose (mg.ml-1)

Chromosome SNP Exposure Factor 0 2.5 5 10 20 40

19 rs51547574 PBS �Beta (C allele) 0.129 0.221 0.097 0.148 0.051 0.036

��p-value 1.5x10-5 5.6x10-7 1.9x10-2 3.7x10-4 1.9x10-1 3.4x10-1

3 rs30880385 ΔDEP-PBS �Beta (T allele) -0.060 -0.137 -0.040 -0.571 -0.111 -0.045

��p-value 5.5x10-1 2.2x10-1 7.3x10-1 2.5x10-6 3.3x10-1 7.1x10-1

�Betas are shown for the indicated effect allele as normal inverse transformed values.

��Genome-wide significant associations are shown in bold.

https://doi.org/10.1371/journal.pgen.1008528.t001
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Fig 3. Results of a GxE GWAS for AHR in the HMDP in response to DEP exposure. A) The Manhattan plot shows that lung resistance at a methacholine dose of 10mg/

ml is significantly associated with a locus on chromosome 3. The GWAS analysis included 203,074 SNPs, whose genomic positions are shown along the x-axis with their

corresponding -log10 p-values indicated by the y-axis. The mean difference (delta, Δ) in lung resistance between DEP-exposed mice and PBS-exposed controls were

calculated for each strain and used in a linear mixed-model GWAS analysis with normal inverse transformed traits as implemented in the program pylmm. Genome-wide

thresholds for significant (p = 4.1x10-6) and suggestive (p = 4.1x10-4) evidence of association are indicated by the horizontal red and blue lines, respectively. B) The Δ lung

resistance at a methacholine dose of 10mg/ml is greater among strains carrying the minor C allele of the peak SNP (rs30880385) on chromosome 3 compared to strains

Dapp1 mediates air pollution-induced airway hyperreactivity
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and WT controls. Therefore, we repeated these experiments a second time using the same dual

exposure sensitization step with DEP and HDM. However, mice underwent inhalation expo-

sure to both DEP and HDM on days 7–10, followed by measurement of AHR on day 11. The

rationale for this strategy was that the combination of dual exposures with DEP and HDM for

both sensitization and inhalation would induce lung resistance sufficiently to reveal a pheno-

typic difference between Dapp1-/- mice and WT mice. In addition, we carried out two indepen-

dent experiments using female WT C57BL/6J controls purchased from either the Jackson

Laboratories or male and female WT littermates generated through an intercross between

Dapp1+/- mice. In both experiments, inhalation exposure to DEP and HDM robustly induced

AHR in control mice and WT littermates (Fig 5A and 5D). However, the induction of lung

resistance by DEP was significantly blunted in Dapp1-/- mice, particularly at methacholine

doses of 20 and 40mg/ml (Fig 5A and 5D). These differences were observed in experiments

using only female mice as well as in those where mice of both sexes were used. By comparison

there were no differences between WT or Dapp1-/- mice under control PBS conditions (Fig 5A

and 5D). To examine whether reduced lung resistance in response to DEP in Dapp1-/- was

associated with modulation of airway inflammation, we characterized the cellular composition

of bronchoalveolar lavages (BAL) from Dapp1-/- and WT mice. Inhalation exposure to DEP/

HDM significantly increased eosinophil and neutrophil numbers in the BAL of both Dapp1-/-

animals and control mice/WT littermates compared to the corresponding PBS-exposed con-

trol groups (Fig 5B, 5C, 5E and 5F). However, there were no significant differences in eosino-

phil and neutrophil counts in the BAL of Dapp1-/- mice and either set of WT controls

littermates after inhalation exposure to DEP/HDM (Fig 5B, 5C, 5E and 5F). Taken together,

these data corroborate the GxE GWAS results on chromosome 3 and provide functional evi-

dence that Dapp1 modulates lung resistance in response to DEP through mechanisms that are

independent of eosinophil and neutrophil recruitment to the lung.

Discussion

In the present study, we characterized asthma-related traits in over 100 inbred strains of mice

from the HMDP to facilitate identification of genetic determinants for AHR, particularly after

exposure to a model traffic-related air pollutant. These efforts demonstrated that lung function

across the HMDP varied several fold under control exposures as well as in response to DEP

and revealed several significantly and suggestively associated loci for AHR. At one locus in par-

ticular, we functionally demonstrated that Dapp1 modulates lung resistance in response to

DEP exposure, thus providing evidence for a novel GxE interaction that influences asthma-

related traits in mice. Taken together, these findings represent one experimental approach to

understanding the genetic factors that determine susceptibility to asthma in response to envi-

ronmental pollutants that are known to have large independent adverse effects on lung func-

tion/growth, especially in children [60–62].

Two important considerations in our studies are whether the identified loci corroborate

results of previous mouse studies and whether the identified genetic pathways are relevant to

humans. In this regard, we mapped lung resistance under control conditions to two loci on

chromosome 2 and 19. Interestingly, our lead SNP (rs27250829) on chromosome 2 maps to

position 137,425,632 (based on build NCBI37/mm9), which is within the ~36Mb interval (chr

2:122,652,343–163020182) spanning a QTL for AHR previously reported in mice [63]. By

comparison, of the genes within the relatively small LD block on chromosome 19, a cis eQTL

carrying the T allele. Dots represent mean strain difference in Δ lung resistance between DEP-exposed mice and PBS-exposed controls. C) Regional plot for chromosome 3

locus shows that rs30880385 is located directly over Dapp1 (red box) although SNPs in strong LD encompass other genes as well.

https://doi.org/10.1371/journal.pgen.1008528.g003
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Fig 4. Tissue expression pattern of DAPP1 and relationship to inflammatory genes in humans. A) Levels of DAPP1 mRNA,

expressed as transcripts per million reads (TPM), are highest in mucosal and immune system-related tissues, including lung (shown

in red). Data were obtained from the Genotype-Tissue Expression (GTEx) project portal. B) DAPP1 expression in lung and spleen is

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 10 / 21

https://doi.org/10.1371/journal.pgen.1008528


were only observed for Il33, providing functional evidence that this cytokine gene is at least

one candidate causal gene at this locus. Although these results are not entirely conclusive since

the eQTLs for were only modestly significant and observed in tissues not directly relevant to

asthma, it is noteworthy that syntenic association signals for asthma have been identified with

strongly and positively correlated with several pro-inflammatory cytokines relevant to asthma, including IL1A, IL7, IL12A, IL17A,

IL23A, and IL33. The color-range in the illustration reflects the strength of the Spearman correlation coefficients (r) and the size of

the circles reflects the significance levels of the p-values.

https://doi.org/10.1371/journal.pgen.1008528.g004

Fig 5. Functional validation of Dapp1 as a DEP-responsive gene. A and D) Lung resistance after inhalation exposure to DEP and HDM is not increased in Dapp1-/-

mice compared to WT animals. DEP/HDM exposure induced eosinophilia (B and E) and neutrophilia (C and F) to the same extent in BAL fluid from Dapp1-/- and WT

mice. Mice were first sensitized on day 0 through a 100μl intraperitoneal injection containing 200μg DEP and 25μg HDM + 2.25mg Alum, as an adjuvant. On days 7–10,

mice were placed in insulated chambers daily for 20mins supplied with ambient air and saturated with either aerosolized PBS or both 200μg DEP and 25μg HDM. On day

11, airway hyperreactivity was measured by invasive plethysmography, followed by collection of BAL. Cell counts in BAL fluid were determined by flow cytometry. WT

control animals were either female C57BL/6J mice purchased from the Jackson Laboratories (A-C) or WT littermates of both sexes generated through an intercross

between Dapp1+/- heterozygote mice (D-F). For both experiments, n = 4–8 mice in each group. Data are shown as mean ± SE. ����p<0.0001; ���p<0.001; ��p<0.005;
�p<0.05.

https://doi.org/10.1371/journal.pgen.1008528.g005

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 11 / 21

https://doi.org/10.1371/journal.pgen.1008528.g004
https://doi.org/10.1371/journal.pgen.1008528.g005
https://doi.org/10.1371/journal.pgen.1008528


rare and common genetic variation at the IL33 locus in multiple human studies [15–34, 64].

These observations support the notion that some of the genetic determinants for asthma-

related phenotypes may be shared between mice and humans.

The GxE locus we identified on chromosome 3 in response to DEP contained several genes

without an obvious role in lung function or asthma-related traits. Of these, we prioritized

Dapp1 because of its known role in mediating activation of and interactions between immune

cells [65–69], its expression profile in tissues relevant to asthma, and the high correlation of its

mRNA levels with those of several asthma-related inflammatory cytokines in humans. In two

independent experiments with genetically targeted mice, we functionally validated Dapp1 as

an exposure-responsive gene at the chromosome 3 locus. It should be noted that a phenotypic

difference between Dapp1-/- and WT mice was observed after inhalation exposure to both DEP

and HDM, which is slightly different from the protocol we used for the HMDP strain survey.

Thus, when on the background of a relatively resistant strain (C57BL/6J), it is possible that

both triggers are required in order for the protective effect of Dapp1 deficiency on induction

of AHR to manifest. Regardless, a mechanism(s) for how Dapp1 would be involved in lung

resistance, particularly in response to DEP/HDM, is still not directly evident. It is also not

known whether Dapp1 mediates a response to other exposures as well. Interestingly, DAPP1
expression has been shown to change in human bronchial epithelial cells after exposure to cig-

arette smoke [70]. Taken together with our results, these observations suggest that Dapp1
potentially mediates exposure-induced lung resistance through immune system-related mech-

anisms. This notion would be consistent with the apparent strong immunological component

that GWAS studies in humans have indicated for asthma based on the positional candidate

genes located at the identified loci [31]. However, a large human GWAS did not reveal any

main effect associations between the DAPP1 locus and asthma [35], including with SNPs that

yielded strong multi-tissue cis eQTLs for DAPP1 and other genes in the syntenic region [59].

Additional studies will be needed in order to obtain a more definitive understanding of how

Dapp1 function influences AHR and its relevance to the biological mechanisms and GxE inter-

actions of asthma in humans.

Compared to humans, inbred strains provide certain advantages for GxE studies, including

the ability to tightly control environmental exposures across strains and the ability to pheno-

type multiple individuals of the same genotype. While we used the HMDP to search for genetic

determinants of AHR after DEP exposure, analogous strategies with various other mouse

genetics platforms have also been used to explore GxE interactions underlying allergen-

induced asthma traits [39]. For example, Kelada et al. used the Collaborative Cross [71, 72] to

identify loci for allergic airway disease with and without exposure to HDM that were distinct

from those identified herein. Collectively, these findings illustrate the utility of leveraging natu-

ral genetic variation with inbred mouse strains to identify both main genetic effects and GxE

interactions for asthma-related phenotypes, as well as the existence of exposure-specific GxE

loci.

While the present analyses have revealed novel genetic determinants of AHR in mice, our

study should also be taken in the context of certain limitations. First, our exposure protocol

was relatively short-term compared to the chronic nature of how humans are typically exposed

to environmental pollutants. Second, we focused on DEP as a model traffic-related air pollut-

ant and sensitized mice with HDM in conjunction with Alum as an adjuvant. We chose this

strategy based on the notion that immune responses in humans are potentiated by natural

occurring adjuvants and prior mouse studies where it has been shown that Alum promotes the

development of lung resistance in combination with asthma triggers, such as DEP [73]. How-

ever, it is possible that other components of DEP could be causing subsequent immune

responses by virtue of being in the immunization mix with Alum or that DEP could exacerbate
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already existing allergic airway disease. Alternatively, it is not known whether the GxE interac-

tions we identified herein are specific to DEP or apply to other exposures as well. Addressing

these possibilities will require appropriately designed studies. Lastly, the ~100 HMDP inbred

strains, which originate from a small number of founders, provide limited genetic diversity

and relatively lower power to detect loci compared to large outbred human populations. This

may explain, at least in part, why we only mapped a small number of loci for lung resistance in

the HMDP whereas human GWAS have identified ~200 genomic regions for asthma-related

traits.

In conclusion, we identified several loci associated with AHR in mice, including Dapp1 as a

determinant of lung resistance in response to DEP exposure. These results may have implica-

tions for genetic susceptibility to asthma in humans, which will need to be addressed using

cohorts in which traffic-related air pollution exposure estimates are available along with geno-

type and phenotype information. Moreover, these results demonstrate the utility of the HMDP

for dissecting the genetic architecture of complex traits, particularly for those phenotypes that

are strongly influenced by environmental exposures.

Methods

Ethics statement

All animal studies were approved by the USC Keck School of Medicine Institutional Animal

Care and Use Committee and conducted in accordance with the Department of Animal

Resources’ guidelines. Human studies were conducted with publicly available de-identified

gene expression data from the GTEx Project [59].

Mice and HMDP panel

Six to eight-week-old female mice of 101 strains (n = 4–8) were purchased from the Jackson

Laboratories. A full list of strain names and stock numbers are provided in the S1 Table. Bio-

logical validation of Dapp1 was carried out using previously generated genetically modified

mice bred onto a C57Bl/6J background that were kindly provided by Dr. Aaron Marshall [68].

Control animals for the first set of exposure experiments with female Dapp1-/- mice were

female C57BL/6J mice purchased from the Jackson Laboratories. For the second set of expo-

sure experiments, Dapp1-/- and WT littermates of both sexes were generated through an inter-

cross between Dapp1+/- heterozygotes. All mice in the study, including the Dapp1-/- and 101

HMDP strains, were housed and bred in the same vivarium room. Mice were maintained on a

12-hour light/dark cycle in sterilized microisolator cages and received autoclaved food and

water ad libitum.

Exposure protocol and measurement of AHR

DEP (engine combustion products) were collected from a light-duty, four-cylinder diesel

engine (type 4JB1, Isuzu, Japan) under a 10-torque load in a cyclone impactor using standard

diesel fuel, as described previously [74]. The collected DEP were then suspended in PBS as one

batch with multiple aliquots that were used for intraperitoneal injections directly or aerosol-

ized for inhalation exposures using Aeroneb ultrasonic nebulizers (Aerogen, Chicago, IL) with

a pore size of 4–5μM. Based on prior mouse [75, 76] and human [77, 78] studies and our own

pilot experiments with two relatively sensitive (Balb/cByJ) and resistant (C57BL/6J) mouse

strains, we designed an exposure protocol that could be uniformly adapted across ~100 strains

of different genetic backgrounds and varying susceptibilities to DEP (additional details are

provided in the S1 Appendix). To sufficiently induce AHR, mice from the HMDP (n = 4–8
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per strain) were first sensitized on day 0 through a 100μl intraperitoneal injection containing

200μg DEP and 25μg HDM (Stallergenes Greer, Lenoir, NC) + 2.25mg Alum as an adjuvant

[73]. On days 7–10, mice were separated into two groups and placed in insulated chambers

daily for 20mins supplied with ambient air and saturated with aerosolized PBS (control; n = 2-

4/strain) or 200μg DEP (exposed; n = 2-4/strain). To avoid batch effects, the same collection of

DEP and lot (# 145793) of HDM was used for all strains and all exposures were carried out at

the same time in the mornings. Based on prior analyses [79], there was minimal (0.01%) con-

tamination of the HDM extract we used with endotoxin (0.1μg LPS/mg HDM). On day 11,

AHR was measured by invasive plethysmography. Lung resistance and dynamic compliance at

baseline and in response to sequentially increasing doses of methacholine was measured using

a Buxco FinePointe (Data Sciences International, St. Paul, MN) respiratory system in tracheos-

tomized immobilized mice that were mechanically ventilated under general anesthesia, as

described elsewhere [80].

Characterization of Dapp1-/- mice

For exposure experiments with Dapp1-/- mice and WT controls or littermates, mice were first

sensitized on day 0 with 200μg DEP and 25μg HDM (Stallergenes Greer, Lenoir, NC)

+ 2.25mg Alum. This was followed by one set of inhalation experiments that mimicked the

exposure paradigm used for the HMDP where mice were exposed daily to aerosolized PBS or

200μg DEP for 20mins on days 7–10, followed by measurement of AHR on day 11. To induce

lung resistance further, a second set of inhalation experiments were also conducted where

mice were first sensitized in the same manner with 200μg DEP and 25μg HDM but underwent

daily inhalation exposure to aerosolized PBS or both 200μg DEP and 25μg HDM for 20mins

on days 7–10, followed by measurement of AHR on day 11. For both exposure studies, BAL

fluid was collected after completion of AHR measurements by cannulating the trachea and

washing the airways three times with 1mL PBS. The fluid was recovered each time and centri-

fuged at 400g for 7mins to pellet the cells. Leukocytes in BAL fluid were quantified by flow

cytometry after staining with phycoerythrin (PE)-anti-Siglec-F (BD Biosciences, San Jose,

Calif), fluorescein isothiocyanate (FITC)-anti-CD19, peridinin-chlorophyll-protein complex

(PerCP)/Cy5.5-anti-CD3ε, allophycocyanin (APC)-anti-Gr-1, PE/Cy7-anti-CD45, APC/

Cy7-anti-CD11c (BioLegend, San Diego, Calif), and eFluor450-anti-CD11b (eBioscience, San

Diego, Calif) in the presence of anti-mouse FC-block (BioXcell, West Lebanon, NH). CountB-

right absolute count beads (Thermo Fisher Scientific, Waltham, Mass) were used to calculate

absolute cell number, according to the manufacturer’s instructions. At least 105 CD45+ cells

were acquired on a BD FACSCanto II (BD Biosciences). Data were analyzed with FlowJo soft-

ware (TreeStar, Ashland, OR).

GWAS analyses for main effects and GxE interactions

GWAS analyses in the HMDP were carried out for main SNP effects under control PBS condi-

tions at the individual mouse level with lung resistance measurements obtained at each metha-

choline dose. For the GxE interaction analyses, we derived DEP-induced AHR traits by

calculating the mean strain difference (delta, Δ) in lung resistance at each dose of methacholine

between DEP-exposed mice and PBS-exposed controls. These calculated Δ values were then

analyzed at each methacholine dose. In addition, we also tested for association with AHR data

that incorporated lung resistance measurements at all methacholine doses. This was done by

calculating mean strain differences in area under the curve (AUC) values between DEP-

exposed and PBS-exposed mice (Δ AUCDEP—AUCPBS). Given this analytical approach, the

statistical model used to test for GxE interactions did not include terms for the main effects of
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SNPs and DEP exposure. Genotypes for ~450,000 SNPs in the HMDP strains were obtained

from the Mouse Diversity Array [81]. SNPs were required to have minor allele frequencies

>5% and missing genotype frequencies <10%. Applying these filtering criteria resulted in a

final set of ~200,000 SNPs that were used for analysis. Association testing was performed using

python-based linear mixed models with log or normal inverse transformed traits as imple-

mented in the program pylmm [82], which has the advantage of accounting for population

structure among the inbred strains in the HMDP. Genome-wide significance threshold in the

HMDP was determined by the family-wise error rate as the probability of observing one or

more false positives across all SNPs per phenotype. We ran 100 different sets of permutation

tests and parametric bootstrapping of size 1,000 and observed that the genome-wide signifi-

cance threshold at a family-wise error rate of 0.05 corresponded to a p-value of 4.1x10-6, simi-

lar to what we have used in previous HMDP studies [41–45]. This is approximately one order

of magnitude larger than the threshold obtained by Bonferroni correction (4.6x10-7), which

would be an overly conservative estimate of significance since nearby SNPs among inbred

mouse strains are highly correlated with each other.

Bioinformatics analyses with DAPP1 in humans

Gene expression data for DAPP1 in various tissues and asthma-related pro-inflammatory cyto-

kine genes in lung and spleen were taken from the GTEx Project [59]. The relationship

between DAPP1 and pro-inflammatory cytokines genes was tested by Spearman’s correlation

analyses. Data were analyzed using R [83] and correlations were considered significant at a p-

value<0.05.

Statistical analyses

Differences in lung resistance between Dapp1-/- mice and WT controls were analyzed by two-

way ANOVA and generalized linear models with log transformed data, followed by a Tukey

post-hoc test. Cell counts in the BAL from PBS control and DEP-exposed WT and Dapp1-/-

mice were compared using a Kruskal–Wallis test followed by Dunn’s multiple comparisons

non-parametric test. Data were analyzed using GraphPad Prism v6.04 and differences were

considered significant at a p-value<0.05.

Supporting information

S1 Appendix. Additional details and considerations for the exposure protocol.

(DOCX)

S1 Table. List of HMDP strains used in the study.

(DOCX)

S2 Table. Association of lead SNP (rs30880385) at GxE locus on chromosome 3 with lung

resistance under control PBS conditions.

(DOCX)

S1 Fig. Results of a GWAS for AHR in the HMDP in response to DEP exposure. The Man-

hattan plot shows the results of a GWAS analysis for lung resistance after inhalation exposure

to DEP across all methacholine doses, as determined by (AUC) analysis. No locus was

genome-wide significant but two loci on chromosomes 4 and 15 exhibited suggestive evidence

for association. To be consistent with the phenotype that led to the identification of the chro-

mosome 3 GxE locus, differences (delta, Δ) in AUC values between DEP and PBS (Δ AUC-

DEP—AUCPBS) were used for this analysis. The GWAS included 203,074 SNPs, whose genomic
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positions are shown along the x-axis with their corresponding -log10 p-values indicated by the

y-axis. The genome-wide thresholds for significant (p = 4.1x10-6) and suggestive (p = 4.1x10-4)

evidence of association are indicated by the horizontal red and blue lines, respectively.

(TIFF)

S2 Fig. Genotypic effect of lead SNP at chromosome 3 GxE Locus on lung resistance

among HDMP strains. A) Lung resistance is plotted as a function of exposure (PBS or DEP)

group and genotypes at rs30880385 across increasing doses of methacholine. B) The difference

(delta, Δ) in lung resistance between DEP exposure and PBS control groups is plotted as a

function of genotype across increasing doses of methacholine. The Δ value at 10mg/ml metha-

choline was significantly different (p = 2.5x10-6) between strains with CC (n = 25) and TT

(n = 72) genotypes at rs30880385 and the basis for identification of the chromosome 3 locus in

the GxE GWAS. C) The difference in lung resistance between DEP exposure and PBS control

groups across all methacholine doses, as calculated by an area under the curve (Δ AUCDEP—

AUCPBS), was also significantly different as a function of genotype. Data are shown as

mean ± SE. ����p<0.0001; �p<0.05.

(TIFF)

S3 Fig. Evaluation of Dapp1 as a DEP-responsive gene. A) Lung resistance after inhalation

exposure to DEP is not statistically significantly different between female Dapp1-/- mice com-

pared to control female WT mice but shows a trend for being decreased. There were also no

differences in the induction of eosinophilia (B) and neutrophilia (C) in BAL fluid from

Dapp1-/- and control WT mice after inhalation exposure to DEP. Mice (n = 4–6 per strain)

were first sensitized on day 0 through a 100μl intraperitoneal injection containing 200μg DEP

and 25μg HDM + 2.25mg Alum as an adjuvant. On days 7–10, mice were placed in insulated

chambers daily for 20mins supplied with ambient air and saturated with aerosolized PBS (as a

control) or 200μg DEP, followed measurement of AHR by invasive plethysmography and col-

lection of BAL fluid on day 11. WT control animals were C57BL/6J mice purchased from the

Jackson Laboratories. Cell counts in BAL fluid were determined by flow cytometry. Data are

shown as mean ± SE.

(TIFF)

Author Contributions

Conceptualization: Eleazar Eskin, Aldons. J. Lusis, Frank D. Gilliland, Omid Akbari, Hooman

Allayee.

Data curation: Hadi Maazi, Jaana A. Hartiala, Yuzo Suzuki, Amanda L. Crow, Pedram Shafiei

Jahani, Jonathan Lam, Nisheel Patel, Diamanda Rigas, Yi Han, Pin Huang.

Formal analysis: Hadi Maazi, Jaana A. Hartiala, Amanda L. Crow, Pedram Shafiei Jahani, Jon-

athan Lam, Nisheel Patel, Diamanda Rigas, Yi Han, Pin Huang, Eleazar Eskin.

Funding acquisition: Eleazar Eskin, Aldons. J. Lusis, Frank D. Gilliland, Omid Akbari, Hoo-

man Allayee.

Methodology: Jaana A. Hartiala, Eleazar Eskin.

Supervision: Frank D. Gilliland, Omid Akbari, Hooman Allayee.

Writing – original draft: Hadi Maazi, Omid Akbari, Hooman Allayee.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 16 / 21

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008528.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008528.s006
https://doi.org/10.1371/journal.pgen.1008528


Writing – review & editing: Hadi Maazi, Jaana A. Hartiala, Yuzo Suzuki, Amanda L. Crow,

Pedram Shafiei Jahani, Jonathan Lam, Nisheel Patel, Diamanda Rigas, Yi Han, Pin Huang,

Eleazar Eskin, Aldons. J. Lusis, Frank D. Gilliland, Omid Akbari, Hooman Allayee.

References
1. Global Asthma Network. Global Asthma Report (http://www.globalasthmareport.org/). 2018.

2. Romieu I, Moreno-Macias H, London SJ. Gene by environment interaction and ambient air pollution.

Proc Am Thorac Soc. 2010; 7(2):116–22. https://doi.org/10.1513/pats.200909-097RM PMID:

20427582; PubMed Central PMCID: PMC3266017.

3. London SJ, Romieu I. Gene by environment interaction in asthma. Annu Rev Public Health. 2009;

30:55–80. https://doi.org/10.1146/annurev.publhealth.031308.100151 PMID: 18980546.

4. McDonnell WF. Intersubject variability in human acute ozone responsiveness. Pharmacogenetics.

1991; 1(2):110–3. https://doi.org/10.1097/00008571-199111000-00010 PMID: 1844868.

5. Khreis H, Kelly C, Tate J, Parslow R, Lucas K, Nieuwenhuijsen M. Exposure to traffic-related air pollu-

tion and risk of development of childhood asthma: A systematic review and meta-analysis. Environ Int.

2016. https://doi.org/10.1016/j.envint.2016.11.012 PMID: 27881237.

6. Jung CR, Young LH, Hsu HT, Lin MY, Chen YC, Hwang BF, et al. PM2.5 components and outpatient

visits for asthma: A time-stratified case-crossover study in a suburban area. Environ Pollut. 2017; 231

(Pt 1):1085–92. https://doi.org/10.1016/j.envpol.2017.08.102 PMID: 28922715.

7. Liu H, Fan X, Wang N, Zhang Y, Yu J. Exacerbating effects of PM2.5 in OVA-sensitized and challenged

mice and the expression of TRPA1 and TRPV1 proteins in lungs. J Asthma. 2017; 54(8):807–17.

https://doi.org/10.1080/02770903.2016.1266495 PMID: 28102732.

8. Pennington AF, Strickland MJ, Klein M, Zhai X, Bates JT, Drews-Botsch C, et al. Exposure to Mobile

Source Air Pollution in Early-life and Childhood Asthma Incidence: The Kaiser Air Pollution and Pediat-

ric Asthma Study. Epidemiology. 2018; 29(1):22–30. https://doi.org/10.1097/EDE.0000000000000754

PMID: 28926373; PubMed Central PMCID: PMC5718963.

9. He M, Ichinose T, Yoshida Y, Arashidani K, Yoshida S, Takano H, et al. Urban PM2.5 exacerbates aller-

gic inflammation in the murine lung via a TLR2/TLR4/MyD88-signaling pathway. Sci Rep. 2017; 7

(1):11027. https://doi.org/10.1038/s41598-017-11471-y PMID: 28887522; PubMed Central PMCID:

PMC5591243.

10. Falcon-Rodriguez CI, De Vizcaya-Ruiz A, Rosas-Perez IA, Osornio-Vargas AR, Segura-Medina P.

Inhalation of concentrated PM2.5 from Mexico City acts as an adjuvant in a guinea pig model of allergic

asthma. Environ Pollut. 2017; 228:474–83. https://doi.org/10.1016/j.envpol.2017.05.050 PMID:

28570992.

11. Mazenq J, Dubus JC, Gaudart J, Charpin D, Nougairede A, Viudes G, et al. Air pollution and children’s

asthma-related emergency hospital visits in southeastern France. Eur J Pediatr. 2017; 176(6):705–11.

https://doi.org/10.1007/s00431-017-2900-5 PMID: 28382539.

12. Zhang Y, Salam MT, Berhane K, Eckel SP, Rappaport EB, Linn WS, et al. Genetic and epigenetic sus-

ceptibility of airway inflammation to PM2.5 in school children: new insights from quantile regression.

Environ Health. 2017; 16(1):88. https://doi.org/10.1186/s12940-017-0285-6 PMID: 28821285; PubMed

Central PMCID: PMC5563051.

13. Weichenthal S, Bai L, Hatzopoulou M, Van Ryswyk K, Kwong JC, Jerrett M, et al. Long-term exposure

to ambient ultrafine particles and respiratory disease incidence in in Toronto, Canada: a cohort study.

Environ Health. 2017; 16(1):64. https://doi.org/10.1186/s12940-017-0276-7 PMID: 28629362; PubMed

Central PMCID: PMC5477122.

14. Ober C, Yao TC. The genetics of asthma and allergic disease: a 21st century perspective. Immunol

Rev. 2011; 242(1):10–30. https://doi.org/10.1111/j.1600-065X.2011.01029.x PMID: 21682736;

PubMed Central PMCID: PMC3151648.

15. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath S, et al. Genetic variants regulating

ORMDL3 expression contribute to the risk of childhood asthma. Nature. 2007; 448(7152):470–3.

https://doi.org/10.1038/nature06014 PMID: 17611496.

16. Moffatt MF, Gut IG, Demenais F, Strachan DP, Bouzigon E, Heath S, et al. A large-scale, consortium-

based genomewide association study of asthma. N Engl J Med. 2010; 363(13):1211–21. https://doi.org/

10.1056/NEJMoa0906312 PMID: 20860503.

17. Sleiman PM, Flory J, Imielinski M, Bradfield JP, Annaiah K, Willis-Owen SA, et al. Variants of

DENND1B associated with asthma in children. N Engl J Med. 2010; 362(1):36–44. https://doi.org/10.

1056/NEJMoa0901867 PMID: 20032318.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 17 / 21

http://www.globalasthmareport.org/
https://doi.org/10.1513/pats.200909-097RM
http://www.ncbi.nlm.nih.gov/pubmed/20427582
https://doi.org/10.1146/annurev.publhealth.031308.100151
http://www.ncbi.nlm.nih.gov/pubmed/18980546
https://doi.org/10.1097/00008571-199111000-00010
http://www.ncbi.nlm.nih.gov/pubmed/1844868
https://doi.org/10.1016/j.envint.2016.11.012
http://www.ncbi.nlm.nih.gov/pubmed/27881237
https://doi.org/10.1016/j.envpol.2017.08.102
http://www.ncbi.nlm.nih.gov/pubmed/28922715
https://doi.org/10.1080/02770903.2016.1266495
http://www.ncbi.nlm.nih.gov/pubmed/28102732
https://doi.org/10.1097/EDE.0000000000000754
http://www.ncbi.nlm.nih.gov/pubmed/28926373
https://doi.org/10.1038/s41598-017-11471-y
http://www.ncbi.nlm.nih.gov/pubmed/28887522
https://doi.org/10.1016/j.envpol.2017.05.050
http://www.ncbi.nlm.nih.gov/pubmed/28570992
https://doi.org/10.1007/s00431-017-2900-5
http://www.ncbi.nlm.nih.gov/pubmed/28382539
https://doi.org/10.1186/s12940-017-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/28821285
https://doi.org/10.1186/s12940-017-0276-7
http://www.ncbi.nlm.nih.gov/pubmed/28629362
https://doi.org/10.1111/j.1600-065X.2011.01029.x
http://www.ncbi.nlm.nih.gov/pubmed/21682736
https://doi.org/10.1038/nature06014
http://www.ncbi.nlm.nih.gov/pubmed/17611496
https://doi.org/10.1056/NEJMoa0906312
https://doi.org/10.1056/NEJMoa0906312
http://www.ncbi.nlm.nih.gov/pubmed/20860503
https://doi.org/10.1056/NEJMoa0901867
https://doi.org/10.1056/NEJMoa0901867
http://www.ncbi.nlm.nih.gov/pubmed/20032318
https://doi.org/10.1371/journal.pgen.1008528


18. Ferreira MA, Matheson MC, Duffy DL, Marks GB, Hui J, Le Souef P, et al. Identification of IL6R and

chromosome 11q13.5 as risk loci for asthma. Lancet. 2011; 378(9795):1006–14. https://doi.org/10.

1016/S0140-6736(11)60874-X PMID: 21907864; PubMed Central PMCID: PMC3517659.

19. Hirota T, Takahashi A, Kubo M, Tsunoda T, Tomita K, Doi S, et al. Genome-wide association study

identifies three new susceptibility loci for adult asthma in the Japanese population. Nat Genet. 2011; 43

(9):893–6. https://doi.org/10.1038/ng.887 PMID: 21804548; PubMed Central PMCID: PMC4310726.

20. Noguchi E, Sakamoto H, Hirota T, Ochiai K, Imoto Y, Sakashita M, et al. Genome-wide association

study identifies HLA-DP as a susceptibility gene for pediatric asthma in Asian populations. PLoS Genet.

2011; 7(7):e1002170. https://doi.org/10.1371/journal.pgen.1002170 PMID: 21814517; PubMed Central

PMCID: PMC3140987.

21. Torgerson DG, Ampleford EJ, Chiu GY, Gauderman WJ, Gignoux CR, Graves PE, et al. Meta-analysis

of genome-wide association studies of asthma in ethnically diverse North American populations. Nat

Genet. 2011; 43(9):887–92. https://doi.org/10.1038/ng.888 PMID: 21804549.

22. Forno E, Lasky-Su J, Himes B, Howrylak J, Ramsey C, Brehm J, et al. Genome-wide association study

of the age of onset of childhood asthma. J Allergy Clin Immunol. 2012; 130(1):83–90 e4. https://doi.org/

10.1016/j.jaci.2012.03.020 PMID: 22560479; PubMed Central PMCID: PMC3387331.

23. Lasky-Su J, Himes BE, Raby BA, Klanderman BJ, Sylvia JS, Lange C, et al. HLA-DQ strikes again:

genome-wide association study further confirms HLA-DQ in the diagnosis of asthma among adults. Clin

Exp Allergy. 2012; 42(12):1724–33. https://doi.org/10.1111/cea.12000 PMID: 23181788; PubMed Cen-

tral PMCID: PMC6343489.

24. Ding L, Abebe T, Beyene J, Wilke RA, Goldberg A, Woo JG, et al. Rank-based genome-wide analysis

reveals the association of ryanodine receptor-2 gene variants with childhood asthma among human

populations. Human genomics. 2013; 7:16. https://doi.org/10.1186/1479-7364-7-16 PMID: 23829686;

PubMed Central PMCID: PMC3708719.

25. Galanter JM, Gignoux CR, Torgerson DG, Roth LA, Eng C, Oh SS, et al. Genome-wide association

study and admixture mapping identify different asthma-associated loci in Latinos: the Genes-environ-

ments & Admixture in Latino Americans study. J Allergy Clin Immunol. 2014; 134(2):295–305. https://

doi.org/10.1016/j.jaci.2013.08.055 PMID: 24406073; PubMed Central PMCID: PMC4085159.

26. Pickrell JK, Berisa T, Liu JZ, Segurel L, Tung JY, Hinds DA. Detection and interpretation of shared

genetic influences on 42 human traits. Nat Genet. 2016; 48(7):709–17. https://doi.org/10.1038/ng.3570

PMID: 27182965; PubMed Central PMCID: PMC5207801.

27. White MJ, Risse-Adams O, Goddard P, Contreras MG, Adams J, Hu D, et al. Novel genetic risk factors

for asthma in African American children: Precision Medicine and the SAGE II Study. Immunogenetics.

2016; 68(6–7):391–400. https://doi.org/10.1007/s00251-016-0914-1 PMID: 27142222; PubMed Central

PMCID: PMC4927336.

28. Almoguera B, Vazquez L, Mentch F, Connolly J, Pacheco JA, Sundaresan AS, et al. Identification of

Four Novel Loci in Asthma in European American and African American Populations. Am J Respir Crit

Care Med. 2017; 195(4):456–63. https://doi.org/10.1164/rccm.201604-0861OC PMID: 27611488;

PubMed Central PMCID: PMC5378422.

29. Yan Q, Brehm J, Pino-Yanes M, Forno E, Lin J, Oh SS, et al. A meta-analysis of genome-wide associa-

tion studies of asthma in Puerto Ricans. Eur Respir J. 2017; 49(5). https://doi.org/10.1183/13993003.

01505–2016 PMID: 28461288; PubMed Central PMCID: PMC5527708.

30. Ferreira MA, Vonk JM, Baurecht H, Marenholz I, Tian C, Hoffman JD, et al. Shared genetic origin of

asthma, hay fever and eczema elucidates allergic disease biology. Nat Genet. 2017; 49(12):1752–7.

https://doi.org/10.1038/ng.3985 PMID: 29083406; PubMed Central PMCID: PMC5989923.

31. Demenais F, Margaritte-Jeannin P, Barnes KC, Cookson WOC, Altmuller J, Ang W, et al. Multiancestry

association study identifies new asthma risk loci that colocalize with immune-cell enhancer marks. Nat

Genet. 2018; 50(1):42–53. https://doi.org/10.1038/s41588-017-0014-7 PMID: 29273806; PubMed Cen-

tral PMCID: PMC5901974.

32. Zhu Z, Lee PH, Chaffin MD, Chung W, Loh PR, Lu Q, et al. A genome-wide cross-trait analysis from UK

Biobank highlights the shared genetic architecture of asthma and allergic diseases. Nat Genet. 2018;

50(6):857–64. https://doi.org/10.1038/s41588-018-0121-0 PMID: 29785011; PubMed Central PMCID:

PMC5980765.

33. Pividori M, Schoettler N, Nicolae DL, Ober C, Im HK. Shared and distinct genetic risk factors for child-

hood-onset and adult-onset asthma: genome-wide and transcriptome-wide studies. Lancet Respir

Med. 2019. https://doi.org/10.1016/S2213-2600(19)30055-4 PMID: 31036433.

34. Shrine N, Portelli MA, John C, Soler Artigas M, Bennett N, Hall R, et al. Moderate-to-severe asthma in

individuals of European ancestry: a genome-wide association study. Lancet Respir Med. 2019; 7

(1):20–34. https://doi.org/10.1016/S2213-2600(18)30389-8 PMID: 30552067; PubMed Central PMCID:

PMC6314966.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 18 / 21

https://doi.org/10.1016/S0140-6736(11)60874-X
https://doi.org/10.1016/S0140-6736(11)60874-X
http://www.ncbi.nlm.nih.gov/pubmed/21907864
https://doi.org/10.1038/ng.887
http://www.ncbi.nlm.nih.gov/pubmed/21804548
https://doi.org/10.1371/journal.pgen.1002170
http://www.ncbi.nlm.nih.gov/pubmed/21814517
https://doi.org/10.1038/ng.888
http://www.ncbi.nlm.nih.gov/pubmed/21804549
https://doi.org/10.1016/j.jaci.2012.03.020
https://doi.org/10.1016/j.jaci.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22560479
https://doi.org/10.1111/cea.12000
http://www.ncbi.nlm.nih.gov/pubmed/23181788
https://doi.org/10.1186/1479-7364-7-16
http://www.ncbi.nlm.nih.gov/pubmed/23829686
https://doi.org/10.1016/j.jaci.2013.08.055
https://doi.org/10.1016/j.jaci.2013.08.055
http://www.ncbi.nlm.nih.gov/pubmed/24406073
https://doi.org/10.1038/ng.3570
http://www.ncbi.nlm.nih.gov/pubmed/27182965
https://doi.org/10.1007/s00251-016-0914-1
http://www.ncbi.nlm.nih.gov/pubmed/27142222
https://doi.org/10.1164/rccm.201604-0861OC
http://www.ncbi.nlm.nih.gov/pubmed/27611488
https://doi.org/10.1183/13993003.015052016
https://doi.org/10.1183/13993003.015052016
http://www.ncbi.nlm.nih.gov/pubmed/28461288
https://doi.org/10.1038/ng.3985
http://www.ncbi.nlm.nih.gov/pubmed/29083406
https://doi.org/10.1038/s41588-017-0014-7
http://www.ncbi.nlm.nih.gov/pubmed/29273806
https://doi.org/10.1038/s41588-018-0121-0
http://www.ncbi.nlm.nih.gov/pubmed/29785011
https://doi.org/10.1016/S2213-2600(19)30055-4
http://www.ncbi.nlm.nih.gov/pubmed/31036433
https://doi.org/10.1016/S2213-2600(18)30389-8
http://www.ncbi.nlm.nih.gov/pubmed/30552067
https://doi.org/10.1371/journal.pgen.1008528


35. Han Y, Jia Q, Jahani PS, Hurrell BP, Pan C, Huang P, et al. Large-scale genetic analysis identifies 66

novel loci for asthma. bioRxiv. 2019:749598. https://doi.org/10.1101/749598

36. Vicente CT, Revez JA, Ferreira MAR. Lessons from ten years of genome-wide association studies of

asthma. Clin Transl Immunology. 2017; 6(12):e165. https://doi.org/10.1038/cti.2017.54 PMID:

29333270; PubMed Central PMCID: PMC5750453.

37. Kim KW, Ober C. Lessons Learned From GWAS of Asthma. Allergy Asthma Immunol Res. 2019; 11

(2):170–87. https://doi.org/10.4168/aair.2019.11.2.170 PMID: 30661310; PubMed Central PMCID:

PMC6340805.

38. Khoury MJ. Editorial: Emergence of Gene-Environment Interaction Analysis in Epidemiologic

Research. Am J Epidemiol. 2017; 186(7):751–2. https://doi.org/10.1093/aje/kwx226 PMID: 28978194.

39. Leme AS, Berndt A, Williams LK, Tsaih SW, Szatkiewicz JP, Verdugo R, et al. A survey of airway

responsiveness in 36 inbred mouse strains facilitates gene mapping studies and identification of quanti-

tative trait loci. Mol Genet Genomics. 2010; 283(4):317–26. https://doi.org/10.1007/s00438-010-0515-x

PMID: 20143096.

40. Bennett BJ, Farber CR, Orozco L, Kang HM, Ghazalpour A, Siemers N, et al. A high-resolution associa-

tion mapping panel for the dissection of complex traits in mice. Genome Res. 2010; 20(2):281–90.

https://doi.org/10.1101/gr.099234.109 PMID: 20054062; PubMed Central PMCID: PMC2813484.

41. Farber CR, Bennett BJ, Orozco L, Zou W, Lira A, Kostem E, et al. Mouse genome-wide association and

systems genetics identify Asxl2 as a regulator of bone mineral density and osteoclastogenesis. PLoS

Genet. 2011; 7(4):e1002038. https://doi.org/10.1371/journal.pgen.1002038 PMID: 21490954.

42. Davis RC, van Nas A, Bennett B, Orozco L, Pan C, Rau CD, et al. Genome-wide association mapping

of blood cell traits in mice. Mamm Genome. 2013; 24(3–4):105–18. https://doi.org/10.1007/s00335-

013-9448-0 PMID: 23417284.

43. Hartiala J, Bennett BJ, Tang WH, Wang Z, Stewart AF, Roberts R, et al. Comparative genome-wide

association studies in mice and humans for trimethylamine N-oxide, a proatherogenic metabolite of cho-

line and L-carnitine. Arterioscler Thromb Vasc Biol. 2014; 34(6):1307–13. Epub 2014/03/29. https://doi.

org/10.1161/ATVBAHA.114.303252 PMID: 24675659; PubMed Central PMCID: PMC4035110.

44. Zhou X, Crow AL, Hartiala J, Spindler TJ, Ghazalpour A, Barsky LW, et al. The genetic landscape of

hematopoietic stem cell frequency in mice. Stem Cell Reports. 2015; 5(1):125–38. https://doi.org/10.

1016/j.stemcr.2015.05.008 PMID: 26050929.

45. Lusis AJ, Seldin MM, Allayee H, Bennett BJ, Civelek M, Davis RC, et al. The Hybrid Mouse Diversity

Panel: a resource for systems genetics analyses of metabolic and cardiovascular traits. J Lipid Res.

2016; 57(6):925–42. https://doi.org/10.1194/jlr.R066944 PMID: 27099397; PubMed Central PMCID:

PMC4878195.

46. Hiyari S, Green E, Pan C, Lari S, Davar M, Davis R, et al. Genome-Wide Association Study Identifies

Cxcl Family Members as Partial Mediators of LPS-induced Periodontitis. J Bone Miner Res. 2018. Epub

2018/04/11. https://doi.org/10.1002/jbmr.3440 PMID: 29637625.

47. Orozco LD, Bennett BJ, Farber CR, Ghazalpour A, Pan C, Che N, et al. Unraveling inflammatory

responses using systems genetics and gene-environment interactions in macrophages. Cell. 2012; 151

(3):658–70. https://doi.org/10.1016/j.cell.2012.08.043 PMID: 23101632.

48. Bennett BJ, Davis RC, Civelek M, Orozco L, Wu J, Qi H, et al. Genetic architecture of atherosclerosis in

mice: A systems genetics analysis of common inbred strains. PLoS Genet. 2015; 11(12):e1005711.

https://doi.org/10.1371/journal.pgen.1005711 PMID: 26694027; PubMed Central PMCID:

PMC4687930.

49. Parks BW, Sallam T, Mehrabian M, Psychogios N, Hui ST, Norheim F, et al. Genetic architecture of

insulin resistance in the mouse. Cell Metab. 2015; 21(2):334–47. Epub 2015/02/05. https://doi.org/10.

1016/j.cmet.2015.01.002 PMID: 25651185; PubMed Central PMCID: PMC4349439.

50. Parks BW, Nam E, Org E, Kostem E, Norheim F, Hui ST, et al. Genetic control of obesity and gut micro-

biota composition in response to high-fat, high-sucrose diet in mice. Cell Metab. 2013; 17(1):141–52.

https://doi.org/10.1016/j.cmet.2012.12.007 PMID: 23312289.

51. Wang JJ, Rau C, Avetisyan R, Ren S, Romay MC, Stolin G, et al. Genetic Dissection of Cardiac Remod-

eling in an Isoproterenol-Induced Heart Failure Mouse Model. PLoS Genet. 2016; 12(7):e1006038.

Epub 2016/07/08. https://doi.org/10.1371/journal.pgen.1006038 PMID: 27385019; PubMed Central

PMCID: PMC4934852.

52. Rau CD, Wang J, Avetisyan R, Romay MC, Martin L, Ren S, et al. Mapping genetic contributions to car-

diac pathology induced by Beta-adrenergic stimulation in mice. Circ Cardiovasc Genet. 2015; 8(1):40–

9. Epub 2014/12/07. https://doi.org/10.1161/CIRCGENETICS.113.000732 PMID: 25480693; PubMed

Central PMCID: PMC4334708.

53. Lavinsky J, Ge M, Crow AL, Pan C, Wang J, Salehi P, et al. The Genetic Architecture of Noise-Induced

Hearing Loss: Evidence for a Gene-by-Environment Interaction. G3 (Bethesda). 2016; 6(10):3219–28.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 19 / 21

https://doi.org/10.1101/749598
https://doi.org/10.1038/cti.2017.54
http://www.ncbi.nlm.nih.gov/pubmed/29333270
https://doi.org/10.4168/aair.2019.11.2.170
http://www.ncbi.nlm.nih.gov/pubmed/30661310
https://doi.org/10.1093/aje/kwx226
http://www.ncbi.nlm.nih.gov/pubmed/28978194
https://doi.org/10.1007/s00438-010-0515-x
http://www.ncbi.nlm.nih.gov/pubmed/20143096
https://doi.org/10.1101/gr.099234.109
http://www.ncbi.nlm.nih.gov/pubmed/20054062
https://doi.org/10.1371/journal.pgen.1002038
http://www.ncbi.nlm.nih.gov/pubmed/21490954
https://doi.org/10.1007/s00335-013-9448-0
https://doi.org/10.1007/s00335-013-9448-0
http://www.ncbi.nlm.nih.gov/pubmed/23417284
https://doi.org/10.1161/ATVBAHA.114.303252
https://doi.org/10.1161/ATVBAHA.114.303252
http://www.ncbi.nlm.nih.gov/pubmed/24675659
https://doi.org/10.1016/j.stemcr.2015.05.008
https://doi.org/10.1016/j.stemcr.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26050929
https://doi.org/10.1194/jlr.R066944
http://www.ncbi.nlm.nih.gov/pubmed/27099397
https://doi.org/10.1002/jbmr.3440
http://www.ncbi.nlm.nih.gov/pubmed/29637625
https://doi.org/10.1016/j.cell.2012.08.043
http://www.ncbi.nlm.nih.gov/pubmed/23101632
https://doi.org/10.1371/journal.pgen.1005711
http://www.ncbi.nlm.nih.gov/pubmed/26694027
https://doi.org/10.1016/j.cmet.2015.01.002
https://doi.org/10.1016/j.cmet.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25651185
https://doi.org/10.1016/j.cmet.2012.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23312289
https://doi.org/10.1371/journal.pgen.1006038
http://www.ncbi.nlm.nih.gov/pubmed/27385019
https://doi.org/10.1161/CIRCGENETICS.113.000732
http://www.ncbi.nlm.nih.gov/pubmed/25480693
https://doi.org/10.1371/journal.pgen.1008528


Epub 2016/08/16. https://doi.org/10.1534/g3.116.032516 PMID: 27520957; PubMed Central PMCID:

PMC5068943.

54. Lavinsky J, Crow AL, Pan C, Wang J, Aaron KA, Ho MK, et al. Genome-wide association study identi-

fies nox3 as a critical gene for susceptibility to noise-induced hearing loss. PLoS Genet. 2015; 11(4):

e1005094. Epub 2015/04/17. https://doi.org/10.1371/journal.pgen.1005094 PMID: 25880434; PubMed

Central PMCID: PMC4399881.

55. van Nas A, Pan C, Ingram-Drake LA, Ghazalpour A, Drake TA, Sobel EM, et al. The systems genetics

resource: a web application to mine global data for complex disease traits. Front Genet. 2013; 4:84.

https://doi.org/10.3389/fgene.2013.00084 PMID: 23730305; PubMed Central PMCID: PMC3657633.

56. Awasthi S, Maity T, Oyler BL, Qi Y, Zhang X, Goodlett DR, et al. Quantitative targeted proteomic analy-

sis of potential markers of tyrosine kinase inhibitor (TKI) sensitivity in EGFR mutated lung adenocarci-

noma. J Proteomics. 2018. Epub 2018/04/17. https://doi.org/10.1016/j.jprot.2018.04.005 PMID:

29660496.

57. Zhang X, Maity T, Kashyap MK, Bansal M, Venugopalan A, Singh S, et al. Quantitative Tyrosine Phos-

phoproteomics of Epidermal Growth Factor Receptor (EGFR) Tyrosine Kinase Inhibitor-treated Lung

Adenocarcinoma Cells Reveals Potential Novel Biomarkers of Therapeutic Response. Mol Cell Proteo-

mics. 2017; 16(5):891–910. Epub 2017/03/24. https://doi.org/10.1074/mcp.M117.067439 PMID:

28331001; PubMed Central PMCID: PMC5417828.

58. Allam A, Marshall AJ. Role of the adaptor proteins Bam32, TAPP1 and TAPP2 in lymphocyte activation.

Immunol Lett. 2005; 97(1):7–17. Epub 2005/01/01. https://doi.org/10.1016/j.imlet.2004.09.019 PMID:

15626471.

59. GTEx Consortium. The Genotype-Tissue Expression (GTEx) project. Nat Genet. 2013; 45(6):580–5.

https://doi.org/10.1038/ng.2653 PMID: 23715323; PubMed Central PMCID: PMC4010069.

60. Gauderman WJ, Urman R, Avol E, Berhane K, McConnell R, Rappaport E, et al. Association of

improved air quality with lung development in children. N Engl J Med. 2015; 372(10):905–13. Epub

2015/03/05. https://doi.org/10.1056/NEJMoa1414123 PMID: 25738666; PubMed Central PMCID:

PMC4430551.

61. Gauderman WJ, Avol E, Gilliland F, Vora H, Thomas D, Berhane K, et al. The effect of air pollution on

lung development from 10 to 18 years of age. N Engl J Med. 2004; 351(11):1057–67. https://doi.org/10.

1056/NEJMoa040610 PMID: 15356303.

62. Gauderman WJ, Vora H, McConnell R, Berhane K, Gilliland F, Thomas D, et al. Effect of exposure to

traffic on lung development from 10 to 18 years of age: a cohort study. Lancet. 2007; 369(9561):571–7.

https://doi.org/10.1016/S0140-6736(07)60037-3 PMID: 17307103.

63. De Sanctis GT, Merchant M, Beier DR, Dredge RD, Grobholz JK, Martin TR, et al. Quantitative locus

analysis of airway hyperresponsiveness in A/J and C57BL/6J mice. Nat Genet. 1995; 11(2):150–4.

https://doi.org/10.1038/ng1095-150 PMID: 7550342.

64. Smith D, Helgason H, Sulem P, Bjornsdottir US, Lim AC, Sveinbjornsson G, et al. A rare IL33 loss-of-

function mutation reduces blood eosinophil counts and protects from asthma. PLoS Genet. 2017; 13(3):

e1006659. Epub 2017/03/09. https://doi.org/10.1371/journal.pgen.1006659 PMID: 28273074; PubMed

Central PMCID: PMC5362243.

65. Marshall AJ, Niiro H, Lerner CG, Yun TJ, Thomas S, Disteche CM, et al. A novel B lymphocyte-associ-

ated adaptor protein, Bam32, regulates antigen receptor signaling downstream of phosphatidylinositol

3-kinase. J Exp Med. 2000; 191(8):1319–32. https://doi.org/10.1084/jem.191.8.1319 PMID: 10770799;

PubMed Central PMCID: PMC2193139.

66. Marshall AJ, Zhang T, Al-Alwan M. Regulation of B-lymphocyte activation by the PH domain adaptor

protein Bam32/DAPP1. Biochem Soc Trans. 2007; 35(Pt 2):181–2. https://doi.org/10.1042/

BST0350181 PMID: 17371232.

67. Al-Alwan M, Hou S, Zhang TT, Makondo K, Marshall AJ. Bam32/DAPP1 promotes B cell adhesion and

formation of polarized conjugates with T cells. J Immunol. 2010; 184(12):6961–9. https://doi.org/10.

4049/jimmunol.0904176 PMID: 20495066.

68. Hou S, Pauls SD, Liu P, Marshall AJ. The PH domain adaptor protein Bam32/DAPP1 functions in mast

cells to restrain FcvarepsilonRI-induced calcium flux and granule release. Mol Immunol. 2010; 48(1–

3):89–97. https://doi.org/10.1016/j.molimm.2010.09.007 PMID: 20956018.

69. Ortner D, Grabher D, Hermann M, Kremmer E, Hofer S, Heufler C. The adaptor protein Bam32 in

human dendritic cells participates in the regulation of MHC class I-induced CD8+ T cell activation. J

Immunol. 2011; 187(8):3972–8. https://doi.org/10.4049/jimmunol.1003072 PMID: 21930970.

70. Jorgensen ED, Dozmorov I, Frank MB, Centola M, Albino AP. Global gene expression analysis of

human bronchial epithelial cells treated with tobacco condensates. Cell Cycle. 2004; 3(9):1154–68.

PMID: 15326394.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 20 / 21

https://doi.org/10.1534/g3.116.032516
http://www.ncbi.nlm.nih.gov/pubmed/27520957
https://doi.org/10.1371/journal.pgen.1005094
http://www.ncbi.nlm.nih.gov/pubmed/25880434
https://doi.org/10.3389/fgene.2013.00084
http://www.ncbi.nlm.nih.gov/pubmed/23730305
https://doi.org/10.1016/j.jprot.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29660496
https://doi.org/10.1074/mcp.M117.067439
http://www.ncbi.nlm.nih.gov/pubmed/28331001
https://doi.org/10.1016/j.imlet.2004.09.019
http://www.ncbi.nlm.nih.gov/pubmed/15626471
https://doi.org/10.1038/ng.2653
http://www.ncbi.nlm.nih.gov/pubmed/23715323
https://doi.org/10.1056/NEJMoa1414123
http://www.ncbi.nlm.nih.gov/pubmed/25738666
https://doi.org/10.1056/NEJMoa040610
https://doi.org/10.1056/NEJMoa040610
http://www.ncbi.nlm.nih.gov/pubmed/15356303
https://doi.org/10.1016/S0140-6736(07)60037-3
http://www.ncbi.nlm.nih.gov/pubmed/17307103
https://doi.org/10.1038/ng1095-150
http://www.ncbi.nlm.nih.gov/pubmed/7550342
https://doi.org/10.1371/journal.pgen.1006659
http://www.ncbi.nlm.nih.gov/pubmed/28273074
https://doi.org/10.1084/jem.191.8.1319
http://www.ncbi.nlm.nih.gov/pubmed/10770799
https://doi.org/10.1042/BST0350181
https://doi.org/10.1042/BST0350181
http://www.ncbi.nlm.nih.gov/pubmed/17371232
https://doi.org/10.4049/jimmunol.0904176
https://doi.org/10.4049/jimmunol.0904176
http://www.ncbi.nlm.nih.gov/pubmed/20495066
https://doi.org/10.1016/j.molimm.2010.09.007
http://www.ncbi.nlm.nih.gov/pubmed/20956018
https://doi.org/10.4049/jimmunol.1003072
http://www.ncbi.nlm.nih.gov/pubmed/21930970
http://www.ncbi.nlm.nih.gov/pubmed/15326394
https://doi.org/10.1371/journal.pgen.1008528


71. Kelada SN, Carpenter DE, Aylor DL, Chines P, Rutledge H, Chesler EJ, et al. Integrative genetic analy-

sis of allergic inflammation in the murine lung. Am J Respir Cell Mol Biol. 2014; 51(3):436–45. Epub

2014/04/04. https://doi.org/10.1165/rcmb.2013-0501OC PMID: 24693920; PubMed Central PMCID:

PMC4189492.

72. Kelada SNP. Plethysmography Phenotype QTL in Mice Before and After Allergen Sensitization and

Challenge. G3-Genes Genom Genet. 2016; 6(9):2857–65. https://doi.org/10.1534/g3.116.032912

WOS:000384021400018. PMID: 27449512

73. Kool M, Soullie T, van Nimwegen M, Willart MA, Muskens F, Jung S, et al. Alum adjuvant boosts adap-

tive immunity by inducing uric acid and activating inflammatory dendritic cells. J Exp Med. 2008; 205

(4):869–82. https://doi.org/10.1084/jem.20071087 PMID: 18362170; PubMed Central PMCID:

PMC2292225.

74. Diaz-Sanchez D, Dotson AR, Takenaka H, Saxon A. Diesel exhaust particles induce local IgE produc-

tion in vivo and alter the pattern of IgE messenger RNA isoforms. J Clin Invest. 1994; 94(4):1417–25.

https://doi.org/10.1172/JCI117478 PMID: 7523450; PubMed Central PMCID: PMC295270.

75. Acciani TH, Brandt EB, Khurana Hershey GK, Le Cras TD. Diesel exhaust particle exposure increases

severity of allergic asthma in young mice. Clin Exp Allergy. 2013; 43(12):1406–18. https://doi.org/10.

1111/cea.12200 PMID: 24112543.

76. Brandt EB, Biagini Myers JM, Acciani TH, Ryan PH, Sivaprasad U, Ruff B, et al. Exposure to allergen

and diesel exhaust particles potentiates secondary allergen-specific memory responses, promoting

asthma susceptibility. J Allergy Clin Immunol. 2015; 136(2):295–303 e7. https://doi.org/10.1016/j.jaci.

2014.11.043 PMID: 25748065; PubMed Central PMCID: PMC4530081.

77. Hirota JA, Knight DA. Human airway epithelial cell innate immunity: relevance to asthma. Curr Opin

Immunol. 2012; 24(6):740–6. https://doi.org/10.1016/j.coi.2012.08.012 PMID: 23089231.

78. Brusselle GG, Provoost S, Bracke KR, Kuchmiy A, Lamkanfi M. Inflammasomes in respiratory disease:

from bench to bedside. Chest. 2014; 145(5):1121–33. https://doi.org/10.1378/chest.13-1885 PMID:

24798836.

79. Bracken SJ, Adami AJ, Szczepanek SM, Ehsan M, Natarajan P, Guernsey LA, et al. Long-term expo-

sure to house dust mite leads to the suppression of allergic airway disease despite persistent lung

inflammation. Int Arch Allergy Immunol. 2015; 166(4):243–58. https://doi.org/10.1159/000381058

PMID: 25924733; PubMed Central PMCID: PMC4485530.

80. Maazi H, Patel N, Sankaranarayanan I, Suzuki Y, Rigas D, Soroosh P, et al. ICOS:ICOS-ligand interac-

tion is required for type 2 innate lymphoid cell function, homeostasis, and induction of airway hyperreac-

tivity. Immunity. 2015; 42(3):538–51. https://doi.org/10.1016/j.immuni.2015.02.007 PMID: 25769613;

PubMed Central PMCID: PMC4366271.

81. Rau CD, Parks B, Wang Y, Eskin E, Simecek P, Churchill GA, et al. High-density genotypes of inbred

mouse strains: improved power and precision of association mapping. G3 (Bethesda). 2015; 5

(10):2021–6. https://doi.org/10.1534/g3.115.020784 PMID: 26224782; PubMed Central PMCID:

PMC4592984.

82. Furlotte NA, Eskin E. Efficient multiple-trait association and estimation of genetic correlation using the

matrix-variate linear mixed model. Genetics. 2015; 200(1):59–68. Epub 2015/03/01. https://doi.org/10.

1534/genetics.114.171447 PMID: 25724382; PubMed Central PMCID: PMC4423381.

83. R Development Core Team (2014). R: A language and environment for statistical computing. R Foun-

dation for Statistical Computing. Vienna, Austria. http://www.R-project.org/.

Dapp1 mediates air pollution-induced airway hyperreactivity

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008528 December 23, 2019 21 / 21

https://doi.org/10.1165/rcmb.2013-0501OC
http://www.ncbi.nlm.nih.gov/pubmed/24693920
https://doi.org/10.1534/g3.116.032912
http://www.ncbi.nlm.nih.gov/pubmed/27449512
https://doi.org/10.1084/jem.20071087
http://www.ncbi.nlm.nih.gov/pubmed/18362170
https://doi.org/10.1172/JCI117478
http://www.ncbi.nlm.nih.gov/pubmed/7523450
https://doi.org/10.1111/cea.12200
https://doi.org/10.1111/cea.12200
http://www.ncbi.nlm.nih.gov/pubmed/24112543
https://doi.org/10.1016/j.jaci.2014.11.043
https://doi.org/10.1016/j.jaci.2014.11.043
http://www.ncbi.nlm.nih.gov/pubmed/25748065
https://doi.org/10.1016/j.coi.2012.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23089231
https://doi.org/10.1378/chest.13-1885
http://www.ncbi.nlm.nih.gov/pubmed/24798836
https://doi.org/10.1159/000381058
http://www.ncbi.nlm.nih.gov/pubmed/25924733
https://doi.org/10.1016/j.immuni.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25769613
https://doi.org/10.1534/g3.115.020784
http://www.ncbi.nlm.nih.gov/pubmed/26224782
https://doi.org/10.1534/genetics.114.171447
https://doi.org/10.1534/genetics.114.171447
http://www.ncbi.nlm.nih.gov/pubmed/25724382
http://www.R-project.org/
https://doi.org/10.1371/journal.pgen.1008528

