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Capsule Summary 25 

Using a mouse model we provided evidence that pre-pregnancy exposure to diesel exhaust 26 

predisposes offspring to asthma. We identified immunological mechanisms of this predisposition 27 

to facilitate future development of asthma prevention strategies.  28 

 29 
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Abbreviations 34 

AHR, airway hyperresponsiveness 35 

BAL, bronchoalveolar lavage 36 

DEP, diesel exhaust particles 37 

ELISA, enzyme-linked immunesorbent assay 38 

IL, interleukin 39 

i.n., intranasal 40 

i.p., intraperitoneal 41 

OVA, ovalbumin 42 

PAH, polycyclic aromatic hydrocarbons 43 

PBS, phosphate-buffered saline 44 

PCR, polymerase chain reaction 45 

PM, particulate matter 46 

PMD, pre-mating day 47 
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PND, postnatal day 48 

Th, T helper 49 

TNF, tumor necrosis factor 50 
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To the Editor: 71 

Prenatal environmental exposures, including exposure to diesel exhaust are increasingly 72 

recognized as important risk factors for asthma 1, 2, E1-E4. In the human population, prenatal 73 

exposure to diesel exhaust has been measured by several different means including levels of 74 

polycyclic aromatic hydrocarbons (PAH)-DNA adducts in the cord blood, concentrations of fine 75 

particles (PM2.5) in the environment of a pregnant mother (personal monitors) and proximity of 76 

maternal residence to a major road 1, 2, E1, E2.  All measures of the exposure were positively 77 

associated with childhood asthma. What remains unclear is whether predisposition to asthma in 78 

children can be attributed solely to gestational exposures or is a collective result of exposures 79 

occurring during and before pregnancy. The evidence provided by association studies in humans 80 

spurred causative studies in mice. Using mouse models, we and others showed that gestational 81 

exposure to diesel exhaust particles (DEP) caused development of asthma predisposition in 82 

offspring 3, 4. As is true of studies on the human population, effects of pre-pregnancy exposure in 83 

mice are unknown.   84 

 85 

To address this gap in knowledge we developed a mouse model (see Fig E1 in this article's 86 

Online Repository at www.jacionline.org). In this model, C57BL/6 female mice were 87 

intranasally exposed to DEP (50 µg) or PBS on days -29, -26, -23, -20, -17, -14 before mating 88 

with unexposed males (see this article's Methods section in the Online Repository at 89 

www.jacionline.org). There were no exposures during pregnancy. Pups were immunized and 90 

challenged with ovalbumin (OVA) or treated with PBS. The immunization was intentionally 91 

suboptimal (occurring during the neonatal period) to reveal the priming effect of maternal 92 

exposure. The immunization included a single intraperitoneal injection of a low dose (5 µg) 93 
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ovalbumin (OVA) with Imject Alum (1 mg) on postnatal day 5 (PND 5). The intranasal 94 

challenge with OVA (50 µg) or PBS was done on PND 23, 24 and 25. Mice were analyzed on 95 

PND 28. The following groups of pups were studied: pups exposed to DEP prenatally and 96 

challenged with PBS after birth (DEP-PBS pups) or OVA after birth (DEP-OVA pups), pups 97 

exposed to PBS prenatally and challenged with PBS after birth (PBS-PBS pups), or OVA after 98 

birth (PBS-OVA pups). Pre-pregnancy exposure predisposed offspring to asthma. Two types of 99 

effects were observed: the effects of DEP alone and the effects of combined exposure to DEP 100 

and OVA. The first type of effects was revealed by comparison of DEP-PBS pups with PBS-PBS 101 

pups. The DEP-PBS pups had increased airway resistance to methacholine (Fig 1, A).  102 

Interestingly, this enhancement of airway hyperresponsiveness (AHR) was accompanied by only 103 

marginal increases of inflammation parameters. In fact, lung histology did not reveal any 104 

inflammatory infiltrates (Fig 1, B). The bronchoalveolar lavage (BAL) fluid showed a marginal 105 

increase of eosinophils and neutrophils (Fig 1, C). Pulmonary IL-5, IL-13 and IFNγ were at the 106 

normal level (Fig 1, D). The effects of combined exposure were uncovered by comparison of 107 

DEP-OVA pups with PBS-OVA and DEP-PBS pups. The asthma in DEP-OVA pups was fully 108 

manifested. Compared to PBS-OVA pups, DEP-OVA pups had enhanced AHR (Fig 1, A), larger 109 

peribronchial cellular infiltrates (Fig 1, B) and increased number of eosinophils and lymphocytes 110 

in the BAL fluid (Fig 1, C).  The AHR in DEP-OVA pups was also higher than that in DEP-PBS 111 

pups (Fig 1, A). Finally, DEP-OVA pups had increased levels of pulmonary IL-5 and IL-13 (Fig 112 

1, D). IFNγ was not affected (Fig 1, D). Comparison with our previously-described model3 113 

revealed that pre-pregnancy and pregnancy exposures affected similar traits of asthma. The 114 

models differ with regard to the magnitude of some of these traits, including BAL eosinophils 115 

and peribronchial infiltrates. In the context of postnatal exposure to OVA, pre-pregnancy and 116 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

pregnancy DEP increased eosinophils by 3.2 and 5.6 fold and peribronchial infiltrates by 2.1 and 117 

3.5 fold, respectively. To further explore the effects of pre-pregnancy DEP, offspring lungs were 118 

examined for mRNA encoding DEP-inducible cytokines 5, E5-E7, including IL-1α, IL-1β, IL-17A, 119 

IL-17F, IL-23 and TNFα. DEP alone induced transcripts for IL-1β, IL-17A and IL-23 as 120 

revealed by comparison of DEP-PBS and PBS-PBS groups (Fig 1, E). We also analyzed the 121 

combined effect of DEP and OVA. Compared to PBS-OVA pups, DEP-OVA pups had higher 122 

levels of pulmonary transcripts for IL-1β and IL-17A (Fig 1, E). Furthermore, DEP-OVA pups 123 

had more of these transcripts than DEP-PBS pups. Thus, effects of DEP and OVA on these two 124 

cytokine transcripts were additive. DEP-OVA and PBS-OVA pups were not different with 125 

respect to levels of transcripts for IL-1α, IL-17F, IL-23 and TNFα. Since IL-1β and IL-17A 126 

transcripts produced the strongest differentiating signal between the DEP groups and their 127 

controls, we decided to focus on these two cytokines in further experiments. DEP-OVA pups had 128 

increased concentration of IL-1β and IL-17A proteins in the BAL fluid as compared to all three 129 

other groups of pups (Fig 1, F). Interestingly, the BAL concentration of IL-1β  and IL-17A 130 

proteins was same in DEP-PBS and PBS-PBS pups. Thus, DEP primed IL-1β and IL-17A 131 

pathways through induction of cytokine transcripts; OVA potentiated the DEP effects on 132 

transcripts and upregulated the corresponding proteins. IL-1β transcripts were also increased in 133 

lungs of pregnant (gestation day 10.5) DEP-exposed mothers (Fig 1, G). This was associated 134 

with increased levels of the aryl hydrocarbon receptor (Ahr) pathway transcripts including Ahr, 135 

Ahrr, Cyp1a1 and Cyp1a2 (Fig 1, H). The transcriptional factor Ahr regulates IL-1β production 136 

and is the key signaling target of DEP E5, E8.  These results suggest that Ahr signaling persists 137 

after cessation of DEP exposure into the pregnancy and may contribute to the elevation of the IL-138 

1β transcript. The two groups of mothers did not show any difference in the level of IL-17A 139 
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transcript. One possible explanation is that, at the studied time point, the IL-17A gene/transcript 140 

is subjected to a negative feedback mechanism that negates the action of Ahr.      141 

 142 

We examined the importance of IL-1β and IL-17A in offspring asthma through the use of 143 

depleting antibodies. DEP-OVA pups were used for experiments. Depleting antibodies and 144 

control immunoglobulins were injected one day before immunization and again one day before 145 

airway challenge with OVA. Compared to control IgG-injected pups, anti-IL-1β-injected pups 146 

had reduced AHR (Fig 2, A), decreased peribronchial inflammation (histology; Fig 2, B) as well 147 

as numbers of eosinophils, neutrophils and lymphocytes in the BAL fluid (Fig 2, C). Neutrophils 148 

and areas of peribronchial infiltrates were brought to baseline, meaning that for these parameters, 149 

there was no statistical difference between the IL-1β-depleted DEP-OVA group and the PBS-150 

PBS group. Consistently with reduced inflammation, depletion of IL-1β led to reduction in IL-151 

1β, IL-5, IL-13 and IL-17A transcripts (Fig 2, D). Depletion of IL-17A completely abrogated 152 

BAL neutrophilia (Fig 2, G). In this regard, the IL-17A-depleted DEP-OVA group was 153 

statistically indistinguishable from the PBS-PBS group. More importantly, compared to control 154 

IgG-injected pups, anti-IL-17A-injected pups had reduced AHR (Fig 2, E). Consistently with 155 

previous publications5, 6, IL-17A depletion had no effect on eosinophils, lymphocytes, 156 

macrophages and peribronchial inflammation (Fig 2, F and G). In agreement with this, IL-17A 157 

depletion did not affect pulmonary IL-1β, IL-5 and IL-13 (Fig 2, H). Interestingly, IL-17A 158 

depletion led to marked reduction of the IL-17A transcript (Fig 2, H). The data point to existence 159 

of an additional mode of IL-17A regulation i.e. a positive feedback loop that does not involve IL-160 

1β. 161 

 162 
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Here we demonstrate for the first time that pre-pregnancy exposure to diesel exhaust causes 163 

asthma predisposition in offspring. The observed transgenerational effects of diesel exhaust were 164 

twofold. Diesel exhaust had its own, allergen-independent effect that manifested in increased 165 

AHR. The effect on inflammation was minimal. Diesel exhaust also made offspring 166 

hypersensitive to allergens. Offspring of DEP-exposed mothers vigorously responded to the 167 

allergen treatment that caused only minimal response in controls. The combined treatment with 168 

diesel exhaust and the allergen led to fully manifested asthma with increased levels of IL-5 and 169 

IL-13, eosinophilic inflammation and the highest level of AHR. The transgenerational 170 

transmission of predisposition to hypersensitivity to allergens and asthma critically relied on IL-171 

1β and IL-17A. Depletion of IL-1β in allergen-treated pups of DEP-exposed mothers abolished 172 

all features of asthma. IL-1β induced AHR through IL-17A. Depletion of IL-17A reduced AHR 173 

but had no effect on IL-5, IL-13, eosinophils and peribronchial inflammation.   174 

 175 

Our work indicates that the effects of diesel exhaust are long lasting and transmittable to the next 176 

generation. We previously described the next generation effects of the exposure occurring during 177 

pregnancy3. Here we demonstrate that transgenerational transmission occurs even if the exposure 178 

occurs weeks before pregnancy. Thus, harmful transmittable signals can persist in a mother for 179 

weeks and affect the fitness of future offspring. These persistent signals may include DEPs 180 

themselves, DEP-derived compounds (e.g. polyclic aromatic hydrocarbons that activate Ahr) and 181 

the Ahr pathway and its targets. 182 

 183 

DEP exerted effects in isolation and in combination with an allergen. DEP alone augmented 184 

AHR. In addition, DEP increased levels of IL-1β and IL-17A transcripts. Interestingly, levels of 185 
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respective proteins were not changed. Consistently with lack of effect on cytokine proteins, DEP 186 

alone did not trigger any histologically-detectable inflammation; the effects on BAL counts were 187 

very subtle. The significance of increased levels of IL-1β and IL-17A transcripts was revealed 188 

upon exposure to the allergen. In this context, priming by DEP led to increased production of IL-189 

1β and IL-17A proteins. Primed cytokine pathways were the source of allergen hypersensitivity 190 

and airway pathology. Our results are consistent with previous reports that supported the link 191 

between immune cell priming/memory and the accumulation of untranslated cytokine mRNAsE9-
192 

E11. Upon cell re-stimulation, the increased transcript levels allowed for a rapid and high-level 193 

induction of cytokine proteins, accounting for enhanced capacities of memory T cells to trigger 194 

immune responses.  195 

 196 

IL-1β is a master regulatory cytokine that has capacity to initiate and enhance a number of 197 

immune responses, including the allergic response. Normally, mucosal administration of OVA 198 

does not lead to airway inflammation but instead causes immune tolerance to this antigen. Co-199 

administration of IL-1β breaches this tolerance, induces type 2 and type 3 immunity and 200 

eosinophilic inflammation of airways7, E12.  These strong enhancer activities of IL-1β were also 201 

observed in our model. Pups born to vehicle-exposed mothers produce very little IL-1β and were 202 

hypo-responsive to OVA. Pups born to DEP-exposed mothers responded to OVA and this 203 

response was dependent on upregulation of endogenous IL-1β.  IL-1β acted as an upstream 204 

regulator of type 2 (IL-5, IL-13, eosinophils) and type 3 (IL-17A, neutrophils) responses.   205 

 206 
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IL-1 mediates pro-asthma effects of some but not all environmental pollutants. IL-1β is required 207 

for toluene diisocyanate–induced asthmaE13. Conversely, IL-1R signaling opposes the 208 

development of nitrogen dioxide-mediated asthmaE14.  209 

 210 

Priming of the IL-1β pathway may be responsible for inborn predisposition to human asthma. 211 

Elevated IL-1β mRNA at birth and the increased IL-1β protein in the first four months of life are 212 

predictive for early (≤ 2 years) onset childhood wheeze8, E15. 213 

 214 

IL-17A and IL-17A-producing cells are increased in childhood asthma and positively correlate 215 

with asthma severity5, 9, E16. In children with asthma, IL-17A associates with exposure to DEP5. 216 

Furthermore, there are associations between childhood asthma and polymorphisms in the IL-17A 217 

geneE17.  218 

 219 

In conclusion, our study reveals a causative relationship between pre-pregnancy exposure to 220 

DEP and development of asthma predisposition in offspring. The mechanism involves IL-1β and 221 

IL-17A.  The study identifies molecular targets for development of approaches to prevent 222 

childhood asthma.  223 
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Figure legends 274 

 275 

Figure 1: Pre-pregnancy model. A-F, analysis of pups; G and H, analysis of mothers; A, Total 276 

lung resistance, 12-19 pups/group (group description in the main text), the table includes 277 

statistical analysis of the resistance data; B, Peribronchial inflammation, 8-15 pups/group; C, 278 

BAL cell counts, 11-17 pups/group; D, Cytokine proteins in lung homogenates, 9-12 pups/group; 279 

E, Cytokine transcripts in the lung, 8-15 pups/group; F, Cytokine proteins in the BAL fluid, 11-280 

17 pups/group; G and H, Transcripts for cytokines (G) and components of the Ahr pathway (H) 281 

in maternal lungs (gestation day 10.5), 6-8 mothers/group; *, P<0.05; **, P<0.01; ***, P<0.001; 282 

NS, not significant.  283 

Figure 2: Cytokine depletion. Pups of DEP-exposed females were injected with antibodies 284 

against IL1β (A-D; 7-10 mice/group), IL-17A (E-H; 8-12 mice/group) or control IgGs before 285 

immunization and again before challenge with OVA. Pups were examined for total lung 286 

resistance to methacholine (A, E), peribronchial inflammation (B, F), BAL cell counts (C, G) 287 

and pulmonary cytokine transcripts (D, H); Anti-cytokine antibody vs. IgG control: *, P<0.05; 288 

**, P<0.01; ***, P<0.001 289 

 290 
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Methods 24 

 25 

Mouse model 26 

C57BL/6 females received six intranasal applications of DEP (National Institute of Standards 27 

and Technology, Gaithersburg, MD; SRM 2975) or PBS, three days apart (days -29, -26, -23, -28 

20, -17 and -14 before mating). The intranasal instillations occurred under isoflurane anesthesia. 29 

For instillations, DEP was resuspended in PBS at 1 mg/ml and delivered at a dose of 50 µg (50 30 

µl) per mouse. A volume of 50 µl was delivered through two sequential injections of 25 µl, 15 31 

min apart, each injection to a different nostril.  Two weeks after the final instillation females 32 

were mated with unexposed males. There were no exposures during pregnancy.  Some females 33 

were sacrificed on gestation day 10.5 for organ recovery (day 0.5 denotes a day of the copulation 34 

plug detection). On postnatal day (PND) 5, pups were intraperitoneally injected with either 50 µl 35 

of PBS or 50 µl of the immunizing mixture containing OVA (5 µg) and Imject Alum (0.5 mg 36 

aluminum hydroxide and 0.5 mg magnesium hydroxide; Thermo Fisher Scientific,  Waltham, 37 

MA) in PBS.  On PND 23, 24 and 25 all pups underwent pulmonary challenges. OVA-38 

immunized pups were intranasally administered with 50µg of OVA in 15 µl of PBS. PBS-39 

injected pups were intranasally challenged with 15 µl of PBS without OVA. Intranasal 40 

applications were performed under isoflurane anesthesia. On PND 28 mice were analyzed 41 

(airway resistance to methacholine, bronchoalveolar lavage (BAL), lung histology and 42 

pulmonary transcripts). All experiments were approved by the institutional animal care and use 43 

committee at National Jewish Health. 44 

 45 

 46 
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Cytokine depletion in vivo 47 

On PND 5, neonates of DEP-exposed females was intraperitoneally injected with 20 µg of either 48 

anti-IL-1β antibody (clone B122; BioLegend, San Diego, CA), anti-IL-17A antibody (clone 49 

50104; R&D Systems, Minneapolis, MN), Armenian hamster IgG isotype control (control for 50 

anti-IL1β; BioLegend) or rat IgG2A isotype control (control for anti-IL17A; R&D Systems). On 51 

PND 6 pups were immunized with OVA in Imject Alum as described in the parent protocol. The 52 

antibody/control immunoglobulin administration was then repeated on PND 22 when reagents 53 

were delivered intravenously at a dose of 100 µg per mouse. All pups were intranasally 54 

challenged with OVA on PND 23, 24 and 25 as described in the parent protocol. Mice were 55 

sacrificed at 72 hours after the final challenge with OVA.  56 

 57 

Measurement of airway hyperresponsiveness (AHR) 58 

Lung resistance was measured using the FlexiVent apparatus (Scireq, Montreal, CA) as 59 

describedE18. Resistance values for each methacholine dose were expressed as a percent of 60 

baseline (saline inhalation) resistance.  For statistical analysis, independent t tests were 61 

performed for each methacholine dose. 62 

 63 

Histology and morphometric analysis 64 

Lungs were embedded in paraffin, sectioned and stained with hematoxylin and eosin. Images 65 

were acquired using the Nikon Eclipse TE 2000 inverted microscope, the Diagnostics 66 

Instruments camera model 4.2 and the Spot 5.0 software. The MetaMorph 7.0 software was used 67 

to measure areas of the peribronchial cellular infiltrate and a perimeter of the bronchial epithelial 68 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

basement membrane (proxy for airway perimeter). Results were expressed as an inflammation 69 

area per 1 µm of airway perimeter.  70 

 71 

Preparation of lung homogenates 72 

Lungs were homogenized at 100 mg/ml in the hypotonic buffer. The buffer contained 0.2x PBS 73 

and 1x Protease Inhibitor Cocktail (P8340, Sigma-Aldrich, St. Louis, MO). After two freeze-74 

thaw cycles, debris were pelleted. 10xPBS was added to supernatants in order to equilibrate their 75 

osmolarity to 1xPBS.  Concentration of total protein (Coomassie Plus Assay Kit; Thermo Fisher 76 

Scientific, Waltham, MA) and cytokines (ELISA) were measured in supernatants.  77 

 78 

Cytokine ELISA 79 

Concentration of IL-1β and IL-17A in cell-free supernatants of the BAL fluid and IL-5, IL-13 80 

and IFNγ in lung homogenates was measured using ELISA kits (eBioscience, San Diego, CA 81 

and BD Biosciences, San Jose, CA). Cytokine concentration in lung homogenates was adjusted 82 

to total protein concentration.  83 

 84 

Real time PCR 85 

RNA was extracted from Trizol lysates using RNeasy Plus Universal Mini Kit (Qiagen, 86 

Germantown, MD). cDNA was synthesized using ImProm-II reverse transcriptase and random 87 

primers (all from Promega, Madison, WI). cDNA was amplified and quantified using transcript-88 

specific primers (Table E1), the Absolute qPCR SYBR Green mix (Thermo Scientific) and the 89 

ABI Prism 7000 Sequence Detection System (Life Technologies).  90 

 91 
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Table E1: Sequences of transcript-specific primers 160 

Transcript 

Name 

 

Forward Primer 

 

Reverse Primer 

Ahr AGGACCAGTGTAGAGCACAA GCTGTGACAACCAGCACAAA 

Ahrr GTGTACATACGCCGGTAGGA GGTGCCGTTTGGAAGGATTT 

Cyp1a1 GACCTTCCGGCATTCATCCT GCCATTCAGACTTGTATCTCTTGTG 

Cyp1a2 GATACACATCCTTTGTCCCCTTC AAAGGGGTCTTTCCACTGCTT 

Cyp1b1 AGGATGTGCCTGCCACTATT CACAACCTGGTCCAACTCAG 

IL-1α TCAGCAACGTCAAGCAACGG TGCTGATCTGGGTTGGATGGT 

IL-1β GCTGAAAGCTCT CCACCTCA CGTTGCTTGGTTCTCCTTGT 

IL-5 GAGGCTTCCTGTCCCTACTC CCCACGGACAGTTTGATTCTT 

IL-13 GAGCAACATCACACAAGACCA GATGTTGGTCAGGGAATCCAG 

IL-17A AGACTACCTCAACCGTTCCAC CACTGAGCTTCCCAGATCACA 

IL-17F GAAGTGCACCCGTGAAACAG ATGGCAAGTCCCAACATCAAC 

IL-23 p19 CCAGCGGGACATATGAATCTACT GTCCTTGAGTCCTTGTGGGT 

Tiparp TCTCAGGAGCACTTGGAAAGA GTAGACAGCCTTCGTAGTTGG 

TNFα CTCTTCTCATTCCTGCTTGTGG GATGATCTGAGTGTGAGGGTCT 

18S rRNA CGGCGACGACCCATTCGAAC GAATCGAACCCTGATTCCCCGT 
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Supplemental Figure Legends 166 

Figure E1: Pre-pregnancy model. C57BL/6 females were exposed intranasally (i.n.) to DEP or 167 

PBS on indicated pre-mating (PMD) days. Offspring were injected intraperitoneally (i.p.) with 168 

OVA in alum or PBS, and then, intranasally (i.n.) with OVA or PBS on indicated postnatal days 169 

(PND). Pups were analyzed three days after the final intranasal exposure. 170 
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