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Capsule Summary
Using a mouse model we provided evidence that prgrancy exposure to diesel exhaust
predisposes offspring to asthma. We identified imatogical mechanisms of this predisposition

to facilitate future development of asthma prevamstrategies.

Key Words
Pre-pregnancy exposure; diesel exhaust partickéisina; mouse model; interleukid;1

interleukin 17A

Abbreviations

AHR, airway hyperresponsiveness
BAL, bronchoalveolar lavage

DEP, diesel exhaust particles

ELISA, enzyme-linked immunesorbent assay
IL, interleukin

i.n., intranasal

I.p., intraperitoneal

OVA, ovalbumin

PAH, polycyclic aromatic hydrocarbons
PBS, phosphate-buffered saline

PCR, polymerase chain reaction

PM, particulate matter

PMD, pre-mating day
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PND, postnatal day
Th, T helper

TNF, tumor necrosis factor
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Tothe Editor:

Prenatal environmental exposures, including exgogudiesel exhaust are increasingly
recognized as important risk factors for astima* % In the human population, prenatal
exposure to diesel exhaust has been measured énakdifferent means including levels of
polycyclic aromatic hydrocarbons (PAH)-DNA adduictshe cord bloodgoncentrations ofine
particles (PM2.5) in the environment of a pregrmanther (personal monitors) and proximity of
maternal residence to a major rdad™" 5 All measures of the exposure were positively
associated with childhood asthma. What remainseand$ whether predisposition to asthma in
children can be attributed solely to gestationglosxres or is a collective result of exposures
occurring during and before pregnancy. The evidgmoegided by association studies in humans
spurred causative studies in mice. Using mouse lsode and others showed that gestational
exposure to diesel exhaust particles (DEP) causedl@oment of asthma predisposition in
offspring®“ As is true of studies on the human populatiofeat$ of pre-pregnancy exposure in

mice are unknown.

To address this gap in knowledge we developed ssenmodel (see Fig E1 in this article's
Online Repository at www.jacionline.org). In thiodel, C57BL/6 female mice were
intranasally exposed to DEP (fQ) or PBS on days -29, -26, -23, -20, -17, -14 teefoating
with unexposed males (see this article's Methodsosein the Online Repository at
www.jacionline.org). There were no exposures dugrggnancy. Pups were immunized and
challenged with ovalbumin (OVA) or treated with RB®e immunization was intentionally
suboptimal (occurring during the neonatal peried)eveal the priming effect of maternal

exposure. The immunization included a single irdrapneal injection of a low dose (f5)
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ovalbumin (OVA) with Imject Alum (1 mg) on postnatiay 5 (PND 5). The intranasal
challenge with OVA (5Qug) or PBS was done on PND 23, 24 and 25. Mice waeatyzed on

PND 28. The following groups of pups were studaps exposed to DEP prenatally and
challenged with PBS after birth (DEP-PBS pups) ¥Gfter birth (DEP-OVA pups), pups
exposed to PBS prenatally and challenged with H&$ lairth (PBS-PBS pups), or OVA after
birth (PBS-OVA pups). Pre-pregnancy exposure ppadied offspring to asthma. Two types of
effects were observed: the effects of DEP alonetlameffects of combined exposure to DEP
and OVA. The first type of effects was revealedcbynparison of DEP-PBS pups with PBS-PBS
pups. The DEP-PBS pups had increased airway resesta methacholine (Fig 1, A).
Interestingly, this enhancement of airway hyperoaspreness (AHR) was accompanied by only
marginal increases of inflammation parametersatt, ilung histology did not reveal any
inflammatory infiltrates (Fig 1, B). The bronchoablar lavage (BAL) fluid showed a marginal
increase of eosinophils and neutrophils (Fig 1,Rtymonary IL-5, IL-13 and IFiNwere at the
normal level (Fig 1, D). The effects of combineghesure were uncovered by comparison of
DEP-OVA pups with PBS-OVA and DEP-PBS pups. Thamastin DEP-OVA pups was fully
manifested. Compared to PBS-OVA pups, DEP-OVA puatenhanced AHR (Fig 1, A), larger
peribronchial cellular infiltrates (Fig 1, B) amtreased number of eosinophils and lymphocytes
in the BAL fluid (Fig 1, C). The AHR in DEP-OVA s was also higher than that in DEP-PBS
pups (Fig 1, A). Finally, DEP-OVA pups had increasevels of pulmonary IL-5 and IL-13 (Fig
1, D). IFNy was not affected (Fig 1, D). Comparison with orevously-described model
revealed that pre-pregnancy and pregnancy expoaffezsed similar traits of asthma. The
models differ with regard to the magnitude of sarhéhese traits, including BAL eosinophils

and peribronchial infiltrates. In the context ospmatal exposure to OVA, pre-pregnancy and
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pregnancy DEP increased eosinophils by 3.2 antb&i@Gnd peribronchial infiltrates by 2.1 and
3.5 fold, respectively. To further explore the etfeof pre-pregnancy DEP, offspring lungs were
examined for mMRNA encoding DEP-inducible cytokin€és ™’ including IL-1a, IL-1B, IL-17A,
IL-17F, IL-23 and TNI&. DEP alone induced transcripts for IB;1L-17A and IL-23 as

revealed by comparison of DEP-PBS and PBS-PBS gr(kig 1, E). We also analyzed the
combined effect of DEP and OVA. Compared to PBS-Qdfs, DEP-OVA pups had higher
levels of pulmonary transcripts for IL3Jand IL-17A (Fig 1, E). Furthermore, DEP-OVA pups
had more of these transcripts than DEP-PBS pupss, Bifects of DEP and OVA on these two
cytokine transcripts were additive. DEP-OVA and RBYA pups were not different with
respect to levels of transcripts for llor1IL-17F, IL-23 and TNE. Since IL-P and IL-17A
transcripts produced the strongest differentiasilggal between the DEP groups and their
controls, we decided to focus on these two cytakindurther experiments. DEP-OVA pups had
increased concentration of I3landIL-17A proteins in the BAL fluid as compared to #ilee
other groups of pups (Fig 1, F). Interestingly, BA_ concentration of IL-B and IL-17A
proteins was same in DEP-PBS and PBS-PBS pups, DB primed IL-B andIL-17A
pathways through induction of cytokine transcri@¥A potentiated the DEP effects on
transcripts and upregulated the corresponding itd_-13 transcripts were also increased in
lungs of pregnant (gestation day 10.5) DEP-expaseithers (Fig 1, G). This was associated
with increased levels of the aryl hydrocarbon réaefAhr) pathway transcripts including Ahr,
Ahrr, Cyplal and Cypla2 (Fig 1, H). The transooipil factor Ahr regulates ILBlproduction
and is the key signaling target of DEP® These results suggest that Ahr signaling persist
after cessation of DEP exposure into the pregnandymay contribute to the elevation of the IL-

1P transcript. The two groups of mothers did not slamwy difference in the level of IL-17A



140 transcript. One possible explanation is that, atstiudied time point, the IL-17A gene/transcript
141  is subjected to a negative feedback mechanismmtgstes the action of Ahr.

142

143  We examined the importance of I[3-andIL-17A in offspring asthma through the use of

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

145  control immunoglobulins were injected one day befonmunization and again one day before
146  airway challenge with OVA. Compared to control Ig@ected pups, anti-IL{3-injected pups

147  had reduced AHR (Fig 2, A), decreased peribronghflEimmation (histology; Fig 2, B) as well
148  as numbers of eosinophils, neutrophils and lymptescin the BAL fluid (Fig 2, C). Neutrophils
149  and areas of peribronchial infiltrates were brougHtaseline, meaning that for these parameters,
150 there was no statistical difference between th&éfidepleted DEP-OVA group and the PBS-
151 PBS group. Consistently with reduced inflammatiepletion of IL-P led to reduction in IL-

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

153  BAL neutrophilia (Fig 2, G). In this regard, the-1I7A-depleted DEP-OVA group was

154  statistically indistinguishable from the PBS-PB8ugy. More importantly, compared to control
155  lgG-injected pups, anti-IL-17A-injected pups hadueed AHR (Fig 2, E). Consistently with

156  previous publications®, IL-17A depletion had no effect on eosinophilsnphocytes,

157  macrophages and peribronchial inflammation (Fig and G). In agreement with this, IL-17A
158  depletion did not affect pulmonary ILB31IL-5 and IL-13 (Fig 2, H). Interestingly, IL-17A

159  depletion led to marked reduction of the IL-17Anseript (Fig 2, H). The data point to existence
160  of an additional mode of IL-17A regulation i.e. @sgiive feedback loop that does not involve IL-
161 1B.

162



163  Here we demonstrate for the first time that pregpescy exposure to diesel exhaust causes
164  asthma predisposition in offspring. The observadsgenerational effects of diesel exhaust were
165 twofold. Diesel exhaust had its own, allergen-irelggent effect that manifested in increased
166  AHR. The effect on inflammation was minimal. Diesghaust also made offspring

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

168  allergen treatment that caused only minimal respamgontrols. The combined treatment with
169  diesel exhaust and the allergen led to fully matée asthma with increased levels of IL-5 and
170  IL-13, eosinophilic inflammation and the highestdeof AHR. The transgenerational

171 transmission of predisposition to hypersensititatyallergens and asthma critically relied on IL-
172 1P and IL-17A. Depletion of IL-f in allergen-treated pups of DEP-exposed mothesishized

173 all features of asthma. ILBlinduced AHR through IL-17A. Depletion of IL-17Adeced AHR

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

175

176  Our work indicates that the effects of diesel exthane long lasting and transmittable to the next
177  generation. We previously described the next géioaraffects of the exposure occurring during
178  pregnancy. Here we demonstrate that transgenerational tigs&n occurs even if the exposure
179  occurs weeks before pregnancy. Thus, harmful trétedste signals can persist in a mother for
180  weeks and affect the fitness of future offspringe3e persistent signals may include DEPs

181 themselves, DEP-derived compounds (e.g. polycbmatic hydrocarbons that activate Ahr) and
182  the Ahr pathway and its targets.

183

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

185  AHR. In addition, DEP increased levels of IB-&nd IL-17A transcripts. Interestingly, levels of



186  respective proteins were not changed. Consisteuithylack of effect on cytokine proteins, DEP
187  alone did not trigger any histologically-detectaisitammation; the effects on BAL counts were
188  very subtleThe significance of increased levels of IB-dnd IL-17A transcripts was revealed
189  upon exposure to the allergen. In this contextnpry by DEP led to increased production of IL-
190 1P and IL-17A proteins. Primed cytokine pathways wibeesource of allergen hypersensitivity
191  and airway pathology. Our results are consistetit piievious reports that supported the link
192 between immune cell priming/memory and the accutimraf untranslated cytokine mRNAS
193 F'% Upon cell re-stimulation, the increased trangdepels allowed for a rapid and high-level
194  induction of cytokine proteins, accounting for ented capacities of memory T cells to trigger
195 immune responses.

196

197 IL-1[ is a master regulatory cytokine that has capaeitgitiate and enhance a number of

198 immune responses, including the allergic respddeemally, mucosal administration of OVA
199 does not lead to airway inflammation but insteagsea immune tolerance to this antigen. Co-
200 administration of IL-B breaches this tolerance, induces type 2 and typerinity and

201 eosinophilic inflammation of airways > These strong enhancer activities of L.vlere also
202  observed in our model. Pups born to vehicle-exposetthers produce very little ILRland were
203  hypo-responsive to OVA. Pups born to DEP-exposethets responded to OVA and this

204  response was dependent on upregulation of endogebd8. IL-1[3 acted as an upstream

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

206
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IL-1 mediates pro-asthma effects of some but riaralironmental pollutants. ILfLis required
for toluene diisocyanate—induced astfifdaConversely, IL-1R signaling opposes the

development of nitrogen dioxide-mediated asthha

Priming of the IL-B pathway may be responsible for inborn predispmsito human asthma.
Elevated IL-3 mRNA at birth and the increased I3-protein in the first four months of life are

predictive for early< 2 years) onset childhood whe&Z&>

IL-17A and IL-17A-producing cells are increaseccimldhood asthma and positively correlate
with asthma severity® 5 In children with asthma, IL-17A associates witpesure to DER

Furthermore, there are associations between clattilaethma and polymorphisms in the IL-17A

gené®’,

In conclusion, our study reveals a causative @tatiip between pre-pregnancy exposure to
DEP and development of asthma predisposition ispoiiig. The mechanism involves I[3-And
IL-17A. The study identifies molecular targets é@velopment of approaches to prevent

childhood asthma.

Jerica Lenberg, BS
Qian Qian, PhB

Zehua Sun, PhD

Rafeul Alam, MD, PhD®

Magdalena M. Gorska, MD, PR}
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Figurelegends

Figure 1: Pre-pregnancy model. A-F, analysis of pups; Glydnalysis of mothers; A, Total
lung resistance, 12-19 pups/group (group descriptidhe main text), the table includes
statistical analysis of the resistance data; BipRarnchial inflammation, 8-15 pups/group; C,
BAL cell counts, 11-17 pups/group; D, Cytokine gios in lung homogenates, 9-12 pups/group;
E, Cytokine transcripts in the lung, 8-15 pups/grde, Cytokine proteins in the BAL fluid, 11-
17 pups/group; G and H, Transcripts for cytokif@sgnd components of the Ahr pathway (H)
in maternal lungs (gestation day 10.5), 6-8 motleosip; *, P<0.05; **, P<0.01; ***, P<0.001,
NS, not significant.

Figure 2: Cytokine depletion. Pups of DEP-exposed femala® wgected with antibodies
against ILB (A-D; 7-10 mice/group), IL-17A (E-H; 8-12 mice/grp) or control IgGs before
immunization and again before challenge with OVAp®were examined for total lung
resistance to methacholine (A, E), peribronchithmmation (B, F), BAL cell counts (C, G)
and pulmonary cytokine transcripts (D, H); Anti-akine antibody vs. 1gG control: *, P<0.05;

** P<0.01; ***, P<0.001
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M ethods

M ouse model

C57BL/6 females received six intranasal applicaiohDEP (National Institute of Standards
and Technology, Gaithersburg, MBRM 2975 or PBS, three days apart (days -29, -26, -23, -
20, -17 and -14 before mating). The intranasalliasons occurred under isoflurane anesthesia.
For instillations, DEP was resuspended in PBSraginl and delivered at a dose of 5§ (50

pl) per mouse. A volume of 5@ was delivered through two sequential injectioh@®pl, 15

min apart, each injection to a different nostfilvo weeks after the final instillation females
were mated with unexposed males. There were nosexe® during pregnancy. Some females
were sacrificed on gestation day 10.5 for organvery (day 0.5 denotes a day of the copulation
plug detection). On postnatal day (PND) 5, pupsevietraperitoneally injected with either H0

of PBS or 5Qul of the immunizing mixture containing OVA (&) and Imject Alum (0.5 mg
aluminum hydroxide and 0.5 mg magnesium hydroxIdesrmo Fisher Scientific, Waltham,
MA) in PBS. On PND 23, 24 and 25 all pups undetvperhmonary challenges. OVA-
immunized pups were intranasally administered Wwidag of OVA in 15ul of PBS. PBS-

injected pups were intranasally challenged witlulléf PBS without OVA. Intranasal
applications were performed under isoflurane amssth On PND 28 mice were analyzed
(airway resistance to methacholine, bronchoalvdalaage (BAL), lung histology and
pulmonary transcripts). All experiments were appbby the institutional animal care and use

committee at National Jewish Health.
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Cytokine depletion in vivo

On PND 5, neonates of DEP-exposed females wagparitaneally injected with 2g of either
anti-1L-1f3 antibody (clone B122; BioLegend, San Diego, CAy}j-8L-17A antibody (clone
50104; R&D Systems, Minneapolis, MN), Armenian htanggG isotype control (control for
anti-IL13; BioLegend) or rat IgG2A isotype control (contfof anti-IL17A; R&D Systems). On
PND 6 pups were immunized with OVA in Imject Alurs @escribed in the parent protocol. The
antibody/control immunoglobulin administration wagn repeated on PND 22 when reagents
were delivered intravenously at a dose of i§(per mouse. All pups were intranasally
challenged with OVA on PND 23, 24 and 25 as desdrib the parent protocol. Mice were

sacrificed at 72 hours after the final challengthv@VA.

M easurement of airway hyperresponsiveness (AHR)

Lung resistance was measured using the FlexiVararagus (Scireq, Montreal, CA) as
describefi'®. Resistance values for each methacholine doseexgressed as a percent of
baseline (saline inhalation) resistance. Fordtadil analysis, independent t tests were

performed for each methacholine dose.

Histology and mor phometric analysis

Lungs were embedded in paraffin, sectioned andedavith hematoxylin and eosin. Images
were acquired using the Nikon Eclipse TE 2000 itecemicroscope, the Diagnostics
Instruments camera model 4.2 and the Spot 5.0 atwWw he MetaMorph 7.0 software was used

to measure areas of the peribronchial cellulaitrafe and a perimeter of the bronchial epithelial
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basement membrane (proxy for airway perimeter)ulRes/ere expressed as an inflammation

area per um of airway perimeter.

Preparation of lung homogenates

Lungs were homogenized at 100 mg/ml in the hypaetbnoifer. The buffer contained 0.2x PBS
and 1x Protease Inhibitor Cocktail (P8340, Sigmdrih, St. Louis, MO). After two freeze-
thaw cycles, debris were pelleted. 10xPBS was atlledpernatants in order to equilibrate their
osmolarity to 1xPBS. Concentration of total protBCoomassie Plus Assay Kit; Thermo Fisher

Scientific, Waltham, MA) and cytokines (ELISA) wameeasured in supernatants.

Cytokine ELISA

Concentration of IL-f and IL-17A in cell-free supernatants of the BAuifl and IL-5, IL-13

and IFNy in lung homogenates was measured using ELISA&B#oscience, San Diego, CA
and BD Biosciences, San Jose, CA). Cytokine conaton in lung homogenates was adjusted

to total protein concentration.

Real time PCR

RNA was extracted from Trizol lysates using RNe@kys Universal Mini Kit (Qiagen,
Germantown, MD). cDNA was synthesized using ImPibreverse transcriptase and random
primers (all from Promega, Madison, WI). cDNA wasified and quantified using transcript-
specific primers (Table E1), the Absolute gPCR SYBiRen mix (Thermo Scientific) and the

ABI Prism 7000 Sequence Detection System (Life Tietdgies).
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Table E1: Sequences of transcript-specific primers

Transcript

Name Forward Primer Reverse Primer
Ahr AGGACCAGTGTAGAGCACAA GCTGTGACAACCAGCACAAA
Ahrr GTGTACATACGCCGGTAGGA GGTGCCGTTTGGAAGGATTT
Cyplal GACCTTCCGGCATTCATCCT GCCATTCAGACTTGTATCTCTTG
Cypla2 GATACACATCCTTTGTCCCCTTC AAAGGGGTCTTTCCACTGQAT
Cyplbl AGGATGTGCCTGCCACTATT CACAACCTGGTCCAACTCAG
IL-1a TCAGCAACGTCAAGCAACGG TGCTGATCTGGGTTGGATGGT
IL-13 GCTGAAAGCTCT CCACCTCA CGTTGCTTGGTTCTCCTTGT
IL-5 GAGGCTTCCTGTCCCTACTC CCCACGGACAGTTTGATTCTT
IL-13 GAGCAACATCACACAAGACCA GATGTTGGTCAGGGAATCCAG

IL-17A AGACTACCTCAACCGTTCCAC CACTGAGCTTCCCAGATCACA
IL-17F GAAGTGCACCCGTGAAACAG ATGGCAAGTCCCAACATCAAC
IL-23 p19 | CCAGCGGGACATATGAATCTACT | GTCCTTGAGTCCTTGTGGT
Tiparp TCTCAGGAGCACTTGGAAAGA GTAGACAGCCTTCGTAGTTGG
TNFa CTCTTCTCATTCCTGCTTGTGG GATGATCTGAGTGTGAGGGTCT
18S rRNA| CGGCGACGACCCATTCGAAC GAATCGAACCCTGATTCCCAG
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Supplemental Figure L egends

Figure E1l: Pre-pregnancy model. C57BL/6 females were expageahiasally (i.n.) to DEP or
PBS on indicated pre-mating (PMD) days. Offsprireyevinjected intraperitoneally (i.p.) with
OVA in alum or PBS, and then, intranasally (i.ni)pAOVA or PBS on indicated postnatal days

(PND). Pups were analyzed three days after théifit@anasal exposure.
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