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Abstract

Background: Alternaria alternata and house dust mite exposure evokes IL-33 secretion from the 

airway epithelium, which functions as an alarmin to stimulate type 2 immunity. Extracellular DNA 

(eDNA) is also an alarmin that intensifies inflammation in cystic fibrosis, chronic obstructive 

pulmonary disease, and asthma.

Objective: We investigated the mechanisms underlying allergen-evoked DNA mobilization and 

release from the airway epithelium and determined the role of eDNA in type 2 immunity.

Methods: Human bronchial epithelial (hBE) cells were used to characterize allergen-induced 

DNA mobilization and extracellular release using comet assays to measure DNA fragmentation, 

Qubit double-stranded DNA assays to measure DNA release, and DNA sequencing to determine 

eDNA composition. Mice were used to investigate the role of eDNA in type 2 immunity.

Results: Alternaria extract rapidly induces mitochondrial and nuclear DNA release from human 

bronchial epithelial cells, whereas house dust mite extract induces mitochondrial DNA release. 

Caspase-3 is responsible for nuclear DNA fragmentation and becomes activated after cleavage by 

furin. Analysis of secreted nuclear DNA showed disproportionally higher amounts of promotor 

and exon sequences and lower intron and intergenic regions compared to predictions of random 

DNA fragmentation. In mice, Alternaria-induced type 2 immune responses were blocked by 

pretreatment with a DNA scavenger. In caspase-3–deficient mice, Alternaria-induced DNA release 

was suppressed. Furthermore, intranasal administration of mouse genomic DNA with Alternaria 
amplified secretion of IL-5 and IL-13 into bronchoalveolar lavage fluid while DNA alone had no 

effect.

Conclusion: These findings highlight a novel, allergen-induced mechanism of rapid DNA 

release that amplifies type 2 immunity in airways.
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Asthma is often exacerbated by exposure to respiratory viruses or environmental 

allergens.1-4 However, the underlying mechanisms responsible for initiation or amplification 

of type 2 immune responses and exacerbation of the disease are poorly understood.1 

Recently a significant correlation was discovered between DNA release and exacerbation 

of type 2 inflammation in humans after rhinovirus infection.5 Furthermore, in mice, 

rhinovirus exposure induced DNA release from neutrophils and potentially other cell types 

including epithelial cells, and when the DNA was degraded with DNase exacerbation of the 

type 2 inflammatory response was blocked.5 Similarly, in patients with treatment-resistant 

severe asthma, airway inflammation was associated with extracellular DNA (eDNA) within 

bronchial biopsy samples or sputum specimens, which correlated with decreases in lung 

function and asthma control.5,6 Thus, eDNA appears to promote type 2 airway inflammation 

and represents a potential target for reducing virus- and allergen-induced exacerbations of 

asthma.

Recognition of pathogen-derived or “foreign” DNA is one of the most fundamental 

mechanisms of host defense,7 and host-derived, or “self,” DNA can elicit strong 

inflammatory responses.8 Our mechanistic understanding of the contribution of self-DNA 

in diseases has increased significantly in the past 10 years. Indeed, sensing of self-derived 

mitochondrial DNA (mtDNA) or nuclear DNA (nDNA) has been implicated in sterile 

inflammation in various organs, including pancreas, liver, heart, and brain.8 Furthermore, 

immunologic activities of aluminum-based adjuvants (aluminum salt or alum), which are 

used widely in human vaccination and mouse models of type 2 immunity, are attributed to 

self-DNA derived from dying host cells9 or activated CD4+ T cells.10
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Multiple cell death pathways, including necroptosis, pyroptosis, and ETosis, have all been 

proposed as sources of self-DNA by immune and inflammatory cells that contribute to 

airway inflammation.11 “ETosis” is a term that describes the formation of extracellular 

traps (ETs) composed of double-stranded genomic DNA or oxidized mtDNA organized 

as weblike structures associated with antimicrobial molecules, which serve to immobilize 

and kill microorganisms.12-15 Under conditions of microbial and fungal infection, ET 

formation has been shown to represent a unique cell death process exhibited by various 

immune cells (neutrophils, eosinophils, macrophages, and mast cells) and plays an important 

role in vertebrate innate immunity.16-18 Interestingly, ETs are also produced by root cap 

cells of plants in response to a variety of microbial and fungal pathogens.19 Perhaps the 

most extensively characterized form of ETosis in vertebrates occurs in neutrophils, which 

involves extrusion of DNA and intracellular constituents after nuclear and plasma membrane 

disruption.12,20 This process, known as suicide NETosis (after neutrophil ET), represents 

one form of DNA release from neutrophils. A second form, called vital NETosis, was 

discovered several years ago and involves vesicular release of DNA, which occurs much 

more rapidly (5-60 minutes) than suicide NETosis.21 Remarkably, neutrophils undergoing 

vital NETosis remain viable and are capable of continuing neutrophil functions.22-24 

Notably, DNA-depleted neutrophil cytoplasts remain capable of tracking, imprisoning, and 

killing microorganisms including Staphylococcus25 and Candida albicans.26 However, no 

information is available regarding whether structural cells, such as airway epithelial cells, 

are capable of releasing nDNA while maintaining viability.

In the present study, we report that airway epithelial cells engage in a distinct form of vital 

DNA release in response to allergen exposure. Unlike vital NETosis where eDNA forms 

weblike structures to entrap microorganisms, epithelial cells release mtDNA and nDNA 

fragments (~1000-5000 bp) that activate signaling pathways that amplify type 2 immunity.

METHODS

Materials

Alternaria alternata and house dust mite (HDM; Dermatophagoides farina) extracts were 

obtained from Greer Laboratories (Lenoir, NC). Hydrogen peroxide solution, L-glutathione 

(GSH), N-acetyl-L-cysteine (NAC), PAMAM dendrimer, and mouse genomic DNA were 

purchased from Sigma-Aldrich (St Louis, Mo). AZ 10417808 (AQZ-1), PD 150606, and 

decanoyl-RVKR-CMK were procured from Tocris Bioscience (Bristol, United Kingdom). 

Hanks balanced salt solution (HBSS), acetoxymethyl ester form of fura-2 (fura-2 AM), 

SYBR Gold, YoYo-1, SYTOX Green, 4′,6-diamidino-2-phenylindole (DAPI), and EDTA 

were obtained from Thermo Fisher Scientific (Waltham, Mass). Etoposide was acquired 

from Abcam (Cambridge, United Kingdom). Naphthofluroscein, caspase-3, and calpain 

small interfering RNA (siRNA), control siRNA (fluorescein conjugate), siRNA transfection 

reagent, and media were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif). 

Fluorescently labeled antibodies to CD3 (145-2C11), CD25 (PC51), CD44 (IM7), CD16/

CD32 (2.4G2), CD14 (rmC5-3), CD45R/B220 (RA3-6B2), and IgG2a isotype control were 

purchased from BD Biosciences (San Jose, Calif).
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Cell culture

Primary human bronchial epithelial (hBE) cells were purchased from Lonza (Basel, 

Switzerland) and grown in bronchial epithelial cell growth medium with growth factor 

supplements (PromoCell, Heidelberg, Germany) at 37°C in a humidified atmosphere of 5% 

CO2 in air. Immortalized hBE cells were produced after transfection of genes encoding 

cyclin-dependent kinase-4 and human telomerase reverse transcriptase.27,28 16HBE14o− 

hBE cells (Sigma) were grown in minimum essential medium with 10% fetal bovine serum 

on 24 mm, 0.4 xμm pore size transwell polyester membranes (Corning Life Sciences, 

Lowell, Mass). hBE cells were grown on 2-well chamber slides (Laboratory-Tek, VWR 

International, Chicago, Ill) for DNA dye experiments, caspase-3 assays, and Ca2+ imaging 

experiments, or on 12-well plates or for DNA release measurements and comet assays.

In vivo experiments

Six- to 13-week-old female wild-type (WT) BALB/c mice and caspase-3 knockout mice 

on a BALB/c background were purchased from The Jackson Laboratory (Bar Harbor, 

Maine). IL-13eGFP mice were the kind gift of Andrew McKenzie (MRC Laboratory 

of Molecular Biology, Cambridge, United Kingdom).29 Animals were maintained under 

specific-pathogen–free conditions, and all experiments were performed with the approval of, 

and following the regulatory guidelines and standards set by, the Institutional Animal Care 

and Use Committee of Mayo Clinic.

Mice were treated intranasally with 25 μg (submaximal) or 50 μg of Alternaria extract with 

or without DNA scavenger PAMAM-G3, DNase, or mouse genomic DNA under isoflurane 

anesthesia. After 1 or 4.5 hours after administration, mice were humanely killed with 

pentobarbital and the tracheas cannulated in order to perform bronchoalveolar lavage (BAL) 

using PBS (0.5 mL). BAL fluid samples were stored at −20°C until use in DNA or cytokine 

ELISA assays.

Alternatively, to examine the roles of eDNA in development of type 2 adaptive immunity, 

naive WT BALB/c mice were treated intranasally with 10 μg ovalbumin (OVA) plus 50 μg 

Alternaria extract with or without PAMAM-G3 (100 μg) in 50 μL PBS once on day 0. On 

days 21, 22, and 23, the mice were challenged intranasally with 10 μg OVA. Twenty-four 

hours after the last OVA challenge, mice were humanely killed, and BAL fluid, lungs, and 

plasma were collected. BAL cell numbers were counted, and differentials were determined 

in Wright-Giemsa–stained cytospin preparations. More than 200 cells were counted using 

conventional morphologic criteria. The lungs were homogenized in 0.5 mL PBS and 

centrifuged at 10,000 × g at 40°C for 15 minutes. Cytokine levels in the supernatants of 

BAL fluids or lung homogenates were measured using ELISA, as described below. The 

plasma levels of OVA-specific IgE, IgG1 IgG2a, and IgG2b were measured using sandwich 

ELISA as described previously.30

RNA interference and CRISPR/Cas9 experiments

hBE cells were transfected with caspase-3 siRNAs using siRNA transfection reagent 

according to the manufacturer’s protocol. Briefly, 0.5 to 1 μg siRNA and control (fluorescein 

conjugate) siRNA as a positive control in transfection reagent and medium was transfected 
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into the cells after growing them in antibiotic-free growth medium to obtain approximate 

50% confluence while incubating them at 37°C in a CO2 incubator (~6 hours).

hBE cells were transfected with furin guide RNAs (Integrated DNA Technologies, 

Coralville, Iowa) using a Neon Transfection System (Thermo Fisher) following the 

manufacturer’s guidelines. Cells (1 × 106) in R buffer (Neon kit) were mixed with 4 μg of 

furin guide RNAs and 4 μg of Cas9 nuclease, then transfected using the Neon Transfection 

System (1600 V, 20 ms, 3 pulses). Next, cells were incubated in antibiotic-free media for 

24 hours, followed by replacement with fresh growth media containing antibiotics for 72 to 

96 hours before experiments. The level of knockdown after transfection was confirmed by 

Western blot analysis.

Detection of eDNA with fluorescent DNA dyes

hBE cells growing on 2-well chamber slides were incubated with fluorescent DNA dyes 

YoYo-1 (1.0 μmol), SYTOX Green (10 μmol), or DAPI (0.1 μg/mL) in HBSS solution 

containing 10 mmol HEPES buffer for 15 minutes before exposure to 100 μg/mL Alternaria 
in HBSS solution for 30 minutes. Fluorescent dye bound to eDNA was visualized with a 

Nikon Diaphot fluorescence microscope at excitation/emission wavelengths of 358 nm/460 

nm (DAPI), 491 nm/509 nm (YoYo-1), and 504 nm/523 nm (SYTOX Green) with a 40× 

fluorescence objective (Nikon, Tokyo, Japan).

DNA release measurements

hBE cells were treated with 25 to 200 μg/mL Alternaria or HDM extract in HBSS solution 

for 0.5 hours or at various time points between 0.5 and 12 hours; then extracellular fluid 

samples were collected to measure eDNA content. HBSS or BAL fluid samples were 

analyzed with a Qubit double-stranded (ds) DNA high sensitivity assay kit, and DNA 

concentrations were determined with a Qubit Fluorometer (Thermo Fisher). As a control, the 

HBSS or BAL sample was treated with DNase 1 (2 IU for 30 minutes at 37°C) to verify 

DNase sensitivity of the fluorescence signal associated with the DNA concentration in the 

sample.

Comet assay

DNA fragmentation was examined with a CometAssay Kit (Trevigen, Gaithersburg, Md) in 

accordance with a previously published protocol.31 Briefly, Alternaria-exposed cells were 

trypsinized and fixed onto a comet slide with molten LM Agarose (1:10 vol/vol ratio). 

The cells were then lysed in 40°C lysis solution and the DNA denatured in an alkaline 

electrophoresis solution (200 nmol NaOH, 1 mmol EDTA) before electrophoresis using 

the CometAssay ES unit. After washing and drying the slides, DNA was stained with 

SYBR Gold in TE buffer and then visualized with a Nikon fluorescence microscope with 

10× fluorescence objective at excitation/emission wavelengths of 496 nm/522 nm. DNA 

fragmentation was quantitatively analyzed by CometScore 2.0 software and expressed as 

percentage DNA in the head or tail.
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Caspase-3 activity assay

In situ measurement of Alternaria-induced caspase-3 activation involved the use of Incucyte 

Caspase-3 dye (Sartorius, Göttingen, Germany) loaded into hBE cells. Cells were incubated 

with 5 μmol Incucyte dye reagent for 30 minutes with or without caspase-3 or furin 

inhibitors or after silencing of caspase-3 or knockdown of furin, then exposed to 100 μg/mL 

Alternaria in HBSS. A Nikon fluorescence microscope with 40× fluorescence objective was 

used for live-cell imaging at excitation/emission wavelengths of 500 nm/530 nm.

Quantitative PCR

Total eDNA from hBE cells exposed to Alternaria or HDM was isolated using the Quick-

DNA Miniprep Plus Kit (Zymo Research, Irvine, Calif). One microgram of total DNA 

(quantified by the Qubit Fluorometric assay), TaqMan probes for MT-CO1, MT-ND1, or 

GAPDH (Hs02596864_g1, Hs02596873_s1, Hs02786624_g1), and TaqMan Fast Advanced 

Master Mix (Thermo Fisher) were used to perform quantitative reverse transcriptase PCR on 

a Thermo Fisher Step-One-Plus Real-Time PCR System. The threshold cycle (Ct) was used 

to determine the relative expression level of specific genes.

DNA sequencing and analysis

hBE cells were exposed to Alternaria (100 μg/mL) for 4 hours before collecting extracellular 

fluid in 3 separate experiments. DNA extraction was accomplished using Quick-DNA 

Universal Kit (Zymo) and stored in elution buffer (10 mmol Tris-HCl, pH 8.5, 0.1 mmol 

EDTA) at a concentration of ~4 ng/μL. DNA samples were submitted to the University 

of Minnesota Genomics Center for sequencing (Illumina MiSeq, 2 × 300 PE, 16 million 

reads; Illumina, San Diego, Calif). Sample quality control was determined with Fastqc/

0.11.732 compiled together with Multiqc. The percentage of duplicate reads was low, 

and the libraries that were generated possessed good diversity of DNA fragments that 

were not overamplified during library preparation. Raw paired-end reads were trimmed of 

Illumina sequencing adapters and low-quality sequences using Trimmomatic v0.33 with the 

following settings: IL-LUMINACLIP:all_illumina_adapters.fa:2:30:10:2:true LEADING:3 

TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:50.33 Reads were aligned to the human 

ENSEMBL (GRCh38) genome with star/2.7.1a,34 and PCR-duplicated reads were removed 

using Picard (v2.18.16) MarkDuplicates (broadinstitute.github.io/picard). Genomic analysis 

was performed by Genrich, a peak caller that analyzes alignment files for significant 

enrichment, using the default settings (github.com/jsh58/Genrich). Peaks were associated 

with human ENSEMBL genes from the EnsDb.Hsapiens.v86 R package (R Project; 

www.r-project.org) using ChIPpeakAnno.35 eDNA peak densities were visualized across 

the human hg38 chromosomes using karyoploteR.36 Sequence data is available through 

the Gene Expression Omnibus site at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE198721.

Connecting gene-associated eDNA peaks with gene expression

Human airway epithelial cell total RNA sequencing data was downloaded from 

Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) study GSE78672 to identify 

expressed genes. Transcripts per million (TPM)-normalized gene (hg38) expression tables 
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(ENCFF592BLV and ENCFF788JHJ) served as replicates. Gene expression was averaged 

between replicates and sorted. The top 20,000 expressed genes were then divided into gene 

expression quantiles: 5045 highly expressed genes (expression > 194 TPM), 5046 mid-to-

high expressed genes (expression between 2.68 and 194 TPM), 5046 mid-to-low expressed 

genes (expression between 0.41 and 2.68 TPM), and low expressed genes (expression 

between 0.02 and 0.41 TPM). eDNA peaks that were in common between the 3 replicates 

were associated with the 20,000 top genes. A total of 4157 eDNA peaks were found within 

the gene promoter or within the body of these highly expressed genes. The percentage of 

eDNA peaks associated with genes from each expression quantile was plotted. To create 

a random set of peaks, 4157 eDNA peaks were randomly assigned to genes, and the 

percentages of the eDNA peaks associated with genes of each expression quantile were 

plotted.

Western blot analysis

To determine the level of protein knockdown, cells were lysed with 

radioimmunoprecipitation assay buffer, and total protein was quantified with the Qubit 

Protein Assay Kit (Thermo Fisher). Protein samples (25 μg) along with Chameleon Duo–

prestained protein ladder (LI-COR, Lincoln, Neb) were separated by electrophoresis on 

Novex 10-20% tricine protein gels in tricine SDS running buffer (125 V, 1 hour) and 

transferred to a nitrocellulose membrane in Tris-glycine transfer buffer (Thermo Fisher) (25 

V, 1.5 hours). After blocking nonspecific binding with Odyssey blocking buffer (LI-COR) 

for 1 hour, the membrane was incubated overnight with primary antibodies (Santa Cruz) for 

caspase-3 (sc-7272), furin (sc-133142), and β-actin (sc-69879), followed by incubation with 

IRDye 680RD secondary antibodies (LI-COR) for 1 hour. Proteins were visualized with an 

Odyssey CLx imager (LI-COR); fluorescence intensity of the protein bands was measured 

by densitometry by ImageJ software (imagej.nih.gov/ij). Protein expression was normalized 

to β-actin.

Immunocytochemistry

After exposure to Alternaria extract for 0.5 hours, hBE cells grown on chamber slides were 

fixed in 4% paraformaldehyde for 20 minutes and permeabilized with 0.3% Triton-X for 15 

minutes. After a 1-hour blocking step using 3% bovine serum albumin, cells were initially 

incubated with anti-H2B antibodies (ab1790, Abcam) overnight, then with Alexa Fluor 488 

chicken anti-rabbit IgG secondary antibody (Thermo Fisher) for 1 hour. DAPI diluted in 

PBS was used to label nuclei. An Olympus FV1000 confocal microscope (Olympus, Tokyo, 

Japan) with a 40× fluorescence objective was used to record images of H2B and DAPI. 

Western blot analysis established that the primary anybody used for immunocytochemistry 

detected a protein with a molecular weight corresponding to the size of H2B.

Cytokine release measurements

Measurements of IL-33, IL-17, IFN-γ, IL-5, IL-6, and IL-13 concentrations in BAL 

fluid after exposure to Alternaria or IL-33 were performed with Quantikine ELISA kits 

(R&D Systems, Minneapolis, Minn), following the manufacturer’s instructions. Protein 

concentrations in the BAL fluid were quantitated with a BCA Protein Assay Kit (Bio-Rad, 

Hercules, Calif).
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Fluorescence-activated cell sorting analyses

IL-13 production by lung group 2 innate lymphoid cells (ILC2s) was examined by 

fluorescence-activated cell sorting (FACS). IL-13eGFP mice (BALB/c background) were 

exposed to 50 μg per dose of Alternaria extract with or without the DNA scavenger 

PAMAM-G3. After 4.5 hours, lungs were collected, and single-cell suspensions were 

obtained by digestion with a cocktail of collagenases (Roche Diagnostics, Indianapolis, 

Ind) at 0.2 Wünsch units per lung for 60 minutes. Cells were stained with phycoerythrin-

conjugated antibodies to CD3, CD14, CD16/CD32, B220, PerCP Cy5.5-conjugated anti-

CD44, and APC-conjugated anti-CD25, then analyzed by FACS with a BD FACSAria 

device. IL-13eGFP expression by lung ILC2s was examined by gating on the lineage-

negative (Lin−) CD25+CD44high cells as described previously.37 Data were acquired by 

Fortessa (BD Biosciences Immunocytometry Systems, Franklin Lakes, NJ) and analyzed by 

FlowJo v10.6.2 software (Treestar, Ashland, Ore).

Intracellular [Ca2+] measurements

Intracellular Ca2+ concentration ([Ca2+]i) was measured in hBE cells grown on chamber 

slides for 48 hours, then incubated with 1 μmol fura-2 AM for 1 hour. After washing 

cells twice and bathing them in HBSS solution, the chamber side was mounted onto the 

stage of an inverted Nikon fluorescence microscope with a 20× fluorescence objective, 

and fluorescence ratios were measured at excitation/emission wavelengths of 340-380 

nm/510 nm. MetaMorph software was used for image acquisition and data analysis. Relative 

changes in [Ca2+]i were determined and expressed as the fluorescence ratio when the cells 

were excited at 340 nm and 380 nm (F340/F380).

Statistical analysis

Data are presented as means ± standard errors of the mean. Statistical analyses and curve 

fitting were performed by GraphPad Prism v9.0 software (GraphPad Software, La Jolla, 

Calif). Specific statistical tests are indicated in the figures.

RESULTS

Alternaria extract exposure induces DNA release into extracellular media

When confluent monolayers of hBE cells were bathed in saline solution containing a 

membrane-impermeable fluorescent DNA dye (YoYo-1, 1.0 μmol) and stimulated with 

Alternaria (100 μg/mL) for 30 minutes, fluorescence associated with YoYo-1 binding to 

eDNA was detected on the apical surface of the cells. Unbound YoYo-1 fluorescence 

is undetectable in solution; however, fluorescence intensity dramatically increased after 

binding to dsDNA.38 The merged fluorescence/phase contrast image of hBE cells in 

Fig 1, A, also shows that the plasma membrane and nuclear membrane remained 

intact throughout Alternaria exposure; otherwise, nuclei would have displayed YoYo-1 

fluorescence. Similarly, SYTOX Green (10 μmol), another membrane-impermeable DNA 

dye (Fig 1, B), and extranuclear labeling with DAPI (see Fig E1, A, in the Online 

Repository at www.jacionline.org) revealed the presence of eDNA after treatment with 

Alternaria (100 μg/mL) for 30 minutes. As a negative control, we stimulated YoYo-1 
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(apical, 1 μmol)-treated hBE cell monolayers with heat-treated Alternaria extract for 10 

minutes at 100°C and detected no fluorescence on the apical surface, indicating that heating 

blocked the effect of Alternaria on DNA release (Fig E1, B and C). Fig 1, C, compares 

concentration response results for DNA release induced by Alternaria and HDM extracts 

using the Qubit dsDNA High Sensitivity Assay Kit. Both Alternaria and HDM extracts 

evoked concentration-dependent increases in eDNA after 30 minutes of exposure, with half 

maximal effective concentration values of 42 and 274 μg/mL, respectively. In Fig 1, D-F, 

Alternaria-stimulated DNA release from the nucleus appears as punctate staining with DAPI. 

In contrast, the nucleus retained histone 2B, indicating that the nuclear membrane remained 

intact.

DNA release is transient and directed across the apical membrane

Time course measurements demonstrated that Alternaria exposure induced transient DNA 

release (Fig 1, G). The data were fit using a first-order exponential function with time 

constants (τ) of 3.5 hours (50 μg/mL; n = 6) and 2.1 hours (100 μg/mL; n = 6), with the 

change in DNA release (ΔDNA at 100 μg/mL) over time indicated. The maximum level of 

release occurred at 4 hours and ended after 12 hours of continuous Alternaria exposure. The 

kinetics of DNA release into BAL fluid of mice exposed to Alternaria (50 μg intranasally) 

is reported in Fig 1, H. Similar to the results with hBE cells, DNA release followed an 

exponential time course (τ = 6.7 hours; n = 5) that reached a plateau after 12 hours. 

Sidedness of DNA release occurred in confluent 16HBE14o− cell monolayers grown on 

membrane filters (Fig 1, I). Alternaria (100 μg/mL) exposure on the apical or basolateral 

side of the monolayer resulted in DNA release into the apical bathing solution, but not the 

basolateral solution. Interestingly, basolateral exposure produced a 5-fold increase in the 

magnitude of apical DNA release compared to apically stimulated monolayers.

Extracellular DNA composition

Approximately equal amounts of mtDNA and nDNA were released into the extracellular 

media after Alternaria exposure. HDM, however, induced mtDNA release, but unlike 

Alternaria, nDNA fragmentation was not observed. To determine whether mtDNA was 

a component of eDNA, PCR analysis was used to probe for 2 mitochondrial genes, 

cytochrome c oxidase (MT-CO1) and NADH dehydrogenase (MT-ND1). The Ct values for 

MT-CO1 and MT-ND1 after Alternaria (100 μg/mL) exposure (30 minutes) were 21.8 ± 0.1 

(n = 4) and 22.9 ± 0.1 (n = 4), respectively, and 17.1 ± 0.1 (n = 4) and 17.4 ± 0.2 (n = 

4), respectively, after HDM (200 μg/mL) exposure, suggesting that HDM-induced eDNA is 

largely derived from mitochondria. eDNA samples also contained GAPDH (Alternaria: Ct = 

26.6 ± 0.1; n = 4; HDM: Ct = 26.9 ± 0.1; n = 4), but at a much lower level than expressed in 

cells (Ct = 14.5 ± 0.1, n = 4).

nDNA released by hBE cells in response to Alternaria (100 μg/mL) was isolated from the 

apical fluid, and Illumina libraries were prepared for sequencing (MiSeq, 300 bp paired-end 

run). Sequenced eDNA fragments from 3 biological replicates were aligned to the human 

genome, and regions of genomic enrichment, or peaks, were called within each. Fig 2, 

A, shows the genomic distribution of 8782 shared eDNA peaks across 6 major regions of 

the human genome compared to the expected distribution based on cumulative sequence 
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lengths of those regions. The composition of eDNA was significantly different in 5 of the 6 

genomic regions, indicating that nDNA was not randomly released as a consequence of cell 

death. Similarly, Fig 2, B, shows a karyotype analysis that compares the normalized fraction 

(eDNA/1 Mb) of each chromosome present in eDNA. We noted a greater representation 

of DNA from smaller chromosomes (eg, chromosome 19) compared to the larger ones 

and chromosome 18. We also noted consistency between experiments, indicating that this 

pattern of nDNA representation is reproducible and not to be expected from random DNA 

fragmentation and release. Fig 2, C, shows the correlation of gene-associated eDNA peaks 

(defined as peaks within the gene body or at a gene promoter) with highly expressed genes 

in hBE cells determined from RNA sequencing analysis with ribosomal RNA depletion 

(RNA sequencing data available at www.encodeproject.org/experiments/ENCSR822SUG). 

The top 20,000 expressed genes were placed into 4 categories (expression quantiles) on the 

basis of their level of expression (low, mid-low, mid-high, and high). The percentage eDNA 

peaks for each quantile was determined and compared to what would be predicted if the 

distribution was random. The results show a positive correlation between eDNA peaks and 

increasing levels of gene expression, whereas no correlation was observed for the random 

distribution of eDNA peaks. To determine the size of DNA fragments released in response 

to allergen exposure, apical extracellular fluid from hBE cells cultured with Alternaria 
and BAL fluids from mice exposed to Alternaria were analyzed using high-resolution 

capillary electrophoresis. DNA was extracted from extracellular media and mouse BAL fluid 

collected at 4.5 and 24 hours after Alternaria (100 μg/mL or 50 μg intranasally) exposure 

(Fig 2, D). The DNA fragment sizes observed in apical fluid samples from hBE cells and 

BAL samples were comparable and ranged from 1000 to 5000 bp. (Note that 15 bp and 5000 

bp are size markers serving as internal standards.) The typical DNA laddering pattern for 

apoptosis (fragment sizes spaced at ~180-200 bp intervals) was not observed in any of these 

samples.

DNA fragmentation is repaired within 24 hours

To assess the effects of Alternaria and HDM on nDNA cleavage, comet assays were 

performed on cultured hBE cells. The assay involves treatment of cells with Alternaria 
for 30 minutes, embedding them in an agarose gel, then disrupting the plasma and 

nuclear membranes with an alkaline buffer solution. Next, DNA fragments were separated 

from nonfragmented DNA by electrophoresis and fluorescently labeled with SYBER 

Gold. In untreated control cells, nDNA remained within the circular nucleoid disk after 

electrophoresis (Fig 3, A). However, Alternaria exposure induced tail formation, indicating 

the presence of DNA fragments migrating away from the nucleoid disk. Fig 3, B and C, 

shows the percentage of nDNA present in the tail and that the extent of DNA fragmentation 

depends on Alternaria concentration. In contrast to the effects of Alternaria (100 μg/mL) or 

H2O2 (0.5 mmol, used as a positive control), HDM exposure up to 200 μg/mL did not induce 

DNA fragmentation after 30 minutes (Fig 3, D). Furthermore, longer Alternaria exposures 

resulted in decreases in percentages of DNA present within comet tails, indicating that DNA 

repair occurs over time in the presence of Alternaria extract (Fig 3, E). The kinetics of the 

decrease in percentage of DNA in the tail exhibited a first-order exponential decay, reaching 

a level that was not significantly different from untreated control cells at 12 hours (Fig 3, 

E). The extent of DNA repair after Alternaria exposure was concentration dependent (Fig 
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3, F). DNA fragmentation induced by Alternaria up to 100 μg/mL ceased by 24 hours, 

whereas that induced by 200 μg/mL Alternaria continued. As a positive control, cells were 

pretreated with SCR7 pyrazine, an inhibitor of nonhomologous end joining repair,39 along 

with 100 μg/mL Alternaria and no reduction in percentage of DNA within comet tails was 

observed after 24 hours. This result showed that inhibiting nonhomologous end joining 

blocks the DNA repair that occurs within 24 hours after Alternaria exposure (Fig 3, F). 

In addition, treatment with the apoptosis-inducing agent etoposide (100 μmol) or DNA 

oxidation with H2O2 (0.5 mmol) did not exhibit complete repair by 24 hours (see Fig E2 in 

the Online Repository at www.jacionline.org). Moreover, hBE cells maintained their normal 

morphology at 24 hours after exposure to 100 μg/mL Alternaria (see Fig E3 in the Online 

Repository).

Oxidative stress–induced increases in [Ca2+]i stimulate DNA release

Previous studies have shown that treatment with Alternaria induces reactive oxygen species 

(ROS) production in hBE cells, resulting in oxidative stress.40 In the present study, 

Alternaria exposure stimulated Ca2+ uptake in fura-2 AM–loaded hBE cells, which was 

blocked in the absence of extracellular Ca2+ (Ca2+-free conditions) and when oxidative 

stress was prevented by pretreating cells with the ROS scavengers 5 mmol GSH or 5 mmol 

N-acetyl-cysteine (NAC) (Fig 4, A-E). Measurements of fluorescence ratios from fura-2 AM 

imaging experiments are shown in Fig 4, F. Alternaria-induced DNA release was suppressed 

by ~50% in both primary and immortalized hBE cells under Ca2+-free conditions and 

blocked when oxidative stress was prevented in cells pretreated with GSH (5 mmol) or 50 

nM CDDO-ME, an Nrf-2 activator that induces antioxidant enzyme expression41 (Fig 4, G). 

Unlike Alternaria, DNA fragmentation after H2O2 (0.5 mmol) treatment did not produce 

DNA release (Fig 4, G). Comet assays revealed that inhibiting Alternaria-dependent Ca2+ 

uptake (Ca2+-free conditions) or preventing oxidative stress by pretreating cells with GSH (5 

mmol) blocked DNA fragmentation (Fig 4, H and I).

Furin and caspase-3 are involved in nDNA mobilization and release

Alternaria-dependent activation of caspase-3 was examined in live cells using a membrane-

permeable fluorogenic substrate, which localizes within the nucleus after cleavage 

by caspase-3 (Fig 5, A and B). The small molecule caspase-3 inhibitor AQZ-1 

(AZ10417808)42 and siRNAs targeting caspase-3 (see Fig E4, A, in the Online Repository 

at www.jacionline.org) completely blocked nuclear translocation of the fluorescent probe, 

indicating inhibition of caspase-3 catalytic activity (Fig 5, C). Similarly, pretreatment with 

the furin inhibitor decanoyl-RVKR-CMK43 or CRISPR/Cas9-mediated gene knockdown 

of furin expression (Fig E4, B and C) also blocked caspase-3 activity. Moreover, Ca2+-

free conditions and ROS scavenging with GSH inhibited caspase-3 activation (Fig 5, D). 

Fig 5, E, shows that DNA release was inhibited by AQZ-1 and by caspase-3 siRNAs 

as well as by 3 known inhibitors of furin, including TPCK, decanoyl-RVKR-CMK, and 

naphthofluorescein. Fig 5, F, and Fig E4, B, show that CRISPR/Cas9-mediated knockdown 

of furin expression inhibited DNA release to the same extent as the furin inhibitor decanoyl-

RVKR-CMK. In addition, inhibition of caspase-3 or furin activity/expression blocked 

Alternaria-induced DNA fragmentation (Fig 5, G). Finally, the amino acid sequence of 
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human pro–caspase-3 (see Fig E5 in the Online Repository) shows the location of a putative 

furin cleavage site near the C-terminal end of the sequence.

Alternaria-evoked DNA release amplifies type 2 immune responses

We examined the roles of eDNA in a mouse model of Alternaria-induced innate type 2 

immunity. The amount of eDNA in the BAL fluid of mice after treatment with Alternaria 
for 4.5 hours was dramatically reduced when the DNA scavenger compound PAMAM-G3; 

([NH2−(CH2)2NH2]:(G=3); dendri PAMAM (NH2)32), a cationic polymer (mw = 6909), was 

coadministered with Alternaria (Fig 6, A). A similar result was obtained when DNA was 

degraded by coadministering DNase with Alternaria. Moreover, caspase-3–deficient mice 

treated with Alternaria exhibited 32% lower levels of DNA in the BAL fluid after 4.5 hours 

compared to Alternaria-treated WT mice (Fig 6, B). Fig 6, C, shows that pretreatment with 

PAMAM-G3 partially inhibited the secretion of IL-33 into BAL fluids. Furthermore, when 

heterozygous IL-13eGFP mice were exposed to Alternaria (50 μg per dose intranasally) 

for 4.5 hours, FACS analysis revealed increased green fluorescent protein fluorescence 

associated with Il13 transcription in ILC2s (Fig 6, D). Alternaria-induced expression of 

IL-13eGFP was significantly inhibited by administration of PAMAM-G3, indicating that 

eDNA contributes to Alternaria-induced type 2 immunity. Fig 6, E and F, demonstrates 

the amplifying effect of mouse genomic DNA (10 μg) coadministered intranasally with a 

submaximal dose of Alternaria (25 μg) on IL-5 and IL-13 secretion into BAL fluid after 4.5 

hours. DNA alone had no effect, but in the presence of Alternaria, significant increases in 

both cytokines were observed. In contrast, DNA coadministration did not amplify the effect 

of Alternaria on IL-6 secretion into the BAL (Fig 6, G). Furthermore, Alternaria did not 

induce IFN-γ or IL-17 secretion, and DNA coadministration did not have any additional 

effect, suggesting that DNA amplification was selective for IL-5 and IL-13 (see Fig E6, A 

and B, in the Online Repository at www.jacionline.org).

The role of eDNA in Alternaria-induced adaptive type 2 immunity is presented in Fig 7. 

Mice were initially treated intranasally with OVA (10 μg) and Alternaria (50 μg) at day 0 

with or without PAMAM-G3 (100 μg), then challenged intranasally with OVA (10 μg) at 

days 21, 22, and 23 before BAL fluid, lung, and plasma samples were collected on day 

24 (Fig 7, A). Analysis of immune cell counts in the BAL showed that the OVA-induced 

increase in eosinophils is nearly abolished when mice were exposed to PAMAM-G3 (Fig 

7, B). Similarly, OVA-induced increases in lung IL-5 and IL-13 were reduced in the 

presence of PAMAM-G3, but no effect was observed on the levels of IL-17 and IFN-γ 
(Fig 7, C). Finally, measurements of OVA-induced IgE showed significant inhibition when 

PAMAM-G3 was administered. However, no significant OVA induction or PAMAM-G3 

inhibition of IgG1, IgG2a, or IgG2b was detected. These findings support the conclusion that 

Alternaria-induced DNA release plays an important role in amplifying type 2 immunity in 

mice.

DISCUSSION

The present study describes a novel response of the airway epithelium to Alternaria 
and HDM extracts. The results show that Alternaria-induced oxidative stress produces 
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apical but not basolateral release of both nDNA and mtDNA fragments from hBE cells 

into the extracellular media within minutes after exposure. Kinetic measurements further 

demonstrated that DNA release terminated after 12 hours, and unlike cells undergoing 

ETosis, it was not associated with nuclear or plasma membrane disruption.44 Sequence 

analysis revealed that 5 of 6 genomic regions present within eDNA did not correspond 

with their predicted distribution within the genome, indicating that generation and release 

of nDNA fragments was selective. Karyotype analysis showed that DNAs associated 

with smaller chromosomes, especially chromosome 19, were consistently more highly 

represented within eDNA compared to larger chromosomes, again indicating a selective 

pattern of production and release of nDNA fragments. The previously reported sequence 

of chromosome 19 revealed that it has the highest gene density compared to all other 

human chromosomes—approximately twice that of the genome-wide average.45 Moreover, 

sequences from the genes that are most highly expressed in hBE cells showed greater 

representation within eDNA compared to genes with a low level of expression. These 

observations suggest that Alternaria-stimulated endonuclease activity targeted regions of the 

DNA associated with the most highly expressed genes, presumably because of greater access 

to sites where active transcription was taking place.

The results of the present study show that although Alternaria and HDM extracts elicit rapid 

release of DNA, HDM appears to induce secretion of mtDNA, not nDNA, as observed in 

response to Alternaria exposure for 30 minutes. This is likely because short-term HDM 

exposure did not elicit nDNA cleavage (Fig 3, D), which is necessary for generation 

of short nDNA fragments observed after Alternaria exposure. However, a previous study 

showed that treatment of BEAS-2B cells with 200 μg/mL HDM for 6 hours caused 

double-stranded breaks (DSBs) in nDNA leading to DNA damage and apoptosis, suggesting 

that induction of DSBs serves as an underlying driver of asthma pathophysiology.46 The 

DSBs and cytotoxicity associated with HDM exposure were attributed to the generation of 

reactive oxygen and nitrogen species. In the present study, we demonstrated that caspase-3–

mediated DNA fragmentation was dependent on Alternaria-induced increases in [Ca2+]i and 

activation of furin (Fig 5, C and D), resulting in pro–caspase-3 activation by a noncanonical 

mechanism. This effect depended on a persistent increase in [Ca2+]i, which occurs after 

Alternaria exposure, but not when cells are treated with HDM.31 Persistent elevations in 

[Ca2+]i may also be important in supporting nDNA release across the plasma membrane, but 

not mtDNA secretion evoked by HDM exposure.

Inhibition of DNA fragmentation and DNA release by pretreatment with GSH and the Nrf-2-

activating compound CDDO-ME suggested a role for ROS in the epithelial response to 

Alternaria. Interestingly, ROS production induced by H2O2 also caused DNA fragmentation, 

but not DNA release (Fig 4, G). This result suggests that oxidative stress alone was 

not sufficient to trigger DNA release, and that Alternaria must act by other mechanisms 

to facilitate trafficking and delivery of DNA fragments into the extracellular media. 

Importantly, Alternaria-induced DNA fragmentation and release was transient and ceased 

within 24 hours, whereas proapoptotic agents, such as etoposide, induced continuous DNA 

fragmentation over the same time period. It is also notable that the nature of Alternaria-

induced nDNA release from the airway epithelium is distinct from nDNA ejection that 

occurs after immune cell ETosis. The long strands of nDNA and associated antimicrobial 
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molecules that are ejected during vital and suicide NETosis or after catapult release from 

eosinophils form weblike structures that serve to entrap and kill microorganisms.12,14,17,21,23 

Hence, ETosis does not involve extensive nDNA fragmentation before ejection from the 

nucleus. In contrast, the much smaller fragments of nDNA released by airway epithelial cells 

exposed to Alternaria require prior activation of caspase-3 and DNA fragmentation factor 

before DNA fragments exit the cell. Furthermore, fragments of nDNA would not be effective 

at entrapment of microorganisms, and thus it is unlikely that they would play a significant 

role in antimicrobial defense. However, evidence from the present study indicates that these 

smaller nDNA fragments appear to have a signaling role, serving to amplify type 2 immune 

responses that underlie allergic inflammation.

Inhibition of DNA cleavage and extracellular release occurred when caspase-3 activity 

was blocked by (1) treatment with a selective nonpeptide inhibitor, (2) transfection with 

siRNAs to reduce caspase-3 protein expression, and (3) removal of extracellular Ca2+. 

Previous studies showed that caspase-3 activation leads to nuclear translocation and cleavage 

of DNA fragmentation factor to generate an active endonuclease that catalyzes DNA 

cleavage by creating DSBs in nDNA.47,48 Furthermore, prior studies showed that sustained 

increases in [Ca2+]i initiated cleavage and activation of pro–caspase-3 independent of 

apoptosis.49,50 Ca2+-dependent cleavage of pro–caspase-3 produced a catalytically active 

protein of ~25 kDa; however, the protease responsible for noncanonical, Ca2+-dependent 

caspase-3 activation remained unidentified.50 In the present study, we demonstrate that 

selective inhibitors of furin, along with knockdown of furin expression using CRISPR/Cas9 

gene editing, blocked Alternaria-evoked activation of caspase-3 and inhibited both nDNA 

fragmentation and nDNA release. Importantly, the amino acid sequence of human pro–

caspase-3 contains a consensus furin cleavage site (R-X-X-RKY ↓ V) located 34 amino 

acids upstream of the C terminus, and cleavage at this site produces a protein product 

containing an intact catalytic site with predicted molecular mass of ~25 kDa.51 These 

findings indicate that furin functions as a caspase-3 activator and serves as a critical 

enzyme necessary for noncanonical activation of caspase-3 by Alternaria and potentially 

other allergens. Interestingly, a furin cleavage site consisting of polybasic residues was 

also identified in the spike protein of severe acute respiratory syndrome coronavirus 2, the 

coronavirus responsible for the recent coronavirus disease 2019 global pandemic. Cleavage 

of the spike protein by furin was shown to be important in facilitating infection and 

pathogenesis of the virus.52

Previous studies have shown that alarmins, such as ATP, uric acid, and IL-33, initiate type 2 

immunity.53 The present study demonstrated that Alternaria-induced DNA mobilization and 

release amplified type 2 immunity in mice. Intranasal administration of Alternaria produced 

time-dependent increases in DNA within the BAL fluid that reached a maximum between 12 

and 24 hours, similar to the kinetics of DNA release from hBE cells. Furthermore, analysis 

of the DNA showed that the size fragments in the BAL fluid were within the same range 

as observed in the extracellular media from Alternaria-stimulated hBE cells (Fig 2, D). 

Treatment of the BAL fluid with a DNA scavenger (PAMAM-G3) or with DNase abolished 

DNA detection within the BAL samples. Furthermore, Alternaria-stimulated DNA release 

into BAL fluid was partially inhibited in caspase-3–deficient mice, which was similar to 

results from hBE cells where caspase-3 expression was reduced by RNA interference or 
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when its activity was inhibited with a selective, nonpeptide inhibitor. FACS analysis of 

IL-13eGFP mice showed that Alternaria exposure induced expression of IL-13 in ILC2s and 

pretreatment with a DNA scavenger blocked Alternaria-induced IL-13 expression, indicating 

a role for eDNA in amplifying innate type 2 immunity. Similarly, IL-33 release into the 

BAL fluid was inhibited after pretreatment with a DNA scavenger. The potentiating effects 

of eDNA on innate type 2 cytokine production were also demonstrated by coadministration 

of mouse genomic DNA with submaximal doses of Alternaria. Treatment with DNA alone 

had no effect on IL-5 or IL-13 secretion into the BAL fluid; however, in the presence 

of Alternaria, a significant increase in the secretion of these cytokines was observed. 

These findings imply that self-DNA released after allergen exposure enhances the secretion 

of IL-33 and promotes type 2 cytokine production by ILC2s in vivo. Further evidence 

supporting a role for eDNA in type 2 immunity was obtained from OVA sensitization studies 

in mice, which showed that pretreatment with PAMAM-G3 inhibited the adjuvant activity of 

Alternaria to promote adaptive type 2 immune responses to the innocuous OVA antigen (Fig 

7). Moreover, DNA scavenging also inhibited OVA-stimulated increases in eosinophil counts 

within BAL fluid as well as the increase in OVA-specific IgE levels detected in plasma. 

Thus, DNA scavengers may have some therapeutic benefit in reducing allergic inflammation 

induced by environmental allergens that stimulate DNA release.

The molecular components of Alternaria and HDM extracts responsible for DNA 

mobilization and release are presently unknown. It is possible that Toll-like receptor (TLR) 

ligands, such as Alt a 1, may play a role. In an earlier study, Alt a 1, perhaps the most 

clinically significant allergen secreted by Alternaria, was shown to induce immune responses 

in human airway epithelial cells that involved binding to TLR2 and TLR4 and their 

subsequent interactions with adaptor proteins, including MyD88 and TIRAP.54 Likewise, 

Alternaria-evoked IL-33 and IL-1α expression, TH2 cytokine responses, and IgE antibody 

production were suppressed in MyD88-deficient mice, although TH2 responses and lung 

inflammation remained unaltered in TLR4 knockout mice.55 Heat treatment of Alternaria 
extract inhibited IgE production and reduced TH2 mediator release in C57BL/6 mice,55 and 

the results of the present study showed that heat treatment abolishes DNA release (Fig E1). 

However, Alt a 1 is known to be heat stable,56,57 suggesting that it may not promote DNA 

release. Alternaria extract does contain several other allergens,58 many of them enzymes, 

including enolase (Alt a 6), mannitol dehydrogenase (Alt a 8), alcohol dehydrogenase (Alt 

a 10), and glutathione-S-transferase (Alt a 13), which are sensitive to heat inactivation. The 

extract also contains heat-labile protease activity that also contributes to innate immune 

responses of airway epithelial cells.59-62 Similarly, several allergens present in HDM extract 

(such as Der f 1, Der p 1, Der f 3, Der f 6) also exhibit cysteine or serine protease 

activity,63,64 indicating a common set of enzyme activities in both extracts that might be 

important in DNA release. Finally, it is also possible that molecular components other than 

enzymes and proteins within Alternaria and HDM extracts may stimulate DNA release, so 

further experiments will be needed in order to identify the specific molecules involved.

Our proposed model for Alternaria and HDM-induced DNA release from the airway 

epithelium is summarized in the graphical abstract. Previous studies have demonstrated that 

Alternaria exposure induces ATP secretion by 2 mechanisms, one consisting of conductive 

ATP efflux mediated by VDAC-1 (aka voltage-dependent anion channel 1) located in 
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the apical membrane, and a second pathway that involves vesicular ATP release.28,65 

Extracellular ATP stimulates P2X7 receptors, leading to Ca2+ uptake and a sustained rise in 

[Ca2+]i that initially activates furin, which cleaves procaspase-3, resulting in stimulation of 

caspase-3 activity. Caspase-3 then enters the nucleus, where it activates DNA fragmentation 

factor to produce DNA fragmentation. DNA exit from the cell does not involve disruption 

of the nuclear envelope or the plasma membrane and may occur by a mechanism similar to 

vital NETosis.23,24 This process involves vesicle-mediated DNA transport from the nucleus 

to the plasma membrane where DNA exocytosis occurs. It is important to emphasize that the 

DNA release described here is distinct from DNA ejection by ETosis, where long filaments 

of eDNA play a role in antimicrobial defense.20,44 Instead, the small nDNA and mtDNA 

fragments released in response to Alternaria appear to function as alarmins, promoting type 

2 immune responses that include release of IL-33 and type 2 cytokines, which facilitate type 

2 immunity and allergic airway inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

BAL Bronchoalveolar lavage

DAPI 4′,6-Diamidino-2-phenylindole

DSB Double-stranded break

dsDNA Double-stranded DNA

eDNA Extracellular DNA

ET Extracellular trap

FACS Fluorescence-activated cell sorting

GSH L-Glutathione

hBE Human bronchial epithelial

HBSS Hanks balanced salt solution

HDM House dust mite

ILC2 Group 2 innate lymphoid cell
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mtDNA Mitochondrial DNA

NAC N-Acetyl-L-cysteine

nDNA Nuclear DNA

NET Neutrophil ET

OVA Ovalbumin

ROS Reactive oxygen species

siRNA small interfering RNA

TLR Toll-like receptor

TPM Transcripts per million

WT Wild type
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Key messages

• hBE cells and mouse airways rapidly release eDNA after Alternaria and 

HDM exposure.

• Alternaria induces noncanonical, furin-mediated activation of caspase-3, 

which results in DNA mobilization and extracellular release of small 

(1000-5000 bp) DNA fragments.

• In mice, eDNA amplifies IL-5 and IL-13 secretion and type 2 immunity.
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FIG 1. 
Alternaria stimulates DNA release. Fluorescence/phase contrast images (original 

magnification 40×, scale bar = 10 μm, n = 3) showing eDNA with (A) YoYo-1 (1 μmol) 

and (B) SYTOX Green (10 μmol) after Alternaria (30 minutes). (C) Concentration effects of 

Alternaria and HDM on eDNA (Alternaria, half maximal effective concentration [EC50] = 

42 μg/mL; r2 = 0.89 and HDM, EC50 = 274 μg/mL; r2 = 0.90). (D) DAPI-labeled nuclei 30 

minutes after Alternaria (100 μg/mL) treatment (n = 3). (E) Histone 2B (H2B) localization 

30 minutes after Alternaria (100 μg/mL) exposure. Western blot showing H2B labeling with 

antibodies used for immunocytochemistry. (F) Colocalization (yellow) of DNA and H2B in 

the nucleus (original magnification 60×, scale bar = 5 μm). (G) DNA release at 2 Alternaria 
concentrations (50 and 100 μg/mL), n = 6 each. ΔDNA release (red) represents differences 

in DNA accumulation between time intervals after Alternaria (100 μg/mL) exposure. (H) 
eDNA in BAL fluid of mice (n = 5) treated intranasally with Alternaria (50 μg). (I) Apical 

and basolateral treatment of 16HBE14o− monolayers exposed to 100 μg/mL Alternaria for 

30 minutes (n = 6 each, #P < .0004, *P < .0001; unpaired, 2-tailed ttests with Welch 

correction).
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FIG 2. 
Alternaria (50 μg/mL)-induced nDNA release is not random. (A) eDNA peaks from genome 

regions common to all replicates (red bars, n = 3; Promoters *P = .0343, 5′-UTRs *P = 

.0028, Exons *P = .0302, Introns *P = .0434, Intergenic *P = .0039; unpaired, 2-tailed t 
tests with Welch correction) compared to the percentage expected if DNA mobilization and 

secretion was random (gray bars, n = 3). (B) Karyotype analysis showing percentage of 

eDNA associated with each chromosome normalized to 1 Mb of eDNA (n = 3). Regions of 

chromosomes 18 and 19 detected in each of 3 eDNA samples are indicated as overlapping 

red, gray, and black peaks. “X” refers to the X chromosome. (C) Positive correlation 

between 4157 gene-associated eDNA peaks and the level of expressed genes in hBE 

cells determined from RNA sequencing analysis. Plot shows quantiles for the top 20,000 

expressed genes. (D) DNA gel showing the range of DNA sizes in extracellular fluid of hBE 

cultures exposed to Alternaria (100 μg/mL, 24 hours) and BAL samples from mice treated 

with 50 μg (intranasally [i.n.]) Alternaria (4.5 and 24 hours). Lane M shows the DNA size 

markers; the table gives the size fragments detected from each gel.
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FIG 3. 
Alternaria induces nDNA fragmentation followed by DNA repair. (A) Alternaria (100 

μg/mL) exposure (30 minutes) produced DNA fragmentation indicated by tail formation in 

comet assays. (B) Percentage DNA in comet tails after Alternaria treatment (30 minutes, *P 
< .0001 compared to control). (C) DNA fragmentation increases with increasing Alternaria 
concentrations (half maximal effective concentration [EC50] = 26.3 ± 4 μg/mL, n = 6; data 

were fit with a 3 parameter logistic function). (D) In contrast to Alternaria (100 μg/mL) 

or H2O2 (0.5 mmol), HDM (200 μg/mL) does not induce DNA fragmentation (*P < .0001 

compared to control). (E) Representative images of comets at various times after Alternaria 
(50 μg/mL) exposure. The percentage of DNA in comet tails decreased with time, indicating 

DNA repair after Alternaria (50 μg/mL) exposure (n = 20-61). (F) Effects of increasing 

Alternaria (50 [n = 60], 100 [n = 42], and 200 [n = 30] μg/mL) concentration on percentage 

of DNA in the tail at 0.5 hours and 24 hours after Alternaria exposure (*P < .0001 compared 

to 50 and 100 μg/mL Alternaria, respectively). Statistical analysis of data in (B), (D), and 

(F) was performed using a Brown-Forsythe and Welch ANOVA followed by Dunnett T3 

posttest.
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FIG 4. 
Alternaria-induced oxidative stress and increases in [Ca2+], are required for DNA 

fragmentation and release. (A) Image (original magnification 20×, scale bar = 10 μm) 

of fura-2 AM–labeled hBE cells before Alternaria exposure. (B) Increases in [Ca2+], 

after Alternaria (100 μg/mL) treatment (10 minutes). (C-E) Ca2+-free conditions (C) or 

pretreatment with ROS scavengers. Application of (D) 5 mmol GSH or (E) 5 mmol NAC 

block Alternaria (100 μg/mL) induced increases in [Ca2+]i. (F) Fura-2 AM fluorescence 

ratios (340 nm/380 nm) after Alternaria (100 μg/mL) and when hBE cells were maintained 

under Ca2+-free conditions or pretreated with 5 mmol GSH or NAC (*P < .0001; ANOVA 

followed by Dunnett posttest). (G) Ca2+-free and 5 mmol GSH inhibits Alternaria (100 μg/

mL)-induced DNA release from primary and immortalized hBE cells (*P < .0001; ANOVA 

followed by Dunnett posttest). CDDO-ME (50 nmol) inhibited DNA release in immortalized 

hBE cells (ANOVA followed by Tukey posttest), but 0.5 mmol H2O2 alone did not induce 

DNA release. (H) Images of comets after Alternaria (100 μg/mL) exposure under Ca2+-free 

conditions and in the presence of 5 mmol GSH. (I) DNA fragmentation was blocked 

under Ca2+-free conditions and after pretreatment with 5 mmol GSH (*P < .0001; ANOVA 

followed by Dunnett posttest).
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FIG 5. 
Alternaria-induced DNA fragmentation and release involves furin-mediated activation of 

caspase-3. (A and B) hBE cells labeled with fluorescent caspase-3 substrate before (A) 
and after (B) 100 μg/mL Alternaria (original magnification 40×, scale bar = 10 μm). 

(C) Nuclear fluorescence detected after Alternaria (100 μg/mL) alone and after caspase-3 

inhibitor AQZ-1 (25 μmol), caspase-3 siRNA, decanoyl-RVKR-CMK (100 nmol), and furin 

knockdown (KD) (*P < .0001). (D) Nuclear fluorescence detected after Alternaria (100 

μg/mL) alone and after 5 mmol GSH or Ca2+-free conditions (*P < .0001). (E) AQZ-1 (25 

μmol) or caspase-3 siRNAs inhibited ~50% of Alternaria-induced DNA release (AQZ-1: *P 
< .0004; CSP3 siRNA; †P < .01). Furin inhibition with TPCK (25 μmol), decanoyl-RVKR-

CMK (100 nmol), or naphthofluorescein (100 nmol) blocked ~50% of Alternaria-induced 
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DNA release (*P < .0001). (F) Furin KD blocked Alternaria-induced DNA release, similar 

to decanoyl-RVKR-CMK (*P < .0005, †P < .0001). (G) Comet assay showing inhibition 

of Alternaria-evoked DNA fragmentation after AQZ-1 (25 μmol) and caspase-3 siRNAs 

(*P < .0001). DNA fragmentation was blocked by decanoyl-RVKR-CMK (100 nmol), 

naphthofluorescein (100 nmol), and furin KD (*P < .0001). Statistics (Fig 3, C-G) involved 

comparisons with Alternaria alone using Brown-Forsythe and Welch ANOVA followed by 

Dunnett T3 posttest.
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FIG 6. 
DNA stimulates innate type 2 immunity in mice. (A) DNA scavenger PAMAM-G3 (100 μg 

i.n.) or DNase (40 μg i.n.) reduced (*P < .0001; ANOVA followed by Tukey posttest) 

DNA content in BAL fluids after Afternaria (50 μg i.n.). (B) Alternaria increases in 

BAL [DNA] from caspase-3 knockout (KO) mice was lower than in BAL samples from 

Alternaria-stimulated WT mice (*P = .0024; unpaired t test). (C) Alternaria-stimulated 

(50 μg i.n.) increases in BAL [IL-33] were reduced (*P = .0019; unpaired, t test) during 

coadministration of PAMAM-G3 (100 μg i.n.). (D) FACS analysis of lung ILC2 cells in 

IL-13 eGFP mice exposed to Alternaria (50 μg i.n.) showed increases (*P = .0207) in IL-13 

that were blocked after pretreatment with PAMAM-G3 (#P = .0055; compared to Alternaria 
alone; Brown-Forsythe and Welch ANOVA followed by Dunnett T3 posttest). (E and F) 

Submaximal (i.n.) Alternaria (25 μg) and mouse genomic DNA (10 μg) amplifies IL-5 and 

IL-13 secretion into BAL fluid (*P = .0057 for IL-5 and **P < .0001 for IL-13, ANOVA 

followed by Tukey posttest), while DNA alone had no effect. (G) Alternaria-induced 
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increases in BAL [IL-6] were not amplified by 10 μg of mouse genomic DNA (ANOVA 

followed by Tukey posttest). i.n., Intranasally.
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FIG 7. 
eDNA amplifies Alternaria-induced adaptive type 2 immunity. (A) Experimental protocol 

was to examine the effect of DNA scavenging on Alternaria-induced type 2 immune 

responses; naive mice were exposed i.n. to OVA 1 Alternaria extract with or without 

PAMAM-G3 and then challenged i.n. with OVA alone. (B) Alternaria-stimulated increases 

in BAL eosinophil (Eos) counts were significantly reduced in the presence of 100 μg 

PAMAM-G3 (*P < .05; ANOVA followed by Tukey posttest). (C) OVA-challenge increases 

in IL-5 and IL-13 were significantly reduced (*P < .05) by pretreatment with PAMAM-G3 

(100 μg). (D) Increases in IgE after OVA challenge were significantly inhibited (*P < .05) by 

pretreatment with PAMAM-G3 (100 μg). i.n., Intranasally.
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