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Abstract

Basal airway epithelial cells (AEC) constitute stem/progenitor cells within the central airways

and respond to mucosal injury in an ordered sequence of spreading, migration, proliferation,

and differentiation to needed cell types. However, dynamic gene transcription in the early

events after mucosal injury has not been studied in AEC. We examined gene expression

using microarrays following mechanical injury (MI) in primary human AEC grown in submer-

sion culture to generate basal cells and in the air-liquid interface to generate differentiated

AEC (dAEC) that include goblet and ciliated cells. A select group of ~150 genes was in dif-

ferential expression (DE) within 2–24 hr after MI, and enrichment analysis of these genes

showed over-representation of functional categories related to inflammatory cytokines and

chemokines. Network-based gene prioritization and network reconstruction using the

PINTA heat kernel diffusion algorithm demonstrated highly connected networks that were

richer in differentiated AEC compared to basal cells. Similar experiments done in basal AEC

collected from asthmatic donor lungs demonstrated substantial changes in DE genes and

functional categories related to inflammation compared to basal AEC from normal donors.

In dAEC, similar but more modest differences were observed. We demonstrate that the

AEC transcription signature after MI identifies genes and pathways that are important to the

initiation and perpetuation of airway mucosal inflammation. Gene expression occurs quickly

after injury and is more profound in differentiated AEC, and is altered in AEC from asthmatic

airways. Our data suggest that the early response to injury is substantially different in asth-

matic airways, particularly in basal airway epithelial cells.

Introduction

The epithelium lining human lung airways serves as a primary defense interface against partic-

ulates, inhaled pollutants, pathogens, and xenobiotics. Basal airway epithelial cells (AEC) com-

prise approximately 30 percent of the epithelium in the major airways. These cells operate as

the progenitors for ciliated and goblet columnar cells within the airway [1–3], especially after
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mucosal injury [1, 4, 5]. A baseline transcriptome of basal AECs is clearly distinct from the dif-

ferentiated AEC (dAEC) [6, 7], and the dAEC transcriptome in culture conditions more

closely resembles that of an in vivo airway epithelium [8].

Airways diseases, including asthma, substantially alter the epithelial response to injury [9,

10]. Ordered gene expression in mucosal repair after injury seen in normal airways may be

dysfunctional in asthma, and injury culture models of asthmatic AEC demonstrate a shift

towards the expression of genes associated with disordered repair and remodeling [11–13].

Normal epithelial cells release a number of cytokines and chemokines following direct physical

injury or exposure to environmental stressors and bacterial or viral pathogens [9]. However,

the inflammatory response to injury in asthmatic cells remains enigmatic. Several studies have

reported significant differences observed in airway epithelial cells recovered from asthmatic

subjects as compared to normal AEC. Moreover, asthmatic AEC may retain certain of these

abnormalities even when in culture [14–20], such as mitotic dys-synchrony and increased

secretion of inflammatory cytokines such as IL-6, IL-13, and TGF-β1 after mechanical injury

[12, 19].

Despite the importance of understanding how an asthmatic epithelium releases inflamma-

tory mediators in response to environmental perturbation, little is known about the activation

of gene networks in the first hours after injury. These networks of the early-responder genes

are essential for shaping the immediate epithelial cell response. Heguy et al. [21] examined

gene expression seven and fourteen days after abrasive injury in vivo by repeated sampling of

the same location in an airway via bronchoscopy, and demonstrated a distinctive ‘repair tran-

scriptome’ at seven days that was dominated by cell cycle, signal transduction, metabolism,

and transport genes. The transcriptome reverted more closely to a resting expression profile

by the fourteenth day after the injury. However, these time points do not characterize the

immediate (within hours) changes in the transcriptome after injury.

To address the questions related to the early events that occur after injury, we examined epi-

thelial cell expression in a well-established mechanical injury model in both normal and asth-

matic AEC grown under two distinct conditions: (1) in submersion culture with uniformly

basal AEC phenotype, and (2) in air-liquid interface (ALI) culture that generates a more differ-

entiated AEC (dAEC) phenotype seen in a homeostatic airway.

Our data demonstrated the expression of pro-inflammatory cytokines and chemokines

genes within hours of injury in normal but not asthmatic cells. Clear differences were also seen

between the two cell phenotypes with greater expression of inflammatory cytokines after

injury noted in differentiated AEC. Furthermore, the response to MI of asthmatic AEC in

either culture environment responded differently compared to normal AEC and expressed

genes that were related to cell cycle and proliferation, programmed cell death, and antimicro-

bial activity as opposed to cytokines and chemokines. These data suggest that epithelial cells

can within hours express genes that encode inflammatory mediators and that these may differ

qualitatively in asthmatic versus normal epithelial cells.

Materials and methods

Cell culture

Primary human tracheobronchial epithelial cells were collected from lungs provided by the

Gift of Hope Organ & Tissue Donor Network, Itasca, IL, through the generous gift of donor

families. Donors had previously provided consent for the use of discarded tissue in research to

the Gift of Hope. These lungs had been collected for use in lung transplantation but rejected

for use, and were considered to be exempt from IRB regulation by the University of Chicago

IRB (S1 Letter). In considering this exemption, the IRB noted that the rules of the Office of
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Human Research Protection (45 CFR46.102 (f)) did not apply, as the donors were deceased

and that we did not obtain information about or samples from living individuals, so that the

research described in this manuscript did not constitute engagement in human subjects

research. No donated tissue and organs came from any vulnerable populations.

Lungs were collected from two groups of donors: those without known lung disease, and

those with a history of chronic asthma. For the latter group, no specific information generally

was available concerning disease severity, duration, or treatment. No other clinical or identify-

ing information provided by the Gift of Hope was used or is disclosed in this study.

To obtain either basal cell or differentiated cell phenotypes, AEC were grown in submersion

or ALI culture (21 days) respectively [17, 22, 23]. Passage 1 cells used in ALI culture were

seeded at 1.0 x 105 cells onto collagen IV-coated, 12.5 mm diameter Millicell CM culture

inserts (pore size 0.4 μm) (Millipore, Inc.). Cells were grown to 80% confluence, the apical

medium was removed and cells were fed via the basolateral side every other day to day 21. Pas-

sage 1 cells used in submersion culture were seeded similarly onto collagen IV-coated plastic

wells, 12.5 mm diameter, and grown to 100% confluence. Cell morphology was confirmed in

cultures from each donor using immunostaining antibodies directed against cytokeratin 5

(CK5) to mark basal cells (either goat IgG sc-17090 or mouse IgG1 sc-32721, both used at

1:250 dilution Santa Cruz) [24, 25], alpha-acetylated tubulin (AA-tubulin) to mark ciliated

cells (mouse IgG2b #32–2700, 1:500 dilution, Zymed) [26, 27] or MUC5AC (either goat IgG

sc-16910 or rabbit IgG sc20118, both used at 1:250 dilution, Santa Cruz), to mark mucoid cells

[28, 29]. Cells were first fixed in 100% ethanol at 4˚C for 30 minutes, after which cells were

washed, and primary antibodies were incubated overnight at 4˚C. Secondary antibodies

directed against each with non-overlapping conjugated fluoroprobes then were added (2 mg/

ml each as required) at 20˚C for 1 hr: donkey-anti rabbit IgG conjugated with Alexa Fluor 594;

donkey-anti mouse IgG (H+L) conjugated with Alexa Fluor 488; donkey anti-goat IgG (H+L)

conjugated with Alexa Fluor 594; donkey anti-goat IgG (H+L) conjugated with Alexa Fluor

488; and donkey anti-mouse IgG (H+L) conjugated with Alexa Fluor 594 (all Invitrogen).

Nuclei were labeled with Hoechst 33258. Cells were imaged using an Olympus DSU disk scan-

ning confocal system on an Olympus IX81 microscope platform equipped with a Photometrics

Evolve- back-thinned CCD camera and UPlan Apo 40x or 60x objectives. Images were assem-

bled from z-stacks using ImageJ software (Wayne Rasband, National Institutes of Health,

Bethesda, MD).

Mechanical injury experiments

Cells grown to confluence in either culture system were injured using a mechanical rake to

ensure a large number of wound edges [30], then incubated for up to 24 hr. Control cells with-

out mechanical injury (MI) were collected at the same time intervals.

Microarray processing

Total RNA was extracted from cells using QIAzol lysis reagent followed by RNeasy mini kits

(Qiagen, Inc., Valencia, CA). Gene expression profiling was assessed using HumanHT-12 v4

expression BeadChips (Illumina, San Diego, CA) that included probes for more than 47,000

genome-wide transcripts.

Differential expression analysis

We first grouped the expression data into 12 groups, each group with only one variant of

injury versus no-injury. The 12 groups contain each time point (2, 8, and 24 hour), two culture

conditions (submersion and ALI) and two disease states (asthma and normal). Two major
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methods of analysis, weighted gene correlation network analysis (WGCNA) and differential

expression based analysis, were applied to these groups. For microarrays passing initial quality

control, expression levels were extracted using Limma after background subtraction and quan-

tile normalization using the method of Xie et al. [31]. Significant DE was determined following

correction for multiple testing and false discovery by the method of Benjamini and Hochberg

(23) using Limma [32]. Genes in DE between ALI and submersion conditions (absolute

FC� 1.5, corrected P value < 0.05) for every time point under consideration were extracted.

Gene expression pattern analysis was performed to identify the sets of genes differentially

expressed under each culture condition over time [33]. Heat-maps and a linear plot for the sig-

nificantly differentially expressed genes were generated to indicate the levels of expression and

the relationship among the genes at different times and conditions. Enrichment analysis for

identification of GO categories, diseases, phenotypes, pathways, and other features over-repre-

sented in the sets of differentially expressed genes, was performed using online analytical tools

available in the Lynx integrated system [34]. Statistical significance was estimated using Bayes

factor and P-value calculated for each category under consideration. Bonferroni correction

was applied to the results of analyses to correct for multiple testing. MIAME-compliant raw

data has been deposited in the Gene Expression Omnibus (GEO) site (http://www.ncbi.nlm.

nih.gov/geo) (accession numbers GSE 59128 and GSE109170).

Network-based gene prioritization

Genes differentially-expressed under each condition were submitted to the Lynx/PINTA server.

The PINTA [35] heat kernel diffusion algorithm was used to generate a gene association score

that estimates the strength of functional associations between the differentially expressed genes

and prediction of additional genes potentially involved in the inflammation/wound healing

response under each condition. The original heat kernel diffusion algorithm from the PINTA

tool was modified to accommodate weighted data types. The STRING platform was used as the

underlying genome wide functional association network for gene prioritization and network

reconstruction [36, 37]. Two iterations for network diffusion; 0.5 as the diffusion value, and

5,000 network randomizations for estimating p-values, were used as parameters for the heat

kernel diffusion algorithm. Bonferroni correction was applied to the results of analyses to cor-

rect for multiple testing. Genes with the score� 0.03 were extracted for each condition. The

resulted patterns and network-based predictions were visualized by the STRING webserver

using default settings for confidence, evidence and molecular action [36].

Weighted gene co-expression network analysis

Systems level analysis of cellular responses was done by WGCNA [38, 39]. This analysis was

performed separately for each group as well for the whole experiment to avoid the dilution of

the co-expression patterns by mixing the experimental conditions. The initial step included

the reconstruction of the co-expression network based on Pearson correlation. The threshold

for this network was determined by the connectivity and degree distribution. Module detec-

tion was performed on the resulting co-expression network by hierarchical clustering. Each

module contained subsets of genes in the input expression files; modules did not overlap with

each other. The genes within each module were considered to be co-expressed. The modules

then were evaluated by whether the overall expression of genes within the module correlated,

positively or negatively, with injury/no-injury as the condition variable. An estimated P-value

was generated for each module to estimate the significance of the corresponding correlation.

Functional enrichment analysis then extracted significant categories from each module which

was compared across the groups.
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Results

Epithelial transcriptomes of normal un-injured basal AEC and dAEC are

different under standard quiescent culture

Basal AEC grown in submersion culture expressed cytokeratin 5 (KRT5) and did not express

significant quantities of either gel-forming mucin 5AC (MUC5AC), characteristic of goblet

epithelial cells, or of alpha-acetylated tubulin, characteristic of ciliated epithelial cells, as

reported by the previous studies [6, 22]. As expected, dAEC culture demonstrated abundant

expression of both MUC5AC and alpha-acetylated tubulin in addition to cytokeratin 5, indi-

cating the presence of goblet and ciliated cells, respectively (Fig 1A). The whole genome tran-

scriptomes of normal dAEC and basal AEC from four donor lungs also demonstrated

significant differences as assessed by both PCA and volcano plots of DE (Fig 1B) as expected

[6] for differences in cell type and development. Table A in S1 File provides a list of genes in

DE between the two culture conditions.

The enrichment analysis of the genes differentially expressed (logFC>1.3, FDR-corrected

P-value < 0.05) between the normal uninjured basal AEC and differentiated dAEC was per-

formed using both the Lynx [34, 40] and ToppGene [41] bioinformatics platforms. There were

substantial differences between these two culture conditions at 8 hr after MI. The genes highly

expressed in the basal AEC cells were predominantly involved in keratinization (GO:0031424)

and cell cycle (GO:0007049). However, the genes highly expressed in the dAEC cells at the

same time point were enriched in the categories related to cytokine activity (GO:0005125),

extracellular space (GO:0005615), and interferon signaling (GO:0060333) (Table B in S1 File).

Epithelial transcriptomes in normal basal and dAEC differ after

mechanical injury

Mechanical injury to normal AEC and dAEC was done using a rake that generated a substan-

tial number of cells at wound edges [30]. The analysis of differential expression of genes in

both normal differentiated and basal AEC at 2, 8 and 24 hours after MI demonstrated (Fig 2A)

a significant number of DE genes. Table C in S1 File lists 87 genes of interest to inflammation;

as shown in Fig 2B, a number of inflammatory cytokine and chemokine ligands, and key sig-

naling intermediates for these ligands, were up-regulated in both differentiated and basal AEC

2 to 24 hr hours after mechanical injury.

Tables D—G in S1 File list genes related to cell cycle, differentiation, proliferation, and cell

migration. Using one-tailed paired t-tests, we examined gene expression after injury in differenti-

ated AEC as well as basal AEC for genes associated with cell cycle and differentiation. In both cul-

ture conditions at 8 hr after MI, there were genes in significant DE for both cell cycle (P< 0.01)

and differentiation (P< 0.02) related genes. Therefore, genes involved in these two biological pro-

cess have significant (P< 0.05) difference between dAEC and basal AEC as expected.

Enrichment analysis was performed for identification of the functional categories overrep-

resented in the sets of the genes differentially expressed in normal vs injured AEC or dAEC

cells. Table 1 presents the results of the enrichment analysis of the DE genes in normal dAEC

and AEC 8 hr after injury. Both basal AEC and dAEC demonstrated significant activation of

molecular pathways involved in cytokine activity (GO:0001817, REACT_75790), inflamma-

tion (GO:0006954), and to defense responses against bacteria (GO:0002684). Activation of the

response to injury was observed in both cell culture conditions but different sets of genes were

activated in the two different cell types (Table 1).

Systems level analysis of these responses was characterized using weighted gene co-expres-

sion network analysis (WGCNA) [38, 39]. The analysis was done for each time point and cell

Epithelial cell chemokine expression after injury
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type using only significantly differentially expressed genes (FC > 1.5, adjusted P value < 0.05)

to identify gene functional modules specific for the condition under observation. An absolute

correlation coefficient > 0.8 and adjusted P value < 0.05 was required for significance.

Table H in S1 File presents the statistically significant modules characteristic for each condi-

tion. The significant modules detected at 8 hr after MI were enriched for cytokine activity

(GO:0005125), interleukin-1 receptor binding (GO:0005149), and inflammatory responses

(GO:0006954) in both differentiated and basal AEC, while differentiated AEC also showed

enrichment for toll-like receptor pathways (GO:0034142, GO:0002224, GO:0034138) (Table I

in S1 File). A greater number of GO functional categories were identified as significant for

dAEC as compared to basal AEC.

Reconstruction of the molecular networks using DE genes (P < 0.05 and FC > 1.5) as seed

genes for dAEC and AEC at each time point are presented in Fig 3. There was an increase in

membership and complexity of the anti-inflammatory response at 8 and 24 hr, as compared to

2 hr, after MI for both basal and differentiated AEC. However, at 8 hr after MI, the DE genes

network for differentiated AEC (86 nodes) are more complex than their basal AEC counter-

parts (47 edges) (Fig 3 and Table J in S1 File). Especially at 8 hr after MI, the differentiated

AEC network contains twice as many edges as basal AEC network and the differentiated AEC

network has a higher average degree (8.047) than basal AEC network (6.809). These data indi-

cated that in the immediate hours after injury, both differentiated and basal AEC elicited gene

expression that is related to a significant inflammatory and pro-defense response that in differ-

entiated AEC is more intense.

Epithelial transcriptomes in basal and dAEC differ after mechanical injury

specific to asthmatic cells

As with cells collected from normal donor lungs, transcriptomes of dAEC and basal AEC col-

lected from asthmatic donor lungs demonstrated appreciable numbers of ciliated and goblet

cells when grown in air-liquid interface and a significant number of up-regulated and down-

regulated genes illustrated by volcano plot (FC� 1.5 and corrected P value [FDR] < 0.05)

(Table A in S1 File).

After the mechanical injury, both differentiated and basal AEC from asthmatic subjects

expressed a limited, discrete set of up-regulated genes, and fewer down-regulated genes (Fig

4A). Furthermore, the expression of cytokine and chemokine ligands was similar in differenti-

ated and basal AEC (Fig 4B). These patterns were consistent to the ones observed in normal

AEC and dAEC.

Reconstruction of the molecular networks for the significantly DE genes (p-value<0.05,

fold change > 1.5) using the STRING10 server is presented in Fig 5. The connections in dAEC

were more complex and denser at 8 hr (with 771 edges, 9.071 average degree) versus 2 hr (with

76 edges 4.75 average degree). There were decidedly few connections observed at 24 hr with

only 6 edges, which fit with the clear change in cytokine/chemokine expression changes and

the far fewer functional pathways identified at that time point.

Fig 1. Demonstration of airway epithelial cell differentiation. A. Confocal immunofluorescence of basal and

differentiated (dAEC) to demonstrate markers of differentiation in the latter. The presence of MUC5AC indicated

differentiation into goblet cells, and the presence of alpha-acetylated tubulin indicated differentiation into ciliated cells.

The presence of CK5 indicated the presence of basal cells in both culture conditions. No significant differentiation into

goblet or ciliated cells types is seen in cells grown in submersion culture. B. Principal component analysis and volcano

plots in AEC from normal or asthmatic donor lungs to demonstrate differential gene expression in the resting (without

mechanical injury) state (N = 4 in each group) between dAEC and basal AEC, using all expressed gene probe sets

(n = 35,530 for normal cells and n = 41,733 for asthmatic cells) as an input dataset. For each, the number of up- and

down-regulated probes (�1.5 fold change, vertical dashed lines, adjusted P< 0.05, horizontal dashed line) is provided.

https://doi.org/10.1371/journal.pone.0193334.g001
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Fig 2. Normal basal and differentiated airway epithelial cells differ in gene expression patterns after mechanical injury. A. Volcano plots in AEC

from normal donor lungs to demonstrate differential expression in probes in the resting (without mechanical injury) state (N = 4 in each group)

between differentiated (dAEC) and basal AEC, using all expressed gene probe sets (n = 35,530) as an input dataset. For each, the number of up- and

down-regulated probes (�1.5 fold change, vertical dashed lines, adjusted P< 0.05, horizontal dashed line) is provided. B. Differential expression for

selected gene probes involved in inflammation and inflammation signaling at 2–24 hr after injury versus non-injured cells is provided as a heat map.

https://doi.org/10.1371/journal.pone.0193334.g002
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WGCNA analysis for each condition only detected 1 or 2 significant modules (Table K in

S1 File). In 8 hr, the significant module detected for dAEC culture shows enrichment for cyto-

kine activity, inflammatory response, interferon signaling pathway, cell death, TNF pathway

and toll-like receptors while in AEC culture the detected module is enriched for regulation of

phosphorylation, cell death, and differentiation (Table L in S1 File).

Epithelial transcriptomes in normal and asthmatic basal and dAEC differ

after mechanical injury

The analysis of the transcription in both differentiated dAEC and basal AEC after mechanical

injury demonstrated significant differences for the cells collected from normal and asthmatic

subjects at all time points after injury. These included variations in expression patterns of

Table 1. Enrichment analysis of the DE genes in normal basal AEC and dAEC 8 hours after mechanical injury.

Feature ID

Name

Cell Type Genes P Value Bayes

GO:0001817

regulation of cytokine

production

Normal

dAEC

ADAM8 CCL2 CD83 CSF2 CYP1B1 HERC5 IFIH1 IKBKE IL1A IL1B IL23A IL36G IL6 ISL1

KLF4 MAP2K3 NFKB2 PDE4B PELI1 PTGS2 STAT5A TICAM1 TNF TNFAIP3 ZBP1

ZC3H12A ZP3

1.88E-

14

26.558

Normal Basal

AEC

ATF4 CSF2 HMOX1 IDO1 IL17C IL1B IL23A IL36G IL6 IRAK3 KLF4 NFKB2 TICAM1 TNF

TNFAIP3 ZC3H12A

6.79E-

09

14.25

GO:0006954

inflammatory response

Normal

dAEC

ADAM8 ADORA2A CCL2 CXCL10 IL1A IL1B IL23A IL36G IL6 IRAK2 MAP2K3 NFKB2

NOS2 PLA2G4C PTGS2 TICAM1 TNF TNFAIP3 TNFAIP6 TNIP1 TNIP3 VNN1

1.02E-

13

24.842

Normal Basal

AEC

CXCL10 CXCL2 HDAC9 IL17C IL19 IL1B IL23A IL36G IL6 IRAK2 NFKB2 TICAM1 TNF

TNFAIP3 TNFAIP6 TNIP1

1.77E-

11

20.148

GO:0043067

regulation of programmed cell

death

Normal

dAEC

ADAM8 ADORA2A ATF3 BCL11B BIRC3 CARD10 CCL2 CLCF1 CSF2 CYP1B1 CYR61

DEPTOR EDN1 GDF15 ICAM1 IFIH1 IFIT2 IFIT3 IL1A IL1B IL1RN IL6 ISL1 JUN KLF4

MAP2K3 MAP3K8 OSGIN1 PIM1 PIM3 PLAUR PMAIP1 PTGS2 SNCA SOD2 SQSTM1

STAT5A TICAM1 TNF TNFAIP3 TP53BP2 VAV3 VNN1

9.00E-

14

25.099

Normal Basal

AEC

ATF3 ATF4 BID BIRC3 CSF2 GDF15 HMOX1 IDO1 IL19 IL1B IL1RN IL6 IRS2 JUN KLF4

MAP3K8 OSGIN1 PLAUR PMAIP1 RHOB SGK1 SIRT1 SOD2 TICAM1 TNF TNFAIP3

TP53BP2

1.98E-

09

15.571

GO:0080134

regulation of response to stress

Normal

dAEC

ADAM8 ADORA2A BIRC3 C1QTNF1 DUOXA2 EDN1 HBEGF HERC5 IFIH1 IFIT1 IKBKE

IL1A IL1B IL1RN IL23A IL6 IRAK2 ISL1 ITGAM ITPKC JUN KLF4 MAP2K3 NFKB2 PELI1

PLAU PLAUR PMAIP1 PPP1R15A PTGS2 SASH1 SESN3 SH2D1B SLC7A2 SNCA SOD2

SQSTM1 STAT5A TICAM1 TNF TNFAIP3 TNFAIP6 TNIP1 TNIP3 VNN1 ZBP1 ZP3

2.08E-

18

35.719

Normal Basal

AEC

ATF4 BIRC3 C1QTNF1 CFB IDO1 IL17C IL1B IL1RN IL23A IL6 IRAK2 IRAK3 JUN KLF4

NFKB2 PLAUR PMAIP1 PPP1R15A SIRT1 SLC7A2 SOD2 TICAM1 TNF TNFAIP3 TNFAIP6

TNIP1

9.32E-

10

16.31

GO:1903034

regulation of response to

wounding

Normal

dAEC

ADAM8 ADORA2A BIRC3 C1QTNF1 DUOXA2 EDN1 HBEGF IL1B IL23A IL6 ISL1 KLF4

PLAU PLAUR PTGS2 SLC7A2 STAT5A TNF TNFAIP3 TNFAIP6 TNIP1 ZP3

6.87E-

13

22.948

Normal Basal

AEC

BIRC3 C1QTNF1 CFB IDO1 IL17C IL1B IL23A IL6 KLF4 PLAUR SLC7A2 TNF TNFAIP3

TNFAIP6 TNIP1

7.26E-

10

16.454

KEGG:hsa04668

TNF signaling pathway

Normal

dAEC

BIRC3 CCL2 CSF2 CXCL10 EDN1 ICAM1 IL1B IL6 JUN MAP2K3 MAP3K8 PTGS2 TNF

TNFAIP3

5.39E-

13

23.123

Normal Basal

AEC

ATF4 BIRC3 CSF2 CXCL10 CXCL2 IL1B IL6 JUN MAP3K8 TNF TNFAIP3 1.23E-

11

20.465

REACT_75790

Cytokine Signaling in Immune

system

Normal

dAEC

CSF2 HERC5 ICAM1 IFIT1 IFIT2 IFIT3 IL1A IL1B IL1RN IL6 IL7R IRAK2 MAP3K8 MX1

MX2 NFKB2 OAS2 OAS3 OASL PELI1 SQSTM1 STAT5A TRIM31

2.09E-

15

28.718

Normal Basal

AEC

CSF2 IL1B IL1RN IL6 IRAK2 IRAK3 IRS2 MAP3K8 NFKB2 TRIM31 TRIM6 6.29E-

07

9.708

WP1449

Regulation of toll-like receptor

signaling pathway

Normal

dAEC

CXCL10 IKBKE IL1B IL6 IRAK2 JUN MAP2K3 MAP3K8 NFKB2 PELI1 SQSTM1 TICAM1

TNF TNFAIP3

3.26E-

11

19.039

Normal Basal

AEC

CXCL10 IL1B IL6 IRAK2 IRAK3 JUN MAP3K8 NFKB2 TICAM1 TNF TNFAIP3 3.13E-

10

17.244

https://doi.org/10.1371/journal.pone.0193334.t001
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Fig 3. Reconstruction of molecular networks for normal basal and differentiated AEC after mechanical injury. String networks

generated from WGCNA modules using the genes in significant DE at 2–24 hr after injury for each cell type to demonstrate functional

relationships in molecular networks. Highly connected network activation was richer and more substantial in differentiated (dAEC)

versus basal AEC, particularly at 2 and 8 hr after MI, but less so at 24 hr. Probe labels are as shown.

https://doi.org/10.1371/journal.pone.0193334.g003
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cytokines, chemokines and genes involved in related signaling pathways both in asthmatic

basal and differentiated AEC. Fig 6 shows the gene DE between asthmatic and normal AEC,

and dAEC at 8 hours after the injury. The expression of the genes involved in cytokine

response to injury generally was lower in asthmatic epithelium both in AEC and dAEC.

Fig 4. Normal basal and differentiated airway epithelial cells differ in gene expression patterns after mechanical injury. A. Volcano plots in AEC from

asthmatic donor lungs to demonstrate differential expression in probes in the resting (without mechanical injury) state (N = 6 in each group) between

differentiated (dAEC) and basal AEC, using all expressed gene probe sets (n = 41,733) as an input dataset. For each, the number of up- and down-regulated

probes (�1.5 fold change, vertical dashed lines, adjusted P< 0.05, horizontal dashed line) is provided. B. Differential expression for selected gene probes

involved in inflammation and inflammation signaling at 2–24 hr after injury versus non-injured cells is provided as a heat map.

https://doi.org/10.1371/journal.pone.0193334.g004
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Fig 5. Reconstruction of molecular networks for asthmatic basal and differentiated AEC after mechanical injury. String networks

generated from WGCNA modules using the genes in significant DE at 2–24 hr after injury for each cell type to demonstrate functional

relationships in molecular networks. Highly connected network activation was similar at 2 hr, richer and more substantial in differentiated

(dAEC) versus basal AEC at 8 hr, and less significant at 24 hr after MI in dAEC compared to basal AEC. Probe labels are as shown.

https://doi.org/10.1371/journal.pone.0193334.g005
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However, the expression of IL8, IL1A, IL1RL1, as well as CCL20 genes was higher in asthmatic

basal AEC in comparison to normal basal AEC. The expression of IL-19, TNFSF14, as well as

the NFKB-independent IL1RL1 interleukin-like receptor also was increased in asthmatic

dAEC. These cells also demonstrated higher expression levels of the genes that encode the

interferon-induced IFIT proteins (IFIT1, IFIT2, and IFIT3). The DE of key genes at each time

point after MI are presented in Table M in S1 File. These data suggest a substantially different

pattern of gene expression in asthmatic epithelial cells as compared to normal AEC.

Enrichment analysis

The enrichment analysis of genes differentially expressed (p< 0.05, FC >1.5) at each time

point has revealed the significant activation of functional categories related to transcription

Fig 6. Comparison of differential gene expression for selected inflammatory and signaling genes in basal and differentiated AEC collected

from normal and asthmatic donors. In each graph, expression is arranged in increasing expression in asthma AEC. Gene expression patterns

differ between the two disease states for cytokines and chemokines. N = 4 in normal donors and 6 in asthmatic donors.

https://doi.org/10.1371/journal.pone.0193334.g006
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(GO:0008134), cytokine and chemokine activity (GO:0034097), inflammation, programmed

cell death (GO:0012501), and to defense responses against bacteria both in basal and differenti-

ated AEC (Table 2, basal AEC; and Table 3, differentiated AEC). Asthmatic AEC transcrip-

tomes were enriched for the genes involved in the pathways related to transcription and cell

death 2 to 8 hr after MI, and to cell cycle 24 hr after MI in comparison to functional pathways

generated in normal AEC (Table 1). Asthmatic DE genes also contained fewer cytokine and

chemokine genes.

Examination of functional pathways based on the number of DE genes, confirmed the ini-

tial analysis of gene DE enrichment analysis. At each time point in many of the functional

pathways, AEC from normal donors had a greater number of DE genes and higher Bayes fac-

tors compared to AEC from asthmatic donors, and differentiated cells had a greater number of

DE genes compared to basal AEC (Fig 7).

Discussion

An important issue in tissue repair after airway mucosal injury is to define the mechanisms by

which inflammatory factors, growth factors, and other effectors influence the renewal and dif-

ferentiation of resident cells. Especially important are early events after injury that initiate or

perpetuate inflammatory responses in the immediate and neighboring regions. Because multi-

ple factors are produced in the first hours after injury, it is critical to understand the initial

responses of cells so as to determine whether these signals, alone and in combination, serve as

pro- or anti-reparative signals or as autocrine or paracrine signals for repair and inflammation

in neighboring cells and tissue. While many studies to date have evaluated the role of an indi-

vidual protein or a handful of factors in elegant ‘reductionist’ models to illustrate their key

roles in these processes, few have examined the orchestrated response of epithelial cells, partic-

ularly in airways, after discrete injury. These orchestrated responses, from transcriptional to

post-translational, serve to coordinate reparative and inflammatory signals that are appropri-

ate in normal responses to injury, and that may become aberrant in disease states depending

on context.

Table 2. Selected functional genetic ontology (GO) pathways identified in asthmatic airway epithelial basal cells after mechanical injury in 8 hours.

GO term

Name

P

value

Adjusted P-

value

In query

set

In whole

genome

Genes

GO:0012501

programmed cell death

4.6E-

11

3.9E-08 51 1952 MYC,SOX9,GADD45B,SPRY2,ABL2,TP53INP1,TNFSF10,GAS1,ETS1,IRAK2,

DAPK1,PPP1R15A,ITGA5,PHLDA2,ADAM8,F3,TNFRSF12A,SEMA3A,BMP2,

PPARGC1A,MALT1,TSC22D1,BTG2,SPHK1,TAOK1,VAV3,PMAIP1,CYP26B1,

RARB,PHLDA1,TSC22D3,WNT7A,WNT7B,G0S2,DUSP6,ID1,ID3,EDN1,LGALS3,

FOSL1,TGFA,PPP2CB,LATS2,CYR61,ANGPTL4,SERPINB2,PAK2,ATF3,TNFAIP3,

CKAP2,IL1A

GO:0042981

regulation of apoptotic

process

5.4E-

11

3.9E-08 44 1519 MYC,SOX9,GADD45B,SPRY2,ABL2,TP53INP1,TNFSF10,GAS1,ETS1,IRAK2,

DAPK1,PPP1R15A,ITGA5,ADAM8,F3,TNFRSF12A,BMP2,PPARGC1A,MALT1,

TSC22D1,BTG2,SPHK1,VAV3,PMAIP1,RARB,PHLDA1,TSC22D3,WNT7A,G0S2,

DUSP6,ID1,ID3,EDN1,LGALS3,FOSL1,TGFA,LATS2,CYR61,ANGPTL4,SERPINB2,

PAK2,ATF3,TNFAIP3,IL1A

GO:0060429

epithelium development

7.6E-

11

4.2E-08 40 1296 MYC,SOX9,CYP1A1,SPRY2,MYADM,EREG,ABL2,CYP27B1,GAS1,ITGA5,FOXA2,

AKR1C2,KLF2,PRDM1,SEMA3A,BMP2,F11R,UGCG,MAFF,FST,FOXD1,CYP26B1,

RARB,HBEGF,WNT7A,WNT7B,ID1,ID2,ID3,LAMC2,EDN1,LGALS3,VANGL2,

RGS20,LATS2,DKK1,CYR61,ARHGAP12,EMP1,IL1A

GO:0005154

epidermal growth factor

receptor binding

1.5E-

05

1.1E-02 5 33 EREG,ITGA5,VAV3,HBEGF,TGFA

https://doi.org/10.1371/journal.pone.0193334.t002
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We have examined the AEC transcriptome in the first hours after injury with an emphasis

on the expression of cytokines and chemokines that can influence inflammation in the airway

mucosa and submucosa, particularly that with identified importance in asthma. We identified

a distinct gene expression profile of such mediators in both differentiated and basal normal

AEC that left unchecked would contribute to inflammatory cell influx into the mucosa. Differ-

entiated AEC demonstrated a richer gene expression pathways of pro-inflammatory chemo-

kines than basal AEC, suggesting that a normal, homeostatic airway epithelium is more

capable of responding to injury with pro-inflammatory mediator expression. Basal AEC have a

central role in repair after injury in airways, from the initial steps of spreading and migration

to later proliferation and phenotype shifting into needed new cell subtypes [1, 2, 4, 42, 43]. In

contrast to the response seen in differentiated AEC, these pluripotent basal cells were less capa-

ble of expressing key cytokines and chemokines. Gene expression networks relevant to the

cytokines response differed significantly in the first 24 hr after injury. In an airway with

chronic damage to or loss of ciliated and goblet cells, as is frequently encountered in severe

asthma, basal AEC are more dominant, and thus the pro- and anti-inflammatory responses

signaled by them may differ from that seen with an intact, differentiated epithelial layer. These

observations have clear implications for the responses of the neighboring structural and

inflammatory cells and may become magnified over time with repeated cycles of injury and

(aberrant) repair.

Table 3. Selected functional genetic ontology (GO) pathways identified in asthmatic airway epithelial differentiated cells after mechanical injury in 8 hours.

Go term

Name

P

value

Adjusted P-

value

In query

set

In whole

genome

Genes

GO:0034097

response to cytokine

1.9E-

20

1.0E-16 59 825 ETS1,KLF4,KLF2,ZBP1,CCL5,FLRT3,FLRT2,HSPA5,VLDLR,ZC3H12A,KLF6,WNT5A,

ICAM1,IFITM1,BIRC3,IFIT2,IFIT1,IFIT3,RSAD2,CSF3,ISG15,OASL,XAF1,SNCA,

IL1RN,IFI6,IL6,MX1,IL7R,MX2,SPARC,TNFSF14,IRAK2,GBP1,IRF7,ISG20,PTGER4,

PTGS2,STAT1,STAT5A,GHR,JUN,GBP4,NFKB2,NFKBIA,KYNU,TRIM31,OAS1,OAS2,

OAS3,CXCL2,EDN1,OXTR,SERPINE1,CD44,TNF,IL1RL1,TNFAIP3,IL36G

GO:0006952

defense response

1.6E-

19

4.5E-16 84 1651 TNIP3,ETS1,TNIP1,CD83,KLF4,ADAM8,F2R,S100A7,ZBP1,SAA1,ADRB2,HIST1H3D,

SCD,CCL5,PMAIP1,IL19,DUOXA2,TPST1,DDIT4,ZC3H12A,WNT5A,ICAM1,IFITM1,

BIRC3,SP110,IL23A,IFIT2,IFIT1,IFIT3,SLC7A2,RSAD2,ISG15,SH2D1B,OASL,PDE5A,

XAF1,SNCA,STX11,IL1RN,MAP2K3,IFI6,IL6,MX1,MX2,HDAC9,ZNF148,TICAM1,

IL17C,MTSS1,CD55,IRAK2,GBP1,IRF7,ISG20,BCL3,PTGER4,ZP3,PTGS2,STAT1,

STAT5A,IFIH1,GJA1,BNIP3,BNIP3L,GBP4,NFKB2,NFKBIA,KYNU,NR1D2,TRIM31,

OAS1,OAS2,OAS3,CXCL2,EDN1,P2RY11,SERPINE1,CD44,TNF,IL1RL1,TNFAIP3,LYN,

IL36G,HERC5

GO:0009607

response to biotic

stimulus

1.9E-

18

2.1E-15 63 1027 TNIP3,F2R,S100A7,ZBP1,HIST1H3D,SCD,CCL5,HSPA5,PMAIP1,VLDLR,DDIT4,

ZC3H12A,WNT5A,ICAM1,IFI44,IFITM1,BIRC3,SP110,IL23A,IFIT2,IFIT1,IFIT3,

IVNS1ABP,RSAD2,CSF2,CSF3,ISG15,OASL,SNCA,IL6,MX1,MX2,SPARC,TICAM1,

MTSS1,CD55,IRAK2,GBP1,IRF7,ISG20,BCL3,PTGER4,PTGS2,STAT1,IFIH1,JUN,

BNIP3,BNIP3L,GBP4,NFKB2,NFKBIA,OAS1,OAS2,OAS3,ODC1,CXCL2,EDN1,

SERPINE1,TNF,TNFAIP3,LYN,TRIB1,HERC5

GO:0060337

type I interferon

signaling pathway

1.6E-

16

1.2E-13 19 81 ZBP1,WNT5A,IFITM1,IFIT2,IFIT1,IFIT3,RSAD2,ISG15,OASL,XAF1,IFI6,MX1,MX2,

IRF7,ISG20,STAT1,OAS1,OAS2,OAS3

GO:0005125

cytokine activity

3.8E-

07

1.2E-04 17 222 CCL5,IL19,GDF15,WNT5A,IL23A,CSF2,CSF3,IL1RN,IL6,TNFSF14,IL17C,CXCL2,

EDN1,LIF,TNF,CMTM7,IL36G

GO:0005126

cytokine receptor

binding

1.4E-

05

3.3E-03 17 289 TGFBRAP1,CCL5,GDF15,IL23A,CSF2,CSF3,IL1RN,IL6,TNFSF14,IL17C,STAT1,CXCL2,

LIF,CD44,TNF,LYN,IL36G

GO:0070851

growth factor receptor

binding

4.2E-

05

8.1E-03 11 143 VAV3,FLRT3,FLRT2,CSF2,CSF3,IL1RN,IL6,HBEGF,CD44,LYN,IL36G

https://doi.org/10.1371/journal.pone.0193334.t003
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Fig 7. Increased differential expression of genes in select inflammatory functional pathways after mechanical injury. The number of

expressed genes and calculated Bayes factors from enrichment analysis for each functional category in differentiated (dAEC) and basal AEC

from normal and asthmatic airways. There are more expressed genes in normal versus asthmatic cells, and differentiated versus basal cells,

in most categories.

https://doi.org/10.1371/journal.pone.0193334.g007
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Several classic inflammatory cytokines such as IL-6, IL-8, and TNF-α, and signaling inter-

mediate genes common to these receptors in the NF-κB and TNF-α pathways, were increased

in each cell set, particularly 2 and 8 hr after injury. The recently described IL1F9 (IL-36γ), a

ligand for a heterodimeric receptor consisting of IL-1R2 and IL-1RAP subunits that can acti-

vate NF-κB, extracellular signal-regulated kinase (ERK) and c-Jun-N-terminal kinase (JNK)

signaling pathways [44], also was consistently up-regulated at each time point. Other cytokine

and chemokine ligands with important roles in inflammatory cell recruitment demonstrated a

different pattern with increased expression in dAEC compared to basal cells: these included

CCL5, CCL2, CXCL2, and CCL4L2. CCL5, also known as Regulated upon Activation, Normal

T-cell Expressed, and Secreted (RANTES), is the ligand for receptors CCR1, CCR3, and CCR5

[45], and its greater expression in cells in dAEC after MI suggests the potential for recruitment

of monocytes, eosinophils, basophils, T cells, and dendritic cells. Likewise, CCL2, also known

as monocyte chemoattractant protein-1 (MCP-1), is a ligand for CCR2 on monocytes [46, 47]

and for CCR4 and CCR7 on dendritic cells [48, 49]. CCL4L2, a ligand for CCR1 and CCR5 on

macrophages and monocytes, is a polymorphism of CCL4L1, itself a non-allelic copy of CCL4

that differs in a single amino acid [50] and all of which are associated with psoriasis severity

[51]. The CCL4L2 activity has not been described previously in airway epithelium, but demon-

strated increased expression in dAEC 8 hr after injury in the current study. The increased

expression of CXCL2 (also MIP-2 or GRO-β), an IL-8 homolog and ligand for CXCR-2 that

mediates neutrophil recruitment to the lung [52, 53], and CXCL10 (ligand for CXCR3), also

suggested potential for the recruitment of multiple inflammatory cell types [54–56]. A map-

ping of these cytokine and chemokine ligands to the potential inflammatory cell receptors is

shown in Fig 8. The DE of IL-17C, a key mucosal host defense cytokine produced in airway

Fig 8. Expression of genes clustered for other physiologic processes important to the epithelial reparative

response in the first 24 hr after MI such as cell cycle and proliferation, migration, and differentiation. Heat maps

of these time points and conditions demonstrated few genes in DE.

https://doi.org/10.1371/journal.pone.0193334.g008
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epithelium [57] which binds the IL-17RE-IL-17RA receptor complex [58, 59], was in signifi-

cantly increased at 2 and 8 hr after MI in normal but not asthmatic cells. These data suggest

that a more robust mucosal host defense can be elicited early after injury in normal AEC.

Of interest is the observation that more differentiated cells have a richer DE early (2 and 8

hr) after the injury reflected by the variety of functional categories in enrichment analysis,

than basal cells. Dissecting this difference is hampered due to the fact that the differentiated cil-

iated and goblet columnar cells require a mixed culture in which basal cells provide for

anchoring and survival and cannot be isolated and grown in pure culture. The relative contri-

bution of each cell type then is not clear from our findings, but may become important in

models of chronic airway inflammation in which goblet cell metaplasia is prominent [60–63].

Conclusions

Asthmatic airway inflammation frequently is initiated by injury to the epithelial cells lining

central airways. Gene expression is essential for orchestrating the early response to epithelial

cell injury. We report that basal and differentiated airway epithelial cells collected from asth-

matic lungs have diminished immediate cytokine and chemokine response to injury in com-

parison to non-asthmatic, normal AEC and dAEC. Gene expression in asthmatic cells instead

is centered on reparative processes including proliferation, cell cycle, and differentiation.

While airway inflammation is the sine qua non of asthma, intrinsic dysfunction of the asth-

matic airway epithelium as demonstrated by decreased expression of inflammatory pathways

after injury suggests that paracrine factors are required to augment epithelial-derived inflam-

matory responses after injury.

Supporting information

S1 Letter. Letter from the University of Chicago institutional review board.

(PDF)

S1 File. Single file that contains supporting information Tables A–M.

(XLSX)

Acknowledgments

The authors declare that no competing interests exist.

We thank Christopher Waters, University of Tennessee-Memphis, for his advice on project

design. We thank the Computation Institute at the University of Chicago for their provision of

the computational and storage resources used in this study.

Author Contributions

Conceptualization: Natalia Maltsev, Steven R. White.

Data curation: Bharathi Laxman, Somaye Hashemifar, Randi Stern, Natalia Maltsev, Steven R.

White.

Formal analysis: Bingqing Xie, Somaye Hashemifar, Natalia Maltsev, Steven R. White.

Funding acquisition: Steven R. White.

Investigation: Steven R. White.

Methodology: Bingqing Xie, Bharathi Laxman, Natalia Maltsev, Steven R. White.

Project administration: Bharathi Laxman, Randi Stern, Natalia Maltsev, Steven R. White.

Epithelial cell chemokine expression after injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0193334 March 13, 2018 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193334.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193334.s002
https://doi.org/10.1371/journal.pone.0193334


Resources: T. Conrad Gilliam, Natalia Maltsev, Steven R. White.

Software: Bingqing Xie, Somaye Hashemifar.

Supervision: T. Conrad Gilliam, Natalia Maltsev, Steven R. White.

Writing – original draft: Bingqing Xie, Natalia Maltsev, Steven R. White.

Writing – review & editing: Bingqing Xie, Bharathi Laxman, T. Conrad Gilliam, Natalia Mal-

tsev, Steven R. White.

References
1. Crystal RG, Randell SH, Engelhardt JF, Voynow J, Sunday ME. Airway epithelial cells: current concepts

and challenges. Proc Am Thorac Soc. 2008; 5(7):772–7. https://doi.org/10.1513/pats.200805-041HR

PMID: 18757316.

2. Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, et al. Basal cells as stem cells of the mouse

trachea and human airway epithelium. Proc Natl Acad Sci U S A. 2009; 106(31):12771–5. https://doi.

org/10.1073/pnas.0906850106 PMID: 19625615; PubMed Central PMCID: PMC2714281.

3. Shebani E, Shahana S, Janson C, Roomans GM, group BHR. Attachment of columnar airway epithelial

cells in asthma. Tissue & cell. 2005; 37(2):145–52. https://doi.org/10.1016/j.tice.2004.12.002 PMID:

15748741.

4. Erjefalt JS, Sundler F, Persson CG. Epithelial barrier formation by airway basal cells. Thorax. 1997; 52

(3):213–7. Epub 1997/03/01. PMID: 9093334; PubMed Central PMCID: PMC1758525.

5. Kim JS, McKinnis VS, Adams K, White SR. Proliferation and repair of guinea pig tracheal epithelium

after neuropeptide depletion and injury in vivo. American Journal of Physiology—Lung Cellular and

Molecular Physiology. 1997; 273(6 17–6):L1235–L41.

6. Hackett NR, Shaykhiev R, Walters MS, Wang R, Zwick RK, Ferris B, et al. The human airway epithelial

basal cell transcriptome. PLoS One. 2011; 6(5):e18378. https://doi.org/10.1371/journal.pone.0018378

PMID: 21572528; PubMed Central PMCID: PMC3087716.

7. Ross AJ, Dailey LA, Brighton LE, Devlin RB. Transcriptional profiling of mucociliary differentiation in

human airway epithelial cells. Am J Respir Cell Mol Biol. 2007; 37(2):169–85. https://doi.org/10.1165/

rcmb.2006-0466OC PMID: 17413031.

8. Pezzulo AA, Starner TD, Scheetz TE, Traver GL, Tilley AE, Harvey BG, et al. The air-liquid interface

and use of primary cell cultures are important to recapitulate the transcriptional profile of in vivo airway

epithelia. Am J Physiol Lung Cell Mol Physiol. 2011; 300(1):L25–31. https://doi.org/10.1152/ajplung.

00256.2010 PMID: 20971803; PubMed Central PMCID: PMCPMC3023285.

9. Lambrecht BN, Hammad H. The airway epithelium in asthma. Nat Med. 2012; 18(5):684–92. https://doi.

org/10.1038/nm.2737 PMID: 22561832.

10. Yu TX, Wang PY, Rao JN, Zou T, Liu L, Xiao L, et al. Chk2-dependent HuR phosphorylation regulates

occludin mRNA translation and epithelial barrier function. Nucleic Acids Res. 2011; 39(19):8472–87.

https://doi.org/10.1093/nar/gkr567 PMID: 21745814; PubMed Central PMCID: PMCPMC3201881.

11. Cohen L, X E, Tarsi J, Ramkumar T, Horiuchi TK, Cochran R, et al. Epithelial cell proliferation contrib-

utes to airway remodeling in severe asthma. Am J Respir Crit Care Med. 2007; 176(2):138–45. Epub

2007/04/28. https://doi.org/10.1164/rccm.200607-1062OC PMID: 17463414; PubMed Central PMCID:

PMC1994213.

12. Freishtat RJ, Watson AM, Benton AS, Iqbal SF, Pillai DK, Rose MC, et al. Asthmatic airway epithelium

is intrinsically inflammatory and mitotically dyssynchronous. Am J Respir Cell Mol Biol. 2011; 44

(6):863–9. https://doi.org/10.1165/rcmb.2010-0029OC PMID: 20705942; PubMed Central PMCID:

PMCPMC3135846.

13. Ricciardolo FL, Di Stefano A, van Krieken JH, Sont JK, van Schadewijk A, Rabe KF, et al. Proliferation

and inflammation in bronchial epithelium after allergen in atopic asthmatics. Clin Exp Allergy. 2003; 33

(7):905–11. PMID: 12859446.

14. Kicic A, Hallstrand TS, Sutanto EN, Stevens PT, Kobor MS, Taplin C, et al. Decreased fibronectin pro-

duction significantly contributes to dysregulated repair of asthmatic epithelium. Am J Respir Crit Care

Med. 2010; 181(9):889–98. Epub 2010/01/30. https://doi.org/10.1164/rccm.200907-1071OC PMID:

20110557; PubMed Central PMCID: PMCPMC2862303.

15. Stevens PT, Kicic A, Sutanto EN, Knight DA, Stick SM. Dysregulated repair in asthmatic paediatric air-

way epithelial cells: the role of plasminogen activator inhibitor-1. Clin Exp Allergy. 2008; 38(12):1901–

10. https://doi.org/10.1111/j.1365-2222.2008.03093.x PMID: 19037965.

Epithelial cell chemokine expression after injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0193334 March 13, 2018 19 / 22

https://doi.org/10.1513/pats.200805-041HR
http://www.ncbi.nlm.nih.gov/pubmed/18757316
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1073/pnas.0906850106
http://www.ncbi.nlm.nih.gov/pubmed/19625615
https://doi.org/10.1016/j.tice.2004.12.002
http://www.ncbi.nlm.nih.gov/pubmed/15748741
http://www.ncbi.nlm.nih.gov/pubmed/9093334
https://doi.org/10.1371/journal.pone.0018378
http://www.ncbi.nlm.nih.gov/pubmed/21572528
https://doi.org/10.1165/rcmb.2006-0466OC
https://doi.org/10.1165/rcmb.2006-0466OC
http://www.ncbi.nlm.nih.gov/pubmed/17413031
https://doi.org/10.1152/ajplung.00256.2010
https://doi.org/10.1152/ajplung.00256.2010
http://www.ncbi.nlm.nih.gov/pubmed/20971803
https://doi.org/10.1038/nm.2737
https://doi.org/10.1038/nm.2737
http://www.ncbi.nlm.nih.gov/pubmed/22561832
https://doi.org/10.1093/nar/gkr567
http://www.ncbi.nlm.nih.gov/pubmed/21745814
https://doi.org/10.1164/rccm.200607-1062OC
http://www.ncbi.nlm.nih.gov/pubmed/17463414
https://doi.org/10.1165/rcmb.2010-0029OC
http://www.ncbi.nlm.nih.gov/pubmed/20705942
http://www.ncbi.nlm.nih.gov/pubmed/12859446
https://doi.org/10.1164/rccm.200907-1071OC
http://www.ncbi.nlm.nih.gov/pubmed/20110557
https://doi.org/10.1111/j.1365-2222.2008.03093.x
http://www.ncbi.nlm.nih.gov/pubmed/19037965
https://doi.org/10.1371/journal.pone.0193334


16. Nicodemus-Johnson J, Naughton KA, Sudi J, Hogarth K, Naurekas ET, Nicolae DL, et al. Genome-

wide methylation study identifies an IL-13-induced epigenetic signature in asthmatic airways. American

Journal of Respiratory and Critical Care Medicine. 2016; 193(4):376–85. https://doi.org/10.1164/rccm.

201506-1243OC PMID: 26474238

17. White SR, Fischer BM, Marroquin BA, Stern R. Interleukin-1βmediates human airway epithelial cell

migration via NF-κB. American Journal of Physiology—Lung Cellular and Molecular Physiology. 2008;

295(6):L1018–L27. https://doi.org/10.1152/ajplung.00065.2008 PMID: 18849440

18. Kicic A, Sutanto EN, Stevens PT, Knight DA, Stick SM. Intrinsic biochemical and functional differences

in bronchial epithelial cells of children with asthma. Am J Respir Crit Care Med. 2006; 174(10):1110–8.

Epub 2006/08/16. https://doi.org/10.1164/rccm.200603-392OC PMID: 16908868.

19. Hackett TL, Singhera GK, Shaheen F, Hayden P, Jackson GR, Hegele RG, et al. Intrinsic phenotypic

differences of asthmatic epithelium and its inflammatory responses to respiratory syncytial virus and air

pollution. Am J Respir Cell Mol Biol. 2011; 45(5):1090–100. Epub 2011/06/07. https://doi.org/10.1165/

rcmb.2011-0031OC PMID: 21642587.

20. Hackett TL, Warner SM, Stefanowicz D, Shaheen F, Pechkovsky DV, Murray LA, et al. Induction of epi-

thelial-mesenchymal transition in primary airway epithelial cells from patients with asthma by transform-

ing growth factor-beta1. Am J Respir Crit Care Med. 2009; 180(2):122–33. https://doi.org/10.1164/

rccm.200811-1730OC PMID: 19406982.

21. Heguy A, Harvey BG, Leopold PL, Dolgalev I, Raman T, Crystal RG. Responses of the human airway

epithelium transcriptome to in vivo injury. Physiol Genomics. 2007; 29(2):139–48. https://doi.org/10.

1152/physiolgenomics.00167.2006 PMID: 17164391.

22. White SR, Martin LD, Stern R, Laxman B, Marroquin BA. Expression of IL-4/IL-13 receptors in differenti-

ating human airway epithelial cells. American Journal of Physiology—Lung Cellular and Molecular

Physiology. 2010; 299(5):L681–L93. https://doi.org/10.1152/ajplung.00422.2009 PMID: 20729386

23. White SR, Martin LD, Abe MK, Marroquin BA, Stern R, Fu X. Insulin receptor substrate-1/2 mediates IL-

4-induced migration of human airway epithelial cells. American Journal of Physiology—Lung Cellular

and Molecular Physiology. 2009; 297(1):L164–L73. https://doi.org/10.1152/ajplung.90453.2008 PMID:

19447894

24. Gomperts BN, Belperio JA, Rao PN, Randell SH, Fishbein MC, Burdick MD, et al. Circulating progenitor

epithelial cells traffic via CXCR4/CXCL12 in response to airway injury. J Immunol. 2006; 176(3):1916–

27. Epub 2006/01/21. doi: 176/3/1916 PMID: 16424223.

25. Voynow JA, Fischer BM, Roberts BC, Proia AD. Basal-like cells constitute the proliferating cell popula-

tion in cystic fibrosis airways. Am J Respir Crit Care Med. 2005; 172(8):1013–8. Epub 2005/07/16.

https://doi.org/10.1164/rccm.200410-1398OC PMID: 16020799.

26. Firth AL, Dargitz CT, Qualls SJ, Menon T, Wright R, Singer O, et al. Generation of multiciliated cells in

functional airway epithelia from human induced pluripotent stem cells. Proc Natl Acad Sci U S A. 2014;

111(17):E1723–30. Epub 2014/04/08. https://doi.org/10.1073/pnas.1403470111 PMID: 24706852;

PubMed Central PMCID: PMCPMC4035971.

27. Musah S, Chen J, Hoyle GW. Repair of tracheal epithelium by basal cells after chlorine-induced injury.

Respiratory research. 2012; 13:107. Epub 2012/11/23. https://doi.org/10.1186/1465-9921-13-107

PMID: 23170909; PubMed Central PMCID: PMCPMC3544626.

28. Bernacki SH, Nelson AL, Abdullah L, Sheehan JK, Harris A, Davis CW, et al. Mucin gene expression

during differentiation of human airway epithelia in vitro. Muc4 and muc5b are strongly induced. Am J

Respir Cell Mol Biol. 1999; 20(4):595–604. Epub 1999/04/01. https://doi.org/10.1165/ajrcmb.20.4.3442

PMID: 10100990.

29. Lopez-Ferrer A, Curull V, Barranco C, Garrido M, Lloreta J, Real FX, et al. Mucins as differentiation

markers in bronchial epithelium. Squamous cell carcinoma and adenocarcinoma display similar expres-

sion patterns. Am J Respir Cell Mol Biol. 2001; 24(1):22–9. Epub 2001/01/12. https://doi.org/10.1165/

ajrcmb.24.1.4294 PMID: 11152646.

30. White SR, Tse R, Marroquin BA. Stress-activated protein kinases mediate cell migration in human air-

way epithelial cells. American Journal of Respiratory Cell and Molecular Biology. 2005; 32(4):301–10.

https://doi.org/10.1165/rcmb.2004-0118OC PMID: 15668325

31. Xie B, Agam G, Balasubramanian S, Xu J, Gilliam TC, Maltsev N, et al. Disease gene prioritization

using network and feature. J Comput Biol. 2015; 22(4):313–23. Epub 2015/04/07. https://doi.org/10.

1089/cmb.2015.0001 PMID: 25844670.

32. Smyth GK. Linear models and empirical bayes methods for assessing differential expression in microar-

ray experiments. Statistical applications in genetics and molecular biology. 2004; 3:Article3. Epub 2006/

05/02. https://doi.org/10.2202/1544-6115.1027 PMID: 16646809.

33. Barvkar VT, Pardeshi VC, Kale SM, Kadoo NY, Gupta VS. Phylogenomic analysis of UDP glycosyl-

transferase 1 multigene family in Linum usitatissimum identified genes with varied expression patterns.

Epithelial cell chemokine expression after injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0193334 March 13, 2018 20 / 22

https://doi.org/10.1164/rccm.201506-1243OC
https://doi.org/10.1164/rccm.201506-1243OC
http://www.ncbi.nlm.nih.gov/pubmed/26474238
https://doi.org/10.1152/ajplung.00065.2008
http://www.ncbi.nlm.nih.gov/pubmed/18849440
https://doi.org/10.1164/rccm.200603-392OC
http://www.ncbi.nlm.nih.gov/pubmed/16908868
https://doi.org/10.1165/rcmb.2011-0031OC
https://doi.org/10.1165/rcmb.2011-0031OC
http://www.ncbi.nlm.nih.gov/pubmed/21642587
https://doi.org/10.1164/rccm.200811-1730OC
https://doi.org/10.1164/rccm.200811-1730OC
http://www.ncbi.nlm.nih.gov/pubmed/19406982
https://doi.org/10.1152/physiolgenomics.00167.2006
https://doi.org/10.1152/physiolgenomics.00167.2006
http://www.ncbi.nlm.nih.gov/pubmed/17164391
https://doi.org/10.1152/ajplung.00422.2009
http://www.ncbi.nlm.nih.gov/pubmed/20729386
https://doi.org/10.1152/ajplung.90453.2008
http://www.ncbi.nlm.nih.gov/pubmed/19447894
http://www.ncbi.nlm.nih.gov/pubmed/16424223
https://doi.org/10.1164/rccm.200410-1398OC
http://www.ncbi.nlm.nih.gov/pubmed/16020799
https://doi.org/10.1073/pnas.1403470111
http://www.ncbi.nlm.nih.gov/pubmed/24706852
https://doi.org/10.1186/1465-9921-13-107
http://www.ncbi.nlm.nih.gov/pubmed/23170909
https://doi.org/10.1165/ajrcmb.20.4.3442
http://www.ncbi.nlm.nih.gov/pubmed/10100990
https://doi.org/10.1165/ajrcmb.24.1.4294
https://doi.org/10.1165/ajrcmb.24.1.4294
http://www.ncbi.nlm.nih.gov/pubmed/11152646
https://doi.org/10.1165/rcmb.2004-0118OC
http://www.ncbi.nlm.nih.gov/pubmed/15668325
https://doi.org/10.1089/cmb.2015.0001
https://doi.org/10.1089/cmb.2015.0001
http://www.ncbi.nlm.nih.gov/pubmed/25844670
https://doi.org/10.2202/1544-6115.1027
http://www.ncbi.nlm.nih.gov/pubmed/16646809
https://doi.org/10.1371/journal.pone.0193334


BMC genomics. 2012; 13:175. https://doi.org/10.1186/1471-2164-13-175 PMID: 22568875; PubMed

Central PMCID: PMC3412749.

34. Sulakhe D, Balasubramanian S, Xie B, Feng B, Taylor A, Wang S, et al. Lynx: a database and knowl-

edge extraction engine for integrative medicine. Nucleic Acids Res. 2014; 42(Database issue):D1007–

12. Epub 2013/11/26. https://doi.org/10.1093/nar/gkt1166 PMID: 24270788; PubMed Central PMCID:

PMCPMC3965040.

35. Nitsch D, Tranchevent LC, Goncalves JP, Vogt JK, Madeira SC, Moreau Y. PINTA: a web server for

network-based gene prioritization from expression data. Nucleic Acids Res. 2011; 39(Web Server

issue):W334–8. Epub 2011/05/24. https://doi.org/10.1093/nar/gkr289 PMID: 21602267; PubMed Cen-

tral PMCID: PMCPMC3125740.

36. Franceschini A, Szklarczyk D, Frankild S, Kuhn M, Simonovic M, Roth A, et al. STRING v9.1: protein-

protein interaction networks, with increased coverage and integration. Nucleic Acids Res. 2013; 41

(Database issue):D808–15. https://doi.org/10.1093/nar/gks1094 PMID: 23203871; PubMed Central

PMCID: PMC3531103.

37. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, et al. STRING v10: pro-

tein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 2015; 43(Database

issue):D447–52. https://doi.org/10.1093/nar/gku1003 PMID: 25352553; PubMed Central PMCID:

PMC4383874.

38. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioin-

formatics. 2008; 9:559. Epub 2008/12/31. https://doi.org/10.1186/1471-2105-9-559 PMID: 19114008;

PubMed Central PMCID: PMCPMC2631488.

39. Langfelder P, Horvath S. Fast R Functions for Robust Correlations and Hierarchical Clustering. J Stat

Softw. 2012; 46(11). Epub 2012/10/11. PMID: 23050260; PubMed Central PMCID: PMCPMC3465711.

40. Sulakhe D, Taylor A, Balasubramanian S, Feng B, Xie B, Bornigen D, et al. Lynx web services for anno-

tations and systems analysis of multi-gene disorders. Nucleic Acids Res. 2014; 42(Web Server issue):

W473–7. Epub 2014/06/21. https://doi.org/10.1093/nar/gku517 PMID: 24948611; PubMed Central

PMCID: PMCPMC4086124.

41. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list enrichment analysis and can-

didate gene prioritization. Nucleic Acids Res. 2009; 37(Web Server issue):W305–11. Epub 2009/05/26.

https://doi.org/10.1093/nar/gkp427 PMID: 19465376; PubMed Central PMCID: PMCPMC2703978.

42. Keenan KP, Combs JW, McDowell EM. Regeneration of hamster tracheal epithelium after mechanical

injury. II. Multifocal lesions: stathmokinetic and autoradiographic studies of cell proliferation. Virchows

Arch B Cell Pathol Incl Mol Pathol. 1982; 41(3):215–29. Epub 1982/01/01. PMID: 6135268.

43. Kim JS, McKinnis VS, Nawrocki A, White SR. Stimulation of migration and wound repair of guinea-pig

airway epithelial cells in response to epidermal growth factor. American Journal of Respiratory Cell and

Molecular Biology. 1998; 18(1):66–74. https://doi.org/10.1165/ajrcmb.18.1.2740 PMID: 9448047

44. Towne JE, Garka KE, Renshaw BR, Virca GD, Sims JE. Interleukin (IL)-1F6, IL-1F8, and IL-1F9 signal

through IL-1Rrp2 and IL-1RAcP to activate the pathway leading to NF-kappaB and MAPKs. J Biol

Chem. 2004; 279(14):13677–88. Epub 2004/01/22. https://doi.org/10.1074/jbc.M400117200 PMID:

14734551.

45. Soria G, Ben-Baruch A. The inflammatory chemokines CCL2 and CCL5 in breast cancer. Cancer Lett.

2008; 267(2):271–85. https://doi.org/10.1016/j.canlet.2008.03.018 PMID: 18439751.

46. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1 (MCP-1): an

overview. J Interferon Cytokine Res. 2009; 29(6):313–26. Epub 2009/05/16. https://doi.org/10.1089/jir.

2008.0027 PMID: 19441883; PubMed Central PMCID: PMCPMC2755091.

47. Sozzani S, Zhou D, Locati M, Rieppi M, Proost P, Magazin M, et al. Receptors and transduction path-

ways for monocyte chemotactic protein-2 and monocyte chemotactic protein-3. Similarities and differ-

ences with MCP-1. J Immunol. 1994; 152(7):3615–22. PMID: 8144937.

48. Chen K, Liu M, Liu Y, Wang C, Yoshimura T, Gong W, et al. Signal relay by CC chemokine receptor 2

(CCR2) and formylpeptide receptor 2 (Fpr2) in the recruitment of monocyte-derived dendritic cells in

allergic airway inflammation. J Biol Chem. 2013; 288(23):16262–73. Epub 2013/04/23. https://doi.org/

10.1074/jbc.M113.450635 PMID: 23603910; PubMed Central PMCID: PMCPMC3675565.

49. Pichavant M, Charbonnier AS, Taront S, Brichet A, Wallaert B, Pestel J, et al. Asthmatic bronchial epi-

thelium activated by the proteolytic allergen Der p 1 increases selective dendritic cell recruitment. J

Allergy Clin Immunol. 2005; 115(4):771–8. Epub 2005/04/05. https://doi.org/10.1016/j.jaci.2004.11.043

PMID: 15805997.

50. Modi WS, Bergeron J, Sanford M. The human MIP-1beta chemokine is encoded by two paralogous

genes, ACT-2 and LAG-1. Immunogenetics. 2001; 53(7):543–9. Epub 2001/10/31. https://doi.org/10.

1007/s002510100366 PMID: 11685466.

Epithelial cell chemokine expression after injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0193334 March 13, 2018 21 / 22

https://doi.org/10.1186/1471-2164-13-175
http://www.ncbi.nlm.nih.gov/pubmed/22568875
https://doi.org/10.1093/nar/gkt1166
http://www.ncbi.nlm.nih.gov/pubmed/24270788
https://doi.org/10.1093/nar/gkr289
http://www.ncbi.nlm.nih.gov/pubmed/21602267
https://doi.org/10.1093/nar/gks1094
http://www.ncbi.nlm.nih.gov/pubmed/23203871
https://doi.org/10.1093/nar/gku1003
http://www.ncbi.nlm.nih.gov/pubmed/25352553
https://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
http://www.ncbi.nlm.nih.gov/pubmed/23050260
https://doi.org/10.1093/nar/gku517
http://www.ncbi.nlm.nih.gov/pubmed/24948611
https://doi.org/10.1093/nar/gkp427
http://www.ncbi.nlm.nih.gov/pubmed/19465376
http://www.ncbi.nlm.nih.gov/pubmed/6135268
https://doi.org/10.1165/ajrcmb.18.1.2740
http://www.ncbi.nlm.nih.gov/pubmed/9448047
https://doi.org/10.1074/jbc.M400117200
http://www.ncbi.nlm.nih.gov/pubmed/14734551
https://doi.org/10.1016/j.canlet.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18439751
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1089/jir.2008.0027
http://www.ncbi.nlm.nih.gov/pubmed/19441883
http://www.ncbi.nlm.nih.gov/pubmed/8144937
https://doi.org/10.1074/jbc.M113.450635
https://doi.org/10.1074/jbc.M113.450635
http://www.ncbi.nlm.nih.gov/pubmed/23603910
https://doi.org/10.1016/j.jaci.2004.11.043
http://www.ncbi.nlm.nih.gov/pubmed/15805997
https://doi.org/10.1007/s002510100366
https://doi.org/10.1007/s002510100366
http://www.ncbi.nlm.nih.gov/pubmed/11685466
https://doi.org/10.1371/journal.pone.0193334


51. Pedrosa E, Carretero-Iglesia L, Boada A, Colobran R, Faner R, Pujol-Autonell I, et al. CCL4L polymor-

phisms and CCL4/CCL4L serum levels are associated with psoriasis severity. J Invest Dermatol. 2011;

131(9):1830–7. Epub 2011/05/27. https://doi.org/10.1038/jid.2011.127 PMID: 21614014.

52. Nagarkar DR, Wang Q, Shim J, Zhao Y, Tsai WC, Lukacs NW, et al. CXCR2 is required for neutrophilic

airway inflammation and hyperresponsiveness in a mouse model of human rhinovirus infection. J Immu-

nol. 2009; 183(10):6698–707. Epub 2009/10/30. https://doi.org/10.4049/jimmunol.0900298 PubMed

Central PMCID: PMCPMC2952174. PMID: 19864593

53. Wareing MD, Shea AL, Inglis CA, Dias PB, Sarawar SR. CXCR2 is required for neutrophil recruitment

to the lung during influenza virus infection, but is not essential for viral clearance. Viral Immunol. 2007;

20(3):369–78. https://doi.org/10.1089/vim.2006.0101 PMID: 17931107.

54. Fukakusa M, Bergeron C, Tulic MK, Fiset PO, Al Dewachi O, Laviolette M, et al. Oral corticosteroids

decrease eosinophil and CC chemokine expression but increase neutrophil, IL-8, and IFN-gamma-

inducible protein 10 expression in asthmatic airway mucosa. J Allergy Clin Immunol. 2005; 115(2):280–

6. Epub 2005/02/08. https://doi.org/10.1016/j.jaci.2004.10.036 PMID: 15696082.

55. Herbert C, Zeng QX, Shanmugasundaram R, Garthwaite L, Oliver BG, Kumar RK. Response of airway

epithelial cells to double-stranded RNA in an allergic environment. Translational respiratory medicine.

2014; 2(1):11. Epub 2014/09/30. https://doi.org/10.1186/s40247-014-0011-6 PubMed Central PMCID:

PMCPMC4173067. PMID: 25264520

56. Michalec L, Choudhury BK, Postlethwait E, Wild JS, Alam R, Lett-Brown M, et al. CCL7 and CXCL10

orchestrate oxidative stress-induced neutrophilic lung inflammation. J Immunol. 2002; 168(2):846–52.

Epub 2002/01/05. PMID: 11777981.

57. Kusagaya H, Fujisawa T, Yamanaka K, Mori K, Hashimoto D, Enomoto N, et al. Toll-like receptor-medi-

ated airway IL-17C enhances epithelial host defense in an autocrine/paracrine manner. Am J Respir

Cell Mol Biol. 2014; 50(1):30–9. Epub 2013/08/16. https://doi.org/10.1165/rcmb.2013-0130OC PMID:

23944933.

58. Ramirez-Carrozzi V, Sambandam A, Luis E, Lin Z, Jeet S, Lesch J, et al. IL-17C regulates the innate

immune function of epithelial cells in an autocrine manner. Nature immunology. 2011; 12(12):1159–66.

Epub 2011/10/14. https://doi.org/10.1038/ni.2156 PMID: 21993848.

59. Song X, Zhu S, Shi P, Liu Y, Shi Y, Levin SD, et al. IL-17RE is the functional receptor for IL-17C and

mediates mucosal immunity to infection with intestinal pathogens. Nature immunology. 2011; 12

(12):1151–8. Epub 2011/10/14. https://doi.org/10.1038/ni.2155 PMID: 21993849.

60. Cosio MG, Hale KA, Niewoehner DE. Morphologic and morphometric effects of prolonged cigarette

smoking on the small airways. Am Rev Respir Dis. 1980; 122(2):265–21. https://doi.org/10.1164/arrd.

1980.122.2.265 PMID: 7416603.

61. Rose MC, Voynow JA. Respiratory tract mucin genes and mucin glycoproteins in health and disease.

Physiological reviews. 2006; 86(1):245–78. Epub 2005/12/24. https://doi.org/10.1152/physrev.00010.

2005 PMID: 16371599.

62. Ordonez CL, Khashayar R, Wong HH, Ferrando R, Wu R, Hyde DM, et al. Mild and moderate asthma is

associated with airway goblet cell hyperplasia and abnormalities in mucin gene expression. Am J Respir

Crit Care Med. 2001; 163(2):517–23. Epub 2001/02/17. https://doi.org/10.1164/ajrccm.163.2.2004039

PMID: 11179133.

63. Kim V, Oros M, Durra H, Kelsen S, Aksoy M, Cornwell WD, et al. Chronic bronchitis and current smok-

ing are associated with more goblet cells in moderate to severe COPD and smokers without airflow

obstruction. PLoS One. 2015; 10(2):e0116108. Epub 2015/02/04. https://doi.org/10.1371/journal.pone.

0116108 PMID: 25646735; PubMed Central PMCID: PMCPMC4315442.

Epithelial cell chemokine expression after injury

PLOS ONE | https://doi.org/10.1371/journal.pone.0193334 March 13, 2018 22 / 22

https://doi.org/10.1038/jid.2011.127
http://www.ncbi.nlm.nih.gov/pubmed/21614014
https://doi.org/10.4049/jimmunol.0900298
http://www.ncbi.nlm.nih.gov/pubmed/19864593
https://doi.org/10.1089/vim.2006.0101
http://www.ncbi.nlm.nih.gov/pubmed/17931107
https://doi.org/10.1016/j.jaci.2004.10.036
http://www.ncbi.nlm.nih.gov/pubmed/15696082
https://doi.org/10.1186/s40247-014-0011-6
http://www.ncbi.nlm.nih.gov/pubmed/25264520
http://www.ncbi.nlm.nih.gov/pubmed/11777981
https://doi.org/10.1165/rcmb.2013-0130OC
http://www.ncbi.nlm.nih.gov/pubmed/23944933
https://doi.org/10.1038/ni.2156
http://www.ncbi.nlm.nih.gov/pubmed/21993848
https://doi.org/10.1038/ni.2155
http://www.ncbi.nlm.nih.gov/pubmed/21993849
https://doi.org/10.1164/arrd.1980.122.2.265
https://doi.org/10.1164/arrd.1980.122.2.265
http://www.ncbi.nlm.nih.gov/pubmed/7416603
https://doi.org/10.1152/physrev.00010.2005
https://doi.org/10.1152/physrev.00010.2005
http://www.ncbi.nlm.nih.gov/pubmed/16371599
https://doi.org/10.1164/ajrccm.163.2.2004039
http://www.ncbi.nlm.nih.gov/pubmed/11179133
https://doi.org/10.1371/journal.pone.0116108
https://doi.org/10.1371/journal.pone.0116108
http://www.ncbi.nlm.nih.gov/pubmed/25646735
https://doi.org/10.1371/journal.pone.0193334

