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The Journal of Immunology

Rescue of Dysfunctional Autophagy Attenuates
Hyperinflammatory Responses from Cystic Fibrosis Cells

Matthew L. Mayer,*,† Christoph J. Blohmke,‡,x,1 Reza Falsafi,*,†,1 Chris D. Fjell,*,†

Laurence Madera,*,† Stuart E. Turvey,‡,x and Robert E. W. Hancock*,†

A hallmark feature of cystic fibrosis (CF) is progressive pulmonary obstruction arising from exaggerated host proinflammatory

responses to chronic bacterial airway colonization. The mechanisms for these heightened inflammatory responses have been only

partially characterized, hampering development of effective anti-inflammatory therapies. The aim of this study was to identify and

validate novel dysfunctional processes or pathways driving the hyperinflammatory phenotype of CF cells using systems biology and

network analysis to examine transcriptional changes induced by innate defense regulator (IDR)-1018, an anti-inflammatory peptide.

IDR-1018 selectively attenuated hyperinflammatory cytokine production from CF airway cells and PBMCs stimulated with mul-

tiple bacterial ligands, including flagellin (FliC). Network analysis of CF cell transcriptional responses to FliC and IDR-1018

identified dysfunctional autophagy as the target of the peptide via modulation of upstream adenosine monophosphate–activated

protein kinase (AMPK)–Akt signaling. After treatment with FliC, CF cells were found to have elevated levels of the autophago-

some marker LC3-II, and GFP-LC3–transfected CF airway cells showed abnormal perinuclear accumulation of GFP+ structures.

In both instances, treatment of CF cells with IDR-1018 abolished the accumulation of LC3 induced by FliC. Furthermore,

inhibition of autophagosome–lysosome fusion with bafilomycinA1 attenuated the anti-inflammatory and autophagosome-

clearing effects of IDR-1018, as did a chemical inhibitor of Akt and an activator of AMPK. These findings were consistent with

hypotheses generated in silico, demonstrating the utility of systems biology and network analysis approaches for providing

pathway-level insights into CF-associated inflammation. Collectively, these data suggest that dysfunctional autophagosome clear-

ance contributes to heightened inflammatory responses from CF transmembrane receptor mutant cells and highlight autophagy

and AMPK–Akt signaling as novel anti-inflammatory targets in CF. The Journal of Immunology, 2013, 190: 1227–1238.

C
ystic fibrosis (CF) is caused by mutations in the CFTR
gene encoding the CF transmembrane receptor (CFTR),
an anion channel highly distributed in glandular tissue (1).

In the airways, the classic CF phenotype is characterized by the

accumulation of thickened mucus and predisposition to bacterial
colonization of the lower respiratory tract. Colonization of the CF
lung by Pseudomonas aeruginosa and other pathogens induces
robust and sustained neutrophil-mediated inflammation that is
disproportionately exaggerated relative to the bacterial load (2).
Although there is debate over whether inflammation in the CF
lung is primary (i.e., caused by CFTR mutations) or secondary to
chronic infection (3, 4), inflammation remains the single most
significant contributor to disease progression, and its control is
crucial for improving patient outcomes (5).
We and others have reported a heightened production of

proinflammatory cytokines from CF cells exposed to innate
immune-activating ligands from P. aeruginosa using a variety of
models ranging from CF mutant cell lines to primary cells from
patients including PBMCs (6–10). These findings have been re-
capitulated in conventional wild-type cells in which the knock-
down of functional CFTR or expression of mutated CFTR confers
the same phenotype, with a corresponding dysregulation of
a variety of intracellular signaling pathways, including NF-kB
(11, 12). Even with the implication of canonical immune sig-
naling pathways in the heightened inflammatory responses of
CF cells to innate immune activation, the mechanism(s) by
which misfolded or absent CFTR gives rise to this phenotype
are unclear.
Autophagy is a cellular process that maintains homeostasis in

response to multiple cell stressors, including endoplasmic reticu-
lum (ER) stress. Autophagy is known to target misfolded DF508
CFTR from the ER to autophagosomes for degradation, prevent-
ing its accumulation (13). Activation of ER stress pathways by
oxidative stress and misfolded CFTR accumulation correlates with
inflammation in CF (14, 15). Autophagy has recently been iden-
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tified as dysfunctional in CF (16–18), which might lead to height-
ened activation of ER stress pathways with inflammatory con-
sequences (19); however, a direct link between autophagy and
inflammation in CF has not yet been established.
We have previously reported the development of a new class of

anti-infective, anti-inflammatory peptides termed innate defense
regulators (IDRs), based on endogenous host defense peptides such
as LL-37 (20, 21). IDRs selectively enhance leukocyte recruitment
to infection sites while selectively suppressing proinflammatory
cell responses, limiting harmful consequences of an enhanced in-
nate immune response. Second-generation peptides such as IDR-
1018 have been developed to have enhanced anti-inflammatory
activities in vivo that are decoupled from their anti-infective
properties (22, 23). These immunomodulatory effects are me-
diated in part through the PI3K/Akt signaling pathway and the
intracellular IDR receptor sequestosome-1 (p62), leading to down-
stream modulation of MAPK, NF-kB, and type I IFN pathways
(20, 21, 23, 24).
Network analysis is a computational approach that facilitates

the study of complex systems by visualizing functional inter-
actions between components. When applied to transcriptional
datasets, the relationships between genes that comprise disease-
specific transcriptional signatures can be visualized and used to
identify novel disease processes (25). As a complex and inter-
connected system (.1500 individual components), innate im-
munity is well suited for study using network analysis (26, 27),
and insights into the mechanisms of immunomodulation by both
endogenous and IDR peptides have largely been obtained using
these techniques (20, 23, 24, 28). On this basis, computational
network biology methods were used in this study to generate
testable hypotheses for mechanisms underlying the anti-inflammatory
action of these peptides on CF cells. In doing so, we aimed to
identify dysfunctional cellular pathways and/or processes contrib-
uting to disproportionate inflammation in CF, as these pathways
could be the target(s) of IDR-1018 and future anti-inflammatory
agents.
In this study, we report that IDR-1018 inhibited the exaggerated

inflammatory responses of CF cells to multiple innate immune
activators from P. aeruginosa. Network-level analysis of cell
transcriptional responses to flagellin (FliC) predicted that the
heightened inflammatory responses of CF cells arose in part due to
dysfunctional autophagy. This prediction was confirmed in vitro
with the observation that CF cells accumulate autophagosomes in
response to the TLR5 agonist FliC, and IDR-1018 corrected their
exaggerated inflammatory cytokine production to near-normal lev-
els by promoting normal autophagosome clearance. These findings
suggest that therapies that target the autophagy process might help
alleviate lung inflammation in CF and further highlight the utility
of systems-level computational approaches for making novel infer-
ences into human diseases.

Materials and Methods
Reagents

Ultrapure recombinant FliC and N-3-oxo-dodecanoyl-L-homoserine lac-
tone (3O-C12) were obtained from Invivogen (San Diego, CA) and Cay-
man Chemical (Ann Arbor, MI), respectively. LPS was isolated from P.
aeruginosa as previously described (29). Peptide IDR-1018 (VRLI-
VAVRIWRR-NH2) was synthesized using solid-phase Fmoc chemistry as
previously described (22). AKT Inhibitor VII, rapamycin, and bafilomycin
A1 (BafA1) were obtained from EMD Chemicals (Gibbstown, NJ) and
used at 50, 0.5, and 100 mM, respectively. 5-Aminoimidazole-4-carbox-
amide-1-beta-D-ribofuranoside (AICAR) and 3-methyladenine (3-MA)
were obtained from Sigma-Aldrich (Oakville, ON, Canada) and used at 1
and 15 mM, respectively. Commercial kits were used according to the
manufacturer’s instructions.

Inclusion and exclusion criteria for blood donors with CF

Blood donors were patients of the pediatric CF clinic at the BC Children’s
Hospital (Vancouver, BC, Canada). Inclusion criteria for donors were: ages
3–17 y, a clinical diagnosis of CF confirmed by genotyping, heterozygous
or homozygous for the CFTR DF508 allele, and clinically stable on the day
of blood collection (determined by physician assessment and, if indicated,
by airway spirometry, sputum microbiology, and/or chest x-ray). Donors
were excluded if they had used corticosteroids or immunosuppressants in
the preceding 3 mo or were hospitalized in the preceding 8 wk. The ages
and genotypes of the study participants and a description of how their cells
were used are provided in Table I.

Cells, growth conditions, and treatments

This study used the well-characterized CF lung epithelial cell line IB3-1
(compound heterozygote for the DF508 and W1282X CFTR mutations)
and the isogenic, CFTR-corrected C38 cell line (30). IB3-1 and C38 were
grown in Primaria flasks (BD Biosciences, Mississauga, ON, Canada) in
LHC-8 basal medium supplemented with 10% (v/v) FCS, 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and 1% penicillin–streptomycin–ampho-
tericin B solution (all components from Invitrogen, Carlsbad, CA). Airway
cells were seeded at a density of 2.5 3 105 cells/ml and allowed to grow
for 16–20 h until confluent before cell stimulation experiments, as previ-
ously described (10).

Blood was obtained from pediatric CF patients (n = 9) or healthy donors
(n = 8) after obtaining informed consent/assent in accordance with Uni-
versity of British Columbia ethics approval. PBMCs were isolated by
Ficoll-Paque PLUS (GE Amersham, Mississauga, ON, Canada) density
centrifugation and seeded at 2 3 106 cells/ml in RPMI 1640 containing
10% heat-inactivated FCS, 2 mM L-glutamine, and 1 mM sodium pyruvate
(all components from Invitrogen) as previously described (7, 21). PBMCs
were allowed to rest for 1 h before use in cell-stimulation experiments.

Airway cells and PBMCs were treated with FliC (1 mg/ml or 250 ng/ml,
respectively), 3O-C12 (75 mM), or LPS (10 ng/ml) 6 IDR-1018 (20 mg/
ml). Chemical inhibitors were added 1 h prior to cell stimulations where
indicated. Airway and PBMC cells were lysed after 3 and 4 h, respec-
tively, posttreatment for RNA isolation or at 24 h for protein isolation
and ELISA.

Transcriptional analysis of airway cell responses

Total RNA from cell lysates was isolated using the RNeasy Plus Mini Kit
(Qiagen, Toronto, ON, Canada) and transcribed to cDNA with oligo(dT)
primers (High-Capacity cDNA-RT Kit; Applied Biosystems, Foster City,
CA). RNA quality was determined using a Bioanalyzer 2100 (Agilent
Technologies, Mississauga, ON, Canada). mRNA was amplified using the
RNA ampULSe kit (Kreatech, Durham, NC) according to the manufacturer’s
instructions. Amplified cRNA was hybridized to human HT-12 expression
bead chips (Illumina, San Diego, CA), and raw data were processed by the
Prostate Centre Microarray Facility (Vancouver, BC, Canada) using Illumina
BeadStudio version 3.4.0 (Illumina) to produce summary gene expression
values. Subsequent data processing was carried out using the software Bio-
conductor in the R statistical language. Microarray values were normalized
using quantile normalization (31) with the Beadarray software package,
and p values were adjusted for multiple comparisons using the Benjamini-
Hochberg method (32). Gene ontology (GO; http://geneontology.org) over-
representation analysis was carried out using GOstats (33). Microarray data
were deposited to the publically viewable National Center for Biotechnology
Information Gene Expression Omnibus (accession number GSE35391;
http://www.ncbi.nlm.nih.gov/geo/).

Transcriptional analysis of PBMC responses

Total RNAwas isolated from PBMCs using the RNeasy Kit (Qiagen) from
the first five CF patients enrolled in the study. RNA quality was determined
as described above, and 500 ng total RNA was used for cDNA library
preparation, according to the Illumina TruSeq RNA sample preparation
guide (Illumina). As a final step, cDNA enrichment was carried out by 15-
cycle PCR. Following quantification, 8 pM dsDNA was used for cluster
generation on a CBOT instrument (Illumina). RNA sequencing was done on
a GAIIx instrument (Illumina), performed as a single-read run with 50
amplification cycles. Data processing was carried out using CASAVA to
convert raw data and demultiplex to FASTQ sequence files. Reads were
aligned to the genome using TOPHAT (34) and then mapped to genes using
GenomicFeatures (Bioconductor Core package). Differential gene ex-
pression (fold-changes and p values) and GO ORA were calculated using
the Bioconductor packages edgeR (35) and GOsEquation (36), respec-
tively. RNASeq transcriptional data were deposited to the National Center
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for Biotechnology Information’s Gene Expression Omnibus (accession
number GSE35394) http://www.ncbi.nlm.nih.gov/geo/.

Systems biology network analyses

Networks graphs were generated and analyzed as previously described
(10, 23). Differentially expressed (DE) genes between sample groups
were defined as having fold changes of $1.5 or #21.5, with an asso-
ciated p value #0.05. DE genes from the datasets were uploaded sepa-
rately into InnateDB (37) to generate a list of protein–protein inter-
actions between genes in the dataset and with first-order non-DE proteins
with curated experimental evidence of an interaction. To analyze the
complex functional relationships between genes comprising the observed
transcriptional signatures, dysregulated genes were viewed as nodes in
a network (network analysis), connected to one another by their protein-
level interactions (25–27, 38), as previously described (10, 23, 28, 39,
40). In an initial analysis, CFTR and TLR5 interaction data were visu-
alized using Cytoscape 2.8.0 for Windows (41) and then subsequently
merged with a network graph of interactions between DE genes obtained
from the epithelial cell microarray datasets. Autophagy-focused sub-
network analysis was carried out by merging first-order interaction
networks with DE genes with the recently curated human autophagy
interactome using the jActive plugin for Cytoscape, with significance
defined as a Z-score .3.0, consistent with well-established protocols
(42). Highly interconnected gene nodes within these pathways termed
“hubs” represented key molecules involved in signal trafficking/mechanism,
and these were determined using the software plugin cytoHubba for Cyto-
scape (43). In a separate analysis, subnetworks were identified mathemati-
cally based on network scoring algorithms that combined gene significance,
hub degree, and betweenness centrality scores into a single total network
score. This scoring was calculated in an unbiased fashion by using the
BioNet Bioconductor software package to generate networks (44), according
to the software’s documentation, with incorporated protein-level interac-
tion data from Pathway Commons (45) and InnateDB. Gene nodes with net
positive total network scores were included within the subnetwork and
visualized using Cytoscape as described above.

Cytokine quantification

Cytokines in cell-free supernatants were quantified by ELISA. Matched
capture and detection Ab pairs for TNF-a, IL-6, IL-8, IL-10, and CCL-2
were obtained from eBioscience (San Diego, CA), whereas IL-24 was
obtained from R&D Systems (Minneapolis, MN).

GFP transfection and microscopy

The pEGFP-LC3 vector (46) was a generous gift from Dr. T. Yoshimori
(Osaka, Japan). IB3-1 cells were grown in eight-well m-Slides (Ibidi) (8),
transfected with 0.5 mg plasmid/well using Turbofect (Fermentas, Bur-
lington, ON, Canada), incubated for 24 h, and stimulated as described
above. Cells were directly visualized with an Olympus FV1000 micro-
scope (Olympus), using 488/520 nm at constant voltage, corrected for
background autofluorescence. Autophagosome accumulation was quanti-
fied by visually counting 65 GFP+ cells in each well to obtain the number
with .10 GFP+ structures.

Immunoblotting

Preparation of cell lysates, SDS-PAGE, and Western blots was done as
previously described (28) using rabbit monoclonal anti-LC3 (New En-
gland Biolabs/Cell Signaling Technology, Pickering, ON, Canada). Total
protein in each lysate was quantified by fluorimetry using the Qubit 2.0
Fluorometer (Invitrogen) and Qubit Protein Assay Kit (Invitrogen). Sam-
ple loading was controlled by equalizing protein among all lanes on
each gel.

Statistics

Statistical differences were determined using GraphPad Prism 6.0 (GraphPad)
using two-way ANOVA followed by Bonferroni’s post hoc for multiple
conditions across two cell types, one-way ANOVA followed by Tukey’s
post hoc for multiple conditions in a single cell type, or paired Student
t tests for single comparisons in a single cell type.

Results
IDR-1018 selectively attenuated exaggerated inflammatory
responses of CF cells

Initial studies on the anti-inflammatory effects of IDR-1018 were
carried out using the well-studied CF airway cell line IB3-1 and
C38 (CFTR-corrected). Cells were stimulated with innate immune
activating molecules expressed by P. aeruginosa, namely FliC, and
3O-C12, as these ligands induce hyperinflammatory responses in
CF cells (7, 9, 10). IB3-1 cells were found to secrete 2–5-fold
more of the inflammatory cytokines IL-6 and IL-8 than stimulated
C38 cells (Fig. 1A, 1B). When IB3-1 cells were pretreated by
IDR-1018, these inflammatory responses were blunted by 30–50%
(Fig. 1A, 1B). LPS was not used as a stimulus for these epithelial
cells, as pilot studies showed only minimal cytokine induction.
We next sought to confirm the anti-inflammatory effect of IDR-

1018 in primary, patient-derived cells. PBMCs were chosen for
this purpose because: 1) they express a full repertoire of TLRs and
produce a greater variety of cytokines than airway cells (47); (2)
responses from freshly isolated PBMCs are less likely to be arti-
facts associated with long-term ex vivo culture or immortalization
of CF airway cells (48, 49); 3) PBMCs express functional CFTR
and recapitulate the CF-associated hyperinflammatory phenotype
(7, 50); and 4) this PBMC phenotype is relevant in vivo, leading
to impaired resolution of inflammation in CF (51). In addition,
blood collection is significantly less invasive than bronchoscopy or
bronchoalveolar lavage, thereby minimizing harm to the pediatric
study population.
Stimulated PBMCs from CF donors (Table I) produced 3–6-fold

more of the inflammatory cytokines IL-6 and TNF-a when com-
pared with cells from healthy donors (Fig. 1C, 1D), with the ex-
ception of LPS-induced TNF-a. The anti-inflammatory effect of
IDR-1018 on CF PBMCs was substantial; exaggerated IL-6 and
TNF-a responses to FliC were corrected to the level produced by
control (non-CF) PBMCs, and LPS-induced IL-6 and TNF-a was
completely abolished (Fig. 1C, 1D). PBMCs were not stimulated
with 3O-C12, as it did not induce cytokine production in pilot
studies. To confirm that IDR-1018 was specifically attenuating
inflammatory responses, the production of other noninflammatory
cytokines and chemokines was examined (Supplemental Fig. 1).
Production of IL-24 from stimulated IB3-1 cells (Supplemental
Fig. 1A) or CCL-2, IL-10, and IL-24 from stimulated CF PBMCs
(Supplemental Fig. 1B–D) was either enhanced or unaffected by
IDR-1018, indicating that the peptide was not globally suppress-
ing innate immune function in CF cells.

Table I. CF patient characteristics and experimental use of cells

Patient No. Age (y) Genotype Experimental Use of Cells

1 6 F508/F508 Systems biology studies, 4-h ELISAs
2 17 F508/F508 Systems biology studies, 4-h ELISAs
3 14 F508/Xa Systems biology studies, 4-h ELISAs
4 17 F508/F508 Systems biology studies, 4-h ELISAs
5 3 F508/F508 Systems biology studies, 4- and 24-h ELISAs
6 16 F508/F508 Western blots, 24-h ELISAs
7 10 F508/F508 Western blots, 24-h ELISAs
8 13 F508/G511D Western blots, 24-h ELISAs

aX denotes a rare CFTR mutation that did not match a laboratory reference sequence.
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Adenosine monophosphate–activated protein kinase and Akt
mediate the anti-inflammatory effect of IDR-1018

Due to the complexity of innate immunity and inflammation (27),
systems biology and network analysis approaches were used to
provide new hypotheses into the exaggerated inflammatory re-
sponses of CF cells and the corrective action of IDR-1018. Initial
microarray studies were carried out comparing the transcriptional
responses of IB3-1 and C38 cells to treatment with FliC and/or
IDR-1018. Although these bronchial epithelial cells had muted
cytokine responses compared with CF PBMCs (Fig. 1), they were
well suited for systems biology studies because: 1) their tran-
scriptional responses are robust enough to allow inflammatory
pathway identification (52); 2) IB3-1 transcriptional responses
have been validated by others (53, 54); and 3) IB3-1 and C38 are

isogenic, minimizing nonspecific donor effects on gene expres-
sion. Cells were stimulated with TLR5 agonist FliC, as it induced

heightened cytokine production from both CF epithelial cells and

PBMCs (Fig. 1), enabling more accurate downstream comparisons

between cell types.
As a first step in understanding the functional interrelationship

of genes with altered expression levels in response to IDR-1018,

GO overrepresentation analysis (reflecting the functional attrib-

utes of the dysregulated genes) was carried out. This revealed that

GO terms related to proinflammatory processes and ER stress were

significantly overexpressed in IB3-1 relative to C38 cells following

FliC stimulation (Table II), but were not significant in cells treated

with IDR-1018. The single most significant GO term normalized

by IDR-1018 addition was “cellular response to glucose starva-

FIGURE 1. IDR-1018 attenuated the hyperinflammatory phenotype of CF cells. Airway epithelial cells pretreated with IDR-1018 were stimulated with

bacterial ligands. Secreted IL-6 (A) and IL-8 (B) was measured after 24 h. Bars show the mean 6 SEM of n = 3 experiments. PBMCs from CF donors (n =

5) or healthy controls (n = 8) were similarly treated, with production of IL-6 (C) and TNF-a (D) measured after 4 h. Bars show the mean 6 SEM of

individual patient responses. Statistically significant differences between healthy and CF cells are noted as *p , 0.05, **p , 0.01, ***p , 0.001. Sta-

tistically significant differences between CF PBMCs treated with or without IDR-1018 are noted as #p , 0.05, ##p , 0.01. nd, Not detected.

Table II. IDR-1018 normalized dysregulated GO terms related to innate immunity, inflammation, ER stress, and autophagy in
FliC-treated IB3-1

Overrepresented GO Terma

FliC FliC + IDR-1018

Odds Ratiob p Valuec Odds Ratiob p Valuec

Cellular response to glucose starvation 26.5 0.026 – NS
ER-overload response 7.1 0.034 – NS
Negative regulation of IkB kinase/NF-kB cascade 6.6 0.041 – NS
Stress-activated MAPK cascade 6.6 0.030 – NS
ER-associated protein catabolic process 4.4 0.040 – NS
Innate immune response–activating signal transduction 4.4 0.040 – NS
Positive regulation of JAK–STAT cascade 3.1 0.044 – NS
Positive regulation of innate immune response 3 0.040 – NS
Tyrosine phosphorylation of STAT protein 2.7 0.040 – NS
Positive regulation of IkB kinase/NF-kB cascade 1.9 0.040 – NS
Positive regulation of MAPK activity 1.8 0.043 – NS

aOverrepresented by DE genes in IB3-1 cells (relative to C38).
bFold increase relative to expectation by chance for significant terms.
cAdjusted to control for multiple comparisons (p . 0.05).
–, No odds ratio presented because the GO term was not significantly different.
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tion,” an unexpected finding given that it is not traditionally as-
sociated with inflammation or innate immunity.
Network analysis was next used to understand how transcriptional

changes induced by IDR-1018 influenced the signaling pathways of
CFTR and TLR5 by visualizing genes in these pathways as network
nodes interconnected by their protein–protein interactions (37). The
CFTR and TLR5 networks self-segregated into two distinct entities
with no apparent connectivity (Fig. 2A). When, after treatment with
FliC + IDR-1018, genes that were differentially expressed in IB3-1
relative to C38 were merged alongside these networks, two distinct
points of interconnectivity between the CFTR and TLR5 pathways
became apparent (Fig. 2B) through Akt (AKT1) connected sepa-
rately to Hsp27 (HSPB1) and adenosine monophosphate–activated
protein kinase (AMPK) (PRKAA1) (Fig. 2C). The in vitro func-

tional relevance of these newly identified interconnections was
confirmed by demonstrating that IDR-1018 no longer attenuated
inflammatory responses from IB3-1 cells pretreated with AICAR
(AMPK activator) or an Akt inhibitor (Fig. 2D).

Network analysis implicates autophagy as a target for
IDR-1018 in CF cells

To further interrogate transcriptional processes driving heightened
inflammatory responses in IB3-1 cells, a subset of 54 genes were
mathematically determined as comprising a discrete, prominent,
and statistically significant subdivision (subnetwork) within the
larger interaction network (Supplemental Fig. 2). GO overrepre-
sentation analysis on these 54 genes revealed terms related to
vesicle transport, vesicle fusion, and autophagy as significantly

FIGURE 2. AMPK and Akt link CFTR and TLR5 to mediate the anti-inflammatory effect of IDR-1018 in CF airway cells. (A) Network analysis showing

that CFTR and TLR5 signaling networks are independent and lack interconnectivity. (B) When genes DE following treatment with FliC + IDR-1018 were

merged into (A), CFTR and TLR5 networks became connected (C) via PRKAA1 (AMPK), HSPB1 (Hsp27), and AKT1 (Akt). Genes in the CFTR and TLR5

networks are colored red and blue, respectively. If expression was affected by IDR-1018, nodes are colored pink (CFTR network), purple (TLR5 network),

or gray (neither network). (D) IB3-1 cells were pretreated with an AKT inhibitor or AICAR, followed by FliC 6 IDR-1018, and secretion of IL-6 was

measured. Bars show the mean 6 SEM of three independent experiments, with significance denoted as *p , 0.05.
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dysregulated (Table III). This subnetwork was also found to con-
tain multiple genes from the v-soluble N-ethylmaleimide–sensitive
factor attachment protein receptor (SNARE) and syntaxin fami-
lies, classically associated with the regulation of vesicle transport
and fusion and Vps15 (PIK3R4), which is involved in autophagy
induction.
To validate these findings using patient cells, analyses were

repeated on the transcriptional responses of CF PBMCs to FliC
and IDR-1018. GO overrepresentation analysis revealed that terms
associated with control of glucose responses, autophagy, and the
regulation or propagation of inflammatory processes were simi-
larly dysregulated in FliC-treated CF PBMCs, but no longer
significant in the presence of IDR-1018 (Table IV). As autophagy-
related themes were identified by these analyses in both CF air-
way cells and PBMCs, the role played by autophagy in the
transcriptional responses to FliC and IDR-1018 was investigated
in both cell types. First-order interaction networks were generated
for DE genes in IB3-1 (relative to C38) and for CF PBMCs and
merged with a curated autophagy interactome (55). This approach
facilitated the identification of core subnetworks containing 128
nodes from IB3-1 transcriptional responses (Supplemental Fig. 3)
and 145 nodes from CF PBMC transcriptional responses (Sup-
plemental Fig. 4). Subnetworks from both cell types were found
to contain a large proportion of DE genes curated in the auto-
phagy interactome, with IDR-1018 altering the expression of
.50% of the autophagy-related genes in both networks (Table V).
Based on these data and analyses, we hypothesized that defective

autophagy was driving heightened CF cell inflammatory responses
and that IDR-1018 was limiting this phenotype by modulating
autophagy.

IDR-1018 promoted autophagosome clearance in FliC-treated
CF cells

To test this hypothesis, twowidely used autophagy modulators (56)
were examined for effects on cytokine production by IB3-1 cells.
3-MA, which inhibits PIK3R4 (Supplemental Fig. 2), thereby
blocking autophagosome formation, significantly increased IL-6
secretion by FliC-treated IB3-1 cells (Fig. 3A). When cells were
pretreated with BafA1, which prevents autophagosome degradation
by blocking fusion with lysosomes, the anti-inflammatory effect of
IDR-1018 was abolished (Fig. 3A). In contrast, the autophagy in-
ducer rapamycin did not significantly alter inflammatory cytokine
responses elicited by FliC or their attenuation by IDR-1018 in IB3-1
cells (data not shown), consistent with a recent study (16).
Because BafA1 inhibited the anti-inflammatory properties of

IDR-1018, we next examined the effect of IDR-1018 on auto-
phagosome turnover in CF cells. GFP-LC3 transfection of IB3-1
before FliC treatment revealed significant numbers of cells con-
taining large GFP-staining autophagosomes (Fig. 3B) with a pat-
tern of perinuclear accumulation (Fig. 3C), a phenomenon observed
when autophagosome maturation and fusion with lysosomes is
impaired (57, 58). When cells were pretreated with IDR-1018,
this increased perinuclear autophagosome accumulation was no
longer observed (Fig. 3C).
Activation of autophagy leads to cleavage of a marker protein

LC3-I into the autophagosome membrane–bound LC3-II; how-
ever, LC3-II can also accumulate if autophagosome clearance is
inhibited. FliC caused the accumulation of LC3-II in both IB3-1
cells and CF PBMCs, an effect that was attenuated by IDR-1018
(Fig. 3D), but only upon FliC addition. Because inhibition of Akt
with inhibitor VII or activation of AMPK with AICAR blocked
the anti-inflammatory effect of IDR-1018 (Fig. 2D), their effects
on perinuclear autophagosome accumulation were examined. Both
compounds prevented IDR-1018 from limiting autophagosome
accumulation in FliC-treated IB3-1 cells, as did pretreatment with
BafA1 (Fig. 4). Together, these data demonstrated that the dys-
functional autophagic responses of CF cells to bacterial ligands
such as FliC contributed to their inflammatory phenotype. By re-
storing the ability of CF cells to clear autophagosomes in an AKT–
AMPK-dependent manner, IDR-1018 was able to attenuate their
inflammatory phenotype.

Table III. Significant GO terms related to related to vesicle transport
and autophagy induced by IDR-1018 in IB3-1 cells based on subnetwork
analysis

Overrepresented GO Terma p Valueb

SNAP receptor activity 0.002
Intracellular protein transport 0.003
Vesicle fusion 0.007
Macroautophagy 0.011
Glucose metabolic process 0.012
Vesicle-mediated transport 0.013
Endosome organization 0.015
SNARE binding 0.015
Autophagy 0.033

aBased on subnetwork nodes DE in IB3-1 (relative to C38) after treatment with
FliC + IDR-1018, but not after FliC alone (Supplemental Fig. 2). Odds ratios not
determined, as genes represent only a subset of data.

bAdjusted to control for multiple comparisons.

Table IV. IDR-1018 normalized dysregulated GO terms related to innate immunity, inflammation, and autophagy in FliC-treated
CF PBMCs

Overrepresented GO Terma

FliC FliC + 1018

Odds Ratiob p Valuec Odds Ratiob p Valuec

Regulation of acute inflammatory response to antigenic stimulus 22.6 0.006 – NS
Cyclooxygenase pathway 15 0.038 – NS
Nucleotide-binding oligomerization domain containing-1 signaling 15 0.036 – NS
Positive regulation of NF-kB import into nucleus 6.6 0.001 – NS
Positive regulation of TLR signaling 5.6 0.036 – NS
Negative regulation of IkB kinase/NF-kB cascade 4.3 0.029 – NS
Regulation of cytokine-mediated signaling pathway 2.8 0.033 – NS
Activation of MAP kinase activity 2.5 0.038 – NS
Autophagy – NS 2.0 0.039
Glucose metabolic process – NS 1.5 0.039
Negative regulation of LPS-mediated signaling – NS 12.6 0.050

aBased on genes DE relative to untreated cells.
bFold increase relative to expectation by chance for significant terms.
cAdjusted to control for multiple comparisons (p . 0.05).
–, No increase in odds ratio because the GO term was not significantly overrepresented.
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Discussion
Lung inflammation continues as the major life-limiting disease
feature of CF, but no cohesive model explains its origins. In this
work, we report that: 1) exposure of CF cells to the TLR5 ligand
FliC triggered abnormal inflammatory responses and autophago-
some accumulation; and 2) rescue of autophagosome clearance in
CF cells correlated with the correction of inflammatory cytokine
production to near-normal levels. These findings highlight auto-
phagy as mechanistically important in inflammation in CF.
Both inflammation and the immunomodulatory mechanisms

of IDRs (and the endogenous host defense peptide LL-37) are
complex and involve several intracellular and extracellular targets,
pathways, and effectors. This complexity has necessitated the use

of computational systems biology approaches, which enable the
generation of hypotheses for testing how these peptides function

in model systems (20, 22, 23, 28). In this study, we have extended
these methods to enable the stepwise generation and in vitro

testing of hypotheses regarding CF-associated inflammation and

the anti-inflammatory actions of IDR-1018 in CF cells. Micro-
arrays have been used previously to study inflammation in CF in

a classical, descriptive manner in which single DE genes are

identified and subsequently confirmed using molecular approaches
(53, 54, 59). Instead, this study employed systems-level analysis

to identify important dysregulated pathways and processes that

drive inflammation in CF cells, thereby increasing the power of
the analysis by placing into context a multitude of single gene

Table V. The contribution of autophagy-related genes to subnetwork characteristics of IDR-1018–treated CF
cells

Analysis
Network Size

(n)
Subnetwork Size

(n)
Percent Autophagy-

Related Nodes
Percent Autophagy-Related
Nodes Affected by IDR-1018

IB3-1 cellsa 5007 128 34 (44 nodes) 68 (30 nodes)
CF PBMCsb 7208 145 28 (41 nodes) 54 (22 nodes)

aExpression relative to C38 cells (Supplemental Fig. 3).
bExpression relative to untreated PBMCs (Supplemental Fig. 4).

FIGURE 3. Dysfunctional autophagy in CF cells

contributes to inflammation and is targeted by IDR-

1018. IB3-1 cells were pretreated with 3-MA or BafA1

followed by FliC 6 IDR-1018, and IL-6 was measured

after 24 h (A). Bars show mean 6 SEM of n = 3

experiments. (B) IB3-1 cells transfected with a GFP-

LC3 plasmid were stimulated by FliC 6 IDR-1018 for

24 h and GFP+ cells with perinuclear LC3 accumula-

tion were counted. (C) Visualization of perinuclear

LC3 accumulation (arrows) in cells by fluorescence

microscopy. The dye used was GFP attached to LC3,

read at 520 nm. Original magnification 31000. Bars

show mean counts 6 SEM of GFP+ cells with peri-

nuclear accumulation from n = 4 experiments, and

slides are from one representative experiment. (D)

Western blots showing native LC3-I and LC3-II ex-

pression in nontransfected IB3-1 and CF PBMCs.

Loading was controlled by fluorometric protein quan-

tification ensuring equal protein per lane. Blots are

representative from n = 3 experiments (IB3-1) or n = 3

patients (PBMCs). Statistical significance indicated as

*p , 0.05, **p , 0.01.
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components that may participate in any number of interconnected
or redundant pathways (27). By validating these findings at the
pathway level instead of confirming individual pathway compo-
nents, our approach enabled the identification of autophagy as a
functionally relevant biological process in CF.
Dysfunctional autophagy was recently identified in CF, with

Luciani et al. (16) observing that autophagy triggers failed to up-
regulate this process in CF cells, whereas in contrast Bodas et al.
(17) observed normal autophagy induction with aberrant peri-
nuclear autophagosome accumulation. However, innate immune
activating ligands were not used as stimuli in either study, limiting
conclusions regarding inflammation because these ligands are re-
quired to induce the hyperinflammatory phenotype in CF patients,
cells, and animal models (4, 7–10, 60–62). In another study (18),
the induction of autophagy promoted clearance of Burkholderia
cepacia by CF mouse macrophages, with decreased production
of IL-6, although it was unclear if reduced inflammation was due
to autophagy induction or decreased bacterial load (and thus de-
creased bacterial ligands). The current study therefore provides the
strongest evidence that dysfunctional autophagy in CF cells gives
rise to heightened inflammatory responses to bacterial ligands.
It was observed that the hyperinflammatory phenotype elic-

ited by the TLR5 ligand FliC correlated with the accumulation
of perinuclear autophagosomes (Fig. 3). TLR stimulation can in-
duce autophagy via canonical downstream kinases, but autophagy
induction through TLR5 appears poor or nonexistent (63, 64).
Therefore, it seemed likely that autophagosome accumulation and
inflammatory responses from FliC treatment were more likely a
result of impaired clearance of these structures rather than height-
ened autophagy induction. Consistent with this conclusion, the
blocking of TLR-induced autophagy using the inhibitor 3-MA, in
FliC-treated IB3-1 cells, synergistically enhanced proinflammatory
IL-6 production (Fig. 3A), indicating that autophagy induction
was anti-inflammatory. The formation of large autophagosomes in

the perinuclear space is a normal part of their maturation, yet they
are rarely LC3-positive, and cells with these structures lack cor-
responding increases in LC3-II protein (57, 58), in contrast to what
was observed in this study in FliC-treated CF cells (Fig. 3). Fur-
thermore, the autophagosome–lysosome fusion inhibitor BafA1
did not lead to additional increases in autophagosome accumula-
tion or increased IL-6 production in FliC-treated cells, indicat-
ing that FliC was already maximally inhibiting fusion. BafA1
did, however, completely block both the anti-inflammatory and
autophagosome-clearing effects of IDR-1018 (Figs. 3, 4). Col-
lectively, these data indicate that dysregulated autophagosome–
lysosome fusion and/or clearance was the autophagy step most
relevant to heightened CF inflammatory responses and to IDR-
1018 alleviation of hyperinflammation. Consistent with this, the
human host–defense peptide LL-37, which is functionally related
to the IDR peptides, was shown to induce autophagy and enhance
autophagosome–lysosome fusion and clearance in non-CF sit-
uations (65).
To link these events to inflammation, we propose a model in

which ER stress, a known component of CF-associated inflam-
mation (2, 14), acts as an intermediary between autophagosome
accumulation and the inflammatory responses of CF cells (Fig. 5).
We recently demonstrated that ER stress is elevated at baseline
in a variety of CF tissues and cell types, causing activation of
downstream pathways that synergize with canonical TLR5 sig-
naling to induce exaggerated inflammatory responses to FliC (19).
Given that ER stress promotes autophagy as a negative-feedback
system to limit misfolded CFTR accumulation in the ER through
autophagosome–lysosome-mediated degradation (13, 66), we pro-
pose that therapeutic interventions that promote normal autophagy
in CF cells could potentially limit inflammation by reducing the
burden of ER stress in CF cells. Overrepresentation analysis of
gene expression indicated that ER stress was significantly dys-
regulated in IB3-1 after FliC treatment, but this did not occur in

FIGURE 4. Autophagosome clearance by IDR-1018

is mediated by AMPK–Akt. GFP-LC3–transfected

IB3-1 cells were pretreated with an AKT inhibitor,

AICAR or BafA1 followed by FliC6 IDR-1018. GFP+

cells with perinuclear LC3 accumulation were counted

after 24 h (A), and perinuclear LC3 accumulation

(arrows) was visualized by fluorescence microscopy

(B). The dye used was GFP attached to LC3, read at

520 nm. Original magnification 31000. Bars show

mean counts 6 SEM of GFP+ cells with perinuclear

accumulation from n = 4 experiments, and images are

from one representative experiment. Significance in-

dicated as *p , 0.05, **p , 0.01.
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the presence of IDR-1018 (Table II). Furthermore, blockade of
autophagy initiation with 3-MA, which would lead to further
CFTR accumulation in the ER, induced proinflammatory re-
sponses to FliC (Fig. 3A), consistent with our recent observa-
tion that elevated ER stress is present in CF cells and tissues,
and predisposed CF airway cells to exhibit hyperinflammatory
responses to FliC (19). On this basis, we therefore propose that
the specific disruption of autophagosome clearance by FliC in CF
cells decreases their ability to deal with their ER stress burden by
causing the system to back up, leading to activation of proin-
flammatory ER stress pathways that amplify subsequent TLR-
elicited responses.
Network analysis of CF cell transcriptional responses identified

two Akt-dependant pathways as potential mediators of IDR-1018

(Fig. 2). Although Akt and AMPK are known to modulate auto-
phagy (55) and Akt mediates anti-inflammatory effects of IDR
peptides (21), we report in this study that they bridge the CFTR
and TLR5 pathways (Fig. 2). The CFTR and TLR5 pathways have
not previously been linked through protein-level interactions (now
shown in the InnateDB-generated plots in Fig. 2A). We focused
on AMPK–Akt because the biological role of AMPK (55, 67)
was most consistent with the overrepresented glucose responses
and autophagy GO terms (Tables II, IV). These analyses were con-
firmed by the finding that either an AMPK activator or Akt in-
hibitor could attenuate the anti-inflammatory and autophagosome-
clearing properties of IDR-1018 in CF cells (Figs. 2D, 4). As
AMPK activation inhibits Akt signaling (67), these data are con-
sistent with a model in which the effects of IDR-1018 are medi-

FIGURE 5. Model: dysfunctional autophagosome clearance perpetuates inflammation in CF cells. Based on the assembled evidence, it is proposed that

misfolded CFTR DF508 accumulates in the ER, inducing ER stress and autophagy. Ligation of TLR5 by FliC interferes with autophagosome–lysosome

fusion, leading to accumulation of autophagosomes and misfolded CFTR in the ER. ER and cell-stress pathways are further activated and synergize with

canonical TLR activation of NF-kB to amplify the cell inflammatory responses. IDR-1018 interrupts this inflammatory amplification by restoring auto-

phagosome clearance through an AMPK–Akt-dependent pathway. TRAF6, TNFR-associated factor 6.
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ated by an Akt-dependent pathway that is negatively regulated by
AMPK.
Akt is known to crosstalk with the SNARE family proteins

syntaxin-2, -4, and -7 and VAMP7/8 that regulate autophagosome–

lysosome fusion (68–70), and these genes were among the highest

scoring nodes in our subnetwork analyses (Supplemental Fig. 2).

Similarly, p62 (SQSTM1) plays a critical role in autophagosome

formation (56), contributes to dysfunctional autophagy in IB3-1

cells (16), and is an intracellular receptor for IDR peptides (24).

SQSTM1 was consistently identified in every network analysis

carried out on peptide-treated CF cells (Fig. 2, Supplemental Figs.

2–4). IDR-1018 might also influence autophagy more peripher-

ally, for example, by increasing levels of the autophagy-inducing

cytokine IL-24 (71) in both IB3-1 and CF PBMCs (Supplemental

Fig. 1), because the production of IL-24 is normally defective in

CF cells (59). Indeed, it seems possible that these separate path-

ways all contribute to the underlying autophagy dysfunction in CF

and/or to autophagy induction/resolution by IDR peptides.
Lung inflammation in CF patients is not exclusively induced

by FliC and occurs following colonization by non-Pseudomonal

pathogens that lack flagellin and therefore do not activate TLR5

(72). FliC was selected as a model stimulus for this work primarily

because it was the one ligand that consistently induced hyper-

inflammatory responses from CF epithelial cells and PBMCs (Fig.

1). The use of this ligand is further justified by the knowledge that

near-ubiquitous colonization of CF patients with P. aeruginosa

occurs by adulthood and is a major predictor of mortality (73),

that FliC is the major inflammation-provoking ligand from this

bacterium (7, 9), and that a loss of function mutation in TLR5

is associated with better prognostic factors in CF patients (8). Still,

it is quite possible that other inflammation-provoking bacterial

ligands may similarly dysregulate autophagy in CF cells, and further

studies on the broader interplay between innate immunity and

autophagy in CF are warranted.
In addition to predisposing CF patients to inflammation, dys-

functional autophagy may also play a role in the ability of

CF-associated pathogens to colonize the respiratory tract. Staph-

ylococcus aureus, an early colonizer of the CF lung, subverts

functional autophagy to kill host cells (74). In the CF lung, dys-

functional autophagy could limit virulence of S. aureus, limiting

immune activation by this organism, thereby enhancing its per-

sistence. In the case of P. aeruginosa, autophagy is required

for clearance of this organism by alveolar macrophages (75), and

dysfunctional autophagy may therefore play a role in the near-

ubiquitous colonization of CF patients by this organism. A further

clinicopathological correlation between autophagy and bacterial

lung colonization has been reported, with CF patients treated with

the antibiotic and autophagy-blocking drug azithromycin becom-

ing predisposed to infection with atypical Mycobacterium (76).
In summary, we have shown that the TLR5 ligand FliC causes

autophagosome accumulation in CF cells with inflammatory con-

sequences. Using IDR-1018 as proof of principle, we demonstrated

that rescuing the clearance of accumulated autophagosomes in

CF cells corrected their exaggerated innate immune responses to

bacterial ligands to near-normal levels. These insights were gen-

erated in an unbiased manner using computational systems biology

methods, validating them at each step using CF cells. Although

this work was predominantly carried out in CF epithelial cell

lines with known limitations, similar observations were made in

primary PBMCs from CF patients, thereby validating our findings

and increasing their generalizability. This work highlights the utility

of applying systems biology to understanding the nature of inflam-

mation in human disease and identifies autophagy as a potentially

druggable target in CF, with the aim of limiting inflammation-

mediated pulmonary decline in afflicted individuals.
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9. Bérubé, J., L. Roussel, L. Nattagh, and S. Rousseau. 2010. Loss of cystic fibrosis
transmembrane conductance regulator function enhances activation of p38 and
ERK MAPKs, increasing interleukin-6 synthesis in airway epithelial cells ex-
posed to Pseudomonas aeruginosa. J. Biol. Chem. 285: 22299–22307.

10. Mayer, M. L., J. A. Sheridan, C. J. Blohmke, S. E. Turvey, and R. E. W. Hancock.
2011. The Pseudomonas aeruginosa autoinducer 3O-C12 homoserine lactone
provokes hyperinflammatory responses from cystic fibrosis airway epithelial cells.
PLoS ONE 6: e16246.

11. Xu, Y., A. Krause, H. Hamai, B. G. Harvey, T. S. Worgall, and S. Worgall. 2010.
Proinflammatory phenotype and increased caveolin-1 in alveolar macrophages
with silenced CFTR mRNA. PLoS ONE 5: e11004.

12. Vij, N., S. Mazur, and P. L. Zeitlin. 2009. CFTR is a negative regulator of
NFkappaB mediated innate immune response. PLoS ONE 4: e4664.

13. Fu, L., and E. Sztul. 2009. ER-associated complexes (ERACs) containing ag-
gregated cystic fibrosis transmembrane conductance regulator (CFTR) are de-
graded by autophagy. Eur. J. Cell Biol. 88: 215–226.

14. Knorre, A., M. Wagner, H. E. Schaefer, W. H. Colledge, and H. L. Pahl. 2002.
DeltaF508-CFTR causes constitutive NF-kappaB activation through an ER-
overload response in cystic fibrosis lungs. Biol. Chem. 383: 271–282.

15. Chen, J., M. Kinter, S. Shank, C. Cotton, T. J. Kelley, and A. G. Ziady. 2008.
Dysfunction of Nrf-2 in CF epithelia leads to excess intracellular H2O2 and
inflammatory cytokine production. PLoS ONE 3: e3367.

16. Luciani, A., V. R. Villella, S. Esposito, N. Brunetti-Pierri, D. Medina, C. Settembre,
M. Gavina, L. Pulze, I. Giardino, M. Pettoello-Mantovani, et al. 2010. Defective
CFTR induces aggresome formation and lung inflammation in cystic fibrosis
through ROS-mediated autophagy inhibition. Nat. Cell Biol. 12: 863–875.

17. Bodas, M., T. Min, and N. Vij. 2011. Critical role of CFTR-dependent lipid rafts
in cigarette smoke-induced lung epithelial injury. Am. J. Physiol. Lung Cell. Mol.
Physiol. 300: L811–L820.

18. Abdulrahman, B. A., A. A. Khweek, A. Akhter, K. Caution, S. Kotrange
D. H. A. Abdelaziz, C. Newland, R. Rosales-Reyes, B. Kopp, K. McCoy, et al.

1236 IMPAIRED AUTOPHAGYAND INFLAMMATION IN CYSTIC FIBROSIS

 at U
niversity of B

ritish C
olum

bia on January 8, 2014
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/
http://www.jimmunol.org/


2011. Autophagy stimulation by rapamycin suppresses lung inflammation and
infection by Burkholderia cenocepacia in a model of cystic fibrosis. Autophagy
7: 1359–1370.

19. Blohmke, C. J., M. L. Mayer, A. C. Tang, A. F. Hirschfeld, C. D. Fjell,
M. A. Sze, R. Falsafi, S. Wang, K. Hsu, M. A. Chilvers, et al. 2012. Atypical
activation of the unfolded protein response in cystic fibrosis airway cells con-
tributes to p38 MAPK-mediated innate immune responses. J. Immunol. 189:
5467–5475.

20. Scott, M. G., E. Dullaghan, N. Mookherjee, N. Glavas, M. Waldbrook,
A. Thompson, A. Wang, K. Lee, S. Doria, P. Hamill, et al. 2007. An anti-
infective peptide that selectively modulates the innate immune response. Nat.
Biotechnol. 25: 465–472.

21. Nijnik, A., L. Madera, S. Ma, M. Waldbrook, M. R. Elliott, D. M. Easton,
M. L. Mayer, S. C. Mullaly, J. Kindrachuk, H. Jenssen, and R. E. W. Hancock.
2010. Synthetic cationic peptide IDR-1002 provides protection against bacterial
infections through chemokine induction and enhanced leukocyte recruitment. J.
Immunol. 184: 2539–2550.

22. Wieczorek, M., H. Jenssen, J. Kindrachuk, W. R. P. Scott, M. Elliott, K. Hilpert,
J. T. J. Cheng, R. E. W. Hancock, and S. K. Straus. 2010. Structural studies of
a peptide with immune modulating and direct antimicrobial activity. Chem. Biol.
17: 970–980.

23. Achtman, A. H., S. Pilat, C. W. Law, D. J. Lynn, L. Janot, M. L. Mayer, S. Ma,
J. Kindrachuk, B. B. Finlay, F. S. L. Brinkman, et al. 2012. Effective adjunctive
therapy by an innate defense regulatory Peptide in a preclinical model of severe
malaria. Sci. Transl. Med. 4: 135ra64.

24. Yu, H. B., A. Kielczewska, A. Rozek, S. Takenaka, Y. Li, L. Thorson
R. E. W. Hancock, M. M. Guarna, J. R. North, L. J. Foster, et al. 2009.
Sequestosome-1/p62 is the key intracellular target of innate defense regulator
peptide. J. Biol. Chem. 284: 36007–36011.

25. Barabási, A. L., N. Gulbahce, and J. Loscalzo. 2011. Network medicine: a net-
work-based approach to human disease. Nat. Rev. Genet. 12: 56–68.

26. Zak, D. E., and A. Aderem. 2009. Systems biology of innate immunity. Immunol.
Rev. 227: 264–282.

27. Gardy, J. L., D. J. Lynn, F. S. L. Brinkman, and R. E. W. Hancock. 2009. En-
abling a systems biology approach to immunology: focus on innate immunity.
Trends Immunol. 30: 249–262.

28. Mookherjee, N., P. Hamill, J. Gardy, D. Blimkie, R. Falsafi, A. Chikatamarla,
D. J. Arenillas, S. Doria, T. R. Kollmann, and R. E. W. Hancock. 2009. Systems
biology evaluation of immune responses induced by human host defence peptide
LL-37 in mononuclear cells. Mol. Biosyst. 5: 483–496.

29. Darveau, R. P., and R. E. W. Hancock. 1983. Procedure for isolation of bacterial
lipopolysaccharides from both smooth and rough Pseudomonas aeruginosa and
Salmonella typhimurium strains. J. Bacteriol. 155: 831–838.

30. Flotte, T. R., S. A. Afione, R. Solow, M. L. Drumm, D. Markakis,
W. B. Guggino, P. L. Zeitlin, and B. J. Carter. 1993. Expression of the cystic
fibrosis transmembrane conductance regulator from a novel adeno-associated
virus promoter. J. Biol. Chem. 268: 3781–3790.

31. Bolstad, B. M., R. A. Irizarry, M. Astrand, and T. P. Speed. 2003. A comparison
of normalization methods for high density oligonucleotide array data based on
variance and bias. Bioinformatics 19: 185–193.

32. Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J. R. Statist. Soc.B 57:
289–300.

33. Falcon, S., and R. Gentleman. 2007. Using GOstats to test gene lists for GO term
association. Bioinformatics 23: 257–258.

34. Trapnell, C., L. Pachter, and S. L. Salzberg. 2009. TopHat: discovering splice
junctions with RNA-Seq. Bioinformatics 25: 1105–1111.

35. Robinson, M. D., D. J. McCarthy, and G. K. Smyth. 2010. edgeR: a Bio-
conductor package for differential expression analysis of digital gene expression
data. Bioinformatics 26: 139–140.

36. Young, M. D., M. J. Wakefield, G. K. Smyth, and A. Oshlack. 2010. Gene on-
tology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11:
R14.

37. Lynn, D. J., G. L. Winsor, C. Chan, N. Richard, M. R. Laird, A. Barsky,
J. L. Gardy, F. M. Roche, T. H. Chan, N. Shah, et al. 2008. InnateDB: facilitating
systems-level analyses of the mammalian innate immune response. Mol. Syst.
Biol. 4: 218.

38. Ho, R. L., and C. A. Lieu. 2008. Systems biology: an evolving approach in drug
discovery and development. Drugs R D. 9: 203–216.

39. Pena, O. M., J. Pistolic, D. Raj, C. D. Fjell, and R. E. W. Hancock. 2011. En-
dotoxin tolerance represents a distinctive state of alternative polarization (M2) in
human mononuclear cells. J. Immunol. 186: 7243–7254.

40. Turner-Brannen, E., K. Y. Choi, D. N. Lippert, J. P. Cortens, R. E. Hancock,
H. El-Gabalawy, and N. Mookherjee. 2011. Modulation of interleukin-1b-in-
duced inflammatory responses by a synthetic cationic innate defence regulator
peptide, IDR-1002, in synovial fibroblasts. Arthritis Res. Ther. 13: R129.

41. Smoot, M. E., K. Ono, J. Ruscheinski, P. L. Wang, and T. Ideker. 2011. Cyto-
scape 2.8: new features for data integration and network visualization. Bio-
informatics 27: 431–432.

42. Cline, M. S., M. Smoot, E. Cerami, A. Kuchinsky, N. Landys, C. Workman,
R. Christmas, I. Avila-Campilo, M. Creech, B. Gross, et al. 2007. Integration of
biological networks and gene expression data using Cytoscape. Nat. Protoc. 2:
2366–2382.

43. Lin, C. Y., C. H. Chin, H. H. Wu, S. H. Chen, C. W. Ho, and M. T. Ko. 2008.
Hubba: hub objects analyzer—a framework of interactome hubs identification
for network biology. Nucleic Acids Res. 36(Web Server issue): W438–W443.

44. Beisser, D., G. W. Klau, T. Dandekar, T. Müller, and M. T. Dittrich. 2010.
BioNet: an R-Package for the functional analysis of biological networks. Bio-
informatics 26: 1129–1130.

45. Cerami, E. G., B. E. Gross, E. Demir, I. Rodchenkov, O. Babur, N. Anwar,
N. Schultz, G. D. Bader, and C. Sander. 2011. Pathway Commons, a web re-
source for biological pathway data. Nucleic Acids Res. 39(Database issue):
D685–D690.

46. Kabeya, Y., N. Mizushima, T. Ueno, A. Yamamoto, T. Kirisako, T. Noda,
E. Kominami, Y. Ohsumi, and T. Yoshimori. 2000. LC3, a mammalian homo-
logue of yeast Apg8p, is localized in autophagosome membranes after pro-
cessing. EMBO J. 19: 5720–5728.

47. Corbett, N. P., D. Blimkie, K. C. Ho, B. Cai, D. P. Sutherland, A. Kallos,
J. Crabtree, A. Rein-Weston, P. M. Lavoie, S. E. Turvey, et al. 2010. Ontogeny of
Toll-like receptor mediated cytokine responses of human blood mononuclear
cells. PLoS ONE 5: e15041.

48. Zeitlin, P. L. 2009. Pseudomonas aeruginosa: can studies in engineered cells tell
us why is it such a problem in people with cystic fibrosis? Focus on “Cystic
fibrosis transmembrane conductance regulator and caveolin-1 regulate epithelial
cell internalization of Pseudomonas aeruginosa”. Am. J. Physiol. Cell Physiol.
297: C235–C237.

49. Ribeiro, C. M. P., A. M. Paradiso, U. Schwab, J. Perez-Vilar, L. Jones,
W. O’neal, and R. C. Boucher. 2005. Chronic airway infection/inflammation
induces a Ca2+i-dependent hyperinflammatory response in human cystic fibro-
sis airway epithelia. J. Biol. Chem. 280: 17798–17806.

50. Zaman, M. M., A. Gelrud, O. Junaidi, M. M. Regan, M. Warny, J. C. Shea,
C. Kelly, B. P. O’Sullivan, and S. D. Freedman. 2004. Interleukin 8 secretion
from monocytes of subjects heterozygous for the deltaF508 cystic fibrosis
transmembrane conductance regulator gene mutation is altered. Clin. Diagn.
Lab. Immunol. 11: 819–824.

51. Bonfield, T. L., C. A. Hodges, C. U. Cotton, and M. L. Drumm. 2012. Absence
of the cystic fibrosis transmembrane regulator (Cftr) from myeloid-derived cells
slows resolution of inflammation and infection. J. Leukoc. Biol. 92: 1111–1122.

52. Ogilvie, V., M. Passmore, L. Hyndman, L. Jones, B. Stevenson, A. Wilson,
H. Davidson, R. R. Kitchen, R. D. Gray, P. Shah, et al. 2011. Differential global
gene expression in cystic fibrosis nasal and bronchial epithelium. Genomics 98:
327–336.

53. Wright, J. M., P. L. Zeitlin, L. Cebotaru, S. E. Guggino, and W. B. Guggino.
2004. Gene expression profile analysis of 4-phenylbutyrate treatment of IB3-1
bronchial epithelial cell line demonstrates a major influence on heat-shock
proteins. Physiol. Genomics 16: 204–211.

54. Eidelman, O., M. Srivastava, J. Zhang, X. Leighton, J. Murtie, C. Jozwik,
K. Jacobson, D. L. Weinstein, E. L. Metcalf, and H. B. Pollard. 2001. Control of
the proinflammatory state in cystic fibrosis lung epithelial cells by genes from
the TNF-alphaR/NFkappaB pathway. Mol. Med. 7: 523–534.

55. Behrends, C., M. E. Sowa, S. P. Gygi, and J. W. Harper. 2010. Network orga-
nization of the human autophagy system. Nature 466: 68–76.

56. Klionsky, D. J., H. Abeliovich, P. Agostinis, D. K. Agrawal, G. Aliev,
D. S. Askew, M. Baba, E. H. Baehrecke, B. A. Bahr, A. Ballabio, et al. 2008.
Guidelines for the use and interpretation of assays for monitoring autophagy in
higher eukaryotes. Autophagy 4: 151–175.
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