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Bile Acids Repress Hypoxia-Inducible Factor 1 Signaling and
Modulate the Airway Immune Response
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Gastroesophageal reflux (GER) frequently occurs in patients with respiratory disease and is particularly prevalent in patients
with cystic fibrosis. GER is a condition in which the duodenogastric contents of the stomach leak into the esophagus, in many
cases resulting in aspiration into the respiratory tract. As such, the presence of GER-derived bile acids (BAs) has been confirmed
in the bronchoalveolar lavage fluid and sputum of affected patients. We have recently shown that bile causes cystic fibrosis-asso-
ciated bacterial pathogens to adopt a chronic lifestyle and may constitute a major host trigger underlying respiratory infection.
The current study shows that BAs elicit a specific response in humans in which they repress hypoxia-inducible factor 1o« (HIF-
la) protein, an emerging master regulator in response to infection and inflammation. HIF-1a repression was shown to occur
through the 26S proteasome machinery via the prolyl hydroxylase domain (PHD) pathway. Further analysis of the downstream
inflammatory response showed that HIF-1a repression by BAs can significantly modulate the immune response of airway epi-
thelial cells, correlating with a decrease in interleukin-8 (IL-8) production, while IL-6 production was strongly increased. Impor-
tantly, the effects of BAs on cytokine production can also be more dominant than the bacterium-mediated effects. However, the
effect of BAs on cytokine levels cannot be fully explained by their ability to repress HIF-1, which is not surprising, given the
complexity of the immune regulatory network. The suppression of HIF-1 signaling by bile acids may have a significant influence
on the progression and outcome of respiratory disease, and the molecular mechanism underpinning this response warrants fur-

ther investigation.

Gastroesophageal reflux (GER) frequently occurs in patients
with advanced lung diseases (1). This is particularly prevalent
in patients with cystic fibrosis (CF) (2-8), chronic obstructive
pulmonary disease (9), and ventilator-associated pneumonia
(10). GER is caused by the leak of stomach contents into the
esophagus, which may then lead to aspiration of duodenogastric
contents into the respiratory tract. As such, GER-derived bile ac-
ids (BAs) have been detected in the bronchoalveolar lavage (BAL)
fluid and sputum of affected patients at concentrations ranging
from 0.4 pM (8) up to 32 pM (11).

Interestingly, BA aspiration seems to promote a predisposition
to pulmonary infection (7, 11-14), including that with Pseudomo-
nas aeruginosa, the predominant pathogen associated with respi-
ratory diseases and morbidity and mortality in CF patients (15,
16). Recently, we have shown that bile modulates P. aeruginosa
virulence behavior toward a chronic lifestyle (12), which is asso-
ciated with a more severe form of disease. Moreover, BA aspira-
tion has also been linked with airway inflammation, whereby a
correlation between alveolar neutrophils (8) and interleukin-8
(IL-8) (11, 14) with BAL fluid BAs has been found. Moreover, in a
rodent model of chronic aspiration, BA aspiration has also been
associated with increased BAL fluid tumor necrosis factor alpha
(TNE-a) (17).

The mechanisms underlying the impact of BA aspiration on
lung inflammation and infection are still not known. It is conceiv-
able that BAs in the airways may trigger host factors, such as tran-
scription factors, which in turn modulate immune response path-
ways. One potential target is hypoxia-inducible factor 1 (HIF-1).
HIF-1 has recently been characterized to be an emerging master
regulator in response to infection (18-20) and inflammation (21).
HIF-1 is composed of two protein subunits, HIF-1a and HIF-13,
but HIF-1 activity is predominantly dependent on HIF-1a protein
stabilization (22). Indeed, while the HIF-1f subunit is constitu-
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tively expressed in cells, expression of HIF-1a protein is regulated
at a posttranslational level by prolyl hydroxylase domain (PHD)
proteins through the hydroxylation of HIF-1a and subsequent
proteasomal degradation (23, 24). The signal first described to
stabilize HIF-1a was hypoxia, which is defined as a decrease of
oxygen availability. Hypoxia, by inhibiting PHD activity, conse-
quently prevents HIF-1a degradation, leading to activation of
HIF-1. Since then, several other signals have been described. More
recently, infections with human pathogens (25-30), including P.
aeruginosa (30-32), and chronic inflammation, e.g., rheumatoid
arthritis (21), have been shown to stabilize HIF-1a in immune
and/or epithelial cells. Consequently, HIF-1 induces genes in-
volved in the host immune response, such as antimicrobial pep-
tides, nitric oxide, and several cytokines, including TNF-a, which
help in the fight against and limit the spread of infection (30).
Interestingly, the Pseudomonas quinolone signal (PQS) from P.
aeruginosa has been shown to modulate HIF-1, indicating that
individual molecules can elicit a specific response from HIF-1
(33).

In light of recent reports describing the significant impact of
BA aspiration and the role of HIF-1 in lung inflammation and
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infection, the effect of BAs on HIF-1 signaling in airway epithelial
cells was investigated. As bile aspiration is predominant in CF
patients and chronic lung infection/inflammation cycles still re-
main a major cause of mortality (15, 16), the effect of BAs on
HIF-1 signaling was studied in CF airway epithelial cells.

MATERIALS AND METHODS

Chemicals. All reagents were obtained from Sigma-Aldrich (Arklow, Ire-
land), unless stated otherwise.

Cell culture. The IB3-1 (ATCC CRL-2777) cell line is a bronchial
epithelial cell line derived from a CF patient with CFTR AF508/W1282X
alleles, and S9 cells (ATCC CRL-2778) are IB3-1 cells corrected for CFTR
expression by transfection with wild-type adeno-associated viral CFTR
(AAVCFTR). The A549 (ATCC CCL-185) cell line is a lung adenocarci-
noma epithelial cell line derived from a patient with a lung carcinoma.
IB3-1 and S9 cells were cultured in bovine serum albumin-collagen-fi-
bronectin-coated flasks using LHC-8 medium (Invitrogen, Bio-Science,
Dublin, Ireland) supplemented with 10% (vol/vol) fetal bovine serum
(FBS) and a combination of 100 units/ml penicillin and 100 pg/ml strep-
tomycin (Invitrogen). A549 cells were cultured using M7278 minimal
essential medium supplemented with 10% (vol/vol) FBS, 2 mM Lr-glu-
tamine (Invitrogen), and a combination of 100 units/ml of penicillin and
100 pg/ml of streptomycin (Invitrogen). All cell lines were purchased
from the American Type Culture Collection (ATCC; LGC Standards,
Teddington, United Kingdom). Cells were maintained at 37°C in a hu-
midified 5% CO, atmosphere and used up to passage 20. All experiments
were performed on cells that had reached about 80% confluence, after
which FBS was removed.

Bile acid compounds. All sodium salts of cholic acid (CA; catalog no.
(C9282; Sigma-Aldrich), chenodeoxycholic acid (CDCA; catalog no.
(C8261; Sigma-Aldrich), and deoxycholic acid (DCA; catalog no. D6750;
Sigma-Aldrich) and their respective conjugates and sodium salts of tau-
rocholic acid (TCA; catalog no. 86339; Sigma-Aldrich), glycolic acid
(GCA; catalog no. G7132; Sigma-Aldrich), taurochenodeoxycholic acid
(TCDCA; catalog no. T6260; Sigma-Aldrich), glycochenodeoxycholic
acid (GCDCA; catalog no. G0759; Sigma-Aldrich), taurodeoxycholic acid
(TDCA; catalog no. T0875; Sigma-Aldrich), and glycodeoxycholic acid
(GDCA; catalog no. G9910; Sigma-Aldrich) were dissolved in H,O at a
concentration of 20 mM. Acids of CA (catalog no., C1129; Sigma-Al-
drich), CDCA (catalog no. C9377; Sigma-Aldrich), and DCA (catalog no.
D2510; Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO) ata
concentration of 20 mM.

Enzyme-linked immunosorbent assay (ELISA) analysis of cytokine
production. The levels of the antigens IL-8, IL-6, and TNF-« in the su-
pernatants (50 pl) of control IB3-1 cells and IB3-1 cells that had been
treated with P. aeruginosa PAO1, heat-killed PAO1, lipopolysaccharide
(LPS) extracted from PAO1, or serotype 10 LPS (Sigma-Aldrich) in the
presence or absence of CDCA (50 wM) were measured using a human
Mix-N-Match multianalyte ELISArray kit (CMEH0532A; Qiagen, West
Sussex, United Kingdom), according to the manufacturer’s instructions.
Infections with live and heat-killed cells were performed at a multiplicity
of infection (MOI) of 25:1, while LPS was used at a final concentration of
10 pg/ml. A SpectraMax Plus384 spectrophotometer (Molecular Devices,
Sunnyvale, CA) was used to assay the absorbance, and A,, data were
corrected using As;, readings per the manufacturer’s guidelines.

Infection procedure. P. aeruginosa strain PAO1, originally obtained
from B. Iglewski, was cultured aerobically for 16 h in LHC-8 medium at
37°C under agitation. Heat-killed PAO1 cells were obtained by incubation
of phosphate-buffered saline (PBS)-washed cells at 95°C for 1 h. Aliquots
were spread plated on nonselective agar and incubated at 37°C to confirm
the heat-killed treatment. IB3-1 cells were infected at an MOI of 25 PAO1
cells to 1 IB3-1 cell for 3 h. The MOI was confirmed by plate counting of
serial dilutions of strain PAO1 onto Luria broth (LB) plates.

LPS extraction and visualization. LPS was extracted using the
method described by Hitchcock and Brown (34). PAOL1 cells were grown
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overnight in LB, and the pellet of 1.5 ml was collected by centrifugation at
13,000 rpm for 2 min. The cell pellet was resuspended in 1.5 ml PBS, after
which the optical density at 600 nm was adjusted to 1.0 in a total volume
of 5 ml PBS. The suspension was centrifuged at 13,000 rpm, and the
supernatant was discarded. The pellet was resuspended in 100 .l of lysis
buffer (10% SDS [100 pl], 60% glycerol [83 wl], 0.1 M Tris-HCL, pH 6.8
[100 pl], sterile H,O [197 wl], B-mercaptoethanol [20 wl]) and heated at
100°C for 10 min. The sample was then stored at —20°C overnight. Pro-
teinase K (12.5 pl of a 2-mg/ml solution) was added to the thawed sus-
pension and incubated at 60°C for 1 h. Following this, 10 wl RNase (1
mg/ml) and 5 pl DNase (1 mg/ml) were added, and the mixture was
incubated at 37°C for 1 h. LPS was subsequently dialyzed extensively in
sterile distilled water using a 12- to 14-kDa-cutoff membrane (Medicell
International Ltd., London, United Kingdom). Purified LPS was solubi-
lized in NuPAGE LDS sample buffer (Invitrogen, Bio-Science, Dublin,
Ireland), and 16 pl from each sample was separated on a 15% SDS-gel
with a 5% stacking gel under reducing conditions at 150 mA for 2 h. LPS
was visualized by silver staining, performed using a PlusOne kit (Amer-
sham GE Healthcare, Dublin, Ireland). Coomassie staining was per-
formed to confirm the absence of bacterial proteins in the LPS extract.

Western blot analysis. Total proteins were isolated from airway epi-
thelial cells by sonication in a lysis buffer, as previously described (33).
Twenty micrograms of proteins was resolved on an 8% (vol/vol) SDS-
polyacrylamide gel and transferred to a nitrocellulose membrane (pore
size, 0.45 pm; Amersham GE Healthcare, Dublin, Ireland). The following
antibodies were used: mouse anti-human HIF-1a (catalog no. 610958;
clone 54; BD Transduction Laboratories, Dublin, Ireland), mouse anti-
human HIF-1f (catalog no. 611078; clone 29; BD Transduction Labora-
tories), and mouse anti-human heat shock cognate 70 (HSC70; catalog
no. sc-7298; B-6; Santa Cruz Biotechnology, Heidelberg, Germany).
These antibodies were diluted at ratios of 1:1,000, 1:2,000, and 1:10,000,
respectively, according to the manufacturer’s instructions. The secondary
mouse antibody (Dako Diagnostics Ireland) was used at a dilution of
1:1,000. Detection was performed using enhanced chemiluminescence
(Fisher Scientific, Pierce, Dublin, Ireland).

RNA isolation, cDNA synthesis, and quantitative real-time PCR.
Total RNAs were extracted from IB3-1 airway epithelial cells using an
RNeasy minikit (Qiagen, West Sussex, United Kingdom). After DNase
treatment using RQ1 RNase-free DNase (Promega, Southampton, United
Kingdom), 1 g of RNA was reverse transcribed into cDNA using oli-
go(dT) primer and avian myeloblastosis reverse transcriptase (Promega)
according to the manufacturer’s recommendations. Quantitative real-
time PCR was performed using a FastStart TagMan probe master (Roche
Diagnostics, West Sussex, United Kingdom) and a PTC-200 thermocycler
(M] Research, Bio-Rad, United Kingdom) according to the manufactur-
er’s instructions. The primer pairs (Table 1) used for each transcript were
specifically designed using the Universal Probe Library Assay Design Cen-
ter (Roche). The relative quantification of mRNA levels was calculated by
the 2742¢T method using hypoxanthine phosphoribosyltransferase 1
(HPRT-1) threshold cycle (C;) values for normalization. In order to ad-
dress the core biological questions, normalized values for IB3-1 cells alone
were assigned an arbitrary value of 1 (30).

Cytotoxicity assay. The release of lactate dehydrogenase (LDH) into cell
culture supernatants was measured using a LDH cytotoxicity detection kit
(Roche) according to the manufacturer’s instructions. Briefly, IB3-1 cells
were seeded onto 96-well plates and treated with BAs at 50 and 100 wM.
Following 16 h of incubation at 37°C in 5% CO,, the supernatants were
removed, added to a catalyst reaction mixture in a fresh plate, and further
incubated at 37°C in 5% CO, for 30 min to allow color development. After
this period, the plate was analyzed on an ELISA plate reader at 490 nm. Cy-
totoxicity was expressed as a percentage of the total amount of LDH released
from untreated cells and cells treated with DMSO or with BAs in comparison
with the total amount of LDH released from cells treated with 0.1% Triton
X-100 (which was considered 100% cytotoxicity).
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TABLE 1 Primer pairs used for this study”

Bile Acids Repress HIF-1 Signaling

GenBank Probe no.
accession no. Gene name Orientation” Primer sequence from Roche
NM_000194.2 HPRT-1 F TGACCTTGATTTATTTTGCATACC 73
HPRT-1 R CGAGCAAGACGTTCAGTCCT
NM_000600.3 IL-6 F GATGAGTACAAAAGTCCTGATCCA 40
IL-6 R CTGCAGCCACTGGTTCTGT
NM_000584.2 IL-8 F AGACAGCAGAGCACACAAGC 72
IL-8 R ATGGTTCCTTCCGGTGGT
NM_000594.2 TNF-« F CAGCCTCTTCTCCTTCCTGAT 29
TNF-a R GCCAGAGGGCTGATTAGAGA
NM_000758.2 GM-CSF F TCTCAGAAATGTTTGACCTCCA 1
GM-CSF R GCCCTTGAGCTTGGTGAG
NM_000759.3 G-CSF F ACTTTGCCACCACCATCTG 48
G-CSF R TGGAAAGCAGAGGCGAAG
NM_000625.4 NOS2 F ACCAGTACGTTTGGCAATGG 37
NOS2 R TCAGCATGAAGAGCGATTTCT

“ Gene accession numbers, gene names, primer sequences, and the corresponding Roche probes used for quantitative real-time PCR are shown.

b B, forward; R, reverse.

Statistical analysis. Three independent biological replicates were per-
formed for all experiments described in this report. Statistical analyses
were performed using a one- or two-way analysis of variance (ANOVA)
test, followed by Tukey multiple-comparisons analysis. Statistical analysis
of the ELISA data was performed by an unpaired, two-tailed Student ¢ test,
followed by the use of Welch’s correction. Differences were considered
significant if the P value was =0.05.

RESULTS

BAs repress HIF-1a protein in airway epithelial cells. Hypoxia-
inducible factor 1 (HIF-1) has recently been characterized to be an
emerging master regulator in response to infection. As gastro-
esophageal reflux (GER)-derived bile aspiration has also been
linked to lung infection, the effects of bile acids (BAs) on HIF-1
were studied. Clinical manifestations of GER disease, in particu-
lar, esophageal mucosal damage, are often attributed to BAs; how-
ever, evidence suggests that the pathophysiology of GER is far
more complex (35). In order to ensure that the impact of bile on
HIF-1 is due to a specific response rather than a general response,
BAs were first tested for cytotoxicity toward the epithelial cell lines
under investigation. For this, the four major human BAs (36),
trihydroxylated cholic acid (CA), dihydroxylated chenodeoxy-
cholic acid (CDCA) and deoxycholic acid (DCA), and monohy-
droxylated lithocholic acid (LCA), were incubated with IB3-1 air-
way epithelial cells. Concentrations of 50 and 100 uM were
selected, as these are similar to the highest concentrations found in
airway secretions (11). As BAs may be present in humans as so-
dium salts or acids, both versions were tested, except for LCA,
where only acid was commercially available.

Treatment of IB3-1 cells by Triton X-100 at 0.1% (vol/vol) was
chosen as a positive control of cytotoxicity, and the cytotoxicity
that it caused was given an arbitrary value of 100%. LCA, the
monohydroxylated BA, was found to be extremely toxic (close to
100%) for airway cells (Fig. 1A). Treatment with CDCA and DCA,
the two dihydroxylated BAs, led to the moderate release of LDH
(14 to 27%) at both concentrations used (Fig. 1A), although only
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the acid version was found to be significantly toxic in comparison
to the effect of no treatment. The sodium salts versions used at 50
wM were not cytotoxic. CA, the trihydroxylated BA, was not
found to be toxic for the airway epithelial cells, except for the acid
version of CA used at 100 uM (7%) (Fig. 1A). LDH release was
correlated with cell morphology, as illustrated with IB3-1 cell im-
aging (Fig. 1B). The acid version of LCA at 100 uM led to the
destruction of all airway epithelial cells, whereas acid versions of
CA, CDCA, and DCA at 100 M did not significantly impact cell
morphology in comparison with that of untreated control cells
(Fig. 1B). Taken together, toxicity for airway cells was inversely
proportional to the status of hydroxylation, which is similar to the
toxicity found in other human tissues (36, 37).

The effects of three individual bile acids, CA, CDCA, and DCA,
on HIF-1 signaling were assessed, as the toxicity of LCA was too
high. BAs were tested in their noncytotoxic sodium salt forms, as
these are the most prevalent forms under physiological conditions
(38). Interestingly, incubation of CDCA and DCA with airway
epithelial cells led to a dose-dependent downregulation of HIF-1a
protein levels with a starting concentration of 25 pM for CDCA
and 1 wM for DCA (Fig. 2A and B). In contrast, CA had no effect
on HIF-1a protein levels even at the highest concentration of 100
pM (Fig. 2C). Importantly, similar results were obtained for the
acid versions of CA, CDCA, and DCA (Fig. 2), suggesting that
HIF-1a protein repression was not specific to acid or sodium salt
versions of the BAs.

In order to check if HIF-1a downregulation was linked to the
CFTR mutation(s) and/or CF disease, the nontoxic concentration
of 50 M of the sodium salts of CDCA and DCA, which led to the
complete repression of HIF-1a protein in IB3-1 cells, was tested in
CFTR-corrected IB3-1 airway epithelial cells (S9 cells) and lung
adenocarcinoma cells (A549 cells). Addition of both CDCA and
DCA led to the repression of HIF-1a protein in both cell lines (Fig.
3), suggesting that HIF-1a protein repression is not related to the
CF status but appears to be a general effect of dihydroxylated BAs.
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FIG 1 The toxicity of bile acids is inversely correlated to the degree of hy-
droxylation. (A) Release of LDH in the culture medium of IB3-1 airway epi-
thelial cells that were untreated (control [Cont]) or treated with sodium salts
of the trihydroxylated BA CA, the two dihydroxylated BAs (CDCA and DCA),
acids of CA, CDCA, and DCA, or the monohydroxylated BA (LCA) at concen-
trations of 50 and 100 wM for 16 h. Cytotoxicity is expressed as the mean
percentage * standard deviation (SD) (n = 3) of the total amount of LDH
released from IB3-1 cells treated with 0.1% Triton X-100, which was given an
arbitrary value of 100%. A one-way ANOVA test was performed for compar-
ison of treated cells with control untreated cells, followed by Tukey multiple-
comparisons analysis. **, P =< 0.01; ***, P =< 0.001. (B) Phase-contrast micros-
copy of IB3-1 cells that were untreated (control) or treated with acids of LCA,
CA, CDCA, and DCA at a concentration of 100 uM for 16 h or with Triton
X-100 at 0.1%. Phase-contrast microscopy data represent those from one of
three independent experiments with comparable results. Magnification, X40.

Finally, the effect of BAs appeared to be specific for HIF-1a pro-
tein repression, as the protein levels of the second HIF-1 protein
subunit, HIF-1[, were not affected by either CDCA or DCA in any
of the airway cell lines tested (Fig. 3).

As both conjugated and unconjugated BAs have been detected
in airway secretions (10), the impact of BAs conjugated with either
taurine or glycine on HIF-1a protein levels was studied. Conjuga-
tion of CA had no effect on HIF-1a protein levels (Fig. 4A),
whereas conjugation of CDCA and DCA by either taurine
(TCDCA and TDCA, respectively) or glycine (GCDCA or GDCA,
respectively) totally abolished HIF-1a protein downregulation
(Fig. 4B and C). Altogether, unconjugated forms of the dihy-
droxylated BAs found in airway secretions, CDCA and DCA, led
to the dose-dependent downregulation of HIF-1a protein.

CDCA and DCA led to HIF-1a protein degradation through
the 26S proteasome machinery via the PHD pathway. In order to
investigate the mechanism by which CDCA and DCA repressed
the HIF-1a protein, it was first investigated if HIF-1a was modu-
lated at the mRNA level in IB3-1 cells. HIF-1ae mRNA levels were

3534 iai.asm.org

A Chenodeoxycholic Acid (CDCA) [sodium salts]
cont ' 1 10 25 50 100 ' M
[ — — | wF-1a
|---- -l HSC70
Chenodeoxycholic Acid (CDCA) [acids]
Cont DMSO ' 1 10 25 S0 100 ' pM
| — — — — | HIF-1a
| e = I HSC70
B Deoxycholic Acid (DCA) [sodium salts]
cont 1 10 25 50 100 @ pM
“ A s | HIF-1a
I | HSC70

Deoxycholic Acid (DCA) [acids]

Cont DMSO '1 10 25 so0 100 ' oum
F R e T oy
[ o e wre
[ o e o ey |
- — HSC70
| ; |
C Cholic Acid (CA) [sodium salts]
Cont ' 1 10 25 50 100 ' pM
[— — — — ——
IM HSC70
Cholic Acid (CA) [acids]
cont DMso [ 10 25 50 100 ' pm
I-—— —_—— - —.l HIF-1a
l \
I ! \ HSC70

FIG 2 The two dihydroxylated BAs CDCA and DCA repress HIF-1a protein,
whereas the monohydroxylated CA does not. The levels of HIF-1ae and HSC70
(loading control) proteins in IB3-1 airway epithelial cells untreated (control)
or treated with DMSO or with the sodium salt or acid version of CDCA (A),
DCA (B), and CA (C) at a concentration of 1, 10, 25, 50, and 100 wM for 16 h
are shown. Western blot data represent those from one of three independent
experiments with comparable results.

not affected in response to CDCA and DCA compared to the levels
in control untreated cells (data not shown), indicating that repres-
sion of the HIF-1a protein by CDCA and DCA was not due to
modulation of its transcriptional expression.

HIF-1a protein is known to be strongly regulated at the post-
translational level. Prolyl hydroxylase domain (PHD) enzymes are
major regulators of HIF-1a protein levels through an iron-oxy-
gen-dependent hydroxylation mechanism, in turn leading to
HIF-1a degradation by the 26S proteasome machinery (23, 24).
Therefore, it was hypothesized that unconjugated dihydroxylated
BA-mediated HIF-1a protein repression might occur at this post-
translational level. In order to study the potential involvement
of this pathway, chemical inhibitors of PHD enzymes and the
26S proteasome machinery were used. Dimethyloxaloylglycine
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FIG 3 CDCA and DCA repress HIF-1a protein in CF and non-CF airway cells
without affecting HIF-1@ protein levels. The levels of the HIF-1a, HIF-1[3, and
HSC70 (loading control) proteins in CF-affected IB3-1 cells (A), CFTR-cor-
rected S9 cells (B), and A549 airway epithelial cells (C) that were untreated
(control) or treated with sodium salts of CDCA or DCA at a concentration of
50 wM for 16 h are shown. Western blot data represent those from one of three
independent experiments with comparable results.

(DMOG; 2 mM), 2,2"-dipyridyl (DP; 100 uM), and cobalt chlo-
ride (CoCl,; 150 wM), all of which are known to be PHD inhibi-
tors, and Z-Leu-Leu-Leu-al (MG132; 1 wM) and N-acetyl-Leu-
Leu-norleucinal (MG101; 25 pwM), both of which are 26S
proteasome inhibitors, were tested. All of the inhibitors, alone or
in the presence of CDCA and DCA, led to significant HIF-1a
stabilization, in comparison to untreated control cells (Fig. 5).
Therefore, in the presence of the PHD or 26S proteasome inhibi-
tors, CDCA and DCA were no longer able to repress HIF-1a pro-
tein. Thus, CDCA and DCA degrade HIF-1a protein via the 26S
proteasome machinery through the PHD enzymes, which are in-
volved in the most characterized and major pathway involved in
HIF-1 regulation.

However, importantly, when PHD inhibitors were used at a
lower concentration but a concentration sufficient for HIF-1a
stabilization, i.e., 200 uM for DMOG (Fig. 5A) and 25 uM for DP
and CoCl, (Fig. 5B and C), both CDCA and DCA were still able to
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FIG 4 Conjugation of CDCA and DCA by either taurine or glycine abolishes
HIF-1a protein repression. The levels of HIF-1ae and HSC70 (loading control)
proteins in IB3-1 airway epithelial cells untreated (control) or treated with
sodium salts of nonconjugated CA (A), CDCA (B), and DCA (C) or CA,
CDCA, and DCA conjugated with taurine (TCA, TCDCA, and TDCA, respec-
tively) or glycine (GCA, GCDCA, and GDCA, respectively) at a concentration
of 50 pM for 16 h are shown. Western blot data represent those from one of
three independent experiments with comparable results.

repress HIF-1a protein, suggesting that a minimal concentration
of PHD inhibitors is required to block dihydroxylated BA-medi-
ated HIF-1a protein degradation.

CDCA represses HIF-1a protein and modulates immune-re-
lated cytokine levels during infection with P. aeruginosa. HIF-1
is an important regulator of several key host response networks,
and key targets include the inflammation-related cytokines IL-6,
IL-8, and TNF-« (39, 40). Therefore, to establish the downstream
significance of HIF-1ae modulation by BAs, ELISA analysis for all
three cytokines was performed in IB3-1 cells in the presence and
absence of CDCA, a BA that has been specifically found in the
airway secretions of patients with ventilator-associated pneumo-
nia (10). CDCA treatment led to a reduction in IL-8 production
(with the levels in CDCA-treated cells falling below the limit of
detection of the ELISA), while the level of IL-6 was significantly
increased 7.3-fold (£0.86-fold) compared to that in IB3-1 cells in
the absence of CDCA (Fig. 6A). The expression of TNF-« in the
absence of CDCA was below the limit of detection for the assay,
and while the level of expression was increased by CDCA, the
increase did not reach significance (data not shown). Thus, CDCA
appears to influence immune response cytokines, in addition to
HIF- 1o, and warrants further investigation.

GER and respiratory infections often co-occur in individuals,
particularly in CF patients. As shown in this study, BAs are able to
repress HIF-1a protein and modulate cytokine production. On
the other hand, bacterial cell contact is known to induce HIF-1a
(31, 33), though there is also emerging evidence that secreted sig-
nal molecules can selectively suppress this major regulator (33).
Therefore, the effect of BAs on HIF-1a levels during infection was
investigated. For this, IB3-1 airway epithelial cells were infected
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FIG 5 CDCA and DCA lead to concentration-dependent HIF-1a protein degradation through the PHD pathway and 26S proteasome machinery. The levels of
HIF-1a and HSC70 (loading control) proteins in IB3-1 airway epithelial cells that were untreated (control) or treated with the PHD inhibitor DMOG (2 mM and
0.2 mM) (A), DP (100 uM and 25 uM) (B), or CoCl, (150 pM and 25 wM) (C) or with the 26S proteasome inhibitor MG132 (1 wM) (D) or MG101 (25 pM)
(E), alone or in association with treatment with the sodium salts of CDCA or DCA at a concentration of 50 M for 16 h, are shown. Western blot data represent

those from one of three independent experiments with comparable results.

with P. aeruginosa strain PAO1 in the absence or the presence of
CDCA. Infection by PAO1 for 3 h atan MOI of 25:1 led to HIF-1a
protein stabilization in IB3-1 airway epithelial cells, as previously
published (31) (Fig. 6B). As demonstrated here, the addition of
CDCA alone led to HIF-1a protein degradation. Interestingly,
pretreatment with CDCA at 50 wM for 16 h prevented HIF-1a
stabilization in response to PAO1 infection. This impact of CDCA
on HIF-1a protein levels in response to infection was not due to a
decrease in bacterial growth, as the number of PAOLI cells in the
cell culture supernatant or attached to the airway cells was found
to be the same under all conditions (data not shown). ELISA anal-
ysis of cytokine production in infected cells revealed significant
suppression of IL-8 by CDCA (P = 0.0124), while IL-6 production
was significantly increased (P = 0.0021) upon addition of the BAs
compared to that with infection alone (Fig. 6A).

To further investigate the role of BAs during infection, the
mRNA levels of the cytokines IL-6, IL-8, and TNF-a plus those of
granulocyte macrophage colony-stimulating factor (GM-CSF)
and granulocyte colony-stimulating factor (G-CSF) (all of which
are found in the airway secretions of CF patients [41-43]) were
investigated in the presence and absence of CDCA and in response
to infection with P. aeruginosa strain PAO1. All cytokines except
TNEF-a were detected in untreated controls, and their levels were
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given an arbitrary value of 1. TNF-a mRNA was detected only
upon infection, and its level was then given an arbitrary value of 1
(Fig. 6C). All cytokines were significantly induced by PAO1 infec-
tion in comparison with their levels in uninfected and untreated
control cells (Fig. 6C). When cells pretreated with CDCA were
infected with P. aeruginosa, this pattern of cytokine expression was
altered. PAOI induction of IL-8 and GM-CSF mRNA expression
was significantly reduced in the presence of CDCA, whereas PAO1
induction of IL-6, TNF-a, and G-CSF mRNA expression was sig-
nificantly enhanced by pretreatment with CDCA (Fig. 6C). Inter-
estingly, in agreement with the ELISA data, treatment with CDCA
alone significantly induced IL-6 mRNA expression in the presence
and absence of infection and had no significant effect on TNF-a
expression. While the reduction in IL-8 protein levels by CDCA
was not reflected at the level of mRNA expression, it was interest-
ing to note the significant reduction in IL-8 induction by PAO1 in
the presence of CDCA. Moreover, CDCA significantly repressed
GM-CSF and G-CSF expression in comparison with that in unin-
fected and untreated control cells.

The cytokines IL-8, IL-6, and TNF-a have all been charac-
terized to be HIF-1 targets (39, 40). Therefore, while it is clear
that BAs can significantly modulate the immune response of
airway epithelial cells to infection, the effect of CDCA on cyto-
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FIG 6 Under conditions of infection with P. aeruginosa, CDCA represses HIF-1a protein levels and affects proinflammatory cytokine expression profiles. (A)
ELISA analysis of cytokine production by IB3-1 cells in the presence or absence of 50 uM CDCA for uninfected cells or for cells at 3 h after treatment with PAO1,
heat-killed (HK) PAO1, or LPS extracted from PAO1 cells. #, values that were below the limit of detection of the ELISA kit. Statistical significance was assessed
via an unpaired, two-tailed Student # test with the Welch correction. *, P < 0.05; **, P < 0.005. The data presented represent those from three independent
replicates. (B) Western blot analysis of HIF-1ae and HSC70 (loading control) proteins in IB3-1 airway epithelial cells in the presence or absence of 50 uM CDCA
for uninfected cells or for cells at 3 h after treatment with PAO1, heat-killed PAO1, or LPS extracted from PAO1 cells. Data represent those from one of three
independent experiments with comparable results. (C) Relative expression of IL-6, IL-8, TNF-a, GM-CSF, and G-CSF mRNA in IB3-1 airway epithelial cells that
were uninfected (control), infected with P. aeruginosa PAO1 at an MOI of 25:1 for 3 h (PAO1) in combination with preincubation with sodium salts of CDCA
(PAO1 + CDCA), or treated with CDCA only (CDCA) at a concentration of 50 uM for 19 h. The fold change is expressed as the mean (n = 3) and is relative to
the level for untreated and uninfected control cells, for which expression was given an arbitrary value of 1, except for TNF-a, where the fold change is relative to
that for cells infected with PAO1, which was given an arbitrary value of 1. ND, not determined. A two-way ANOVA test was performed. *, P < 0.05 in comparison
with IB3-1 alone (control); **, P < 0.01 in comparison with IB3-1 alone (control); ***, P < 0.001 in comparison with IB3-1 alone (control); /\, P < 0.05 in
comparison with PAO1-treated cells; /\/\/\, P < 0.001 in comparison with PAO1-treated cells; ##, P < 0.01 in comparison with CDCA-treated cells; ###, P <
0.001 in comparison with CDCA-treated cells.

kine levels cannot be fully explained by its ability to repress
HIF-1a protein. This is not surprising, given the complexity of
the immune regulatory network. Expression of the mRNA of
another important HIF-1 target gene, the gene for inducible
nitric oxide synthase (iNOS), was not detected in the IB3-1 cell
line under untreated/treated and/or infected conditions.
Moreover, in this cell line, INOS mRNA was also not expressed
after hypoxic exposure (1% O, for 16 h in a Coy Scientific
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hypoxia chamber) or following treatment with human TNF-«a
(HumanKine; Sigma-Aldrich) at 5 or 50 ng/ml after4 hor 16 h
(data not shown).

Importantly, bacterial LPS can affect HIF-1 signaling and
downstream immune responses, and hence, it is possible that
BAs could mediate their effect during infection through mod-
ulation of LPS. Therefore, LPS (serotype O5) was extracted
from PAO1 and used to treat IB3-1 cells as described above.
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FIG 7 (A) ELISA analysis of IB3-1 cytokine production at 3 h postinfection with LPS from P. aeruginosa serotype 10 (Sigma-Aldrich). #, values that were below
the limit of detection of the ELISA kit. Statistical significance was assessed via an unpaired, two-tailed Student ¢ test with the Welch correction. ¥, P < 0.05. Data
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with comparable results.

Upon exposure to PAO1 LPS, HIF-1a was found to be weakly
stabilized (Fig. 6B) and cytokine production was enhanced (the
level of IL-8 production increased 7.09-fold [ *=2.16-fold], and
thelevel of IL-6 production increased 2.34-fold [+0.025-fold])
(Fig. 6A). This was in contrast to the results for serotype 10 LPS
(Sigma-Aldrich) used at 0.1 or 10 pg/ml for 4 h or 16 h, which
did not impact cytokine levels (Fig. 7A and data not shown) or
HIF-1a protein levels (Fig. 7B) in IB3-1 cells, which is sup-
ported by the observations made in a previous study (44).
Moreover, PAO1 LPS and serotype 10 LPS showed distinct
profiles (data not shown). It was also interesting to note that
heat-killed PAO1 cells were capable of stabilizing HIF-1a (Fig.
6B), as well as significantly inducing cytokine production, with
IL-8 levels increasing 6.74-fold (*+2.01-fold) and IL-6 levels
increasing 2.01-fold (*0.164-fold) at 3 h postinfection (Fig.
6A). As with live cells, addition of CDCA led to a reduction in
IL-8 levels and increased IL-6 production compared to the IL-8
levels and levels of IL-6 production obtained by infection with
heat-killed cells or LPS treatment alone. However, in the case of
IL-8, the reduction was not significant. Taken together, these
findings indicate a complex interaction between pathogen and
host involving bile acids, HIF-1, and cytokine production.
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DISCUSSION

The aim of this study was to investigate the impact of BAs on the
airway response, particularly the effect on HIF-1, a key master
regulator of the immune and infection response. BAs are emerg-
ing as important factors contributing to respiratory infection and
inflammation, although to date the mechanism(s) of action has
not been elucidated. Here we demonstrate for the first time that
certain BAs, both in their acid and in their salt forms, can specif-
ically repress HIF-1a stabilization and that this is mediated at least
in part via the PHD/26S proteasome pathway (see Fig. 8 for an
overview).

It was interesting to note that conjugation of the BAs elimi-
nated the repression of HIF- 1« stabilization. However, it has been
reported previously that conjugation of BAs leads to the loss of the
biological effect (45, 46). Although, in general, most of the BAs are
present in humans in their conjugated forms (36), GER treatment,
including treatment with proton pump inhibitors and acid sup-
pression therapy, has been shown to result in deconjugation of
BAs (47). Therefore, the ratio of unconjugated BAs/conjugated
BAs is increased in these patients (47), and indeed, the unconju-
gated forms of CDCA, DCA, and LCA have all been found in
airway secretions, whereas only the glycoconjugate form of CDCA
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FIG 8 Impact of bile acids on HIF-1 signaling. GER-associated bile aspiration
frequently occurs in patients with CF, leading to the presence of physiologi-
cally active concentrations of BAs in the lower respiratory tract of these pa-
tients. Although aspirated BAs are known to modulate components of the
immune response, the host regulators underpinning this remain largely un-
known. In this study, we demonstrate that (i) BAs and particularly unconju-
gated CDCA and DCA destabilize HIF-1a protein levels through the 26S pro-
teasome machinery via the PHD pathway. Moreover, we demonstrate that (ii)
CDCA represses the HIF-1a protein induced upon infection with P. aerugi-
nosa, one of the main pathogens associated with CF disease. Finally, we show
that (iii) CDCA modulates the proinflammatory cytokine gene expression
profile under basal conditions and in response to infection. These findings are
highly significant in light of two recent reports showing that BAs influence
respiratory pathogens toward a chronic lifestyle (12) and that the P. aeruginosa
PQS signal molecule, triggered by bile, can also directly repress HIF-1a protein
(33). Therefore, (iv) bile aspiration and PQS may adversely impact the im-
mune response through dual or synergistic repression of HIF-1a. Taken to-
gether, repression of HIF-1 signaling by BAs and/or PQS and the resultant
perturbation of the cytokine profile may have a significant effect on the pro-
gression of CF disease by promoting and/or maintaining infections.

(GCDCA) has been detected (10). Thus, it is conceivable that the
effect of unconjugated BAs on HIF-1la stabilization may be the
most clinically relevant in GER patients.

Both HIF-1 and BAs are known to modulate the immune re-
sponse. More than 30 years ago, BAs were described for their im-
munosuppressive activities in cholestasis (48), which is defined by
the arrest of bile flow and associated with elevated serum BA levels.
Indeed, cholestasis has frequently been linked to the impaired
function of macrophages (48) and lymphocytes (49). In vitro
experiments have shown that BAs are able to directly inhibit
the production of proinflammatory cytokines (50, 51). As
such, the immunosuppressive properties of BAs could occur
through the HIF-1 pathway. Indeed, in our study, we show that
the most prevalent unconjugated BA found in airway secretions
(10), CDCA, modulates cytokine expression under basal condi-
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tions but also in response to infection with P. aeruginosa (Fig. 6
and 8). This could be partially explained by the ability of CDCA to
cause the degradation of HIF-1a, which, in particular, would ef-
fect IL-8 expression, which is known to be controlled by the HIF-1
pathway (26, 39). Interestingly, the expression of GM-CSF is also
decreased by CDCA, but GM-CSF has not yet been described to be
a direct HIF-1 target gene. However, IL-6 and TNF-« expression,
which has been shown to be controlled by HIF-1 (30, 40), was
strongly potentiated in epithelial cells in the presence of CDCA, a
condition under which HIF-1a is suppressed, reflecting the dif-
ferent levels of regulation and the complexity of the immune sys-
tem. It has recently been reported that IL-6 can compromise tissue
repair, shifting the inflammatory response from an acute to a
chronic profibrotic stage (52). In addition, HIF-1 stabilization has
been shown to be central to effective inflammatory resolution in
intestinal cells, with HIF-1 interference leading to chronic inflam-
mation (53). Taken together, our data strongly support the hy-
pothesis that BA modulation of cytokines and HIF-1a may con-
tribute to the chronic inflammation and reduced lung function
associated with aspiration in patients with respiratory disease.

It has been established that HIF-1a is stabilized in response to
bacterial infection (23). Therefore, the suppression of HIF-1a by
BAs during coculture experiments is a significant development.
Although the pathway underpinning this suppression remains to
be elucidated, there is evidence to suggest both direct and indirect
mechanisms. Previously, it was shown that the effects of BAs on
LPS- or endotoxin-stimulated TNF-a secretion were not a result
of adirect interaction between BAs and LPS (54) or inactivation of
endotoxin (51) but occurred through a direct inhibitory effect of
BAs on the cells. It has been postulated that the immunosuppres-
sion caused by BAs might be a result of cell membrane damage.
However, in this study and in a previous study (54), no cytotox-
icity was observed at the concentrations used. Additionally, our
results show that CDCA did not affect P. aeruginosa growth. PAO1
LPS was specifically found to be involved in the modulation of
HIF-1a by BAs in our model, while heat-killed PAO1 also induced
both IL-6 and IL-8, consistent with the findings presented in pre-
vious reports (55, 56). However, this does not rule out the involve-
ment of bacterial secreted factors in BA-mediated suppression of
HIF-1la and modulation of the immune response. We have re-
cently shown that the P. aeruginosa signaling molecule PQS is
capable of repressing HIF-1a at physiologically relevant concen-
trations through a PHD-independent mechanism (33). We have
also shown that PQS production in P. aeruginosa is strongly stim-
ulated by BAs (12), suggesting that synergistic suppression of
HIF-1a may occur during infection of CF patients (Fig. 8), up to
80% of whom are GER and P. aeruginosa positive (4, 8).

Taken together, these new BA/HIF-1 interaction data tend to
suggest that the disruption in HIF-1 signaling, coupled with the
resulting modulation in cytokine levels, may actually promote in-
fection(s) (7, 11, 13, 14) and/or maintain chronic infections (12),
thus further contributing to the process of chronic inflammation
in patients suffering from GER and pulmonary diseases (Fig. 8).
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