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Most patients with cystic fibrosis (CF) suffer from acute and
chronic pulmonary infections with bacterial pathogens, which
often determine their life quality and expectancy. Previous
studies have demonstrated a downregulation of the acid
ceramidase in CF epithelial cells resulting in an increase of
ceramide and a decrease of sphingosine. Sphingosine kills
many bacterial pathogens, and the downregulation of sphin-
gosine seems to determine the infection susceptibility of cystic
fibrosis mice and patients. It is presently unknown how defi-
ciency of the cystic fibrosis transmembrane conductance
regulator (CFTR) connects to a marked downregulation of the
acid ceramidase in human and murine CF epithelial cells. Here,
we employed quantitative PCR, western blot analysis, and
enzyme activity measurements to study the role of IRF8 for
acid ceramidase regulation. We report that genetic deficiency
or functional inhibition of CFTR/Cftr results in an upregula-
tion of interferon regulatory factor 8 (IRF8) and a concomitant
downregulation of acid ceramidase expression with CF and an
increase of ceramide and a reduction of sphingosine levels in
tracheal and bronchial epithelial cells from both human in-
dividuals or mice. CRISPR/Cas9- or siRNA-mediated down-
regulation of IRF8 prevented changes of acid ceramidase,
ceramide, and sphingosine in CF epithelial cells and restored
resistance to Pseudomonas aeruginosa infections, which is one
of the most important and common pathogens in lung infec-
tion of patients with CF. These studies indicate that CFTR
deficiency causes a downregulation of acid ceramidase via
upregulation of IRF8, which is a central pathway to control
infection susceptibility of CF cells.

Cystic fibrosis (CF) is the most common autosomal recessive
disorder in the European Union (EU) and the United States
(USA). On average, the disease affects one in every 2500 children
born in Western countries, but some countries have an even
higher incidence. CF is caused bymutations of the cystic fibrosis
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transmembrane conductance regulator protein (human: CFTR;
mouse: Cftr) (1–3). The disease is characterized by respiratory,
gastrointestinal, and reproductive complications. However, at
present the gastrointestinal symptoms are usually well
controlled and the pulmonary problems are the major focus of
disease (3). Most patients suffer from chronic pulmonary colo-
nization with bacterial pathogens, in particular Pseudomonas
aeruginosa (P. aeruginosa) (4). A vicious cycle of infection and
inflammation in the airways leads to progressive bronchiectasis.
Loss of lung function is the primary cause of morbidity and
mortality for these patients at present. Approximately 80% of CF
patients will host P. aeruginosa by the age of 25 (5).

We and others have recently shown that CF epithelial cells
exhibit a marked imbalance of ceramide and sphingosine
(6–19). Bronchial epithelial cells from CF mice and transplant
specimen exhibit increased levels of specific ceramide species
and decreased levels of sphingosine. The imbalance of the two
lipids in CF cells seems to be caused by a downregulation of
the function and the expression of the enzyme acid ceramidase
(9, 16, 19), which converts ceramide into sphingosine. We and
others have previously shown that sphingosine kills many
bacterial species in vitro and in vivo very efficiently, including
P. aeruginosa, Staphylococcus aureus (S. aureus), Staphylo-
coccus epidermidis, Haemophilus influenzae, Escherichia coli,
Moraxella catarrhalis, Burkholderia cepacia, and Acineto-
bacter baumanii (7–9, 19–24). Sphingosine is abundantly
expressed on the luminal surface of human and murine nasal,
tracheal, and bronchial epithelial cells, while the levels of
sphingosine are very low or almost undetectable in the cor-
responding epithelial cells from CF patients and CF mice (7–9,
19). We also demonstrated that inhalation of sphingosine or
acid ceramidase by CF mice eliminated existing P. aeruginosa
and S. aureus infections and prevented new P. aeruginosa or
S. aureus infections in these mice without side effects (7–9, 19,
25). Pig experiments confirmed that inhalation of sphingosine
is without adverse effects of epithelial cells of the respiratory
tract (25). Collectively, these findings established a key role of
sphingosine for the innate and immediate antibacterial defense
in the respiratory tract.
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IRF-8 regulates acid ceramidase in CF
In contrast to sphingosine, studies from several laboratories
have demonstrated that ceramide levels are higher in CF
epithelial cells than in normal cells (6–19). The imbalance
between ceramide and sphingosine in the respiratory tract was
shown to be mediated by a downregulation of the acid
ceramidase protein expression correlating with a marked
reduction of the activity of the acid ceramidase in tracheal and
bronchial epithelial cells of mice and humans (9, 19). We have
demonstrated that normalization of ceramide levels also nor-
malizes acid ceramidase and, thereby, sphingosine levels (9).
Vice versa, inhalation of acid ceramidase by CF mice or
treatment of cultured human CF epithelial cells or nasal
epithelial cells freshly isolated from CF patients with acid
ceramidase also normalizes the increased ceramide levels in
these cells (7, 9, 16, 19). This suggests that the acid ceramidase
plays a key role in regulating the infection susceptibility of CF
mice and possibly also humans.

Our current model suggests that deficiency of Cftr results in
increased ceramide levels that mediate a downregulation of
acid ceramidase and, thereby, a further upregulation of cer-
amide and a concomitant downregulation of sphingosine.
These alterations form a vicious cycle and may cause the
infection susceptibility of CF mice and human individuals with
CF. At present, it is unknown how Cftr regulates acid
ceramidase expression.

A link between the acid ceramidase and interferon regulatory
factor 8 (IRF8), also named interferon consensus sequence
binding protein, has been previously shown in chronic mye-
logenous leukemia cells with a marked upregulation of IRF8
and a downregulation of acid ceramidase (26). Thus, we
investigated whether Cftr deficiency regulates IRF8 and, in turn,
whether IRF-8 controls acid ceramidase expression in CF cells.

Here, we demonstrate that deficiency of Cftr or functional
inhibition of Cftr results in upregulation of IRF8 and a
concomitant downregulation of acid ceramidase protein
expression and activity. Genetic downregulation of IRF8
abrogated the effect of genetic deficiency or functional inhi-
bition of CFTR on acid ceramidase expression and activity.
Genetic downregulation of IRF8 also normalized increased
ceramide and reduced sphingosine levels in CF cells or after
functional inhibition of CFTR. The reduced sphingosine levels
upon prolonged inhibition of CFTR increased the infection
susceptibility of cells to P. aeruginosa, which was restored by
downregulation of IRF8 using siRNA technology, direct addi-
tion of sphingosine to the cells, or cellular treatment with
ceramidase to generate sphingosine.

Results

To investigate whether Cftr deficiency alters expression
levels of IRF8, we used CFMHH mice that express low levels of
Cftr, and Cftr−/− mice that are deficient for Cftr, but express
human CFTR under the control of a fatty acid binding protein
(FABP) promoter in the intestine. Both strains can be fed a
normal diet. Syngenic littermates were used as controls. All
mice were on a C57BL/6H background. We determined the
protein expression of IRF8 in tracheal and bronchial epithelial
cells from wild-type and CF mice by western blotting (Fig. 1)
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and immunofluorescence staining (Fig. 2A). The results
revealed a marked upregulation of IRF8 in tracheal epithelial
cells from CF mice compared with the levels in wild-type mice
(Fig. 1). The expression of IRF8 increased with age of the CF
mice (Fig. 1). Confocal microscopy studies from trachea or lung
of CF and wild-type mice confirmed the upregulation of IRF8 in
epithelial cells of CF mice (Fig. 2A). IRF8 expression was
normalized to actin fluorescence in epithelial cells. We also
investigated whether treatment of tracheal epithelial cells with
lipopolysaccharide (LPS), a paradigmatic proinflammatory
mediator, results in a further change of the expression of IRF8,
but failed to detect an effect of LPS on IRF8 expression (Fig. 1).

Similar to the changes in airway epithelial cells from mice
trachea and bronchi, we also detected an upregulation of IRF8
in bronchial epithelial cells in histologies from explanted lungs
from CF patients, who received lung transplantation,
compared with the expression in bronchial epithelial cells from
healthy lungs (Fig. 2B).

The relative overexpression of IRF8 in CF bronchial and
tracheal epithelial cells correlated with a marked reduction of
acid ceramidase activity and expression in tracheal and lung
epithelial cells of CF mice as well as in bronchial epithelium
from cystic fibrosis patients compared with healthy individuals
(Fig. 3, A and B). Downregulation of acid ceramidase in CF
cells was also age-dependent.

Further, the upregulation of IRF8 and the downregulation of
acid ceramidase correlated with increased ceramide levels and
a reduction of the sphingosine levels in tracheal epithelial cells
from CFMHH compared with the corresponding levels in wild-
type mice (Fig. 3, C and D). The accumulation of ceramide and
the reduction of sphingosine in tracheal epithelial cells were
also age-dependent (Fig. 3, C and D).

To establish a link between the upregulation of IRF8 and the
downregulation of acid ceramidase in CF cells, we treated
Caco-2 epithelial cells with the pharmacological CFTR
Inhibitor-172 for 2 days and determined expression of IRF8
and acid ceramidase as well as the cellular levels of ceramide
and sphingosine. The results showed that treatment with the
CFTR Inhibitor-172 mimicked the phenotype of Cftr defi-
ciency with an upregulation of IRF8 mRNA (Fig. 4A) and
protein expression (Fig. 4B), a downregulation of acid
ceramidase activity (Fig. 4C) and mRNA (Fig. 4D) and protein
expression (Fig. 4E), increased levels of ceramide (Fig. 4F), and
decreased levels of sphingosine (Fig. 4G).

To investigate whether CFTR deficiency is also linked to
IRF8 upregulation and acid ceramidase downregulation in
human epithelial cells, we employed cultures of primary hu-
man airway epithelial cells from healthy and CF individuals.
IRF8 mRNA levels were increased approximately tenfold
(Fig. 5A) and IRF8 protein levels were increased threefold in
CF cells compared with cells from healthy individuals (Fig. 5B).
Acid ceramidase activity was markedly reduced in CF epithe-
lial cells (Fig. 5C). We employed Lipofectamine CRISPR/Cas9
transfection to target IRF8. As we are unable to clonally
expand or sort our cultures while maintaining their capacity to
proliferate, we worked with a heterogenous population and
assessed the impact of CRISPR-Cas9 at the culture level using
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Figure 1. Cftr deficiency induces an upregulation of IRF8—biochemical analysis and a downregulation of acid ceramidase. Left panel, trachea from
wild-type (Wt) or Cftr-deficient (Cftr−/−) or Cftr-deficient mice with a residual activity of Cftr (CFMHH) were removed and incubated for 2 h in H/S in the
absence or presence of 10 μg/ml P. aeruginosa lipopolysaccharide (LPS). The trachea were then lysed, separated on 7.5% SDS-PAGE, blotted, and analyzed
for IRF8 expression. Actin served as loading controls to confirm similar amounts of protein in each lane. Right panel, trachea from 8-week (young) and 24-
week (old) wild-type or Cftr−/− mice were removed, immediately lysed, and analyzed as above. All western blots were quantified and normalized to actin
expression. Shown are representative blots and the mean ± SD of the quantitative analysis from six independent experiments; ***p < 0.001, ANOVA and
post hoc t-test.

IRF-8 regulates acid ceramidase in CF
both the GeneArt Genomic Cleavage Detection Kit and at the
protein level via Western blotting.

Transfection of epithelial cells with CRISPR/Cas9 con-
structs targeting the IRF8 gene resulted in reduction of IRF8
mRNA in cells from CF individuals by 69 ± 2.2%. IRF8 mRNA
reduction translated in a marked reduction and even
normalization of IRF8 protein levels in epithelial cells from CF
individuals (Fig. 5B) and an increase of acid ceramidase activity
(Fig. 5C) in these cells. Ceramide was increased in CF epithelial
cells compared with cells from healthy individuals and
normalized by genetically targeting IRF8 (Fig. 5D).

Next, we transfected Caco-2 cells with siRNA targeting IRF8
to suppress expression of IRF8 or with control siRNA.
Transfection of IRF8-targeting siRNA resulted in an upregu-
lation of acid ceramidase activity in Caco-2 cells (Fig. 6A), a
reduction of ceramide levels (Fig. 6B), and an increase of
cellular sphingosine (Fig. 6C). Control western blots confirm
the downregulation of IRF8 upon siRNA transfection (Fig. 6D).
Control siRNA was without effect on expression levels of IRF8
(Fig. 6D). More importantly, transfection of siRNA targeting
IRF8 prevented downregulation of acid ceramidase expression,
increase of ceramide, and downregulation of sphingosine levels
upon treatment with the CFTR Inhibitor-172 indicating that
CFTR deficiency regulates the acid ceramidase/ceramide/
sphingosine system via IRF8 (Fig. 6, A–C).

To gain some insight into the mechanisms mediating the
increase of IRF8 expression in CF cells, we treated freshly
isolated trachea from wild-type and CF mice with the pro-
teasomal inhibitor Mg-132 and tested whether the inhibitor
increases expression of IRF8 in wild-type epithelial cell and
further increases expression of IRF8 in CF cells. However, the
inhibitor did not influence protein expression of IRF8 in wild-
type or in CF cells (not shown). Next, we tested whether forced
overexpression of the acid ceramidase has an impact on IRF8
expression employing mice overexpressing the acid ceram-
idase as a transgene and lacking Cftr. The results show that
overexpression of acid ceramidase partially normalized the
expression of IRF8 in Cftr-deficient bronchial epithelial cells
(Fig. 7, A and B).

In order to show the functional significance of the IRF8-
mediated regulation of cellular acid ceramidase expression
and sphingosine levels, we transfected Caco-2 cells with siRNA
targeting IRF8 to suppress IRF8 (Fig. 7C) or with control
siRNA. The cells were then treated with the CFTR Inhibitor-
172 or left untreated. We then infected the cells with
P. aeruginosa for 2 h at a multiplicity of infection of 0.1.
Untransfected or control transfected Caco-2 cells reduced the
number of P. aeruginosa in the cultures (Fig. 7C) indicating a
cell immanent antibacterial mechanism. This reduction of
bacterial numbers was prevented by addition of anti-
sphingosine antibodies indicating that it was mediated by
sphingosine. Suppression of IRF8 increased resistance of un-
treated cells to P. aeruginosa slightly (Fig. 7C). Treatment of
Caco-2 cells with CFTR Inhibitor-172 reduced the resistance
J. Biol. Chem. (2021) 296 100650 3
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Figure 2. Cftr/CFTR deficiency induces an upregulation of IRF8—immunofluorescence confocal microscopy. A, trachea from 24-week-old wild-type
(Wt) or Cftr−/− or CFMHHmice were removed, fixed in 4% PFA, embedded, sectioned, dewaxed, and immunostained with Cy3-coupled anti-IRF8 antibodies.
All figures were made with the same settings of the confocal microscopy. Fluorescence intensity was quantified using Photoshop. IRF8 expression was
normalized to actin fluorescence in epithelial cells. Shown are representative immunostainings and the mean ± SD of the quantitative analysis from six each
independent samples; ***p < 0.001, ANOVA and post hoc t-test. B, sections from explanted lungs from CF patients and from donor lungs were immu-
nostained for IRF8 and analyzed by confocal microscopy. Shown are representative results from six CF lungs and three healthy controls. Fluorescence
intensity was quantified using Photoshop and IRF8 expression was normalized to actin fluorescence in epithelial cells. The mean ± SD of the quantitative
analysis is given; ***p < 0.001, ANOVA and post hoc t-test. E, epithelial cell layer. Please note that the strong signal under the epithelial cell layer in healthy
lungs is caused by the autofluorescence of elastin, which is reduced in fibrotic CF lungs.

IRF-8 regulates acid ceramidase in CF
of the cells to P. aeruginosa and increased the survival of the
bacteria (Fig. 7C). Resistance of CFTR Inhibitor-172-treated
cells was restored by downregulation of IRF8 upon trans-
fection of siRNA targeting IRF8 in cells incubated with the
CFTR Inhibitor-172-treated cells (Fig. 7C). Incubation of
CFTR Inhibitor-172-treated cells with ceramidase or sphin-
gosine also normalized the resistance of the cells to the
pathogen (Fig. 7C). The resistance of these cells to the infec-
tion was again reverted by addition of anti-sphingosine anti-
bodies during the infection (Fig. 7C).
Discussion

In the present article, we demonstrate that genetic defi-
ciency or pharmacological inhibition of CFTR/Cftr results in
an upregulation of IRF8 mRNA and protein in human and
murine CF tracheal and bronchial epithelial cells. The upre-
gulation of IRF8 results in downregulation of the acid
ceramidase as evidenced by the observation that suppression
of IRF8 expression by CRISPR/Cas9 technology prevented
downregulation of acid ceramidase in primary human CF
4 J. Biol. Chem. (2021) 296 100650
bronchial epithelial cells. In accordance, suppression of IRF8
expression in Caco-2 epithelial cells using siRNA technology
also prevented the downregulation of acid ceramidase in these
cells upon treatment with the CFTR Inhibitor-172.

The IRF8-mediated downregulation of acid ceramidase in
CF cells resulted in accumulation of ceramide and down-
regulation of cellular sphingosine levels. The imbalance of the
two lipids was corrected in CFTR Inhibitor-172-treated cells
by genetic downregulation of IRF8 supporting a key role of
IRF8 for the regulation of sphingolipid metabolism in CF cells.
Likewise, the accumulation of ceramide in fully differentiated
cultured human tracheal epithelial cells was also corrected by
suppression of IRF8 expression. Collectively, these data pro-
vide genetic proof for a link between CFTR/Cftr, upregulation
of IRF8 in CFTR/Cftr-deficient cells and downregulation of the
acid ceramidase.

Expression levels of IRF8 increased with age of the CF mice
consistent with the previous finding that older CF mice (age of
16 weeks and older) have a higher infection susceptibility than
young CF mice (6) and also consistent with the finding that the
symptoms of CF progressively develop with age.
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Figure 3. Cftr/CFTR deficiency induces a downregulation of acid ceramidase, which correlates with increased ceramide and decreased sphingosine
levels in tracheal epithelial cells from CF mice. A, acid ceramidase activity in the epithelial cell layer from wild-type (Wt) and CFMHH mice was determined
by incubation of the cell surface with [14C]C16ceramide and measuring of its consumption to sphingosine and the fatty acid. Given are the mean ± SD of the
acid ceramidase activities from each of the six independent samples; *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA and post hoc t-test. B, sections from
explanted lungs from CF patients and from donor lungs were immunostained for acid ceramidase and analyzed by confocal microscopy. Shown are
representative results from six CF lungs and three healthy controls. Fluorescence intensity was quantified as above and normalized to actin fluorescence in
epithelial cells. The mean ± SD of the quantitative analysis is shown; ***p < 0.001, ANOVA and post hoc t-test. E, epithelial cell layer. Ceramide (C) and
sphingosine (D) in young (8 weeks) and old (24 weeks) wild-type (Wt) and CFMHH were determined in isolated tracheal epithelial cells by kinase assays.
Given are the total amounts of ceramide and sphingosine. Shown are the mean ± SD from six independent experiments; **p < 0.01, ***p < 0.001, ANOVA
and post hoc t-test.

IRF-8 regulates acid ceramidase in CF
A previous study on human chronic myelogenous leukemia
cells has shown that IRF8 is a repressor of acid ceramidase
expression in leukemic cells (26), consistent with the present
findings. These studies also demonstrated that IRF8 directly
binds to the promoter region of the acid ceramidase gene
(ASAH1). Likewise, IRF8-deficient mice showed a marked
overexpression of the acid ceramidase in myeloid cells (26),
further supporting the notion that IRF8 represses the expres-
sion of the acid ceramidase.

Our studies are also consistent with a previous report on
transcriptome profiling in CF cells that showed an upregula-
tion of IRF1, IRF2, IRF8, and STAT2 transcription factor ac-
tivity (27).

Our data support the notion that CFTR/Cftr functions as a
repressor of IRF8 expression and deficiency or functional in-
hibition of CFTR/Cftr results in upregulation of IRF8. At
present it is unknown how CFTR/Cftr-deficiency results in an
upregulation of IRF8. It remains to be determined whether
alterations in ubiquitination and/or proteolytic degradation of
IRF8, autophagy, or lysosomal functions in CF cells result in
the accumulation of IRF8 (28–30) or whether CFTR/Cftr
controls the expression of IRF8 by regulating its transcription.
Our data showing that the mRNA and protein levels for IRF8
are markedly increased in fully differentiated human tracheal
epithelial cells suggests that CFTR/Cftr regulates IRF8 tran-
scription. On the other hand, it has been previously shown that
ubiquitination regulates IRF8 degradation in activated mac-
rophages (28). However, proteolysis is not impaired in CF cells,
and consistent with our data employing a proteasome inhibi-
tor, it is unlikely that the expression of IRF8 is increased by a
defect in the proteasome.

It might be possible that deficiency of CFTR/Cftr results in
an alkalization of lysosomes (6, 30) and thereby in a functional
imbalance of the acid ceramidase and the acid sphingomyeli-
nase activities within lysosomes and a subsequent initial
accumulation of ceramide in lysosomes. In addition, it was
shown that ceramide synthesis is upregulated in CF cells and
might also cause or contribute, respectively, to an initial
J. Biol. Chem. (2021) 296 100650 5
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Figure 4. Pharmacological inhibition of CFTR upregulates IRF8 and downregulates acid ceramidase. A and B, Caco-2 epithelial cells were treated with
the pharmacological CFTR Inhibitor-172 (CF-Inh, 1 or 2 μM) for 2 days or left untreated, lysed, and expression of IRF8 was determined by quantitative PCR (A)
or western blotting (B). To determine activity (C) and expression (D and E) of the acid ceramidase Caco-2 epithelial cells were treated with the CFTR Inhibitor-
172 for 2 days or left untreated, and lysed. C, acid ceramidase activity was measured by consumption of [14C]C16ceramide. Expression of acid ceramidase
mRNA (D) and protein (E) (Ac, α and β subunit) was analyzed by quantitative PCR or western blotting. Ceramide (F) and sphingosine (G) levels were analyzed
in Caco-2 epithelial cells by kinase assays upon treatment with the CFTR Inhibitor-172 for 2 days. Given are the total amounts of ceramide and sphingosine.
Western blots in panel B and E were quantified and normalized to actin expression. Shown are representative blots (B and E) and the mean ± SD of the
quantitative studies from each of the six (B, C, E, F and G) or four (A and D) independent experiments; ***p < 0.001, ANOVA and post hoc t-test.

IRF-8 regulates acid ceramidase in CF
increase of ceramide (15, 17, 31). This initial rise of ceramide
might trigger, via unknown mechanisms, the upregulation of
IRF8, which then results in a physical downregulation of acid
ceramidase expression and thereby in further accumulation of
ceramide and depletion of sphingosine, finally resulting in a
vicious cycle in CF cells. This model is supported by our data
indicating that forced (transgenic) overexpression of the acid
ceramidase in Cftr-deficient mice normalizes the expression
levels of IRF8.
6 J. Biol. Chem. (2021) 296 100650
The Jak/Stat pathway, which is activated by interferons, has
been previously shown to stimulate expression of IRF proteins
(32). However, Stat activity has been shown to be reduced in
CF cells due to an increase in expression of protein inhibitor of
activated Stat1 (33). Thus, it seems to be unlikely that the
increased expression of IRF8 is caused by a constitutive acti-
vation of Jak/Stat pathways in CF cells.

The molecular mechanisms mediating the age-dependent
upregulation of IRF8 in CF cells also remain to be
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(IRF8-CRSPR/Cas9). The density of the IRF8 and acid ceramidase signals in the western blots were quantified using band densitometry. Ceramide levels (D)
were determined in untransfected or IRF8-targeted human epithelial cells by a fluorescent activity assay and dot blotting of lipid fractions. The SD is very
small in panel A, and we gave the numerical value for easier identification. Shown are mean ± SD of the quantitative studies from each of the four in-
dependent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA and post hoc t-test.

IRF-8 regulates acid ceramidase in CF
determined, but this observation is consistent with the age-
dependent bacterial colonization of the lungs of children
with CF.

The present data also support the notion that sphingosine
plays a central role in the cellular defense against
P. aeruginosa, since the reconstitution of sphingosine in CFTR
Inhibitor-172-treated cells upon (i) suppression of IRF8 or (ii)
generation of sphingosine employing a neutral ceramidase or
(iii) supplementation of sphingosine restored the defense of
these cells against P. aeruginosa.

In summary, we identify that IRF8 is a major regulator of the
altered sphingolipid metabolism in CF cells. Increased cer-
amide and decreased sphingosine levels cause the infection
susceptibility of CF mice. Thus, a targeted suppression of IRF8
expression in CF cells might be a novel approach to prevent
infections in CF mice.
J. Biol. Chem. (2021) 296 100650 7
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Experimental procedures

Human lung sections

Tissue sections were obtained from explanted CF or
remaining donor lungs. Tissue biopsies were fixed in 4%
paraformaldehyde (PFA) for 48 h and then embedded in
paraffin. The studies were approved by the local ethics com-
mittees Essen under the permission numbers 17-7326-BO. All
experiments followed the Declaration of Helsinki principles.

Human epithelial cells

Primary human bronchial epithelial cells from young people
with and without CF were isolated and cultured to confluent
monolayers as previously described (34). Informed consent
was obtained for sampling (UK National Research Ethics
Committee reference 15/NE/0215), also following the Decla-
ration of Helsinki principles. Cells from four individual donors
were used in each group (CF group was all homozygous for the
8 J. Biol. Chem. (2021) 296 100650
F508del CFTR mutation, non-CF group all negative on
newborn screening for CF and sampled at the time of a clin-
ically indicated bronchoscopy).
Mice

B6.129P2(CF/3)-CftrTgH(neoim)Hgu (CFMHH) congenic mice
were generated by inbreeding the original CftrTgH(neoim)Hgu
mutant mouse, which was obtained by insertional mutagenesis
in exon 10 of the Cftr gene (35, 36). This congenic CFMHH

strain was backcrossed for more than 20 generations into the
B6 background. Because these mice still express low levels of
Cftr, they can be fed a standard mouse diet. CFMHH mice
exhibit normal development, but also display pulmonary pa-
thology typical of CF (6, 10, 11, 14, 37). Syngenic B6 littermates
were used as controls.

We also used Cftrtm1Unc-Tg(FABPCFTR) mice (Cftr−/−; Jackson
Laboratory) backcrossed for more than ten generations onto
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the C57BL/6 background. These mice are deficient in Cftr in
all organs except the intestine, where they express human
CFTR under the control of a FABP promoter. The transgene
prevents intestinal obstruction and allows the mice to have a
normal diet. Syngenic B6 littermates were used as controls. We
did not notice important differences between the Cftr−/− and
the CFMHH strains in the present experiments.

CFMHH mice were crossed with mice transgenic for Asah1 to
achieve overexpression of the acid ceramidase in mice lacking
Cftr (19). Asah1 transgenic mice were also on a C57BL/6 back-
ground. Overexpression of the acid ceramidase was achieved by
introducing an expression cassette in which Asah1 is expressed
under control of the CAG promoter into the mouse genome.
Mice were cloned and integration of the transgene was tested by
PCR. Overexpression of the acid ceramidase was confirmed by
measuring acid ceramidase activity in several tissues.
In the present studies we used female and male mice with an
age of at least 16 weeks and a weight between 25 and 35 g.
Mice were divided into cages of equal size (usually 3–4 mice)
by animal unit technical staff with no involvement in study
design. Cages were randomly assigned to an experimental
group. The investigators were blinded to the group allocation
during the experiment and/or when assessing the outcome.

Mice were housed and bred within isolated cages in the
mouse facility of the University Hospital, University of
Duisburg-Essen, Germany. They were repeatedly tested for a
panel of common murine pathogens according to the 2002
recommendations of the Federation of European Laboratory
Animal Science Associations. The mice were free of all path-
ogens. Animal procedures were approved by the Bezirksre-
gierung Duesseldorf, Duesseldorf, Germany, under the
number 81-02.04.2019.A134.
J. Biol. Chem. (2021) 296 100650 9
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Targeting IRF8 in human epithelial cells

Cells were grown until �50% confluent in a 6-well plate
format. CRISPR-Cas9-mediated downregulation was per-
formed using a validated TrueGuide Synthetic sgRNA
(#A35533, Thermo Fisher, 37.5 pmol per well) targeting IRF8
and TrueCut Cas9 Protein v2 (#A36496, Thermo Fisher, 6 μg
per well) was delivered via Lipofectamine CRISPRMAX Cas9
Transfection reagent (#CMAX00001, Thermo Fisher, 7.5 μl)
per manufacturer’s protocol for A549 cells. Cells were allowed
to recover for 24 h before passage for downstream applica-
tions. As we were unable to clonally expand or apply cell
sorting technologies to our primary cultures, we utilized het-
erogeneous cultures containing both positive and negative
cells. To assess the overall impact of this approach at the
culture level, a small fraction of each culture was analyzed
using the GeneArt Genomic Cleavage Detection Kit (#A24372,
Thermo Fisher) per manufacturer’s instructions to assess
culture downregulation efficiency. This was also validated at
the protein level via western blotting.

Real-time qPCR on cell extracts

Cultures of human epithelial cellswere scraped into 1ml of ice-
cold PBS before being pelleted at 5000g. Samples were then
processed as per the Purelink RNA Micro Kit manufacturer’s
instructions (#12183016, Thermo Fisher). RNA concentration
and quality were determined using a NanoDrop One (Thermo-
Fisher). Standard concentrations of cDNA were generated using
random hexamer primers. Relative gene expression was deter-
mined by real-time qPCR. One nanogram of previously stan-
dardized cDNA per sample (in duplicate) was analyzed using the
primers and conditions described on a QuantStudio 3 system
(Thermo Fisher). “Template only” and “negative only” controls
were performed as required, and genes of interest were normal-
ized against combined GAPDH, ACTB, and TUBB. Data are
presented as fold change (2−ΔΔCt) relative to untreated non-CF
samples. Primers were for IRF8: Forward: AGGTCTTCGA-
CACCAGCCAGTT, Reverse: GCACGAGAATGAGTTTG
GAGCG; for ASAH1: Forward: ACCAGTGCCTGGCCTACTT,
Reverse: AACAGCGGCAATACCCTTCA; for GAPDH: For-
ward: GTCTCCTCTGACTTCAA, Reverse: ACCACCCTGTT
GCTGTA; for ACTB: Forward: TGAGAGGGAAATCGTGCG
TG, Reverse: TGCTTGCTGATCCACATCTGC;

for TUBB: Forward: ACTACCAGCCACCCTCTGTGTC,
Reverse: GCACAAACGCACGATTACA.

Caco-2 cells were treated for 48 h with 1 or 2 μM CFTR
Inhibitor-172 or left untreated. Total RNA of Caco-2 cells
was isolated using the RNeasy Mini Kit (Qiagen) according to
the manufacture’s instructions. RNA concentration and
quality were determined using a NanoDrop One (Thermo
Fisher). cDNA was generated using the RNA-to-cDNA
reverse transcription kit (Promega, #A5000). Relative gene
expression (in triplicate) was performed on a QuantStudio 5
system (Thermo Fisher). The relative mRNA abundance was
calculated using the 2-ΔΔCt method. Gene expression data
was normalized to ACTB and GAPDH. Primers were as
above.
10 J. Biol. Chem. (2021) 296 100650
Western blots

Human epithelial cells

Cultures were scraped into 1 ml of ice-cold 0.1% SDS,
25 mM HEPES, 0.5% deoxycholate, 0.1% Triton X-100, 10 mM
EDTA, 10 mM sodium pyrophosphate, 10 mM NaF, 125 mM
NaCl (RIPA buffer) containing a protease inhibitor cocktail
(Roche). Samples were vortexed for 30 s before being briefly
sonicated. Protein concentration was determined by BCA
protein assay and samples were stored at −80 �C prior to
analysis. In total, 20 μg of whole cell lysates was separated by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to PVDF membranes (BioRad).
Membranes were blocked for 1 h with 3% BSA in PBST
(Sigma) before being probed with primary rabbit anti-IRF8
(1:1000; Cell Signaling, #5628) or anti-acid ceramidase anti-
bodies (1:100; Mybiosource, MBS1492517) and isotype-
matched HRP-conjugated secondary antibodies (1:10,000;
Thermo Fisher, #31460). Membranes were then treated with
SuperSignal West PICO plus chemiluminescent substrate
(Pierce) and exposed to film. Membranes were stripped and
reprobed for β-actin.

Murine tissue samples and Caco2 cells

Trachea from wild-type or CF mice were removed, briefly
washed in H/S, and immediately lysed in 25 mM HEPES, 3%
NP40, 0.1% Triton X-100, 10 mM EDTA, 10 mM sodium
pyrophosphate, 10 mM sodium fluoride, 125 mM NaCl, and
10 μg/ml aprotinin/leupeptin. If the trachea were treated with
P. aeruginosa lipopolysaccharide (LPS, Sigma, #L9143), they
were treated with 10 μg/ml LPS or left untreated for 2 h in H/
S, then washed and lysed as above. Trachea were also treated
for 4 h with 10 μM Mg-132 (Abcam, #141003) prior to lysis
and analysis. Caco-2 cells were treated with 2 μM CFTR
Inhibitor-172 for 48 h or left untreated, washed in H/S, and
also lysed as above. Samples were lysed for 5 min at 4 �C,
centrifuged at 14,000 rpm for 5 min at 4 �C, the supernatants
were added to 5x SDS-Laemmli buffer, boiled, and proteins
were separated by 8.5% or 10% SDS-PAGE for the analysis of
IRF8 or acid ceramidase expression, respectively. The gels
were blotted onto nitrocellulose membranes overnight,
blocked in Starting Block Tris-buffered saline (TBS) blocking
buffer (Thermo Fisher Scientific, #37542) for 60 min, washed
and incubated for 60 min with anti-IRF8 antibodies or antiacid
ceramidase antibodies. All antibodies were diluted 1:1000-fold
in Starting Block (TBS) blocking buffer (Pierce, #37542). Blots
were washed five times in TBS/0.05% Tween, incubated for
60 min with alkaline phosphatase (AP)-coupled anti-rabbit
antibodies (1:50,000, Abcam, #ab97048) or AP-coupled anti-
mouse antibodies (1:50,000, Abcam, #ab97020), washed again
five times in TBS/0.05% Tween, washed twice in alkaline wash
buffer, and developed with the CDP-STAR with NitroBlockII
Enhancer system (PerkinElmer). As controls, we blotted and
blocked aliquots of the samples as above and incubated the
blots with HRP-coupled anti-actin antibodies (1:200,000, Santa
Cruz Inc, #sc47778) for 60 min. Blots were washed as above
and developed.
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Acid ceramidase activity

Human epithelial cells

A derivation of the previously described fluorescent
ceramidase and sphingomyelinase assays was utilized to
determine enzyme activity (16). Briefly, cultures were lysed in
1% Nonidet P40 (NP40) in 150 mM sodium acetate (pH 4.5),
kept for 5 min on ice, and diluted to a standard total protein
concentration of 1 mg/ml in NP40 in 150 mM sodium acetate
(pH 4.5). In total, 200 μl of each culture lysate was incubated
with 100 nmol of BODIPYTR ceramide (#D7540, Thermo
Fisher) at 37 �C for 30 min. The reaction was terminated and
separated and analyzed on a Typhoon fluorescence plate
reader.

Murine tissue samples and Caco2 cells

The trachea was removed, carefully opened, and the surface
of the epithelial cell layer was incubated with 4 μl [14C16]cer-
amide (55 mCi/mmol, #ARC-0831, ARC) for 20 min [14C16]
ceramide was dried, resuspended in 0.05% octylglucopyrano-
side in 150 mM sodium acetate (pH 7.4 or 5.0), and bath
sonicated for 10 min prior to addition to the trachea. The
trachea was then extracted in H2O and CHCl3:CH3OH:HCl
(100:100:1, v/v/v). Caco-2 cells were lysed in 1% Nonidet P40
(NP40) in 150 mM sodium acetate (pH 4.5) for 5 min on ice,
diluted to 0.1% NP40 in 150 mM sodium acetate (pH 4.5), and
0.3 μCi/sample [14C16]ceramide (ARC0831, 55 mCi/mmol)
was added as above. The samples were incubated at 37 �C for
60 min. The reaction was terminated by extraction in H2O and
CHCl3:CH3OH:HCl (100:100:1, v/v/v). The lower phase was
dried, and samples were resuspended in CHCl3:CH3OH (1:1,
v/v), separated by thin-layer chromatography (TLC) with
CHCl3:CH3OH:NH4OH (90:20:0.5, v/v/v), and analyzed with a
Fuji Imager.

Immunohistochemistry of human and mouse lungs

Stainings were performed as previously reported (6, 7, 9, 38,
39). For immunohistochemical evaluation of murine lungs,
mice were sacrificed by cervical dislocation, immediately
perfused via the right heart with ice-cold normal saline for
2 min followed by cardiac perfusion with 4% PBS-buffered
PFA (#0335.3, Roth) for 10 to 15 min. The lungs were
removed and further fixed in 4% PFA for 36 to 40 h, serially
dehydrated with an Ethanol to Xylol gradient, embedded in
paraffin, sectioned at 7 μm, dewaxed, and rehydrated. Human
lung tissues were fixed in 4% PFA/PBS for 48 h followed by
dehydration, sectioning, and rehydration as for the mouse
tissue.

To retrieve antigens, the samples were incubated with
pepsin (Digest All; #003009, Invitrogen) for 30 min at 37 �C,
washed with water and PBS, and unspecific antibody binding
sites were blocked for 10 min at room temperature with PBS,
0.05% Tween 20 (Sigma), and 5% fetal calf serum (FCS). The
samples were stained with mouse monoclonal anti-IRF8 anti-
bodies (1:200 dilution; Santa Cruz Inc, #365042) or rabbit anti-
acid ceramidase antibodies (1:200; ProSci, #4741) in H/S
(132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCl, 1 mM
CaCl2, 0.7 mM MgCl2, 0.8 mM MgSO4) plus 1% FCS at room
temperature for 45 min. Samples were washed three times with
PBS plus 0.05% Tween 20, once with PBS, were incubated for
45 min with Cy3-coupled anti-rabbit F(ab)2 fragments (1:500;
Jackson Immunoresearch, #711-166-152) or Cy3-coupled anti-
mouse F(ab)2 fragments (1:500; Jackson Immunoresearch,
#711-166-150) in H/S plus 1% FCS for secondary fluorescence
labeling. The samples were again washed three times with PBS
plus 0.05% Tween 20 and once with PBS. Samples were then
stained with FITC-phalloidin (1:1000, Sigma, #P5282). Sam-
ples were washed again and finally embedded in Mowiol.
Samples were evaluated by confocal microscopy using a Leica
TCS-SL confocal microscope equipped with a 40× lens, and
images were analyzed with Leica LCS software version 2.61
(Leica Microsystems). All comparative samples were measured
at identical settings.

All immunostainings were controlled with isotype control
antibodies that showed no or very weak staining. These were
purified mouse IgG for anti-IRF8 stainings and rabbit IgG for
the stainings with antiacid ceramidase (Dako). We also
included controls with secondary Cy3-coupled antibodies only.
These controls confirmed the specificity of the stainings and
revealed no significant background stainings.

Caco-2 cells and CFTR Inhibitor-172 treatment

The CFTR Inhibitor-172 (Sigma, #C2992) was dissolved in
DMSO at 10 mM stock concentration. It was then diluted into
cell culture medium to incubate Caco-2 cells with the inhibitor
at 1 μM or 2 μM. Controls were incubated with the same
concentration of DMSO.

Caco-2 cells were grown in MEM medium supplemented
with 10 mM HEPES (pH 7.4; Carl Roth GmbH), 2 mM L-
glutamine, 1 mM sodium pyruvate, 100 μM nonessential
amino acids, 100 U/ml penicillin, 100 μg/ml streptomycin (all
from Invitrogen), and 10% FCS (PAA Laboratories GmbH).

Sphingosine and neutral ceramidase

Sphingosine (Avanti Polar Lipids, #860490P) was resus-
pended as a 20 mM stock solution in 0.9% NaCl, sonicated to
obtain a suspension and promote the formation of micelles,
and stored at −20 �C. Sphingosine was bath sonicated (Ban-
delin Sonorex) for 10 min prior any experiment. The same
volume of 0.9% NaCl as used was added to all control samples.
Neutral ceramidase (R&D, #3557-AH-010, specific activity:
5000 pmol/min/μg) was used as provided. Cells were incu-
bated with 10 μM sphingosine for 15 min or 1 μg/ml neutral
ceramidase for 30 min, washed with H/S, and infected with
P. aeruginosa.

Sphingosine kinase assay

Epithelial cells were removed from the trachea by carefully
scraping the inner surface of the trachea and were extracted in
J. Biol. Chem. (2021) 296 100650 11
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200 μl H2O and 800 μl CHCl3:CH3OH:1N HCl (100:200:1, v/v/
v). Caco-2 cells were treated with 2 μMCFTR-Inhibitor-172 or
left untreated for 2 days. In addition, Caco-2 cells were
transfected with siRNA targeting IRF8 or control-siRNA. Cells
were also lysed in 200 μl H2O and 800 μl CHCl3:CH3OH:1N
HCl (100:200:1, v/v/v). Phases were separated, the lower phase
was dried and resuspended in a detergent solution (7.5% [w/v]
n-octyl glucopyranoside, 5 mM cardiolipin in 1 mM dieth-
ylenetriaminepentaacetic acid [DTPA]). The kinase reaction
was initiated by addition of 0.001 units sphingosine kinase
(R&D, #6068-SK-010) in 50 mM HEPES (pH 7.4), 250 mM
NaCl, 30 mM MgCl2 1 mM ATP and 10 μCi [32P]γATP.
Samples were incubated for 60 min at 37 �C at 350 rpm and
then extracted by addition of 100 μl H2O, 20 μl 1N HCl, 800 μl
CHCl3:CH3OH:1N HCl (100:200:1, v/v/v), and 240 μl each of
CHCl3 and 2 M KCl. Phases were separated, the lower phase
was collected, dried, dissolved in 20 μl CHCl3:CH3OH (1:1, v/
v), and separated on Silica G60 TLC plates with
CHCl3:CH3OH:acetic acid:H2O (90:90:15:5, v/v/v/v) as devel-
oping solvent. The TLC plates were analyzed with a phos-
phorimager. Sphingosine levels were determined with a
standard curve of C18-sphingosine.
Ceramide kinase assays

Caco-2 cells or tracheal epithelial cells were prepared as
above and lysed in 200 μl H2O, the lysates were extracted in
CHCl3:CH3OH:1N HCl (100:100:1, v/v/v), and phases were
separated by 5 min at 14,000 rpm centrifugation of the sam-
ples. The lower phase was collected, dried, and resuspended in
20 μl of a detergent solution (7.5% [w/v] n-octyl glucopyr-
anoside, 5 mM cardiolipin in 1 mM diethylenetriamine-
pentaacetic acid [DTPA]). The samples were sonicated for
10 min in a bath sonicator to promote the formation of mi-
celles. The kinase reaction was initiated by adding 70 μl of a
reaction mixture containing 10 μl diacylglycerol (DAG) kinase
(GE Healthcare Europe), 0.1 M imidazole/HCl (pH 6.6),
0.2 mM DTPA (pH 6.6), 70 mM NaCl, 17 mM MgCl2, 1.4 mM
ethylene glycol tetraacetic acid, 2 mM dithiothreitol, 1 μM
adenosine triphosphate (ATP), and 5 μCi [32P]γATP (6000 Ci/
mmol; Hartmann Radiochemicals). The kinase reaction was
performed for 60 min at room temperature with 300 rpm
shaking. Samples were then organically extracted in 1 ml
CHCl3:CH3OH:1N HCl (100:100:1, v/v/v), 170 μl buffered
saline solution (135 mM NaCl, 1.5 mM CaCl2, 0.5 mM MgCl2,
5.6 mM glucose, 10 mM HEPES [pH 7.2]), and 30 μl of a
100 mM EDTA solution was added, and the phases were
separated. The lower phase was collected, dried in a SpeedVac,
separated on Silica G60 TLC plates with chloroform/acetone/
methanol/acetic acid/H2O (50:20:15:10:5, v/v/v/v/v), and
developed with a Fuji phosphoimager. Ceramide amounts were
determined by comparison with a standard curve using C16–
C24 ceramides as substrates.

Ceramide in humans was also determined by a dot blot
method. To this end, cultures were scraped into 500 μl ice-
cold PBS and agitated to disperse cell clumps. In total, 10 μl
was removed for BCA protein assay (Pierce) and the remainder
12 J. Biol. Chem. (2021) 296 100650
pelleted at 5000g. Samples were resuspended in varying vol-
umes of deionized water to a standard concentration of 1 μg/
ml. In total, 2 μl of each sample was then dotted onto a PVDF
membrane (BioRad) and allowed to air dry. Membranes were
then blocked, probed, and visualized with the primary mouse
anti-ceramide (1:500, Glycobiotech, MAB_0010) and appro-
priate isotype-matched HRP-conjugated secondary antibodies.

Downregulation of IRF8 in Caco-2 cells

The expression of IRF8 in Caco-2 cells was downregulated by
transfection with commercial siRNA targeting IRF8 (Santa Cruz
Inc; # sc35630). Control, irrelevant siRNA was also from Santa
Cruz Inc (# sc37007). Cells were transiently transfected by
electroporation at 400 V with 5 pulses, 3 ms each, with a BTX
electroporator.Dead cells were removed after 24h, and cells were
cultured for an additional 24 h before analysis of acid ceramidase
expression, ceramide and sphingosine levels. Downregulation of
IRF8 was confirmed by western blotting as described above.

P. aeruginosa infections

P. aeruginosa strain American Type Culture Collection
(ATCC) 27853, a laboratory strain, was grown overnight on
tryptic soy agar (TSA; Becton Dickinson Biosciences), trans-
ferred to tryptic soy broth (TSB, Becton Dickinson Bio-
sciences) at a density of an OD550nm of 0.2 to 0.25, and the
bacteria were grown for 1 h at 37 �C with 125 rpm shaking to
reach the early logarithmic phase in order to obtain repro-
ducible growth conditions. Bacteria were then centrifuged at
1710g for 10 min, washed once in sterile HEPES/Saline (H/S;
132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCl, 1 mM
CaCl2, 0.7 mM MgCl2, 0.8 mM MgSO4), resuspended in H/S,
and added to the cells at a multiplicity of infection (MOI) of
0.2 bacteria: 1 cell.

Cells were either left untreated prior to the infection or
treated with 5 μM CFTR-Inhibitor-172 for 24 h. CFTR-In-
hibitor-172-treated cells were either infected without further
treatment or sphingosine was reconstituted in these cells by
incubation for 15 min with 1 μM sphingosine. In addition, we
transfected Caco-2 cells with siRNA-targeting IRF8 or control
siRNA and used them for the infection experiments.

Quantification and statistical analysis

All data are expressed as arithmetic means ± SD. For the
comparison of continuous variables from independent groups,
we used one-way ANOVA followed by post hoc Student’s
t-tests for all pairwise comparisons and the Bonferroni
correction for multiple testing. The p values for the pairwise
comparisons were calculated after Bonferroni correction. All
values were normally distributed. Statistical significance was
set at the level of p ≤ 0.05 (two-tailed). Sample size planning
for the continuous variable was based on two-sided Wil-
coxon–Mann–Whitney tests (free software: G*Power Version
3.1.7, University of Duesseldorf, Germany). Blots and fluores-
cence stainings were quantified using Photoshop. Investigators
were blinded to the identity of the samples in all microscopy
experiments.
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