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Background: Fungal infections develop in pulmonary chronic inflammatory diseases such as asthma, Chronic Ob-
structive Pulmonary Disease (COPD) and Cystic Fibrosis (CF). The available antifungal drugsmay fail to eradicate
fungal pathogens, that can invade the lungs and vessels and spread by systemic circulation taking advantage of
defective lung immunity. An increased rate of sphingolipid de novo synthesis, leading to ceramide accumulation,
was demonstrated in CF and COPD inflamed lungs. The inhibitor of sphingolipid synthesis myriocin reduces in-
flammation and ameliorates the response against bacterial airway infection in CF mice. Myriocin also inhibits
sphingolipid synthesis in fungi and exerts a powerful fungistatic effect.
Methods: We treated Aspergillus fumigatus infected airway epithelial cells with myriocin and we administered
myriocin-loaded nanocarriers to A. fumigatus infected mice lung.
Results:We demonstrate here that de novo synthesized ceramide mediates the inflammatory response induced
by A. fumigatus infection in airway epithelia. CF epithelial cells are chronically inflamed and defective in killing
internalized conidia.Myriocin treatment reduced ceramide increase and inflammatorymediator releasewhereas
it upregulated HO1 and NOD2, allowing the recovery of a functional killing of conidia in these cells. Myriocin-
loaded nanocarriers, intratracheally administered tomice, significantly reduced both the inflammatory response
induced by A. fumigatus pulmonary challenge and fungal lung invasion.
Conclusions:We conclude that inhibition of sphingolipid synthesis can be envisaged as a dual anti-inflammatory
and anti-fungal therapy in patients suffering from chronic lung inflammation with compromised immunity.
General significance: Myriocin represents a powerful agent for inflammatory diseases and fungal infection.
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1. Introduction

Ceramide is a central hub of a signaling network of sphingolipid
molecules that traffic among intra and extra cell membranes, guiding
important functional responses including inflammation. Chronic in-
flammatory diseases affecting airway mucosa, such as Cystic Fibrosis
(CF) and Chronic Obstructive Pulmonary Disease (COPD), are character-
ized by defective immunity [1,2], and recurrent infections of pathogens
organized in drug resistant microbial communities, named biofilms [3].
Despite fungi opportunistic nature, some species, such as Aspergillus
fumigatus and Scedosporium spp., persistently colonize patientswith de-
fective or compromised immune response [4,5], contributing to lung
deterioration.Whereas an array of antibiotics is available against bacte-
rial infection, only a few antifungal drugs are efficaciously used. An in-
crease of ceramide basal level and its inflammation prone activity has
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been demonstrated in CF and COPD airways in patients [6–10] and in
animal models [11–16]. An accumulation of this lipid can be associated
to membrane related signaling, sphingomyelinase activation and
raft formation or to endogenous stress and increased sphingolipid
de novo synthesis. Lowering ceramide formation by inhibition of
acid sphingomyelinase activitywas proved to reduce chronic inflamma-
tion in CF mice lung, thus ameliorating the host reaction against
pathogens [15,17]. This strategy is now tested in clinical trial [18]. In
addition, CF transmembrane conductance regulator (CFTR) deficiency
was demonstrated to induce intracellular stress leading to an increased
sphingolipid de novo synthesis, with consequent accumulation of cer-
amide. The upregulation of the expression of serine
palmitoyltransferase (SPT), rate limiting enzyme of the de novo synthe-
sis pathway [19], markedly correlates with reduced CF transmembrane
conductance regulator CFTR expression or with the overexpression of
ΔF508CFTR in bronchoalveolar cells [20]. Similarly sphingolipid biosyn-
thesis is upregulated in COPD murine model of airway inflammation,
triggering a pathologic loop in which de novo synthesized ceramide ac-
tivates sphingomyelinases, causing ceramide inflammatory signaling
amplification [12]. We recently demonstrated that TNFα upregulates
SPT transcript in IB3 cells [16]. Moreover, the enzyme inhibitor
myriocin, a fungal extract with known immunomodulatory properties
[21], reduces inflammatory response in these cells and ameliorates the
response against Pseudomonas aeruginosa acute lung infection in CF
mice [16].We also proved thatmyriocin loaded nanocarriers exert a po-
tent antifungal activity on A. fumigatus biofilms in vitro [22]. The present
results show that myriocin significantly reduces A. fumigatus induced
ceramide accumulation and inflammatory mediator production and
corrects the defective killing ability of human CF respiratory epithelia
cells. In addition,we demonstrate the immunomodulatory and the anti-
fungal potential of myriocin loaded nanocarriers in A. fumigatus pulmo-
nary infection in mice. We conclude that myriocin can be considered as
a therapeutic tool for opportunistic infection affecting patients with
chronic inflammatory diseases.

2. Materials and methods

2.1. Reagents and antibodies

The following materials were purchased: myriocin from Fermentek
LTD (Israel); LHC Basal, LHC-8 w/o gentamicin culture media from
Gibco (US); FBS from Euro Clone Life Science Division (Italy); protease
inhibitors (Roche Italia, Italy); SYBRGreen system (Qiagen, Italy); cyclo-
phosphamide (Sigma Biochemicals, St. Louis, MO); synthetic oligonu-
cleotides from M-Medical (Italy); primary antibodies anti-HO-1
(ab13243, Abcam, UK); anti-NOD2 (ab197030, Abcam, UK); and anti-
β-actin (A5316, Sigma, USA). The secondary antibodies were from
Jackson Laboratories (Bar Harbor, ME, USA). All reagents were of the
maximal available purity degree.

2.2. Myriocin stock solution preparation

Myriocin powder was dissolved in dimethyl sulfoxide (DMSO) by
warming up at 37 °C, to obtain a final concentration of 2 mM.
Myriocin-SLN stock was obtained as previously described [16].

2.3. A. fumigatus culture

A. fumigatus Af293 (ATCC MYA-4609, CBS 101355) strain was used
throughout the study. The strain from glycerol stocks stored at
−80 °C was streaked out on fresh potato dextrose agar (PDA) plates
until sporulation. Conidia were harvested, suspended in 0.01% Tween-
20, washed in PBS, counted by hemocytometer, and resuspended to
the desired concentration. Where indicated, heat-inactivated conidia
were obtained by autoclaving conidial suspensions at 121 °C for 30min.
2.4. Cell lines and treatments

IB3-1 cells, an adeno-associated virus-transformed human bronchial
epithelial cell line derived from a CF patient (ΔF508/W1282X) and its
isogenic C38 cells, corrected by insertion of CFTR (LGC Promochem,
US) were kindly provided by the Cystic Fibrosis Animal Core Facility
(SanRaffaele Hospital,Milan, Italy). Cellswere grown in LHC-8medium,
5% FBS, on coated surfaces as previously described [16]. 6 well plates
were seeded with 3 × 10 [5] cells. 24 h later (60% confluence), medium
was replaced with 2 ml of fresh one, containing either Myr (10 μM),
Af293 strain, at 1 × 105 CFU/300,000 cells or a combined treatment
(2 h Myr pre-treatment followed by Af293). Incubation proceeded for
24 h.

2.5. A. fumigatus killing by epithelial cells

Twelve hours after Myr treatment (10 μM), Af293 (3 × 105 conidia/
300,000 cells) was added to both treated and untreated C38 and IB3
cells. One hour after infection, cells were washed twice with PBS, to re-
move non-internalized conidia, and incubated for further 3 h to allow
killing conidia. Cells were harvested, counted and lysed by osmotic
shock to recover internalized conidia. Cellular lysis was confirmed by
microscopy. The supernatant was mixed vigorously; serial dilutions
were performed in PBS and plated onto Sabouraud Dextrose Agar
(SAB). Plates were incubated at 37 °C, and colonies were counted after
48 and 72 h of growth.

2.6. Mice treatment and infection

Tenweeks old C57BL6, approximately equal number of male and fe-
malemice (Charles River), were housed in filtered cages under specific-
pathogen conditions and permitted unlimited access to food andwater.
Under gaseous anesthesia with isoflurane, animals were infected with
5 × 105 CFU of A. fumigatus (Af293) by intra-trachea nebulization of
50 μl of conidia suspension (MicroSprayer® Aerosolizer, Penn-Century
Inc., US). Five hours post-infection, 50 μl of myriocin-nanocarrier solu-
tion (SLN-Myr) containing 2 μg of compoundwas injected intra-
trachea with the same apparatus. Control animals were treated with
the corresponding empty SLN. 24 h post-infection, mice were eutha-
nized, lungs explanted and homogenized in 2 ml PBS containing prote-
ase inhibitors. Data obtained in this set of studies derive from five
independent experiments performed with 7–9 animals per treatment
group. For fungal lung colonization studies,micewere immunocompro-
mised by cyclophosphamide administration (100 mg/kg), at day minus
3, day 0 and day 1 of an infection protocol with Af293 challenge
(5 × 105 CFU) at day 0. Twenty four hours post-infection, mice were
treated with either SLN-Myr or SLN-empty. Treatments were repeated
at 48 and 72 h. At 96 h, lungs were explanted for histological analyses.
Data obtained in this set of studies derive from two independent ex-
periments performed with a minimum of 9 animals per treatment
group.

2.7. Ethics statement

Animal studieswere conducted in accordancewith the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health
Publication, no. 85-23, revised 1996) and adhered strictly to the Italian
Ministry of Health guidelines for the use and care of experimental ani-
mals. Animal study complies with the ARRIVE guidelines.

2.8. RNA extraction and quantitative RT-PCR

Total RNA was extracted and reverse transcribed according to the
manufacturer's instructions (Promega).

The human and murine target gene primer sequences were previ-
ously reported: IL-8/KC, TNF-α, IL-6, and IL-1β, [23]; h.SPTLC 1, SPTLC
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2, and SPTLC 3[24]; and h.NOD2 and TLR2 [25]. The primer sequences for
h.HO-1were designed: forward TTCAAGCAGCTCTACCGCTC and reverse
AACGCAGTCTTGGCCTCTTC. Results were calculated by 2−ΔΔCt method
[26] vs. control untreated/uninfected cells. RT-PCR determinations
were performed in triplicate.
2.9. Western blotting

Cells were collected by scraping in ice-cold PBS containing protease
inhibitors. An aliquotwas used for protein quantification; the remaining
cells were resuspended in Laemmli buffer. Equal amount of proteins
(10 μg) was separated on 10% acrylamide gels by SDS-electrophoresis
and transferred onto nitrocellulose membranes. After blocking
with 5% dry skimmed milk in TBST, the membranes were incubated
(4 °C/overnight) with primary antibodies (anti-HO-1, 1:2000; anti-
NOD2, 1:2500). β-Actin (dilution 1:5000) was used for data normaliza-
tion. Chemiluminescence obtained band intensity was quantified by Gel
Doc 2000, using Quantity One Software (BioRad Life Science, US). Anal-
ysis was performed from three independent experiments.
2.10. Cytokine determination

IL-1β and TNF-αwere determined in C38 and IB3 culture media and
KC and TNF-αwere determined in 200 μl of lung homogenate (spun at
1200 ×g for 30 min at 4 °C) by biomarker multiplex immunoassays
on Luminex® Platform. Data were normalized on cell protein concen-
tration (Bradford assay). Determinations have been performed in
triplicate.
Fig. 1. Af293 induces inflammation via upregulation of ceramide synthesis in human airway e
infected with Af293 (1 × 105 conidia/300,000 cells, for 24 h, Asp), pre-treatedwith myriocin (1
refers to untreated, uninfected cells. IL-8, TNFα, IL-1β, and IL-6mRNA expression in normal C38
(stated as= 1). Significance was evaluated by one-way ANOVA, followed by Bonferroni post-te
§§, P b 0.01 vs. Asp; for IL-6, P=0.0143: °, P b 0.05 vs. ct and vs. Asp/Myr. B: for IL-6, P=NS; for T
vs. Asp/Myr; for IL-1β, P= 0.0198: #, P b 0.05 vs. ct and vs. Asp/Myr. C. Total ceramide content w
onto the graph indicates the significance (Student t-test) between ceramide expression in co
Bonferroni post-test, when significant): for C38, P = 0.0078: §, P b 0.05 vs. ct and §§, P b 0.01
transcript expression in normal C38 and CF IB3 cells infected with Af293. Significance was eva
2.11. LC–MS analysis

Sphingolipids from C38 to IB3 cells and from mice lungs were ex-
tracted by the Bligh–Dyer extractionmethod [27]. Sphingolipid extracts
fortified with internal standards were prepared as previously described
[28]. Quantification was carried out using the extracted ion chromato-
gram of each compound, using 50 MDa windows. The linear dynamic
range was determined by injecting standardmixtures. Positive identifi-
cation of compounds was based on the accurate mass measurement
with an error b 5 ppm and its LC retention time, compared to that of a
standard (2%).

2.12. Histochemistry

Lungs from infected mice, either post-treated with SLN-Myr (Asp/
Myr group) or untreated (Asp group), were fixed in buffered formalin.
For histopathological evaluation, frontal sections of the whole left and
right lungs were included in paraffin blocks. Serial 3-micron thick sec-
tions were cut at a microtome at three levels at a distance of approxi-
mately 50 μm. For each level, four serial sections were routinely stained
with hematoxylin and eosin, and with GMS and PAS to estimate the dis-
tribution of reactive inflammatory infiltrate and conidia/hyphae (from
peripheral subpleural parenchyma, to central tissues around large bron-
chi and vessels). Image acquisition was performed by the Nano Zoomer-
XR C12000 series (Hamamatsu Photonics K.K., Tokyo, Japan).

2.13. Statistical analysis

The reported results are themean value from at least three indepen-
dent experiments.Western blotting images are themost representative.
pithelial cells. Normal C38 and CF IB3 cells treated with myriocin (10 μM, 2 + 24 h, Myr),
0 μM, 2 h) and then infected with Af293 (1 × 105 conidia/300,000 cells, 24 h, Asp/Myr). Ct
(A) and CF IB3 (B) cells was evaluated by RT-PCR. Data are expressed as fold change vs. ct
st, when significant. A. IL-8 and IL-1β, P = NS; for TNFα, P = 0.0024: §, P b 0.05 vs. ct and
NFα, P=0.0162: §, P b 0.05 vs. ct and vs. Asp/Myr; for IL-8, P=0.0279: *, P b 0.05 vs. ct and
as analyzed by LC–MS and expressed as pmol/mg protein. The P=0.0148 value reported
ntrol C38 and control IB3. Significance was evaluated by one-way ANOVA (followed by
vs. Asp; for IB3, P = 0.0076: *, P b 0.05 vs. ct and vs. Asp/Myr. D. SPTLC1, 2, and 3 mRNA
luated by Student t-test vs. control: for C38, P = NS; for IB3, P = 0.0003.



Fig. 2. The killing of A. fumigatus is altered by ceramide synthesis and accumulation in
airway epithelial cells. Internalized alive conidia, 5 h after C38 and IB3 challenge with
A. fumigatus (3 × 105 conidia/300,000 cells), untreated (Asp) or pre-treated with Myr
(10 μM, 2 h, Asp/Myr). Data are expressed as CFU/cell. **, P = 0.012 indicates the
significance (Student t-test) between the number of CFU in treated (Asp/Myr) vs.
untreated (Asp) infected IB3.
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Data significance was evaluated by one-way ANOVA followed by the
Bonferroni post-test when significant (P b 0.05) or by unpaired Student
t-test (significant, P b 0.05). Data are expressed asmean± SEM and an-
alyzed by GraphPad Instat software (CA, USA).

3. Results

3.1. A. fumigatus induces inflammation via upregulation of ceramide
synthesis in human airway epithelial cells

We infected C38 and IB3 cells, either pre-treated with myriocin
(10 μM, 2 h) or not, with A. fumigatus (Af293) conidia. Infection slightly
induced the transcription of inflammatory mediators in normal C38
Fig. 3. Ceramide de novo synthesis affects HO1, NOD2 and TLR2 self-defense axes. Basal mRNA e
Significance, evaluatedbyStudent t-test, is reported onto the correspondinggraphs. HO1 (D), NO
stated as 1), in normal C38 and CF IB3 cells treatedwithmyriocin (10 μM, 2+ 24 h,Myr), infect
2 h) and then infected (Asp/Myr). Ct refers to untreated, uninfected cells. Significance was eval
P = NS; for IB3, P = 0.0398: *, P b 0.05 vs. Asp. E: for C38, P = NS; for IB3, P b 0.0001: ***, P b
cells, upregulating TNFα and IL-6 transcripts but not IL-1β and the che-
mokine IL-8 (Fig. 1A). As expected, IB3 human CF airway epithelial
cells exhibit basal higher levels of inflammatory cytokine transcription
vs. the normal cells C38 [16]. A. fumigatus infection of IB3 cells induced
a robust transcription increase of IL-8 (more than two folds), TNFα
(about three folds), IL-1β (more than two folds), and IL-6 (1.5 fold)
(Fig. 1B).Myriocin pre-treatment significantly reduced all the upregulat-
ed cytokine transcripts upon A. fumigatus infection in both cell lines
(Fig. 1A and B). In addition, whereas no significant release of inflamma-
tory mediators was observed in C38 medium (data not shown), a
myriocin sensitive decrease of TNFα and IL-1βwas found in IB3 culture
media (Supplementary Fig. 1). Heat inactivated conidia were not able
to elicit inflammatory mediator transcription (Supplementary Fig. 2),
suggesting that cell response requires a cross talk between viable patho-
gens and pro-inflammatory cell activity. In order to understand the
mechanism of myriocin induced modulation of epithelial response to
A. fumigatus, we evaluated the effect of infection on sphingolipid synthe-
sis by measuring ceramide mass in infected cells. We proved that
A. fumigatus induces a 2.5 fold ceramide accumulation (moving from
548.8 ± 193.5 to 1417.6 ± 348.3 pmol/mg proteins) in normal C38
cells. Fungal infection of IB3 cells induced nearly a 2 fold ceramide in-
crease (moving from 2219.6 ± 358.3 to 4196.1 ± 701.9 pmol/mg pro-
teins). Noteworthy, basal ceramide content is four folds in IB3 as
compared to C38 cells (P = 0.0148, Student t-test), suggesting that
sphingolipid activated signaling correlates with the hyperinf lamed con-
dition in CF airway cells (2219.6 ± 358.3 vs. 548.8 ± 193.5 pmol/mg
proteins, respectively). Myriocin pre-treatment drastically reduces cer-
amide accumulation by lowering its concentration to control uninfected
levels in both cell lines (Fig. 1C).We previously proved that inflammato-
ry stimuli, such as TNFα, increase sphingolipid synthesis via transcrip-
tional control of SPT, the enzyme inhibited by myriocin [16]. We
evaluated the transcription of SPT subunits (SPTLC1, 2 and 3). Whereas
in normal C38 cells, A. fumigatus infected, there is no significant modula-
tion of the enzyme subunits, we observed a two fold increase of SPTLC3
transcript in IB3 cells (Fig. 1D). This data suggests that pathological in-
flammatory response to infection involves a transcriptional upregulation
of ceramide synthesis.
xpression of HO1 (A), NOD2 (B) and TLR2 (C) in C38 vs. IB3 untreated, uninfected cell lines.
D2 (E) and TLR2 (F)mRNAexpression (RT-PCR) expressed as fold changes over ctr (control
edwith Af293 (5 × 105 conidia/300,000 cells, 24 h, Asp), pre-treatedwithmyriocin (10 μM,
uated by one-way ANOVA (followed by Bonferroni post-test, when significant). D: for C38,
0.001 vs. Asp. F: for C38, P = NS; for IB3, P = 0.0015: **, P b 0.01 vs. Asp.
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3.2. Epithelial killing of A. fumigatus is altered by ceramide synthesis and
accumulation

Opportunistic infections are normally cleared by epithelial barrier
and macrophages in the respiratory airways. CFTR deficiency causes a
defective killing ability that leads to chronic infection. We evaluated
the effect of myriocin on A. fumigatus phagocytosis and killing in normal
C38 and in CF IB3 epithelial cells and demonstrated that IB3 has amark-
edly reduced ability to kill internalized fungi. Indeed, the number of
the Colony Forming Units (CFU)/cell is 4.7 folds higher in IB3 than in
C38 cells, indicating a great number of still viable fungi in the CF as
compared to the normal cell line (Fig. 2). Myriocin corrects the
defective IB3 killing ability, decreasing more than two folds the number
of CFU/cell vs. control infected cells.
Fig. 4. Af293 induces ceramide de novo synthesis in mice lungs. Total ceramide content, analy
treated animals: Myr (myriocin 2 μg/mouse, delivered by nanocarriers SLN injected intratrach
and Asp/Myr (infected and treated 2 h after infection). Ct refers to untreated uninfected mice.
significant); ceramide C16:0, P = 0.0075, **, P b 0.01 vs. Asp/Myr;; ceramide 16:1, P = 0.00
P = NS; ceramide C22:0, P = 0.0022, ***, P b 0.001 vs. Asp; ceramide C24:0, P = 0.0062, **, P
0.0241, **, P b 0.01 vs. Asp.
3.3. Ceramide de novo synthesis affects HO-1, NOD2 and TLR2 self-defense
axes

To further understand the mechanism underlying myriocin ef-
fect on the killing defect of CF cells, we investigated the expres-
sion of important proteins involved in self-defense (HO-1) and
phago-lysosome formation upon microbial internalization and
trafficking (NOD2 and TLR2). A basal significantly reduced expres-
sion of HO-1, NOD2 and TLR2 in IB3 versus C38 cells (Fig. 3A, B
and C) suggests that these proteins, involved in host response to
infection, may account for IB3 defective fungal killing. Myriocin
treatment enhances the transcript of HO-1, NOD2, and TLR2, ei-
ther alone or in combination with A. fumigatus infection, markedly
in IB3 cells (Fig. 3D, E and F).
zed by LC–MS and expressed as pmol/mg protein, in mice lung homogenates. Groups of
ea, 22 h treatment); Asp (intratrachea injection of 5 × 105 Af293 conidia, 24 h infection);
Significance was evaluated by one-way ANOVA (followed by Bonferroni post-test, when
9, ***, P b 0.001 vs. Asp; ceramide C18:0, P = 0.028, **, P b 0.01 vs. Asp; ceramide 20:0,
b 0.01 vs. Asp; ceramide C24:1, P = 0.0004, ***, P b 0.001 vs. Asp; ceramide C24:2, P =
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3.4. Myriocin reduces A. fumigatus inflammation in mice lungs

In order to evaluate the in vivo efficacy ofmyriocin,we infectedmice
lung with A. fumigatus conidia (1 × 105). We initially characterized this
infection model and obtained a 1 × 103 CFU/lungs within 24 h; this in-
fection is successively cleared by the host within 72/96 h (data not
shown). Whereas acute inflammation is the first line of defense against
pathogens, hyper and chronic inflammation associates with an inability
to clear the infection. Thuswe evaluated the effect ofmyriocin on the in-
flammatory reaction against A. fumigatus by treating the animals with
2 μg of myriocin loaded on solid lipid nanocarriers (SLN-Myr), injected
intra-trachea 3 h post-infection. A. fumigatus infection increases pulmo-
nary ceramide mass (4664.24 ± 188.3 pmol/mg proteins in infected
lung vs. 3672.97 ± 315.5 pmol/mg proteins in control uninfected) and
SLN-Myr treatment reduces significantly this lipid accumulation
(4664.24 ± 188.3 pmol/mg proteins in infected lung vs. 2714.33 ±
207.1 pmol/mg proteins in infected and treated lungs). As expected,
myriocin reduced all ceramide species, whereas fungal infection caused
mainly accumulation of C16:0 and C24:0 acyl-chains bearing ceramides
(Fig. 4). In addition we observed an increase in inflammatory cytokine
production in infected lungs: a two fold increase of TNFα (1.548 ±
0.40 pmol/mg proteins vs. 0.693 ± 0.07 pmol/mg proteins in
control uninfected, Fig. 5A) and a 1.5 fold increase of KC (20.39 ±
Fig. 5.Af293 inflammation inmice lungs is reduced by de novo ceramide synthesis inhibition. TN
lung homogenates. Groups of treated animals: Myr (myriocin 2 μg/mouse, delivered by nanoc
Af293 conidia, 24 h infection); and Asp/Myr (infected and treated 2 h after infection). Ct refer
by Bonferroni post-test, when significant). For TNFα: P = 0.0247: *, P b 0.05 vs. ct; §, P b 0.05
sections from control (5C), Asp (5D and F) and Asp/Myr (5E). Granulocyte infiltrate in alveol
infiltrate localized in peribronchial areas, in alveoli and in parenchyma beneath visceral pleu
spaces are reduced and somewhere occluded (hematoxylin and eosin staining). Conidia are
magnification in panel D inset (arrows, PAS staining.). E. Alveolar atelectasis and obliteration
(PAS staining).
3.10 pmol/mg proteins vs. 14.01 ± 0.88 pmol/mg proteins in control
uninfected, Fig. 5B). Both inflammatory mediator production was re-
duced to control levels when SLN-Myr was administered post-
infection (TNFα, 1.548 ± 0.4 pmol/mg proteins in infected lung vs.
0.912 ± 0.06 pmol/mg proteins in infected and treated lungs Fig. 5A;
KC, 20.39 ± 3.10 pmol/mg proteins in infected lung vs. 10.53 ±
1.22 pmol/mg proteins in infected and treated lungs, Fig. 5B). Lung his-
tological sections show a marked granulocyte infiltrate in A. fumigatus
acute infection (Fig. 5C versus D; the inset d shows fungal conidia)
which was prevented by SLN-Myr administration (Fig. 5E). These data
suggest that myriocin could be efficaciously used as immunomodulator
in pathological inflammation settings.

3.5. Myriocin reduces A. fumigatus lung invasion

At the aim of evaluating the antifungal potential of myriocin, we
next studied mice lung colonization of A. fumigatus in either untreated
and myriocin treated animals (SLN-Myr, injected intra-trachea, 3 h
post-infection). We observed a consistent 4.5 fold reduction of fungal
colonization within the first 24 h post-infection in the SLN-Myr treated
mice (Fig. 6). In order to distinguish the immunomodulatory activity
from the direct antifungal activity of myriocin, we studied the effect of
SLN-Myr in immunocompromised mice, infected by A. fumigatus.
Fα (A) andKC (B) cytokine contents, expressed as pg/ml,weremeasured by ELISA inmice
arriers SLN injected intratrachea, 22 h treatment); Asp (intratrachea injection of 5 × 105

s to untreated uninfected mice. Significance was evaluated by one-way ANOVA (followed
vs. Asp; for KC: P = 0.0058: *, P b 0.05 vs. ct; ##, P b 0.01 vs. Asp. C, D, E. Histological lung
i and septal enlargement in infected mice is reduced by SLN-Myr. D. Heavy granulocytic
ra. Granulocytic erosion of a small bronchiolus (encircled) can be appreciated. Alveolar
grouped in alveolar spaces with prominent granulocyte infiltrate. d, Conidia at higher
are only focally detectable (rectangle). Conidia are very rare and not easily appreciable



Fig. 6. Myriocin reduces Af293 lung colonization. CFU count (expressed as
1 × 103 CFU/lung) from mice lung homogenates. Groups of treated animals: Asp
(intratrachea injection of 5 × 105 Af293 conidia, 24 h infection) and Asp/Myr
(Af293 24 h plus myriocin, 2 μg/mouse, delivered by nanocarriers SLN injected
intratrachea, 2 h after infection, 22 h treatment). *, P = 0.05 value indicates the
significance (Student t-test) between Asp and Asp/Myr group.
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Inhibitors loaded nanocarriers were administered at 24, 48 and 72 h
post infection. At 96 h post-infection, thesemice show persistent fungal
lung colonization with A. fumigatus clusters of branching hyphae invad-
ing lung parenchyma bronchi and vessels (fungal colony forming units
from homogenate are approximately 1 × 103 CFU/lung, as shown in
Supplementary Fig. 3). Histological analysis (Fig. 7) shows that
A. fumigatus branching hyphae were abundantly present in the lung pa-
renchyma, mostly invading bronchial walls and endothelial barriers
(Fig. 7B). Massive fungal invasion causes alveolar structure collapse
and septal enlargement (Fig. 7A). Those animals receiving triple
treatment with SLN-Myr significantly reduced fungal mass. Most of
the detected fungi were still in conidial forms or as truncated hyphae,
Fig. 7.Myriocin reduces Af293 lung invasion. Histological analysis of lung sections in immunoco
either untreated (Asp) or treated (Asp/Myr) with myriocin (2 μg/mouse), delivered by na
inflammatory infiltrate is detected also in peripheral lung parenchyma beneath visceral pleu
mice. A. fumigatus vascular tropism and invasion. Long hyphae from a small ulcerated bronch
vascular lumen (V) (GMS staining). C. Treated (Asp/Myr) mice. Lung parenchyma of treated
D. Treated (Asp/Myr) mice. Only a few truncated hyphae can be seen in bronchiolar walls (c
adjacent parenchyma (arrows).
and still found with prevalence in the bronchial areas (not reaching al-
veoli). To note, formed hyphae appeared truncated and not completely
developed with no sign of vessel invasion. Reactive inflammatory infil-
trate (granulocytes) was detected only in infected/untreated lungs.
Lymphocytes were not considered in the evaluation of flogosis reaction
to A. fumigatus. Specifics of quantification of inflammatory reactive infil-
trate and of the pathogen are summarized in Table 1.

4. Discussion

A key finding of our research is that hyper-inflammation enhances
sphingolipid synthesis and the consequent ceramide, accumulated in
the lung, deregulates and further increases inflammation, altering the
host ability to clear opportunistic infection. Chronic pulmonary inflam-
matory diseases such as COPD and CF develop fungal infection that ex-
acerbates lung damage. We previously demonstrated that ceramide
synthesis is upregulated by hyperinflammation in CF and that myriocin
reduces inflammation and ameliorates the response against bacterial
lung infection [16]. Knowing that myriocin exerts potent antifungal ac-
tivity in vitro [22], we here show that myriocin is a suitable therapeutic
agent against fungal infection in patients with chronic inflammatory
diseases. TLR microbial recognition is known to activate de novo cer-
amide synthesis [29]. Accordingly, we proved that human airway epi-
thelial cell infection by A. fumigatus induces a myriocin sensitive
ceramide accumulation and inflammatory mediator synthesis. By
comparing normal epithelial cells (C38) with CF cells (IB3), we
concluded that a defective ability of IB3 to kill the internalized
fungi associates with a significantly higher accumulation of ceramide
and hyperinflammatory state. Given that CF cells exhibit higher inflam-
matorymediator production and ceramide levels than normal epithelial
mpromised (cyclophosphamide)mice, Af293-challenged (1 × 107 conidia, 96 h infection)
nocarriers SLN, injected intratrachea, 24 h treatment. A. Untreated (Asp) mice. Heavy
ra, interspersed with numerous conidia (arrows, PAS staining). B. Untreated (Asp/Myr)
iolus (Br) are directed to adjacent vessel walls; some hyphae are also appreciable in the
mice with conserved alveolar architecture and only mild inflammation (PAS staining).
ircle) with no tropism to the adjacent vessel (V). A few conidia can be observed in the



Table 1
Semi-quantitative analysis of host inflammatory infiltrate and pathogen distribution in
lung sections of control (ctr) immunocompromisedmice, Af293 infected immunocompro-
mised mice (Asp) and Af293 infected immunocompromised mice treated with myriocin
(Asp/Myr). Score: 0, no inflammatory infiltrate ormicroorganisms; 1,mild infiltrate ormi-
croorganisms; 2,moderate infiltrate ormicroorganisms; 3, heavy infiltrate ormicroorgan-
ism; +, vessel invasion; −, no vessel invasion. Site of accumulation was indicated: PB:
peribronchial and EL: endoluminal for bronchial area; AL: alveolar area. The presence of
conidia/hyphae (C/H) and their vascular tropism and/or invasion (V) were also evaluated.

Inflammatory
infiltrate distribution

A. fumigatus distribution

EL PB AL EL PB AL C H V

Control 0 0 0 0 0 0 0 0 None
Asp 2 3 2 3 3 2 2 3 +
Asp/Myr 0 1 1 1 1 0 1 1 −
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cells [16], we hypothesized that excessive ceramide synthesis could
affect defensive mechanism of the pulmonary epithelial barriers. We
proved that myriocin administration to IB3 cells, although not affecting
viability of conidia prior to infection, cellular uptake and internalization,
is effective in correcting CF cells and allows a killingmechanism to occur
similar to the control healthy cells. The striking effect of myriocin led us
to further investigate on themechanisms related tomicrobial clearance
that could be impaired by excessive ceramide synthesis. Infections are
regulated by cell membrane permeability, ensured by sphingomyelin
and cholesterol ratio [30,31], by the ability to internalize pathogens
and to drive fusion of phagosomes with late endosomes/lysosomes,
with killingfinalization [32] and, at the same time, by impairment of en-
dosome release and pathogen escape [33]. Lipids, including ceramide,
modulate the phagosomal formation and the lysosomal finalization
[34,35]. Enhanced sphingolipid synthesis alters the cholesterol
content of membrane microdomains [20,31,36,37] and de novo cer-
amide synthesis, induced by Leishmania donovani infection, contributes
to macrophage reduced killing ability by deregulating membrane
triggered signaling [31,36]. Vice versa, an altered membrane stability
caused by CFTR deficiency increases the transcription of SPT and
upregulates ceramide de novo synthesis [20]. Thus ceramide
synthesis and membrane reactions to microbial contact are mutually
dependent. HO-1 is a cytoprotective enzyme that interacts with plasma
membrane proteins and regulates stress response [38]. HO-1 degrades
heme to CO, biliverdin, and ferrous iron [39]. CO is an anti-
inflammatory agent exerting direct toxicity against bacteria [40,41]
and enhancing their phagocytosis [42]. Pathogens rapidly modulate
HO-1 expression and this activation is necessary for protection against
infection [43,44]. Inhibition of HO-1 is observed with chronic
Helicobacter pylori infection [45] andHO-1 deletion disables appropriate
phagocytosis and killing [41,46,47]. Further studies demonstrated that
the HO-1 driven killing ability requires the activation of NOD2, a recep-
tor of danger signals from pathogens as well as host-derivedmolecules.
Increased HO-1 expression associates with increased NOD2 [40],
suggesting a coordinated transcriptional regulation of the two genes
involved in phagocytosis and killing. The membrane raft targeting of
NOD2 is required for the activation of the pro-inflammatory transcrip-
tional activator NF-κB [48–50]. NOD2 and its interactive protein RIP 2
and TLR2 were found to be upregulated in epithelial cells upon
A. fumigatus challenge and to be essential mediators of the cellular
response to the fungal infection [25]. Therefore, we investigated the
expression levels of HO-1 andNOD2and observed a reduced expression
of both proteins in CF cells. Noteworthy, we obtained amarked increase
in these proteins uponmyriocin treatment, suggesting that the inactiva-
tion of this defensive pathway accounts for defective CF killing and that
excessive synthesis of ceramide may be responsible for such inactiva-
tion. Increase in ceramide synthesis was previously demonstrated to
trigger endogenous stress response, such as inflammation [16], to inter-
fere with vesicles mediated processes and membrane trafficking [51]
and to affect immune response with opposite outcomes. If increased
ceramide synthesis alters lipid rafts and obstacles pathogen clearance
and antigen presentation [31,36] for one side, it also upregulates
autophagosome formation contributing to pathogen clearance [29].
Such an apparent contradiction might be explained if considering that
hyper or chronic inflammation may cause an overload of ceramide
which can inhibit those processes normally requiring physiological con-
centration of this lipid. Therefore targeting ceramide synthesis produces
beneficial effect only in those situations in which sphingolipid metabo-
lism is pathologically altered, such as CF. Next we aimed at demonstrat-
ing the immunomodulatory and antifungal action of myriocin in vivo.
A. fumigatus lung infection induces an immediate inflammatory re-
sponse that is solved in 72–96 h, together with pathogen clearance.
We proved that myriocin lung administration after infection, by
means of nanocarrier delivery (SLN-Myr), while decreasing the
burst of inflammation, exerts a direct antifungal effect thus impairing
lung colonization. The relevance of this antifungal activity is shown in
immunocompromised mice, in which A. fumigatus invaded the lungs
within 96 h. In these mice lungs, repetitive SLN-Myr treatment not
only reduced infiltrate, alveolar lumen collapse and septal enlarge-
ment but dramatically affected hyphal growth and their ability to
pass through membranes and invade bronchial walls and endothelial
barriers.

5. Conclusions

We concluded that ceramide synthesis is an important therapeutic
target in chronic inflammation and that the metabolic inhibitor
myriocin exerts a potent dual action as immunomodulatory and anti-
fungal agent, whose application in the therapy of fungal infection of
chronic inflammatory disease can be envisaged.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2016.02.014.
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