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Figure 4. Role of Spns2 for EC barrier stability. (A) qPCR analysis of Spns2 in EA.hy926 and HUVEC, n
= 3, means ± SEM. Images show representative agarose gel electrophoresis signals of amplified PCR
products for HPRT and Spns2. (B) Difference in initial non-stimulated resistance of primary lung ECs
isolated from wt and Spns2 deficient mice in ECIS measurements, means ± SEM, n = 3, * p <0.05,
determined by two-sided Student’s t-test. Single values represent the resistance values for separate
mice taken 90 h after seeding. Line plot represents one experiment out of three. (C) FITC-dextran
leakage assay with primary lung endothelial cells isolated from wt and Spns2 deficient mice, means ±
SEM, n = 6, * p < 0.05, determined by two-sided Student’s t-test. (D) Serum albumin measurement in
BALF isolated from wt and Spns2 deficient mice, means ± SEM, n = 6, ** p < 0.01, determined by a
two-sided Student’s t-test.
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Figure 5. Influence of LPS and cytokines on EC barrier stabilization. (A) Resistance following treatment
with a mix of LPS and cytokines (50 ng/mL IL1β, 50 ng/mL TNFα, 1 μg/mL LPS). Normalized resistance
values are resistance of cells 12 h after LPS/cytokine treatment divided by resistance of carrier-treated
control cells at the same time and are means ± SEM, n = 3, ** p <0.01, determined by a two-sided
Student’s t-test. Line plots represent one experiment out of three with black arrows indicating the
addition of LPS and cytokines or vehicle at the corresponding time. (B) LC-MS/MS quantification of
extracellular S1P production by EA.hy926 and HUVEC after stimulation with LPS and cytokines or
vehicle control. (C) Intracellular calcium response in rat hepatoma HTC4 cells transfected with human
S1PR1 and the human Gαi subunit of trimeric G proteins, stimulated with lipid extracts from HUVEC
without or with LPS and cytokines as indicated. (D) qPCR analysis of Spns2, SGPL1, LPP3, and SphK1
expression in cytokine mix treated HUVEC. (B–D) Data are means ± SEM, n = 3, * p < 0.05, ** p < 0.01,
determined by two-sided Student’s t-test.
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Figure 6. Role of S1P and S1PRs in EC barrier destabilization induced by LPS and cytokines.
(A) Immunofluorescence staining of VE-cadherin and Western blot analysis of VE-cadherin and
GAPDH in EA.hy926 and HUVEC after stimulation with LPS and cytokines or vehicle. Representative
images from one out of three individual experiments are shown, size bar = 50 μm. (B) Western blot
quantification (top) and representative Western blot (bottom) of VE-cadherin expression in EA.hy926
and HUVEC after stimulation with LPS and cytokines or vehicle, means ± SEM, n = 3, * p < 0.05,
determined by two-sided Student’s t-test. (C) Resistance following treatment with a mix of LPS and
cytokines (50 ng/mL IL1β, 50 ng/mL TNFα, 1 μg/mL LPS), and re-stimulated with 1 μM of the S1PR1
agonist CYM5442, 1 μM of the S1PR1,3,4,5 agonist FTY720-phosphate and its non-phosphorylated
precursor FTY720, and 1 μM S1P. Line plots represent one experiment out of three with black arrows
indicating the addition of stimuli at the corresponding time points. The dark grey line represents an
unstimulated control, the light grey line represents a control stimulated with LPS and cytokines without
second stimulation. Bar graph represents means ± SEM, n = 3, ** p < 0.01, *** p < 0.001, determined
by two-sided Student’s t-test. Normalized resistance values were taken before (controls) and after
treatment with S1P, FTY720-P, FTY720, and CYM5442 at the time of the established maximal change of
resistance of cells divided by resistance of cells before LPS/cytokine treatment.
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4. Discussion

S1P is present in the circulation at high nM up to μM concentrations. Recent studies suggested
that S1P in blood is particularly important for EC barrier maintenance [8]. Data presented in this study,
however, demonstrate that autonomously produced S1P by EC is important for basal constitutive
maintenance of barrier function. This is also consistent with previous studies that focused on the
role of S1P in the circulation, but used inducible knockout strategies that would also delete the only
S1P-producing enzymes SphK1 and SphK2 in EC [20]. Deletion of both SphK1 and SphK2 in EC
prevented the autonomous production and release of S1P in EC. Furthermore, the important role
of autonomously produced S1P in EC was previously demonstrated by the treatment of HUVEC
monolayer with the S1PR1 antagonist W146 prior to addition of platelets in transendothelial electrical
resistance (TEER) measurements, which also induced a significant reduction of resistance [20]. While
the role of S1PR1 in EC barrier formation and maintenance was investigated many times, the source of
S1P required for S1PR1 mediated EC barrier stabilization is still under debate. Our data support the
autonomous contribution of EC to produce their own barrier-stabilizing S1P.

S1P is produced intracellularly and needs to be transported out of the cell to act as an extracellular
ligand for S1PRs. The main S1P transporter expressed in EC is Spns2 [21,22]. Our data indicate that
Spns2-deficient EC suffer from a compromised barrier function due to the defective export of S1P and
low extracellular S1P concentrations, which resembled the decreased circulating levels of S1P in mice
lacking Spns2. Isolated primary lung EC established very quickly a stable resistance base line as a
measure for barrier integrity, lacking the common slow increase in resistance in the first couple of
hours of this assay that we observed with EA.hy926 and HUVEC. One reason for this unusual behavior
could be the lack of cell growth and division, and seeding of these cells in quantities sufficient to
rapidly establish a confluent cell layer to compensate for their observed growth arrest. EC barrier
destabilization in Spns2 deficient mice was not observed in a previous study using Evans Blue dye
to investigate EC barrier leakage [16]. A possible reason could be different experimental approaches.
In this study, we found that endogenous serum albumin was significantly increased in BALF of
Spns2-deleted mice compared to wt mice, which reflects the steady-state of barrier stability formed
over a long period of time. In contrast, Evans Blue leakage is a single event monitored over a very brief
period of 90 min, which may not be sufficient to detect differences in basal EC barrier disturbances.
Our ex vivo data was consistent with our in vivo data obtained in three different experimental setups
with primary lung EC that all confirmed a disturbed EC barrier function after depletion of Spns2.

Deficiency of S1P in circulation contributes to detrimental effects during inflammation [8,20].
Although the EC barrier stabilizing function of S1P is well accepted, a contributing role of S1P production,
transportation, and signaling in inflammation-induced EC barrier breakdown is a novel observation
of this study. Particularly, the demonstration that cytokine and LPS-induced down-regulation of
Spns2 in EC contributed significantly to lower basal extracellular S1P levels and consequent EC
barrier disruption, has not been reported before. Thus far, many studies, including ours, observed an
up-regulation of SphK1 during infection, and it therefore could be considered to be an inflammatory
kinase [23,24]. The down-regulation of Spns2 in EC might be an effective response to support the
infiltration of leukocytes at sites of local infection. In the event of a systemic infection, however,
reduced expression of Spns2 in endothelial cells likely contributes to a global collapse of the vascular
EC barrier leading to septic shock. Treatment of ECs with inflammatory stimuli did not compromise
the expression of S1PR1 on EC, which opens the possibility of using S1PR1 agonists for EC barrier
stabilization. Previous studies investigated the influence of S1PR1 agonists on EC barrier protection in
various different disease models with mixed results. While some studies showed beneficial effects [7,25],
others reported they were ineffective [26]. Thus far, even successful approaches with S1PR1 agonists
were not very effective. These results are consistent with our data, which showed incomplete rescue of
the EC barrier under inflammatory conditions, probably due to concomitant cytokine and LPS-induced
down-regulation of VE-cadherin, which is an essential player in EC barrier formation as well [3].
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The contribution of autonomously produced and secreted S1P by EC also implicates S1PR1 and
EC barrier function. Since levels of S1P released by EC with 4–15 nM are much lower than the typical
concentrations measured in plasma with 200–1000 nM, it is unlikely that activation occurs at the
plasma-facing side of EC. EC barrier stabilizing stimulation supposedly occurs at the tissue-facing side
of EC, and strategies to increase S1P in tissues such as inhibition of the S1P-metabolizing enzyme SGPL1
may be more promising for future medical interventions than gross application of S1PR1 agonists [27].
SGPL1 inhibitors have already been tested in rheumatoid arthritis [28]. Additional studies are required
to evaluate the full potential of targeting S1P signaling and metabolism for EC barrier stabilization.

5. Conclusions

We confirmed that S1P is a major EC barrier-stabilizing factor, predominantly via S1PR1 stimulation.
The constitutive production of S1P by EC and its release in the local environment by Spns2 rather than
systemic S1P-levels in plasma were important for basal EC barrier stabilization. Inflammatory stimuli
resulted in EC barrier disruption due to the down-regulation of the S1P-transporter Spns2, while the
expression of S1PR1 was not altered. Based on our data, inflammation-induced EC barrier disruption
may be prevented by local application of S1P or S1PR1 agonists, e.g., via permanent inhalation in the
lung or by inhibition of cellular S1P-degradation in tissues with S1P-lyase inhibitors to compensate for
the reduced release of S1P from EC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/928/s1,
Figure S1: Dependence and reversibility of VE-cadherin assembly in HUVEC. Immunofluorescence staining
of VE-cadherin in HUVEC after addition of 3 μM S1PR1 antagonist W146, followed by removal of the added
substance. Representative images from three individual experiments are shown. Pictures were taken 6 h after
addition of W146 and 12 h following removal of W146.
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Abstract: Sphingosine-1-phosphate (S1P) is a lysophospholipid mediator with diverse biological
function mediated by S1P1–5 receptors. Whereas S1P was shown to protect the heart against
ischemia/reperfusion (I/R) injury, other studies highlighted its vasoconstrictor effects. We aimed
to separate the beneficial and potentially deleterious cardiac effects of S1P during I/R and identify
the signaling pathways involved. Wild type (WT), S1P2-KO and S1P3-KO Langendorff-perfused
murine hearts were exposed to intravascular S1P, I/R, or both. S1P induced a 45% decrease of coronary
flow (CF) in WT-hearts. The presence of S1P-chaperon albumin did not modify this effect. CF reduction
diminished in S1P3-KO but not in S1P2-KO hearts, indicating that in our model S1P3 mediates
coronary vasoconstriction. In I/R experiments, S1P3 deficiency had no influence on postischemic CF
but diminished functional recovery and increased infarct size, indicating a cardioprotective effect of
S1P3. Preischemic S1P exposure resulted in a substantial reduction of postischemic CF and cardiac
performance and increased the infarcted area. Although S1P3 deficiency increased postischemic CF,
this failed to improve cardiac performance. These results indicate a dual role of S1P3 involving a direct
protective action on the myocardium and a cardiosuppressive effect due to coronary vasoconstriction.
In acute coronary syndrome when S1P may be released abundantly, intravascular and myocardial S1P
production might have competing influences on myocardial function via activation of S1P3 receptors.

Keywords: sphingosine-1-phosphate; ischemia/reperfusion; cardioprotection; vasoconstriction;
coronary flow; myocardial function; myocardial infarct; albumin

1. Introduction

Ischemic heart disease, including acute coronary syndrome (ACS), is a major cause of death
worldwide [1]. ACS is the sudden loss of adequate blood perfusion to the heart, most commonly
initiated by the rupture of an atherosclerotic plaque and consequent activation of blood coagulation.
This process results in thrombotic occlusion of the coronary artery causing cardiac tissue damage [2].
Urgent reestablishment of blood perfusion to the affected area is crucial to minimizing ischemic
tissue injury. Besides the therapeutic time window, the success of reperfusion depends on several
other factors such as vascular response to pathophysiological events happening prior to and during
thrombus formation. Platelet activation might be relevant in this context as it releases numerous
vasoactive mediators which might have an impact on the dynamics and severity of ischemic injury.
Sphingosine-1-phosphate (S1P) is one of these many mediators [3–8].
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S1P is a sphingolipid mediator which is produced by a wide variety of cells [9]. In vivo, albumin
and APO-M in HDL are the most recognized carriers of S1P in blood plasma, which have also been
reported to modulate the actions of S1P [10,11]. S1P actions include regulation of diverse physiological
and pathophysiological processes such as inflammation, autoimmunity, and neurodegeneration [12,13].
In the cardiovascular (CV) system, activated platelets synthesize and release S1P in large amounts [3–8],
and S1P has been reported to play a role in regulating vascular tone [14,15], atherogenesis, cardiac
remodeling, and cardioprotection [16–18]. To date, five different G protein-coupled receptors belonging
to the endothelial differentiation gene (EDG) family have been identified as specific S1P receptors
(S1P1–5) [19,20]. From these, S1P1, S1P2 and S1P3 receptors are expressed abundantly in the CV system
and have been reported to mediate CV actions of S1P [16].

S1P has been attributed with cardioprotective effects against ischemia-reperfusion (I/R) injury by
several research groups [18,21–27]. The key enzymes in S1P synthesis, sphingosine-kinase 1 and 2 (SphK1
and 2), have been implicated in the ischemia-induced increased release of S1P from cardiomyocytes
as well as in mediating the beneficial effects of ischemic pre- and post-conditioning [18,23,24]. Combined
deletion of S1P2 and S1P3 receptors increased the infarcted area and enhanced apoptotic cell death after
I/R, suggesting that activation of these receptors is cardioprotective [25].

Preischemic S1P treatment has also been reported to decrease infarct size in ex vivo experimental
models [24,26]. It has already been shown by Theilmeier and colleagues that HDL and S1P directly
protect the heart against I/R injury via the S1P3 receptor in vivo [27]. However, in ACS when S1P is
released in substantial amounts from platelets and endothelial cells in blood plasma, it might bind to
carriers other than HDL. Several studies have highlighted the vasoconstrictive effects of S1P in various
vessel beds from multiple species including the coronaries: S1P had a constrictive effect on isolated
porcine pulmonary artery rings [28], in canine, rat, murine, and leporine basilar and middle cerebral
arteries [29,30], in rat portal veins [31] and in canine coronaries [32]. S1P administration to the coronary
perfusate has been shown to diminish coronary flow (CF) in Langendorff-perfused rat hearts [33]. This
effect was attenuated by pharmacological inhibition of S1P3 receptors in the same experiment [33].
Another study conducted on coronary smooth muscle cells raised the potential involvement of S1P2

receptors in the vasoconstrictor response elicited by S1P [34]. Beside its actions on CF, S1P exerts other
short-term cardiac effects including generation of arrhythmias and negative inotropy [35–38].

The cardiac effects of S1P reported in I/R injury are controversial. Activation of S1P receptors
seems to be cardioprotective, whereas the acute effects of S1P to reduce CF and cardiac contractility
are expected to interfere with successful post-ischemic recovery. Moreover, S1P2 and S1P3 receptors
have been shown to be involved in both mechanisms. In ACS, when S1P is released in large amounts
from activated platelets, its favorable and potentially deleterious effects might clash with one another.
In the present study, we aim to delineate how these opposing S1P actions actually affect postischemic
cardiac injury after a non-fatal ischemic insult.

For this purpose, we conducted ex vivo experiments in isolated murine hearts mounted on
the Langendorff-system. First, we mimicked ACS-related massive S1P release into the blood in order
to characterize its coronary effects and consequences on heart function. In these experiments we
used albumin as an S1P chaperone and also in subsequent experiments Krebs buffer without added
chaperone protein as the vehicle. Second, using S1P receptor gene knockout (KO) mouse models, we
aimed to identify receptors involved in these cardiac effects. Third, to understand the role of S1P3

receptor in cardioprotection, we applied a non-fatal I/R protocol in S1P3 deficient hearts. Finally,
the complete sequence of ACS was modeled with an initial exposure of the coronaries to S1P as it occurs
during plaque rupture and platelet activation, followed by 20 min of complete ischemia, during which
the myocardial S1P-producing machinery can be activated, and concluding with 120 min reperfusion
representing successful reopening of the coronary artery in a clinical setting. With this approach, we
were able to separate the consequences of intravascular and myocardial S1P-related effects during ACS
and also to evaluate their combined effects.
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2. Materials and Methods

2.1. Animals

All experiments reported here were performed in hearts of 130–150-day-old male mice. Animals
were bred and housed in the animal facility at Semmelweis University, kept in a 12/12-h light/dark
cycle and with free access to water and food. C57BL/6 (WT) mice were bred from breeding pairs
obtained from Charles River Laboratories (Isaszeg, Hungary). To answer our specific questions,
S1P2-KO and S1P3-KO animals along with wild-type littermates on C57BL/6 genetic background were
tested [39]. All procedures were carried out according to the guidelines of the Hungarian Law of
Animal Protection (28/1998) and were approved by the Government Office of Pest County (Permission
number: PEI/001/820-2/2015).

2.2. Isolated Perfused Heart Experiments

General anesthesia was induced by intraperitoneal injection of 40 mg/kg pentobarbital, followed
by thoracotomy and isolation of the heart. The isolated heart was mounted in a Langendorff
apparatus (Experimetria Ltd., Budapest) and perfused at constant 80 mmHg pressure with modified
Krebs-Henseleit buffer (118 mM NaCl, 4.3 mM KCl, 25 mM NaHCO3, 1.2 mM MgSO4, 1.2 mM KH2PO4,
0.5 mM NaEDTA, 2.0 mM CaCl2, 11 mM glucose, 5 mM pyruvate (pH 7.4) - all purchased from
Sigma-Aldrich, Budapest, Hungary) [40–43]. The solution was continuously gassed with 95% O2

and 5% CO2 at 37 ◦C. During the experiment, the heart was surrounded by a thermally-regulated
chamber filled with Krebs-Henseleit buffer.

CF was continuously monitored with a transit-time flow meter placed into the inflow line
(Transonic 2PXN flow probe, Transonic Systems Inc., Ithaca, NY, USA). In order to measure left
ventricular pressure (LVP), a fluid-filled balloon catheter connected to a pressure transducer was
inserted into the ventricle to maintain diastolic pressure at 8 mmHg.

Devices were connected to a computer and data were recorded and analyzed by the Haemosys
software (Experimetria Ltd., Budapest, Hungary). Left ventricular developed pressure (LVDevP)
was calculated as the difference between peak systolic and minimum diastolic (LVDiastP) pressures.
The positive and negative maximum values of the first derivative of the LVP (+dLVP/dtmax, −dLVP/dtmax)
were determined as indices of left ventricular contractile and lusitropic performance, respectively.

2.3. Experimental Protocol

After cannulation of the isolated heart, a 30-min stabilization period was allowed. Subsequently,
baseline data were recorded and S1P (D-erythro-sphingosine-1-phosphate, Avanti Inc., 10−6 M) or
vehicle was infused to the perfusion line for 5 min. One mg S1P was dissolved in 263 μL 0.3 N NaOH.
This solution (10−2 M) was further diluted with Krebs solution to give the required concentration in
the perfusate.

First, to characterize S1P effects on CF we performed dose-response experiments with S1P in
the concentration range of 10−9–10−5 M. S1P was administered in the presence of S1P chaperon human
serum albumin (HSA) (Sigma Aldrich, Budapest, Hungary, Cat.No: A3782, lyophilized powder, fatty
acid free, globulin free, >99%) or diluted directly in chaperone-free Krebs buffer. The molar S1P to
HSA ratio was 1:2 at every concentration [44]. In these experiments we applied S1P in cumulative
doses, the next S1P dose was added to the previous dose after the response had reached its maximum.
The biological effects of the applied vehicles were tested in separate experiments, and they proved to
be without an effect.

In order to answer our main questions, two different experimental protocols were tested
(Supplementary Materials Figure S1). To understand the effects of S1P under stable baseline conditions,
a 5-min S1P (or vehicle) infusion was applied that was followed by a 20-min washout period. Whereas
in the I/R-injury protocol, the 5-min S1P (or vehicle) infusion was followed by a 20-min global ischemia
that was brought about by complete cessation of perfusion. At the end of the ischemic period, perfusion
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was restarted and reperfusion was maintained for 2 h. In these protocols, S1P was delivered in albumin
free Krebs solution at a concentration of 10−6 M. The S1P concentration applied was defined as a dose
approximating its ED50 value (1.17 * 10−6 M in Krebs solution).

2.4. Measurement of Infarct Size

In the I/R experiments, hearts were removed from the apparatus after the 2-h reperfusion period
and placed into a −20 ◦ C freezer for at least 15 min. The left ventricle of the frozen heart was cut into
~1 mm thick slices (4 to 6 slices per heart). To visualize the infarcted area of the heart, the slices were
then incubated in a phosphate buffer containing 1% triphenyltetrazolium (TTC) (Sigma-Aldrich) for
20 min at a temperature of 37 ◦C. The TTC powder was diluted in a two-part phosphate buffer system
at a pH of 7.4 and the slices were fixed in 10% formalin for 15 min [45]. Photos of the TTC-stained slices
were captured using a stereomicroscope equipped with a high-resolution digital camera (Rasband, W.S.)
and analyzed using Image-J software (National Institutes of Health, Bethesda, MD, USA). The area
at risk, defined as the total area consisting of the pale plus red parts and the infarcted pale area,
was measured and relative infarct size was calculated as a percentage of the area at risk.

2.5. Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM). In order to compare time series
data between 2 experimental groups, we used two-way repeated measurement ANOVA and Dunnett’s
post hoc test for multiple comparisons. Comparison of data acquired from the 4 experimental groups
(WT/S1P3-KO vs. vehicle/S1P infusion) was performed by two-way ANOVA and Sidak’s post hoc test.
To compare the maximal effects of S1P infusion, unpaired t-test was applied. To determine the total
perfusion loss during S1P infusion, area over the curve (AOC) was calculated. In dose-response
experiments non-linear regression analysis was used to find the best fit and ED50 values. To compare
dose-responses between 2 experimental groups, comparison of Fits analysis of the statistical software
was applied. All statistical analyses were performed using GraphPad Prism 7.0 (San Diego, CA, USA)
and p < 0.05 was considered as statistically significant.

3. Results

3.1. Dose-Dependent Effects of Intravascular S1P on CF Administered with or without S1P-Chaperon Albumin

To characterize the effect of intravascular S1P on CF, we carried out dose-response experiments
with and without albumin as a chaperone. When administered without a carrier, S1P elicited
a dose-dependent CF reduction in isolated hearts with an ED50 value of 1.17 × 10−6 M. Therefore,
the S1P in further experiments was applied at 1 microM—a dose close to its ED50 value. The coronary
effect of S1P was similar in the presence of albumin, however the ED50 value slightly shifted to a smaller
concentration range (1.85 × 10−7 M) though it was not statistically significant (p = 0.12, F = 2.46)
(Figure 1). The maximal reduction in CF was also indistinguishable between groups regardless whether
S1P was applied carrier-free or with albumin as vehicle.

3.2. Effects of Intravascular S1P Exposition on CF and Heart Function

To investigate the effects of a robust S1P release on CF and cardiac function, 10−6 M S1P or its
vehicle was administered to the perfusate of isolated WT murine hearts for 5 min. Administration of
S1P reduced CF by 44 ± 3% (Figure 2A). This remarkable decrease started at the beginning of the S1P
infusion and continued progressively during the 5 min. During the 20-min wash-out period, CF did
not return to the baseline level and remained at a significantly lower value (p < 0.0001).
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Figure 1. Dose-dependent effects of S1P on coronary flow of isolated murine hearts infused alone
or in the presence of S1P-carrier albumin. In these experiments S1P was applied in a range of 10−9

to 10−5 M in cumulative doses without (S1P) or in the presence of its carrier, human serum albumin (S1P
+ albumin), and its effects on coronary flow were investigated. Albumin was present in a concentration
twice that of S1P. ED50 values were 1.17 × 10−6 M (S1P) and 1.85 × 10−7 M (S1P + albumin). Mean ±
SEM; n = 9; 8. Non-linear regression analysis and comparison of Fits using GraphPad Prism 7.0.

Figure 2. Effects of S1P on coronary flow (CF) (A), left ventricular developed pressure (LVDevP) (B),
+dLVP/dtmax (C) and −dLVP/dtmax (D) of isolated mouse hearts. S1P (10−6 M) or its vehicle was
administered to the perfusate of isolated wild-type (WT) murine hearts for 5 min. The infusion was
followed by a 20-min wash-out period. Administration of S1P resulted in a remarkable decrease in
CF, which prevailed throughout the infusion and the wash-out period (p < 0.0001). CF reduction
compromised left ventricular contractile performance as evidenced by a concomitant decrease in
LVDevP, +dLVP/dtmax and −dLVP/dtmax (p < 0.0001). Mean ± SEM; n = 6, 9; #### p < 0.0001 vs. baseline
(pre-infusion value), * p < 0.05 vs. vehicle; two-way repeated measurement ANOVA and Dunnett’s post
hoc test.
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CF reduction induced by S1P coexisted with compromised left ventricular contractile performance,
which is indicated by a 54± 9% drop in LVDevP (Figure 2B) and by the markedly decreased+dLVP/dtmax,

and −dLVP/dtmax values (p < 0.0001) (Figure 2C–D). The vehicle did not affect either CF or other
measured heart function parameters (Figure 2A–D).

Earlier studies suggested that S1P might affect coronaries via S1P2 and S1P3 receptors [33,34].
Therefore, we aimed to identify which of these receptors mediate(s) the effect of S1P on the CF. For this
purpose, we perfused S1P into the isolated hearts of S1P2 (Figure 3) and S1P3 (Figure 4) KO mice
following the experimental protocol described above.

Figure 3. Effects of S1P on coronary flow (CF) (A–C) and left ventricular developed pressure (LVDevP)
(D–F) of hearts isolated from wild-type (WT) and S1P2 knock-out (KO) mice. S1P (10−6 M) was
administered to the perfusate of isolated WT and S1P2-KO murine hearts for 5 min. The infusion was
followed by a 20-min wash-out period. CF and LVDevP were monitored during the entire experiment
(panels A and D). Maximal decrease in CF and LVDevP compared to preinfusion baseline are shown
in panels B and E. Values of area over the curve (AOC) during S1P infusion are shown in panels C
and F. In S1P2-KO hearts S1P-induced CF and LVDevP reduction was similar to that observed in WT
hearts. Mean ± SEM; n = 10, 8; #### p < 0.0001 vs. baseline (preinfusion value) in both groups, two-way
repeated measurement ANOVA followed by Dunnett’s post hoc test.

The CF-reducing effect of S1P developing in S1P2-deficient mice was similar to that of WT
littermates (Figure 3A–C). The drop of the LVDevP was also similar in the two groups (Figure 3D–F),
with no statistically significant difference.

In S1P3-KO hearts, the CF-reducing effect of S1P was markedly diminished compared to WT
mice (Figure 4A). There was a significant difference in the maximal effects: CF was dropped by 1.95
± 0.33 mL/min in WT and only by 0.93 ± 0.10 mL/min in S1P3-KO mice (Figure 4B). The AOC used
as an index for total perfusion loss during the infusion period showed similar decrease. During
the 5-min S1P infusion, the total perfusion loss was 8.56 ± 1.60 mL in WT vs. 3.70 ± 0.57 mL in S1P3-KO
mice (Figure 4C).

The decrease in left ventricular contractile performance upon S1P infusion was also attenuated in
S1P3-KO mice (Figure 4D): both the maximal drop in LVDevP (Figure 4E) and the area over the LVDevP
curve used as a measure of loss of contractile activity (Figure 4F) were significantly reduced compared
to WT controls.
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Figure 4. Effects of S1P on coronary flow (CF) (A–C) and left ventricular developed pressure (LVDevP)
(D–F) of hearts isolated from wild-type (WT) and S1P3 knock-out (KO) mice. S1P (10−6 M) was
administered to the perfusate of isolated WT and S1P3-KO murine hearts for 5 min. The infusion was
followed by a 20-min wash-out period. CF and LVDevP are shown in panels A and D. Maximal decrease
in CF and LVDevP compared to preinfusion baseline are shown in panels B and E. Values of area over
the curve (AOC) during S1P infusion are shown in panels C and F. In S1P3-KO hearts, the S1P-induced
CF and LVDevP reduction was significantly reduced. Mean ± SEM; n = 6, 8; #### p < 0.0001 vs.
baseline (preinfusion value); * p < 0.05, ** p < 0.01 vs. WT; two-way repeated measurement ANOVA
and Dunnett’s post hoc test (A,D) and unpaired t-test (B–F).

3.3. Role of Myocardial S1P3 Receptor Activation in I/R Injury

To better understand the apparent contradiction between the widely reported cardioprotective
and observed cardiosuppressive effects of S1P, we aimed to separate the myocardial and coronary
actions of S1P in a model of I/R injury.

First, we investigated the effects of potential S1P3 receptor activation during I/R in the absence
of intravascularly administered S1P. WT and S1P3-KO hearts were exposed to an I/R protocol,
CF and myocardial function were monitored during reperfusion. CF did not differ significantly
between the WT and S1P3-KO mice (Figure 5A1). In contrast, parameters describing myocardial
performance showed marked differences. The lack of S1P3 resulted in a far worse postischemic
functional recovery as evidenced by the drop of the LVDevP (Figure 5B1), decreased +dLVP/dtmax,

and −dLVP/dtmax (Figure 5C1,D1), and elevated LVDiastP (Figure 5E1).
These results indicate that S1P3 receptors play a beneficial role in preventing ischemia-induced

myocardial dysfunction, most probably by activation from S1P generated locally by the tissues of
the ischemic heart. However, this myocardial S1P release did not induce S1P3-mediated coronary
vasoconstriction as observed in the previous experiments with intravascular S1P administration.

Interestingly, lack of S1P2 receptors did not influence any of these functional parameters nor
the infarct size in this I/R model (Figure S2.)
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Figure 5. Postischemic coronary flow (CF) (A), left ventricular developed pressure (LVDevP) (B),
+dLVP/dtmax (C), −dLVP/dtmax (D) and left ventricular diastolic pressure (LVDiastP) (E) in isolated
WT and S1P3 knock-out (KO) mouse hearts without (left panels: A1–E1) or with S1P administration
(middle panels: A2–E2) for 5 min to the perfusate at 10−6 M before the induction of a 20-min ischemia
followed by a 120-min reperfusion period. The right panels (A3–E3) demonstrate statistical comparison
of the parameters captured at the end of the reperfusion period. Mean ± SEM; n = 6, 8, 7, 7; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, with two-way repeated measurement ANOVA and Dunnett’s
post hoc test in the graphs and two-way ANOVA followed by Sidak’s post hoc test in the table insets.
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3.4. Effects of Preischemic Intravascular S1P Exposure on I/R Injury

Next, we investigated the role of intravascular S1P by administering S1P to the perfusion solution
before I/R at a concentration of 10−6 M for 5 min. Under these conditions, CF returned to a significantly
higher value during reperfusion in the S1P3-KO hearts (Figure 5A2) indicating S1P3-mediated coronary
vasoconstriction. Postischemic myocardial function failed to return during the reperfusion without
any difference between the two groups (Figure 5B2–E2).

In order to determine the effects of S1P infusion on postischemic CF and cardiac performance,
results obtained by the two experimental protocols were compared (see the table panels in Figure 4).
S1P-exposed WT hearts showed a marked reduction in post-ischemic functional myocardial recovery
as compared to WT or S1P3-KO hearts without S1P administration (Figure 5B3–E3). Furthermore,
the difference in the functional parameters between WT and S1P3-KO hearts was not statistically
significant (B2–E2 table insets in Figure 5.).

Finally, we determined whether alterations in myocardial function were reflected in the irreversible
ischemic damage of cardiomyocytes. TTC staining revealed that without S1P administration, the relative
infarct size was larger in S1P3-KO (10.72 ± 2.93%) than in WT (1.12 ± 0.37%) hearts (Figure 6A,C).
In the S1P-exposed groups, the infarcts were substantially larger, but they did not differ between
S1P3-KO and WT hearts (Figure 6B,D).

Comparing the size of the infarcted area in S1P-pretreated (Figure 6B,D) with the untreated groups
(Figure 5A,C), we detected a marked increase in the size of the infarcted myocardium as a result of S1P
administration (Figure 6E).

Figure 6. Relative infarct size (A,B) and representative sections (C,D) from hearts subjected to
ischemia/reperfusion without (A & C) or with (B & D) 10−6 M S1P infusion. Mean ± SEM; n = 6, 8, 7,
7; * p < 0.05, ** p < 0.01, **** p < 0.0001, with unpaired t-test (A,B) or two-way ANOVA and Sidak’s
multiple comparison test (E).
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4. Discussion

In the present ex vivo study, three different experimental protocols were tested in order to
understand the complexity of S1P-induced alterations of cardiac function in ACS and also to determine
the involvement of S1P receptor subtypes in mediating these effects. First, we focused on intravascular
S1P release, which occurs at the onset of ACS when plaque rupture initiates platelet activation. We found
that S1P caused a 44 ± 3% reduction of heart perfusion and simultaneous suppression of myocardial
contractility (54 ± 9% decrease in LVDevP). Both effects were attenuated in hearts of S1P3-KO mice,
indicating a major role of S1P3 in signaling. In the second part of our study, we focused on the effects
of S1P receptor activation within the heart in response to ischemia. Under these conditions, hearts of
S1P3-KO mice exhibited worse postischemic contractile recovery (82 ± 3% vs. 52 ± 3% decrease in
LVDevP compared to preischemic baseline value in S1P3-KO and WT mice, respectively) and larger
infarct size (11 ± 3% vs. 1 ± 3% in S1P3-KO and WT mice, respectively) than WT hearts, indicating that
ischemia-induced myocardium-related S1P actions are cardioprotective via activation of S1P3. Finally,
we proposed to model the complex scenario of ACS, when intravascular and myocardial S1P release
may occur simultaneously and influence cardiac function. Under these conditions, WT hearts showed
limited coronary perfusion without any sign of postischemic functional recovery. In S1P3-KO hearts,
coronary reflow was better (Figure 5A2), but this failed to improve cardiac function (Figure 5B2–E2)
or to reduce infarct size (Figure 6B) compared to WT. These observations indicate that although
S1P3-mediated vasoconstriction contributes to the deleterious no-reflow phenomenon, elimination
of this effect in S1P3-KO hearts does not moderate I/R injury because it also abolishes the benefits of
S1P3-mediated cardioprotection.

The major sources of S1P in blood plasma are red blood cells, platelets, and endothelial cells [5,9].
Sphingosine kinase is highly active in platelets and synthesizes S1P from sphingosine taken up from
plasma and produces it in the outer leaflet of the platelet plasma membrane [4]. Platelets store
S1P abundantly and release it upon activation [3,7,8]. In ACS, when blood clotting is activated by
the rupture of an atherosclerotic plaque, substantial amount of S1P might be released to the circulation [6].
S1P has been reported to have vasoconstrictor and endothelium-dependent vasodilator actions in
different vascular beds [14,46,47]. For instance, S1P was shown to have a constrictor effect in isolated
porcine pulmonary artery rings [28], in canine, rat, murine and leporine basilar and middle cerebral
arteries [29,30], in rat portal veins [31], and in canine coronaries [32]. Whereas S1P increased NO
production in cultured HUVEC [48] and in bovine lung microvascular endothelial cells [49], and HDL,
a carrier of S1P was shown to cause endothelium-dependent vasodilation in aortic rings of rats and mice
mediated via S1P3 activation [50]. However, despite its potential pathophysiological relevance, only
a few of these studies have investigated the effects of S1P on the coronaries, and none of them have
attempted to relate it to myocardial function. In our study, we found that S1P causes dose-dependent
reduction in CF of Langendorff-perfused murine hearts. This observation is in agreement with
earlier reports that also ascribed vasoconstrictor effects to S1P in the coronaries and other vascular
beds [33,34,51]. Murakami et al. reported dose-dependent S1P-induced CF reduction in rat hearts in
a similar experimental model [33]. When we delivered S1P in the presence of albumin, the coronary
effect of S1P remained unchanged (Figure 1.). Although, a slight, nonsignificant shift in the ED50 to
lower concentration was observed potentially indicating that albumin may enhance S1P coronary
effects by protecting it from degradation by phosphatases in the vessels of isolated hearts.

One of the main aims of our study was to (1) mimic the effect of robust S1P exposure of
the coronary arteries that might occur in ACS upon thrombotic platelet activation, and (2) explore
its effects on coronary perfusion, and (3) on heart function. For this purpose, we administered
S1P to the coronary perfusate of isolated murine hearts at 1 microM, a concentration that might
easily occur in a thrombotic coronary artery [5,6,52,53], and was close to the ED50 value, we defined
(Figure 1). This produced a remarkable decrease in CF (Figure 2A). This observation is in agreement
with earlier studies, which also ascribed vasoconstrictor effects to S1P in coronaries and other vascular
beds [33,34,51]. Murakami et al. reported dose-dependent S1P-induced CF reduction in rat hearts in
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a similar experimental setting [33]. The S1P-induced flow deprivation in our study was associated with
a significant decline in cardiac performance, which was evidenced by decreased LVDevP, +dLVP/dtmax

and −dLVP/dtmax (Figure 2B–D). This might be primarily attributed to CF reduction. However,
direct negative inotropic effect of S1P on cardiomyocytes reported by earlier studies might also play
a role [25]).

The cellular actions of S1P are attributed to the presence of five specific G protein-coupled S1P
receptors [19,20]. Among these, S1P1, S1P2, and S1P3 receptors are expressed abundantly in the CV
system [16]. Detailed description of S1P signaling in coronaries is not available in the literature.
However, a few studies provide evidence that S1P2 or S1P3 might play a role in the regulation of
heart function. In a recent study, we reported a dominant role of S1P2 in S1P-induced enhancement
of vasoconstrictor stimuli in the circulation [54]. Therefore, in the present study we aimed to
characterize the role of these two receptors in mediating CF reduction by S1P. Using an S1P3-KO
mouse model, we showed that the S1P3 receptor plays a relevant role in mediating S1P-induced CF
reduction, because the absence of this receptor diminishes significantly the CF reducing effect of S1P
(Figure 3C). This observation confirms the findings of Murakami et al., who proposed the role of S1P3 in
coronary constriction using the S1P3 receptor antagonist TY-52156 in a similar experimental setting [33].
Levkau et al. found that S1P decreases myocardial perfusion in vivo and this effect was absent in
S1P3-KO mice [51]. Other investigators proposed the role of S1P2 receptors because S1P induced
constriction in human coronary smooth muscle cells that was attenuated by the S1P2 antagonist,
JTE-013 [34]. However, in our experiments S1P2-KO mice did not reproduce these pharmacological
observations. We acknowledge that this does not necessarily mean that the S1P2 has no role in regulating
coronary vessel tone, because it might be that S1P2 also activates pathways in the heart which cause
coronary dilation, and these and the direct vasoconstrictor effects in smooth muscle cells canceled
out each other in our experiments. However, this putative mechanism requires further investigation.
Moreover, S1P2 activation might also sensitize the smooth muscle to other vasoconstrictor stimuli,
as has been shown in the systemic circulation [54].

S1P is frequently implicated in cardioprotection [21,22,55,56]. Indeed, numerous studies have
shown that it decreases the infarcted area and apoptotic cell death after I/R injury, and that it plays
a role in the mechanism of ischemic pre- and post-conditioning [18,23–27]. However, myocardial
function has not yet been evaluated in detail in these previous studies, although the involvement of
S1P2 and S1P3 receptors has already been suggested [27,33,34]. This protective effect has been inferred
from experiments, through the use of fundamentally different methodological approaches. In most of
these studies, inhibition of S1P signaling in ischemia was achieved by using S1P receptor gene-deficient
models or the pharmacological inhibition of SphK1 and SphK2 enzymes, which made I/R injury
more severe and/or reduced the benefits of ischemic pre- and post-conditioning. These observations
suggest that S1P signaling is stimulated in ischemia most likely by locally generated S1P released from
the heart tissue.

The other approach introduced intravascular S1P administration into the coronary blood flow
before an ischemic insult. Although this experimental setting can be considered as a relevant model for
studying S1P effects in ACS, inasmuch as S1P infusion mimics S1P release during thrombus formation,
whereas the flow cessation models thrombotic occlusion, only a few investigators have explored
S1P effects this way, and they only assessed tissue damage without monitoring postischemic heart
function. Nevertheless, these studies consistently reported a decrease in the infarcted area [24,27].
This is surprising considering that S1P has several short-term effects in the heart by reducing CF
and causing negative inotropy that might be detrimental to postischemic contractile recovery [35–38].

Our current study was designed to combine these approaches in the context of S1P receptor
signaling. Our choice of focus on S1P3 signaling was motivated by the results of our experiments shown
in Figures 3 and 4 which highlight that the short-term cardiac effects of S1P are mediated in large part
by S1P3. However, S1P2, which is the other receptor proposed to participate in cardioprotection [25],
did not have a major role. Moreover, the exposure of S1P2-KO hearts to our I/R protocol produced
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similar functional and tissue injury to that observed in control hearts (Figure S2), showing that this
receptor has no detectable role in cardioprotection in our experimental setting.

First, we aimed to clarify whether intrinsic activation of S1P3 signaling during ischemia was
protective in our experimental setting. Our results showed that, in the absence of S1P3, murine
hearts were more susceptible to a 20-min global ischemia. This was indicated by weaker contractile
recovery during the 2-h reperfusion period (Figure 5B1–D1), higher postischemic end-diastolic pressure
(Figure 5E1) an indicator of more severe myocardial ischemic contracture, and increased infarct
size (Figure 6A,C). These observations are in agreement with other studies which also implicated
the participation of S1P3 signaling in cardioprotection against I/R injury [25–27]. Notably, the severe
functional and morphological injury in S1P3-KO hearts developed despite a relatively maintained
CF, which approached the preischemic value and was not worse than that of WT hearts during
the reperfusion period (Figure 5A1). The observation that CF during reperfusion was similar in WT
and S1P3-KO hearts indicates that vascular S1P3 was not exposed to S1P levels sufficient to induce
S1P3-mediated vasoconstriction. This is not surprising if we consider that the perfusion fluid was free
of exogenously added S1P.

In our study we also investigated the effects of S1P on I/R injury by the other approach described
in the literature, where S1P was administered to the coronary circulation before ischemia. After
S1P pretreatment, we applied a non-fatal ischemia protocol and followed up the recovery of cardiac
function upon reperfusion. This model allowed for the exploration of S1P actions which may
take place in a complex ACS scenario in which simultaneous intravascular and myocardial S1P
release may occur. Preischemic S1P infusion can be considered as simulation of platelet-derived
S1P release in ACS [3–8], whereas the ischemia protocol as S1P release from the myocardium [23,24].
Furthermore, our experiments investigated S1P effects more broadly than previous studies. In addition
to determining infarct size, we also assessed postischemic cardiac function. We found that preischemic
S1P exposure exacerbated ischemic injury. After an ischemic insult which is supposed to be non-fatal,
the infarcted tissue extended to a large part of the myocardium and restitution of contractile activity
was hardly observed in WT hearts. The latter was indicated by extremely low LVDevP, +dLVP/dtmax,
and −dLVP/dtmax values (Figure 5) that failed to approach preischemic levels during reperfusion,
although CF partly recovered. Comparing ischemic injury of S1P pretreated and non-treated
WT hearts, infarct size was significantly larger (Figure 6E), whereas LVDevP, +dLVP/dtmax and -
dLVP/dtmax (Figure 5B3–D3) values were significantly lower at the end of the 2-h reperfusion
period. Interestingly, some researchers observed a decrease in infarct size after preischemic S1P
treatment [24,26,27]. This difference might be explained by differences in methodology because
the infusion time and concentration of S1P preinfusion were slightly different [21,24,26]. A possible
explanation can be that our infusion protocol, where we applied S1P at 10−6 M, might have caused
sustained desensitization of cardiomyocytes to S1P. Several studies have shown in different cell types
that S1P causes rapid desensitization of S1P receptors which persists for hours [57,58]. It might
well be that in our experimental setting the combination of sustained vasoconstriction, which is
potentially detrimental to postischemic recovery, and the loss of S1P3 mediated activation of prosurvival
and antiapoptotic protective pathways due to desensitization, results in enhanced I/R injury. Whereas,
in experimental settings, where lower doses are used (0.1 micromolar), S1P3 mediated protection is
more active and dominates over effects of more moderate perfusion loss.

Because we observed that the coronary effects of S1P are in part mediated by S1P3 (Figure 4), we also
explored the effects of preischemic S1P exposure on ischemic damage in S1P3-KO hearts. Although
preischemic CF and the function of S1P3-KO hearts were better (data not shown, also cf. Figure 4), their
functional recovery was as weak, and infarct size as large, as those of WT hearts. Interestingly, although
CF in S1P3-KO hearts returned close to the preischemic value, this relatively better perfusion did not
provide any benefit for cardiac performance. All these results indicate, that although the absence of
S1P3 receptors might mitigate the detrimental effects of preischemic intravascular S1P exposure by
decreasing the CF-reducing effect of S1P and allow for better reflow during reperfusion, the concomitant
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loss of S1P3-mediated cardioprotection obliterates this potential benefit. Therefore, the S1P3 receptor
seems to mediate two opposing S1P actions in the heart, as schematically shown in Figure 7.

Figure 7. Events in acute coronary syndrome related to S1P3-mediated alterations of cardiac function.

5. Conclusions

In this study, using isolated perfused murine hearts, we designed experimental models to simulate
and explore the actions of S1P release in ACS. First, we described the effects of intravascular S1P
exposure which occur during thrombus formation; and second, the effects of S1P within the heart
in response to myocardial ischemia in a separate experimental paradigm. Finally, we investigated
the combined effects of simultaneous intravascular and myocardial S1P effects, which can be a real-life
scenario in ACS. Intracoronary administration of S1P caused a substantial decrease in CF and heart
function. Using S1P receptor KO mouse models, we established that S1P2 has only a minor role,
whereas S1P3 is a key determinant in this effect. In I/R experiments, the postischemic functional
recovery was weakened and the ratio of the infarcted area was increased in S1P3-KO hearts, confirming
the cardioprotective role of this receptor subtype. Preischemic intravascular S1P administration
worsened the recovery of cardiac function and increased infarct size both in WT and S1P3-KO hearts,
although coronary hypoperfusion was attenuated by S1P3 deficiency. These findings highlight that
S1P has opposing effects in the myocardium: S1P released from the ischemic myocardium seems to be
cardioprotective, whereas S1P acting via the coronary circulation is deleterious to the heart. Moreover,
both of these effects are in a large part mediated by S1P3 receptor. These results taken together suggest
that in clinical situations, when thrombotic coronary occlusion causes cardiac ischemia, the released
S1P might compromise postischemic recovery due to its unfavorable coronary effects, which might
outweigh the presumed cardioprotective effects of S1P produced by the ischemic myocardium. Clearly,
further studies are warranted using in vivo and ex vivo models to obtain a better understanding of
the (patho)physiological actions of S1P in ACS.
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Abstract: Cystic fibrosis (CF) is a hereditary disease, with 70% of patients developing a proteinopathy
related to the deletion of phenylalanine 508. CF is associated with multiple organ dysfunction,
chronic inflammation, and recurrent lung infections. CF is characterized by defective autophagy,
lipid metabolism, and immune response. Intracellular lipid accumulation favors microbial infection,
and autophagy deficiency impairs internalized pathogen clearance. Myriocin, an inhibitor of
sphingolipid synthesis, significantly reduces inflammation, promotes microbial clearance in the lungs,
and induces autophagy and lipid oxidation. RNA-seq was performed in Aspergillusfumigatus-infected
and myriocin-treated CF patients’ derived monocytes and in a CF bronchial epithelial cell line.
Fungal clearance was also evaluated in CF monocytes. Myriocin enhanced CF patients’ monocytes
killing of A. fumigatus. CF patients’ monocytes and cell line responded to infection with a profound
transcriptional change; myriocin regulates genes that are involved in inflammation, autophagy,
lipid storage, and metabolism, including histones and heat shock proteins whose activity is related
to the response to infection. We conclude that the regulation of sphingolipid synthesis induces
a metabolism drift by promoting autophagy and lipid consumption. This process is driven by a
transcriptional program that corrects part of the differences between CF and control samples, therefore
ameliorating the infection response and pathogen clearance in the CF cell line and in CF peripheral
blood monocytes.

Keywords: cystic fibrosis; sphingolipids; autophagy; myriocin; Aspergillus fumigatus
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1. Introduction

Cystic fibrosis (CF) is a hereditary disease associated with different classes of mutations in
the Cystic Fibrosis Transmembrane conductance Regulator (CFTR), a chloride/carbonate channel.
A deletion of phenylalanine 508 (F508) affects more than 70% of patients and results in unfoldedproteins
accumulation, causing a proteinopathy responsible for inflammation, impaired autophagy, and altered
lipid metabolism [1–5]. CF is a multiple-organ disease characterized by life-threatening chronic
inflammation and recurrent infection of the lungs, where defective immune response and altered
mucus viscosity and acidity pave the way to persistent microbial colonization [6]. Indeed, CF is
characterized by ineffective clearance of pathogens and reduced killing of internalized microbes,
both in pulmonary airways epithelia and in macrophages [7–9]. Moreover, recurrent antibacterial
therapies favor the insurgence of drug resistance and, by altering the microbiological milieu, promote
colonization by opportunistic pathogens. Aspergillus fumigatus is the most prevalent filamentous
fungus in the respiratory tract of CF patients, contributing to lung deterioration. Approximately 35%
of CF patients are infected by A. fumigatus, and researchers are still investigating ways to prevent its
colonization [10], since CFTR dysfunction itself has been directly associated with a reduced clearance
ability of A. fumigatus conidia by CF airway epithelia [8,11].

CF cells suffer from defective autophagy, which is related to altered proteostasis and chronic
inflammation [12–14]. Autophagy is a conserved cell-autonomous stress response, dedicated to the
breakdown of cellular material and to cell content recycling. Apart from its homeostatic role and its
crucial activity in stress conditions, autophagy is actively involved in pathogen clearance, offering
the cell an extremely efficient defensive response. A specialized form of autophagy called xenophagy
involves the recognition and clearance of foreign particles and pathogens. Pattern recognition receptors
(PRRs), upon antigen engagement, recruit microtubule-associated protein 1B light chain-3 (LC3) and
successively other components of the canonical autophagy pathway, therefore enabling the binding of
foreign particles that are already contained within a single membraned phagosome or endosome and
their addressing to lysosomes [15].

The ability to detoxify and/or assimilate host lipids is a crucial aspect of the infection process [16,17],
particularly in fungal infection [18]. In addition, the mobilization of internal lipid stores to release
growth substrates, as well as lipid-mediated cellular signaling, contribute to the pathogen invasion
outcome [18]. The activation of lipid catabolism via transcriptional activity of transcription factor
EB/peroxisome proliferator-activated receptor α (TFEB/PPARα) potentiates macrophage response to
infection [19].

Several studies reported an altered lipid homeostasis in blood and peripheral tissues in CF
patients [1,2,20–24], and demonstrated the pathological role of the inflammatory ceramide accumulation
in CF airways [4,25]. In a CF mouse model and in bronchial epithelial cells, our group previously
demonstrated that hampering ceramide accumulation by the sphingolipid synthesis inhibitor myriocin
(Myr) reduces inflammation and ameliorates the response against microbial infection in vivo and
in vitro by promoting cell-killing ability [8,25,26]. Moreover, the inhibition of ceramide synthesis in
CF cells activates TFEB, a master regulator of the stress response. Indeed, TFEB is responsible for
enhancing autophagy and lipid oxidation via the activation of lipid-metabolism-related transcription
factors such as PPARs and FOXO, thus reducing the overall lipid content [5].

Here we studied the myriocin modulation of gene expression profile and its effect in promoting
conidial killing in CF patients’ monocytes infected with A. fumigatus. Next, we demonstrated that
A. fumigatus infection triggers a different expression profile in CF bronchial epithelial cells compared to
healthy control cells. We further investigated the effect of Myr treatment on the expression of genes
involved in inflammation and in the autophagic response to infection. Our data suggest that regulating
the altered lipid metabolism could represent a possible therapeutic strategy in ameliorating CF disease.
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2. Materials and Methods

2.1. Cells and Treatments

IB3-1 cells (named CF cells), an adeno-associated virus-transformed human bronchial epithelial cell
line derived from a CF patient (ΔF508/W1282X) and provided by LGC Promochem (US), were grown
in LHC-8 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at
37 ◦C and 5% CO2. Human lung bronchial epithelial cells 16HBE14o- (named CTRL cells), originally
developed by Dieter C. Gruenert, were provided by Luis J. Galietta, (Telethon Institute of Genetics and
Medicine—TIGEM, Napoli) and cultured, as recommended, in Minimum Essential Medium (MEM)
Earle’s salt, supplemented with 10% FBS and 1% penicillin/streptomycin at 37 ◦C and 5% CO2.
Myriocin (Myr) treatments were performed at a concentration of 50 μM for the indicated time lengths
in 100 mm dishes plated at 1 × 105 cells/each. At least triplicate samples for each experiment
were performed.

2.2. Aspergillus Fumigatus Culture

The reference strain A. fumigatus Af293 (ATCC MYA-4609, CBS 101355) was used in the
study. Frozen conidia were streaked out from glycerol stocks stored at −80 ◦C on fresh Potato
Dextrose Agar (PDA) slant and incubated at 30 ◦C for 72–96 h, until sporulation. Conidia were then
harvested, suspended in 0.01% Tween-20, washed in phosphate-buffered saline (PBS), and counted
by hemocytometer.

2.3. Cells Infection

We plated 1 × 106 cells, either CF or CTRL, in 100 mm Petri dishes and grew them overnight in
5 mL of appropriate medium. The next day, cells were pre-treated with 50 μM Myr for 1 h and then
infected with A. fumigatus conidia with a multiplicity of infection (MOI) of 1:100 for 1 h. Cells were
washed three times in PBS to eliminate non-engulfed conidia and incubated for 3 h with 5 mL medium
containing or not 50 μM Myr. Cells were collected at this time, or after 12 h, for subsequent analysis.

For the killing assay, patients’ monocytes were pretreated with Myr (50 μM) or medium alone
for 1 h at 37 ◦C and then infected with A. fumigatus conidia (MOI 1:1). One hour after infection,
cells were washed twice with PBS to remove non-internalized conidia, and incubated for a further 4 h
to allow conidia killing. Cells were then harvested, counted, and lysed by osmotic shock to recover
live internalized conidia. Cellular lysis was confirmed by microscopy. The supernatant was mixed
vigorously, serially diluted in PBS, and plated onto Sabouraud Dextrose Agar (SAB). Plates were
incubated at 37 ◦C, and colony forming units (CFU) were counted after 48 and 72 h of growth.

2.4. PBMC Isolation and Infection

We collected 43 blood samples from CF patients referred to the Ancona Cystic Fibrosis Centre,
22 homozygotes for the F508del mutation of the CFTR gene and 21 compound heterozygotes with
one F508del allele (as shown in Supplementary Table S1) (United Hospital Le Torrette, Ancona, Italy,
CE Regionale Marche -CERM-, protocol number 2016 0606OR).

Peripheral blood mononuclear cells (PBMCs) were freshly isolated using Leucosep protocol and
stored at −80 ◦C until use. To avoid the influence of anti-CD14-coated microbeads selection on cytokine
production, we isolated monocytes by plastic adherence [27]. Briefly, 1 × 106 PBMCs per well were
seeded into 6-well plates (Corning Inc. Costar, New York, NY, USA) and allowed to adhere in a 5% CO2

incubator at 37 ◦C for 2 h in 2 mL Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. Free-floating cells were then removed by washing and
the adhering monocytes were used for A. fumigatus infection as described above for cell lines.
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2.5. qRT-PCR

One microgram of purified RNA was reverse transcribed to cDNA. The amplification was
performed for the following target genes: IL-1B, CXCL8, IL-10, NOD2, TLR2, TLR7, TBK1, OPTN, TFEB,
LAMP2a, TP53INP1, TMEM59, HIGD1A. Relative mRNA expression of target genes was normalized to
the endogenous GAPDH control gene and represented as fold change versus control, calculated by the
comparative CT method (ΔΔCT Method). The analysis was performed by referring to control values
that did not significantly differentiate (triplicate samples, and their standard deviation value divided
by their mean value was <1). Supplementary Figure S1 shows the ΔΔCT analysis of the target genes in
basal condition, with CF cells versus CTRL cells. Real-time PCR was performed by SYBR Premix Ex
Taq™ II (Takara); primer sequences are available on request.

2.6. Statistical Analysis

Data are expressed as mean ± SE, calculated from experimental replicates. Data significance
was evaluated by two-way ANOVA followed by Bonferroni correction (p < 0.05) or Wilcoxon t-test
(for paired samples), as specified in the figure legends. Statistical analysis was performed by GraphPad
InStat software (La Jolla, CA, USA) and graph illustrations were generated by GraphPad Prism software
(La Jolla, CA, USA).

2.7. RNA Extraction and Sequencing

Total RNA was isolated from harvested cells and patients’ samples with the ReliaPrep™Miniprep
RNA extraction system (Promega), according to the manufacturer instructions.

Sequencing was performed on Illumina NextSeq using the SMART-Seq protocol for the preparation
of the libraries, obtaining an average of 15 million single-end reads per sample. All sequences were of
fixed length 75 bp, and of a high quality for a single base.

Twenty four samples were analyzed: 12 derived from a cell line of CF pulmonary epithelium,
and 12 from a cell line of healthy pulmonary epithelium (CTRL). For each group, the following
conditions were analyzed: (1) basal condition (CTRL or CF); (2) infection with A. fumigatus (Asp);
(3) myriocin treatment (Myr); (4) infection and treatment (Asp-Myr). Three biological replicates were
used for each condition.

RNA was also extracted from a selection of A. fumigatus-infected monocytes from 11 homozygous
and 9 heterozygous patients. For each subject, we analyzed 2 conditions: (1) samples infected with
A. fumigatus (untreated); (2) samples infected with A. fumigatus and treated with Myr (treated).

2.8. Exploratory Data Analysis

In order to evaluate samples variability, we applied principal component analysis (PCA) as a tool
to make assumptions. In particular, we performed PCA starting from regularized log-transformed
counts matrices created by the rlog function implemented in the DESeq2 package [28].

2.9. RNA-Seq Data Analysis

Raw single-end reads were aligned to the human reference genome (GRCh38) using STAR [29],
and only uniquely mapping reads were considered for downstream analyses. Reads were assigned
to genes with featureCounts [30], using the Gencode primary assembly v.31 gene transfer file (GTF)
as reference annotation for the genomic features. Raw counts matrices were then processed with
the R/Bioconductor differential gene expression analysis packages Deseq2 and EdgeR [31] following
standard workflows. In particular, for the monocyte dataset we set up a paired analysis, modeling
gene counts using the following design formula: ~patient + condition. For cell lines, due to the
high variability between and within cell lines, we split the dataset into specific subsets. In particular,
in both CTRL and CF cells, we evaluated the effect of A. fumigatus (Asp) infection and of Myr with
and without infection. Genes with adjusted p-values less than 0.01 (cell lines) and 0.05 (monocytes
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dataset) were considered differentially expressed (DEGs). Downstream analyses, including gene
set enrichment analysis (GSEA) and over-representation analysis (ORA), were performed with the
ClusterProfiler R/Bioconductor package [32] using a list of databases including Gene Ontology (GO),
KEGG, Reactome pathway, and the Molecular Signatures Database (MsigDB). Enriched terms with an
adjusted p-value < 0.05 were considered statistically significant. Charts and images were produced
using the ggplot2 R package.

We performed protein–protein interaction (PPI) networks functional enrichment analysis using
string-db [33] web site. In particular, starting from the default setting we applied the following changes:
removal of text-mining flag from active interaction sources, selection of highest confidence interaction
scores, and hiding of disconnected nodes from graphical output.

3. Results

3.1. Myriocin Transcriptionally Regulates and Ameliorates the Response to A. fumigatus Infection in
CF-Patients-Derived Monocytes

In order to study the effects of Myr on the immune response against fungal infection in CF,
monocytes derived from the PBMCs of CF patients bearing homozygous or heterozygous ΔF508
CFTR mutation were infected in vitro with A. fumigatus and either treated or not treated with Myr.
Myr treatment significantly increased A. fumigatus killing compared with untreated infected CF
monocytes (Figure 1).

 
Figure 1. Myriocin (Myr) treatment improved monocyte killing ability. Aspergillus fumigatus conidia
were added to patients’ monocytes, untreated or treated with Myr, and cells incubated for 1 h to allow
conidia internalization. Non-internalized conidia were then washed, and monocytes were incubated for
a further 4 h before undergoing lysis. Live conidia were counted by plating cell lysate on solid medium.
To normalize the results, data are expressed as killed conidia/μg protein. Myr partially rescued cystic
fibrosis (CF) monocytes’ killing ability (** p < 0.01 Wilcoxon t-test).

Exploratory data analysis showed a patient-specific bias that we took into account by using a
paired differential expression model, as described in the Methods section. After correcting for batch
effect (patient), we clearly observed a separation on the second principal component (Figure 2A).
Differential gene expression analysis identified 1460 DEGs between Myr-treated and untreated cells,
in particular 563 upregulated and 896 downregulated genes in Myr-treated cells (Figure 2B).
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Figure 2. PCA and differential gene expression (DGE) induced by myriocin treatment in CF-patients-
derived monocytes. (A) PCA was calculated considering the 1000 most variable genes across the
dataset. Log-normalized counts were “shifted” for patient in order to take into account the experimental
design adopted for DGE analysis. (B) Heatmap of DEGs with adjusted p-value < 0.05 resulted from
the comparison between treated and untreated samples. The data used for creating this image were
logCPM-corrected for patient batch and row-scaled (heatmap package).

Starting from the DEG list, we performed over-representation analysis using different gene sets,
including Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Molecular
Signatures Database (MSigDB) terms, in order to identify the presence of enriched functional categories.
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In particular, we observed categories related to CF disease as inflammation, autophagy, lipid metabolism,
and infection (Figure 3A). We then analyzed the proportion of differentially upregulated and
downregulated genes and highlighted the most significantly modulated ones. We noticed a significantly
higher number of upregulated genes under Myr treatment (Figure 3B).

 

 

 

Figure 3. Cont.
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Figure 3. (A) CF-related over-represented terms. DEGs obtained from Myr-treated and untreated
A. fumigatus-infected CF monocytes; the comparisons were used for performing over-representation
analysis (ORA) using GO, KEGG, and MSigDB terms. Here are shown the enriched terms (adjusted
p-value < 0.05) matching the top functional categories related to CF including autophagy, infection,
inflammation, and lipid metabolism. On the x-axis, the number of DEGs belonging to the enriched
term. (B) Volcano plot showing DEGs distribution between up- and downregulated genes with labels
for the top 20 significant DEGs. On the x-axis, the log2Fold change, and on the y-axis the adjusted
p-value (−log10). (C) STRING analysis of up regulated DEGs in treated versus untreated comparison.

Moreover, we performed protein–protein interaction (PPI) networks and functional enrichment
analysis (STRING) of both up- and downregulated DEGs. Interestingly, we noticed that PPI network
analysis of upregulated genes highlighted the presence of two main clusters of interacting proteins
enriched in histone molecules and heat-shock proteins, respectively (Figure 3C).

By studying the most significant DEGs, we observed that genes belonging to the above-mentioned
clusters are related to the ontologies indicated in Figure 3A and to the two main clusters of interacting
proteins (Figure 3C). Moreover, their activity is relevant and novel in CF infection. A number of genes
found to be upregulated belong to the histone cluster family and their corresponding proteins, which can
locate within the cytosol and are recognized for exerting antimicrobial activity [34–40] (Table 1).
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Table 1. Cluster of histone protein DEGs between Myr-treated and untreated CF-patients-derived monocytes.

Symbol Log2FoldChange Padj Description Ensembl

HIST1H2BH 1.86 8.07 × 10−5 histone cluster 1 H2B family member h ENSG00000275713
HIST1H2BG 1.56 0.001394033 histone cluster 1 H2B family member g ENSG00000273802
HIST1H2BO 1.54 0.021985759 histone cluster 1 H2B family member o ENSG00000274641
HIST1H2BE 1.53 0.007600047 histone cluster 1 H2B family member e ENSG00000274290
HIST1H2BJ 1.29 0.002758228 histone cluster 1 H2B family member j ENSG00000124635
HIST1H2BD 1.21 0.001620018 histone cluster 1 H2B family member d ENSG00000158373
HIST1H4C 1.14 0.004057245 histone cluster 1 H4 family member c ENSG00000197061

H2AFX 1.04 0.009827979 H2A histone family member X ENSG00000188486
HIST1H3A 1.02 0.05944192 histone cluster 1 H3 family member a ENSG00000275714
HIST2H2BE 0.88 0.028428384 histone cluster 2 H2B family member e ENSG00000184678

H2AFZ 0.63 0.044623207 H2A histone family member Z ENSG00000164032
HIST1H3J 0.93 0.204175587 histone cluster 1 H3 family member j ENSG00000197153
HIST1H4I 0.72 0.065534653 histone cluster 1 H4 family member i ENSG00000276180

HIST1H2AC 0.47 0.318228769 histone cluster 1 H2A family member c ENSG00000180573

To note that Myr also induced the upregulation of several genes encoding for heat-shock proteins:
Hsp70, Hsp90, Hsp40 (DnaJ), and Hsp-interacting proteins (Table 2), as already highlighted by PPI
network analysis (Figure 3C).

Table 2. Cluster of heat-shock protein DEGs between Myr-treated and untreated CF-patients-
derived monocytes.

Symbol Log2FoldChange Padj Description Ensembl

HSPA6 3.41 2.65 × 10−9 heat shock protein family A (Hsp70)
member 6 ENSG00000173110

DNAJA4 2.71 2.25 × 10−16 DnaJ heat shock protein family (Hsp40)
member A4 ENSG00000140403

HSPA1B 2.71 1.19 × 10−10 heat shock protein family A (Hsp70)
member 1B ENSG00000204388

HSPA1A 2.64 3.02 × 10−13 heat shock protein family A (Hsp70)
member 1A ENSG00000204389

DNAJB1 2.47 8.60 × 10−13 DnaJ heat shock protein family (Hsp40)
member B1 ENSG00000132002

BAG3 2.14 1.79 × 10−11 BCL2 associated athanogene 3 ENSG00000151929

HSPA2 2.00 1.54 × 10−5 heat shock protein family A (Hsp70)
member 2 ENSG00000126803

SERPINH1 1.94 3.78 × 10−9 serpin family H member 1 ENSG00000149257

HSPD1 1.68 3.78 × 10−9 heat shock protein family D (Hsp60)
member 1 ENSG00000144381

ZFAND2A 1.60 1.29 × 10−9 zinc finger AN1-type containing 2A ENSG00000178381

HSPE1 1.40 7.08 × 10−5 heat shock protein family E (Hsp10)
member 1 ENSG00000115541

HSP90AA1 1.35 1.13 × 10−6 heat shock protein 90 alpha family class
A member 1 ENSG00000080824

DNAJB4 1.13 5.80 × 10−7 DnaJ heat shock protein family (Hsp40)
member B4 ENSG00000162616

HSPA1L 1.13 8.07 × 10−5 heat shock protein family A (Hsp70)
member 1 like ENSG00000204390

DNAJA1 0.90 6.78 × 10−5 DnaJ heat shock protein family (Hsp40)
member A1 ENSG00000086061

HSP90AB1 0.82 0.002280106 heat shock protein 90 alpha family class
B member 1 ENSG00000096384

HSPA8 0.53 0.058998158 heat shock protein family A (Hsp70)
member 8 ENSG00000109971

Such proteins are directly involved in chaperone-mediated autophagy, which sustains the
autophagic activity. In addition, we identified an increased transcription of the PNPLA3 gene that
codes for a lipase supporting lipid storage degradation in autophagolysosomal compartment [41].
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Moreover, Myr inducedthe upregulation of LC3IIB (MAP1LC3B2), which belongs to the LC3B
family, required for cargo and autophagy protein recruitment and for autophagosome nucleation [42].

3.2. CF and Control Airways Epithelial Cell Lines Exhibit a Different Transcriptional Response to Infection

Chronic inflammation contributes to defective pathogen clearance in CF airways, and epithelial
cells offer the first barrier to microbial infection by exerting pathogens’ uptake and killing. In order
to better understand the therapeutic effect of sphingolipid synthesis inhibition in CF, we studied the
transcriptomic profile of CF bronchial epithelial cells in the early phase of infection (4 h). Hence,
we performed an RNA-sequencing analysis of CF and CTRL bronchial epithelial cells after infection
with A. fumigatus.

As shown in Figure 4A, infected CF cells exhibited a stronger transcriptional response to fungal
infection compared to CTRL cells, considering both fold changes and differentially expressed genes
(DEGs). In response to infection, we identified 3954 DEGs in CTRL cells and 5109 DEGs in CF
cells (Figure 4B).

BA

Figure 4. Transcriptional response to infection. (A) The heatmap represents the expression (rlog
row-scaled) of DEGs obtained in the AspCTRL and AspCF comparisons. (B) DEGs numbers. AspCTRL:
DEGs between infected and uninfected CTRL cells; AspCF: DEGs between infected and uninfected
CF cells.

3.3. Myriocin Treatment Modulates CF Expression Profile under Infection

Next, we evaluated the effect of myriocin on gene expression in CF and CTRL cells, both in
basal and in A. fumigatus infection conditions. We observed a significantly higher number of
DEGs in Myr-treated CF (MyrCF, 1629 DEGs) than in CTRL cells (MyrCTRL 55 DEGs) (Figure 5A).
Myr treatment in A. fumigatus-infected CF cells (MyrAspCF/Asp) significantly modulated only 62 DEGs
versus 240 DEGs in infected CTRL cells (MyrAspCTRL/Asp) (Figure 5B). This could be related to an
attenuated transcriptional effect of the compound due to the massive transcriptional change induced
by A. fumigatus infection in CF cells (AspCF), which was significantly stronger than in CTRL cells
(AspCTRL) (see above, Figure 4).

To get insight from the obtained data, we created Venn diagrams showing the common DEGs,
deriving from the three different comparisons: (i) infected CTRL cells versus uninfected (AspCTRL);
(ii) infected CF cells versus uninfected (AspCF); (iii) infected and Myr-treated CF cells versus uninfected
and untreated (MyrAspCF).
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A B

C D
CF cell line CF monocytes

Figure 5. Effect of myriocin on CF and CTRL cells in infected and infection-free environments.
(A) MyrCF indicates DEGs between Myr-treated CF cells and untreated CF cells; MyrCTRL indicates
DEGs between treated CTRL cells and untreated CTRL cells; (B) MyrAspCF/Asp indicates DEGs
between Myr-treated infected CF cells and untreated infected CF cells; MyrAspCTRL/Asp indicates
DEGs between Myr-treated infected CTRL cells and untreated infected CTRL cells. (C) Venn diagram of
CRTL and CF cells in response to infection (AspCTRL and AspCF) and infected CF cells in response to
treatment (MyrAspCF). MyrAspCF: DEGs between Myr-treated infected cells and uninfected untreated
CF cells. (D) Venn diagram of CF cells and CF monocytes: DEGs between Myr-treated infected CF cells
and Myr-treated infected monocytes from CF patients.

We found 292 genes that were differentially expressed in both CTRL and CF cells in response to
fungal infection (AspCTRL and AspCF). When CF cells were treated with Myr (MyrAspCF), the number
of common regulated genes increased up to 439, indicating that Myr drives CF response to infection
and partially restores the CTRL expression profile (Figure 5C). Finally, we compared the genes that
found to be regulated by Myr in infected airways epithelial CF cells (MyrAspCF) and in infected CF
patients’ derived monocytes (treated-infected versus untreated-infected) (Figure 5D). Regardless of the
different origins of the cells, we found a common upregulation of HSP90AA1 and ZFAS1, two genes
belonging to heat shock and zinc fingers proteins families, involved in chaperone-mediated autophagy
(previously described, Table 2, Section 3.1, [40,43,44]). In addition, the expression of another 11 genes
was commonly modulated, although at minor extent in respect to the above discussed.
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3.4. Myriocin Activates Gene Sets Involved in Inflammation, Infection, Autophagy/Proteostasis, and Lipid
Metabolism in CF Bronchial Epithelial Infected Cells

In order to evaluate the effect of Myr on infected CF cells, we performed GSEA using logFC
pre-ranked list of MyrAspCF/Asp DEGs, thus evaluating only Myr-related transcriptional activities
and excluding infection-induced transcriptional modification. Results indicate that the Myr treatment
modulates the expression of genes involved in autophagy/proteostasis, lipid metabolism, and in
response to infection and inflammation. In particular, as highlighted in Figure 6, Myr treatment
upregulated the genes involved in autophagy/proteostasis and lipid metabolism, whereas it
downregulated genes related to inflammation and infection processes.

Figure 6. Enriched gene set enrichment analysis (GSEA) terms—functional categories. This chart
shows the results of GSEA analysis on functional categories related to CF pathology using pre-ranked
logFC list genes from MyrAsp/Asp CF analysis. In red, the terms with positive normalized enriched
score (NES), upregulated by myriocin, whereas in blue the terms with negative NES, downregulated
by myriocin. GSEA terms include GO, MutSigDB, and KEGG pathway terms.

Considering a significant adjusted p-value threshold of 0.05, we observed 139 DEGs in infected CF
cells in response to treatment. Among such DEGs we identified specific genes related to the molecular
processes that are regulated by Myr, as evidenced by GSEA. Other than increasing IL1β, a primary
cytokine in CF disease and its defective response to infection [45,46], Myr upregulated the expression
of the transmembrane protein TMEM59, which induces the LC3 labelling of endosomal vesicles,
stimulating their fusion with lysosomes, in response to autophagy and xenophagy [47]. Moreover,
Myr upregulated the p53-inducible protein 1 (TP53INP1) gene, which also promotes autophagy by
interacting with autophagy-related protein family (ATG) [48]. The expression of SNX14, involved in
the regulation of autophagy and lipid metabolism, was significantly increased by Myr [49,50], as well as
that of hypoxia inducible gene 1 (HIGD1A), involved in oxidative stress and lipotoxicity protection [51].
At the same time, Myr downregulated ACACA, the rate-limiting enzyme regulating de novo fatty acid
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synthesis, whose increased activity has been associated with inflammation and CFTR deficiency [52,53].
We next validated the upregulation of three of the above reported genes by RT-PCR and demonstrated
the increase of their expression in infected and Myr-treated CF cells (Figure 7).
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Figure 7. RNA-seq validation by RT-PCR quantification of the expression of genes involved in response
to infection in CF cells: (A) transmembrane protein TMEM59; (B) p53-inducible protein 1, TP53INP1;
(C) hypoxia inducible gene 1, HIGD1A. GAPDH was used as a housekeeping gene. Data, derived for
triplicate samples, are expressed as mean ± SE (* p < 0.05; **** p < 0.0001); two-way ANOVA followed
by Bonferroni correction was used for all data.

In view of our previous results on Myr transcriptional effects in CF bronchial epithelial cells [5,8,25],
we evaluated a delayed expression of specific marker genes involved in the inflammatory process
and in the response against microbial infection in CF cells infected with A. fumigatus, treated or
untreated with Myr. By real-time PCR (RT-PCR), we proved that the expression of pro-inflammatory
interleukin-1β (IL-1β) and IL-8 chemokines, known to be upregulated in CF [25], were significantly
reduced by Myr, in both basal conditions and in A. fumigatus-infected CF cells, whereas the expression
of anti-inflammatory IL-10 was upregulated by the compound (Figure 8A–C).

Pathogen recognition receptors (PRRs) are responsible for the identification of antigens, and can
mediate their lysosomal clearance. We observed that Myr treatment enhanced the expression of the
NOD2, TLR2, and TLR7 in infected CF cells (Figure 8D–F). Myr reduction of sphingolipid synthesis
regulates lipid metabolism by enhancing fatty acids oxidation and reducing the overall cell amount of
glycerolipids and cholesterols [5]. Myr’s action on lipid-energy homeostasis is sensed as a stress that
drives TFEB activation and transcriptional activities that sustain lipid consumption and autophagy
induction [5]. We observed an increased expression of TFEB in infected CF bronchial epithelial
cells treated with Myr compared to untreated infected cells (Figure 8G). TBK1 phosphorylation
and interaction with optineurin (OPTN) promote autophagy-mediated pathogen clearance, namely
xenophagy [54–56]. We observed that A. fumigatus infection reduced the expression of TBK1 while
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Myr treatment significantly rescued it (Figure 8H). Myr was also able to increase OPTN expression
in infected CF cells (Figure 8I). Finally, Myr induced a significant increase of Lamp2a expression,
which was reduced in A. fumigatus-infected CF cells, confirming the TFEB and the autophagy-related
increase in lysosome formation (Figure 8L).

Figure 8. Quantification of the expression of genes involved in inflammation, response to infection,
and autophagy: (A) pro-inflammatory IL1β interleukin; (B) pro-inflammatory IL-8 chemokine;
(C) anti-inflammatory IL10 interleukin; (D–F) pathogen recognition receptors (PRRs): NOD2, TLR2,
and TLR7; (G) TFEB; (H) TBK1; (I) OPTN; (L) LAMP2a by qRT-PCR in A. fumigatus-infected and
uninfected CF cells, treated and untreated with Myr (12 h after infection). GAPDH was used as a
housekeeping gene. Data, derived for triplicate samples, are expressed as mean ± SE (* p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001); two-way ANOVA followed by Bonferroni correction was used
for all data.

4. Discussion

Our study demonstrates that the defective response to infection in CF is related to a dysfunction
in autophagy, inflammation resolution, and lipid metabolism, which are known to be caused by
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mutated CFTR [1–5]. Dyslipidemia has been associated with CF disease, and it is characterized
by a reduced absorption and increased synthesis of lipids [1,2,53,57–62]. Moreover, cholesterol
and the inflammatory lipid ceramide have been shown to accumulate in CF peripheral organs,
in particular at the airways level [4,23,26,63–66]. Although altered lipid metabolism is a common
feature of chronic inflammatory diseases, the contribution of lipids in CF pathophysiology is still to
be fully elucidated. We previously demonstrated that Myr—a specific inhibitor of sphingolipid de
novo synthesis—reduces the accumulation of not only ceramide but also most lipid species in CF
cells [5]. By impairing sphingolipid synthesis, Myr induces the activation of a stress response that
initiates with the TFEB-induced transcriptional program, sustained by PPARs and FOXOs transcription
factors, aimed at increasing lipid oxidation and promoting autophagy [5]. Its modulatory action
results in an overall decline of CF hyperinflammation, as a consequence of a reduced expression of
pro-inflammatory cytokines, and in an ameliorated defensive response to infection, driven by the
increase in xenophagy-activating PRR expression [8,25], known to be downregulated in CF [67].

Monocytes play a crucial role in pathogen eradication and CF prominent susceptibility to recurrent
infections, largely relying on altered monocytes response. Therefore, we studied peripheral-blood-
derived monocytes from CF patients, bearing either homozygous or compound heterozygous ΔF508
mutation of CFTR, by in vitro infection with A. fumigatus. Myr treatment shaped a significantly
different transcriptional process in infected monocytes, modulating the expression of genes involved in
inflammation, response to infection, lipid metabolism, and autophagy. Among differentially expressed
genes, we identified two functional clusters in terms of significant response to Myr that have not
previously been associated to CF (Tables 1 and 2). Myr upregulated the expression of several proteins
belonging to the histone family. Other than fundamental components of eukaryotic chromatin, histones
and histone fragments display antimicrobial activities [34], either by being secreted and reacting
against extracellular pathogens or by accumulating in the cytosol and binding intracellular infectious
agents [38]. Cytosolic histones elude proteolysis thanks to the binding to lipid cytosolic storage [35], are
released upon interaction with pathogens, and are processed to act as antimicrobial peptides against
bacteria and fungi [36,37,39]. The observation that infection increases this cytosolic histone-related
fraction [35] supports our hypothesis that, possibly by modulating lipid metabolism, Myr promotes
histones transcription in infected cells in order to boost their cytosolic pool, which is endowed with
antimicrobial activity. Moreover, Myr upregulated the expression of a number of heat-shock proteins
(HSP) belonging to the 70 family (Hsp70), 90 family (Hsp90), and DnaJ family (Hsp40). HSPs take
part in the response to infection by receptor-mediated activation of the innate immune response and
by participation in the antigen presentation for the adaptive immune response [68,69], which is also
defective in CF [6]. Hsp70 and Hsp90 play an important role in chaperone-mediated autophagy (CMA)
and pathogen recognition [44,70,71]. Proteins degraded by CMA are identified in the cytosol by a
chaperone complex which includes Hsp70 [72]. Upon binding to the target, Hsp70 [73] and Hsp90 [44]
interact with the lysosome-associated membrane protein type 2A (LAMP-2A), which we observed
to be upregulated by Myr. DNAJ proteins (Hsp40) regulate Hsp70 chaperones by stimulating ATP
hydrolysis [74]. Thus, Myr’s action on HSPs is aimed at sustaining innate and adaptive immunity
as well as autophagy-related unfolded proteins and pathogens clearance in infected CF monocytes.
Moreover, Myr increased the expression of the PNPLA3 gene, which encodes for a lipase responsible
for the mobilization of intracellular fat storage [75] and degradation in the autophagolysosomes.
This process, named lipophagy, is directly promoted by TFEB activation [41]. Hence, Myr might
sustain both classic autophagy, as we previously demonstrated [5], and chaperone-mediated autophagy,
driving not only the autophagic pathway, but also TFEB-induced lysosome biogenesis, as revealed by
increased Lamp2a expression. In agreement with previous data suggesting that Myr enhances killing
ability in an A. fumigatus-infected CF bronchial epithelial cell line [8], we observed a significant increase
of conidia killing in A. fumigatus-infected CF monocytes. This latter observation indicates that reducing
inflammatory lipid accumulation and promoting autophagy is an effective therapeutic approach to

275



Cells 2020, 9, 1845

correcting proteinopathy stress, mainly related to ΔF508 mutation of CFTR, and to restoring an effective
response against infection.

Next, we extended our previously published data by investigating the effect of sphingolipid
synthesis inhibition in the first phase of microbial infection in the airways. In order to better understand
whether Myr could modulate CF response to infection, we analyzed the whole-transcriptome
modification induced by A. fumigatus in a CF bronchial epithelial cell line and a healthy control
counterpart, either treated or untreated with Myr. Our data provide clear evidence that a profound
modification in gene expression, triggered by infection, differentiates CF from healthy cells, suggesting
that the disease itself causes higher sensitivity to infection. Indeed, healthy cells responded to the same
stimulus by engaging a smaller number of genes. This evidence is in line with CF patients’ defective
ability to elicit a coordinated defensive response against infection. Indeed, we observed a stronger
modulation of CF cells’ transcriptional activity by Myr treatment, whereas the impact on control
cells was milder. These data are in agreement with our previous observation on the effects of Myr
treatment on inflamed cells or organs with respect to their healthy counterparts [5,25,76]. We suggest
that sphingolipid de novo synthesis is enhanced under stress conditions such as proteinopathy and
inflammation. In a homeostatic state, Myr inhibition of the sphingolipid synthesis rate-limiting enzyme
serine palmitoyl transferase (SPT) may be buffered by a consequent spontaneous modulation of Nogo
and ORMs, two enzymes that normally control SPT activity [77,78]. When stress or inflammation
upregulate the sphingolipid synthesis pathway, the effect of Myr is more pronounced and is perceived
as an alarm signal that drives defense response by moving the metabolic resources via lipid mobilization
and autophagy. During an infectious process, CF cells’ transcriptional activities are perturbed to a
higher extent than control cells. Nonetheless, Myr treatment increased the number of genes that were
commonly regulated by infection in CF and healthy cells, thus driving the CF phenotype closer to
that of control cells. This confirms the hypothesis that inhibition of sphingolipid synthesis activates
a profound transcriptional modification aimed at inducing stress tolerance and resilience as well as
pathogen resistance in CF. This concept is crucial in any chronic inflammatory disease, in which the
possibility of counteracting the cellular stress is the required therapeutic effect. Our data indicate that
the Myr-induced effects on infected CF cells involve genes mediating inflammation, immune response,
autophagy, and lipid metabolism. Among genes whose expression was significantly affected by Myr
in CF cells during infection, we identified a few that are related to the significantly regulated pathways
and that may indicate novel targets for CF therapy. A specific form of LC3-associated phagocytosis
can be activated by TLR signaling during the phagocytosis of fungal and bacterial pathogens: LC3
binds to the cytosolic side of the TLR-induced endosome, which evolves into autophagosomes [68].
Mediating this mechanism, TMEM59 and TMEM166 interact with ATG16L1, become incorporated into
phagosomes’ membranes, driving the activation and lipidation of LC3, and thus the maturation into
autophagosomes [69]. Similarly, SNX14 proteins generally localize to endosomes’ membranes via the PX
domain, which binds to phosphoinositides (PtdIns), and this is reported to promote autophagy [49,50].
The expression of both SNX14 and TMEM59 was enhanced by Myr upon infection, suggesting that
the compound drives a pathogen-clearance-related autophagy. Moreover, altered SNX14 function has
been associated with reduced cholesterol esters, suggesting an alteration in neutral lipid metabolism
and possibly reduced lipid delivery to droplets storage [50]. Accordingly, Myr reduced the expression
of the gene encoding for acetyl-CoA carboxylase (ACACA), the rate-limiting enzyme involved in fatty
acids synthesis and regulated in opposition to their oxidation. ACACA has been associated with
inflammation [52] and most notably, its activity is enhanced in CFT-deficient cells [53], in line with
the increased sphingolipid synthesis in CF chronic inflammation [5,25]. Myr treatment also increased
the expression of hypoxia-inducible gene domain family member 1A (HIGD1a). Its gene product was
recently reported to protect cells from hypoxia and from lipotoxicity related to fat oxidation impairment.
Indeed, HIGD1a decreases oxygen radical production, helping to maintain a normal mitochondrial
function [51]. A reduced autophagy paired with lipid accumulation because of decreased oxidation
rate was already observed in CF cells and rescued by Myr [5]. Thus, Myr could possibly enhance
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SNX14 to induce autophagy and lipid consumption, and it may upregulate HIGD1a to reduce the
oxidative stress caused by proteinopathy and lipid accrual in infected CF cells. Therefore, Myr is able
to directly target specific genes whose functions have not been previously associated to CF, but that
sustain its pathophysiology.

In addition, lipid synthesis inhibition is a strategy to fight microbial infections that are known to
take advantage of cell lipid storage, and ACACA inhibitors have been designed to develop antimicrobial
strategies in infectious diseases [79].

Finally, we investigated the possibility of Myr-induced transcriptional activation of TFEB and
of downstream target genes in A. fumigatus-infected CF bronchial epithelial cells. As expected,
TFEB transcription was increased by Myr, suggesting that lipid catabolism and autophagy are enhanced
even under infection conditions. A growing body of evidence highlighted that TBK1-OPTN signaling is
pivotal for the initiation and resolution of the innate immune responses, and in eliciting autophagy [55,56,80].
Myr significantly increased the expression of these two proteins, both in uninfected and infected cells,
thus promoting internalized pathogen clearance. To note, Myr upregulated the expression of LAMP2A
(lysosomal-associated membrane protein 2A), encoding for a membrane glycoprotein involved in
autophagy, which is directly promoted by TFEB induction of lysosomes biogenesis.

5. Strength and Limitations of the Study

The strength of the present study is that it presents data deriving from a significant number of
CF patients, variable for sex and age, affected by ΔF508 mutation of the CFTR gene (homozygous
and compound heterozygous). The limitations include the fact that part of the study was conducted
on epithelial cell lines, and further studies on primary epithelial cells are needed to corroborate the
obtained data. Moreover, we cannot exclude that patient PBMC storage and in vitro culturing could
impact the cell transcriptional response. Next, although the used Aspergillus fumigatus strain (Af293) is
a clinical strain derived from invasive pulmonary aspergillosis, a genome-sequenced biofilm producer,
the in vitro infection procedure may not completely resemble in vivo infection, and the host response
may differ in terms of intensity and timing of gene expression modulation. Similarly, we cannot
predict whether Myr administration would be efficient in modulating chronic infections in patients.
From a technical point of view, gene expression was carried out by normalizing data with a unique
housekeeping gene (GAPDH), whereas the use of three different housekeeping genes would ensure the
highest reliability of transcriptional evaluation.

6. Conclusions

CF bronchial epithelial cells display a profound difference in the transcriptional profile compared
with their normal counterpart, and infection sharpens this diversity. We demonstrated that by
modulating the biosynthesis of sphingolipids by Myr, a metabolism drift occurs which is aimed at
fueling energy to act against stress, and includes autophagy and lipid consumption. This is driven
by a transcriptional program that significantly modifies cellular phenotype and amends part of the
differences between CF and control, therefore ameliorating the response against infection and pathogens
clearance in both a CF cell line [8] and monocytes. We speculate that lipid metabolism is deeply altered
in CF patients, possibly due to the chronic and systemic inflammation associated with the disease.
Lipids accumulation, or simply deregulation in their storage/consumption, may contribute to the
defective immunity of CF patients. Literature evidence reports dyslipidemia in CF patients, measured
both in blood and peripheral organs [2,81,82]. We conclude that more attention should be devoted to
the alteration of lipid metabolism in CF.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/8/1845/s1.
Figure S1: Quantification of the expression of genes involved in inflammation, response to infection, and autophagy
in CTRL and CF brochial epithelial cells; Table S1: CF patients cohort.
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