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Inhibition of Sphingosine
Kinase 1 Attenuates
Sepsis-induced
Microvascular Leakage
via Inhibiting Macrophage
NLRP3 Inflammasome
Activation in Mice
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ABSTRACT

Background: Sepsis is the overwhelming inflammatory response to
infection, in which nucleotide-binding oligomerization domain-like recep-
tor containing pyrin domain 3 (NLRP3) inflalmmasome plays a crucial role.
Shingosine-1-phosphate is reported to evoke NLRP3 inflammasome activa-
tion. Sphingosine kinase 1 (SphK1) is the major kinase that catalyzes bioac-
tive lipid shingosine-1—phosphate formation and its role in sepsis remains
uncertain. The authors hypothesize that SphK1 elicits NLRP3 inflammasome
activation and exacerbates sepsis.

Methods: Peripheral blood mononuclear cells were isolated from septicg
patients and healthy volunteers to measure messenger RNA (mRNA) expres- §
sion. In mice, sepsis was induced by cecal ligation and puncture. Bone mar- &
row—derived macrophages were prepared from C57BL/6J wild-type, Casp1~-, &
Nip3-= and SphK1-/ mice. PF-543 was used as the specific inhibitor of z
SphK1. Mortality, peripheral perfusion, lung Evan’s blue dye index, lung wet/ %
dry ratio, lung injury score, lung myeloperoxidase activity, NLRP3 activation,
and function of endothelial adherens junction were measured.

Results: SphK1 mRNA expression was higher in cells from septic patients :
versus healthy volunteers (septic patients vs. healthy volunteers: 50.9 + 57.0 ;
fold change vs. 1.2 + 0.1 fold change, P < 0.0001) and was positively cor- 3
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related with /L-7 mRNA expression in these cells (r= 0.537, P = 0.012)
and negatively correlated with Pa0,/Fio, ratios (r = 0.516, P = 0.017). In §
mice that had undergone cecal ligation and puncture, the 5-day mortality%
was 30% in PF-543—treated group and 80% in control group (n = 10 per§
group, P = 0.028). Compared with controls, PF-543—treated mice demon- 3
strated improved peripheral perfusion and alleviated extravascular Evan’s§
blue dye effusion (control vs. PF-543: 25.5 + 3.2ng/g vs. 18.2 = 1.4ng/g,
P < 0.001), lower lung wet/dry ratio ( +

+ 0.4, P <0.0001), descending lung injury score, and weaker lung myelop-
eroxidase activity. Inhibition of SphK1 suppressed caspase-1 maturation and
interleukin-1( release through repressing NLRP3 inflammasome activation,
and subsequently stabilized vascular endothelial cadherin through suppress-
ing interleukin-1p—evoked Src-mediated phosphorylation of vascular endo-
thelial cadherin.

EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Nucleotide-binding oligomerization domain-like receptor containing
pyrin domain 3 (NLRP3) inflammasomes are intracellular multipro-
tein complexes in innate immune cells that may be activated in
sepsis

e Sphingosine-1-phosphate is a biolipid that has been suggested to
be involved in NLRP3 activation, but its role in sepsis and NLRP3
inflammasome activation is not understood

e Sphingosine kinase 1 mediates sphingosine-1-phosphate formation
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Conclusions: SphK1 plays a crucial role in NLRP3 inflammasome activation
and contributes to lung injury and mortality in mice polymicrobial sepsis.

(AnesTHEsIoLogY 2020; 132:1503-15)

What This Article Tells Us That Is New

e |n peripheral blood mononuclear cells from septic patients, lipo-
polysaccharide-stimulated sphingosine-1-phosphate messenger
RNA expression was higher than in cells from healthy volunteers

¢ |n male mouse model of sepsis, treatment with a specific inhibitor
of sphingosine kinase 1 decreased mortality, improved peripheral
perfusion, and diminished capillary leak

e Results suggest that sphingosine kinase 1 may participate in NLRP3
activation, and septic lung injury and mortality in mice
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of severe septic patients remain unsatisfied. Early mortality
of sepsis is predominantly attributed to excessive inflam-
matory response to pathogens, which leads to subsequent
hemodynamic collapse and multiple organ dysfunction.?
Therefore, targeting overwhelming inflammation in the
initiation of sepsis is of considerable interest for developing
Sepsis, defined as a dysregulated host immune response new treatment options.

to infection, is a leading cause of hospital mortality.' Nucleotide-binding oligomerization domain-like recep-

Despite enormous progress in supportive care, outcomes tor containing pyrin domain 3 (NLR P3) inflammasomes are
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intracellular multiprotein complexes in innate immune cells
that play a key role in triggering inflammatory responses
after infection.” The multiprotein complex comprises the
sensor molecule NLRP3, the adaptor protein apoptosis-as-
sociated speck-like protein containing a caspase recruitment
domain (ASC), and pro—caspase-1. On sensing exogenous
pathogens or endogenous danger signals, NLRP3 recruits
ASC and pro-caspase-1, leading to caspase-1 activation, and
maturation and release of proinflammatory cytokines inter-
leukin-1f and interleukin-18.* NLRP3 inflammasomes
in macrophages participate in the pathogenesis of various
diseases characterized by unrestrained inflammatory acti-
vation, such as acute lung injury and sepsis.”™ It is reported
that the Nlrp3 deficient mice are more resistant to sepsis
than wild-type mice.*” Functionally, Nlrp3 deficiency pro-
tects mice from excessive proinflammatory cytokine storm,
vascular leakage, and tissue damage in cecal ligation and
puncture-induced sepsis.® In addition, evidence shows that
inhibition of NLRP3 may also contribute to resolution of
inflammation.® Nevertheless, the underlying mechanism for
NLRP3 inflammasome activation in sepsis remains elusive.

Sphingosine-1-phosphate, generated from sphingosine by
two isoforms of sphingosine kinases (SphK1 and SphK?2), is
a bioactive lipid that regulates diverse biologic processes. The
proinflammatory roles of sphingosine-1-phosphate have been
emphasized in inflammatory diseases, including ulcerative coli-
tis, asthma, and autoimmune disorders.'”* SphK1 is the major
kinase that generates sphingosine-1-phosphate in blood,"* and
its protein expression and enzymatic activity are both upreg-

ulated in macrophages during endotoxemia.'>™"’

Recently,
sphingosine-1-phosphate has been suggested to be involved
in NLRP3 activation.” However, the roles of SphK1 in poly-
microbial sepsis and NLRP3 inflammasome activation have
not been well addressed. We hypothesize that SphK1 promotes
macrophage NLRP3 inflammasome activation and exacer-
bates inflammation in polymicrobial sepsis. Therefore, we used
a novel selective SphK1 inhibitor, PF-543, to investigate the

roles of SphK1 in sepsis and NLR P3 inflammasome activation.

Materials and Methods

Human Studies

Human Subjects. Adult patients diagnosed with sepsis in
Surgical Intensive Care Unit (Zhongshan Hospital, Fudan
University, Shanghai, China) between March 2014 to April
2019 were eligible for inclusion. Nonseptic patients who
were admitted in the same time period after elective surgery
were recruited with similar age and sex ratio. Adult healthy
volunteers were also recruited with similar age and sex ratio.
All patients were recruited in the study under informed
consent guidelines approved by the Ethics Committee of
Zhongshan Hospital, Fudan University (B2017-021R).
Written informed consent was obtained from patients or
their statutory surrogates. Patients’ characteristics such as
sex, Sequential Organ Failure Assessment score, primary
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site of infection, and diagnosis were recorded at admission.
Peripheral blood was sampled from patients within the
first 24 h after admission. PaO,/F10, ratio was recorded at
time point of sample collection. Correlation of interleu-
kin-1p messenger RNA (mRNA) expression in peripheral
blood mononuclear cells and PaO,/F10, ratios with SphKs
mRNA expression were examined with Pearson correla-
tion coeflicient, and then linear regression analysis with a
95% confidence interval was performed.

Quantitative Real-time Polymerase Chain Reaction. Ficoll-
Hypaque (GE Healthcare, USA) was used to separate
peripheral blood mononuclear cells from blood samples of
septic patients, nonseptic patients, and healthy volunteers
according to manufacturer’s instructions. The total RNA
was extracted using TRIzol reagent (Invitrogen, USA). The
RNA isolated from peripheral blood mononuclear cells
was converted to cDNA using the Reverse Transcription
Master Mix (EZBioscience, USA). Quantitative real-time
polymerase chain reaction was performed using SYBR
Green qPCR Master Mix (EZBioscience) according to
manufacturers protocols. Primers are listed in table S1
(Supplemental Digital Content, http://links.Iww.com/
ALN/C272). Results were analyzed using the comparative
cycle-threshold method, where the amount of target gene
was normalized to an endogenous reference gene, GAPDH.
Micro-array Gene Expression Analysis. The mRINA expres-
sions of SphK1 and SphK2 in healthy human adult periph-
eral blood mononuclear cells (monocytes) were obtained
from Gene Expression Omnibus.”” The original dataset
was downloaded (GSE3140). SphK1 gene was validated as
219257_s_at, and SphK2 gene was validated as 40273_at.
The differentially expressed mRNA expressions of SphK1
and SphK2 were analyzed in healthy human monocytes
treated with lipopolysaccharide (100 ng/ml, 4h).

Animal Studies

Animals. Experiments were performed under protocols
approved by the Animal Care and Use Committee of the
Zhongshan Hospital, Fudan University. Eight-to-twelve-
week old, 20- to 25-g, male C57BL/6] wild-type, Casp1™/",
Nirp3~'~, and SphK1~~ mice (Cyagen Biosciences, USA)
were used in the experiments. All mice were bred and
housed in a specific pathogen—free facility with soft bed-
ding and were given food and water ad libitum, with a 12:12
light:dark cycle.

Surgery and Drugs. Each mouse was assigned a random
number that was generated by Microsoft Excel 2016 (USA).
The assigned numbers were sorted from the smallest to
the largest, and then the mice were allocated to different
experimental groups. All in vivo experiments and data col-
lection were conducted with researchers blinded to group
assignments. Polymicrobial sepsis was induced by cecal liga-
tion and puncture. Briefly, mice were anesthetized with a
mixture of ketamine (80 to 100 mg/kg) and xylazine (10
to 12.5mg/kg) intraperitoneally. Under aseptic condition,
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laparotomy was performed at site of 0.5 cm left to midline
of abdomen. After exposure, the cecum was tightly ligated
with a 6.0 silk suture (6-0 PROLENE, Ethicon) at the
point of 0.5 cm from the distal end of cecum and was perfo-
rated twice with a 16-gauge needle. A small amount of feces
was gently squeezed out of cecum through perforation sites
and the cecum was returned to peritoneal cavity. The same
operations were conducted in the sham surgery including
opening the peritoneum and exteriorization of cecum.
Sham surgery was performed as surgical control. Sterile
water was used as solvent of PF-543 and thus used as a drug
control in experiments. After surgery, PF-543 (10mg/kg)
or control was injected intraperitoneally. Buprenorphine
was used as analgesic. No fluid resuscitation or antibiotics
were given. The mice were free to access food and water
after surgery. An overdose of isoflurane was used for eutha-
nasia of mice. No animals were excluded after enrollment
into the experimental cohorts.

Peripheral Microvascular Perfusion. Twenty-four hours after
surgery, mice were placed on light-absorbing pad with an
electric heating blanket set for 37°C. Laser Doppler scan
(PeriScan PIM3, Somnotec, Singapore) was performed to
measure peripheral microvascular blood perfusion accord-
ing to manufacturer’s instructions.

Microvascular Leakage. Evan’s blue dye was dissolved in
phosphate buffer saline to make 1% solution. Bovine serum
albumin was added to a final concentration of 4% (40mg/
ml). Twenty-four hours after surgery, Evan’s blue dye con-
jugated with albumin was retro-orbitally injected into
veins at a dose of 8 ul/g body weight. Lungs were perfused
with phosphate buffer saline and harvested 30min later,
followed by homogenization with 1ml phosphate buffer
saline. Homogenates were incubated with 2ml formamide
overnight at 60°C. Supernatant was taken for quantification
by spectrophotometric method at absorbance of 620 nm.
Concentration of Evan’s blue dye was normalized to body
weight to calculate Evan’s blue dye index and expressed as
ng/g of body weight.

Assessment of Lung Injury. Twenty-four hours after surgery,
lung tissues were harvested from mice. The wet weight was
immediately measured. The lung tissues were then dried in
an oven at 60°C for 48h and then the dry weight was mea-
sured. Dividing the wet weight by the dry weight was done
to calculate the wet/dry ratio. Paraffin-embedded lung tis-
sue sections were stained with hematoxylin and eosin for
histology. Lungs were weighed after perfusion with phos-
phate buffer saline to remove all blood and stored at —80°C
before myeloperoxidase assay. Myeloperoxidase activity
was assessed as previously described.*” Lung injury scores
in mice defined by the American Thoracic Society were
calculated.?" Briefly, five random fields of five dimensions
of histology features were evaluated: (1) neutrophils in the
alveolar space, (2) neutrophils in the interstitial space, (3)
hyaline membranes, (4) proteinaceous debris filling the
airspaces, and (5) alveolar septal thickening. Each of five
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histologic findings was graded using a three-tiered schema.
If neutrophils in the alveolar airspaces were not visible, a
score of zero was recorded. One to five neutrophils gave a
score of 1, and more than five neutrophils gave a score of 2.
The presence of neutrophils in the interstitium was consid-
ered in an analogous manner to neutrophils in the alveolar
airspaces. The presence of a single well-formed eosino-
philic band of fibrin within the airspace earned a score of
1, whereas multiple hyaline membranes visible in the field
were scored as 2. Otherwise, a score of 0 was recorded. Pink
proteinaceous debris filling the airspace was considered in
an analogous manner to hyaline membranes. Alveolar septal
thickening that was less than twice normal, that was twice
to four times normal, or that was greater than four times
normal earned a score of 0, 1, or 2, respectively. Lung injury
score was generated according to the formula: lung injury
score = (20 X a) + (14 X b) + (7 X ¢c) + (7 X d) + (2 X ¢)] /
(number of fields X 100).

Cell Culture. Bone marrow—deprived macrophages were
prepared from wild-type mice, Caspl™~ mice, Nlrp3~/~
mice, and SphK1~'~ mice, respectively, and cultured as pre-
viously described.*? Macrophages were primed with 1 pg/
ml lipopolysaccharide for 3h, in combination with PF-543
or control, after 3-h starvation. After priming, macrophages
were stimulated with 5mM adenosine triphosphate for
30min. Cells were lysed for Western blot. Interleukin-1f3
release in the supernatant was measured by enzyme-linked
immunosorbent assay (R&D, USA). Human lung microvas-
cular endothelial cells were cultured inT75 with endothelial
cell growth medium-2 (Lonza, USA) supplemented with
growth factor and 10% heat-inactivate fetal bovine serum
(Invitrogen). Adherent endothelial cells were cultured in
eight-well plates and incubated with or without 10ng/ml
recombinant human interleukin-1{ for 24 h after overnight
starvation. The integrity of endothelial cell monolayers was
quantified by transendothelial electrical resistance assay.
Western Blot. Homogenized lung tissues or cells were lysed
with radioimmunoprecipitation assay lysis buffer contain-
ing protease inhibitor. Protein concentration was measured
with Pierce BCA Protein Assay Kit (Thermo Fisher, USA).
Cell lysates were boiled followed by gel electrophoresis and
transferring onto polyvinylidene difluoride membranes
(Bio-Rad, USA). Membranes were blocked with 5% nonfat
dry milk in tris-buffered saline with 0.1% Tween 20 for 1h
at room temperature and incubated with primary antibod-
ies overnight at 4°C. Then the membranes were incubated
with secondary antibodies for 1h at room temperature
after washing three times. Blots were measured with an
enhanced chemical luminescence kit (Thermo Fisher,
USA) and quantified with Image] software (NIH, USA).
Primary antibodies are listed in table S2.
Coimmunoprecipitation. Macrophages were washed in
Hank’s balanced salt solution with Ca** and Mg** briefly,
and were lysed in lysis buffer with protease inhibitors.
Lysates were kept on ice for 30 min, pipetting up and down
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every 10min before centrifugation at 16,000¢ for 15min.
For immunoprecipitation, cell lysates were incubated with
anti-NLPR3 antibody and rotated end-over-end overnight
at 4°C.Then, protein A/G-conjugated agarose beards were
added to each sample, and rotated end-over-end for 2h
before centrifugation at 2,500¢ for 2min. Supernatant was
discarded and beads were washed three times in wash buf-
fer. Protein was eluted from agarose beads by heating in
2% Laemmli buffer with 2-mercaptoenthanol for 10 min at
95°C. Blots were probed with anti-caspase-1 and anti-ASC
antibodies.

Surface Protein and Intracellular Protein Separation. For vas-
cular endothelial cadherin internalization experiments, cell
surface protein was prepared with The Pierce Cell Surface
Protein Isolation Kit (Thermo Fisher) as described previ-
ously.? Briefly, endothelial cells were grown on 10-cm gel-
atin-coated plates to confluency. One 10-cm plate of cells
was used per condition, with conditions being control or
200ng/ml recombinant human interleukin-1f treatment
for 24h. Next, cells were washed quickly before adding
the EZ-Link Sulfo-NHS-SS-Biotin, prepared in Hank’s
balanced salt solution. Cells were lysed in lysis buffer and
sonicated briefly. Lysates were incubated on ice for 30 min.
Then, cell lysates were added to each column prepared
with NeutrAvidin Agarose slurry and placed in an end-
over-end rotator for 1h.The first flow through fraction was
collected as the intracellular fraction, and then the column
was washed 3 times. Then, 2X Laemmli buffer with dithio-
threitol was added to the columns, which were rotated for
1h at room temperature to elute the biotinylated proteins as
surface fraction. Separated cell fractions were then analyzed
by western blot.

Immunofiuorescence Microscopy. For preparation of frozen
lung tissues, optimum cutting temperature compounds
were gently injected through trachea to maintain fluid in
lungs. Frozen sections were cut at 5 um in a cryostat micro-
tome, mounted on microscope slides. Slides were fixed
with 4% paraformaldehyde and permeabilized with 0.1%
Triton X-100. Slides were probed with primary antibod-
ies of interleukin-1f and vascular endothelial cadherin, and
fluorescence-conjugated secondary antibodies. Images were
obtained under a Zeiss fluorescence microscope at x40
magnification.

Statistical Analysis. Statistical power calculation was not
conducted before the study, and the sample size was based
on our previous experience with this design. A two-tailed
independent unpaired Student’s ¢ test was used to com-
pare two groups. For comparing three or more groups,
between-subject one-way ANOVA followed by the Tukey’s
multiple comparisons post hoc test was used. The normal-
ity of datasets was tested with Shapiro-Wilk W test. To
test for homogeneity of variances, the Brown—Forsythe
test and an F test were used for the ANOVA and unpaired
Student’s ¢ test, respectively. When assumptions of normal
distribution or homogeneity of variances were not met, the
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nonparametric Mann—Whitney U test or unpaired ¢ test
with Welch's correction was performed instead, respectively.
The Kaplan—Meier plot with log-rank (Mantel-Cox) test
was used for assessment of survival difference with right
censoring. There were no missing data, and outliers were
not excluded from the statistical analyzes. A two-tailed
hypothesis test was used, and a P < 0.05 was considered
as statistically significant. The normality of datasets was
examined in Stata, version 13.0 (Stata Corporation, USA).
Data analyzes were performed in GraphPad Prism 6.01
(GraphPad Software Inc., USA).

Results

SphK1 mRNA Expression in Peripheral Blood
Mononuclear Cells Correlates with Interleukin-13 mRNA
Expression and Pa0,/Fio, Ratios in Septic Patients

We first measured SphK1 and SphK2 mRNA expression
in peripheral blood mononuclear cells isolated from sep-
tic patients and healthy volunteers. Compared with healthy
controls, SphK1 and SphK2 mRNA expression were higher
in the cells from septic patients (50.9 £ 57.0 fold change in
septic patients vs. 1.2 £ 0.1 fold change in healthy controls,
P <0.0001;and 41.4 £ 62.6 fold change in septic patients vs.
0.9 £ 0.2 fold change in healthy controls, P = 0.021, fig. 1A).
Results from Gene Expression Omnibus microarray gene
expression analysis indicated that lipopolysaccharide stim-
ulated SphK1 mRNA expression (7.3 £ 0.3 transformed
count in lipopolysaccharide-stimulated group vs. 6.4 = 0.4
transformed count in control group, P = 0.038), but not
SphK2 mRNA expression (3.3 £ 0.2 transformed count
in lipopolysaccharide-stimulated group vs. 3.5 + 0.2 trans-
formed count in control group, P = 0.278) in monocytes
of healthy humans (fig. 1B).To further confirm the mRNA
profiles of SphKs in sepsis, we compared SphK1 and SphK2
mRNA expression in peripheral blood mononuclear cells
of septic patients with that of non-septic patients. Only
SphK1 mRINA expression in the cells was higher in sep-
tic patients compared with non-septic patients (2.6 = 1.1
fold change in septic patients vs. 0.9 = 0.6 fold change
in non-septic patients, P = 0.034; Supplemental Digital
Content, fig. S1, http://links.lww.com/ALN/C272).
Interleukin-1f3 is one of the most important cytokines
that trigger cytokine storm in sepsis. Intriguingly, SphK1
mRNA expression was positively associated with IL-1 f8
mRNA expression (r = 0.537, P = 0.012) and negatively
correlated to PaO,/F10, ratios (r = 0.516, P = 0.017) in
the cells from septic patients (fig. 1C), whereas SphK2
mRNA expression correlated with neither IL-18 mRNA
expression (r = 0.061, P = 0.794) nor PaO,/Fi0, ratios
(r = 0.120, P = 0.605; Supplemental Digital Content, fig.
S2, http://links.lww.com/ALN/C272). Taken together,
these results suggest that SphK1, but not SphK2, plays an
important role in sepsis.
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Fig. 1. SphK1 messenger RNA (mRNA) expression correlates with interleukin (IL)-13 mRNA expression and Pa0,/Fio, ratios in septic
patients. (4) SphK1 and SphK2 mRNA expression in peripheral blood mononuclear cells of septic patients (n = 21) and healthy controls
(n = 6) were assessed by real-time quantitative polymerase chain reaction. Dots represent data from individual subjects. Data are presented
as means + SD with Mann—Whitney test. (B) SphK1 and SphK2 mRNA expression in health human monocytes treated with lipopolysaccha-
ride (LPS; 100 ng/ml) for 4 h were downloaded from Gene Expression Omnibus for analysis (n = 3). Data are presented as means + SD with
Student’s two-tailed ¢ test. (C) Correlation of SphK7 mRNA expression with /L-7(3 mRNA expression in peripheral blood mononuclear cells
(left) and with Pa0,/Fio, (right) in septic patients (n = 21). Data were analyzed with linear regression analysis with a 95% confidence interval.

*P < 0.05, ™**P < 0.0001.

SphK1-Specific Inhibitor, PF-543, Improves Survivals
and Attenuates Microvascular Leakage in Mice
Polymicrobial Sepsis Model

To evaluate the roles of SphK1 in sepsis in vivo, we examined
the effects of PF-543, a novel potent and specific inhibi-
tor of SphK1, on survival and lung injury of septic mice.
The 5-day mortality rate was 30% in PF-543—treated group
and 80% in control group (N = 10 per group, P = 0.028;
fig. 2A). Compared with mice in control group, mice in
PE-543—treated group had better peripheral perfusion
(fig. 2B), less microvascular permeability (Evan’s blue dye
index: 25.5 * 3.2ng/g in control group vs. 18.2 + 1.4ng/g
in PF-543-treated group, P < 0.001), milder lung edema
(wet/dry ratio: 8.0 £ 0.2 in control group vs. 7.1 £ 0.4 in
PE-543-treated group, P < 0.0001), lower lung injury score
(0.6 £ 0.1 score/field in control group vs. 0.3 £ 0.1 score/
field in PF-543-treated group, P = 0.011), weaker myelop-
eroxidase activity in lung tissue (76.0 + 22.3 AOD460 nm

“min~! - ¢”! in control group vs. 28.3 + 5.3 AOD460 nm

“min~' - g7 in PF-543—treated group, P < 0.001; fig. 2,
C-F), and less inflammatory cell infiltration and tissue
edema (Supplemental Digital Content, fig. S3, http://links.
lww.com/ALN/C272).These results suggest that inhibition
of SphK1 protects mice from sepsis-induced mortality and

lung injury.

Specific-SphK1 Inhibitor, PF-543, Suppresses
Interleukin-1( Maturation and Release in Sepsis

To assess the effect of SphK1 on NLRP3 inflammasome
activation, we first examined whether the specific SphK1
inhibitor, PF-543, could inhibit interleukin-1f3 maturation
and release. When lipopolysaccharide-primed macrophages
were cotreated with PF-543 before adenosine triphos-
phate stimulation, interleukin-1f3 maturation and release
were suppressed by PF-543 in a dose-dependent manner
(fig. 3A). In the experiments that followed, 1 uM of PF-543
was chosen concerning the balance of effect and cytotox-
icity. In vivo, interleukin-1p concentration in serum and in
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Fig. 2. Inhibition of sphingosine kinase 1 (SphK1) protects mice from sepsis-induced mortality and microvascular leakage. Mice were
subjected to sham surgery or cecal ligation and puncture (CLP). Inmediately after surgery, mice were intraperitoneally injected with PF-543
(10mg/kg) or control. Mice were observed for 5 days after surgery. (4) Survival curves of each group are presented in Kaplan—Meier plots
with log-rank (Mantel-Cox) test (n = 10 per group). (B) Peripheral perfusion was measured with laser Doppler imaging. Colored pixel (0—300)
represents blood flow in region of interest from low to high. (C) Lung microvascular permeability was measured by Evan’s blue dye index. Data
are presented as means + SD with one-way ANOVA, Tukey post hoc test. Dots represent data from individual mice (n = 4). (D) Wet/dry ratio
was calculated to assess lung edema (n = 4). Data are presented as means + SD, with one-way ANOVA, Tukey post hoc test. Dots represent
data from individual mice (n = 4). (E) Histologic lung injury was quantified according to lung injury score system. Dots represent data from
individual mice (n = 4). Data are presented as means + SD, one-way ANOVA, Tukey post hoc test. (F) Neutrophil infiltration in the lung was
assessed by lung tissue myeloperoxidase activity. Dots represent data from individual mice (n = 4). Scatter plots show means + SD, with
one-way ANOVA, Tukey post hoc test. *P < 0.05; ***P < 0.001; ****P < 0.0001.

lung lysates of septic mice were lower in PF-543—treated
group, compared with control group (fig. 3, B and C).
In addition, activated caspase-1 in lungs of septic mice in
PF-543—treated group was less than that in control group
(fig. 3C). These results suggest that PF-543 inhibits inter-
leukin-1f maturation and release in macrophages, probably
through suppressing caspase-1 activation.

SphK1 Mediates NLRP3 Inflammasome Activation in
Sepsis

To address the role of SphK1 on NLRP3 inflammasome
activation, we first tested the effect of PF-543 on Casp-1"~
and Nlrp3™~ macrophages. In accordance with previ-
ous reports, extracellular adenosine triphosphate—induced
cleavage of pro—interleukin-1f was dependent of caspse-1
and NLRP3 (fig. 4, A and B). Notably, PF-543 suppressed

Anesthesiology 2020; 132:1503-15

adenosine triphosphate—induced caspase-1 activation and
interleukin-13 maturation in lipopolysaccharide-primed
macrophages, which shared the same phenotype with Casp-
1 and NLRP3 deletion (fig. 4, A and B). To explore the
mechanism by which SphK1 influenced NLRP3 inflam-
masome activation, we performed coimmunoprecipitation
in cell lysates. We found that PF-543 repressed the binding
of ASC and pro—caspase-1 to NLRP3, and therefore pre-
vented NLRP3 inflammasome complex assembly, and sub-
sequent caspase-1 activation (fig. 4C). In vivo, no difference
in the survival rates of Nlrp3™/~ septic mice was observed
between PF-543—treated group and control group (fig. 4D).
These results demonstrate that inhibition of SphK1 could
block NLRP3 inflammasome activation.

To further confirm the effect of SphK1 on NLRP3
inflammasome activation, we examined whether genetic
deletion of SphK1 suppressed NLRP3 inflammasome
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Fig. 3. Inhibition of sphingosine kinase 1 (SphK1) suppresses macrophage caspase-1 activation and reduces interleukin (IL)-13 maturation
and release. (4 Macrophages were primed with lipopolysaccharide (LPS; 1 pg/ml) for 3h, in combination with different doses of PF-543 as
indicated or control, and subsequently incubated with adenosine triphosphate (ATP; 5 mM) for 30 min. Cell lysates were immunoblotted with
IL-1/ antibody (left) and results are summarized in the middle panel (n = 3). IL-1f3 release in supernatants was measured by enzyme linked
immunosorbent assay (right, n = 4). (Band C) Mice were subjected to sham surgery or cecal ligation and puncture (CLP). Inmediately after
surgery, mice were intraperitoneally injected with PF-543 (10 mg/kg) or control. Lung tissues and serum were harvested from mice 24h
after surgery. IL-1(3 in serum (B) was measured by enzyme-linked immunosorbent assay (n = 4). Lung lysates (C) were immunoblotted to
assess caspase-1 activation and IL-1f3 maturation (n = 3). (A4-C) Data are shown as means + SD, with one-way ANOVA, Tukey post hoc test.

***P < 0.001; ****P < 0.0001.

activation. Consistent with the pharmacologic inhibition,
genetic deletion of SphK1 blocked interleukin-1f mat-
uration and caspase-1 activation both in vitro and in vivo
(Supplemental Digital Content, figs. S4 and S5, http://
links.lww.com/ALN/C272). Compared with wild-type
mice, SphK1™~ mice had milder lung injury during sep-
sis (Supplemental Digital Content, fig. S6, http://links.
lww.com/ALN/C272). These results suggest that SphK1 is
required for NLRP3 inflammasome activation in sepsis.

Inhibition of SphK1 Protects Adherens Junction against
Sepsis-induced Inflammation through Suppressing
Interleukin-13 Release

As 1s well illustrated, vascular endothelial cadherin plays
a pivotal role in the maintenance of adherens junctions

and microvascular integrity. Phosphorylation of vascular
endothelial cadherin by activated tyrosine-protein kinase
Src results in vascular endothelial cadherin internalization
and increase in vascular permeability.* To investigate the
mechanism by which SphK1 protected septic mice from
microvascular permeability, we measured vascular endo-
thelial cadherin and Src activation in whole lung lysates.
Compared with control group, Src phosphorylation and
vascular endothelial cadherin degradation were reduced
in PF-543—treated mice after cecal and ligation puncture
(fig. 5A). Meanwhile, compared with control group, less
interleukin-1f3 deposited in lungs of septic mice in the
PF-543—treated group (fig. 5B). To investigate whether
interleukin-1f3 impaired adherens junction in endothe-
lium cells, we challenged endothelial monolayers with
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Fig. 4. Inhibition of sphingosine kinase 1 (SphK1) suppresses nucleotide-binding oligomerization domain-like receptor containing pyrin
domain 3 (NLRP3) inflammasome activation. (A and B) Macrophages were primed with lipopolysaccharide (LPS; 1 pg/ml) for 3h, in com-
bination with PF-543 (1 puM) or control, and subsequently incubated with adenosine triphosphate (ATP; 5mM) for 30 min. Cell lysates were
immunoblotted with antibodies as indicated (n = 3). Data are shown as means = SD, with Student’s two-tailed ¢ test. (€) Macrophage
lysates were precipitated with anti-NLPR3 antibody, and immunoprecipitations were probed by immunoblot with anti-ASC antibody and anti-
caspase-1 antibody (n = 3). Data are shown as means + SD, with one-way ANOVA, Tukey post hoc test. (D) Nipr3-~- mice were subjected to
sham surgery or cecal ligation and puncture (CLP). Immediately after surgery, mice were intraperitoneally injected with PF-543 (10 mg/kg)
or control (n = 10 per group). Survival curves of each group are presented in Kaplan—Meier plots with log-rank (Mantel-Cox) test. *P < 0.05;

**P<0.01; **P< 0.001.

recombined human interleukin-1f3. Compared with con-
trol, interleukin-1f stimulation resulted in increased endo-
thelial permeability (fig. 5C), as well as enhanced Src
activation and vascular endothelial cadherin phosphoryla-
tion (fig. 5D). Additionally, PF-543 alone did not influence
Src activation and vascular endothelial cadherin phosphor-
ylation in endothelial cells (Supplemental Digital Content,
fig. S7, http://links.lww.com/ALN/C272). Furthermore,
endothelial decreased
(fig. 5E), whereas intracellular vascular endothelial cadherin

membrane  vascular cadherin
increased in endothelial cells after interleukin-1p stimula-
tion (Supplemental Digital Content, fig. S8, http://links.
lww.com/ALN/C272).Taken together, these results suggest
that inhibition of SphK1 protects microvascular integrity
from interleukin-1f-mediated vascular endothelial cad-

herin internalization and adherens junction disassembly.

Discussion

Here we report that SphK1 in macrophages plays a proin-
flammatory role in sepsis. Selective inhibition of SphK1
protected mice from sepsis-induced mortality and lung
injury. In mechanism, inhibition of SphK1 suppressed
NLRP3/caspase-1—dependent interleukin-1p activation
and release from macrophages. Furthermore, we demon-
strated that inhibition of SphK1 attenuated sepsis-induced
microvascular leakage via suppressing interleukin-1f-medi-
ated vascular endothelial cadherin internalization and deg-
radation (see Supplemental Digital Content, fig. S9, http://
links.Iww.com/ALN/C272, summarizing the mechanism
by which inhibition of SphK1 suppresses vascular leakage
in sepsis).

Sphingosine-1-phosphate is a biologically active signal-
ing lipid which regulates diverse cellular processes.” Recent
studies have demonstrated that sphingosine-1-phosphate
plays a multifactorial role in innate immune cells matura-

tion, activation, recruitment, and migration.”

Sphingosine-
1-phosphate is generated from sphingosine by two kinases,
SphK1 and SphK2. Of the two kinase, SphK1 is the major
kinase that catalyzed sphingosine-1-phosphate formation in
blood. However, its role in sepsis remains controversial.?’ !
We observed that SphK1 and SphK2 mRINA expression
were both higher in septic patients, compared with healthy
volunteers. Our analysis of SphKs mRNA expression from
Gene Expression Omnibus database (fig. 1B) indicated that

lipopolysaccharide upregulated SphK1 mRNA expression,
but not SphK2 mRNA expression, in human monocytes.
To further confirm these observations, we recruited the sec-
ond perspective cohort. We observed that SphK1 mRNA
expression, but not SphK2 mRINA expression, was higher
in peripheral blood mononuclear cells from septic patients
in comparison with nonseptic patients. In addition, SphK1
mRNA expression, but not SphK2 mRNA expression, in
the cells positively correlated with interleukin-13 mRNA
expression and negatively correlated with PaO,/F10, ratios
in septic patients. These human data suggest SphK1 is the
major sphingosine kinase activated in monocytes during
sepsis and may play a proinflammatory role.

Our in vivo results showed that inhibition of SphK1
suppressed lung injury in septic mice with promoted
peripheral perfusion and alleviated microvascular leakage.
In vitro, inhibition of SphK1 suppressed NLRP3 inflam-
masome activation and interleukin-1f3 maturation in
macrophages. All these results suggest that SphK1 in mac-
rophages is profoundly involved in the pathogenesis of
sepsis by upregulating innate immunity. On the contrary,
Hla ef al. have reported that SphK1 in macrophages is not
essential for inflammatory response in sepsis.”’ Compared
with wild-type mice, SphK1 knockout and SphK1-SphK2
myeloid-specific double knockout mice exhibited no dif-
ference in survival and peritoneal macrophage recruitment
when challenged with lipopolysaccharide and thiogly-
colate, respectively.’ However, there are some noticeable
differences between this study and the study by Hla ef al.
Although peritoneal macrophage recruitment in a thiogly-
colate model was unchanged by loss of SphK1 and SphK2
in the study by Hla ef al., the thioglycolate model was used
as a sterile peritonitis model, which is different from our
cecal legation and puncture-induced polymicrobial sepsis
model. In the study by Hla et al., a lethal dose of lipopoly-
saccharide (30 mg/kg intraperitoneally) was used to induce
sepsis in mice, resulting in a very high mortality rate (more
than 90%) in the wild-type group.’® Such a lethal dose of
lipopolysaccharide may overwhelm the protective effect of
SphK1 deletion. Even in such a lethal dose of lipopolysac-
charide, SphK1~'~ mice presented a lower survival rate than
wild-type mice by approximately 20%, reflecting a potential
protective effect of SphK1 deletion. Interestingly, protective
effects of SphK1 deletion were reported by Niessen et al*
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Fig. 5. Inhibition of sphingosine kinase 1 (SphK1) protects adherens junction integrity via suppressing interleukin (IL)-1p release. (4) Lung
tissues were harvested from mice 24 h after sham surgery or cecal ligation and puncture (CLP). Lung lysates were immunoblotted with indi-
cated antibodies (n = 3). Data are shown as means =+ SD, with one-way ANOVA, Tukey post hoc test. (B) Representative immunofluorescence
staining of lung sections (n = 8) from mice 24 h after surgery. Data are shown as means + SD, with one-way ANOVA, Tukey post hoc test. (0)
Human lung microvascular endothelial monolayer treated with human recombinant IL-1f3 (200ng/ml) or control. The integrity of endothelial
cell monolayers was quantified by transendothelial electrical resistance assay. Data are shown as means + SD, with Student’s two-tailed
ttest. (D and E) Endothelial cells were challenged with IL-1(3 (200 ng/ml) for 24 h. Cell lysates (D) were Immunoblotted with VE-cadherin,
phosphorylated vascular endothelial (VE)-cadherin at Y685, Src and phosphorylated Src at Y419. Cell membrane extraction (£) was immu-
noblotted with VE-cadherin antibody. Data are shown as means + SD, with Student’s two-tailed £ test. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001.

in mice challenged with 8 mg/kg lipopolysaccharide. In our ~ PF543-treated group, which revealed the protective effects
sepsis model, the mortality rates were not so high as in the of SphK1 inhibition covered up by the lethality in the study
study by Hla et al., with 80% in control group and 30% in by Hla er al. Consistently, our experiments showed that
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SphK1 deletion protected mice from sepsis-induced lung
injury. Taken together, our data show that SphK1 promotes
inflammatory responses and lung injury during polymicro-
bial sepsis.

NLPR3 inflammasomes are key components of host-de-
fense system and triggers of inflammatory response to kill
invading pathogens. However, excessive activation of the
NLRP3 inflammasome pathway can also result in tissue
injury and organ dysfunction. Pharmaceutical inhibition
or genetic deletion of NLPR3 leads to a decline in serum
interleukin-1p concentration and prevents sepsis-induced
organ failure, such as cardiac dysfunction, acute kidney
injury, and muscle atrophy.*>>* Some insights imply the link
between SphK1 and NLRP3 inflammasome activation in
inflammation. Luheshi ef al. reported that endogenous lipid
sphingosine and its metabolite, sphingosine-1-phosphate,
could induce NLRP3-inflammasome—dependent secre-
tion of interleukin-1f from macrophages.'® As reported in
our results, adenosine triphosphate—induced interleukin-1f3
maturation is dependent on NLRP3/caspase-1 and spe-
cific inhibition of SphK1 with PF-543 or SphK1 deletion
attenuated adenosine triphosphate-induced caspase-1 acti-
vation and interleukin-1f3 release from macrophages. In line
with in vitro results, inhibition of SphK1 did not alter the
mortality of Nlrp3™~ septic mice. These results suggest that
SphK1 regulates NLRP3 inflammasome activation. Our
work extends the findings of Luheshi et al. by identifying
that SphK1, but not SphK2, is the key enzyme that regu-
lates the NLRP3 inflammasome activation. Furthermore,
we show that inhibition of SphK1 prevents assembly of
NLPR3, ASC and caspase-1 to form inflammasome com-
plex after challenging with extracellular adenosine triphos-
phate. Nonetheless, how SphK1 modulates the assembly of
NLRP3 inflammasome needs to be further investigated.

In vascular endothelial cells, intercellular junctions
maintain the vascular integrity. Both adherens junctions
and tight junctions join neighboring cells together, and they
adapt quickly to changes including inflammatory condi-
tions.” The endothelial barrier is sealed by cell—cell adhe-
sion molecules, among which vascular endothelial cadherin
serves as a cornerstone.” Vascular endothelial cadherin
phosphorylation on tyrosine residue by nonreceptor tyro-
sine kinase Src has been shown to provoke its internaliza-
tion both in vitro and in vivo, leading to adherens junction
disassembly and increased vascular permeability,® resulting
in microvascular leakage, which is considered as the cen-

3740 Qur results show

tral pathophysiologic change of sepsis.
that Src activation and vascular endothelial cadherin inter-
nalization were significantly enhanced after interleukin-1f
stimulation in endothelial cells. In vivo, inhibition of SphK1
reduced deposition of interleukin-1f in lungs. Meanwhile,
it reversed Src phosphorylation and vascular endothelial
cadherin degradation in lungs induced by sepsis. In addi-
tion, inhibition of SphK1 alone did not affect Src phos-

phorylation and vascular endothelial cadherin activation in

Sphingosine Kinase 1 in Sepsis

endothelial cells. These findings suggest that inhibition of
SphK1 protects endothelium integrity by suppressing inter-
leukin-1f release from macrophages instead of its direct
impact on endothelial cells.

In conclusion, we report that SphK1 plays a crucial role
in NLRP3 inflammasome activation and contributes to
lung injury and mortality in sepsis. Inhibition of SphK1
attenuates sepsis-induced inflammation and vascular leak-
age through suppression of NLRP3/caspase-1/interleu-
kin-1p pathway in macrophages. Furthermore, inhibition
of SphK1 attenuates vascular leakage by suppressing inter-
leukin-1f—mediated vascular endothelial cadherin inter-
nalization and degradation in endothelial cells.
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