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Spinster homolog 2/S1P signaling ameliorates @
macrophage inflammatory response

to bacterial infections by balancing PGE,
production

Chao Fang'’, Pan Ren?’, Yejun He'", Yitian Wang'", Shuting Yao', Congying Zhao?, Xueyong Li?, Xi Zhang®,
Jinging Li*" and Mingkai Li""

Abstract

Background Mitochondria play a crucial role in shaping the macrophage inflammatory response during bacterial
infections. Spinster homolog 2 (Spns2), responsible for sphingosine-1-phosphate (S1P) secretion, acts as a key
regulator of mitochondrial dynamics in macrophages. However, the link between Spns2/S1P signaling and
mitochondrial functions remains unclear.

Methods Peritoneal macrophages were isolated from both wild-type and Spns2 knockout rats, followed by non-
targeted metabolomics and RNA sequencing analysis to identify the potential mediators through which Spns2/

S1P signaling influences the mitochondrial functions in macrophages. Various agonists and antagonists were used
to modulate the activation of Spns2/S1P signaling and its downstream pathways, with the underlying mechanisms
elucidated through western blotting. Mitochondrial functions were assessed using flow cytometry and oxygen
consumption assays, as well as morphological analysis. The impact on inflammatory response was validated through
both in vitro and in vivo sepsis models, with the specific role of macrophage-expressed Spns2 in sepsis evaluated
using Spns2™/1oXy72-Cre mice. Additionally, the regulation of mitochondrial functions by Spns2/S1P signaling was
confirmed using THP-1 cells, a human monocyte-derived macrophage model.

Results In this study, we unveil prostaglandin E, (PGE,) as a pivotal mediator involved in Spns2/STP-mitochondrial

communication. Spns2/S1P signaling suppresses PGE, production to support malate-aspartate shuttle activity.
Conversely, excessive PGE, resulting from Spns2 deficiency impairs mitochondrial respiration, leading to intracellular
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lactate accumulation and increased reactive oxygen species (ROS) generation through E-type prostanoid receptor
4 activation. The overactive lactate-ROS axis contributes to the early-phase hyperinflammation during infections.
Prolonged exposure to elevated PGE, due to Spns2 deficiency culminates in subsequent immunosuppression,
underscoring the dual roles of PGE, in inflammation throughout infections. The regulation of PGE, production by
Spns2/S1P signaling appears to depend on the coordinated activation of multiple S1P receptors rather than any

single one.

Conclusions These findings emphasize PGE, as a key effector of Spns2/S1P signaling on mitochondrial
dynamics in macrophages, elucidating the mechanisms through which Spns2/S1P signaling balances both early
hyperinflammation and subsequent immunosuppression during bacterial infections.

Keywords Macrophages, Spinster homolog 2, Sphingosine-1-phosphate, Prostaglandin E,, Immunometabolism,

Inflammatory response

Background

Cellular metabolism plays a pivotal role in shaping the
homeostasis and function of immune cells [1]. Macro-
phages, the primary line of defense against pathogenic
intrusions, undergo a significant metabolic transition
from oxidative phosphorylation (OXPHOS) to aerobic
glycolysis in the presence of bacterial infection [2]. This
metabolic switch serves as a defining feature of macro-
phage activation and fuels the inflammatory response [3].
The manipulation of macrophage immunometabolism
has been identified as a promising therapeutic avenue for
combating infectious diseases [4].

Spinster homolog 2 (Spns2) functions as a mem-
brane transporter facilitating the release of sphingosine-
1-phosphate (S1P), which binds to five G protein-coupled
receptors (S1PR1-5) to exert various biological effects [5].
Previous studies have indicated that the autocrine/para-
crine S1P signaling mediated by macrophage-expressed
Spns2 is essential for maintaining OXPHOS, with Spns2
deficiency leading to increased aerobic glycolysis even
under basal conditions [6]. The metabolic switch orches-
trated by Spns2/S1P signaling is closely linked to malate-
aspartate shuttle (MAS) activity, which plays a key role
in transferring electrons from NADH in the cytosol to
the electron transport chain in the mitochondria [7].
Impaired MAS function results in decreased mito-
chondrial membrane potential (A¥m), mitochondrial
fragmentation, compromised OXPHOS, and enhanced
aerobic glycolysis [8, 9]. Furthermore, the accumula-
tion of intracellular lactate, a major glycolysis byprod-
uct in Spns2-deficient (Spns2~/~) macrophages, triggers
oxidative stress by promoting mitochondrial reactive
oxygen species (mtROS) generation, thereby fueling a
pro-inflammatory response during bacterial infections
through the lactate-ROS axis [10].

Being a crucial regulator of mitochondrial functions
in macrophages, Spns2/S1P signaling holds promise as a
potential therapeutic target for sepsis [6, 10]. Neverthe-
less, the intermediary mechanisms connecting Spns2/
S1P signaling to mitochondrial functions remain elusive.

Here, we have identified prostaglandin E, (PGE,) as a
metabolite that shows a significant difference between
wild-type (WT) and Spns2~/~ macrophages. Derived
from arachidonic acid (AA), PGE, serves as a lipid sig-
naling molecule with pivotal roles in inflammation and
physiological processes [11]. AA is released from cellular
membranes by phospholipase A, (PLA,) enzymes and
undergoes oxidation by cyclooxygenase (COX) enzymes
to generate prostaglandins [12]. The biosynthesis of PGE,
involves three synthases, namely microsomal PGE syn-
thase-1 (mPGES-1), mPGES-2, and cytosolic PGE syn-
thase (cPGES), among which mPGES-1 is prominently
activated by diverse stimuli and is responsible for the
majority of PGE, production [13]. Upon synthesis, PGE,
binds to four E-type prostanoid receptors (EP1-4) in an
autocrine/paracrine manner to initiate signal transduc-
tion, with EP2 and EP4 predominantly modulating the
immune response in macrophages [11]. However, the
precise role of PGE, as either a pro-inflammatory or anti-
inflammatory mediator in macrophages remains contro-
versial [14-19].

In the present study, we have identified Spns2/S1P
signaling as an essential modulator of PGE, synthe-
sis through the p38 mitogen-activated protein kinase
(MAPK) cascade in macrophages. The heightened PGE,
levels resulting from the deficiency of Spns2/S1P signal-
ing dampened MAS activity and mitochondrial func-
tions via EP4 activation. Blocking the PGE,-EP4 pathway
mitigated the lactate-ROS axis activity, consequently
alleviating hyperinflammation during the initial stages
of infection. Intriguingly, the excessive production of
PGE, due to Spns2/S1P deficiency was correlated with
the subsequent onset of immunosuppression, indicat-
ing the time-dependent dual roles of PGE, in modulat-
ing the immune response to bacterial challenges. Overall,
our findings reveal the crucial roles of PGE, in bridging
Spns2/S1P signaling with macrophage inflammatory
response to bacterial infections.
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Methods

Animals and sepsis models

WT and Spus2 global knockout male Sprague-Dawley
rats, aged 8 to 10 weeks and weighing 200 to 220 g, were
utilized in this study [6, 20, 21]. To verify the specific
role of macrophage-expressed Spns2 in sepsis, we mated
Spns2™fox mice with Lyz2-Cre mice to obtain Spus-
foxlflox]y79-Cre (Spns24™7) mice. The transgenic mice
were purchased from Cyagen Biosciences. Animals were
housed in a specific pathogen-free environment before
use. Ethical approval for all experimental procedures was
obtained from the Animal Care and Use Committee of
the Fourth Military Medical University.

To establish heat-killed Escherichia coli (E. coli)-
induced septic rat models, E. coli (ATCC25922) was cul-
tured overnight, washed with sterile saline, and adjusted
to 2x10° colony-forming units (CFU)/ml in sterile saline.
Subsequently, the bacterial suspension was heated at
68 ‘C for 30 min. Infection was induced by intraperito-
neal injection of 0.3 ml/100 g of the prepared suspen-
sion. Spns2~/~ models were treated with 1 ml of 10 uM
S1P (Cayman Chemical, 62570), 1 pM EP2 antagonist
PE-04418948 (TargetMOI, T3306) [22], or 1 uM EP4
antagonist ONO-AE3-208 (TargetMOI, TQO0290) [23]
immediately after infection. WT and Spns2~~ rats in
the control groups received 1 ml of sterile saline. For
heat-killed E. coli-induced septic mouse models, the
bacterial suspension was prepared at a concentration of
5%10% CFU/ml and administered intraperitoneally at
0.5 ml/100 g. A 0.2 ml dose of the treatment was admin-
istered to each group immediately following infection.

To establish cecal ligation and puncture (CLP) mod-
els, the cecum was exposed under aseptic conditions and
ligated tightly at a distance of 1.5 cm for rats and 1 cm
for mice with a 4—0 silk suture. Subsequently, the ligated
cecum was punctured twice for rats and once for mice
with an 18-gauge needle, and feces were gently extruded
from the puncture sites. Spns2™/~ rats were intraperi-
toneally injected with 2 ml of either 10 pM S1P, 1 uM
PF-04418948, or 1 uM ONO-AE3-208 immediately after
CLP. For Spns2A”% mice, 0.4 ml of the treatment was
administered to each group. Maintenance doses, equiv-
alent to half the initial volume, were given every 12-h.
Control groups received an equal volume of sterile saline.

CFU counting

Rats were euthanized at 36-h post-CLP. The livers and
spleens were aseptically harvested, weighed, homog-
enized in sterile saline, and plated on agar plates at suit-
able dilutions. After incubation for 18-h at 37 °C, CFU
was quantified and shown as CFU/g.
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Cell culture and stimulations

The isolation of peritoneal macrophages (PMs) was con-
ducted as previously reported with adjustments [24].
Peritoneal cells were extracted by intraperitoneal injec-
tion of 10 ml ice-cold PBS, followed by centrifugation at
800 rpm for 5 min to collect the cell pellet. The cells were
resuspended at a density of 5x10° cells/ml in a culture
medium comprising DMEM supplemented with L-glu-
tamine (Hyclone, SH30022.01), 10% fetal bovine serum
(HyCyte, FBP-S001), 100 U/ml penicillin, and 100 pg/
ml streptomycin (Gibco, 10378016). After incubating at
37 °C with 5% CO, for 1-h, non-adherent cells were gen-
tly washed away with PBS. Purified PMs were further
incubated overnight before stimulation.

PMs were pre-treated with the following com-
pounds for 1-h before analysis, unless otherwise stated:
5 pM Spns2 inhibitor SLF1081851 (MedChemEx-
press, HY-149004), 1 uM S1P, 100 nM PF-04418948,
100 nM ONO-AE3-208, 200 nM PGE, (TargetMOI,
T5014), 2 uM S1PR1 antagonist W146 (Cayman Chemi-
cal, 10009109), 2 puM SI1PR2 antagonist JTE013 (Cay-
man Chemical, 10009458), 2 puM SI1PR3 antagonist
TY-52,156 (TargetMOI, T17183), 2 uM S1PR4 antagonist
CYM50358 (Tocris Bioscience, 4679), 5 uM S1PR1 ago-
nist CYM5442 (TargetMOI, T2026), 5 uM S1PR2 agonist
CYM5520 (TargetMOI, T22703), 5 uM S1PR3 agonist
CYM5541 (TargetMOI, T3961), 5 uM S1PR4 agonist
CYM50260 (TargetMOI, T15031), and 50 nM S1PR5
agonist A971432 (Cayman Chemical, 25326).

THP-1 cells were cultured at a density of 5x10° cells/
ml in RPMI-1640 medium supplemented with L-glu-
tamine, 10% fetal bovine serum, 100 U/ml penicil-
lin, 100 pg/ml streptomycin, and 200 ng/ml phorbol
12-myristate 13-acetate (PMA, GLPBIO, GN10444) for
24-h. Adherent cells were washed 3 times with sterile
PBS and treated after a 24-h recovery period.

LC-MS analysis

PMs were rinsed with ice-cold PBS, and around 5x10°
cells were harvested and flash-frozen with liquid nitro-
gen. The samples were preserved in a -80 °C freezer until
required. The metabolite extraction and subsequent
LC-MS analysis were conducted by Majorbio Bio-Pharm
Technology Co. Ltd. Briefly, the samples were treated
with 400 pl of extraction solution (methanol: water=4:1
(v: v)) containing 0.02 mg/ml of L-2-chlorophenyl ala-
nine, followed by low-temperature homogenization
and ultrasonication, and incubated at -20 °C for 30 min.
The supernatant was obtained through centrifugation
at 13,000 g for 15 min at 4 °C. The samples were then
subjected to LC-MS analysis using UHPLC-Q Exactive
HF-X system (Thermo Fisher Scientific) equipped with
an ACQUITY UPLC HSS T3 column (100 mm X 2.1 mm
id, 1.8 um). The injection volume was 2 ul, and the
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column temperature was set at 40 ‘C. The mass spectro-
metric signals were collected in both positive and nega-
tive modes, with a mass scanning range of 70-1050 m/z.
For positive mode analysis, the mobile phases for chro-
matographic separation consisted of 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B). The
negative mode analysis utilized mobile phases comprising
6.5mM NH,HCO; in water (C) and 6.5mM NH,HCO, in
a mixture of 95% methanol and 5% water (D). The metab-
olites were identified through database searches, utiliz-
ing resources such as the HMDB (http://www.hmdb.ca/),
Metlin (https://metlin.scripps.edu/), and the Majorbio
Database. The data analysis was performed by using the
Majorbio cloud platform (http://cloud.majorbio.com).

Gene expression

The RNA sequencing outcomes were derived from our
prior investigations, which compared the gene expression
patterns between WT and Spns2~/~ PMs both before and
after exposure to 10 ng/ml LPS (InvivoGen, Ultrapure
LPS, E. coli 0111:B4) for 3-h [6]. The raw data have been
deposited in the Sequence Read Archive database with
the accession PRJNA904828 (https://www.ncbi.nlm.nih.
gov/sra/PRINA904828).

For the assays of quantitative PCR, total RNA was
extracted using the SteadyPure Quick RNA Extrac-
tion Kit (Accurate Biotechnology, AG21023). Reverse
transcription was conducted using Hifair® V one-step
RT-gDNA digestion SuperMix (YEASEN, 11142ES).
Quantitive PCR was performed using SYBR Green Pre-
mix Pro Taq HS qPCR Kit (Accurate Biotechnology,
AG11739). Gene expression levels were normalized to
Arbp for PMs and hACTB for THP-1 cells. The primer
sequences used were as follows: Tnfa, 5-TGGCGTGTTC
ATCCGTTCT and 5-TCAGCGTCTCGTGTGTTTCT;
Il-18, 5-GGGATGATGACGACCTGCTA and 5-CACT
TGTTGGCTTATGTTCTGT; Ii-6, 5’-CCCACCAGGAA
CGAAAGTCAA and 5-CATCAGTCCCAAGAAGGCA
AGC; Ptges, 5-TGCAGGAGTGACCCAGATGT and 5-T
GTGAGGACCACGAGGAAATG; Arbp, 5-TAGAGGG
TGTCCGCAATGTG and 5- CAGTGGGAAGGTGTAG
TCAGTC; hPTGES, 5-CCCAGTATTGCAGGAGCGAC
and 5-AAGTGCATCCAGGCGACAAA; hACTB, 5'- AA
CTGGGACGACATGGAGAAA and 5- GGATAGCAC
AGCCTGGATAGCA.

Measurement of pro-inflammatory cytokines

Serum from the septic models and culture supernatant
were gathered at indicated time points. The concentra-
tions of TNFa (Proteintech, KE20018 and KE10002),
IL-13  (Proteintech, KE20021), and IL-6 (ZCiBiO,
ZC-36404) were assessed using enzyme-linked immuno-
sorbent assay (ELISA) kits according to the manufactur-
ers’ instructions.
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Measurement of PGE2

PMs were cultured overnight and the supernatant was
collected. PMs were further stimulated with 10 ng/ml
LPS and the supernatant was gathered after 6-h. The
levels of PGE, were detected using the PGE, ELISA Kit-
Monoclonal (Cayman, 514010) as per the manufacturer’s
instructions.

Western blot

Cells were lysed using RIPA Lysis Buffer (Proteintech,
PR20035) supplemented with protease and phosphatase
inhibitor cocktails (Mei5bio, MF182-plus and MF183).
Subsequently, the protein was separated via 10% SDS-
PAGE electrophoresis and transferred onto PVDF
membranes (Millipore, ISEQ00010). Following block-
ing with 5% skim milk or bovine serum albumin (BSA)
at room temperature for 2-h, the PVDF membranes were
incubated with primary antibodies overnight at 4 °C.
Anti-Drpl (A16661), anti-Opal (A9833), anti-Slc25a12
(A11688), anti-Slc25al3 (A12557), and anti-B-Actin
(AC026) were purchased from ABclonal Technology.
Anti-cPLA, (2832), anti-p-cPLA,5% (2831) were pur-
chased from Cell Signaling Technology. Anti-p38 (14064-
1-AP), anti-p-p38Tri80/Tyri82 (98796.1-AP), anti-JNK
(24164-1-AP), anti-p-JNK™8  (80024-1-RR), anti-
ERK1/2 (11257-1-AP), and anti-ERK1/2™"202/Tyr204
(80031-1-RR) were purchased from Proteintech. After
incubation with HRP-conjugated secondary antibod-
ies for 1-h at room temperature, the membranes were
visualized using an ECL substrate (AccuRef Scientific,
APO0081). The images were analyzed using Image]J v.1.53k.

Transmission electron microscopy (TEM)

PMs were rinsed with ice-cold PBS and harvested by cell
scrapers. After centrifugation, cell pellets were pre-fixed
with 3% glutaraldehyde, and subsequently post-fixed with
1% osmium tetroxide. The samples underwent a process
of dehydration, infiltration, and embedding. Ultrathin
sections were stained with uranyl acetate and lead citrate.
The observations were conducted utilizing a JEM-1400-
FLASH transmission electron microscope. Mitochon-
drial length was analyzed using Image]J v.1.53k.

Flow cytometry

MitoSOX™ Red (Invitrogen, M36008) fluorescent probe
was applied at a concentration of 5 uM to quantify the
levels of mtROS. For the detection of total cellular ROS,
CellROX® Orange Reagent (Invitrogen, C10443) was used
at a concentration of 5 pM. Mitochondria were labeled
with the Aym-independent dye CytoFix™ MitoRed (AAT
Bioquest, 23200) at a 1:200 dilution to represent mito-
chondrial mass. The Aym-dependent dye MitoTracker™
Red CMXRos (Invitrogen, M7512) was used at a con-
centration of 250 nM to reflect overlaid Aym. Following
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staining at 37 °C with 5% CO, for 30 min, cells were
detached from the culture plates with ice-cold PBS con-
taining 1 mM EDTA. The Mean fluorescent intensity
(MFI) was quantified by flow cytometry and analyzed
using Flow]Jo v.10. The ratio of MFIy; racker . red t0 MFI-
CytoFix . MitoRed WS calculated to represent the average
Aym of individual mitochondria [25].

Oxygen consumption rate (OCR)

The OCR was assessed using a Mitochondrial Stress
Test Complete Assay Kit (Abcam, ab232857) as previ-
ously described [6]. Briefly, PMs, seeded in 96-well flat
clear bottom black microplates (Corning), were pre-
treated with the designated stimuli for 1-h. Then, the
culture medium was replaced with a fresh medium
containing each stimulus and extracellular O, probe. A
final concentration of 1.5 uM oligomycin, 2.5 pM car-
bonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP), or a combination of 1 pM antimycin A and 1 pM
rotenone was added, respectively. Following the addi-
tion of 100 pl pre-warmed mineral oil to each well, the
fluorescence intensity was promptly measured every
2 min for 30 min. The slopes () derived from the sig-
nal profiles were indicative of OCR. The basal respi-
ration rate was determined by calculating 7, cated
- Mypimycin A- 1he maximal respiration rate was calcu-
lated as mpccp - Mypgimycin o- ATP-coupled oxygen con-
sumption was assessed as Myyreared = Moligomycins While
the non-ATP-coupled oxygen consumption (proton leak)
was determined as #jgomycin = Mantimycin A- 1€ data were
normalized by protein quantification using the Enhanced
BCA Protein Assay Kit (Beyotime, P0010).

Measurement of intracellular lactate

PMs were pre-treated with the indicated stimuli for 1-h,
followed by washing with ice-cold PBS and lysis using
Cell lysis buffer for Western and IP (Beyotime, P0013).
The intracellular lactate levels were assessed using the
Lactate Colorimetric Assay Kit (Nanjing Jiancheng Bio-
engineering Institute, A019-2-1) as per the manufactur-
er’s instructions. The data were normalized by protein
quantification.

Measurement of oxidative stress

The cellular oxidative stress was evaluated by determin-
ing the activities of both total superoxide dismutase (Bey-
otime, S0101) and catalase (Beyotime, S0051) in the cell
lysate following the manufacturer’s instructions. The data
were normalized by protein quantification.

Detection of plasma leakage and edema

Evans blue (Solarbio, E8010) was injected via the tail vein
at a dose of 20 mg/kg. After 30 min, rats were eutha-
nized and immediately perfused with ice-cold saline.
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Approximately 100 mg (wet weight) of liver and spleen
tissue were collected and dried in an incubator at 65 °C.
After 3 days, the dry weight was measured, and the
wet-to-dry weight ratio was calculated. The dehydrated
samples were then incubated with formamide at room
temperature for 3 days to extract Evans blue. The absor-
bance of the supernatant was measured by spectropho-
tometry at 620 nm (ODy,).

Statistical analysis

The results were presented as meansts.e.m. Statisti-
cal differences were determined using GraphPad Prism
v.8.4.3. Unpaired Student’s ¢-test was used for compari-
sons between the two groups. For comparisons among
multiple groups, one-way ANOVA with Sidak’s correc-
tion for multiple comparisons was employed. Log-rank
test adjusted by the Bonferroni method was conducted
for survival analysis. P values less than 0.05 were consid-
ered statistically significant.

Results

Spns2/S1P deficiency elevates AA metabolism and PGE,
formation in PMs

To explore the metabolites potentially implicated in
Spns2/S1P-mitochondrial communication, we com-
pared the metabolic profiles of WT and Spus2~/~ PMs.
Partial least squares-discriminant analysis (PLS-DA)
unveiled distinct metabolic patterns between the two
genotypes (Supplementary Fig. 1A and B). Totally, 98
distinct metabolites were identified (Fig. 1A), with the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis indicating heightened activities of
glycerophospholipid metabolism and AA metabolism in
Spns2~'~ PMs (Fig. 1B). Notably, AA and its derivatives
were found to be enriched in Spns2~~ PMs, accompa-
nied by elevated levels of lysophospholipids (Fig. 1A and
C). These metabolic alterations suggested an augmented
activation of PLA, in the absence of Spns2, which plays
essential roles in glycerophospholipid metabolism and
arachidonic acid release [12]. We determined that inhi-
bition of Spns2-mediated S1P release in WT PMs by
SLF1081851 potentiated cytosolic PLA, (cPLA,) activ-
ity, while supplementation of S1P decreased the level of
p-cPLA, %% in Spns2~/~ PMs (Fig. 1D and E). Fur-
thermore, we observed the activation of key mitogen-
activated protein kinases (MAPKs) and determined that
Spns2/S1P signaling repressed cPLA, activity through
the p38-MAPK pathway rather than the ERK1/2- or JNK-
MAPK pathways (Fig. 1D and E). This finding was further
confirmed by using the THP-1 cell line, a human mono-
cyte-derived macrophage model, where inhibiting SPNS2
function with SLF1081851 significantly enhanced the
activation levels of P38 and cPLA,, suggesting that this
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Fig. 1 Spns2/S1P deficiency enhances AA metabolism through p38-MAPK mediated cPLA, activation (A) The volcano plot illustrates the identification
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effect may be conserved across species (Supplementary
Fig. 2A).

Subsequently, we analyzed the changes in gene
expression of key enzymes involved in AA metabolism
to anticipate the eicosanoid molecules influenced by
Spns2/S1P signaling. While the transcriptional levels of

COX enzymes and cytochrome P450 remained largely
unchanged, a notable decrease was observed in the
expression of Alox5, which encodes a pivotal enzyme
involved in the synthesis of leukotrienes [26], within
Spns2~~ PMs (Fig. 2A). This observation implies a
diminished contribution of leukotrienes production in
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Fig. 2 Altered AA metabolism promotes PGE, production in Spns2”~ PMs (A) The flow diagram illustrating AA metabolism reveals a significant eleva-
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The volcano plot of up-regulated genes in Spns2”~ PMs highlights the significant alteration in Ptges expression. N=3 biological replicates (A and B). (C)
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Fang et al. Cell Communication and Signaling (2024) 22:463 Page 8 of 18

A i B Spns2”
ReStIng Lane 1 2 3 4 5 Hkk Hkk
* SIP - + - - 4 = e e
100 PF-04418948 - - + - - R 0.8 B
80 ofo| SWT . ONO-AE3-208 - - -+ - £% 47 '
s 60 & Spns2 PGE, - -~ -~ - * kpa 5 ﬁ 06 0.6
= 30 o SIC25a12 s s i s e = 70 ﬁﬁo.s ? °
%8 f?q 2 0.4
n.s 5k $I625213 = o e =70 P S 03 0.2
'L {5 (tx S 12345 12345
Q\Q Q\Q o8 & B-ACHN e e s e s _ Slc25a12 Slc25a13

C wWT

Lane 1 2 3 4 5 6 7
PGE, - + + o+ - - - =
PF-04418948 - - + - - + - -
ONO-AE3-208 - - - + - - + 2o 1.5
SLF1081851 - - - - + + + kDa c Qo
£310
SIc25a12 " W W W e W e - 70 = N
2
c £ 05
_ & € 1234567 1234567
P-actin  esms SN G ST — _ Slc25a12 Slc25a13
D = E F e
n.s.n.s. Kkk ,i"ﬁ
244 MR R T 2 )
A\ y’ o | ek
g = 22 g 210 T E 3
9 <20 S ,.4./\\_ x =3
= [T I = L5 £ 2 i
[ s 18 t A = 2 1
“MitoTracker™ Red  1-6 MT CytoFix™ MitoRed ~ © CF owr 0
o SpnsZ'/
o SpnsZ "+ S1P
G Spns2’- Spns2*+ PF-04418948
_— O Spns2’+ ONO-AE3-208
Lane 1 2 3 4 s .
S1IP - + - - < ns * e s
PF-04418948 - - + - >,"c"(é 0.08+ ns; 44  ns. 1.59 % h= 10 2,
-AE3- - - - + kDa %3 k3 % o o
ONO-AE3-208 % 5006 3 8 - 8
L-Opa1 L5 1.0 b5 6
£ ©004 2 22,
- o= © X
S-0pa1 | e e D £ 0.02 1 0.5 -
m £ .
Drp1 «p-h -~ § 0.00 0 0.0 - 0
ﬁ =70 = 1234 1234 1234 1234
B-aCn s s wmm— —_ L-Opa1 S-Opa Drp1
Spns2* Spns2”+ S1P Spns2*” + PF-04418948 Spns2’” + ONO-AE3-208
o o
£

.S.
§ + O Spns2”
o Spns? +S1P
Spns2”+ PF-04418948
O Spns2”+ ONO-AE3-208

Fig. 3 (See legend on next page.)



Fang et al. Cell Communication and Signaling (2024) 22:463 Page 9 of 18

(See figure on previous page.)

Fig. 3 Overproduction of PGE, impairs MAS activity and mitochondrial dynamics (A) Gene expression of E-type prostanoid receptors in resting PMs.
TPM, transcripts per kilobase of exon model per million mapped reads. N=3 biological replicates. (B) Inhibition of EP4 with ONO-AE3-208, but not EP2
with PF-04418948, elevates the protein levels of MAS components Slc25a12 and Slc25a13 in Spns2”~ PMs. N=3 biological replicates. (C) EP4 activation
contributes to the downregulation of SIc25a12 and Slc25a13 in WT PMs exposed to either PGE, or Spns2 inhibitor SLF1081851. N=3 biological replicates.
(D, E) Flow cytometry analysis of overlaid Aym probed by MitoTracker™ Red (MT, D) and mitochondrial mass probed by CytoFix™ MitoRed (CF, E). MF,
mean fluorescent intensity. (F) Inhibition of EP4 restores the average Aym (calculated by the ratio of MT/CF) in Spns2~~ PMs. N=3 biological replicates
(D to F). (G) EP4 inhibition modulates the expression of mitochondrial dynamics-related proteins, promoting mitochondrial fusion in Spns2”~ PMs. N=3
biological replicates. (H) Transmission electron microscopy reveals that EP4 inhibition facilitates mitochondrial fusion in Spns2”~ PMs. Scale bar =1 pm.
Arrowheads indicate fused (red) and fragmented (green) mitochondrial morphology. N=3 biological replicates. Data are presented as mean+s.em.
P values were determined by unpaired t-test (A) and one-way ANOVA with Sidak’s correction for multiple comparisons (B to H). *P<0.05; **P<0.01;

***p<0,001; n.s., not significant

the arachidonic acid metabolism orchestrated by Spns2/
S1P signaling. Interestingly, the expression of Piges,
responsible for mPGES-1 synthesis, exhibited a sub-
stantial increase of approximately 10-fold in Spns2™~
PMs (Fig. 2A and B). Consistent with the pivotal role of
mPGES-1 in PGE, synthesis [13], we observed elevated
levels of PGE, production by Spns2~~ PMs (Fig. 2C).
These findings suggest that PGE, formation serves as the
predominant pathway for AA metabolism in the context
of impaired Spns2/S1P signaling.

Excessive activation of PGE2-EP4 hampers MAS functions
and causes mitochondrial fission
Next, we investigated whether the heightened produc-
tion of PGE, contributed to the metabolic remodel-
ing observed in Spns2~~ PMs. Consistent with prior
findings [11], we determined that EP2 and EP4 were
predominately expressed in resting PMs (Fig. 3A). In
Spns2~/~ PMs, inhibition of EP4 with ONO-AE3-208,
but not EP2 with PF-04418948, resulted in elevated pro-
tein levels of MAS components Slc25al12 and Slc25al3
(Fig. 3B, lanes 1, 3, and 4). Furthermore, the enhancement
of MAS through S1P supplementation was hindered by
concurrent PGE, treatment (Fig. 3B, lanes 1, 2, and 5). In
WT PMs, PGE, exposure suppressed the expression of
Slc25a12 and Slc25a13, which could be reversed specifi-
cally by blocking EP4, but not EP2 (Fig. 3C, lanes 1 to 4).
The dampening effect on MAS could also be induced by
impeding S1P release through Spns2 inhibition, a process
reliant on EP4 activation (Fig. 3C, lanes 5 to 7). These
results underscore the crucial role of PGE,-EP4 in bridg-
ing Spns2/S1P signaling and MAS functions.
Compromised MAS functions result in a decline in
mitochondrial A¥Ym [6, 8, 9]. In SpnsZ_/ ~ PMs, while the
fluorescence intensities of MitoTracker™ Red (a probe
dependent on A¥m) were comparable across groups
(Fig. 3D), treatment with either EP4 blockade or S1P
supplementation significantly decreased the mitochon-
drial mass, as indicated by CytoFix™ MitoRed (a probe
independent of AYm) (Fig. 3E). Consequently, the aver-
age AWm of Spns2~/~ PMs was restored by either EP4
inhibition or S1P treatment (Fig. 3F). The alterations in
mitochondrial mass reflected changes in mitochondrial

dynamics [27]. Further exploration into the key proteins
involved in mitochondrial fusion and fission processes
[28] revealed that the restoration of A¥m, triggered by
EP4 inhibition and S1P treatment, suppressed the cleav-
age of long-form Opal (L-Opal) into short-form Opal
(S-Opal), which is regulated by the potential-dependent
protease Omal [29], indicating mitigated inner mito-
chondrial membrane fission (Fig. 3G). Moreover, EP4
inhibition and S1P treatment resulted in decreased lev-
els of Drpl (Fig. 3G), which is known to promote outer
mitochondrial membrane fission [30]. Consequently, EP4
inhibition and S1P treatment facilitated mitochondrial
fusion in Spns2~/~ PMs (Fig. 3H), signifying the restora-
tion of mitochondrial function.

We investigated the impact of PGE, on MAS func-
tions and mitochondrial dynamics in THP-1 cells. PGE,
treatment suppressed the expression of SLC25A12 and
SLC25A13, an effect that could be reversed by EP4 block-
ade (Supplementary Fig. 2B). Additionally, PGE, elevated
the levels of DRP1 and S-OPAl in an EP4-dependent
manner, indicating a pro-fission effect (Supplementary
Fig. 2B). Consistently, PGE,-EP4 signaling contributed to
the decrease in average AWYm (Supplementary Fig. 2C to
E). These results underscore the critical role of PGE, in
regulating MAS functions and mitochondrial dynamics
in macrophages under resting conditions.

EP4 blockade suppresses the lactate-ROS axis and
attenuates hyperinflammation in Spns2~/~ PMs

We have established that the excessive activation of the
PGE,-EP4 pathway accounted for mitochondrial fis-
sion in the context of Spns2 deficiency. Correspondingly,
blocking EP4 and S1P treatment effectively restored the
basal and maximal respiration, along with ATP-coupled
oxygen consumption in Spns2~~ PMs (Fig. 4A and B),
indicating that Spns2/S1P signaling enhanced OXPHOS
by inhibiting PGE,-EP4 activation. Elevated OXPHOS
resulted in reduced intracellular lactate accumulation
(Fig. 4C), which is known to positively drive the genera-
tion of mitochondrial ROS (mtROS) in macrophages [6,
10]. Consequently, EP4 blockade diminished mtROS pro-
duction (probed by MitoSOX™ Red), aligning with the
alterations in mitochondrial functions in Spns2~~ PMs
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Fig. 4 Excessive EP4 activation impairs mitochondrial respiration and increases oxidative stress in Spns2~~ PMs (A) Blocking EP4 with ONO-AE3-208
increases the oxygen consumption rates (OCR) in Spns2~/~ PMs. (B) Quantitative analysis of basal respiration, maximal respiration, ATP production, and
proton leakage reveal the restoration of mitochondrial respiration following EP4 blockade. N=4 biological replicates (A and B). (C) EP4 inhibition reduces
intracellular lactate levels in Spns2”~ PMs. N=12 biological replicates. (D) Flow cytometry analysis reveals a decrease in MitoSOX™ Red-probed mtROS
generation in ONO-AE3-208-treated Spns2~~ PMs. N=3 biological replicates. (E) Total intracellular ROS probed by CellROX® Orange remains comparable
among each group. N=3 biological replicates. (F) EP4 inhibition diminishes the activities of total superoxide dismutase (SOD) and catalase, indicating
alleviated oxidative stress in Spns2”~ PMs. N=6 biological replicates. Data in the panels A, B, D, and E are presented as mean+s.em. In panels C and F,
the central bands represent the median values, the boxes represent the distance between the third and the first quartile, and the whiskers represent the
ranges between the minimum and maximum values. P values were determined by one-way ANOVA with Sidak’s correction for multiple comparisons.

*P<0.05;**P<0.01; ***P<0.001; n.s,, not significant

(Fig. 4D). While the overall intracellular ROS levels
(probed by CellROX® Orange) displayed no significant
differences among the groups (Fig. 4E), the mitigation of
oxidative stress in Spns2~/~ PMs through EP4 inhibition
was evidenced by reduced activities of total superoxide
dismutase (SOD) and catalase (Fig. 4F). Similarly, EP4
blockade attenuated mtROS production in PGE,-treated
THP-1 cells (Supplementary Fig. 2F). These findings indi-
cate that EP4 blockade restores OXPHOS in Spns2/S1P-
deficient macrophages and suppresses the activity of the
lactate-ROS axis under basal conditions.

The excessive activity of the lactate-ROS axis in
Spns2~~ PMs triggers hyperinflammation during the
initial phase of bacterial infections [6, 10]. The restored
metabolic state induced by EP4 inhibition attenuated the
generation of mtROS and total intracellular ROS in LPS-
exposed Spns2~/~ PMs (Fig. 5A and B). Consequently, the
suppressed lactate-ROS axis resulted in reduced gene
expression of inflammatory cytokines 3-h post-LPS chal-
lenge (Fig. 5C). The immunomodulatory effect of EP4
inhibition was further corroborated in sepsis models trig-
gered by intraperitoneal injection with heat-killed E. coli
(Fig. 5D). EP4 inhibition alleviated hyperinflammation in
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nism independent of the lactate-ROS axis. Both EP2 and EP4 blockade partially restore the suppressed gene expression of inflammatory cytokines in
Spns2~~ PMs after 6-h post-LPS challenge. N=3 biological replicates. (D) Schematic of the in vivo experiments using heat-killed £. coli-induced peritoneal
infection models. (E, F) Both EP2 and EP4 inhibition alleviate hyperinflammation (E) and significantly improve survival rates (F) in SpnsZ’/’ sepsis models
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Spns2~/~ sepsis models and significantly reduced mor-
tality (Fig. 5E and F). These results suggest that PGE,-
EP4 signaling enhances the intensity of inflammatory
response through the lactate-ROS axis. Interestingly, we
noted comparable mitigating effects of EP2 inhibition on
hyperinflammation, both in vitro and in vivo (Fig. 5C to
F). Nevertheless, the impact of EP2 inhibition was unre-
lated to the lactate-ROS axis (Fig. 5A and B), suggesting a
separate mechanism by which PGE, modulates immune
response in PMs. Overall, these findings highlight the

pro-inflammatory functions of PGE, in macrophages
during the early phase of bacterial infections.

Overproduction of PGE , accounts for the onset of
immunosuppression inSpns2~/"PMs

Despite the hyperinflammation observed during the early
stages of infection, the rapid onset of immunosuppres-
sion is a prominent feature of immune response in the
absence of Spns2/S1P signaling (Fig. 5C). We noticed a
significant upregulation in the gene expression of Ptges in
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Spns2~/~ PMs even following the LPS challenge (Fig. 6A).
Our findings indicate that the initial excessive produc-
tion of PGE, in the context of Spns2 deficiency contrib-
utes to hyperinflammation, while the elevated levels of
PGE, at 6-h post-LPS challenge suggest its potential
involvement in the later stages of infection (Fig. 6B). In
activated PMs, EP2 and EP4 remained the predominately
expressed PGE, receptors (Fig. 6C). Inhibition of either
EP2 or EP4 partially restored the suppressed gene expres-
sion of inflammatory cytokines in Spns2~/~ PMs after 6-h
(Fig. 5C). We measured the release of TNFa and IL-6 in
the supernatant within 12-h, and the results were consis-
tent with the gene expression patterns described above
(Fig. 6D). These findings suggest that the immunomod-
ulatory effects of PGE, may vary over time. Specifically,
PGE, could induce immunosuppression by excessively
stimulating EP2 and EP4 as the infection progresses.

In the sepsis models induced by cecal ligation and
puncture (CLP), none of the Spus2™/~ rats survived
beyond 24-h post-infection (Fig. 6E and F). This outcome
could be linked to immunosuppression, a phenomenon
previously documented [6]. Upon blocking EP2 and EP4,
there was a restoration of macrophage immune response
observed in vitro (Figs. 5C and 6D). Consequently, the in
vivo treatment led to a significant improvement in the
survival rates of Spns2~~ CLP models (Fig. 6F). It was
noted that the majority of mortalities occurred between
24 and 48-h post-infection in the WT group and the
Spns2~/~ groups treated with either EP2 or EP4 blocker.
However, the causes of death differed among these
groups. The levels of serum cytokines at 36-h post-infec-
tion indicated that the immune response in Spns2~/~ CLP
models was partially restored by either EP2 or EP4 inhi-
bition (Fig. 6G). However, such restoration was limited
in intensity compared to WT and S1P-treated Spns2~/~
groups. Additionally, the number of colony-forming units
(CFU) in the livers and spleens of both EP2- and EP4-
inhibited Sprns2~~ groups was higher than in the other
groups (Fig. 6H). These results indicated that Spns2™/~
CLP models treated with either EP2 or EP4 blocker
succumbed to overwhelming bacterial loads due to an
inadequate immune response, whereas the mortality in
the WT and SIP treated Spns2~~ groups predominantly
resulted from hyperinflammation.

However, since PGE, has been reported to enhance
endothelial cell barrier function [31], the observed dif-
ference might be attributed to increased vascular perme-
ability resulting from EP2 or EP4 blockade. To investigate
this, we collected spleen and liver samples from rats that
survived 30 to 36-h after CLP and assessed plasma leak-
age and edema using Evans blue extravasation and the
wet-to-dry weight ratio (Supplementary Fig. 3A and B).
However, no significant differences were observed among
the groups. In sepsis, plasma leakage and edema are
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complex processes influenced by multiple factors, such
as nitric oxide release, hyperinflammation, and bacte-
rial virulence, which may mask the effects of EP2 or EP4
blockade on vascular permeability.

To further clarify the key role of macrophage-
expressed Spns2 in sepsis, we used Spns2™¥f0%[yz2.
Cre (Spns2A™%%) mice to specifically knock out Spns2
in macrophages. In sepsis models of Spns2A%% mice,
we observed similar outcomes to those in global Spns2
knockout rats. First, intraperitoneal injection of heat-
killed E. coli in Spns2A®*? mice triggered a stronger
inflammatory response and higher mortality, while
blocking EP2 or EP4 alleviated hyperinflammation,
thereby improving survival (Supplementary Fig. 4A to C).
Additionally, the Spns2A”%? CLP model exhibited higher
mortality (Supplementary Fig. 4D and E). Consistent with
previous findings, Spns2A”%? mice showed a significantly
dampened inflammatory response 12 to 16 h after CLP,
indicating the onset of immunosuppression (Supplemen-
tary Fig. 4F). EP2 or EP4 blockade partially restored the
inflammatory response in Spns24%%? mice and improved
survival rates (Supplementary Fig. 4E and G). Overall,
PGE, serves as a pivotal mediator of Spns2/S1P signal-
ing in modulating the immune response in macrophages,
contributing to both the initial hyperinflammatory phase
and subsequent immunosuppression.

Collaborative activation of S1PRs is necessary for
mitochondrial functions in macrophages

Spns2/S1P signaling functions by triggering the activa-
tion of S1PR(s). However, the specific SIPR(s) respon-
sible for modulating mitochondrial functions have not
yet been elucidated. All five SIPRs were transcriptionally
detectable in PMs, irrespective of the presence of Spns2.
Among them, Slprl and Slpr2 exhibited high expres-
sion levels, whereas S1pr3 showed the lowest abundance
under basal conditions (Fig. 7A).

Next, we sought to investigate the potential impact of
modulating S1PR activation on Ptges expression. In WT
PMs, we selectively inhibited S1PR1-4 using the specific
antagonists W146, JTE013, TY-52,156, and CYM50358,
respectively [5, 32]. Unfortunately, an antagonist for
SIPR5 was not available. The inhibition of each SI1PR,
particularly SIPR2, S1PR3, and S1PR4, led to increased
expression of Ptges (Fig. 7B). Meanwhile, we observed
similar but more pronounced upregulation of PTGES
expression in THP-1 cells following S1PR inhibition
(Supplementary Fig. 5A). Furthermore, the fluorescence
intensities of MitoTracker™ Red, which are reliant on
AW¥m, decreased in each group (Fig. 7C, Supplementary
Fig. 5B), while the fluorescence intensities of CytoFix™
MitoRed, which are independent of AWm, exhibited
an increase (Fig. 7D, Supplementary Fig. 5C). Intrigu-
ingly, despite the low abundance of gene expression,
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Spns2”~ rats. N=7 to 12 biological replicates. (G) The levels of serum pro-inflammatory cytokines measured at 36-h post-infection indicate that EP2 or EP4
inhibition is effective but insufficient to overcome immunosuppression in SpnsZ’/’ CLP models. N=4 biological replicates. (H) Colony-forming units (CFU)
counts in livers and spleens at 36-h post-infection reveal higher bacterial loads in EP2- and EP4-inhibited Spns2~~ CLP models. N=5 to 6 biological repli-
cates. Data are presented as mean+s.e.m. (A to D, G, and H) and percentage (F). P values were determined by unpaired t-test (A to C), one-way ANOVA
with Sidak’s correction for multiple comparisons (D, G, and H), and log-rank test adjusted by the Bonferroni method (F). *P < 0.05; **P < 0.01; ***P < 0.001;
n.s., not significant. # indicates P value is less than the Bonferroni-corrected threshold
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Fig.7 Spns2/S1P signaling impacts mitochondrial functions through coordinated activation of multiple S1P receptors (A) All five STPRs are transcription-
ally detectable in PMs. N=3 biological replicates. (B) Inhibition of individual STPRs in WT PMs increases the gene expression of Ptges, while activation of
S1PR2 and S1PR4 in Spns2™~ PMs may slightly reduce Ptges expression. N=4 biological replicates. (C) In WT PMs, blocking individual S1PRs reduces the
fluorescence intensity of MitoTracker™ Red, indicating diminished AYm. (D) S1PR3 blockade significantly increases the fluorescence intensity of CytoFix™
MitoRed, indicating increased mitochondrial mass, while blockade of other receptors may cause a slight increase in mitochondrial mass. (E) All treatments
result in reduced average Apm (calculated by the ratio of MT/CF) in WT PMs. N=3 biological replicates (C to E). (F, G) In SpnsZ’/’ PMs, activation of STPR3
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partially restores the average Aym in Spns2~”~ PMs. N=3 biological replicates (F to H). (I) All the antagonists increase mtROS generation in WT PMs, es-
pecially with STPR2 and S1PR4 blockade. N=3 biological replicates. (J) In Spns2~~ PMs, activation of STPR2 and S1PR4 attenuates oxidative stress. N=3
biological replicates. Data are presented as mean£s.e.m. P values were determined by unpaired t-test (A) and one-way ANOVA with Sidak’s correction for

multiple comparisons (B to J). *P<0.05; **P < 0.01; ***P <0.001; n.s., not significant
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blocking S1PR3 resulted in the most notable changes in
the fluorescence intensities in WT PMs (Fig. 7C and D).
In THP-1 cells, however, SIPR2 and S1PR4 appeared to
be more predominant (Supplementary Fig. 5B and C).
Consequently, the average A¥m decreased in each group
(Fig. 7E, Supplementary Fig. 5D).

In Spns2~~ PMs, we employed the specific agonists
CYM5442, CYM5520, CYM5541, CYM50260, and
A971432 to activate S1PR1-5, respectively [5, 32-34].
The results indicated that the activation of SIPR2 and
S1PR4 moderately reduced Ptges expression (Fig. 7B).
However, despite SIPR3 and S1PR5 activation increasing
MitoTracker™ Red fluorescence intensities (Fig. 7F), none
of the S1PRs individually reduced mitochondrial mass as
effectively as S1P treatment (Fig. 7G). As a result, only
S1PR3 activation appeared to partially restore the aver-
age A¥Ym (Fig. 7H).

We also observed alterations in mtROS generation by
manipulating S1PR activation. In WT PMs and THP-1
cells, the administration of antagonists led to elevated
mtROS levels to varying degrees, with SIPR2 and S1PR4
inhibition being the most pronounced (Fig. 71, Supple-
mentary Fig. 5E). These findings generally aligned with
the changes observed in Ptges expression and the aver-
age AWm. In Spns2~~ PMs, S1PR activation attenuated
oxidative stress, except for SIPR3 and S1PR5 (Fig. 7J).
Overall, these results suggest that the impact of Spns2/
S1P signaling on mitochondrial functions likely depends
on the collective activation of different S1PRs rather than
any single one.

Discussion

S1P is a crucial immunomodulatory molecule that
impacts the progression of infections and autoimmune
diseases and has been identified as a potential therapeu-
tic target [35]. Several studies have investigated the roles
of S1PR activation in macrophage immune response dur-
ing bacterial infections. For instance, S1IPR1 activation
exerts an anti-inflammatory effect in LPS-challenged
macrophages, leading to a reduced release of pro-inflam-
matory cytokines and nitric oxide production [36]. Fur-
thermore, S1P induces NLRP3 inflammasome activation
and ROS generation in LPS-primed macrophages via
S1PR2 signaling [37]. In contrast to S1PR1, S1PR3 activa-
tion triggers a pro-inflammatory response and is essen-
tial for macrophages to drive bactericidal activity through
ROS production [38, 39]. Recently, Ziegler et al.. demon-
strated that during the acute phase of sepsis, inhibiting
S1P lyase or activating S1PR3 effectively alleviates hyper-
inflammation and enhances lung barrier stability, thereby
reducing the severity of sepsis and improving survival
in mice [40, 41]. It is noteworthy that all five SIPRs are
expressed in macrophages, despite differences in expres-
sion abundance before and after bacterial infections,
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suggesting potential cooperative functions [39]. In this
study, we propose that all five SIPRs may contribute to
shaping the mitochondrial functions of macrophages,
which are closely linked to the immune response during
bacterial infections [2, 4]. Previously, we demonstrated
that macrophage Spns2/S1P signaling functions as a cru-
cial metabolic modulator and affects the antibacterial
response [6]. Here, we identify PGE, as the bridging mol-
ecule between Spns2/S1P signaling and mitochondrial
respiration. These findings also elucidate why Spns2/S1P
signaling plays roles in both the early hyperinflammatory
stages and later immunosuppression of bacterial infec-
tions [10].

PGE, functions as an important mediator in macro-
phage-related inflammation, yet its comprehensive roles
remain ambiguous due to conflicting reports of both pro-
and anti-inflammatory activities in the context of bacte-
rial infections [11]. For instance, PGE, has been shown
to stimulate the expression of CD14, an LPS co-recep-
tor, thereby enhancing the activation of Toll-like recep-
tor 4 (TLR4) [19]. Additionally, PGE, amplifies IL-1p
release triggered by NLRP3 inflammasome activation
in LPS-primed macrophages [42]. Furthermore, PGE,
impedes TLR4 internalization and associated TRIF sig-
naling, sustaining the pro-inflammatory TLR4-MyD88
signaling cascade [43]. Notably, these findings primar-
ily examined the effects of PGE, during the initial stages
of macrophage activation, while studies concluding the
anti-inflammatory properties of PGE, focus on its longer-
term effects [17, 44, 45]. Consistently, our results demon-
strate that excessive PGE, production contributes to both
hyperinflammation within 3-h post-LPS challenge and
subsequent immunosuppression in SpnsZ_/ ~ PMs, imply-
ing that PGE, modulates inflammation in a time-depen-
dent manner. Despite variations in the time points across
studies, the broad concentration range of PGE, treatment
from 10 to 1000 nM may also affect outcomes, as differ-
ent receptors could be engaged under varying conditions
[46].

Recent studies have reinforced the metabolic signifi-
cance of PGE, in macrophages, affecting both homeosta-
sis and immune functions. For example, elevated levels
of PGE, in aged lungs inhibit the proliferation of alveo-
lar macrophages by reducing OXPHOS and mitophagy,
impairing the immune response to the influenza A virus
[47]. Similarly, aged macrophages and microglia exhibit
reduced mitochondrial respiration due to heightened
activation of the PGE,-EP2 pathway, resulting in sus-
tained maladaptive inflammation and cognitive decline
[48]. Therefore, targeting mitochondria emerges as a
key mechanism by which PGE, influences macrophage
state and functions. In the present study, we propose that
Spns2/S1P serves as a critical regulator of PGE, signal-
ing in macrophages. Spns2 deficiency leads to excessive
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PGE, production and EP4 activation, resulting in com-
promised MAS function, decreased OXPHOS, elevated
lactate-ROS axis activity, and hyperinflammation during
the initial phases of bacterial infections. Additionally,
Sanin et al.. have shown that PGE, instigates transcrip-
tional suppression of MAS-related genes, leading to
dissipated A¥Ym and altered chromatin accessibility in
IL-4-activated macrophages [49]. Overall, augmenting
Spns2/S1P signaling could be a promising strategy for
regulating immune homeostasis, especially in cases of
excessive PGE, activation.

To date, only a few studies have elucidated the link
between extracellular S1P signaling and PGE, produc-
tion. Johann et al.. reported that S1P derived from apop-
totic cells (AC) stimulates PGE, production by stabilizing
COX2 mRNA and enhancing protein expression in mac-
rophages [50]. Additionally, Brecht et al. found that
S1PR1 and/or S1PR3 in macrophages may respond to
AC-derived S1P, leading to increased PGE, production
to facilitate angiogenesis [51]. However, the stimulatory
effect of extracellular S1P on PGE, production is largely
contingent upon the presence of other stimuli in an AC-
conditioned medium, as S1P alone may not elicit PLA,
activation or PGE, production [50]. These findings sug-
gest that the impact of extracellular S1P on PGE, produc-
tion may vary under distinct circumstances.
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In summary, our study demonstrates that Spns2/S1P
signaling plays a pivotal role in regulating mitochondrial
functions and inflammatory response by modulating
PGE, signaling in macrophages (Fig. 8). Effective Spns2/
S1P signaling suppresses PGE, production, thereby pre-
serving OXPHOS in resting macrophages. Conversely,
excessive activation of the PGE,-EP4 pathway impairs
MAS activity and mitochondrial respiration, leading
to intracellular lactate accumulation. During bacterial
infections, elevated PGE, levels due to Spns2 deficiency
drive early-phase hyperinflammation, partially through
the overactivation of the lactate-ROS axis mediated by
PGE,-EP4. Prolonged exposure to high levels of PGE,
triggers immunosuppression in later stages. These find-
ings elucidate the interplay between Spns2/S1P signaling
and PGE, production in macrophages, providing insight
into a potential mechanism for the dual roles of Spns2/
S1P signaling in maintaining immune homeostasis dur-
ing bacterial infections.

Conclusions

Spns2/S1P signaling suppresses PGE, production by
activating multiple S1PRs to sustain OXPHOS in mac-
rophages. Elevated PGE, due to Spns2 deficiency
impairs MAS activity and mitochondrial respiration,
thereby intensifying the lactate-ROS axis and triggering

| A
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a8

Mitochondrial ~ Lactate
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A ROS

PGEzT i
EP2 . EP4  Oxidative

stress |
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Fig. 8 Schematic illustration of how Spns2/S1P signaling modulates mitochondrial functions and inflammatory response through PGE, production in

macrophages
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hyperinflammation in the early phases of bacterial infec-
tions. Subsequently, PGE, induces immunosuppression,
highlighting the dual roles of PGE, in modulating macro-

phage immune response during infections.
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